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1.  Introducción
El cáncer, junto con las enfermedades cardiovas-
culares y las neurodegenerativas, son las patolo-
gías no transmisibles de mayor impacto social en 
los países con mayor índice de riqueza, aunque no 
sólo en ellos [1]. Este impacto se debe no única-
mente a las consecuencias derivadas del hecho de 
padecer la enfermedad, sino también al coste eco-
nómico que suponen. Por esta razón, la búsqueda 
de nuevos agentes terapéuticos y de técnicas ana-
líticas que permitan el diagnóstico precoz de estas 
patologías en sus estadios primarios constituyen 
un campo de actividad continuada y renovada [2]. 

Las estrategias terapéuticas basadas en los fár-
macos antitumorales requieren un conocimiento 
minucioso de su mecanismo de acción y de su in-
teracción con las macromoléculas biológicas, así 
como de su metabolización en los orgánulos ce-
lulares. La búsqueda de nuevas dianas terapéuti-
cas abre un amplio abanico de posibilidades [3,4], 
y, en este sentido, los compuestos con actividad 
inhibidora de topoisomerasas constituyen una 
esperanzadora realidad. Algunos alcaloides utili-
zados desde antaño en medicina tradicional china 
poseen esta actividad, destacando entre ellos la 
camptotecina y la luotonina A, si bien esta acti-
vidad también se ha encontrado en los alcaloides 
derivados de β-carbolina.

En los últimos 10 años, se ha ido arraigando 
cada vez con más fuerza en la comunidad cien-
tífica la necesidad de desarrollar metodologías 
analíticas sostenibles, no sólo con el fin de pre-
servar el entorno que han de poder disfrutar fu-
turas generaciones, sino también desde el punto 
de vista del ahorro energético y la economía mo-
lecular. De este modo se han ido introduciendo 
distintas metodologías y técnicas analíticas con la 
finalidad de reducir el impacto medioambiental 
de las ya existentes [5]. A día de hoy, la croma-
tografía de líquidos (HPLC) es la técnica analítica 
de mayor proyección y aplicación en el desarrollo 
farmacéutico, así como en otros ámbitos (plan-
tas de producción, control de calidad de materias 
primas y de productos terminados, laboratorios 
clínicos, etc...) La producción de residuos de di-

solventes orgánicos como consecuencia de los 
análisis realizados es algo inherente a la mayoría 
de modalidades de HPLC y, por ello, la reducción 
en la generación de los mismos constituye un reto 
atractivo en el contexto de la Química Analítica 
Sostenible. Welch [6] afirma que cada cromató-
grafo de líquidos (trabajando a pleno rendimien-
to en un entorno industrial) genera aproximada-
mente 1 L de residuos orgánicos cada 24 h. Por 
ello, ha sugerido distintas alternativas como el 
empleo de disolventes orgánicos biodegradables 
en clara sintonía con lo propuesto por Kerton [7] 
y De La Guardia [8].

2.  Objetivos
En la presente memoria se plantea un objetivo ge-
neral consistente en el desarrollo y la aplicación 
de metodologías analíticas sostenibles, apoyán-
dose en tres objetivos específicos:

1.- Desarrollo de metodologías sostenibles en 
cromatografía de líquidos, encaminadas a la re-
ducción de residuos orgánicos en HPLC. Este ob-
jetivo se desglosa en los siguientes:

1.1.- Reducción de la generación de residuos 
mediante la reducción del diámetro de las colum-
nas empleando fases estacionarias convenciona-
les.

1.2.- Reducción del volumen de disolventes 
orgánicos mediante el empleo de fases estaciona-
rias de núcleo de sílice tipo “core shell” gracias a 
la reducción del tiempo de análisis.

1.3.- Utilización de fases móviles sostenibles 
(alcoholes) mediante la incorporación de ciclo-
dextrinas como aditivos en las mismas.

2.- Empleo de técnicas espectroscópicas minia-
turizadas. Demostrar el valor de las técnicas de 
lectura en placas multipocillos para la reducción 
del volumen de reactivos y residuos en una apli-
cación de relevancia en la industria farmacéutica: 
estudios de solubilidad de fármacos.

3.- Aplicación de las metodologías desarrolladas 
a la resolución de un problema de interés analí-
tico y social: análisis de alcaloides antitumorales 
inhibidores de topoisomerasa 1. Desarrollo de 
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técnicas que permitan la determinación de su ac-
tividad biológica.

3.  Metodología experimental
Se han utilizado cromatógrafos de líquidos (HPLC) 
con detección fluorimétrica. Además de las deter-
minaciones espectrofotométricas y espectrofluo-
rimétricas, llevadas a cabo en nuestros laborato-
rios, también se han utilizado espectrómetros de 
masas y de RMN de distintos centros de apoyo a 
la investigación.

4.  Resultados
En este trabajo se ha llevado a cabo por prime-
ra vez, la caracterización espectrofluorimétrica 
de la luotonina A y de una serie de derivados de 
nueva síntesis. Las técnicas de 1H- y 13C-RMN han 
permitido verificar que los dos nitrógenos bási-
cos son susceptibles de protonarse, a pesar de ser 
bases extremadamente débiles. Los equilibrios de 
protonación de en estado excitado de los dos ni-
trógenos no transcurren de modo independiente 
en medio acuoso, mientras que las titulaciones 
en medio no acuoso permiten evidenciar puntos 
isoemisivos en el caso de algunos de ellos. Existe 
una buena correlación estructura química-basici-
dad para el conjunto de los derivados estudiados.

De acuerdo con los objetivos planteados, nos 
propusimos desarrollar una  metodología de se-
paración utilizando una fase estacionaria frecuen-
temente empleada (columna C-18, Spherisorb, 5 
μm, 150 × 4.6 mm) combinada con una fase móvil 
de acetonitrilo. Los distintos experimentos nos 
permitieron descartar la elución isocrática (inclu-
yendo distintos modificadores orgánicos) y final-
mente se seleccionó una elución en gradiente que 
permitía la separación de 6 de los 7 derivados de 
luotonina A en tiempos de análisis de 22 minu-
tos. La metodología fue validada con LODs de 2,0 
× 10-10 M, precisiones intra- e inter-día con RSD 
inferiores al 6% y adecuada exactitud, con valores 
de error relativo inferiores al 10%. La metodología 
desarrollada se aplicó a la determinación de los 
antitumorales en muestras de suero humano for-
tificadas con los analitos.

En una segunda etapa, y en la idea de reducir 
el consumo de disolvente orgánico sin sacrificar 
la eficacia, nos planteamos el empleo de una fase 
estacionaria análoga pero utilizando columnas de 
menor diámetro interno (columnas de partículas 
totalmente porosas C-18, 5 μm, 150 × 3.0 mm), 
utilizando también acetonitrilo como compo-
nente orgánico de la fase móvil, y elución en gra-
diente. En estas condiciones se consigue no sólo 
mantener la eficacia, sino incrementarla a la vez 
que se logra la separación y resolución de los 7 
derivados de la luotonina A y de la camptotecina 

utilizada como patrón interno en un tiempo de 
análisis significativamente menor. 

Con el objetivo de mejorar la selectividad de 
la separación, se ha estudiado la influencia de la 
naturaleza química de la fase estacionaria, com-
parando columnas con fases estacionarias C-18, 
fenil-hexil (PH) y pentafluoro-fenil-propil (PFP). 
En esta última fase estacionaria se lograron sepa-
raciones rápidas empleando como componente 
orgánico metanol, si bien se vio comprometida 
la resolución de los compuestos 4 y 5. Por ello, 
para lograr separaciones de elevada eficacia en 
tiempos de análisis cortos se optó por el empleo 
de fases estacionarias de partículas de sílice su-
perficialmente porosa, tipo “core-shell” (C-18, PH 
y PFP 2,6 μm, 50 × 3.0 mm) que aportan varias 
ventajas a la cromatografía de líquidos. La super-
ficie porosa hace que se puedan utilizar tamaños 
de partícula inferiores (2,6-2,7 μm) manteniendo 
presiones muy inferiores a las que se obtendrían 
con partículas del mismo tamaño totalmente po-
rosas. Este hecho permite la utilización de equi-
pos de HPLC convencionales sin necesidad de re-
currir a inversiones en bombas de UHPLC capaces 
de trabajar a presiones mayores. 

Se ha realizado el estudio termodinámico y 
cinético del comportamiento de las columnas de 
partículas total y superficialmente porosas. Los 
resultados obtenidos ponen de manifiesto el me-
jor comportamiento cromatográfico de las colum-
nas empaquetadas con partículas “core-shell”. Las 
graficas de van’t Hoff nos han permitido determi-
nar las entalpías de la separación, y los gráficos de 
van Deemter y cinéticos hacen posible comparar 
la eficacia de estas columnas y determinar los pa-
rámetros óptimos de eficacia y tiempo de análisis. 
En función de su selectividad, se eligió la fase es-
tacionaria C-18 superficialmente porosa y se es-
tudiaron distintas modalidades de gradiente. De 
esta manera conseguimos una separación eficaz 
de los ocho compuestos en tiempos de análisis un 
50% más cortos (9 minutos) que con las colum-
nas de sílice totalmente porosa y con un ahorro de 
acetonitrilo superior al 70%. Todo ello conlleva un 
ahorro del tiempo y de la energía empleados en 
el análisis de cada muestra. Para las condiciones 
experimentales óptimas se validó el método ana-
lítico, obteniendo excelentes parámetros de cali-
dad. La metodología desarrollada se ha aplicado a 
la determinación de los antitumorales en cultivos 
celulares.

Otro de los aspectos susceptibles de modifi-
carse en HPLC para mejorar la sostenibilidad de 
la técnica es la fase móvil. En este sentido, nos 
decantamos por la incorporación de ciclodextri-
nas, CDs (oligosacáridos macrocíclicos naturales, 
obtenidos mediante fermentación, no tóxicos y 



xv

completamente biodegradables) en las fases mó-
viles. Las CDs introducen un equilibrio secundario 
al proceso de separación cromatográfica, y debido 
a su hidrosolubilidad son capaces de solubilizar 
analitos hidrofóbicos que alojan en el interior de 
sus cavidades. Por esta razón, permiten el empleo 
de fase móviles mayoritariamente acuosas. Así, 
para la separación de β-carbolinas, se logra re-
ducir la proporción de disolvente orgánico a un 
50% en el caso del metanol y a un 30% en el caso 
del etanol cuando la fase estacionaria es C-18. Si 
se utiliza como fase estacionaria C-1, en ese caso, 
la proporción de metanol se reduce a un 40% y la 
de etanol a un 25%. Los resultados obtenidos de-
muestran que el consumo de disolvente orgáni-
co en la metodología propuesta en esta memoria 
es de  unos 4 mL por carrera en comparación a 
los 6-14 mL utilizados por otros autores. Además, 
nuestro trabajo emplea alcoholes en vez de ace-
tonitrilo. Este análisis se combinó con SPE para 
desarrollar y validar un método que permitiera la 
cuantificación de β-carbolinas en sueros huma-
nos.

Las técnicas espectroscópicas miniaturizadas 
en formato de placas multi-pocillo permiten al-
canzar una reducción de entre 10-20 veces en el 
volumen requerido para llevar a cabo determina-
ciones analíticas. En esta memoria se describe la 
aplicación de estas metodologías a los ensayos de 
solubilidad de fármacos. Mientras que en la de-
terminación espectrofluorimétrica miniaturizada 
que hemos desarrollado sólo se requieren 300 μL 
de acetonitrilo por ensayo, en la determinación 
convencional por HPLC se necesitan entre 6 y 7 
mL. Además del considerable ahorro de disol-
vente orgánico y de los desechos generados, este 
formato permite analizar un elevado número de 
muestras en un periodo de tiempo corto y de for-
ma automatizada, analizándose simultáneamen-
te patrones y problemas.

Considerando que la luotonina A ha sido uti-
lizada en medicina tradicional china, entre otras 
razones por su actividad antitumoral, resulta de 
indudable interés el estudio de la actividad bioló-
gica in vitro de sus derivados. La luotonina A está 
estructuralmente relacionada con la camptoteci-
na, que es el compuesto modelo los inhibidores 
de la enzima topoisomerasa I. Las analogías y di-
ferencias estructurales, geométricas y químicas, 
hacen de la luotonina un candidato ideal para el 
estudio de la inhibición de la actividad de esta en-
zima, contribuyendo a profundizar en las interac-
ciones que se establecen en el complejo ternario 
topoisomerasa-fármaco-ADN, un ejemplo del aún 
no muy bien conocido “paradigma de la inhibi-
ción interfacial”. 

La actividad antitumoral de los compuestos es-
tudiados se ha ensayado utilizando como modelo 
líneas celulares tumorales de carcinoma cervical 
(HeLa), adenocarcinoma de pulmón (A549) y ade-
nocarcinoma de colon (SW480). Los compuestos 
más lipófilos (5-7), muestran una mayor activi-
dad, destacando la del compuesto 7, que se con-
vierte en uno de los pocos derivados de luotonina 
A descritos hasta la fecha que superan la potencia 
citotóxica del alcaloide natural. Esta actividad en 
cultivos celulares tumorales se correlaciona con 
la capacidad de inhibir la enzima impidiendo el 
desenrollamiento del ADN. Este comportamiento 
se ha cuantificado y se manifiesta de manera más 
acusada en el caso de los compuestos 4, 6 y 7. Se 
ha evaluado el papel de los sustituyentes sobre 
la estructura de luotonina A en la estabilización 
del complejo ternario mediante experimentos 
de modelado molecular y “docking”, habiéndo-
se descrito un nuevo modo de unión al complejo 
enzima-ADN que parece ser el responsable de la 
elevada actividad antitumoral de algunos de los 
derivados estudiados.

5.  Conclusiones
Se han planteado distintas estrategias para lograr 
determinaciones cromatográficas más sosteni-
bles empleando como modelos alcaloides del gru-
po de la pirroloquinazolina (luotonina A) y de las 
β-carbolinas. Se ha logrado reducir en más de un 
50% el tiempo de análisis mediante el empleo de 
fases estacionarias de tipo “core-shell”. Esta me-
todología de separación acoplada al sistema de 
pretratamiento de las muestras por precipitación 
en placa multi-pocillo conlleva una reducción to-
tal en el consumo de disolventes orgánicos supe-
rior al 70%. 

Como estrategia alternativa se ha demostrado 
que la combinación de fases estacionarias conven-
cionales con fases móviles que incorporan ciclo-
dextrinas como aditivos en las fases móviles re-
ducen el consumo de disolventes orgánicos hasta 
un 50%, con una generación de residuos mínima y 
de bajo impacto ambiental, al tratarse de macro-
ciclos naturales completamente biodegradables, 
y permitiendo la sustitución del acetonitrilo por 
alcoholes. Se han caracterizado mediante espec-
trofluorimetría una biblioteca de compuestos (la 
luotonina A y 6 análogos de nueva síntesis), evi-
denciando las peculiaridades de sus equilibrios 
ácido-base. Se ha demostrado que la miniaturi-
zación de las técnicas espectroscópicas facilita 
los ensayos de solubilidad de fármacos, ahorrado 
reactivos, disolventes y tiempo, a la vez que po-
sibilita la determinación semi-automática de un 
elevado número de muestras. La actividad bioló-
gica de estos compuestos se ha demostrado por 
su capacidad de inhibir la topoisomerasa 1. Los 



sustituyentes en el anillo B de la luotonina A han 
demostrado ser claves para su actividad antitu-
moral, existiendo buena correlación entre los da-
tos experimentales, en líneas celulares tumorales 
y los que predicen los modelos teóricos mediante 
técnicas de modelado molecular (“docking”).
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1.  Introduction
Cancer, along with cardiovascular and neurode-
generative diseases, are the noncommunicable 
diseases having a biggest impact in developed 
countries [1]. Such an impact is caused not only 
by the illness itself, but also by its economic con-
sequences. These facts have prompted the search 
for new therapeutic agents and analytical tech-
niques allowing for the early diagnosis of these 
illnesses, renewing the interest in these research 
fields [2].

Therapeutic strategies based upon the use of 
anticancer drugs demand a close knowledge of 
their mechanisms of action, their modes of in-
teraction with biological macromolecules, and 
their metabolites arising after intracellular pro-
cesses. 

Targeted therapy has opened a whole new 
horizon in cancer treatment [3,4], and topoiso-
merase I is one of the most promising anticancer 
drug targets. Some alkaloids isolated from plants 
that have been employed for centuries in tradi-
tional Chinese medicine, specially camptothecin 
and luotonin A, have been shown to act as to-
poisomerase I inhibitors. Other natural products, 
such as the β-carboline alkaloids, have also been 
recently found to exert this action. 

For the past ten years, the need for develo-
ping sustainable methodologies has strengthe-
ned among many researches, not only due to 
the need for caring and protecting our legacy 
to future generations, but also in order to save 
reagents and energy. With this aim, a plethora 
of analytical methodologies able to fulfil the-
se goals have been developed, and many exis-
ting ones have been adapted appropriately [5]. 
Nowadays, liquid chromatography (HPLC) is the 
analytical technique with the biggest relevan-
ce in pharmaceutical development, as well as 
in other fields (manufacturing plants, quality 
control of raw materials and finished products, 
clinical chemistry laboratories…). The produc-

tion of wastes containing organic solvents is a 
drawback inherent to most chromatographic se-
paration modes and, consequently, reducing the 
amount of organic solvents has become a major 
challenge for analytical chemists. Welch [6] cal-
culates that a full-time working HPLC system 
in an industrial environment produces up to 1L 
of organic solvent residues daily. To reduce this 
volume, several alternatives such as the use of 
biodegradable solvents have been proposed fo-
llowing the principles suggested by Kerton [7] 
and de la Guardia [8].

2.  Aims of the work

In the present thesis, our driving motivation is 
developing and applying sustainable analytical 
methodologies, a goal that can be divided into 
three parts:

1.- Development of sustainable methodolo-
gies for liquid chromatography, aimed at redu-
cing the volume of organic solvents employed in 
HPLC. This goal can be divided as follows: 

1.1.- Use of conventional columns with a sma-
ller internal diameter in order to reduce the wor-
king flow rates.

1.2.- Use of core-shell columns allowing for 
higher efficiencies and shorter run times.

1.3.- Replacement of acetonitrile with alco-
hols as organic solvent, by using cyclodextrins as 
mobile phase additives.

2.- Development of miniaturized spectroscopic 
techniques proving the value of these techniques 
to carry out routine analyses with full analytical 
validity while reducing the amount of organic 
solvents required. Application to a relevant pro-
blem: determining the solubility values of drugs 
under development.

3.- Application of the developed methodolo-
gies to a problem of analytical and social rele-
vance: analysis of alkaloids behaving as topoiso-
merase 1 inhibitors. Development of analytical 
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techniques allowing the study of their biological 
activities.

3.  Experimental methods
Liquid chromatography systems with fluores-
cence detectors have been employed. Spectro-
photometric and fluorimetric assays have also 
been developed in our laboratories. Further ins-
trumentation (NMR and mass spectrometers) 
were used at Research Support facilities ascribed 
to our and other universities.

4.  Results
In this work we have carried out, for the first 
time, the spectrofluorimetric characterization 
of luotonin A and a series of new analogues. 
1H- and 13C-NMR techniques have evidenced 
that both basic nitrogens can be protonated, al-
though they behave as extremely weak bases. In 
aqueous media, proton transfer equilibria can 
coexist for both nitrogens simultaneously, while 
in non-aqueous titration experiments, isoemis-
sive points appear for some of the compounds. A 
good correlation was found between the chemi-
cal structures and the basicities of the library of 
compounds.

We have developed an analytical method to 
quantify the alkaloids under study employing a 
conventional, widely used stationary phase (C-
18, Spherisorb, 5 μm, 150 × 4.6 mm) and a mobile 
phase containing acetonitrile. Although different 
organic modifiers were assayed, isocratic elution 
had to be discarded. Finally, a gradient elution 
was able to separate six out of the seven luotonin 
A derivatives in a 22-minute run time. The me-
thodology was fully validated with LOD around 
2.0 × 10-10 M, intra- and inter-day precisions be-
low the 6% RSD, and adequate accuracy with re-
lative errors under 10%. This methodology was 
used to analyse the alkaloids in fortified human 
serum samples.

In a second step, and with the aim to reduce 
the organic solvent consumption without redu-
cing the efficiency, we assayed a related statio-
nary phase packed into columns with smaller in-
ner diameters (fully porous particles, C-18, 5 μm, 
150 × 3 mm), also using a gradient elution with 
water and acetonitrile. Under these conditions, 
we were able not only to keep the efficiency of 
the analysis, but also to improve it while achie-
ving the full separation of all of the compounds 
in a notably shorter analysis time. 

In an effort to improve the selectivity of the 
separation, we studied the influence of the che-

mical nature of the stationary phase on the se-
paration of the compounds by comparing C-18-, 
pentaflurophenylpropyl- (PFP) and phenylhexyl- 
(PH) functionalized columns. In the PH statio-
nary phase we were able to achieve very fast 
separations using methanol, but at the expense 
of not resolving compounds 4 and 5. Next, we 
explored the possibilities of stationary phases 
packed with core-shell particles (C-18, PFP and 
PH, 2.6 μm, 50 × 3 mm) that afford several ad-
vantages in liquid chromatography. The porous 
shell keeps the backpressures under 400 bar 
even when small particles are employed, thus 
avoiding the need for UHPLC pumps. 

We conducted a thermodynamic and kinetic 
study comparing fully-porous and core-shell 
packed columns. Our results evidenced the im-
proved chromatographic properties of the co-
lumns packed with core-shell particles. Van’t 
Hoff plots allowed us to determine the enthal-
pies driving the separation process, and van 
Deemter and kinetic plots made it possible to 
determine the optimum parameters of efficien-
cy and analysis time. Based on its selectivity, we 
finally chose a C-18 core-shell stationary phase 
to develop and optimize different gradient pro-
files. With this method we achieved an efficient 
separation of the eight compounds within an 
analysis time 50% shorter (9 minutes) than the 
one required with the fully porous particles and 
saving over 75% of the organic solvent. Excellent 
figures of merit were obtained when the method 
was fully validated for the determination of the 
compounds in spiked samples of cell lysates.

Another component of the HPLC analyses that 
can be modified to improve the sustainability of 
the technique is the composition of the mobile 
phase. Among the many options available, we 
decided to try the effect of cyclodextrins (CDs): 
natural, atoxic macrocyclic oligosaccharides. 
CDs introduce an additional equilibrium into the 
separation process, and they are able to solubi-
lize highly lipophilic molecules through inclu-
sion into their apolar cavities. For this reason, 
they allow the use of mobile phases with high 
water contents. When applied to the separation 
of β-carbolines on C-18 stationary phases, these 
properties allow the use of methanol contents as 
low as 50% (30% in the case of ethanol). When 
C-1 stationary phases were employed, the orga-
nic solvent proportion was reduced to 40% for 
methanol and 25% for ethanol. A total volume of 
only 4 mL of solvent per run was needed, compa-
red to the 6-14 mL reported in previous papers. 
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Furthermore, our work uses alcohols instead of 
the more toxic acetonitrile. This analysis was 
coupled to SPE to develop and validate a method 
to quantify β-carbolines in human serum sam-
ples.

Miniaturized spectroscopic techniques in 
multi-well plate format allow a 20-fold reduc-
tion in the volume needed for the analytical 
determination. In another part of this thesis we 
describe how the advantages of this design can 
be applied to drug solubility assays. While in the 
conventional HPLC determination 6-7 mL are 
needed, using the multi-well plate format we re-
duced the volume of organic solvent required for 
a determination down to 300 μL. This approach 
not only allows the automated analysis of a large 
number of samples in a short time span, but it 
also dramatically reduces the solvent and time 
consumption. 

Taking into account that the antitumour and 
anti-inflammatory properties of luotonin A had 
been used for centuries in traditional Chinese 
medicine, it becomes evident that the in vitro 
study of its biological activity is an important 
issue in the characterization of new derivatives. 
Luotonin A is structurally related to the potent 
anticancer compound camptothecin, a model to-
poisomerase 1 inhibitor. Chemical analogies and 
differences between camptothecin and luotonin 
A turn the latter into an ideal candidate to study 
the complex mechanisms underlying the inhibi-
tion of this enzyme, allowing for a better com-
prehension of the interactions established in thr 
enzyme-DNA-drug complex that are the drivers 
of the not fully understood “interfacial inhibition 
paradigm”.

The antitumor activities of the compounds 
were assayed on several different cancer cell 
lines: cervix carcinome (HeLa), lung adeno-
carcinome (A549) and colon adenocarcinome 
(SW480). The most lipophilic compounds (5-7) 
exhibited a higher degree of cytotoxic activity. 
The results from compound 7 are specially re-
markable, as it is one of the few luotonin A deri-
vatives that has shown a higher cytotoxicity than 
the natural alkaloid to date. This activity, found 
in cell cultures, correlates well with the topoiso-
merase 1 inhibition showed in enzymatic assays. 
We also evaluated the role of the substituents on 
the luotonin A backbone by means of molecular 
docking calculations, and from the results obtai-
ned we have described a new mode of binding 

to the enzyme-DNA complex which explains the 
remarkable potency of some of the studied deri-
vatives.

5.  Conclusions

We have developed several strategies to achie-
ve more sustainable chromatographic analyses, 
using as a model alkaloids derived from luotonin 
A and β-carboline. By using core-shell stationary 
phases, we have shortened the analysis time of a 
previously described methodology by more than 
50%. Coupled to a multi-well plate clean-up pro-
cedure, we have dropped the volume of organic 
solvents needed by more than 70%. As an alter-
native, the use of cyclodextrins as mobile phase 
additives and conventional columns has allowed 
a 50% drop in the organic solvent consumption 
and also the replacement of acetonitrile by al-
cohols, which are more environmentally friendly 
solvents. 

Spectrofluorimetry was employed to charac-
terize for the first time the luminescent pro-
perties of luotonin A and its six derivatives, evi-
dencing their peculiar acid-base properties. By 
means of a miniaturized spectroscopy assay ba-
sed on a multi-well plate format, we have proved 
the applicability of such kind of assays to rou-
tine determinations commonly carried out du-
ring the development of new drugs. The newly 
designed protocol allowed for a fast, automati-
zed determination of the solubility of drugs in 
a HPLC-independent manner, saving time, rea-
gents, and processing a large number of samples 
simultaneously. 

The biological activity of these compounds 
has been studied, and their ability to inhibit the 
topoisomerase 1 enzyme has been quantified. 
Substituents on the B ring of luotonin A have 
been proved to play a key role on the activity of 
their derivatives, some of which show a remar-
kable antitumor activity due to their singular 
mode of binding to the enzyme-DNA complex.
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“Nadie, ni siquiera 
bajo tortura, puede 
decir con exactitud 
qué es un tumor

”
J. Ewing, 1916

1
ABSTRACT ▶ El cáncer es una pandemia mundial con tendencia ascen-
dente tanto en los países más desarrollados como en los de menor rique-
za. Junto con la cirugía y la radioterapia, la quimioterapia antitumoral es 
uno de los pilares básicos en el tratamiendo de esta enfermedad. En la 
búsqueda de fármacos más selectivos y con menos efectos adversos, en 
los años 60 se descubrió que un alcaloide natural, la camptotecina, ejer-
cía una potente actividad citotóxica sobre varios tipos de tumores. Tras 
caer en el olvido por sus efectos adversos, el interés por la camptotecina 
se reavivó dos décadas más tarde al descubrir que su mecanismo de ac-
ción es la inhibición de la topoisomerasa 1 humana. Esta enzima es capaz 
de deshacer el superenrollamiento que aparece en la doble hélice del 
ADN, permitiendo así el desarrollo de procesos celulares vitales como 
la replicación, la transcripción o la reparación del material genético. El 
hallazgo de su diana farmacológica alentó la búsqueda de análogos de 

camptotecina modificados químicamente para mejorar su farmacocinética y disminuir sus efectos adversos. En la 
actualidad, tres análogos de camptotecina están aprobados para su uso clínico, y otros muchos se encuentran en 
etapas avanzadas de desarrollo. Sin embargo, el talón de aquiles de los derivados de la camptotecina sigue siendo 
el anillo tipo lactona que presentan en su estructura y que los hace químicamente inestables. En 2003 se descubrió 
otro alcaloide natural, la luotonina A, que era estructuralmente análogo de la camptotecina pero tenía un anillo 
bencénico en lugar del anillo de lactona. Sorprendentemente, y a pesar de que su actividad era menor que la de la 
camptotecina, resultó también ser citotóxico contra distintas líneas celulares tumorales. Este descubrimiento ha 
abierto la puerta a la búsqueda de una nueva familia de inhibidores de topoisomerasa 1 que carezcan del inestable 
anillo lactona y presenten una actividad mejorada con respecto a la de la luotonina A natural. 

El tratamiento del cáncer a través de la inhibición de la 
enzima topoisomerasa 1: derivados de la camptoteci-
na y de la luotonina A

1.  Cáncer y quimioterapia

1.1.  Patología del cáncer
El cáncer es un conjunto de más de cien 
enfermedades que tienen como denomi-
nador común la presencia de procesos 
anormales de división y crecimiento ce-
lulares. Cuando el desarrollo y la proli-
feración de la célula escapan al estrecho 
control al que están sometidos en con-
diciones fisiológicas, la división celular 
sigue generando nuevas células aunque 
el organismo no las necesite, y las células 
envejecidas no mueren cuando deberían 
hacerlo. Las células que así crecen y se 
dividen de manera anómala forman una 
masa de tejido que se denomina tumor. 

Un tumor se considera benigno cuan-
do las células que lo han originado no 
se diseminan a otras partes del cuerpo. 
Eso hace que generalmente se pueden 
extraer por cirugía y, en la mayoría de 
los casos, no tienden a reaparecer. Por el 

contrario, en el caso de los tumores ma-
lignos o cancerosos, las células pueden 
invadir tejidos adyacentes, desprenderse 
y diseminarse a regiones distantes del 
organismo dando lugar a la aparición de 
nuevos tumores.

El proceso por el que una célula nor-
mal se convierte en cancerosa es gene-
ralmente prolongado en el tiempo, y 
suele estar favorecido por la acción si-
multánea de varios factores externos [1]. 
Debido a que la malignización implica 
una compleja serie de cambios en la ge-
nética de la célula, se puede considerar 
que cada cáncer, en cada paciente, pre-
senta caracteres exclusivos. Esa natura-
leza única constituye una de las mayores 
barreras a salvar en el tratamiento de la 
enfermedad. 

1.1.1.  Las señas de identidad del cáncer

Hanahan y Weinberg delimitaron en 
2000 [2] y actualizaron en 2011 [3] las 
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características que definen a las células cance-
rosas, lo que llamaron “the hallmarks of can-
cer”. Estas señas de identidad son distintivas de 
las células cancerosas y complementarias entre 
sí, permitiendo el crecimiento tumoral y la di-
seminación a otras zonas del organismo, y se 
enumeran a continuación (Figura 1):

Señalización proliferativa sostenida

En los tejidos normales, la secreción de factores 
de crecimiento que guían a las células a lo lar-
go del ciclo celular se encuentra estrechamente 
controlada con el fin de que el crecimiento y la 
división estén supeditados al mantenimien-
to de la estructura y la funcionalidad tisulares. 
Las células cancerosas desarrollan uno o varios 
mecanismos que les permiten escapar de este 
control, entrando en un estado de proliferación 
continua. Algunos de ellos son la secreción au-
tocrina de factores proliferativos, la sobreexpre-
sión de receptores para estos factores, o la in-
ducción a que las células del estroma del tumor 
aumenten la producción de los mismos.

Evasión de supresores del crecimiento

Las células cancerosas también son capaces 
de evitar los programas que regulan negativa-
mente la proliferación celular. Se han descrito 
decenas de genes supresores que operan en 
una intrincada red para limitar el crecimiento 
y proliferación celulares por medio de vías de 
senescencia y apoptosis activadas por diversos 
mecanismos externos e internos. Mutaciones en 
estas proteínas pueden hacer que la célula esca-
pe de estas rutas de control.

Resistencia a la muerte celular

La apoptosis (o muerte celular programada) de-
bería activarse en respuesta al envejecimiento y 
a diferentes tipos de estrés que sufren las célu-
las cancerosas durante la tumorogénesis o como 
resultado de la terapia antitumoral. De nuevo, 
alteraciones en las proteínas implicadas en las 
cascadas de activación de la apoptosis, ya sea 
por vía extríniseca o intrínseca, permiten a la 
célula sobrevivir de manera incontrolada.

Inmortalidad replicativa

Los telómeros son complejos nucleoproteicos 
con repeticiones en tándem de la secuencia 
TTAGGG, que se encuentran en los extremos de 
los cromosomas, y en células normales se van 
acortando con cada división celular. En ausencia 
de telómeros de suficiente longitud, la estabili-
dad del material genético celular se ve compro-
metida. Para hacer posible un número de divi-
siones celulares ilimitado, las células tumorales 
reactivan la enzima telomerasa, la transcriptasa 
inversa encargada de mantener la longitud de 
los telómeros.

Inducción de angiogénesis

El tejido tumoral en desarrollo necesita riego 
sanguíneo que le suministre oxígeno y nutrien-
tes, y le permita desprenderse de los residuos 
del metabolismo celular. En un adulto sano, la 
angiogénesis (ramificación de vasos sanguí-
neos) se encuentra detenida salvo en circuns-

“El tumor no es una masa aislada de células 
cancerosas en proliferación. En realidad, es un 
tejido de naturaleza compleja que incluye múl-
tiples tipos celulares no sólo cancerosos, sino 
también células sanas reclutadas por el tumor, 
que forman el estroma asociado al mismo y son 
fundamentales para hacer posible su progre-
sión.

”
Hanahan y Weinberg,  The hallmarks of cancer

Evading growth 
supressors

Sustaining prolife-
rative signaling

Avoiding immune 
destruction

Deregulating 
cellular energetics

Genome instability 
and mutation

Tumor-promoting 
in�ammation

Activating invasion 
& metastasis

Inducing
angiogenesis

Enabling replicative 
immortality

Resisting 

cell death

Figura 1.  
Las 8 señas de identidad del 

cáncer y las dos caracterís-
ticas posibilitadoras que se 

asocian al mismo [3].
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tancias concretas como la regeneración de heri-
das o la menstruación. Sin embargo, los tumores 
segregan señales capaces de favorecer la angio-
génesis en los vasos circundantes, recibiendo así 
suficiente riego sanguíneo.

Activación de la invasión y la metástasis

Las células tumorales suelen presentar una dis-
minución en la expresión de proteínas de adhe-
sión celulares que contribuyen a la integridad 
de los tejidos en los que se encuentran. En cam-
bio, la sobreexpresión de proteínas implicadas 
en la migración contribuye a su movilidad y ca-
pacidad invasiva en otros tejidos. 

Reprogramación del metabolismo energético 
de la célula

Las células cancerosas exhiben características 
propias relacionadas con la organización ener-
gética, como un aumento de los transportadores 
para la captación de glucosa, o el uso preferente 
de la glucolisis citoplasmática en lugar de la fos-
forilación oxidativa mitocondrial para obtener 
ATP. La hiperactivación de esta vía, menos efi-
ciente energéticamente, podría estar justificada 
por la producción de intermedios metabólicos 
que se incorporan a diversas rutas biosintéticas.

Evasión del sistema inmune

La secreción de algunas citoquinas, así como el 
reclutamiento de células inflamatorias, parecen 
ayudar al tumor a evitar activamente la res-
puesta inmune que de otro modo lo eliminaría. 

Inestabilidad genómica e inflamación promo-
tora del tumor

Existen dos mecanismos que, aunque no son 
consideradas hallmarks del cáncer, sí se pueden 
entender como características posibilitadoras 
del mismo. El aumento de las tasas de mutación 
en células en proceso de tumorogénesis parece 
ser clave en el desarrollo de las características 
que finalmente las convierten en cancerosas. 
Por otro lado, la presencia de células inflama-
torias es común en muchos tumores y facilita 
el desarrollo del mismo al secretar factores de 
crecimiento y facilitar la angiogénesis.

1.1.2.  Iniciación, promoción y progresión del 
cáncer

De manera histórica, se ha establecido un mo-
delo bifásico del desarrollo de las células can-
cerosas en función de la naturaleza del agente 
externo al que son expuestas [4].

Iniciación

En el primer período, las células entran en con-
tacto con un agente capaz de reaccionar con el 
ADN provocando cambios permanentes en el 
mismo (mutaciones). Muchas sustancias quí-
micas no poseen esta característica per sé, sino 
que requieren una metabolización previa para 
convertirse en verdaderos iniciadores. Ésta es 
la razón por la que algunas sustancias sólo son 
carcinogénicas en determinados tejidos con de-
terminada capacidad metabólica. 

Promoción

Una vez que una célula ha sido mutada por un 
iniciador, es susceptible en una segunda fase a 
los efectos de los promotores. Estas sustancias 
activan rutas de señalización celulares que au-
mentan la proliferación celular. 

Progresión

Se refiere a la evolución del tumor formado por 
la acción consecutiva de las dos etapas anterio-
res para adquirir características de malignidad 
que lo hacen irreversible; implicando, común-
mente, alteraciones en el cariotipo celular. 

1.1.3.  Etapas del desarrollo tumoral

Desde un punto de vista clínico, la evolución del 
cáncer se puede dividir en las siguientes etapas 
(Figura 2)

Hiperplasia

Las células se dividen de manera descontrolada, 
aunque su aspecto es aún normal.

Displasia

Mutaciones adicionales llevan a un crecimiento 
cada vez más descontrolado, y el tejido comien-
za a desorganizarse.

Carcinoma in situ

Más alteraciones acentúan la anormalidad del 
aspecto de las células. Muchas se desdiferen-
cian y pierden características propias del tejido 
en que se originaron. Aún no han cruzado la lá-
mina basal del tejido

Cáncer

Las células anormales invaden tejidos adyacen-
tes y/o se diseminan a regiones distales. 

Figura 2.  
Clasificación de las etapas de 
la carcinogénesis atendiendo 
a distintos criterios [4].
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1.2.  Epidemiología del cáncer
A lo largo de sus vidas, aproximadamente una 
de cada tres personas recibirá en algún momen-
to un diagnóstico de cáncer. Esta enfermedad, 
geográfica y étnicamente omnipresente, se 
percibe con mayor gravedad en las sociedades 
occidentales como la nuestra. En ellas, desde 
la perspectiva de la riqueza, la longevidad y la 
erradicación de la mayoría de enfermedades 
infecciosas, contemplamos perplejos cómo la 
solución para este grave problema no acaba de 
llegar. Este estado de preocupación se alimen-
ta, además, de la ignorancia, de las afirmacio-
nes infundadas y de las anécdotas llamativas. 
La espera de descubrimientos que parecen estar 
siempre “a la vuelta de la esquina” puede llevar 
en ocasiones a la búsqueda de alternativas en 
opciones alejadas de la medicina ortodoxa [5].

La Organización Mundial de la Salud cla-
sifica el cáncer dentro del conjunto de las en-
fermedades no transmisibles (ENT; Noncom-
municable diseases, NCD en inglés). De los 57 
millones de muertes contabilizadas en todo el 
mundo en 2008, 36 millones (un 63%) fueron 
debidas a ENT. Las ENT comprenden, principal-
mente, enfermedades cardiovasculares (48% de 
las muertes por ENT), cáncer (21%), enfermedad 
pulmonar obstructiva crónica, y diabetes. Salvo 
en la región de África, la mortalidad por ENT su-
pera a la suma de todas las muertes causadas 
por enfermedades transmisibles, maternales, 
perinatales y por desnutrición. En contra de la 
creencia popular, el 80% de las muertes por ENT 
ocurrieron en países con índices de riqueza ba-
jos o medios, y de hecho fueron la causa más 
frecuente de muerte en estos países con la ex-
cepción de los del Continente africano (Figura 
3A) [6].

En 2008, se estima que aparecieron un total 
de 12,7 millones de casos de cáncer en el mun-
do, y se produjeron 7,6 millones de muertes por 
cáncer. Un 56% de los nuevos casos y un 63% 
de las muertes tuvieron lugar en países con un 

bajo índice de desarrollo [7,8]. La previsión es 
que hasta 2030, el incremento en los casos de 
cáncer en estos países (82%) será notablemente 
mayor que en los de riqueza media-alta y alta 
(58 y 40% respectivamente) [6]. Son también los 
países más pobres aquellos que presentan ma-
yor incidencia de cánceres asociados con infec-
ciones (virus del papiloma humano, virus de las 
hepatitis B y C y Helicobacter pilori), los cuales  
suponen un 18% de los casos de cáncer a nivel 
mundial (Figura 3B) [6]. 

Los datos preliminares de GLOBOCAN 2012 
[9] confirman que la tendencia es al alza, con 
14,1 millones de nuevos casos, 8,2 millones de 
muertes y 32,6 millones de diagnósticos de cán-
cer en los cinco años precedentes. De ellos, un 
57% de los nuevos casos y un 65% de los nuevos 
diagnósticos, ocurrieron en las regiones menos 
desarrolladas del planeta. 

En las regiones con mayor índice de desa-
rrollo humano (IDH) en 2008, los cánceres de 
pulmón, mama, colon-recto y próstata sumaron 
la mitad de los casos totales de cáncer, mientras 
que en las de IDH medio, los de esófago, estóma-
go e hígado fueron también comunes. En total, 
estos siete tipos de cáncer fueron responsables 
del 62% de los casos en zonas con IDH medio y 
alto. En las áreas de menor IDH, el cáncer de cér-
vix fue más frecuente que el de mama y el de hí-
gado. Las regiones con IDH medio o alto mues-
tran una tendencia al descenso de la incidencia 
de cáncer de cérvix y estómago, mientras que 
para los de mama, próstata y colon se observa 
un comportamiento contrario (Figura 4) [10].

En el año 2010 las ENT fueron responsables 
de un 91% de todas las muertes registradas en 
España. El cáncer causó el 27% de la mortalidad 
total, lo que lo sitúa como la segunda causa de 
mortalidad en nuestro país, por detrás sólo de 
las enfermedades cardiovasculares (Figura 5) 
[11]. A nivel mundial, se espera que la inciden-
cia de nuevos casos de cáncer aumente de 12,7 
millones en 2008 a 22,2 millones en 2030 [10].
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Al drama humano que supone el cáncer, 
hay que añadir los costes sanitarios directos y 
los costes económicos indirectos derivados del 
mismo. En 2010, los National Institutes of Heal-
th de Estados Unidos estimaban que, solo en 
ese país, el coste total atribuible al cáncer fue 
de 263.800 millones de dólares: 102.800 millo-
nes por costes médicos directos (total por todo 
el gasto sanitario); 20.900 millones de dólares 
por costes indirectos de morbilidad (pérdida de 
productividad debida a enfermedad); y 140.100 
millones por costes indirectos de mortalidad 
(productividad perdida por muerte prematura) 
[12].

1.3.  Quimioterapia del cáncer

1.3.1.  Introducción

El proceso patológico del cáncer es tan comple-
jo y cambiante a lo largo de la evolución de la 
enfermedad en un paciente, que hace necesario 
que su tratamiento sea objeto de un abordaje 
interdisciplinar por parte de equipos de profe-
sionales especializados en diferentes áreas de 
la medicina. Las principales modalidades del 
tratamiento son la cirugía, la radioterapia y la 
quimioterapia, aunque el diagnóstico por ima-
gen, la enfermería y la psicología resultan igual-
mente indispensables en la correcta atención a 
los pacientes [13].

En el caso de los tumores sólidos, habitual-
mente se recurre a la extirpación quirúrgica 
seguida de radioterapia y quimioterapia como 
técnicas adyuvantes. En tumores ubicados en 
zonas que desempeñan funciones vitales, como 

el cerebro y la médula espinal, suele preferirse 
la radioterapia. Por último, en cánceres disemi-
nados como la leucemia, la quimioterapia direc-
ta suele ser el recurso de elección.

En la quimioterapia, se usan fármacos cito-
tóxicos o citostáticos para provocar la muerte o 
detener la proliferación, respectivamente, de las 
células malignizadas. Generalmente, la especifi-
cidad de este tipo de fármacos sólo consiste en 
su mayor efecto sobre células en rápida prolife-
ración. Eso provoca muchos de sus efectos ad-
versos y, por lo tanto, son comunes los efectos 
indeseables sobre médula ósea (neutropenia, 
anemia, trombocitopenia), folículo piloso (alo-
pecia), y células de las mucosas gastrointestina-

Liver
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�yroid

Not applicable
Data not available

Most frequently diagnosed cancers, Females

Lip, oral cavity
Oesophagus

Stomach
Large bowel

Liver
Lung

Kaposi sarcoma
Prostate

Bladder
Not applicable

Data not available

Most frequently diagnosed cancers, Males Figura 4.  
Tipos de cáncer más diagnos-
ticados, clasificados por sexo 
y país, en 2008 [6]. 
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les (diarrea y aftas). A ellos se suman frecuen-
temente otros sobre sistema nervioso e hígado 
[13]. En la actualidad se dispone de unos 30 
fármacos citotóxicos que se emplean rutinaria-
mente en la práctica clínica de la quimioterapia 
anticancerosa. Gracias a la quimioterapia, han 
mejorado considerablemente las expectativas 
de supervivencia en cánceres de mama, colon, 
testículo, ovario, sarcoma, y varios tumores he-
matológicos [13]. Algunos de los quimioterápi-
cos más frecuentemente utilizados pueden ver-
se en la Figura 6.

1.3.2.  Compuestos formadores de aductos con 
el ADN

Estos fármacos son capaces de formar enlaces 
covalentes con las bases del ADN. Suelen ad-
ministrarse como profármacos y requieren una 
activación metabólica previa para transformar-
se en citotóxicos. Los compuestos monofun-
cionales distorsionan la doble hélice de ADN e 
interfieren con la acción de las polimerasas. Los 
bifuncionales, pueden producir crosslinking o 
entrecruzamiento entre bases de la misma o 
distintas cadenas de ADN, impidiendo también 
el funcionamiento de las enzimas que actúan 
sobre el material genético. 

Dentro de este grupo de encuentran los 
agentes alquilantes, como la ciclofosfamida o 
las nitrosoureas; los derivados del platino (cis-
platino, carboplatino y oxaliplatino) y la mito-
micina C.

1.3.3.  Antimetabolitos

Son sustancias que, por su analogía estructural 
con metabolitos celulares imprescindibles para 
la síntesis de biomoléculas, interfieren con su 
metabolismo y causan depleción intracelular de 
los mismos. Algunos de los más comunes son el 
metotrexato (un inhibidor de la dihidrofolato 
reductasa que impide la síntesis de la timidina), 
el 5-fluorouracilo (que inhibe la timidilato sin-
tasa tras ser metabolizado a 5-flurodesoxiuridi-
na monofosfato y, además, se incorpora fraudu-
lentamente al ARN), el arabinósido de citosina 
(citarabina o ara-C, que acaba con la reserva in-
tracelular de desoxicitidina y se comporta como 
falso nucleótido), o los antimetabolitos de pu-
rina (tioguanina, mercaptopurina), que inhiben 
enzimas implicadas en la síntesis de la guanina. 

1.3.4.  Derivados de la antraciclina

La doxorubicina y la epirubicina ejercen varios 
efectos citotóxicos sobre el ADN. Por un lado, 
se intercalan provocando un desenrollamiento 
parcial de la doble hélice. También generan ra-
dicales libres, y se unen a la topoisomerasa II, 
provocando roturas en las cadenas de ADN.

1.3.5.  Inhibidores de la funcionalidad del huso 
mitótico

La vinca (Catharanthus roseus) es el origen de 
varios alcaloides naturales (vincristina, vinblas-

tina y vinorelbina) que impiden la polimeriza-
ción de la tubulina que forma el huso durante la 
mitosis. Los taxanos (paclitaxel y docetaxel), por 
el contrario, son inhibidores de la despolimeri-
zación, dando lugar a husos aberrantes. 

1.3.6.  Inhibidores de las topoisomerasas

Las topoisomerasas son enzimas encargadas 
de disminuir el grado de superenrollamiento 
del ADN para permitir los procesos de replica-
ción y transcripción. Son de uso clínico tanto 
los inhibidores de la topoisomerasa I (topote-
cán, irinotecán) como los de la topoisomerasa II 
(epipodofilotoxinas, como el etopósido). En los 
siguientes apartados de este capítulo se puede 
encontrar una descripción mucho más detallada 
del funcionamiento de la topoisomerasa I y su 
inhibición por derivados de la camptotecina y la 
luotonina A, que constituyen el objeto de la ma-
yor parte del trabajo recogido en esta memoria. 

1.3.7.  Terapia hormonal

Como se ha explicado anteriormente, en los paí-
ses con mayores índices de riqueza los cánceres 
de mama y próstata son los más comunes en 
mujeres y hombres, respectivamente. En ambos 
casos, la proliferación celular en estado no pa-
tológico está ligada a la presencia de esteroides 
sexuales, estrógenos en las mujeres y andróge-
nos en los hombres. Como relativamente pocas 
células del organismo poseen estos receptores, 
la quimioterapia basada en esta estrategia posee 
un buen grado de especificidad. Este objetivo se 
puede alcanzar bien evitando la síntesis de las 
hormonas esteroideas, o bien, bloqueando sus 
receptores en las células tumorales. La adminis-
tración de LHRH (luteinising hormone releasing 
hormone u hormona liberadora de hormona lu-
teinizante), de inhibidores de la aromatasa (sui-
cidas como el formestano o reversibles como el 
anastrozol), o de antagonistas de los receptores 
como tamoxifeno o flutamida ejercen así sus 
efectos citostáticos y citotóxicos. 

1.3.8.  Terapia inmunológica

La inmunoterapia activa consiste en la aminis-
tración de vacunas elaboradas con fragmen-
tos microbiológicos o tumorales (de células de 
melanoma o de Mycobacterium tuberculosis, 
por ejemplo), mientras que la pasiva implica 
el uso de anticuerpos (rituximab, tocilizumab, 
ofatumumab) o reticulocitos. También se usan 
mediadores del sistema inmune como los inter-
ferones (IFN-α), las interleucinas (IL-2) o los fac-
tores estimulantes de colonias de granulocitos y 
monocitos (GM-CSF). 

1.3.9.  Terapia fotodinámica

Las porfirinas portadoras de moléculas de oxíge-
no pueden absorber luz en la región de 630 nm 
y convertir el O2 unido a ellas en oxígeno sin-
glete/radical superóxido O2

·. El superóxido tiene 
una semivida muy corta (<0,04 μs), lo que hace 
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que el alcance de su acción (aproximadamente 
0,02 μm desde el lugar de generación), sea muy 
pequeño en comparación con el tamaño de una 
célula (unos 10 μm). Por ello, aunque las porfiri-
nas se administren por vía sistémica, su efecto 
es muy localizado y se limita a la región en la 
que se aplique la luz. El daño provocado por el 
radical superóxido activa vías de apoptosis ca-
paces de circunvalar algunos mecanismos de re-
sistencia típicos de células cancerosas. Se suele 
utilizar una forma polimérica denominada por-
fímero sódico. 

1.3.10.  Nuevas formas de tratamiento

El mejor conocimiento de algunos de los me-
canismos moleculares implicados en el cáncer 
está haciendo posible el desarrollo de fármacos 
más selectivos dirigidos a estas nuevas dianas 
terapéuticas. Dada su diversidad de acción, pue-
den a su vez dividirse en varios grupos:

•	Inhibidores de tirosina-quinasas: Imatinib, 
trastuzumab, cetuximab

•	Inhibidores de la angiogénesis y la metásta-
sis: bevacizumab, neovastat, vitaxin.

•	Silenciadores de genes: pueden silenciarse 
oncogenes usando siRNAs específicos, como 
el oblimersen.

2.  Inhibición de la topoisomerasa 1 (Top1)

2.1.  Biología molecular de Top1
Para que todo el genoma de una célula quepa en 
su núcleo (o, de manera análoga, en el nucleoide 
bacteriano), el material genético debe compac-
tarse superenrollándose sobre sí mismo y sobre 
las histonas [14]. Sin embargo, debido a la na-
turaleza de doble hélice del ADN, para la mayo-
ría de los procesos que requieren acceder a la 
información que ésta contiene, ambas cadenas 
deben separarse ya sea temporalmente (trans-
cripción, recombinación) o permanentemente 
(replicación) [15]. Al no poder girar libremente, 
ya sea por su tamaño o por la unión a histonas, 
la apertura de la doble hélice genera tensión 
torsional a ambos lados del punto de separa-
ción: por delante de la horquilla de replicación 

o transcripción aparece superenrollamiento po-
sitivo (lo que apelmaza el ADN e impide que la 
separación de las cadenas continúe); y negativo 
(que tiende a extender el ADN y facilitar la for-
mación de estructuras topológicas anómalas) 
por detrás de la misma (Figura 7) [16,17]. 

Las topoisomerasas son la maquinaria que 
la naturaleza emplea para resolver el singular 
problema que supone el superenrollamiento de 
la doble hélice del ADN. Este inconveniente to-
pológico surge cuando los superenrollamientos 
deben deshacerse y volverse a generar durante 
los procesos de replicación, transcripción, re-
combinación, reparación y remodelación de la 
cromatina [18]. 

Las topoisomerasas son proteínas ubicuas 
presentes en los tres reinos de la vida: eucario-
tas, arqueobacterias y eubacterias [16]. Recien-
temente se ha propuesto que el origen de las 
actuales topoisomerasas podría remontarse a 
varias subfamilias de enzimas virales que pos-
teriormente se diseminaron de manera inde-
pendiente a diferentes linajes celulares [19]. To-
das las topoisomerasas comparten una tirosina 
como elemento común en su centro activo. Este 
aminoácido lleva a cabo un ataque nucleofílico 
sobre el esqueleto fosfodiéster del ADN, for-
mándose en esta reacción de transesterificación 
una rotura reversible del ADN, que queda unido 
covalentemente a la enzima por uno de sus ex-
tremos. Esta reacción es altamente reversible, y 
una vez que las modificaciones topológicas han 
tenido lugar, una segunda transesterificación 
inversa de la primera, libera la enzima y restau-
ra la integridad del ADN [20]. 

Las topoisomerasas se clasifican en dos 
grandes familias según su mecanismo de ac-
ción. Las topoisomerasas tipo II son homodimé-
ricas, cortan las dos hebras del ADN uniéndose 
covalentemente al extremo 5’, requieren ATP y 
Mg2+ para funcionar, y pueden relajar tanto su-
perenrollamiento positivo como negativo [15]. 
Las topoisomerasas de tipo I sólo cortan una de 
las dos hebras del ADN, y pueden dividirse en 

“ El genoma de una célula humana contiene unos  
3 × 109 pares de bases, lo que corresponde a una 
longitud de aproximadamente 1,8 m. Todo ese ADN 
debe compactarse hasta caber en un núcleo con un 
tamaño medio de  6 µm, o visto de otro modo: la 
circunferencia de ese núcleo es  
aproximadamente un millón de veces más pe- 
queña que la longitud del genoma que alberga.

”
Y. Pommier, 2010 [14]

Se dice que una supervuelta 
es negativa cuando tien-
de a desenrollar la doble 

hélice, que por sí misma está 
enrollada a derechas. Por el 

contrario, son positivas las 
supervueltas que tienden a 

superenrollar más a la doble 
hélice en el mismo sentido 

que está enrollada por sí 
misma [17].

Superenrollamiento
positivo

Superenrollamiento
negativo

Figura 7.  
El problema del superenrollamiento que se 

acumula por delante y por detrás del punto de 
avance de la maquinaria de replicación, trans-

cripción o reparación del ADN. Los bloques 
rallados a ambos lados representan la unión 

del ADN a las histonas nucleares, que impiden 
la libre rotación del mismo [16].
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dos subfamilias: las Top1A y las Top1B. Las del 
tipo A sólo pueden relajar superenrollamiento 
negativo, se unen covalentemente a la hebra 
escindible por el extremo 5’ de la misma y re-
quieren Mg2+ aunque no ATP. Las de tipo B, por 
el contrario, no dependen de cofactores, pueden 
relajar ambos tipos de superenrollamiento y se 
unen a la hebra cortada por el extremo 3’ de la 
misma [14,21].

El genoma humano contiene seis genes de 
topoisomerasa que codifican otras tantas enzi-
mas (Figura 8): dos de tipo IB, (TOP1 y TOP1MT 
o mitocondrial), dos IA (TOP3α y TOP3β), y dos 
IIA (TOP2α y TOP2β) [22]. Los inhibidores de to-
poisomerasas tienen una gran relevancia farma-
cológica, ya que se emplean extensamente como 
antibióticos y antitumorales. Las quinolonas an-
tibacterianas (ácido nalidíxico, ciprofloxacino 
o levofloxacino entre otras) inhiben las topoi-
somerasas bacterianas de tipo IIA sin afectar a 
las humanas. Los inhibidores de topoisomerasas 
con actividad antitumoral actúan selectivamen-
te sobre las enzimas tipo II humanas (doxoru-
bicinas, etopósido) o las de tipo I (irinotecán, 
topotecán). Debido a que la topoisomerasa hu-
mana de tipo IB  (la topoisomerasa 1 o Top1) es 
la diana farmacológica de las moléculas objeto 
de esta memoria, en adelante nos centraremos 
en sus características.

La Top1 no guarda homología estructural 
con el resto de topoisomerasas, y puede relajar 
por completo tanto superenrollamiento positi-
vo como negativo. Tiene un peso molecular de 
100 kDa, está constituida por 765 aminoácidos y 
tiene cuatro dominios diferenciados (Figura 9): 

el N-terminal (1-214), el principal o core (215-
635), el de unión o linker (636-712) y el C-ter-
minal (713-765) [23].

El dominio N-terminal contiene cuatro se-
cuencias de localización nuclear que interac-
cionan con proteínas del núcleo, así como otras 
responsables de interacción con el ADN, tanto 
en su unión, como en el control del proceso de 
rotación. El core contiene todos los residuos del 
centro activo a excepción de la tirosina catalí-
tica, y se encuentra dividido en tres subdomi-
nios I, II y III. La secuencia del linker está poco 
conservada, y este dominio es prescindible para 
la actividad de la enzima. Aunque sus posibles 
funciones son todavía poco conocidas, parece 
estar implicado en el control de la velocidad de 
rotación durante el desenrollamiento [24] y me-
jora la sensibilidad a camptotecina. Por último, 
en la región C-terminal se encuentra la Tyr723 
que hace posibles las reacciones de transeste-
rificación [15,25].

La enzima se cierra como una pinza sobre la 
doble hélice de ADN, atrapándola entre los sub-
dominios I y II del core (que forman lo que en 
la bibliografía se denomina “la tapa”) y el sub-
dominio III en la parte inferior. Ambas partes 
se encuentran conectadas por una corta región 
flexible que actúa como bisagra [25].  Tanto la 
región del dominio que está más próxima al 
DNA como el hueco central de la enzima, po-
seen un potencial electrostático positivo que 
les permite establecer numerosas interacciones 
con los grupos fosfato de la doble hélice carga-
dos negativamente. Sólo las bases (-1) y (+2) 
establecen contactos directos con la enzima a 

Se denominan topoisómeros 
a cada uno de los distintos 
niveles de superenrollamiento 
que puede presentar una 
misma molécula de ADN.
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Esquema mostrando la 
clasificación de las topoiso-
merasas humanas, así como 
las características distintitvas 
de cada grupo.
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Figura 9.  
Topoisomerasa 1 huma-
na. Izquierda: principales 
elementos estructurales y 
localización de los dominios 
en el gen que la codifica. 
Derecha: orientación durante 
la acción catalítica de la 
enzima.
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través de la Lys532 y la Arg364 por el lado del 
surco menor [26]. 

La Top1 tiene preferencia por las regiones de 
ADN con superenrollamientos o curvaturas, al 
parecer, debido a una secuencia de aminoácidos 
de la región linker que es capaz de interaccionar 
con distintos puntos del ADN cuando la hélice 
se encuentra en este estado [27] y a su capaci-
dad de reconocer curvaturas tridimensionales 
[28]. A diferencia de otras enzimas, la Top1 no 
reconoce secuencias concretas en el ADN. Sin 
embargo, en presencia de camptotecina, mues-
tra una mayor afinidad por los motivos 5’-[A/T]
[G/C][A/T]T(-1)↓G(+1)-3’ en las bases (-4) a (+1) 
de la hebra escindible (nótese la importancia de 
la T en posición (-1), que sólo ocasionalmente 
puede ser sustituida por una C) [29-33]. Tam-
bién se ha sugerido que la base en posición (-2) 
de la hebra no escindible podría ser relevante 
[32]. En el centro activo de la enzima existe una 
péntada de aminoácidos cuya distribución es-
pacial está muy conservada entre todas las to-
poisomerasas IB, formada por Arg488, Lys532, 
Arg590, [His632/Asn] (en el dominio core) y 
Tyr723 (en el dominio C-terminal) [34]. Los cua-
tro aminoácidos situados en el core sirven para 
anclar el ADN por el nucleótido en el que se va a 
producir el corte: la Lys532 se une al átomo O-2 
de la timidina en posición (-1) y las argininas 
y la His632 forman interacciones electrostáticas 
con el grupo fosfato de la timidina. Por su lado, 
la Tyr723 es responsable de la transesterifica-
ción en sí al formar el enlace DNA-3’-fosfotiro-
sina [26]. 

Como se ha mencionado anteriormente, la 
enzima se cierra como una mano sobre el ADN 
dejando un canal de entre 15 y 20 Å (Figura 10) 
[23]. Una vez que las dos macromoléculas se 
han acoplado, el O-4 de la Tyr723 lleva a cabo 
un ataque nucleofílico sobre el fosfato de la 
T(-1) pasando por un estado de transición pen-
tacoordinado que estabilizan los aminoácidos 
del centro activo [35]. El extremo 3’ de la hebra 
escindible queda de este modo unido covalen-
temente a la enzima, mientras que el extremo 
5’ se libera y puede rotar sin necesidad de más 
energía que la del propio superenrollamiento 
presente en el ADN y, por lo tanto, de manera 
ATP-independiente (Figura 11) [18].

Debido a su naturaleza, el proceso de giro 
se denomina “rotación controlada” (Figura 12) 
[15,36]. Tras los primeros estudios sobre el me-
canismo de la topoisomerasa 1, se pensó que 
el mecanismo de desenrollamiento era posible 
por medio del giro libre de la parte “downs-
tream” de la hebra escindida. Sin embargo, es-
tudios posteriores han revelado que este giro 
en realidad no es totalmente libre, sino que se 
encuentra parcialmente frenado (de ahí el tér-
mino de “rotación controlada”) por la fricción 
entre el DNA y los aminoácidos del canal de la 
enzima. El número de vueltas en que la enzima 
puede reducir el superenrollamiento en cada ci-
clo catalítico es proporcional al torque (y, por lo 
tanto, al nivel de superenrollamiento inicial) de 
la hebra de ADN [37,38]. 

Durante cada giro, es necesario que tengan 
lugar alteraciones conformacionales en la en-
zima (principalmente la apertura parcial del 

Figura 10.  
La topoisomerasa 1 se cierra 

sobre la doble cadena de 
ADN de manera muy similar 
a como lo hace una mano al 

asir un objeto cilíndrico.
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canal) para acomodar la doble hélice durante la 
rotación. Este hecho da lugar a un perfil energé-
tico en forma de sierra [38]. Existe un punto de 
cada vuelta de la doble hélice en el que el extre-
mo 5’ de la hebra escindible vuelve a alinear-
se con extremo 3’ cortado, y en ese momento 
existe una probabilidad de que se produzca la 
segunda transesterificación que restaura la in-
tegridad de la hebra, y libera la enzima [37,38]. 
Una enzima puede llevar a cabo este ciclo de 
apertura, rotación y religación a una velocidad 
de hasta 6000 veces por minuto [16].

2.2.  Quimioterapia basada en la inhibición 
de Top1: derivados de la camptotecina.
En los años 50, el Dr. Jonathan Hartwell del NCI 
(National Cancer Institute) comenzó un progra-
ma de cribado de compuestos en busca de acti-
vidad antitumoral [39]. Hartwell se interesó por 
incluir en el proyecto los extractos vegetales de 
un investigador del U. S. Department of Agricul-
ture, el Dr. Monroe E.  Wall, que hasta entonces 
trabajaba en fitosteroides útiles como precurso-
res de cortisona. 

Inicialmente se ensayaron más de mil ex-
tractos, y entre ellos destacó el de la corteza 
del árbol asiático Camptotheca acuminata por 
mostrar una potente actividad in vivo frente a 
modelos de adenocarcinoma murino. En 1958, 
el grupo de Wall (que en 1960 se había trasla-
dado al Research Triangle Institute para centrar 
su ámbito investigación en los antitumorales) 
identificó la camptotecina (Figura 13) como un 
nuevo alcaloide responsable de su actividad, y 
en 1966 describió su estructura mediante di-
fracción de rayos X con la ayuda de Mansukh C. 
Wani [40]. Este grupo fue también responsable 
en ese mismo período del descubrimiento de 
otro de los antitumorales de origen natural más 
importantes en la actualidad: el taxol. 

En vista de la prometedora acción antitu-
moral de la camptotecina, se iniciaron ensayos 
clínicos para estudiar su efectividad. Con el pro-
pósito de mejorar su limitada solubilidad, se 
administró la sal sódica obtenida por hidrólisis 
básica del anillo de lactona (Figura 13).
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Figura 12.  
Esquema resumen de la ac-
ción de la Top1 sobre el ADN 
superenrollado [36].
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Sorprendentemente, los resultados de estos 
ensayos mostraron una pobre actividad antitu-
moral clínica y unos marcados efectos adversos, 
entre los que destacaban la mielosupresión y la 
cistitis hemorrágica [41-43]. Debido a que para 
obtener algún beneficio terapéutico era nece-
sario administrar dosis elevadas con efectos 
adversos erráticos e imprevisibles, el desarrollo 
clínico de la camptotecina fue abandonado a 
principios de los 70. Sólo investigaciones lleva-
das a cabo años después desvelaron el porqué 
de estos hechos. Por un lado, la forma carboxila-
to presenta una actividad inhibitoria de la Top1 
muy limitada en comparación con la forma ce-
rrada de la camptotecina [44]  y, además, tiene 
una elevada afinidad por el dominio II de la al-
búmina sérica humana [45-47]. Por otro lado, 
la forma carboxilato se excreta por vía renal, y 
el pH ácido de la orina causa el cierre del anillo 
a la forma lactona mucho más activa, desenca-
denando la grave toxicidad observada sobre el 
epitelio vesical [48].

No fue hasta la década de los años 80 cuando 
el interés por la camptotecina volvió a desper-
tarse tras descubrir que su diana farmacológica 
era la Top1 [49,50], iniciándose el desarrollo de 
análogos con farmacocinética y estabilidad me-
joradas que llevó al uso clínico del topotecán y 
el irinotecán [51]. 

La Figura 14 recoge las estructuras de los 
análogos de camptotecina actualmente en uso y 
en diferentes etapas del desarrollo clínico. 

La camptotecina es un alcaloide indol-mo-
noterpenoide modificado, aislado originalmen-
te de la corteza de Camptotheca acuminata (fa-
milia Nyssaceae), un árbol de hoja caduca de 
hasta 20 m de altura que crece silvestre en el 
sur de China y el Tíbet [52]. Este árbol ha sido 
ampliamente utilizado en la medicina tradicio-
nal china (MTC) para combatir los tumores y 
la inflamación [53]. En MTC, el árbol es cono-
cido como “árbol feliz” o “árbol del cáncer”, y 
se denomina xi shu (chino simplificado, 喜树). 

Sin embargo, la camptotecina se ha llegado a 
encontrar en hasta nueve especies de diferentes 
órdenes filogenéticos [54]. En C. acuminata, la 
mayor concentración se encuentra en las hojas 
jóvenes (lo que confirma su papel defensivo en 
la planta), seguido de las semillas y la corteza 
[54]. 

Las rutas sintéticas de los alcaloides in-
dol-monoterpenoides provienen del triptófano 
y el geraniol, que confluyen biosintéticamente 
en la estrictosidina. Esta familia de alcaloides 
comprende, entre otros, la ibogaína, la reserpi-
na, la yohimbina, la vincristina, la elipticina y la 
quinina. Actualmente, el suministro de campto-
tecina para la industria farmacéutica depende 
de extractos de C. acuminata y Nothapodytes 
foetida. Varios grupos trabajan en el desarrollo 
de otros métodos de obtención del alcaloide, 
como cultivos in vitro de raíces de C. acuminata 
y Ophiorrhiza pumila transformadas con Agro-
bacterium rhizogenes (Figura 15), o el empleo 
de enzimas de la ruta biosintética del alcaloide 
para su producción a gran escala [55].

Un hecho particularmente interesante es 
que las plantas que producen camptotecina 
presentan mutaciones puntuales en sus Top1 
que las hacen resistentes al efecto del alcaloide 
[56]. En concreto, se han identificado tres muta-
ciones habituales en C. acuminata, O. pumila y 
Ophiorrhiza liukiuensis: Asn421Lys, Leu530Ile 
y Asn722Ser (según la numeración de los ami-
noácidos en la enzima humana). Curiosamente, 
la mutación en la posición 722 es idéntica a la 
encontrada en tumores humanos resistentes a 
camptotecina.

“ Los alcaloides son un grupo diverso de moléculas 
de bajo peso molecular que contienen nitrógeno 
en su estructura y están presentes en aproximada-
mente un 20% de las especies de plantas. Su papel 
suele ser el de protegerlas de herbívoros, virus, 
bacterias o plantas competidoras. Los alcaloides 
de origen natural se han empleado a lo largo de 
la historia de la humanidad con fines tan diversos 
como la caza, las ejecuciones, el armamento bélico 
o el tratamiento de enfermedades.

”

Figura 15.  
Excreción de camptotecina al medio de cultivo 

por raíces transformadas de Ophiorrhiza pumila. 
Se observa la fluorescencia de la camptotecina 

al iluminarla con luz ultravioleta [55]. 
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2.3.  Luotonina A y derivados.
En 1997 se describieron el aislamiento y la carac-
terización de la luotonina A (Figura 16), a partir 
de los extractos (fracciones n-hexano, benceno 
y cloroformo) de Peganum nigellastrum Bunge 
(Zygophyllaceae) [57]. Esta hierba perenne, de 
10 a 25 cm de alto, se encuentra extendida por 
el centro y el norte de China, Mongolia y áreas 
meridionales de Rusia [58]. P. nigellastrum (骆
驼蒿, luo tuo hao en chino simplificado) ha sido 
utilizada en MTC para tratar afecciones reumá-
ticas, abscesos e inflamaciones.

La luotonina A fue el primer alcaloide pirro-
loquinazolinoquinolínico descrito en la litera-
tura científica. Los alcaloides de quinazolina, 
incluyendo las vasicina, tienen al ácido antra-
nílico como un paso clave en su biosíntesis. La 
luotonina A coexiste en la planta con otros alca-
loides quinazolínicos y tiene una vasicinona en 
su estructura, por lo que se ha propuesto que su 
biosíntesis implique la condensación de vasici-
nona y ácido antranílico [57]. 

En el mismo artículo en el que por primera 
vez se describía su aislamiento y estructura, se 
demostró también su actividad citotóxica sobre 
cultivos de leucemia murina P-388 [57]. A pe-
sar de su evidente similitud estructural con la 
camptotecina, hubo que esperar seis años hasta 
que el grupo de Hecht obtuvo pruebas conclu-
yentes de que ambas moléculas compartían la 
inhibición de Top1 como mecanismo de acción 
de su citotoxicidad [59]. Las CI50 obtenidas en 
el caso de la luotonina A eran unas diez veces 
superiores a las de la camptotecina. Sin embar-
go, estos resultados contradecían un hecho que, 
hasta entonces, se había aceptado como irrefu-
table: la lactona del anillo E de la camptotecina 
aumentaba la potencia del alcaloide, pero no 
era indispensable para su actividad. El hallazgo 
de este nuevo farmacóforo abrió la puerta para 
superar el cuello de botella que suponía obte-
ner análogos de camptotecina sustituidos en el 
anillo E, ya que los derivados de la luotonina A 
modificados en este anillo presentaban mejor 
accesibilidad sintética. 

Desde entonces, se han desarrollado varias 
rutas sintéticas para acceder a derivados de luo-
tonina A modificados en distintas posiciones. El 
efecto de estas sustituciones sobre la actividad 
antitumoral se detalla a continuación, y han 
sido revisados por Ma [60] y más recientemente 
por Liang [61].

2.4.  Mecanismo de acción de la camptoteci-
na y la luotonina A: el paradigma de la inhi-
bición interfacial

2.4.1.  Modelos de interacción en el complejo 
ternario camptotecina-ADN-Top1

A mediados de la década de los 80 se descubrió 
que la toxicidad de la camptotecina estaba me-
diada por la inhibición de la Top1, y que en pre-
sencia del alcaloide era posible aislar productos 
de ADN que presentaban una rotura en una de 
sus hebras y se encontraban unidos covalente-
mente a la enzima [49,50]. 

Como se ha comentado anteriormente, la 
afinidad que determina la unión de las topoiso-
merasas al ADN pasa más por el reconocimiento 
del estado topológico de superenrollamiento del 
mismo que por el reconocimiento de secuencias 
de nucleótidos concretas. Lo que sí se observó es 
que los puntos por los que el ADN aparecía frag-
mentado y unido covalentemente a la Top1 en 
presencia de camptotecina sí presentaban una 
secuencia consenso de nucleótidos [29]. Poco 
después, se puso de manifiesto que la maquina-
ria replicativa celular también jugaba un papel 
en la toxicidad de la camptotecina [62,63]. Todo 
ello sugería que la topoisomerasa no era afecta-
da por la camptotecina de una manera habitual 
(como la inhibición competitiva o la alostérica) 
sino que el ADN y sus procesos tenían una rele-
vancia clave en la actividad.

En 1989, Champoux propuso de manera for-
mal el mecanismo de acción in vivo de la camp-
totecina, cuyos detalles se han ido conociendo 
con posterioridad [64]. Según este modelo, la 
camptotecina es capaz de unirse exclusivamen-
te, de manera no covalente y altamente espe-
cífica, al complejo covalente formado entre el 
ADN y la Top1 cuando ésta está ejerciendo su 
actividad catalítica. Es decir, una vez que la Top1 
se ha acoplado al ADN y la Tyr723 se encuentra 
unida covalentemente a la T(-1), es cuando se 
forma el sitio de unión de la camptotecina. Al si-
tuarse en él, el alcaloide debía estabilizar de al-
gún modo el complejo covalente, dificultando la 
última parte de la reacción en la que el ADN se 
religaba y la enzima era liberada. Esto explicaría 
por qué en presencia de camptotecina podían 
aislarse los complejos covalentes ADN-Top1, 
pero si el alcaloide se retiraba, la enzima seguía 
siendo activa. Estos resultados fueron comple-
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Figura 16.  
Estructura química de la 

luotonina A.

La CI50 (concentración inhibi-
toria 50) es la concentración 
de un fármaco que causa la 

inhibición del crecimiento del 
50% de las células en estudio.
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mentados poco tiempo después por el grupo de 
Pommier [30].

En los complejos binarios ADN-Top1 se ob-
servó que el nucleótido (-1) con respecto al 
punto de corte era siempre una T. Esta observa-
ción se repetía tanto en ausencia como en pre-
sencia de camptotecina. Sin embargo, el caso de 
la posición (+1) era diferente: el nucleótido que 
aparecía con más frecuencia era la G, pero sólo 
en presencia de camptotecina. En ausencia del 
alcaloide, cualquiera de los cuatro nucleótidos 
se encontraba con igual probabilidad [65]. Ello 
indicaba que la unión de la camptotecina estaba 
de algún modo favorecida por la G(+1), lo que 
apuntaba a una interacción entre ambas. Tam-
bién resultaba evidente que la camptotecina in-
teraccionaba con el centro activo de la enzima 
además del ADN, ya que mutaciones puntuales 
en la asparagina contigua a la Tyr723 del centro 
activo conferían a las células tumorales resis-
tencia al alcaloide [66].

En 1998, el grupo de Pommier publicó los re-
sultados de un trabajo de modelado molecular 
[67] en el que se sugería una estructura para el 
complejo ternario ADN-Top1-camptotecina. En 
él, la camptotecina se situaba entre los pares de 
bases (-1) y (+1) y paralela a ellos, con la parte 
cóncava de la molécula orientada hacia el sur-
co mayor del ADN, y el anillo E hacia la hebra 
escindible.  En este modelo, la camptotecina in-
teraccionaba por apilamiento π-π con los pares 
de bases, y por puentes de hidrógeno con los 
aminoácidos del centro activo y el ADN: el car-
bonilo del anillo D con un hidroxilo de la ribosa 
de T(-1), el OH 20 de la lactona con el oxígeno de 

la cadena lateral de la Asn722 y el carbonilo del 
anillo E con el enlace amida de la Asn722.

La primera evidencia experimental de 
la estructura de los complejos ADN-Top1 y 
ADN-Top1-camptotecina fue publicada en 1998 
por el grupo de Champoux y Hol con dos artí-
culos publicados en Science que mostraban su 
estructura elucidada por medio de difracción de 
rayos X [23,26] (Figura 17). En ellos se hace un 
extensivo análisis sobre la estructura de la pro-
teína (no se trataba de la proteína nativa, sino de 
los dominios core y C-terminal reconstituidos), 

“ A lo largo del tiempo, se han ido sumando evi-
dencias de que la diana farmacológica de la camp-
totecina es la Top1, entre las que merece la pena 
destacar las siguientes[62]: 

•	 La camptotecina natural inhibe in vitro la ac-
ción de la Top1 aislada.

•	 La camptotecina no es tóxica frente a levaduras 
mutadas para silenciar la expresión de Top1.

•	 Las líneas celulares seleccionadas por su resis-
tencia a camptotecina presentan mutaciones 
puntuales en los genes que codifican la Top1.

•	 Las plantas que producen camptotecina de 
forma natural presentan una mutación puntual 
en sus Top1.

”

Figura 17.  
(A) Esquema de los enlaces 
de hidrógeno y apilamientos 
entre el complejo Top1-DNA 
y la camptotecina. 
(B) Vista estereográfica del 
modo de unión propuesto. 
La camptotecina (verde) 
se apila entre la G(+1) 
(amarillo) y la cadena lateral 
de la Asn722 (naranja). La 
hebra escindible se muestra 
en magenta claro y oscuro, 
en sentidos “upstream” y 
“downstream” respectiva-
mente [23]. 
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y se establecen las interacciones clave observa-
das entre la proteína, el ADN y el fármaco. La 
proteína contacta a través del canal central con 
los pares de bases (-4) a (+6) del ADN , estable-
ciendo con ellos enlaces de hidrógeno e interac-
ciones electrostáticas a través de los grupos fos-
fato. También hay interacciones electrostáticas 
entre el dominio linker y los fosfatos del ADN. 
Hay un único enlace de hidrógeno específico 
entre la Lys532 y el oxígeno carbonílico (O-2) 
de la T(-1) en la hebra escindible, lo que explica 
la preferencia por esta base en dicha posición. 
El fosfato de la T(-1) forma enlaces de hidróge-
no con la Arg488 y la Arg590. En estos traba-
jos se propone una hipótesis para la unión de 
la camptotecina al complejo binario ADN-Top1 
que difiere del de apilamiento de Pommier. En 
primer lugar, la molécula de camptotecina se 
orienta con el lado cóncavo hacia la hebra es-
cindible, y el anillo E hacia el surco menor del 
ADN. Por otro lado, la G(+1) se desplaza fuera de 
la doble hélice por rotación del esqueleto fosfo-
diéster y queda apilada con los anillos A y B de 
la camptotecina, que también se apilarían con la 
cadena plana conjugada de la Asn722. El carbo-
nilo del anillo D establecería un enlace de hidró-
geno con la C(+1) de la hebra no escindible. La 
Arg364 interaccionaría con los dos oxígenos de 
la función lactona del anillo E, y con la Asp533, 
que a su vez podría formar un enlace de hidró-
geno con el hidroxilo en 20. La Arg364 puede 
también interaccionar con la G(+2) y con los 
oxígenos de las ribosas en posiciones (+2) y (+3) 
de la hebra escindible. Arg488, Arg590 y His632 
serían capaces de estabilizar el estado de tran-
sición pentacoordinado propuesto para el me-
canismo catalítico de doble transesterificación. 

El mismo grupo describió poco después la 
estructura de un complejo con C en lugar de T 
en posición (-1) [68]. La C es otra base pirimi-
dínica y por eso puede establecerse un enlace 
de hidrógeno entre la Lys532 y el oxígeno car-
bonílico de la C análogo al que se forma con la 
T de la secuencia consenso. Otro interesante ha-
llazgo de este estudio fue una molécula de agua 
cristalizada a distancia de enlace de hidrógeno 
de la Arg590. La Tyr723 del sitio activo estaría 
también a distancia de enlace de hidrógeno de 
esta molécula de agua y del átomo de fósforo 
del grupo fosfato escindible. Todo ello parece 
indicar que esta molécula de agua podría com-
portarse como base para tomar el protón de la 
Tyr723, para activarla como nucleófilo antes del 
ataque al grupo fosfato del ADN. Esta hipótesis 
está respaldada por la cercanía de la Tyr723 
también a la Arg590, que reduciría su pKa favo-
reciendo la formación del enolato. Además, una 
rotación en el grupo fosfato escindible que lo si-
túa a una corta distancia de la Lys532 indica que 
ésta debe considerarse parte del centro activo al 
estabilizar el estado de transición. Por su parte, 
la His632 puede jugar un doble papel en el pro-
ceso catalítico: por un lado, estabilizar el estado 

de transición pentacoordinado del fósforo, y por 
otro, protonar el grupo hidroxilo 5’ de la ribo-
sa saliente tras el ataque de la Tyr723 al fosfa-
to. Así, según esta publicación, el centro activo 
de la Top1 estaría formado por Tyr723, Arg590, 
Arg488, His632, Lys532 y una molécula de agua 
catalítica (Figura 18).

Un artículo posterior de Kerrigan y Pilch [69] 
describía los resultados de un trabajo de mode-
lado molecular en el que se comparaban varios 
modos de interacción (Figura 19), entre ellos, el 
propuesto por Pommier [67] y uno basado en el 
de Hol [23] pero en el que la G(+1) no se encon-
traba rotada (Figura 19A).

En este trabajo, los intentos de simular un 
modo de intercalación totalmente paralela a las 
bases (el propuesto por Pommier) acabaron con 
la molécula de camptotecina expelida al surco 
mayor y sin establecer contactos significativos 
con el complejo ADN-Top1. Por el contrario, el 
modelo basado en el de Hol, en el que la inte-
racción es intercalativa pero la molécula se sitúa 
perpendicular al eje de las bases, con el anillo E 
orientado hacia el surco menor y la parte cón-
cava hacia la hebra escindible, obtuvo el mejor 
resultado en cuanto a estabilidad energética. 
En este modelo, los dos oxígenos de la función 
lactona del anillo E interaccionan por puentes 
de hidrógeno con la Arg364. El hidroxilo en 20 
puede establecer enlaces de hidrógeno tanto 
con el N-3 de la G(+1) como con un oxígeno de 
la ribosa. El N del anillo B de la camptotecina 
podría interaccionar tanto con el protón del N-3 
de la T(-1) como con el amino de la A comple-
mentaria a la T(-1). Esta misma A también inte-
racciona con el anillo C de la camptotecina por 
apilamiento. Esta conformación deja las posi-
ciones 7, 9 y 10 de la camptotecina expuestas 
hacia el surco mayor del ADN, lo que concuerda 
con que los sustituyentes voluminosos en esas 
posiciones sean bien tolerados. 

En 2002, se publicó la estructura de un com-
plejo ternario con topotecán, elucidada por di-

Figura 18.  
Papel de la molécula catalítica de agua pro-

puesta en [68], que actuaría como base para el 
mecanismo enzimático de la Top1.
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fracción de rayos X [70]. En él se puede apreciar 
cómo el topotecán se intercala entre los pares 
de bases (+1) y (-1). El sistema pentacíclico se 
apila con los pares de bases en la misma posi-
ción que ocupa el par (+1) en la estructura del 
complejo ADN-Top1, con la parte cóncava hacia 
el surco menor y el anillo E entre los nucleótidos 
de la hebra escindible. En este caso, la molécula 
se alinea paralelamente a los ejes de los pares 
de bases, a diferencia de los modelos computa-
cionales que proponían una intercalación par-
cial. La intercalación del topotecán es posible en 
el hueco que se forma por simple rotación del 
enlace fosfodiéster de la hebra no escindible, y 
no requiere ni la rotación de una base fuera de 
la hélice (modelo de Hol) ni la ruptura de en-
laces de hidrógeno entre los pares de bases del 
ADN. El desapilamiento energéticamente desfa-
vorable de los pares de bases (+1) y (-1) estaría 
compensado por la rotación del fosfato entre 
ellas hasta situarse a distancia de enlace de hi-
drógeno con los nitrógenos de la cadena prin-
cipal de Arg362 y Gly363. Este fosfato también 
interacciona con la cadena lateral de la Lys374. 
La intercalación del topotecán desplaza 3,6 Å el 
par de bases (+1) y 8 Å el hidroxilo 5’ escindi-
do, hasta situarlo fuera del alcance de la Tyr723, 
imposibilitando la religación. En la estructura se 
aprecia la posibilidad de formar un enlace de hi-
drógeno entre la Asp533 y el hidroxilo en posi-
ción 20 de la camptotecina. Este modelo presen-
ta varias ventajas destacables: en primer lugar, 
las posiciones 7, 9 y 10 quedan orientadas hacia 
el surco mayor; en segundo, demuestra que hay 
suficiente espacio para albergar los anillos E ex-
pandidos de siete miembros de la familia de las 

homocamptotecinas; y por último, este modelo 
también es compatible con que la camptotecina 
interaccione con el complejo ADN-Top1 en la 
forma carboxilato abierta, que hasta entonces 
se consideraba incapaz de unirse al mismo.

Pommier había propuesto en 2000 [71] una 
hipótesis según la cual la rotación del ADN du-
rante el desenrollamiento desplazaba a la G(+1) 
fuera de la doble hélice. Aunque Champoux 
también hablaba en su modelo de la rotación 
de la G(+1) [23], la diferencia entre ambas teo-
rías estriba en que mientras que en el modelo 
de Champoux  la G(+1) rotada quedaba apilada 
con la camptotecina, en el modelo de Pommier 
la G(+1) se desplazaba y generaba un hueco 
para la unión de la camptotecina, pero quedan-
do tan lejos que el apilamiento no era posible. 
Basado en este modelo, el grupo de Pommier 
propuso en 2002 otro modo de interacción ge-
nerado computacionalmente [72], esta vez para 
SN-38, el metabolito activo del topotecán. La 
G(+1) quedaría estabilizada fuera de la doble 
hélice por una red de enlaces de hidrógeno con 
Asp533, Arg488 y Arg590. El SN-38 se colocaría 
apilado entre los pares de bases, perpendicular 
a ellos, con el lado cóncavo hacia la hebra no 
escindible y con el anillo D sobre la T(-1) y el 
anillo A proyectado hacia el surco mayor, donde 
el hidroxilo del SN-38 formaría un enlace de hi-
drógeno con la Asn352 (Figura 20). 

Además de este enlace sólo posible en el 
caso de SN-38, el resto de la estructura (común 
con la camptotecina) establecería varios enlaces 
de hidrógeno adicionales: el carbonilo de la lac-
tona con los aminoácidos Lys532 y Asp533, el 
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Figura 19.  
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hidroxilo en 20 con la Lys532 y el carbonilo de la 
T(-1), y el carbonilo del anillo D con la Asn722.

En 2004, los resultados de un trabajo de 
modelado molecular llevado a cabo con homo-
camptotecina arrojaron una colocación análoga 
de la molécula en el complejo ternario [73]. 

El mismo grupo que había descrito en 2002 
la estructura del complejo ternario con topo-
tecán por difracción de rayos X, logró en 2005 
cristalizar y describir la estructura del comple-
jo ternario con camptotecina [74]. La posición 
y orientación de la camptotecina era práctica-
mente idénticas a la hallada para el topotecán. 
De entre seis posibles modos de apilamiento, 
esta colocación fue también confirmada como 
la más estable termodinámicamente por mo-
delado molecular con cálculos ab initio consi-
derando las interacciones π-π establecidas en-
tre la campotecina y los pares de bases (+1) y 
(-1) [75]. Simulaciones con otros derivados de 
camptotecina llevan también a esa disposición 
de manera preferencial [76]. 

Una reciente simulación ha estudiado la di-
námica del complejo durante 25 ns [77]. Para 
ello han utilizado el complejo ternario con topo-
tecán cristalizado por Staker [70]. La mayoría de 
interacciones propuestas en el análisis difrac-
tográfico del trabajo original se mantienen más 
del 95% del tiempo de la simulación. Este traba-
jo revela dos interacciones de hidrógeno adicio-
nales: la de la Lys532 con los oxígenos carboní-
lico e hidroxilo del anillo E del topotecán, y la de 
la Arg364 con los anillos B y E del antitumoral. 
En la publicación también se describe cómo la 
presencia del topotecán aumenta la rigidez de la 

región “downstream” del ADN y cómo la Lys532 
se mantiene siempre a más de 8 Å del hidroxi-
lo 5’ de la G(+1) haciendo imposible la catálisis 
básica de la segunda transesterificación, hechos 
ambos que dificultan la religación de la hebra 
escindible. Por medio de la misma técnica, el 
grupo ha explicado también cómo la red de en-
laces de hidrógeno entre la Top1 y las bases del 
ADN en el sitio activo es responsable de la pre-
ferencia por la presencia de una timina en po-
sición (-1) con respecto al punto de corte en el 
que la camptotecina actúa como inhibidor [78]. 

El análisis informático de las estructuras 
cristalográficas de los complejos ternarios con 
camptotecina y topotecán llevó al grupo de 
Pommier [79] a proponer un farmacóforo para 
los compuestos inhibidores de topoisomerasa 
I. Las características que lo definen son: inte-
racciones aromáticas sobre los anillos A, B y D, 
aceptores de enlaces hidrógeno en el nitrógeno 
quinolónico y el oxígeno cíclico de la lactona, 
y donadores de enlaces de hidrógeno en el hi-
droxilo en 20 (Figura 21). Por otro lado, un es-
tudio empleando  resonancia paramagnética de 
electrón en combinación con marcaje de spin 
dirigido (SDSL-EPR) ha permitido determinar 
que el tiempo que permanece unida la campto-
tecina en el complejo ternario está en el orden 
de cientos de microsegundos [80]. 

Laco ha comparado recientemente [81], por 
medio de métodos computacionales, el modelo 
de intercalación deducido de la estructura cris-
talográfica del complejo ternario con topotecán 
[70], y el modelo del nucleótido rotado pro-
puesto por él mismo por medio de modelado 

Figura 20.  
Diagrama esteroegráfico 
del modo de interacción 
propuesto por Laco para 

SN-38 en [72]. Nótese cómo 
la G(+1) ha sido rotada fuera 

de su emplazamiento.

Figura 21.  
Farmacóforo hallado por mo-
delado molecular para los in-
hibidores de Top1, en repre-
sentaciones 2D (izquierda) y 
3D (derecha). Los aceptores 

de enlaces de hidrógeno 
están marcados en verde, los 
donadores en magenta y los 

grupos capaces de establecer 
interacciones de apilamiento, 
en naranja. Las esferas grises 
son puntos de impedimento 

estérico [79]. 
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molecular [73]. En el estudio se hace docking 
de varios compuestos (entre ellos la 20-clo-
ro-camptotecina y la 10,11-difluoro-camptote-
cina) en los sitios activos propuestos por ambos 
modelos. Laco llega a la conclusión de que las 
estabilidades de los complejos ternarios calcu-
ladas usando el modelo del nucleótido rotado se 
correlacionan mejor con la actividad citotóxica 
real de los compuestos. 

En resumen, se puede decir que existen va-
rios modelos propuestos para el modo en el que 
la camptotecina y sus derivados se unen al com-
plejo ADN-Top1. Todas comparten el hecho de 
que la camptotecina se intercala entre los pares 
de bases (-1) y (+1) del ADN después de que la 
enzima corte la hebra, modificando la geome-
tría del sitio activo de modo que se dificulta la 
religación del ADN y probablemente se ralenti-
za su giro. Sin embargo, y aunque hay algunos 
puntos consensuados, la orientación de la mo-
lécula, el número de interacciones que establece 
con aminoácidos de la proteína y la necesidad 
o no de que la G(+1) rote fuera de la hélice de 
ADN, son aún objeto de discusión por parte de 
varios grupos. 

2.4.2.  El paradigma de la inhibición interfacial

El modo de acción de los inhibidores de Top1 es 
especial, porque no establecen enlaces covalen-
tes con la enzima, ni interaccionan con sitios de 
inhibición alostérica de las mismas. Por el con-
trario, el sitio de unión no covalente de estos in-
hibidores aparece en, y solamente en, la interfaz 
que se forma entre el ADN y la Top1. Este modo 
de interacción es poco habitual, y lo comparte 
un relativamente pequeño grupo de moléculas 
(como la colchicina, la ciclosporina, la ectei-

nascidina 743, la rapamicina, el paclitaxel o la 
vinblastina, Figura 22) que sólo pueden unirse 
en puntos de las interfaces que se forma entre 
macromoléculas biológicas (Figura 23). 

La singularidad de este hecho llevó a Pommier 
a proponer el concepto que denominó “el pa-
radigma de la inhibición interfacial”, y que ha 
venido revisando ampliamente a lo largo de di-
versas publicaciones [14,16,21,22,25,36,82-84].

Las características esenciales de los inhibidores 
interfaciales son [22]:

•	 Tienen como diana a un sistema o máquina 
molecular con dos o más componentes, que 
pueden ser proteínas y/o ácidos nucleicos.

•	 Se acoplan a la interfaz generada cuando los 
componentes se unen entre sí.

•	 El sitio exacto de unión del inhibidor se gene-
ra como consecuencia de los movimientos de 
la máquina macromolecular.

•	 Presentan una alta estereoselectividad.

•	 Su unión es generalmente reversible, por en-
laces de hidrógeno, interacciones π-π o que-
lación de metales.

Otro hecho destacable es que, mientras que 
la Top1 no es imprescindible para la superviven-
cia celular (otras topoisomerasas pueden su-
plirla, al menos temporalmente), sin embargo, 
su inhibición lleva a la muerte celular. Por ello, 
Pommier describe cómo no es la inhibición de la 
actividad catalítica, sino el “atrapamiento” del 
complejo, el responsable de la apoptosis [16]. Es 
decir, que a la inhibición le siguen una serie de 
acontecimientos moleculares, aún no totalmen-
te conocidos, que median en el desencadena-
miento de la muerte celular. 
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2.4.3.  Consecuencias moleculares de la inhibi-
ción de Top1

Desde las primeras investigaciones sobre la bio-
logía molecular detrás de la acción farmacoló-
gica de la camptotecina, se sabe que la unión de 
los análogos de camptotecina al ADN, al impedir 
la religación de la hebra escindible, prolonga la 
semivida de la unión covalente ADN-Top1, lo 
que provoca una acumulación del complejo ter-
nario en las células [85]. 

Una de las primeras explicaciones a la muer-
te celular fue el modelo colisional. Como se ha 
explicado antes, la Top1 avanza por el ADN des-
enrollándolo para permitir el acceso a la maqui-
naria de transcripción/replicación/reparación. 
La acción de la camptotecina puede hacer que 
la Top1 quede atrapada covalentemente en un 
punto del ADN. Al seguir avanzando, la maqui-
naria enzimática que va tras ella colisionaría 
contra el complejo atrapado, lo que sería sufi-
ciente para provocar la rotura de la hebra no 
escindible del ADN. De ese modo se produciría 
la rotura de ambas hebras de la doble hélice: la 
escindible por la acción catalítica de la Top1, y la 
no escindible por el choque con la maquinaria 
enzimática [86].

Por otro lado, la formación de los complejos 
ternarios activa cascadas de señalización celu-

lar que implican a proteínas como Rad9, Bcl-2, 
Bcl-xL y c-abl, responsables de iniciar el proce-
so de la apoptosis y, por lo tanto, acabando con 
la viabilidad de la célula (Capítulo 4 de la ref. 
[25]). Además, parece que vías de reparación del 
ADN que podrían revertir los complejos (BRCA1, 
53BP1 o MDC1) pueden tener un nivel de activa-
ción menor o nulo en células tumorales [21,36].

2.5.  Relación estructura actividad

2.5.1.  Derivados de la camptotecina

Existe un gran número de publicaciones en las 
que se describen diversas modificaciones sobre 
la estructura original de la camptotecina, así 
como la repercusión de éstas en la estabilidad, 
farmacocinética y potencia inhibitoria de los 
fármacos. Como consecuencia, ha sido posible 
establecer un mapa de las modificaciones que 
más condicionan estos parámetros en los análo-
gos de camptotecina descritos hasta el momen-
to [87,88] (Figura 24).

2.5.2 Derivados de la luotonina A

Las síntesis de derivados de la luotonina A mo-
dificados en distintas posiciones son mucho 
menos numerosas que las de la camptotecina. 
No obstante, es posible determinar cuáles son 
las sustituciones más favorables, permitidas o 
desfavorables sobre la estructura de la luotoni-
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de la interfaz

Aparición del lugar de unión
en la interfaz como consecuencia

de la dinámica de las macromoléculas
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Figura 23.  
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na A en base a las publicaciones sobre su sín-
tesis [57,59,60,89-94] y a una reciente revisión 
que recoge algunas de ellas [61]. Se han recopi-
lado en el esquema de la Figura 25.

2.6.  Derivados de la camptotecina utilizados 
en la práctica clínica

2.6.1.  Irinotecán

El irinotecán (Figura 14A) es un derivado hi-
drosoluble de la camptotecina aprobado en 
1998 para su uso clínico y comercializado con 
los nombres de Camptosar y Campto [88]. En 
realidad, se trata de un profármaco de la mo-
lécula activa, SN-38, que requiere la hidrólisis 
del carbamato presente en C-10 por la carboxi-
lesterasa-2 humana y la enzima P450 3A. SN-38 
presenta una buena estabilidad del anillo de 
lactona comparado con el profármaco. Su uso 
terapéutico principal es en casos de cáncer co-
lorrectal y gastroesofágico con presencia de me-
tástasis refractario a otros tratamientos [95,96], 
aunque también es frecuente en la terapio de los 
glioblastomas, sarcomas y cáncer de cérvix [16]. 
El aclaramiento mayoritario es  por vía hepática, 
a través de glucuronización por la uridina-di-
fosfato glucuronosil-transferasa 1A1 (UGT1A1), 
una enzima cuyo polimorfismo es el principal 
responsable de la necesidad de ajustes interin-
dividuales en la dosis [97].

2.6.2.  Topotecán

El topotecán (Figura 14A) se introdujo en la prác-
tica clínica en 2007 bajo el nombre comercial de 
Hycamtin. Su indicación terapéutica aprobada 
es como fármaco de segunda línea en cáncer 
ovárico con metástasis y el cáncer de pulmón de 
células pequeñas [95]. También es de aplicación 

en glioblastomas y sarcomas [16]. Este fármaco 
ha demostrado su eficacia en la administración 
por vía oral [88].

2.6.3.  Belotecán

Este fármaco (Figura 14A) tiene indicaciones te-
rapéuticas aprobadas desde 2009 sólo en Corea 
del Sur, en casos de cáncer de ovario recurren-
te o en cáncer de pulmón de células pequeñas 
[88]. Su nombre comercial es Camptobell. 

La información contenida en este capítulo pue-
de complementarse con dos completos libros 
sobre el tema [25,98] y varias recientes revisio-
nes [61,88,97].
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2
Técnicas analíticas empleadas para el análisis de los  
derivados de la camptotecina y de la luotonina A

1.  Luminiscencia de la camptotecina y 
fármacos derivados

1.1.  Introducción

Muchos compuestos con actividad antitumo-
ral como los derivados de antraciclinas, de la 
doxorubicina, de la elipticina, o de los indolo-
carbazoles, presentan una estructura hetero-
cíclica con varios anillos aromáticos que, por 
lo general, hace que muestren una notable 
fluorescencia nativa [1]. Esta característica 
está presente también en los antitumorales 
con actividad inhibidora de topoisomerasa 1, 
tanto en la camptotecina como en la luotoni-
na A, y puede ser utilizada con fines analíti-
cos [2].

Desde el punto de vista espectrofluorimé-
trico, la camptotecina es un compuesto con 
un singular atractivo, ya que, al igual que ocu-
rre con otros derivados de quinolina, la tran-
sición n → π* puede intercambiar su energía 
con la transición π → π* dependiendo de la 
naturaleza del disolvente, y así observarse el 
fenómeno denominado inversión de niveles 
[3]. 

1.2.  Equilibrios de protonación
Aunque a comienzos de la década de los 90 
se realizaron los primeros estudios espec-
troscópicos sobre la camptotecina [4], los 
trabajos pioneros en este campo se deben a 
Dey y Warner, quienes estudiaron el com-
portamiento de la camptotecina en disolu-
ción acuosa en el intervalo pH/Ho de -2 a 13. 
La titulación de la camptotecina lleva a estos 
autores a proponer los valores de pKa = 0,7 y 
de pKa*= 1,18 correspondientes a la desproto-
nación de la camptotecina en estados funda-
mental y excitado respectivamente [5]. Por 
otro lado, la hidrólisis del anillo de lactona se 
produce lentamente a valores de pH de 5,0 o 
inferiores; sin embargo, es casi inmediata a 
valores por encima de pH 7,0 (Figura 1A), y 
la forma carboxilato abierta resultante tiene 
propiedades espectroscópicas diferentes. 

Debido a las distintas formas de la camp-
totecina que pueden coexistir en disolución 
acuosa (protonada/desprotonada, lactona/
carboxilato, fundamental/excitada) y consi-
derando que los espectros de emisión de las 
distintas especies químicas pueden super-
ponerse e interferir entre sí, las técnicas de 
fluorescencia con resolución temporal son de 
extremada utilidad para distinguir la proce-

ABSTRACT ▶ El análisis de las moléculas derivadas de la campto-
tecina y de la luotonina A constituye un apasionante objeto de tra-
bajo. Por un lado, su intensa fluorescencia convierte a la detección 
fluorimétrica en el método de elección para su detección analítica y 
muchos de los estudios relacionados con su fisicoquímica. Por otro, 
el equilibio de apertura y cierre del anillo tipo lactona (en el caso de 
los derivados de la camptotecina) y un complejo equilibrio de pro-
tonación (en el de los derivados de la luotonina A) plantea el desa-
fío de desarrollar estrategias capaces de distinguir todas las formas 
que pueden coexistir simultáneamente. La gráfica de la parte supe-
rior muestra cómo la fluorescencia con resolución temporal permi-
te distinguir las desactivaciones de las formas neutra y protonada 
de la camptotecina en una misma disolución. El cromatograma de 
la parte inferior es un ejemplo de cómo la separación por HPLC per-
mite diferenciar las fracciones correspondientes a la forma intacta 
y abierta de un derivado de la camptotecina, siempre que las con-
diciones de recogida, pretratamiento y separación sean cuidadosa-
mente elegidas para evitar la interconversión de una forma en otra. 
Imágenes tomadas de las referencias 6 y 55. 
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dencia de las distintas emisiones observables en 
función de los tiempos de vida de fluorescencia 
de la camptotecina y sus derivados [6,7] (Figura 
1B). Mediante la aplicación de estas técnicas se 
ha determinado que el nitrógeno tipo quinolina 
de la camptotecina presenta un pKa* de 1,85. Las 
especies catiónica y neutra de la camptotecina 
coexisten en el intervalo de pH comprendido 
entre 1,5 y 3,0, pudiéndose distinguir por el va-
lor de sus tiempos de vida de fluorescencia, co-
rrespondiendo el de la forma neutra a τ = 3,76 ns 
y el de la forma catiónica a τ = 2,83 ns. Las me-
didas de resolución temporal confirman y a la 
vez complementan los datos obtenidos median-
te las medidas de fluorescencia convencional 
descritos por Dey y Warner, y además permiten 
establecer que el proceso de transferencia de 

protón en estado excitado es dependiente de la 
difusión.

En otros estudios se ha descrito cómo afec-
ta el disolvente a la emisión de fluorescencia de 
la camptotecina, la importancia de la capacidad 
formadora de puentes de hidrógeno del disol-
vente sobre el rendimiento cuántico de la camp-
totecina y la contribución del entorno a que la 
naturaleza de la transición electrónica sea de 
tipo n → π* o π → π* [8]. 

1.3.  Efecto del disolvente
En la Tabla 1 se recogen los parámetros de 

fluorescencia de la camptotecina en diferentes 
disolventes. La naturaleza del disolvente eva-
luada como parámetros de polaridad —constan-
te dieléctrica o ET(30)—, la capacidad de esta-
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Figura 1. 
(A) Reacción de apertura del 
anillo de lactona y (B) equili-

brio de protonación de la  
camptotecina, con las longi-
tudes de onda de excitación 
y emisión características de 

cada forma (en nm), y sus 
rendimientos cuánticos [5].

Disolvente λex λem Φf τf

Ciclohexano 385, 368, 278, 257 420 (Espectro resuelto) 0,47 2,78

Benceno* 387, 369 424 0,56

Dietil éter 384, 368, 292, 255 422 0,50 2,94

1,4-Dioxano 385, 368, 292, 254 425 0,52 2,97

Tetrahidrofurano 385, 369, 280, 256 424 / 422* 0,52 / 0,62* 2,96

1,2-Dimetoxietano 383, 367, 290, 254 424 0,53 3,05

Diclorometano* 381, 364, 287, 254 420 0,57

Cloroformo 378, 364, 290, 256 422 / 420* 0,45 / 0,61* 2,51

Acetato de etilo* 380, 363, 289,254 422 0,59

Isopropanol* 373, 358, 288, 253 420 0,62

Acetonitrilo 377, 364, 289, 253 422 / 420* 0,54 / 0,69* 3,15

Etanol 369, 290, 253 428 0,60 3,52

Metanol 369, 289, 253 428 / 421* 0,61 / 0,62* 3,69

Etilenglicol 372, 290, 255 431 0,62 3,54

Tampón (pH = 5,1)  370, 252 428 0,64 3,99

Tampón (pH =7,02)* 420 0,76

Valores tomados de [8] excepto los marcados con (*), que provienen de [11].

Tabla 1. Propiedades luminiscentes de la camptotecina en diferentes disolventes.
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blecer enlaces de hidrógeno, de aceptar o donar 
protones o su viscosidad, influyen no sólo en la 
la posición de los máximos o en el rendimien-
to cuántico de fluorescencia (Φf), sino también 
en los tiempos de vida de fluorescencia (τf) y en 
las constantes de desactivación radiante y no 
radiante de los estados excitados. Se ha estu-
diado cómo la capacidad de formar enlaces de 
hidrógeno de distintos disolventes influye en el 
equilibrio de transferencia de protón en estado 
excitado del topotecán [9].

Un estudio similar para el derivado 9-amino-
camptotecina pone de manifiesto la relevancia 
de la introducción de pequeños sustituyentes 
(grupo amino) sobre la estructura pentacíclica 
de la camptotecina. Así, los rendimientos cuán-
ticos de fluorescencia obtenidos para la 9-ami-
nocamptotecina en disolventes polares son 
significativamente más bajos (entre 150 y 200 
veces inferiores) que los correspondientes a la 
camptotecina [10], y sólo en cloroformo se ob-
tienen valores de Φf semejantes para ambos 
compuestos. 

Las modificaciones en la posición de los 
máximos y en el rendimiento cuántico de fluo-
rescencia (Φf) como consecuencia del disol-
vente han sido utilizadas por Posokhov et al. 
[11] para determinar el momento dipolar de la 
camptotecina en estado excitado. Los resultados 
experimentales se correlacionan con los datos 
estimados a partir de cálculos teóricos. Además, 
en este estudio se pone de manifiesto que la 
molécula de camptotecina es extremadamente 
sensible al quenching por cobalto.

1.4.  Medidas de anisotropía de fluorescencia

Debido a la notable fluorescencia nativa de la 
camptotecina, y de sus análogos de utilidad en 

clínica irinotecán y topotecán, se ha aplicado 
la anisotropía de fluorescencia en los estudios 
de interacción de estos compuestos antitumo-
rales con membranas [12], nucleótidos como la 
guanina [13], polidesoxirribonucleótidos [14], 
macromoléculas como el ADN [15] o interaccio-
nando con el surco menor del ADN [16]. Estos 
mismo autores han confirmado mediante elec-
troforesis en gel que el topotecán es capaz de 
fracturar el ADN circular superenrrollado en 
ausencia de la topoisomerasa [17]. Los estudios 
de interacción del topotecán con el ADN ponen 
de manifiesto la mayor afinidad que presentan 
estos antitumorales por las zonas de la doble 
hélice ricas en pares de bases de tipo guanina 
y citosina [18]. 

Es relevante la unión de camptotecina o de 
sus derivados a proteínas como la albúmina 
sérica humana [19,20] (Figura 2). Esta proteína 
presente en la sangre es determinante para el 
transporte sérico del fármaco hacia su lugar de 
acción y, a su vez, es clave en la inactivación del 
antitumoral en torrente circulatorio debido a 
su unión estable con la forma carboxilato. Este 
fenómeno se produce tanto con la camptote-
cina como con los derivados que presentan un 
anillo E de lactona sin modificar. La medida de 
la fluorescencia y de la anisotropía de fluores-
cencia han permitido estudiar la inactivación en 
plasma del análogo de camptotecina 7-terc-bu-
tildimetilsil-10-hidroxicamptotecina (DB-67) y 
de su éster en menos de 2 horas. Esto es debi-
do a que a pH fisiológico tiene lugar la apertura 
del anillo de lactona, y la forma abierta se une 
a la albúmina sérica humana haciendo imposi-
ble restablecer el equilibrio de formación de la 
lactona en presencia de ésta [21]. Estudios simi-
lares se han llevado a cabo para otros análogos 
[22].
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(A) Unión de la camptotecina 
a la albúmina sérica humana 
preferentemente en su forma 
carboxilato. (B) Interacciones 
establecidas por la camp-
totecina carboxilato con la 
albúmina sérica humana. 
Tomado de PDB ref. 4L9K 
[Wang et al., Biochim. 
Biophys. Acta (2013) 1830, 
5356-5374]
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1.5.  HPLC

Desde el punto de vista analítico, la detección 
por fluorescencia en HPLC es la técnica de elec-
ción para la determinación de camptotecina, 
como se describe a continuación. Como ejem-
plo de la relevancia clínica de este recurso, cabe 
señalar que la determinación por HPLC o por 
HPTLC con detección fluorimétrica es la técni-
ca utilizada en las unidades de citostáticos de 
los servicios de farmacia hospitalaria [23]. Se ha 
podido mejorar la sensibilidad y la selectividad 
de la determinación espectrofluorimétrica de la 
7-etil-10-hidroxicamptotecina (SN-38) median-
te el empleo de medios organizados (micelas y 
ciclodextrinas), un recurso que se ha aplicado 
a la cuantificación de este compuesto en orina 
humana [24].

1.6.  Formación de complejos con CDs

La camptotecina y sus derivados son molécu-
las atractivas también para el estudio espec-
trofluorimétrico de la formación de complejos 
de inclusión con ciclodextrinas. Entre otras ra-
zones que justifiquen su estudio cabe señalar 
el incremento en estabilidad química del alca-
loide y en su hidrosolubilidad, lo que mejora su 
biodisponibilidad. Se ha descrito el incremento 
en la solubilidad de la camptotecina entre 10 
y 50 veces en presencia de α-CD, β-CD, γ-CD, 
(2-hidroxipropil)-β-CD, dimetil-β-CD (aleato-
riamente sustituida) y dimetil-γ-CD (aleatoria-
mente sustituida). Los incrementos en las solu-
bilidades son mayores para las CD sustituidas 
con respecto a las correspondientes CDs nativas 
[25]. En ese mismo trabajo se demuestra que la 
inclusión en las cavidades de las CDs dificulta 
el equilibrio de hidrólisis de la camptotecina. 
Este efecto es más marcado en el caso de la di-
metil-β-CD. En los ensayos de disolución y libe-
ración se ha observado una importante mejora 
en la liberación de este antitumoral gracias a la 
inclusión de la camptotecina en nanopartículas 
anfifílicas poliméricas de ciclodextrina [26].

La solubilización de la camptotecina es de-
pendiente del pH, por lo que se ha estudiado 
mediante HPLC con detección de fluorescencia 
el proceso de inclusión a distintos valores de pH 
para hallar los valores de las constantes de afini-
dad que presentan en cada caso las formas lac-
tona y carboxilato. Las constantes de asociación 
para los complejos CPT/(2-hidroxipropil)-β-CD 
son mayores para la forma lactona que para la 
forma carboxilato [27].

Con el fin de determinar los valores de sus 
constantes de asociación, la inclusión de la 
camptoptecina y algunas homocamptotecinas 
con β-CD y (2-hidroxipropil)-β-CD se ha estu-
diado mediante espectrofluorimetría, espectro-
metría de masas, HPLC con columnas quirales 
de ciclodextrinas y electroforesis capilar incor-
porando CDs al tampón de separación [28].

2.  Luminiscencia de la luotonina A y sus 
análogos
A pesar de la relevancia biológica y su interés 
terapéutico como inhibidor de topoisomerasa 
1, hasta el momento no se habían descrito sus 
propiedades luminiscentes. Los primeros traba-
jos que describen las propiedades fluorescentes 
de la luotonina A, su rendimiento cuántico de 
fluorescencia, la influencia del disolvente en sus 
propiedades químicas y espectroscópicas, así 
como los procesos de transferencia de protón 
en estado excitado (ESPT) constituye uno de los 
objetivos de esta memoria. 

Sólo recientemente las propiedades espec-
trofluorimétricas de la luotonina A han sido ob-
jeto del interés de otro grupo de investigación 
[29], observándose una notable fluorescencia 
con un rendimiento cuántico en agua (véase Ta-
bla 2), cercana a la del sulfato de quinina (Φf = 
0,546) utilizado como referencia. La fluorescen-
cia de este compuesto es dependiente del en-
torno, mostrando una mayor intensidad en agua 
que en disolventes de menor polaridad. Asimis-
mo, se ha puesto de manifiesto cómo la forma-
ción de enlaces de hidrógeno con el disolvente 
prolonga el tiempo de vida del estado excitado 
y constituye un primer paso a la protonación fo-
toinducida de la molécula (Figura 3). También 
se ha descrito la capacidad de formar complejos 
de estequiometría 1:1 con metales como la Ag+, 
el Zn2+ o el Cd2+; por ello, se ha propuesto como 
sensor para la detección selectiva de estos ca-
tiones.

En otros trabajos de nuestro grupo, se ha es-
tudiado la interacción de la luotonina A con el 
ADN usando la amortiguación de su fluorescen-
cia por determinados quenchers (I- y Co2+,) [30] 
(Figura 4). La titulación espectrofluorimétrica 
con ADN, los valores de anisotropía de fluores-
cencia, así como los ensayos de desplazamiento 
del bromuro de etidio permiten afirmar que el 
modo de unión al ADN que presentan la luotoni-
na A y dos análogos de nueva síntesis es a través 
del surco menor de la doble hélice. El hecho de 
que estos compuestos se unan únicamente al 
ADN de doble cadena, unido a los cambios que 
esta unión provocan en su fluorescencia, hacen 
de este tipo de moléculas unos excelentes sen-

Disolvente Φf τf

Tolueno 0,046 0,15

Diclorometano 0,098 0,37

Acetonitrilo 0,082 0,43

Etanol 0,100 0,54

Agua 0,460 2,70

Tabla 2. Valores de rendimiento cuántico y tiempo de 
vida de fluorescencia de la luotonina A en diferentes 

disolventes [29].
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sores fluorescentes para la detección de la hibri-
dación del ADN.

Al igual que en el caso de la camptotecina, 
existe un interés creciente en el estudio de los 
complejos de inclusión de luotonina A con α–
CD, β-CD, γ-CD nativas. Se han estudiado estos 
complejos mediante espectrofotometría de ab-
sorción UV-Vis, espectrometría de RMN y espec-
trometría de masas, si bien por el momento no 
se han estudiado mediante espectrofluorime-
tría. Los datos experimentales obtenidos en la 
caracterización de estos complejos se han com-
parado con las predicciones de los cálculos teó-
ricos de química cuántica [31]. En consecuencia, 
la caracterización espectrofluorimétrica de los 
complejos de inclusión luotonina A con CDs es 
aún un campo por explorar.

3.  Análisis cromatográfico de camptote-
cina y análogos

Un desafío en el análisis cromatográfico de 
la camptotecina lo constituye la presencia del 
anillo de lactona. Puesto que, como se ha expli-
cado, es susceptible de hidrolizarse a pH fisio-
lógico, en los estudios farmacocinéticos de la 
camptotecina y sus derivados se hace necesario 
poder cuantificar la fracción de fármaco que 
permanece intacto y, por tanto, mantiene su ac-
tividad biológica. Distintas revisiones recopilan 
las metodologías cromatográficas que permiten 
la separación y cuantificación de estos antitu-
morales [32-36]. Algunos de estos artículos de 
revisión ponen especial énfasis en los proce-
dimientos de tratamiento analítico previo a la 
cuantificación por HPLC [37]. 

En la Tabla 3 se recogen diferentes metodo-
logías analíticas (cromatográficas, espectroscó-
picas y electroanalíticas) para la determinación 
de camptotecina y sus análogos inhibidores de 
topoisomerasa I.

Figura 3. 
Espectros de emisión de 
fluorescencia de la luotonina 
A en CH2Cl2 en presencia de 
cantidades crecientes (0-65 
mM) de hexafluoro-2-pro-
panol como donador de 
enlaces de hidrógeno. El 
recuadro superior correspon-
de a un exceso del reactivo 
(0-0,58 M). Nótese cómo a 
concentraciones mayores del 
alcohol, aparece el máximo 
de emisión correspondiente 
a la forma protonada [29].
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Figura 4. 
Demostración de la interac-
ción preferente del compues-
to 2 (ver Parte Experimental, 
Resultados y Discusión) con 
el ADN de doble cadena 
(dsDNA). El incremento de la 
anisotropía de fluorescencia 
y el quenching producido 
como consecuencia de la in-
teracción con la macromolé-
cula son mucho menores en 
el caso del ADN de cadena 
sencilla [30].
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3
Relevancia biológica y técnicas aplicables al análisis de 
alcaloides con estructura de β-carbolina

1.  Origen de las β-carbolinas

Las β-carbolinas son un grupo de compuestos 
azaheterocíclicos naturales ampliamente dis-
tribuidos en la naturaleza [1,2]. La harmina y 
el harmano (Figura 1) son las primeras β-car-
bolinas conocidas y reciben su nombre por 
haberse aislado de los extractos de las semi-
llas y de las raíces del Peganum harmala (luo 
tuo peng, chino simplificado: 骆驼蓬) [3-5].

Aunque estos alcaloides se caracterizaron 
por primera vez en plantas, también aparecen 
en animales, ya que se generan en el meta-
bolismo secundario por condensación de in-
dol-3-etilaminas con α-cetoácidos mediante 
la reacción de Pictet-Spengler (Figura 2). Por 
esta razón, se han calificado con el término 
paradójico, y a la vez expresivo, de “alcaloides 
indólicos de mamíferos” [6]. 

Además, se han encontrado en otros ex-
tractos vegetales como Banisteriopsis caapi 
[7], en diversas esponjas marinas [8,9], tuni-
cados [10] y otros microorganismos marinos 
[11,12]. La presencia de estos alcaloides en 
una gran variedad de organismos marinos 
ha sido objeto de una reciente revisión [13]. 
También insectos, como las termitas, son ca-
paces de producirlos [14].

La reacción de condensación entre indo-
laminas y aldehídos o α-cetoácidos también 
puede producirse de manera espontánea en 
numerosos alimentos, principalmente carnes 
y pescados. La aparición de β-carbolinas está 
favorecida en alimentos, tanto en los no coci-
nados (en los ahumados [15] o el queso [16]) 
como en el caso de aquellos alimentos que 
han sido sometidos a tratamiento de calor 
para su conservación. Análogamente están 
presentes en las carnes y los pescados muy 

βcarbolinas
alcaloides

transferencia

excitado

nitrógeno
protón

βcarbolina

capacidadformación actividad

análisisEquilibrios
niveles

pHpiridina
celular

consecuencia
derivadosextractos

uorescencia

humo

pirrólico

plantas

raíces

αcetoácidos

agentes

alimentos

bebidas

biológica

central

compuestos

condensación
consumo

contienen

control

cromatografía
detección

disolventes

efectos

equilibrio existencia

formas

fuera

harmano
hidrógeno

inclusión

interaccionar

manera

muestras

pánico

producen

reacción
Reacciones

receptores

semillas

suscitan

tabaco

variedad

vegetales

ácidos

actividades

actuar

alcohólicas

algunas

ambos

América

amplia

animales

antigüedad

antitumoral

aparición

apoptosis

apreciar

basicidad

básico

capaces

características

carnescaso

causando

ciclodextrinas

complejo

complejos

condiciones

conocidos

crisis

demostrado

denominado

dependiendo

descrito

determinados

diferentes

disolvente

distintas

diversos

donador

embargo

empleando

endógena

enfermos

escala
especies

estudios

exógenos

experimentales

nalidad
formar

harmala

hojas

incrementa

indol3etilaminas

indolaminas

infusiones

inhalación

interés

líquidos

marinos

mediante

medio

medios

mejorar

metabolismo

muestra

naturaleza

nitrógenos

notable

objeto

orgánico

organismos

partir

Peganum

pescados

PictetSpengler

población

polares

presencia

proceso

producción

propiedades

proponen

puentes

recogen

revisión

rituales
secundario

sensibilidad

utilizada

utilizado

suministradores

temor

1metil4fenil1

6tetrahidropiridina

1metil4fenilpridinio

acción

aceptor

ácido

ácido
base

actuación

Actualmente

acuoso

Además

ADN

adormecer

adquisición

afectar

ahumados

aislado

alcohol

aldehídosalgunos

altera

altos

alucinaciones

alucinógenas

alucinógenos

Amazonas

amortiguación
anabólicas

Analisis

analíticas

analítico
analitos

analizar

anillo

anión

aniónicas

antagonistas

antibacteriana anticancerígena
antidepresivaantifúngica

antiguo

antiparasitaria

antitumorales

antiviral

apróticos

ARN

Asia

ataques

autoridades

ayahuasca

ayahuasca

azaheterocíclicos Banisteriopsis

base

básicos

benzodiazepina

benzodiazepinas

biológicas

caapi

café
calor

cambios

capilar

carga

casos

catabólicas

catión

catiónica

catiónicas

cauces

causantes

cavidades

celularescerebelo

Nube de palabras que representa el número de veces que un término aparece en este capítulo



62

Introducción

hechos [17]. Estos alcaloides se han detectado 
y cuantificado en bebidas alcohólicas [18], en 
el café [19] y en el humo del tabaco [20], y su 
presencia es de especial relevancia en las infu-
siones procedentes de las hojas, raíces y corteza 
de las plantas que producen β-carbolinas, como 
se comentará más adelante.

Varias revisiones exhaustivas recogen la 
formación y aparición de β-carbolinas a partir 
de las indolaminas y α-cetoácidos en una gran 
variedad de muestras (plantas, tejidos anima-
les, bebidas alcohólicas, humo de tabaco, aire…) 
[5,21,22].

2.  Actividad biológica y farmacológica de 
las β-carbolinas
Es notable la diversidad de actividades biológi-
cas y farmacológicas descritas para los deriva-
dos de β-carbolina [23], lo cual puede explicarse 
considerando que son productos del metabolis-
mo secundario que desempeñan distintos pape-
les en rutas anabólicas o catabólicas, como se ha 
revisado en varios artículos sobre su actividad 
biológica [24-26]. Los extractos vegetales que 
contienen estos alcaloides se han utilizado des-
de antiguo tanto en Asia Central como en Amé-
rica Central y del Sur por su actividad antiviral 
[27], antibacteriana y antifúngica [28], antipara-
sitaria [29] y anticancerígena, así como por sus 
propiedades alucinógenas (“ayahuasca”). 

Su actividad antitumoral se relaciona con la 
capacidad de interrumpir la maquinaria de re-
plicación celular, bien sea interaccionando con 
los ácidos nucleicos, o bien, con algunas de las 
proteínas implicadas en dicho proceso. Se ha 
descrito su capacidad para interaccionar tan-
to con el ADN como con el ARN [30], llegando 
a comportarse como agentes co-mutagénicos 
dado que pueden actuar como intercalantes. 
Gracias a su interacción con los ácidos nuclei-
cos son capaces de inducir apoptosis en líneas 
celulares de melanoma y de leucemia, actuando 
como citotóxicos y antitumorales [31-33]. Ade-
más se ha demostrado que su actividad antitu-
moral puede también ejercerse por inhibición 
de la topoisomerasa 1 humana [34], y por su 
capacidad de interaccionar con las α-tubulinas 
[35], en ambos casos conduciendo a las células 
a la apoptosis.

Se ha descrito que interaccionan con diver-
sos receptores como los de benzodiazepinas, 
serotonina e imidazolina [36], actuando como 
antagonistas de los mismos y, por tanto, causan-
do el efecto opuesto al que producen las benzo-
diazepinas. Estudios más recientes sugieren que 
estos alcaloides tienen actividad antidepresiva 
debido a que inhiben a las enzimas monoami-
nooxidasas (MAO) A y B [4]. También mejoran la 
capacidad cognitiva [37] al impedir la degrada-
ción de la dopamina por las MAO. 

El papel de estos alcaloides en varios tras-
tornos neurológicos es bien conocido. Se sabe 
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Figura 1.  
Estructuras químicas de 

los alcaloides derivados de 
β-carbolina utilizados en el 

trabajo experimental que se 
recoge en esta memoria.
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que son los agentes causantes del denominado 
“temor intrínseco” o crisis de pánico primarias. 
Estudios epidemiológicos post mortem han 
puesto de manifiesto que los niveles de harma-
no en cerebro y cerebelo, cuantificados median-
te HPLC, están significativamente elevados con 
respecto a la población control [38] en enfermos 
que manifiestan crisis de pánico a lo largo de su 
vida. Parece que la generación de estos ataques 
podría estar relacionada con su elevada poten-
cia para inducir alucinaciones [39].

Por otra parte, se ha demostrado que la 
producción endógena de β-carbolinas se in-
crementa como consecuencia de determinados 
trastornos neurológicos [40]. Se han estudiado 
los cambios en los niveles plasmáticos de β-car-
bolinas debido a factores exógenos como son la 
inhalación de humo de tabaco, la ingesta de al-
cohol o el consumo de heroína. Recientemente 
se ha descubierto que la producción endógena 
de β-carbolinio, al igual que de 1-metil-4-fe-
nilpridinio a partir de determinados precurso-
res exógenos como las tetrahidro β-carbolinas 
y la 1-metil-4-fenil-1,2,3,6-tetrahidropiridina 
respectivamente, producen neurotoxicidad y 
muerte celular debido a su actuación sobre el 
receptor dopaminérgico [41].

Los efectos alucinógenos de estos alcaloides 
eran ya bien conocidos por diferentes culturas 
desde hace siglos. Extractos vegetales que con-
tienen estos compuestos se utilizaban con la 
finalidad de narcotizar a las víctimas en rituales 
que, en ocasiones, implicaban sacrificios huma-
nos. Se sabe del uso tradicional por parte de al-
gunas de las tribus del Amazonas [7,42,43], en 
las que era popular el consumo de estas hierbas 
en infusión, o bien la inhalación del humo de las 
hojas secas de las plantas que contienen estos 
alcaloides. Similares rituales están también do-
cumentados en la región de Irán desde tiempos 
remotos [44]. Actualmente, debido a los efec-
tos psicotrópicos, las β-carbolinas suscitan una 
gran curiosidad en la población joven de Europa 
y América del Norte, entre los que ha crecido el 
consumo de bebidas e infusiones preparadas a 
base de semillas y raíces de Peganum harmala, 
en lo que se ha venido a denominar “la expe-
riencia ayahusca” y la globalización de este pre-
parado [45]. Dado el interés que suscitan y su 
carácter ilegal, es común la adquisición de estas 
mezclas de semillas y raíces a través de diversos 
suministradores en Internet [46], lo que cons-
tituye una serie amenaza de salud pública que 
ha puesto en guardia a numerosas autoridades.

3.  Luminiscencia de las β-carbolinas
El anillo de β-carbolina presenta una notable 
fluorescencia intrínseca, la cual está condicio-
nada por la diferente basicidad de los dos nitró-
genos: el nitrógeno tipo pirrólico y el nitrógeno 
tipo piridina. El nitrógeno de tipo piridina es 
significativamente más básico que el nitrógeno 

pirrólico y la basicidad de ambos se incremen-
ta en el estado excitado [47]. El nitrógeno tipo 
pirrólico puede desprotonarse en medio fuerte-
mente básico fuera de la escala de pH (pH > 14). 
De esta manera, dependiendo del pH, pueden 
existir en el equilibrio una o más de las formas 
implicadas en el equilibrio de transferencia de 
protón que se muestra en la Figura 3. Debido a 
que las reacciones de transferencia de protón en 
estado excitado son más rápidas que la desac-
tivación del mismo, es posible determinar las 
propiedades luminiscentes de cada una de las 
especies tanto en medio acuoso como orgánico 
[48]. Las reacciones de transferencia de protón 
en estado excitado en el caso de las β-carbolinas 
están fuertemente influenciadas por las carac-
terísticas de polaridad de los disolventes y es-
pecialmente por la capacidad de estos de formar 
puentes de hidrógeno [49-51]. 

En disolventes orgánicos polares próticos, se 
ha podido apreciar la formación de complejos 
en estado excitado (exciplex), como consecuen-
cia de la asociación entre el catión de la mo-
lécula de β-carbolina y el disolvente donador 
de protones [52]. Empleando la piridina como 
disolvente polar prótico, se puede apreciar la 
formación de puentes de hidrógeno entre los 
nitrógenos de la β-carbolina y el nitrógeno de 
la piridina. Estos enlaces de hidrógeno tienen 
como consecuencia la amortiguación (quen-
ching) de la fluorescencia de la β-carbolina [53]. 
Al estudiar los equilibrios de transferencia de 
protón en estado excitado en disolventes pola-
res apróticos, Sánchez-Coronilla et al. proponen 
la existencia de fototautómeros en estado exci-
tado para explicar la formación del ion dipolar 
(zwitterion). Así, proponen la existencia de un 
proceso de transferencia de carga intramolecu-
lar entre el nitrógeno pirrólico (donador) y el 
nitrógeno tipo piridina (aceptor) [54]. 
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N
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N
NH
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N
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Figura 3.  
Reacciones de transferencia 
de protón en estado excitado 
posibles en los derivados de 
β-carbolina. La formación 
del anión sólo se observa en 
medios fuertemente básicos, 
fuera de la escala de pH.
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La existencia de los equilibrios de trans-

ferencia de protón en estado excitado es una 

propiedad que puede ser utilizada de forma va-

liosa desde el punto de vista analítico, si bien 

requiere un control estricto de las condiciones 

del entorno para evitar errores que sean con-

secuencia de dichos equilibrios. Dado que las 

formas catiónicas muestran rendimientos cuán-

ticos de fluorescencia notablemente superio-

res a las formas neutras o aniónicas, se puede 

mejorar la sensibilidad en la detección de estos 

analitos en condiciones experimentales de pH 

ácido (Figura 4). Sin embargo, cuando se lleva a 

cabo el análisis en cromatografía de líquidos con 

detección fluorescente, el componente orgánico 

de la fase móvil puede afectar a los equilibrios 

de transferencia de protón. Por ello, para mejo-

rar la sensibilidad del análisis fluorimétrico de 

estos alcaloides se ha utilizado como recurso la 

solubilización en medios micelares [55,56], así 

como la inclusión en las cavidades de las ciclo-

dextrinas [57,58].

4.  Análisis de las β-carbolinas

Debido al interés que suscitan las β-carbolinas 

como drogas ilícitas, a su amplia distribución en 

la naturaleza, a la variedad de matrices en las 

que se pueden encontrar, así como los diferen-

tes niveles de concentración en los que se hallan 

dependiendo de la muestra a analizar, se hace 

necesario disponer de metodologías analíticas 

que posibiliten su determinación. La técnica 

más utilizada para el análisis de β-carbolinas 

es la cromatografía de líquidos empleando dis-

tintas modalidades de detección (UV-Vis, fluo-

rescencia, electroquímica o por espectrometría 

de masas), si bien se ha descrito su separación y 

cuantificación por cromatografía de gases y por 

electroforesis capilar en multitud de trabajos 

que se escapan del alcance de la presente me-

moria. 

En la Tabla 1 se recogen algunos ejemplos 

ilustrativos del análisis de β-carbolinas en dis-

tintas muestras y con características experi-

mentales propias de la metodología desarrolla-

da con tal finalidad.
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Los últimos treinta años se han caracterizado por una 
mejora de los estándares de calidad de vida en los países 
industrializados. En determinados aspectos, ello ha teni-
do consecuencias negativas sobre el medio ambiente. La 
consciencia de que debemos preservar nuestro entorno 
para las generaciones futuras ha llevado a proponer alter-
nativas que satisfagan los requisitos de conservación del 
medioambiente (“environmentally-friendly”) en los dis-
tintos ámbitos de las ciencias experimentales. 

En el campo de la Química Analítica, se han ido intro-
duciendo metodologías, procedimientos y técnicas cuya 
finalidad es reducir el impacto medioambiental de los dis-
tintos métodos analíticos [1,2]. Desde el control de calidad 
de materias primas y productos terminados en la industria 
farmacéutica, las determinaciones analíticas en laborato-
rios oficiales (agencias de control de medicamentos, ali-
mentos, contaminantes ambientales...) hasta en la rutina 
de los laboratorios de análisis clínicos, se ha intentado bus-
car métodos calificados como “verdes” o “sostenibles”, que 
tiendan a disminuir los residuos generados en el proceso 
analítico (Figura 1), como sucede con las nuevas fases es-
tacionarias disponibles en HPLC. 

Por ello, se apuesta por la tendencia de transformación 
de las metodologías que, desarrolladas para un formato 
que podríamos denominar convencional, se han conver-
tido en atractivas y útiles metodologías sostenibles [3]. 
Una gran parte de los procedimientos de pre-tratamiento 
analítico se ha transformado en sus equivalentes “micro” o 
miniaturizados. 

La utilización de métodos sostenibles supone reducir el 
volumen de disolventes empleados, sustituir los disolven-
tes tóxicos por otros que no lo sean y, en un siguiente paso, 
utilizar metodologías exentas de disolventes [4]. Comple-
mentariamente, debe reducirse el consumo energético y la 
generación de residuos así como mejorar el reciclado [5] 
de los mismos.

La etapa de preparación de la muestra es una de los pa-
sos que podrían considerarse más contaminantes, ya que 
consume no sólo un elevado volumen de disolventes, sino 
también cantidades considerables de tiempo y energía [6]. 
De ahí el esfuerzo realizado en desarrollar nuevas metodo-
logías más sostenibles. 

Panorámica de la química analítica sostenible

C

A B

Fase móvil Residuos

Muestra

Figura 1.  
Diferentes situaciones que se suelen presentar en cromatografía de líquidos, que ponen de manifiesto cómo todos los elementos del proceso 
cromatográfico han de tenerse en cuenta a la hora de mejorar su sostenibilidad. (A) y (B) Un componente de la fase móvil, o la muestra en sí, 
respectivamente, deben ser sujetos a modificaciones para intentar alcanzar la combinación óptima, (C).



70

Introducción

Entre ellas, cabe señalar el auge de la utilización de lí-
quidos iónicos [7-9], el desarrollo de nuevas técnicas de 
micro-extracción en fase líquida [10-13], el diseño de es-
trategias para la preparación de las muestras en el análisis 
de contaminantes orgánicos en cantidades traza [14], o la 
posibilidad de realizar la extracción en un solo paso em-
pleando ciclodextrinas [15].

En la etapa de análisis de la muestra, la miniaturiza-
ción, la automatización y el análisis, no sólo “on-line”, sino 
“in-line”, suponen un importante avance hacia el objetivo 
de la consecución de métodos sostenibles [16]. Resulta de 
especial interés el acoplamiento de métodos de pre-trata-
miento verdes con técnicas capilares de análisis, tal es el 
caso de la micro-extracción en fase líquida con la electro-
foresis capilar [17]. Las diferentes estrategias para el análi-
sis sostenible mediante técnicas cromatográficas, ya sean 
de gases o de líquidos, se han revisado recientemente con-
siderando las aplicaciones de éstas en la determinación de 
alimentos y contaminantes ambientales [18]. Los métodos 
instrumentales empleados en rutina pueden hacerse sos-
tenibles con matices o adaptaciones como, por ejemplo, el 
empleo de sistemas de medida en flujo (FIA) [19,20], o la 
utilización de las clásicas técnicas espectroscópicas en la 
modalidad de alto rendimiento (“High Throughput Scree-
ning”) [21] permitiendo el análisis de las muestras a la vez 
que la realización de la curva de calibrado mediante los 
dispositivos de lectura “multi-pocillo” en placa (Figura 2) 
y utilizando volúmenes entre 10 y 50 veces inferiores a los 
requeridos en las medidas convencionales. 

Otros ejemplos son la realización de medidas “in situ” 
mediante el empleo de sensores [22,23] y biosensores o 
la utilización de reacciones analíticas sencillas sobre papel 
(Paper µZone Plates) [24].

A priori, la forma más sencilla de transformar un téc-
nica analítica convencional en una sostenible implica la 
miniaturización, ya que ello conlleva la reducción del vo-
lumen de disolventes y reactivos a utilizar, así como la con-
siguiente disminución en los residuos generados. Otra es-
trategia útil pasa por la disminución del tiempo de análisis, 
lo que a su vez conlleva un importante ahorro energético, 
este último es una de las características que deben poseer 

las metodologías analíticas sostenibles. En los apartados 
siguientes se describen las tendencias en el desarrollo de 
metodologías analíticas respetuosas con el medio ambien-
te enfocadas en el pretratamiento analítico de las muestras 
y las determinaciones cuantitativas mediante las técnicas 
espectroscópicas moleculares y en las separaciones por 
cromatografía de líquidos. 
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4
Técnicas espectroscópicas en formato de alto rendimiento 
en el contexto de la química analítica sostenible

1.  Introducción
Uno de los objetivos a alcanzar en el desarro-
llo de metodologías analíticas sostenibles es 
la reducción de los residuos generados en el 
procedimiento, así como la sustitución, en la 
medida de lo posible, de los reactivos tóxicos 
por otros que no lo sean. La miniaturización 
de las técnicas analíticas, a día de hoy, conti-
núa siendo uno de las tendencias líderes en 
química analítica [1]. El empleo de técnicas 
miniaturizadas implica la reducción en el 
consumo de disolventes y reactivos así como 
de la cantidad de muestra a analizar.  

Los ensayos de alto rendimiento (High 
Throughput Screening, HTS) combinan la 
detección de los analitos con técnicas sen-
cillas y miniaturizadas de análisis (espec-
trofotometría de absorción UV-VIS o espec-
trofluorimetría) logrando el objetivo de la 
miniaturización de las técnicas analíticas a la 
vez que satisfacen los actuales requisitos de 
sostenibilidad. De esta forma, mediante los 
HTS, el consumo de reactivos, disolventes y 
analitos, así como la generación de residuos 
se ve reducida entre 10 y 100 veces con res-
pecto a los mismos métodos en su versión no 
miniaturizada. Además, los ensayos de alto 
rendimiento aportan notables ventajas a las 
determinaciones analíticas e incrementan 
significativamente su robustez.

Los HTS cuentan desde hace tiempo con 
una extensa aplicación en los ensayos de ac-

tividad biológica de candidatos a fármacos 
[2,3] y, por tanto, tienen una gran popularidad 
en las industrias farmacéutica [4] y biotecno-
lógica [5,6]. En los campos de la bioquímica 
y la biología molecular se vienen empleando 
rutinariamente desde hace años en un sinfín 
de aplicaciones, como las determinaciones de 
actividad enzimática (Figura 1) [7]. 

A día de hoy son una realidad en los en-
sayos de toxicidad [8], en los que en la mo-
dalidad tradicional implica un elevado gasto 
económico y el empleo de animales de expe-
rimentación. Sin embargo, la modalidad HTS 
cuantitativa emplea líneas celulares huma-
nas, generando información valiosa a precio 
razonable. Diversos artículos de revisión [9-
11] profundizan en las ventajas e inconve-
nientes de estas metodologías y en su expan-
sión a otros campos científicos.

Los primeros dispositivos de lectura en 
pocillo de unos pocos microlitros se des-
criben en 1954, sin embargo, es necesario 
esperar a la década de los 70 para que el 
formato de placas de 96 pocillos se popula-
rizara, en parte gracias a su utilización en los 
inmunoensayos tipo ELISA. En 1991 aparece 
una publicación en cuyo título se incluye la 
denominación HTS [12]. Desde esas fechas, 
los avances tecnológicos han contribuido al 
desarrollo e implantación de los HTS como 
procedimientos reproducibles que utilizan 
volúmenes muy pequeños de reactivos junto 

ABSTRACT ▶ Las técnicas analíticas en formato de alto rendimien-
to han evolucionado a gran velocidad en las últimas décadas, ya que 
permiten procesar un elevado número de muestras con un consumo 
mínimo de tiempo y de reactivos. El presente capítulo revisa las ten-
dencias más recientes en los análisis espectroscópicos en formatos 
miniaturizados, dando especial relevancia a la reducción del impacto 
medioambiental de los mismos. Mientras que este tipo de ensayos está 
ampliamente extendido en análisis rutinarios en las áreas bioquímica 
y clínica, han encontrado una aplicación mucho menor en el campo de 
la espectroscopía analítica más clásica. Por ello, a continuación se re-
cogen los ejemplos más relevantes publicados recientemente de cómo 
los análisis convencionales pueden adaptarse a formatos miniaturiza-
dos para reducir los volúmenes de reactivos empleados y, por tanto, 
los residuos generados por los mismos. Portada del número de junio de 2010 de The Analyst
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con técnicas analíticas sensibles y robustas para 
la detección (basados en la medida de la absor-
bancia o de la fluorescencia) [13]. 

El éxito de estos ensayos en la industria far-
macéutica fue extraordinario y, por ello, pasa-
ron a utilizarse rutinariamente en los estudios 
de actividad de fármacos. La capacidad de ensa-
yo se multiplicó al menos por 10, con un tiempo 
de análisis extraordinariamente reducido, re-
quiriendo además menos espacio. En conjunto, 
la miniaturización incrementa las posibilidad 
de ensayar candidatos que mediante ensayos 
tradicionales no llegarían a estudiarse.

A pesar de que se han utilizado otras formas 
de detectar la respuesta analítica (radioensayos 
y radioinmunoensayos), las espectroscopías 
moleculares de absorción y de emisión son las 
que han logrado mayor aplicación y utilidad. Las 
medidas espectrofotométricas o espectrofluori-
métricas en formatos miniaturizados de alto 
rendimiento presentan notables ventajas con 
respecto al empleo de las técnicas tradicionales, 
entre las que cabe citar:

•	Estas técnicas espectroscópicas son sencillas 
y a la vez sensibles

•	Se requieren volúmenes de muestra muy 
pequeños (10 μL o inferiores)

•	Consumo de reactivos muy reducido

•	Bajo coste

•	Reducción del tiempo de análisis

•	Elevado número de determinaciones simul-
táneas (96-1536)

•	Análisis paralelo de patrones y muestras

•	Buenas precisión y robustez

En la Figura 2 se muestra un ejemplo de la 
forma en que se llevan acabo los ensayos de alto 
rendimiento, y en la Tabla 1 se comparan las 
principales características de estas metodolo-
gías con las de formato tradicional.

A estas ventajas hay que unir el hecho de que 
se pueden utilizar para el análisis multimuestra 
en reacciones colorimétricas y fluorimétricas 
bien conocidas. Sin embargo, a pesar de su am-
plia aceptación en el campo de la biomedicina, 
existe un cierto reparo a su aplicación rutinaria 
en análisis químico cuantitativo. Este hecho 
obedece a diversas razones. La primera es que 
la sensibilidad de la determinación en el siste-
ma multi-pocillo es menor, debido a lo reducido 
de los volúmenes y al recipiente donde se hace 
la medida. A pesar de ello, esta dificultad es de 
menor importancia cuando se utiliza detec-
ción por fluorescencia o quimioluminiscencia 
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calibrado obtenida mediante 
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debido a la elevada sensibilidad, por lo que se 
emplean ampliamente en determinaciones de 
interés biológico. 

Las ventajas de esta modalidad de detección 
así como las interferencias que surgen como 
consecuencia de la auto-fluorescencia de nu-
merosos entornos biológicos se han revisado 
críticamente [14]. En el caso de la detección por 
absorción UV-Vis, la menor sensibilidad puede 
comprometer algunas aplicaciones cuantita-
tivas, como consecuencia de que la determi-
nación se realiza midiendo la fracción de luz 
transmitida por la muestra en los pocillos con 
un camino óptico muy reducido, por tanto, los 
límites de detección que se alcancen no serán 
tan bajos como los obtenidos con procedimien-
tos “en cubeta”. Esta pérdida de sensibilidad, en 
numerosas ocasiones, se verá compensada por 
las otras cualidades que acompañan a los HTS.

2.  Tratamiento estadístico de los datos 
Está muy extendida la idea errónea de que los 
HTS, al ser metodologías de cribado, no tienen 
la fiabilidad requerida [15]. En este sentido, se 
ha sistematizado el tratamiento de los datos 
para darles validez estadística, introduciendo 
el denominado factor Z [16], que es una medida 
del efecto estadístico en los HTS, y que permite 
juzgar si la respuesta en un determinado ensayo 
tiene la significación suficiente como para ga-
rantizar la fiabilidad del resultado. El factor Z se 
calcula considerando la media y las desviacio-
nes estándar tanto de los controles positivos (p) 
como de los negativos (n) (Ec. 1).

En esta ecuación, μp y μn son los valores de 
las medias obtenidas para los controles positi-
vo y negativo respectivamente, y σp y σn son los 
valores de desviación estándar obtenidos para 
esos mismos controles. En la Tabla 2 se recogen 
los valores de Z y la calificación que recibe el en-

Parámetro Formato tradicional Formato HTS

Protocolo Complejo, con numeroso pasos Operaciones simples, generalmente adiciones

Reacción/ensayo Ensayo en “un” tubo Ensayo simultáneo en 96 “pocillos”

Volúmenes ~ 1 mL ~50-100 μL

Adición de los 
reactivos

Cada analito/reactivo se adiciona 
individualmente

Los  analitos/reactivos se adicionan 
simultáneamente

Lectura 1:1 1:96

Formato de 
lectura

Individual: inspección visual, 
radiactividad, fluorescencia

Paralela y automática: radiactividad, luminis-
cencia, absorción UV-Vis

Tiempo de 
análisis

La determinación es lenta y laboriosa 
(minutos-horas)

La determinación es rápida y eficaz (segun-
dos-minutos)

Analitos/
compuestos

Se ensayan ~20-50 compuestos/
semana

Se ensayan ~1.000-10.000 compuestos/sema-
na

Características 
del cribado

Limitado el número y la diversidad Ilimitado el numero y la diversidad

Evaluación de 
los resultados

Análisis estadístico de los datos 
obtenidos manualmente

Análisis estadístico automatizado de todos los 
datos obtenidos

Tabla 1. Comparación de las principales características de los formatos miniaturizado y tradicional. 
Adaptado de [10] y [11].
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sayo en función de los mismos y el criterio de 
bondad del resultado.

En la validación de los ensayos de alto ren-
dimiento es frecuente, igualmente, diferenciar 
entre la relación señal/ruido (S/N, signal to noi-
se) y la relación señal/fondo (S/B, signal to bac-
kground) (Ecs. 2-3).

La relación señal/ruido (S/N) es un valor 
que permite establecer la fuerza de la señal que 
proporciona una muestra real con respecto a la 
desviación estándar asociada al ruido de fondo. 
La relación señal/fondo (S/B), como se puede 
ver en la Ec. 4, no da información sobre el grado 
de dispersión de los datos y, por tanto, puede 
resultar inadecuada para la evaluación de los 
datos. Es aconsejable utilizarla junto con el 
valor Z, ya que dan una idea más completa del 
entorno en el que se desarrollan los HTS. Para 
la determinación de estos valores se utilizan las 
señales de los controles positivo y negativo. En 
el caso de la relación S/B se considera aceptable 
si ésta es igual o superior a 2.

Si se comparan las determinaciones “en 
cubeta” con las determinaciones en lector 
multi-pocillo, se puede apreciar un pérdida de 
sensibilidad con respecto a las medidas con-
vencionales. 

3.  Ejemplos de aplicación
Como consecuencia de las ventajosas cualida-
des que presentan los HTS, poco a poco se ha ido 
extendiendo su campo de aplicación fuera del 
ámbito biológico propiamente dicho. Una meto-
dología clásica para la determinación espectro-
fotométrica de la vitamina C en alimentos con-
siste en la formación de un complejo coloreado 
Fe2+/dipiridilo. Al añadir una sal de Fe3+ a las 
muestras que contienen ascorbato, éste reduce 
el Fe3+ a Fe2+, formándose ácido dehidroascórbi-
co y el Fe2+ originado reacciona con el dipiridilo 
dando lugar a la aparición del color característi-
co, que se puede cuantificar por la absorbancia a 
550 nm. Así, se ha determinado el contenido en 
vitamina C en muestras de tomate de una forma 
rápida y sencilla al utilizar un sistema de lector 
multi-pocillo [17] acoplado a un espectrofotó-
metro. Los resultados obtenidos mediante los 
HTS, se comparan con el procedimiento de de-
terminación de la vitamina C mediante espec-

trofluorimetría. Existe una gran concordancia 
en los valores cuantitativos obtenidos por HTS 
y el método de referencia. Además, los autores 
realizan un riguroso análisis comparativo de 
ambas metodologías, destacando que la canti-
dad de muestra analizada es entre 5-10 veces 
más pequeña que en el procedimiento conven-
cional y que el costo en mano de obra especia-
lizada es unas 50 veces inferior por el ahorro de 
tiempo que los HTS conllevan.

Un claro ejemplo de cómo los HTS pueden 
ser utilizados para cuantificar y procesar un 
número de muestras elevado con un consumo 
reducido de disolventes es la determinación de 
cloruros mediante el procedimiento de Volhard 
[18]. La precipitación del cloruro se lleva a cabo 
en tubo de centrífuga de 2 mL, el precipitado ob-
tenido se separa por centrifugación y seguida-
mente se procede a la valoración en placa de 96 
pocillos con detección espectrofotométrica. En 
esta valoración, en modalidad HTS, el volumen 
de reactivo titulador es de unos 200 μL, siendo 
la concentración de la disolución tituladora 10 
veces más diluida que en el procedimiento tra-
dicional. La reducción en gasto de los reactivos 
y residuos varía entre 25 veces (residuos sóli-
dos de AgCl y AgSCN), 50 veces (residuos líqui-
dos y AgNO3) y más de 200 veces el titulador 
(NH4SCN) con respecto al procedimiento de re-
ferencia seguido (Farmacopea Británica). El HTS 
ha mostrando una muy buena exactitud (99,85-
101,16%) y reproducibilidad (% RSD intra-ensayo 
0,178% e inter-ensayo 0,051%).

La determinación del contenido de catión 
amonio en aguas costeras requiere métodos lo 
suficientemente sensibles como para detectar 
concentraciones de este ion inferiores a μM. El 
amoniaco generado a partir de catión amonio 
es capaz de reaccionar con el o-ftaldialdehído 
(OPA) [19] para dar lugar a isoindoles que pre-
sentan una notable fluorescencia a λex = 360 
nm, λem = 430 nm. Con el fin de incrementar 
la especificidad de la reacción y de evitar las 
interferencias debidas a los aminoácidos y la 
aminas primarias presentes en las muestras se 
ha propuesto la adición de sulfito al medio de 
reacción. El LOD obtenido en el HTS es 5 nM, 
ligeramente superior al obtenido mediante de-
rivatización con OPA y detección en cubeta con-
vencional (2 nM). La reproducibilidad evaluada 

Valor de Z Interpretación

1,0 Ideal, el factor Z no puede exceder a 1,0

De 0,5 a 1,0 Ensayo excelente (12 desviaciones estándar entre μp y μn)

De 0 a 0,5 Ensayo en el límite de aceptabilidad

Menor que 0 Ensayo pobre. El solapamiento entre los controles positivos y negativos es muy 
grande para que pueda aceptarse el resultado como bueno

Tabla 2. Características de los ensayos HTS en función de su valor de Z. Adaptado de [4].
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como coeficiente de variación porcentual osciló 
entre 0,4% y 4,5%, dependiendo de la salinidad 
de la muestra de agua. El método propuesto es 
exacto y rápido y no está sujeto a las interferen-
cias debidas a la presencia de partículas en sus-
pensión en el agua o muestras con un elevado 
contenido salino.

Otro ejemplo de eficacia en la reducción del 
volumen de disolventes y el tiempo de análi-
sis lo proporciona la comparación de dos mé-
todos clásicos de determinación de lípidos en 
tejidos animales. El método de Bligh–Dyer es 
un método gravimétrico de determinación del 
contenido total de lípidos previa extracción con 
un disolvente orgánico de la matriz en la que 
se encuentran. En el caso del método de Van 
Handel, la fracción lipídica extraída con un di-
solvente orgánico se hace reaccionar con vaini-
llina en medio ácido dando lugar a un color rosa 
característico cuya intensidad es proporcional 
a la concentración de lípidos presentes en la 
muestra. El empleo de HTS con detección espec-
trofotométrica como una modificación/minia-
turización [20] del procedimiento tradicional 
de Van Handel, permite reducir la cantidad de 
muestra a analizar en 100 veces, así como el vo-
lumen de disolvente orgánico 5 veces y el tiem-
po de análisis en más de 10 veces. Esta metodo-
logía es exacta y reproducible, sin embargo, hay 
que tener en cuenta que si el número de mues-
tras a analizar supera el número de pocillos por 
placa, se deberá realizar una curva de calibrado 
adicional en cada placa. Esto es debido a que la 
intensidad del color desarrollado es dependien-
te del tiempo y todos los pocillos (muestras y 
patrones) deben leerse en menos de 5 minutos, 
lo cual es posible para una placa de 96 pocillos 
(tiempo de lectura 2 minutos).

La clorhexidina es un antiséptico muy 
utilizado en colutorios orales por sus buenas 
propiedades y especialmente porque reduce el 
riesgo de desarrollar caries. También se incluye 
en los barnices dentales para proteger las zo-
nas afectadas durante una intervención. Se han 
descrito distintos métodos espectrofotométri-
cos y cromatográficos para la determinación de 

clorhexidina, pero para poder llevarlo a cabo 
en pequeños volúmenes de muestra, los HTS se 
presentan como una alternativa atractiva. La de-
terminación espectrofluorimétrica indirecta de 
clorhexidina en lector multipocillo se vale de la 
fluorescencia intrínseca que presentan las pla-
cas transparentes de poliestireno. Cuando  las 
placas se iluminan con radiaciones UV de 280 
nm emiten fluorescencia en la región de 360-
380 nm. Estas placas son las que se utilizan en 
las medidas espectrofotométricas midiendo la 
radiación transmitida. La clorhexidina tiene un 
máximo de absorción a 280 nm, por ello, cuan-
do los pocillos se rellenan con 150-200 μL de 
soluciones de clorhexidina de concentraciones 
crecientes, se observa una disminución en la 
intensidad de fluorescencia tal y como se mues-
tra en la Figura 3. Se determinó la precisión y 
exactitud de la determinación, obteniéndose 
valores de coeficientes de variación intra-en-
sayo < 10% mientras que los correspondientes a 
los inter-ensayo fueron < 20%. Esta metodología 
ha permitido determinar el contenido de  clor-
hexidina en barnices dentales [21] así como en 
muestras tomadas directamente de los dientes 
que se han tratado con estos barnices. Esta me-
todología facilita el procesado de un número 
elevado de muestras.

Basándose también en la auto-fluorescen-
cia que presentan las placas, se ha propuesto 
la determinación de anión fosfato [22]. Se ha 
comparado la detección absorciométrica con 
la detección fluorimétrica, utilizando en ambos 
casos sistemas HTS. Las metodologías propues-
tas tiene la sensibilidad requerida para la detec-
ción de fosfato inorgánico en muestras de inte-
rés biológico, permitiendo la determinación de 
la actividad enzimática de la fosfatasa alcalina. 
El anión fosfato forma complejos con el ácido 
molíbdico y colorantes como el verde malaqui-
ta o el rojo quinaldina. Por otra parte, las placas 
blancas utilizadas en los lectores multipocillo 
para medidas de absorbancia, son capaces de 
emitir fluorescencia en la región de 460-640 nm 
cuando se excitan con radiaciones comprendi-
das entre 400-490 nm. Por tanto, esta emisión 

Excitación
(280 nm)

Auto�uorescencia
del poliestireno
(360-380 nm)

Detector

Disolución sin clorhexidina

Excitación
(280 nm)

Auto�uorescencia
del poliestireno
(360-380 nm)

Detector

Disolución con clorhexidina

Figura 3.  
Esquema que explica la 
determinación de clorhexidi-
na mediante la reducción de 
la fluorescencia emitida por 
los pocillos transparentes de 
poliestireno. El poliestireno 
emite fluorescencia entre 
360-380 nm cuando se excita 
con radiaciones de 280 nm. 
El grosor de las flechas ilustra 
cómo el pocillo que contiene 
clorhexidina presenta una 
menor lectura de fluores-
cencia que el pocillo que 
contiene el blanco corres-
pondiente [21].
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de fluorescencia puede ser amortiguada si en 
los pocillos se depositan disoluciones de colo-
rantes que absorban en la región de 400-490 
nm. Éste es el caso de los complejos que forma 
el fosfato con el verde malaquita y el ácido mo-
líbdico. La respuesta lineal, precisión y exacti-
tud del método son adecuadas para la detección 
de fosfato. El análisis estadístico de las muestras 
medidas en placas de 384 pocillos proporciona 
relaciones S/B > 4,0 y un factor Z de 0,8, lo que 
demuestra la idoneidad del método propuesto. 
Los resultados obtenidos se comparan con los 
ensayos HTS con detección espectrofotométri-
ca utilizando los mismos colorantes, si bien la 
sensibilidad del método espectrofotométrico es 
más pobre.

La sensibilidad de la detección espectro-
fotométrica es suficiente para la detección de 
arsénico en diversas muestras de suelos que, 
además, contienen fosfato como interferente. 
Así, Makris et al. [23] han desarrollado un HTS 
basado en la detección colorimétrica de As que 
ha demostrado ser rápido, exacto y económico 
para la determinación de As(III) y As(V) en can-
tidades traza, incluso en presencia de fosfatos 
en concentraciones 15 veces mayores que las 
del As. Se trata de una modificación del método 
del verde malaquita descrito para la determina-
ción de P en forma de fosfato. As(III) y As(V) no 
desarrollan color con el método del verde mala-
quita (610 nm) empleado para el P. Los comple-
jos de As-ácido molíbdico no son capaces de 
unirse al verde malaquita, sin embargo, la adi-
ción de ácido ascórbico hace que éste reaccione 
con los complejos molíbdicos tanto del As como 
del P desarrollado un color intenso en presencia 
del verde malaquita. Por tanto, si la muestra se 
divide en dos partes alícuotas, en una, gracias a 
la presencia del ácido ascórbico, se determinará 
el contenido de As y de P, y en la otra utilizando 
el procedimiento clásico del verde malaquita se 
determinará el contenido de P, y por diferencia 
se determinará el del As. Los resultados de las 
determinaciones de As en muestras de suelo 
presentaron recuperaciones del 84-118% con 
una buena reproducibilidad y estos resultados 
son concordantes con los obtenidos por ICP-MS. 
Entre las ventajas de este HTS, cabe señalar que 
los volúmenes de reactivo y muestra emplea-

dos fueron respectivamente de 120 μL y 200 μL. 
No solo se ahorra tiempo y reactivos, sino que 
la generación de residuos tóxicos se ve dismi-
nuida drásticamente. El ensayo HTS evita, ade-
más, riesgos inherentes a la manipulación de las 
muestras para su análisis por ICP-MS, incluyen-
do la formación especies volátiles de arsénico.

Las aminas biogénicas (histamina, putres-
cina, cadaverina, tiramina...) se denominan así 
porque aparecen de forma natural por acción de 
las bacterias que producen la descarboxilación 
de los aminoácidos. Su presencia en alimentos 
(carnes, pescados, quesos, huevos, salsas, se-
tas...) tiene importancia no sólo porque son unos 
indicadores ideales del estado de conservación 
de los alimentos y de su frescura, sino porque 
su ingestión concomitante con ciertos fármacos 
conlleva la aparición de efectos indeseables en 
el organismo, como vasoconstricción periféri-
ca y crisis hipertensivas. Así mismo, está bien 
establecida su potencial acción carcinogénica. 
Por ello, la detección de estos compuestos en 
alimentos suscita un gran interés. Se ha puesto 
a punto un ensayo HTS que cumple la doble fun-
ción: la de cribado, porque permite la detección 
visual en la placa de la presencia de aminas bio-
génicas; y también su determinación cuantita-
tiva en pescados [24] con la sensibilidad reque-
rida. Para ello, las aminas se hacen reaccionar 
con un derivado de una sal de pirilio comercial 
(Py-1) que muestra una intensa fluorescencia a 
620 nm cuando se excita a 485 nm tras la reac-
ción con las aminas. En el caso de la detección 
visual se observa el cambio de color como se 
puede apreciar en la Figura 4. Para la cuantifi-
cación por fluorimetría, se utilizó el método de 
adición estándar. La detección fluorimétrica, en 
placa opaca, permite alcanzar LOD de 0,16 a 0,59 
μg/mL  y % RSD de 0,92% a 2,79% dependiendo 
de la amina detectada. Si se compara el ensayo 
HTS con la determinación por HPLC o por GC-
MS se produce una reducción significativa en el 
tiempo de análisis y en la manipulación de las 
muestras, ya que en el ensayo HTS la placa de 96 
pocillos se incuba durante 10 minutos para que 
las aminas reaccionen con el Py-1 y tan solo 2 
minutos para la lectura de la fluorescencia de-
sarrollada en los pocillos, mientras que en los 
métodos cromatográficos se requieren entre 15 

Figura 4.  
Fotografía de una microplaca 

de 96 pocillos mostrando la 
gama y la intensidades de 
color para el producto de 

reacción de la histamina con 
el sensor Py-1. Las concen-

traciones de histamina varían 
entre 0 y 100 μg/mL [24].
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y 30 minutos para la derivatización de las ami-
nas y entre 20 y 30 minutos para la separación 
cromatográfica. 

Las quinonas desempeñan distintos papeles 
a nivel biológico, por su carácter esencial (vita-
mina K), y también siendo claves en las cadenas 
de transporte de electrones y en los procesos de 
respiración celular. Por otra parte, están presen-
tes en las estructuras de numerosos fármacos 
como antitumorales (doxorubicina y mitomi-
cina), empleándose también en el tratamiento 
de enfermedades infecciosas, bacterianas o pa-
rasitarias. Su reactividad química, su capacidad 
de generar especies reactivas de oxígeno (ROS) 
cuando son sometidas a radiación UV y su per-
sistencia en el entorno, hacen que tengan interés 
desde el punto de vista medioambiental. Todo 
ello suscita la necesidad de disponer de méto-
dos analíticos para su identificación y cuantifi-
cación. Se ha desarrollado un ensayo HTS para 
la determinación de quinonas (vitamina K) [25] 
en muestras de suero humano basándose en la 
medida de la radiación quimioluminiscente del 
luminol inducida por las especies de oxígeno 
generadas por las quinonas. El ensayo de alto 
rendimiento presenta muy buena sensibilidad, 
con rangos lineales de 0,05 a 150 μM (LOD 0,01 
μM), recuperaciones que varían entre 88% y 97% 
y coeficientes de variación intra-día e inter-día 
que varían entre un 4% y un 10%. La metodología 
propuesta presenta una validez y aplicabilidad 
similar a otros procedimientos de cuantifica-
ción de quinonas con un importante ahorro en 
tiempo (la respuesta quimioluminiscente de 96 
muestras se mide en 125 s) y en reactivos, por 
lo que se propone como análisis de rutina para 
la determinación cuantitativa de quinonas tanto 
en materias primas como en formas farmacéu-
ticas.

Las heparinas no fraccionadas (UFH) y las 
de bajo peso molecular (LMWHs) son poliami-
nosacáridos de composición compleja. General-
mente, las que se utilizan con fines terapéuticos 
son de origen porcino. Tienen una gran utilidad 
terapéutica por su actividad antitrombótica, ya 
que inhiben el factor Xa de la compleja cadena 
de coagulación. Además, presentan acción anti-

inflamatoria, antimetastásica y antiangiogénica. 
Su eficacia terapéutica hace que su empleo esté 
muy extendido. En 2008-2009 se desató una 
importante polémica, debido a la adulteración 
de las heparinas de uso humano con elevadas 
concentraciones de sulfato de condroitina po-
niendo de manifiesto que los controles analíti-
cos [26] legales eran insuficientes y con trágicas 
consecuencias para numerosos enfermos bien 
en forma de reacciones adversas y llegando in-
cluso a la muerte [27]. 

Para la determinación de los grupos anióni-
cos, las técnicas espectrofotométricas, las con-
ductimétricas o las potenciométricas no poseen 
la sensibilidad necesaria y las técnicas electro-
foréticas son laboriosas y requieren un consumo 
elevado de tiempo. Aunque se ha propuesto el 
empleo de sensores electroquímicos o colori-
métricos, también se ha propuesto su análisis 
mediante HTS [28] basado en el reconocimien-
to molecular de las heparinas por el “polímero 
H” (Figura 5) que tiene una alta afinidad por la 
heparina y que está compuesto por tres tipos 
de monómeros con grupos funcionales enlaza-
dos sobre un esqueleto de metacrilamida y que 
son capaces de interaccionar con las heparinas. 
El monomero “1” es un marcador fluorescente, 
normalmente cloruro de dansilo; el monóme-
ro “2” es o-aminometilfenilboronato, capaz de 
formar esteres cíclicos con los grupos glicol de 
la heparina; y el monómero “3”, etilamonio, es 
capaz de establecer interacciones electrostá-
ticas con los restos aniónicos de las heparinas. 
La interacción del polímero H con las heparinas 
provoca cambios en la intensidad de fluores-
cencia del marcador fluorescente. Sobre 180 μL 
de disolución problema de heparina, se adicio-
nan 20 μL del polímero H. Después de incubar 
durante 10 min la placa de 96 pocillos, a tem-
peratura ambiente, se procede a la lectura de 
forma automática a λex= 320 nm, λem= 510 nm. 
La intensidades de fluorescencia de las distintas 
muestras fueron corregidas por sustracción de 
la intensidad de fluorescencia del polímero H 
medida en idénticas condiciones experimenta-
les y empleado como control. De esta manera 
se han determinado distintas heparinas comer-

BO2H2

HN

O NH

NH3

NHO

N

O2S

H3C CH3

NH

HN O

n 2n 0,3n

Monómero 1

Monómero 2

Monómero 3

Figura 5.  
Esquema de la estructura 
del polímero fluorescente 
“H” concebido para que sea 
capaz de reconocer al analito 
a través de unión covalente 
(resto de ácido borónico) y 
de interacciones electros-
táticas (-NH3

+). El sensor 
fluorescente (dansilo, resto 
aminonaftaleno sulfóni-
co) modula y modifica su 
respuesta fluorescente en 
función de su grado de ancla-
je a la heparina [28].
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ciales, de manera sensible, exacta y económica. 
En la Tabla 3 se recogen otros ensayos HTS para 
la detección de las impurezas en heparinas de 
uso humano.

Los antibióticos son un grupo de fármacos 
que se clasifican no sólo por su eficacia frente 
a determinados procesos patológicos (infeccio-
sos) sino por su potencia frente a determinados 
microorganismos susceptibles de desencadenar 
tales infecciones. Para ello, lo mas frecuente es 
su valoración mediante ensayos biológicos de-
terminando la concentración inhibitoria en los 
cultivos de los microorganismos patógenos. 
Se ha determinado la actividad de ofloxacino, 
ciprofloxacino, ampicilina y vancomicina fren-
te a dos patógenos (Streptococcus vestibularis y 
Pseudomonas fluorescens) mediante el proce-
dimiento clásico de cultivo en placa de agar, y 
se han comparado las valoraciones de concen-
tración mínima inhibitoria con los resultados 
obtenidos con HTS y detección fluorimétrica así 
como electroforesis capilar con detección por 
fluorescencia inducida por láser [29]. Para la de-
terminación de la actividad mediante el lector 
multipocillo, a un volumen de 200 μL de los mi-
croorganismos tratados con el correspondiente 
antibiótico, se añade 1 μL de una disolución 2 
mM de ioduro de propidio. El propidio es un 
marcador fluorescente capaz de interaccionar 
con el ADN celular, pudiendo distinguir las célu-
las vivas de las células muertas debido a que se 
observa su fluorescencia roja (λex= 488 nm, λem = 
520 nm) en el caso de las células vivas, y fluores-
cencia verde (λex= 488 nm, λem = 655 nm) en el 
caso de las células muertas, debido a que al pe-
netrar en el núcleo se observa fluorescencia de 
resonancia por transferencia de energía (FRET). 

El cociente de las intensidades de emisión a 520 
y 655 nm obtenidas con el lector multipocillo, 
proporciona un resultado cuantitativo y fiable 
del número de células vivas (no de colonias) 
según el tipo de antibiótico y su concentración 
en el que han sido incubadas. Los resultados son 
totalmente concordantes con los obtenidos con 
una técnica eminentemente cuantitativa como 
es la electroforesis capilar, utilizando el mismo 
marcador fluorescente.

Se ha demostrado la validez de los HTS para 
la determinación de insecticidas neurotóxi-
cos como el paroxon en muestras de leche [30], 
mediante un inmunoanálisis tipo ELISA. La en-
zima, la acetilcolinesterasa, se inmoviliza sobre 
la superficie de poliestireno de los pocillos de la 
placa a través de los grupos amino y mediante 
la formación de enlaces cruzados con glutaral-
dehído. Se determina la actividad de la enzima 
inmovilizada sobre la placa en presencia y en 
ausencia de neurotóxico (insecticida), pudién-
dose determinar la concentración de insecticida 
en función del grado de inhibición. El límite de 
detección se estableció en 0,5 μg L-1 con recupe-
raciones que oscilan entre 89% y 108%, por ello 
teniendo en cuenta que esta metodología per-
mite procesar un número elevado de muestras 
en corto tiempo y a precio razonable, se consi-
dera un método de elección para la determina-
ción de insecticidas en alimentos y garantizar 
así la seguridad a los consumidores.

A continuación, la Tabla 3 recoge de mane-
ra resumida las características de otros ensayos 
miniaturizados de relevancia desde el punto de 
vista de la sostenibilidad del análisis. 
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La cromatografía de líquidos es una técnica analítica que 
se caracteriza por su versatilidad, sensibilidad, rapidez, 
capacidad de análisis de un elevado número de muestras 
y además acoplada a distintas modalidades de detección 
es una técnica no destructiva; por todo ello el número de 
aplicaciones analíticas de la misma se incrementa cons-
tantemente [1]. En la idea de hacer de ella una técnica res-
petuosa con el medio ambiente, en los últimos años se han 
introducido nuevas fases estacionarias, o bien, modifica-
dores en las fases móviles que permiten reducir el consu-
mo de disolventes orgánicos [2].

La reducción de la longitud de la columna, del diámetro 
interno de la misma, o del tamaño de las partículas que for-
man la fase estacionaria, conllevan una drástica reducción 
en el consumo de disolventes y la generación de residuos 
manteniendo o mejorando las características de eficacia y 
resolución tradicionalmente esperadas de la cromatografía 
de líquidos (Figura 1). El empleo de partículas de diámetro 
inferior a 2 µm ha dado lugar a la denominada UHPLC (Ul-
tra High Presssure/Performance Liquid Chromatography) 
que posee las características anteriormente mencionadas 
pero que tiene el inconveniente de las elevadas presiones 
que se generan en el interior de la columna y, por ello, se 
hace necesario equipos dotados de bombas específicas con 

tal finalidad. Debido no sólo a la presión sino al calor gene-
rado, es frecuente que estas partículas de tan reducido ta-
maño se empaqueten en columnas capilares para facilitar 
la disipación de calor. Varios artículos de revisión resumen 
los aspectos más significativos del empleo de este tipo de 
fases estacionarias [3-6]. 

El empleo de nanopartículas (de Au o de Ag) funciona-
lizadas en las separaciones por cromatografía está susci-
tando muy recientemente un gran interés, lo que se debe 
en gran parte a que la tecnología de producción de este 
tipo de nanopartículas es altamente reproducible y permi-
te la obtención de fases estacionarias muy específicas de-
bido a la unión de antígenos y otros receptores biológicos. 
Alternativamente se pueden enlazar/inmovilizar sobre la 
superficie de las nanopartículas “receptores” de distintas 
clases (biológicos y abióticos) que le confieran una gran 
versatilidad a las fases estacionarias formadas con ellas 
[7,8].

Teniendo en cuenta que en todo proceso cromatográfi-
co se puede optar por modificar la naturaleza de la fase 
estacionaria o bien de la fase móvil, a continuación consi-
deraremos ambos como factores moduladores en el desa-
rrollo de metodologías analíticas sostenibles.

La cromatografía de líquidos en el contexto de la 
química analítica sostenible

Figura 1.  
Cromatogramas que muestran cómo el empleo de las nuevas fases estacionarias disponibles en cromatografía de líquidos permiten alcanzar no 
sólo mejores eficacias y rendimientos, sino también ahorros considerables en el consumo de disolventes y generación de residuos [9].
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1.  Introducción
La mayoría de los disolventes orgánicos em-
pleados en HPLC son compuestos volátiles 
capaces de dispersarse fácilmente en la at-
mósfera con los consiguientes riesgos en lo 
que a toxicidad y seguridad se refiere; de ahí 
que la reducción de la utilización de disolven-
tes de impacto medioambiental sea objeto de 
diversos artículos de revisión [1-3]. Los dos 
disolventes más ampliamente utilizados en 
las separaciones por HPLC son metanol y ace-
tonitrilo. Ambos poseen cualidades deseables 
tanto desde el punto de vista de la separación 
(fuerza eluyente, viscosidad, miscibilidad con 
el agua y otros disolventes orgánicos...) como 
por sus buenas características de cara a la de-
tección. Sin embargo, el acetonitrilo es tóxico 
tanto en estado líquido como gaseoso y, ade-
más, sus residuos requieren un tratamiento 
químico especial que supone un elevado cos-
te económico. Por otra parte, el metanol tam-
bién es tóxico para los humanos y es causa 
de diversos efectos indeseados sobre los eco-
sistemas acuáticos. En consecuencia, desde 
el punto de vista de la sostenibilidad, en los 
últimos años se han desarrollado diferentes 
estrategias alternativas al empleo de metanol 
o acetonitrilo en las fases móviles. 

El abanico de posibilidades comprende 
desde la utilización de disolventes y fases 

móviles sobrecalentadas constituidas por di-
solventes renovables, pasando por el empleo 
de líquidos iónicos, hasta otras modificacio-
nes en la composición de la fase móvil como 
micelas o ciclodextrinas. Una modificación 
de la fase móvil es aceptable siempre que en 
el cambio no se sacrifiquen la eficacia y reso-
lución de la técnica cromatográfica. Además, 
para cualquier técnica analítica modificada 
hacia la sostenibilidad es requisito impres-
cindible mantener la exactitud y reproducibi-
lidad de la misma [4]. 

Estas estrategias encaminadas hacia la 
sostenibilidad no se emplean solamente en 
HPLC sino también en TLC y en HTLC [5,6]. En 
los apartados siguientes consideraremos las 
diferentes alternativas que conducen a fases 
móviles más sostenibles.

2.  Separaciones mediante el empleo de 
fases móviles mayoritariamente acuosas
Las características químicas de algunos ana-
litos hacen viable su separación en fases es-
tacionarias convencionales, en gran parte de-
bido a la gran diversidad de modificaciones 
químicas hoy en día comercialmente dispo-
nibles para las mismas, y empleando fases 
móviles cuya proporción acuosa supera el 
90%. Así, compuestos muy polares e ioniza-

ABSTRACT ▶ Las fases móviles en cromatografía suelen 
contener una proporción variable de disolvente orgánico. 
Hay intervenciones que pueden llevarse a cabo sobre la fase 
estacionaria (estructura, composición química, tamaño del 
empaquetamiento) para reducir el consumo de fase móvil, 
y éstas se revisarán en el siguiente capítulo. Sin embargo, 
uno de los recursos más inmediatos para disminuir el im-
pacto medioambiental de las fases móviles es cambiar su 
composición para hacerlas más respetuosas con el medio 
ambiente. Existen dos aproximaciones a esta alternati-
va: la primera es la sustitución del componente orgánico 
(generalmente acetonitirlo) por otros con menos impacto 
ambiental, como los alcoholes o el carbonato de propi-
leno. La segunda pasa por el uso de modificadores que, 
añadidos a la fase móvil, cambien sus características cro-
matográficas y permitan reducir la proporción de disol-
vente orgánico. Dentro de este grupo son destacables por 
su importancia los tensioactivos formadores de micelas y 
las ciclodextrinas. Welch, C. J. et al. (2010). Trends in Analytical Chemistry, 29(7), 667
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bles en función del pH de la fase móvil, como el 
ácido úrico y la creatinina, se pueden resolver 
y separar en menos de 5 minutos en fases es-
tacionarias convencionales C-18 controlando el 
pH de la fase móvil (disolución acuosa de fosfato 
amónico 0,05 M, pH = 7,4). Esta metodología se 
ha aplicado a la determinación de estos com-
puestos en orina [7].

Compuestos de polaridad elevada como la 
niacina, la niacinamida (pertenecientes al gru-
po de la vitamina B) o el 4-acetamidofenol son 
susceptibles de separarse en columnas Hamil-
ton PRP-1, constituidas por fases estacionarias 
poliméricas de poli(estireno-divinilbenceno) 
que forman un entramado polimérico capaz 
de resistir elevadas presiones, altas temperatu-
ras,  valores de pH entre 1 y 13 y fases móviles 
100% acuosas sin que se produzcan los fenó-
menos de colapso que se observan en las tradi-
cionales C-18 cuando se emplean fases móviles 
totalmente acuosas. Estas fases estacionarias 
muestran unas características de retención si-
milares a las C-18 pero poseen distinta selec-
tividad, dado que las características químicas 
de su soporte son diferentes. Se compara esta 
metodología de separación con las obtenidas 
empleando columnas clásicas Waters XTerra 
MS-C18. Las fases móviles son 100% acuosas y 
las temperaturas oscilan entre los 60 y 80 ºC. El 
método desarrollado se ha validado y se ha de-
mostrado su utilidad para la determinación de 
niacina y niacinamida en cremas utilizadas en la 
regeneración y cuidado de la piel [8].

Una fase estacionaria constituida por un 
derivado polisacárido de metacriloilo establece 
interacciones hidrofílicas (HILIC) con los anali-
tos a separar (cafeína, vitaminas hidrosolubles 
y melamina) posibilitando su separación utili-
zando como fase móvil MeCN:H2O, 3:97, v:v [9].

Algunos fármacos, como la cafeína, el pa-
racetamol y la propifenazona, que presentan 
un carácter hidrófilo, se separan pobremente 
en condiciones de fase inversa utilizando fases 
estacionarias C-18 debido a la mala retención 
de estos compuestos por una fase estacionaria 
hidrofóbica. La utilización de columnas de tipo 
amino tampoco contribuye a la resolución del 
problema. Sin embargo, el empleo de fases esta-
cionarias de polietilenglicol (PEG) hace posible 
la resolución eficaz de los analitos empleando 
fases móviles casi completamente acuosas. Ello 
se debe a que los grupos éter del PEG retienen 
eficazmente a los analitos polares discriminán-
dolos entre si y en tiempos de análisis de 7 min. 
La separación se lleva a cabo en elución isocrá-
tica, empleando como fase móvil una disolución 
acuosa de trietilamina al 0,04% cuyo pH se ha 
ajustado a un valor de 4,5 mediante el empleo 
de ácido acético. Los analitos se detectan a 210 
nm mediante un detector UV de diodos en serie 
[10].

Las separaciones HILIC están siendo objeto 
de numerosos avances y un creciente uso con 
muy buena acogida por parte de muchos practi-
cantes de la cromatografía [11].  

3.  Empleo de disolventes orgánicos sos-
tenibles
Se ha llevado a cabo un estudio comparativo 
de las separaciones de diversos compuestos 
modelo (derivados de alquilbenceno, hidrocar-
buros aromáticos policíclicos y bases xánticas 
como la cafeína) empleando como fases móviles 
MeCN:H2O, MeOH:H2O o EtOH:H2O. Los resulta-
dos obtenidos demuestran que la utilización de 
un gradiente adecuado de proporción creciente 
en etanol permite obtener eficacias y resolucio-
nes análogas a las que se obtienen para las fases 
móviles de MeCN:H2O o MeOH:H2O, en tiempos 
de análisis muy similares e incluso inferiores. 
Por ello los autores proponen el empleo de eta-
nol como alternativa a las fases móviles de ace-
tonitrilo [12,13]. 

Durante los últimos años, y en parte debi-
do a la crisis económica, se ha producido un 
notable descenso a nivel mundial en la deman-
da de acrilonitrilo. Dado que el acetonitrilo es 
uno de los productos secundarios de esta sín-
tesis, la producción de este disolvente ha caído 
bruscamente, lo que ha incrementado su precio. 
Este hecho, unido a las razones anteriormente 
expuestas han motivado la búsqueda de disol-
ventes alternativos al acetonitrilo para su utili-
zación en HPLC. 

3.1.  Sustitución de acetonitrilo por alcoholes 
en las fases móviles

Un reciente estudio ha comparado la separa-
ción de nucleótidos y polinucletótidos, péptidos 
y proteínas como bradiquinina y angiotensina, 
mioglobina y seroalbúmina humana en fases es-
tacionarias monolíticas C-18 y C-5 y empleando 
como agentes formadores de pares iónicos ace-
tato de trietilamina, sulfato de tetrabutilamonio 
y ácido trifluoroacético. La elución se realizó en 
gradiente, siendo el disolvente A agua que in-
corpora el agente formador del par iónico, y el 
disolvente B distinto en cada caso:

•	H2O:MeCN(20:80, v:v) 

•	H2O:EtOH (50:50, v:v)

•	H2O:n-propanol (50:50, v:v)

•	MeOH (100%)

Las características de las fases metanólica 
y de n-propanol (nPrOH) no son suficientes en 
lo que a eficacia y resolución se refiere, compa-
radas con el acetonitrilo. Sin embargo, las fases 
móviles etanólica y de acetonitrilo son seme-
jantes desde un punto de vista cromatográfico 
(Figura 1) y su sustitución supone un conside-
rable ahorro no sólo económico (etanol 25€/L 
y acetonitrilo 80€/L, precios de 2009-2010) 
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sino desde el punto de vista del bajo impacto 
medioambiental que posee el etanol [14]. 

También se ha utilizado el etanol para de-
terminación simultánea del ácido ascórbico, del 
fosfato de ascorbilo, del palmitato de ascorbilo y 
del glucósido de ascorbilo en productos cosmé-
ticos. La composición de la fase móvil es un gra-
diente de etanol y tampón fosfato 50 mM con-
teniendo cloruro de sodio 0,1 M. El pH de la fase 
móvil demostró ser una variable crítica para la 
separación. La detección de los derivados de áci-
do ascórbico se realiza mediante su absorción 
en UV-Vis y se ha aplicado a la determinación de 
estos componentes en productos cosméticos de 
6 firmas comerciales [15].

Se han propuesto fases móviles EtOH:H2O, 
30:70, v:v y MeOH:H2O, 58:42, v:v, como alter-
nativa al empleo de acetonitrilo para la separa-
ción de prednisolona en comprimidos y otras 
formas farmacéuticas demostrando no sólo que 
la eficacia de la separación se garantizaba, sino 
unos parámetros de calidad adecuados, junto 
con una buena robustez. El método propuesto 
satisface los requerimientos para el análisis de 
rutina y el control de calidad de este principio 
activo en la industria farmacéutica. Además, se 
realiza un análisis del ahorro en cuanto al cos-
te del acetonitrilo con respecto al etanol en un 
momento de especial carestía del primero [16]. 
A pesar de que las fases móviles hidroetanólicas 
generan presiones más elevadas en la columna 
que las metanólicas o las de acetonitrilo, sin 
embargo, en ningún caso se sobrepasaron los 
80 bares. Con la finalidad de evitar esta mayor 
presión inherente a las fases móviles hidroe-
tanólicas, el empleo de columnas monolíticas 
constituye una atractiva alternativa [17].

La sustitución de acetonitrilo por metanol 
para la elución en gradiente de las antociani-
nas presentes en distintas variedades de fresas, 
frambuesas y arándanos ha dado muy buenos 
resultados en cuanto a recuperaciones y sensi-

bilidad para la detección de los analitos. Se han 
empleado columnas convencionales de octade-
cilsilano (C-18) y un cromatógrafo con detector 
de diodos en serie. Para esta fase estacionaria, 
las fases móviles metanólicas proporcionan una 
buena resolución y eficacia con mejor selectivi-
dad y simetría en los picos que las fases móviles 
que utilizan acetonitrilo como componente or-
gánico de las mismas [18]. 

La separación y cuantificación de melami-
na en productos lácteos infantiles se ha reali-
zado empleando una fase estacionaria C-18 y 
como fase móvil una disolución acuosa de ácido 
trifluoroacético 0,10% (pH = 2,4) y metanol en 
proporciones 10:90 (v:v). La presencia de áci-
do en la fase móvil tiene como consecuencia la 
protonación de los grupos silanol que no estén 
sustituidos en el proceso de end-capping, lo que 
contribuye a evitar las colas en los picos croma-
tográficos. La elevada proporción de metanol 
en la fase móvil hace que el tiempo de análisis 
sea de tan sólo 6 min por muestra, dado que el 
tiempo de retención de la melamina es de unos 
4,6 min [19].

El isopropanol es otro de los disolventes al-
ternativos para la sustitución del acetonitrilo en 
las fases móviles en HPLC. Sus características 
químicas son muy semejantes a las del metanol, 
si bien tiene una polaridad más baja (su cons-
tante dieléctrica es aproximadamente la mitad 
del valor correspondiente a la del metanol), por 
tanto presenta una adecuada fuerza eluyente. Si 
se compararan las fases móviles agua:isopropa-
nol, éstas presentan una mayor viscosidad que 
las de H2O:MeCN (similar también a las obteni-
das para las mezclas H2O:MeOH), por ello este 
hecho ha de tenerse en consideración cuando 
se emplean estas fases móviles en UHPLC. Estas 
fases móviles isopropanólicas se han utilizado 
para la separación y análisis de dendrímeros 
empleados en la formación de nanopartículas 
como estructuras base para la vehiculización de 
fármacos [20].

Figura 1.  
Efecto de la composición 
de la fase móvil sobre la 
separación de polifosfatos de 
diadenosina. Fase estaciona-
ria columna monolítica C-18. 
(A) Fase móvil H2O:MeCN, 
20:80, v:v (B) Fase móvil 
EtOH:H2O (C) Fase móvil 
nPrOH:H2O (D) MeOH:H2O. 
En todos los casos la elución 
se llevó a cabo en gradiente 
con programación depen-
diente del disolvente orgá-
nico empleado. Compuestos 
I-V: di-, tri-, tetra-, penta- y 
hexafosfato de diadenosina 
[14].
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3.2.  Empleo de carbonato de propileno

El carbonato de propileno (PC, Figura 2) es un 
disolvente incoloro e inodoro que presenta unas 
características que lo hacen adecuado para su 
uso en HPLC:

•	Elevados valores de constante dieléctrica y 
momento dipolar, siendo capaz de inducir 
en los solutos interacciones de naturaleza 
dipolo-dipolo que facilitan su solubilización. 

•	Baja volatilidad, además de no ser inflama-
ble. 

•	Es biodegradable, tiene muy bajo impacto 
ambiental y los riesgos derivados de la ex-
posición al mismo se limitan a la irritación 
de mucosas.

•	Su fuerza eluyente es comparable a la del 
acetonitrilo quedando incluido en el mis-
mo grupo (Grupo VI) en la clasificación de 
Snyder [21,22]. 

Entre las desventajas del carbonato de pro-
pileno cabe señalar [23]:

•	No es completamente miscible con el agua, 
lo cual requiere siempre el empleo de un di-
solvente tipo metanol, EtOH o propanol para 
lograr la homogeneidad requerida para una 
fase móvil.

•	Su densidad y viscosidad son más elevadas 
que la de los disolventes tradicionalmente 
utilizados en HPLC, lo cual implica que la 
presión generada en la columna y los fe-
nómenos de resistencia a la transferencia 
de masa se van a ver seriamente afectados, 

ocasionando una pérdida de eficacia en las 
separaciones.

•	Su elevado punto de ebullición y reducida 
tensión de vapor suponen un serio inconve-
niente para el empleo en las fases móviles 
en el caso de que la detección se realice me-
diante espectrometría de masas.

Este disolvente se ha empleado con éxito en 
el análisis de diversos compuestos de interés 
farmacéutico como hipolipemiantes del grupo 
de las estatinas con una fase móvil PC:EtOH:H2O. 
Las separaciones se comparan con los métodos 
de referencia que utilizan acetonitrilo logrando 
eficacias similares y tiempos de análisis más 
reducidos en las fases móviles de PC:EtOH [23]. 
Al igual que en el caso de las estatinas, fases 
móviles que contienen carbonato de propileno 
han sido también utilizadas en la separación de 
antihipertensivos (Figura 3), obteniendo resul-
tados comparables a los de las fases móviles con 
acetonitrilo [24].

Ansiolíticos como el alprazolam o antide-
presivos como la sertralina, se han separado y 
cuantificado en comprimidos mediante HPLC 
con detección UV-Vis. Para ello se han empleado 
columnas C-18, fase móvil PC:MeOH 60:40 v:v 
que se añade sobre tampón de fosfato amónico 
(pH= 4,45) en una relación 50:50, v:v. Los resul-
tados obtenidos se comparan con las separacio-
nes que se llevan a cabo utilizando como fase 
móvil MeCN:tampón fosfato de amonio (pH= 
4,45) en una relación 50:50, v:v [21,22]. 

4.  Empleo de micelas como aditivos en 
las fases móviles
La cromatografía de líquidos por su naturaleza y 
esencia hace uso de disolventes que participan-
do en los sucesivos equilibrios de transferencia 
de los solutos entre la fase móvil y la fase es-
tacionaria tenga lugar el proceso de separación. 
El empleo de tensioactivos como aditivos en las 
fases móviles es un recurso ampliamente utili-
zado desde finales de la década de los ochenta 

O
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Figura 2.  
Estructura química del carbo-

nato de propileno: (R,S)-4-
metil-1,3-dioxolan-2-ona.

Figura 3.  
Cromatogramas mostrando 
la separación del enalaprilo 
y del maleato de enalaprilo 

en plasma humano me-
diante el empleo de fases 

estacionarias C-18 y elución 
en gradiente con fase móvil 
MeCN:H2O conteniendo un 

0,1% de HCOOH o bien fase 
móvil PC:EtOH (7:3, v:v) y 
agua conteniendo un 0,1% 
de HCOOH. En el cromato-

grama correspondiente a 
las disoluciones patrón los 

analitos no se han sometido 
al pretratamiento (extracción 

líquido-líquido) con  
1-octanol [24].
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[25]. En la búsqueda de alternativas sostenibles 
a las fases móviles convencionales la utilización 
de tensioactivos constituye un recurso de indu-
dable interés [26]. 

Muchos tensioactivos son metabolizables 
a productos inocuos y biodegradables produ-
ciendo compuestos no tóxicos para el medio 
ambiente. La cromatografía de líquidos mice-
lar permite la separación simultánea de com-
puestos hidrofílicos e hidrofóbicos, al igual que 
de especies cargadas o neutras en fases móvi-
les hidro-orgánicas mayoritariamente acuosas 
(> 80%). En consecuencia, los tensioactivos (Fi-
gura 4) se emplean en cromatografía de líqui-
dos en la modalidad de elución en fase inversa, 
si bien dependiendo de que su concentración 
sea inferior o superior a la concentración mice-
lar crítica (CMC), el mecanismo de separación 
implicará la formación de pares iónicos con los 
analitos (concentración inferior a la CMC), o 
bien la compartimentalización de los analitos 

en las micelas formadas en la fase móvil (con-
centración superior a la CMC).

Los aspectos más novedosos de esta moda-
lidad de cromatografía sostenible han sido revi-
sados, poniendo especial atención a los nuevos 
tensioactivos como alternativa a los convencio-
nalmente empleados [27]. Los distintos equili-
brios implicados en las separaciones mediante 
cromatografía de líquidos empleando micelas 
has sido revisados y descritos rigurosamente 
[28] (Figura 5). Se describen las interacciones 
analito-micela frente a las analito-fase esta-
cionaria, y se presentan los distintos modelos 
de retención en fases móviles exclusivamente 
micelares. La existencia de equilibrios concu-
rrentes con los de distribución de los analitos 
entre las micelas y las fases estacionaria y móvil 
implican un control estricto de las variables que 
afectan a dichos equilibrios concurrentes, como 
son el pH o la adición de disolventes inmiscibles 
con el agua, como el 1-octanol. 
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Figura 4.  
Estructuras químicas de los 
tensioactivos más utilizados 
en cromatografía micelar.
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Figura 5.  
Equilibrios de distribución 
cromatográficos que coexis-
ten con el equilibrio secun-
dario de solubilización de los 
analitos en las micelas.
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4.1.  High Submicelar Liquid Chromatogra-
phy (HSLC)
En la modalidad denominada High Submicelar 
Liquid Chromatography (HSLC), los tensioacti-
vos se encuentran en concentraciones superio-
res a la CMC en agua, sin embargo, la proporción 
relativamente alta de disolvente orgánico impi-
de la formación de micelas [29]. La naturaleza 
del tensioactivo, el papel del disolvente orgáni-
co y su proporción con respecto al componente 
acuoso de la fase móvil son determinantes para 
el mecanismo de separación en HSLC. La HSLC 
se ha aplicado con éxito a la determinación de 
antidepresivos tricíclicos empleando como fase 
móvil micelar Brij-35, un tensioactivo comple-
tamente biodegradable [30]. Sus bases teóricas, 
así como sus aplicaciones se han revisado re-
cientemente [31].

4.2.  Separaciones en fase inversa empleando 
fases móviles micelares
Una exhaustiva recopilación de la utilidad de la 
cromatografía micelar en las separaciones de 
fármacos analiza los factores que contribuyen 
al ensanchamiento de pico [32]. Como conse-
cuencia de la lenta transferencia de masa de los 
solutos de la fase estacionaria a las micelas y vi-
ceversa, la eficacia de las separaciones se ve dis-
minuida. La menor velocidad de los equilibrios 
de transferencia de los solutos en cromatografía 
micelar que contribuye al ensanchamiento de 
pico se ve compensada por la disminución de 
los valores de índice de retención, lo que hace 
que las eficacias sean análogas a las obtenidas 
en separaciones en fase inversa convencional 
(Figura 6). 

Recientemente se ha descrito cómo pueden 
mejorarse las eficacias mediante la selección 
del componente orgánico de la fase móvil o 
mediante el incremento de la temperatura de la 
columna [33]. El efecto del SDS en la fase móvil 
sobre la eficacia, el perfil de pico y las anchu-
ras de pico se ha estudiado en las separaciones 

de fármacos bloqueantes beta-adrenérgicos. Se 
realizó un estudio comparando fases móviles 
con diferente componente orgánico (metanol, 
etanol, propanol y acetonitrilo). Cuando las 
fases móviles incorporan acetonitrilo, el com-
portamiento cromatográfico del sistema en lo 
referente a anchuras de pico y eficacia es sensi-
blemente mejor que en el caso de los alcoholes 
lo cual puede explicarse considerando que el 
acetonitrilo evita la adsorción del SDS sobre el 
lecho de la fase estacionaria C-18 [34].

Los tensioactivos iónicos más frecuente-
mente utilizados son el dodecil sulfato de sodio 
y cloruro de N-cetil-trimetilamonio, y entre los 
no iónicos, el Brij-35 o el Triton X-100. Así, se ha 
comparado la separación de distintos fármacos 
(esteroides, sulfamidas, bloqueantes beta-adre-
nérgicos y diuréticos) empleando fases móviles 
que contienen distintos tensioactivos (dodecil 
sulfato de sodio, cloruro de N-cetil-trimetila-
monio y Brij-35) y distintos componentes or-
gánicos (acetonitrilo, propanol y butanol). Los 
autores concluyen que las interacciones hidro-
fóbicas se ven escasamente afectadas por los 
cambios en la composición micelar de la fase 
móvil [35].

Utilizando como fases estacionaria C-18 y 
como componente micelar de la fase móvil do-
decil sulfato de sodio (SDS) se ha propuesto un 
modelo de retención en cromatografía micelar 
basado en la aplicación de la ley de acción de 
masas al equilibrio de formación de las micelas 
en el seno de las fases móviles. La concentración 
de tensioactivo o la naturaleza del componen-
te orgánico determinan el comportamiento de 
este equilibrio [36]. La combinación de fases 
estacionarias de tipo C-18 con fases móviles de 
iPrOH:H2O, 10:90, v:v, que incorpora dodecil 
sulfato de sodio (SDS) en concentración supe-
rior a la CMC, hacen posible la separación de un 
grupo de anestésicos locales y de otro grupo de 
antihistamínicos con una buena sensibilidad y 
recuperaciones que oscilan entre el 92,4% y el 
109,2% [37].

6% aqueous Brij-35 

MeOH-H2O
75/25 v/v.

A B

Figura 6.  
(A) Influencia de la na-

turaleza del tensioactivo 
en cromatografía micelar 

sobre la fuerza eluyente y la 
selectividad. Separación de 

una mezcla de derivados de 
vainillina [25]. 

(B) Separación de alquil-
bencenos en disolución 

acuosa de Brij-35 al 6% y 
MeOH:H2O, 75:25, v:v.  

[25]
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Otra de las ventajas del empleo de fases mó-
viles micelares es que, debido a la mejora en 
las características de la separación, se evita la 
utilización de gradientes, y además, en el caso 
de que los analitos se encuentren en muestras 
de alimentos o biológicas no se hace necesaria 
la precipitación previa a la separación de las 
proteínas. Teniendo en cuenta estas ventajas, 
Rambla-Alegre et al. [38] han llevado a cabo 
la determinación de antibióticos derivados de 
fluoroquinolonas en muestras de leche y hue-
vos utilizando una fase móvil de dodecil sulfato 
de sodio 0,05 M disuelto en una disolución de 
dihidrógeno fosfato de sodio 0,01 M cuyo pH 
se ajustó a 3 empleando trietilamina al 0,5%. El 
componente orgánico de la fase móvil es n-bu-
tanol en una proporción en volumen del 10% 
con respecto al tampón fosfato que contiene la 
fase micelar de SDS. La metodología propuesta 
ha sido validada de acuerdo con la norma EC 
2377/90 y ha demostrado poseer excelentes pa-
rámetros de calidad. Incidiendo en la ventaja de 
reducir el pretratamiento de las muestras gra-
cias al empleo de tensioativos en las fases mó-
viles, las aminas putrescina y cadaverina fueron 
derivatizadas con cloruro de 3,5-dinitrobenzoi-
lo e inyectadas en el cromatógrafo, empleando 
para su separación una fase estacionaria C-18 y 
como fase móvil una disolución acuosa de tam-
pón dihidrógeno fosfato de sodio 0,01 M que 
contiene SDS en concentración 0,15 M, a pH 7,0. 
Como componente orgánico se utilizó n-bu-
tanol en proporción en volumen de un 6% con 
respecto al componente acuoso (94%) [39]. Una 
fase móvil completamente acuosa compuesta 
por agua:SDS 69,3 mM, 50:1, v:v se ha utilizado 
con éxito para la separación de los antifúngicos 
blasticidina S y kasugamicina utilizando colum-
nas Aqua 5 µm C-18 (Phenomenex) [40]. 

Se ha descrito de forma detallada y se ha 
desarrollado un modelo teórico para prede-
cir el perfil de los picos y el comportamiento 
cromatográfico de los solutos relacionando la 
anchura de pico y el tiempo de retención, com-
parando fases móviles de MeCN:tampón citrato 
(en el intervalo de pH de 3,0 a 7,0) y las corres-
pondientes fases MeCN:tampón con SDS como 
tensioactivo. La eficacia obtenida no sólo está 
relacionada con la concentración de SDS en la 
fase móvil, sino con la proporción de disolvente 
orgánico en la fase móvil para un valor dado de 
concentración de tensioactivo [41]. Igualmente, 
el SDS se ha utilizado como componente de la 
fase móvil, en fases mayoritariamente acuo-
sas, para la determinación de diversas aminas 
aromáticas [42], hidroxitirosol en muestras de 
extractos de aceite de oliva [43], melamina en 
plasma y orina [44], y este mismo tóxico deriva-
do de triazina en muestras de leche [45], para-
cetamol en supositorios mediante la formación 
de microemulsiones (incorporando entre otros 
componentes SDS, n-butanol y n-octano) [46], 
tamixifeno y endoxifeno [47] y sustancias do-

pantes en suero y orina de deportistas hasta 48 
h después de haber sido consumidas [48].

Se ha desarrollado un método sostenible 
para la determinación de un grupo de coloran-
tes sintéticos utilizados como aditivos en ali-
mentos. Como fase estacionaria se utilizó una 
columna C-8, que al presentar menor hidrofo-
bicidad que la clásica C-18 posibilita el empleo 
de una fase móvil con una proporción de agua 
próxima al 100% (tampón fosfato 50 mM, pH 7,0 
con Triton X-100 al 0,25% en volumen con res-
pecto a la disolución tampón). Esta metodología 
se ha aplicado a la determinación de colorantes 
(tartrazina, carmoisina, azul brillante, Ponceau 
4R) en muestras de alimentos y de medicamen-
tos [49].

4.3.  Fases móviles que contienen microe-
mulsiones

La formación de microemulsiones en las fa-
ses móviles en cromatografía de líquidos es una 
metodología con un potencial muy elevado para 
la separación de analitos que difieren notable-
mente en su polaridad. Un fase móvil de eleva-
da polaridad con acido fosfórico (pH 3,0, 95,5%), 
n-butanol (2,5%) acetato de etilo (0,5%) y Brij-35 
(1,5%) posibilita la separación y cuantificación 
de terbutalina en diversas formas farmacéuticas 
[50]. Esta modalidad de formación de sistemas 
micelares híbridos o microemulsiones se ha em-
pleado en la determinación de las interacciones 
soluto-disolvente para compuestos antihistamí-
nicos y fenetilaminas. Se ha utilizado como fase 
móvil disolución tampón de monohidrógeno 
fosfato de sodio 0,01 (pH 7,0), 1-pentanol y SDS. 
Las concentraciones del tensioactivo variaron 
entre 0,05 y 0,15 M y las del disolvente orgánico 
entre un 2 y un 6%, por lo que la proporción de 
agua en la fase móvil se sitúa en torno a un 95% 
[51].

5.  Empleo de líquidos iónicos como adi-
tivos en las fases móviles
Los líquidos iónicos poseen unas propiedades 
fisicoquímicas que los hacen adecuados para 
numerosos propósitos en el campo de la quími-
ca analítica [52]. Algunas de sus aplicaciones en 
los procedimientos de extracción y purificación 
se comentan en el capítulo dedicado al pretrata-
miento de la introducción de esta memoria. La 
utilización de líquidos iónicos tanto en croma-
tografía de líquidos como en electroforesis capi-
lar, formando parte de las fases móviles o bien 
incorporados a los materiales que componen las 
fases estacionarias (Figura 7), ya sea en croma-
tografía de líquidos o de gases, ha sido objeto de 
exhaustivos artículos de revisión [53-55]. 

Los líquidos iónicos pueden emplearse como 
aditivos en las fases móviles, como “High Per-
formance Ionic Liquid Chromatography”, HPILC, 
[57] mostrando las siguientes características las 
separaciones en las que éstos se utilizan:
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•	Reducción en los tiempos de retención de 
los solutos

•	No producen modificación en el orden de re-
tención de los solutos

•	Su elevada viscosidad hace que la caída de 
presión originada en el interior de la colum-
na sea extraordinariamente elevada, aún 
utilizando caudales muy reducidos.

•	Poseen menor transparencia en la región UV 
que los disolventes orgánicos convenciona-
les.

Hasta el momento, todos los trabajos pu-
blicados en los que se emplean líquidos ióni-
cos (sales de alquilamonio) presentan menores 
eficacias cromatográficas y su capacidad con-
taminante no es inferior a la del metanol o del 
acetonitrilo. Por ello, teniendo en cuenta que 
son más costosos que los citados disolventes, 
es poco probable que en un futuro próximo los 
reemplacen [53].

Se ha estudiado el comportamiento croma-
tográfico del formiato de isopropilamonio como 
posible sustitutivo del metanol o el acetonitri-
lo en las fases móviles, ya que al determinar su 
valor de polaridad y de fuerza eluyente se ha 
hallado que son muy similares a los valores del 
metanol y el acetonitrilo. El comportamiento 
de este líquido iónico como modificador de las 
fases móviles se ha estudiado y se ha aplicado 
a la separación de acetofenona y niacinamida y 
de algunas proteínas como el citocromo C [58]. 
Uno de los inconvenientes de esta sal de amonio 
cuaternario es su elevada viscosidad, lo que tie-
ne como consecuencia que el mezclado con el 
agua no sea homogéneo.

No obstante, los líquidos iónicos poseen la 
ventaja de reducir las colas de los picos en las 
separaciones de compuestos de carácter bási-
co susceptibles de interaccionar con los grupos 
silanol ionizados libres que no hayan sido to-
talmente sustituidos en el proceso de “end-ca-
pping”. Se ha propuesto la formación de pares 
iónicos entre los líquidos iónicos y los grupos 
silanol de la fase estacionaria así como la adsor-
ción de los mismos sobre las fases C-18 [59]. Así, 
la adición de pequeñas cantidades de derivados 
de alquilamonio a las fases móviles mejora sus-
tancialmente la simetría de los picos [60,61], 
habiéndose demostrado su utilidad en el caso 
de la separación de derivados de efedrina [62] 
y diversas catecolaminas. La mejora en la asi-
metría de los picos en las separaciones de fár-
macos de carácter básico del tipo bloqueantes 
beta-adrenérgicos ha sido estudiada de forma 
crítica. Se ha comparado la eficacia en la reduc-
ción de la asimetría de los picos mediante el 
empleo de cuatro líquidos iónicos (derivados de 
catión imidazolio) en la fase móvil con el com-
portamiento observado en presencia de trieti-
lamina (como aditivo catiónico) y SDS (como 
aditivo aniónico) [56].

Se ha comparado el comportamiento croma-
tográfico de varios fenoles y algunos compues-
tos de carácter básico como piridina, anilina y 
cafeína al incluir en la fase móvil líquidos ióni-
cos como tetrafluoroborato de 1-hexil-3-me-
tilimidazolio con respecto a las fases móviles 
convencionales. Los valores de la relaciones de 
energía de solvatación lineal permiten explicar 
los equilibrios de distribución de los solutos 
en presencia de tetrafluroborato de 1-hexil-3-
metil imidazolio [63]. Se ha estudiado cómo se 
modifican las separaciones cromatográficas de 
compuestos ácidos, básicos y también de ca-
rácter anfótero por la presencia de sales (Cl- y 
PF6

-) de 1-butil-3-metil imidazolio. Se obtienen 
separaciones adecuadas tanto en fases estacio-
narias C-18 como en fases de fenil-silano, si bien 
las interacciones creadas en la interfase de am-
bas fases estacionarias se ven afectadas de dis-
tinta manera por la presencia del líquido iónico 
en la fase móvil [64]. El empleo de fases móviles 
mayoritariamente acuosas es posible en el caso 
de la separación de compuestos altamente hi-
drofílicos, aminas biogénicas, y gracias al uso de 

“Hace unos años predije que los líquidos iónicos cambia-

rían la química orgánica. Actualmente es evidente que 

han cambiado y revolucionado todos aquellos aspectos 

de las química donde su utilización es posible

”K. R. Seddon, [52]

O
Si N

N CH3OHO

Cl

O
Si N

NOO

Br

CH3

CH3

N N

PF6

CH3
H3C

N N

BF4

CH3
H3C

A B
SiO2

SiO2

Figura 7. 
Líquidos iónicos más 

frecuentemente usados en 
cromatografía de líquidos. 

(A) líquidos iónicos emplea-
dos como aditivos en las 

fases móviles 
(B) Fases estacionarias de 
sílice modificada química-

mente con líquidos iónicos 
derivados de imidazolio.  

[54,56].
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hexafluorofosfato de 1-etil-3-metil imidazolio 
como líquido iónico en la fase móvil [65].

No puede pasarse por alto que los deriva-
dos de imidazolio con actividad óptica pueden 
aplicarse a la resolución quiral y a la determi-
nación de pureza enantiomérica. Así, el empleo 
de líquidos iónicos quirales, es decir, sales de 
metilimidazolio unidas a un resto aminoacídi-
co, permite la resolución de enantiómeros en 
fases estacionarias convencionales (C-18). Estos 
procedimientos utilizan sales de cobre al igual 
que en otras separaciones quirales y han posibi-
litado la separación del (R)- y del (S)-ofloxacino 
[66].

En la idea de demostrar la utilidad de los 
líquidos iónicos en HPLC, algunos derivados se 
han unido químicamente a la sílice [67], (Figu-
ra 8). Fases estacionarias de bromuro de 1-bu-
til-3-heptilimidazolio se han aplicado a la se-
paración de compuestos aromáticos [54,68,69]. 
Los resultados obtenidos con estas fases estacio-
narias no contribuyen a una mejora significativa 
de las separaciones con respecto a aquéllas que 
incorporan estos mismos líquidos iónicos en las 
fases móviles.

Puede afirmarse que, si bien los líquidos ió-
nicos no mejoran ostensiblemente las separa-
ciones cromatográficas, ya sea formando parte 
de la fase estacionaria o bien de la fase móvil, 
sin embargo, sí que contribuyen a incrementar 
la simetría de los picos cromatográficos.

6.  Empleo de ciclodextrinas como aditi-
vos en las fases móviles
Las ciclodextrinas (CDs) desempeñan un papel 
muy significativo en la mayoría de las áreas del 
análisis instrumental moderno [70-72], lo cual 
se debe a su capacidad para formar complejos 
de inclusión con una gran variedad de moléculas 
e iones en disoluciones acuosas. Estos macroci-
clos (Figuras 9 y 10) están constituidos por un 
número variable de unidades de (+)-β−D-glu-
copiranosa unidas mediante enlaces α−(1-4). 
Las ciclodextrinas naturales (α-, β- y γ-CD) 
contienen respectivamente 6, 7, y 8 residuos de 
(+)-β−D-glucopiranosa, poseen aspecto de cono 
truncado debido a la disposición espacial de las 
unidades de los azúcares, confiriendo al inte-
rior de la cavidad un carácter claramente apo-
lar mientras que los bordes del tronco del cono 
son polares debido a la presencia de los grupos 
OH, que hacen de estas moléculas compuestos 
hidrosolubles. La característica común de estos 
derivados es su capacidad para formar comple-
jos de inclusión tanto en estado sólido como en 
disolución. Los compuestos incluidos, de carác-
ter hidrófobo o parcialmente hidrófilo, se alojan 
en el interior de la cavidad por interacciones de 
Van der Waals. El estudio de los complejos de 
inclusión con ciclodextrinas constituye una par-
cela apasionante dentro del campo de estudio 
de la química supramolecular.

Figura 8. 
Fases estacionarias modificadas con líquidos 
iónicos, comparación con otras fases estaciona-
rias de referencia. (a) C-18 monolítica, (b) C-30 
(tamaño de partícula 5 μm), (c) Sílice modifica-
da químicamente con bromuro de N-octadecili-
midazolio y (d) Sílice modificada químicamente 
con de N-octadecilimidazolio en la que el anión 
de este líquido iónico es el resto sulfonato del 
naranja de metilo [54].
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Los complejos de los analitos con diversas 
ciclodextrinas incrementan la sensibilidad de 
las determinaciones fluorimétricas debido al 
incremento en el rendimiento cuántico de fluo-
rescencia y a la capacidad de las ciclodextrinas 
de solubilizar compuestos hidrofóbicos [73,74]. 
Muchas reacciones analíticas ven mejorada su 
sensibilidad gracias a la incorporación de di-
versas ciclodextrinas a los medios de reacción, 
así como en el caso de ciertas reacciones qui-
mioluminiscentes  en las que la mejora en la 
intensidad de quimioluminiscencia se atribuye 

al incremento en la velocidad de reacción y a 
la protección y estabilización de sus productos. 
Una de las características de los complejos de 
inclusión con las ciclodextrinas es que permiten 
observar fosforescencia a temperatura ambien-
te. Estas mejoras contribuyen a incrementar la 
sensibilidad y la selectividad tanto de los mé-
todos luminiscentes como de las separaciones 
cromatográficas.

El empleo de ciclodextrinas como aditivos y 
modificadores de polaridad de las fases móviles 
en HPLC, o bien, formando parte de la fase esta-
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Estructuras químicas de 

las ciclodextrinas naturales 
mayoritarias. En la α-CD, se 
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hidrógeno intramoleculares 
presentes en el borde de los 
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Adaptado de Davis & Brews-
ter (2004) Nature Reviews 

Drug Discovery, 
3(12), 1023–1035. 
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cionaria constituye una elección muy atractiva 
frente a otras alternativas como tensioactivos, 
éteres corona, antibióticos macrólidos o calixa-
renos y ha sido objeto de diversas revisiones 
[75-79]. Este hecho se debe entre otras a las ra-
zones que, según Szejtli [80], se exponen a con-
tinuación: 

•	Son productos semisintéticos obtenidos a 
partir del almidón por una simple conver-
sión enzimática.

•	Se producen y se utilizan en la industria en 
grandes cantidades, sin embargo, no tienen 
impacto medioambiental negativo debido 
a que son compuestos naturales completa-
mente biodegradables.

•	A pesar de que sus precios fueron elevados, 
hoy en día los costos de producción han des-
cendido considerablemente llegando a ser 
aceptables desde el punto de vista de su uso 
industrial.

•	Gracias a su capacidad para formar comple-
jos de inclusión, se modifican notablemente 
las características de las especies incluidas 
y esta encapsulación molecular hace que 
sean útiles en la fabricación de numerosos 
productos, así como su utilización en muy 
diversos métodos analíticos.

•	Sus efectos secundarios y tóxicos son insig-
nificantes. Por ello pueden emplearse en la 
elaboración de distintos productos para su 
uso humano en la industria química, farma-
céutica, agroalimentaria y cosmética [81].

Además, en la actualidad es posible adquirir 
de manera comercial una gran variedad de ci-

clodextrinas semisintéticas, químicamente 
modificadas con distintos sustituyentes, como 
refleja la Tabla 1. Este hecho permite elegir, de 
entre las múltiples disponibles, aquella que pre-
sente las características que mejor se presten a 
resolver un determinado problema analítico.

Cuando las CDs se emplean como aditivos 
incorporados a las fases móviles en HPLC, per-
miten obtener buenas resoluciones de manera 
versátil, ya que se puede modificar la composi-
ción de la fase móvil según la separación lo re-
quiera. Además, presentan la ventaja de permi-
tir la presencia de un elevado contenido en agua 
en la fase móvil gracias a la mayor estabilidad de 
los complejos de inclusión en agua con respecto 
a los disolventes orgánicos. Por ello, se utilizan 
fases móviles mayoritariamente acuosas para la 
elución en fase inversa. La resolución en las se-
paraciones es consecuencia de la formación de 
complejos de inclusión y es la parte hidrofóbica 
de los analitos la que interacciona con la cavidad 
apolar de las CDs. Por el contrario, el proceso de 
inclusión no es la fuerza conductora en el pro-
ceso de separación cuando se emplea la elución 
en fase orgánica polar. En este caso, las interac-
ciones entre los analitos y los hidroxilos secun-
darios del borde de las cavidades de las CDs son 
las que determinan la selectividad en el proceso 
de separación. 

La adición de CDs a las fases móviles mo-
difica el equilibrio de distribución de los solutos 
entre la fase estacionaria y la fase móvil debido 
a la formación de complejos de inclusión con las 
CDs que permanecen en la fase móvil. Este he-

Neutras Catiónicas Aniónicas

(2-hidroxipropil)-X-CD 6-monodesoxi-6-monoamino-β-CD hidrocloruro carboximetil-X-CD sal sódica

acetil-X-CD aleatoriamente sustituida heptakis(6-amino-6-desoxi)-β-CD heptahidrocloruro (2-carboxietil)-X-CD

metil-X-CD aleatoriamente sustituida (2-hidroxi-3-N,N,N-trimetilamino)propil-β-CD cloruro succinil-X-CD

heptakis(2,6-di-O-metil)-β-CD succinil-(2-hidroxipropil)-X-CD

heptakis(2,3,6-tri-O-metil)-β-CD sulfobutil-β-CD

heptakis(2,3,6-tri-O-benzoil)-β-CD X-CD fosfato sal sódica

6-monodesoxi-6-monoazido-β-CD X-CD sulfato sal sódica

6-monodesoxi-6-monoiodo-β-CD

Fluorescentes Fases estacionarias HPLC modifica-
das con CDsFluoróforo CD

6-desoxi-6-[(5/6)-fluoresceiniltioureido] β-CD, metil-β-CD, (2-hidroxipropil)-β-CD, 
carboximetil-β-CD

β-CD

6-desoxi-6-[(5/6)-rodaminiltioureido] β-CD, metil-β-CD, (2-hidroxipropil)-β-CD,  
sulfobutil-β-CD

heptakis(2,3,6-tri-O-metil)-β-CD

(2-hidroxipropil)-β-CD

carboximetil-β-CD

sulfobutil-β-CD

Las X indican que existe más de una CD nativa (α, β o γ) disponible con esa sustitución

Tabla 1. Ejemplos de ciclodextrinas modificadas disponibles comercialmente. Tomado de www.cyclolab.hu
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cho tiene las siguientes consecuencias sobre el 
análisis cromatográfico:

•	Reducción de los índices de retención.

•	Disminución del tiempo de análisis.

•	Mejora de la selectividad.

•	Incremento de la eficacia.

Estos cambios quedan ejemplificados en la 
Figura 11.

La resolución de los analitos y la eficacia del 
proceso cromatográfico dependen de la concen-
tración y del tipo de CD empleada, así como de 
las características de la fase móvil y de la fase 
estacionaria, siendo un parámetro importante 
a considerar la temperatura, ya que influye en 
todos los equilibrios mencionados. En la Figura 
12 se muestra el equilibrio de distribución en-
tre los analitos y la fase estacionaria/fase móvil, 
junto con el equilibrio secundario de distribu-
ción analitos y CD, propuesto por Sybilska [82]. 
Además, hay que considerar que los complejos 
de inclusión formados entre los analitos y las 

CDs también pueden distribuirse entre la fase 
estacionaria y la fase móvil de acuerdo con los 
equilibrios de distribución cromatográficos. La 
tendencia a incluirse en las cavidades de las CDs 
altera el equilibrio cromatográfico posibilitando 
la diferenciación y separación de los analitos en 
función de su afinidad por las cavidades de las 
CDs.

Las ventajas del empleo de las CDs como adi-
tivos en las fases móviles en HPLC (MPA) frente 
a su empleo como integrantes de la fase estacio-
naria (CSP) pueden resumirse como sigue:

•	El equilibrio de inclusión es reversible y se-
lectivo.

•	Buena estabilidad química de las CDs inclu-
so a valores elevados de pH. 

•	Gran versatilidad al poder cambiar fácil-
mente de tipo de CD y también de fase esta-
cionaria convencional.

•	Elevada solubilidad tanto en agua como en 
disolventes orgánicos, especialmente en el 

Figura 11. 
Separación cromatográfica 

de isoflavonoides, emplean-
do distintas ciclodextrinas 

como aditivos en la fase 
móvil MeOH:H2O, 25:75, v:v. 

La fase móvil contiene las 
siguientes ciclodextrinas en 

concentración 5 mM:  
(A) HP-β-CD 

(B) β-CD 
(C) α-CD 
(D) γ-CD 

(E) sin CD en la fase móvil 
[89].

+
k1+

k2

analitoK

Analito

Ciclodextrina

CDKcomplejo2K complejo1K

Fase estacionaria

Fase móvil

Figura 12. 
Equilibrios de inclusión y 

distribución que coexisten en 
las separaciones croma-

tográficas en presencia de 
ciclodextrinas como aditivos 

en las fases móviles.
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caso de las CDs metiladas y carboximetila-
das.

•	Control de la eficacia del proceso cromato-
gráfico según la concentración de CD pre-
sente en la fase móvil.

•	Posibilidad de adsorción de las CDs sobre las 
fases estacionarias de baja polaridad crean-
do una pseudofase estacionaria.

La principal desventaja de la incorporación 
de las CDs a las fases móviles es que para lograr 
una buena eficacia y resolución es necesario 
emplear concentraciones de CDs en las fases 
móviles próximas al límite de solubilidad de las 
mismas. Este hecho afecta y modifica la fase es-
tacionaria siempre que no se tomen las precau-
ciones debidas y se proceda a su regeneración 
de manera adecuada [83,84].

Las ciclodextrinas (CDs), al igual que otros 
cavitandos de síntesis, son capaces de reconocer 
molecularmente a una gran variedad de analitos 
en función del tamaño, estructura y disposición 
espacial de los distintos grupos de las molécu-
las a incluir. Por ello, se han utilizado con éxito 
como selectores quirales en cromatografía de 
líquidos [76,85], como ilustra la Figura 13. Estos 
derivados también han sido aplicados con este 
fin en electroforesis capilar (CZE) [86,87], ya que 
se pueden añadir en concentraciones elevadas a 
los tampones de separación. 

Su uso en HPLC como selectores en la fase 
móvil está limitado por la concentración que se 
puede alcanzar en la fase móvil y también por 
su adsorción sobre las fases estacionarias [79]. 
El empleo de CDs como aditivos de las fases mó-
viles aporta importantes beneficios y se han uti-
lizado con éxito en la resolución de compuestos 
quirales como en la mejora de las separaciones 

de compuestos no quirales. La incorporación de 
CDs modificadas químicamente incrementa la 
capacidad de resolución de compuestos quira-
les [71]. 

Otra de las ventajas de la incorporación de 
CDs a las fases móviles en HPLC es que permiten 
reducir la proporción de disolventes orgánicos 
en las mismas sin disminuir la selectividad ni la 
resolución. Así, la selección adecuada de la fase 
estacionaria permite la utilización de fases mó-
viles mayoritariamente acuosas, llegando inclu-
so al 100% de agua. Por ello, estas modalidades 
de separación incorporando CDs como aditivos 
en las fases móviles han sido aplicadas en la me-
jora de la determinación de una gran variedad 
de compuestos. 

En la Tabla 2 se incluyen ejemplos de sepa-
raciones que incluyen CDs como aditivos en las 
fases móviles.

Figura 13. 
Cromatogramas ilustrando 
la resolución quiral de los 
enantiómeros de naproxeno 
(I) y de ketoprofeno (II) en 
fase móvil MeOH:tampón 
(pH 3,0) empleando HPβ-CD 
15 mM como aditivo en la 
fase móvil [92].
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Core-shell particles:  
leading the way to a renewed HPLC

1.  Introduction
Liquid chromatography is a powerful quanti-
tative technique strongly grounded in many 
analytical fields because of its versatility, 
sensitivity, rapidity, non-destructive nature 
and economical advantages. It is widely em-
ployed in a plethora of different analytical 
applications comprising countless analytes, 
matrices and purposes [1-3]. 

In the last decades a renewed interest in 
the development of sustainable analytical 
methodologies has aimed at the reduction of 
wastes and reagents [4]. According to Welch 
[5], one single conventional HPLC instrument 
equipped with a traditional column gener-
ates approximately 1 L of solvent waste per 
day. The proportion of organic solvents is 
often high in these wastes. Meanwhile, the 
current challenges in chemical analysis are 
demanding improved liquid chromatogra-
phy methods able to afford better efficiency, 
higher resolution and sensitivity, and short-
er analysis times. An example of that is the 
large number of recent innovations that have 
focused on stationary phases to provide more 
efficient solutions to liquid chromatography 
analysts [6].

Trying to achieve a greener and more 
powerful liquid chromatography, the length 
and diameter of the columns, as well as the 
size of the particles packed into them, have 
been downscaled. The development of these 
narrow-bore HPLC columns together with 
the breakout of ultra high performance liq-
uid chromatography (UHPLC) using smaller 
particles, made possible to maintain or boost 
the classical good analytical features of HPLC 
while improving its environmentally friendli-
ness. UHPLC columns packed with sub-2 μm 
fully-porous particles dramatically increased 
the column performance. This made possi-
ble very fast separations requiring smaller 
amounts of solvents, at the expense of gen-
erating very high backpressures because of 
the small particle diameter. These high-pres-
sure conditions require special hardware 
able to handle them, and so an investment 
on renewed instruments. As an alternative to 
avoid the need for dedicated UHPLC systems, 
superficially porous particles arose as a new 
technology able to yield efficiencies compara-
ble to those of UHPLC (running fast, efficient 
and solvent-saving separations) without the 
inconvenience of dealing with high pressures 
[7]. The possibility to use conventional HPLC 
systems already present in the labs afforded 
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immediate economical advantages over UHPLC. 
The reduction in the run time and solvents con-
sumption achieved by superficially porous par-
ticles, together with their higher efficiency and 
resolution, makes them an alternative to totally 
porous particles clearly lighting the way to the 
future that liquid chromatography seems to face 
[8].

In the last three years, a considerable num-
ber of reviews have been devoted to describe 
the behaviour of the core-shell particles and 
to compare them to the totally porous (UHPLC) 
[9-13]. Other articles focus on capillary chroma-
tography with sub-2 μm fully porous and super-
ficially porous particles [14] as well as on the 
aspects regarding the nature of the interactions 
in fully-porous silica or core-shell silica parti-
cles [15]. The theoretical aspects of core-shell 
particles and the mechanisms responsible for 
their high efficiency have been deeply reviewed 
[16]. The strategies to minimize several causes 
of band broadening have been proposed [11]. 
Wang et al. revised the advantages and applica-
tions of the liquid chromatography employing 
superficially porous particles with sub-2 μm 
and sub-3 μm diameters [17].

Most of the reviews and research articles 
dedicated to core-shell particles (Figure 1) focus 
either in the fundamentals or in analytical ap-
plications of this columns, so our aim is merg-
ing both sides in the present review to provide 
the interested readers with the most attractive 
analytical capabilities as well as enough theo-
retical background to fine-tune their methods 
and squeeze most of this new column technol-
ogy.

2.  An outlook on the development of 
core-shell silica particles
The concept of solid core silica particles coated 
with a porous shell was first proposed by Hor-

váth and Kirkland at the end of the 60’s, but the 
production of such particles under high-quali-
ty standards had to overcome many difficulties 
over the following decades. The work was pio-
neered by Horváth [18] using 50-100 μm beads 
coated with a porous thin layer in gas chro-
matography aimed at reducing the tailing of 
peaks. Later, he applied this technology to ionic 
exchange liquid chromatography [19,20]. Knox 
studied how decreasing the particle size affect-
ed the chromatographic efficiency also in gas 
chromatography [21]. This idea was worked and 
assayed by Kirkland showing that the particles 
coated with controlled surface porosity support 
exhibited better behaviour in the resistance to 
the mass transfer equilibrium [22]. 

These particles were commercialized un-
der several brands and employed as stationary 
phases for liquid-liquid chromatography in the 
early 70’s. During the 1980’s decade Unger and 
independently Horváth and Kalghatji devel-
oped truly superficially porous particles and 
used them to separate mixtures of proteins and 
peptides, although they were abandoned due to 
their low load capacity [23,24]. In 1992, Kirkland 
developed a new methodology to prepare 5 μm 
core-shell particles, which were later success-
fully marketed for the separation of proteins 
[25]. Kirkland also emphasized in the charac-
teristics of the superficially silica particles [26] 
and in their applications to the chromatograph-
ic analysis of macromolecules due to their ex-
cellent kinetic properties for the retention of 
molecules with such a high molecular weight 
[27]. The large-scale production and commer-
cialization of 2.7 μm shell particles had to wait 
until 2006, when Halo started manufacturing 
columns able to yield excellent efficiencies for 
small molecules and unveiling the potential of 
this new technology in liquid chromatographic 
analysis.
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3.  Structure, preparation and properties 
of core-shell particles
The presence of the distinctive non porous silica 
nuclei coated by successive porous layers affords 
outstanding features to the chromatographic 
behaviour of these particles. As explained on 
the following sections, several reasons account 
for that. First, column permeability is increased, 
so higher flow rates can be achieved at lower 
working pressures. Second, the high homoge-
neity and roughness of the particles obtained 
with this process improves the packing process 
of the column, avoiding the band broadening 
caused by multiple inter-particle paths. Third, 
the existence of a reduced porous region in the 
particles drops the band broadening caused by 
intra-particle paths and diffusion processes. 
And fourth, the higher thermal conductivity af-
forded by the solid silica nucleus improves heat 
dissipation thus reducing the existence of radial 
temperature gradients that contribute to band 
broadening. They also exhibit a reduction in the 
retention factors and so in the time of analyses, 
increasing even further the already high effi-
ciencies due to the abovementioned reasons.

3.1.  Preparation
The characteristic structure of core-shell par-
ticles employed in chromatography comprises 
two different parts. The first one is an inner 
core with a diameter between 0.9 and 3.7 μm 
made from solid silica. Less often, other inor-
ganic (aluminium, gold or carbon) or organic 
materials (a polymer or a mixture of polymers) 
can be employed to build the core. The second 
part is a shell formed by successive layers of 
controlled-porosity, chemically modified sili-
ca. Together, the nucleus and the shell conform 
spherical particles with a narrow particle size 
distribution (Figure 2) of a total diameter that 
can be tuned between 1.3 and 5 μm. 

Chaudhuri and Paria [28] described the dif-
ferent approaches to obtain core-shell particles. 

Taking into account that a narrow distribution 
of the size of the particles is a critical issue for 
chromatography applications, the “bottom-up” 
approach (synthesis from inner to outer lay-
ers, Figure 3A) has shown to yield the best re-
sults in terms of efficiency of the process and 
homogeneity of the obtained particles. Such 
methodologies are based upon the protocol by 
Stober [29], which allows synthesizing virtually 
monodisperse non-porous silica particles that 
will become the future nuclei. Although other 
methodologies were applied earlier [30], now-
adays the following concentrical layer-by-layer 
growing of porous silica shells over the nuclei 
is achieved by taking advantage of the self-or-
ganizing properties of cationic surfactants and 
organic polymers [31]. Such organic elements 
constitute a temporary backbone helping the 
silica grow in an organized fashion, allowing for 
fine control of pore size and layer thickness, and 
achieving a high level of homogeneity over time 
(Figure 3B). As discussed later, this high degree 
of homogeneity explains many of the fascinat-
ing chromatographic features of core-shell par-
ticles. 

Alternative synthetic methodologies have 
been proposed with the aim to save the time 
required for the multiple step that are neces-
sary for the layer to layer technique. This is the 
case of the one-pot synthesis of silica spheres-
on-spheres that improve the morphology and 
the size distribution of the core-shell particles 
[32]. The influence of the initiators for produc-
ing shells with different structures has been 
also described [33]. The use of particles with 
a solid core possessing other chemical nature 
than silica was also explored, thus spherical 
carbon and nanodiamond particles have been 
employed as core and layer-by-layer coated 
with chemically functionalized polymers. These 
stationary phases posses very high hydrolytic 
stability at extreme pH-values, with higher ef-
ficiencies and very low back pressures [34]. A 

Figure 2. 
Normalized size distribution 
of core-shell (empty sym-
bols) and fully-porous (filled 
symbols) particles from 
various manufacturers. Taken 
from Figure 2 on Cabooter 
et al (2010). Journal of Chro-
matography A, 1217(45), 
7074–7081. 
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similar deposition approach has been employed 
for the preparation of core-shell diamond parti-
cles and they have been successfully applied as 
stationary phases in HPLC as well as support for 
solid phase extraction [35]. A sol-gel approach 
producing highly regular silica elements with 
an adequate external porosity, was employed to 
produce porous-shell pillar-array columns, thus 
conjugating separation efficiency and peak ca-
pacity and retention [36]. The surface of silica 
cores has also been activated employing metal-
lic species like Al(III) for subsequent chemical 
vapour deposition of carbon. This resulted in 
a carbon clad core-shell silica particle which 
retains the properties of a carbon phase, and 
has been found to be very useful for chromato-
graphic separations [37]. 

A recent publication [38], used 
trans-(1R,2R)-diaminocyclohexane to function-
alize core-shell particles allowing for fast, enan-
tioselective separations. Core-shell particles 
incorporating cyclodextrins and cyclodextrins 
polymers into the shells have been successfully 
produced and structurally characterized [39]. 
Although the authors propose the use of such 
nanoparticles as drugs carriers and delivery sys-
tems, this technology could be also applied to 
chiral chromatographic separations. 

3.2.  Morphology
Details concerning morphology of packed 
beds i.e. size distribution, shape, and surface 
roughness, have been deduced from confocal 
laser scanning microscopy images [40]. The 
physical characteristics, including porosities, 
of commercially columns have been evaluated 
(Kinetex C-18 and Halo C-18) showing excep-
tional features with regard to the classical C-18 

columns [41]. An exhaustive study of more than 
10 columns of superficially porous particles was 
conducted employing carotenoids as model 
analytes, and their chromatographic behaviour 
was compared to fully-porous C-18 stationary 
phases [42].

Less frequently, the role of the geometry 
of the porous shell particles on the chromato-
graphic behaviour of these stationary phases 
has been considered. As explained later, the 
enhancement of the mass transfer kinetics is 
a consequence of the particles geometry that 
modifies the diffusion time of the analyte mole-
cules on the stationary phase. Fellinger [43] has 
shown that the diffusion times for a Halo 2.7 
μm are equivalent to a totally porous stationary 
phase of 1.8 μm, and even better results were 
obtained for Kinetex 2.6 μm, since its chroma-
tographic behaviour is equivalent to a 1.34 μm 
fully porous stationary phase.

3.3.  Thickness and porosity of the shell
The total thickness of the porous layer is a 
critical factor in the contribution to the global 
porosity of the particles [44]. Porosity exerts a 
notable influence on the chromatographic be-
haviour [9]. The resolution of analytes can be 
improved with core-shell particles possessing 
thinner porous surface if the eluting strength of 
the mobile phase is reduced to compensate for 
the smaller retention factor yielded by the drop 
in surface area of the particle [45]. The chroma-
tographic behaviour of superficially porous par-
ticles of the same overall size, when possessing 
different solid core diameters and different po-
rous shell thicknesses, is clearly influenced by 
the internal, external and total porosities of the 
particles that modify the eddy and longitudinal 

Figure 3. 
(A) Scheme showing the bot-
tom-up, building process of a 
typical core-shell particle. (B) 

Scanning electron micros-
copy images of 2.6 (left) and 

1.7 μm (right) Kinetex co-
re-shell particles. The result 

of layer-by-layer synthesis 
process is clearly visible on 

the image on the right. 
(B) is taken from [41].
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diffusion as well as the mass transfer resistance, 
as explained later [46,47]. 

Porosity, surface area, particle distribution of 
the fully porous and superficially porous silica 
particles have been evaluated and determined 
by scanning electron microscopy, pycnometry 
and inverse size exclusion chromatography. The 
values obtained were discussed in connection 
with those reported by the manufacturers (Ta-
ble 1) [48]. The porosities of fully and superfi-
cially porous particles have been compared [49] 
and, as expected, the total porosity is lower in 
the case of the core-shell particles (0.540) than 
in the case of totally porous traditional silica 
(0.645), what can be explained considering that 
the solid core affords a reduction in the num-
ber of total pores per silica particle. However 
the external porosity of the columns possessing 
core-shell particles present higher value (0.432) 

than those obtained for the columns packed 
with traditional silica particles of 3 μm of diam-
eter (0.383). Similar porosity values have been 
reported and discussed comparing fully and 
superficially porous particles as well as mon-
olithic columns [50]. Different models for the 
determination of external porosities and diffu-
sion in superficially porous particles have been 
developed and applied [51,52].

Additional considerations about the pore diam-
eter must be taken into account. As explained 
below, the molecular weight of the analytes 
conditions the selection of the pore diameter 
of the core-shell particles adequate for their 
separation [12,53,54]. In most cases, small mol-
ecules with low molecular weights require the 
diameter of the surface pores of the particles to 
be around 80 Å. On the other hand, in the case 
of proteins and other biomolecules, a pore di-

Manufacturer Brand Appl. 
Notes# Pore size: Chemistries

O. D. | shell 
thickness 

(μm)

Surf. area 
(m2/g)*

Max. press. 
(bar)

Advanced 
Materials 
Technology

HALO - 90 Å: C-18, C-8, phenyl-hexyl, 
pentafluorophenyl, RP-amide, cyano, 
HILIC, OH5

4.6 | 0.6
2.7 | 0.5

150 600

160 Å: C-18

Agilent Poroshell 61 120 Å: C-18, C-8, phenyl-hexyl, SB-Aq, RP-
amide, cyano, HILIC

2.7 | 0.5
5 | 0.25

130 600

300 Å: C-3, C-8, C-18
ChromaNik SunShell - 90 Å: C-18, C8, pentafluorophenyl, phenyl, 

2-EP, -HILIC amide, 2-ethylpyridine
2.6 | 0.5 150 590

160 Å: C-18, RP-AQUA, hexafunctional C-18

300 Å: hexa-functional C-18

Macherey-Nagel NucleoShell - 90 Å: C-18, phenyl-hexyl, 
pentafluorophenyl, HILIC-
ammonium-sulfonic acid

2.7 | 0.5 130 600

Nanologica 
(Glantreo

Eiroshell - 100 Å: naked silica, derivatisation upon 
request

1.7 | 0.15
2.6 | 0.4

130

Perkin Elmer Brownlee 
SPP

11 90 Å: C-18, C-8, phenyl-hexyl, 
pentafluorophenyl, RP-amide, HILIC

2.7 | 0.5

160 Å: C-18
Phenomenex Kinetex / 

Aeris
471 Kinetex 100 Å: C18, XB-C18, C8, phenyl-

hexyl, pentafluorophenyl, HILIC
1.3 | 0.2

1.7 | 0.23
2.6 | 0.35
5 | 0.67

200 1000

Aeris Peptide: C-18 1.7 | 0.22
3.6 | 0.5

Aeris Widepore: C-18, C-8, C-4 3.6 | 0.2
Sigma-Aldrich 
(Supelco)

Ascentis 
Express

16 90 Å: C-18, ES-C-18-peptide, C-8, phenyl-
hexyl, pentafluorophenyl, RP-amide, 
ES-cyano, HILIC, OH5

5 | 0.6
2.7 | 0.5

135 1000

160 Å: C-18

Thermo Scientific Accucore 67 80 Å: C-30, C18, amide-embeded C-18, 
C-8, C-4, phenyl-hexyl, phenyl-X, 
pentafluorophenyl, urea-HILIC, 
amide-HILIC, aQ

2.6
4

130 1000

150 Å: C-18, C-4, amide-HILIC

Waters Cortecs 6 90 Å: C-18, HILIC 1.6 | 0.24
#Data in this table was updated on September 2013
*The surface area values are referred to the 2.6 or 2.7 μm particles of each brand

Table 1. Commercially available core-shell columns for liquid chromatography and some of their most relevant characteristics. 
The number of application notes published by each manufacturer is also indicated
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ameter near between 150-300 Å is required as 
it ensures enough penetration of the molecules 
into the porous shell. This is why most manu-
facturers offer two separate lines of products, 
one with 80-90 Å pores and other with 150-300 
Å pores, each one intended to separate analytes 
within different molecular weight ranges. 

3.4.  Thermal conductivity
An important factor to be considered is the ef-
fective thermal conductivity of the columns 
packed with solid-core particles. A low thermal 
conductivity is responsible for the formation of 
radial temperature gradients into the column, 
what spoils their efficiency causing peak broad-
ening and even peak split. The thermal conduc-
tivity of core-shell particles is larger than the 
one of fully porous particles due to the presence 
of the highly conductive solid core (closer to the 
optimum value of 30-40 W/m/K). Thus, the heat 
generated at higher flow rates can be better dis-
sipated avoiding the appearance of such ther-
mal gradients, what improves the homogenei-
ty of the migration velocities of the molecules 
along the column, yielding narrower peaks [55]. 

Table 1 also shows the core-shell columns 
commercially available by the third quarter of 
2013, their trade-marks, particle sizes, porosi-
ties, chemical variations, some physicochemical 
parameters and applications notes developed 
by their manufacturers. Although still scarce, 
the developing interest on 5.0 μm particles is 
reflected on the growing number of columns 
being packed with this size of core-shell parti-
cles. This is due to the fact that they allow an 
immediate improvement of already-validated 
methods just by replacing classical 5 μm ful-
ly-porous columns, improving the efficiency, 
affording a similar load capacity and working at 
lower backpressures. This kind of packing ma-
terials have been proved to afford a minimum 
reduced HETP similar to that of a theoretical 
3.2 μm fully-porous particles but generating 

half the backpressure, or to be as efficient as 
second-generation monolithic columns while 
allowing working pressures up to 600 bar [56]. 
At the opposite end of the size range, the new-
est 1.3 μm core-shell particles have recently un-
veiled their striking performance by reaching 
peak capacities 20-40% higher than those of 1.7 
μm fully porous particles [57].

4.  Theoretical aspects of the chromato-
graphic behaviour in core-shell silica par-
ticles
Exhaustive and critical evaluation of the mod-
els and the equations employed to describe the 
mass transfer kinetics of the solutes in core-
shell particles have been reported [11,53,58,59]. 
The differences among the velocities of the 
molecules of the same analyte migrating along 
the column cause the broadening of the chro-
matographic peak, what leads to an increase in 
the height equivalent to a theoretical plate. The 
different causes accounting for peak broaden-
ing are modelled by the classical van Deemter 
equation (Equation 1, Figure 4). In this model, 
three different terms (A, B and C) sum their con-
tributions up to raise the HETP value (H) –it is to 
say, to decrease the column efficiency:

Equation 2 uses H and u in their reduced 
forms, h and ν, and is often employed with phys-
icochemical comparison purposes. From Equa-
tion 1 and Equations 10 and 12 on Table 2, it is 
clear that A-term and C-terms directly depend 
on the particle diameter and, therefore, the re-

= + +H A
B
u

Cu Eq. 1

ν
ν= + +h a

b
c Eq. 2

φ η=P
u L
dp

2 Eq. 3

Figure 4. 
(A) Agreement between the 

efficiency values experi-
mentally found, and the 

theoretically calculated ones 
after measuring the different 

parameters involved in the 
van Deemter equation for 

the separation of naph-
tho[2,3-a]pyrene on a 2.6 

μm Kinetex-C18 column. (B) 
Contribution of each param-

eter to the total HETP. [68]
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# Parameter, (symbol) Equation Variables

1 Dead time (t0)

Retention time (tR),  
=t

L
u0

0      
=t

L
uR

x

L: column length, u0: linear velocity of the mo-
bile phase for the dead time, ux: linear velocity 
of the analyte x into the column

2 Plate Number (N)

σ
= = 





N
L
H

t R
2 L: column length, H: Plate height

3 Plate Height or height 
equivalent to a theoreti-
cal plate (H)

σ= =H
L
N L

2 L: column length, N: plate number, σ2: variance

4 Variance (σ2)
σ = =

L w
t

L w

t4 2.354
2 b

r R

1
2

L: column length, σ2: variance, wb: width at the 
base, w½: width at half height, tR: retention time 

5 Plate Height or height 
equivalent to a theoreti-
cal plate (H)

σ= =H
L
N t

L
2

R
2

L: column length, N: Plate number, σ2: variance, 
tR: retention time

6 Plate Number (N)

=






=












N
t
w

t
w

16 5.54R

b

2

R

1
2

2 tR: retention time, wb: width at the base, w½: 
width at half height, 

7 Reduced Plate Height (h)
=h

H
dp

H: height equivalent to a theoretical plate, dp: 
particle size

8 Reduced Linear Velocity 
of the Mobile Phase (ν) ν =

u d
D

p

M

u: linear velocity of the mobile phase, dp: parti-
cle size, DM: diffusion coefficient of analytes in 
the mobile phase.

9 Van Deemter’s equation

ν
ν= + + = + +H A

B
u

Cu h a
b

c
H: height equivalent to a theoretical plate , u: 
linear velocity of the mobile phase

10 A-term of the van Deem-
ter’s equation

λ=A d2 p
A: diffusion eddy term, dp: particle diameter of 
the column packing material, λ: structure factor 
of the packing material

11 B- term of the van Deem-
ter’s equation 

γ=B D2 M
B: longitudinal diffusion term, DM: diffusion 
coefficient of analytes in the mobile phase, γ: 
constant related to quality of packing material 
(tortuosity/obstruction)

12 C- term of the van Deem-
ter’s equation

= +C C CS M
C: mass transfer resistance

13 Mass transfer resistance 
in the stationary phase 
(CS)

=C
f k d

D
( ') f

S
S

s
2 fS: function of the stationary phase, k’: retention 

factor, df: thickness of the film liquid coating on 
the stationary phase, DS: diffusion coefficient of 
analytes in the stationary phase

14 Mass transfer resistance 
in the mobile phase (CM) =C

f k d
D
( ') p

M
M

M
2 fM: function of the mobile phase, k’: retention 

factor, dp: particle diameter of the column 
packing material, DM: diffusion coefficient of 
analytes in the mobile phase

15 Pressure drop (ΔP)
φ η η

= =P
u L
d

u L
Kp V

2
0∆ ΔP: pressure drop, ϕ: flow resistance factor, L: 

column length, u: linear velocity of the mobile 
phase, η: mobile phase viscosity, dp: particle 
diameter of the column packing, KV: column 
permeability based on u0

16 Plate number (N) 

η
=







N
P K
u H
V

0

∆ N: plate number, ΔP: pressure drop, η: mobile 
phase viscosity, u0: linear velocity of non-re-
tained solute, KV: column permeability, H: 
height equivalent to a theoretical plate

17 Dead (void) time (t0)

η
=







t
P K
u
V

0
0
2

∆ t0: dead (void) time, ΔP: pressure drop, η: 
mobile phase viscosity, u0: linear velocity of 
non-retained solute, KV: column permeability

18 Colum permeability (KV) η=K
u L
PV ∆

u: linear velocity , η: mobile phase viscosity, L: 
column length, ΔP: pressure drop

19 Equation employed in 
kinetic plots (Desmet 
modification) 

η=






t
N P

H
KV

0
2

2

∆
t0: dead (void) time, N: plate number, ΔP: 
pressure drop, η: mobile phase viscosity, of 
non-retained solute, KV: column permeability, 
H: height equivalent to a theoretical plate

Table 2. Equations and parameters defined according to the classical chromatographic kinetic model
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duction of the size of the particles enhances the 
performance of the separation. Nevertheless, 
this leads to an immediate drawback: columns 
packed with smaller particles present a lower 
permeability and this causes higher backpres-
sures according to the Darcy’s law (Equation 3). 
It means that optimal flow rates for fully porous 
particles will generate backpressures several 
times higher in columns packed with sub-3 μm 
or sub-2 μm than in the case of 5 μm. Howev-
er, this can be bypassed by using superficially 
porous particles: the solid core increases the 
permeability of the chromatographic bed and 
as a consequence core-shell particles generate 
lower backpressures that fully porous particles 
of the same diameter [60]. As higher flow rates 
can be employed, this contributes to a reduction 
in the axial (longitudinal) diffusion component 
of the peak broadening, the B-term, in the van 
Deemter equation. Kirkland developed the core-
shell silica particles with the aim to reduce the 
diffusion path of the molecules into the pores. 
Actually, the intra-particle diffusion path in the 
core-shell particles is reduced in comparison to 
traditional totally porous particles, decreasing 
the C-term, although this reduction has been 
experimentally found to be much lesser than 
theoretically expected [16].

The combination of large efficiencies and 
resolutions with reduced backpressures is the 
consequence of several additive physical and 
chemical factors that are determined by the 
unique characteristics of superficially silica par-
ticles and their packing. 

The significant differences among the total 
porosities of the fully and superficially porous 
stationary phases induced to Gritti et al. [49] 
to consider the superficial velocity (uS) instead 
of the lineal velocity (u0) to calculate the HETP 
values in both types of stationary phases. The 
superficial velocity can be obtained from the 
product of the total porosity (ϵt) by the line-
al velocity. For molecules with low molecular 
weights, the minimum H value found in the van 
Deemter equation is lower in the case of super-
ficially porous than in totally porous stationary 

phases. At velocities faster than the optimum, 
the efficiency reached with core-shell particles 
is at least two times higher than those obtained 
using fully porous particles. This can be ex-
plained considering the effects of the core-shell 
structure on the A, B and C terms on the van 
Deemter equation (Figure 5).

The efficiency and kinetic behaviour of dif-
ferent columns packed with core-shell particles 
have been compared taking into account the 
particle size (1.7 μm, 2.6 μm and 2.7 μm). The 
influence of the inner diameter of the columns 
(4.6 mm and 2.1 mm) was also considered. Sur-
prisingly, the reduced plate heights were better 
in the case of 4.6 mm I. D. columns than for 2.1 
mm I. D. columns with the same kind of pack-
ing. The relative velocity biases were compara-
ble for both types of I. D. columns, and the dif-
fusion terms (A and B) were found to be greater 
for narrow-bore columns than in classical col-
umns of 4.6 mm inner diameter [61]. Other fac-
tors such as extra-column contributions, peak 
variances [62], band profiles, or frictional heat-
ing have also been evaluated and discussed.

More recently, the reproducibility of the ki-
netic performance have been studied on 2.1 mm 
and 4.6 mm × 100 mm columns packed with core 
shell particles manufactured by different com-
mercial suppliers. The A-term presents poor re-
producibility, possibly due to the difficulties in 
reaching the same packing procedure [63]. The 
relative standard deviations of this coefficient 
depend on the nature of the analytes (proteins 
and low molecular weight molecules) as well as 
the inner diameter of the columns. The columns 
with lower I. D (2.1 mm) present better repro-
ducibility for both types of analytes at highest 
reduced velocity. B-term is highly reproducible 
with very low relative standard deviations. The 
changes in the C-term are negligible in compar-
ison to the eddy diffusion coefficient [64].

4.1.  The A-term in the van Deemter equation
The A-term or eddy dispersion term reveals 

the differences of the analytes speed with re-
gard to the average velocity of the mobile phase 

Figure 5. 
Comparison of the van 

Deemter plots obtained by 
using different monolith, 

core-shell and fully porous 
columns. Note the larger 
slope of the plot at high 

flow rates (C-term-driven 
region) when a high molec-

ular weight compound is 
analysed (B), and how the 

minimum HETP values ob-
tained for 2.6 μm core-shell 

particles are similar to those 
of 1.7 μm fully porous ones. 

Taken from [79].
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due to the existence of different inter- and in-
tra-particle routes [65] (Figure 6).

Cabooter et al. have demonstrated that 
there is a strong relation between the particle 
size distribution and the quality of the packing. 
In most cases, the almost monodisperse parti-
cle size of the core-shell particles increases the 
overall column packing homogeneity, thus re-
ducing the A-term of the van Deemter equation 
(Figure 6A, Eq. 10 on Table 2) [66]. As a conse-
quence of this, a reduction of up to 20% in the 
A-term has been found in the case of core-shell 
particles [49].

The differences in the migration velocities of 
a solute between the centre and the wall of the 
column can be voltamperometically determined 
by means of appropriate microelectrodes. Such 
measurements showed that the velocity bias 
decreases for increasing analyte retention fac-
tors [67]. Similar studies of the bed of columns 
packed with core-shell particles (Halo-C-18 and 
Kinetex C-18) revealed a greater radial homoge-
neity for the Halo particles [68]. 

The decrease in the A-term of the van 
Deemter equation as consequence of the re-
duction either of the inter-channel or of the 
trans-column velocity biases were determined 
and remained unclear [69]. The experimental 
procedures for evaluating the trans-channel 
eddy diffusion, short inter-range eddy diffusion 
and trans-column eddy diffusion in totally and 
superficially porous particles have been deeply 
revised by these authors [70]. Several experi-
mental protocols have been applied to the de-
termination of the eddy diffusion for commer-
cially available core-shell silica columns [71]. 
The satisfactory performance of these columns 
has been shown to be due to their exceptionally 
low eddy and axial diffusions.

The influence of the shell porosity, the core-
to-shell ratio and the surface roughness have 
been found to be critical parameters affecting 
the homogeneity of the packing and thus to the 
A-term. Several authors have studied and dis-
cussed how the eddy diffusion is modified by 

these variables. Although results vary among 
different columns and manufacturers, an over-
all reduction in the eddy dispersion has been 
described for the core-shell particles compared 
to the fully-porous ones. Some of the most re-
markable findings on this issue include the 
difficulties to homogeneously pack sub 2 μm 
core-shell particles in narrow-bore columns, 
the existence of an optimum core-to-shell ra-
tio [72], the relevance of the roughness of the 
external surface of the core-shell [73], and the 
influence of the particle size on the quality of 
the packed bed (bigger core-shell particles are 
potentially more homogeneously packed) [74].

4.2.  The B-term in the van Deemter equation
The longitudinal diffusion process is caused 
by the axial diffusion of the analytes driven 
by their own gradients of concentration as the 
bands progress along the chromatographic bed. 
Higher flow rates minimize this effect (Figure 
7). As the higher permeability of core-shell 
packed columns allows working at faster flow 
rates, these columns achieve an important per-
formance enhancement with regard to totally 
porous particles showing B-term values around 
a 25% lower. This observation is suggested to 
come from the much shorter retention times, 
what hampers the axial diffusion [49].

Gritti and Guiochon found that in the case of 
superficially porous particles, the B-term is not 
a linear function of the distribution constant, K 
[70]. The reduced values (usually negligible) of 
the B-term can be explained considering that 
the axial diffusion does not proceed in the solid 
core. The volume of the solid cores in the col-
umn represents around 25% of the total column 
volume with important consequences in the de-
crease of the values of B-term. 

4.3.  The C-term in the van Deemter equation
C-term quantifies the mass-transfer resistances 
between the mobile and the stationary phase. 
In the case of totally porous particles, the in-
crease in the flow rates produces an important 
increase in the C-term. The decrease of C-term 

3.0 μm fully porous

2.7 μm core-shell

1.7 μm fully porous

A B

time

time

time

time

time

Figure 6. 
(A) Effect of the larger pack-
ing homogeneity afforded 
by the core-shell particles 
on the A-term of the van 
Deemter equation. (B) Differ-
ence in the intra-particle dif-
fusion between fully-porous 
and core-shell particles.
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and therefore the improvement in the perfor-
mance of the separation is consequence of the 
increase in the external surface area of the shell 
that eases the distribution of the molecules in-
side the particles allowing a rapid equilibrium 
of the analytes onto stationary and into mobile 
phases to be reached [75].

As with other of their characteristic, a part of 
the success of the core-shell particles to reduce 
the C-term takes the root in the way they are 
built. The layer-by-layer synthesis of the porous 
shell onto the solid core allows to produce large 
and homogeneous mesopores (300 Å) improv-
ing the mass transfer kinetics. The trans-particle 
mass transfer resistance coefficient results very 
low in the case of molecules with low molecular 
weight. In the case of proteins and peptides, the 
mass-transfer resistance depends principally 
on the accessibility of the mesopores and the 
openings of the pores placed on the external 
surface of the shells [69], which is also largely 
improved in wide pore core-shell particles.

In contrast with the general conviction, the 
mass-transfer resistance is quite small or negli-
gible for small molecules, either for fully porous 
or core-shell particles. This is why the reduction 
in the value of the C-term in core-shell particles 
with regard to totally porous is only significant 
in the case of high molecular weigh compounds 
and fast flow rates [69]. Biomolecules of high-
er molecular weights require specially synthe-
sized particles with larger mesopores to be able 
to penetrate into them [53], and more efficient 
separations are obtained for 160 Å pore size in 
comparison with 90 Å pore size for the same 
core-shell particles of 2.7 μm [76]. The structure 
of the external shells possessing large meso-
pores of (200 - 300 Å) facilitates the penetration 
of proteins into the stationary phase [54]. 

The experimental determination of the val-
ues of the C-term in columns packed with to-
tally and superficially porous particles has been 
carried out employing both small molecules 
and biomolecules. In the case of superficial-
ly porous silica, small peptides present lower 
mass transfer resistance on superficially (2.7 

μm) than in totally porous (3.0 μm) particles. 
The compounds with higher molecular weights 
(proteins) present low diffusivities, and thus 
they can reach the mass transfer equilibrium 
faster than in totally porous particles, yielding 
smaller C-terms than in traditional columns 
(Figure 8) [49]. 

The experimental values obtained for the 
C-term in Halo (2.7 μm, core-shell), Luna (3.0 
μm, totally porous) and Atlantis (3.0 μm, totally 
porous) were compared with the expected the-
oretical C-term values. Surprisingly, the C-term 
was found to be larger in the tested core-shell 
particles than in the conventional fully porous 
stationary phases. Nevertheless, the contribu-
tion of the A- and B-terms to the total value of 
H made the columns to show a better perfor-
mance [77]. 

The C-term is particularly reduced in the 
case of core-shell particles of 1.7 μm applied to 
the separation both low molecular weight com-
pounds and proteins. An improvement of 50% 
in the plate heights compared to the core-shell 

u1

u2

time

time

Figure 7. 
Illustration showing the 

effect of the velocity of the 
mobile phase on the axial 

diffusion.

Figure 8. 
Insulin is a good example of how the mass trans-
fer equilibrium of large molecules is remarkably 
improved by using core-shell particles (stars), as 

shown by the lower slope of C-term branch of the van 
Deemter plot. Taken from [49]. 
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particles of 2.7 μm was obtained by Fekete et 
al. [78]. Kinetex columns were compared with 
Ascentis Express core-shell columns and mon-
olithic columns showing the shortest analysis 
time and more efficient separations in a wide 
range of velocities. Moreover, Kinetex columns 
presented a low value and flat C-term for the 
separation of small molecules in comparison 
to the other core-shell or monolithic columns 
studied [79].

Proteins are interesting subject to study the 
mass transfer kinetics in core-shell particles 
also employing low-polarity stationary phases 
such as C-4 and C-18. The excellent mass trans-
fer characteristics of C-18 columns packed with 
superficially porous particles of 3.6 µm were 
compared to those obtained using C-18 fully po-
rous particles of 1.7 µm. The retention behaviour 
was a combination of the hydrophobic and ion 
exchange and hydrogen bonding mechanisms. 
The two last modes of interaction contributed 
to the band broadening, but it was found to be 
compensated by the good C-term [80].

5.  Other physicochemical and operation-
al advantages of fused-core silica particles

5.1.  The frictional heating
The percolation of the pressurized mobile phase 
through and into the pores of the stationary 
phase generates frictional heating. The adsorp-
tion-desorption of the solute from the bed of 
the column is also responsible for generating 
heat into the column. Such heat is unevenly 
distributed inside the packed bed because of 
two reasons: the mobile phase progressive-
ly increases its temperature while advancing 
along the column (generating an axial temper-
ature gradient), and the heat exchange mainly 
happens through the column’s wall (causing a 
radial temperature gradient). These gradients 
account for local differences in the viscosity of 
the mobile phase and, thus, different flow ve-
locities. The retention factor of an analyte also 
becomes inhomogeneous because it depends 
on the temperature. 

When temperature gradients are radial, dif-
ferent molecules of the same analyte will mi-
grate at different velocities and with different 
retention factors, depending on their distance 
from the column axis, what will ultimately con-
tribute to broaden the analyte band. Gritti and 
Guiochon have recently proved that the radial 
temperature gradient can be mitigated by op-
erating the column in an insulating (with low 
heat absorption capacity) environment, such as 
still air. On the contrary, a media with a larger 
conductivity (i. e. water bath) drains the heat 
and hampers reaching a thermal equilibrium, 
increasing the magnitude of the radial temper-
ature gradient, and consequently boosting the 
negative effects of the frictional heating on the 
separation, particularly at higher flow rates [81]. 

The van Deemter equation can be modified 
to take into account the effects of the frictional 
heating on the efficiency, by adding its contri-
bution to the plate height (Eq. 4), being hheat the 
contribution of the thermal heterogeneity of the 
packed bed. Gritti and Guiochon determined 
the frictional heating for columns packed with 
totally and superficially porous silica of 1.7 μm 
[82]. The experimental results obtained are in 
agreement with those derived from theoretical 
considerations and they have shown that fric-
tional heating is significantly lower in the case 
of superficially silica particles in comparison 
with the totally porous particles. In connection 
with this behaviour, the efficiencies obtained at 
different flow rates (0.2-1.10 mL min-1) are 1.5 to 
5 times higher for the core-shell silica particles 
than for the totally porous particles. 

Other comparative study of different col-
umns (2.7 μm core shell, 1.7 μm core shell and 
1.7 μm fully porous) showed that columns 
packed with core-shell particles are much more 
efficient in heat dissipation that the totally po-
rous ones. These effects can be explained on the 
basis that the solid core, which has a much bet-
ter thermal conductivity that the porous silica, 
represents around 40% of the particle volume 
and about 25% of the total volume of the col-
umn, thus affording its characteristic high ther-
mal conductivity to the porous shell stationary 
phases [83].

A recent paper came to the conclusion that 
the role of frictional heating is almost negligi-
ble when short, narrow-bore columns are em-
ployed, even when high pressures are generated 
by a packed bed of core-shell particles as small 
as 1.3 μm, because the heat dissipation power of 
the column is directly related to its dimensions 
[57].

5.2.  The backpressure
One of the most outstanding advantages of the 
core shell particles is in connection to their 
much lower working pressure compared to 
the small, fully porous particles yielding sim-
ilar efficiencies. As we have discussed before, 
very small particles should afford smaller H 
values according to the van Deemter equation, 
what means superior efficiencies. Nevertheless, 
Darcy’s law indicates that such small particles 
should also dramatically increase the resistance 
of the column. That would raise the working 
pressure causing a drop in the efficiency due to 
the frictional heating, as mentioned before. 

The lower backpressures allow to use highly 
viscous organic/aqueous mixtures or analysing 
complex matrices or analytes (bio- and mac-
romolecules) [84]. In HILIC separations, it has 
been demonstrated that the working backpres-
sures with 2.7 μm core-shell particles can be up 

ν
ν= + + +h a

b
c hheat Eq. 4
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to two times lower than those obtained with 
1.7 μm fully porous particles, in columns of the 
same length and diameter, but sometimes at the 
expense of a certain loss in the efficiency [85]. 
Anyway, a progressive diminution in the parti-
cle diameter cannot ensure an increase in the 
efficiency. According to Carr et al. [1], the use of 
particles smaller than 1 μm will not be useful 
as it will require very narrow capillaries for the 
separations. 

6.  Performance and resolution of ana-
lytes chromatographied on superficially 
porous stationary phases
The van Deemter equation is a good model to 
define the column efficiency in absolute terms. 
Nevertheless, in the past years, the use of ki-
netic plots to explore the columns’ efficiencies, 
and particularly to compare efficiencies among 
different columns, is becoming the most wide-
spread choice. Kinetics plots represent how a 
column performs by relating its efficiency to 
the time needed to achieve it, for a certain lim-
iting working pressure. This constitutes a better 
approach to study the practical performance of 
the column within an analytical scope.

One of the most popular kinetic plots is the 
Poppe plot. It consists of a representation of the 
separation speed vs. the number of theoretical 
plates (t0/N vs. N) [86]. The modification intro-
duced by Desmet (plotting t0/N

2 vs. N and re-
versing the scale of the axes so the plot looks 
more like a conventional van Deemter equa-
tion) is also frequently employed [87] (Figure 9). 

Theoretical considerations concerning the 
extrapolation of kinetic plots from isocratic to 
gradient elution have been critically discussed 
and experimentally validated on traditional 
C-18 and core-shell C-18 particles as station-
ary phases [88]. Comparison of kinetic plots 
for monolithic, superficially and totally porous 
particle columns shows that the best time of 
analysis allowing to achieve a high efficiency 

and at certain backpressures depends on the 
characteristics of the column. Thus, at 1000 bar, 
a 1.7 μm totally porous column provides similar 
performance than a 2.7 μm core-shell column 
working at 600 bar. The best performance for 
the monolithic column is reached at 200 bar 
[89]. Brice et al. came to analogue conclusions 
[90]. These authors compared the separation 
times, linear velocities and backpressures gen-
erated on monolithic, totally (1.7 μm) and su-
perficially (2.7 μm) porous columns. Also, they 
studied the influence of pH on the stability of 
the stationary phase as well as on the separa-
tion. In the case of monolithic columns, pH had 
to be kept around 7. This fact constrained its ap-
plicability and leaded to longer time of analysis. 
The performances and kinetic plots for super-
ficially porous and monolithic columns were 
higher in the case of monolithic column than for 
the columns packed with superficially porous 
particles, however the values obtained for the 
terms in the van Deemter equation were better 
in the case of core-shell particles [91].

The study of the kinetic performance of dif-
ferent columns packed with superficially and 
totally porous particles shows the significance 
of the thickness of the shell. In a paper which 
studied different 1.7 μm and 1.8 μm core shell 
and fully porous particles, the highest efficien-
cies were achieved with the particles possessing 
the thinnest porous shell. This work also under-
lined the contribution of the extra-column vol-
ume to the band broadening, being more affect-
ed the compounds with retention factors under 
1 [72]. The narrow distribution of the particle 
diameter was found to be a critical variable to 
reach better efficiencies. The narrowest particle 
distribution was obtained for EiS-150-C-18 fol-
lowed by Kinetex-1.7 μm-C-18.

Shaaban et al. have recently compared the 
efficiency, selectivity and resolution of the sep-
aration of pharmaceutically interesting com-
pounds using totally (1.8 μm) and superficially 
porous particles (2.7 μm) [92]. The optimum 

Figure 9 
Example of a kinetic plot 

according to Desmet’s 
modification. The similarity 

to a van Deemter plot makes 
easy to find the best kinetic 

efficiency point, achieved 
by the core-shell particles at 
around 30 000 plates. Taken 

from [89].
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flow rates were similar in both columns, but the 
maximum flow rate was 2-3 folds higher in the 
case of the core-shell particles, thanks to the 
lower backpressures (32%) developed by the 
core-shell stationary phases. The efficiency of 
the separations afforded similar values (25 000 
plates) in both cases. The resolution and reten-
tions were also comparable but slightly higher 
in the case of the totally porous particles. An 
important conclusion is about the connection 
of two columns to increase the total column 
length. Such setup was expected to increase 
both the backpressure and the efficiency of the 
system. Although fully porous particles behaved 
as expected, the tandem connection of more 
than one core-shell column achieved a raise in 
the efficiency fairly larger than in the pressure. 
Cunliffe et al. described how good efficiencies at 
low back-pressures, with only a slight sacrifice 
in peak efficiency, could be reached in the sepa-
ration of benzene, toluene and naphthalene un-
der isocratic and gradient elution by using 2.7 
μm superficially porous particles instead of 1.8 
μm totally porous [93].

Another useful procedure to compare the 
performance of totally and superficially porous 
particles is analysing the N/pressure ratio us-
ing the experimental values corresponding to 
the plate height minimum. This quotient is 2-3 
times higher for the columns packed with core-
shell particles than for columns packed with 
totally porous particles of 1.7-1.9 μm. This fea-
ture makes them very suitable to be employed 
in conventional instruments operating at high 
mobile phase velocities achieving a notable per-
formance enhancement [94].

7.  Retention, selectivity, loading capacity 
and peak capacity on superficially porous 
stationary phases
The reduction of the particle size also affects to 
the chemical interactions between analyte and 
stationary phase, and thus the retention factors 
and overall separation will become affected. 
One of the methodologies useful to study such 
differences is the so-called carotenoid test. This 
test has been applied to study the effect of the 
particle size and the chemical behaviour of the 
stationary phases within a large number of com-
mercial columns packed with totally and super-
ficially porous silica [42,95]. The differences in 
the chemical surface properties of core-shell 
phases should be considered to provide better 
selectivity and retention. The core-shell parti-
cles also presented lower hydrophobic character 
than the corresponding totally porous columns, 
what has been explained considering the lower 
specific surface area of the superficially porous 
particles. The retention factors and the elution 
order became modified as a consequence of the 
variation of the chemical nature of the hydro-
phobic stationary phases. In comparison to C-18 
or C-8, phenylhexyl stationary phase presented 
higher polar surface activity and showed higher 
selectivity.

The selectivity obtained for 2.7 μm core-shell 
particles and totally porous sub-2 μm particles 
can be considered similar, but columns packed 
with core-shell particles provided considerably 
enhanced selectivity profile [96]. It was also ob-
served that superficially porous particles yield-
ed lower retention factors, what was explained 
considering the lower accessible surface area 
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Figure 10. 
(A/B) Adsorption isotherms 
of phenol measured on 
fully-porous and core-shell 
columns. Note that the ad-
sorption capacity per surface 
unit is quite similar for both 
columns (A) but in the core-
shell particles it drops to less 
than a half when expressed 
per mass unit (B). (A/B) 
Taken from Gritti & Guiochon 
(2007), Journal of Chro-
matography A, 1176 (1-2), 
107–122. 
(C/D) Overload effect on 
peak shape and area for a 
core-shell (C) and a fully-po-
rous (D) column. (C/D) from 
[98].
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due to the lower carbon loading in the case of 
the core-shell stationary phases. The carbon 
loading percentage also explains the lower (≈ 
25%) loading capacity of the superficially po-
rous particles with regard to those observed for 
totally porous sub-2 μm particles. 

From a physicochemical point of view, the 
overloading phenomenon happens when the 
concentration of the analyte is locally higher 
than the adsorption capacity of the stationary 
phase, it’s to say, the concentration is above the 
linear region on the adsorption isotherm. This 
means that the amount of a certain analyte ex-
ceeds the limits of what the stationary phase is 
able to effectively separate. It is often shown as 
strongly asymmetrical peaks in the chromato-
gram. Under extreme overload conditions, the 
apparent retention factors could seem altered 
[97]. Two variables constraint the loading ca-
pacity of a certain stationary phase: the specific 
surface area and the carbon load (Figure 10A).  

The loading capacity of a column is a rele-
vant issue on superficially porous particles be-
cause the reduction in the porous fraction of the 
particle with regard to the totally porous parti-
cles decreases the amount of sample that can be 
appropriately retained and separated onto the 
column. The most efficient columns happen to 
be the most strongly affected by peak overload-
ing. Gritti and Guiochon [98] developed a meth-
od to allow accurate comparison of overloading 
behaviour among different columns, including 
core-shell and fully-porous particles (Figure 
10B). The proposed methodology involved the 
integration of the first and the second central 
moments of the thermodynamic band profiles 
in order to calculate the thermodynamic contri-
bution to the efficiency evaluated as HETP. 

Depending on the manufacturer and the size 
of the particles, the porous volume constitutes 
from two thirds to three fourths of the total vol-
ume of the particles (75% for HALO, 61% Kine-
tex). Important differences in the overloading 
behaviour were found depending on the chem-
ical characteristics of the analytes. Neutral ana-
lytes did not exhibit overload in comparison to 
charged analytes for the same type of column 
[99]. The loading of acid or basic ionisable com-
pounds can be particularly problematic on the 
basis of the chemistry of the bonded phase and 
due to the smaller porous volume of the core-
shell particles. The results by Fallas et al. [100] 
showed that columns with the same bonded 
chemistries but exhibiting differences in the 
porosities of the stationary phases presented 
similar loading capacity, even if they were sup-
plied by different manufacturers. The capacity 
was increased for ionisable compounds at low 
pH values and at high buffer concentrations, 
however the use of formic acid or other low 
ionic strength buffers exerted a very poor per-
formance enhancement, so their uses were ad-

vised only when mass spectrometry detection 
was employed.

Peak capacity is a magnitude of special rel-
evance in the case of complex samples contain-
ing a large number of compounds. This concept 
should not be confused with the number of 
compounds separated and can be defined as the 
maximum number of peaks that can be inserted 
into a given chromatographic space with a reso-
lution of 1.0 for all adjacent peaks [101]. There-
fore, the peak capacity should be constant inde-
pendently of the linear velocity. When the peak 
capacities of core-shell columns (Halo C-18 and 
Kinetex C-18) were compared with a totally po-
rous BEH C-18 (1.7 μm) it was observed that, at 
low linear velocities, all three columns showed 
similar peak capacities for the separation of 
proteins. However, at higher flow rates Kinetex 
column maintained its performance and even 
enhanced its peak capacity with regard to the 
two other columns [102]. Peak capacities and 
efficiencies have been also compared under fast 
gradient elution for totally (1.7 μm) and superfi-
cially porous (2.7 μm) silica as well as for mon-
olithic columns. The peak capacities were in the 
range of 27-30 for all of the columns studied. 
The monolithic columns with smaller I. D. pre-
sented the lowest peak capacity, efficiency and 
back pressures [103,104].

Vaast et al. [105] compared the peak capac-
ity of monolithic, totally porous (3 μm) and su-
perficially porous (2.7 μm) columns for the sep-
aration of proteins under gradient elution. The 
highest peak capacity was obtained for mono-
lithic columns and this result can be attributed 
to the smaller peak widths compared to both 
fully and superficially porous particles. It seems 
to be the consequence of the large permeability 
of the monolithic columns, around 40% higher 
than the core-shell particles columns. For ster-
oids, peak capacities from 130 to 150 were ob-
tained with totally porous particles of 1.7 μm 
as well as for core-shell particles. A drop in the 
peak capacity near to 120 was observed in the 
case of the monolithic columns [89]. Columns 
packed with totally porous (1.7 μm) and super-
ficially porous particles (2.7 μm) presented very 
similar peak capacities, as the peak capacity was 
enhanced for columns with totally porous par-
ticles of 1.5 μm [106]. This means that a small 
increase in the particle diameter dramatically 
affects to the peak capacity for totally porous 
stationary phases.

The effect of pH and temperature on the 
kinetic performance of the separations of pep-
tides has been also studied. The increase of 
temperature favours the efficiency with all of 
the different mobile phase modifiers employed. 
Among the different acids (formic, acetic and 
trifluoroacetic acids as well as their correspond-
ing ammonium salts) the best efficiencies and 
peak capacities were obtained in the presence 
of ammonium acetate [107].
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8.   Reduction in analysis time and sol-
vent consumption using fused core silica 
packed columns

One of the most important goals achieved by 
means of columns packed with core-shell parti-
cles is the reduction in the time of analysis per 
run and consequently in the volume of wastes 
generated (Figure 11). The comparison of a 
conventional column (C-18, 5 μm, 2.1 mm × 50 
mm at 0.4 mL/min) with a superficially porous 
column (C-18, 2.7 μm, 2.1 mm × 20 mm at 1.0 
mL/min) proved a notable reduction in the total 
run time from 4.7 min to 1.80 min, with a nice 
resolution and performance. The time reduction 
achieved (up to 0.90 min) could be higher in the 
case of using flow rates of 3.0 mL/min with the 
column packed with core-shell particles. This 
important reduction is consequence of the low-
er operating pressures [108].

Time of analysis, peak capacity and kinetic 
plots have been employed to evidence the influ-
ence of the temperature (from 30 to 90 ºC) on 
the separations of peptides and proteins (my-
oglobin, lactoglobulin, casein...) comparing 5.0 
μm and 1.7 μm totally porous particles, 2.7 μm 
superficially porous particles and monolithic 
columns. A notably shorter time of analysis was 
obtained by increasing the temperature from 
30 to 60 ºC. Promising results were obtained 
for 1.7 μm-totally porous and 2.7 μm-core-shell 
particles compared to traditional or monolithic 
columns [109].  By using a core-shell column to 
carry out the separation of a mixture of NSAIDs, 
DeStefano et al. needed half the time employed 
with a totally porous column while achieving a 
60% efficiency enhancement [74].

Time of analysis and performance were crit-
ically studied and compared on the basis of the 
chromatographic behaviour and Poppe plots of 
the results obtained on C-18 1.7 μm totally po-
rous and 2.7 μm-superficially porous particles 

as stationary phases [110]. Ultrafast separations 
(2-3 min) of aryl-cetones mixtures were carried 
out. The efficiencies of both stationary phases 
were comparable, however considerably lower 
pressures and shorter analysis times were re-
quired in the case of core-shell particles. Core-
shell columns outmatch the efficiency of sub-2 
μm totally porous columns at longer analysis 
time because of the reduction in the longitudi-
nal diffusion and the larger particle size. 

McCalley [111] compared the efficiency of 
HALO silica columns in HILIC and obtained a 
50% reduction in the time of analysis with re-
gard to totally porous particles. Besides, the 
serial connection of three 5 cm HALO silica col-
umns allowed to achieve similar run times than 
traditional columns, reaching 4 times higher 
efficiencies.

Due to the low pressures generated by the 
columns packed with core-shell particles, the 
peak capacity can be maximized by coupling 
two or more columns packed with superficial-
ly porous particles. This configuration provid-
ed quantitative examples of separation saving 
time (46%) and solvents by operating at 1200 
bar [112]. The performance enhancement de-
rived from the work with parallel and serially 
connected multi-column is described [113]. 

Shorter run times allowed to analyse more 
samples per time unit. Gradient elution is rou-
tinely employed in chromatography with the 
disadvantage of requiring re-equilibration time 
of the column. The re-equilibration time has 
been determined and studied in C-18 columns 
of superficially porous particles (Halo, Kinetex, 
Poroshell), and it was found to proceed quickly, 
with less than three column volumes of condi-
tioning solvent. The use of a pressure raise is the 
simplest method to obtain a faster re-equilibra-
tion. The greater pore diameter of the superfi-
cially porous stationary phases makes possible 

Figure 11. 
Separation of several 
non-steroidal anti-inflamma-
tory drugs using core-shell 
and fully-porous particles. 
A noticeable reduction in 
the time of analysis and an 
increase of the efficiencies 
expressed as number of the-
oretical plates are achieved. 
From [74].
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to increase the pressure to drive the aqueous 
phase into the particles [114].

A great number of papers devoted to the 
applications of the core-shell particles for the 
analysis of interesting compounds described 
the important reduction in the time of analysis 
(up to 4 times lower) as well as in the solvent 
consumption. Most of them are compiled in the 
Analytical Applications Section.

9.  Brief remarks about the LC instru-
ments employing columns packed with 
core-shell silica particles 
As shown before, the use of core-shell particles 
as stationary phases notably increases the effi-
ciency of the chromatographic separations. The 
number of theoretical plates can be multiplied 
by 3 - 10 times with regard to the traditional 
stationary phases. Efficiencies comparable to 
those obtained working with UHPLC instru-
ments, but requiring lower working pressures, 
lower solvent consumption and shorter analysis 
times [115]. However, the optimum separation 
performance of these columns cannot be achie-
ved if extra-column peak broadening is taking 
place in other elements of the system.

The efficiency loss experienced by core-shell 
particles when used on non-optimized HPLC 
system has been studied and quantified (about 
30-55%) with commercially available chroma-
tographs [116]. Several strategies have been 
proposed to overcome these problems [117]: 
shortening the connection tubes (pumps-col-
umn-detector), reducing the internal diameter 
of the tubing (0.12 mm I. D.), using small vol-
ume loops (1-5 μL), decreasing the needle seat, 
and replacing the detectors’ cell from few μL to 
the range of nL are some of the modifications 
employed to boost the capabilities of conven-
tional HPLC systems. All of these modifications 
are devoted to increase the efficiency and per-
formance of the separations by reducing the ex-
tra-column volume [94,105,117].

Additional peak dispersion can be associat-
ed to the design or volume of the auto-injector 
[118]. The column end-fittings and the column 
frits also showed to affect to the shape of the 
peaks causing band broadening and peak tail-
ing leading to loss in the efficiency. The optimi-
zation of connections and fits in the different 
components ant tubes of the LC equipment does 
not only reduce the band spreading but also af-
fords the additional advantage of reducing sol-
vent consumption [119]. 

Alternatives to conventional injection sys-
tems have been proposed for controlling the 
dispersion of the chromatographic bands. Se-
quential injection analysis (SIA) consisting of 
an eight-port selection valve to program and 
control the flow of the solvents involved in the 
chromatographic separations has been success-
fully applied to the quantitation of four estro-
gens with C-18 columns packed with core-shell 
particles. The efficiency and reduction in the 
analysis time was discussed in comparison to 
those obtained by using longer monolith col-
umns [120]. POISe (Performance Optimizing 
Injection Sequence) is also an injection mode 
designed to reduce the band dispersion. This 
injection technique is not strictly speaking an 
instrument modification but an operational 
procedure, and it affords significant benefits to 
the performance of the separations. It consists 
of injecting a constant volume of weak solvent 
after the sample with the aim to “focus” (con-
centrate) the analytes at the head of the column 
by temporarily increasing their retention fac-
tors during the sample loading. The efficiencies 
obtained by using this methodology with differ-
ent columns packed with superficially and fully 
porous particles have described and discussed 
[121].

A recent article [122] reviews most of the 
improvements that can be implemented to 
tune-up existing HPLC systems to achieve UH-
PLC-like separations by using columns packed 

Figure 12. 
Volume of solvent employed 

to analyse 100 samples 
expressed as a function of 

the flow rate, compared to 
a reference method using 
a monolith column (black 

circle). From [253].
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with core-shell particles at a fraction of the 
investment needed to purchase a new UHPLC 
chromatograph. 

10.  Analytical applications using core-
shell particles columns
As shown in Figure 1, in the 2009-2012 period, 
the number of papers describing analytical ap-
plications of the core-shell columns has dou-
bled yearly, and that pattern seems to continue 
also in the on-going 2013 year. Such increase 
arises from the interest of researchers working 
on diverse fields to take advantage of the at-
tractive analytical features of this class of col-
umns in terms of efficiency, sensitivity, time of 
analysis and solvent consumption as reviewed 
before. Furthermore, the fact that most of these 
columns can be successfully operated in con-
ventional non-UHPLC systems with excellent 
performance has pushed in the direction of the 
core-shell particles to many researchers that 
were unable to adopt the sub-2 μm technology 
due to budget restrictions.

These columns are becoming widely em-
ployed in almost any analytical field. Many of 
the published applications compare the analyt-
ical performance of fully-porous vs. core-shell 
columns, and how the use of the new column 
technology allows improving the analytical out-
come with little method development.  Litera-
ture describes applications of core-shell parti-
cles for quantitation of compounds of diverse 
analytical interest, in different matrices, with 
various pretreatments, and making use of a va-
riety of detectors. 

From the side of manufacturers, they are 
making a huge effort to be the first to provide 
analysts with new core-shell stationary phas-
es of assorted particle diameters and bonded 
chemistries affording different retention mech-
anisms. They are also continuously making 
available new analytical methodologies that re-
searches can access as application notes to serve 
as a basis for their own method development. 
The number of application notes electronical-
ly available on the websites of representative 
manufacturers is shown in Table 1.

Other than the change in the column, most 
of these methods make use of well-known pre-
treatments strategies, mobile phases and detec-
tion methods. Thus, some characteristics can be 
outlined as the most frequently shared among 
the reviewed papers: 1) pretreatment usually is 
carried out by deproteinization, LLE, SLE or SPE; 
2) gradient elution is the most common one, 
usually using formic or acetic acid-containing 
acetonitrile/water mixtures; 3) C18 is, by far, 
the most widely employed stationary phase, 
although PFP is becoming increasingly popular; 
4) UV-Vis (mainly DAD) and MS are the pre-
ferred detection techniques. 

In this section, we try to give an overview of 
the variety of uses that core-shell columns have 
been applied to in the recent years. Below can 
be found a selection of recently published an-
alytical applications that make use of this col-
umn technology, grouped by the nature of their 
main analyte of interest. For additional summa-
rized information of every paper (analytes, kind 
of sample, pretreatment, column details, mobile 
phase, detection and special remarks), readers 
are referred to Table 3. This should be useful as 
a starting point in the solving of analytical chal-
lenges taking advantage of core-shell particles 
columns.

10.1.  Analysis of drug molecules 
Drugs outstand among many other analytes be-
cause they are a subject of attention not only 
from the pharmacological point of view (along 
the many steps of the development of new 
medicines, in finished-product control or in pa-
tients), but also as illicit substances (sports or 
veterinary abuse) and pollutants in the environ-
ment. 

The need for drug quantitation starts at the 
earliest steps of their development. Methods to 
analyse naproxcinod [123] and atazanavir [124] 
in degradation studies using core-shell columns 
were fully validated. Kawano analysed impu-
rities in streptomycin [125], and a 2D method 
[126] was developed to detect several impuri-
ties in drug products. Cellular matrices are also 
of interest during in vitro biological assays and 
the quantitation of several drug candidates on 
Caco-2 and hepatocytes [127] using 40 μm con-
trolled surface porosity particles was one of 
the earliest applications described. Paclitaxel 
has been independently analysed [128] in dif-
ferent intracellular compartments. Due to the 
frequent use of animals in preclinical studies, 
applications of core-shell particles to pharma-
cokinetics studies have been developed. Imipra-
mine and desipramine [129] were quantified in 
rat plasma with improved figures of merit when 
compared to 5 μm fully porous particles. Several 
other methods analysed swertiamarin [130], an 
arginase inhibitor [131], protein kinase inhibi-
tors [132] and sinafloxacin [133] in rat serum; 
and rimonabant [134] in mouse plasma, all of 
them with excellent results. 

Human blood is one of the most relevant 
matrices to investigate the presence of drugs. 
Therefore, methods have been optimized for the 
monitorization of carbapenems [135], carbopla-
tin [136], (S)-(+)- and (R)-(−)-ibuprofen [137], 
eletriptan [138], clopidogrel [139], GABA deriv-
atives [140], 3-nitrotyrosine [141], and several 
drug diastereomers [142] in plasma with ex-
cellent validation results. Theophiline and sev-
eral metabolites were analysed in whole blood 
[143] and the content of atenolol [144], protein 
kinase inhibitors [145] and a cyclosporine [146] 
in dried blood spots were also determined using 
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core-shell particles columns. Other body fluids 
and tissues were also studied. Mazzarino [147], 
developed a fast screening method to analyse 
the presence of a panel of doping substances in 
urine. β-adrenergic agonists and blockers have 
been chirally differentiated by using 2D chro-
matography with non-chiral core-shell HILIC 
columns on the first dimension [148]. Andro-
genic steroids were also determined in urine 
with improved time of analysis [149]. A recent 
application describes the use of fused-core col-
umns in both dimensions for column-switching 
HPLC of propranolol in urine [150]. Packed sorb-
ent microextraction and on-line SPE were suc-
cessfully applied as pretreatment for the quan-
titation of several NSAIDs [151] and quinolones 
[152] respectively, in this matrix. Oral fluid was 
examined for cannabinoids [153,154] and hu-
man hair for benzodiazepines and “z-drugs” 
[155] using core-shell columns. Several pro-
tein kinase inhibitors [156] were quantified in 
serum with a remarkable enhancement over a 
previously described method that employed 
fully porous columns. 

In the case of pharmaceutical preparations, 
penicillins have been quantified in injectable 
suspensions [157], cytarabine, methotrexate 
and ethylprednisolone in intrathecal solutions 
[158]; betamethasone-17-valerate and impuri-
ties in an ointment [159], and aspirin and ator-
vastatin in capsules [160]. 

Core-shell columns have been applied to 
the detection and quantification of drugs and 
metabolites in foodstuffs. Toltrazuril metabo-
lytes were successfully analysed in meat [161]. 
Penicillins and amphenicols [162] exhibited im-
proved figures of merit compared to fused core 
and monolithic when analysed in milk. This 
matrix was also investigated for sulphonamides 
[163] using a nano-LC format. Chloramphenicol 
was quantified in several matrices (egg, honey 
and milk) [164], and β-agonists and blockers 
[165] have been investigated in animal feeds. A 
fully validated method for sulfamides in honey 
shortened the analysis time and was employed 
in a national monitoring program [166]. Nitro-

imidazole antiparasitics [167] and lincomy-
cin [168] have been analysed in plasma, milk, 
muscles, eggs, honey and feeds with very short 
analysis times. Sulfonamides [169] could be 
quantified in animal feeds with better figures of 
merit than methods using fully porous particles. 
Methods achieving improved performance and 
shorter analysis times have been developed for 
drugs in animal tissues from grass carp [170], 
cows [171] and pigs [172].

From the environmental point of view, tur-
tle tissues were investigated for chloramphen-
icol [173], and water samples [174,175] were 
successfully screened for top-prescribed drugs 
with minimum solvent wastes. 	

Not only pharmacologically active com-
pounds, but also excipients and preservatives 
were subject to analysis employing core-shell 
columns. Some examples include the quantifi-
cation of polysorbates and polyethylene-glycol 
in protein-containing solutions with conden-
sation nucleation light scattering detection 
[176,177], the analysis of mixtures of methylat-
ed cyclodextrins with better results than mon-
olithic columns [178] and the analysis of para-
bens in hygiene wipes [179] using narrow-bore 
columns.

10.2.  Analysis of vegetal metabolites

Plant metabolites are widely exploited in me-
dicinal preparations and foodstuffs for their 
therapeutic and functional properties. They 
have also found its place when it comes to cer-
tifying the identity of raw or processed vegetal 
materials by means of vegetal metabolic finger-
printing.

Carotenoids have been separated in bidi-
mensional liquid chromatography using core-
shell particles columns in the second dimen-
sion [180]. Flavonoids were analysed (Figure 
13) using different arrangements [181,182], but 
among them it is specially remarkable the hy-
phenation of CPC-Evaporative Light Scattering 
Detector (CPC-ELSD) with High Performance 
Liquid Chromatography-UV [183]. Another 

Figure 13. 
Chromatograms obtained 

from the separation of a 
complex mixture of flavo-

noids using both a 100 mm 
long monolith (blue line, 3 

mL min-1) and a 50 mm long 
core-shell C18 column (red 

line, 2 mL min-1). Observe 
the reduction in the solvent 

consumption and analysis 
time, while improving the 

efficiency and resolution of 
the analysis. From [183].
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work also used ELSD with HILIC core-shell col-
umns for betaine detection [184]. 

Vegetal metabolic fingerprinting has also 
found a useful companion in improved sepa-
rations using core-shell particles. Isoflavones 
[185], saikosaponins [186], chromones and cou-
marines [187] have all of them been used with 
batch origin certification purposes. Raw vegetal 
materials [188] and tinctures [189] were ana-
lysed with this purpose employing core-shell 
particles achieving performance comparable 
to UHPLC columns, and using simple pretreat-
ments such as dilution or ultrasound-assisted 
SLE. Complex traditional Chinese medicines 
have also been characterized by using these 
columns [190] and MS with dynamic multiple 
reaction monitoring. 

Atropine and scopolamine [191], ginseno-
sides [192] or phloroglucinols [193], are other 
few examples of natural products for which 
HPLC analysis using core-shell columns has 
been described. A work by Wang took recently 
advantage of multivariate analysis to study the 
content of phorbolesters in plants [194]. The 
influence of the temperature on the quantifica-
tion of saponins using fused-core columns has 
been depicted [195]. 

Faster separations with higher simple 
outputs and improved figures of merit were 
achieved by means of fused-core columns in the 
analyses of anthraquinones and naphtha-γ-py-
rones [196], caffeoylquinic acid derivatives 
[197], and other various plant metabolites [198].

Heads, leaves, roots or fruits, either raw or 
dried, were investigated. Heat reflux, ultra-
sounds or microwave assisted extraction were 
the preferred techniques for sample pretreat-
ment. 

Foodstuffs are also a complex matrix were 
plant substances need to be quantified. Juices 
[199,200] have been investigated for flavonoids 
and anthocyanines. A determination of phenolic 
compounds in olive oil three folds shorter than 
traditional methods [201] and triacylglycerols 
in several vegetable oils [202] including appli-
cation to predict the botanical origin [203] have 
also been reported. Seicoiridoids from differ-
ent olive oils have been recently identified and 
quantified [204]. More complex samples such 
as canned artichoke [205], soy-containing food-
stuffs [206] and several drinks [207] have also 
been examined.

Polyphenols have been analysed in tea bags 
by using nano-liquid chromatography and cap-
illary columns packed with core-shell particles 
[208,209]. Several resources such as bidimen-
sional chromatography (Figure 14) [210] or 
multiwalled carbon nanotubes as sorbent for 
online solid-phase extraction [211] have been 
employed in combination with core-shell col-
umns for investigation of vegetal metabolytes in 
foods. By using this technology, versatile meth-
ods valid for different matrices have been also 
developed [212]. 

Various other samples have been reported. 
Dugo worked on the separation of all oxygen 
heterocyclic components present in differ-

Figure 14. 
Because of their high peak 
capacity and separation 
speed, core-shell particles 
perfectly fit the demands 
of the second-dimension 
separation on 2D-chroma-
tography. This figure shows 
an example applied to the 
separation of a mixture of 
antioxidants. Second-di-
mension run times as fast as 
0.45 min are achieved with 
a short and narrow 2.7 μm 
core-shell particles column. 
Taken from [210].
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ent Citrus sp. scents [213]. Sera from rat [214] 
and humans [215] were analysed in very short 
times, and sequential injection chromatography 
was applied to the quantitation of neat samples 
[216] by using core-shell column technology. 
Environmental samples such as soils and wa-
ter were also processed for further analysis in 
search for artemisinin, dihydroartemisinin, and 
artemether [217].

10.3.  Pollutants and contaminants
Xenobiotics pollutants can reach human or-
ganism through different ways. Wode analysed 
the presence of 72 pollutants of diverse origin 
in aqueous samples [218] coupling on-line SPE 
to liquid chromatography employing core-shell 
particles. Urban leachates [219] were analysed 
on PFP stationary phases achieving a four times 
faster separation than the previous isomer spe-
cific method for perfluorinated compounds, 
sulfonates and sulphonamides. Core shell par-
ticles chromatography and liquid-liquid micro-
extraction combined in a method for analysis 
of polycyclic aromatic hydrocarbons in rain-
water [220] led to a 59% shorter analysis time 
and 75% less solvent consumption. Naphthenic 
acids were analysed in surface waters by using 
in-column preconcentration and large-volume 
injection [221].

Automated on-line solid-phase extraction 
and core-shell particles were advantageously 
combined for the detection of contaminants in 
soft drinks [222]. Also canned products [223], 
grains [224] and several other foods [225] were 
analysed with improved analysis time and fig-
ures of merit compared to fully-porous parti-
cles. 

Fatty acids and fatty alcohols derivatives 
were analysed with core-shell columns in order 
to monitor industrial processes [226] or wastes 
[227].

10.4.  Proteins and peptides
As explained before, core-shell particles afford 
great advantages to the separation of proteins 
and other large molecular weight compounds. 
This is because the enhancement in the mass 
transfer equilibrium is more notorious for larg-
er molecules than for smaller ones when su-
perficially porous particles are employed. Most 
applications for whole proteins feature the use 
of 300 Å pore diameter particles, while the sep-
arations of peptides and digests can be carried 
out using particles with pore diameters around 
100 Å.

Intact desalted proteins have been sepa-
rated using commercial core-shell particles 
packed in capillary format [228] and MS detec-
tion. Disulfide isomers of a recombinant human 
immunoglobulin were analysed employing 300 
Å pore diameter columns with high temper-
ature, eluotropic strength and flow rate [229]. 
Peptides of α-zeins were identified from maize 

with ultrasound-assisted SLE followed by diges-
tion [230]. 

The performances of the analyses of sever-
al synthetic peptides and tryptic digests have 
been compared when employing capillary col-
umns packed with core-shell and fully-porous 
particles [231]. Seven proteins, including β-lac-
toglobulins, have been separated using columns 
modified for working at 1200 bar, and coupling 
up to six of them in tandem configuration [232]. 

Soymetide was analysed using fused-core 
particles packed into conventional and cap-
illary columns, and compared with fully-po-
rous particles [233]. Other dipeptides were 
also successfully quantified following a simi-
lar tandem-coupling strategy [234]. Core-shell 
columns were also employed as the second 
dimension separation in bidimensional chro-
matography of bovine albumin and myoglobin 
[235]. Peptidic biomarkers, peptides from apoli-
poproteins and insulin-like growth factor I have 
also been investigated using this column tech-
nology [236,237].

Yet another comparison of core-shell parti-
cles efficiency, fully-porous particles of differ-
ent diameters and monolithic columns was car-
ried out on the basis of an analytical procedure 
to investigate cleaning enzimes [238].

10.5.  Non-vegetal metabolites
Although being the biggest one, plant metabo-
lites are not the only group of metabolites for 
which core-shell columns have found applica-
tion. Bacterial quorum sensing acylhomoserine 
lactones [239], industrially relevant botryococ-
cenes [240] or non-canonical aminoacids nor-
valine and norleucine [241] have been quanti-
fied in bacterial and microalgae cultures. 

Considering their relevance in gene expres-
sion, the quantification of the methylation sta-
tus of DNA from cell cultures was compared us-
ing core-shell and fully-porous columns [242]. 
Tetrahydrobiopterin, dihydrobiopterin, and 
biopterin were investigated in human umbili-
cal endothelial cells [243]. Catecholamines and 
indolamines were quantified in rat microdyal-
isates with derivatization [244] and removing 
the salts interference on MS/MS by using low 
particle size column and gradient programs. 
Cathecolamines were also studied in sheep 
encephalon comparing the results obtained 
from several different core-shell and fully-po-
rous stationary phases and porous graphitic 
carbon [245]. Fetal mouse lung was the matrix 
for a lipidomics investigation of phosphoryl-
choline-containing lipids with shorter analysis 
time than methods employing fully-porous par-
ticles [246].

A large number of natural compounds were 
quantified in human samples. Metabolites of 
D2 and D3 vitamins were analysed in human 
plasma. One paper choose deproteinization as 
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sample pretreatment, and core-shell particles 
showed a performance comparable to sub-2 μm 
fully-porous particles [247]. Another publica-
tion employed deproteinization followed by on-
line enrichment [248]. Endocannabinoids [249] 
and aldosterone [250] were also analysed in hu-
man plasma, using miniaturized SPE and core-
shell particles. Modified nucleosides [251] in se-
rum and urine were analysed with biomarking 
purposes for several diseases. 

All eight natural tocopherols and tocot-
rienols were rapidly analysed in plasma and liv-
er [252], and retinol and α-tocopherol in breast 
milk [253] by using core-shell particles. In a 
recent paper [254], porphyrins were chroma-
tografied and quantified from urine and faeces 
using fluorescence detection; core-shell and 
several fully-porous particles were compared. A 
methodology allowing to obtain a human meta-
bolic fingerprint was successfully developed by 
combining in-vial liquid-liquid dual extraction 
of human serum and MS detection [255].

10.6.  Natural toxins
Routine inspection of products in search for tox-
ins requires short time of analysis, low solvent 
consumption and excellent limit of detection. 
These features are improved when existing an-
alytical methods are transferred to core-shell 
particles columns, making them remarkably at-
tractive for this kind of analysis. 

Mycotoxins were investigated in cereals 
and foodstuffs with an immunoaffinity step in 
the pretreatment procedure and using a photo-
chemical reaction for sensitivity improvement 
[256,257]. Tölgyesi et al. carried out the full val-
idation of a method for quantitation of myco-
toxins in cereals, and found that core-shell par-
ticles columns remarkably improved the peak 
shapes compared to fully-porous ones [258]. 
Ochratoxin A was determined in wine with fluo-
rescence detector using core-shell columns and 
the results compared to those of using fully-po-

rous particles, showing better effectiveness and 
faster separations [259]. Paralytic shellfish tox-
ins were analysed using core-shell columns and 
fluorescence detection, and when compared 
to the reference AOAC method, it was shown 
that just exchanging the fully-porous with the 
core-shell particles column led to a 66% reduc-
tion of analysis time and improved resolution 
[260,261] (Figure 15). Microcystins were quan-
tified in water using core-shell PFP stationary 
phases and pre-column excimer-forming deri-
vatization [262].

11.  Conclusions and future trends
Although the concept of applying core-shell 
particles to chromatographic separations was 
born in the 60’s, it took until the late 2000’s 
to develop large-scale manufacturing methods 
adequate for these particles. This made them 
widely available to many scientists aiming to 
explore the insights of their physicochemical 
properties as well as to incorporate them into 
the analytical work. Only in the last years, our 
knowledge about their chromatographic behav-
iour and why they are able to exhibit such ade-
quate features for HPLC applications has consid-
erably changed. 

The synthetic process employed to build 
these particles affords a very homogeneous 
product. This contributes directly (and indi-
rectly, through a more homogenous packing) 
to reduce the eddy dispersion inside the col-
umn. Longitudinal diffusion processes are also 
reduced, as the larger permeability makes pos-
sible to work at higher flow than fully-porous 
particles. Mass transfer equilibrium between 
the particles and the stationary phase is slight-
ly improved, although this effect is specially 
important when working with high molecular 
weight analytes and at fast flow rates. A better 
thermal conductivity also contributes to reduce 
the magnitude of radial temperature gradients 
inside the column that would spoil the efficien-

Figure 15. 
Improvement in the selectiv-
ity and the speed of analysis 
achieved in the separation 
of paralytic shellfish toxins 
by using core-shell columns 
(grey line) instead of the 
original fully-porous columns 
(black line) ruled by the cur-
rent AOAC official method. 
Taken from [260].
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cy. As a drawback from using core-shell parti-
cles, the total loading capacity of the column 
becomes reduced, making them less appropri-
ate for preparative HPLC or other uses where 
large analyte load is expected. 

Chromatography applications taking advan-
tage of core-shell particles immediately benefit 
from increased efficiency and resolution. The 
reduction time of analysis and solvent con-
sumption become HPLC into a greener, high-
er throughput analytical technique with little 
need for changes on the analytical method or 
the instrument. Core-shell particles have prov-
en to equal or overcome the resolution and the 
efficiency of fully-porous particles of smaller 
sizes and monolith columns, not only in terms 
of height equivalent to a theoretical plate, but 
also in overall kinetic performance. The num-
ber of papers depicting applications that take 
advantage of core-shell columns demonstrates 
that the adoption pace of this technology is ex-
ponentially growing among practitioners in vir-
tually any field of analytical chemistry. 

Most of the published methodologies in-
clude classical pretreatment procedures and 
conventional HPLC instruments, solvents and 
detectors. It shows how existing methods and 
hardware can be easily transferred to use core-

shell columns. Also, new applications demand-
ing outstanding levels of performance that 
could hardly been achieved before, are now 
more accessible. An extensive number of ap-
plications and their separation conditions have 
been included in Table 3 to help the interested 
chromatographists to find a good starting point 
to develop their own analytical methodologies 
using core-shell columns.

Core-shell particles of smallest diameters 
packed into narrow-bore columns are able to 
deliver a level of performance that exceeds 
the capabilities of the most powerful chroma-
tographs currently available. Most practising 
chromatographists would be able to benefit 
from an immediate improvement on their an-
alytical separations just by replacing their cur-
rent fully-porous columns with core-shell ones. 
Nevertheless, those aiming to unveil the actual 
full performance that the most sophisticated 
core-shell columns are able to provide, will 
have to tune up their instruments, upgrade to 
state-of-the-art chromatographs or, ultimately, 
wait for the arrival of a new generation of in-
struments able to match the level of excellence 
that such columns and their users demand.
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6 | Core-shell particles: leading the way to a renewed HPLC
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6 | Core-shell particles: leading the way to a renewed HPLC
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6 | Core-shell particles: leading the way to a renewed HPLC
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6 | Core-shell particles: leading the way to a renewed HPLC
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6 | Core-shell particles: leading the way to a renewed HPLC
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Recursos para mejorar la sostenibilidad de la etapa de 
pretratamiento de las muestras

A pesar de los considerables avances que 
se han producido en la técnicas analíticas 
durante las últimas décadas, la mayoría de 
ellas requieren de un procedimiento previo 
de limpieza, extracción y, en muchos casos, 
pre-concentración de los analitos de interés. 
Estos procedimientos han de seleccionarse 
cuidadosamente atendiendo a las caracterís-
ticas de los analitos a determinar, a la matriz 
en la que se encuentran y a la técnica analíti-
ca elegida para la cuantificación. 

Los métodos que podríamos denominar 
convencionales, como la extracción líqui-
do-líquido (LLE) o la extracción en fase só-
lida (SPE), son  ampliamente utilizados, si 
bien, poco a poco, otras metodologías [1] que 
proporcionan resultados reproducibles en 
tiempos cortos se van abriendo camino con 
gran pujanza. Tobiszewski et al. [2] han revi-
sado los distintos métodos de preparación y 

pre-tratamiento de las muestras con un claro 
enfoque hacia las metodologías analíticas en 
las que se aplican los principios de la química 
verde. Centrándose en al análisis inorgánico, 
Rocha et al. [3] han revisado distintas estra-
tegias sostenibles para la preparación de las 
muestras. 

La utilización de los denominados “nue-
vos materiales” como el grafeno, los fule-
renos y los líquidos orgánicos poliméricos 
como materiales adsorbentes en los procedi-
mientos de extracción y pre-tratamiento de 
las muestras, abre nuevos caminos hacia la 
reducción de los disolventes nocivos en esta 
etapa del análisis [4] (Figura 1).

1.  Extracción en fase sólida (SPE)
Esta modalidad de extracción está muy difun-
dida por sus características de versatilidad, 
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reproducibilidad y, muy especialmente, por su 
potencial analítico, ya que puede acoplarse a 
otras técnicas de pre-tratamiento logrando una 
sinergia en el proceso que permite elevadas re-
cuperaciones de los analitos incluso en matrices 
muy complejas.

Este procedimiento de extracción se basa 
en la retención electiva de los analitos sobre 
un soporte sólido adsorbente y se lleva a cabo 
en varias etapas. Se comienza con un acondi-
cionamiento del lecho extractante, seguido de 
las etapas de cargado de la muestra, lavado de 
interferencias y elución del analito de interés 
(Figura 2). A día de hoy, se comercializa una 
gran variedad de materiales adsorbentes sus-
ceptibles de retener los analitos mediante muy 
diversos mecanismos de interacción, tales como 
enlaces de hidrógeno, interacciones por fuerzas 
de Van der Waals, interacciones hidrofóbicas, 
interacciones π-π, así como procesos de inter-
cambio iónico (aniónico o catiónico). Una de las 
ventajas del empleo de resinas intercambiado-
ras de iones es que evita las incompatibilidades 
propias del empleo de lechos extractantes de 
una polaridad concreta (elevada o baja). En tales 
casos, se emplean disolventes para la elución de 
los analitos que generalmente presentan serias 
dificultades de compatibilidad con las fases mó-
viles en HPLC, lo que dificulta su acoplamiento 
“on-line”. Un ejemplo reciente del acoplamien-
to de SPE a HPLC con detección fluorimétrica ha 

sido aplicado para la determinación de quinolo-
nas en aguas de bebida y en orina humana [5].

Adoptando las características propias de la 
SPE se pueden utilizar otros materiales adsor-
bentes altamente selectivos, como es el caso 
de los polímeros impresos (MIP, molecularly 
imprinted polymers) que amplían el potencial 
analítico de la técnica [6]. De ese modo, se ha 
podido extraer con una gran eficacia diclofe-
naco de muestra de aguas residuales [7]. La 
utilización de MIP como metodología selectiva 
de pre-tratamiento de las muestras y concen-
tración de los analitos abre nuevos campos de 
aplicación combinados con la cromatografía de 
líquidos empleando columnas monolíticas [8]. 

Además de los soportes tradicionales (síli-
ca, sílicas modificadas, materiales adsorben-
tes de grafito poroso, materiales adsorbentes 
poliméricos) en los últimos años se han intro-
ducido líquidos iónicos inmovilizados en sílica 
o bien enlazados a soportes poliméricos como 
nuevos lechos extractantes para SPE. Estos ma-
teriales se han aplicado con una buena eficacia 
a la extracción de contaminantes orgánicos de 
muestras de interés mediambiental, metales en 
muestras de agua y a la obtención de muy diver-
sos extractos vegetales [9].

Manteniendo la eficacia de extracción pro-
pia de la SPE se pueden alcanzar resultados sa-
tisfactorios en matrices complejas (por ejemplo, 
análisis de medicamentos en muestras de aguas 
residuales) gracias al acoplamiento de la SPE 
con otras técnicas de extracción.

1.1.  Extracción asistida con ultrasonidos 
(UAE)-SPE
La energía de las ondas ultrasónicas provoca en 
el interior de la disolución el fenómeno denomi-
nado cavitación, generando temperaturas y pre-
siones localmente elevadas, acompañadas de 
sus correspondientes gradientes y dando lugar a 
la formación de las denominadas “manchas ca-
lientes” que facilitan la rápida extracción de los 
analitos de las matrices sólidas. Asimismo, los 
ultrasonidos facilitan la dispersión del extrac-
tante orgánico en un medio mayoritariamente 
acuoso gracias a la formación de pequeñas ve-
sículas que conllevan una elevada eficacia de 
extracción. Esta modalidad resulta particular-
mente conveniente cuando se trata de extraer 

Figura 1.  
Fibra de microextracción en 

fase sólida recubierta con 
grafeno [4].

Conditioning Sample
load

Washing Elution

Analyte Interferences

Figura 2.  
Esquema de las etapas en 

el proceso de extracción en 
fase sólida (SPE) [57].
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analitos lábiles, ya que la extracción se realiza a 
temperatura ambiente y en un periodo de tiem-
po muy corto. Esta técnica se ha utilizado con 
gran éxito para la extracción de medicamentos 
en sedimentos de plantas de tratamiento de 
aguas residuales [10].

1.2.  Ultrafiltración-SPE
Este acoplamiento es especialmente útil cuando 
se requiere la preconcentración de los analitos 
debido a su extremadamente baja concentra-
ción en las muestras. Es un procedimiento espe-
cialmente eficaz para la aplicación a muestras 
biológicas o en matrices de alimentos donde la 
ultrafiltración posibilita la rápida separación de 
las macromoléculas de pesos moleculares ele-
vados (proteínas, polisacáridos), por lo que se 
ha aplicado a la determinación de fármacos en 
saliva [11].

1.3.  Extracción asistida con microondas-SPE 
(MAE-SPE)

Este acoplamiento es el más difundido para 
la extracción de analitos en matrices sólidas por 
su eficacia y rapidez [12]. El calentamiento por 
acción de las microondas se produce gracias a 
la interacción del campo electromagnético con 
los dipolos, las moléculas polares y las partícu-
las cargadas presentes en las muestras objeto 
de análisis. Estas especies absorben la energía 
a través de dos mecanismos: conductancia ió-
nica y rotación de los dipolos, incrementando el 
rendimiento del proceso de extracción debido 
al calentamiento rápido de las muestras. Esta 
metodología supone una reducción en el consu-
mo de disolventes orgánicos (25-50 mL) y en el 
tiempo de análisis por muestra. Los resultados 
obtenidos con esta metodología se han compa-
rado críticamente con los conseguidos por la 
extracción Soxhlet [13].

2.  Micro-extracción en fase sólida (SPME)
Esta modalidad de extracción reúne todas las 
características de sostenibilidad, ya que además 
de requerir un mínimo empleo de disolventes 
orgánicos, integra los procesos de extracción, 
pre-concentración y limpieza en un solo paso. 
El volumen de muestra requerido para el pro-
ceso de extracción es de unos pocos microlitros. 
Los analitos se distribuyen entre la muestra y 
la superficie adsorbente de una fibra sólida de 
naturaleza polimérica que se dispone sobre la 
aguja de una jeringa [14]. 

Con la finalidad de extraer los analitos, la 
aguja que soporta la fibra polimérica se intro-
duce en la disolución problema y, una vez trans-
currido el tiempo necesario para la extracción, 
se retrae la aguja y se procede a la desorción 
térmica o química de los analitos. Se ha de tener 
especial precaución en la manipulación de las 
fibras, ya que pueden romperse con facilidad, 
así como en la elección del disolvente orgánico 

para la desorción, puesto que no todos los re-
cubrimientos poliméricos son compatibles con 
aquéllos. En general, se recomienda trabajar a 
temperatura ambiente, lo que implica que el 
proceso de adsorción puede resultar lento. La 
aplicación de esta metodología en el campo de 
la farmacología, la toxicología y, en general, del 
ámbito clínico [15] se ha revisado en profun-
didad. Asimismo, ha demostrado ser de gran 
utilidad para la extracción de componentes ex-
plosivos [16] y de anti-inflamatorios en diversas 
matrices (suero humano, agua...) [17]. 

La SPME puede ser utilizada en los deno-
minados formatos de alto rendimiento, bien 
sea en los sistemas adorbentes multipocillo, o 
bien en las configuraciones de “thin-film” o “in-
tip”. Además del elevado número de muestras 
que pueden procesarse en tiempos reducidos, 
cabe señalar sus características idóneas para la 
extracción de analitos de matrices complejas 
(sangre completa) o de elevada viscosidad que 
suponen serias dificultades de aplicación en el 
caso de la SPME convencional. Su aplicación en 
clínica puede decirse que está ampliamente ex-
tendida [18].

3.  Extracción dispersiva en fase sólida 
(dispersive SPE)
La más popular aplicación de la extracción dis-
persiva en fase sólida es la metodología conoci-
da con el nombre de QuEChERS, denominada así 
por sus cualidades de rapidez, facilidad, econo-
mía, efectividad, resistencia y seguridad (Quick, 
Easy, Cheap, Effective, Rugged and Safe). Esta 
modalidad de extracción implica dos etapas. En 

Figura 3.  
Esquema del procedimiento 
de microextracción en fase 
sólida [57].
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la primera tiene lugar la extracción de los anali-
tos gracias al equilibrio de distribución de éstos 
entre una fase acuosa y una fase orgánica en la 
que el efecto salino por incremento de la fuer-
za iónica es determinante. En la segunda etapa 
tiene lugar la eliminación de interferentes en 
un lecho extractante sólido, pudiendo utilizarse 
combinaciones de sulfato de magnesio con dis-
tintos adsorbentes (C-18, amino, grafito) (Figura 
4). Este sistema de extracción está muy extendi-
do en el análisis medioambiental de pesticidas, 
pero también se ha empleado para la extracción 
y purificación de varios tipos de residuos de fár-
macos en alimentos, entre ellos diversos anti-
bióticos [19,20], como cefalosporinas [21], qui-
nolonas en leche [22], quinolonas en miel, jalea 
real y própolis [23]. Otros compuestos como 
micotoxinas presentes en la leche del cardo ma-
riano también se han determinado de manera 
eficaz mediante esta metodología [24]. 

4.  Extracción con barras agitadoras ad-
sorbentes (SBSE)
Ésta es una técnica de extracción en fase sólida 
en la que el lecho adsorbente no está situado en 
vertical (en una pequeña columna, SPE, o en una 
aguja, SPME). Normalmente se emplean barritas 
de hierro, de unos 4 cm de longitud que están re-
cubiertas con el material polimérico adsorbente 
(polar o apolar), a elegir según la polaridad de 
los analitos a extraer. Estas barritas agitadoras 
se introducen en el recipiente que contiene la 

muestra y se ponen en agitación para facilitar el 
que se alcance de forma rápida el equilibrio de 
partición de los analitos entre la matriz líquida 
y el lecho extractante sólido. Una vez adsorbi-
dos los analitos y, por tanto, finalizada la extrac-
ción, se sacan las barritas de la matriz líquida 
y se procede a la desorción bien mediante un 
volumen reducido de un disolvente apropiado, 
o bien, mediante desorción térmica en el caso 
analitos volátiles. 

Esta aproximación se ha utilizado para la ex-
tracción de fármacos de muestras de agua dulce 
(ríos, lagos) [25]. Recientemente, se han prepa-
rado barritas de sílice recubiertas con β-ciclo-
dextrina como nuevo material adsorbente para 
la extracción de compuestos fenólicos de mues-
tras de agua [26].

5.  Extracción por adición de adsorbentes 
sobre matrices líquidas
Basándose en principios similares a los descri-
tos en los apartados precedentes, pueden utili-
zarse otros materiales como discos adsorbentes, 
en los que el lecho extractante es un material 
poroso que se atrapa entre dos filtros de fibra de 
vidrio y se hace pasar la matriz líquida a través 
de ellos a un caudal relativamente rápido. Los 
analitos quedan retenidos selectivamente en el 
material poroso. También se puede embeber el 
lecho adsorbente en una película de teflón po-
roso.

Añadir sales y MeCN
a la muestra homogeneizada

Agitar Centrifugar

Transferir sobrenadante
sobre lecho de DSPE

Agitar Centrifugación
y análisis del sobrenadante

1 2 3

4 5 6

Figura 4.  
Resumen de los pasos fun-

damentales en la extracción 
usando QuEChERS. 

En este caso el adsorben-
te retira interferentes del 

sobrenadante que contiene 
el analito.
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El empleo de nanotubos de carbono para la 
retención y extracción de analitos de baja pola-
ridad de medios acuosos suscita un gran interés 
debido a su gran superficie adsorbente y a sus 
características estructurales. Se pueden agru-
par en dos categorías según estén formados por 
una lámina de grafito enrollada sobre si misma 
(monocapa) o por varias láminas de grafito en-
rolladas también sobre si mismas (multicapa). 
Tienen un amplio campo de aplicación desde 
la extracción de fármacos en muestras de agua 
mediante nanotubos de carbono multicapa [27] 
hasta la adsorción de metales pesados para su 
determinación mediante espectrometría ató-
mica [28]. En todos los casos se produce una 
preconcentración eficaz de los analitos y la des-
orción de los mismos de la matriz extractante 
se logra de manera sencilla con la adición de un 
pequeño volumen de un disolvente orgánico 
adecuado. 

A pesar de las excelentes propiedades mecá-
nicas, térmicas y eléctricas, uno de los inconve-
nientes de los nanotubos de carbono reside en 
su gran facilidad para formar agregados en los 
medios líquidos, sin embargo se ha comproba-
do que estos se dispersan considerablemente 
mejor en el seno de líquidos iónicos de sales de 
imidazolinio que en disolventes orgánicos tra-
dicionales. Las aplicaciones de los nanotubos de 
carbono dispersados en líquidos iónicos y sus 
aplicaciones han sido revisadas recientemente 
[29].

6.  Extracción en fase líquida
La extracción líquido-líquido convencional se ha 
visto sustituida paulatinamente por atractivas y 
eficaces alternativas en las que, aunque tanto la 
matriz como el extractante siguen siendo líqui-
dos, el formato de la técnica se ha miniaturizado 
o bien se ha apostado por líquidos extractantes 
respetuosos con el medio ambiente. A las me-
todologías convencionales se han unido recur-
sos como el empleo de la formación de pares 
iónicos con sustancias de carácter tensioactivo, 

así como la utilización de bromuro de hexade-
ciltrimetilamonio, que permite la extracción de 
antibióticos (cefalosporinas) de muestras de ali-
mentos [30].

7.  Extracción por punto de nube (CPE) 
En esta modalidad se pueden extraer y pre-con-
centrar tanto analitos orgánicos como inorgáni-
cos presentes en un medio acuoso. Para lograr 
una extracción eficaz, se emplea como medio 
extractante disoluciones acuosas diluidas de un 
tensioactivo no iónico. A partir de una determi-
nada temperatura (temperatura del punto de 
nube), que depende de la naturaleza anfifílica 
del tensioactivo y de la concentración del mis-
mo, las micelas formadas por el tensioactivo se 
deshidratan y agregan. De esa manera se sepa-
ran dos fases líquidas: el disolvente acuoso y la 
fase rica en surfactante que contiene el analito 
(Figura 5). Así se alcanza una eficacia de extrac-
ción muy elevada. Puesto que la temperatura es 
característica para alcanzar el punto de nube de 
un determinado tensioactivo, se hace necesario 
el control estricto de esta variable crítica. 

Una de las ventajas de esta metodología es 
que los tensioactivos utilizados no son voláti-
les, ni tóxicos, además se pueden considerar 
como materiales adsorbentes seguros. Por ello, 
se han empleado con éxito para la extracción 
de flurbiprofeno de plasma [31] después de su 
administración por vía oral. Este procedimien-
to de extracción también se ha utilizado para la 
extracción de las vitaminas A y E [32], si bien 
requiriendo un tiempo de extracción de 30 mi-
nutos.

8.  Extracción mediante el empleo de lí-
quidos iónicos (ILsE)
Los líquidos iónicos actúan como mediadores y 
extractantes en muy diversas modalidades de 
extracción tanto en fase líquida como en fase 
sólida y, por ello, se ha revisado su papel en 
las distintas modalidades de micro-extracción 
[33]. Poco a poco los líquidos iónicos han ido 

Figura 5.  
Proceso de concentración/
extracción de un analito en 
la fase rica en tensioactivo 
por aumento de la tempe-
ratura por encima del punto 
de nube. Adaptado de: L. H. 
Keith, L. U. Gron, J. L. Young, 
Chem. Rev. 2007, 107, 2695-
2708.
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ganando terreno como disolventes alternativos, 
especialmente como disolventes “verdes” [34]. 
Lamentablemente, este carácter sostenible no 
está exento de controversia, ya que desde un 
punto de vista estricto debe tenerse en cuenta 
su toxicidad [35] y su carácter no biodegradable, 
por lo que pueden producirse bio- y ecoacumu-
lación de los mismos en el entorno. Aunque las 
sales de derivados nitrogenados orgánicos son 
conocidas desde comienzos del siglo XX, sin 
embargo en la década de los 90 se describe el 
uso del tetrafluoroborato de etilmetilimidazo-
linio como nuevo líquido iónico para catálisis 
homogénea. 

Los líquidos iónicos son sales con un pun-
to de fusión por debajo de la temperatura am-
biente, lo que los hace líquidos en condiciones 
operativas normales. Son estables térmicamen-
te, no inflamables, tienen una presión de vapor 
muy baja y, por tanto, poseen muy baja volati-
lidad, siendo miscibles tanto con el agua como 
con los disolventes orgánicos. Estas singulares 
características de los líquidos iónicos [36] se 
reflejan en sus buenas cualidades extractivas y 
se pueden considerar como una alternativa a los 
disolventes orgánicos tradicionales, por lo que 
se han clasificado como disolventes “limpios”. 

Se ha comparado la eficacia de la extracción 
para 8 líquidos iónicos en la extracción de flo-
roglucinoles (derivados de 1,3,5-trihidroxiben-
ceno) presentes en especies vegetales [37]. El 
hexafluorofosfato de 1-butil-3-metil-imidazolio 
es un líquido iónico que se ha empleado en la 
micro-extracción en fase líquida de diversos de-
rivados de fenotiazina presentes en muestras de 
orina humana [38]. La preconcentración de los 
analitos gracias al procedimiento de extracción 
contribuye significativamente a mejorar la sen-
sibilidad del método cromatográfico empleado 
en su cuantificación. 

9.  Extracción mediante el empleo de lí-
quidos a presión (PLE)
Esta modalidad de extracción, también denomi-
nada extracción con fluidos presurizados, utiliza 
disolventes orgánicos o acuosos convencionales 
a elevadas presiones (10-14 MPa) y tempera-
turas (50-200 °C) (Figura 6). La extracción se 
realiza de forma rápida y eficaz con un gran 
ahorro en el consumo de disolvente extractivo 
y una significativa reducción en el tiempo de 
extracción. Puede afirmarse que en unos 5-10 
minutos se logra la extracción de los analitos de 
una muestra de 10 g con tan solo 15 mL de di-
solvente. La temperatura empleada, por encima 
del punto de ebullición del disolvente, mejora 
ostensiblemente la cinética de desorción de los 
analitos de la matriz en la que se encuentran. Se 
produce un incremento de la solubilidad de los 
analitos en el disolvente extractivo a las condi-
ciones de presión y temperatura empleadas, lo 
que incide en la eficacia del proceso y contribu-
ye a la disminución del consumo energético si 

se compara con un proceso de extracción estáti-
co clásico (16 h en Soxhlet). 

Esta técnica, considerada respetuosa con el 
medioambiente [39], se ha empleado en la ex-
tracción de 32 fármacos de uso humano y vete-
rinario en muestras de suelos y de sedimentos 
[40]. Su aplicación a la extracción de analitos de 
muestras de alimentos y plantas se ha revisado 
exhaustivamente [41].

10.  Micro-extracción en fase líquida 
(LPME)
La micro-extracción en fase líquida es una 
modalidad miniaturizada de extracción líqui-
do-líquido en la que se emplean  volúmenes 
del orden de unos microlitros de un disolvente 
orgánico inmiscible con el agua (fase aceptora), 
que captura los analitos contenidos en un medio 
acuoso (fase donadora) [42]. Las diferentes mo-
dalidades de micro-extracción en fase líquida 
suponen un consumo de disolventes orgánicos 
entre 100 y 1000 veces inferior a los volúmenes 
empleados en las extracciones líquido-líquido 
convencionales. 

Las distintas alternativas de micro-extrac-
ción en fase líquida se han revisado en el con-
texto de la química verde [43] o en su aplicación 
al análisis de contaminantes [44] en distintas 
matrices.

10.1.  Micro-extracción en fase líquida me-
diante fibra hueca (HF-LPME)
La fibra hueca está constituida por un material 
poroso y una membrana que actúa de barrera 
entre la muestra líquida (fase donadora) y el 
disolvente que actúa como extractante (fase 
aceptora) (Figura 7). La fibra hueca puede tener 
forma cilíndrica y cerrada en la parte inferior 
(modalidad trifásica) o bien en forma de “U” de 
tal manera que los dos extremos se hallan co-
nectados a través de unos tubos guía (modali-
dad bifásica). 

Oven

Pump

Extraction
cell

Extract

Extractant
solvent

N2

Figura 6.  
Diagrama del funcionamiento de un sistema de ex-

tracción de analitos a alta presión y temperatura [57].
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Cuando se introduce en la muestra líquida 
la fibra hueca con la fase aceptora, los analitos 
son transferidos al disolvente extractante. La 
eficacia de extracción y limpieza de las mues-
tras es elevada, ya que la membrana que actúa 
como barrera impide el paso a los compuestos 
de alto peso molecular, por lo que resulta muy 
conveniente en el pre-tratamiento de muestras 
biológicas, si bien ha de evitarse el bloqueo de la 
fibra porosa por la adsorción excesiva de anali-
tos hidrofóbicos. Además, la membrana tiene el 
inconveniente de que prolonga el tiempo nece-
sario para la extracción. 

Si los analitos tienen grupos ionizables con 
carácter ácido o básico, entonces es conveniente 
utilizar la modalidad trifásica. En ésta, los ana-
litos son transferidos desde una matriz al disol-
vente orgánico que se encuentra alojado en los 
poros de la fibra hueca y posteriormente a una 
disolución acuosa aceptora que está situada en 
la luz de la fibra. De esta forma, regulando el pH 
de la fase acuosa aceptora, se logra la extracción 
y pre-concentración de los analitos en la mis-
ma. También se pueden utilizar líquidos iónicos 
como fase aceptora acuosa, en base a sus bue-
nas propiedades peliculares que favorecen su 
inmovilización en el interior de la fibra hueca. 
Este procedimiento proporciona unas elevadas 
eficacias de extracción con factores de enrique-
cimiento que varían entre 200 y 800. Esta alter-
nativa se ha aplicado con éxito a la extracción 
y pre-concentración de metales en aguas natu-
rales [45], a la extracción de fármacos de aguas 
fluviales [46] y residuales [47,48] así como en 
plasma humano [49].

10.2.  Micro-extracción en fase líquida me-
diante gota única (SD-LLME)
La micro-extracción en fase líquida mediante el 
procedimiento denominado “single-drop” con-

siste en introducir en la matriz líquida, usando 
una microjeringa, una gota (de aproximada-
mente 1-10 μL) de un disolvente extractante in-
miscible con el medio líquido problema. Se deja 
un tiempo para que se establezca el equilibrio 
de partición entre los dos disolventes inmisci-
bles y el analito pase de la disolución problema 
a la gota de extractante. Después se retrae la 
gota con la microjeringa y puede procederse a la 
inyección directa en el cromatógrafo. La eficacia 
de la extracción no es muy elevada y la pre-con-
centración de los analitos tampoco. Uno de los 
inconvenientes de esta metodología es la ines-
tabilidad de la gota especialmente cuando se 
aplica agitación o se sube la temperatura [50].

10.3.  Micro-extracción en fase líquida me-
diante membrana agitadora (SM-LLME)
El empleo de la membrana con agitación en una 
micro-extracción líquido-líquido, facilita la ex-
tracción de los analitos de una manera sencilla 
y eficaz. Se emplea un recipiente de PTFE den-
tro del cual se introduce un alambre férrico que 
sirve para agitar bajo la acción del campo mag-
nético externo. La cámara interior del recipiente 
está recubierta con una membrana de natura-
leza polimérica que evita la pérdidas del disol-
vente aceptor durante el proceso de extracción 
y está llena con el disolvente aceptor (Figura 8). 
Este sistema integra las ventajas de la micro-ex-
tracción en fase líquida, en lo que a reducido 
volumen de disolventes se refiere junto con la 
rapidez en alcanzar el equilibrio de partición 
que es consecuencia del proceso de agitación 
magnética. Este procedimiento se ha aplicado a 
la extracción de fármacos y sus metabolitos en 
muestras de orina [51].

10.4.  Micro-extracción dispersiva líquido-lí-
quido (DLLME)
Esta técnica de pre-tratamiento de muestras 
proporciona altas eficacias de extracción a la 
vez que requiere volúmenes de disolvente ex-
tractivo muy pequeños. Estas eficacias son con-
secuencia de la elevada superficie de contacto 
que se establece entre el líquido extractivo que 
se dispersa en forma de pequeñas gotículas en 
el seno de una matriz líquida inmiscible con 
aquél. Para lograr la extracción de los analitos, 
una mezcla del disolvente extractivo y un dis-

Hollow �ber with
organic phase

Aqueous
acceptor solution

Figura 7.  
Dispositivo para la microextracción en fase líquida 
mediante fibra hueca, mostrando en la ampliación el 
detalle de la membrana que conecta ambas fases [57]

Hollow �ber 

Stirring pedestal

Figura 8.  
Diagrama de un dispositivo que combina la extracción por 
fibra hueca y la agitación magnética de la misma [57] 
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persante se inyecta en la matriz acuosa. Los ana-
litos hidrofóbicos se transfieren desde la matriz 
acuosa a las gotículas del disolvente orgánico 
dispersado. La suspensión así obtenida se cen-
trifuga y finalmente con ayuda de una microje-
ringa se toma la fase orgánica que contiene los 
analitos a cuantificar (Figura 9). Para facilitar 
este último paso, normalmente se emplea como 
disolvente extractivo un líquido orgánico de 
elevada densidad e inmiscible con el agua. Por 
el contrario el disolvente que actúa como dis-
persante debe ser tanto miscible con agua como 
con el disolvente orgánico extractivo, usándose 
normalmente metanol, etanol, acetona o aceto-
nitrilo [52,53]. 

Esta técnica se ha aplicado mayoritariamen-
te a la extracción de pesticidas presentes en 
muestras de aguas [54], aunque también se ha 
descrito su utilización para la determinación de 
fármacos en orina [38]. 

Las ventajas del empleo de esta modalidad 
para la extracción de metales de muy diversas 
muestras (agua de bebida, aguas residuales, 
cereales, cabello...) se ha revisado con especial 
atención en su acoplamiento a técnicas espec-
troanalíticas y cromatográficas [55]. La utilidad 
del empleo de líquidos iónicos en combinación 
con distintas modalidades de micro-extracción 
dispersiva líquido-líquido entre las que cabe ci-
tar la modalidad convencional, la de temperatu-
ra controlada, o la asistida por microondas, han 
sido revisadas y aplicadas tanto a la extracción 
de analitos orgánicos como de metales [56].
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Justificación y Objetivos

A día de hoy, la cromatografía de líquidos (HPLC) es la técnica analítica de mayor proyec-
ción y aplicación en la industria farmacéutica y otros muchos ámbitos: plantas de produc-
ción, laboratorios control de calidad de materias primas y productos terminados, labora-
torios clínicos, etc. La producción de residuos de disolventes orgánicos como consecuencia 
de los análisis a realizar es algo inevitable y, por ello, la reducción en la generación de los 
mismos constituye un reto atractivo en el contexto de la Química Analítica Sostenible. 
Welch [1] afirma que cada cromatógrafo de líquidos (trabajando a pleno rendimiento en 
una planta industrial) genera aproximadamente 1 L de residuos orgánicos cada 24 h. Así, 
ha sugerido distintas alternativas como el empleo de disolventes orgánicos biodegrada-
bles en clara sintonía con lo propuesto por Kerton [2] y De La Guardia [3]. Poco a poco, y 
especialmente en los últimos diez años, se ha ido arraigando en la comunidad científica 
la necesidad de desarrollar estrategias analíticas limpias y respetuosas con el medio am-
biente. Así, se van introduciendo distintas metodologías y técnicas analíticas con menor 
impacto medioambiental que las ya existentes [4].

El desarrollo de nuevos fármacos antitumorales que presenten menores efectos adver-
sos que los actualmente disponibles es uno de los campos de mayor interés en la investi-
gación relacionada con la terapia anticancerosa. La naturaleza nos brinda extraordinarios 
modelos de compuestos naturales con actividad antitumoral. Así, desde los alcaloides pre-
sentes en plantas superiores o en tejidos de mamíferos, hasta los heterociclos producidos 
por algas y organismos marinos microscópicos, sirven de plataforma para el diseño racio-
nal de nuevos candidatos que presenten mayor eficacia terapéutica y menor toxicidad. 
Los inhibidores de la enzima topoisomerasa I constituyen un grupo terapéutico de gran 
interés, ya que presentan una buena selectividad al actuar sobre una de las enzimas in-
volucradas en procesos clave para las células que se encuentran en rápido crecimiento y 
división, como la transcripción, la replicación y la reparación del material genético. Estos 
compuestos interaccionan tanto con ADN como con la enzima en lo que Pommier [5] ha 
venido a denominar “el paradigma de la inhibición interfacial”. La determinación de los 
mismos en matrices biológicas y el estudio de su actividad antitumoral requieren técnicas 
analíticas sensibles, versátiles y rápidas para su determinación en los organismos que los 
producen, en líneas celulares tumorales, en tejidos y fluidos biológicos durante los ensa-
yos preclínicos, o en las formas farmacéuticas acabadas.

Basándonos en lo anteriormente expuesto, nos propusimos desarrollar metodologías 
analíticas limpias y sostenibles para la determinación de heterociclos que desempe-
ñan actividades biológicas diversas. Así, nos planteamos mejorar la sostenibilidad de 
metodologías de separación por cromatografía de líquidos (HPLC) incorporando ciclodex-
trinas como modificadores de las fases móviles. Las ciclodextrinas son oligosacáridos 
cíclicos naturales obtenidos del almidón, completamente biodegradables, renovables y 
exentos de toxicidad. La adición de estos peculiares macrociclos a las fases móviles intro-
duce un equilibrio químico secundario al de separación cromatográfica, lo cual permite 
utilizar disolventes de mínima toxicidad y renovables, como el etanol, como componente 
orgánico en la fase móvil. Desde el punto de vista medioambiental este disolvente ofrece 
considerables ventajas, sin embargo, su utilización en HPLC [6] es poco frecuente. Para 
demostrar la viabilidad de este planteamiento, se ha utilizado como modelo la separación 
de varios alcaloides derivados de β-carbolina.

Focalizando nuestra atención en el desarrollo de otras alternativas cromatográficas 
sostenibles, nos planteamos el diseño de separaciones por HPLC para un grupo de alca-
loides antitumorales derivados de camptotecina y luotonina A. Partiendo del empleo 
de fases estacionarias convencionales en lo que a dimensiones y porosidad se refiere, abor-
damos el reto de la separación de este grupo de compuestos en columnas C-18, pentafluo-
ro-fenil-propil y fenil-hexil. En paralelo, nos propusimos optimizar las condiciones de 
separación que condujeran a la reducción del volumen de fase móvil mediante el empleo 
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de columnas de menor diámetro interno y, seguidamente abordamos la utilización de 
fases estacionarias novedosas y de reciente introducción: las empaquetadas con partículas 
“core-shell”. El empleo de estas fases estacionarias no convencionales de tamaño de par-
tícula sub-3-μm presenta atractivas cualidades, tanto desde el punto de vista de la técnica 
cromatográfica en sí misma, como desde el de las mejoras que aportan a la sostenibilidad 
del método. En la presente memoria exploramos las potenciales ventajas (reducción en el 
tiempo de análisis y del consumo de disolventes, mayores eficacia y resolución) derivadas 
del empleo de este nuevo tipo de fases estacionarias, que parecen estar abriendo un nuevo 
camino en lo que a la evolución de la cromatografía de líquidos se refiere. 

En los últimos años, la aplicación de las técnicas espectroscópicas miniaturizadas (lec-
tores multi-placa o multipocillo) ha experimientado un creciente y renovado interés. Las 
determinaciones analíticas con lector multipocillo se aplican no sólo a la resolución de 
problemas “típicos” (para la determinación de actividades enzimáticas u otros parámetros 
en biología molecular), sino que se están aplicando con éxito en reacciones y metodologías 
analíticas “clásicas” a escala miniaturizada. Entre sus ventajas destacan el elevado número 
de muestras que se analizan por unidad de tiempo y la drástica reducción en los volú-
menes de disolvente y reactivos requeridos. Por ello, estas técnicas de alto rendimiento 
pueden considerarse metodologías analíticas sostenibles. 

En consecuencia, otro de los objetivos de nuestro trabajo ha consistido en la adapta-
ción de determinaciones analíticas espectrofluorimétricas al formato de lectura de 
placas multi-pocillo. Estas técnicas de alto rendimiento además pueden utilizarse de for-
ma automatizada. Sin embargo, para poder emplear estas metodologías como técnicas de 
análisis en rutina, es necesaria la caracterización fiable previa de los compuestos a deter-
minar. Por ello, dado que la estructura química de los antitumorales derivados de luoto-
nina A sugiere una luminiscencia con propiedades singulares que hasta el momento no se 
ha descrito, otro de los objetivos a alcanzar fue el estudio de su fluorescencia. Además, 
este paso es indispensable antes de poder emplear la espectrofluorimetría como técnica 
analítica para cuantificarlos en muestras reales o para obtener una detección fluorimétrica 
sensible tras su separación por HPLC.

En el contexto interdisciplinar en el que estamos implicados, otro de los objetivos pro-
puestos se centró en los ensayos de actividad biológica de los compuestos estudiados. Uno 
de los problemas que podrían aparecer es la baja solubilidad en agua de los derivados de 
luotonina A. Para minimizar este inconveniente, y contando con nuestra experiencia pre-
via, nos propusimos estudiar cómo la solubilidad de los antitumorales podía mejorarse 
mediante la formación de complejos de inclusión con ciclodextrinas. 

Finalmente, otro de nuestros retos fue explorar nuevos detalles del mecanismo de ac-
ción de estos análogos, de su potencia antitumoral y de la relación existente entre am-
bos. Nos planteamos llevar a cabo ensayos de inhibición de topoisomerasa 1 y estudios 
de citotoxicidad sobre líneas celulares tumorales. Con el objetivo de conocer mejor los 
detalles de la influencia de la estructura de los compuestos estudiados en su actividad, 
también consideramos la utilidad de los estudios de modelado y docking molecular para 
establecer los modos de interacción entre cada uno de ellos y el complejo DNA-topoiso-
merasa 1. Éste constituyó uno de los retos más ambiciosos de los propuestos, pero de pro-
yección más motivadora, no sólo desde el punto de vista analítico sino por su relevancia 
farmacológica.
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Resumen de equipos empleados

1.  Cromatógrafos

Merck-Hitachi (Tokyo, Japón)

Equipo 1 Bomba de gradiente 
LaChrom L-7100

Caudal de 0,001 a 9,999 mL/min 
Exactitud del caudal: ± 2% hasta 5 mL/min 
Precisión del caudal: ≤ 0,2 RSD a 1 mL/min 
Presión de trabajo máxima: 412 barGradiente de hasta 
4 canales, con proporción por tiempo de apertura de 
válvulas en incrementos del 1%; mezclador estático en 
línea.

Detector de fluores-
cencia  
LaChrom L-7485

Lámpara de arco de Xe de 150 W 
Exactitud de los monocromadores: ± 3 nm 
Ancho de rendijas: 15 nm 
Volumen de la celda de detección: 12 μL 
Detector de trabajo: fotomultiplicador 
Detector de referencia: fotodiodo

Equipo 2 Bomba isocrática 
L-6000 

Caudal de 0,001 a 9,990 mL/min 
Exactitud del caudal: ± 2% hasta 5 mL/min 
Precisión del caudal: ≤ 0,3 RSD a 1 mL/min 
Presión de trabajo máxima: 420 bar

Detector de fluores-
cencia  
F-1050 

Lámpara de arco de Xe de 150 W 
Exactitud de los monocromadores: ± 7 nm 
Ancho de rendijas: 15 nm, fijo. 
Volumen de la celda de detección: 12 μL 
Detectores de trabajo y referencia: fotomultiplicadores

Elementos comunes Horno para columnas 
LaChrom ELITE L-2300

Horno termostático por efecto Peltier con sección de 
precalentamiento. Aire circulante. 
Rango de temperaturas: ambiente -15 ºC a 65 ºC 
Precisión: ±0,1 ºC entre 20 y 65 ºC

Interfaz D-7000

PC ejecutando el software HPLC System Manager 4.1 en Windows 2000 para control 
de los sistemas y adquisición de datos.

Rheodyne (Rohnert Park, CA, EE.UU.)

Inyector 2 × 7725i 

Bucles de carga Volumen dependiente de la aplicación. 

VICI (Houston, TX, EE.UU.)

Restrictor Regulador de presión JR-BPR1 en la salida de la celda de detección, ajustado a +1.5 
bar.
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2.  Fluorímetro

FluoroMax-4P de Horiba-Jovin Yvon (Edison, NJ, EE.UU.)

Fuentes de radiación Lámpara de arco de Xe de 150 W (fluorescencia) 
Lámpara pulsante de descarga de Xe (fosforescencia)

Monocromadores Redes de difracción por reflexión de 1200 líneas/mm 
Rango óptico: 220-600 nm (excitación) y 290-800 nm (emisión) 
Dispersión: 4,25 nm/mm 
Resolución: 0,3 nm 
Rendijas: ajustables entre 0 y 30 nm de ancho de banda

Detector de emisión Fotomultiplicador R928P  
Rango de trabajo: 180-850 nm, lineal hasta 2 × 106 cps 
Corriente oscura: < 1000 cps, relación S:R = 3000:1

Detector de referencia Fotodiodo analógico, con respuesta lineal entre 190 y 980 nm

Polarizadores Material: calcita 
Disposición: en L 
Cálculo del factor G: automático por software

Lector de placas multi-
pocillo

MicroMax 384 
Conexión óptica por haces de fibra de vidrio al espectrofluorímetro 
Soporte para lectura automatizada de placas de 96 y 384 pocillos

Control y adquisición de 
datos

PC ejecutando FluorEssence 3.5 con módulo MultiGroup en Windows XP.

3.  Equipos externos

Equipo Fabricante Centro

Espectrómetro de masas ABSciex TRIPLETOFT 5600 
Fuente de ionización ESI/APCI y analizador 
híbrido de triple cuadrupolo-tiempo de vuelo

Servicio Central de Apoyo a la Investigación 
Experimental, Universidad de Valencia

Espectrómetro de RMN Bruker Avance 250 MHz Centro de Apoyo a la Investigación de Reso-
nancia Magnética Nuclear y de Spin Electróni-
co, Universidad Complutense de Madrid

Espectrómetro de RMN Bruker Avance III 700 MHz Centro de Apoyo a la Investigación de Reso-
nancia Magnética Nuclear y de Spin Electróni-
co, Universidad Complutense de Madrid

4.  Otros equipos

Equipo Fabricante

Espectrofotómetro de absorción UV-Vis Kontron Uvikon 810 Doble haz

Bomba vacío Eyela A-3S Caudal de 40 L min-1

Microevaporador Selecta Vacuo-Temp Con trampa de frío

Agitador tipo noria Stuart Rotator SB3

Baño de ultrasonidos Elmasonic S15

Cascada de frío Labconco Lyph-Lock 12

Medidor de pH Crison Micro-pH 2001

Balanza Sartorius Handy H51
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Derivados de la luotonina A
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ABSTRACT ▶ Acetonitrile and methanol are the most popular solvents employed in analytical HPLC, but they 
suffer from a number of drawbacks from the environmental point of view. Alternative, greener mobile phases 
employing methanol or the less toxic solvent ethanol as the sole organic solvent are proposed in this paper, and 
applied to the problem of the separation of β-carbolines on C18-stationary phases. The use of β-cyclodextrin (β-CD) 
and (2-hydroxypropyl)-β-cyclodextrin (HPβ-CD) as mobile phase additives allowed us to increase the proportion 
of water in the mobile phases without loss in the resolution or efficiency of the separations, leading initially to a 
considerable reduction of the proportion of methanol in the mobile phase (from 70% to 50%) and at a later stage, 
to the development of a mobile phase containing only 30% of ethanol. The β-carboline–cyclodextrin association 
constants were determined by HPLC, and the inclusion complexes were also characterized by 1H-NMR, 13C-NMR 
and 2D-ROESY experiments, and these studies were used to explain the chromatographic behaviour. The new 
chromatographic methodology developed was validated and applied to the quantitation of β-carboline derivatives 
in spiked human serum samples. For the extraction of β-carboline alkaloids from serum samples, liquid–liquid ex-
traction (LLE) and solid-phase extraction (SPE) procedures were compared. It was concluded that the combination 
of a pre-treatment procedure (ionic exchange SPE) with a water-enriched chromatographic separation leads to a 
promising, environmentally friendly new methodology.

Published in: González-Ruiz , V., León, A. G., Olives, A. I., Martín, M. A., & Menéndez, J. C. (2011). Green Chem., 13(1), 115–126.

Eco-friendly liquid chromatographic separations based 
on the use of cyclodextrins as mobile phase additives

1.  Introduction

Cyclodextrins (CDs) are cyclic oligosaccharides with fascinating molecular 
recognition properties that have been exploited for the design of other host 
molecules. As stated by Sezjtli [1], CDs are very attractive for the develop-
ment of environmentally friendly technologies because they are semi-natu-
ral compounds produced from starch, a renewable material, by enzymatic 
conversion. They present a variety of applications in chemistry [2] and also 
in pharmaceutical, food and cosmetic industries because they are non-toxic 
and inexpensive. Furthermore, chemically modified CDs with tailor-made 
cavity dimensions are easily synthesized and they can be designed to be 
soluble in water or organic solvents. In analytical chemistry, they are em-
ployed in separation techniques [3], including GC, SFC, HPLC and CZE. Their 
use as mobile phase additives (MPA) in HPLC is less developed, in spite of 
the fact that CDs have the advantage over other additives of being transpa-
rent in the UV-Vis range and that they also enhance the HPLC resolution of 
non-chiral compounds like indole derivatives [4] or steroids [5]. CDs are also 
very popular in HPLC and CZE as chiral selectors, and thus CDs enhance the 
enantiomeric HPLC resolution of chiral compounds like norgestrel [6] and 
sertraline [7]. The effects of the addition of neutral and charged CDs in CZE 
and to the mobile phase in HPLC have been compared to establish the ste-
reoselective interactions that contribute to chiral discrimination [8]. 

A favourable consequence of the presence of CDs in the mobile phases is 
the possibility to reduce the organic solvent/water ratio without a decrease 
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in the selectivity or resolution. For instance, the separation of several pharmaceutica-
lly interesting compounds (citalopram, pantoprazol, nitrofurazone, trans-resveratrol) 
was performed in acetonitrile:buffered aqueous solution [6,9] or in methanol:buffe-
red aqueous solution [4,10] in the presence of different types of CDs as MPA.

β-Carbolines are natural alkaloids occurring in plants and mammalian tissues. 
They have a great variety of biological activities, including mutagenic behaviour due 
to their capability of binding to DNA [11] and varied neurological effects due to their 
interactions with benzodiazepine and imidazoline receptors [12]. Clinical studies co-
rrelated increased plasma concentrations of β-carbolines [13] with neurological di-
seases [14] and also with high consumption of alcohol [15], heroin [16] and tobacco 
[17]. The structures of the β-carboline alkaloids studied in this paper are shown in 
figure 1.

Different chromatographic methods [18] have been employed for the determi-
nation of β-carbolines in several samples and matrices. Thus, RP-HPLC coupled to 
mass spectrometry, fluorimetric and UV-Vis detection has been employed to quantify 
β-carboline in food and foodstuffs [19], human blood [20] and hair [21] and HPLC with 
electrochemical detection is useful for determining β-carboline in foods and beve-
rages [22] as an alternative to gas chromatographic [23] or capillary electrophoretic 
techniques [24]. Among the liquid chromatographic procedures described for quanti-
tation of β-carbolines, isocratic or gradient elution has been found to require aqueous 
mixtures with a high proportion of acetonitrile [25] or methanol [14,20] or alterna-
tively, acetonitrile and methanol mixtures [22,26]. Lowering the pH of the aqueous 
component to pH 3.0 allows the reduction of the organic solvent proportion in the 
mobile phase [19a, 21] but these conditions increase the degradation of the statio-
nary phases.

HPLC is a powerful analytical technique that allows the fast separation and quan-
tification of compounds in complex matrices with high efficiency, resolution and 
sensitivity and is the most widely employed separation technique for routine analy-
sis in industrial settings. The volume of organic solvent waste originated from HPLC 
analysis is very high, due to the huge number of instruments in operation worldwide. 
Reversed Phase HPLC, the most popular separation method, traditionally involves the 
use of mixtures of water and acetonitrile. Due to the toxicity of acetonitrile, these 
mixtures have to be treated as chemical waste and for this reason there is a growing 
interest in the use of non-toxic solvents, specially alcohols, as an alternative [27]. 
Replacing acetonitrile is not an easy task because acetonitrile:water mobile phases 
have a number of advantages including their lower viscosity and higher transparen-
cy in the UV region, coupled with  better chromatographic efficiencies. There is a 
growing interest in the replacement of acetonitrile by ethanol to solve some specific 
chromatographic problems [28] but these methodologies are still in their early stages. 
In the case of ionic analytes such as uric acid, an efficient RP-HPLC separation can 
be achieved employing ammonium phosphate as the mobile phase but this requires 
a guard column to avoid the easy degradation of the analytical column [29]. Other 
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alternatives to reduce the organic solvent consumption involve the use of micellar 
liquid chromatography (MLC), an approach that combines conventional stationary 
phases with mobile phases modified by the presence of surfactants and a reduced 
proportion of organic solvents [30]. One drawback of this technique is the tendency 
of the surfactants to become adsorbed on the chromatographic stationary phases.

The present paper describes the potential of β-CD and HPβ-CD as MPA for gree-
ner RP-HPLC separations. β-CD and HPβ-CD were selected over other CDs taking into 
account their benefit/cost ratio. We present here our results on the use for this pur-
pose of modified methanolic mobile phases, which are compared with the greener 
ethanolic mobile phases. This has been illustrated for the case of the separation of 
the biologically relevant β-carboline alkaloids norharmane, harmane and harmine in 
human serum samples. Taking into account that the complexation equilibrium com-
petes with the chromatographic distribution equilibrium, and in order to achieve the 
maximum reduction in the organic solvent proportion we also considered relevant a 
detailed knowledge of the stability and structure of the inclusion complexes to obtain 
a more detailed picture of its influence on the chromatographic process. To this end, 
we undertook the chromatographic determination of the CD-carboline association 
constants and the structural characterization of the complexes by NMR techniques. In 
order to reduce the use of organic solvents also at the pre-treatment stage, our study 
involves the comparison of the traditional Liquid-Liquid Extraction (LLE) protocol 
with another one based on Solid Phase Extraction (SPE), which requires a much lower 
amount of organic solvent and which had not been previously applied to the analysis 
of carboline derivatives in blood or serum samples. 

2.  Experimental Section

2.1.  Apparatus and reagents

All reagents and solvents were analytical, spectroscopic or chromatographic grade 
and were used without further purification. Water was doubly distilled and deionized 
(Milli-Q system) prior to its use. Norharmane, harmane and harmine were purchased 
from Sigma (Steinheim, Germany) as well as the cyclodextrins employed, namely 
β-CD and HPβ-CD (average degree of substitution: 0.8 hydroxypropyl groups per glu-
cose unit). 

NMR spectra were recorded with a Bruker Advance 250 spectrometer (Servicio de 
Resonancia Magnética Nuclear, UCM) using D2O or d6-DMSO as solvents. 

A liquid chromatographic system (Hitachi-Merck, Tokyo, Japan) consisted of a 
quaternary gradient pump L-7100 coupled with a fluorescence detector L-7485 and a 
second was equipped with an isocratic pump L-6000 coupled to a fluorescence detec-
tor F-1050. For both instruments the temperature of the columns was controlled with 
a L-2300 oven and the samples were injected through a Rheodyne 7725i injector (20 
μL loop). The two chromatographic systems were under computer control through 
the HPLC System Manager software, version 4.1. The analytical C18 columns (Spheri-
sorb, ODS2, 5 μm, 150 × 4.6 mm) were purchased to Waters (Milford, Massachusetts) 
and they were utilized in combination with ethanolic and methanolic mobile phases. 
The mobile phases were filtered through a 0.45 μm × 47 mm membrane filter (GPH, 
Waters, Bedford, MA, USA and Sartorius Stedim Biotech GmbH, Goettigen, Germany) 
under vacuum followed by the application of ultrasound during 5 minutes. The flow 
rate was 0.9 mL × min-1 (pressures of 80-120 bar). The fluorescence detection condi-
tions employed were: excitation wavelength of 290 nm and emission wavelength of 
430 nm.
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2.2.  Procedures

Stock solutions of norharmane, harmane or harmine 3.0 × 10-3 M in ethanol were 
freshly prepared. Aliquots of these stocks were taken to prepare solutions around 3.0 
× 10-5 M of the alkaloids in 0.1 M HCl. These acidic solutions were spectrophotometri-
cally measured and their molar absorptivities were considered in order to calculate 
accurately the real concentration of the stock solutions [31]. Then, suitable volumes 
of the standarized stock solutions were employed to prepare the standards for vali-
dation of chromatographic procedure and also to spike the serum samples studied.

The β-carbolines-CDs solid inclusion complexes were prepared at stochiometric 
ratios of 1:1 and 1:2. An appropriate amount of norharmane, harmane and harmine 
was weighed. Then the corresponding amount of CD was added to the solid β-car-
boline derivative and an adequate volume of water to assure the solubilization of 
the cyclodextrins. The mixture was magnetically stirred in a water bath at 50 oC for 
1 week. The mixture was then cooled to 8 oC and the solid complexes obtained were 
filtered and washed with ethanol followed by water to eliminate free β-carboline and 
free CDs. Finally, the complexes were freeze-dried for 48 h. Then, adequate amounts 
of the complexes obtained were dissolved in d6-DMSO or deuterium oxide containing 
a trace of 4,4-dimethyl-4-silapentane-1-sulfonic acid (DSS) as an internal standard, at 
a concentration 1 × 10-2 M for β-CD and 1 × 10-1 M for HPβ-CD, in order to obtain the 
1H-NMR and 13C-NMR spectra.

For the chromatographic determination of the association constants, isocratic mo-
bile phases methanol:buffered phosphate (pH 7.8), 50:50, (v:v) and isocratic mobile 
phases ethanol:buffered phosphate (pH 7.8), 30:70, (v:v) were employed. The mobile 
phases were modified by the addition of appropriate amounts of CDs. The range of 
concentrations assayed was from 0-3.0 mM (7 levels of concentration, methanolic 
mobile phases) and 0-11.0 mM (7 levels of concentration, ethanolic mobile phases) 
for β-CD and from 0-17 mM for HPβ-CD (10 levels of concentration, methanolic and 
ethanolic mobile phases). The association constants were determined at 25, 35 and 
45 oC. The columns were washed daily according to a previously described procedure 
[32] which allowed each column to be employed at least in 370-400 assays for the 
analysis of β-carbolines in serum samples.

With the aim to demonstrate the applicability of the method to the separation 
and quantitation of β-carbolines in real samples, human serum specimens (≈ 2-3 
mL) belonging to 20 healthy volunteers were mixed to obtain a representative serum 
pool exempt from β-carboline derivatives. Two aliquots (S1 and S2) were taken from 
this pool and then adequate volumes of standard solutions containing norharmane, 
harmane and harmine were added to the serum samples, the concentration of each 
alkaloid (norharmane, harmane and harmine) being 0.250 μM (S1) and 0.500 μM (S2). 
The serum samples were spiked with the standard solutions of the alkaloids in a vo-
lume no higher than 5% of the initial serum volume. Two different procedures for 
sample clean-up were employed, namely the liquid-liquid extraction (LLE) procedure 
[20a] for the determination of harmane and harmine in blood samples and the solid 
phase extraction (SPE) procedure described for analysis of β-carboline derivatives in 
food samples [19]. SPE was carried out employing cartridges of 3 mL capacity packed 
with 200 mg propylsulphonic acid-derivatized silica gel (Isolute SCX 2, International 
Sorbent Technology, Mid Glamorgan, UK) placed in a vacuum manifold. The purified 
samples were then injected onto the chromatographic system using methanolic and 
ethanolic mobile phases modified by the addition of appropriate amounts of CDs (3 
mM β-CD or 15 mM HPβ-CD) [33].
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3.  Results and discussion

3.1.   1H- and 13C-NMR Characterization of the β-carboline-cyclodextrin Inclusion Complexes

Although different methodologies and instrumental techniques can be employed for 
the structural characterization of CD inclusion complexes, NMR is well established as 
a powerful tool for investigating the through-space interactions of CDs and their li-
gands, both inside and outside the CD cavities. In the present work, we have emplo-
yed for this purpose a combination of 1D 1H-NMR and 13C-NMR and 2D ROESY data. 
We have previuosly described a preliminary 1D NMR study of the harmane and har-
mine CD inclusion complexes, but under the conditions employed the carboline sig-
nals could not be observed, and the study was based on the changes observed in the 
glucose signals [34a]. We report now the use of more sensitive conditions that allow 
to observe the alkaloid signals and perform a much more refined structural study.

Several significant changes were observed in the 1H-NMR spectra of the complexes 
in comparison to those of the corresponding free cyclodextrin and guest. As an exam-
ple, figures 2 A and B show the 1H-NMR spectrum of β-CD and its 1:1 complex with 
harmane. CD complexation led to decoupling of the OH groups at C2, C3 and C6. This 
reflects a fast proton exchange, which is a consequence of alterations of the hydro-
gen-bonding network at the rims of the cyclodextrin. Related changes were observed 
for HPβ-CD (figure 2, C and D). Comparison of the 1H-NMR spectra of free CDs with 
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the ones obtained for the inclusion complexes, significant spectral changes can also 
be observed in the 3.40 ppm zone. In the case of free CDs, an intense peak is observed 
in this region due to the water molecules included inside the CD cavity [34b] but for 
the inclusion complexes this signal disappears because water is displaced from the 
CD cavity by the β-carboline molecules.

13C-NMR measurements showed increased displacements for harmine (Figure 3), 
norharmane and harmane, chosen as a representative example for this discussion, 
and higher displacements for the 1:2 stoichiometry, showing a deeper penetration of 
the ligands inside the CD cavities. In the case of the 1:1 complexes, the signals that 
showed the highest displacements were those of C-5, C-6, C-7 and C-8 (Table 1), 
which proved that the more lipophilic benzene rings of the alkaloids enter the cavity 
first. The significant increase in Δδ for C-4 for the 1:2 stoichiometry is consistent with 
a complex containing two CD molecules per ligand. The absence of changes in the CH3 
group suggests that, due to geometrical reasons, this group is outside the CD. Figure 4 
summarizes the displacements found for the carbon signals of harmane. Harmine 
showed a very similar behaviour to harmane in all respects. However, in the case of 
norharmane the signals due to the benzene ring and those of the pyridine ring showed 
similar displacements, and indeed the most significant one corresponded to C-1. This 
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suggests a different mode of inclusion, where both the benzene and the pyridine 

rings at the ends of the molecule can enter the CD cavities. 

A more detailed picture of the solution geometry of the complexes can be obtai-

ned by measuring NOE enhancements, which show the spatial proximity of protons. 

However, cyclodextrin complexes fall in the region where ωtc ≈ 1, and consequently 

small NOE effects are expected. Therefore, rotating frame nuclear Overhauser effect 

(ROE) experiments, which give a positive response over the whole molecular weight 

range [35], were employed. 2D ROESY experiments for the 1:1 and 1:2 harmane/HPβ-

CD complexes are shown in Figure 5 as representative examples. Clear correlations 

were observed between the signals corresponding to the protons of the benzene rings 

Table 1. Increase in the 13C-NMR chemical shifts (× 10-2 ppm) for the 1:1 and 1:2 alkaloids:CDs inclusion  
complexes. Data are given as Δδ = δcomplex - δguest molecule. NHE: norharmane; HAE: harmane; HIE: harmine.

NHE/β-CD NHE/HPβ-CD HAE/β-CD HAE/HPβ-CD HIE/β-CD HIE/HPβ-CD

Atom 1:1 1:2 1:1 1:2 1:1 1:2 1:1 1:2 1:1 1:2 1:1 1:2 

C-1 17.8 14.9 6.1 -1.3 2.9 8.8 2.5 6.5 -0.5 4.5 1.7 5.0

C-3 -3.7 -2.2 7.6 3.5 5.0 7.8 4.8 6.5 1.0 2.8 2.2 3.0

C-4 3.6 7.8 4.0 8.5 6.9 16.7 6.3 13.3 2.3 7.6 4.5 7.8

C-4a -1.4 -0.5 -2.4 0.9 0.4 4.8 0.5 3.8 -0.8 1.8 0.6 2.0

C-4b 1.7 6.7 4.2 8.7 2.3 13.4 2.2 10.7 0.4 6.4 2.6 7.0

C-5 4.2 8.9 4.3 9.6 7.0 17.7 4.6 14.2 3.0 7.8 4.8 7.7

C-6 3.4 6.6 3.5 2.1 6.9 14.9 6.3 11.8 3.2 3.4 4.6 8.5

C-7 4.4 9.4 5.2 10.2 7.0 18.4 6.3 14.5 0.5 5.3 2.4 5.6

C-8 0.8 4.3 0.8 30.0 4.2 12.1 3.8 10.0 0.3 4.0 2.0 4.5

C-8a 0.4 3.0 0.8 4.2 0.8 9.0 0.5 6.8 0.0 2.9 1.4 3.0

C-9a -2.6 -0.2 3.6 0.2 0.6 7.0 0.5 5.2 -0.7 2.7 0.9 3.1

CH3 - - - - 0.3 0.8 0.1 0.2 -0.7 -0.7 -0.3 -0.6

OCH3 - - - - - - - - 2.5 6.5 4.1 6.6
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H-5, H-6, H-7 and H-8 on the β-carboline ring and the group of signals corresponding 

to protons H-3, H-5 and H-6 of the glucose rings, but not to H-2 and H-4. Since H-3 

and H-5 are oriented towards the inner side of the CD cavities and H-2 and H-4 are 

outside, these results prove the penetration of the alkaloids into the host molecules. 

Another intense correlation is observed for H-4 of the carboline system, which is su-

fficiently close to the rim of the CD molecule, while H-3 shows a clear correlation only 

for the case of the 1:2 complex. The methyl group of harmane also shows a correla-

tion, although rather weak. Harmine shows a similar behaviour to harmane. In the 

case of norharmane, strong ROESY correlations were observed for H-1, H-3, H-4, H-5, 

H-6, H-7 and H-8, confirming that the benzene and pyridine rings can be included 

with similar probability (Figure 6).

The 13C-NMR studies, coupled with the ROESY correlations, lead us to propose the 

schematic model for the inclusion of harmane and harmine shown in Figure 7A. On 

the other hand, the 1:1 norharmane complexes can be considered as mixtures of two 

species, where the inclusion takes place by either end of the molecule (Figure 7B). 

According to these models, the more lipophilic part of the molecule, which is the one 

responsible for the interaction with the stationary phases, is inside the CD cavity. 

Therefore, diminished retention times can be expected in the presence of CDs, even in 

mobile phases containing high proportions of water, in comparison with the situation 

in the absence of cyclodextrins. For the case of norharmane, the effective interactions 

of both aromatic rings (benzene and pyridine) with the CDs increase the solubility 

of the ligand in the aqueous mobile phases and thus decrease its retention on the 

stationary phase, contributing to a further reduction of the retention times. This is 

in agreement with the higher values found for the association constants found for 

norharmane in comparison with harmane and harmine (see below).
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3.2.  Chromatographic determination of the β-carboline-cyclodextrins association cons-

tants 

The presence of CDs in the mobile phases has been used to enhance the chromato-
graphic separation of closely related compounds [3,36]. When CDs are added to the 
mobile phases, the retention factors decrease as a consequence of the formation of 
inclusion complexes during the chromatographic separation. The determination of 
the complex stability constants and the evaluation of the strength of guest-host in-
teractions by HPLC are of interest because the existence of competitive chromatogra-
phic and inclusion equilibria can lead to alterations not only of the retention factors 
but also of the elution order and the selectivity. Studying the association constants 
can therefore contribute to optimize the mobile phase and the chromatographic con-
ditions for routine analysis. Mobile phases with a very high water proportion favour 
the formation of CD inclusion complexes but they cannot be employed in practice 
because the retention times became prohibitively long, even in the presence of CDs 
in the mobile phase.

The apparent association constants (Kass) can be determined using Equation 1 [37], 
where k and k0 are the retention factor values in the presence and absence of cyclo-
dextrin, respectively. The plot of 1/k vs. [CD] gives a straight line, where the value of 
Kass can be calculated as slope/ordinate.

= +
k k

K

k

1 1 [CD]

0

ass

0

Equation 1

Table 2 shows the values obtained for the β-carboline-CD association constants 
(Kass), which can be seen to bear an inverse relationship with temperature. Inclusion 
complexes were more stable in ethanol-water mixtures than in methanol, and com-
plexes with HPβ-CD were more stable than those with β-CD for the ethanolic mobile 
phases, which is an important result in terms of the use of ethanol as real alternative 
in the design of greener mobile phases. It is well known that increased temperatures 
are accompanied by better chromatographic features, and for this reason we under-
took a brief study of the influence of temperature on complex stability. As shown in 
Table 2, it can be observed that increasing temperatures favour the dissociation of 
the β-carboline-CD complexes, an effect that is well documented in the literature for 
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some types of ligands. This observation led us to exclude the use of temperatures abo-
ve 35 °C to increase the chromatographic efficiency. For both mobile phases and both 
CDs, the magnitude of the association constants for the three β-carbolines studied 
varied as follows:  norharmane > harmane > harmine. These values are in agreement 
with NMR results and with the models of inclusion proposed in Figure 7. 

The literature association constants for the methanol/β-CD and ethanol/β-CD com-
plexes are 0.32 and 0.93 M-1, respectively [38]. Considering these values, the alkaloids 
should be more easily displaced from the CD cavities by ethanol than by methanol, 
but the presence of a higher water proportion in the ethanolic mobile phases more 
than makes up for this effect, as previously observed by other workers, who noticed 
that an increase of 5% in the water proportion of the mobile phases produced a sig-
nificant enhancement of the association constant values for terpene derivatives [39]. 
This effect can be attributed to the predominance of hydrophobic interactions inside 
the CD cavity, which favours the formation of analyte inclusion complexes [40]. Table 
2 also includes the values of Kass calculated considering the competition of the sol-
vent and β-carboline alkaloids, where Ksolvent is 0.32 for methanol and 0.93 for ethanol, 
and free CD concentration present in the mobile phase ([CD]M) can be determined as 
shown in Equation 2 [38,41].

=
+ K

[CD]
[CD]

1 [solvent]M
total

solvent

Equation 2

As expected, a notable increase in the stability constants was observed when the 
competition of the solvent for the β-CD was considered (Table 2). From these results 
can be deduced that the water:organic solvent ratio employed in our experiments 
is adequate to obtain a reasonable time of analysis and the combination C-18 and 
ethanol:buffered aqueous solution with HPβ-CD as MPA is a valuable approach to the 
development of green chromatographic separations.

3.3.  Influence of CDs on the chromatographic separation and quantitation of β-carboli-
nes

The concentration of CDs in the mobile phases needs to be adjusted to the experi-
mental conditions. Higher CD concentrations reduced the retention factor although, 
due to the limited solubility of CDs in the alcoholic-water mixtures, the pressure in 
the column is increased and therefore the column efficiency is reduced. Based on our 
previous experience on the influence of the composition of the mobile and stationary 
phases, temperature and CDs concentration in the mobile phase on the separation 

MeOH:buffer EtOH:buffer

β-CD
HPβ-CD β-CD HPβ-CD

25 °C 35 °C 45 °C 35 °C 45 °C 35 °C 45 °C

Norharmane a 19.82 ± 0.16 10.05 ± 0.44 10.63 ± 1.63 11.21 ± 2.07
(64.78 ± 11.95)

6.70 ± 0.28
(38.71 ± 1.64) 21.59 ± 2.47 15.99 ± 0.96

Harmane a 16.48 ± 0.35 5.81 ± 0.43 9.19 ± 1.78 8.30 ± 1.68
(47.98 ± 9.74)

4.89 ± 0.94
(28.30 ± 5.42) 16.46 ± 2.11 13.06 ± 0.34

Harmine a 18.01 ± 0.28 a 9.47 ± 2.09 6.62±3.03 (a) a (a) 12.58 ± 3.23 11.49 ± 0.51
a The values obtained were not processable because of the poor correlation coefficient.

Table 2. Apparent association constants values (Kass) and standard deviations obtained by RP-HPLC for the β-carboline  
derivatives-CD complexes in two different hydroalcoholic mobile phases. Stationary phase octadecylsilane (C18). Values obtained 

considering the total concentration of CD. The values of Kass calculated considering the competition of the solvent appear  
in parenthesis. All the values expressed as Kass ± σn-1, (M

-1).
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of β-carboline alkaloids [33] 15 mM HPβ-CD and 3 mM β-CD concentrations were 
chosen for the quantitation of norharmane, harmane and harmine in biological sam-
ples. We have also described the chromatographic determination of the association 
constants of 2,6-di-O-methyl-β-cyclodextrin and 2,3,6-tri-O-methyl-β-cyclodextrin 
and β-carboline alkaloids [32], but these CDs are too expensive for routine chromato-
graphic analysis, compared to native β-CD and HPβ-CD. 

The addition of β-CD and HPβ-CD as MPA caused a notable decrease in the reten-
tion times and in the retention factors of the β-carboline alkaloids under study, as 
shown in Figure 8 for the separation of the solutions of standards (see also Figure 
10 below for the results obtained for spiked serum samples). The chromatographic 
behaviour obtained was the same for the standards and for real samples. The de-
crease in the retention time was higher for the ethanolic than for methanolic mobile 
phases and the decrease observed in the retention factors was higher for HPβ-CD 
than for β-CD. These effects can be explained considering that the concentration of 
β-CD is lower than that of HPβ-CD, the water proportion was higher in the ethanolic 
mixtures than in the methanolic ones and hence the formation of inclusion comple-
xes is favoured in the ethanolic mobile phases, and also taking into account that the 
association constant values are higher for HPβ-CD than for β-CD. The decrease in the 
retention factors is a consequence of the higher solubility of the inclusion complexes 
in the mobile phase [36] in comparison to free alkaloids present in the non-modified 
mobile phases. 

The realiability of the chromatographic method was shown by the agreement in 
the retention time obtained for β-carbolines in the standard solutions and those ob-
tained for the spiked serum samples. A good reproducibility in the retention times 
was obtained in non-modified mobile phases and in the presence of CDs. Thus, after 
12 consecutive injections of the standard solutions, the change in the retention times 
was in the 0.5 - 2% range for all the analytes using mobile phases without CDs. Si-
milarly, no significant changes in the retention times were observed in the presence 
of CDs (1-3%). A percentage of reduction in the retention time of 3-7% was observed 
after 35-40 injections in three consecutive days with CDs. The highest reduction was 
observed in ethanolic mobile phases for both β-CD and HPβ-CD. The peak area repro-
ducibility was also evaluated by injecting the standard solutions.

3.4.  Validation of the chromatographic method

Linearity ranges and limits of detection were deduced using standard solutions of nor-
harmane, harmane and harmine dissolved in the mobile phases in the 0.1 μM - 1.0 μM 

1

2 3

Figure 8.  
Effects of CDs as mobile phase 
additives on the separation of 
β-carboline alkaloids in the 
standard solutions. Elution or-
der: 1, norharmane; 2, harmane; 
3, harmine
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concentration range. Duplicate injections were made for each standard solution. The 
limit of detection (Table 3) was determined by injecting 6 times a solution of concen-
tration 0.1 μM and then calculated as described by Zheng [20a] The calibration curves 
for the β-carbolines studied were linear over the 0.1 - 1.0 μM concentration range. The 
correlation coefficients (R2) were obtained from linear regression treatment, using 
the peak area versus concentration for each standard compound. An increase in the 
correlation and in the slopes of the calibration curves was observed in the presence of 
CDs in ethanolic or methanolic mobile phases. When HPβ-CD was employed as mobi-
le phase additive, the slopes for the three alkaloids were twice as high in comparison 
with the non-modified mobile phases. The Limits of Detection (LODs) obtained in the 
presence of CDs were better than the ones obtained in non-modified mobile phases 
for both types of CDs and mobile phases studied (Table 3). The enhancement of LODs 
was most noticeable for ethanolic mobile phase and HPβ-CD. Fluorimetric detection 
is adequate for the quantitation of these alkaloids, whose high native fluorescence is 
enhanced by the formation of CD inclusion complexes, increasing the sensitivity for 
their detection [42]. The LOD values obtained (2 - 6 × 10-8 M, which corresponds to 
3.6 - 10.8 ng mL-1) were in the same range to other chromatographic procedures des-
cribed for the determination of β-carbolines in blood samples [20a-c]. These values 
were better than those required for the analysis of the alkaloids [17,18b] in foodstuffs, 
cigarrette smoke condensates or plant extracts.

Precision was evaluated by the intra-day and inter-day repeatability Relative Stan-
dard Deviation (RSD, %). For intra-day assays the standard solution containing the 
mixture of alkaloids was injected 6 times in the same day. For the inter-day RSD cal-
culation the standard solutions containing the mixture of alkaloids were injected in 

Mobile phase Compound R2 LOD

Without CDs in the mobile phase

MeOH:Buffer 50:50 Norharmane 0.9970 5.92 × 10-8 M

Harmane 0.9960 6.10 × 10-8 M

Harmine 0.9959 3.77 × 10-8 M

EtOH:Buffer 30:70 Norharmane 0.9887 1.04 × 10-7 M

Harmane 0.9903 1.20 × 10-7 M

Harmine 0.9521 1.41 × 10-7 M

3 mM β-CD in the mobile phase

MeOH:Buffer 50:50 Norharmane 0.9993 2.03 ×10-8 M

Harmane 0.9996 2.07 ×10-8 M

Harmine 0.9997 3.66 ×10-8 M

EtOH:Buffer 30:70 Norharmane 0.9975 6.33 ×10-8 M

Harmane 0.9987 5.30 ×10-8 M

Harmine 0.9940 7.46 ×10-8 M

15 mM HPβ-CD in the mobile phase

MeOH:Buffer 50:50 Norharmane 0.9987 5.15 ×10-8 M

Harmane 0.9991 5.36 ×10-8 M

Harmine 0.9992 4.70 ×10-8 M

EtOH:Buffer 30:70 Norharmane 0.9978 6.14 ×10-8 M

Harmane 0.9974 5.83 ×10-8 M

Harmine 0.9975 5.47 ×10-8 M

R2 Coefficient of determination; LOD limit of detection (n = 6).

Table 3. Linear regression study (0.1-1.0 μM) and limit of detection obtained  
for β-carbolines under different experimental conditions
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duplicate sets during 6 consecutive days. Intra-day and inter-day precision studies 
were carried out at two levels of concentration: 0.1 μM and 1.0 μM (Table 4). The 
precision of the method was good, as shown by the fact that RSD values were lower 
than 8% in 64 cases out of 72. The RSD values were higher for the ethanolic mobile 
phases than for the methanolic ones for both concentration levels. These results are 
a consequence of the efficiency of the chromatographic conditions, since the peaks 
are wider in ethanol than in methanol and this affects the quantitation based on peak 
areas. The intra-day precision was enhanced in the presence of β-CD as MPA for both 
mobile phases with regard to the results obtained without CDs (for a graphical com-
parison, see figure 9). The intra-day precision for β-CD was better than in the case of 
HPβ-CD for both mobile phases. The differences between the RSD values for intra-day 
assay and inter-day assay are negligible, which shows a good response of the chro-
matographic system in the presence of CD additives in the mobile phase, owing to 
the adequate selection of CD concentrations and the efficiency of the daily washing 
procedure [32,33]. Thus, comparing the same mobile phase and the same CD as MPA, 
the RSD values for inter-day assay are lower than the corresponding intra-day assay 
RSD values. These results can be ascribed to the fact that the inter-assay experiments 
were developed each day after the night washing procedure and hence the detrimen-
tal effect of the presence of CDs in the mobile phases during several hours is avoided. 

Accuracy was estimated as the percentage of the measured concentration (on 
the calibration curves) over the nominal concentrations. The accuracy of the chro-
matographic separation and of the total methodology including the pre-treatment 

Table 4. Evaluation of the precision of the chromatographic method  
at two levels of concentration: 0.1 μM and 1.0 μM

Compound
Intra-day precisiona (%RSD) Inter-day precisiona (%RSD)

MeOH:Buffer 50:50 EtOH:Buffer 30:70 MeOH:Buffer 50:50 EtOH:Buffer 30:70

Without CDs in the mobile phase

Norharmaneb 3.31 3.09 1.55 9.20

Harmaneb 2.87 11.53 1.91 4.29

Harmineb 4.97 11.42 1.50 3.60

Norharmanec 3.55 4.31 1.85 6.27

Harmanec 2.30 1.19 1.94 6.06

Harminec 4.32 7.74 1.35 5.53

3 mM β-CD in the mobile phase

Norharmaneb 3.10 4.14 1.82 7.39

Harmaneb 1.79 2.75 2.95 8.15

Harmineb 6.09 9.73 4.76 5.97

Norharmanec 1.85 2.40 3.85 3.79

Harmanec 1.62 2.20 4.53 3.91

Harminec 2.61 4.02 5.16 4.04

15 mM HPβ-CD in the mobile phase

Norharmaneb 5.25 7.64 5.42 8.27

Harmaneb 7.23 5.86 6.33 8.51

Harmineb 4.52 6.40 8.53 6.73

Norharmanec 4.72 5.49 3.83 3.10

Harmanec 4.02 5.34 2.69 2.88

Harminec 4.08 6.37 3.77 6.19
a n = 6. b 0.1 μM. c 1.0 μM
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procedures has been determined to show the utility of CDs as MPA. The accuracy 
of the chromatographic procedure was evaluated in terms of recovered concentra-
tions. An exactly measured volume of the standarized solutions of the β-carbolines 
under study was added to the extracted serum samples containing a concentration 
of 0.5 μM of each β-carboline alkaloids. Then the samples were injected (n=3) under 
the different chromatographic conditions. The results are presented in Table 5. The 
recoveries obtained (91-113%) are very satisfactory for the experimental conditions 
including CDs as MPA. 

In order to verify the accuracy of the methodology (extraction and chromatogra-
phic procedures) for the determination of β-carboline derivatives in biological sam-
ples, absolute recoveries were calculated. Thus, a known amount of each β-carboline 
studied was added to the spiked serum samples containing 0.500 μM concentration 
and then the complete analytical protocol was applied. The recoveries obtained are 

Figure 9.  
Effect of CDs as MPA on the 

inter-day precision obtained in 
the separation of norharmane. 

Mobile phase: EtOH:buffered 
aqueous solution, 30:70 (v:v).

Compound
Recoveries (%)a

MeOH:Buffer 50:50 EtOH:Buffer 30:70

Without CDs in the mobile phase

Norharmane 101.3 113.0

Harmane 108.8 107.9

Harmine 106.2 103.6

3 mM β-CD in the mobile phase

Norharmane 98.5 100.0

Harmane 99.1 102.1

Harmine 89.8 92.7

15 mM HPβ-CD in the mobile phase

Norharmane 96.4 106.6

Harmane 101.6 107.7

Harmine 91.7 92.6
a β-Carboline alkaloids were added (c = 0.250 μM) to the previously extracted spiked serum samples containing the 
alkaloids in concentrations 0.500 μM.

Table 5. Accuracy of the chromatographic procedure for β-carbolines in different  
experimental conditions. The accuracy was evaluated in terms of recovery (%).
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presented in Table 6. The chromatographic recoveries were close to 100%, while for 
the overall method the recoveries present a greater dispersion. The values obtained 
for the absolute recoveries are in a range similar or better than those described in 
the literature for different analytes in real samples, i.e. β-carbolines in serum sam-
ples (70-130%) [20a], phenotiazine derivatives in human urine (67-105%) [43] and 
anti-depressant drugs in plasma (52-110%) [44].

Regarding the extraction procedures employed, it can be appreciated that the re-
coveries obtained for the aliquots extracted by SPE are better than those obtained 
from the LLE using the method described by Zheng [20a]. The absolute recoveries ob-
tained for the SPE method were in the range of 81-115% in 33 out of 36 cases, but the 
recoveries for LLE-extracted samples were less adequate. These results can be explai-
ned considering that the extracts obtained by both extraction procedures are in diffe-
rent solvents, since the eluates obtained from SPE are in a methanol:acidic aqueous 
solution and the acid pH assures the protonation of the alkaloids, thus increasing 
their solubilities and allowing the use of a reduced volume of organic solvent. On the 
other hand, liquid-liquid extraction according to the Zheng protocol [20a] requires 
tedious evaporation of each individual fraction and subsequent re-dissolution of the 
dry residues in a small volume of methanol to avoid dilution of the analytes, and in 
these conditions the residue is not completely dissolved. Since these methanol so-
lutions are then directly injected into the chromatograph, these problems lead to an 
increase in the width of the chromatographic peaks for the case of the LLE-extracted 
samples (Figure 10), for both methanolic and ethanolic mobile phases. This behaviour 

Compound
LLE SPE

MeOH:Buffer 
50:50

EtOH:Buffer 
30:70

MeOH:Buffer 
50:50

EtOH:Buffer 
30:70

Without CDs in the mobile phase

Norharmanea 133.0 109.2 94.8 91.7

Harmanea 114.2 109.1 107.5 90.1

Harminea 112.1 111.9 102.6 115.5

Norharmaneb 89.0 107.8 82.1 101.4

Harmaneb 110.4 112.9 95.0 95.6

Harmineb 100.7 134.7 87.2 111.8

3 mM β-CD in the mobile phase

Norharmanea 115.8 146.8 102.7 70.7

Harmanea 92.4 122.7 109.2 87.7

Harminea 84.3 119.2 84.8 92.3

Norharmaneb 74.5 144.4 107.3 91.8

Harmaneb 99.8 149.5 105.2 83.0

Harmineb 87.9 134.7 97.4 95.0

15 mM HPβ-CD in the mobile phase

Norharmanea 123.5 146.9 77.3 85.3

Harmanea 115.5 153.1 83.0 96.6

Harminea 112.0 159.5 92.1 97.6

Norharmaneb 76.9 136.8 78.7 81.8

Harmaneb 100.1 151.4 81.0 78.6

Harmineb 92.3 147.4 82.3 93.0
aThe alkaloid was added up to a final 0.125 μM concentration. bThe alkaloid was added up to a final 0.250 μM concen-
tration.

Table 6. Absolute recoveries (as %) obtained for β-carbolines in human serum samples.
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was not observed for the SPE extracts, explaining why accuracy values obtained in the 
validation for SPE are better than for LLE. As an additional advantage, SPE results in a 
lower volume of extractive mixtures, which have a higher proportion of water; this 
is possible due to the ionic exchange retention mechanism. Besides, SPE requires less 
operator time and simpler experimental conditions. 

Figure 10.  
Effects of CDs on the separation 

of β-carboline alkaloids in the 
spiked and extracted serum 

samples. Peaks corresponding 
to compounds as in Figure 8.

Compound
LLE SPE

MeOH:Buffer 
50:50

EtOH:Buffer 
30:70

MeOH:Buffer 
50:50

EtOH:Buffer 
30:70

Without CDs in the mobile phase

Norharmanea 0.248 0.285 0.205 0.243

Harmanea 0.285 0.261 0.231 0.217

Harminea 0.290 0.294 0.230 0.258

Norharmaneb 0.435 0.457 0.379 0.458

Harmaneb 0.494 0.448 0.419 0.436

Harmineb 0.482 0.469 0.405 0.460

3 mM β-CD in the mobile phase

Norharmanea 0.240 0.255 0.261 0.214

Harmanea 0.272 0.271 0.278 0.234

Harminea 0.237 0.272 0.253 0.210

Norharmaneb 0.408 0.422 0.523 0.418

Harmaneb 0.460 0.473 0.562 0.449

Harmineb 0.418 0.488 0.504 0.413

15 mM HPβ-CD in the mobile phase

Norharmanea 0.231 0.233 0.202 0.198

Harmanea 0.255 0.256 0.229 0.213

Harminea 0.243 0.246 0.206 0.179

Norharmaneb 0.387 0.424 0.386 0.423

Harmaneb 0.438 0.461 0.439 0.438

Harmineb 0.401 0.416 0.385 0.381
aThe theoretical value was 0.250 μM. bThe theoretical value was 0.500 μM.

Table 7. Determination of β-carbolines in spiked human serum samples. Experimental 
 values obtained employing the chromatographic procedures and clean-up protocols  

developed in this paper (liquid–liquid extraction, LLE and solid-phase extraction, SPE)
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3.5.  Application of the developed methodology to the analysis of β-carbolines in human 

serum samples

The pooled serum samples spiked with β-carbolines at 0.250 μM and 0.500 μM con-
centrations were analyzed by the proposed RP-HPLC procedures after sample clean-
up (LLE or SPE). The experimental concentrations of β-carbolines were calculated 
considering the areas under the peaks and comparing to those obtained from the 
standard calibration curves. The values of alkaloid concentrations found in the sam-
ples are shown in Table 7. According to the figures of merit obtained, the differences 
among the theoretical values of β-carbolines and the experimental values obtained 
are related to the extraction methodology employed. In conclusion, these chromato-
graphic procedures can be successfully applied to the quantitation of β-carbolines in 
biological samples.

3.6.  Comparison to other chromatographic separations (RP-HPLC) of β-carbolines

The proposed method was compared to some of the most representative HPLC quan-
titation methods for β-carboline alkaloids [14,18b,20a,26a] in terms of solvent con-
sumption. The methodology described here avoided the use of acetonitrile and also 
allowed a considerable reduction of the proportion of methanol in the mobile phase 
(from 70% to 50%). It also allowed the use of ethanol as mobile phase, which was 
unprecedented. Furthermore, the presence of CDs as MPA increased the sensitivity 
for detection of the analytes and did not reduce the accuracy or precision of the me-
thodology. 

4.  Conclusions

The inclusion complexes from norhamane, harmane and harmine with β-CD and HPβ-
CD have been characterized by 1D- and 2D-NMR experiments. For the cases of har-
mane and harmine, and for inclusion complexes with both 1:1 and 1:2 alkaloid:CD 
stoichiometries, these studies show that inclusion takes place through the benzene 
ring of the host molecules, and the pyridine moiety remains partially outside the CD 
cavities. In the case of norharmane, either the benzene or the pyridine rings at the 
ends of the molecule can enter the CD cavities. Interestingly, these structural studies 
are in good agreement with the association constant values obtained by RP-HPLC, 
where the highest Kass were those obtained for the case of norhamane because the 
more effective interactions with the CDs reduce the interaction with the stationary 
phases and hence the retention times. This correlation between structural data obtai-
ned by NMR and chromatographic behaviour constitutes another innovative aspect 
of our work. The addition of CDs allows a reduction of the organic solvent content in 
the HPLC mobile phases. Furthermore, it also allows the use of renewable solvents 
(methanol and ethanol) as the organic component, avoiding the use of the more to-
xic acetonitrile, the most frequent organic component in the analysis of β-carboli-
nes by RP-HPLC. It has been demonstrated that the presence of β-CD and HPβ-CD as 
MPA does not exert a negative influence on the analytical performance of the chro-
matographic procedure. On the contrary, the sensitivity is increased in the presence 
of CDs and the accuracy and precision of the method are very satisfactory for the 
analysis of these interesting compounds in complex biological matrices. The use of 
SPE pre-treatment was compared with LLE and had the advantage of a lower use of 
organic solvents while it led to better analytical results and a good compatibility of 
the extraction solvents with the mobile phase composition. Therefore the presence of 
CDs in the mobile phases potentially allows the traditional HPLC technique to become 
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an attractive eco-separation technique using conventional and inexpensive columns 
and stationary phases, under simple and user-friendly experimental conditions.
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•	β-CD: β-cyclodextrin
•	3HMBC: 3-Hydroxyme-
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•	HPLC: High-performance liquid 
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9
ABSTRACT ▶ The analysis of beta-carboline alkaloids presents a renewed interest due to their biological relevance 
and their increasing popularity as recreational drugs. In the present work a novel chromatographic RP-HPLC me-
thod with fluorimetric detection has been applied to the determination of β-carbolines spiked in human serum 
samples. The chromatographic procedure involves the use of less retentive, unusual C1 columns combined with 
hydro-alcoholic mobile phases and the use of β-cyclodextrin or (2-hydroxypropyl)-β-cyclodextrin as mobile phase 
additives. The effective combination of C1 columns and the modified mobile phases with cyclodextrins leads to a 
considerable reduction in the organic proportion in the mobile phase (up to 50%) with good resolution and effi-
ciency. Besides, the presence of cyclodextrins allows the use of ethanol, a green solvent, as the organic component 
in the mobile phase. Traditional RP-HPLC thus becomes an attractive eco-separation technique using conventional 
stationary phases under simple and user-friendly experimental conditions. Solid phase extraction was employed 
as sample clean-up protocol with attractive features, i.e a low consumption of organic solvents, time and step 
economy and diminished need for sample handling. The analytical procedure was completely validated showing 
satisfactory figures of merit. Limits of detection of 10-9-10-10 M can be achieved. The recoveries obtained for the 
total methodology (sample pre-treatment and chromatographic determination in the case of the mobile phases 
containing cyclodextrins) were very satisafactory (95-107%) as well as the intra-day (2-3%) and inter-day precision 
values (3-7%). The use of 3-hydroxymethyl-β-carboline as an internal standard allows the comparison of the good-
ness of response of the analytical methodology in the presence or absence of cyclodextrins.

Published in: González-Ruiz , V., Olives, A. I., & Martín, M. A. (2011). Anal. Bioanal. Chem., 400(2), 395–401. 

SPE/RP-HPLC using C1 columns: an environmentally 
friendly alternative to conventional reverse phase se-
parations for quantitation of β-carboline alkaloids in 
human serum samples

1.  Introduction

β-Carboline alkaloids are natural products generated in the metabolism of 
indole-3-ethylamines [1] that occur in a great variety of samples including 
plant extracts [2,3], animal tissues, biological fluids [4], foods and foodstuffs 
[5] specially meat and fish, alcoholic beverages [6] and tobacco [7,8]. The 
extracts of seeds or roots from Peganum harmala [9-11] and Banisteriopsis 
caapi [12] are rich in these alkaloids. They also appear in marine sponges 
[13,14], termites [15] and mammalian tissues [16], and thus they are known 
as indole mammalian alkaloids. Inhalation of the smoke from dried plants 
or the consumption of plant extracts containing β-carboline alkaloids are 
popular in some traditional ceremonies of Amazonian tribes [12,17]. Similar 
rituals have been described in Iran during the pre-Islamic times [18], and 
their effects are associated to the psychoactive and hallucinogenic proper-
ties of these alkaloids, which are able to interact with different neural re-
ceptors such as benzodiazepine or imidazoline receptors. Their psychotro-
pic and neurotoxic effects, together with other symptoms (gastrointestinal 
and cardiac problems) could produce severe clinical disorders. Therefore, 
the analysis of β-carboline alkaloids presents a renewed interest, not only 
due to their occurrence in foodstuffs and biological fluids, but also due to 
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the recent report of intoxications produced among young people in North America 
and Europe following the intake of infusions prepared from seeds and roots of Pe-
ganum harmala. Those dried vegetable parts are easily available through the Internet 
[10,19] and thus beyond the control of health authorities.

One of the challenges of modern analytical chemistry is the search for new te-
chniques and methodologies able to reduce the use of environmentally hazardous 
solvents and reagents. This issue is especially relevant in the case of HPLC, because of 
the widespread use of this analytical technique in most chemical, pharmaceutical and 
government laboratories. Different alternatives have been proposed to reduce the ge-
neration of organic solvents waste in HPLC including microflow-HPLC [20, 21] or the 
use of stationary phases allowing a high water proportion in the mobile phases [22]. 
Another alternative aimed at reducing the organic solvent consumption involves the 
use of mobile phase additives (MPA) such as surfactants [23] (micellar liquid chro-
matography, MLC) or cyclodextrins (CDs) in the mobile phases. Thus, the use of β-CD 
as MPA makes possible to use a higher proportion of water in mobile phases for the 
separation of citalopram [24] and trans-resveratrol in methanol:buffered aqueous 
solution (50:50) [25], and also employing mixtures of CDs [26] in the mobile phase 
has been described. Furthemore, CDs are natural products, easy to produce and com-
pletely biodegradable and it has been shown that they may help to solve complicated 
separation problems [27,28].

Acetonitrile is one of the most popular solvents employed in HPLC due to its low 
viscosity and UV transparency, but its toxicity has led to an increasing interest in re-
placing it by alcohols [29,30]. Furthermore, acetonitrile is obtained as a by-product in 
the manufacture of acrylonitrile polymers and cannot be considered as a renewable 
resource. In the case of the analysis of β-carboline alkaloids the use of acetonitrile is 
much more common than methanol as the organic component in the mobile phase. 

In the present work we describe the separation of the β-carboline alkaloids nor-
harmane, harmane and harmine (Figure 1) by HPLC, employing the uncommon rever-
se phase C1 columns. The use of this stationary phase, combined with the presence of 
CDs as MPA, allows a notable increase in the proportion of water in the mobile phase. 
The proposed methodology involves the use of less or non-toxic, renewable solvents 
(alcohols), which is an attractive feature that makes it an eco-separation. In an effort 
to reduce the organic solvent consumption also in the sample pre-treatment, SPE has 
been employed. The validation of the developed methodology (SPE/HPLC) was ca-

N
H

N

CH3
N
H

N
1

2
3456

7

8
9

Harmane
(2)

Norharmane (β-carboline)
(1)

4a4b

8a 9a

N
H

N

CH3

Harmine
(3)

H3CO
N
H

N

OH

3-hydroxymethyl-β-carboline
(IS)

Figure 1.  
Chemical structures of the 

β-carboline alkaloids analyzed 
in spiked human serum samples.
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rried out to show the utility of the combination of both methods, and excellent re-
sults were obtained. We used β-carboline spiked serum samples as model biological 
matrices, taking into account the toxicological relevance of the presence of these 
alkaloids in human serum.

2.  Materials and methods

A Hitachi (Tokyo, Japan) liquid chromatographic system equipped with a quaternary 
gradient pump model L-7100 and a fluorescence detector model L-7485 was emplo-
yed and a Hitachi (Tokyo, Japan) liquid chromatographic system equipped with an 
isocratic pump model L-6000 and a F-1050 fluorescence detector was also used. For 
all experiments the detection conditions were λex= 290 nm, λem= 430 nm. Both chro-
matographic systems were equipped with a Rheodyne 7725i injector (20 μL loop) 
and they were under computer control through the HPLC System Manager software, 
version 4.1. The column temperature was kept constant at 35 oC with a Merck Hitachi 
oven model L-2300. Separations were developed in isocratic reverse phase using C1 
columns (Kromasil 100 C1, 5 μm, 125 × 4 mm, Teknokroma, Barcelona, Spain). The 
flow rate was 0.9 mL min-1. 

UV-Vis absorption spectra were obtained with a Kontron (Zurich, Switzerland) 
Uvikon 810 double beam spectrophotometer. Excitation and emission spectra and 
measurements at fixed wavelengths were obtained with a Horiba-Jobin Yvon (Edi-
son, NJ, USA) FluoroMax-4P spectrofluorometer equipped with the control and data 
acquisition software FluorEssence 2.1.

All reagents (analytical grade) and solvents (spectroscopic or chromatographic 
grade) were from Panreac (Barcelona, Spain) and were used without further puri-
fication. Water was doubly distilled and deionized (Milli-Q purification system, 
Millipore, Molsheim, France). Norharmane, harmane, harmine and (2-hydroxypro-
pyl)-β-CD (HPβ-CD) were purchased from Sigma (Steinheim, Germany). 3-Hydroxy-
methyl-β-carboline (3HMBC) was supplied by Research Biochemicals Incorporated 
(Natick, MA, USA). Native β-cyclodextrin (β-CD) was acquired from Fluka (Steinheim, 
Germany). Propylsulfonic acid-derivatized silica SPE cartridges (Isolute SCX 2, 3 mL 
capacity) were obtained from International Sorbent Technology, Mid Glamorgan, UK. 

Six mobile phases were compared. Solvent mixtures consisting of methanol:a-
queous buffer 40:60 v:v and ethanol:aqueous buffer 25:75 v:v were employed wi-
thout CDs and with 3 mM β-CD and 15 mM HPβ-CD. Phosphate 0.02 M at pH 7.8 was 
used as aqueous buffer. To prepare the mobile phases containing CDs as additives, an 
appropriate amount of the cyclodextrin was weighed and dissolved in the correspon-
ding hydro-alcoholic mixture, up to a final volume of 500 mL. Finally, sonication was 
applied until full dissolution. All mobile phases were filtered through 0.45 μm pore 
membrane filter (Sartorius Stedim Biotech GmbH, Göttigen, Germany) under vacuum 
and degassed by sonication for 5 minutes. 

Accurately weighed amounts of norharmane, harmane, harmine and 3-hydroxy-
methyl-β-carboline were diluted in ethanol to get 3.0 × 10-3 M stock solutions of every 
compound. Aliquots of these stocks were diluted up ten times in 0.1 M HCl. These 
acidic solutions were spectrophotometrically measured to calculate the actual con-
centration of the stock solutions by using the molar absorptivities of the alkaloids 
[31]. Suitable volumes of the standarized stocks of the three analytes were mixed and 
diluted up to get a solution “A” containing each compound in a concentration 3.0 × 
10-5 M in ethanol. 
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Equal aliquots of pooled human sera, obtained from 30 healthy individuals, were 
spiked with solution “A” or adequate dilutions in ethanol, to get sets of sera with 
β-carboline at six concentration levels ranging from 5.0 × 10-7 M to 5.1 × 10-8 M (cali-
brators). Blank sera spiked with the same volume of ethanol were also prepared. The 
spiked volume was always less than 5% of serum volume in order to avoid distorting 
the nature of the matrix. 

The same procedure was followed to prepare quality control samples (QC) at fi-
nal concentrations of 3.0 × 10-7 M, 1.0 × 10-7 M and 5.1 × 10-8 M. Both calibrators and 
QC samples were spiked with 3-hydroxymethyl-β-carboline as internal standard at a 
concentration of 3.8 × 10-7 M.

Solid phase extraction of the sera was carried out by following a procedure pre-
viously described for the analysis of β-carbolines in foodstuffs [32]. Briefly, the SPE 
cartridges placed on a vacuum manifold were conditioned with methanol (2 × 3 mL) 
and 0.1 M HCl (2 × 3 mL). Then, 2 mL aliquots of the samples acidified to pH 1.5 with 
concentrated HCl were loaded and passed through the cartridges. The cartridges were 
washed with 6 mL of H2O and 3 mL of 0.4 M phosphate buffer (pH 9.1). Finally, the 
compounds were eluted with 1 mL of a 50:50 v:v mixture of methanol and 0.2 M 
phosphate buffer pH 8.8. Collected eluates were directly injected into the chromato-
graphic system. 

In order to validate the chromatographic methods under study, linearity, limit of 
detection (LOD), limit of quantitation (LOQ), accuracy and precision were determined 
following the recommendations of IUPAC, FDA and ICH [33-35].

Calibration curves were constructed by measuring extracted spiked sera (calibra-
tors) at six levels of concentrations plus a blank, and then plotting the peak area ratio 
(analyte/IS) versus the theoretical concentration. Calibration curves were measured 
by quadruplicate in different days in order to minimize effects due to intra- and in-
ter-day variation. LOD and LOQ were determined from five replicated measurements 
of quality control solution at 5.1 × 10-8 M concentration and then calculated as pre-
viously described in the literature [4]:

×
×

LOD = 3
SD of the experimental concentration theoretical concentration

mean of the experimental concentration
Eq. 1

×
×

LOQ = 10
SD of the experimental concentration theoretical concentration

mean of the experimental concentration
Eq. 2

Accuracy was determined by six replicate analyses of spiked QC at three levels of 
concentration (3.0 × 10-7 M, 1.0 × 10-7 M and 5.1 × 10-8 M) which were then compared 
with the calibration curves previously prepared. Intra-day precision was calculated 
from six runs conducted on the same day, and the experiments were also performed 
using the previous three levels of concentration. Inter-day precision was determined 
from duplicate injections of the same concentration over five different days, also at 
three levels of concentration. 

3.  Results and discussion

The environmental conscience is growing up day after day in the different chemical 
areas. Water is the most environmentally friendly solvent, however HPLC separations 
require the use of organic solvents in high proportions generating a large volume of 
waste. Alcohols are considered green and renewable solvents, as they can be obtai-
ned from renewable feedstocks [36]. Considering that the existing HPLC methods for 
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quantitation of β-carbolines involved the use of acetonitrile or methanol as organic 
component of the mobile phase, we selected a methanolic mobile phase as the star-
ting point of our study on the development of greener chromatographic procedures. 
The effects of replacing methanol by ethanol in the mobile phase and adding CDs 
as mobile phase additives were studied. As can be appreciated in Figure 2, the stan-
dard solutions containing a mixture of β-carboline alkaloids can be separated using 
hydro-alcoholic (methanolic or ethanolic) mobile phases. Various solvent mixtures 
containing different proportions of methanol or ethanol and also different concen-
trations of CDs in the mobile phase were tested [37]. The highest CDs concentrations 
reduced the retention factor, shortening the run time. Nevertheless, due to the limi-
ted solubility of CDs in the alcoholic-water mixtures and the higher viscosity, the 
pressure in the column was increased and therefore the chromatographic efficiency 
was reduced. Under the optimized experimental conditions (ethanol:aqueous buffer 
25:75 or methanol:aqueous buffer 40:60 v:v), a reasonable compromise between the 
chromatographic parameters (retention time, selectivity factor, resolution and effi-
ciency) and a maximum water proportion in the mobile phases was reached. Rever-
se-phase silica C1 columns do not present the same efficiency and resolution as C18 
columns, due to their lower retentive effect on the analytes. Nevertheless, good peak 
shapes and symmetries were obtained, keeping the efficiency and resolution high 
while achieving a considerable reduction in the organic solvent proportion in the 
mobile phase, thanks to the use of a less retentive stationary phase.

Environmentally friendly separations using hydro-ethanolic mobile phases modi-
fied with β-CD and HPβ-CD were also assayed. A notable reduction in the retention 
times for harmine in methanolic mobile phases (5% in the presence of β-CD and 12% 
in the presence of HPβ-CD) as well as in ethanolic mobile phases (23% in the presence 
of β-CD and 28% the presence of HPβ-CD) was achieved by using CDs as mobile phase 
additives. 

To carry out the validation of the conditions developed with analytical purposes, 
3-hydroxymethyl-β-carboline was chosen as internal standard. This compound was 
employed due to its structural similarity to β-carboline alkaloids and also considering 
the suitable retention time obtained under the experimental conditions employing 
CDs as mobile phase additives. This IS conveniently eluted between the void time and 
the β-carboline derivatives under study, was commercially available and had been 
previously employed for this purpose [16,38]. 

IS
1

2

3

IS

1
2

3

Figure 2.  
Chromatographic separation of 
standard solutions of β-carbo-
line alkaloids. 1, norhamane; 
2, harmane; 3, harmine. IS 
internal standard (3-hydroxy-
methyl-β-carboline).
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The selectivity of the methods was proved by the absence of chromatographic 
peaks at the retention times of the analytes after analysis of serum samples spiked 
only with the IS (Figure 3). For all of the experimental conditions, no differences were 
observed in the retention times of the compounds analysed in human serum extracts 
with regard to the retention times obtained with standard samples prepared in the 
mobile phase.

The method of unweighed least squares was employed to calculate the linear re-
gression parameters. As showed by the determination coefficients of the calibration 
curves (Table 1), the response obtained was linear with respect to concentration for 
all of the analytes and over the whole working concentration range, from 5.0 × 10-7 M 
to 5.12 × 10-8 M. The regression parameters intercept and slope (Table 1) showed an 
excellent reproducibility along time. 

LOD and LOQ were calculated according to the equations listed in the Materials 
and Methods Section. The LODs obtained (Table 2) were in agreement with other 
chromatographic procedures described for the determination of β-carboline alkaloids 
in blood samples [4,39].  LODs are in the range of 1 – 4 × 10-9 M for chromatographic 
separations without CDs and became slightly higher (3 × 10-9 – 1.5 × 10-8 M) when CDs 

IS
IS

Figure 3.  
Chromatograms of the blank 
sera spiked with the internal 

standard 3-hydroxyme-
thyl-β-carboline.

Comp.
MeOH:aqueous buffer pH 7.8 40:60 v:v EtOH:aqueous buffer pH 7.8 25:75 v:v

Slope ± SD Intercept ± SD R2 Slope ± SD Intercept ± SD R2

Without CDs in the mobile phase

1 3.77 × 106 ± 1.79 × 104 4.30 × 10-3 ± 4.30 × 10-3 0.9999 3.38 × 106 ± 1.80 × 104 -1.90 × 10-3 ± 4.30 × 10-3 0.9998

2 1.03 × 107 ± 4.95 × 104 1.97 × 10-2 ± 1.18 × 10-2 0.9999 8.87 × 106 ± 6.88 × 104 2.59 × 10-2 ± 1.64 × 10-2 0.9996

3 7.51 × 106 ± 3.71 × 104 2.20 × 10-3 ±  8.90 × 10-3 0.9998 6.83 × 106 ± 2.87 × 104 9.70 × 10-3 ± 6.85 × 10-3 0.9999

With  3 mM β-CD in the mobile phase

1 3.71 × 106 ± 1.80 × 104 6.60 × 10-3 ± 4.30 × 10-3 0.9999 3.73 × 106 ± 3.01 × 104 1.88 × 10-2 ± 7.20 × 10-3 0.9996

2 1.03 × 107 ± 4.50 × 104 2.53 × 10-2 ± 1.08 × 10-2 0.9999 9.75 × 106 ± 6.99 × 104 5.20 × 10-2 ± 1.67 × 10-2 0.9997

3 7.39 × 106 ± 3.86 × 104 1.35 × 10-2 ± 9.20 × 10-3 0.9998 6.19 × 106 ± 4.69 × 104 2.99 × 10-2 ± 1.12 × 10-2 0.9997

With  15 mM HPβ-CD in the mobile phase

1 3.28 × 106 ± 1.11 × 104 5.80 × 10-3 ±  2.64 × 10-3 0.9999 3.54 × 106 ± 1.90 × 104 5.70 × 10-3 ± 4.50 × 10-3 0.9998

2 7.65 × 106 ± 4.78 × 104 3.57 × 10-2 ± 1.14 × 10-2 0.9998 7.93 × 106 ± 5.29 × 104 -1.08 × 10-2 ± 1.27 × 10-2 0.9997

3 1.17 × 107 ± 4.99 × 104 2.80 × 10-3 ± 1.19 × 10-2 0.9999 1.08 × 107 ± 9.96 × 104 2.89 × 10-2 ± 2.38 × 10-2 0.9995

Table 1. Figures of merit obtained from the validation of the different assayed methodologies. 
Compounds: 1, norharmane; 2, harmane; 3, harmine
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were employed as MPA.  Comparing the LOQ and LOD for 

both mobile phases and CDs, it can be observed that LOD 

values obtained when β-CD was used as MPA were so-

mehow better in the case of ethanolic than in methanolic 

mobile phase. However, when using HPβ-CD as additive, 

lower LOD and LOQ can be obtained in methanolic mobi-

le phases. When CDs were added as MPA, no significant 

differences were observed depending on the alcohol 

(methanol or ethanol) employed, nor on the CD added to 

the mobile phase (Table 2).

Figure 4 shows the chromatographic separation of 

norharmane, harmane and harmine in human serum 

samples following two of the proposed methodologies. 

Slight differences in the chromatograms corresponding 

to the serum samples can be appreciated with regard to 

those obtained for the standard solutions of β-carboline 

alkaloids (Figure 2), mostly at the void time.

The accuracy of the proposed methodology was eva-

luated in terms of concentration of β-carbolines found 

at three different levels of QC concentration. Recoveries 

(as percentage) were also calculated. The figures of me-

rit are summarized in Table 2 for all of the experimental 

conditions. The ER% obtained in all the different experi-

mental conditions (mobile phases and in the presence o 

absence of CDs) was lower than 5%, showing excellent 

accuracy values even for the concentration levels closest 

to the LOQ. The accuracy was better in the presence of 

CDs (found concentration = 95-107%) than for the mobi-

le phases without CDs (found concentration = 88-99%). 

The enhancement in the accuracy values in the presence 

of CDs was observed for both methanolic and ethanolic 

mobile phases. The more accurate results were obtai-

ned for the couples ethanolic mobile phase + β-CD and 

methanolic mobile phase + HPβ-CD as can be deduced 

from the values on Table 2. The excellent recovery values 

obtained showed that the sample pre-treatment (SPE) 

coupled to the proposed HPLC quantitation methods are 

suitable for the analysis of β-carboline alkaloids in biolo-

gical samples.

Precision was evaluated by means of the determina-

tion of the intra-day (n=6) and inter-day (n=5) relative 

standard deviation at three levels of concentration (QC). 

Satisfactory RSD values (< 7%) were obtained in all ca-

ses. Precision values were better for methanolic than for 

ethanolic mobile phases. In both cases, the addition of 

CDs as MPA increased the RSD. In ethanolic mobile pha-

ses, the reduction in the precision was smaller with β-CD 
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than with HPβ-CD. In the case of methanolic mobile phases, the effect of both CDs 
was similar and smaller than in ethanolic mobile phases. 

Table 3 shows a comparative study of the organic solvent consumption in different 
HPLC methods employed for β-carboline analysis [4, 40-43] and in our proposed me-
thodologies. A significant reduction in the organic solvent proportion (50-70%) is rea-
ched and this, together with the excellent figures of merit obtained in the validation 
studies, prove that the present SPE-HPLC combination can be successfully applied 
to the determination of β-carbolines with a lower organic solvent waste production. 

4.  Conclusion

The use of C1 stationary phase allows a considerable increase of the proportion of 
water in the mobile phase with adequate retention times and good resolution and 
efficiency. The developed methodologies employ only renewable solvents (metha-
nol and ethanol) as organic component in the mobile phases and biodegradable and 
renewable additives (CDs). The combination of the C1 stationary phase with CDs as 
mobile phase additives provides a noticeable reduction (50-70%) in the organic sol-
vent proportion necessary for RP-HPLC analysis. The proposed methodologies have 
been completely validated showing excellent figures of merit in all the cases. The use 
of CDs in the mobile phases turns the traditional HPLC into an attractive eco-sepa-
ration technique using conventional and inexpensive columns under ordinary and 

IS

1

2
3

IS

1

2

3

Figure 4.  
Chromatograms showing the 

quantification β- carboline 
alkaloids quantified in spiked 

and SPE-extracted human sera. 
Elution order as in Figure 2.

Previous methodologies Proposed methodologies

Yritia et al. 
(2002) [40]

Back et al. a 
(2009) [41]

Kartal et al. 
(2003) [42]

Zheng et al. 
(2000) [4]

Herráiz et al. 
(2008) [43]

MeOH:Buffer 
40:60 + HPβ-CD 

15 mM

EtOH:Buffer 
25:75 + HPβ-CD 

15 mM

Elution Gradient Gradient Isocratic Isocratic Gradient Isocratic Isocratic

Run time (min) 16 33 16 11 18 12 18

MeOH (mL) 8.31 7.7 4.32

EtOH (mL) 4.05
iPrOH (mL) 4.80

Acetonitrile (mL) 5.54 9.24 4.80 5.90

Total (mL) 13.85 9.24 9.60 7.70 5.90 4.32 4.05
aNarrow bore column (2.1 mm)

Table 3. Comparative study of the of the organic solvent consumption in different methodologies proposed for β-carbolines analysis.
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user-friendly experimental conditions, making possible to carry out an accurate and 
simple analysis of β-carbolines in blood samples. 
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ABSTRACT ▶ Luotonin A is an alkaloid structurally related to the natural anti-tumour agent camptothecin. The 
fluorescence behaviour of luotonin A and a series of six analogues is described in the present work. The influence 
of solvent polarity and pH on the native fluorescence properties of these alkaloids was studied, finding that in or-
ganic solvents or in aqueous solutions (pH 5.5–7.2) the neutral form of the luotonin derivatives emit in the region 
of 410–450 nm but, in both media, acidification to pH values below 3.0 causes a new emission band to appear at 
about 500 nm. An ESPT reaction occurs due to the protonation of the basic nitrogen atoms of the pentacyclic ring. 
Acid-base titrations of luotonin A and its derivatives in aqueous and acetonitrile media were carried out in order 
to determine their pKa* values which were around 2, showing these compounds to be very weak bases. In aqueous 
media, the absence of an iso-emissive point in the emission spectra suggests the existence of more than two spe-
cies in the proton transfer equilibria. The basicity of the luotonin A derivatives is increased in organic media, and a 
good correlation between the pKa* values and the chemical structure was found. The protonation of luotonin A was 
also studied by 1H-NMR and 13C-NMR experiments, which proved the protonation of the nitrogen atoms at the po-
sitions 5 and 6 of the pentacyclic ring. The fluorescence quantum yields were determined in organic solvents and 
in aqueous solutions under neutral and acidic conditions. The fluorescence quantum yields were higher in water 
for the case of the more polar compounds, and the opposite result was obtained for the more hydrophobic ones. 
The remarkable and interesting fluorescence properties of luotonin A prompted the development of its fluorime-
tric analytical quantitation, obtaining very good analytical features.

Published in: González-Ruiz , V., González-Cuevas, Y., Arunachalam, S., Martín, M. A., Olives, A. I., Ribelles, P., Ramos, M. T. & 
Menéndez, J. C. (2012). J. Lumines., 132(9), 2468-2475.

Fluorescence properties of the anti-tumour alkaloid 
luotonin A and new synthetic analogues:  
pH modulation as an approach to their fluorimetric 
quantitation in biological samples

1.  Introduction

Fluorescence techniques have shown a wide range of application in life 

sciences including molecular biology and pharmacology, and also in medi-

cal and clinical fields[1-4]. The different fluorescence methodologies display 

relevant analytical features (selectivity, sensitivity, wide linear response, 

accuracy and precision) and they can be applied to solve diverse analyti-

cal challenges. Thus, molecular events can be directly studied on the cells, 

in real time, by means of the use of appropriate fluorescent sensors and 

fluorescence microscopy techniques [5-7]. Interactions between drugs and 

biological macromolecules (proteins or DNA) can be monitored by steady 

state or time-resolved fluorescence spectroscopy, allowing evidencing the 

nature of such interactions and helping to establish the mechanisms res-

ponsible for the biological activity [8-12]. Fluorescence measurements in-

volving micro-plate well format (HTS systems) facilitate this kind of studies 

as well as the biological activity assays of potential drugs in cell cultures. 

This approach allows the assay of different drug candidates in one single 
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test with very low consumption of reagents and samples (micro- or nano-format). 
Besides it provides sensitive, robust and low-cost analyses [13,14].

Separation techniques (HPLC and CE) coupled to fluorescence detection allow the 
rapid and simultaneous identification and quantitation of drugs and their metaboli-
tes in biological fluids that are essential aspects of pharmacokinetic studies [15-17]. 
Therefore, the characterization of the fluorescence properties of newly synthesized 
compounds is a part of their pharmaceutical development that makes further studies 
possible.

The design and development of new anti-cancer drugs possessing good therapeu-
tical response and acceptable toxicity is a research field of growing interest. Peganum 
nigellastrum is a plant used traditional Chinese medical practice whose extracts pre-
sent anti-tumour and anti-inflamatory effects [18,19]. The main component of this 
extract is luotonin A, a molecule structurally related to the alkaloid camptothecin, 
a cytotoxic natural product whose analogues have found widespread application in 
the treatment of several types of cancers [20-24]. The mechanism of action of luo-
tonin A seems to be identical to that of camptothecin, and involves the stabilization 
of the complex formed between DNA and human topoisomerase 1, inducing cellu-
lar apoptosis [25,26]. In this context, a considerable effort has been devoted to the 
development of synthetic routes to the natural product and its analogues [27-30]. 
Camptothecin and its derivatives, such as topotecan and irinotecan, show a notable 
fluorescence emission, and their quantitation has been described by means of direct 
fluorescence or fluorescence coupled to HPLC [31–34]. Luotonin A combines in its 
structure quinoline and quinazoline rings, which behave as potent fluorophores. 

In the present paper we explore the steady state fluorescence properties of luoto-
nin A and six newly synthesized derivatives of this alkaloid (Figure 1). With the aim to 
develop a chromatographic analysis of these compounds, we considered of relevance 
the study of the influence of solvent polarity on their native fluorescence together 
with the determination of fluorescence QYs in aqueous and organic solvents. The pre-
sence of heterocyclic basic nitrogens allows prototropic reactions and for this reason 
ESPT processes in aqueous and organic solvents were also studied. The attractive fluo-
rescence properties of luotonin A led us to develop a preliminary methodology for its 
direct fluorimetric analysis.

2.  Experimental

2.1.  Apparatus and reagents

Corrected excitation and emission spectra and fluorescence measurements at fixed 
wavelengths were obtained with a Horiba-Jobin Yvon (Edison, NJ, USA) Fluoro-
Max-4P spectrofluorometer equipped with the control and data acquisition software 
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Figure 1.  

Chemical structures of luotonin 
A and its derivatives under study, 

and the closely related anti-tumour 
agent camptothecin.
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FluorEssence 2.1. UV-Vis absorption spectra were recorded with an automatic dou-
ble beam Kontron (Zurich, Switzerland) Uvikon 810 spectrophotometer. A Crison mi-
cro-pH 2001 pH-meter was used to monitor the final pH values of the buffer solu-
tions. 1H-NMR and 13C-NMR spectra were recorded in d6-DMSO with a Bruker Avance 
III 700 MHz spectrometer (Servicio de Resonancia Magnética Nuclear, UCM).

All reagents and solvents were analytical or spectroscopic grade and were used 
without further purification. Water was doubly distilled and deionized (Milli-Q 50, 
Millipore, Molsheim, France) prior to its use. Luotonin A and its derivatives were syn-
thesized using modified Friedländer conditions under Ce(IV) ammonium nitrate ca-
talysis [29].

2.2.  Procedures

2.2.1.  Absorption UV-Vis and fluorescence characterization 

For the spectrophotometric and spectrofluorimetric characterization of luotonins, 
stock solutions were prepared in DMSO or ethanol at 5.0 × 10-4 M. Appropriate aliquots 
of these stock solutions were taken to prepare ethanolic solutions around 1.0 × 10-4 M 
which were spectrophotometrically measured. Considering the molar absorptivities 
[35] the actual concentrations of the stocks solutions were accurately determined. 
Suitable volumes of the solutions were employed for the different experiments. 

Fluorescence excitation and emission spectra were obtained by diluting aliquots 
from the stock solutions of luotonins in water, ethanol, and hydrochloric acid 0.316 M, 
the final concentrations being 5.0 × 10-7 M. 

The fluorescence QYs of luotonin A and its derivatives, in water (pH 5.5), ethanol, 
methanol, acetonitrile and hydrochloric acid 0.316 M (pH 0.5) were determined from 
the corrected fluorescence spectra, integrating the whole fluorescence emission area 
and using quinine sulfate in H2SO4 0.1 M as a fluorescence standard (ΦF = 0.577) [4, 
36]. The fluorescence measurements were carried out for diluted solutions showing 
absorbance values below 0.05 at the excitation wavelengths. For the calculation of 
the fluorescence QYs the refractive indexes of the solvents were considered (Eq. 1).

Φ = Φ I
I

A
A

n
nF F

r

r

r
2

r
2

Eq. 1

Where ΦF, I, A and n correspond to the fluorescence quantum yield, the emission 
intensity, the absorbance and the refractive index, respectively, of the studied unk-
nown and the reference solutions.  

2.2.2.  Solvent polarity effect on UV-Vis absorption and fluorescence behaviour

To study the influence of solvent polarity on luotonin A and derivatives, three mo-
del compounds were selected (1, 2 and 4, Figure 1). To avoid the presence of trace 
amounts of solvent arising from the stock solutions, these solutions were prepared 
in ethanol. Aliquots (10-100 μL) of the ethanolic stock solutions were taken and then 
the solvent was evaporated under vacuum at room temperature. The films obtained 
after evaporation were diluted up to an appropriate volume of each solvent and the 
solutions were maintained under magnetic stirring for 1 h. The final concentrations 
were 1.0 × 10-5 M for the spectrophotometric determination and 1.0 × 10-6 M for fluo-
rescence measurements.
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2.2.3.  Excited State Proton Transfer (ESPT) study of luotonin A and derivatives

Preliminary studies concerning the influence of pH on the native fluorescence of 
luotonins involved buffered solutions consisting of a 0.2 M citric acid solution titra-
ted with 0.2 M sodium hydroxide (pH 2.0-5.0 range) and 0.2 M potassium dihydro-
genphosphate solution titrated with 0.2 M sodium hydroxide (pH 6.0-9.0 range) [37].  
For further studies involving pH values from –1.0 to 4.0, titrated solutions of HCl (so-
dium carbonate) were employed. Duplicate or triplicate sets of 17 solutions of luoto-
nin A and derivatives were prepared for studying the ESPT reaction in the pH range 
from -1.0 to 4.0. The final concentration of compounds was 5.0 × 10-7 M in all cases.

As consequence of the results obtained in aqueous media, and considering that 
luotonins are very weak bases, the prototropic reactions were studied also in organic 
media. Appropriate aliquots of the standardized luotonin stock solutions in DMSO 
were taken and diluted up to a final concentration of 5.0 × 10-7 M in acetonitrile. Then 
successive aliquots of 10 or 20 μL of HClO4 solutions were added to the luotonin A de-
rivative solutions and fluorescence spectra were recorded after every addition. HClO4 
solutions for the titration were prepared in acetonitrile containing a 10% of acetic 
anhydride, with the aim to eliminate of water present in the commercially available 
solution [38]. The small volumes of HClO4 added during the titration caused a negli-
gible dilution effect.

2.2.4.   1H and 13C-NMR studies of the proton transfer reactions of luotonin A

With the aim to confirm the presence of protonated forms of luotonin A in the 
acid-base equilibria, 1H- and 13C-NMR spectra of luotonin A were obtained. 14.6 mM 
solutions of luotonin A were prepared in d6-DMSO. Then 1H- and 13C-NMR spectra 
were recorded during the titration with HClO4 covering a molar ratio from 1:0.5 to 
1:5 (luotonin A:HClO4) and then a final addition an excess of HClO4 was carried out.

3.  Results and discussion

3.1.  UV-Vis absorption and fluorescence studies of luotonin A and derivatives in different 
solvents

The UV-Vis absorption spectra of luotonin A and its derivatives (Figure 2) showed two 
bands in the region of 200-300 nm with a well-defined peak close to 250 nm with 
high molar absorptivity values. A broad band with lower molar absorptivity was pre-

Compound

Figure 2.  
UV-Vis absorption spectra of com-

pounds 1-7 in ethanol.
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sent in the 300-400 nm region, resolved in two peaks. It can be appreciated that the 
presence of substituents on R2, R3 and R14 of the pentacyclic system does not affect the 
position or intensity of the absorption maxima (Figure 2), showing that the quinoline 
and pyrroloquinazolinone moieties are the main chromophores responsible for the 
transitions in the UV-Vis region. 

The influence of solvent polarity on the absorption properties of these compounds 
was investigated. The solvents studied covered a wide range of polarity from the apo-
lar solvents to polar protic and aprotic ones. The spectral shape of the band at 340-
370 nm is the same in all solvents studied and the absorbance of the maximum near 
340 nm was always higher than the corresponding absorbance at the maximum of 
360 nm in all the cases. Only small shifts (2-8 nm) in the position of the absorption 
maxima were observed with the change of the solvents (Figure 3). However, it is im-
portant to remark that for the compounds studied a slight red shift in the absorption 
maxima took place in cyclohexane with regard to the other solvents and especially 
to more polar protic solvents (methanol and water). This behaviour is similar to that 
described for camptothecin in different solvents [39] and it can been attributed to the 
fact that polar solvents stabilize the ground states to a greater extent than the excited 
states and hence the absorption maximum is blue-shifted with increasing solvent 
polarity [40].

The fluorescence excitation spectra presented the same two resolved peaks in the 
340-370 nm region corresponding to those observed in the absorption spectra. In the 
case of polar protic and aprotic solvents, the shapes of the emission spectra consisted 
of a broad emission band (Figure 4). It is well established that the hydrogen bonding 
interactions between fluorophore and solvent contribute to the low resolution of the 
fluorescence spectra and cause inhomogeneous broadening spectral shapes [41,42]. 
Better-defined emission peaks were appreciated in the case of low polarity solvents 
(cyclohexane, benzene and dioxane). In polar protic or aprotic solvents a good corre-
lation between the emission maxima and solvent polarity was obtained. For the polar 
protic or aprotic solvents a red shift of the emission maximum wavelength from cy-
clohexane to water was observed (Figure 4). The fluorescence maxima were red-shif-
ted with polar solvents with regard to those observed in benzene or dioxane and 
the fluorescence intensity was higher for the polar protic and aprotic solvents, which 

Figure 3.  
UV-Vis absorption spectra of com-
pound 2 in different solvents
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can be attributed to the stabilization of the quinoline and quinazoline moieties by 
hydrogen bonding with the solvents. The fluorescence emission maxima obtained in 
different solvents are summarized in Table 1.

The fluorescence QYs were remarkably lower in the case of protonated forms 
(pH=0.5) with regard to the values obtained in aqueous solution at pH=5.5. A clear 
structure-fluorescence QYs correlation was established for the derivatives of luotonin 
A in different solvents. Thus, the fluorescence QYs for these compounds vary accor-
ding to the electron-donating or electron-withdrawing nature of the substituents on 
the luotonin A skeleton, with a high electron density on the fluorophore ring favou-
ring the fluorescence emission. A comparison of the values of QYs for compounds 1–2 
and 6–7 leads to the conclusion that the fluorescence efficiency was higher for the 
methyl derivatives (2 and 7), which can be ascribed to the electron-donating effect 
of this substituent. In the case of compound 5, the fluorescence QYs in the different 
solvents were lower due to the inner quenching effect associated with the presence 
of the heavy halogen atom.

Solvent also plays an important role, and a decrease in the fluorescence QY was 
observed in aqueous solution from compound 1 (0.31) to compound 7 (0.08). The 
opposite trend was found for the QYs in organic solvents. The fluorescence efficiency 
in ethanol or acetonitrile increased from compound 1 (0.08) to compound 7 (0.23). 
Variations in the fluorescence QYs with the nature of the solvent have also been des-
cribed for camptothecin (more hydrophilic than luotonin A) where the fluorescence 

Figure 4.  
Effect of the solvent polarity on the 

fluorescence emission spectra of 
compounds 1 and 2.

Fuorescence Quantum Yields, ΦF ± 0.001, (λex = 350 nm)

Comp. Water (pH=5.5) Water (pH=0.5) Methanol Ethanol Acetonitrile

1 0.314 0.043 0.139 0.093 0.084

2 0.346 0.064 0.082 0.057 0.050

3 0.103 0.053 0.227 0.141 0.137

4 0.077 0.015 0.237 0.218 0.194

5 0.020 0.026 0.072 0.087 0.102

6 0.051 0.007 0.224 0.177 0.166

7 0.086 0.049 0.170 0.280 0.236

Table 2. Fluorescence quantum yields (QYs) obtained for the compounds  
studied in different environments
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QY is higher in aqueous solution than in apolar solvents [40], 
but its derivative 9-aminocamptothecin exhibits a very low 
fluorescent QYs in alcohols or water compared to those ob-
tained in chloroform or dioxane [43]

3.2.  ESPT reactions of luotonin A and derivatives in aqueous 
media

Luotonin A has three nitrogen atoms, two of which belong to 
an acylamidine moiety inherent to a quinazolinone unit and 
the third one belongs to a quinoline system. Hence luoto-
nin A possesses two basic centers (N-5, N-6) and a non-basic 
nitrogen (N-12). The protonation of the basic nitrogens on 
luotonine A should be possible and, therefore, changes in the 
UV-Vis and fluorescence spectra should be expected. Con-
sequently, the influence of pH on the native fluorescence of 
luotonin A and its analogues was studied.

Considering the pKa values of related simpler heterocy-
cles (quinoline, pKa = 4.90; isoquinoline pKa = 5.40; quinazo-
line pKa =1.94 —for metastable equilibrium— and 3.43 —for 
stable equilibrium—) [44], preliminary studies involved the 
use of buffered aqueous solutions in the 2.0-9.0 pH range. 
The UV-Vis absorption spectra of luotonin A at different pH 
values are shown in Figure 5. No spectral changes were ob-
served in the 3.0-9.0 pH range. The band in the 300-370 nm 
region is resolved into two peaks at 340 nm and 360 nm. The 
absorbance of this band increases with decreasing pH values 
(7.5-2.5). A shoulder at around 400 nm appeared below pH 3 
and it was increased as pH decreased, suggesting the appea-
rance of a protonated species. Only in strongly acidic media 
(pH ≤ 0.75) the increase in the absorbance at 400 nm was 
accompanied by a decrease of the absorbance values of the 
peaks at 340 nm and 360 nm.
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Figure 5.  
Representative absorption UV-Vis spectra of compound 1 in 
buffered aqueous solutions at selected pH values.
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The changes observed in the UV-Vis absorption spectra were parallel to those ob-
tained in the fluorescence excitation spectra. However, due to the experience gained 
in the previous studies, the fluorescence was examined only from pH -1.0 to 4.0. In 
aqueous solutions at pH 4.0-2.0, the fluorescence excitation spectra exhibited two 
resolved peaks at 340 and 360 nm. The fluorescence intensity was higher at 340 nm 
than at 360 nm. When the pH was decreased the fluorescence intensity of both peaks 
decreased and the intensity at 340 nm became similar to the intensity at 360 nm, and 
then a new excitation band appeared around 400 nm. At pH 1.0 the excitation spectra 
consisted of a broad band with two badly defined maxima at 360 nm and 400 nm. 
(Figure 6). 

The shape of the fluorescence emission spectra also changed with the pH modi-
fications. The intensity of the broad emission band in the region of 390-440 nm (the 
position of the maximum depends on the luotonin A derivative studied) decreased 
together with the pH value (Figure 7A). When pH 2.0 was reached a new broad emis-
sion band appeared at around 500 nm (the precise position of the maxima depended 
on the compound, Table 1). This emission band must be attributed to the protonated 
species in the acid-base equilibria. The fluorescence emission at 500 nm (Figure 7B) 

pH
-1

0

1

2

3

4

Figure 6.  
Effect of the pH on the fluorescence 
excitation spectra of compound 3 in 

buffered aqueous solutions.
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Figure 7.  
Effect of pH on the fluorescence 

emission spectra of compound 3 in 
buffered aqueous solutions. 

(A) λex = 344 nm. (B) λex = 397 nm.
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was increased in the pH range from 2 to 0.5 and, from this point, higher proton con-
centrations in the media induced a decrease in its fluorescence intensity, as can be 
appreciated in the titration curves (Figures 8A and 8B). The above-mentioned beha-
viour is present in all of the compounds, although each one has its own peculiarities. 
Both the neutral and the cationic species can be excited using the maxima around 340 
nm. Under these conditions and at very low pH values, the emission corresponding to 
the cationic species can be observed even in the case of compounds with a protonated 
form presenting a very low QY compared to the neutral one (compound 6, Figure 9). 

The fluorescence emission spectra obtained in the titration of all of the compounds 
do not present an iso-emissive point, indicating the existence of more than two spe-
cies in the proton transfer reaction in the excited state. Thus, it can be inferred that di-
protonated and monoprotonated species (in any of the two nitrogens) can coexist in 
the prototropic equilibria in aqueous media. This conclusion will be discussed below 
in connection with the results obtained for non-aqueous titrations and NMR experi-
ments. The plots of the normalized fluorescence intensity versus pH values (Figure 8) 
of the aqueous solutions allowed the determination of the pKa* values of the luotonin 
A derivatives studied (Table 3). These pKa* values are in the same range as the one 
described in the literature for the conjugate acid of camptothecin in the excited state, 
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Figure 8.  
Fluorescence titration curves obtai-
ned in aqueous media.  
(A) compound 3  
(B) compound 6. 
 Fluorescence intensity at the 
emission wavelength of the  
neutral form. 
 Fluorescence intensity at the 
emission wavelength of the  
protonated form.

Comp. pKa*
1 1.87
2 2.10
3 1.32
4 1.36
5 0.89
6 1.73
7 1.01

Table 3. pKa* values obtained in 
aqueous media by steady- state 

fluorimetric titration.
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Figure 9.  
Effect of the pH on the fluorescence 
emission spectra of compound 6 in 
buffered aqueous solutions.  
Inset: expanded zone correspon-
ding to highest acid concentrations.
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pKa* = 1.65 [45, 46], showing that excited state protonation of luotonin A and its deri-
vatives takes place only in strong acidic media. More recently, a pKa* value of 1.85 has 
been reported for camptothecin, differentiating the catonic (pH < 1.5)  and neutral (at 
pH > 3.0) forms by means of their different fluorescence lifetimes [47]. These values 
show that luotonin A, similarly to camptothecin, behaves as a very weak base even in 
excited state. The notable decrease in the basicity of luotonin or camptothecin with 
regard to quinoline can be explained by the higher degree of delocalization of the 
non-bonding electron pair of the basic nitrogens. 

3.3.  ESPT reactions of luotonin A and derivatives in organic media (acetonitrile)

The relative strength of a weak base and then the possibility to be titrated satisfac-
torily depends on the nature of the solvent in which the proton-transfer reaction 
proceeds. Acetonitrile is a polar aprotic solvent widely employed in analytical che-
mistry (electrochemistry, spectroscopic studies and chromatographic separations). It 
has good properties (UV transparent, strong eluent power, high dielectric constant, 
low solvating power and small autoprotolysis constant, pKs=33.6) and it behaves as 
differentiating solvent for the very weak bases that are not convenient titrated and 
differentiated in aqueous media [48]. As titrant acid solution we chose HClO4, as it is 
a very strong acid that is completely dissociated in organic media even at 10 M con-
centration [44].

Two different behaviours were found in the titration of luotonin A and derivatives 
in acetonitrile. In the case of compounds 2 and 7, the additions of successive ali-
quots of HClO4 caused a decrease in the fluorescence emission of the band at 400-430 
nm while a new maximum appeared in the region of 500 nm, with a characteristic 
iso-emissive point between both maxima (Figure 10). The presence of this point re-
veals the existence of only two species in the proton transfer equilibrium, namely the 
neutral and fully protonated forms. 

Nevertheless, in the case of compounds 1 and 3-6, the absence of an iso-emissive 
point (see Figure 11) suggests that the neutral, monocation and dication species of 
luotonin A coexist in the equilibria and that the ESPT proceeds in two steps. At the 
beginning of the titration the 420 nm emission of the neutral form was red shifted to 
450 nm as its intensity decreased; in a second stage, an iso-emissive point appeared 
between the decreasing 450 maximum and the new emission growing at 500 nm 
corresponding to the dicationic form. 

A B

Emission wavelength (nm), λex= 338 nm

+ [H+]

+ [H+]

Figure 10.  
Fluorescence emission spectra of 

luotonin derivatives obtained in the 
titration with HClO4 in acetonitrile. 

(A) Compound 2. 
(B) Compound 7.
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These two proposed pathways for the ESPT are schemed in Figure 12. The diffe-
rent observed behaviours can be explained considering the different electronic and 
structural features present in methyl derivatives 2 and 7, which can be protonated 
more easily than the other compounds owing to the electron-releasing effect of the 
substituents. Therefore, 2 and 7 are able to yield the dicationic form in a single step, 
as indicated by the existence of the iso-emissive point.

The plots of normalized fluorescence intensity versus -log[HClO4] (Figure 13) 
allowed the tentative deduction of the pKa* values in organic media considering the 
acid concentration required for the protonation of the half of the molecules popula-
tion [49]. The HClO4 concentrations values necessary to reach the half-protonation 
of the bases present a good correlation to the chemical structure (see Figure 14). Al-
though all compounds behaved as weak bases, their basicity was clearly increased in 
acetonitrile media with regard to the aqueous solutions. Compounds 2 and 7, with 
electron-donating methyl groups, were the most basic ones, as expected, while com-
pounds presenting electron-withdrawing halogen substituents (4 and 5) were the 
weakest bases of the series (Table 4).

Emission wavelength (nm), λex= 362 nm

A B

+ [H+]

+ [H+]

Figure 11.  
Fluorescence emission spectra of 
luotonin derivatives obtained in the 
titration with HClO4 in acetonitrile. 
(A) Compound 5. 
(B) Compound 4.
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Scheme proposed for the ESPT 
reactions of luotonin A and the deri-
vatives studied in the present work.
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3.4.   1H and 13C-NMR studies of the proton transfer reactions of luotonin A

With the aim to demonstrate the protonation of the basic nitrogens, 1H and 13C-NMR 
experiments were carried out using d6-DMSO as solvent and non-deuterated HClO4 

as titrating agent. The additions of increasing amounts of acid caused the protonation 
of both quinoline nitrogen (N-5) and quinazoline nitrogen (N-6) as can be observed 
in Figure 15A. In the 1H-NMR experiments, the protonation of nitrogens was eviden-
ced by the down-field shifts of the signals corresponding to the protons in para with 
regard to the protonation positions. This is the case of the signals of the protons H-2 
and H-14 (para to N-5) and the signals of the proton H-9 (para to N-6). These chan-
ges showed that the simultaneous protonation of both nitrogens is possible. In the 
13C-NMR spectra, important changes in the chemical shifts (see Figure 15B) were ob-
served for the signals of the carbons closest to the basic quinoline (C-4a and C-5a) 
and quinazoline nitrogens (C-5b and C-6a), which demonstrated the protonation of 
both of them.

3.5.  Quantitative analysis of luotonin A and derivatives

In view of these studies, fluorescence measurements constitute a technique of choice 
for the quantitation of luotonin A and its derivatives. With the aim to carry out this 

Comp. Hammett σ value -log[HClO4]
#

1 0 4.05

2 -0.17 4.19

3 -0.01 3.78

4 0.36 3.38

5 0.38 3.46

6 -0.15 3.90

7 -0.22 4.09
#Concentration of HClO4 required to drop the normal-
ized fluorescence of the neutral form by 50%.

Table 4. pKa* values obtained in acetonitrile by 
steady-state fluorescence measurements.

Hammett sigma

Figure 14.  
Plot of the pKa* value obtained in the 
titration luotonin A derivatives with 

HClO4 in acetonitrile versus the σ 
Hammett parameter calculated for 

each compound.

Compound 1

Compound 7

Compound 2

Compound 6

Compound 3

Compound 5
Compound 4

Figure 13.  
Titration curves obtained in acetoni-
trile media obtained for the luotonin 

A and derivatives. Excitation and 
emission wavelengths correspond 

to the neutral form.
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kind of assays applied to forthcoming in vitro biological activity evaluation and phar-
macokinetic studies, we were prompted to develop a simple methodology for their 
quantitation. From this approach, we have determined the linear range and sensiti-
vity of this method evaluated as limit of detection (LOD). The results obtained are 
summarized in Table 5, with remarkably good analytical features. Concentrations in 
the range of 10-9 M can be determined for all compounds studied in standard samples. 
Besides, comparing the LOD and LOQ obtained in aqueous (pH 5.5) and ethanolic 
solutions with those obtained in acid aqueous solution (pH 0.5) where the cationic 
species are responsible for the fluorescence emission, no apreciable differences in the 
sensitivity were obtained. 

Despite the fact that the QYs of the neutral forms are higher, the cationic forms 
allow the quantitative analysis to be performed in acidic media with a sensitive LOQ 
and measuring at 500 nm emission wavelength. These conditions avoid the potential 
interference coming from the auto-fluorescence emission of biomolecules present in 
biological matrices.
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Figure 15.  
Overlay of 1H- (A) and 13C-NMR(B) 
spectra of free luotonin A and 
luotonin A and HClO4 in increasing 
stoichiometric ratio, and HClO4 
concentration in excess.  
Both figures have been expanded 
into the region of the atoms invol-
ved in the proton transfer reaction.
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4.  Conclusions

The present work shows that luotonin A and the six new derivatives studied pre-

sent rich ESPT equilibria, with neutral and cationic species coexisting in the excited 

state. Fluorescence measurements as well as 1H- and 13C-NMR spectra demonstrate 

that the two basic nitrogens present on luotonin A structure are protonated under 

strong acidic conditions. The pKa* values obtained in aqueous media are in concor-

dance with those described for camptothecin. The fluorescence properties of luotonin 

A and the six new compounds are described here for the first time and their relative 

acid-base strength is well correlated with their chemical structures. In organic sol-

vents, the basicity of these compounds is increased with regard to aqueous media, 

with compounds possessing electron-withdrawing substituents showing lower ba-

sicities. Fluorescence quantum yields are dependent not only on the chemical struc-

ture but also on the solvent and pH value. The complex proton transfer equilibria of 

these compounds will require further studies that can contribute to clarify not only 

their particular behaviour but also the peculiar acid-base equilibria of camptothe-

cin which, 50 years after its isolation, are still not fully understood. The remarkable 

fluorescence observed for the new luotonin A derivatives, coupled with their good 

analytical properties, make spectrofluorimetry an attractive and adequate technique 

for the analysis of these compounds in biological matrices.

Compound Solvent LOD (M) LOQ (M)

1 Ethanol 3.42 × 10-9 1.14 × 10-8

Water (pH=5.5) 2.46 × 10-9 8.19 × 10-9

Water (pH=0.5) 1.93 × 10-9 6.45 × 10-9

2 Ethanol 4.39 × 10-9 1.46 × 10-8

Water (pH=5.5) 1.48 × 10-9 4.92 × 10-9

Water (pH=0.5) 4.04 × 10-10 1.35 × 10-9

3 Ethanol 1.45 × 10-9 4.84 × 10-9

Water (pH=5.5) 4.84 × 10-10 1.61 × 10-9

Water (pH=0.5) 3.46 × 10-9 1.15 × 10-8

4 Ethanol 3.30 × 10-9 1.10 × 10-8

Water (pH=5.5) 2.66 × 10-9 8.88 × 10-9

Water (pH=0.5) 4.64 × 10-9 1.55 × 10-8

5 Ethanol 3.24 × 10-9 1.08 × 10-8

Water (pH=5.5) 3.26 × 10-9 1.09 × 10-8

Water (pH=0.5) 3.04 × 10-9 1.01 × 10-8

6 Ethanol 7.86 × 10-9 2.62 × 10-8

Water (pH=5.5) 2.79 × 10-9 9.30 × 10-9

Water (pH=0.5) 3.04 × 10-9 1.01 × 10-8

7 Ethanol 1.36 × 10-9 4.35 × 10-9

Water (pH=5.5) 1.10 × 10-9 3.66 × 10-9

Water (pH=0.5) 4.36 × 10-9 1.45 × 10-8

In all of cases the correlation (R2) obtained from the linear regression analysis was higher than 0.99. The linear range of 
concentrations studied covers from 1.0 × 10-10 M to 1.0 × 10-7 M.

Table 5. Sensitivity of the quantitative analysis of luotonin A and derivatives. Limit of detection and limit of 
quantitation obtained at the excitation and emission maxima wavelengths selected.
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ABSTRACT ▶ The quantitation of the natural cytotoxic and anti-inflammatory alkaloid luotonin A and five re-
cently synthesized derivatives is described, constituting the first report of a HPLC method for the analysis of these 
compounds in human serum samples. The conditions for the chromatographic separation were optimized and 
the method was validated for the analysis of these compounds in biological samples according to international 
guidelines. An RP-HPLC method with fluorimetric detection and a C-18 stationary phase was applied. Different 
MeCN/water mobile phases were assayed, including 0–4% of a mobile phase modifier such as tetrahydrofuran, 
dioxane or tert-butyl methyl ether. Isocratic and gradient elution conditions are compared. The influence of pH 
on the efficiency and resolution of the separation was also considered. The developed method was applied to the 
determination of luotonins in pooled human serum samples by gradient elution RP-HPLC using a simple clean-up 
procedure. The proposed chromatographic method exhibits satisfactory analytical figures of merit, with LOD from 
1.0 × 10-10 to 2.0 × 10-10 M, intra-day and inter-day precision below 6% except for the concentration level closest to 
LOD, and good agreement between experimental and theoretical concentrations. Therefore, the developed method 
is suitable, reliable, rapid, and simple.

Published in: González-Ruiz, V., Mussardo, P., Corda, E., Girotti, S., Olives, A. I. & Martín, M. A. (2010). J. Sep. Sci., 33(14), 2086-2093.

Liquid chromatographic analysis of the anti-cancer 
alkaloid luotonin A and some new derivatives in  
human serum samples

1.  Introduction

The design and development of new anti-cancer drugs possessing better 
pharmacological properties and lower toxicities is a research field of renewed 
interest. The analysis of the concentrations of drug candidates in biological 
samples makes it possible to establish correlations between those concen-
trations and many of their pharmacological and pharmacokinetic properties. 
The use of sensitive, versatile and rapid analytical techniques being able to 
process a large number of samples is essential to perform this kind of studies.

Luotonin A (Figure 1) is a derivative of the quino[2’,3’-3,4]pyrrolo[2,1-b]
quinazoline ring system which was first isolated in 1997 from the plant Pe-
ganum nigellastrum. This plant has been used for a long time in Chinese tra-
ditional medicine as a remedy for inflammatory disorders [1]. Luotonin A also 
exhibits cytotoxic activity against several mouse tumor cells due to its topoi-
somerase I poisoning properties [2,3]. Luotonin A is structurally close to the 
strong topoisomerase I inhibitor camptothecin and other related anticancer 
drugs (Figure 1) [4]. There is a considerable interest in the synthesis of new 
analogues of luotonin A and the study of their biological properties [5-7] be-
cause of its lower toxicity and higher chemical stability compared to camp-
tothecin. The anti-proliferative activity of new A-ring- and E-ring-modified 
derivatives has been assayed in different cancer cell lines showing an equiva-
lent activity to the parent luotonin A [5]. These studies have shown that some 
structural modifications, specially in ring E, may lead to pronounced changes 
in the ability to stabilize the topoisomerase I-DNA binary complex [7].
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The presence of aromatic and heteroaromatic rings on the structures of campto-
thecin and luotonin A affords the notable native fluorescence of these compounds. 
This property makes it possible to use fluorescence measurements with analytical 
and biomedical purposes [8]. The studies of cytotoxicity and selectivity of new antitu-
mor agents in tumor cells require sensitive and selective analytical methods. Several 
HPLC procedures have been described for the determination of camptothecin [8-20], 
including the isocratic elution of camptothecin and its analogues using MeCN:phos-
phate buffer as mobile phase [13]. Isocratic and gradient separations coupled to UV-
Vis [14,15] and diode array detection [16] have been employed successfully. Other 
detection methods for camptothecin and analogues include fluorimetry [17-19] 
and mass spectrometry [20,21]. Nevertheless there is not any previously described 
analytical method for the separation and quantitative determination of luotonin A.

Considering the emerging potential of the luotonin A family of compounds, hu-
man serum has been selected as a representative model of biological matrices in 
which these compounds should be quantified along their pharmaceutical develop-
ment. In the present work we describe for the first time a RP-HPLC method with fluo-
rimetric detection allowing the separation and quantitation of luotonin A and several 
recently synthesized derivatives (Figure 1) in human serum. The optimized method 
has shown to be simple, fast and will allow for the correlation of physico-chemical 
properties of every compound and their biological activities through cell-culture as-
says, thus paving the way for the search of new candidates as a less toxic alternative 
to camptothecin derivatives.

2.  Experimental

2.1.  Apparatus and reagents

UV-Vis absorption spectra were obtained using a Kontron (Zurich, Switterland) Uvi-
kon 810 double beam spectrophotometer and quartz cells of 1 cm of path length. Co-
rrected excitation and emission fluorescence spectra as well as fluorescence emission 
at fixed wavelengths were carried out with a Horiba-Jobin Yvon (Edison, NJ, USA) 
FluoroMax-4P spectrofluorometer equipped with the control and data acquisition 
software FluorEssence 2.1. 

Figure 1.  
Chemical structures of the anti-

cancer drug camptothecin, and of 
the luotonin A and its derivatives 

studied in the present work.
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For the HPLC quantitation of luotonin derivatives, a Merck-Hitachi (Tokyo, Japan) 
chromatographic system (quaternary gradient pump L-7100, fluorescence detector 
L-7450, oven L-2300 and a Rheodyne model 7725i injector with 20 μL loop) was em-
ployed. The chromatographic system was under computer control through the HPLC 
System Manager software, version 4.1. Separations were developed under isocratic or 
gradient reverse phase using Spherisorb C-18 columns (ODS2, 5 μm, 150 × 4.6 mm) 
from Teknokroma (Barcelona, Spain).

Luotonin A and its analogues (Figure 1) were kindly provided by the Organic and 
Pharmaceutical Chemistry Department at the Faculty of Pharmacy (Universidad 
Complutense de Madrid), and they were synthesized by modified Friedländer con-
ditions as described elsewhere [22]. All reagents and solvents were analytical, spec-
troscopic or chromatographic grade (from Panreac, Barcelona, Spain) and they were 
used without further purification. Water was doubly distilled and deionized (Milli-Q 
purification system, Millipore, Molsheim, France).

2.2.  Procedures

2.2.1.  Standard solutions and characterisation of new luotonin A derivatives

Stock solutions (5.0 × 10-4 M ) of lutonin A and its derivatives in DMSO were prepared 
from an accurately weighed amount of each compound. A series of solutions for each 
luotonin A derivative was prepared in ethanol in the range of concentration 1.0 × 10-6 

M to 1.0 × 10-4 M in order to obtain the UV-Vis absorption spectra and the values of 
molar absorptivities (Table 1).

Fluorescence excitation and emission spectra were obtained as a previous step to 
reach the sensitive luminescent quantitation of these compounds. For this purpose, 
5.0 × 10-7 M and 1.0 × 10-6 M ethanolic solutions were prepared and measured. Both 
excitation and emission slits were set at 3 nm bandpass. 

2.2.2.  Conditions of the chromatographic analysis

For isocratic elution the optimized mobile phase was H2O:MeCN:tBME, 60:38:2  
(v:v:v) at 35 ºC. In gradient elution, a combination of H2O and MeCN was employed at 
a flow rate of 1 mL min-1. The column was firstly equilibrated with 60% H2O and 40% 
MeCN for 5 minutes. Then, the sample was injected and the proportion of MeCN was 
increased from 40 to 60% over 20 minutes; after 5 minutes kept at 60%, the proportion 
of MeCN was returned to 40% over 2 minutes. The separation took 24 minutes. Tem-
perature was fixed at 25 ºC. For all experiments the fluorescence detection conditions 
were λex= 340 nm, λem= 420 nm. All solvents were filtered through a 0.45 µm pore 
membrane and sonicated prior to their use. For every experimental condition, each 
compound was injected individually to be identified by its retention factor.

2.2.3.  Preparation of the standard solutions and spiked serum samples for chromatogra-

phic analysis

Separate stock solutions around 5.0 × 10-4 M in DMSO were prepared by weighing 
an appropriate amount of each compound. The concentrations of the stock solutions 
were checked using the previously determined UV-Vis molar absorptivity values. Sui-
table volumes of every luotonin derivative stock solution were mixed and diluted 
to get a solution A containing each compound in a concentration of 5.0 × 10-6 M in  
H2O:MeCN, 50:50 (v:v). From this solution (A), a serial dilution was carried out to 
prepare a set of solutions (B-G) of concentrations 2.5 × 10-6 M, 1.25 × 10-6 M, 5.0 × 10-7 

M, 5.0 × 10-8 M, 5.0 × 10-9 M and 2.5 × 10-9 M in the same solvent mixture.
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Equal aliquots of pooled human sera, obtained from 20 healthy individuals, were 

spiked with solutions A-G to get a set of sera with luotonin concentrations ranging 

from 5.0 × 10-7 M to 2.5 × 10-10 M (calibrators). Blank sera spiked with the same volu-

me of solvent mixture were also prepared. The spiked volume was always less than 

10% of serum volume to avoid distorting the nature of the matrix.

The same procedure was followed to prepare quality control samples (QC) at final 

concentrations of 5.0 × 10-7 M, 5.0 × 10-8 M and 5.0 × 10-10 M.

Furthermore, aliquots of solutions A-G were also diluted using mobile phase to 

get a series of standard solutions matching the concentrations of the calibrators but 

being free of matrix effects.

2.2.4.  Human serum samples pre-treatment for chromatographic analysis

A previously described sample clean-up procedure was followed because of its sim-

plicity, low time-consumption and good extraction efficiency [23]. This treatment 

consisted of a protein precipitation using 0.5% glacial acetic acid in MeCN followed 

by centrifugation. The supernatant was transferred to a clean tube and evaporated 

under vacuum at 50 ºC, then the solid residue obtained was dissolved in the mobile 

phase. This clean-up methodology was followed for preparing both calibrators and 

QC samples.

2.2.5.  Validation of the chromatographic method for the analysis of luotonins in human 

serum samples

To validate the developed chromatographic method, linearity, limit of detection (LOD), 

limit of quantitation (LOQ), accuracy, precision and evaluation of matrix effects were 

determined following the recommendations of IUPAC, FDA and ICH [24-26].

Calibration curves were constructed by measuring extracted spiked sera (calibra-

tors) at seven levels of concentrations plus a blank, and then plotting the areas of the 

chromatographic peaks versus the theoretical concentration. Calibration curves were 

measured by quadruplicate in different days to minimize effects due to intra- and in-

ter-day variation. LOD and LOQ were determined from five replicated measurements 

of QC solutions at 5.0 × 10-10 M concentration and then calculated as shown in Equa-

tions 1 and 2 [27].

×
×

LOD = 3
SD of the experimental concentration theoretical concentration

mean of the experimental concentration
Eq. 1

×
×

LOQ = 10
SD of the experimental concentration theoretical concentration

mean of the experimental concentration
Eq. 2

Accuracy was determined by six replicate analyses of spiked QC samples (QC) at 

three levels of concentration (5.0 × 10-7 M, 5.0 × 10-8 M and 5.0 × 10-10 M) which were 

then compared with the calibration curves previously prepared. Intra-day precision 

was calculated from six runs conducted on the same day, and the experiments were 

also performed using the previous three levels of concentration. Inter-day precision 

was determined from duplicate injections of the same concentration over five diffe-

rent days, also at three levels of concentration. Matrix effects were evaluated using a 

Student’s t-test to compare the slope of the calibration curve obtained from standard 

solutions prepared in mobile phase and the slope of the calibration curve constructed 

from calibrators prepared in sera and following the extraction procedure.
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3.  Results and discussion

3.1.  Spectroscopic properties of luotonin A and derivatives

UV-Vis absorption spectra of the different compounds under study showed a band 
in the region of 300-375 nm with two resolved peaks appearing near to 340 and 360 
nm. The relative position of these two maxima changes depending on substituents 
attached to the pattern ring as can be observed in Table 1. The UV-Vis spectral shape 
of luotonin A derivatives as well as the molar absorptivity values were in agreement 
with those described for camptothecin [28]. The molar absorptivities were calculated 
from the slope of the calibration curves in ethanol, using the maxima wavelengths of 
every compound. These values are significant to characterize the derivatives studied 
and they were also used to ensure the accuracy of the concentration of stock solu-
tions for chromatographic analysis. 

It is well known that fluorescence emission provides a better sensitivity than UV-
Vis absorption methods with an enhancement in the LOD varying from 10 to 1000 
times. Therefore, fluorescence is one of the most widespread detection techniques 
in liquid chromatographic analysis, and particularly for the determination of phar-
maceutical interesting compounds present in different matrices at very low concen-
trations. The fused aromatic rings in luotonin A and derivatives afford a noticeable 
native fluorescence. The emission spectra exhibited a broad emission band (Figure 2) 
with a maximum placed at 410-430 nm depending on the compound being studied 
(Table 1). The spectral shape and the position of the emission maxima are close to 
those described for camptothecin [28]. Thus fluorescence measurements are an ele-
gant and sensitive technique for their detection in HPLC. 

3.2.  Development and optimization of the chromatographic methodology

To study the influence of several experimental variables on the chromatographic 
separation of the compounds, isocratic elution experiments were carried out. Thus, 
organic solvent proportion, pH, temperature and mobile phase modifiers were con-
sidered. Mobile phases containing different H2O:MeCN proportions (from 80% to 40% 
of MeCN) were tested. The best resolution/retention times ratio was obtained with a 
H2O:MeCN 60:40 (v:v) mobile phase. Several modifiers were assayed, such as dioxa-
ne, tetrahydrofurane and tert-butyl methyl ether (tBME). Dioxane and tetrahydrofura-
ne (THF) had no significant effect on the separation process. However, tBME showed 
the ability to shorten the retention times without a loss in peak resolution and, thus, 

Compound UV-Vis absorption λmax (log ε)# Fluorescence emission λex/λem 
#

1 342 (4.21), 359 (4.15) 341/416

2 341 (4.23), 358 (4.16) 340/403

3 344 (4.26), 361 (4.19) 343/420

4 348 (4.02), 364 (3.97) 347/424

5 349 (4.26), 363 (4.21) 349/425

6 345 (4.18), 361 (4.11) 343/415

7 348 (4.04), 366 (3.99) 348/405
#Wavelengths are given in nm. 

Table 1. Spectrophotometric and spectrofluorimetric properties of the compounds studied. Maximum 
absorption wavelength and fluorescence emission maximum obtained for luotonin A and derivatives. The 
molar absorptivity values were calculated for the different luotonin A derivatives at two wavelengths and 

using 90:10 (v:v) EtOH:DMSO as solvent. The values of log ε are showed in parenthesis.
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tBME from 0-4% was tested in the above selected H2O:MeCN mobile phase. The best 

results were obtained with a mobile phase composition of H2O:MeCN:tBME 60:38:2 

(v:v:v) (Figure 3). The influence of the pH of the aqueous proportion in the mobile 

phase was also considered by using 50 mM phosphate buffer in the pH range from 

3.0 to 9.0. This parameter was not found to exert a remarkable effect on the sepa-

rations, neither changing the retention factors nor the efficiency of the separation, 

thus avoiding the use of buffer solutions in the mobile phases (Table 2). Nevertheless, 

none of the assayed conditions allowed getting a reasonable time of analysis (chro-

matographic runs required 50 min). Additionally, the effect of temperature (25 ºC, 

35 ºC and 45 ºC) on the chromatographic process was tested. As it was expected, 

higher temperatures shortened the retention times and the resolution of the com-
pounds was kept constant.
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Figure 2.  
Corrected excitation and 

fluorescence emission spectra 
of luotonin A, 2.5 × 10-6 M in 

ethanol. The intensity of fluores-
cence excitation and emission 

spectra is normalized to the 
same intensity value

Figure 3.  
Influence of the organic modifier 

in the mobile phase on the effi-
ciency of the separation under 

isocratic conditions. Mobile 
phase: (modifier + MeCN):H2O 
40:60 (v:v). Modifiers propor-

tions are expressed as percenta-
ge of the total volume. Tempera-

ture: 25ºC. Compound 4.
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Finally, for isocratic elution, the chosen optimized conditions implied using a mo-
bile phase composition of H2O:MeCN:tBME 60:38:2 (v:v:v) and carrying out the sepa-
ration at 35 ºC (Figure 4A).

With the aim to improve the separation efficiency and to get shorter retention 
times, a gradient elution was developed. Different gradient profiles were assayed (Fi-
gure 4B-4D), all of them starting with H2O:MeCN 60:40 (v:v). Isocratic elution ex-
periments revealed that this proportion was the best MeCN one allowing the reso-
lution of compounds 1 and 2. It was observed then that a controlled increase in the 
proportion of acetonitrile would shorten the retention time for compound 6 in order 
to achieve a reasonable analysis time, without spoiling the resolution of compounds 
1 and 2. After exploring several options, this goal was reached by using the gradient 
detailed in the Experimental section 2.2.2 (Figure 4D). 

Gradient elution provided good resolution, efficiency and shortened in a half the 
run time at 25 ºC. Therefore, it was chosen for routine analysis and validation of the 
method. These results also suggest that the developed method could be applied to 

pH
Retention factors (k’)

Compound 1 Compound 2 Compound 4

pH 3.0 1.21 1.57 6.97

pH 5.8 1.30 1.68 7.40

pH 7.0 1.34 1.70 7.28

pH 9.0 1.26 1.60 6.79

Table 2. Retention factors (k’) obtained for three representative compounds depending  
on the pH of the aqueous component of the mobile phase.  

Mobile phase: 50 mM phosphate buffer:MeCN 50:50 (v:v). Temperature: 25 ºC.

A B

C D

Figure 4.  
Chromatographic separation ob-
tained for the compounds studied 
under several conditions.  
(A) Isocratic elution, mobile phase 
H2O:MeCN:tBME 60:38:2, 35 ºC.  
(B to D): Gradient elution with 
H2O:MeCN mixtures as shown by 
dashed plots, 25 ºC.  
General conditions: flow = 1 mL 
min-1, λex = 340 nm, λem = 420 nm, 
column Waters Spherisorb 5 μm 
ODS2 4.6 × 150 mm, compounds 
concentration = 0.5 μM.
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the separation of structurally close compounds (drugs and their metabolites), being a 
good candidate for further pharmacokinetic studies.

Noteworthy, compounds 4 and 5 were not separatedad equately under none of the 
isocratic or gradient conditions assayed. Because of this, compound 5 was not inclu-
ded in the validation experiments carried out with spiked sera. 

3.3.  Validation of the chromatographic analytical method (HPLC-FL)

Figure 5 shows the chromatograms corresponding to the standard solutions of luo-
tonins dissolved in mobile phase (Figure 5A) and the luotonin A and derivatives ex-
tracted from the spiked serum samples (Figure 5B). As can be observed in the latter 
Figure, neither the retention times nor the resolution of the studied compounds were 
affected by the extraction procedure, and the only remarkable change on the chroma-
togram is the peak appearing at the dead time. To check the specificity of the techni-
que, blank samples from pooled sera were processed and injected onto the chromato-
graphic system. The absence of chromatographic peaks in blank samples (Figure 5C) 
together with the good separation of the luotonins obtained in spiked serum samples 
analyzed confirmed the specificity of the method under the developed conditions.

The method of unweighted least squares was employed to calculate the linear re-
gression parameters. As showed by the determination coefficients of the calibration 
curves (Table 3), the response obtained was linear with the concentration for all of 
the analytes and over the whole working concentration range, from 5.0 × 10-7 M to 2.5 
× 10-10 M. The regression parameters intercept and slope (Table 3) showed excellent 
reproducibility along time.

A B

C

Figure 5.  
Chromatograms obtained after 

analysis of the studied com-
pounds in a 5 × 10-9 M standard 

solution (A) or extracts from 
serum spiked at 5 × 10-9 M (B). 
Chromatogram corresponding 
to the extract of a blank serum 
under the same conditions (C). 

All the separations were carried 
out at 25 ºC and using the gra-
dient detailed in Section 2.2.2 

and depicted in Figure 4D.
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The LOQ and LOD were calculated according to the equations listed in Section 
2.2.5. LODs were below 1.8 × 10-10 M and LOQs under 5.9 × 10-10 M, except for the case 
of compound 4, in which they were slightly higher. However, biologically effective 
concentrations of luotonin A and other different derivatives were in the range from 
10-6 to 10-7 M [7], so the obtained LOD and LOQ were at least 1000 folds lower than the 
concentrations needed for biological and clinical assays. 

The accuracy and precision of the HPLC methodology were checked through the 
analysis of QC samples at three levels of concentration as detailed in Section 2.2.5. 
Table 4 shows the figures of merit. Accuracy of the method was expressed as ex-
perimentally found concentrations. Precision was calculated as % relative standard 
deviation (% RSD) for intra- and inter-day assays. The obtained values were below 
acceptance limits (< 10%), and proved that the developed method is suitable for the 
analysis of these compounds in biological matrices. Nevertheless, accuracy and preci-
sion were lowered when working at the lowest QC concentration value (5.0 × 10-10 M), 
due to the closeness of this concentration to the LOD and LOQ.

A Student’s t-test was employed to compare the slopes obtained from calibration 
curves constructed using calibrators (extracted spiked sera) or using standard solu-
tions directly diluted with the mobile phase. For every compound, the slopes were 
statistically different (p > 0.01), which evidenced the presence of matrix effects co-
ming from serum and/or extraction procedure. These facts did not affect to the quan-
titation of the luotonins in the samples as deduced from the accuracy and precision of 
the concentration values obtained. Therefore, the good values obtained for the figures 
of merit prove that this method provides a reliable quantitation of these anticancer 
drugs in human serum.

Co
m

p Calibrators in serum Calibrators in mobile phase

Slope ± SD Intercept ± SD R2 Slope ± SD Intercept ± SD R2

1 1.54×1013 ± 0.77×1011 -1.97×104 ± 1.57×104 0.9998 2.13×1013 ± 1.17×1011 -7.35×103 ± 2.38×104 0.9998

2 1.12×1013 ± 1.08×1011 -3.52×104 ± 2.20×104 0.9993 1.52×1013 ± 0.74×1011 -1.27×103 ± 1.51×104 0.9998

3 2.15×1013 ± 1.29×1011 -2.31×104 ± 2.63×104 0.9997 3.30×1013 ± 1.45×1011 -5.40×103 ± 2.94×104 0.9999

4 9.44×1012 ± 0.62×1011 -8.45×10 ± 1.26×104 0.9997 1.56×1013 ± 0.70×1011 -3.39×103 ± 1.42×104 0.9999

6 1.66×1013 ± 1.23×1011 -7.92×103 ± 2.50×104 0.9996 2.64×1013 ± 0.96×1011 -1.20×104 ± 1.96×104 0.9999

7 1.15×1013 ± 1.22×1011 -3.11×103 ± 2.48×104 0.9992 1.88×1013 ± 0.77×1011 -9.63×103 ± 1.56×104 0.9999

Table 3. Linear regression parameters obtained for the quantitative analysis of luotonin A derivatives by HPLC-FL.

Co
m

p Sensitivity Accuracy as found concentration (%RE)
Intra-day pre-

cission as %RSD
Inter-day pre-

cission as %RSD

LOD (M) LOQ (M) QC1 QC2 QC3 QC1 QC2 QC3 QC1 QC2 QC3

1 1.518×10-10 5.060×10-10 5.003×10-7 (0.06) 4.700×10-8 (6.00) 4.330×10-10 (13.40) 4.02 3.22 10.12 2.76 4.09 8.54

2 1.154×10-10 3.846×10-10 5.005×10-7 (0.10) 4.537×10-8 (9.26) 4.658×10-10 (6.30) 2.16 3.22 7.69 1.87 3.44 7.77

3 1.140×10-10 3.802×10-10 5.005×10-7 (0.10) 4.585×10-8 (8.30) 5.585×10-10 (11.70) 3.66 4.03 7.60 1.63 4.21 9.62

4 2.322×10-10 7.740×10-10 5.004×10-7 (0.08) 4.543×10-8 (9.14) 7.953×10-10 (#) 4.07 3.05 15.48 3.85 5.38 12.22

6 1.429×10-10 4.764×10-10 5.004×10-7 (0.08) 4.555×10-8 (8.90) 5.926×10-10 (#) 3.32 3.38 9.53 1.46 5.08 6.73

7 1.751×10-10 5.837×10-10 5.005×10-7 (0.10) 4.502×10-8 (9.96) 9.339×10-10 (#) 3.03 2.42 11.67 1.44 3.70 6.46

Theoretical concentrations: QC1 = 5.000 × 10-7 M, QC2 = 5.000 × 10-8 M, QC3 = 5.000 × 10-10 M.
% RE: Relative error (percentage), % RSD: Relative standard deviation (percentage)
LOD: Limit of detection, LOQ: Limit of quantitation, # Non-admisible error 

Table 4. Figures of merit (sensitivity, accuracy and precision) obtained in the validation of the proposed  HPLC-FL method.
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4.  Conclusion

This is the first time that a HPLC-FL method has been successfully developed and va-
lidated for the quantitation of natural alkaloid luotonin A and some derivatives. This 
work also describes absorption and luminescent characteristics of these molecules. 
These properties can be exploited to reach their reliable and sensitive detection. The 
influence of several variables in the separation of this series of very similar com-
pounds has been studied. Furthermore the developed chromatographic method pro-
vides a high sample throughput being quick and simple and requiring small sample 
volumes. 

The use of human serum as a biological sample model allows the tuning up of 
new analytical methods for the quantitation of new drugs since the early stages of 
their pharmaceutical development, without the need for experimentation in animals, 
which will be unavoidable in following steps. 

The good analytical characteristics of the proposed chromatographic method pro-
ved it to be a useful tool for the quantitation of these compounds in biological sam-
ples, a main issue in the structure-activity relationship research. This will lead to a 
better knowledge of their pharmacology and pharmacodynamics, in the way of fin-
ding less toxic alternatives to camptothecin analogues being currently used in clinical 
treatments.
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ABSTRACT ▶ A miniaturized fluorescence assay on multi-well plates has been developed to study the solubili-
ty enhancement effect of (2-hydroxypropyl)-β-cyclodextrin on three anti-tumor alkaloids. The measurement of 
the fluorescence emission on a multi-well plate format has been proved to be a rapid and efficient technique to 
evaluate the solubility of pharmaceutical formulations of new drugs that help save time, reagents and wastes in 
the search for greener analytical strategies. The proposed methodology was compared with a reference HPLC so-
lubility study and was employed to examine the enhancement of the solubility of camptothecin, luotonin A, and a 
synthetic derivative of the latter in the presence of (2-hydroxypropyl)-β-cyclodextrin. Considerable reductions in 
the time of analysis (almost 50 times faster) and the volume of organic solvents employed (close to 25 times less 
acetonitrile needed) were achieved. The nature of the inclusion complexes was investigated by analysis of the pha-
se-solubility diagrams obtained by the newly developed method and was complemented with spectrofluorimetry 
and ESI-MS experiments. The concentrations of solubilised compounds found by both methodologies were in good 
agreement (R2 > 0.98). The analytical figures of merit of both methodologies were compared and the adequacy of 
the proposed method for the development of drug solubilisation studies is discussed.

Published in: González-Ruiz, V., Olives, A. I. & Martín, M. A. (2013). Green Chem., 15(9), 2558-2565.

A down-scaled fluorimetric determination of the solu-
bility properties of drugs to minimize waste generation

1.  Introduction

Greener analytical methodologies are in high demand due to the need for 
environmentally friendly techniques able to reduce the volume of reagents 
and wastes, thus minimizing their environmental impact [1]. In this con-
text, considerable efforts have been focused on sample pre-treatment pro-
cedures [2], quantitative analysis by liquid chromatographic techniques [3], 
and capillary electrophoresis [4].

Miniaturization through down-scaled approaches employing hi-
gh-throughput screening (HTS) assays affords important advantages i.e. 
low cost, small volumes of reaction, reduction in the reagents and analytes 
consumption and minimization of wastes. UV-Vis absorption and fluores-
cence spectrophotometry assays on multi-well plates are widely employed, 
among other uses, in the evaluation of the biological activity of drugs at 
pharmaceutical industries, or in hundreds of routine determinations in the 
areas of biochemistry and molecular biology [5]. 

Screening methodologies based on multi-well plates are employed in 
qualitative assays with satisfactory results, but they are not so often used 
for quantitative determinations in the field of Analytical Chemistry. More 
recently, quantitative applications with multi-well plate readers are beco-
ming popular and successful for well established analytical methods such 
as chloride determination according to the classical Volhard determination 
[6], vitamin C in fruit and tomatoes by derivatization reaction of dehydroas-
corbate with orthophenylenediamine [7] or lipid analysis by the Van Handel 
method [8]. The multi-well plate reader format presents a good analytical 
efficiency together with a notable reduction in time of analysis as well as 
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in the volumes of the reagents and samples. Furthermore, its feasibility, high throu-
ghput and reduced cost make it attractive from a practical point of view, and thus HTS 
assays are being adapted for a variety of determinations including those of inorganic 
phosphate [9], arsenic in soil [10], chlorhexidine in oral preparations, [11] quinones 
in spiked human serum [12] or biogenic amines in foods [13]. Furthermore, from the 
analytical point of view, the parallelized measurement of samples and calibrators 
contributes to a robust recording of the analytical response.

Solubility tests of drugs are required during the development of new compounds 
of therapeutic interest, and they are routinely conducted at pharmaceutical compa-
nies. Cyclodextrins are natural products able to include poorly soluble drugs into their 
cavities, thus enhancing their solubility, absorption, release and bioavailability [14]. 

Topoisomerase 1 is the molecular target for camptothecin, the lead structure of a 
class of anticancer drugs widely employed in the treatment of several types of can-
cer [15]. Therapeutic uses of natural camptothecin are limited principally by its low 
hydrosolubility and its chemical instability due to the opening of the lactone ring at 
physiological pH. The formation of the inclusion complexes camptothecin-CDs has 
led to an important increase of its hydrosolubility [16] and chemical stability [17]. 
Luotonin A shares with camptothecin the mechanism of action, behaving as a selec-
tive inhibitor of topoisomerase 1 [18]. It also has advantages over its parent drug in 
terms of chemical stability and having fewer side-effects. Nevertheless, the poor hy-
drosolubility of luotonin A precludes its promising pharmacological activity. For this 
reason, the study of the effect of solubility enhancers on its pharmaceutical proper-
ties becomes a keystone not only for carrying out biological activity assays, but also 
aiming at its future clinical development.

Considering that solubility studies are routine assays not only for drugs, but also 
for pesticides, cosmetics, dietary complements and other compounds with industrial 
uses, in the present work we propose a downscaled fluorimentric assay as a model 
environmentally friendly methodology for the evaluation of the solubility enhance-
ment of the topoisomerase inhibitors camptothecin, luotonin A and 14-(3,5-dime-
thyl-phenyl)-3-methylquinolino[2’,3’:3,4]pyrrolo[2,1-b]quinazolin-11-(13H)-one 
(compounds CPT, 1 and 7, Figure 1). The multi-well plates format makes it possible to 
prepare the drug-CD complexes on a reduced scale (10 times lower than traditional 
solubilisation studies) and to conduct the solubility tests in a small volume of solvent. 
The high-throughput nature of the technique allows one to simultaneously process a 
large number of samples. The determinations were carried out in a short time span 
and the samples were measured automatically through a fiber optical device con-
necting the automated multi-well plate reader to a conventional spectrofluorometer. 
This methodology required very small amounts of the tested compounds and notably 
reduced the use of organic solvents employed as mobile phases in HPLC quantitation 
of the solubilised drug. 
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Figure 1.  
Chemical structures of the com-

pounds studied.
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2.  Experimental

2.1.  Apparatus and reagents

Fluorescence measurements at fixed wavelength were obtained using a MicroMax 
384 multi-well plate reader coupled to a FluoroMax-4P spectrofluorometer (both 
from Horiba-Jobin Yvon, Edison, NJ, USA) equipped with the control and data acqui-
sition software FluorEssence 3.5. 96-well black plates (BD Falcon, Franklin Lakes, NJ, 
USA) were employed in the downscaled analysis. Corrected excitation and emission 
spectra and measurements at fixed wavelengths were obtained on the FluoroMax-4P 
using 1 cm path length quartz cells.

The liquid chromatographic system (Merck-Hitachi, Tokyo, Japan) consisted of a 
quaternary gradient pump L-7100 and a fluorescence detector L-7485. The tempera-
ture of the column was controlled with a L-2300 oven and the samples were injected 
through a Rheodyne 7725i injector (20 μL loop). The chromatographic system was 
under computer control through the HPLC System Manager software, version 4.1. The 
analytical C-18 columns (Luna, C18(2), 5 μm, 150 × 3.00 mm) was purchased from 
Phenomenex (Torrance, CA, USA).

Mass spectrometry experiments were performed using a TripleTOF 5600 system 
by AB Sciex (Framingham, MA, USA) with ESI/APCI ionization source and a hybrid 
triple quadrupole-time of flying analyser. System control and data acquisition were 
done from a PC running Analyst software. Spectra processing and analysis was perfor-
med using the free mMass software [19].

A Stuart Rotator SB3 rotatory shaker and an Elmasonic S15 ultrasonic bath were 
employed for the preparation of the inclusion complexes. Commercially available 
camptothecin, luotonin A and 1.0 molar substitution (2-hydroxypropyl)-β-cyclodex-
trin (HPβ-CD) were purchased from Sigma-Aldrich (Steinheim, Germany). Compound 
7 was synthesized using modified Friedländer conditions as described elsewhere 
[20]. All reagents and solvents were chromatographic grade and were used without 
further purification. Ultrapure water was obtained from a Milli-Q Direct 8 system 
(Millipore, Molsheim, France).

2.2.  Procedures

2.2.1.  Study of the effect of complex formation on the fluorescence spectra of the alka-
loids

To study the fluorescence properties of the solubilised drugs in the presence of HPβ-
CD, conventional fluorescence spectrometry experiments were carried out in quartz 
cuvettes. The concentrations of the anti-tumor agents were fixed at 5.0 × 10-7 M, and 
the HPβ-CD concentration was 1.0 × 10-2 M. The solutions were kept under magnetic 
stirring at room temperature for 48 h. Then, the fluorescence emission spectra of the 
complexes was recorded and compared to those of free-drug aqueous solutions.

2.2.2.  Solubility enhancement determination

To obtain the phase solubility diagrams, an excess of a single solid alkaloid (approx. 
0.3 mg mL-1) was added to a small volume (1.0 mL) of each of the six different so-
lutions of HPβ-CD (0, 5, 10, 15, 20 and 25% w/v). The suspensions were kept under 
ultrasound stirring for 30 minutes and then placed on a rotatory shaker at room tem-
perature for 7 days. After this period, the suspensions were filtered (0.45 μm pore 
size, regenerated cellulose membrane, Phenomenex, Torrance, CA, USA) to separate 
the soluble complexes containing the alkaloid from the solid drug. Aliquots of the 
filtrates were diluted using 50% aqueous acetonitrile, and the amount of solubilised 
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compound was quantified by both of the compared methodologies (Scheme 1). All 
of the measurements were carried out at least in triplicate sets. The solubility phase 
diagrams were plotted according to Brewster [14b,21] and taking into account the 
Equations 1a-c and 2.

= + KS S S [CD]t 0 01:1 Eq. 1a

= + +K K KS S S [CD] S [CD]t 0 0 0
2

1:1 1:1 1:2
Eq. 1b

= + + +K K K K K KS S S [CD] S [CD] S [CD]t 0 0 0
2

0
3

1:1 1:1 1:2 1:1 1:2 1:3
Eq. 1c

= · ·K K K K
ass 1:1 1:2 1:3 Eq. 2

2.2.3.  Downscaled fluorescence quantitation of the solubilised anti-tumor agents

200 μL aliquots of the diluted filtrates were placed on the multi-well plate for fluo-
rescence measurement. Every plate contained triplicate sets of the diluted samples 
as well as triplicate calibration curves. The concentration of the solubilised drugs was 
deduced by interpolation in the calibration curves. LOD was calculated as the concen-
tration interpolated from the signal value corresponding to the ordinate in the origin 
of the calibration curve plus three times its standard deviation.

2.2.4.  HPLC-fluorescence quantitation

As HPLC allowed the separation of the three compounds under study, samples co-
ming from different compounds with the same level of cyclodextrins were combined 
prior to their dilution and chromatography analysis. The mixtures were separated 
on a C-18 analytical column under modified gradient elution conditions [22] (40 to 
65% acetonitrile in water in 10.5 mins, 25 ºC, flow rate 0.5 mL min-1). Detector was 
set at λex/λem=340/420 nm. The concentrations were deduced from the areas under 
the peaks and using calibration curves constructed from standard solutions. LOD was 
calculated as described in the previous section.

2.2.5.  ESI-MS characterization of the complexes

Electrospray-mass spectrometry spectra were obtained from the filtrated liquors of 
the complexes prepared with the 25% w/v of HPβ-CD and diluted with water. The 
system was operated in positive ionization mode under mild conditions: vaporiza-
tion temperature of 450 ºC, capillary voltage of 5500 V and declustering potential of 

HPβ-CD
solution

Solid compound

Suspension

120 h, RT 
rotating shaking

0.45 μm �lterUnsolublized
compound

Solubilized 
inclusion complexes

Dilution
Mix and HLPC-Fl

or
96-well microplate
�uorimetry analysis

Scheme 1.  
Protocol followed for the deve-
lopment of the solubility assays
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50 V. A constant flow of 10 mM aqueous ammonium formiate:MeCN 90:10 v:v was 
employed as carrier at 0.2 mL min-1 to introduce the samples into the spectrometer.

3.  Results and discussion

Conventional solubility studies require an appreciable volume of solvents (10.0-25.0 
mL) for quantitative determinations [23]. Although spectrophotometric methods (UV-
Vis absorption or fluorescence) require higher volumes of a solvent reaction mixture 
than chromatographic methods (HPLC), additional organic solvents are employed in 
the mobile phases needed for the chromatographic determinations. The multi-well 
plate determination avoids the need for either larger volumes of reaction or running 
mobile phases.

3.1.  Effect of the HPβ-CD on the fluorescence spectra of the studied alkaloids 

The spectral shape and fluorescence emission maxima obtained in the presence and 
absence of HPβ-CD are shown in Figure 2. As can be appreciated, there are no signi-
ficant shifts in the emission maxima with regard to those described for these com-
pounds in aqueous solutions [24]. Therefore, the following excitation and emission 
maxima were employed for the quantitation and determination of the solubilities 
in the multi-well plates: CPT λex/λem = 369/428 nm, 1 λex/λem = 341/416 nm and 7 λex/
λem = 348/404 nm. The change in the fluorescence emission intensity confirmed the 
formation of the complexes in all of the three compounds.

CPT 1

7

Figure 2.  
Fluorescence emission spectra 
of the alkaloids studied (5 × 10-7 
M in water) in the absence and 
in the presence of HPβ-CD 10 
mM. 
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3.2.  HPLC quantitation of the solubilised fraction of the studied compounds

Figure 3 shows the chromatograms obtained from the HPLC analysis of one of the 
calibration solutions and from the analysis of the mixture of filtrates. The method 
allowed the separation and simultaneous quantitation of the three compounds under 
study, with a high concordance in the retention time between the standard solutions 
and the samples. This methodology yielded very good sensitivity (LODs ranged from 
0.32 to 0.64 nM) and reproducibility (between 1.6 and 2.7% RSD, Table 1). The linea-
rity of the response was checked for concentrations ranging from 1 × 10-10 to 1 × 10-7 
M, obtaining a correlation R2 > 0.99. On closer inspection, this method revealed three 
main drawbacks: a) the analysis was quite slow (22 minutes for three combined sam-
ples); b) it required a considerable amount of organic solvent (7.0 mL of acetonitrile 
as the organic component of the mobile phase) and c) the samples required a high 
degree of dilution prior to its analysis, thus consuming additional time and organic 
solvents and increasing the risk of inaccuracy due to the dilution process.  

3.3.  Miniaturized fluorescence assay using multi-well plates

The miniaturized fluorescence measurement on multi-well plates was found to afford 
a more modest analytical outcome (Table 1), with LODs comprised in the 1 × 10-7 M 
order, a precision ranging from 6.3 to 16.7% RSD and a linear response checked in the 
span between 3 × 10-7 to 6 × 10-6 M, with R2 > 0.98. From the practical and environ-
mental points of view, this technique was found to provide an excellent performance 
in terms of time (90 seconds per three samples analysed in triplicate) and organic sol-
vent consumption (100 μL of acetonitrile per well). Furthermore, the samples requi-
red less dilution prior to the analysis, what also contributes to decreasing the organic 
solvent volume employed and decreases the amount of generated wastes. 

Figure 3.  
Overlayed chromatograms 

corresponding to a mix of 
compounds solubilized in the 

presence of HPβ-CD (top) and 
a calibration solution of the 

alkaloids (bottom). The cyclo-
dextrin inclusion complexes 

were prepared individually (as 
described in the Experimental 

Section) and simultaneously 
chromatographed.

Compound LOD (multi-well plate) LOD (HPLC)

CPT 2.1 × 10-7 M 3.2 × 10-10 M

1 2.7 × 10-7 M 6.4 × 10-10 M

7 2.0 × 10-7M 6.3 × 10-10 M

Table 1. Limits of detection deduced from the calibration curves for the downscaled spectrofluorimetry 
(multi-well plate) determination of the anti-tumour agents studied.
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Several reasons account for the lower sensitivity and accuracy achieved with the 

multi-well plate reading arrangement compared to the reference HPLC method. One 

reason is the much more complex optic path (including mirrors and optical fibers) 

that the light must follow in the automated plate reader compared to the neat path 

through the HPLC detector flow cell. Also, the bigger dispersion happening on the 

bottom and the walls of the wells in the miniaturized assay contributes to this loss in 

sensitivity and accuracy with increasing the background signal. Nevertheless, LODs 

obtained with the multi-well plate method adequately fit the demands of the solu-

bility assays, taking into account that, as mentioned, the samples need less dilution 

for the newly proposed methodology than for the reference chromatography method.

3.4.  Comparison of the reference HPLC method and the proposed downscaled multi-well 

method

The capability of the proposed downscaled fluorescence assay was evaluated by a 

comparison to the reference HPLC method by following the well-established pro-

cedure [25] of plotting the concentrations of solubilised alkaloids determined by 

the down-scaled fluorescence method vs. those determined by HPLC. These plots 

demonstrated notably good agreement between both analytical methodologies, 

showing satisfactory linear correlation (CPT, R2 > 0.98; 1, R2 > 0.97, and 7, R2 > 0.99) as 

can be appreciated in Figure 4.

3.5.  Application of the developed methodology to study the effect of HPβ-CD on the so-

lubility of the compounds

The concentrations of the solubilised alkaloids were determined by HPLC-FL and the 

down-scaled fluorescence assay at different HPβ-CD concentrations, and these data 

were used to obtain the phase-solubility diagrams. Similar phase-solubility plots 

were deduced from the chromatographic and multi-well plate fluorimetric determi-

nation (Figure 5). In these figures, two different behaviours can be observed: camp-

tothecin and luotonin A exhibited a linear relationship when the solubilised alkaloid 

concentration was plotted versus the HPβ-CD concentrations, while in the case of 7 a 

curved line diagram was obtained. 
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Figure 4.  
Correlation between the 
concentrations of solubilized 
luotonin A obtained by using the 
two different assayed methodo-
logies.
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Typical phase-solubility diagrams corresponding to an A-type profile (AL or AP) 

[14b,21], could be either linearly increased with the CD concentration (AL type) or po-

sitively deviated from the linearity (AP profile). Camptothecin and luotonin A showed 

an AL behaviour, but in the case of the more hydrophobic and more substituted com-

pound 7, an AP behaviour was obtained. 

The best-fit to a linear plot indicated the presence of complexes with a 1:1 dru-

g:CD stoichiometry in the case of camptothecin and luotonin A. The found slopes, 

lower than one, confirmed that only one drug molecule is associated with a host CD 

molecule. These results are in agreement with the solubilisation behaviour described 

for camptothecin in the presence of HPβ-CD [17]. However, 7 showed a positive de-

viation from linearity in the solubility diagrams, suggesting the existence of comple-

xes with two or more molecules of CD associated with one molecule of 7. The best fit 

of the experimental values to a cubic equation indicates the existence of complexes 

involving a 1:3 7:CD stoichiometry.

The alkaloid/HPβ-CD apparent association constants Kass can be deduced from the 

phase solubility diagrams [14b,21,26] which were plotted after the experimental de-

Experimental data for CPT
Experimental data for 1
Experimental data for 7
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Figure 5.  
Phase solubility diagrams 
obtained for the alkaloids 

under study in the presence of 
increasing amounts of HPβ-CD 

by multi-well plate fluorescence 
measurements (top) and HPLC 

(bottom). 
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termination of the amount of solubilised compound at every HPβ-CD concentration 
by HPLC and by the fluorescence measurement onto the multi-well plates (Table 2). 

In the case of 7, the fit of the cubic equation yielded a negative second order co-
efficient and, thus, the calculation of its Kass value was hindered. Good agreement 
between solubility phase diagrams obtained by HPLC-FL and the fluorescence assay 
on multi-well plate was obtained, as well as in the association constant values (Kass) 
or stoichiometry deduced from these equations that define the chemical behaviour 
of the compounds showing that the enhancement in the aqueous solubility of these 
alkaloids is higher for the more lipophilic alkaloids (7). Furthermore, the presence 
of a phenyl group on the quinoline moiety of 7 favours the association of more than 
one molecule of HPβ-CD, coexisting complexes with different stoichiometric ratios. 
Therefore, the ability to form inclusion complexes has been shown to be closely re-
lated to the lipophillicity and spatial disposition of the substituents on the luotonin 
A backbone. The solubility increase in the presence of HPβ-CD proceeds according to 
the series: 7 > luotonin A > camptothecin. 

3.6.  Study of the solubilised anti-tumor agents by using electrospay ionization-mass 
spectrometry (ESI-MS)

One of the outstanding characteristics of MS is its usefulness as a confirmatory 
analytical technique. In the case of the solubilisation assays involving HPβ-CD, the 
mass spectra make it possible to evidence not only the solubilised fraction of free 
alkaloid but also the different complexes of solubilised drug present in the filtra-
ted liquors. Taking into account that the solubility phase diagrams showed different 
behaviours for the compounds and suggested various drug:HPβ-CD stoichiometric 
ratios, we decided to confirm these results. In the context of our goal to save reagents 
and avoid wastes generation, mass spectrometry analysis (MS) becomes a convenient 
method for the confirmatory analysis of stoichiometry as an alternative to the tradi-
tional continuous variation method (Jobs plots).

Among the different modes of ionization employed in the analysis of inclusion 
complexes using mass spectrometry, ESI is preferred as a soft ionization technique 
adequate to evaluate species in which non-covalent interactions are present [27]. 
Moreover, in ESI the analytes are instantaneously transferred from the solution to 
the vacuum, allowing an excellent correspondence between the species present in 
the sample and those that are able to reach intact the detector, provided they are 
kinetically stable under the conditions of the experiment. Nevertheless, non-speci-
fic adducts can be formed as a consequence of the electrostatic interactions among 
the charged surface droplets [28]. Besides, MS allows the simultaneous detection of 
complexes with different association grades of host and guest molecules and, due to 
the intrinsic sensitivity of the technique, the detection of the inclusion complexes is 
possible even if the host:guest molar ratio is higher than 1000 [29]. 

Firstly, we explored several different ionisation conditions. We found that MALDI 
ionisation did not allow us to detect the peaks corresponding to the drug:CD com-
plexes under our experimental conditions (data not shown). When using ESI, higher 

Compound log Kass (HPLC) log Kass (multi-well plate)

CPT 2.64 2.54

1 3.55 3.58

Table 2. Values of the association constants (Kass) obtained for the  
alkaloid/HPβ-CD complexes using the two methodologies compared.
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cone voltages (90 V) lead us to the same dead end. We found that cone voltages as 
low as 50 V were needed in order to prevent the dissociation of the non-covalent 
complexes, allowing for their detection. As cone potential is a critical parameter for 
the detection of the complexes, potentials down to 10 V have been previously repor-
ted in the literature to avoid dissociation when ESI ionization is employed [30]. The 
existence of the stable complexes of the compound 14-aza-camptothecin with α-, β-, 
and γ-CD in gas-phase has been recently described employing ESI-MS, but the expe-
riment was performed under MALDI ionization, which led not only to the dissociation 
of the complexes, but also to the fragmentation of the parent molecules [31].

MS experiments were carried out with the complexes formed using the highest 
HPβ-CD concentration (25% w/v). That cyclodextrin concentration was 1000 to 50000 
times higher than the final solubilized amount of compound, causing the signals of 
the complexes to be very weak compared to those of the free cyclodextrins [29,32]. 
Therefore, the most abundant peaks can be observed at m/z distributions in the range 
from 1540 to 1590 Da, which corresponds to the free HPβ-CD molecules (Figure 6). 
Such peaks appear at 1541.67 (HPβ-CD + H+), 1558.69 (HPβ-CD + NH4

+), 1563.65 (HPβ-
CD + Na+) and 1579.62 (HPβ-CD + K+). The group of signals appearing in the region 
ranging from 770 to 830 Da corresponds to the free molecules of HPβ-CD associated 
with two cations, normally 2 H+ (771.33), 2 Na+ (793.31) and 2 NH4

+ (788.36). In the 
case of camptothecin, the signals appearing 1889.78 and 1924.82 Da confirm that 
the complexes of camptothecin with HPβ-CD + H+ and camptothecin with HPβ-CD + 
NH4

+ are present as well the complexes with camptothecin:HPβ-CD 1:1 stoichiometry 
but possessing two charges (H+ and NH4

+ ) at m/z 953.91. The relative abundance and 
the peak distribution in the mass spectra are in agreement with the results reported 
using ESI-MS to study the complexes of β-CD with camptothecin and homocamp-
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tothecin derivatives [32]. Similarly, in the case of the solubilised luotonin A into the 
cyclodextrin cavities, the signals with m/z values from 1867.69 to 1946.78 Da corres-
pond to the luotonin A/HPβ-CD complexes with different charged species (H+, Na+, 
K+ and NH4

+) incorporating one or more neutral molecules of the solvent (H2O and 
acetonitrile). Besides, the presence of complexes with a 1:1 luotonin A:HPβ-CD stoi-
chiometry, was confirmed by the peaks appearing at 933.39 and 962.91 Da that co-
rresponds to the complexes associated to two charged species (Na+ and NH4

+). Howe-
ver, in the case of 7, a unique complex with a 1:1 stoichiometry was found with H+ as 
charged species and two neutral molecules (H2O and acetonitrile) at m/z 2003.88. The 
signals in the region of 1959.49 to 1998.85 can be ascribed to the entities of 3 mole-
cules of HPβ-CD with 3 molecules of compound 7 with 3 charged species (H+, Na+, K+ 
and NH4

+) and also including neutral molecules. These aggregates cannot be assigned 
to a 7:HPβ-CD 1:3 stoichiometry, but these associations are only present in the case of 
7. The formation of these entities during the ionization onto the electrospray source 
cannot be discarded. Nevertheless, the practically absence of 1:1 stoichiometry com-
plexes together with the 3:3 associations allows to establish a satisfactory concordan-
ce between the results obtained in the solubility-phase diagrams and those deduced 
from the analysis of the mass spectra

4.  Conclusions

The downscaled fluorimetric assay has proven to be a rapid, efficient, inexpensive, 
and environmentally friendly methodology for the determination of the solubility of 
drugs and can be applied for the solubilisation studies of many other compounds. The 
evaluation of the solubility enhancement has been compared to a HPLC reference me-
thod, obtaining very satisfactory agreement in the different parameters determined 
for both methodologies.

Table 3 reveals the green analytical features of the down-scaled fluorimetric assay. 
This assay requires only 300 μL of an organic solvent for the quantitation of the three 
compounds studied, instead of the 7.0 mL of acetonitrile required by the HPLC-FL 
analysis.

Besides the savings in organic solvents and waste, an important saving of energy 
was observed as three samples can be analysed in 30 seconds in comparison with the 
22 minutes required for the analysis of the three compounds by HPLC. Furthermore, 
although the sensitivity of the down-scaled fluorimetric assay is lower than that of 
the HPLC or conventional fluorescence determinations, it perfectly fits the demands 
of the solubilisation studies, where the concentration of the analyte does not seem to 

Multi-well plate HPLC

Solvent for solubility assays Water: 1.0 mL Water: 1.0 mL

Volume of solvents 
required for quantitative 

determinations*

Water: 300 μL 
MeCN: 300 μL

Water: 4.5 mL 
MeCN: 6.5 mL

Wastes produced* MeCN: 300 μL 7.0 mL of MeCN per run 
including column stabilization

Time of analysis 30 seconds 22 min

* For the determination of the three studied compounds, simultaneously chromatographied or 
 fluorimetrically determined

Table 3. Comparison of the features of the proposed down-scaled fluorimetric assay 
and the reference HPLC methodology.
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be a critical limitation of the assays. Its ability to process a high number of samples 
in an automated fashion makes this technique meet the requirements for the routine, 
high-throughput analysis in the pharmaceutical development of new drugs that help 
save reagents and time of analysis. Therefore, down-scaled fluorescence analysis is 
proposed as an environmentally friendly analytical alternative methodology to con-
ventional solubilisation studies.
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13
ABSTRACT ▶ Nowadays, the wide variety of commercially available HPLC stationary phases makes it possible 
to solve most of the analytical problems that a chromatographist may need to face. For this reason, an increasing 
number of analysts are focusing not only on achieving good separations, but also on raising the efficiency of the 
separations in terms of speed and sustainability. In the present paper, we describe the chromatographic behaviour 
of six different stationary phases (5 µm fully porous and 2.6 µm core-shell particles, each featuring octadecyl-, 
pentafluorophenyl-propyl- and phenyl-hexyl- functionalizations) for the separation of camptothecin and a fami-
ly of closely related analogues of the natural anti-cancer drug luotonin A. We compared the efficiency of these 
three chemistries in separating and resolving all of the eight compounds under different experimental conditions 
achieved by varying the organic solvent nature and proportion, the temperature and by adding modifiers. These 
studies allowed us to infer the nature of the interactions established between each compound and the different 
stationary phases. We also studied the efficiency and performance of both types of supports (fully porous vs. co-
re-shell particles) by means of van Deemter and kinetic plots, using an optimized conventional HPLC system. As 
expected, columns packing core-shell particles afforded better efficiencies, higher permeabilities and a significant 
decrease in the analysis time and the consumption of solvents. The replacement of acetonitrile with methanol had 
a dramatic effect in the selectivity and efficiency of the PFP stationary phase. Taken in the aggregate, these results 
allowed us the selection and optimization of the best combination of stationary and mobile phases (core-shell 
C-18, H2O:MeCN gradient) for the rapid, cost-effective and sustainable quantitation of the anti-tumour agents 
under study in cell cultures. A simple and rapid clean-up step was optimized using 96-well deproteinization and 
delipidization plates. The validation of the proposed analytical method showed excellent figures of merit. The 
combination of this sample pre-treatment procedure with the separation on core-shell particles yielded a fast me-
thodology able to process a large number of samples with minimal waste generation and environmental impact.

In preparation for submission: González-Ruiz, V., Olives, A. I. & Martín, M. A. 

Challenging core-shell stationary phases with the se-
paration of closely related anti-cancer compounds: 
performance studies and application to drug quantita-
tion in cell cultures with multi-well plate clean-up

1.  Introduction

Human DNA topoisomesases are enzymes able to reduce the supercoiling of 
the DNA structure, thus allowing molecular processes with key roles in cell 
survival such as DNA replication or damage repair [1]. Topoisomerase I is 
the molecular target for camptothecin, the lead compound of a class of an-
ticancer drugs widely employed in the treatment of several types of cancer 
[2-5]. The therapeutic uses of natural camptothecin (Figure 1) are limited 
mainly by its cytotoxicity and chemical instability due to the hydrolysis of 
its E ring. This ring bears a lactone moiety that quickly opens at physiologi-
cal pH yielding the inactive carboxylate form of the drug. Luotonin A (Figure 
1) is a natural pentacyclic alkaloid whose structure resembles that of camp-
tothecin, and therefore it also behaves as a topoisomerase I inhibitor [6-9]. 
Since Hecht and co-workers [10] demonstrated that topoisomerase I was 
the target of luotonin A, a notable number of papers devoted to the synthe-
sis of luotonin A derivatives and their structure-activity relationships have 
been published [11,12] because their better chemical stability is a promise 

ABBREVIATIONS ▼
•	C-18: octadecyl-silane
•	PFP: pentafluorophenyl- 

propyl-silane
•	PH: phenyl-hexil-silane
•	CPT: camptothecin
•	LOD: limit of deteceion
•	LOQ: limit of quantitation
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for an improved bioavailability. As natural luotonin A exhibits a lower in vitro cyto-
toxic activity than camptothecin [13], the search for new analogues with improved 
activity is increasingly important. In vitro and pharmacokinetic studies require ana-
lytical methodologies able to quantify the drugs in cell cultures, tissues and biological 
fluids from experimentation animals, as well as human samples in the last research 
stages. 

The alternatives for the analysis of anti-cancer drugs, including camptothecin, 
have been reviewed [14]. Different chromatographic approaches to the analysis of 
camptothecin and its clinically available derivatives (irinotecan and topotecan) have 
been summarized [15]. Due to the notable fluorescence of these pentacyclic com-
pounds, fluorescence detection has been widely employed [16], since the sensitivity 
obtained is adequate for the determination of camptothecins levels in biological flu-
ids and tissues [17-19]. Some HPLC methods were developed with the aim to distin-
guish and quantify separately its lactone and carboxylate forms [20], a useful piece of 
information in clinical practice. Furthermore, the use of commercially available chiral 
stationary phases or the inverted chirality columns approach, has made possible the 
chiral resolution of enantiomers of the drugs [21].

Luotonin A derivatives also exhibit a strong fluorescence [22,23]. Nevertheless, the 
literature about the separation of luotonin A analogues is very scarce [24,25]. We 
have previously reported a methodology for the quantification of luotonin A deriva-
tives in human serum samples [24]. Following this initial approach to the separation 
and quantification of luotonin A analogues in biological samples, our research inter-
est has been focused on overcoming its main drawbacks: compounds 4 and 5 were 
not properly separated, the analysis time and solvent consumption were susceptible 
of improvement, and the manual one-by-one deproteinization step was a bottleneck 
leading to a low throughput of the method. 

Columns packed with core-shell particles are one of the most promising innova-
tions currently changing the analytical chromatography panorama. They are built by 
synthesizing a porous silica shell onto a fused, non-porous silica nucleus [26,27]. This 
methodology affords particles with a narrow size dispersion that can be packed with 
an exceptional homogeneity into the HPLC columns. Measurements of the three terms 
of the van Deemter equation showed that smaller B-, C- and, remarkably, A-term, ac-
count for the surprisingly good chromatographic behaviour of such columns [28,29]. 

Figure 1.  
Chemical structures of camp-

tothecin, luotonin A and its six 
derivatives.
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They can deliver efficiencies comparable to those of smaller fully porous HPLC parti-
cles while keeping the working pressures under 600 bars [30,31]. Furthermore, they 
do not require the investment in special ultra-high pressures pumps needed for oper-
ating UHPLC columns. They are also capable to separate a large number of peaks per 
time unit in columns of reduced length and diameter, decreasing the analysis time 
and solvent consumption [29,32-36]. For these reasons, their use has become wide-
spread in the past five years.

Some recent examples of analysis using superficially porous particles include 
polycyclic aromatic hydrocarbons in rainwater [37], phenolic compounds in food 
samples [38-40], isoflavones in serum [41], toxins [42], pharmaceutically interesting 
compounds [43], protein kinase inhibitors [44], corticosteroids in bovine tissues [45], 
and complex protein mixtures [46], among many others.

The use of fast chromatographic methodologies allowing rapid separations in the 
1-5 minutes timescale requires comparably quick methods for sample preparation. 
Conventional methodologies for the clean-up of biological samples involve the pre-
cipitation of proteins with an ice-cold organic solvent (usually acetonitrile, methanol 
or ethyl acetate) acidified with formic, acetic or phosphoric acid followed by centrif-
ugation of the individual tubes and separation of the supernatant [19,24,47-49]. This 
procedure is tedious and involves individual or small-batch processing of the sam-
ples. On the contrary, multi-well format sample clean-up allows the simultaneous 
processing of 96 samples, and is also susceptible of full automatization. Multi-well 
sample format employing different configurations increases the throughput capabil-
ities of HPLC [50].

The aim of this work is to compare the performance of columns packed with su-
perficially and totally porous particles bearing different bonded chemistries. Chro-
matographic behaviour was studied in terms of their ability to separate the family of 
structurally close compounds under different proportions of organic solvents, mobile 
phase modifiers and temperatures. Efficiencies and analysis time were compared by 
means of van Deemter and kinetic plots. These studies allowed us not only to investi-
gate the analyte-stationary phase interactions, but also to find the best starting point 
to optimize a gradient elution that we successfully applied to the quantitation of the 
compounds in cell cultures. A simple an efficient sample clean-up procedure is also 
employed. 

2.  Experimental

2.1.  Apparatus 

The liquid chromatographic system (Merck-Hitachi, Tokyo, Japan) consisted of a qua-
ternary gradient pump L-7100, able to handle a maximum backpressure of 412 bar, 
and a fluorescence detector L-7485. The column was thermostated inside a L-2300 
oven with circulating air and a heat exchanger region for the inlet capillary. A back-
pressure regulator adjusted at +1.5 bar (VICI-Jour, Schenkon, Switzerland) was placed 
after the detector. The chromatographic system was controlled and the data was ac-
quired through a PC running HPLC System Manager software, version 4.1 (Merk-Hi-
tachi). The samples were injected through a Rheodyne 7725i injector.

Short columns packed with core-shell particles are able to deliver exceptionally 
good efficiencies, but such good results can be easily spoiled by peak broadening aris-
ing from extra-column volume in conventional instruments [51]. Consequently, such 
HPLC instruments are advised to undergo some easy and inexpensive modifications 
prior to the use of core-shell columns [52,53]. Thus, we used two different connection 
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setups (designed as “unmodified” and “optimized”) during the present work. The un-

modified setup was used for the experiments where conventional fully porous col-

umns were employed, and consisted of a 1000 × 0.2 mm (L × I. D.) stainless steel capil-

lary between the injector and the column, and a 450 × 0.2 mm (L × I. D.) PTFE capillary 

placed at the exit of the column. The injector was equipped with a 20 μL sample loop. 

In the optimized setup, Viper (Dionex, Germering, Germany) capillary tubes were 

chosen because of their advantageous features: they are available in different pre-cut 

sizes and have built-in fittings that guarantee zero-dead-volume connections. Two 

capillaries of 750 × 0.13 mm (L × I. D.) and 350 × 0.13 mm (L × I. D.) were placed at the 

inlet and the outlet of the column, respectively. In this second setup, a smaller 5 μL 

sample loop was chosen in order to minimize the influence of the sample solvent on 

the shape of the peaks eluting at short retention times and considering the smaller 

loading capacity and better sensitivity expected from core-shell columns [54-56]. The 

replacement of the flow cell to reduce its extra-column volume contribution is also 

a good practice to improve the performance of optimized systems using core-shell 

particles. Nevertheless, no smaller-volume flow cell was manufactured for our fluo-

rescence detector, so the original 12 μL flow cell was employed in both configurations. 

2.2.  Columns

Columns were all manufactured by Phenomenex (Torrance, California, USA), and 

are detailed in Table 1. The pore size was 100 Å in all cases. Kinetex columns were 

equipped with adequate SecurityGuard (Phenomenex) guard cartridges.

2.3.  Chemicals and mobile phases

Commercially available camptothecin was purchased from Sigma-Aldrich (Steinheim, 

Germany). Compounds 1-7 were synthesized using modified Friedländer conditions 

as described elsewhere [7]. Acetonitrile and methanol (UHPLC grade), as well as 

formic and acetic acids (HPLC gradient grade) were from VWR BDH-Prolabo (Fon-

tenay-sous-Bois, France). Tetrahydrofuran and tert-butyl methyl ether (HPLC grade) 

were from Sigma-Aldrich. Ultrapure water was produced in-lab with a Milli-Q Direct 

8 system (Millipore, Molsheim, France).

Mobile phases were filtered under low-pressure and ultrasonically degassed prior 

to their use. Polyamid 47 mm filters (Sartolon 0.45 μM pore size, Sartorius Stedim Bio-

tech, Goettingen, Germany) were employed for mobile phases intended to be used in 

conventional columns. For core-shell columns, mobile phases were filtered through 

Phenex nylon membranes (47 mm, 0.2 μm pore size, Phenomenex).

Brand Type
Functio-

nalization
L × I. D. 
(mm)

Particle 
size (μm)

Ref. # Batch / Serial

Luna Fully-porous C-18(2) 150 × 3.0 5.0 00F-4252-Y0 5291-83 / 544253-13

Luna Fully-porous PFP(2) 150 × 3.0 5.0 00F-4448-Y0 5537-38 / 546984-1

Luna Fully-porous PH 150 × 3.0 5.0 00F-4257-Y0 5296-31 / 547127-1

Kinetex Core-shell C18 50 × 3.0 2.6 00B-4462-Y0 5569-159 / 644641-53

Kinetex Core-shell PFP 50 × 3.0 2.6 00B-4477-Y0 5576-52 / 617410-27

Kinetex Core-shell PH 50 × 3.0 2.6 Made on-
demand 43339

Table 1. Details of the columns employed in the present work.
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2.4.  Procedures

2.4.1.  Preparation of problem mixtures

Individual stock solutions of the compounds under study (CPT and 1-7) were pre-
pared from accurately weighed amounts of the solid products, dissolved in DMSO 
at 5 × 10-4 M concentration. Fresh working mixtures were prepared by combining 
adequate aliquots of the stock solutions and diluting up to 5 × 10-7 M concentration 
with 50% aqueous MeCN. All the solutions were filtered through 4 mm syringe filters 
(Phenex, regenerated cellulose, 0.2 μm pore size, Phenomenex) prior to their injec-
tion. These working solutions were employed for all experiments except for the final 
validation of the analytical method. 

At the beginning of the experiments with every different column, the compounds 
were injected individually in order to check the elution order. This parameter was 
found to remain constant in all the assayed columns and conditions, being as follows: 
CPT, 1, 2, 3, 4, 5, 6 and 7 (from shorter to longer retention times). Most retained com-
pounds (6 and 7, or 4-7) were removed from the working solutions when the lowest 
flow rates or organic solvent proportions yielded exceptionally long run times (over 
180 mins).

2.4.2.  Influence of the organic solvent proportion and of the temperature in the chroma-
tographic behaviour

Different intervals of organic solvent proportions were assayed in each column at 0.5 
mL min-1 flow rate and 25 ºC, as detailed in table Table 2. The influence of the temper-
ature on the chromatographic behaviour of the columns was explored by running the 
separations at temperatures ranging from 25 to 65 °C using 60:40 H2O:MeCN mobile 
phases at a flow rate of 0.5 mL min-1. The van’t Hoff plots were obtained by plot-
ting the experimental values of retention factors versus the reciprocal of the absolute 
temperature values, according to Eq. 1, where β is VFM/VFE. The total free energy could 
then be calculated using Eq. 2. 

2.4.3.  Van Deemter and kinetic plots

In order to get the experimental data allowing the construction of the van Deemter 
and kinetic plots for every column, flow rate was varied between 0.1 and 0.7 mL min-1 
with fixed temperature and organic solvent proportion (25 °C and H2O:MeCN 55:45 
v:v). 

Efficiencies for each peak were calculated from the retention time of the peak apex 
and its half-height width. Although this classical method provides inaccurate results 
in the measured efficiency [57], it was chosen for three main reasons. The first one 
is that, although other methods can afford a better accuracy for most circumstances, 
they can also actually fail to provide correct values under certain conditions. Second, 

Column φ MeCN (v:v) φ MeOH (v:v)

Luna C-18 0.40 – 0.50 -

Luna PFP 0.40 – 0.60 0.60 – 0.80

Luna PH 0.40 – 0.60 -

Kinetex C-18 0.35 – 0.60 -

Kinetex PFP 0.35 – 0.60 -

Kinetex PH 0.35 – 0.60 -

Table 2. Organic solvent ratios assayed in every stationary phase. 

Eq. 1
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the selected method is the best known by most chromatographists, specially by those 

researchers more interested in analytical applications than in chemical engineering 

of the separation process. The third one is that the peak efficiency calculation based 

on the retention time and the half-height width is implemented in most control and 

data acquisition software suites and, consequently, it can be calculated in a straight-

forward manner without the need for development of specific software. 

Another keystone of our work is that we have not considered the extra-column 

peak broadening influence on the efficiency values reported. Again, this decision was 

made after a careful evaluation of the available literature and the aim our work. First-

ly, no robust method had been reported to date allowing an accurate measurement of 

the extra-column peak broadening [58,59] until the time when this manuscript was 

already under preparation [60]. Furthermore, and being the driving motivation for us, 

it is our aim to report actual efficiency values that can be achieved with conventional 

instruments, specially the ones using the detectors best known for their large volume 

flow-cells, i.e. fluorescence detectors.

The linear velocity of the mobile phase was calculated, at every flow rate and in 

every column, from the elution time of the unretained peak (sample solvent). Exper-

imental (u0, H) data were plotted and fitted to the Knox equation with n = 1/3 (Eq. 3).

= + +H A u B u C u· / ·n
0 0 0 Eq. 3

The experimentally obtained efficiency data pairs (u0, H)  were transformed into 

kinetic data following the method developed by Desmet [61], using Equations 4 and 5.
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0
0
2
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Eq. 5

Where u0 and H are the experimentally determined velocity and efficiency values, 

∆P is the maximum allowable working pressure (for our instrument, it was set at 400 

bar, 4 × 107 Pa), η is the viscosity of the H2O:MeCN 55:45 v:v mobile phase at 25 °C 

(8.52 × 10-4 kg (m·s)-1) [62] and KV is the permeability of the chromatographic bed, 

experimentally calculated for every column by means of Eq. 6.

η
=K

u L
v

0

P∆ Eq. 6

2.4.4.  Optimization of the separation method

On the basis of the results obtained in the previous experiments, the combination of 

C-18 Kinetex column and H2O:MeCN mobile phase was chosen for further optimiza-

tion. With this purpose, we assayed the influence of different mobile phase modifiers 

on the separation, so several formic or acetic acid concentrations, as well as tetrahy-

drofuran and tert-butyl methyl ether, were added to the mobile phases and their ef-

fects were studied. A remarkable number of gradient profiles were also designed and 

assayed, all of them aimed at shortening the total chromatographic run time while 

maintaining the good resolution of all compounds. 

The optimized chromatographic separation selected for quantitative purposes in 

cell lysates consisted of the C-18 Kinetex column working at 45 °C with a flow rate of 

0.7 mL min-1 and H2O:MeCN mobile phase under gradient elution as follows: MeCN 
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from 35 to 60% over 5.5 minutes, kept at 60% for 3 minutes and then back to 35% in 0.5 
min. The column was re-equilibrated after each run for 3 minutes.

2.4.5.  Analysis of luotonin A and derivatives in cell culture lysates

Murine embryonic fibroblasts were incubated (37 °C, 5% CO2) in 100 mm polysty-
rene plates (Becton Dickinson, Franklin Lakes, USA). Culture medium was DMEM 
(Dulbecco’s Modified Eagle Medium from Gibco-Life Technologies, Carlsbad, USA) 
supplemented with fetal bovine serum, antibiotics (penicillin G, streptomycin, am-
photericin B) and mycoplasma elimination reagent (MycoZap, Lonza, Basel, Swit-
zerland). At confluence, plates were washed four times with cold DPBS (Dulbecco’s 
Phosphate-Buffered Saline, Gibco-Life Technologies) and scrapped. Cells were then 
transferred to polypropylene tubes and washed four times by resuspension in DPBS 
and centrifugation at 110 × g (3 min, 4 °C). Pellets were frozen at -20 °C until the time 
of the analysis. Prior to their use, cells were lysated by adding 0.1X DPBS into the 
sample tubes and keeping them in an ice-cold ultrasonic bath for 20 minutes. As a ref-
erence, protein concentration in the resulting lysates was determined to be 0.1 μg/μL 
by routine Bradford assay (absorbance measurement at 595 nm after reaction with 
Coomassie brilliant blue G-250, Bio-Rad, Hercules, USA).

The concentrations of individual stock solutions of the compounds 1-7 (around 
5 × 10-4 M in DMSO) were accurately determined by spectrophotometry [24] using a 
double-beam Kontron (Zurich, Switzerland) Uvikon 810 spectrophotometer, and then 
adequate aliquots were mixed and diluted with H2O:MeCN 50:50 v:v to obtain a solu-
tion containing compounds 1-7 at 2.0 × 10-5 M. Subsequent dilution from that mixture 
and using the same solvent allowed to obtain a set of solutions of the compounds cov-
ering the 2.0 × 10-5 – 1.0 × 10-8 M range. Aliquots of these solutions (25 μL) were added 
to 475 μL of the cell lysates to obtain fortified samples of concentrations between 1.0 
× 10-6 and 5.0 × 10-10 M without distorting the nature of the matrix (spiking volume 
was 5% of the total volume). Camptothecin solutions for use as internal standard were 
prepared following the same procedure.

2.4.6.  Sample clean-up

For the clean-up step we chose a multi-well plate format that allowed to process up to 
96 samples simultaneously with very little time consumption. The Phree proteins and 
phospholipids removal plates (Phenomenex, Torrance, CA) combine on the bottom 
of each well a membrane for precipitated protein retention and a selective sorption 
material able to retain phospholipids from cell membranes. Briefly, a protein precip-
itation solution (1% HCOOH in MeCN containing camptothecin 1 × 10-8 M as internal 
standard) was placed into each well, and then the samples were added. After vortex 
mixing for 3 mins, clean supernatants were eluted from the bottom of each well into 
a clean collection plate by applying a soft vacuum (-0.15 bar, 3 mins). Samples eluted 
in acetonitrile were diluted (50:50 v:v) with water (a weak solvent) to minimize peak 
distortion (Figure 2) and injected into the chromatograph [59]. Preliminary studies 
were conducted in order to determine the most adequate sample-to-precipitant vol-
ume ratio (see the Results and Discussion section). Finally, volumes of 900 μL of pre-
cipitant solution and 100 μL of cell lysates were used for the validation of the method. 

2.4.7.  Validation of the analytical method

Validation of the method was carried out by determining linearity, limit of detection 
(LOD), limit of quantitation (LOQ), accuracy and precision according to international 
bioanalytical method validation guidelines [63-65]. Two kinds of samples were an-
alysed: calibrator solutions and quality controls (QC). Calibrators were cell lysates 
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samples fortified at six levels of concentrations (1.0 × 10-6 to 5.0 × 10-10 M) plus a blank 
cell lysate. Quality controls were cell lysates containing the compounds at three levels 
of concentration: 1.0 × 10-6, 1.0 × 10-7 and 5.0 × 10-9 M (QC1, QC2 and QC3 respectively). 
Calibrators and QC samples were conducted through the clean-up process and the 
optimized chromatographic analysis previously described. Calibration curves were 
constructed by measuring the calibrator solutions and plotting the analyte/IS peaks 
area ratio versus the theoretical concentration. In order to minimize the influence 
of intra- and inter-day variation, calibration curves were measured by quadruplicate 
and in different days. LOD and LOQ were determined from five replicated measure-
ments of QC3 solutions (5.0 × 10-9 M) and calculated as previously described in the 
literature [66] according to Eqs. 7 and 8.  Accuracy was determined from six replicate 
analyses of QC samples at the three levels of concentration. Intra-day precision was 
calculated from six runs conducted on the same day, and inter-day precision from 
duplicate injections of the same concentration over five different days, both at the 
QC1, QC2 and QC3 levels of concentration.

= ×
LOD 3

SD of the experim. conc. theoret. conc.
mean of the experim. conc.

Eq. 7

= ×
LOQ 10

SD of the experim. conc. theoret. conc.
mean of the experim. conc.

Eq. 8

3.  Results and discussion

3.1.  Influence of the chromatographic conditions on the behaviour of the different sta-

tionary phases.

3.1.1.  Selectivity 

Columns packed with fully porous particles

The growing number of commercially available chemically modified silica stationary 
phases broadens the spectrum of retention mechanisms that can be exploited to in-
crease the selectivity among closely related compounds [67]. Considering the struc-
tures of the compounds under study, we were prompted to investigate the separation 
capabilities of PH and PFP-bonded silica stationary phases. PH bonded silica is able to 
interact through π-π interactions with the aromatic rings present in the structure of 
the drugs under study, and PFP-functionalized stationary phases can establish hydro-
gen bonding and dipole-dipole interactions with polar functional groups or by induc-
ing the polarization of the aromatic moieties on the analytes. Both interactions add 

Figure 2.  
Improvement of the peak shape 

obtained by diluting the samples 
with a weak solvent such as 
water prior to the injection. 

Chromatographic conditions 
were the optimized ones (see 

Section 2.4.4).
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to the hydrophobic ones that are also present in these stationary phases and, thus, an 
improved selectivity can be expected with regard to C-18. Bearing in mind that C-18 
columns are widely employed in routine and official analysis methods, we decided to 
use them as a reference for comparison with the results achieved by PH and PFP in the 
separation of the complex mixture of anti-tumor agents under study.

The study of the variation of k’ caused by the different proportions of organic sol-
vent in the mobile phase revealed, as expected, a reduction in the k’ values with in-
creasing MeCN or MeOH content (Figure 3). The library of molecules under study 
shared a common trend over the whole range of solvent ratios, fitting to a quadratic 
model with an excellent R2 (higher than 0.999 except for case of the core-shell PH 
stationary phase, which remained over 0.996). These results support a classical re-
verse-phase mechanism for the separation of the analytes in all the stationary phases 
[68]. These plots also allow for an easy visualization of the pairs of compounds that 
are poorly resolved with any stationary phase/mobile phase combination, as detailed 
below. 

The Luna C-18 stationary phase was able to successfully separate all the com-
pounds using a 50:50 H2O:MeCN mobile phase composition, but at the expense of 

Figure 3.  
Evolution of the retention 
factors with increasing organic 
solvent proportion for all the 
compounds and stationary 
phases assayed. Note the poor 
resolutions attained for some 
pairs of compounds, as shown 
by the overlapping lines.
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yielding undesirable analysis times over 30 minutes (Figure 4). This drawback arose 
from the well-known isocratic elution problem: when the organic solvent propor-
tion is increased in order to shorten the retention time of the most-retained solutes, 
the resolution of the compounds with smallest k’ values is lost. Inversely, when the 
proportion of organic solvent was reduced, the resolution of compounds 1 and 2 (dif-
fering only in a methyl group) was improved, but the time of analysis increased even 
further. 

We found that all the compounds could be separated with good resolution by using 
a 60:40 H2O:MeCN mobile phase on the PFP column. Again, the analysis time needed 
to obtain such results extended over 30 minutes. Nevertheless, the retention afforded 
by this stationary phase was remarkably lower than those of C-18 and PH at compa-
rable organic solvent proportions (Figure 4). Organic solvent ratios higher than 60:40 
H2O:MeCN harmed not only the resolution of the 1/2 pair, but also that of compounds 
4/5, which bear a different halogen (Cl or Br) at the same position of the pentacy-
clic structure (Figure 5A). With the aim to circumvent this problem, and reasoning 
that hydrogen bonds play a key role on the PFP retention mechanism, we decide to 
test how a hydrogen-bonding donor solvent affected the selectivity of the separation. 
Our choice was methanol because it shares with acetonitrile many desirable chro-
matographic features and is also widely employed in reverse-phase separations. The 
results were quite different from those obtained with acetonitrile. We needed meth-

Figure 4.  
Chromatographic behaviour of 

the three different columns pac-
ked with fully-porous particles. 

Compounds 6 and 7 were not 
present in the test mixture sepa-

rated on the Luna C-18 column 
under the detailed experimental 

conditions.  

A B

Figure 5.  
Chromatograms obtained with 

PFP columns using different 
proportions of (A) MeCN and 

(B) MeOH in the mobile phases. 
Note how the resolution of com-
pounds 4/5 is always lost (black 

arrows, A and B). Pair 1/2 is 
poorly resolved with MeCN (A, 
black arrows) while its resolu-

tion is kept under MeOH elution 
(B, green arrows).  

The retention time of compound 
7 using H2O:MeOH 30:70 v:v 

mobile phase was of 65 minutes 
(not shown for clarity).
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anol proportions as high as H2O:MeOH 25:75 (v:v) to obtain analysis times similar to 

those of acetonitrile (around 30 minutes). The 4/5 pair of compounds was especial-

ly sensitive to the organic phase composition and, under the mentioned conditions, 

could not be properly separated (Figure 5B). Separation of these compounds was only 

achieved by using a H2O:MeOH 40:60 (v:v) proportion, yielding a run time close to 

150 minutes. On the contrary, we obtained an excellent resolution for compounds 

1/2 (Rs = 2.37) even at the highest assayed methanol proportion (H2O:MeOH 20:80 

(v:v)). This allowed us to carry out a fast, isocratic separation where acetonitrile was 

replaced by the more environmentally friendly methanol, although at the cost of not 

being able to resolve compounds 4/5. As one of the aims of the present work was the 

development of a method able to separate all the compounds under study, this com-

bination, although interesting, had to be abandoned. 

In the PH stationary phase, the worst selectivity values were obtained for a third 

pair of compounds: 5/6. This outcome was totally unexpected, as pairs of compounds 

1/2, 4/5 and 6/7 present a higher degree of similarity between them, as shown in 

(Figure 1). The analyses times were comparable to those of the C-18 column (in the 

20-30 minutes time range, Figure 4), but the aromatic stationary phase presented the 

drawback of being unable to separate compounds 5/6, unless high temperatures were 

employed, as discussed below. 

Core-shell columns

A general picture of the core-shell columns compared to the fully-porous ones shows 

that their retentivities were remarkably lower and their efficiencies notably better 

(Figure 6). Thus, similar separations could be obtained in shorter analysis times and 

employing lower organic solvent ratios. Table 3 shows how the evolution of the reso-

lution of the critical pairs in the three chemistries assayed clearly follows this trend. 

The core-shell columns are able to achieve resolution values comparable to those of 

the fully-porous columns with mobile phases containing less MeCN and in short-

er analysis times. Consequently, it allows using water-rich mobile phases which are 

more environmentally friendly, while the chromatographic features (efficiency, reso-

lution and analysis time) are kept constant or, more frequently, improved.

A B

Figure 6.  
Separations obtained using co-
re-shell columns. (A) H2O:MeCN 
50:50 (same as in Fig. 4) and 
(B) H2O:MeCN 60:40 (times 
closer to those of fully-porous 
in Fig. 4).
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3.1.2.  Thermodynamics

Considering the results from the previous experiments, all the different stationary 

phases seemed to share very similar retention mechanisms. With the aim to further 

elucidate the nature of such mechanisms driving the separation process on every 

stationary phase, we studied the influence of the temperature on the separation of 

the series of compounds on the different columns. Such experiments allowed us to 

construct the so-called van’t Hoff plots for every compound and stationary phase. 

These plots, although showing several limitations [69], make it possible to calculate 

the standard entropy and enthalpy of the transfer process of the solute from the mo-

bile to the stationary phase. 

In C-18- and PFP-functionalized columns (both fully-porous and core-shell), a 

good lineal correlation was found between the natural logarithm of the k’ and the in-

verse of the absolute temperature (Figure 7A), meaning that the mode of interaction 

between the analyte and the stationary phase remained unchanged along the whole 

range of temperatures studied. Remarkably, when a single compound was inspected, 

very similar standard enthalpy values were found across all of these stationary phas-

es (see Table 4). 

φ
Luna C-18 Luna PFP 

(MeCN)
Luna PFP 
(MeOH) Luna PH Kinetex 

C-18

Kinetex 
PFP 

(MeCN)
Kinetex PH

1/2 4/5 1/2 4/5 1/2 4/5 1/2 5/6 1/2 4/5 1/2 4/5 1/2 5/6

0.35 3.2 3.0 2.2 1.7 3.2 2.1

0.40 4.3 3.5 3.2 1.7 N/R 4.2 1.4 2.2 2.9 1.4 1.2 2.1 1.8

0.42 3.8 3.3

0.45 3.1 3.1 2.2 1.3 2.9 0.9 1.5 2.6 0.9 0.9 1.4 1.4

0.47 2.7 2.9 N/R N/R

0.50 2.3 2.8 1.6 0.9 2.1 N/R 1.0 2.3 1.0 N/R

0.55 1.1 0.6 1.5 0.7 1.9 0.7

0.60 0.8 N/R 6.8 1.1 N/R 1.5 N/R

0.70 5.0

0.75 3.6

0.80 2.4

N/R: not resolved at the specified or higher organic solvent proportions.

Table 3. Resolution of the critical pairs on the different columns and with varying organic solvent contents. 

A B

Figure 7.  
Van’t Hoff plots of the studied 
compounds on two of the co-

re-shell columns assayed. 
(A) Straight lines observed on 

C-18-functionalised stationary 
phase. 

(B) On the PH column, two 
different regions can be obser-

ved, depending on the working 
temperature.  
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Interestingly, a quite different behavior was observed on the PH-stationary phase 
(Figure 7B). In these columns, two lineal ranges could be observed. The first straight 
line corresponded to the temperature interval from 35 to 60 °C and ran parallel to the 
C-18 and PFP plots. This observation means that between these two temperatures, an 
enthalpy value comparable to that of the other stationary phases drove the transfer 
process. The second straight line, appearing between 25 and 35 °C, had a much lower 
slope indicating a process defined by higher entropy and lower enthalpy values. It is 
noteworthy that the decrease in the enthalpy is balanced by the raise of the entropy 
in this range of temperatures, leading to a total free energy that remains almost unal-
tered over the whole 25-60 °C temperature interval. 

These observations allowed a better comprehension of the critical pairs not being 
adequately resolved on every stationary phase. A close examination of the estimated 
enthalpy and entropy values, shows how on the C-18 columns the transfer enthalpy 
progressively increases from the less to the most retained solutes. For compounds 
4-7, the calculated enthalpies remain almost constant or even drop but, interestingly, 
the entropy values grow and eventually become positive, making the total free ener-
gy of the transfer process much more favourable for the last-eluting compounds. In 
other words, in the case of the C-18 columns, the less retained solutes are separated 
because of their different enthalpy values, while entropy is the driving force allowing 
the separation of the most retained compounds. When the energy values obtained 
with the PFP column are compared, similar results are obtained for the poorly re-
solved pair 4/5, that share almost identical enthalpy and entropy values. This explains 
why their separation is so hard to achieve. 

The data from the PH columns reveal a more complicated behaviour, in very good 
agreement with the two different branches observed in their van’t Hoff plots and 
the fact that compounds 5/6 were separated only at the highest assayed tempera-
tures. The enthalpy and entropy values deduced from the “right” branch of the plots 
(the region corresponding to temperatures between 25 and 35 °C) are quite different 
between compounds 5 and 6. Surprisingly, these apparently different values cancel 

Compound Energy 
(J/mol) Luna C18 Luna PFP Luna PH  

(40-60 °C)
Luna PH 

(25-40 °C)
Kinetex 

C18
Kinetex 

PFP
Kinetex PH 
(35-60 °C)

Kinetex PH 
(25-35 °C)

CPT ΔS -4.58 -2.66 1.48 14.49 4.40 -9.21 -2.97 25.49

ΔH -3164.31 -2455.64 -1905.74 2211.90 1406.47 -2839.30 -1852.00 6877.27

1 ΔS -14.05 -9.30 -6.65 3.48 -16.52 -15.52 -11.93 13.49

ΔH -8527.19 -6496.73 -6472.52 -3285.29 -7342.94 -6390.97 -6481.54 1316.40

2 ΔS -10.79 -7.15 -4.75 6.40 -13.97 -14.42 -10.23 15.81

ΔH -8389.15 -6489.43 -6701.62 -3195.19 -7385.62 -6606.49 -6702.60 1284.71

3 ΔS -7.32 -6.66 -6.47 8.06 -7.72 -16.21 -12.58 15.95

ΔH -11406.05 -9235.40 -10932.69 -6362.83 -9514.27 -9708.18 -11097.92 -2335.35

4 ΔS -6.58 -5.11 -6.31 10.03 -6.97 -15.18 -12.06 17.55

ΔH -13254.10 -10257.56 -12662.65 -7523.93 -11334.70 -10778.76 -12718.26 -3622.72

5 ΔS -7.38 -5.35 -6.57 10.03 -7.33 -15.69 -12.30 17.47

ΔH -13835.63 -10494.50 -13083.84 -7864.07 -11791.17 -11080.92 -13122.11 -3975.09

6 ΔS N/A -1.60 -2.49 14.41 -2.04 -12.06 -7.99 22.30

ΔH N/A -9755.35 -12021.21 -6703.63 -10698.87 -10405.47 -12051.77 -2741.26

7 ΔS N/A 0.75 -0.26 17.94 0.38 -10.24 -5.48 25.84

ΔH N/A -10128.42 -12272.66 -6547.56 -11326.58 -10809.94 -12260.94 -2635.71

N/A: Compounds not analysed under these conditions

Table 4. Entropy and enthalpy values calculated for the transfer process of the analytes from the mobile to the stationary phase.
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each other yielding an almost identical total free energy for the transfer processes 

of both compounds [70], explaining why they are so poorly separated. On the “left” 

branch, enthalpies are very similar, but the different and negative entropy values af-

ford a total free energy values that differ by almost 300 J/mol, doubling the difference 

deduced at room temperature. From the analytical point of view, this interesting be-

havior explains why the ability of the PH columns to distinguish compounds 5 and 6 

improves above 35 °C (Figure 8).

Several reasons have been proposed to explain the lack of linearity in van’t Hoff 

plots, such as the inhomogeneity of the stationary phase [71], or changes in the ion-

ization degree of the analytes as a consequence of temperature modification [72]. 

Another explanation is the modification of the characteristics of the stationary phase 

upon temperature changes [73]. These precedents led us to the conclusion that any 

kind of temperature-related modification must occur in the PH stationary phase at 

35 - 40 °C. Above that temperature, the stationary phase behaves in the same fashion 

as C-18 and PFP. Below 35 °C, the change in the properties of the PH stationary phase 

causes a drop in the enthalpy values as shown by the slope of the van’t Hoff plots. 

3.2.  Comparison of the column efficiencies and the optimum achievable plate heights

The interest of evaluating the efficiency of the columns on the basis on their van 

Deemter plots (H vs. u), arises from the fact that it allows for an immediate com-

parison of the practical efficiency delivered by each column in an uncorrected, raw 

manner. We chose compound 3 as a probe because of its adequate k’ (7-8 under the 

selected experimental conditions). The composition of the mobile phase was not ad-

justed across the different columns to keep a constant value k’ because it would have 

caused additional variability in terms of viscosity, and diffusion coefficients of the 

analytes, and in order to be able to compare columns possessing different chemical 

functionalizations [32].

Figure 9 shows the typical van Deemter plots obtained for this compound on the 

six different stationary phases studied. The columns packed with 5 μm totally porous 

particles present well-defined Hmin values at linear velocities below 1 mm s-1 (Ta-

ble 5). Increasing the linear velocity above this point produces a drastic reduction in 

the column efficiency (higher H values) due to the increase in the C-term of the van 

Deemter equation, accounting for the mass transfer resistance. All the fully-porous 

stationary phases share this same behavior. 

A BLuna PH, 0.5 mL min-1

H2O:MeCN 60:40 (v:v)
Kinetex PH, 0.5 mL min-1

H2O:MeCN 60:40 (v:v)

25

30

35

40

45

55

65

25

30

35

40

45

50

55

Figure 8.  
Influence of the temperature on 

the chromatograms obtained 
on the (A) Luna fully-porous 

and (B) Kinetex core-shell PH 
stationary phases. Note how 

the resolution of the peaks co-
rresponding to the compounds 

5 and 6 improves at highest 
temperatures.
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In the case of the columns packed with core-shell particles of 2.6 μm, Hmin are 
clearly lower, meaning that the total efficiencies delivered are better than those ob-
tained with the fully porous particles. Remarkably, these Hmin values are achieved at 
faster linear velocities and the right branches of the curves have a smaller slope, evi-
dencing that faster separations at higher flow rates can be achieved without causing a 
significant enlargement of the obtained H values. An obvious limitation to this obser-
vation is caused by the backpressure limit of the instrument. Increased backpressures 
should be expected when working with columns packed with particles of smaller di-
ameter. Nevertheless, the improved permeability of the core-shell structure and the 
shorter length of the columns makes possible to work at keeping the backpressures 
under the 200 bar limit (Table 5 and Figure 10 on next page).

To summarize these results, we can state that using core-shell particles instead of 
conventional fully-porous particles, makes possible an immediate improvement of 
the efficiencies afforded. Moreover, a flatter C-term branch and a larger permeability 
allows working at higher flow rates without spoiling such efficiencies nor needing 
special UHPLC pumps. 

These results reflect an overview of the analytical advantages of using core-shell 
particles rather than the fully-porous ones, although they must be taken with the 
proper caution in order to avoid biased conclusions. First, it must be taken into ac-
count that the sizes of both kinds of particles are not equal (fully-porous were 5 µm 
while the only core-shell columns commercially available by the time our experi-
ments started were 2.6 µm). This difference affords favours the core-shell columns, 

Figure 9.  
Van Deemter plots correspon-
ding to the separation of com-
pound 3 on the six stationary 
phases under study.

Column Kv (m
2) Hmin (μm)

hmin 
(μm)

u0 for Hmin 
(mm s-1)

Nopt (/)
Knox and Saleem 

limit (s)

Luna C-18 2.46 × 10-14 13.24 2.65 0.84 104044.6 1645.82

Luna PFP 4.67 × 10-14 14.16 2.83 0.74 208785.3 3990.66

Luna PH 3.36 × 10-14 13.98 2.80 0.71 159852.1 3165.84

Kinetex C18 6.73 × 10-15 8.25 3.17 1.32 29010.91 181.12

Kinetex PFP 1.03 × 10-14 9.97 3.84 1.38 35090.31 252.97

Kinetex PH 6.86 × 10-14 6.58 2.53 1.90 24639.06 81.56

Table 5. Permeability, efficiency and kinetic parameters calculated for the different columns under study.
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since better performances are expected from columns packed with smaller particles. 
Furthermore, core-shell columns are a 66% shorter (150 vs. 50 mm long) than the 
fully porous ones, which reduces both their efficiencies and their working pressures. 
We assumed these differences because it is our purpose to compare the analytical 
possibilities of conventional, widely employed 5 µm fully-porous particles to those of 
the core-shell columns with biggest diameter available by the time our experiments 
started.

For these reasons, a method allowing for a realistic comparison of packed beds 
having different geometries and particle sizes and structures is needed. A first ap-
proach to allow such a comparison among different particle sizes involves using the 
reduced form of the H value, h (Eq. 9):

=h
H
dp

Eq. 9

This way, the Hmin values previously obtained can be normalized and made par-
ticle-size-independent (see Table 5). From these values, it could seem that the im-
provements in the Hmin values obtained by the core-shell particles were only related 
to particle size, because their hmin values seem to be actually larger than the ones of 
the fully-porous ones (except for the case of the PH stationary phase). This apparent 
contradiction can be explained attending to two key considerations [74]. On one side, 
the hmin values yielded by core-shell particles decrease when longer columns are em-
ployed, because extra-column band broadening effect is reduced when the volume of 
the column increases [75]. Thus, extra-column contribution to the peak broadening 
becomes more important as the size of the columns decreases [76] and this issue 
is of particular relevance when the instrument is optimized but not conceived and 
built to minimize such effect [51]. Furthermore, it is not uncommon to observe that 
apparently big differences in H values become much closer after conversion into hmin 
[77]. Taking into account that the calculated H values have not been corrected for 
extra-column variations, it seems totally plausible to obtain the reported hmin values 
under our experimental conditions.

Reduced plate heights are still unable to allow direct comparisons among packed 
beds with different geometries or particle shapes. To solve this problem, the separa-
tion impedance number (E0) has been employed for years as the ultimate figure of 
merit for chromatography supports [78,79]. This value, being a dimensionless num-
ber, cannot give any real idea about the speed of a separation. With the aim to provide 

Figure 10.  
Evolution of the backpressures 

with increasing flow rates in the 
different chromatographic su-

pports. Mobile phase H2O:MeCN 
55:45 v:v, 25 ºC. 



259

13 | Selectivity and performance of new columns. Developing of a more sustainable method to quantitate luotonins

an easy method allowing such kind of comparisons, kinetic plots afford a valuable 
tool to obtain a solution for two common chromatography optimization problems: 
achieving a maximal number of plates in a certain time of analysis and minimizing 
the time required to achieve a desired number of plates. Kinetic plots were firstly used 
to compare GC columns in the mid sixties, but it was decades later when Poppe laid 
their foundations [78]. From a practical point of view, the generation of kinetic plots 
required complex numerical methods until Desmet [61] proposed a clever method-
ology to make the calculation of N and t0 values easily accessible. That procedure has 
found a widespread application since then, and it is the one that we have chosen to 
compare our six different supports. Plotted as t0/N

2 vs. N values, with reversed x axis, 
these graphs resemble the typical shape of van Deemter plots, allowing for an intui-
tive interpretation of the data they represent. 

From the kinetic plots obtained for every couple of columns with the same func-
tionalization (Figure 11, and Table 5), it can be deduced that the optimum number 
of theoretical plates (Nopt) is 3 to 5 times smaller for the core-shell columns than the 
corresponding to the fully-porous ones. Interestingly, such smaller Nopt are achiev-
able in a remarkably shorter analysis time (10 to 40 times). This evidence is in ac-
cordance with the well established knowledge [78,79] that shorter columns packed 
with smaller size particles are more appropriated for faster separations, while longer 
columns with larger size particles are able to reach higher N at the expense of much 
longer analysis times. 

In our search for a fast chromatographic method, core-shell particles were a clear 
choice under the light of the data derived from the kinetic plots, as they had the bet-
ter Nopt to time of analysis ratio. Among the three core-shell chemistries, C-18 gave 
the best relationship between Nopt and time of analysis. Consequently, the Kinetex 
C-18 column was chosen for further gradient optimization and analytical method de-
velopment. 

Figure 11.  
Kinetic plots calculated as des-
cribed in the text, showing the 
kinetic behaviour of the six chro-
matographic supports under 
study. Best kinetic performances 
are obtained when the minima 
of the curves are closer to the 
right-bottom corner of the plots, 
indicating better efficiencies in 
shorter analysis times.
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3.3.  Development and validation of an analytical application

3.3.1.  Optimization of the elution conditions

In a first approach, we had assayed the effect of several modifiers on the selectivity, 
resolution and time of analysis obtained with the Luna C-18 stationary phase under 
isocratic conditions. Considering that the analytes had been adequately separated on 
this column eluting with H2O:MeCN 60:40 (v:v), we replaced 0, 2 and 4% of the organ-
ic fraction with tetrahydrofuran or tert-butyl methyl ether. As expected, the elution 
strength was increased, but no useful advantages were found in these experiments, 
as no noticeable enhancements in the separation features could be obtained. We also 
assayed the effect of 0.1% (v:v) formic or acetic acid on the separation, resulting in 
identically inappreciable enhancement of the separation. 

Considering the precedent results in the aggregate, we took a different approach 
in our search for optimal conditions and decided to explore the possibilities of gra-
dient elution in all of the core-shell stationary phases. We designed and tried many 
different gradients with the aim to adequately separate the critical pairs on PH and 
PFP. Unfortunately, under none of the profiles, temperatures (25-45 ºC) and flow rates 
(0.5-0.7 mL min-1) that were tried, the resolution was improved without unaccept-
ably affecting the efficiencies, the analysis times or the resolution of the compounds 
with smallest retention factors. As gradient elution on PFP and PH stationary phases 
did not achieve the standards we were aiming at, we focused on the C-18 colum.

Many different combinations were checked (a few of them are shown in Figure 12), 
and we finally opted for the linear gradient described in the Experimental Section. 
This gradient achieved the full resolution of all compounds in a run time as short as 

Figure 12. 
A few representative chroma-

tograms of several gradients 
assayed on the Kinetex C-18 

columns, showing the effect of 
different profiles and flow rates 

on the separation.
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8.5 minutes using a moderate flow rate (0.7 mL min-1), thus minimizing the amount 
of acetonitrile required for the analysis. Compared to the previously described sep-
aration [24], this column and elution conditions was able not only to separate com-
pounds 4 and 5, but also shortened the analysis time and increased the efficiency and 
the number of peaks per time unit. Figure 13 shows the selected profile (Figure 13C) 
compared to the one optimized in [24] (Figure 13A) and an unoptimized gradient on 
the fully-porous C-18 column (Figure 13B).

3.3.2.  Optimization of the sample clean-up

Acetonitrile containing 1% (v:v) HCOOH was employed as a protein-precipitant 
solution and to solubilize and detach the analytes from the cellular components. Ac-
cording to the manufacturer of the Phree plates, a sample-to-precipitant ratio of 1:4 
should yield satisfactory results for most analytes and biological matrices. Neverthe-
less, for molecules showing a remarkable lipophilicity, such as the ones under study, 
ratios up to 1:9 are advised in order to improve the recoveries. From this starting 
point, we planned a panel of experiments aimed at discerning which ratio could bet-
ter fit our analytical needs. 

We checked both 1:4 (100 + 400 μL) and 1:9 (100 + 900 μL) sample-to-precipitant 
ratios. This was done at three concentrations of the analytes (1 × 10-6, 1 × 10-7 and 1 × 
10-8 M), and for three consecutive extractions of the same cell lysates. Our goals were: 
(a) recovering as much analyte as possible in one single extraction; (b) minimizing 
the inter-sample variability; (c) reducing the amount of organic solvent employed. 

About 100 μL of the sample + precipitating mixture had been reported by the man-
ufacturer (and confirmed by us) to remain in the well after the elution process. In 

A B

C

Figure 13.  
Comparison of gradient elutions 
on different columns. (A) Waters 
Spherisorb C-18 (Chapter 11, p. 
217, CPT was not analyzed). (B) 
Fully-porous Luna C-18 column. 
(C) Kinetex C-18 (chosen for the 
analyses in cell cultures).
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very good agreement with this data, we found that approximately a 10% of the total 
analyte in the case of the 1:9 ratio and a 20% in the 1:4 was not extracted in the first 
elution and was recovered only after a second one. In the case of the third extraction 
step, a negligible amount of the analytes (< 0.04% of the original amount) was found 
in the 1:9 eluates, even in the case of the highest concentration level assayed (1 × 
10-6 M). This remnant was 10 times larger for the 1:4 ratio. All of these data pointed 
towards the direction that the losses due to the non-eluting volume of the wells were 
remarkably higher in the 1:4 than in the 1:9 ratio. 

On the other hand, the reproducibility of the recoveries increased under the 1:9 
ratio elution conditions. At the 1 × 10-6 M concentration level, the RSD of the recover-
ies of the analytes ranged from 0.04 to 0.10% with a 1:9 ratio. Instead, RSD values rose 
up to the 0.07 - 0.21% interval for the samples extracted using the 1:4 ratio. A similar 
behaviour was found at the 1 × 10-7 and 1 × 10-8 M levels.

These results, taken as a whole, led us to choose the 1:9 ratio for the final clean-
up procedure. Nevertheless, this decision presented the drawback of requiring more 
acetonitrile. This fact not only had a worse profile from the environmental point of 
view, but also increased the dilution factor of the samples during the process (1:10 
from cell lysate to final eluate). This undesirable problem could be circumvented by 
evaporating the eluate (totally or partially) prior to its HPLC analysis. Nevertheless, 
we discarded this option for two reasons. First, it involved one more step on the an-
alytical process, thus going against our goal to develop a fast method amenable to 
automation. Second, the amount of drugs expected to be found in cell culture lysates, 
taking into account the cytotoxicity reported for luotonin A derivatives, is in the mi-
cromolar range [10,13, and our results in Chapter 14 of this thesis], so we preferred a 
clean-up method able to extend the upper limit of the dynamic range rather than the 
lower one. Indeed, the validated methodology keeps the door open to the possibility 
to evaporate the eluates with the purpose to concentrate them prior to their analysis. 

With the aim to compare the results of the multi well plate clean-up procedure 
with those obtained with the classical MeCN precipitation + centrifugation clean-up 
protocol, we also processed some samples through this previously described meth-
odology [24]. As can be appreciated in Figure 14A, comparable results are obtained. 
Although the non-retained peak is somewhat larger in the case of the Phree-pro-
cessed samples, such fluorescence does not interfere with the quantitation of any 
other peaks. Taking into account the much shorter time required per processed sam-

A B

Figure 14.  
(A) Chromatograms of blank 

and spiked (5 × 10-8 M) samples. 
Comparison of deproteiniza-

tion achieved by means of the 
conventional centrifugation 

method (green) or using the 
Phree multi-well plates (blue). 
(B) Chromatograms of a blank 
sample and samples spiked at 
two concentration levels and 

submitted to the multi-well pla-
te deproteinization process. 

Chromatographic conditions are 
as in Figure 13C.
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ple, the Phree plates clearly outstood as the best alternative for the rapid analysis of 
numerous samples. 

3.3.3.  Validation of the chromatographic method

When the chromatograms of the pre-treated cell lysates (Figure 14B) are compared 
to the ones corresponding to the compounds diluted in mobile phase (Figure 13C), it 
becomes clear that neither the retention times nor the resolution of the studied com-
pounds were affected by the clean-up procedure. Eluates from blank samples chro-
matographed under our experimental conditions did not show any extra peaks com-
ing from the lysates, confirming the specifity of the newly developed methodology.

The figures of merit obtained in the validation process are summarized in Table 6. 
The response of the method proved to be linear (R2 > 0.9997 except for compound 5, 
R2 = 0.9995) over the whole range of concentrations assayed (1.0 × 10-6 to 5.0 × 10-10 

M). The parameters of the calibration curves were calculated using the method of 
unweighted least squares, and showed an excellent consistency over time. The sen-
sitivity obtained in each case was directly related to the fluorescence quantum yield 
of the drugs [22]. 

LOD were under 7.75 × 10-10 M for all of the compounds except for 6 (1.26 × 10-9 
M). LOQ were lower than 2.60 × 10-9, again, except in the case of compound 6 (4.18 
× 10-9 M). These LOD and LOQ are in the same range that the ones we previously re-
ported for serum samples [24] and far below the micromolar concentrations of the 
compounds in cell cultures. Although in our earlier work the reported values were 
slightly better, this can be explained considering a few experimental differences be-
tween both methodologies. The first one is related to the clean-up process: while in 
the previous method the analytes from the serum sample were preconcentrated (2×) 
in the pretreatment step, in the newly developed method, as it has been explained 
previously, they were diluted twenty times due to the elution in a larger acetonitrile 
volume and to the further dilution with water needed to avoid the peak shape dis-
tortion (Figure 2, p. 250). Thus, the differences in the clean-up step are responsible 

Param. Conc. 
level (M)

Compounds

1 2 3 4 5 6 7

R2 0.9997 0.9998 0.9997 0.9997 0.9995 0.9997 0.9997

Slope ± 
SD

4.8562 × 106 ± 
3.3904 × 104

2.7815 × 106 ± 
1.6040 × 104

4.1780 × 106 ± 
2.5958 × 104

1.8835 × 106 ± 
1.1655 × 104

7.6836 × 105 ± 
6.2494 × 103

3.8463 × 106 ± 
2.5397 × 104

2.6608 × 106 ± 
2.2055 × 104

Intercept
± SD

1.0485 × 10-2 ± 
1.4399 × 10-2

6.6258 × 10-3 ± 
6.3720 × 10-3

1.1779 × 10-2 ± 
1.0312 × 10-2

-1.8121 × 10-3 ± 
4.7349 × 10-3

-1.8620 × 10-3 ± 
2.5295 × 10-3

-1.4310 × 10-3 ± 
1.0089 × 10-2

-1.3139 × 10-2 ± 
1.0308 × 10-2

Accuracy 
(M)

5.00 × 10-9 5.750 × 10-9 5.233 × 10-9 5.526 × 10-9 5.252 × 10-9 5.109 × 10-9 5.173 × 10-9 5.107 × 10-9

1.00 × 10-7 1.082 × 10-7 1.042 × 10-7 1.097 × 10-7 9.782 × 10-8 9.525 × 10-8 9.548 × 10-8 9.492 × 10-8

1.00 × 10-6 1.035 × 10-6 1.037 × 10-6 1.033 × 10-6 1.054 × 10-6 1.048 × 10-6 1.012 × 10-6 1.057 × 10-6

Intra-day 
%RSD

5.00 × 10-9 4.47 4.21 2.54 2.58 3.90 2.16 9.73

1.00 × 10-7 0.49 1.16 1.63 1.73 1.56 2.20 1.59

1.00 × 10-6 1.54 1.58 0.65 1.63 0.97 1.78 1.74

Inter-day 
%RSD

5.00 × 10-9 5.25 3.63 2.34 4.44 6.59 5.48 9.55

1.00 × 10-7 4.74 5.08 1.05 4.53 5.30 3.27 4.74

1.00 × 10-6 3.72 3.91 1.46 2.11 1.75 3.16 2.74

LOD (M) 3.41 × 10-10 4.08 × 10-10 6.75 × 10-10 4.48 × 10-10 7.74 × 10-10 1.26 × 10-9 4.43 × 10-10

LOQ (M) 1.14 × 10-9 1.36 × 10-9 2.25 × 10-9 1.49 × 10-9 2.58 × 10-9 4.18 × 10-9 1.48 × 10-9

Table 6. Figures of merit of the developed analytical method.
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for a 40× difference in the concentration of the extracts injected into the chromato-
graph. Therefore, the size of the sample loop accounts for an additional 4× difference 
between both methodologies because, as described in the Experimental section, the 
volume of the sample loop had been reduced from 20 to 5 μL to better fit the load ca-
pacity of the core-shell columns. This means that, considered all together, differences 
in sample clean-up methodology and loop size constitute a 160× drop in the amount 
of analytes injected into the column, and this places in an appropriate context the 
present LOD and LOQ limits afforded by core-shell columns. 

Intra-day precisions expressed as %RSD were lower than 5.0% except in the case of 
compound 7 at the 5 × 10-9 M level of concentration (9.73%). Inter-day variation was 
below 5.5% in most cases and always under 10%. The accuracy of the method calculat-
ed as found concentration was excellent at the 1 × 10-6 and 1 × 10-7 M concentration 
levels, and good for the 5 × 10-9 M level except for compound 1 (15% deviation from 
expected concentration), which can be explained considering the closeness to the 
LOD and LOQ of the method.

To investigate the presence of matrix effects, the slopes of the calibration curves 
built using fortified cell lysates submitted to the clean-up process, and the ones ob-
tained from clean mixtures of the compounds diluted in mobile phase, were com-
pared by means of a Student’s t-test. For every compound, the slopes were statistical-
ly different (p > 0.01), which reveals the existence of matrix effects arising from the 
cells and/or the extraction procedure. Such effects did not seem to appreciably affect 
to the quantitation of the drugs in the samples, as deduced from the good figures of 
merit obtained.

3.4.  Comparison of the overall sustainability of the method

All features of the method were chosen bearing in mind the minimization of organ-
ic solvent and time consumption, and waste generation. Since our earlier reported 
method, three characteristics of the columns were improved. The first one is the 
choice of shorter columns with a reduced inner diameter. Compared to the previous 
Waters Spherisorb (4.6 × 150 mm), this allowed us to develop our separations using 
a lower flow rate (0.7 mL min-1 vs. 1.0 mL min-1) and in a shorter time. The two other 
improved characteristics also accounted for this working conditions: the smaller par-
ticle size (2.6 μm vs. 5.0 μm) yielded better efficiencies and resolution, and the nature 
of the silica particles (core-shell vs. fully porous) made possible faster separations 
keeping the backpressures far below the maximum pressure allowable for conven-
tional pumps. 

Under conditions validated in the present work, the volume of MeCN employed in 
one chromatographic run was reduced by a 75.0% compared to the previous meth-
odology (Table 7). Furthermore, the analysis time was shortened by more than 50.0% 
and compounds 4 and 5 were successfully resolved for the first time. Together with 
the multi-well plate clean-up methodology, a total saving of acetonitrile of 71.2% was 
reached together with a considerable reduction of time and energy required to an-

Method Sample clean-up
Chromatographic 

analysis
Total

[24] 1.0 mL 0.5% CH3COOH in MeCN / 500 uL sample 16.0 mL of MeCN 17.0 mL

Current 0.9 mL 1.0% HCOOH in MeCN / 100 uL sample 4.0 mL of MeCN 4.90 mL

Saving 10.0% 75.0% 71.2%

Table 7. MeCN required for the sample clean-up and the chromatographic analysis of one sample according 
to the previously described and the current methodology. 
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alyse one sample. Thus, a bird’s eye view of the present multi-well plate coupled to 
HPLC method reveals it as a remarkable step in the direction of developing green-
er, more sustainable methodologies saving time and reagents and producing smaller 
volumes of wastes.

4.  Conclusions

We have employed a family of eight structurally related compounds to explore the 
selectivities of two stationary phases (PFP and PH) allowing additional interactions 
besides the hydrophobic ones that operate in the widely employed C-18. Although 
several proportions of organic solvents (MeCN and MeOH), additives, temperatures 
and gradient profiles were assayed, only the C-18 stationary phases were able to prop-
erly resolve all of the compounds within an acceptable time of analysis. The pair of 
compounds 4/5 was poorly separated on the PFP stationary phases, and an analogue 
result was obtained for the 5/6 pair on the PH columns. These observations could be 
explained using the enthalpy and entropy values calculated for every compound / 
stationary phase combination by means of the van’t Hoff plots. While the overall free 
energy was different for every compound in the case of the C-18 stationary phases, 
the values obtained for 4 and 5 on the PFP columns were almost identical. A temper-
ature-dependent change affecting the enthalpy and the entropy values explained the 
improvement of the separation of 5 and 6 found above 35-40 °C on the PH columns. 

By using 50 mm-long columns packed with 2.6 μm core-shell particles, we were 
able to develop fast separations with better efficiencies than the delivered by the 
150 mm-long columns packed with 5.0 μm fully-porous particles and without re-
markably raising the working backpressure. Although our chromatography system 
was optimized to reduce the extra-column volume, the efficiencies obtained were 
much lower than the ones obtained with state-of-the-art instruments designed to 
minimize extra-column band broadening. Although an improvement on the efficien-
cy and the time of analysis was reached effortless, the large extra-column volume of 
conventional systems makes it impossible to obtain the full efficiencies delivered by 
small-volume columns packed with core-shell particles. Kinetic plots showed that 
columns packed with C-18-functionalized core-shell particles exhibited the best effi-
ciency-to-time of analysis relationship.

Using these columns, we optimized a gradient elution profile able to successfully 
separate all the compounds within 8.5 minutes. We have developed an analytical 
application taking advantage of these good chromatographic features in combination 
with a clean-up step carried out using 96-well deproteinization and delipidization 
plates. Such pre-treatment method minimized the time consumption and is amena-
ble for automation. The validation of the whole methodology was conducted on cell 
culture samples, obtaining excellent analytical figures of merit. 

The newly developed methodology has reduced the analysis time by 2.6 folds 
compared to the previous one that our group had published, and achieves the full 
separation of all the compounds while reducing a 71% the amount of acetonitrile 
required per sample. Thus, not only the chromatographic performance has become 
notably improved, but also the sustainability features and throughput capacity of the 
whole methodology. Hopefully, this article will be useful to other chromatographists 
as a real-life example on how the performance of conventional HPLC systems can be 
improved by using core-shell technology and carrying out some inexpensive tuning 
of the chromatograph, without the need for high-budget investments on UHPLC sys-
tems.
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ABSTRACT ▶ Topoisomerase 1 inhibition is an important strategy in targeted cancer chemotherapy. The drugs cu-
rrently in use acting on this enzyme belong to the family of the camptothecins, and suffer severe limitations because 
of their low stability, which is associated with the hydrolysis of the δ-lactone moiety in their E ring. Luotonin A is 
a natural camptothecin analogue that lacks this functional group and therefore shows a much-improved stability, 
but at the cost of a lower activity. Therefore, the development of luotonin A analogues with an increased potency is 
important for progress in this area. In the present paper, a small library of luotonin A analogues modified at their A 
and B rings was generated by cerium(IV) ammonium nitrate-catalyzed Friedländer reactions. All analogues showed 
an activity similar or higher than the natural luotonin A in terms of topoisomerase 1 inhibition and some compounds 
had an activity comparable to that of camptothecin. Furthermore, most compounds showed a better activity than 
luotonin A in cell cytotoxicity assays. In order to rationalize these results, the first docking studies of luotonin-to-
poisomerase 1-DNA ternary complexes were undertaken. Most compounds bound in a manner similar to luotonin 
A and to standard topoisomerase poisons such as topotecan but, interestingly, the two most promising analogues, 
bearing a 3,5-dimethylphenyl substituent at ring B, docked in a different orientation. This binding mode allows the 
hydrophobic moiety to be shielded from the aqueous environment by being buried between the deoxyribose belon-
ging to the G(+1) guanine in the scissile strand and the Arg364 on the surface of the protein, and makes also possible 
a hydrogen bond between the D-ring carbonyl and the basic amino acid. The discovery of this new binding mode 
and its associated higher inhibitory potency is a significant advance in the design of new topoisomerase 1 inhibitors.

Accepted in PLOS ONE, González-Ruiz, V., Pascua, I., Fernández-Marcelo, T., Ribelles, P., Bianchini, G., Sridharan, V., Iniesta, P., Ramos, 
M. T., Olives, A. I., Martín, M. A., Menéndez, J. C.

B-Ring-aryl substituted luotonin A analogues with a 
new binding mode to the topoisomerase 1-DNA  
complex show enhanced cytotoxic activity 

1.  Introduction

Cancer continues to be one of the leading causes of death worldwide. Accor-

ding to the latest data from the International Agency for Research on Cancer, 

in 2012 there were 14.1 million new cancer cases, 8.2 million cancer deaths 

and 32.6 million people living with cancer (within 5 years of diagnosis). 

Cancer is no longer a disease of the developed world, with 57% of newly 

diagnosed cases of cancer and 65% of deaths being associated with less de-

veloped regions [1].

Cancer therapy is still founded on the pillars of surgery, radiotherapy 

and chemotherapy, with immunotherapy having recently entered the stage 

as a fourth approach [2]. Nevertheless, the development of new anticancer 

drugs continues to be essential in the fight against the disease [3].

Topoisomerases are present in all living organisms and are crucial for 

relieving torsional tension in supercoiled DNA in the course of DNA replica-

tion, transcription and reparation [4]. Topoisomerases, and topoisomerase 1 

in particular, are among the most relevant anticancer targets [5,6]. 

NOTE ON AUTHORSHIP: Víctor González Ruiz did not contribute to the synthesis part of the present chapter. 
Nevertheless, some experimental details corresponding to the synthesis of the studied compounds are repor-
ted in order to maintain the integrity of the multidisciplinary approach that drove the present work as a whole. 



Experimental, results and discussion

The camptothecins, specially irinotecan, topotecan and belotecan (Figure 1), are 
the main family of clinically relevant topoisomerase 1 inhibitors [7]. These com-
pounds have a planar, pentacyclic core comprising a lactone functional group in ring 
E and containing a stereocenter at C-20, which must be in the S configuration for 
camptothecins to be active. Their pharmacologic target is the covalent topoisomerase 
1-DNA binary complex, where they can bind non-covalently at the interphase formed 
between both macromolecules during the enzimatic catalytic cycle. This binding sta-
bilizes the complex and retards its dissociation, finally leading to irreversible DNA 
damage and cell death [6,8]. 

In spite of their widespread use, they show severe undesired effects, their main 
dose-limiting toxicities being myelosupression, diarrhea and bone marrow toxicity 
[9]. Another serious problem with the camptothecins is their low stability [10], which 
is due to the easy opening of its lactone E ring to give an inactive hydroxy acid form 
(camptothecin carboxylate) that is sequestered by seric albumin [11]. The lactone-hy-
droxy acid equilibrium is relevant to bladder toxicity, another problem associated to 
the clinical use of the camptothecins that is due to accumulation of the active lactone 
form owing to lactonization at the acidic pH of urine [12].

Against this background, camptothecin analogues lacking the lactone ring seem 
attractive, but during decades this structural feature was believed to be essential for 
activity. The discovery of the stabilization of the human topoisomerase 1-DNA cova-
lent binary complex by the alkaloid luotonin A, closely related to the camptothecins 
but having an aromatic E ring, brought about a landmark change in this paradigm 
[13]. Furthermore, luotonin A is achiral, a feature that can be viewed as an advantage 
in terms of its potential role as a lead compound in drug discovery and development 
because it simplifies synthetic access to new analogues and their analytical control. 
In summary, although the potency of luotonin is much lower than that of the camp-
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Figure 1.  
Structure of representative camp-

tothecins and luotonin A. 
Camptothecin is a natural topoiso-

merase 1 inhibitor that has been 
used as a lead for the development 

of a family of anti-cancer agents 
in clinical use, exemplified by 

topotecan. Nevertheless, the camp-
tothecins suffer severe limitations 

because of their low stability, which 
is associated with the hydrolysis of 
the δ-lactone moiety in their E ring 

that leads to an inactive carboxylate 
form. Luotonin A is a plant alkaloid 

whose structure strongly resembles 
that of camptothecin but lacks the 
lactone moiety. The discovery that 

luotonin A is also a topoisomerase 1 
inhibitor, although less potent than 
the camptothecins, provided a uni-
que opportunity for drug discovery 

in the anti-cancer area.
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tothecins [14], it does provide an excellent opportunity for the discovery of improved 
topoisomerase 1 inhibitors.

The low potency of the natural luotonin A has prompted the synthesis and biolo-
gical evaluation of a considerable number of analogues [15-18]. Nevertheless, these 
studies have been limited by the constraints found in known synthetic methodolo-
gies, specially in terms of A and B ring modification. Among the methods allowing 
access to the luotonin A framework, the Friedländer reaction between precursors co-
rresponding to the C-D-E fragment and aromatic o-aminoketones or aldehydes pro-
vides the best opportunity for this type of structural manipulation. We have recently 
reported a protocol that improves the yields of this classical reaction by employing 
Ce(IV) ammonium nitrate (CAN) as a catalyst [19], and describe now its application to 
the synthesis of A and B ring-modified luotonin A analogues, together with studies of 
their activity as topoisomerase 1 poisons and cytotoxic agents.

2.  Materials and methods

2.1.  Synthesis

2.1.1.  General experimental information

All reagents were of commercial origin (Aldrich, Fluka, Acros) and were used as received. Melting 

points reported in this work were measured in open capillaries. Flash chromatography was perfor-

med on silica gel (230-400 mesh) or neutral alumina having the activity grade reported in each case. 
1H and 13C-NMR spectra were measured at 250/300 and 63/75 MHz, respectively, with a Bruker 250 

and 300 MHz (Avance) instruments maintained by the CAI de Resonancia Magnética Nuclear, Univer-

sidad Complutense. CDCl3 was the solvent in all cases, using the signal due to the residual non-deu-

terated solvent as internal standard. Chemical shifts are reported as δ values (ppm). All one- and 

two-dimensional NMR spectra were obtained using standard Bruker software throughout. IR spectra 

were recorded on a Perkin-Elmer FT-IR Paragon 1000 spectrometer in film form, prepared by eva-

poration of a few drops of sample solution over a sodium chloride window. Combustion elemental 

analyses were obtained by the CAI de Microanálisis, Universidad Complutense, using a Leco CHN 932 

Elemental Analyzer.

2.1.2.  Synthesis of starting 2-aminophenylketones 8

2-Aminobenzaldehyde 8a, 2-aminoacetophenone 8b, 2-aminobenzophenone 8c and (4-chlo-

ro-2-amino)benzophenone 8d were purchased from Aldrich. (5-Bromo-2-amino)benzophenone 8e 

was prepared according to a literature method [20]. For preparation of compounds 8f and 8g, a solu-

tion of the corresponding 2-aminonitrile (5 mmol, 1 eq) in anhydrous THF (10 mL) was added dropwi-

se over a solution of 3,5-dimethylphenylmagnesium bromide (15 mmol, 3 eq) and the reaction mix-

ture was refluxed for 2.5 h. After cooling, the reaction mixture was slowly poured onto ice water (30 

mL). A 3M aqueous solution of hydrochloric acid (21.5 mL) was then added, the mixture was stirred 

at room temperature for 1 h, and the organic phase was separated. The aqueous layer was extracted 

with ethyl ether (2 × 20 mL). The combined organic layers were washed with water (1 × 20 mL), brine 

(1 × 20 mL), dried over MgSO4 and filtered. The filtrate was concentrated in vacuo and the residue 

was either crystallized from ethanol or purified by column chromatography on silica gel eluting with 

petroleum ether:ethyl acetate to give compounds 8f or 8g. 

2.1.3.  Synthesis of luotonin A and its analogues (1-7)

A solution of 1,2-dihydropyrrolo[2,1-b]quinazoline-3,9-dione (9) (1 or 1.5 eq), the corresponding ami-

nophenone 8 (1 eq) and cerium(IV) ammonium nitrate, CAN (15 mol %) in ethanol (5 mL) was refluxed 

for the time period specified in each case. After completion of the reaction, as indicated by TLC, the 

mixture was cooled, diluted with dichloromethane (20 mL), washed with water (2 × 10 mL) and brine 

(1 × 10 mL), and dried over anhydrous Na2SO4. The solvent was evaporated under reduced pressure 

and the crude reaction mixture was purified by silica gel column chromatography eluting with a pe-

troleum ether:ethyl acetate (4:1, v:v) mixture to afford compounds 1-7. Analytical samples were re-

crystalized in ethanol. In two of the reactions, small amounts of intermediates 10 were also isolated.
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2.2.  Pharmacological studies

2.2.1.  DNA relaxation assay

DNA relaxation assay was carried out to investigate the inhibitory effect of luotonin 
A derivatives on the activity of the human topoisomerase 1 enzyme. A final reaction 
volume of 20 μL containing 200 ng of pGEM-5Zf(+) plasmid (Promega, Madison, Wis-
consin) in its native supercoiled form, the corresponding drug diluted in 1 μL DMSO 
for a final concentration of 10 μM, 1 unit of human topoisomerase 1 (Sigma-Aldrich, 
St. Louis, Missouri) and the enzyme reaction buffer (TopoGEN, Port Orange, Florida) 
was incubated over 15 minutes at 37 °C. 

Control reactions containing native supercoiled and fully relaxed forms were run 
from a mixture containing the reaction buffer and plasmid, for the first one; and the 
reaction buffer, plasmid and human topoisomerase 1, for the latter. 

After incubation, all the reactions were stopped by addition of a mixture of elec-
trophoresis loading buffer and 20% SDS to yield a final 10% SDS concentration. The 
reaction products were loaded into a 1% agarose gel (Bio-Rad, Hercules, California) 
and separated for 3 h at 60 V in Tris-borate-EDTA buffer. 

The gels were stained using GelRed dye (Biotium, Hayward, California) according 
to the manufacturer’s protocol (soaking in 3× GelRed solution for 30 minutes under 
gentle shaking and then rinsed with water), and photographed in 254 nm UV light 
using a ChemiDoc XRS+ (Bio-Rad) system. 

The bands were analysed using OriginPro 8.6 software (OriginLab, Northampton, 
Massachusetts) and the inhibitory activity of the drugs was calculated for each one as 
the supercoiled to unwinded bands ratio, and normalised to the activity of campto-
thecin (CPT) (Sigma-Aldrich, St. Louis, Missouri).

2.2.2.  Cell culture and in vitro anti-proliferation assay

Three human cell lines were used; HeLa (cervical carcinoma), A549 (lung adenocar-
cinoma) and SW480 (colon adenocarcinoma) were obtained from the American Type 
Culture Collection (ATCC, Manassas, USA). All cell lines were seeded in 96-well pla-
tes at a density of 19000 (HeLa) and 5000 (A549 and SW480) cells/well in 200 µl of 
Dulbecco’s modified Eagle’s medium (DMEM, Life Technologies, Carlsbad, USA) su-
pplemented with 10% fetal bovine serum (FBS) (Life Technologies). Cell cultures were 
maintained at 37 °C under 5% CO2.

After 5 h, cells were treated with compounds 1-7: 1 μL DMSO containing a com-
pound to yield final concentrations of 25.0, 12.5, 6.3 and 3.1 μM per well, the final 
concentration of DMSO being 0.5%. Every concentration of the drugs was assayed in 
triplicate. In addition, every 96-well plate contained wild type cells, negative control 
wells (0.5% DMSO) and positive control wells containing CPT to final concentrations 
of 25.0 and 2.5 μM which caused 100% cell mortality. The plate was incubated for 72 
h before the fixation step.

Moreover, a no-growth control 96-well plate was seeded in every experiment. The 
cells on this plate were allowed to adhere for 5 h as in the experiment plate and then 
directly fixed, dried and stored until dying as described below, with no exposure to 
any compound. This no-growth plate was used to calculate the cell growth in every 
well of the experiment plate by subtraction of the no-growth values to the 72 h time 
values of the experiment plate. Experiments for every cell line were performed in 
triplicate.
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Cells were fixed by addition of 100 μL of cold 30% (w/v) trichloroacetic acid into 
every well and incubated at 4 °C for 1 h. Plates were then washed with water four 
times and dried. Protein dying was carried out with 100 μL per well of 0.057% (w/v) 
sulforhodamine B (Sigma-Aldrich, St. Louis, Missouri) in 1% (v:v) acetic acid, kept at 
room temperature for 30 minutes. After that, excess of sulforhodamine B was remo-
ved by quickly rinsing the plates four times with 1% (v:v) acetic acid. After drying, 
sulforhodamine B was redissolved by adding 100 μL unbuffered Tris base solution to 
each well and shaking for 45 minutes on a gyratory shaker. Sulforhodamine B was 
quantified by its absorbance measured at 510 nm [22]. 

2.3.  Docking studies

2.3.1.  Crystal structure preparation

The crystal structure of topotecan bound to the topoisomerase 1-DNA covalent com-
plex was downloaded from Protein Data Bank (PDB code 1K4T) [23]. Its choice as the 
starting point was dictated by the fact that topotecan is the only camptothecin in 
clinical use that has been crystallized in its site of action. To prepare the crystal struc-
ture for docking, firstly an atom of Hg, a molecule of PEG and the two forms of topote-
can (the closed lactone and the opened carboxylate) were deleted; later the Dockprep 
tool of the UCSF Chimera package [24] was used. This tool allows to automatically 
delete water molecules, add hydrogens to both the enzyme and the DNA, repair trun-
cated side chains (Dunbrack rotamer library [25]) and assign Gasteiger charges with 
the AMBER ff12SB force field [26]. The input file for docking was generated with Auto-
Dock Tools 1.5.6 [27]. The docking site was defined as a box with dimensions 15 ×15 × 
20 Å, whose centroid was calculated using the coordinates of the closed lactone form 
of topotecan (x= 21.377, y= -4.068, z= 28.192 Å). 

2.3.2.  Ligand preparation

Individual PDB files of ligands were prepared by ab initio energy minimization with 
Spartan ’10 (Wavefunction, Irvin, USA) at the 3-21G level. Hydrogens were added to 
all ligands and the root of torsion tree was detected. The input file for docking was 
generated with AutoDock Tools 1.5.6. 

2.3.3.  Docking studies

Docking was performed with AutoDock Vina [28] using the same parameters des-
cribed above. The best pose for each ligand was selected and analyzed. To validate 
the docking protocol, we docked the closed lactone form of topotecan into the target 
binding site, after preparing both files as described above. The best resulting pose was 
compared with the pose of the crystal structure, and a RMSD value of 0.492 Å was 
calculated for the differences between the positions of the atoms in both pentacyclic 
scaffolds. 

3.  Results and discussion

3.1.  Synthesis
As commented before, the planned Friedländer disconnection of the target compounds 1-7 required 
the preparation of two kinds of starting materials, compounds 8 and 9. Compound 9, which can be 
regarded as an oxidised derivative of the alkaloid vasicinone, was prepared using a literature method 
[29]. Some of the compounds 8, namely 8a-d, were commercially available, while access to 8e was 
secured by a literature method involving the bromination of 8c with potassium bromide under oxida-
tive conditions [20]. Finally, compounds 8f and 8g were prepared by treatment of the corresponding 
derivatives of 2-aminobenzonitrile with 3,5-dimethylphenylmagnesium bromide followed by acidic 
hydrolysis (Figure 2A).
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With compounds 8 and 9 in hand, we studied their Friedländer coupling under conditions pre-
viously established by our group [19] that involved heating of the starting materials in refluxing etha-
nol in the presence of CAN as a Lewis acid catalyst [30] (Figure 2B). The reaction proceeded in good 
to excellent yields (64-90%) and furnished a small library of luotonin analogues with a variety of 
substituents at the A and B rings.

During the initial optimization studies, we carried out two of the reactions for shorter reaction 
times (3 h) and obtained the open luotonin analogues 10, finding subsequently that they were trans-
formed into the corresponding final products 1-7 by use of longer reaction times. This result proves 
that compounds 10 are intermediates of the CAN-catalyzed Friedländer reaction, a conclusion that is 
of some mechanistic interest because there is not a general agreement on whether the Friedländer 
reaction is initiated by an aldol reaction or by the formation of a β-enaminone like compounds 10 
(Figure 2C) [32].

3.2.  DNA relaxation assay

A representative electrophoresis gel showing the separation of DNA topomers after 
incubation of the plasmid in the presence of human topoisomerase 1 and the inhibi-
tors under assay is shown in Figure 3.

When normalised to the activity of CPT, luotonin A (1) showed a lower inhibitory 
activity (++), as expected. Interestingly, all the newly synthesized analogues exhi-
bited an inhibitory activity similar or better than that of the reference compound, 
luotonin A (1). Compounds 2, 3 and 5 exhibited an activity similar to that of 1 (++). 
The chlorine-containing compound 4 and the dimethylphenyl derivative 6 showed 
an inhibitory potential (+++) higher than the lead compound 1. Finally, the dimethyl-
phenyl methyl derivative 7 demonstrated an excellent activity and achieved the best 
poisoning capacity (++++), which was close to that of CPT. This level of potency is 
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remarkable in that it has very rarely been found in the inhibition of human topoiso-

merase by luotonin analogues [16]. 

3.3.  In silico studies

In order to rationalize the high activity as topoisomerase poisons of some of our luotonin 

analogues, and also with a view of using the information thus obtained for planning im-

proved analogues in the future, we undertook in silico studies. There is no crystal structu-

re available for the luotonin-DNA-topoisomerase 1 ternary complex and, furthermore, to 

the best of our knowledge, this is the first time that docking of luotonin A derivatives onto 

the DNA-topoisomerase 1 complex has been carried out. For this reason, we started this 

part of our work by studying the behaviour of luotonin A itself (1), the lead compound 

in this series. As shown in Figures 4A and 4B, it stacked between the base pairs (-1) and 

(+1) and also gave hydrogen bonding interactions between N5 and Arg364. A comparison 

between the docking pose of luotonin A with the crystal structure of the complex formed 
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Figure 3.  
DNA relaxation inhibition assay. 
Drug concentration was 10 μM. Ac-
tivities are expressed relative to that 
of CPT: (+) 1-25%, (++) 26-50%, 
(+++) 51-75%, (++++) 76-100% of 
the CPT inhibition. All compounds 
were at least as potent as luotonin 
A and compound 7 showed a 
remarkable activity, comparable to 
that of CPT.
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Figure 4.  
Docking of luotonin A, topotecan 
and compound 1. 
(A) A full view of the topoisome-
rase 1-DNA complex with luotonin 
A docked onto the active site.  
(B) Expansion of the binding site. 
Luotonin A (navy blue) is shown 
compared with the position found 
for topotecan (brown) by crysta-
llography, showing an excellent 
concordance between both poses. 
The base pairs are coloured in red 
(-1) and green (+1). The topoiso-
merase Arg364 residue responsi-
ble for hydrogen bonding with the 
compounds is displayed in blue.  
(C) Docking of compound 3, 
showing the hydrogen bonding 
interaction of Arg364 with both 
nitrogens N5 and N6 
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by topotecan showed that the orientation of both molecules was the same. The docking 
of compound 3 is also shown (Figure 4C), showing a similar docking pose but a stronger 
interaction due to hydrogen bonding of its two nitrogen atoms, N5 and N6. This is a fea-
ture common to all our analogues, as will be discussed below.

The affinity of the examined molecules was quantified as the free-energy differen-
ce between the binary DNA-top1 complex and the ternary complexes formed upon 
binding of the drugs (“scores” in Table 1). Importantly, a good correlation was found 
between the ability of the molecules to stabilize the binary complex and their in vitro 
topoisomerase 1 inhibitory effects, as shown in Table 1. It is interesting to note that 
the two compounds bearing 3,5-dimethylphenyl substituents (6 and 7), which were 
the most potent of the series, were also the ones showing the highest scores.

Our docking studies revealed that the binding modes of the molecules under 
study could be grouped into two different types. Derivatives 1-5 (Figure 5A) bound 
the target site in the same fashion as the original crystallographic topotecan. All these 
compounds stacked between the (-1) and (+1) base pairs, perpendicular to the DNA 
main axis and with the two nitrogens at positions 5 and 6 facing the minor groove of 
the DNA. The aromatic rings in the pentacyclic structure established π-π stacking in-
teractions, within a 3.6 Å range, with the four DNA bases flanking the molecule. A sin-
gle direct protein-drug interaction was detected through hydrogen bonding between 
the Arg364 residue and the two basic nitrogen atoms in the molecule. Only in the case 
of halogenated compounds 4 and 5 a third class of interaction was found, as halogen 
bonding was possible between the chlorine or bromine atoms and the Glu356 side 
chain. This type of bonding is a subset of the so-called σ-hole bonds [33] and can play 
a significant role in molecular recognition in biological environments, as often evi-
denced by crystallographic studies of ligand-binding site interactions [34]. All com-
pounds in this group pointed their E rings towards the scissile strand, although in the 
case of compound 2, another pose was found with a similar score (-11.7 vs. -11.6 kcal/
mol) that stacks the opposite way, with the A ring on the scissile strand side. 

Interestingly, compounds 2-5 showed in all cases a better affinity (“score”) than 
luotonin A itself in our computational studies. Upon examination of the 3D docking 
models, this was attributed to the fact that luotonin binds to the Arg364 residue by 
a single hydrogen bond by the nitrogen belonging to its quinoline fragment, while in 
the other cases the quinoline and quinazoline fragments are both within hydrogen 
bonding distance of Arg364. An overlay of all five compounds at their binding sites 
(Figure 5A) clearly shows that the docking pose of luotonin A is different from the 
others. This difference may be attributed to the steric effect of the R1 substituent in 

Comp. Score (kcal/mol) Inhibitory activity

1 -11.4 ++

2 -11.7 ++

3 -11.8 ++

4 -12.0 +++

5 -11.7 ++

6 -13.3 +++

7 -13.7 ++++

CPT -12.4 ++++

Topotecan -12.1 N/A

Table 1. Quantification of the affinities of compounds 1-7  
for their binding sites and its correlation with their inhibitory activity
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compounds 2-5, which would give repulsive interactions with Asn352 if their binding 

poses were superimposable with that of luotonin A (Figures 5B and 5C).

Compounds 6 and 7 showed a different binding mode (Figure 6B). Both molecules 

stacked between the (-1) and (+1) base pairs, but the orientation of the rings was mo-

dified. Both molecules bear a 3,5-dimethylphenyl substituent at the C-14 position of 

C

Asn352

3

Arg364

A B

Asn352

1

Arg364

Figure 5.  
B-ring substitution improves 
hydrogen bonding to Arg364. 
(A) Overlay of luotonin A (1) and 
compounds 2-5 at their binding 
sites, showing that the presence 
of the substituent at the C-14 
position of the B ring induces 
a rotation of the docking pose 
that leads to improved hydrogen 
bonding to Arg364 and hence to a 
better fit to the binding site. 
(B) Docking of luotonin A showing 
the position of Asn352, which 
would interfere with any B ring 
substituent. 
(C) Docking of the B-phenyl subs-
tituted compound 3, also showing 
the position of Asn352.
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A(-1) ns

C(+1) ns

G(+1) ss
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T(-1) ss
A(-1) ns
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Arg364

3,5-dimethylphenyl ring

deoxyribose

deoxyribose

A B

C

Figure 6.  
The two binding orientations of 
compounds 1-7. 
Docking studies revealed two 
different modes of binding:  
(A) In the case of compounds 1-5, 
the docking pose was similar to 
the one found for topotecan by 
X-Ray crystallography. 
(B) Compounds 6 and 7, on the 
other hand, changed their mode 
of binding in order to shield the hi-
ghly hydrophobic dimethylphenyl 
moiety from the aqueous environ-
ment by burying it between the 
base pairs of the scissile strand 
and the surface of the protein. 
(C) Detail of the newly described 
binding feature of the human 
topoisomerase 1-DNA complex 
uncovered by our study.
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Comp. H-bonding interactions Stacking interactions
1 N5/Arg364 (3.6 Å) Ring D,E/G(+1) (3.6 Å)
2 N5/Arg364 (2.5 Å)

N6/Arg364 (2.7 Å)
Ring D,E/A(-1) (3.4 Å)
Ring D,E/G(+1) (3.5 Å)

3 N5/Arg364 (3.0 Å)
N6/Arg364 (3.3 Å)

Ring A,B/G(+1) (3.6 Å)

4a
N5/Arg364 (3.0 Å)
N6/Arg364 (3.4 Å)

Ring A,B/A(-1) (3.6 Å)
Ring A,B/G(+1) (3.5 Å)

5b
N5/Arg364 (3.1 Å)
N6/Arg364 (3.5 Å)

Ring A,B/A(-1) (3.6 Å)
Ring A,B/G(+1) (3.5 Å)

6 Carbonyl/Arg364 (1.9 Å) Ring A,B/T(-1) (3.6 Å)
Ring A,B/G(+1) (3.4 Å)
Ring D,E/A(-1) (3.5 Å)
Ring D,E/C(+1) (3.6 Å)

7 Carbonyl/Arg 364 (1.9 Å) Ring A,B/T(-1) (3.6 Å)
Ring A,B/G(+1) (3.4 Å)
Ring D,E/A(-1) (3.5 Å)
Ring D,E/C(+1) (3.6 Å)

Halogen bonds were found in these cases: a Cl – Glu356 (3.1 Å); b Br – Glu356 (3.1 Å).

Table 2. Quantification of the affinities of compounds 1-7  
for their binding sites and its correlation with their inhibitory activity.
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ring B that confers them a high lipophilicity [35]. Although the topotecan-like binding 
mode previously described allows the accommodation of large groups on position 
14 of the luotonin B ring [36], nevertheless such substituents remain exposed to the 
highly polar environment. In this regards, it is worth noting that solvent accessible 
surface area for compounds 6 (530.45 Å2) and 7 (562.76 Å2) is at least 10% higher 
than the values calculated for the other luotonin derivatives [37]. The binding mode 
of 6 and 7 almost totally shields the hydrophobic dimethylphenyl moiety from the 
aqueous environment by burying it between the base pairs of the scissile strand and 
the surface of the protein, more specifically between Arg364 and the deoxyriboses 
belonging to G(+1) and T(-1). This minimizes the entropic effect of an ordered layer of 
water molecules covering the dimethylphenyl moiety [38] and enhances the stability 
of the ternary complex (Figure 6C). As a consequence of this binding mode, the hy-
drogen bonds between the basic nitrogens and Arg364 are lost. Nevertheless, this is 
compensated by the formation of a new, shorter hydrogen bond between the D-ring 
carbonyl and the basic amino acid. The dimethylphenyl group ceases to be orthogonal 
to the pentacyclic system in order to achieve a better fit with this binding pocket.

The main ligand-binding site interactions found in our docking studies are sum-
marized in Table 2 and Figure 7. 

3.4.  Cell culture and in vitro anti-proliferation assays

The in vitro cytotoxic activity of the studied compounds was deduced from the per-
centage of cell growth observed when several cell cultures were exposed to 25 μM 
drug concentration, normalized with regard to the negative control (DMSO-treated), 
with the results shown in Figure 8. In the case of HeLa cells, cell growth reached an 
80.3 ± 5.1% (mean ± standard error) in the presence of the reference compound luo-
tonin A (1). The mean growth of the cells in the presence of the 2-7 derivatives was 
compared to that of compound 1, in search for statistically significant differences. 
All the derivatives except 3 (91.2 ± 4.9%, p = 0.038) showed a higher cytotoxicity than 
luotonin A, being particularly remarkable the results of compounds 6 (37.1 ± 3.4%, p < 
0.001) and 7 (49.3 ± 3.1%, p < 0.001). 
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Figure 8.  
Results of the citotoxicity assays. 
The cytotoxicities of compounds 
1-7 are expressed as percentage 
of cell growth relative to the ne-
gative control. Error bars account 
for the standard error. Asterisks 
indicate statistically significant 
differences between a drug and 
the model compound 1. CPT was 
employed as a positive control 
(0% growth) at 25 and 2.5 μM 
concentrations.
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A similar profile was obtained in the case of lung adenocarcinoma A549 cells. All 
compounds showed a higher inhibitory effect in this culture than in HeLa cells, inclu-
ding luotonin A (56.2 ± 4.0%). Compound 3 was again the one with the lowest inhibi-
tory activity (83.8 ± 6.8%, p = 0.004). On the other hand, compound 6 continued to be 
the most cytotoxic molecule, leading to a cell growth as low as 11.4 ± 4.1% (p < 0.001). 

Interestingly, the tested compounds showed a different inhibition pattern in the 
case of SW480 (colon adenocarcinoma) cells. In this cell line, the largest inhibitory 
effect was exerted by compounds 4 (24.2 ± 4.9%), 5 (7.3 ± 4.3%) and 7 (31.8 ± 2.9%) 
all of them with a p value < 0.001 with respect to luotonin A (73.02 ± 4.9%). Taken 
in the aggregate, these results unveil a selectivity inhibitory activity pattern of the 
halogenated derivatives 4 and 5 against the colon adenocarcinoma cell line and of 
compound 6 against the lung adenocarcinoma cell line. This is an interesting feature, 
since a high potency against all cell lines is usually regarded as a proof of indiscrimi-
nate toxicity and therefore as an undesirable property.

The fact that the topoisomerase inhibition data showed a less than perfect correla-
tion with the cytotoxicity results can be attributed to the participation in the latter of 
physicochemical characteristics and pharmacokinetic phenomena such as solubility 
and transport across membranes.

When examined together with the results from the topoisomerase 1 inhibition 
assay, the outcome from the cell cytotoxicity experiments supports the conclusion 
that compounds 6 and 7 are the most promising therapeutic candidates, showing a 
much higher potency than the reference luotonin A in the three cell lines assayed. 
Also compounds 4 and 5, which showed a moderate activity in the topoisomerase 
1 inhibition experiments, have been revealed as interesting alternatives, with good 
results in the colon adenocarcinoma cell line. The high selectivity of these chloro- 
and bromo- derivatives towards SW480 cells is remarkable and shall be the subject 
of further research.

4.  Conclusions

The CAN-catalyzed Friedländer reaction provides a reliable and efficient method for 
the synthesis of luotonin A analogues modified at their A and B rings. All analogues 
showed an activity similar or higher in topoisomerase 1 inhibition in comparison to 
the reference compound luotonin A, and some compounds even had an activity com-
parable to camptothecin, which is an unusually good result for series of analogues of 
this alkaloid. Furthermore, almost all compounds showed a better activity than luo-
tonin A in cell cytotoxicity assays. In order to rationalize these results, docking studies 
of luotonin A-topoisomerase 1-DNA ternary complexes were undertaken for the first 
time, and led to the conclusion that most compounds bound in a manner similar to 
standard topoisomerase poisons such as topotecan and also to luotonin A, although 
the presence of the substituent at the C-14 position of ring B induced in most cases a 
better fit to the binding site due to improved hydrogen bonding to Arg364. Interestin-
gly, the two most promising compounds, bearing a 3,5-dimethylphenyl substituent at 
ring B, docked in a different orientation, with this hydrophobic moiety shielded from 
the aqueous environment by being buried between the deoxyribose belonging to the 
G(+1) in the scissile strand and the Arg364 on the surface of the protein, additionally 
forming a hydrogen bond between the D-ring carbonyl and the basic amino acid (Fi-
gure 9). The discovery of this new binding mode and its associated higher inhibitory 
potency is a significant advance that will find application in the design of new topoi-
somerase 1 inhibitors.
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Perspectivas de futuro
Los resultados obtenidos con el uso de ciclodextrinas como modificadores de las fases 
móviles han demostrado que este recurso permite reducir la proporción de disolvente 
orgánico en la fase móvil de forma muy significativa gracias al acortamiento de los 
índices de retención. Por otro lado, las buenas características cromatográficas de las 
fases estacionarias basadas en partículas “core-shell” hacen evidente que son la base 
sobre la que la evolución de los lechos cromatográficos se desenvolverá en los próxi-
mos años. 

Dado que las presiones de trabajo generadas en este tipo de columnas son signifi-
cativamente menores que lo que cabría esperar para el diámetro de las partículas, las 
separaciones en las que se combinen fases estacionarias “core-shell” y ciclodextrinas 
como aditivos de las fases móviles constituyen uno de los retos más atractivos a abor-
dar en nuestra línea de trabajo hacia una química analítica cada vez más sostenible.

Con el fin de poder lograr un diseño óptimo de las condiciones cromatográficas, 
es necesario llevar a cabo un estudio más detallado de la naturaleza de los complejos 
de inclusión formados por las ciclodextrinas con los derivados de la luotonina A y con 
la camptotecina. En este sentido, hemos comenzado por el estudio de la preparación 
de los complejos de inclusión en diferentes condiciones experimentales y su estudio 
mediante espectrofluorimetría y resonancia magnética nuclear (13C y 1H).

Puesto que tanto la camptotecina como la luotonina A y sus derivados presentan 
un equilibrio de transferencia de protón en estado excitado sensible al entorno, un 
recurso útil para poner de manifiesto la formación de los complejos de inclusión es 
estudiar cómo este equilibrio se altera como consecuencia de la inclusión de las mo-
léculas en las cavidades de las ciclodextrinas (Figuras 1 y 2).

Con la finalidad de conocer la geometría de los complejos de inclusión, resulta 
de especial utilidad la información aportada por las técnicas de RMN. La magnitud 
de las variaciones de los desplazamientos químicos de los átomos de H o de C de la 
molécula incluida será consecuencia de la proximidad entre esos átomos y los de las 

> [β-CD]
Figura 1.  
Efecto de la presencia de 
concentraciones crecientes de 
ciclodextrinas sobre la fluo-
rescencia de la luotonina A en 
medio acuoso ácido (pH=1). 
Nótese cómo en ausencia de 
ciclodextrina, la emisión de la 
forma catiónica (517 nm) es 
mayoritaria. Por el contrario, 
la formación del complejo de 
inclusión conlleva la aparición 
de la emisión de la forma neutra 
(426 nm), al quedar protegida 
en el interior de la cavidad de la 
ciclodextrina. 
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ciclodextrinas. Así, en los espectros de 1H y 13C de la camptotecina se pueden apre-
ciar variaciones significativas en las señales correspondientes a los átomos del anillo 
aromático A. Sin embargo, las señales del anillo E, que es mucho más polar, resultan 
menos afectadas, lo que indica que un menor número de moléculas se han incluido 
por ese anillo. Por el contrario, en el caso de la luotonina A se pueden observar tales 
cambios tanto en la zona del anillo A como en la del anillo E. Este resultado confirma 
que la menor polaridad de este anillo en el caso de la luotonina A aumenta el grado de 
inclusión por ese extremo de la molécula (Figura 3).  

Así pues, la caracterización de los complejos de inclusión formados entre CDs y los 
fármacos antitumorales estudiados, así como el estudio de la presencia de CDs como 
aditivos en las fases móviles empleando columnas “core-shell”, son dos de las líneas 
de trabajo que nos encontramos actualmente comenzando.
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Demostración de la protección 

ejercida por las ciclodextrinas 
sobre la luotonina A. En ausen-
cia de ciclodextrinas, la emisión 

de la forma neutra disminuye 
drásticamente después de aci-
dificar el medio, como corres-

ponde a una elevada relación de 
señales de fluorescencia antes/

después. Cuando la acidificación 
se efectúa tras la formación de 
complejos de inclusión en pre-

sencia de cantidades crecientes 
de ciclodextrinas, la protección 

aportada por éstas dificulta la 
protonación y, por tanto, las 

emisiones de la forma neutra 
antes y después de acidificar son 

más parecidas (menor relación 
antes/después). 
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magnitud relativa del cambio 
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Conclusiones
1. Se ha desarrollado un método cromatográfico para la determinación de la 

luotonina A y 5 de los 6 nuevos derivados. Se ha estudiado la influencia de 
distintas variables (elución gradiente/isocrático, pH, aditivos orgánicos en la 
fase móvil) en la separación. Las condiciones optimizadas se han aplicado a 
la determinación de estos derivados en muestras de suero humano. El mé-
todo se ha validado de acuerdo a las normas internacionales demostrando 
ser sensible, preciso y exacto. 

2. Se ha comparado la selectividad de tres fases estacionarias de caracterís-
ticas químicas distintas: fenil-hexil-, pentafluorofenil-propil- y octade-
cil-silano (PH, PFP y C-18, respectivamente). Sólo la fase estacionaria C-18 
consigue resolver adecuadamente todos los compuestos. El estudio de la 
termodinámica de la adsorción revela que, en todas las fases estacionarias, 
las separaciones obedecen a un mecanismo de separación en fase inversa 
típico. En el caso de las fases PH, se observan dos comportamientos distintos 
que son dependientes de la temperatura.

 

3. Las eficacias de las columnas tipo “core-shell” evaluada como HEPT es sig-
nificativamente mayor que la obtenida con las columnas de partículas total-
mente porosas. Los “kinetic plots” revelan que estas columnas son ideales 
para separaciones rápidas. La sustitución de las columnas totalmente poro-
sas por las tipo “core-shell” aporta una mejora inmediata en la eficacia y el 
tiempo de análisis sin comprometer las presiones de trabajo. Sin embargo, 
de nuestros resultados se desprende que sólo en equipos concebidos para 
minimizar el volumen extra-columna es posible aprovechar todo el poten-
cial de este tipo de soportes cromatográficos.

4. Se han optimizado las condiciones de separación en la columna “core-shell” 
C-18 y se ha aplicado un gradiente que logra la separación de la camptoteci-
na, la luotonina A y los 6 derivados de ésta reduciendo el tiempo de análisis 
en más de un 50% con respecto a las fases estacionarias convencionales. La 
metodología se ha aplicado a la determinación de los antitumorales deriva-
dos de luotonina A en líneas celulares, y en su validación se han obtenido 
excelentes parámetros de calidad. 

5. En la etapa de pretratamiento se ha optimizado y aplicado un método de 
desproteinización empleando placas multipocillo que permite procesar un 
elevado número de muestras de manera rápida y automatizable. Esta es-
trategia, acoplada a la separación en columnas de tipo “core-shell”, conlle-
va una reducción del consumo de disolventes orgánicos de un 72%. Puede 
afirmarse que se trata de una metodología sostenible y de alto rendimiento.

6. La incorporación de ciclodextrinas a las fases móviles causa un notable des-
censo en los índices de retención de los solutos sin sacrificar la eficacia de 
la separación. Por lo tanto, permite separaciones cromatográficas con fases 
móviles mayoritariamente acuosas y en las que el componente orgánico es 
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etanol, un disolvente no tóxico y biodegradable. Se ha logrado la separación 

de alcaloides de tipo β-carbolina en fases estacionarias convencionales C-18 

o metilsilano (C-1). El uso de ciclodextrinas permite reducir el consumo de 

disolvente orgánico en un 37% (C-18). Las columnas C-1 permiten alcanzar 

un ahorro efectivo del 70% del componente orgánico de la fase móvil con 

respecto a métodos previamente descritos. Se consigue así disminuir la ge-

neración de residuos y que éstos tengan muy bajo o nulo impacto ambiental.

7. Se ha validado el método analítico empleando 2-hidroxipropil-β-ciclodex-
trina o β-ciclodextrina nativa tanto en fases estacionarias C-18 como C-1 

para la determinación de β-carbolinas en muestras de suero humano. La 

elección de la SPE como método de pretratamiento permitió reducir aún 

más el impacto ambiental del método, al requerir menor cantidad de disol-

vente orgánico que la extracción líquido-líquido. En todos los casos, en la va-

lidación se obtuvieron buenos parámetros de calidad, sin bien la incorpora-

ción de un patrón interno mejoró notablemente los resultados de la misma. 

8. Se han estudiado por primera vez las propiedades luminiscentes de la luo-
tonina A y una serie de derivados. Los rendimientos cuánticos de fluores-

cencia de los siete compuestos son dependientes de la estructura química, 

el disolvente y el pH. Los equilibrios de transferencia de protón en estado 

excitado han revelado que los nitrógenos básicos se protonan en medios 

fuertemente ácidos. Las técnicas de 1H y 13C-RMN apoyan los resultados ob-

tenidos por fluorescencia. La correlación estructura química-basicidad es 

notable para el conjunto de los derivados estudiados.

9. Se ha diseñado un método sostenible y miniaturizado en formato multi-po-
cillo para estudiar cómo aumenta la solubilidad de los derivados de luotoni-

na A tras formar complejos de inclusión con (2-hidroxipropil)-β-ciclodextri-

na, y éstos se han caracterizado también mediante espectrometría de masas 

(ESI-MS). Usando este formato de alto rendimiento es posible procesar un 

elevado número de muestras de manera simultánea, mejorando notable-

mente los resultados de la técnica cromatográfica de referencia en cuanto a 

tiempo de análisis (30 s/muestra, 40 veces inferior), y del volumen de resi-

duos generados (25 veces inferior). 

10. Dado que la luotonina A presenta actividad antitumoral, se ha evaluado la 
potencia de los derivados estudiados mediante ensayos enzimáticos de in-

hibición de topoisomerasa 1 y el efecto citotóxico ejercido sobre líneas ce-

lulares tumorales de colon, cérvix y pulmón. La mayoría de los compuestos 

presentan mejores actividades que la luotonina A, obteniendo resultados 

más prometedores los derivados más lipófilos. Los resultados obtenidos 

mediante modelado molecular y “docking” han permitido proponer un nue-

vo modo de interacción de estas moléculas con el complejo enzima-ADN 

que explicaría su mejor actividad, y que destaca el papel de los sustituyentes 

aromáticos en el anillo B en la estabilidad del complejo.
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