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Chromatographic determination of the association constant between
8-methoxypsoralen and modified�-cyclodextrin: protective
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Abstract

The retention of 8-methoxypsoralen (8-MOP) on an immobilised hydroxypropyl-�-cyclodextrin (HP-�-CD) column was analysed in HPLC
by the determination of its Langmuir distribution isotherm. A such method was used to confirm the potential drug complexing role of this
cyclodextrin. The 8-MOP/HP-�-CD association constant (K) was equal to 29.5 and 18.7 M−1, respectively, at a temperature equal to 5 and
25◦C, respectively. These association constant values were used to determine the cytotoxicity profile of human keratinocyte cell line (HaCaT)
in relation to the complex concentration. It was showed through these data that HP-�-CD had a cytoprotective since a reverse effect of
HP-�-CD on 8-MOP cytotoxicity was observed.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Psoralens are regularly used in therapy, in combination
with ultraviolet A (UVA) light irradiation to treat skin dis-
eases, such as psoriasis, vitiligo and mycosis fungoides
[1–5]. In the skin, the combination of psoralens and UVA,
also known PUVA, is a potent modulator of epidermal
cell growth and differentiation[6,7]. One commonly used
psoralen derivatives is 8-MOP which has a high toxicity
dependent to the UV rays but the precise mechanisms un-
derlying its action are not known[8,9]. More than burning,
psoralens can induce a carcinoma[10,11]. The therapeu-
tic effectiveness of treatment with 8-MOP plus UV light
in wavelengths ranging from 320 to 400 nm (PUVA) is
thought to correlate with the formation of lesions in DNA
of the epidermal cells[12,13]. Although a major therapeutic
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mechanism of 8-MOP/UVA might be its antiproliferative
effect based on DNA crosslinking, its side effect is the
recurrent toxicity of 8-MOP in patients treated by PUVA
therapy. Moreover, the poor aqueous solubility of 8-MOP
poses bioavailability problems in vivo. Cyclodextrins (CDs),
which are torus-shaped cyclic oligosaccharides consisting
of six or more �-1,4-linked d-glucopyrannose units, are
one of the well-known host molecules capable of forming
an inclusion complex (host–guest complex) with a wide
variety of organic molecules or so called guest molecules
[14]. Several reports have shown the interest of the use
of modified �-cyclodextrin in pharmaceutical formulation
to improve the bioavailability of drugs and decrease their
toxicity [14–20]. Then, the complexation of 8-MOP with
HP-�-CD seems to be interresting to investigate. In the first
time, it was usefull to determine the association constant
between the modified cyclodextrine and 8-MOP. In the lit-
erature, Various methods have been reported to calculate
the association constants∗ between cyclodextrin and drugs.
UV-Vis absorption, NMR, potentiometry fluorescence mea-
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surements, capillary electrophoresis and calorimetry have
been described[12–21]. Usually, for the chromatographic
experiments, the cyclodextrin is added to the mobile phase,
and the solute retention is split into two main physicochem-
ical processes, i.e. solute complexation by cyclodextrin and
transfer of free (i.e. uncomplexed) solute from the mobile
to the stationary phase[13–40]. The association constant
K between compound and cyclodextrin can be determined
using the well known equation[26,27]:

1

k
= 1

k0
+ K[CD]x

k0
(1)

wherek is the solute retention factor,k0 the solute reten-
tion factor without cyclodextrin in the mobile phase [CD]
the cyclodextrin concentration andx the stoichiometry of
the complex. For an inclusion complex with a 1:1 stoi-
chiometry (x = 1) and when the retention of CD-solute
compex is negligible, a linear plot of 1/k versus [CD]
must be obtained and theK value calculated. CDs are
extensively used as stationary phase components in gas
chromatography as well as stationary or mobile phase
components in liquid chromatography[15]. Crini et al.
examinated the ability of several�-cyclodextrin (�-CD)
bonded stationary phases based on silica beads coated
with poly(alkylamine) (poly(ethyleneimine) to separate
ortho-, meta- and para-isomers of some disubstitued ben-
zene derivatives[16]. The 8-MOP adsorption isotherms on
HP-�-CD bounded stationary phase (i.e. association con-
stant) can be also determined using the perturbation (PT)
technique, originally developed for measuring gas-adsorbent
equilibria [41,44]. In the second time, these association
constant values was used to determine the cytotoxicity pro-
file of human keratinocyte cell line (HaCaT) in relation to
the complex concentration.

2. Experimental section and theory

2.1. Chromatographic protocol

2.1.1. Apparatus
The chromatographic system consisted of a HPLC Wa-

ters pump 501 (Saint Quentin, Yvelines, France), an In-
terchim Rheodyne injection valve model 7125 (Montluçon,
France) fitted with a 20�l sample loop and a Merck 2500
diode array detector (Nogent-sur-Marne, France). An In-
terchim R/2 HP-�-CD column (125 mm× 4 mm i.d.) was
used (Montluçon, France). TheR/2-HP-�-CD was immobi-
lized on amino groups introduced on the silica support via
the amination by the poly(alkylamine) (polyethyleneimine)
[15]. The column temperature was controlled in an Inter-
chim oven, TM N◦ 701 (Montluçon, France) for high tem-
perature and an Osi Julabo FT200 cryoimmerser (Elancourt,
France) for low temperature. The mobile phase was fixed at
1 ml/min and the wavelength at 254 nm.

Fig. 1. 8-MOP structure.

2.1.2. Reagents
8-MOP was obtained from Sigma–Aldrich (Saint-Quentin,

France) (Fig. 1). Deuterium oxide (Merck, Nogent-sur-
Marne, France) was used as a dead time marker. Water
was obtained from an Elgastat option water purification
system (Odil, Talant, France) fitted with a reverse osmosis
cartridge. The mobile phase consisted of a methanol/water
mixture 58–42 (v/v). The equilibration of the column was
carried out with nine different concentrations of 8-MOP
(0–8 mM) to obtain a stable detection. Twenty microliter
of the most concentrated 8-MOP sample was injected three
times and the retention times were measured.

2.1.3. Chromatographic theory
The non-linear chromatography determinates the 8-MOP

adsorption isotherms using the perturbation technique which
consists in the determination of the retention times of small
8-MOP amounts injected onto the column equilibrated with
8-MOP solutions at different concentration levels. The Lang-
muir theoretical approach relates the total concentration of
8-MOP in theR/2-hydroxypropyl-�-cyclodextrin stationary
phase (Cs) and that in the mobile phase (Cm) [42–46].

Cs = αKCm

1 + KCm
(2)

where α is the column saturation capacity andK is
the association constant between 8-MOP and theR/2-
hydroxypropyl-�-cyclodextrin used as stationary phase.
The 8-MOP retention factork was directly proportional to
the slope of its adsorption isotherm and can be thus given
by the following equation[45,46].

k = φαK

(1 + KCm)2
(3)

whereφ is the column phase ratio (volume of the stationary
phase divided by the volume of the mobile phase; equal
to 0.59 commercial data). By plotting thek values versus
the 8-MOP concentrations in the bulk solvent, the associa-
tion constantK can be determined usingEq. (2). However,
it was possible that the 8-MOP could tightly bind to the
residual poly(alkylamine (poly(ethyleneimine) of the sta-
tionary phase. Then, if the 8-MOP in the sample bound on
two sites on the stationary phase, i.e. a specific site (site
I: with an adsorption constantKI , and a column saturation
capacityαI ) and a second site which is non-specific (site
II; with an adsorption constantKII and a column saturation
capacityαII ), then the 8-MOP retention factor (k) directly
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proportional to the slope of its adsorption isotherm is given
by the following equation[44].

k = φ

(
αIKI

(1 + KIC)2
+ αII KII

(1 + KII C)2

)

= k̄I

(1 + KIC)2
+ k̄II

(1 + KII C)2
(4)

wherek̄I (equal toφαIKI ) andk̄II (equal toφαII KII ) are the
apparent retention factors (retention factor when the 8-MOP
concentration in the mobile phase was nil) of respectively
the 8-MOP association on the stationary phase specific
site of high affinity (site I; corresponding to the 8-MOP
complexation with the HP-�-CD grafted on the stationary
phase) and low affinity (site II; corresponding to the 8-MOP
association with the residual amino groups on the particles
of the stationary phase). Then, using a non-linear regression
analysis, by studying the variation of thek values versus
the sample concentration in the mobile phase, the apparent
retention factorsKI andKII can be calculated.

2.2. Biological assay

2.2.1. Materials, drugs and chemicals
HaCaT cells were kindly given by Dr N. Gault (CEA,

Bruyère Le Chatel, France); Pure,R/2-hydroxypropyl-
�-cyclodextrin (HP-�-CD) was purchased from CEA
Fontenay-aux-Roses, France); 8-methoxypsoralen (8-MOP),
Dubelcco’s Modified Eagle’s Minimum Essential Medium
(DMEM), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide (MTT),N-(2-hydroxyethyl)piperazine-N′-(2-
ethanesulfonic acid) (HEPES), Dimethylsulfoxide (DMSO)
were purchased from Sigma-Aldrich (Saint Quentin
Fallavier, France); Costar culture flasks, microtiter plates,
fetal calf serum (FCS) and Trypsin were from D. Dutscher
(Brumath, France). Phosphate-buffered saline (PBS without
calcium and magnesium), Trypsine and HEPES were from
VWR International (Cergy-Pontoise, France).

2.2.2. Culture of HaCaT cells [47]
HaCaT cells were routinely grown in 75 cm2 Costar plas-

tic flasks in monolayer cultures in DMEM medium supple-
mented with 10% (v/v) FCS, and 5 M of HEPES. They were
grown in a humidified atmosphere of 5% CO2 in air. The
medium was renewed routinely 2, 4 and 6 days after passage
and when confluence was attained, cells were trypsinized
and split for subcultures (seeding density 3500 cells/cm2 in
a 75 cm2 flask) or used for cytotoxicity assays. Cells were
used for experiments within 10 passages to ensure cell line
stability. All the experiments were carried out at 25◦C.

2.3. Cytotoxicity assays

2.3.1. Treatment of cultures
HaCaT cells were seeded at a density of 6× 104 cells

per well in 100�l culture medium containing 10% FCS in

96-well microtiter plates and incubated overnight for ad-
herence. The following day, the medium was discarded and
the cells were incubated in FCS-free medium containing
increasing concentrations of 8-MOP (with<0.5% ethanol
vehicle) and/or HP-�-CD (up to 675�M) and exposed to
a dose of UVA radiation of 2 J/cm2 (320–400 nm) during
460 s at a tube-to-target distance of 20 cm. Immediately
after irradiation, the treated cells were then cultured for an
additional 24 h period. Control cells were not exposed to
drugs (8-MOP or HP-�-CD).

2.3.2. Cell viability [48]
Cell survival was assayed by measuring mitochondrial ac-

tivity with the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide (MTT)[1]. This assay is based on the
reduction of the yellow tetrazolium salt MTT by the mito-
chondrial succinate dehydrogenase to form an insoluble blue
formazan product. Only viable cells with active mitochon-
dria reduce significant amounts of MTT. After treatment, the
reaction medium was removed and the adhering cells were
washed with PBS. One hundred microliter MTT solution
(0.5 g/l in medium) was added to the culture wells and af-
ter a 4 h incubation at 37◦C, the medium/MTT mixture was
replaced with 100�l of DMSO. Blue formazan formation
was quantified with a spectrophotometer at 570 nm. Values
of absorbance were converted into percentage of residual
viability (Y). Usually, inhibition concentration 50% (IC50)
was chosen as the best biological marker of cytotoxicity.

3. Results and discussion

For each 8-MOP concentration in the bulk solvent the
most concentrated 8-MOP sample was injected and its re-
tention factor was determined. The variation coefficients of
the k values were<0.6%, indicating a high reproducibility
and a good stability for the chromatographic system. The
variation of thek values versus 8-MOP concentration in the
bulk solvent was similar for the two studied temperatures (5
and 25◦C). Using a weighted non-linear regression (WN-
LIN) procedure, the constants of equation 3 were used to
estimate the retention factors (α = 78.4 at 25◦C). This α

value was in accordance with the one reported by Jandera
et al. [44]. The slope of the curve representing the varia-
tion of the estimated retention factors (Eq. (3)) versus the
experimental values (0.999; ideal is 1.000) andr2 (0.997)
indicate that there is an excellent correlation between the
predicted and experimental retention factors. From the full
regression model, a student’st-test was used to provide the
basis for the decision as to whether or not the model coeffi-
cients were significant. Results of the student’st-test show
that no variables can be excluded from the model. These re-
sults showed that the Langmuir model describes accurately
the association behaviour of 8-MOP with HP-�-CD. Then,
the concentration of the 8 MOP in the stationary phase (Cs)
can be evaluated usingEq. (2). The scatchard plot of 1/Cs
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Fig. 2. Scatchard plot of 1/Cs (mM) vs. 1/Cm (mM) at 25◦C.

versus 1/Cm was given inFig. 2at 25◦C. The corresponding
K values were at 25 and 5◦C, respectively, equal to 18.71
and 29.52. These values were in the same order of magnitude
than the one obtained by the classical method (Eq. (1)) for
which HP-�-CD was dissolved in the mobile phase (at 5◦C,
K = 30.11 M−1). This confirmed that bonded HP-�-CD
on silicea do not modified the inclusion process. As well,
this is consistent with previous results who have shown by
spectroscopic or chromatographic methods the formation of
inclusion complex between psoralen with�-CD, dimethyl
DM-�-CD and trimethyl TM-�-CD [50,51].The principal
disadvantage of this classical method was that HP-�-CD was
no a pure compound but rather mixture of homologous and
isomers[49]. In this study, this disadvantage was cancelled,
and the “real” association constant could be therefore de-
termined between 8-MOP andR/2-HP-�-CD. However, the
immobilization of HP-�-CD on silica support could led to a
non-specific interaction, i.e. association of the 8-MOP with
the residual amino group of the chromatographic support

Fig. 3. Influence of UVA light (2 J/cm2, 460 s) on 8-MOP cytotoxicity profile ((�) without UVA; (�) with UVA) in cultured HaCaT cells after 24 h of
treatment and cytotoxicity profiles of HP-�-CD alone (�) under UVA light, in cultured HaCaT cells after 24 h of treatment.

(see chromatographic protocol). Then, using a non-linear re-
gression, theKI andKII values (i.e. the adsorption constant
of the 8-MOP, respectively, with the high affinity site (spe-
cific interaction) and with the low affinity site (non-specific
interaction) were determined fromEq. (4) (at 25◦C, αI =
78.3, αII = 1.2). The non-linear coefficient results (r2 >

0.99) proved that the two-order Langmuir model described
accurently the binding mechanism of 8-MOP with the sta-
tionary phase. The results showed that the interactions be-
tween the 8-MOP and the residual amino groups of the sta-
tionary phase were neglected (at 5◦C KII = 0.11 M−1 and
at 25◦C KII = 0.09 M−1). This confirmed that the prepara-
tion of HP-�-CD bounded phase column via amination of
silica by poly(alkylamine) (poly(ethyleneimine) was good
[3]. As expected theKI values were similar to the one ob-
tained withEq. (3) (at 25◦C KI = 18.65 M−1 and at 5◦C
KI = 28.66 M−1).

Then, the effect of the complexation of 8-MOP with
R/2-HP-�-CD on a human keratinocyte cell line was eval-
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Fig. 4. Variations ofY (percentage of residual viability) in relation to the complex concentration (with 8-MOP concentration equal to 400�M) in cultured
HaCaT cells after 24 h of treatment.

uated. In preliminary assays, it was shown that neither
8-MOP (Fig. 3: Y (percentage of residual viability) up to
100%) nor UVA radiation (for this last physical parameterY
was constant equal to around 100%) altered the cell viabil-
ity of HaCaT culture. On the contrary, at all concentrations
tested, 8-MOP plus UVA radiation was toxic (Fig. 3). The
8-MOP cytotoxicity profile was similar as a sigmoid where
percentage of residual cell viability (Y) depends to psoralen
amounts : the highest concentrations (up to 500�M) were
very cytotoxic (Y < 30%) and the inhibition concentration
50% (IC50) amounted to 400�M. These data are in agree-
ment with other reports which demonstrated that PUVA
(8-MOP/UVA) treatment of a mouse epidermal cell line
[13] or human mononuclear cells[52] caused cell death
while neither 8-MOP nor UVA alone had a cytotoxic effect.
Moreover, it appeared that theR/2-HP-�-CD, from 200 to
700�M, had not cytotoxic effect on HaCaT (Fig. 3). The
8-MOP association with HP-�-CD in the mobile phase was
represented by the following equation:

8-MOP+ HP-�-CD ↔ 8-MOP/HP-β-CD (5)

For an inclusion complex with a 1:1 stoichiometry, the equi-
librium constantK of Eq. (5) is as follows[25–28]:

K = [8-MOP/HP-�-CD]

[8-MOP][HP-�-CD]
(6)

where [8-MOP/HP-�-CD], [HP-�-CD] and [8-MOP] are
the complex, HP-�-CD and 8-MOP concentration, respec-
tively. AsK was previously determined (equal to 18.71 M−1)
by the chromatographic approach,Eq. (6) allowed to rely
the cytotoxicity with the complex concentration value.
Fig. 4 presents the cytoxicity profile in relation to the
8-MOP/HP-�-CD concentration (i.e. complex concentra-
tion) when the 8-MOP concentration was equal to 400�M
(CI50). As shown inFig. 4, when the complex concentra-
tion increased, the toxicity decreased. Interestingly, it was
observed that from 1.4 to 11.9�M of 8-MOP/HP-�-CD

concentration, complexation of 8-MOP with the cyclodex-
trin noticeably reduced the toxicity of 8-MOP on HaCaT
cells and showed a cytoprotection.

4. Conclusion

This paper described the 8-MOP/(R/2-HP-�-CD) associa-
tion using a new chromatographic methodology. The results
obtained confirmed the possible association of 8-MOP with
R/2-HP-�-CD. The apparent association constants were de-
termined experimentally for a temperature equal to 25◦C
and at a very low temperatures (5◦C). The association
constants values were respectively equal to 18.7 and 29.5.
As well these data clearly demonstrated thatR/2-HP-�-CD
plays an important role in the cell protection towards toxicity
of 8-MOP. This report is to our knowledge the first describ-
ing the decrease of 8-MOP/UVA cytotoxicity in vitro in hu-
man epidermal cells as keratinocytes by a complexant agent
as HP-�-CD. But some further studies have to be thinking
of enhancing this protective effect. For instance, the under-
standing of the complexation phenomenon is necessary to
appreciate the role of the complex in the protective effect.
The possible formation of inclusion compounds in the case
of psoralen derivatives may have pharmacological and an-
alytical implications and utilisation of HP-�-CD as a drug
carrier might be of interest for biological and clinical use.
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