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Imiquimod (IMQ), an immune response modifier, is used for topical treatment of basal cell 
carcinoma and actinic keratosis. The very poor aqueous solubility of imiquimod gives rise to 
difficulties in designing aqueous formulations with this drug. One approach that is widely used to 
enhance drug solubility is complexation with cyclodextrins. The formation of the inclusion complex 
between IMQ and β-cyclodextrin was investigated in solution and in solid state. IMQ aqueous 
solubility was improved in the presence of citric acid. The experimental results and molecular 
modeling indicated the formation of the inclusion complex in aqueous solution of citric acid pH 3.0; 
however, the low apparent stability constant suggested weak interaction between β-cyclodextrin 
and IMQ which hampered the use of this approach to improve imiquimod aqueous solubility and 
the development of an aqueous formulation containing IMQ in the same concentration as in the 
commercial product.
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Introduction

Imiquimod (IMQ) is marketed by 3M Pharmaceuticals 
under the trade name Aldara. It is an immune response 
modifier and is indicated for topical treatment of external 
genital and perianal warts, basal cell carcinoma, Bowen’s 
disease and actinic keratosis.1-4 IMQ (Figure 1a) is a weakly 
basic drug (pKa 7.3 at 22 °C) whose solubility is strongly 
influenced by pH variations. It has a molecular weight of 
240.30 Da and high melting point 297-299 °C. IMQ is 
practically insoluble in water (0.60 μg mL-1) and sparingly 
soluble in other common pharmaceutical solvents.5 
The very poor aqueous solubility of IMQ gives rise to 
difficulties in the design of aqueous formulations with this 
drug. One approach that is widely used to enhance drug 
solubility is complexation with cyclodextrins.

Cyclodextrins are cyclic oligosaccharides consisting 
of α-D-glucopyranose units linked by α-1,4 bonds, 
with a hydrophobic inner cavity and hydrophilic outer 
surface (Figures 1b and 1c). The most abundant natural 
cyclodextrins are α-cyclodextrin (αCD), β-cyclodextrin 
(βCD) and γ-cyclodextrin (γCD) containing 6, 7 and 8 
glucopyranose units, respectively. Cyclodextrins take the 

shape of a truncated cone due to the chair conformation 
of the glucopyranose units and the hydroxyl functions are 
oriented to the exterior with the primary hydroxyl groups 
of the glucose residues at the narrow edge of the cone and 
the secondary hydroxyl groups at the wider edge.6-10 An 
important characteristic of cyclodextrins is their ability to 
form water-soluble inclusion complexes with hydrophobic 
drugs. No covalent bonds are formed or broken during 
drug-cyclodextrin complex formation and free drug 
molecules are in dynamic equilibrium with drug molecules 
in the complex.6,11 Even though cyclodextrins have been 
extensively studied as drug carriers, their complexation 
efficiency is rather low and a substantial amount of 
cyclodextrins is necessary to solubilize small amounts 
of the drug.12,13 One strategy to increase cyclodextrin 
solubilization capacity is the addition of suitable auxiliary 
substances. The addition of low molecular weight acids 
or hydroxyacids, e.g., citric acid (CA), tartaric acid, can 
both enhance cyclodextrin solubilization capacity and 
also improve drug solubility. Studies14-17 have shown a 
synergic effect between cyclodextrins and hydroxyacids 
on solubilization of poor basic drugs. Hydroxyacids do 
not have an affinity for the cyclodextrin cavity owing to 
the presence of hydrophilic moieties along their molecular 
backbone. As a result, they interact with the inclusion 
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complex by both ion pairing and also through the formation 
of hydrogen bonds with hydroxyl groups located on the 
cyclodextrin exterior.7 

In the present work, we investigated the formation of 
βCD:IMQ complex with the aim to increase IMQ solubility 
in water and develop an aqueous formulation containing 
IMQ at the same concentration as in the commercial 
product. The formation of inclusion complex was evaluated, 
in solution, by UV-Vis absorption spectroscopy and 
nuclear magnetic resonance (NMR). The physico-chemical 
properties of the solid complex were investigated by 
differential scanning calorimetry (DSC), powder X-ray 
diffractometry (PXRD) and scanning electron microscopy 
(SEM) in order to give insight on the complex formation. 
1D-rotating-frame Overhauser (ROESY) NMR experiments 
and molecular modeling were employed to elucidate certain 
features of the inclusion complex. 1D-ROESY NMR 
experiments provided detailed description of βCD:IMQ 
complex geometry while molecular modeling was used to 
identify the most probable conformation of the inclusion 
complex. 

Experimental

Material

βCD was purchased from ISP Technologies (Jandira, 
Brazil). IMQ was kindly supplied by EMS Sigma Pharma 
(Hortolândia, Brazil) and was of pharmaceutical grade. All 
other reagents and solvents were of analytical grade and used 
as received. The water used in all experiments was purified 
on a Milli-Q system (Millipore). The 1H NMR measurements 
were carried out in deuterium oxide (D2O, Cambridge 
Isotope, Tewksbury, United States) or dimethyl sulfoxide 
(DMSO-d6, Sigma-Aldrich, São Paulo, Brazil) solutions.

Methods

Preparation of physical mixtures
The 1:1 molar ratio of βCD and IMQ (βCD:IMQ) or 

1:1:1 molar ratio of CA, βCD and IMQ (CA:βCD:IMQ) 

physical mixtures were prepared by homogeneous mixing 
of previously weighted powders in a mortar with a spatula 
for 2 min. The physical mixtures were used for analytical 
comparison with the drug-cyclodextrin solid complex.

Preparation of drug-cyclodextrin solid complex
The inclusion complex was prepared by mixing (at 1:1:1 

molar ratio) CA, βCD and IMQ. First, an amount of 500 mg 
of βCD was diluted in 92 mL of deionized water. Second, 
an amount of 85 mg of CA was added to the solution. Next, 
an amount of 106 mg of IMQ was added to the solution and 
left under stirring for 15 min at 25 °C. The solution was 
filtered through 0.45 μm syringe filter (Millipore), frozen 
in liquid nitrogen and submitted to lyophilization for 72 h 
(Liotop, K105 model).

Phase solubility studies
The most used approach to study inclusion 

complexes is the shake-flask method established by 
Higuchi and Connors.18 It is the first tool to study the 
formation of inclusion complexes in solution. The 
apparent stability constants (K1:1) were obtained from the 
phase solubility diagrams which also gave insight into 
the stoichiometry of the inclusion complex.18-21 Phase 
solubility study was carried out in acetate buffer pH 5.6, 
phosphate buffer pH 7.4 and aqueous solution of citric acid 
pH 3.0. IMQ solubility was evaluated in the presence of 
increasing concentration of βCD. Excess amounts of IMQ 
(10 mg) were added to 10 mL of the solutions containing 
increasing concentration of βCD (0 to 16 mM). It was 
used 1:1 molar ratio (CA:IMQ) for the study in aqueous 
solution of citric acid. The obtained suspensions were 
shaken at 25 °C for 24 h. After equilibrium, aliquots 
were withdrawn, filtered through 0.45 μm syringe filter 
(Millipore) and assayed spectrophotometrically (Varian, 
Cary 50) for IMQ content at 226 nm. Each experiment was 
carried out in duplicate. Phase solubility diagrams were 
obtained by plotting the solubility of IMQ, in mg mL-1, 
versus the concentration of βCD used. From the phase 
solubility diagrams, the apparent stability constants (K1:1) 
were calculated from the equation 1, where the slope is 

Figure 1. Molecular structure of imiquimod {1-(2-methylpropyl)-1H-imidazo[4, 5-c]quinolin-4-amine} (a); βCD (b); βCD glucopyranose unit (c).
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the angular coefficient and S0 is the drug solubility in the 
absence of cyclodextrin.

 (1)

Determination of complex stoichiometry
To determine the complex stoichiometry, the method 

of continuous variation (Job’s plot) was employed, based 
on the differences in the UV-Vis absorption of IMQ in 
the presence of βCD, ΔA = AIMQ – AβCD:IMQ, where AIMQ 
represents UV-Vis absorption of IMQ in the absence 
of βCD and AβCD:IMQ the UV-Vis absorption attributed 
to the IMQ in the presence of βCD. An IMQ solution 
at a concentration of 3.0 mM was prepared in ethanol 
containing the same molar ratio of CA. A volume of 500 μL 
of this solution was diluted in deionized water to obtain 
50 mL of a solution at a concentration of 0.03 mM. A βCD 
solution was prepared in deionized water at a concentration 
of 0.03 mM. Different volumes of each solution were added 
to the cuvette to have molar fractions of IMQ varying from 
0 to 1.0. The measurements were done in duplicate. The 
βCD:IMQ complex stoichiometry was obtained by the 
Job’s plot, where on the y axis was plotted the absorption 
difference between the solution containing βCD and IMQ 
and the solution containing free IMQ multiplied by IMQ 
molar fraction and on the x axis was plotted IMQ molar 
fraction. The molar fraction of IMQ (R) corresponding to 
the maximum of the curve indicates the inclusion complex 
stoichiometry where R = m / (m + n) and m and n are the 
stoichiometric coefficients of IMQ and βCD in the complex, 
respectively.22,23

1H NMR analyses
NMR analyses were performed on a Bruker 400 MHz 

Avance II spectrometer. Samples for 1H and 1D-ROESY 
NMR experiments were prepared as follows: an 
appropriate amount of βCD, CA or βCD:IMQ complex 
was dissolved in D2O and IMQ in DMSO-d6. All 
compounds were at concentration of 26 mM. The chemical 
shift (d) at 4.71 ppm due to water traces in the solvent was 
used as internal reference, except for IMQ spectra that was 
referenced by DMSO-d6 chemical shift. The parameters 
for 1H NMR spectra were 64 scans, 1.992 s acquisition 
time and 1.0 s relaxation delay. The residual water signal 
was suppressed by pre-saturation during the recycling 
delay. 1D-ROESY NMR spectra were recorded using 
the standard pulse sequence of the equipment (selrogp.2) 
at 25 °C. The acquisition parameters used were 32 k 
data points, relaxation delay (d1) 5 s, mixing time (p15) 
400 ms and 512 increments. The 1D-ROESY data were 

processed with 3 Hz line-broadening (lb). IMQ resonance 
was assigned using 2D NMR correlation spectroscopy 
(COSY) spectra. The COSY spectrum was recorded using 
cosygpqf pulse program over a spectral width of 4 kHz, 
1.0 s relaxation delay, 1024 points in F2 dimension and 
256 points in F1 dimension. The spectrum was acquired 
with 2 transients for each of the 256 increments. 1H, COSY 
and 1D-ROESY NMR data were processed with Bruker 
TopSpin software.

Samples for diffusion-ordered spectroscopy (DOSY) 
experiments were prepared in 1 mL of D2O. Amounts 
of 5 mg of IMQ and 4 mg of CA (1:1 molar ratio) were 
added to Eppendorf tubes containing increasing quantities 
of βCD (0, 4, 8, 12, 16 mM). After centrifugation (5 min, 
14,000 rpm) the solutions were transferred to NMR tubes 
for analysis. DOSY experiments were carried out using 
oneshot pulse sequence. The following parameters were 
optimized before running the diffusion measurements: 
(i) diffusion time (Δ, d20), 60 ms; (ii) diffusion gradient 
length (d, p30), 1500 μs; (iii) recovery delay (d16), 200 μs; 
(iv) gradient strength g, from 10 to 80% in 16 equivalent 
steps. DOSY data were analyzed with DOSY Toolbox 
software.24

Differential scanning calorimetry (DSC)
Thermal analyses of the individual components, 

physical mixtures or βCD:IMQ complex were performed 
using differential scanning calorimetry (TA Instruments, 
2910 model). Weighted samples (5-10 mg) were scanned 
in Al pans at 10 °C min-1 under nitrogen atmosphere. The 
scans of IMQ, βCD and βCD:IMQ physical mixture were 
obtained in the range of 25-350 °C and the DSC curves 
of CA, CA:βCD:IMQ physical mixture and βCD:IMQ 
complex were obtained from 25 to 250 °C. 

Powder X-ray diffractometry (PXRD)
The PXRD diffraction patterns of individual CA, IMQ, 

βCD, physical mixtures and βCD:IMQ complex were 
determined using the X-ray diffractometer (Shimadzu, 
DRX-6000). Samples were irradiated with Ni-filtered 
Cu Kα radiation (1.5406 Å), at 40 kV voltage, 30 mA 
current, over a diffraction angle of 2θ and range of 5-50°.

Scanning electron microscopy (SEM)
The morphological features of the individual 

components, CA:βCD:IMQ physical mixture and inclusion 
complex were examined by SEM (JEOL, JSM-6360/LV). 
Samples were previously fixed on a stub using double-sided 
adhesive tape and coated in a vacuum with a thin layer of 
gold. Photomicrographs were taken at magnification factor 
from 100× to 1300×.
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Molecular modeling
All calculations were performed in Gaussian 16, 

Revision A.03.25 The B3LYP method and the 6-31G(d) 
basis set were used to calculate vibrational frequencies 
and to perform geometry optimization for CA, citrate, 
IMQ and IMQ+. Solvation effects were included using the 
integral equation formalism-polarizable continuum model 
(IEF-PCM). The molecular structure of βCD was obtained 
from X-ray diffraction. Inclusion complexes with optimized 
molecules were built employing traversing and rotating 
models. For traversing models, inclusion complexes 
were built by placing the guest molecule (CA, citrate, 
IMQ and IMQ+) up to a distance of 5 Å from βCD center 
of mass. Translational motions of the guest molecules 
were measured from both sides of βCD; measurements 
were carried out at each 0.1 Å displacement. For rotating 
models, rotational motions of the guest molecules were 
measured at 30° intervals; calculations were carried out at 
the semi-empirical PM6 method + IEF-PCM theory level. 
From the calculated energies, population analysis was 
performed considering Boltzmann distribution to select 
20% of the complexes with lower energies. Additionally, 
UV-Vis electronic spectra for the selected complexes were 
calculated by the time-dependent density functional theory 
(TD-DFT) method. Solvation effects were included by 
using the IEF-PCM model. Calculations were performed 
by considering the two-layered ONIOM method. The 
CAM-B3LYP/6-311++G(3df,2p) method was used at 
the high level of theory while βCD was described at the 
low level of theory by PM6. Fifteen electronic singlet 
states were obtained, and UV-Vis spectra were weighted 
by Boltzmann distribution factor. The thermodynamic 
parameters, i.e., the standard enthalpy change (ΔH), the 
standard entropy change (ΔS) and the standard free energy 
change (ΔG) were obtained from the geometry optimization 
and the harmonic vibrational frequencies. A full molecular 
optimization was performed on the system, βCD and 
IMQ; in this approach βCD molecule was kept flexible. 
Additionally, a geometry optimization was performed only 
on IMQ molecule while βCD molecule was kept frozen. 
The thermal corrections were obtained at temperature 
298.15 K, pressure 1.013 × 105 Pascal employing the 
ideal gas model, rigid rotor and harmonic normal mode 
approximations. All frequencies were scaled by 1.00. 

Results and Discussion

Phase solubility studies

Phase solubility diagrams of IMQ in aqueous solution 
of citric acid pH 3.0, acetate buffer pH 5.6 and phosphate 

buffer pH 7.4 are shown in Figure 2. IMQ solubility 
increased linearly as function of βCD concentration. 
In the range of βCD concentration studied the phase 
solubility diagrams can be classified as AL type. The 
slopes of the diagrams were lower than one unit and in 
the absence of other information, the stoichiometry of the 
inclusion complex was assumed to be 1:1 even though the 
occurrence of higher order complexes was not excluded.9 
From the phase solubility diagrams, it can be observed that 
the solubility of IMQ in aqueous solution of citric acid 
pH 3.0 increased 4-fold when compared with its solubility 
in acetate buffer pH 5.6 and 156-fold greater than the 
solubility in phosphate buffer pH 7.4. The solubility of a 
weak basic drug (IMQ pKa is 7.3)5 increases exponentially 
with decreasing pH below its pKa.26

The simultaneous formation of inclusion complex 
and salt is employed to improve the solubility of poor 
soluble drugs.15,16 The addition of hydroxyacids like CA 
increases the solubilizing effect of cyclodextrin on basic 
drugs as a result of salt and complex formation.13 The 
results suggested that CA and βCD have a synergic effect 
on IMQ solubility and demonstrated that the inclusion 
complex solubility is superior to the complex obtained 
by pH adjustment.27 When present in high concentration, 
hydroxyacids increase the solubility of the guest molecule. 
The increase in βCD solubility can be associated to both 
changes in the intramolecular hydrogen bonds involving 
βCD secondary hydroxyl groups and also to changes in 
the interactions with water molecules.26 Table 1 shows 
IMQ solubility in the studied media, in the absence and 
presence of βCD 16 mM, the relative increment (R.I.) of 
its solubility, the apparent stability constant (K1:1) and the 
complexation efficiency (C.E.) at 226 nm.

Figure 2. Phase solubility diagrams of IMQ in aqueous solution of citric 
acid pH 3.0 (black), acetate buffer pH 5.6 (red) and phosphate buffer 
pH 7.4 (blue) at 25 °C.
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The results were evaluated in terms of apparent stability 
constant and complexation efficiency. Additionally, it 
was considered the presence of neutral and protonated 
forms of IMQ in solution. Figure 3 shows a schematic 
representation of the association-dissociation equilibrium 
of the inclusion complex considering 1:1 stoichiometry 
where IMQ and IMQ+ are the neutral and protonated forms 
of IMQ, respectively, βCD is beta-cyclodextrin, IMQ-βCD 
and IMQ+-βCD are the inclusion complexes formed 
between βCD and the neutral and protonated forms of IMQ, 
respectively, K1:1 and K1:1’ are the association constants for 
the free and included IMQ, respectively and KA and KA’ are 
the inverse of the dissociation constants for the neutral and 
protonated forms of IMQ, respectively.9

In the presence of βCD 16 mM, the results showed that 
IMQ solubility increased 1.7-fold in aqueous solution of 
citric acid pH 3.0. An increase of 2.2 and 2.7-fold in the 
drug solubility was observed in acetate buffer pH 5.6 and 
phosphate buffer pH 7.4, respectively. The lower increment 
on IMQ solubility in aqueous solution of citric acid pH 3.0 
can be ascribed to the increase in the solubility of the free 
drug which was higher than in the other media. The apparent 
stability constant values can be evaluated considering the 
presence of the neutral drug and its protonated form in 
solution. The ionization increases drug solubility and it is 
accompanied by a decrease on K1:1 value. This reduction 
is generally compensated by an increase of drug solubility 
and consequently the complexation efficiency increases.28 
This trend was observed for βCD:IMQ complex. In acidic 
media, IMQ is protonated and its affinity for cyclodextrin 
cavity decreases, followed by a decrease in the K1:1 value 
in aqueous solution of citric acid pH 3.0. In contrast, the 

complexation efficiency in the same solution increased 
when compared to the two others.

Argenziano et al.1 investigated IMQ inclusion complexes 
prepared with (2-hydroxy) propyl β-cyclodextrin (HPβCD) 
and carboxymethyl β-cyclodextrin (CMβCD). For phase 
solubility studies, IMQ was suspended in a water solution 
containing an equimolar amount of HPβCD or CMβCD. 
The results showed a higher complexation capability 
for CMβCD (10,552.2 M-1) in comparison to HPβCD 
(779.8 M-1). Additionally, CMβCD solubility isotherm 
showed an Ap type curve suggesting the formation of 
higher-order complexes other than 1:1 complex. The C.E. 
was 0.01 and 1.25 for HPβCD and CMβCD, respectively. 
Similarly, Ramineni et al.29 evaluated IMQ solubility in 
the presence of HPβCD. The apparent stability constant 
obtained for the HPβCD:IMQ complex was 23.3 ± 1.8 M-1 
and the maximum solubility of the inclusion complex was 
100 ± 5 μg mL-1. In another study, IMQ solubility was 
evaluated in different solvents and pharmaceutical excipients. 
The results showed that IMQ highest solubility was in 
oleic acid while its solubility was lower than 1 mg mL-1 
in βCD.30 During the development of this research, 
HPβCD, methyl-β-cyclodextrin (MβCD) and the natural 
cyclodextrins, αCD and γCD, were tested as solubilizing 
agent for IMQ. However, the amount of ethanol needed to 
prepare the inclusion complex with HPβCD and MβCD, 
and the low solubility of IMQ in αCD and γCD made these 
alternatives unviable; due to these limitations the study 
was carried out only with βCD in different pH conditions. 
The apparent stability constant values of βCD complexes 
with different drugs should vary from 50 to 2000 M-1 for 
biological applications.31 Even though an increase in IMQ 
aqueous solubility was observed in the presence of βCD, 
this formulation approach did not sufficiently increased IMQ 
solubility to achieve a final product concentration of 5% 
(i.e., 5 mg in 100 mg, as in Aldara, the commercial product). 

Determination of complex stoichiometry

The stoichiometry of the βCD:IMQ complex was 
confirmed by the method of continuous variation (Job’s 

Table 1. IMQ aqueous solubility in the absence and presence of βCD 16 mM, the relative increment of drug solubility, the apparent stability constant and 
the complexation efficiency (between brackets the standard deviation)

Media IMQa / (mg mL-1) βCD:IMQb / (mg mL-1) R.I.c K1:1
d / M-1 C.E.e

Aqueous solution of citric acid pH 3.0 0.669 (± 0.012) 1.141 (± 0.006) 1.7 50.66 (± 1.13) 0.141

Acetate buffer pH 5.6 0.153 (± 0.004) 0.339 (± 0.005) 2.2 76.54 (± 1.11) 0.048

Phosphate buffer pH 7.4 0.004 (< 0.001) 0.012 (< 0.001) 2.7 109.13 (± 0.03) 0.002

aIMQ: aqueous solubility of the free drug (imiquimod); bβCD:IMQ: IMQ aqueous solubility in the presence of β-cyclodextrin (βCD); cR.I.: ratio between 
IMQ aqueous solubility in the presence of βCD and the free drug; dK1:1: apparent stability constant; eC.E.: K1:1S0, where S0 is in M.

Figure 3. Schematic representation of the association-dissociation 
equilibrium of the inclusion complex.
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plot) where solutions of βCD and IMQ at equimolar 
concentration (0.03 mM) in aqueous solution of citric acid 
pH 3.0 were assayed by UV-Vis absorption spectroscopy 
at 25 ºC. The Job’s plot showed that the maximum was 
reached for IMQ molar fraction, R = 0.5, indicating 
that the complex stoichiometry is 1:1 (see Figure S1 in 
Supplementary Information (SI) section).

1H NMR analyses

The formation of inclusion complex was investigated in 
water/solvent by NMR spectroscopy, since this technique 
provides direct and detailed information on the physico-
chemical interactions between host and guest.32 IMQ and 
βCD structures are shown in Figure 1 with the numbering 
systems used to 1H assignment.

Hydrogens of IMQ aromatic ring were assigned based 
on COSY spectral data (data not shown). The resonance 
shift data of the compounds are reported in Table 2. The 
data evidenced that IMQ presence induces upfield changes 
in the 1H NMR chemical shift values for both protons, H3 
and H5, which are located inside the βCD cavity. These 
protons showed an upfield shift due to the shielding effect 
exerted by the guest molecule. In contrast to H3 and H5 
protons, the protons located on the outer surface of βCD 
(H1, H2, H4 and H6) showed negligible changes in their 
chemical shift. Greatbanks et al.33 observed that when 
Δd H3 > H5 the guest molecule is partially inserted in the 
cyclodextrin cavity. On the other hand, when Δd H3 ≤ H5 
the guest molecule is deeply inserted in the cyclodextrin 
cavity. Except for proton Hd, all IMQ protons showed 
changes in their chemical shift. The signals of He, Hf and 
Hg protons displayed high upfield frequency changes, 
while the resonance of the aromatic protons and the methyl 
groups moved downfield. From the results, it is reasonable 
to postulate that the isobutyl moiety (containing protons 
Hf, Hg and Hh) and the imidazole ring (containing proton 
He) must be inside the lipophilic core of βCD. Therefore, 
the results of the NMR experiments provided clear 
demonstration that IMQ is entrapped inside βCD cavity 
through the hydrophobic portion of the molecule. The 
protonated group, -NH3

+, is close to βCD wider rim or 
exposed outside the cavity. 

ROESY NMR technique has the unique ability to 
provide detailed information on molecular geometry.34 
The technique determines through-space magnetic 
interactions that give rise to the nuclear Overhauser effect 
(NOE).34 NOE effect is a common phenomenon observed 
in NMR spectroscopy which consists in the transfer of 
the spin polarization from one population of nuclear spins 
to another, occurring between atoms that are separated 

in space by less than 5 Å.35,36 The inter-atomic distances 
derived from the observed NOE are particularly useful 
to determine molecular geometry.35 ROESY technique 
is preferred in the study of mid-sized molecules, such 
as peptides, oligosaccharides and host-guest complexes 
because this type of molecules exhibit non-zero and positive 
NOE in ROESY experiments.34 In the case of βCD:IMQ 
inclusion complex, NOE-based experiments were done in 
one dimension (1D) because its sensibility is higher than the 
two-dimension (2D) experiments which was necessary due 
to the weak NOE interactions and poor aqueous solubility 
of the inclusion complex. It was irradiated βCD protons 
H3 and H5, protons of the imidazole (He), quinoline (Ha, 
Hb, Hc and Hd) and isobutyl (Hf, Hg and Hh) groups of 
IMQ. The internuclear correlations are shown in Figure 4. 
Protons were assigned according to the numbering given 
in Figure 1.

Figure 4a shows correlations between protons H3 from 
βCD with protons Hc, Hd, He and the methyl groups (Hh) 
of IMQ. On the other hand, the 1D-ROESY spectrum of 
H5 protons of βCD (Figure 4b) shows only correlation 
between these protons with the methyl groups (Hh) of IMQ. 
The results also showed correlation between proton He of 

Table 2.1H NMR chemical shift of βCD, IMQ and CA hydrogens in D2O 
or DMSO-d6 at 25 ºC, 400 MHz

1H da
free / ppm da

bound / ppm Δb / ppm

β-Cyclodextrin

H1 5.024 5.015 -0.009

H3 3.919 3.874 -0.045

H6 3.832 3.826 -0.006

H5 3.808 3.785 -0.023

H2 3.604 3.601 -0.003

H4 3.538 3.528 -0.010

Imiquimod

He 8.172 8.096 -0.076

Hd 8.000 7.992 -0.008

Ha 7.614 7.678  0.063

Hb 7.434 7.744  0.310

Hc 7.264 7.632  0.368

NH2 6.561 ndc -

Hf 4.399 4.352 -0.048

Hg 2.177 2.154 -0.022

Hh 0.919 0.941  0.021

Citric acid

Hi 2.988 2.829 -0.159

Hj 2.809 2.728 -0.082

ad: chemical shift; bΔ = dbound – dfree; cnd: not detected.
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IMQ and protons H3 located in the interior cavity of βCD 
(Figure 4c). It is interesting to observe that only protons 
Hd and Hc of the quinoline group interact with protons H3 
(Figures S2a and S2b in SI section). Correlations between 
protons Hb and Ha of the quinoline group with protons 
H3 and H5 were not observed (Figures S2c and S3a in 
SI section). On 1D-ROESY spectrum of the IMQ methyl 
groups (Hh), it can be observed correlation between these 
groups with protons H3 and H5 of the interior cavity of βCD 
(Figure S3b in SI section). The 1D-ROESY experiments 
also provided another relevant result to understand the 
dynamics of the inclusion complex formation. The 

irradiation of the citric acid protons, Hi and Hj (Figure S3c 
in SI section), showed no interaction between these protons 
with protons H3 and H5 located in the interior of the βCD 
cavity suggesting that this compound does not compete 
with IMQ for βCD cavity. However, changes in the 
chemical shifts of protons Hi and Hj observed in DOSY 
NMR experiments suggest interaction between citric acid 
protons and the inclusion complex, but the nature of this 
interaction is uncertain.

1D-ROESY experiments gave evidence that the 
isobutyl moiety (containing protons Hf, Hg and Hh) and 
the imidazole ring (containing proton He) of IMQ must be 

Figure 4. 1D-ROESY spectra of the βCD:IMQ complex (concentration 26 mM) in D2O at 25 °C. Selective pulse at (a) protons H3 of βCD, (b) protons 
H5 of βCD and (c) protons He of IMQ.
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inside the lipophilic core of βCD. Therefore, the results 
provided clear demonstration that IMQ is embedded 
into the βCD cavity to form an inclusion complex. The 
protonated group, -NH3+, is close to βCD wider rim or 
exposed outside the cavity. It is important to point out that 
correlations between protons Ha and Hb from IMQ with 
protons H3 and H5 located inside βCD cavity were not 
observed which suggest that IMQ quinoline group was not 
oriented towards βCD inner rim on the formation of the 
inclusion complex. 

It has been reported in the literature37-39 that low 
molecular weight hydroxyacids such as ascorbic, maleic, 
L-tartaric and citric acid interact with a basic function 
of the guest molecule and with the hydroxyl group of 
the CD. The hydroxyacids do not fit into the CD cavity, 
but remain outside. The mechanism of action of these 
hydroxyacids is through electrostatic interactions between 
oppositely charged compounds, the guest molecule and 
the hydroxyacid, at one end and the stabilization of the 
inclusion complex through the formation of hydrogen 
bonds between the hydroxyacids and the hydroxyl group 
of the CD on the other end.7 Dua et al.40 studied the 
formation of Norfloxacin/βCD inclusion complex with 
the addition of ascorbic acid. The mechanism proposed 
that electrostatic interactions take place between the polar 
hydroxyl groups of ascorbic acid and the polarizable 
group of Norfloxacin. It was also considered that hydrogen 
bonding and solvation energy play a significant role in 
the formation of Norfloxacin/βCD inclusion complex. 
The authors observed an enhancement in the Norfloxacin 
solubility which was attributed to changes in the pH of the 
immediate microenvironment of the drug molecule with the 
addition of ascorbic acid as solubilizing agent.

DOSY technique is often used in the study of the 
inclusion complex dynamic. This technique is based 
on the determination of the diffusion coefficients of the 
guest in the absence and presence of the complexation 
agent. The diffusion coefficients are used to calculate the 
fraction of the complexed guest and the apparent stability 
constant (K1:1) of the complex formed.41 The diffusion 

coefficients of individual components and in the presence 
of increasing concentration of βCD are in Table 3. The 
value of the diffusion coefficient is the average of the 
coefficients obtained in the experiment. IMQ, βCD, CA 
and water showed distinct coefficients. Those values agree 
with the size of the molecules present in solution whose 
coefficient and structural properties are interrelated due to 
the dependency of the diffusion coefficient to the geometry 
and the size of the molecule.42 The results showed that 
the diffusion coefficient of IMQ decreased gradually as 
the concentration of βCD increased even though it was 
not reduced to the diffusion coefficient of βCD. It is 
important to notice that there was a slightly change in 
the diffusion coefficient of βCD as well as in the water 
diffusion coefficient.

The reduction of IMQ diffusion coefficient in the 
presence of βCD showed that the diffusion coefficients 
are sensitive to the association phenomenon and the results 
suggested that there was interaction between βCD and 
IMQ. The same reasoning can be applied to CA where 
the results also demonstrated that it interacted with the 
inclusion complex due to the reduction of its diffusion 
coefficient. However, it was not possible to determine the 
type of interaction. Kurkov and Loftsson7 suggest that the 
interactions between CA and the inclusion complex involve 
ion pair formation between CA and IMQ and interaction 
with βCD through the formation of hydrogen bonds with 
the hydroxyl groups located at the rim of βCD. The apparent 
stability constant (K1:1) determined by this technique was 
66.30 ± 7.07 M-1. The relativity low value of K1:1 indicated 
weak interaction between βCD and IMQ. Similar result was 
observed in the phase solubility studies where the K1:1 in 
aqueous solution of citric acid pH 3.0 was 50.66 ± 1.13 M-1. 
Both results suggested that the inclusion complex has low 
thermodynamic stability.

Differential scanning calorimetry (DSC)

DSC is a powerful analytical tool for the physico-
chemical characterization of inclusion complexes, 

Table 3. Concentration of βCD, diffusion coefficients (D) of IMQ, CA, βCD and water, and the fraction (x) of IMQ present in the complex

[βCD] / mM D(IMQ) / (× 10-10 m2 s-1) D(CA) / (× 10-10 m2 s-1) D(βCD) / (× 10-10 m2 s-1) D(HOD) / (× 10-10 m2 s-1) x(βCD:IMQ) / %

0 5.342 (± 0.027) 6.132 (± 0.003) - 23.851 -

4 4.879 (± 0.052) 6.113 (± 0.014) 2.864 (± 0.020) 23.391 18.69 (± 0.01)

8 4.742 (± 0.256) 6.089 (± 0.009) 2.900 (± 0.017) 23.585 24.22 (± 0.09)

12 4.656 (± 0.034) 5.921 (± 0.010) 2.855 (± 0.015) 23.282 27.59 (< 0.01)

16 4.454 (± 0.062) 5.853 (± 0.010) 2.872 (± 0.016) 23.635 35.96 (± 0.02)

16 - - 2.856 (± 0.015) 23.573 -

βCD: β-cyclodextrin; IMQ: imiquimod; CA: citric acid; HOD: deuterium oxide.
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especially when it is coupled with a complementary 
technique such as PXRD.32 The DSC curves revealed 
marked structural differences between pure components, 
the physical mixtures and the inclusion complex. The 
DSC curve of CA alone showed a melting endotherm at 
153 °C. The thermal curve of IMQ exhibited a typical 
sharp melting endotherm at 298 °C indicative of its 
anhydrous and crystalline state, while pure βCD showed 
two endotherm effects corresponding to its dehydration 
(166 °C) and degradation (302 °C), respectively. The 
DSC curve of βCD:IMQ physical mixture consisted of 
the superimposition of IMQ and βCD thermal profiles 
with no significant changes in the dehydration temperature 
of βCD. It was observed a fusion between IMQ melting 
peak and βCD decomposition peak which might be due to 
the vicinity of the two events. These findings showed that 
no association takes place when IMQ and βCD are simply 
mixed together.

The thermal curve of CA:βCD:IMQ physical mixture 
showed a reduction in the intensity of the CA fusion peak 
(73 °C) and the dehydration peak of βCD (183 °C). It was 
not possible to observe changes in the melting point of 
IMQ because the experiment had to be interrupted before 
reaching it. A different pattern was observed in the DSC 
curve of βCD:IMQ complex. The shifting and broadening 
of CA peak (55 °C) and the very broad dehydration band 
of βCD (from 88 to 158 °C) was indicative of a change in 
the substrate structure. However, this experiment had also 
to be interrupted before reaching IMQ melting point and 
no changes in its peak could be observed (thermal curves 
are depicted in Figure S4 in SI section).

Powder X-ray diffractometry (PXRD)

PXRD was used to investigate in more depth the 
differences in the solid state. The diffraction pattern of 
CA, IMQ and βCD showed intense, sharp peaks, indicative 
of their crystalline nature. The diffraction pattern of 
CA:βCD:IMQ physical mixture corresponded to the 
superposition of those of the individual components.

Some crystallinity loss was observed in the aforementioned 
system which can be ascribed to particle size reduction during 
mixing and dilution of the pure components.20 By contrast, 
the diffraction pattern of the inclusion complex showed a 
completely diffuse pattern which indicated the formation of 
a new crystalline phase, suggesting the association of IMQ 
with βCD (PXRD patterns are illustrated in Figure S5 in SI 
section). It is important to mention that drug amorphization 
can be a sequence of the lyophilization process or the 
formation of the inclusion complex. It is possible that X-ray 
data cannot discriminate between the two events.20

Scanning electron microscopy (SEM)

SEM was employed to analyze the morphological 
aspects of the inclusion complex. This technique, in 
conjunction with PXRD, allows observing changes in 
the morphology of the inclusion complex and provides 
evidence of the presence of a new solid phase.26 Figure 5 
illustrates the photomicrographs of IMQ, CA, βCD, 
CA:βCD:IMQ physical mixture and βCD:IMQ complex. 
The photomicrograph of IMQ (Figure 5a) showed that 
drug crystals have good definite edges and homogeneous 
size distribution. Figure 5b showed CA crystal whose 
form is irregular while the photomicrograph 5c showed 
βCD crystals whose particles have a wide range of size 
distribution. Figure 5d showed the photomicrograph of 
CA:βCD:IMQ physical mixture. It can be observed the 
absence of interaction among the components. On the 
other hand, a remarkable change in the morphology of the 
inclusion complex can be observed (Figures 5e and 5f). It 
can be noted changes in the form and size of the crystals 
and it is not possible to differentiate the distinctive crystals 
of the individual components. This new solid phase can 
be due to the amorphization of the components as a result 
of complex formation as well as a consequence of the 
lyophilization process. These observations, in conjunction 
with the results obtained by DSC and PXRD, can be 
considered evidence of the formation of the inclusion 
complex. 

Molecular modeling

IMQ can be included in βCD cavity both in the 
neutral and protonated form (IMQ+). Molecular modeling 
calculations on host-guest interactions were carried out to 
obtain a better insight into the complex formed between 
βCD and IMQ. Additionally, the appropriate three-
dimensional representation of βCD:IMQ inclusion complex 
was built taking into account the constrains provided by 
1D-ROESY NMR studies. Calculations were performed 
with the isobutyl moiety of IMQ oriented to the inner rim 
of βCD; IMQ quinoline group oriented towards βCD inner 
rim was not considered because 1D-ROESY NMR results 
did not show interaction between protons Ha and Hb from 
the quinoline group with protons H3 and H5 located inside 
βCD cavity. In preliminary calculations, a minimum energy 
geometry of the inclusion complex with the later orientation 
was not obtained. The minimum energy structures of 
βCD:IMQ inclusion complex calculated by Gaussian 16, 
Revision A.0325 are displayed in Figure 6. The binding 
energy upon complexation was calculated for the minimum 
energy structures according to equation 2, where E(βCD:IMQ), 
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E(βCD)free and E(IMQ)free are the total energies of the inclusion 
complex, the free βCD and the free IMQ, respectively. The 
higher the negative value of the binding energy, the more 
thermodynamically stable is the inclusion complex.43

 (2)

Molecular modeling confirmed that IMQ was able 
to form an inclusion complex with βCD. The binding 
energy was 89.38 kcal mol-1 for IMQ (Figure 6a) and 
100.34 kcal mol-1 for IMQ+ (Figure 6b). The positive 
values for the binding energies indicated the low stability 
of the inclusion complexes which can be attributed to IMQ 
orientation inside the βCD cavity. From the experimental 

results, low values for the stability constant was obtained 
in aqueous solution of citric acid pH 3.0, 50.66 ± 1.13 M-1 
from phase solubility studies and 66.30 ± 7.07 M-1 from 
NMR experiments. In acidic media, IMQ is protonated and 
its affinity for cyclodextrin cavity decreases.28 In addition, 
molecular modeling calculations showed that the most 
favorable configuration of the complexes was the one in 
which the isobutyl group of IMQ was located inside the 
βCD cavity. These results were supported by those obtained 
by 1D-ROESY NMR studies.

CA acid was added to βCD solution to enhance IMQ 
aqueous solubility due to the synergic effect between 
cyclodextrins and hydroxyacids on solubilization of poor 
basic drugs.14-17 The formation of inclusion complex between 

Figure 5. SEM photomicrographs of IMQ (a); CA (b); βCD (c); CA:βCD:IMQ physical mixture  (d); βCD:IMQ complex (e and f).
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βCD and CA was investigated as CA could compete for 
βCD cavity. The binding energy was 134.47 kcal mol-1 for 
CA and 132.66 kcal mol-1 for citrate. Molecular modeling 
suggested that βCD:CA inclusion complexes were less 
stable than βCD:IMQ inclusion complexes. It is worth 
mentioning that 1D-ROESY experiments showed no 
interaction between citric acid protons with protons H3 
and H5 located in the interior of βCD cavity. 

To elucidate the role of hydrogen bonds, calculations 
were performed to investigate the hydrogen-bonding 
interactions between βCD and IMQ (Figure 6). The 
three-dimensional representation of βCD:IMQ inclusion 
complex showed the presence of three intermolecular 

hydrogen bonds: one hydrogen bond between hydrogen of 
primary hydroxyl group and nitrogen of imidazole group 
(3.047 Å); and two hydrogen bonds between oxygen of 
βCD and hydrogen of NH2 group (2.406 and 3.071 Å). As 
shown in Figure 6b, three hydrogen bonds were identified 
in the three-dimensional representation for IMQ+ where 
all hydrogen bonds were between oxygen of βCD and 
hydrogen from NH3

+ group.
Simulated electronic absorption spectra of inclusion 

complex between βCD and CA, citrate, IMQ and IMQ+ were 
obtained via TD-DFT calculations coupled with IEF-PCM 
models (Figure 7a). Calculations were performed by 
considering the two-layered ONIOM method (Figure 7b).44 

Figure 6. Representation of the inclusion complex between βCD and IMQ (a), and its protonated form (b). Inclusion complex representation in (a) from 
the narrow rim and (b) from the wider rim of βCD. Hydrogen bonds are indicated by dashed lines. Atom color codes: carbon (brown), hydrogen (white), 
oxygen (red) and nitrogen (blue).

Figure 7. Simulated UV-Vis electronic spectra of βCD inclusion complex with CA (blue), citrate (black), IMQ (red) and IMQ+ (green). Vertical lines 
represent the relative oscillator strength of each transition (a); The two-layered ONIOM method was employed on calculations. The CAM-B3LYP/6-
311++G(3df,2p) method was used at the high level of theory while βCD was described at the low level of theory by PM6 (b).
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The theoretical λmax is defined as the wavelength of highest 
occupied molecular orbital (HOMO)-lowest unoccupied 
molecular orbital (LUMO) transition; the relative oscillator 
strength for each transition is represented by vertical lines. 
The CAM-B3LYP/6-311++G(3df,2p) method described 
UV-Vis spectra of βCD:IMQ+ inclusion complex with 
acceptable accuracy; the experimental spectra are shown 
in Figure S6 in the SI section. 

IMQ poor solubility in water prevented the 
thermodynamic characterization of the inclusion complex 
by fluorescence spectroscopy. Due to this limitation, the 
thermodynamic parameters enthalpy (ΔH), entropy (ΔS) 
and Gibbs free energy (ΔG) were obtained by theoretical 
calculations (Table 4). Multiple driving forces govern the 
formation of the inclusion complex which may be exerted 
simultaneously.9 The driving forces include electrostatic 
interactions, van der Waals contributions, hydrogen 
bonds, release of conformational strain, exclusion of high 
energy water from cyclodextrin cavity and charge transfer 
interactions.9 In general, the formation of the inclusion 
complex is associated with a relatively large negative ΔH 
while ΔS can be either positive or negative.9 The ΔH found 
for the inclusion complexes 1 and 2 were large negative 
values. A negative enthalpy indicates the amount of energy 
released during the formation of the inclusion complex and 
can be attributed to host-guest interactions through van der 
Waals forces, hydrophobic interactions, hydrogen bonds 
and electrostatic interactions.45,46 In contrast to the inclusion 
complexes 1 and 2, the enthalpy values for the inclusion 
complexes 3 and 4 were positive indicating that the 
formation of these inclusion complexes was endothermic.

The ΔS found for inclusion complexes 1 and 2 were 
small negative values while a near-zero ΔS was found for 
the inclusion complexes 3 and 4. Negative entropy usually 
describe guest molecule that is partially inserted into 

cyclodextrin cavity or whose movement is restricted due to 
strong interactions with the host molecule which decrease 
its degree of freedom.47 It should be mentioned that the 
low entropy value found for βCD (flx) molecule was due 
to the greater packaging of this form when optimized under 
solvent conditions; βCD optimized geometries, βCD (flx) 
and βCD (frz), are depicted in Figure S7 in the SI section. 
The ΔG values give insight on the dissolution conditions 
that favor the guest molecule solubilization where negative 
values indicate favorable conditions.48 The ΔG calculated 
for the inclusion complexes 1 and 2 were negative 
indicating that IMQ interaction with βCD was spontaneous 
while the values obtained for the inclusion complexes 3 
and 4 were positive. The results showed that the negative 
ΔG values and the stability of the inclusion complexes 1 
and 2 were determined by the enthalpy contribution and, 
therefore, the complexation process was enthalpy-driven 
whereas the formation of inclusion complexes 3 and 4 was 
an entropy-driven process. 

Conclusions

The formation of inclusion complex between βCD 
and IMQ was investigated. The inclusion complex was 
characterized in solution by spectroscopic techniques 
that provided evidence of the formation of the inclusion 
complex. NMR technique is of fundamental importance 
in the characterization of inclusion complexes. It not only 
provides evidence of the formation of the inclusion complex 
but also give insight in the geometry and the drug fraction 
present in the complex.

The apparent stability constants obtained by UV-
Vis absorption spectroscopy and NMR indicated weak 
interaction between IMQ and βCD. The values of K1:1 
obtained by UV-Vis absorption spectroscopy showed 

Table 4. Thermodynamic parameters for IMQ+, IMQ, βCD and the inclusion complexes

Molecular system ICa H / (kJ mol-1) ΔbH / (kJ mol-1) S / (kJ mol-1) ΔbS / (kJ mol-1) G / (kJ mol-1) ΔbG / (kJ mol-1)

IMQ+ 769.63 0.53 611.44

IMQ 729.69 0.54 569.65

βCD (frz)c 3,439.10 2.38 2,730.28

βCD (flx)d 3,445.90 1.94 2,866.70

βCD:IMQ+ (frz)c 1 786.82 -3,421.91 0.62 -2.29 602.58 -2,739.15

βCD:IMQ (frz)c 2 736.84 -3,438.74 0.61 -1.87 555.41 -2,744.52

βCD:IMQ+ (flx)d 3 4,220.06 4.53 2.36 -0.11 3,515.43 37.28

βCD:IMQ (flx)d 4 4,180.78 5.19 2.26 -0.22 3,508.29 71.94

aIC: inclusion complex; bΔ: delta; cfrz: the molecular geometry optimization is only on the GUEST molecule (IMQ+ or IMQ). The HOST molecular 
geometry was kept frozen (obtained from X-ray diffraction); dflx: full molecular optimization on the system: HOST + GUEST. βCD: β-cyclodextrin; 
IMQ: imiquimod; H: enthalpy; S: entropy; G: Gibbs free energy.
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that the apparent stability constant in aqueous solution 
of citric acid pH 3.0 was lower than the values obtained 
for acetate buffer pH 5.6 and phosphate buffer pH 7.4. 
The results demonstrated that the K1:1 value decreased 
as the ionization of the drug increased. Remarkably, an 
increase in the complexation efficiency was observed in 
aqueous solution of citric acid pH 3.0. Thus, the decrease 
in the value of K1:1 was compensated by an increase in 
the complexation efficiency. The values obtained for the 
complexation efficiency were extremely low even though 
the solubility of IMQ increased in aqueous solution of citric 
acid pH 3.0. The low values of complexation efficiency can 
be attributed to IMQ poor aqueous solubility even in the 
presence of an acidic compound. 

NMR experiments provided evidence of the inclusion 
complex geometry. The results suggested that IMQ was 
embedded inside βCD cavity with the isobutyl moiety 
oriented to the inner edge of the macromolecule. DOSY 
results provided the fraction of IMQ present in the complex 
and showed that IMQ fraction increased with an increase in 
βCD concentration. The results also demonstrated that CA 
interacted with βCD:IMQ complex because it was observed 
changes in the chemical shift of CA protons. However, it 
was not possible to determine the type of interaction.

The inclusion complex in the solid state was also 
assessed by differential scanning calorimetry, powder 
X-ray diffractometry and scanning electron microscopy. 
The results of thermal analysis and PXRD suggested 
the presence of an amorphous structure which can be 
attributed to the lyophilization of the components and also 
to the formation of the inclusion complex. Changes in the 
inclusion complex thermal profile and diffusion pattern 
were significant when compared to the free components 
and can be considered as evidence of the formation of 
the inclusion complex. SEM results showed a significant 
change in the morphology of the complex when compared 
to the individual components. Those techniques allowed 
verify changes in the crystalline structure of the inclusion 
complex and can be taken as evidence of its formation. 

Molecular modeling provided insights into the 
conformation of the inclusion complex. The results showed 
that the favorable configuration of the complex was the 
one in which the isobutyl group of IMQ was inserted 
inside the cavity of βCD which agreed with 1D-ROESY 
NMR studies. In addition, the theoretical thermodynamic 
parameters gave insight into the supramolecular forces 
involved in the formation of the inclusion complex. From 
the experimental and theoretical results, it is possible to 
conclude that βCD forms an inclusion complex with IMQ; 
however, the low values of the apparent stability constants 
suggest a weak interaction which may be attributed to the 

orientation of IMQ inside βCD cavity hampering the use 
of this approach to improve IMQ aqueous solubility.

Supplementary Information

Supplementary data are available free of charge at  
http://jbcs.sbq.org.br as PDF file.
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