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ABSTRACT
Purpose To investigate cyclodextrin-mediated solubilization and
physical stabilization of novel 1-indanone thiosemicarbazone
(TSC) candidate drugs that display extremely high self-
aggregation and precipitation tendency in water.
Methods TSC/CD complexes were produced by co-solvent
method, and TSC/CD phase-solubility diagrams were obtained
by plotting TSC concentration as a function of increasing CD
concentration. Size, size distribution, and zeta-potential of the
different TSC/CD complexes and aggregates were fully charac-
terized by dynamic light scattering. The morphology of the
structures was visualized by atomic force microscopy.
Results Results indicated the formation of Type A inclusion
complexes; the solubility of different TSCs was enhanced up to
215 times. The study of physical stability revealed that, as
opposed to free TSCs that self-aggregate, crystallize, and
precipitate in water very rapidly, complexed TSCs remain in
solution for at least 1 week. On the other hand, a gradual size
growth was observed. This phenomenon stemmed from the
self-aggregation of the TSC/CD complex.
Conclusions 1-indanone TSC/CD inclusion complexes improved
aqueous solubility and physical stability of these new drug candidates
and constitute a promising technological approach towards
evaluation of their activity against the viruses hepatitis B and C.

KEY WORDS 1-indanone thiosemicarbazone antiviral
candidates . inclusion complexes . native and modified
cyclodextrins . self-assembly . water-solubilization

INTRODUCTION

Drug self-assembly is a phenomenon whereby poorly-water
soluble amphiphilic drug molecules self-associate spontane-
ously in water above a critical concentration (1). This
behavior was reported for amphotericin B (AmB) (2),
penicillins (3), non-steroidal anti-inflammatories (4), anti-
depressants (5), antipsychotics (6), non-nucleoside reverse
transcriptase inhibitors (7), phthalocyanines (8) and (E)-
resveratrol (9). The most important drawback, when this
phenomenon takes place in biological media, relies on the
partial or total loss of the biological activity owing to the
more limited ability of the aggregates to surpass biological
barriers (10). Moreover, drugs aggregates may display
increased toxicity in vivo; e.g., AmB aggregates are
nephrotoxic (2).

The potential therapeutic application of thiosemicarba-
zones (TSCs) emerged with the description of their in vitro
activity against Mycobacterium tuberculosis (11). Since then,
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TSCs displaying antineoplastic (12), antibacterial (13),
antifungal (14), antiprotozoal (15) and antiviral (16) activity
have been reported. Moglioni et al. designed novel 1-
indanone TSC candidate drugs that have shown in vitro
activity against viruses, bacteria and fungi (17–20). For
example, 5,6-dimethoxy-1-indanone TSC (Fig. 1a) dis-
played a 7-fold increase in the selectivity index against the
virus of the bovine viral diarrhea (BVDV), a surrogate
model of the hepatitis C virus (HCV), with respect to
ribavirin (17,20); ribavirin is the first-choice anti-HCV
agent combined with pegylated interferon-alpha. However,
TSCs display extremely low aqueous solubility and precip-
itate rapidly in the culture medium, leading to unreliable
antiviral half maximal inhibitory concentration (IC50) data
(17). In a recent study, we reported for the first time on the
self-aggregation behavior of TSCs in water (21). In this
context, the investigation of an appropriate drug carrier
that improves the aqueous solubility of TSCs and prevents
their self-aggregation remains a key stage towards the
comprehensive evaluation of their antiviral activity in
hepatitis B (HBV) and HCV cell constructs.

Cyclodextrins (CDs) are macrocyclic oligosaccharides
that combine a hydrophobic nano-sized cavity with a
hydrophilic surface (Fig. 1b) (22,23). The cavity enables
the partial or total incorporation of lipophilic molecules.
Thus, CDs are extensively used to increase the water
solubility and bioavailability of lipophilic drugs. Two types
of complexes can coexist: (i) inclusion and (ii) non-inclusion
complexes (24,25). The CD complexation of these drugs
may also prevent their self-aggregation into a crystal lattice
and their precipitation (9,26,27). On the other hand, native

and chemically modified CDs display an intrinsic self-
assembly tendency in water that leads to the generation of
physically stable nano-aggregates (28). Drug/CD com-
plexes may also self-aggregate (29), this phenomenon being
often driven by the guest molecule, especially when it self-
aggregates (30). On the other hand, the aggregates of drug/
CD inclusion complexes can contribute to improve the
solubility and physical stability of the drug in water (30,31).
Depending on the properties of the CD, the self-
aggregation of the complex in water can result in the
appearance of opalescence (31). For example, hydrophobic
drug/gamma-CD (γ-CD) complexes show turbidity upon
increasing γ-CD concentration, while solutions of the 2-
hydroxypropyl gamma-CD (HPγ-CD) remain transparent
(32). The addition of relatively small amounts of
chemically-modified CDs to solutions of unmodified CDs
can minimize the appearance of opalescence but does not
prevent their self-aggregation (31,32). Due to their good
biocompatibility and their approval by the US-FDA and
the European Medicines Agency, CDs have become
broadly used pharmaceutical excipients.

The goal of the present work was to increase the
water solubility and prevent the self-aggregation, crystal-
lization and precipitation of a series of potentially
antiviral 1-indanone TSCs by means of CD complexa-
tion. The molecular parameters that govern the capacity
of native and chemically-modified CDs to host the
different TSCs were primarily investigated. Then, the
work was focused on 5,6-dimethoxy-1-indanone TSC,
the derivative that has shown the most promising
preliminary antiviral activity.
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Fig. 1 Chemical structure of the different (a) thiosemicarbazones and (b) cyclodextrins included in the present work.
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MATERIALS AND METHODS

Materials

1-indanone TSC, 6-methoxy-1-indanone TSC, 5,6-dime-
thoxy-1-indanone TSC and 5,6-dimethoxy-1-indanone N4-
allyl TSC are named TSC1, TSC2, TSC3 and TSC4,
respectively (Fig. 1a). They were synthetized and purified as
depicted elsewhere (21). Alpha-CD (Cavamax® W6; α-
CD), gamma-CD (Cavamax® W8; γ-CD), 2-hydroxypropyl
beta-CD (Cavasol® W7 HP; HPβ-CD; molar substitution,
MS, per anhydro glucose unit of 0.65; average molecular
weight, MW of 1400 Da) and methyl beta-CD (Cavasol®
W7 M; Mβ-CD, MS of 1.75, MW of 1310 Da) were from
Wacker-Chemie GmbH (Germany) and a gift of SAFER S.
A.C.I.F (Argentina). 2-Hydroxypropyl γ-CD (Cavasol® W8

HP; HPγ-CD, MS of 0.60, MW of 1575 Da) was from
Wacker-Chemie and provided by ISP Technologies
(Argentina). The structure of the CDs used in this work is
presented in Fig. 1b. All the solvents were of analytical
grade and used without further purification. Phase solubility
and stability studies, DLS analysis and microscopy were
conducted employing MilliQ water (Simplicity UV Water
Purification System, Millipore, USA).

Critical Aggregation Concentration (CAC) of Native
and Modified CDs

The CAC of the different CDs was determined to establish
the concentration at which aggregates are formed. Derived
Count Rate (DCR) measurements were carried out by
means of Dynamic Light Scattering (DLS) using a Zetasizer
Nano-ZS (Malvern Instruments, UK) at scattering angle of
173º. The Nano-ZS contains a 4 mW He-Ne laser
operating at a wavelength of 633 nm, a digital correlator
ZEN3600, and a Non-Invasive Back Scatter (NIBS®)
technology. CD aqueous solutions of increasing concentra-
tion were prepared in MilliQ water at 25°C and filtered
(0.45 μm, GE nitrocellulose mixed esters membrane plastic
syringe filters, Osmonics Inc., USA). The intensity of the
scattered light expressed in kilo counts per second (Kcps,
DCR) was plotted as a function of the CD concentration
(mM) (33). The intersection between the two lines was
established as the CAC.

Preparation of TSC/CD Inclusion Complexes

The preparation of TSC/CD inclusion complexes was
carried out by the cosolvent method, in triplicate. Depend-
ing on the CD, polar organic solvent mixtures or water/
polar organic solvent mixtures were used (34). HPβ-CD,
HPγ-CD, and Mβ-CD were dissolved in methanol at the
desired concentration and the corresponding TSC (in slight

excess) was dissolved in methanol:acetone (1:1) or chloro-
form:acetone (1:1) (for TSC3). Then, both solutions were
thoroughly mixed over 15 min under magnetic stirring, at
25°C. In the case of α-CD and γ-CD complexes, CDs were
dissolved in a minimum volume of water and mixed well
with the organic solution. The solvent was removed under
vacuum using a rotary evaporator (15 min, 70–90°C,
Fbr®, Decalab S.R.L, Argentina). White powders were
re-dissolved in MilliQ water, the volume being in accor-
dance with the final CD concentration. Solutions were
magnetically stirred (30 min, 25°C) to solubilize the
complex and finally filtered (0.45 μm, GE nitrocellulose
mixed esters membrane plastic syringe filters). This is the
commonly used technique to remove insoluble drug
residues after the CD complexation and a prerequisite for
DLS measurements. In general, the initial size of the CD
aggregates and TSC/CD complex aggregates was smaller
than 450 nm (see below). In the case of higher CD
concentrations that resulted in larger structures, the
pressure applied during filtration ensured the disassembly
of the aggregates and the appropriate filtration. Thus, the
amount of TSC/CD retained by the filter was negligible.
This was confirmed by filtering the same sample with filters
of 1.2 μm, where no diference in the TSC concentration
was observed. TSC/CD complex solutions displayed pH
values between 6.5 and 7.5. Phase diagrams were prepared
by plotting the TSC concentration in the system versus the
final CD concentration. The TSC concentration in the
complex was determined by UV spectrophotometry (see
below) (21). From these data, a solubility factor (F) was
calculated according to Eq. 1

F ¼ SCD=S0 ð1Þ
where SCD and S0 are the TSC solubility in the CD and
pure water, respectively. F3% and Fmax are defined as the
solubility factors obtained in (i) 3% w/v CD and (ii) a
system of maximum CD concentration. While the former
represents a usually cyto and biocompatible CD concen-
tration, the latter indicates the maximum TSC solubility
attainable with a specific CD and could be relevant for the
development of a pharmaceutical formulation.

Preparation of Freeze-Dried TSC/CD Inclusion
Complexes

To characterize the different TSC/CD complexes, the
filtrates obtained above (5 mL) were frozen at −80°C (24 h)
and freeze-dried in a chamber freeze-dryer (Lyophilizer
L05, F.i.c, Scientific Instrumental Manufacturing, Argen-
tina) at a condenser temperature of −40°C and 30 μbar
pressure. TSC/CD physical mixtures (PMs, control) were
prepared by thoroughly mixing freeze-dried CD and
pristine TSC. PMs were employed to evaluate the intrinsic
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sensitivity of a technique to detect the TSC when included
in the complex and contained a TSC/CD weight ratio
identical to that of the complex.

TSCs were quantified by UV spectrophotometry
(CARY [1E] UV-visible Spectrophotometer Varian,
USA), according to a technique described elsewhere (21).
Calibration curves of the different TSCs were built with
water:dimethyl sulfoxide (DMSO) (98:2) solutions in the
7.5–75.0 μM concentration range. Absorbances were
measured at 312, 324, 329 and 330 nm for TSC1, TSC2,
TSC3 and TSC4, respectively (21). Those TSC/CD
systems that became opalescent in water (e.g., α-CD and
γ-CD) were conveniently diluted in DMSO to enable UV
analysis (21).

Analysis of Residual Organic Solvents

To adjust the experimental conditions and ensure the
complete removal of organic solvents during rotaevapora-
tion, “drug-free” HPβ-CD systems were prepared as
described above, though the incorporation of the TSC into
the methanol:acetone or chloroform:acetone mixture was
obviated. After solvent evaporation, samples (0.6 g) were re-
suspended in dichloromethane (CH2Cl2, 7 mL) and left
overnight to enable the extraction of any solvent traces;
HPβ-CD is insoluble in CH2Cl2. Samples were centrifuged
(10 min, 5000 rpm), filtered (0.45 μm) to remove the
insoluble CD and the supernatant (1 μL) was analyzed by
gas chromatography (GC, Shimadzu GC-9A instrument
with FID detection, Japan). The separation was carried out
on a capillary column Heliflex AT-1 (length: 60 m, i.d.:
0.25 mm, film thickness 0.25 μm, Alltech Associates Inc.,
USA) with He as carrier at a flow of 1 kg/cm2. The
temperature of the injector and the oven was 250°C and
40°C, respectively. A mixture of CH2Cl2 and MeOH
(1 μL) was injected to verify that both elution peaks were
resolved (0.81 and 0.70 min, respectively). MeOH displays
the highest boiling temperature of all the organic solvents
employed in the preparation process. Thus, the content of
residual solvents was expressed as total residual MeOH. A
calibration curve with increasing MeOH concentrations in
CH2Cl2 (0.5–3.0% v/v) and fixed internal standard of
cyclohexane (retention time: 1.33 min) was plotted. Anal-
yses were performed in triplicate. Chromatograms were
analized by Win PCChromXY software (Faculty of
Pharmacy and Biochemistry, University of Buenos Aires,
Argentina).

Determination of TSC/CD Phase-Solubility Profiles

Phase solubility profiles of the different TSCs in the
different CDs were obtained by plotting TSC concentration
(M) versus CD concentration (M). Mean apparent stability

constants (k1:1), expressed in M−1, were calculated accord-
ing to the phase solubility method of Higuchi and Connors
(35) employing Eq. 2:

k1:1 ¼ slope= S0 1� slopeð Þ½ � ð2Þ
where S0 is the intrinsic solubility of TSCs in water treated
under identical conditions though, in the absence of CD.
The condition for the employment of this equation to
calculate the k1:1 is that the slope is smaller than the unity;
slopes were calculated from the linear portion of the curve,
regardless of the phase diagram pattern (22).

The mean complexation efficiency (CE) was calculated
according to Eq. 3, from the slope of linear phase-solubility
diagrams (36):

CE ¼ ½TSC� CD =� ½CD� ¼ S0 � k1:1 ¼ slope= 1� slopeð Þ
ð3Þ

where [TSC×CD] is the total TSC solubility in presence of
CD and [CD] is the total CD concentration in moles per liter.

Characterization of TSC/CD Inclusion Complexes

Attenuated Total Reflectance/Fourier Transform-Infrared
Spectroscopy (ATR/FT-IR)

The TSC/CD interaction was initially studied by ATR/FT-
IR (Perkin Elmer Spectrum BX FT-IR Spectrometer, Perkin
Elmer Inc., USA) in the range between 4000 and 500 cm−1

(15 scans, spectral resolution of 4.0 cm−1). Solid samples
(pure TSCs, native and modified CDs, TSC/CD inclusion
complexes and TSC/CD PMs) were mounted on the ATR
crystal-metal plate. PMs were prepared by mixing TSC and
CD in a weight ratio identical to that in the complex. The
signals of pure TSC and CD were compared to those of
TSC/CD and PM. FT-IR spectra were obtained using the
Spectrum v.5.3.1 software (Perkin Elmer Inc., UK).

Size, Size Distribution and Z-potential Analysis

The hydrodynamic size (Dh), size distribution (polydispersity
index, PDI) and zeta-potential (Z-potential) of the different
complexes were assayed by DLS (see above). The temper-
ature was controlled at 25°C (all the samples) and 37°C
(TSC3 complexes). Viscosities ranged between 0.8898–
1.1441 cP (25°C) and 0.6895–0.9232 cP (37°C) and
refractive indices (RI) were between 1.3301 and 1.3416.

Morphology Analysis

The morphology of TSC3/HPβ-CD was analyzed by
Atomic Force Microscopy (AFM, Nanoscope IIIa
Multimode-AFM, Quadrex, Digital Instruments, Veeco
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Metrology, USA) employing the tapping mode. Prior to the
analysis, the complex aqueous dispersion was diluted (50-
fold, from 15.0% to 0.3% w/v final concentration). The
diluted sample (2 μL, 4.67 μM/2.94 mM TSC3 and CD
concentrations, respectively) was deposited onto a freshly
cleaved mica surface and blown dried with nitrogen. The
AFM topography image was recorded in air, at room
temperature, with a silicon MPP-11100 cantilever tip
radius <10 nm, resonant frequency of 300 Khz, and spring
constant of 40 N/m (NanoDevices, Digital Instruments,
Veeco Metrology). Samples were visualized in a scanning
area of 1 μm×1 μm and flattened over a scan speed of
2 Hz to a small scale area of 97.5 nm×97.5 nm using the
WSxM 4.0 Beta 3.1 AFM software (Nanotec Elect SL,
Centro Empresarial Euronova, Spain).

X-Ray Powder Diffraction Analysis (XRD)

To evaluate the crystallinity of pristine and complexed
TSCs, XDR spectra of pure TSC3, native and modified
CDs, freeze-dried TSC/CD inclusion complexes and PMs
were obtained in an X-ray diffractometer (Philips X’Pert
X-ray diffractometer, The Netherlands) equipped with a
PW3710 unit, system of soller slits, and monochromator
reception. An X-ray generator (Philips, type PW1830) with
an X-ray tube Cu anode, working at 35 Kv voltages and
20 mA current was used. The diffractograms were taken
between 2°<theta<40° with a step angle of 0.02° in theta
and count time of 2 s per step.

Thermal Analysis

The thermal properties were characterized by Differential
Scanning Calorimetry (DSC, Mettler TA-400 Differential
Scanning Calorimetry, USA). Samples (3–13 mg) of pristine
TSC3, freeze-dried HPβ-CD, freeze-dried TSC3/HPβ-CD
complex and PM were sealed in 40 μL Al-cruicible pans
and heated from 25°C to 350°C at 10°C/min under
nitrogen atmosphere. Thermal analyses were carried out in
duplicate.

Proton Nuclear Magnetic Resonance Spectroscopy (1H-NMR)

To gain further insight into the TSC/CD interaction in
water, samples of pure TSC2, TSC3 and TSC4, freeze-
dried CDs (Mβ-CD, HPβ-CD and γ-CD) and TSC/CD
inclusion complexes were analyzed by 1H-NMR (500 MHz
Bruker® Avance II High Resolution spectrometer, Bruker
BioSpin GmbH, Germany), at 298°K. Pristine TSCs were
analyzed in deuterium oxide (D2O):DMSO-d6 (34:66)
solutions due to their extremely low intrinsic aqueous
solubility. Other samples were analyzed in D2O. To
improve the chances of TSC detection, highly concentrated

TSC/CD systems (30 mM, 500 μL) were used. NMR
spectra were obtained with Bruker TOPSPIN 2.1 software
(Bruker BioSpin GmbH, Germany). 1H-NMR chemical
shifts of Mβ-CD, HPβ-CD and γ-CD before and after the
complexation of the corresponding TSC were expressed as
Δδ (ppm) according to Eq. 4 (37):

Δd ¼ dTSC=CD complex � dfree�CD ð4Þ
Positive and negative signs indicated downfield and upfield
shifts, respectively.

Physical Stability of TSC/CD Inclusion Complexes

To evaluate the physical stability of TSC3 systems,
complexes in water were stored at 25°C and 37°C and
the TSC concentration monitored over 1 week by UV
spectrophotometry (see above). All the assays were con-
ducted in triplicate and results are expressed as the mean
concentration of TSC3 remaining in solution ± S.D. An
additional physical instabilization phenomenon stems from
the gradual self-aggregation of TSC/CD complexes. This
aggregation not always results in TSC concentration loss.
In this context, the size and PDI of TSC3/CD systems were
followed up by DLS. Results are expressed as the mean of
at least four measurements ± S.D.

Data Analysis

Values are represented as the mean ± S.D. The statistical
analysis was performed by a one-way ANOVA (5%
significance level, P values greater than 0.05 were consid-
ered statistically significant) combined with the Dunnett
Multiple Comparison Test or t-test (5% significance level, P
values greater than 0.05 were considered statistically
significant). The software used was GraphPad Prism version
5.00 for Windows (GraphPad Software Inc., USA).

RESULTS

Phase-Solubility Studies

The stoichiometry of TSC/CD inclusion complexes was
obtained from phase-solubility plots (38). Phase-solubility
diagrams of TSC/CD inclusion complexes indicated the
formation of Type A systems; the gradual increase of the
CD concentration results in the increase of the TSC
aqueous solubility. These plots usually show a turning
point above certain CD concentration, where the drug
concentration remains constant, irrespectively of the in-
crease of the CD concentration (38). In general, TSC/CD
complexes of TSC2 and TSC3 displayed linear relation-
ships without a solubilization plateau for the evaluated CD
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concentration range; these plots were indicative of AL

pattern. In these cases, the CD concentration employed was
limited by (i) the maximum aqueous solubility of the specific
CD or by (ii) the viscosity of the CD water solution (30)
(Fig. S1). TSC4/γ-CD followed a similar linear trend (Fig.
S1l). Conversely, TSC1/HPβ-CD, TSC1/Mβ-CD and
TSC3/α-CD showed a negative deviation from linearity,
indicating a AN pattern (Table I; Figs. S1a,e,n) (22,37).
Complexes of TSC4 with HPβ-CD and Mβ-CD presented
a type Ap curve (Figs. S1d,h). These results were indicative
of a 1:1 stoichiometry complex in the initial linear portion
of the plot (when lower CD concentrations were used) and
a 1:2 one at higher concentrations (above 45% for HPβ-CD
and 15% for Mβ-CD). In these cases, k1:1 and CE values of
TSC4/Mβ-CD and TSC4/HPβ-CD were estimated from
the initial linear portion of the solubility plots using Eq. 2
(24). The calculation of k1:2 values was beyond the scope of
this work.

To compare the solubilization capacity among CDs and
the maximum solubilization capacity of each system, two
parameters (F3% and Fmax) were calculated (Table I). Results
indicated that Mβ-CD displays the greatest solubilization
capacity followed by HPβ-CD. This behavior was consistent
for all the TSCs. For example, F3% and Fmax values of TSC3
in 60% Mβ-CD were 14.6 and 203.9, respectively (Table I);
the aqueous solubility increasing from 1.5 to 305.9 μg/mL.
It is noteworthy that these CDs show the greatest intrinsic
water solubility (up to 60%). Conversely, γ-CD showed a less
effective complexation capacity and formed relatively weak
complexes. For example, k1:1 of TSC1/γ-CD and TSC2/γ-
CD were 55.4 and 94.7 M−1, respectively. It is noticeable

that γ-CD water solubility is approximately 22%. Having
expressed this, when identical concentrations were compared
in AL type systems, modified β-CDs always showed the best
complexation performance of all the CDs (see F3%, Table I).
The remaining TSC/CD inclusion complexes showed k1:1
values within the expected range, indicating appropiate
complexation. Interestingly, while the highest slope (0.0239)
and CE (24.487×10−3) corresponded to TSC1/Mβ-CD,
followed by TSC1/HPβ-CD (0.0127 and 12.866×10−3,
respectively), these complexes did not display the highest k1:1
values and the greatest increase in solubility (expressed as
Fmax, Table I). The highest constant values were obtained for
TSC3/α-CD (514.2 M−1), TSC2/Mβ-CD (435.8 M−1) and
TSC3/Mβ-CD (425.0 M−1); these values were accompanied
by relatively high F3% and Fmax (except for the Fmax value of
TSC3/α-CD; Table I). It is noticeable that α-CD water
solubility is limited to approximately 14%. Conversely,
TSC4/Mβ-CD showed the highest Fmax of all the TSCs/
CDs (215.3), while k1:1 and CE values remained relatively
low.

Determination of Residual Organic Solvents

The presence of organic solvent residues could lead to
cytotoxic effects during the in vitro biological evaluation of
the TSCs in cell monolayers. To ensure the complete
elimination of the solvents employed during the prepara-
tion of the complexes, samples were analyzed by GC. The
concentration of residual MeOH was smaller than
100 ppm. The maximum concentration allowed by the
European Pharmacopeia is 3000 ppm (39).

Table I Apparent Stability Constants (k1:1), Complexation Efficiency (CE), and Solubility Factors (F3% and FMax) of TSC/CD Complexes

TSC Cyclodextrin Slope R2 CE (10−3) K1:1 (M
−1)a Solubility type diagram F3% (±S.D.) Fmax (±S.D.)

TSC1 HPβ-CD 0.0127 0.9971 12.866 202.9 AN
b 3.7 (0.1) 21.6 (2.6)

Mβ-CD 0.0239 0.9941 24.487 386.2 AN
b 11.2 (0.7) 96.4 (3.5)

γ-CD 0.0035 0.9896 3.513 55.4 AL 3.0 (1.5) 10.9 (1.6)

TSC2 HPβ-CD 0.0032 0.9892 3.211 253.0 AL 9.7 (0.9) 107.1 (20.0)

Mβ-CD 0.0055 0.9937 5.530 435.8 AL 21.7 (4.0) 207.4 (4.3)

γ-CD 0.0012 0.9354 1.202 94.7 AL 9.0 (3.6) 24.3 (8.8)

TSC3 α-CD 0.0029 0.9998 2.910 514.2 AN
b 11.5 (8.1) 35.8 (9.8)

HPβ-CD 0.0007 0.9848 0.701 123.8 AL 10.1 (3.3) 64.8 (0.2)

Mβ-CD 0.0024 0.9984 2.406 425.0 AL 14.6 (2.4) 203.9 (12.5)

γ-CD 0.0011 0.9944 1.101 194.6 AL 4.4 (2.0) 41.5 (8.7)

HPγ-CD 0.0010 0.9775 1.001 176.9 AL 13.7 (2.2) 41.8 (7.5)

TSC4 HPβ-CD 0.0014 0.9934 1.402 186.2 Ap
b 7.1 (1.3) 122.2 (20.8)

Mβ-CD 0.0010 0.9899 1.001 133.0 Ap
b 3.7 (0.9) 215.3 (18.2)

γ-CD 0.0011 0.9713 1.101 146.3 AL 4.8 (1.2) 26.1 (2.7)

a Intrinsic aqueous solubility values: TSC1=6.341 10−5 M; TSC2=1.269 10−5 M; TSC3=5.660 10−6 M; TSC4=7.528 10−6 M (Taken from Ref. 21)
b k1:1 was estimated from the initial linear portion of the solubility plot (Taken from Ref. 22 and 37).
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TSC/CD Interaction

Aiming to confirm the formation of inclusion complexes and
gain insight into the TSC/CD interactions, samples of
different complexes were studied by ATR/FT-IR spectrosco-
py and compared to pure TSCs and PMs (41,42). The
characteristic bands of –NH streching of the terminal –NH2

group for TSC1, TSC2 and TSC3 were found at 3375.4–
3371.4 and 3263.3–3259.3 cm−1, and the band of –NH-C
(S)-NH2 streching at 3153.4–3149.4 cm−1, respectively. In
the case of TSC4, the characteristic bands of -NH streching
were found at 3354.9 and 3205.9 cm−1 (21). On the other
hand, characteristic band of C = N stretching in the different
TSCs was observed at 1604.3–1594.5 cm−1 (Fig. S2). In all
the PMs, these signals were still apparent, while in TSC/CD
complexes, these bands disappeared completely.

Self-Aggregation Behavior of Drug-Free CDs

The aggregation of drug-free CDs was primarily assessed
(30,32,33). Intensity data (in derived count rates) was plotted
for growing CD concentrations (Fig. S3). A sharp increase in
the scattering intensity was observed upon aggregation. The
intersection between the two straight lines corresponded to
the CAC (33). β-CD showed the smallest value (1.87 mM),
consistent with its low aqueous solubility (Table II). Native α-
CD and γ-CD CACs were slightly more soluble, CAC values
being 6.43 and 12.00 mM, respectively. Then, the chemical
modification of β-CD led to remarkably greater CAC of 21.43
and 85.00 mM, for HPβ-CD and Mβ-CD, respectively.

The size and size distribution of the different CDs were also
characterized. Unmodified CDs displayed unimodal size
distributions with Dh at the CAC between 172.0 and
230.7 nm (Table II); the smaller the CAC (and the lower
the solubility of the CD), the smaller the size of the
aggregates. CD “monomeric” units (1–2 nm) were not

observed. More water-soluble CDs presented a bimodal size
pattern: (i) a major population (84.8%–88.8%) of aggregates
with Dh of 180.9, 282.6 and 158.1 nm for HPβ-CD, Mβ-CD
and HPγ-CD, respectively (Table II, peak 1) and (ii) a small
population (11.2%–15.2%) of non-aggregated CD molecules
(Dh=1.4–1.7 nm) (Table II, peak 2).

Self-Aggregation Behavior of TSC/CD Inclusion
Complexes

The different TSC/CD inclusion complexes were thor-
oughly characterized by DLS. TSC/unmodified CDs
showed Dh between 199 and 830 nm and monomodal
aggregation patterns (Table III). This phenomenon was
irrespective of the CD type. In addition, the greater the CD
concentration in the system, the larger the size of the
structure observed (Table III) (30). It is important to note
that TSC/γ-CD and TSC/α-CD complexes were opales-
cent, even at day 0. The size and size distribution as well as
a scheme of the possible aggregation pattern are exempli-
fied for TSC3/Mβ-CD in Fig. 2. TSC/HPβ-CD complexes
containing 60% CD were not measurable by DLS due to a
high viscosity (1.4718 cP at 25°C) and a strong aggregation
tendency that resulted in PDI values >0.8.

Z-potential is a useful tool to characterize the surface
charge density of the CDs (43,44). TSC-free CD and TSC/
CD displayed negative values. TSC3/HPβ-CD complexes
ranged between −41.90 mV (0.5% w/v) and −2.44 mV
(60.0% w/v), at day 0 and remained constant over 1 week
(Fig. 3). This behavior was consistent for all the concentra-
tion range, except for 0.5% and 1.5% that, at day 7,
decreased from −41.90 to −25.2 mV. The smaller the size of
the TSC3/HPβ-CD complex measured by DLS (Table III),
the more negative the Z-potential value (Fig. 3). For
example, a size of 152.4 nm corresponded to a Z-potential
of −41.90 mV (TSC3/HPβ-CD 0.5%), while a size of

Table II Critical Aggregate Concentration (CAC) in milli-Q water at 25°C and Hydrodynamic Diameter (Dh) of Native and Modified Drug-Free CD
Aggregates Measured by DLS

Cyclodextrin CAC Mean size of CD-aggegates and monomeric forms at CAC

mM % (w/v) Peak 1 Peak 2 PDI (±S.D.)

Dh (nm) (±S.D.) % (±S.D.) Dh (nm) (±S.D.) % (±S.D.)

α-CD 6.43 0.63 188.6 (11.7) 100.0 (0.0) – – 0.627 (0.185)

β-CD 1.87 0.21 172.0 (43.9) 100.0 (0.0) – – 0.200 (0.118)

γ-CD 12.00 1.55 230.7 (20.3) 100.0 (0.0) – – 0.103 (0.076)

HPβ-CD 21.43 3.00 180.9 (4.5) 88.8 (1.6) 1.4 (0.3)a 11.2 (1.6) 0.457 (0.041)

Mβ-CD 85.00 11.00 282.6 (27.0) 84.8 (1.1) 1.6 (0.0)a 15.2 (1.1) 0.678 (0.102)

HPγ-CD 57.20 9.00 158.1 (16.7) 87.6 (1.9) 1.7 (0.1)a 12.4 (1.9) 0.339 (0.038)

aMonomeric forms of chemically-modified CDs.

Results are expressed as mean value of four measurements ± S.D.
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Table III Hydrodynamic Diameter (Dh) of TSC/CD Complexes of Native and Modified CD, at day 0, as Measured by DLS

TSC CD CD Concentration (% w/v) Peak 1 Peak 2 PDI (±S.D.)

Dh (nm) (±S.D.) % (±S.D.) Dh (nm) (±S.D.) % (±S.D.)

TSC1 HPβ-CD 0.5 163.7 (2.7) 100.0 (0.0) – – 0.266 (0.009)

1.5 154.4 (1.2) 100.0 (0.0) – – 0.181 (0.024)

3.0 149.3 (1.5) 100.0 (0.0) – – 0.161 (0.013)

15.0 255.8 (1.0) 100.0 (0.0) – – 0.127 (0.025)

30.0 390.5 (3.8) 100.0 (0.0) – – 0.119 (0.093)

Mβ-CD 0.5 195.2 (3.3) 100.0 (0.0) – – 0.058 (0.011)

1.5 268.9 (9.9) 100.0 (0.0) – – 0.086 (0.029)

3.0 220.3 (5.7) 100.0 (0.0) – – 0.088 (0.045)

15.0 420.5 (54.6) 91.5 (1.0) 2.0 (0.1) 8.5 (1.0) 0.363 (0.065)

30.0 494.6 (89.3) 89.2 (0.4) 2.5 (0.1) 10.8 (0.4) 0.532 (0.091)

γ-CD 0.5 199.6 (21.1) 100.0 (0.0) – – 0.234 (0.091)

1.5 272.2 (14.6) 100.0 (0.0) – – 0.297 (0.082)

3.0 769.7 (139.6) 100.0 (0.0) – – 0.198 (0.042)

7.5 296.8 (8.2) 100.0 (0.0) – – 0.128 (0.026)

15.0 648.7 (22.3) 100.0 (0.0) – – 0.074 (0.030)

22.0 830.0 (10.9) 100.0 (0.0) – – 0.089 (0.064)

TSC2 HPβ-CD 0.5 152.5 (12.9) 93.5 (0.3) 1.8 (0.1) 6.5 (0.3) 0.296 (0.023)

1.5 121.2 (5.4) 91.4 (0.7) 1.8 (0.1) 8.6 (0.7) 0.398 (0.053)

3.0 126.0 (2.4) 100.0 (0.0) – – 0.088 (0.014)

15.0 215.2 (5.2) 100.0 (0.0) – – 0.119 (0.018)

30.0 357.3 (3.2) 100.0 (0.0) – – 0.248 (0.007)

Mβ-CD 0.5 203.9 (2.2) 100.0 (0.0) – – 0.316 (0.033)

1.5 183.9 (2.3) 100.0 (0.0) – – 0.055 (0.024)

3.0 181.9 (6.4) 100.0 (0.0) – – 0.091 (0.038)

15.0 332.7 (11.2) 92.5 (0.1) 2.1 (0.1) 7.5 (0.1) 0.389 (0.079)

30.0 483.2 (33.5) 85.7 (0.5) 2.3 (0.1) 14.3 (0.5) 0.567 (0.051)

γ-CD 0.5 248.0 (9.5) 100.0 (0.0) – – 0.182 (0.028)

1.5 234.1 (3.2) 100.0 (0.0) – – 0.236 (0.020)

3.0 268.6 (5.1) 100.0 (0.0) – – 0.204 (0.005)

7.5 261.2 (13.7) 100.0 (0.0) – – 0.227 (0.013)

15.0 502.3 (23.1) 100.0 (0.0) – – 0.224 (0.018)

22.0 215.6 (11.3) 100.0 (0.0) – – 0.744 (0.016)

TSC3 α-CD 0.5 309.6 (13.1) 100.0 (0.0) – – 0.368 (0.082)

1.5 395.4 (23.0) 100.0 (0.0) – – 0.344 (0.040)

3.0 471.4 (31.9) 100.0 (0.0) – – 0.264 (0.015)

7.5 473.0 (29.6) 100.0 (0.0) – – 0.312 (0.032)

10.0 897.6 (180.1) 100.0 (0.0) – – 0.205 (0.013)

14.0 736.4 (12.7) 100.0 (0.0) – – 0.175 (0.044)

HPβ-CD 0.5 152.4 (19.1) 90.8 (1.1) 1.4 (0.4) 9.2 (1.1) 0.380 (0.013)

1.5 153.5 (1.5) 100.0 (0.0) – – 0.171 (0.006)

3.0 176.9 (13.7) 57.9 (4.2) 2.0 (0.0) 42.1 (4.2) 0.333 (0.116)

15.0 191.9 (7.5) 59.7 (0.1) 2.0 (0.0) 40.3 (0.1) 0.871 (0.012)

30.0 250.8 (26.3) 52.3 (4.3) 2.3 (0.1) 47.7 (4.3) 0.354 (0.031)

Mβ-CD 0.5 212.3 (7.9) 100.0 (0.0) – – 0.027 (0.031)

1.5 289.4 (12.9) 100.0 (0.0) – – 0.122 (0.038)

3.0 270.4 (10.3) 100.0 (0.0) – – 0.192 (0.026)

15.0 250.1 (57.2) 67.3 (3.0) 1.9 (0.0) 32.7 (3.0) 0.420 (0.011)
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250.8 nm to −5.23 mV (TSC3/HPβ-CD 30.0%). Pristine
drug-free CDs followed a similar trend with values of −20.03
and −2.17 mV for 0.5% and 60.0% systems, respectively.

Preliminary biological data in vitro suggested that TSC3
displays the greatest antiviral activity against BVDV of all
the derivatives (17). Thus, TSC3 was chosen to further
evaluate the activity against HBV and HCV in cellular
constructs. In advance, the work was focused on the more
extensive characterization of TSC3 complexes to choose
the complex that displays more advantageous features
towards these studies.

Morphology Analysis

The morphology of TSC3/HPβ-CD was studied by AFM.
CD systems need to be appropriately diluted before analysis

(45). To comply with this condition, a sample originally
containing 15% CD was diluted 1:50, resulting in a 0.3%
CD final concentration. TSC3/HPβ-CD presented rela-
tively small structures with a diameter of approximately
20 nm and a height of 50 nm (Fig. 4). SEM and TEM (data
not shown) did not contribute to gain additional insight into
the structure of the complexes.

Crystallinity Analysis

To study the nature of TSC3 (crystalline or amorphous) in
the corresponding complex, samples with Mβ-CD, HPβ-
CD and γ-CD were analyzed by XRD and DSC. These
two techniques are gold standards for the analysis of CD
complexes. Pure TSC3 showed the pattern of a character-
istic crystalline powder. TSC3/CD complex powders

Table III (continued)

TSC CD CD Concentration (% w/v) Peak 1 Peak 2 PDI (±S.D.)

Dh (nm) (±S.D.) % (±S.D.) Dh (nm) (±S.D.) % (±S.D.)

30.0 606.7 (140.7) 58.2 (2.9) 2.4 (0.1) 41.8 (2.9) 0.813 (0.022)

γ-CD 0.5 256.3 (20.6) 100.0 (0.0) – – 0.193 (0.147)

1.5 305.7 (49.8) 100.0 (0.0) – – 0.227 (0.004)

3.0 256.0 (10.8) 100.0 (0.0) – – 0.137 (0.024)

7.5 421.2 (23.1) 100.0 (0.0) – – 0.226 (0.014)

15.0 368.9 (44.4) 100.0 (0.0) – – 0.267 (0.017)

22.0 676.1 (60.9) 100.0 (0.0) – – 0.088 (0.062)

HPγ-CD 0.5 246.6 (11.9) 100.0 (0.0) – – 0.346 (0.029)

1.5 147.2 (10.5) 100.0 (0.0) – – 0.295 (0.045)

3.0 191.5 (12.9) 100.0 (0.0) – – 0.176 (0.043)

7.5 219.6 (15.9) 100.0 (0.0) – – 0.260 (0.014)

15.0 313.7 (13.3) 100.0 (0.0) – – 0.206 (0.012)

30.0 505.5 (47.6) 100.0 (0.0) – – 0.435 (0.072)

TSC4 HPβ-CD 0.5 178.1 (37.6) 100.0 (0.0) – – 0.232 (0.071)

1.5 197.5 (2.6) 100.0 (0.0) – – 0.080 (0.026)

3.0 194.6 (8.1) 100.0 (0.0) – – 0.087 (0.033)

15.0 688.7 (30.3) 100.0 (0.0) – – 0.158 (0.031)

30.0 2213.3 (265.9) 70.9 (3.8) 291.9 (23.1) 29.1 (3.8) 0.542 (0.057)

Mβ-CD 0.5 150.9 (5.2) 100.0 (0.0) – – 0.044 (0.032)

1.5 197.7 (5.7) 100.0 (0.0) – – 0.074 (0.015)

3.0 194.7 (6.4) 100.0 (0.0) – – 0.063 (0.021)

15.0 468.7 (78.9) 88.6 (0.9) 1.7 (0.1) 11.4 (0.9) 0.410 (0.035)

30.0 2153.4 (80.6) 78.1 (3.0) 1.3 (0.2) 21.9 (3.0) 0.962 (0.021)

γ-CD 0.5 204.6 (3.4) 100.0 (0.0) – – 0.122 (0.024)

1.5 448.0 (15.1) 100.0 (0.0) – – 0.313 (0.111)

3.0 269.9 (24.4) 100.0 (0.0) – – 0.227 (0.046)

7.5 419.0 (44.6) 100.0 (0.0) – – 0.321 (0.106)

15.0 347.4 (11.1) 100.0 (0.0) – – 0.242 (0.145)

22.0 627.3 (0.6) 100.0 (0.0) – – 0.086 (0.083)

Results are expressed as the mean value of four measurements ± S.D.
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appeared as completely amorphous (Fig. 5a,b). On the
other hand, these signals were also lost in PMs, owing to the
extremely low TSC relative concentration; the PM
contained a TSC/CD weight ratio identical to that of the
complex (Fig. 5b). Similarly, TSC was not detectable in the
PM and in the complex by DSC (not shown).

TSC/CD Interaction in Solution

Liquids 1H-NMR is one of the ultimate techniques to
investigate the drug/CD interaction in liquid state. Since
the TSC water solubility is extremely low as well as the
sensitivity of 1H-NMR, pure TSC3 was analyzed in D2O:

DMSO-d6 (34:66). Lyophilized TSC/CD inclusion com-
plexes and TSC-free CDs were analyzed in 100% D2O.
Since the protons of TSC were not apparent, the analysis
was focused on the thorough evaluation of the chemical
shifts undergone by the signals of specific CD protons; the
assumption is that these shifts are caused by the interaction
of the CD with the TSC. HPβ-CD and γ-CD signals shifted
downfield, irrespectively of the TSC. Upfield shifts were
observed for the complexes of TSC2 and TSC4 with Mβ-
CD. For example, TSC4/CD showed the upfield shift of
CD-H5 and the disappearance of CD-H6, when compared
to the other complexes. The 1H-NMR chemical shifts, as
calculated with Eq. 3, are summarized in Table SI.
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Physical Stability of the Complexes

The stability of TSC3/CD complexes was evaluated over
1 week by means of TSC3 concentration and DLS, at 25
and 37°C. Regardless of the CD employed and the
concentration, TSC3/α-CD and TSC3/γ-CD were highly
stable in the whole concentration range, at 25°C (Fig. 6a,d).
In contrast, TSC3/HPβ-CD, TSC3/HPγ-CD and TSC3/
Mβ-CD showed good stability only until day 1 (Fig. 6b,c,e).
TSC/Mβ-CD complexes showed the greatest increase in
solubility of all TSCs but were the less stable systems over
time; this behavior was more pronounced for high CD
concentrations.

Dh data indicated that the greater the CD concentration,
the larger the size of the aggregates at day 0. These findings
were consistent with the self-aggregation of CDs. Most of
the complexes were quite stable at day 1. However,
aggregation was not totally curtailed (Fig. 7). α-CD and γ-
CD complexes were highly stable in terms of TSC solubility

(Fig. 6a,d), though sizes (DLS) were remarkably large from
day 0 (Table III, Fig. 7a,d); these CDs display the smallest
CAC and the greatest self-aggregation tendency of all the
series. In addition, opalescence will probably preclude the
biological evaluation of these systems in cell cultures. In
contrast, complexes of chemically-modified CDs showed a
steady size growth usually between days 1 and 7. This
phenomenon was especially fast for TSC3/Mβ-CD,
TSC4/Mβ-CD and TSC4/HPβ-CD (30% w/v), that
showed sizes greater than 2 μm (and PDI>0.8), even at
day 0. Conversely, the size of TSC3/HPβ-CD and TSC3/
HPγ-CD increased significantly but they did not grow
above 348–600 nm. It is remarkable that these systems
remained macroscopically translucent.

When the stability of TSC3/HP-βCD was assessed at
37°C, initial sizes and physical stability profiles were similar
to those observed at 25°C (Table SII). Further stability
studies in culture medium with and without serum will be
conducted in parallel to the biological activity assays.
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Fig. 4 Representative Tapping-Mode Atomic Force Microscopy (TM-AFM) topographic flatten zoom image of a thin film of TSC3/HPβ-CD inclusion
complex at 0.3% w/v CD final concentration. (a) 2D TM-AFM image, scale bar: 19 nm and (b) 3D TM-AFM image. Scan range: 95.7 nm.
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DISCUSSION

To investigate the effect of the cavity size on the TSC
complexation capacity, CDs displaying gradually larger
cavities were investigated. In β-CD, a secondary belt is formed
by the hydrogen bonds and this more rigid structure results in
especially low water solubility (~1.85%) (24). Thus, the

pristine β-CD was replaced by chemically modified deriva-
tives (Mβ-CD and HPβ-CD) that display dramatically higher
aqueous solubility, while maintaining the size of the
hydrophobic cavity basically unchanged. These derivatives
are known to be less cytotoxic and more verstatile to conduct
a comprehensive complexation study due to the extremely
high aqueous solubility (46).
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Drug/CD complexes in solution are dynamic systems
where drug molecules interact with the CD surface and the
CD cavity, forming inclusion complexes and non-inclusion
(36) complexes that are characterized by an apparent
stability constant (k1:1) (34,35). Generally, ideal apparent
stability constants (k1:1) range between 50 to 2000 M−1

(22,30). Smaller experimental values indicate weak drug/

CD interactions and are associated with a low CE, while
greater values reveal extremely strong interactions that
constrain the release of the drug from the CD cavity (40).

Most of the plots of N-unsubstituted TSCs were linear in
the whole concentration range (AL) or linear at low CD
concentrations with a negative deviation from linearity at
greater concentrations (AN). These results indicated the
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formation of complexes that comprise one CD molecule
per TSC. Even though a slope smaller than the unity does
not exclude the formation of higher order complexes, in the
absence of additional data, a one-to-one complex is
assumed (22). β-CD derivatives displayed the most effective
complexation capacity, while γ-CD was the less effective
CD. α-CD resulted in the solubilization of TSC3 to an
intermediate extent. These findings would suggest that the
size of the hydrophobic aromatic ring of indanone would fit
the size of the β-CD cavity. α-CD probably bears a cavity
that is too small to incorporate the TSC molecule and the
cavity of γ-CD is too large. Thus, even if γ-CD incorporates
TSC, it fails to generate sufficiently strong interactions and
TSC molecules are released rapidly from the cavity to the
aqueous medium (Table I). This hypothesis is strongly
supported by the fact that complexes of TSC3 with γ-CD
and HPγ-CD (two CDs with identical cavity diameter
though different maximum aqueous solubility) displayed
similar CE, k1:1 and Fmax values; this behavior was
irrespective of the differential solubility profile. Moreover,
the incorporation of CH3O- functional groups to the
aromatic ring and the enlargement of the hydrophobic
portion of the molecule improved the TSC/γ-CD and
TSC/HPβ-CD association and resulted in greater k1:1
values (Table I). The remaining TSC/CD inclusion
complexes showed k1:1 within the expected range, indicat-
ing appropiate complexation. Interestingly, while the high-
est slope and CE values corresponded to TSC1/Mβ-CD
and TSC1/HPβ-CD, these complexes did not display the
highest k1:1 and the greatest increase in solubility. This
behavior relies on the fact that the solubility diagrams (AN

type curve) of these complexes displayed a negative
deviation from linearity as a function of Mβ-CD and
HPβ-CD concentration (approximately above 3% w/v). AN

profiles may be associated with both the self-association of
drug-free Mβ-CD (CAC=11%) and HPβ-CD (CAC=3%) at
high concentrations and the modification in the effective
nature of the solvent in the presence of a large amount of
these CDs (22,37). The highest constant values were
obtained for TSC3/α-CD (514.2 M-1), TSC2/Mβ-CD
(435.8 M-1) and TSC3/Mβ-CD (425.0 M−1); these values
were accompanied by relatively high F3% and Fmax (except
Fmax value for TSC3/α-CD). The reason for this exception
was that TSC3/α-CD displayed an AN plot with the
negative deviation from linearity at concentrations above
1.5%. At higher concentrations, α-CD showed a greater
aggregation tendency (CAC=0.63%) that affect negatively
the TSC3 solubilization efficiency. On the other hand, it is
worth stressing that even though the complexes formed are
1:1 type, TSC and CD are not in equimolar ratio. This
behavior is evidenced by the relatively large molar amount
of CD required to complex much smaller molar amounts of
TSC, and indicates the presence of free CD molecules. In

other words, a large CD molar excess is required to “force”
free TSCs to interact with free CD molecules in the
medium (9,26,36).

TSC4/HPβ-CD and TSC4/Mβ-CD at CD concentra-
tions greater than 45 and 15% w/v, respectively, showed a
positive curvature that indicated the formation of Ap

complexes containing two CD molecules per TSC4 (22,24).
The fact that these complexes are formed only at high
concentrations of chemically-modified and with the only N-
substituted TSC suggested that the N-allyl group plays a key
role. A mechanism that a priori could explain the appearance
of 1:2 complexes is the partial formation of non-inclusion
complexes through the interaction of TSC molecules with
the CD surface (24). Data of N-unsubstituted TSC com-
plexes suggested that they do not form this type of complex,
in the whole concentration range. Since N-substituted TSCs
are more hydrophobic molecules, they would be even less
prone to interact with the hydrophilic surface of pristine
CDs. In fact, TSC4 complexes with γ-CD showed a 1:1
pattern over the whole concentration range. A similar trend
was observed with HPβ-CD and Mβ-CD, two CDs that
display identical cavity and different superficial hydro-
philicity, at low CD concentrations. Thus, the change in
the complexation pattern of TSC4 at greater CD
concentrations would rely on the interaction of the allyl
group of TSC4 with the surface of the less hydrophilic
chemically-modified CDs; the interaction with more
hydrophobic –CH3 of Mβ-CD being stronger than that
with the more hydrophilic –OH of HPβ-CD and taking
place at a lower CD concentration. This hypothesis is
supported by the sharp size increase showed by these
systems in DLS (Dh>2 μm).

It is noteworthy that k1:1 is not the ultimate parameter to
establish the role played by the cavity size in the
complexation and a thorough analysis of the whole data
needs to be addressed.

The formation of TSC/CD inclusion complexes was
unequivocally confirmed in dry samples analyzed by
ATR/FT-IR, where the characteristic TSC band dis-
appeared completely as opposed to PMs. Further
evidence of the nature of the complexes was gained by
liquid 1H-NMR; the complexation is revealed by the
shifting and/or disappearance of drug and/or CD proton
signals when the inclusion complex is formed (37,47). The
minimum concentration of TSC that could be previously
detected in the NMR apparatus was 250 μM, but
2500 μM had a better sensibility (21). According to phase
solubility diagrams (Fig. S1), the predicted TSC amount
concentration in the complex should have been sufficiently
high to be detected by 1H-NMR. However, TSC protons
were not observed in NMR spectra of the inclusion
complexes. These findings were in full agreement with
FT-IR data.
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The incorporation of TSC into the CD cavity was
further evaluated by calculating the shift of CD protons.
CD-H3 and CD-H5 are located inside the cavity, CD-H6
at the narrow-rim and CD-H1 on the surface of the CD
molecule. In general, when there is a guest/host interaction
both down and upfield shifts can be expected (48–50). All
the CD-Hs were affected to a greater or to a lesser extent.
Generally, the greater the TSC hydrophobicity was, the
stronger the shift. For example, in presence of TSC
derivatives, HPβ-CD and γ-CD signals shifted downfield
(Table SI). This phenomenon could be related to a
deprotection or anisotropy effect due to the inclusion of
the TSC hydrophobic aromatic ring into the CD cavity
(37,48–50). In addition, CD-H1 downfield shift would stem
from the TSC interaction with the CD surface, as suggested
by Gibaud et al. (50). Even though data suggested that the
formation of non-inclusion complexes is less feasible, the
temporary interaction of TSCs with the CD surface in
liquid state cannot be discarded. In addition, the upfield
shift of CD-H5 in TSC4/CD could rely on the formation
of an Ap-type 1:2 TSC/CD complex.

Ongoing molecular dynamic studies suggest that the
TSC/CD interaction takes place through hydrogen bond-
ing mainly inside the CD cavity and to a smaller extent
with the CD surface (data not shown). These results would
support the NMR results suggesting that, regardless of the
molecular features, all the TSCs are completely incorpo-
rated into the CD cavity.

The self-aggregation of drug-free and drug-loaded CDs
in water is a well-known phenomenon (28,30). The size and
size distribution of the aggregates may affect the interaction
with cells and affect the ability to cross biological barriers
and the absorption process in vivo. First, the self-aggregation
behavior of pure CDs was assessed. Despite the presence of
functional groups on the surface that may hinder self-
aggregation, both pristine and chemically modified CDs
self-aggregated. The former showed unimodal size distri-
butions, while the latter combined aggregates with a small
fraction of non-aggregated CD. Interestingly, the contribu-
tion of the cavity size to the size of the aggregates appears
to be negligible. A similar trend was followed by TSC/CDs
complexes, this behavior being irrespective of the CD.
Since the size of pure CD aggregates was 158–283 nm,
data suggest that the TSC/CD self-aggregation is favored
by the TSC that by itself self-aggregates (21). Also, the
presence of a small fraction of monomeric CD (1.4–2.5 nm)
in complexes of chemically modified CDs for concentra-
tions greater than 3.0% indicated the coexistence of non-
aggregated drug-free CDs and TSC/CD complexes and
aggregated TSC/CD complexes (24).

Additional insight into the role played by the TSC in the
self-aggregation process of TSC/CD complexes was gained
by the analysis of the surface charge density. Even though

values were always negative, the increase of the CD and TSC
concentration in the system led to a sharp increase of the Z-
potential to less negative values (Fig. 3). These results were in
agreement with previous investigations (44) and would be
associated with the self-aggregation of CDs and TSC/CD
complexes, and translated into larger sizes by DLS
(Table III). Moreover, this behavior further stresses the
impact of the CD concentration on the aggregation pattern
and their interaction with cells; due to presence of sialic acid
residues in the cell membrane, cells display a negatively-
charged surface. Moreover, less negative Z-potential values
resulted in less physically stable systems, as electrostatic
repulsion is a stabilization mechanism in colloids (see below).

The primary self-aggregation and later precipitation of
TSC3 in aqueous media represents one of the main
drawbacks towards the reliable evaluation of its antiviral
activity. Since pure CDs and TSC3/CD complexes self-
aggregate, the study of the physical stability of the different
TSC3/CD systems in water was of special interest. In vitro
antiviral experiments are usually conducted over 2–4 days
and comprise the exchange of the culture medium (that
contains the TSC/CD complex) every 24 h. Thus, to attain
reliable results, TSC3/CD aqueous systems need to remain
physically stable for at least 24 h; a new TSC/CD aqueous
system is prepared every day. In general, the stability
depended on (i) the CD type and (ii) CD (and TSC)
concentration. The TSC3 concentration in α-CD and γ-
CD remained almost unchanged (Fig. 6a,d). Complexes of
chemically modified CDs were less stable and showed a
gradual TSC concentration drop.

The relatively fast self-aggregation of pure 1-indanone
TSCs in water:DMSO (98:2) has been previously reported
(21). Remarkably, the formed nanoparticles remained
invisible to the naked eye and no changes in the TSC
concentration were measured. Thus, to complement the
stability assays, the size of the TSC3/CD in water was also
monitored over 1 week and compared to the initial size of
the complex. Findings indicate that size growths take place
faster and are more pronounced than the TSC concentra-
tion drop. This would probably stem from the initially fast
self-aggregation of TSC3/CDs that favors, in a later stage,
the nucleation and precipitation of free TSC3 molecules.
Only then, a sharp decrease of TSC3 concentration is
observed. In this regard, it should be stressed that the size
growth of pure TSC particles will lead to the gradual
decrease of the effective TSC concentration in the culture
medium and the overestimation of the antiviral activity. In
contrast, in the case of TSC/CD aggregates, the size
growth will not necessarily mean that TSC will not be
available to cells as complexes may serve as drug reservoirs
that release the drug over time. Overall, CD complexation
appears as a useful approach to physically stabilize TSC3 in
aqueous medium for the period of the biological analysis.
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TSC3/γ-CD probably showed the best equilibrium
between complexation capacity and physical stability over
time though the system was opalescent. Moreover, for
identical CD concentrations, the HPβ-CD complex enables
the attainment of greater absolute TSC concentrations.
Since CDs display concentration-dependent cytotoxicity,
TSC3/HPβ-CD would appear a more advantageous and
versatile system to fine tuning the TSC/CD concentration
balance. Moreover, TSC3/HPβ-CD aggregates are
smaller; the smaller the size, the better the cellular uptake.
Overall findings point out TSC3/HPβ-CD as the best
candidate to pursue the TSC3 antiviral activity against
HCV and HBV. However, this hypothesis will need to be
confirmed in the in vitro assays.

CONCLUSIONS

The performance of different pristine and chemically
modified CDs as drug carriers to improve the aqueous
solubility and prevent the TSC self-aggregation in water
has been exhaustively investigated. Significantly greater
TSC concentrations with respect to the CD-free systems
were attained. The order of TSC3 solubilization capacity
was Mβ-CD >> HPβ-CD > γ-CD ~ HPγ-CD ~ α-CD.
Even though complexation did not totally prevent self-
aggregation, in general, TSC3/CD inclusion complexes in
water were physically stable for at least 1 day, with no
changes in TSC concentration and size. This improvement
is very relevant for the ongoing biological experiments and
will enable the reliable evaluation of the antiviral activity in
different viral hepatitis cellular constructs.
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