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Background: Curcumin analogs, including the novel compound NC 2067, are potent cytotoxic
agents that suffer from poor solubility, and hence, low bioavailability. Cyclodextrin-based
carriers can be used to encapsulate such agents. In order to understand the interaction between
the two molecules, the physicochemical properties of the host—guest complexes of NC 2067
with B-cyclodextrin (CD) or B-cyclodextrin—gemini surfactant (CDgemini surfactant) were
investigated for the first time. Moreover, possible supramolecular structures were examined in
order to aid the development of new drug delivery systems. Furthermore, the in vitro anticancer
activity of the complex of NC 2067 with CDgemini surfactant nanoparticles was demonstrated
in the A375 melanoma cell line.

Methods: Physicochemical properties of the complexes formed of NC 2067 with CD or
CDgemini surfactant were investigated by synchrotron-based powder X-ray diffraction, Fourier-
transform infrared spectroscopy, and thermogravimetric analysis. Synchrotron-based small- and
wide-angle X-ray scattering and size measurements were employed to assess the supramolecular
morphology of the complex formed by NC 2067 with CDgemini surfactant. Lastly, the in vitro
cell toxicity of the formulations toward A375 melanoma cells at various drug-to-carrier mole
ratios were measured by cell viability assay.

Results: Physical mixtures of NC 2067 and CD or CDgemini surfactant showed characteristics
of the individual components, whereas the complex of NC 2067 and CD or CDgemini surfac-
tant presented new structural features, supporting the formation of the host—guest complexes.
Complexes of NC 2067 with CDgemini surfactants formed nanoparticles having sizes of
100-200 nm. NC 2067 retained its anticancer activity in the complex with CDgemini surfactant
for different drug-to-carrier mole ratios, with an IC, (half-maximal inhibitory concentration)
value comparable to that for NC 2067 without the carrier.

Conclusion: The formation of host—guest complexes of NC 2067 with CD or CDgemini
surfactant has been confirmed and hence the CDgemini surfactant shows good potential to be
used as a delivery system for anticancer agents.

Keywords: inclusion complex, supramolecular arrangement, small-angle X-ray scattering,
powder X-ray diffraction, cytotoxic activity

Introduction

With the advances of combinatorial chemistry, many new anticancer agents are
synthesized every year in an effort to combat different cancers. The major challenge
with some compounds is their low water solubility, which results in poor absorption
through biomembranes and leads to low bioavailability. Organic solvents (dimethyl
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sulfoxide [DMSO]) and surfactants (Cremophor®) are used
in laboratory experiments and formulations to enhance the
solubilization of these molecules. However, DMSO is not
safe for in vivo use because it has its own influence on the
cells and the US Food and Drug Administration has not yet
approved the use of DMSO as a delivery agent except for
the treatment of interstitial cystitis.' In addition, Cremophor
used in conventional chemotherapy formulations is associ-
ated with fatal hypersensitivity reactions.? Therefore, dif-
ferent nanotechnology-based drug delivery systems have
been developed to increase the solubility of the hydrophobic
anticancer compounds and enhance their efficiency.

Curcumin, the active ingredient of turmeric rhizome,
and its analogs are some examples of poorly soluble drug
candidates in aqueous medium. While they show strong
in vitro anticancer activity toward different cancer cell
lines,*? their lipophilicity (high log P value) is a limitation
for in vivo applications. Various nanotechnology-based
drug delivery systems, such as liposomes,'®!" solid lipid
nanoparticles,®'>!* polymer-based nanoparticles’*!> and
mesoporous nanoparticles,'® have been developed to encap-
sulate curcumin and its analogs so as to enhance solubiliza-
tion and deliver them to cancerous cells. Beta-cyclodextrin
(CD) (Figure 1A) is a well-known carrier for insoluble
drugs in the pharmaceutical industry. It is capable of
encapsulating a lipophilic guest molecule in its hydrophobic
internal cavity to form a complex and its hydrophilic outer
surface leads to improved guest solubility in an aqueous
environment.!” Complexes of curcumin or curcumin ana-
logs and CD have been created previously to increase the
water solubility of the drug.'®* Curcumin analogs with the
1,5-diaryl-3-ox0-1,4-pentadienyl pharmacophore structure
have been synthesized and their cell toxicity toward various
cancer cell lines has been demonstrated.*** Among these
structures, NC 2067 (Figure 1B) has demonstrated high
in vitro cell toxicity toward melanoma and colon cancer
cell lines.** Its high log P value of 4.6 and the presence
of aromatic ring moieties in its structure suggest that NC
2067 is a good candidate for encapsulation by CD. Beta
cyclodextrin—gemini surfactant (CDgemini surfactant) is
a novel carrier composed of CD attached by an ester or
amide linker to a cationic gemini surfactant (Figure 1C and
D, respectively). They were synthesized in order to create a
suitable substitute for a solubilizing agent,’ hypothesizing
that the hydrophobic CD cavity can accommodate NC 2067
while the gemini surfactant tail possibly could contribute to
a supramolecular association that would enhance diffusion
into biomembranes.

In a previous study,’ we have shown that NC 2067 in a
complex with CD or CDgemini surfactant in a 1:2 mole ratio
exhibited high in vitro cell toxicity toward A375 melanoma
cell line. Moreover, based on UV spectroscopy findings, we
have also suggested a hypothetical model of the interaction
of the NC 2067 molecule with CD and CDgemini surfactant.?
However, understanding the nature of the physicochemical
interactions between NC 2067 and CD or CDgemini surfac-
tant is necessary to confirm whether inclusion complexes are
formed. Furthermore, examination of the structural behavior
of the nanoparticles made of NC 2067 in a complex with the
CDgemini surfactant should help to optimize the use of these
nanoparticles as delivery agents for poorly soluble anticancer
agents such as NC 2067.

The objective of the current work is to determine to what
degree inclusion of NC 2067 in CD or CDgemini surfactant
can occur. Moreover, the nanoparticulate behavior of NC 2067
in a complex with CDgemini is assessed more comprehen-
sively. Finally, the effect of variations in drug-to-carrier mole
ratio and linker structure on the size and anticancer activity
of the nanoparticulate systems are investigated.

Materials and methods

Preparation of inclusion complexes
Curcumin analog NC 2067 was synthesized as described
previously.2* BCD was purchased from Alfa Aesar (Haverhill,
MA, USA). CDgemini surfactants with ester or amide link-
ages were synthesized previously.® All other chemicals were
purchased from Sigma-Aldrich (Oakville, ON, Canada).
Complexes of NC 2067 with CD or CDgemini surfactant
were created as follows. Solutions of CD and CDgemini
surfactant in water (10 mM) and NC 2067 in methanol
(2 mM) were combined to obtain mole ratios of drug to
delivery agent of 0.5, 1.0, and 2.0 and shaken overnight.
The solvent mixture was removed by rotary evaporation
under vacuum. These powders were used for the powder
diffraction, thermogravimetric analysis (TGA), and Fourier-
transform infrared (FTIR) spectroscopy experiments. For
all other studies, the residue was reconstituted in water and
shaken overnight. Physical mixtures were made by blending
the appropriate amount of powders of NC 2067 and CD or
CDgemini surfactant.

Characterization of the complex of NC
2067 with CD or CDgemini surfactant
Powder X-ray diffraction measurements

The powder samples of NC 2067 and its physical mixtures
and complexes with CD or CDgemini surfactant were loaded
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Figure | Chemical structures of (A) CD, (B) NC 2067, (C) CDgemini surfactant (ester linker), and (D) CDgemini surfactant (amide linker).
Abbreviations: CD, -cyclodextrin; CDgemini surfactant, -cyclodextrin-gemini surfactant.

into capillaries (MiTeGen, Ithaca, NY, USA). Powder X-ray
diffraction patterns were obtained at beamline 08B1-1
(Canadian Macromolecular Crystallography Facility-bend
magnet) at the Canadian Light Source Inc (CLS, Saskatoon,
SK, Canada) using X-ray energy of 12 keV at room tem-
perature.?” Data collection was performed at a sample-
to-detector distance of 280 mm with 30-second exposure
time. Data processing was carried out employing X-ray
analysis software for partially ordered and disordered systems
(Alaidi, personal communication), automating Fit2d.?

FTIR spectroscopy

Infrared spectra of the powder samples of NC 2067 and its
physical mixtures and complexes with CD or CDgemini
surfactant, embedded in a KBr matrix, were scanned over

|
"R e e P
|

Cl-

the 4,000-400 cm™ region and recorded by using a Bruker
IFS 66v/S Fourier-transform spectrometer (Bruker Optics,
Billerica, MA, USA) at the CLS.

TGA study

The thermal behavior of NC 2067 and its physical mixtures
and complexes with CD or CDgemini surfactant was evalu-
ated using TGA. The scans were carried out employing a
TGA Q500 instrument (TA Instruments, New Castle, DE,
USA) under nitrogen at a heating rate of 5°C/min.

Small- and wide-angle X-ray scattering
measurements

Small- and wide-angle X-ray scattering (SAXS/WAXS)
measurements were performed at the BL4-2 beamline at
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the Stanford Synchrotron Radiation Lightsource (SSRL,
Stanford, CA, USA) at an energy of 11 keV and a sample-
to-detector distance of 1.1 m at 20-second exposure time.
Diffraction intensity versus g (scattering vector) plots were
obtained by radial integration of the two-dimensional patterns
using X-ray analysis software for partially ordered and dis-
ordered systems. The concentration of CDgemini surfactant
in all samples was fixed at 10 mM.

Size measurements

Particle sizes in solution were measured using a Zetasizer
Nano ZS instrument (Malvern Instruments, Malvern, UK).
Results are reported as the mean of three to five measure-
ments * standard deviation.

Cell viability assay

A375 human amelanotic melanoma cells (American Type
Culture Collection, CRL-1619) were seeded at a density
of 1x10* cells per well in 96-well tissue culture treated
plates. Cells were treated with the formulations at drug
concentrations of 0.01-200 uM in quadruplicate wells for
48 hours to produce a balanced four-parameter curve. The
experiments were conducted in triplicate. After treatment,
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT; Invitrogen, Burlington, ON, Canada) at
450 ng/mL was added to each well and the plates were
incubated for 2 hours at 37°C. Absorbance at 550 nm was
recorded using a Synergy BioTek plate reader. The values
of the half-maximal inhibitory concentration (IC, ) for all
samples were calculated using the four-parameter curves
generated by the Gen5 software from BioTek.

Statistical analysis

Statistical analysis was performed using SPSS (version
19.0). One-way analysis of variance and Scheffé’s compari-
son were used. The level of significance was considered at
P<0.05 value.

Results

Physicochemical characterization of the
host—guest inclusion complexes of NC
2067 in CD and CDgemini surfactant
Powder X-ray diffraction analysis

To confirm the formation of the complexes of NC 2067 and
CD or CDgemini surfactant, analysis of powder diffraction
patterns of the complexes were compared to the patterns of
the physical mixtures of NC 2067 and CD or CDgemini sur-
factant. Because the structure of the linker (amide or ester)

in CDgemini surfactant should have a minimal influence
on the host—guest complexes, only CDgemini surfactant
with the ester linker was evaluated. Moreover, qualitative
analysis of the host—guest complexes will not change with
different drug-to-carrier mole ratios and hence, the 1:2 mole
ratio was selected for these experiments. Diffractograms of
CD, NC 2067, their physical mixture, and the complex they
formed are illustrated in Figure 2A. The CD and NC 2067
diffractograms (Figure 2A-a and -b, respectively) display
several peaks representative of a crystalline structure. The
physical mixture of NC 2067 and CD (Figure 2A-c) shows
a pattern resembling the superposition of the NC 2067 and
CD peaks, with the most intense peaks of NC 2067, at 26
angles of 3.9°, 12.8°, 13.2°, 13.9°, and 18.8°, being most
evident. Conversely, in the diffraction pattern of the com-
plex of NC 2067 with CD (Figure 2A-d), a new diffraction
pattern emerges, with peaks in different positions such as
1.9°,9.3°, and 12.2°, which is not found in diffractograms
of NC 2067 or CD (All the peak positions are presented
in Table S1).

Diffractograms of CDgemini surfactant, NC 2067, their
simple physical mixture, and their complex are illustrated
in Figure 2B. The diffused diffraction pattern of CDgemini
(Figure 2B-a) is representative of an amorphous structure. In
the physical mixture of NC 2067 and CDgemini surfactant
(Figure 2B-c), and as seen in the NC 2067 and CD physical
mixture (Figure 2A-c), the strongest peaks of NC 2067 are
visible (at 26 angles of 3.9°, 12.8°,13.2°, 13.9°, and 18.9°).
On the contrary, the diffractogram of the complex of NC
2067 with CDgemini surfactant (Figure 2B-d) illustrates an
expected amorphous structure similar to that of CDgemini
surfactant, confirming the formation of a complex between
NC 2067 and the CDgemini surfactant.

FTIR spectroscopy

Further evaluation of the complex between the drug and
CD or CDgemini surfactant (using the ester linker as a
model) was carried out by comparison of the FTIR spectra
(Figure 3) of NC 2067, CD, CDgemini surfactant, their
complexes, and physical mixtures. Generally, in the physi-
cal mixtures of NC 2067 and CD or CDgemini surfactant
(Figure 3A-c and B-c), the infrared peaks of NC 2067 and
CD or CDgemini surfactant are detectable, whereas in the
complexes of NC 2067 with CD or CDgemini surfactant
(Figure 3A-d and B-d), some peaks of the NC 2067 are
missing or are very weak. For example, the three bands cor-
responding to the aromatic ring conjugated with the alkene
C=Cbond of NC 2067 in the 1,450-1,600 cm™' range are still
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Figure 2 Diffractograms of (A) CD (a), NC 2067 (b), physical mixture (c), and inclusion complex of NC 2067 and CD (d); and (B) CDgemini surfactant (a), NC 2067
(b), physical mixture (c), and inclusion complex of NC 2067 and CDgemini surfactant (d).
Abbreviations: au, arbitrary units; CD, B-cyclodextrin; CDgemini surfactant, B-cyclodextrin-gemini surfactant.

detectable in the physical mixture at 1,468 cm™', 1,489 cm™,
and 1,512 cm™, whereas in the complexes, they are very
weak or undetectable. The peak of NC 2067 at 1,671 cm™,
corresponding to the o,-unsaturated ketone stretch, is still
present in the physical mixture, whereas it is less intense

in the complex. Moreover, there are several peaks of NC
2067 at 694 cm™, 1,278 cm™, 1,433 cm™, and 3,022 cm™,
which disappear after complexation of NC 2067 with CD
but are observable in the physical mixture. Similarly, the
peaks of NC 2067 at 694 cm™, 1,433 cm™!, 1,608 cm™,
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Figure 3 FTIR spectra of (A) CD (a), NC 2067 (b), physical mixture (c), and inclusion complex of NC 2067 and CD (d); and (B) CDgemini surfactant (a), NC 2067
(b), physical mixture (c), and inclusion complex of NC 2067 and CDgemini surfactant (d).

Note: Expansions for the 1,720-1,380 cm™' region are illustrated in the insets.

Abbreviations: au, arbitrary units; CD, B-cyclodextrin; CDgemini surfactant, B-cyclodextrin-gemini surfactant; FTIR, Fourier-transform infrared.

1,631 cm™, and 3,022 cm™ are lacking in the complex of
NC 2067 with CDgemini surfactant but observable in their
physical mixture. The disappearance of the NC 2067 peaks
at 694 cm™', corresponding to the monosubstituted aromatic
ring, and at 3,022 cm™!, corresponding to the C—H stretch of
the aromatic ring, from the complexes supports the theory
that one or both aromatic rings conjugated with the alkene
bond in the NC 2067 structure (Figure 1B) are involved in
the inclusion. On the other hand, a peak at 1,248 cm™, cor-
responding to the aryl alkyl ether group (side chain in NC
2067 structure), can be detected in all physical mixtures
and complexes with CD and CDgemini surfactant, thus
suggesting that this side chain is not involved with the CD
moiety in the complex (Figure 3).

TGA study

Thermal behavior of the complexes and physical mixtures
of NC 2067 and CD or CDgemini surfactant (using ester
linker) was investigated to further corroborate the results
obtained from powder X-ray diffraction and FTIR studies.
The thermal profile of CD (Figure 4A) showed a water loss
of 10% from 30°C to 70°C and degradation occurring in the
range of 275°C-315°C, with a concomitant 65% weight loss,
which is in agreement with a previous report.” The physical
mixture displayed 8% water loss in the same temperature
range as CD, whereas no water loss was recorded in the
complex in this range (Figure 4A). Thermal decomposition
of NC 2067 began at 218°C, while the complex of NC 2067
with CD showed delayed onset of the degradation, shifting to
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Figure 4 TGA thermograms of (A) CD, NC 2067, physical mixture, and inclusion complex of NC 2067 and CD; and (B) CDgemini surfactant, NC 2067, physical mixture,

and inclusion complex of NC 2067 and CDgemini surfactant.

Abbreviations: CD, -cyclodextrin; CDgemini surfactant, -cyclodextrin-gemini surfactant; TGA, thermogravimetric analysis.

a higher temperature of 240°C (Figure 4A). The thermogram
corresponding to CDgemini surfactant (Figure 4B) did not
show the initial water loss at or below 70°C. The complex
of NC 2067 with CDgemini surfactant showed marginally
less water loss in comparison to CDgemini surfactant alone.
Moreover, the degradation temperature of NC 2067 in the
complex increased to 232°C (Figure 4B).

Nanoparticulate behavior of NC 2067

in complex with CDgemini surfactant

Size measurements of nanoparticles

Because a complex of NC 2067 with CD will not form nano-
particles, only the size of nanoparticulate systems of NC 2067
in a complex with the CDgemini surfactant (ester and amide
linkers) in water at three different drug-to-carrier mole ratios
(1:0.5, 1:1, and 1:2) was measured. All the nanoparticles had
sizes in the range of 101-199 nm, with a polydispersity index
=0.3 (Table 1). The average size of the nanoparticles formed

by NC 2067/CDgemini surfactant (ester linker at 1:2 mole
ratio) was significantly different (P<<0.05) from the size of
particles in other formulations. The size of the nanoparticles
at 1:0.5 mole ratio was significantly higher than that at the
other two mole ratios for both ester and amide linker groups.
CDgemini surfactant size measurements provided variable
values with high polydispersity index, suggesting the inho-
mogeneous nature of the aggregations of free CDgemini
surfactant in solution.

SAXS/WAXS measurements

To evaluate the lipid phase behavior of the nanoparticles, we
assessed the SAXS/WAXS pattern of the complexes of NC
2067 with CDgemini surfactant (ester linker) at three differ-
ent drug-to-carrier mole ratios (1:0.5, 1:1, and 1:2) (Figure 5).
Surprisingly, the CDgemini surfactant, alone, showed a broad
peak pattern in the SAXS region (g<<0.1 A™"), corresponding
to the formation of aggregates, without showing any peak
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Table | Size of different nanoparticulate formulations and
corresponding PDI

NC 2067/CDgemini NC 2067-to-CDgemini Size PDI

surfactant surfactant (nm) = SD

nanoparticles mole ratio

Ester linker 1:0.5 16013 0.1
I:1 140+ 0.2
122 1012 0.3

Amide linker 1:0.5 199+6 0.3
I:1 13143 0.2
12 1311 0.2

Note: Sizes are the average of three to five measurements + SD.
Abbreviations: CD, B-cyclodextrin; CDgemini surfactant, B-cyclodextrin-gemini
surfactant; PDI, polydispersity index; SD, standard deviation.

in the WAXS region (Figure 5A). Moreover, the scattering
pattern of different concentrations of CDgemini surfactant
(1-30 mM) in the ¢ range of 0.02—0.2 A~' did not alter in
position (data not shown). Once again, because the nature of
the linker has minimal effect on the self-assembling behavior
of the gemini surfactants, we focused on the ester linker.
Interestingly, adding NC 2067 to the CDgemini surfactant
at different mole ratios (1:0.5, 1:1, and 1:2) resulted in a
flattening of the peak corresponding to the free CDgemini

surfactant phase and, simultaneously, appearance of a peak at
g 0f 0.27 A" in the scattering pattern (Figure SB-D). Further-
more, at higher ¢ or 26 angles, some peaks at ¢ of 0.42 A",
0.56 A1, 0.66 A, and 0.8 A" (corresponding to 260 angles
of 4.3°,5.7°, 6.8°, and 8.3°, respectively) are observed for
the complexes of NC 2067 and CDgemini surfactant with
higher drug-to-carrier mole ratio. These peaks correspond
to the most intense peaks observed in the powder X-ray
diffraction pattern of the free NC 2067.

Cell activity of NC 2067/CDgemini

surfactant formulations

Our aim was to evaluate the effect of various NC 2067/CDgemini
surfactant nanoparticulate formulations, made at different drug-
to-carrier mole ratios and with different linkers, on the cell viabil-
ity of the A375 cell line to complete our previous study.’

In vitro activity of NC 2067 in complexes with
CDgemini surfactants having different linkers

To evaluate the efficiency of the anticancer agent encapsu-
lated in the carrier, we assessed the ability of NC 2067, in the
form of a complex with CDgemini surfactant, to kill A375

Relative intensity (au)

0.4

0.5

q (A7)

Figure 5 SAXS/WAXS patterns of (A) CDgemini surfactant; and complexes of NC 2067 with CDgemini surfactant at three different mole ratios of (B) 1:2, (C) I:1, and (D)

1:0.5. Arrows show the peaks corresponding to precipitated NC 2067.

Abbreviations: CD, -cyclodextrin; CDgemini surfactant, B-cyclodextrin-gemini surfactant; SAXS/WAXS, small- and wide-angle X-ray scattering.
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Table 2 IC,; values of melphalan in acidified ethanol and NC 2067 in DMSO and various CDgemini surfactant formulations and

percentage intrinsic toxicity of the CDgemini surfactants

Anticancer agent Delivery agent/solvent Mole ratio of drug IC,, (uM) = SD % toxicity of CDgemini
to delivery agent surfactant (200 pM) = SD
Melphalan Acidified ethanol NA 4019 NA
NC 2067 DMSO NA 0.5+0.1 NA
CDgemini surfactant (amide linker) 122 2.1+0.3 94.6+0.5
CDgemini surfactant (ester linker) 1:0.5 2.240.2 18+6
H 2.4+0.4
12 2.0£0.25

Abbreviations: CDgemini surfactant, B-cyclodextrin-gemini surfactant; DMSO, dimethy! sulfoxide; IC,, half-maximal inhibitory concentration; SD, standard deviation; NA, not

applicable.

melanoma cells (Table 2). NC 2067 in the complex with
CDgemini surfactant (having both ester and amide linkers),
at 1:2 mole ratio, showed strong cytotoxic effects, with IC,
values of 2.1+0.3 uM and 2.0+0.25 uM, respectively, com-
parable to the values reported in previous work.’ The IC,
values of NC 2067 in CDgemini surfactants having different
linkers were similar (P>0.05).

In order to gain some estimate of the contribution of
the delivery agent (CDgemini surfactant) to the overall
toxicity shown by the inclusion complexes (Table 2), the
toxicity of the CDgemini surfactants (both ester and amide
linkers) was evaluated at a 200 UM carrier concentration.
This concentration is approximately 50-fold higher com-
pared to the carrier concentration at the I1C, | values shown
in Table 2 for the complexes. The toxicity of CDgemini
surfactant with amide linker (95%=0.5%) was significantly
(P<<0.05) greater than that of CDgemini surfactant with an
ester linker (18%%6%) (Table 2).

In vitro activity of NC 2067 in complex with
CDgemini surfactant in different drug-to-delivery
agent mole ratios

We next determined whether the ratio of the drug to
delivery agent had any influence on the overall efficiency
of the nanoparticles. In a previous study, a 1:2 mole
ratio of NC 2067/CDgemini surfactant was evaluated.’
Here, we assessed whether lower amounts of the delivery
agent could be used for intracellular delivery of the NC
2067. Because the intrinsic toxicity of amide linker was
high, we eliminated it from further study. Comparison
of the NC 2067 in CDgemini surfactant (ester linker)
at three different drug-to-carrier mole ratios (1:0.5,
1:1, and 1:2) showed comparable efficiency, with IC,
values in the range of 2.0-2.4 uM (Table 2). Although
the three different drug-to-carrier mole ratio formula-
tions showed significantly higher IC,  in comparison to
NC 2067 dissolved in DMSO, they showed high enough

toxicity toward A375 melanoma cell line and were signifi-
cantly more efficient than mephalan (P<<0.05).

Discussion

The comparative analysis of the powder X-ray diffraction
patterns of complexes formed between NC 2067 and CD or
CDgemini surfactant, their physical mixtures, and the indi-
vidual components leads to the conclusion that the complex
is a new structure with altered diffraction pattern in compari-
son to its components, whereas the physical mixture pattern
is the overlay of the guest, NC 2067, and the hosts, CD or
CDgemini surfactant. Similar to these results, it has been
shown that the inclusion of iprodione in CD displayed new
sharp peaks in the diffractogram of the inclusion complex.*
Furthermore, a complex formed by ibuprofen and CD,
using supercritical carbon dioxide, coprecipitation, and
freeze-drying methods, resulted in new peaks, confirming
the formation of complexes.?!

Based on the comparison of the FTIR spectra of the
complexes of NC 2067 in CD or CDgemini surfactant
and their physical mixtures, it has been observed that the
peaks corresponding to the aromatic ring conjugated with
the alkene C=C bond of NC 2067 are available in physical
mixtures, whereas in the complexes, they are weakened or
disappear. We hypothesize that the NC 2067 complex with
CD or CDgemini surfactant arises from the complexation
of the 1,5-diaryl-3-oxo0-1,4-pentadienyl pharmacophore
moiety and not from the side chain moiety substituted on
the 4-piperidinone nitrogen atom.

TGA study of NC 2067 complexed with CD showed
no water loss at 30°C-70°C in comparison to CD, which
lost 10% of its weight in the same temperature region. This
phenomenon could be attributed to the fact that NC 2067,
accommodated in the CD cavity, displaced the water from the
cavity, similar to a number of inclusion systems in CD.323
Furthermore, it was observed that CDgemini surfactant
weight did not decrease due to water loss, supporting the
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argument that inclusion of the hydrocarbon tail of the gemini
surfactant in the CD cavity could have displaced the water
molecules commonly located in the CD ring. This finding
is consistent with other studies that show that the CD cavity
has the affinity to accommodate the tail of the gemini sur-
factants and other double-chain surfactants.’**° Moreover,
the thermal degradation of NC 2067 complexes formed with
CD or CDgemini surfactant started at higher temperatures in
comparison to that of free NC 2067, suggesting the forma-
tion of a more stable complex. Similar thermal behavior was
observed in the case of complexation of sulfamethoxazole
with hydroxypropyl-CD, wherein the degradation tempera-
ture of the pure compound shifted from 200°C to 243°C in
the complex, confirming that the inclusion complex is more
stable than the drug.*® It is hypothesized that NC 2067 was
shielded by the CD ring and required a higher temperature
to degrade due to greater stabilization of the drug in the
complexes in comparison to NC 2067 alone.

Overall, it seems that the potential for the gemini sur-
factant tail to locate within the CD cavity of the CDgemini
surfactant competes with inclusion of NC 2067 and creates
a more complicated system in comparison to the binary
system consisting of NC 2067 and CD. Further studies of
the possible inter- and intramolecular self-inclusion behavior
of CDgemini surfactant will be carried out by using proton
nuclear magnetic resonance spectroscopy to elucidate the
intimate interaction between the guest and the host.

Among the formulations, NC 2067/CDgemini surfactant
(ester linker) at a 1:2 mole ratio showed an average size of
101 nm, which is optimal for cellular uptake, because particles
in the nanometer range can evade the reticuloendothelial sys-
tem*! and enter the cells by endocytosis.*> An additional benefit
of the nanocarriers for anticancer agents is that the presence
of nanoparticles in the endosomes prevents the expulsion of
the drug through efflux pumps, overcoming the dominant
mechanism of resistance toward anticancer agents.*

The SAXS/WAXS data of free CDgemini surfactant
showed a diffused pattern that did not change by increasing
the concentration. Based on the affinity of the CD cavity to
accommodate the gemini tail(s) of the CDgemini surfactant,
the gemini moiety will be unavailable to form supramolecular
assembly in the traditional manner of the gemini surfactants.*
Moreover, contrary to the case of studies with free gemini
surfactants, the constant mole ratio of gemini surfactant to CD
moiety in CDgemini surfactant compounds leads to the result
that increasing the concentration of CDgemini surfactant
does not enhance self-assembly to form micellar structures.
This can explain the fact that specific conductivity versus
concentration profiles of the CDgemini surfactant (results not

shown) do not have a sharp break point, the critical micelle
concentration, consistent with that of gemini surfactant,
alone. A similar type of aggregate of a long-tailed gemini
surfactant with CD molecules was investigated by small-
angle neutron scattering.* In the SAXS/WAXS pattern of NC
2067/CDgemini surfactant complexes (different mole ratios),
a new peak emerged. This change in the scattering pattern
may be related to the partial displacement of the gemini
hydrophobic tail by the NC 2067 from the CD cavity, provid-
ing the gemini surfactant moiety freedom to self-assemble
as traditional surfactants. This conclusion is consistent with
other observations demonstrating that the gemini monomers,
in the presence of CD, are initially involved in complexation
with CD until the point that the CD cavity is saturated by
the gemini surfactant. This phenomenon delays the routine
self-assembly of gemini surfactant, resulting in a higher
critical micelle concentration.*® Similarly, in our system,
addition of NC 2067 competes for inclusion in the CD cav-
ity, possibly replacing the gemini tail(s) from the CD cavity
to some extent, and drives the self-assembly behavior of the
gemini surfactant moiety. We speculate that the presence of
NC 2067 in the cavity of the CDgemini acts as a “promoter”
to release the gemini tail from the CD cavity and to form
a more organized and repetitive supramolecular structure
with interplanar distances of 22.9 A (corresponding to g of
0.27 A™). At this point, the peaks observed in complexes of
NC 2067 and CDgemini surfactant are too few for assign-
ment of a specific supramolecular arrangement, resulting in
the hypothesis that the new supramolecular arrangement is
formed partially and that it coexists with the previous self-
inclusion arrangements. Moreover, at 0.5:1 and 1:1 mole
ratios of NC 2067/CDgemini surfactant, some peaks related
to free NC 2067 became visible. The presence of these peaks
is possibly related to the precipitation of NC 2067 in the
formulations having lower CDgemini surfactant-to-NC 2067
mole ratio. On balance, characterization of the CDgemini
surfactant-based nanoparticles suggests that self-inclusion
could occur.

The low IC, values of the NC 2067 in complexes with
CDgemini surfactants having amide or ester linkages indi-
cate a high potency toward cancer cell lines. The intrinsic
toxicity of the CDgemini with amide linker was significantly
higher than that with the ester linker and could be related to
the ability of the amide linker to form hydrogen bonds with
the hydroxyl groups of proteins,*’*® interfering with cellular
homeostasis and resulting in an increase in cellular death.
Because the long-term goal is to design nanoparticulate for-
mulations for targeted cancer therapy, the intrinsic toxicity
of a carrier is a major concern. Therefore, the CDgemini
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surfactant with amide linker was excluded from several of
the studies in this work. NC 2067/CDgemini surfactant (ester
linker) at different mole ratios showed similar IC, values,
which indicates that mole ratio alteration does not change
the formulation’s efficiency.

Although CD is considered a safe excipient and is used in
the pharmaceutical industry, some reports suggest that it can
remove cholesterol from the cellular membranes of Caco-2
cells, leading to membrane perturbation.* Moreover, the
presence of a guest molecule in the CD cavity could decrease
its affinity to attach to cell membrane components.*-*° Gemini
surfactants, due to their concentration, spacer length, charge
density of the head group, and geometrical packing param-
eters, have shown different cytotoxicity levels toward normal
skin cell lines such as human keratinocytes and human dermal
fibroblasts.’' Even though both components of the CDgemini
surfactant compound have the capability to be cytotoxic, our
study showed that the conjugated CDgemini surfactant is not
toxic for A375 melanoma cell line and shows potential as an
inert delivery agent.

Conclusion

Different analytical techniques such as powder X-ray
diffraction, FTIR spectroscopy, and TGA support the com-
plexation of NC 2067 with CD or CDgemini surfactant.
Evidence of the interaction of the aromatic ring(s) of NC
2067 with the interior of the CD cavity was provided from
FTIR studies. Although SAXS/WAXS results suggested that
CDgemini surfactant alone did not show common micellar
self-assembly, the presence of NC 2067 initiated the for-
mation of a new supramolecular arrangement. Attention-
grabbing self-inclusion behavior of CDgemini surfactant
has been suggested from analysis of TGA thermograms.
NC 2067/CDgemini surfactant nanoparticulate formulations
containing different linker types and drug-to-delivery agent
mole ratios did not affect the anticancer activity toward A375
melanoma cell line. In the future, more in-depth evaluation
of the NC 2067/CDgemini surfactant aggregation will be
performed; techniques such as two-dimensional nuclear
magnetic resonance spectroscopy, rotating frame Overhauser
effect spectroscopy, and single-crystal X-ray crystallography
will be utilized to provide more geometrical details regarding
the host—guest complex structures.
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Supplementary material

Table SI Most intense peaks in diffractograms of CD, NC 2067, physical mixture, and their inclusion complex powder samples

(20 peaks have been shown)

CcD NC 2067 Physical mixture Inclusion complex
26 (%) d(A) 26 () d(A) 26(°) d(A) 26 () d(A)
| 8.35 7.10 3.89 15.22 3.93 15.07 1.95 30.36
2 7.01 8.45 4.07 14.55 13.89 427 13.95 4.25
3 12.95 4.58 1391 427 13.17 4.50 14.41 4.12
4 11.29 5.25 12.87 4.6l 11.85 5.00 13.33 4.45
5 13.81 4.30 13.03 4.55 12.79 4.64 15.87 3.74
6 12.51 4.74 13.25 4.48 8.39 7.06 14.83 4.00
7 11.77 5.04 1341 4.42 12.51 4.74 12.47 4.76
8 11.61 5.11 12.67 4.68 11.49 5.16 12.27 4.83
9 15.07 3.94 16.13 3.68 7.19 824 11.75 5.05
10 10.15 5.84 10.57 5.61 16.07 3.70 11.45 5.18
I 14.23 4.17 I.51 39.21 10.51 5.64 16.53 3.59
12 17.89 3.32 11.91 4.98 15.75 3.77 8.35 7.10
13 291 20.34 18.91 3.14 16.89 3.52 20.47 291
14 16.61 3.58 15.95 3.72 9.89 5.99 10.25 5.78
15 9.71 6.10 20.09 2.96 1531 3.88 9.33 6.35
16 16.11 3.69 17.03 3.49 13.65 435 18.81 3.16
17 7.63 776 11.55 5.13 18.81 3.16 7.07 8.38
18 78l 759 15.01 3.96 13.47 4.40 19.39 3.07
19 17.53 3.39 5.19 11.41 18.03 3.30 21.59 2.76
20 5.97 9.92 9.89 5.99 14.33 4.14 18.37 3.24
Abbreviation: CD, B-cyclodextrin.
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