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Abstract. SN-38, an active metabolite of irinotecan, is up to 1,000-fold more potent than irinotecan. But
the clinical use of SN-38 is limited by its extreme hydrophobicity and instability at physiological pH. To
enhance solubility and stability, SN-38 was complexed with different cyclodextrins (CDs), namely, sodium
sulfobutylether p-cyclodextrin (SBERCD), hydroxypropyl -cyclodextrin, randomly methylated p-cyclo-
dextrin, and methyl B-cyclodextrin, and their influence on SN-38 solubility, stability, and in vitro cytotox-
icity was studied against ovarian cancer cell lines (A2780 and 2008). Phase solubility studies were
conducted to understand the pattern of SN-38 solubilization. SN-38-3CD complexes were characterized
by differential scanning calorimetry (DSC), X-ray powder diffraction analysis (XRPD), and Fourier
transform infrared (FTIR). Stability of SN-38-SBERCD complex in pH 7.4 phosphate-buffered saline
was evaluated and compared against free SN-38. Phase solubility studies revealed that SN-38 solubility
increased linearly as a function of CD concentration and the linearity was characteristic of an Ap-type
system. Aqueous solubility of SN-38 was enhanced by about 30-1,400 times by CD complexation. DSC,
XRPD, and FTIR studies confirmed the formation of inclusion complexes, and stability studies revealed
that cyclodextrin complexation significantly increased the hydrolytic stability of SN-38 at physiological pH
7.4. Cytotoxicity of SN-38-SBERCD complex was significantly higher than SN-38 and irinotecan in both
A2780 and 2008 cell lines. Results suggest that SBERCD encapsulated SN-38 deep into the cavity forming
stable inclusion complex and as a result increased the solubility, stability, and cytotoxicity of SN-38. It may
be concluded that preparation of inclusion complexes with SBERCD is a suitable approach to overcome
the solubility and stability problems of SN-38 for future clinical applications.
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INTRODUCTION

SN-38 (7-ethyl-10-hydroxy-camptothecin), an active metab-
olite of irinotecan, is a topoisomerase I inhibitor and is up to
1,000-fold more potent than its parent drug. However, only about
2-8% of the prodrug is converted to SN-38 by carboxylesterases
present in liver and cancer cells, and therefore, a high dose of
irinotecan needs to be administered to get the desired therapeu-
tic effect (1,2). For example Camptosar® has to be injected at a
high dose of 150-180 mg/m” intravenously over a period of
90 min to treat colorectal cancer. The conversion of irinotecan
to SN-38 is highly variable among the patients. Direct
administration of active metabolite SN-38 at very low dose
could be the best alternative to irinotecan, but its clinical use is
limited by its poor aqueous solubility and instability at

! Department of Pharmaceutical Sciences, Irma Lerma Rangel
College of Pharmacy, Texas A&M Health Science Center,
Kingsville, Texas 78363, USA.

2Department of Chemistry, Texas A&M University-Kingsville,
Kingsville, Texas 78363, USA.

3To whom correspondence should be addressed. (e-mail: palakurthi@
tamhsc.edu)

1530-9932/14/0200-0472/0 © 2014 American Association of Pharmaceutical Scientists

472

physiological pH. The lactone ring of SN-38 hydrolyses at pH>
6 to give pharmacologically inactive carboxylate form (3).

Several approaches to overcome the problem of SN-38
solubility and stability have been proposed, including incor-
poration into nanoparticles (2,4,5), liposomes (6), and poly-
meric micelles (7-9), conjugating with water-soluble polymers
like polyethylene glycol (10), PAMAM dendrimers (11), pep-
tides (1), carbohydrates (12), etc. All these approaches involve
tedious processing or synthetic steps and expert skills and
industrialization or scale-up is also an important problem. To
address this problem, we opted to develop SN-38-cyclodextrin
complexes as they can be industrialized easily.

Cyclodextrins (CDs) are cyclic oligosaccharides with five
to seven repeating a-D-glucopyranose units. There are more
than 35 cyclodextrin-based formulations in the world market
in about 14 different types of formulations including tablets,
capsules, parenteral solutions, suppositories, nasal sprays, der-
mal products, ophthalmic products, etc. (13). Cyclodextrins
have been extensively used to enhance the solubility, mask
bitterness, improve stability, improve bioavailability, and de-
crease tissue irritation upon administration of a variety of
poorly soluble drugs (13-15). Cyclodextrins have been shown
to increase the cytotoxicity of several antineoplastic drugs like
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camptothecin (16,17), curcumin (18), doxorubicin, docetaxel
(19), paclitaxel (20), etc. SN-38-3CD complex has been used
to prepare in situ polymeric implants (21), but there was no
detailed study reported on the effect of CDs on improving
solubility, stability, and cytotoxicity of SN-38. In this study, we
investigated the effects of four different types of modified p-
cyclodextrins, namely, sodium sulfobutylether p-cyclodextrin
(SBEBCD), hydroxypropyl p-cyclodextrin (HPRCD), ran-
domly methylated p-cyclodextrin (RMPBCD), and methylated
p-cyclodextrin (MRCD) on the solubility, stability, and cyto-
toxicity of SN-38.

MATERIALS AND METHODS
Materials

SN-38 was purchased from AK Scientific, Union City, CA,
USA. Sodium sulfobutyl ether p-cyclodextrin (Captisol®) was
purchased from Cydex Pharmaceuticals, La Jolla, CA, USA.
Randomly methylated B-cyclodextrin (Trappasol®) was
purchased from Cyclodextrin Technologies Development Inc.,
Alachua, FL, USA. (2-Hydroxypropyl)-p-cyclodextrin, sodium
carboxymethyl cellulose (NaCMC; average molecular weight
Avg. Mw., 90 kDa), polyvinylpyrrolidone (PVP; Avg. Mw,
40 kDa), hydroxypropyl methylcellulose (HPMC; viscosity,
2,600-5,600 cp), methyl-B-cyclodextrin, and 3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide (MTT)
were purchased from Sigma-Aldrich, St. Louis, MO, USA.
Phosphate-buffered saline (PBS, pH 7.4) and fetal bovine
serum (FBS) were purchased from Mediatech Inc., Manassas,
VA, USA. All organic solvents used were of HPLC grade and
purchased from VWR International.

Cell Culture

Human ovarian carcinoma cell line A2780 was kindly
provided by Steve W. Johnson, Fox Chase Cancer Center,
Philadelphia, PA and was cultured in RPMI-640 medium sup-
plemented with 0.25 units/mL insulin. Human ovarian carci-
noma cell line 2008 was provided by Dr. Qingxiu Zhang,
Department of Molecular Therapeutics, University of Texas
M.D. Anderson Cancer Center, Houston, TX, USA and was
cultured in RPMI-1640 medium. All the media were supple-
mented with 10% heat-inactivated FBS and 1% penicillin—
streptomycin solution. Cells were incubated in a CO, incuba-
tor at 37°C and 95% relative humidity. All cell lines used were
of passage numbers 15-40.

HPLC Analysis

Quantification of SN-38 was performed on a reverse-phase
HPLC system (Waters, Milford, MA, USA) with a UV-visible
detector. A previously reported HPLC method that can analyze
lactone and carboxylate forms of SN-38 simultaneously was
used with modification of column temperature (22). In the
reported method, column temperature was maintained at
40°C, whereas in this method, analysis was performed at room
temperature (RT) without compromising on peak sharpness.
The chromatographic separations were achieved using an
Atlantis® 5 um 4.6x250 mm C18 column at RT. An isocratic
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elution method of 1:1 acetonitrile/25 mM NaH,PO, pH 3.1
buffer at a flow rate of 1 mL/min was used and absorbance
was measured at Ay, of 265 nm. Total run time was 10 min
and elution time of SN-38 lactone form and carboxylate form
were 3.92 and 2.58 min, respectively. The concentration of SN-
38 from each sample was determined from the peak area
observed, based on a calibration curve in the concentration
range of 2-100 pg/mL (y=79503x+3907, R*=1).

Evaluation of Equilibration Time for Solubilization

Equilibration time for complexation and dissolution of
SN-38 was evaluated by incubation of excess of SN-38 with
cyclodextrin solution at RT in amber-colored vials on a labo-
ratory shaker at 700 rpm for 5 days. To keep SN-38 in its active
lactone form, cyclodextrin solutions were made with deionized
(DI) water acidified with 0.02 N HCI to pH 3. After 24 h, 72 h,
and 5 days of incubation, samples were removed, filtered
through 0.45-pm Acrodisc® syringe filter (Pall Life Sciences,
Port Washington, NY, USA), and analyzed for SN-38
concentration by HPLC (n=3).

Phase Solubility Study

Phase solubility study was carried out by the method
reported by Higuchi and Connors (23). Excess of SN-38 was
added to 1 mL of different concentrations of cyclodextrin
solution in amber-colored vials. The mixture was sonicated
for 15 min (Branson 1510 ultrasonic cleaner, Ultrasonics) and
rotated on a laboratory shaker at 700 rpm for 24 h. After
equilibrium was reached, undissolved SN-38 was removed by
filtering through a 0.45-pm filter. The clear solution after
suitable dilution was analyzed by HPLC (n=3). All the solu-
tions and dilutions were made with DI water, and pH was
adjusted to 3.0 using 0.02 N HCI to keep SN-38 in its active
lactone form. The phase solubility diagram was constructed by
plotting concentration of dissolved SN-38 against cyclodextrin
concentration. The apparent stability constant (Kg) of the
complex was calculated from the linear portion of the phase
solubility diagrams using the following equation:

slope

Ky=—"
So(1-slope)

where S, is the intrinsic solubility (or y-intercept) of the
drug.

Differential Scanning Calorimetry Studies

Differential scanning calorimetry (DSC) analysis was per-
formed using a Q200 DSC apparatus (TA Instruments, New
Castle, DE, USA). Five to eight milligrams of sample was sealed
in aluminum pans and scanned from 0°C to 400°C at a ramp rate
of 10°C/min under a nitrogen purge at a flow rate of 50 mL/min.
An empty aluminum pan was used as the reference.

X-ray Diffraction (XRD) Studies

X-ray powder diffraction patterns of samples were obtained
using a diffractometer (Bruker X8, Billerica, MA, USA)
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equipped with an Apex II CCD detector. The X-ray source was
Ka radiation from a copper target with graphite monochromater
with a wavelength of 1.54 A. The sample was prepared by press-
ing the powder into a pellet, which was fixed to a 0.3-mm cryo-
loop (Hampton Research, Aliso Viejo, CA). Since the sample
was not suspended in any matrix (oil, glass, etc.), there was no
background to interfere with the signal. The range (26) of scans
was from 5° to 60° at a speed of 2°/min.

Fourier Transform Infrared (FTIR) Spectroscopy

Infrared spectra of SN-38, SBERCD, RMBCD, and their
complexes were recorded on Shimadzu Fourier transform
infrared spectrophotometer (IRAffinity-1) by potassium bro-
mide disk method. Samples were mixed with dry powdered
potassium bromide and compressed into transparent disk un-
der high pressure and the spectra were recorded in the wave
number region 4,000-600 cm .

Effect of Hydrophilic Polymers on Cyclodextrin Solubilization

Effect of three hydrophilic polymers on the SBERCD
solubilization of SN-38 was studied. Hydrophilic polymers
and their concentrations were selected from the literature
(24,25). Three different polymers PVP, NaCMC, and HPMC
at concentrations of 0.25% and 0.5% w/v were used for this
experiment. Briefly, excess of SN-38 was added to 1 mL of
20% or 40% w/v cyclodextrin solution with 0%, 0.25%, and
0.5% w/v hydrophilic polymer in amber-colored vials. The
mixture was sonicated for 15 min and rotated on a laboratory
shaker at 700 rpm. After 24 h, undissolved SN-38 was re-
moved by filtering through a 0.45-um filter. The clear solution
after suitable dilution was analyzed by HPLC (n=3) to deter-
mine the solubility of SN-38. All the solutions and dilutions
were made with DI water, and pH was adjusted to 3.0 using
0.02 N HCI to keep SN-38 in its active lactone form.

Effect of Cyclodextrin Complexation on SN-38 Stability

The hydrolytic stability of SN-38 and SN-38-SBERCD com-
plex was assessed in pH 7.4 PBS at RT. To determine the
stability of SN-38, 30 uL. of SN-38 stock solution in DMSO
(100 pg/mL) was added to 3 mL of PBS to get a final concen-
tration of 1 ng/mL and incubated at RT. At different time points,
samples were withdrawn and analyzed for the amount of lactone
and carboxylate form by HPLC. The concentration of DMSO in
the final solution was less than 1%. To determine the stability of
SN-38-SBERCD complex, lyophilized complex was dissolved in
PBS to get a final cyclodextrin concentration of 1%, 2.5%, and
5% wifv. At various time points, samples were withdrawn and
analyzed by HPLC. As reported earlier (26), all the stability
samples were analyzed directly without any further dilutions.
The percentage of SN-38 converted to inactive carboxylate form
was plotted against time.

Molecular Modeling

Computer-aided modeling has been successfully applied in
the study of host-guest interactions of cyclodextrin—drug inclu-
sion complexes. To facilitate our study of the inclusion complex of
SN-38 and SBEPRCD, we carried out simulation of the interaction
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of SN-38 with SBERCD. The 3-dimensional (3D) structure of
SBERCD was constructed by homology modeling from a report-
ed p-cyclodextrin (BCD) X-ray crystal structure, which was ob-
tained in a complex with a-amylase. The 3D structure of a-
amylase-BCD was retrieved from the protein data bank (pdb id,
1j18). The 3D structure of pCD (Fig. 1a) was then extracted
through Accelyrs Discovery Studio v3.5 [Accelrys Inc., San
Diego, CA (2013)]. The resulted BCD 3D structure was thus
employed as the template for homology modeling of SBERCD.
The sulfobutylether (SBE) groups of SBERCD were grafted onto
the hydroxyl groups of BCD. In construction of the SBERCD
homology model, four SBE groups were positioned on the C6-
OH of the glucose subunit, and three SBE groups were placed on
the C2-OH of the glucose subunit such that each glucose subunit
has one SBE substitution (Fig. 1b). This was performed inten-
tionally to reduce the steric hindrance or clashes from the addi-
tion of bulky sulfobutylether groups. The constructed SBERCD
was then optimized by Clean Geometry of the Discovery Studio
3.5 to further reduce the potential steric hindrance or clashes from
those added SBE groups (Fig. 1¢). The 3D structure of SN-38 was
sketched through Chem3D Ultra 8.0 [Cambridge Soft
Corporation, USA (2003)] and was energetically minimized by
using MOPAC with 100 iterations and minimum RMS gradient of
0.10. Following the preparations of 3D structures of SBERCD
and SN-38, the drug molecule was docked into the SBERCD
model through Autodock 4.2, which screens for the proper bind-
ing mode of the guest (SN-38) in the host structure (SBERCD),
using pre-computed grids that was generated by Autogrid 4.0 and
then a genetic algorithm modified with a local search to evaluate
the guest-host binding free energy (AGy,). The results from 50
randomly seeded runs were analyzed for possible conformations
of the docked guest (SN-38) in the structure of host (SBERCD).
The closely related conformations were clustered together when
their atomic coordinates exhibited a root mean square deviation
less than 0.5 A from each other. The conformation clusters were
ranked by their averaged free binding energy (AGy,) calculated
from each member of the cluster. Only the top 10 clusters were
analyzed through Accelyrs Discovery Studio for their binding
interactions between the guest and the host, such as H-bonding
and hydrophobic interactions. The conformation cluster with the
lowest AGy, was then taken as the most stable inclusion complex
between the drug SN-38 and SBERCD.

In Vitro Cytotoxicity Studies

Cytotoxicity of SN-38-SBERCD complex on ovarian can-
cer cell lines A2780 and 2008 was evaluated by MTT assay
(27-29) and compared with the cytotoxicity of SN-38 and
irinotecan. As SN-38 is not soluble in water, a stock solution
was made in DMSO and suitable dilutions were made in
growth medium, keeping the final DMSO concentration less
than 0.1%. Briefly, 1-1.4x10* cells per well were plated in a
96-well pate. After 24 h of incubation, cells were treated with
different concentrations (0.01 nM to 10 uM) of SN-38 or
irinotecan or SN-38-SBERCD complex and incubated for 48
and 72 h. Cells were then washed with PBS and 50 pL of
0.5 mg/mL. MTT solution in serum-free medium was added.
After 4 h of incubation, 150 pL of DMSO was added to
dissolve the formazan crystals, and the optical density was
measured using a microplate reader at 570 nm. The results
are expressed as the percentage of cell viability as compared
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R = Sulfobutylether group

Fig. 1. Construction of SBERCD model: a 3D structure of RCD extracted from X-ray crystal structure of a-amylase-3CD
complex; b 2D structure of the SBERCD employed in the construction of 3D model of SBEBCD; ¢ 3D model of SBEpRCD

to the control cells (cells grown with media having no drug),
and the ICsy was determined using GraphPad Prism 5
software (San Diego, CA, USA).

Statistical Analysis

Data are represented as mean + SD from three separate
experiments. Statistical analysis was performed using two-way
ANOVA with general linear model (GraphPad Prism 6 soft-
ware) followed by multiple comparison. A value of p<0.05 was
considered statistically significant.

RESULTS AND DISCUSSION

The primary goal of a formulation scientist is to develop a
simple, economical, and easily industrializable formulation that
can address the problems associated with an active pharmaceu-
tical ingredient. Cyclodextrins have proved to be the best
complexing agents and have been used in many marketed for-
mulations to improve solubility, stability, and bioavailability. In

a 50 - ——20% SBEBCD
=) —8-30% SBEBCD
£
P 40 1
2 —a—™a
Z 30 4
;
5 20 - > 3 —
£
£
€ 10 4
g
=
=3
(S - : , : - .
0 1 2 3 4 5 6
Incubation time (Day)

Cc

80 - ——20% RMBCD
5 ~8-30% RMBCD
£
3 60 1
e —— —a
-
% 40
E il
g ‘ * '
s 20 4
E
=
8
g
S o . - : . : )

0 1 2 3 4 5 6

Incubation time (Day)

comparison to natural CDs, modified 3-CDs have been used
widely in pharmaceutical formulations due to their improved
solubility. In this study, we evaluated four different types of
modified pB-cyclodextrins, namely, SBERCD, HPRCD,
RMpBCD, and MBCD, to enhance the solubility and stability of
SN-38. The first two CDs, SBERCD (Captis01®) and HPRCD,
were chosen to develop intravenous formulation as they
were approved by FDA for intravenous delivery and
have been used in many marketed formulations. Other
two methylated R-cyclodextrins, RMBCD and MRCD,
were opted to develop a formulation for oral delivery, as
they have better permeability in comparison to other
cyclodextrins. RMBCDs have been used in nasal and
ophthalmic formulations so far (13,30).

Evaluation of Equilibration Time for Solubilization

Amount of SN-38 dissolved per milliliter of cyclodextrin
solution was plotted. As shown in Fig. 2, SN-38 solubility
reached maximum after 24 h of incubation and was not
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Fig. 2. Concentration of SN-38 in aqueous solutions of a SBERCD, b HPRCD, ¢ RMBCD, and d MBCD vs.

incubation time (mean + SD, n=3)
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increased even after 5 days of incubation, indicating that
equilibration was achieved in 24 h. The same 24-h equilibra-
tion time was observed with all four types of cyclodextrins
(SBERCD, HPBCD, RMBRCD, and MBCD) tested.
Equilibration time of complexation/solubilization of SN-38
with cyclodextrins was not reported thus far. Equilibration
time for SN-38 with four different CDs tested was identified
as 24 h, and even after 5 days of incubation, the solubility was
not enhanced further. This is consistent with the results ob-
tained with a similar molecule, camptothecin, and was report-
ed as <5 days (16,17). According to Saetern et al. (16), the
equilibration between camptothecin and HPRCD was
achieved in 3 days, but the equilibration was not tested before
3 days. So for each type of CD and the drug, the equilibration
time has to be evaluated before proceeding to phase solubility
studies to avoid a long incubation period.

Phase Solubility Study

The phase solubility diagrams for the complex forma-
tion between different types of cyclodextrins and SN-38 are
shown in Fig. 3. This plot shows that the aqueous solubility
of the SN-38 increased linearly with cyclodextrin concentra-
tion with all the four types of cyclodextrins tested.
According to Higuchi and Conner, the obtained phase sol-
ubility profiles can be classified as Ap type (13), suggesting
the formation of 1:1 complex formation at lower concentra-
tion (<20 uM) and 1:2 or higher drug/cyclodextrin complex
formation at higher concentration, >20 uM. The apparent
stability constant (Ks) of the complexes was calculated from
the initial linear portion of phase solubility plots. The Kg
values of the SN-38-SBEpRCD, SN-38-HPpRCD, SN-38-
RMpBCD, and SN-38-MpCD were 1,200.72, 500.05, 500.10,
and 500.10 M !, respectively.

From the solubility studies, the solubility of SN-38-CD
complex was found in the order of SBERCD > RMBCD >
MRCD > HPRCD. The strength of the complex can be quan-
tified as the apparent stability constants (Ks), which can be
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calculated from the slope of intrinsic solubility of graph (24).
The intrinsic solubility (Sp) of SN-38 obtained from the y-
intercept of phase solubility curves was ranged from 0.17 to
0.08 png/mL. Kg of the cyclodextrin-SN-38 complexes was
found to be in the order of SBERCD > RMpBCD > MpBCD >
HPBCD. The aqueous solubility of SN-38 was reported differ-
ently by various groups (3,31). But from solubility experiment,
we found that the water solubility of pure SN-38 was 0.08 pg/mL,
which is consistent with one of the previous reports (32). The
experimental solubility was also in-line with the intrinsic solu-
bility (Sp) obtained from phase solubility curves. The solubility
of SN-38 increased by 1,425, 1,038, 880, and 34.62 times with
40% solutions of RMpCD, MpCD, SBERCD, and HPRCD,
respectively.

DSC

Physicochemical properties of free drug molecules are
different from those complexed with CDs, and they can be
characterized by techniques like DSC, XRD, and FTIR. In
differential scanning calorimetry, the alterations or shifts in
the exo- and endothermic peaks of drug and drug—polymer
inclusion complexes were studied, whereas X-ray diffraction
analysis was used to analyze crystalline and amorphous nature
of the same. IR spectroscopy analysis gives unique fingerprint
pattern of peaks with each type of the molecule (18).

The DSC thermograms of SN-38, SBERCD, RMpCD,
their complexes SN-38-SBEpRCD, and SN-38-RMBCD are
shown in Fig. 4. SN-38 showed many characteristic sharp
melting endothermic peaks at 282.5°C and 318°C and exother-
mic peaks at 235.12°C and 286.35°C. SBERCD showed a
broad endothermic peak followed by a broad exothermic peak
between 267.5°C and 295.8°C. DSC thermogram of SN-38-
SBEBCD was similar to the DSC thermogram of SBERCD,
and characteristic peaks of SN-38 completely disappeared,
which indicates that SN-38 molecule probably included into
the cavity of SBERCD forming inclusion complex (Fig. 4a).
Similar results were obtained with SN-38-RMBCD complex.
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Fig. 3. Phase solubility diagram of SN-38 in water (pH adjusted to 3 with 0.02 N HCl) at

room temperature (mean + SD, n=3)
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RMpBCD showed a broad endothermic melting peak between
340°C and 360°C, whereas SN-38-RMRCD complex showed
no characteristic peaks of SN-38 indicating the formation of a
stable inclusion complex (Fig. 4b).

X-ray Diffraction Studies

X-ray diffraction patterns of SN-38, SBERCD, RMpCD,
their physical mixtures, and complexes are depicted in Fig. 5.
X-ray diffractogram of SN-38 showed numerous sharp peaks
indicating the crystalline nature of SN-38. Some of the intense
peaks were at diffraction angles (26) of ~10°, 13°,24°, and 26°

with approximate intensities of 968, 612, 887, and 895, respec-
tively. As reported earlier, SBERCD (33) and RMBCD (15)
showed amorphous diffraction patterns. Diffractograms of
SN-38-SBEpRCD and SN-38-RMBCD complexes were very
similar to their corresponding cyclodextrin diffractograms
with no sharp peaks of SN-38 suggesting the formation of
stable inclusion complexes, whereas their physical mixtures
showed some characteristic peaks of SN-38 suggesting the
presence of free drug. All the XRD results were in good
agreement with those obtained by DSC studies confirming
the complexation of SN-38 with cyclodextrins in the solid
state.

Fig. 7. a Result of docking SN-38 (ball and stick; colored by element) into SBERCD covered by solid
surface). The docking revealed three H-bonds, which are illustrated by green dotted lines; b SN-38 (carbons:
gray colored, oxygens: red colored, nitrogens: blue colored) enclosed in the SBERCD cavity formed by cyclic
oligoscaccharides. The sulfonic groups of sulfobutyl ether moieties are shown in orange color; ¢ SN-38
sketched as shown in the cavity of SBEBRCD (blue lines)
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Table I. The Result of SN-38 Docked into SBERCD

Hydrogen bonds between SN-38 and SBERCD

AGy? Atoms Atoms H-bond
(kcal/mol)  of SN-38 of SBERCD  distance (A)  Angle (°)
—8.83 C4-OH 047 1.94 126.6
C9-OH o11 1.84 158.9
C-14 C=0 H-56 2.59 90.9

“Binding free energy

IR Spectroscopy

The IR spectra of SN-38 and the cyclodextrin complexes
are shown in Fig. 6. SN-38 showed sharp absorption band at
1,732 cm ! (stretching vibrations of C=0), multiple sharp peaks
between 1,600 and 1,400 cm ™! (aromatic C=C stretching), strong
absorption band at 1,168 cm ' (C-O stretching), and multiple
absorption bands between 750 and 900 cm ™! (=C-H stretching).
Both SBERCD and RMpBCD showed characteristic absorption
peaks for —OH (3,200-3,700 cm '), C-O (1,050-1,150 cm %),
and C-H (1,350-1,480 cm ) stretching vibrations. The FTIR
spectra of SN-38-SBEBCD and SN-38-RMBCD complexes
were almost similar to the spectra of the respective
cyclodextrins with most of the SN-38 characteristic peaks
which disappeared or appeared with reduced intensity, which
reiterate the formation of inclusion complexes.

As motioned earlier, we selected methylated CDs for oral
permeability of SN-38, whereas HPRCD and SBERCD were
selected for parenteral delivery of SN-38. Short-term toxicity
studies (2 h incubation time) of methylated CDs, RMBCD,
and MBCD on CaCo-2 cells revealed that they are very toxic
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at concentrations >50 pM and their toxicity was 10 times
greater than pure SN-38 (data not shown). HPBCD and
SBEBCD are generally considered as safe and approved by
FDA. SBEBCD (Captisol®) has been approved by FDA for
use in parenteral formulations up to 67.5% w/w (http://
www.accessdata.fda.gov/scripts/cder/iig/index.cfm). Based on
the reported safety and solubility data, SN-38-SBERCD
complex was selected for further studies.

Molecular Modeling

The 3D structure of BCD extracted through Accelrys
Discovery Studio v3.5 [Accelrys Inc., San Diego, CA
(2013)] was employed as the template for homology
modeling of SBERCD. SBERCD homology model was
constructed with four SBE groups positioned on the C6-
OH of the glucose subunit and three SBE groups placed
on the C2-OH of the glucose subunit to reduce the steric
hindrance from the addition of bulky sulfobutylether
groups.

Our docking studies showed that SN-38 can interact with
SBERCD with a negative binding free energy (AGy=
—8.83 kcal/mol), which indicated the formation of a stable
inclusion complex. The inclusion complex is stabilized at least
by three hydrogen bonds formed between (1) C20-OH and
the O47 of SBERCD, (2) C10-OH of SN-38 and the O=S
from one of the SBE groups, and (3) C16a-C=0 group of SN-
38 and H56 of SBERCD. These H-bonding interactions are
shown in Fig. 7a. The H-bonding parameters are shown in
Table 1.

Our docking studies also revealed that the SN-38 inter-
acts with SBERCD in a way that its 6-lactone ring moiety is
imbedded in the cavity of SBEBCD (Fig. 7b). The longest
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Fig. 8. Effect of hydrophilic polymers on cyclodextrin solubilization of SN-38. The solubilization of
SN-38 by SBEBCD in the presence of three different hydrophilic polymers PVP, NaCMC, and
HPMC at concentration of 0% (with no polymer), 0.25%, and 0.5% w/v was plotted. **: Increased
solubility in comparison to 0% polymer sample (p<0.05); ##: Decreased solubility in comparison to

0% polymer sample (p<0.05)
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Fig. 9. Stability profile of SN-38 complexed with SBERCD at concentration of 1%, 2.5%,
and 5% w/v in pH 7.4 PBS for a period of 24 h in comparison to free SN-38 (0% SBERCD).
Percentage of SN-38 converted to its inactive carboxylate form was plotted against incuba-

tion time in minutes

dimension of SN-38 is 13.7 A, of which 4.8 A portion is
enclosed in the cavity of SBEBCD whose cavity has a 5.9-A
depth (Fig. 7c). The enclosure of the d-lactone ring moiety of
SN-38 in SBERCD may contribute to the enhancement of
stability of the complex of SN-38-SBERCD in comparison
with the free SN-38 molecule, which is vulnerable to
degradation due to the hydrolysis of its d-lactone ring. The 6-
lactone ring of SN-38 in the complex of SN-38-SBERCD is
shielded from hydrolytic attacks in aqueous environment at
physiological pH.

Our docking results are in agreement with the results
from FTIR (Fig. 6) of the SN-38-SBERCD complex. The
formation of hydrogen bonding generally leads to significant
band broadening and to lower mean absorption frequency
(34) . The OH stretching band at 3,285 cm™! is significantly
reduced in the SN-38-SBERCD complex in comparison with
the free SN-38. The C=0O stretching bands (1,657 and
1,636 cm™ ') from C-16a C=0 of the six-member ring lactam
in SN-38 is also reduced and broadened in the SN-38-
SBERCD complex. These are likely due to the restriction in

NaCMC, the solubility was not altered, whereas addition of
HPMC decreased SN-38 solubility significantly (p<0.05).
Furthermore, presence of 0.5% NaCMC increased the solu-
bility of SN-38 (p<0.05).

Hydrophilic polymers at lower concentration (0.1-1% w/v)
have been reported to enhance the complexation efficiency of
cyclodextrins. Both the hydrophilic polymers and CDs can form
water-soluble complexes with hydrophobic drugs, but when
used in combination, a synergistic solubilization effect can be
observed (24). In this study, at 40% w/v concentration of
SBERCD, the solubility of SN-38 did not increase with any of
the three polymers tested, but a decrease in SN-38 solubility was

Table II. Half Maximal Inhibitory Concentrations (ICsp) of

Irinotecan, SN-38, and SN-38-SBEpPCD Against Ovarian Cancer

Cell Lines, A2780 and 2008, After 48 and 72 h of Incubation
(Mean + SD, n=3)

48 h incubation 72 h incubation

the vibrations from hydrogen bonding during complexation (ICs0) (ICso)
with SBERCD. A2780 cells
Irinotecan 4.15+0.109 uM 2.21+0.22 uM
Effect of Hydrophilic Polymers on Cyclodextrin Solubilization SN-38 76.07+0.50 nM" 7.72+0.50 nM"
SN-38-SBEBCD 21.42+1.09 nM™" 4.33+0.26 nM™"
Cyclodextrin solubilization values of SN-38 in presence of complex
hydrophilic polymers are shown in Fig. 8. Forty percent 2008 cells
SBEpPCD solubilized 50 pg/mL of SN-38 without the presence ~ Irinotecan 26.38=0.844 uM 12.88+£0.34 uM.
of any hydrophilic polymer. Upon addition of hydrophilic SN-38 14027£3.06nM_ | 31.66+0.79nM_ |
polymers (PVP, NaCMC, and HPMC), the solubility was de- Sl\iiijl]:fﬁCD 133.30+2.82 1M 29.69x1.02 1M

creased significantly (p<0.05). Twenty percent SBERCD sol-
ubilized 19 pg/mL of SN-38 without the presence of any
hydrophilic polymer. Upon addition of PVP and 0.25%

“p<0.0001 in comparison to irinotecan, =~ p<0.001 in comparison to
SN-38, “* p<0.05 in comparison to SN-38
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observed. At lower concentration (20% w/v) of SBERCD, the
solubility of SN-38 increased by NaCMC, but not by the other
two polymers used. The exact reason for the decreased solubility
of SN-38 in the presence of hydrophilic polymers has to be
investigated yet, and for that, the intrinsic solubility of SN-38
in the presence of those polymers has to be assessed. Decrease
or increase in solubility of SN-38 depends on the solubility of the
formed complex as both water-soluble and insoluble complexes
with polymers were reported (35,36).

Effect of Cyclodextrin Complexation on SN-38 Stability

Stability issues can limit the feasibility of a pharmaceuti-
cal formulation (37). Inclusion of chemically labile drug mol-
ecules into cyclodextrin cavity has shown to improve their
stability (13). Kang et al. (17) showed that complexation of
camptothecin with randomly methylated B-CDs increased its
stability by 10 times. The effect of SN-38 stability on CD
complexation has not been reported yet. In this study, the
stability of SN-38-SBERCD complex was studied and com-
pared against free SN-38 in pH 7.4 PBS. Hydrolytic stability
of SN-38-SBERCD complex at physiological pH was assessed
by incubating with pH 7.4 PBS and compared with the stability
of free SN-38. As shown in Fig. 9, free SN-38 hydrolyzed
rapidly to its inactive carboxylate form, whereas its hydrolysis
rate was significantly reduced upon complexation with
SBERCD. Even at very low concentrations (1% to 5%),
SBERCD increased the stability of SN-38 by ~5 times, after
2 h of incubation. Similarly, even after 24 h of incubation,
about 70% of SN-38 complexed with SBERCD was in its
stable lactone form. This experiment clearly indicates that
cyclodextrin complexation significantly increased the stability
of SN-38.

In Vitro Cytotoxicity

Concentration for inhibition of 50% cell (ICsy) values of
SN-38, irinotecan, and SN-38-SBERCD complex in ovarian can-
cer cell lines A2780 and 2008 are shown in Table II. ICs values
of SN-38 following 48 and 72 h of incubation with A2780 cell line
were 54 and 286 times lower, respectively, in comparison to
irinotecan, whereas in 2008 cells, the 1Cs, values of SN-38 were
about 188 and 480 times lower, respectively, in comparison to
irinotecan at the same conditions (p<0.05). As shown in
Table II, the cytotoxicity of SN-38-SBERCD complex was
higher than SN-38 and irinotecan in both A2780 and 2008 cell
lines after 48 and 72 h of incubation. In A2780 cells after 48 h of
incubation, the I1Csq value of SBERCD is 21.42+1.09 nM, which
is about 54.5 and 3.5 times lesser than irinotecan (76.07+
0.50 nM) and SN-38 (4.15+0.109 uM), respectively (p<0.05).
In 2008 cells after 48 h of incubation, the ICsy value of SBERCD
is 133.30+2.82 nM, which is about 750 times lesser than that of
irinotecan (26.38+0.844 uM) and almost similar to that of SN-38
(140.27+3.06 nM), respectively.

In vitro cytotoxicity studies revealed the greater cyto-
toxicity of SN-38 in comparison to irinotecan in both the
ovarian cancer cell lines, A2780 and 2008. Though all the
compounds found to inhibit the proliferation of cancer cells,
the greater cytotoxicity of SN-38-SBERCD complex in com-
parison to SN-38 may be attributed to the increased stability
of SN-38 by complexation with CDs. This could be because
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the complexed form of SN-38, which is in equilibrium with
the free SN-38, is less prone to hydrolysis and hence serves
as a depot for continuous supply of SN-38 in its active
lactone form (26).

CONCLUSION

In this study, we found that SN-38 forms stable inclusion
complexes with cyclodextrins and its solubility increased 30—
1,400-fold by complexation and solubility increased linearly
with concentration of CDs. The SBERCD increased the sta-
bility of SN-38 significantly and the cytotoxicity results sug-
gest that the complexation between SN-38 and CDs also
improves the antiproliferative activity of SN-38 on ovarian
cancer cells. From the results presented above, it can be
concluded SBEBCD could be the better complexing agent
for the delivery of SN-38.
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