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Novel thymoquinone

lipidic core nanocapsules

with anisamide-polymethacrylate
shell for colon cancer cells
overexpressing sigma receptors

Lydia Ramzy?, Abdelkader A. Metwally*2, Maha Nasr'** & Gehanne A. S. Awad*

The biggest challenge in colorectal cancer therapy is to avoid intestinal drug absorption before
reaching the colon, while focusing on tumor specific delivery with high local concentration and
minimal toxicity. In our work, thymoquinone (TQ)-loaded polymeric nanocapsules were prepared
using the nanoprecipitation technique using Eudragit S100 as polymeric shell. Conjugation

of anisamide as a targeting ligand for sigma receptors overexpressed by colon cancer cells to
Eudragit S100 was carried out via carbodiimide coupling reaction, and was confirmed by thin
layer chromatography and 'H-NMR. TQ nanocapsules were characterized for particle size, surface
morphology, zeta potential, entrapment efficiency % (EE%), in vitro drug release and physical
stability. A cytotoxicity study on three colon cancer cell lines (HT-29, HCT-116, Caco-2) was performed.
Results revealed that the polymeric nanocapsules were successfully prepared, and the in vitro
characterization showed a suitable size, zeta potential, EE% and physical stability. TQ exhibited

a delayed release pattern from the nanocapsules in vitro. Anisamide-targeted TQ nanocapsules
showed higher cytotoxicity against HT-29 cells overexpressing sigma receptors compared to their
non-targeted counterparts and free TQ after incubation for 48 h, hence delineating anisamide as a
promising ligand for active colon cancer targeting.

Sigma receptors are expressed in normal cells of various organs including brain, kidney, liver, immune, endocrine
and reproductive organ"% Two distinguished subtypes were recognized and known as sigma-1 and sigma-2°.
Neurosteroids are the likely endogenous ligands for sigma-1 receptors?, and N,N-dimethyltryptamine; a natu-
ral alkaloid, was also found to be an endogenous ligand for sigma-1 receptors™®. A correlation between sigma
receptors and diseases such as Parkinson’s, Alzheimer’s disease and cancer has been proposed’, and ligands for
sigma-1 receptor were proven to improve various neurodegenerative disorders®. Sigma-2 receptor is thought to
be crucial for cell morphology, survival and differentiation’. Sigma receptors are overexpressed in cancer cells
of various organs' including cancers of the brain'!, lung'*'%, breast'*, prostate gland'®, kidney and colon'®. The
tumor environment characterized by oxidative stress, hypoxia, low pH and insufficient supply of glucose and
amino acids mediates disruption of endoplasmic reticulum protein folding. This in turn contributes to sigma-1
receptors activation to promote cell survival”'”. In addition, sigma-2 receptors upregulation in cancerous tissues
compared to healthy ones has been widely demonstrated'®?.

Benzamide derivatives demonstrate a high affinity towards sigma receptors®*-*2. Anisamide (AA); a small
molecular weight benzamide derivative was proven to exhibit high affinity for sigma receptors**=?. In a review
article previously published by our team the use of AA as a targeting ligand in several drug delivery systems was
detailed®®. AA-functionalized doxorubicin-loaded liposomes caused higher tumor growth suppression compared
to non-targeted ones in mice bearing the sigma receptor-overexpressing tumor; DU-145 prostate adenocarci-
noma. In addition, AA-targeted liposome-polycation-DNA nanoparticles” demonstrated higher cellular uptake
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by the sigma receptor-overexpressing B16F10 murine melanoma cells than their non-targeted counterparts.
Furthermore, lipid/calcium/phosphate nanoparticles®® functionalized with AA reduced metastatic nodules in the
lung of B16F10 tumor-bearing mice. Similarly, AA-targeted PEGylated lipid/calcium/phosphate nanoparticles
loaded with hypoxia-inducible factor 1 alpha (HIF1a) siRNA coupled with photodynamic therapy reduced tumor
size in nude mice bearing oral squamous cancer cells with sigma receptor expression®. Moreover, in vivo studies
indicated that AA-conjugated liposomal calcium carbonate nanoparticles® exhibited higher uptake of a thera-
peutic peptide by cancerous cells compared to non-targeted nanoparticles, in mice bearing H460 sigma receptor-
expressing non-small cell lung carcinoma. In the two latter studies, the targeted nanoparticles highly accumulated
in tumors, and were hardly detected in healthy organs®*. In vivo biodistribution studies in A549 lung cancer-
bearing mice revealed higher tumor accumulation of gemcitabine delivered by AA-targeted PEGylated chitosan
nanoparticles® compared to other organs. AA-targeted cyclodextrin nanoparticles were proven to be a promis-
ing delivery system for siRNA in prostate cancer®>**, Fitzgerald et al. reported that AA-targeted cyclodextrin
nanoformulation caused higher gene knockdown in prostate cancer cells than the untargeted system™®. A later
study highlighted the higher gene silencing displayed by AA-targeted cyclodextrin nanoparticles compared to
the non-targeted counterparts in prostate cancer cells grown in a 3D bone metastasis model®. In addition, the
higher accumulation of AA-conjugated nano-liquid crystalline nanoparticles in MDA-MB 231 breast cancer cells
than the non-targeted counterpart was attributed to AA binding to sigma receptors highly expressed by this cell
line*. Moreover, the intravenous injection of AA-targeted gold nanoparticles loaded with siRNA combined with
intraperitoneal paclitaxel injection resulted in an enhanced antitumor activity in prostate cancer PC3 xenograft
mouse model compared to using either one of the two therapies individually™.

In our research, Eudragit S100 polymeric nanocapsules were prepared for targeting colon cancer. Eudragit
$100; one of the pH-dependent polymers used in oral drug delivery®® is based on methacrylic acid and methyl-
methacrylate units in the ratio 1:2. The dissolution of Eudragit S100 occurs above pH 7.0%, therefore it is used for
colon specific drug delivery as it hinders drug release in the stomach and small intestine®. Thymoquinone (TQ);
(2-isopropyl-5-methyl-1,4-benzoquinone)* was employed as a model anticancer drug from a natural source. It is
the main ingredient of the volatile oil obtained from Nigella sativa (Ranunculaceae) seeds*>*!. TQ is a lipophilic
compound with molecular weight of 164.2%2, log P of 2.54** and a low aqueous solubility of about 500 pg/ml*.
TQ possesses antioxidant*°, anti-inflammatory*”*, anti-hyperlipidemic*, anti-depressant™ and antimicrobial
activities®, and its use in combination with chemotherapeutic agents reduces their side effects®*>>. TQ possesses
antiproliferative activity on various types of cancer including colorectal carcinoma®, and was found to induce
cell cycle arrest and apoptosis in HCT-116 human colon cancer cells®. However, TQ suffers from poor aqueous
solubility which limits its applications®.

Therefore, encapsulation of TQ in the oily core of polymeric nanocapsules would provide a solution for its
poor solubility”’. AA conjugated to Eudragit S100 would provide targeted system for colon cancer associated
with sigma receptors overexpression. Particle size analysis, surface morphology, zeta potential, entrapment efhi-
ciency % (EE%), in vitro drug release and physical stability were performed for characterization of nanocapsules.
Finally, the study was completed by a cytotoxicity assessment on three colon cancer cell lines; HT-29, HCT-116
and Caco-2 cells. To the best of our knowledge, this study represents the first attempt to use AA as a targeting
ligand on the surface of polymeric nanocapsules. It is also the first study in which AA-conjugated Eudragit S100
was synthesized.

Materials and methods

Materials. Absolute ethyl alcohol, acetone, ammonia solution (33%), n-butanol, dichloromethane (DCM),
glacial acetic acid, methanol, potassium dihydrogen phosphate, silica gel 60-120 mesh for column chromatogra-
phy (manufactured by Alpha chemika, India), sodium bicarbonate and sodium hydroxide were purchased from
El-Nasr Pharmaceutical Co., Cairo, Egypt. N-Boc-1,6-hexanediamine, deuterated solvents; chloroform (CDCI;)
and dimethyl sulfoxide (C,D4OS) and Span 60 were purchased from Sigma Aldrich Co., Germany. Chloroform
was purchased from Honeywell International Inc., Germany. Dialysis tubing cellulose membrane, average flat
width 33 mm, 14,000 Da molecular weight cut-off, dimethyl sulfoxide (DMSO), 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) and isopropanol were purchased from Sigma Aldrich Co., USA. N,N'-
Dicyclohexylcarbodiimide (DCC), 4-(dimethylamino) pyridine (DMAP), 4-methoxybenzoic acid and trifluoro-
acetic acid (TFA) were purchased from Alfa Aesar, USA. Double ring cellulose filter papers 102 Qualitative,
medium filter speed (pore 20-30 pm), diameter 9 cm were purchased from Hangzhou Whatman-Xinhua filter
paper Co., Ltd, China. Eudragit S100 was provided as a gift from Evonik Industries AG, Germany. Heat-inacti-
vated fetal bovine serum, Roswell Park Memorial Institute medium (RPMI 1640), streptomycin/penicillin and
trypsin were purchased from Invitrogen corporation, California, USA. Hydrochloric acid (33%) was purchased
from Biochem Chemopharma Co., France. Labrafac PG (propylene glycol dicaprylocaprate) was provided as a
gift from Gattefosse’ Co., France. Nanosep Centrifugal Devices with Omega Membrane (100 kDa cut-off) were
purchased from Pall Corporation, USA. Ninhydrin was purchased from Winlab Co., UK. Thin layer chromatog-
raphy (TLC) plates (silica gel 60 F254 packed on Aluminum sheets) and Tween 80 were purchased from Merck
Co., Germany. Thymoquinone (TQ) was purchased from Frinton laboratories, USA. Uranyl acetate -2- hydrate
was purchased from Pratap chemical industries, India.

Synthesis of AA-conjugated Eudragit S100. Synthesis of tert-butyl (6-(4-methoxybenzamido)hexyl)
carbamate (product I). 4-methoxybenzoic acid (183 mg, 1.2 mmol) was mixed with N-Boc-1,6-hexanediamine
(210.6 mg, 1 mmol) in DCM (30 ml) in the presence of DCC (207 mg, 1 mmol) and DMAP (24.4 mg, 0.2 mmol),
as catalyst, at room temperature for 48 h at an appropriate stirring rate. This was followed by filtration and
evaporation of the solvent under reduced pressure using the rotary evaporator; model RVO5, ST (Janke and
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Kunkel, IKA Laboratories, Staufen, Germany) then the product was left in the laminar flow hood (Flores Valles
Co., Madrid, Spain) overnight to get rid of any traces of the organic solvent.The aforementioned synthesis step
is designated as step (1) and the product I was obtained.

Separation of filtrate products obtained in step (1). This was done by column chromatography using silica as
the stationary phase and DCM/methanol (80:1) as a solvent system. This purification step is designated as step
(2). Confirmation of the experiment was done by TLC plate using the developing solvent DCM/methanol (40:1)
followed by visualization under U.V. lamp (Vilberlourmat VL-6LC, 6 W-365 nm tube, 6 W-254 nm, France)
at 254 nm. Chemical composition of the obtained products was confirmed by "H-NMR (Bruker Avance III
HD—400 MHz, Switzerland).

Deprotection of the purified product I and formation of product II [synthesis of N-(6-aminohexyl)-4-methoxyben-
zamide (AA conjugate)]. The purified product obtained in step (2) was stirred at room temperature with 50%
TFA in DCM for the deprotection of Boc group®®. The reaction was monitored by the TLC plate until com-
plete consumption of the starting material®. The solvent was then evaporated under reduced pressure using the
rotary evaporator. The obtained product was then neutralized with distilled water and 5% sodium bicarbonate
solution® followed by product extraction with chloroform. The deprotection was confirmed on TLC plate, using
the solvent system DCM/methanol (40:1) and visualization with U.V. lamp. Ninhydrin indicator 1.5% was pre-
pared by dissolving 0.75 g ninhydrin in a mixture of 50 ml n-butanol and 1.5 ml glacial acetic acid, followed by
sonication for 5 min for further confirmation of the deprotection reaction.

Synthesis of AA-Eudragit S100 conjugate. A suitable amount of AA conjugate (20 mg, 0.08 mmol) was
dissolved in 7 ml distilled acetone and added portion-wise to a solution of Eudragit S100 (158.6 mg, 0.54 mmol
methacrylic acid) in 8 ml distilled acetone. This was followed by the addition of DCC (16.4 mg, 0.08 mmol) and
DMAP (5.1 mg, 0.042 mmol). One ml methanol was added to the reaction mixture to complete the polymer dis-
solution. The reaction mixture was left on the magnetic stirrer for 72 h at room temperature, followed by TLC.
After filtration of the reaction mixture, the filtrate was placed in a dialysis bag against methanol on a magnetic
stirrer at room temperature to get rid of any unreacted molecules. The reaction was monitored using TLC until
the complete disappearance of any spot of product II. Finally, the solvent was allowed to evaporate in the laminar
flow hood.

Products characterization. 'H-NMR. The percent of substitution of carboxylic acid groups in Eudragit
$100 by AA was calculated from the integration of the "H-NMR spectrum by comparing the integration of the
aromatic protons to that of the rest of the protons in the polymer using the following equations:

Integration of aromatic protons at § (6.9—8) = fraction of AA x4 H (1)

Integration of aliphatic protons at § (0—4) = [(fraction of Eudragit * 19 H) + (fraction of AA * 15 H)}
(2
% of substitution of carboxylic acid groups in Eudragit S100 by AA

= [fraction of AA/ (fraction of AA + fraction of Eudragit)] * 100 (3)
Cho et al.! used the integration in 'H-NMR to calculate the degree of substitution of PEG in hyaluronic

acid-ceramide polymer. It should be pointed out that in the interpretation of 'H-NMR spectra, splitting of the

peaks will be referred to using the following letters; (s) for singlet, (d) for duplet and (m) for multiplet peaks.

For 'H-NMR measurements, the sample dissolved in 0.2 ml of the deuterated solvent was placed in 3 mm
NMR tube and measured using Bruker Avance III HD—400 MHz. TopSpin 3.2 NMR processing software was
used for NMR data analysis and the acquisition and processing of NMR spectra.

'"H-NMR measurement of product I was carried out under the following conditions; [solvent: deuterated
chloroform CDCl;, number of scans (NS): 32]. TH-NMR measurements of unmodified Eudragit $100 and AA-
conjugated Eudragit S100 were carried out under the following conditions; [solvent: deuterated DMSO, NS: 128]
and [solvent: deuterated DMSO, NS:256] respectively.

Mass spectrometry. Mass spectrometry was carried out using mass spectrometer (GC-2010 Shimadzu, Japan),
under the following conditions; ionization mode: electron impact, ion source temperature: 250 °C, start m/z:
50, end m/z: 500, and electron voltage: 70 eV. ChemBioDraw Ultra (version 13) was used to draw the chemical
structures and to aid in elucidating the structures of different compounds.

Preparation of TQ-loaded nanocapsules. Non-conjugated TQ-loaded nanocapsules were prepared
using the nanoprecipitation method described by Fessi et al.*”%%, Following preformulation studies using various
oils and surfactants, the lipophilic solution consisted of 0.2 ml oil (Labrafac PG), 62.5 mg polymer (Eudragit
$100), 48 mg surfactant (Span 60) and 25 mg TQ dissolved in acetone and sonicated. The organic phase was
added to an aqueous solution containing surfactant (Tween 80) and mixed using a magnetic stirrer. The solvent
was removed by evaporation under ambient conditions while being stirred overnight®. AA-targeted TQ-loaded
nanocapsules were also prepared using the nanoprecipitation method following the same procedure previously
described except that the lipophilic solution consisted of 0.2 ml Labrafac PG, 62.5 mg AA-conjugated Eudragit
$100, 48 mg surfactant (Span 60) and 25 mg TQ dissolved in organic solvent (acetone and methanol mixture).
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Characterization of TQ-loaded nanocapsules. The particle size, PDI and zeta potential of the nano-
capsules were measured using the Malvern Zetasizer nano ZS (Malvern Instruments Ltd, Malvern, UK)* at a
scattering angle of 173°. A sample of 200 pl of the nanocapsules dispersion was diluted with deionized water and
the particle size, PDI and zeta potential were measured at 25 °C.

TEM was used to determine the morphology of the nanocapsules formulations. A sample of the nanocapsules
dispersion was appropriately diluted with deionized water. It was then deposited on a carbon coated copper grid,
left to dry and then negatively stained with a super-saturated solution of uranyl acetate followed by microscopic
examination (Jeol—JEM—1010, operating at 80 kV, Japan).

The concentration of the unentrapped drug was determined by centrifugation of 600 ul of the nanocapsules
dispersion inside the nanosep at 4 °C and 7,000 rpm for one hour, followed by another centrifugation cycle at
4 °C and 8,000 rpm for one hour using the cooling centrifuge (Hermle Labortechnik GmBH, model Z216MK,
Germany). After centrifugation, the concentration of the unentrapped drug in the filtrate was measured spectro-
photometrically (Jenway UV-visible spectrophotometer, Staffordshire, UK) at 253 nm after appropriate dilution
with absolute ethanol. EE% of TQ in the nanocapsules was calculated using the following equation:

[Total drug — Free drug] ‘1

EE% =
° Total drug

00 (4)

In vitro release of TQ from nanocapsules. Free TQ was removed from the nanocapsules disper-
sion using the exhaustive dialysis method® using a cellulose membrane (Dialysis tubing cellulose membrane
14,000 Da molecular weight cut-off) bag against 200 ml double-distilled water on a magnetic stirrer at room
temperature, until complete removal of free drug from the nanocapsules dispersion. After separating the free
TQ from the drug-loaded nanocapsules, the membrane diffusion technique using the modified USP apparatus I
was used to evaluate the drug release from the loaded nanocapsules. The cellulose membrane was soaked before
use in double-distilled water at room temperature overnight. Three ml of the nanocapsules formulation contain-
ing an amount of 2.7 mg TQ were placed in a glass cylinder having a length of 5 cm and diameter of 2 cm. This
cylinder was covered at one end with previously soaked cellulose membrane and fixed to the apparatus shaft. The
cylinder was placed in the dissolution vessel of the USP dissolution tester (Pharma test, type PTW-2, Hainburg,
Germany) containing 100 ml of the medium with pH 1.2 (0.1 N HCI). The apparatus was adjusted to a constant
speed (50 rpm) and a temperature of 37 +0.5 °C. At predetermined time intervals (1, 2, 3, 4, 5, 6, 7, 8 and 24 h),
1 ml samples were withdrawn and assayed spectrophotometrically at 258 nm for the drug content. Each with-
drawn sample was replaced by an equal volume of the medium of a certain pH. A pH shift was carried out; after
2 h from the beginning of the experiment, the pH of the release medium was changed to 5.5 by addition of a
certain volume of alkaline phosphate buffer (composed of 2.5 M potassium dihydrogen phosphate containing
16.72% (w/v) sodium hydroxide as described by Kondo et al.?). Using different amounts of alkaline phosphate
buffer, the pH of the dissolution medium was raised to pH 6.8 and 7.4 at the 4th and 6th hours respectively. The
added volumes of the buffer were taken into consideration during calculation of the percentage of drug released
at each time interval. The pH of the release medium was adjusted by adding a certain volume of the alkaline
phosphate buffer till the pH-meter (Jenway, Model 3510, UK) read the desired pH value.

Determination of the physical stability of nanocapsules. The nanocapsules dispersions were stored
at 2-8 °C, and samples were withdrawn at different time intervals; 45 days and 90 days®. These samples were
appropriately diluted with deionized water and examined for particle size and zeta potential. EE% was also
measured after 45 and 90 days following the same procedure described previously for EE% determination of the
freshly-prepared formulation.

MTT cytotoxicity assay. Different human colon cancer cell lines (HCT-116, HT-29 and Caco-2) were
grown in the tissue culture lab of Egyptian Company for Vaccines and Sera (Vacsera, Giza, Egypt). At the time
of the experiment, the cells were checked for viability and confluency before being grown on the appropriate
growth medium, RPMI 1640, supplemented with 1% mixture of 100 mg/ml of streptomycin, 100 units/ml of
penicillin and 10% of heat-inactivated fetal bovine serum in a humidified, 5% (V/V) CO, atmosphere at 37 °C.

Exponentially growing cells from different cancer cell lines were trypsinized, counted and seeded at the
appropriate densities (2000-10,000 cells/0.33 cm? well) into 96-well microtiter plates. Cells were then incubated
in a humidified atmosphere at 37 °C for 24 h. Afterwards, cells were exposed to a solution of TQ in DMSO or
to dialyzed dispersions of TQ-loaded nanocapsules at different concentrations for 24 or 48 h. The cytotoxicity
of each concentration was assessed in triplicate. The viability of treated cells was determined using MTT tech-
nique as follows: the media were removed; cells were incubated with 200 pl of 5% MTT solution/well and were
allowed to metabolize the dye into colored-insoluble formazan crystals for 2 h. The remaining MTT solution
was discarded from the wells and the formazan crystals were dissolved in 200 pl/well acidified isopropanol for
30 min, covered with aluminum foil and shaken using a MaxQ 2000 plate shaker (Thermo Fisher Scientific Inc.,
Mississauga, Canada) at room temperature. Absorbance readings were measured at 570 nm using a Stat Fax 4,200
plate reader (Awareness Technology, Inc., Florida, USA). The cell viability was expressed as the percentage of
treated cells relative to untreated control cells and the concentration that induces 50% of maximum inhibition of
cell proliferation (IC,) was determined using GraphPad Prism version 5 software. Blank formulations (prepared
without TQ) were also assessed for their cytotoxic potential®’.
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Figure 1. Synthesis of AA-conjugated Eudragit S100.

Statistical analysis. Results were expressed as mean * standard deviation (SD). Statistical data analysis was
conducted using GraphPad InStat software. A comparison of the data was performed using either students ¢ test
or one way ANOVA.

Results and discussion

Synthesis of AA-conjugated Eudragit S100. AA-Eudragit S100 polymer conjugate was synthesized via
three successive steps; (1) conjugation of 4-methoxybenzoic acid to N-Boc-1,6-hexanediamine via DCC/DMAP
coupling®®*’ [DCC; N,N'-Dicyclohexylcarbodiimide, DMAP; 4-(dimethylamino) pyridine] to prepare tert-butyl
(6-(4-methoxybenzamido)hexyl) carbamate (product I), (2) deprotection to remove the Boc group of product I
by trifluoroacetic acid (TFA) to prepare N-(6-aminohexyl)-4-methoxybenzamide (product II), and (3) conjuga-
tion of the deprotected product II primary amine to Eudragit S100 free carboxylic groups as illustrated in Fig. 1.

Product |, tert-butyl (6-(4-methoxybenzamido)hexyl) carbamate. During the preparation of
product I, insoluble N,N'-dicyclohexylurea byproduct of the DCC/DMAP coupling reaction was removed by
filtration. Product I was purified from N-acyl urea derivative by silica gel column chromatography using the
solvent system dichloromethane (DCM)/methanol (80:1), with a yield of 36.67% for product I and a retention
factor (R¢) value of 0.545 [thin layer chromatography (TLC), mobile phase is DCM/methanol 40:1]. The chemi-
cal composition of product Iwas confirmed by 'H-NMR (Fig. 2).

Product I: "H-NMR: Chemical shift(8) 6.83, 6.85 (2H, d) of the 2 aromatic CH ortho to the methoxy group,
7.68,7.7 (2H, d) of the 2 aromatic CH meta to the methoxy group, 4.49 (1H, s) of the NH attached to the Boc
group, 6.24 (1H, s) of the NH group of the amide bond attached to methoxybenzene, 3.77 (3H, s) of CH; of the
methoxy group, 3.33-3.37 (2H, m) of the CH, alpha to the NH group of the amide bond attached to methoxyben-
zene, 3.04-3.05 (2H, m) of the CH, alpha to the NH attached to the Boc group, 1.5-1.57 (4H, m) of the 2 CH, beta
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OCH;

Figure 2. 'H-NMR of product (I).

to the NH attached to the Boc group and beta to the NH group of the amide bond attached to methoxybenzene,
1.39-1.44 (4H, m) of the 2 CH, gamma to the NH attached to the Boc group and gamma to the NH group of the
amide bond attached to methoxybenzene,1.36 (9H, s) of the 3 CH; of the Boc group.

The formation of product I was confirmed by mass spectrometry together with its fragmentation products
as shown in Supplementary information 1 and Fig. 3. The appearance of a peak with m/z=350.2 confirms the
formation of the product as the molecular weight of the product is 350.22.

Product I, N-(6-aminohexyl)-4-methoxybenzamide. The deprotection reaction of product I by TFA
was monitored by TLC. In addition to detection under U.V,, ninhydrin indicator was used to detect the free
primary amine group of product II. The spot of the protected product (product I) disappeared totally after one
hour of the reaction with TFA in DCM and a new spot for the deprotected product appeared at the baseline.
The obtained product was extracted with chloroform after neutralization with aqueous sodium bicarbonate
solution® to liberate the unionized free amine group from its TFA salt. The higher polarity of product II, with
a free primary amine group relative to its protected form (product I) resulted in an R; of zero with the solvent
system DCM/methanol (40:1). In addition, product II appeared as a purple spot after staining the TLC plate with
ninhydrin, indicating the presence of free primary amino group and hence successful deprotection of product
I°. No purple spot appeared for the Boc protected product I. The yield of product II was 94.5%.

AA-Eudragit S100 conjugate. Figure 1 illustrates the reaction between AA conjugate and Eudragit S100
in the presence of DCC and DMAP. The success of the coupling reaction was confirmed using the TLC plate
and DCM/methanol/ammonia (6:2:0.15) as solvent. A dark spot appeared under U.V. at the baseline for the
modified polymer (R;of zero) and no dark spot appeared for the unmodified Eudragit. Polymer purification was
conducted by dialysis against methanol to remove unconjugated product II, as well as any other small molecules
byproducts. The purification was confirmed by TLC usingninhydrin indicator, where a purple spot was evident
only for the free AA conjugate (Ry=0.125) using the solvent system DCM/methanol/ammonia (6:2:0.15).

The unmodified Eudragit S100 '"H-NMR shows § 12.39 (1H, s) of the carboxylic acid, 3.54 (3H, s) of the
methyl group in the ester bond of methylmethacrylate unit of the polymer, 1.75-1.91(2H) of the CH, group
linking methylmethacrylate and methacrylic acid, 1.25 (6H) of the 2 CH; groups where each of them is beta to
either methacrylic acid or methacrylate (Fig. 4). On the other hand, the AA-conjugated Eudragit S100 'H-NMR
showed that in addition to the same peaks of the unmodified polymer (0.65-1.9 ppm), peaks at § 6.93, 6.98 (2H,
d) and § 7.78, 7.84 (2H, d) were identified (Fig. 5). Those peaks appearing in the range of § 6.93-7.84 represent
the two groups of aromatic protons in AA and confirmed AA-polymer conjugation, since any unconjugated
deprotected product IT was removed by the dialysis step. This result concurred with that obtained by Yang et al.”,
in which the aromatic protons of AA appeared at § 6.97 and 7.83. The average percent of substitution of carboxylic
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Figure 3. Suggested compounds obtained by fragmentation of product (I).

acid groups in Eudragit S100 by AA was around 6.87% as calculated using the integration of the 'H-NMR, by
substitution in the equations mentioned in the methods in the experimental section.

Characterization of TQ-loaded nanocapsules. The particle size of the prepared nanocapsules ranged
from 217 to 231.5 nm with a PDI from 0.229 to 0.306 (less than 0.4) (Table 1). A size above 200 nm was reported
to be necessary to avoid diffusion through the intestinal mucus and consequent cellular uptake”. Subudhi et al.®
prepared oral Eudragit S100-coated citrus pectin nanoparticles loaded with 5-fluorouracil with an average par-
ticle size of 218.12+10.25 nm for colorectal cancer. In addition, Khatik et al.”® prepared oral curcumin-loaded
Eudragit S100-coated chitosan nanoparticles with average particle size of 236+ 3.2 nm as a colon-specific deliv-
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Formula code | Type of oil | Type of polymer Particle size mean+S.D (nm) | PDImean+S.D | Zeta potential mean+S.D. (mV) | EE% mean+S.D
F-P Labrafac Eudragit S100 231.5%£5.2 0.306+0.028 -36.3+0.9 85.7+5
F-AA Labrafac Anisamide-conjugated Eudragit $100 | 217.2+5.6 0.229+0.011 —-3897+1.3 90.5+0.55

186 mm

TEM Mag

1%8800x

Table 1. Particle size, PDI, zeta potential and entrapment efficiency % of the prepared nanocapsular
formulations. Each formula contained 25 mg TQ.

T

TEM Mag = 158940

(4) (B)

Figure 6. TEM photomicrographs of TQ-loaded nanocapsules (F-P) at a magnification of x 150,000 (A) and
AA-conjugated TQ-loaded nanocapsules (F-AA) at a magnification of x 150,000 (B).

ery in Wistar rats. Furthermore, Schaffazick et al.”* prepared melatonin-loaded EudragitS100 nanocapsules

using the nanoprecipitation technique of 236 +20 nm in diameter.

The transmission electron microscopy (TEM) photomicrographs showed the formation of spherical shaped
or nearly spherical nanocapsules. Similar to, Fessi et al.®> and Tagliari et al.”®, the photomicrographs revealed
the presence of an opaque film or coat surrounding the oily core for unconjugated (Fig. 6A), and conjugated
Eudragit S100 nanocapsules (Fig. 6B).

Table 1 also discloses zeta potential values of — 36 to — 39 mV due to the presence of free carboxylic acid
groups of methacrylic acid®, similar to what was reported by Schaffazick et al.”® and Coco et al.”” using the same
polymer. A zeta potential higher than — 30 mV, is expected to prevent particles aggregation’”.

Finally a high EE% of TQ ranging from 86 to 90.5% was also obtained (Table 1). This can be attributed to
the good lipid solubility of TQ® with a log P=2.54*. In a likewise manner, the EE% of gemcitabine derivatives
inside polycyanoacrylate nanocapsules was affected by the extent of lipophilicity of derivatives®.

In vitro release of TQ from nanocapsules. The cumulative % released of TQ after 24 h was 8.865 and
8.196 for F-P and F-AA respectively. These results (Fig. 7) came in accordance with the results obtained by Odeh
et al.® who reported a minimal drug release from TQ liposomes. Since Eudragit S100 is a pH sensitive polymer,
we hypothesized that the release of TQ from nanocapsules would be pH-dependent. However owing to the lipo-
philicity of TQ (log P=2.54), it actually had strong affinity to the oily phase of the nanocapsules (Labrafac PG)
that even after the polymer shell dissolved by the increase in pH the released amount of TQ was still low, with
no significant difference from other pHs (P>0.05). A drug liberation, limited to the tumor inside-post-uptake
would increase local drug concentration as previously described®!.

Physical stability of TQ nanocapsules. No significant change in particle size, PDI, zeta potential or EE%
of the prepared nanocapsules after storage for 45 days and 90 days at 2-8 °C (P>0.05) was evident in Table 2.

In vitro cytotoxicity of TQ-loaded nanocapsules. The cytotoxicity of different TQ formulations was
tested by MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) assay in three different human
colon cancer cell lines; HT-29, HCT-116 and Caco-2 cells after 24 and 48 h of incubation. HT-29 and HCT-116
are derived from colorectal primary carcinoma of different stages, while Caco-2 cells are derived from non-spe-
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Figure 7. Release profiles of TQ from different nanocapsular formulations at different pHs.

Formula | Parameter Initial After 45 days | After 90 days
Particle size (nm) 231.5+5.2 227.8+12.6 220.4+13.9

Ep PDI 0.306+0.028 | 0.317+0.049 0.3+£0.058
Zeta potential (mV) | -36.35+0.9 | — 33.25+0.2 | —35.65+0.3
EE% 88.6+2.8 91.1+1.7 92.8+3.8
Particle size (nm) 217.2+5.6 211.8+6 223.7+19.9

EAA PDI 0.229+0.011 0.223+0.016 0.263+0.042
Zeta potential (mV) | —38.97+1.3 -40.3+0.8 -39.1+2.1
EE% 90.5+0.55 90.09+1.2 90.08 +2.65

Table 2. Physical stability of nanocapsular formulations after 45 and 90 days at 2-8 °C.

cific colon cancer cells®. The tested formulations were: free TQ dissolved in dimethyl sulfoxide (DMSO), TQ-
loaded Eudragit S100 nanocapsules (F-P), blank Eudragit S100 nanocapsules (B-P), TQ-loaded AA-conjugated
Eudragit S100 nanocapsules (F-AA) and blank A A-conjugated Eudragit S100 nanocapsules (B-AA).

Upon testing the cytotoxicity on HT-29 cells, results revealed the safety of blank nanocapsules with a high
cell viability, except for the highest nanoparticles concentration of (B-AA) probably due to increased blocking
of the sigma receptors®** (Fig. 8A). After 24 h incubation period, free TQ was significantly more cytotoxic than
both targeted and non-targeted nanocapsules against HT-29 cells (P <0.05). The respective ICs, values were:
144.3 uyM +5.7, 287.7 uM £ 12.7 and 313.7 pM £ 5.5. These results were in accordance with those obtained by
Zheng et al.*> where the ICs, value of free drug was significantly lower than those of non-targeted and transferrin-
targeted nanoparticles, and may be attributed to the controlled drug release as shown in the in vitro release
experiment. Significantly lower ICs, of F-AA than F-P(P <0.05) may be attributed to the higher uptake of AA-
targeted nanocapsules by the sigma receptor-overexpressing HT-29 cells®.

However at 48 h and illustrated in Fig. 8B, the respective ICs, values were: 143.3 uM £2.5,89.7 uM £0.9 and
167 uM £ 1.7 confirming the superior cytotoxicity of F-AA. The obtained value was close to that obtained by El-
Najjar et al.¥, reporting 110 uM as the ICy, for TQ. The constant cytotoxicity of free TQ on HT-29 cells during
48 h may be attributed to the resistance of HT-29 cells to TQ. While studying the antiproliferative effect of TQ
on the colon cancer cell lines: HT-29, HCT-116, DLD-1, LoVo, and Caco-2 cells, the previous authors observed
that HT-29 was the most resistant cell line to the growth suppression effect mediated by TQ. They explained that
HT-29 cell line displays elevated levels of DT-diaphorase (DTD) enzyme®®. This enzyme catalyzes the conversion
of quinones to hydroquinones via two-electron reduction thus preventing the generation of reactive oxygen spe-
cies (ROS)®. An enzymatically-induced reduction, which can be regarded as a detoxification process” might
have induced TQ resistance®’.

The higher cytotoxicity of F-AA than free TQ against HT-29 cells after 48 h may be explained by the enhanced
uptake of these TQ nanocapsules by binding to the sigma receptors, which are also overexpressed on the surface
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Figure 8. Cytotoxicity of free TQ and various nanoformulations on HT-29 cells (A, B), HCT-116 cells (C, D)
and Caco-2 cells (E, F) after incubation for 24 and 48 h respectively.

of HT-29 cells. Besides, the presence of TQ inside the nanocapsules helped the drug to escape the detoxification
process by unknown mechanism, and the anticancer activity of released TQ occurred differently. No more ROS
generation but rather a cell cycle arrest® or induction of apoptosis might have occurred®>?'. Park et al.”! revealed
that TQ exerts its anticancer activity via induction of apoptosis and ROS generation in human renal carcinoma
Caki cells. TQ induced apoptosis in these cells by downregulating the expression of the anti-apoptotic proteins
¢-FLIP and Bcl-2. Bcl-2 downregulation caused by TQ, also contributed to mitochondrial death by inducing loss
of mitochondrial membrane potential.

The targeting properties might have changed the pharmacokinetics of the drug inside the cell, improving its
anticancer activity. F-P showed a 47% decrease in IC;, by time, while the change mounted 69% in case of the
actively-targeted nanoparticles.

As for HT-29 cells, the B-AA and B-P nanocapsules did not affect cell viability of HCT-116 cells significantly
except at the highest particulate concentration of B-AA after 24 h (Fig. 8C). However, both of them caused a
decrease in cell viability after 48 h, but with the effect of B-AA being more pronounced (Fig. 8D). It can be
observed that the cytotoxicity of the free drug increased to a lesser extent after 48 h compared to targeted and
non-targeted nanocapsules and its IC;, was reduced by only 38.5% after 48 h. On the other hand, both types
of nanocapsules showed about 60% decrease in their ICs, by prolonging the incubation time from 24 to 48 h,
confirming once more an enhanced cell uptake of drug nanoparticles. AA-targeted nanocapsules did not show
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Free TQ F-P F-AA
Cellline type | 24h 48h 24h 48h 24h 48h
HT-29 144357 |143.3+25 |313.7+5.5 167+1.7 | 287.7+12.7 | 89.7+£0.9
HCT-116 80.8+1.6 49.7+1.9 |1703+£3.2 |66.4+1 1843+ 1.5 78.1+1
Caco-2 58+4.8 38.1+1 79.7+£5.8 | 54.2+3.3 136+4.3 78.1+1

Table 3. 1Cs, (uM) of free TQ and TQ-loaded nanoformulations on colon cancer cell lines after incubation for
24 and 48 h.

superior cytotoxicity over non-targeted ones against HCT-116 cells owing to a low expression of sigma receptors.
HCT-116 cells lack sigma-2 receptors and express a lower level of sigma-1 receptors than HT-29 cells® and AA
specificity towards sigma-1 or sigma-2 receptors is still unclear and requires further investigations*.

Finally in Caco-2 cells, B-AA and B-P showed a decrease in cell viability after 24 h increasing in effect upon
extending the time to 48 h as illustrated in Fig. 8E, F. In addition, this cell line was unable to discriminate between
different formulations in cytotoxicity at high drug concentrations and especially after 48 h. The cell viabilities
were also of lower values than with the other two cell lines. This may be attributed to the lower expression of
cytochrome P450 in Caco-2 cells®’. Furthermore, Caco-2 cells lack mucus secretion®®, which functions as a
physical barrier providing protection against foreign particles and toxins®*.

To sum up, in order of decreased expression of sigma receptors, the cell lines could be arranged in the fol-
lowing order: HT-29 cells > Caco-2 cells > HCT-116 cells®. AA specificity towards sigma-1 or sigma-2 receptors
is still unclear and requires further investigations®*. Moreover, HT-29 cell line displays an elevated level of DTD
enzyme, while HCT-116 cells show lower expression of the gene that codes for DTD compared to HT-29 cells
and Caco-2 cells totally lack DTD enzyme®. The IC, values of free TQ on HT-29, HCT-116 and Caco-2 cells
after incubation for 48 h were: 143.3, 49.7 and 38.1 uM respectively. The results of our study concur with the
difference in the expression level of DTD enzyme between the three cell lines. They also concurred with those
obtained by El-Najjaret al.”* in which HT-29 cells exhibited the highest resistance to TQ (IC5,=110 uM). The
cytotoxicity of TQ-loaded nanocapsules on the three cell lines was time-dependent. Table 3 summarizes the
ICs, values of the tested TQ formulations on different colon cancer cell lines after different incubation periods.

Results of the present study reveal the promising targeting potential of TQ loaded AA-targeted nanocapsules
for sigma receptors overexpressed in colon cancer cells.

Conclusions

In this study, conjugated and non-conjugated polymeric nanocapsules loaded with TQ were prepared for target-
ing colon cancer using Eudragit S100 as a pH-sensitive polymer and AA as a ligand for sigma receptors generally
overexpressed by colon cancer cells. AA-targeted nanocapsules exhibited higher cytotoxicity than non-conjugated
ones and free TQ against HT-29 cells after 48 h of incubation. This can be attributed to the elevated level of
expression of sigma receptors on HT-29 cells resulting in enhanced uptake of nanocapsules. This was also con-
firmed by the resistance of this cell line to the free drug. Therefore, improving treatment efficiency and reducing
the incidence of adverse effects and drug resistance could be expected by these nanocapsules. In order to further
prove the targeting ability of the presented nanocapsules, futuristic in vivo experiments should be conducted in
order to evaluate the biodistribution of the nanocapsules, as well as their therapeutic potential.
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