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ARTICLE INFO ABSTRACT

Keywords: Indole-3-carbinol (I3C) is a plant molecule known to be active against several types of cancer, but some chemical
Bl"'_dder cancer characteristics limit its clinical applications. In order to overcome these limitations, polymeric nanoparticles can
Chitosan be used as carrier systems for targeted delivery of I3C. In this study, chitosan and chitosan/polyethylene glycol

Indole-3-carbinol
Nanoparticle
Polyethylene glycol

nanoparticles (CS NP and CS/PEG NP, respectively) were prepared to encapsulate I3C by ionic gelation method.
The polymeric nanoparticles were characterized by Dynamic Scattering Light (DLS), Zeta Potential (ZP), Fourier
Transform Infrared (FTIR) spetroscopy, X-Ray Diffraction (XRD), Thermogravimetric Analysis (TGA), Differential
Scanning Calorimetry (DSC), and Field Emission Gun Scanning Electron Microscopy (FEG-SEM). I3C release
testing was performed at an acidic media and the interactions between I3C and chitosan or PEG were evaluated
by Density Functional Theory (DFT). Cytotoxicity of nanoparticles in bladder cancer T24 cell line was evaluated
by the Methyl-thiazolyl-tetrazolium (MTT) colorimetric assay. The average size of the nanoparticles was
observed to be in the range from 133.3 + 3.7 nm to 180.4 + 2.7 nm with a relatively homogeneous distribution.
Samples had relatively high positive zeta potential values (between +20.3 + 0.5 mV and + 24.3 + 0.5 mV).
Similar encapsulation efficiencies (about 80%) for both nanoparticles were obtained. Physicochemical and
thermal characterizations pointed to the encapsulation of 13c. electron microscopy showed spherical particles
with smooth or ragged surface characteristics, depending on the presence of PEG. The mathematical fitting of the
release profile demonstrated that I3C-CS NP followed the Higuchi model whereas I3C-CS/PEG NP the Korsmeyer-
Peppas model. Chemical differences between the nanoparticles as based on the I3C/CS or I3C/PEG interactions
were demonstrate by computational characterization. The assessment of cell viability by the MTT test showed
that the presence of both free I3C and I3C-loaded nanoparticles lead to statistically significant reduction in T24
cells viability in the concentrations from 500 to 2000 pM, when comparison to the control group after 24 h of
exposure. Thus, CS and CS/PEG nanoparticles present as feasible I3C carrier systems for cancer therapy.

1. Introduction especially because a considerable proportion of patients with bladder
cancer are initially diagnosed with advanced stages of the disease [2].

Bladder cancer is the 10th most frequently-diagnosed cancer all over For this reason, radical cystectomy combined with neoadjuvant/adju-
the world and the ninth leading cause of cancer death in men [1], vant chemotherapy is the standard treatment. However, this approach
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has a high rate of acute and chronic complications, being particularly
critical for submitted patients, since they are generally older and have
multiple comorbidities [3]. On this regard, the search for highly efficient
and less harmful alternatives for the treatment of advanced stages of this
disease is necessary.

Over the past two decades, many studies have demonstrated the
action of indole compounds as potentially effective agents against
bladder cancer, such as indole-3-acetic acid [4], Go-6976 [5], apazi-
quone [6], 5-hydroxyindole-3-acetic acid [7], arylindolylpropenones
[8], and 3,3'-diindolylmethane [9]. In this context, indole-3-carbinol
(I3CQ) is an indole compound produced endogenously from natural gly-
cosinolates contained in a wide variety of plant food substances,
including members of the Cruciferae family, and particularly members
of the genus Brassica, such as broccoli, cabbage, cauliflower, brussels
sprouts, china cabbage, radish, turnip and rapeseed [10], being one of
the metabolites resulting from the enzymatic oxidation of indole-3-
acetic acid [11], as well as to be the precursor of 3,3'-diindolyl-
methane [12].

It is known that I3C exerts anti-cancer effects mediated by cell cycle
regulation, induction of apoptosis, transcription, cell signal trans-
duction, hormonal homeostasis, inhibition of angiogenesis, suppression
of cell invasion, DNA repair, and anti-inflammatory activity [13,14].
The anti-cancer properties of I3C has been detected in several target
organs, including breast [15], prostate [16], cervix [17], skin [18], lung
[19], blood [20], liver [21], and colon [22]. Although the wide variety
of tumor cell lines studied, the anti-tumor effect of I3C has not been
evaluated for bladder cancer until the present moment as far as we
know.

Despite I3C presents therapeutic activity against several types of
tumors, it also has some limitations: (a) low water solubility, which
limits its administration; (b) rapid oxidation, metabolization, and
elimination, which decreases its serum level and bioavailability [23]; (c)
photosensitivity; and (d) thermosensitivity [24]. These disadvantages
are responsible for limiting the clinical applications of this compound. In
order to overcome these limitations, some studies have reported the
incorporation of I3C in nanostructured systems for cancer therapy
[25-27].

Progress in the field of nanomedicines in cancer treatment has shown
the use of polymer-based nanoparticles as material for the efficient de-
livery of several anticancer drugs in recent decades [28]. Currently,
there are several polymeric nanoparticles that have not been clinically
approved and are currently undergoing clinical trials [29]. Among
polymeric nanocarriers used to treat cancer, polymeric nanoparticles
based on chitosan are presented as an alternative for encapsulation of
I3C, since chitosan is one of the most promising biopolymer in the
development of nanoparticles [30-32]. The reasons for using chitosan
nanoparticles in cancer treatment are their physicochemical and bio-
logical properties [33]. Chitosan is a linear cationic amino-
polysaccharide derived from chitin, a polymer obtained mainly from
crustacean shells. It has low toxicity, is biodegradable, biocompatible,
non-antigenic, hydrophilic, and biofunctional [34]. The flexibility of the
chitosan chain and the possibility to forming hydrogen bonds with
carboxylic and hydroxyl groups are factors that attribute great appli-
cability to this polymer [35]. Thus, chitosan may interact electrostati-
cally with polyanionic molecules to form nanoparticles from low
complexity processes, such as ionotropic gelation, resulting in particles
less than 200 nm [36].

Due to their small diameter, chitosan nanoparticles are able to
penetrate tumor tissue through gaps in the vascular endothelium of
tumor tissue and accumulate with a high concentration in this region for
a long time due to insufficient venous and lymphatic clearance, through
the enhanced permeability and retention (EPR) effect [37]. In addition,
the positive chitosan charge favors a mechanism of cell uptake, since it
interacts with the negatively charged cell membrane, promoting a
structural disorder and increasing the fluidity of the membrane,
providing cellular absorption [38]. Moreover, chitosan-based materials
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are sensitive to exposure in slightly acidic media, such as the tumor
microenvironment [39] and the interior of endolysosomal organelles
[40], favoring the release of active molecules both in the tumor micro-
environment and in the cell interior. Furthermore, the use of poly-
ethylene glycol in the composition of chitosan nanoparticles can be
explored due to the ability of this hydrophilic polymer to prolong the
circulation time of the nanocarriers in the bloodstream and increasing
the tumor exposure to the encapsulated drug [41].

Recently, some studies have shown some characteristics of phar-
maceutical interest, as well as the efficiency of nanoparticulate systems
involving chitosan nanocapsules coated with polyethylene glycol (PEG).
This axis proved to be able to improve the drug delivery system, as well
as to improve the stability, biodistribution, internalization of drugs with
antitumor properties. For example, Hefnawy et al (2020) successfully
development and evaluation of a novel dual-ligand functionalized core-
shell chitosan-based nanocarrier for the selective delivery of doxoru-
bicin for treatment of hepatocellular carcinoma with enhance the
intracellular uptake (in vitro study), as well as enhanced safety profile
compared to the conventional doxorubicin (in vivo study) [42]. Caban-
Toktas et al (2020) reported an approach with positively-charged chi-
tosan-modified PEG nanoparticles loaded R-flurbiprofen and paclitaxel
exhibited higher therapeutic activity to suppress glioblastoma growth in
study with animal model [43]. Besides, Zhang et al. (2019) prepared and
assessed in vitro and in vivo galactosylated chitosan nanoparticles loaded
with triptolide (GC-TP-NP). This study showed GC-TP-NPs cellular up-
take was greater than free TP in vitro and accumulated preferentially in
the liver tumor tissue in vivo [44].

In this context, this work proposes the development of chitosan
nanoparticles and associated chitosan/PEG nanoparticles for I3C
encapsulation. Also, computational studies to estimate the interactions
between I3C and chitosan or PEG were performed. In addition, in vitro
cytotoxic effect of free I3C and I3C-loaded nanoparticles in an invasive
human bladder carcinoma cell line was evaluated (T24).

2. Materials and methods
2.1. Materials

Indole-3-carbinol (CoHgNO, >96% purity, CAS Number 700-06-1),
Chitosan (Medium Molecular Weight, 190-310 kDa, CAS Number 9012-
76-4), Sodium Tripolyphosphate (NasP3019, 85%, CAS Number 7758-
29-4) and Polyethylene glycol (Mw = 8000 Da, CAS Number
25322-68-3) were purchased from Sigma-Aldrich Co. (St. Louis, USA).
Acetic acid (CaH402, CAS Number 64-19-7), Sodium hydroxide (NaOH,
CAS Number 1310-73-2) and other reagents were obtained from Vetec
Ltd. (Rio de Janeiro, Brazil). For biological assays, the reagents used
were RPMI-1640 (Catalog Number 11-875-093), fetal bovine serum
(FBS, Catalog Number 26-140-079), penicillin-streptomycin 10,000 U/
mL (Catalog Number 15-140-148), amphotericin B (Fungizone®, Cat-
alog Number 15-290-018), and 0.5% trypsin/EDTA solution (Catalog
Number 15-400-054), obtained from Gibco Laboratories (Carlsbad,
USA). MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide, CAS Number 298-93-1) solution at 5 mg/mL in PBS and 90%
culture medium supplemented with 10% FBS (CAS Number 9014-81-7)
were sourced from Sigma-Aldrich (Ontario, Canada). All other chem-
icals and solvents were analytical grade, and solutions were prepared
using ultrapure or distilled water.

2.2. Methods

2.2.1. Preparation of I3C standard solution and calibration curve

The I3C stock solution (3.5 mM) was prepared in pure ethanol and
diluted in a range from 4.5 to 290 pM. The standard calibration curve for
I3C was obtained by the absorbance measurement of the diluted solu-
tions in a Libra S22 UV/Vis Spectrophotometer (Biochrom — Cambridge,
UK) at a wavelength of 280 nm [45].
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2.2.2. Preparation of free and I13C-loaded CS nanoparticles and CS/PEG
nanoparticles

Chitosan nanoparticles (CS NP) were prepared by the ionic gelation
method as described previously with modifications [46]. Chitosan (1.0
mg/mL) was dispersed in acetic acid aqueous solution 0.175% (v/v) and
magnetically stirred (C-MAG HS 7, IKA - Staufen, Germany) at 100 rpm
and heated to 50 °C for 2 h. The obtained dispersion was filtered under
vacuum through a 0.45 mm pore size cellulose acetate membrane and
the pH (D-22, Digimed - Sao Paulo, Brazil) was adjusted to 5.0 using
sodium hydroxide (0.5 M). Tripolyphosphate (1.0 mg/mL) was dis-
solved in water by manual stirring. CS Nanoparticles were produced
after the dropwise addition of TPP solution (28 mL) in the aqueous
chitosan dispersion (70 mL). The resulting opalescent suspension of
nanoparticles was maintained under magnetic stirring at 100 rpm and
room temperature for 30 min. CS/PEG nanoparticles were prepared by
adding 10 mg of PEG 8000 to each mL of the earlier prepared CS solution
under magnetic stirring at 200 rpm for 30 min, before the dripping of
TPP, as previously described [47]. Finally, I3C-loaded nanoparticles
were formed by the addition of different concentrations of indole-3-
carbinol (12 to 80 pM) to chitosan or chitosan/PEG solutions under
magnetic stirring at 100 rpm for 30 min at 25 °C before the incorpora-
tion of TPP solution (Fig. 1). The samples were lyophilized to obtain
solid particles or stored at 4 °C in their natural form.

2.2.3. Determination of encapsulation efficiency (EE)

Nanoparticles containing I3C were centrifuged at 10,000 xg, 4 °C for
1 hin a Rotina 380 R Benchtop centrifuge (Andreas Hettich GmbH & Co.
KG - Tuttlingen, Germany). EE, defined as the amount of drug associated
with the nanoparticles, was determined (Eq. (1)):

1 —I13Cy
EE (%) = (%) X 100 &)

where 13C, is the concentration of total drug offered during the
encapsulation process and I3Cs represents the free drug present in the
dispersion supernatant, determined after centrifugation. The quantifi-
cation was performed on a spectrophotometer (280 nm), and the I3C
concentration was estimated through the previously established stan-
dard curve.

2.2.4. Particle size, polydispersity index, and zeta potential
Mean size and polydispersity index (PDI) of the nanoparticles were

B

b 0
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measured by Dynamic Light Scattering (DLS) technique using a Malvern
Zetasizer Nano S (Malvern Instruments, Worcestershire, UK). An aliquot
(1 mL) of nanoparticle solutions was added in polystyrene cuvettes and
the analysis was carried out at a scattering angle of 90° at 25 °C.
Additionally, samples at pH 5.0 were loaded into a capillary cell and
analyzed at 25 °C in order to measure their surface charge by Zeta Po-
tential (ZP). The results were reported as an average value (n = 6) for
both techniques.

2.2.5. Scanning electron microscopy (FEG-SEM)

Morphological properties of the nanoparticles were evaluated by
Field Emission Gun Scanning Electron Microscopy (FEG-SEM), using an
Inspect F50 microscope (FEI Company - Tokyo, Japan). Liquid samples
were dropped on carbon tape covered aluminum stubs, dried at 40 °C for
2 h, sputtered in the secondary electron mode (gold metallization), and
analyzed at 20 kV.

2.2.6. Fourier-transformed infrared spectroscopy (FTIR) analysis

FTIR analysis was performed using a Cary 630 Spectrophotometer
(Agilent Technologies — California, USA), equipped with a zinc selenide
crystal (ZnSe) and an ATR (total attenuated reflection) device. About 2
mg of the lyophilized samples were added on the crystal surface in a
spectral range of 4000 to 650 cm ™!, under resolution of 2 cm ™!, and the
processed data was automatically acquired using the Agilent MicroLab
PC software.

2.2.7. X-ray powder diffraction (XRD) analysis

In order to evaluate the crystallinity pattern of the materials, the
pure compound and the lyophilized polymeric nanoparticles obtained
were evaluated in an X-ray diffractometer model MiniFlex II (Rigaku -
Tokyo, Japan), operated in conventional 20 geometry, with analysis
angle between 1.35 and 70 degrees, scan rate of 5°/minute, and voltage
of 30 mA. Copper radiation was used as the source, with A = 1.54 nm.
The crystallinity fraction (Xc) is calculated from the area of crystalline
peaks (Ac) and the total area of amorphous and crystalline peaks (At),
following the Eq. (2) [48]:

Xc (%) = (%) x 100 (2

13C
12 to 80 pM \\
&
= * = >
Chitosan
1 mg/mL

Chitosan Chitosan + 13C Opalescent suspension I3C-Chitosan
(reserved) (100 rpm | 25°C | 30 min) (100 rpm | 25°C | 30 min) nanoparticle
~ \%

Acetic acid 0.175% viv PEG

(100 rpm | 50°C | 2h) 10 mg/mL\\\ 13¢C

Chitosan + PEG
(200 rpm | 25°C | 30 min)

12t0 80 uM 3|

Chitosan + PEG +13C
(100 rpm | 25°C | 30 min)

13C-Chitosan/PEG
nanoparticle

Opalescent suspension
(100 rpm | 25°C | 30 min)

Fig. 1. Schematic representation of the step-by-step preparation of (a) I3C-CS nanoparticles, and (b) I3C-CS/PEG nanoparticles.
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2.2.8. Thermal analysis

Thermogravimetric analysis (TGA) was carried out using an SDT
equipment model Q600 (TA Instruments — Delaware, USA). About 5.0
mg of the samples were supported in an alumina crucible and analyzed
using a flow rate of 10 mL/min, under inert nitrogen and heating flow of
10 °C/min, from 35 °C to 500 °C. Differential scanning calorimetry
(DSC) was performed through the DSC-50 cell (Shimadzu - Kyoto,
Japan), with a flow rate of 50 mL/min, under inert nitrogen, and heating
rate of 10 °C/min from 35 to 500 °C. Samples (2.0 mg) were analyzed in
closed aluminum capsules and an empty aluminum capsule was used as
reference.

2.2.9. Invitro release assay

The in vitro release of I3C from CS and CS/PEG nanoparticles was
performed using the dialysis membrane diffusion method. Approxi-
mately 10 mL of the nanoparticles were placed into a dialysis bag (5 cm
length, 25 mm flat width and 16 mm in diameter, 14,000 MWCO - InLab,
Brazil) which was immersed in a beaker containing 90 mL of phosphate
buffer solution simulating the tumor periphery (pH 5.5) at 37 + 1 °C,
under magnetic stirring of 200 rpm. At programmed intervals (0, 0.5, 1,
2,3,6,9, 12, and 24 h), a volume of 1 mL of the release medium was
collected, added in 2 mL of phosphate buffer and analyzed in a UV-Vis
spectrophotometer at a wavelength of 280 nm. The same volume of fresh
buffer solution at the same temperature was added immediately to
maintain a constant release volume. The cumulative release (CR) per-
centage of I3C was determined from the Eq. (3):

CR (%) = (gg) x 100 3)

where I3C; is the amount of drug released at the time t and 13C; is the
initial amount of drug encapsulated in the NP. The tests were carried out
in triplicate for both formulations.

The in vitro drug release data of the nanoparticles were fitted to five
kinetic models i.e., zero order, first order, Korsemeyer—Peppas, Higu-
chi’s square root plot, and Hixson-Crowell cube root plot, selecting the
most appropriate model based on the obtained R? values. The diffusion
exponent (n) was calculated from the slope of the plot obtained through
the Korsmeyer-Peppas model in order to determine the release
mechanism.

2.2.10. Computational details

To evaluate the quantum properties of I3C molecule, as well as, to
study the possibilities of the interaction of I3C with PEG or chitosan, a
computational study was performed using Density Functional Theory
(DFT) calculation. The geometrical structures optimization was per-
formed without any constraint using ®B97-XD functional in combina-
tion with 6-3114++G(d,p) basis set, as implemented in the GAUSSIAN
16 package. The frontier orbital energies were calculated in single point
runs at the same theory level. Molecular electrostatic potential maps
(MEPs) of total electronic densities using the partial charges were
analyzed with Gabedit software [49], with an isosurface value of
0.014181 and grid values from —0.1 to 0.1. To perform non-covalent
interaction (NCI), we have utilized Multiwfn code developed by Lu
and Chen [50]. The 2-D isosurface plot for reduced electron reduced
gradient was plotted by VMD software [51].

2.2.11. Cell culture and maintenance

Human bladder cancer cell line (T24) (American Type Culture
Collection — Rockville, MD, USA) was maintained in RPMI-1640 culture
medium, supplemented with 10% (v/v) fetal bovine serum (FBS), 0.5 U/
mL of penicillin and streptomycin antibiotics, and 0.1% (v/v) fungizone.
Cells were maintained in a humidified cell incubator (37 °C, 5% CO-
atmosphere, and 95% relative humidity) until the experiment, and were
lifted from the subconfluent cultures with 0.5% trypsin in 5 mM EDTA,
counted on a hemocytometer, and plated at the appropriate density
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according to the experimental protocol.

2.2.12. Preparation of 13C and I3C-loaded nanoparticles for treatment
I3C solution was suspended in RPMI-1640 culture medium at a
concentration of 2000 pM and serially diluted in different concentra-
tions (25, 50, 100, 250, 500, 750, 1000, and 1500 pM). I3C-loaded
nanoparticle solutions were concentered by centrifuging at 5000 x g in
different spin times using an Amicon® Ultra-15 Centrifugal Filter with a
molecular weight cutoff of 100 kDa and suspended in RPMI-1640 cul-
ture medium in order to obtain the appropriate final concentrations
(100, 200, 300, 400, 500, 750, and 1000 pM). The encapsulation effi-
ciencies of nanoparticles were considered as the correction factors.

2.2.13. Cell viability by MTT assay

Cell viability was determined by the Methyl-thiazolyl-tetrazolium
(MTT) colorimetric assay for metabolic activity since the amount of
formazan crystals produced is proportional to the number of metaboli-
cally active cells [52]. T24 cells were seeded at a density of 5 x 103 cells/
well in a 96-well plate, with 100 pL of RPMI-1640 culture medium. After
confluence, cells were treated with different concentrations of free I3C,
I3C-CS NP, and I3C-CS/PEG NP, as previously determined, and incu-
bated for 24 h. Cells treated only with the medium was considered as a
control experiment and pure nanoparticles were used for comparative
purposes. After the treatment period, the medium was removed, the cells
were washed with PBS (pH = 7.3 £+ 0.1), added with 100 pL of MTT, and
incubated for 3 h. After incubation, formazan crystals were dissolved in
100 pL of dimethyl sulfoxide (DMSO), and optical density was measured
in an automated Victor X3 plate reader (PerkinElmer - Waltham, Mas-
sachusetts, USA) at 570 nm wavelength. Absorbance was linearly pro-
portional to the number of live cells with mitochondrial activity. Three
independent experiments were performed for each concentration, all of
these in triplicate. The results were determined as a percentage of the
absorbance of treated cells in relation to the control group and were
calculated as Eq. (4):

Cell Viability (%) = (u) x 100 &)
control

where A = absorbance at 570 nm.

The values of half of the maximum inhibitory concentration (ICs),
defined as the concentration of the drug capable to inhibited cell
viability by 50%, for free I3C, I3C-CS NP, and I3C-CS/PEG NP were
calculated by measuring the activity by the correlation between the
percentage of cell viability and the concentration logarithm.

2.2.14. Statistical analysis

The experimental data were expressed as the mean =+ standard error
of the mean (S.E.M.) or represented as error bars in figures. Differences
between the experimental groups were analyzed for statistical signifi-
cance by one-way or two-way analysis of variance (ANOVA) followed by
Tukey or Bonferroni post-hoc tests, respectively, using the Prism
GraphPad Prism® 7.0 (Intuitive Software for Science, San Diego, CA,
USA). Significant values were set at p < 0.05 (*** p < 0.001; ** p < 0.01;
*p < 0.05).

3. Results and discussion
3.1. Preparation of nanoparticles and encapsulation efficiency of I3C

All prepared formulations showed an opalescent characteristic and
no particulate aggregates were observed after the crosslinking of the
chitosan and chitosan/PEG solutions with TPP, which indicates the
process of formation of nanoparticles by ionic gelation was obtained
successfully (Calvo, Alonso, & Remun, 1997). The loading study of the
I3C on nanoparticles was carried out in the range of 12 to 80 pM. To
determine the incorporated fraction, the Encapsulation Efficiency (EE)
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was performed and the I3C concentrations were measured from the
calibration curve previously obtained (y = 4.8969x; R? = 0,99,938).
The EE values growth according to the increase in the I3C concentration,
reaching 79.4% for the CS nanoparticles and 78.7% for the CS/PEG
nanoparticles in the highest drug loading (80 pM), according to Fig. 2.
Based on this finding, we suggest that the presence of PEG does not
directly affect the I3C encapsulation efficiency, and the formulations
with the highest encapsulation efficiencies were chosen for character-
ization and other experiments.

Some studies have encapsulated indole-3-carbinol in different types
of particles [24-27,53,54]. Luo et al. (2013) obtained 63% EE in zein
nanoparticles and 77% in zein nanoparticles coated with carboxymethyl
chitosan from 50 pg/mL of the drug [54]. Song et al. (2014) obtained
7.9% EE of 13C in liposomes [26]. Gehrcke et al. (2018) obtained 41%
and 42% EE for I3C encapsulated in rosehip oil nanocapsules and
medium-chain triglyceride nanocapsules, respectively [24]. In compar-
ison with studies that used the same biomolecule in other nanocarriers,
the results presented in this work suggest a satisfactory encapsulation
efficiency of indole-3-carbinol in both chitosan and chitosan/PEG
nanoparticles.

We hypothesize that encapsulation occurs due to the physical
confinement of I3C in the interstices of nanostructured material by the
gelation process, associated to the occurrence of hydrogen bonding be-
tween the drug and the polymers. It is possible due to the presence of the
NH and OH donor groups of the indole compound, capable to estab-
lishing interactions with the polymeric matrix, reinforcing its fixation to
the nanomaterial [23].

3.2. Particle size, polydispersity index and zeta potential of nanoparticles

In order to evaluate the nanometric characteristics of materials, the
average size (nm), IPD, and PZ values for the pure and I3C-loaded CS,
CS/PEG nanoparticles were obtained, and the results are presented in
Table 1.

Pure chitosan nanoparticles were found at 133.3 + 3.7 nm and its
surface charge was measured at +24.3 4+ 0.5 mV. In its turn, Chitosan/
PEG nanoparticles increase their size to 169.2 + 2.0 nm and decrease the
positive charge to +20.9 £+ 0.3 mV. The increase in the average diameter
and the reduction of the particle charge after the addition of PEG are in
line with the literature [41] and in agreement with our previous work
[47]. Chitosan nanoparticles had an increase in the average diameter to

80 -
75 -
70 -
65 -
60 -
55 4

50 -

Encapsulation Efficiency (%)

45 4 —a—|3C-CS NP
—o—|3C-CS/PEG NP

40 L] T L] 1 L] L] L] L] L]
16 24 32 40 48 56 64 72 80

Indole-3-carbinol (uM)

Fig. 2. Encapsulation efficiency of I3C into chitosan and chitosan/PEG nano-
particles as a function of concentration (12 to 80 pM).
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Table 1
Summary of size, PDI, zeta potential, and encapsulation efficiency values for
chitosan and chitosan/PEG nanoparticles loaded with I3C (n = 6).

Sample Size (nm) PDI Zeta potential (mV) EE (%)
CS NP 133.3+£3.7 0.26 + 0.02 +24.3 £ 0.5 -
13C-CS NP 165.5+2.5 0.37 +0.05 +23.1 £ 0.6 79.4+0.2
CS/PEG NP 169.2+2.0 0.32+0.03 +20.9 + 0.3 -
13C-CS/PEG 180.4+2.7 0.37+0.01 +20.3 £ 0.5 78.7 £0.1
NP

165.5 £+ 2.5 nm after I3C incorporation in a significant manner (p <
0.001). The values suggest that the presence of the drug offers an in-
crease of about 32 nm in the average size of the nanoparticles. The ZP
values of the CS NP containing I3C was 1.2 mV lower than the pure
particle (+23.1 + 0.6 mV). In addition, I3C-loaded chitosan/PEG
nanoparticles presents an increase in the average diameter by about 10
nm (180.4 + 2.7 nm) (p < 0.001), with a slight decrease of 0.6 mV in the
surface charge (+20.3 £ 0.5 mV) in comparison to CS/PEG nano-
particles. All particles show a polydispersity index between 0.26 and
0.37, indicating a relatively homogeneous dispersion of nanoparticles
[55] and ZP higher than +20 mV, indicating moderate stability [56].
PDI and ZP values of I3C-loaded nanoparticles did not present statistical
significance when compared to pure nanoparticles.

Scheeren et al. (2016) obtained similar results in the encapsulation of
doxorubicin in chitosan and chitosan/PEG nanoparticles, where was
observed an increase in the mean diameter of ~20 nm and ~ 15 nm after
drug incorporation in the chitosan and chitosan/PEG nanoparticles,
respectively [41]. Gehrcke et al. (2018) obtained an increase of 13 nm in
the average diameter of oil nanocapsules after incorporation of I3C.
These results reinforce the hypothesis that the increase in size of the
particle after the addition of indole-3-carbinol indicate the effective
encapsulation of this molecule on CS and CS/PEG nanoparticles [24].

Physicochemical characteristics, such as particle size and surface
charge properties, played fundamental roles in the cellular absorption of
polymeric nanoparticles. It is known that nanoparticles presenting sizes
close to 150-200 nm are prone to permeate vasculature of tumor tissues,
passively accumulate due to enhanced permeability and retention effect
(EPR) and undergo cell internalization by non-phagocytic cells through
nonspecific endocytosis [57,58]. In addition, positively charged nano-
particles increase the percentage of cell absorption, once the positive
surface charge of the particle promotes a stronger affinity for the
negatively charged cell membrane, favoring their greater cellular ab-
sorption [38].

3.3. Morphology study of nanoparticles by SEM

Scanning electron microscopy was used to characterize the
morphology of chitosan and chitosan/PEG nanoparticles after I3C
encapsulation (Fig. 3). I3C-CS nanoparticles (Fig. 3a) are mostly
spherical, ragged, and demonstrate a little dispersed average diameter
distribution. I3C-CS/PEG NP (Fig. 3b) are also spherical in shape, but
presents a smooth surface without aggregation, indicating an important
capping strength of the PEG. This observation is in accordance with
other authors [59,60], and may be explained due to the fact of PEG
introduces a hydrophilic shell based on several polyoxyethylene groups
around of NP [61].

The spherical shape of these nanoparticles indicates an effective
interaction between the reactive groups of the formulation components,
while the size of the nanoparticles in a range of 150-250 nm (individual
measurement are not shown) represents an important factor to reach the
tumor environment [62]. Thus, the morphologic analysis proved that
both nanoparticles are good candidates for a drug delivery system in
cancer therapy in terms of physical structure and their sizes are in
agreement with DLS results presented previously in this work.
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Fig. 3. Photomicrographs by SEM (50,000 x magnification) of (a) I3C-CS NP and (b) I3C-CS/PEG NP.

3.4. FTIR spectra

Chemical structures of I3C and the prepared nanoparticles were
analyzed by FTIR spectroscopy and can be seen in Fig. 4a. In the I3C
spectra, characteristic bands of the indole ring are seen at 739 cm ™!,
corresponding to the out of plane deformation vibration of C—H [23].
The bands at 1453 ecm ™! and 1543 cm ™! are attributed to the aromatic
C—C bonds of indole ring [24,45]. It is also possible to observe weak
bands at 2860 and 3052 cm ™! corresponding to the CH stretching of
alkyl groups (—CH, —CH, and —CH3), and at 3090 cm ™! for aromatic
stretching [53]. Finally, the OH and N—H (secondary amine bond)
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After loading I3C on CS NP, no characteristic peak of I3C appears in
the encapsulated NP spectrum. Valderrama et al. (2020) also observed
similar find after encapsulating another indole compound in CS nano-
particles. The authors attributed this occurrence due to the small
amounts of loaded compound or due to the fact that the compound is
dispersed in the polymeric matrix of the nanoparticle, resulting in an
exclusive observation of the CS NP spectrum profile [63]. However, the
band between 3600 cm™! and 3000 em™! corresponding to the OH
stretching vibration increases in comparison with pure CS NP (Fig. 4b),
possibly due to a new intermolecular interaction by hydrogen bond
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Fig. 4. FTIR spectra of I13C, chitosan nanoparticles (CS NP), I3C-loaded chitosan nanoparticles (I3C-CS NP), chitosan/PEG nanoparticles (CS/PEG NP), and I3C-
loaded chitosan/PEG nanoparticles (I3C-CS/PEG NP) (a); Comparing the FTIR spectra of CS NP and I3C-CS NP between 3700 and 2200 cm™! (b), and
1800-1450 cm ™ (c); and FTIR spectra of CS/PEG NP and I3C-CS/PEG NP between 1700 and 1430 cm ™ (d).
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formed between I3C and chitosan [64]. In addition, the chitosan bands
of amine I (1540 crn_l) [65] and amide II (1635 cm_l) [66] were more
pronounced in the spectrum of I3C-loaded nanoparticles, when
compared to the pure nanoparticles (Fig. 4c), which suggests the inter-
action between the indole compound and chitosan. The increase of the
amine I band of chitosan (1570 cm’l), in addition to the increase in the
vibration band intensity of CHy from PEG at 1464 cm ! [67], may
indicate the overlap of the aromatic vibration of C=C from I3C (1453
em ! and 1543 cm™Y) in the spectrum of I3C-CS/PEG nanoparticles
(Fig. 4d). These changes can suggest the presence of I3C and reflect the
physical entrapment of the indole compound in both chitosan and chi-
tosan/PEG nanoparticles.

3.5. XRD analysis

The X-ray diffraction patterns of I3C, CS NP, CS/PEG NP, and these
nanoparticles after I3C encapsulation are shown in Fig. 5. The diffrac-
tion patterns of the CS NP show two characteristic peaks at 19.1° and
22.5°. Such peaks can be indexed as chitosan fractions [68]. Other peaks
at 11.45°, 29.70°, and 44.60° are attributed to the presence of TPP [69].
In addition, CS NP presented a crystallinity of 21%, characteristically
more crystalline than pure CS [48], as a result of the ionic interaction
between TPP and -NH3 of chitosan molecules, transforming amorphous
chitosan into a crystallized form [70]. On the other hand, CS/PEG NP
shows strong peaks at 19.10° and 23.25°, and weaker peaks at 26.10°,
30.85°% 36.15°, and 39.70°, characteristic of PEG [71]. After adding
PEG, the crystallinity of the nanoparticle increases from 21% to 50%.
This observation can be attributed to the inherent high crystalline
structure of the PEG molecules [72].

The main characteristic peaks of I3C were observed at 5.7°, 11.35°,
17.05°, and 34.25°, attributed to its highly crystalline state, which was
consistent with the literature [24,54]. After encapsulation in both
nanoparticles, the peaks attributed to I3C were not observed. However,
the crystallinity degree of both nanoparticles increased after I3C addi-
tion (43% to I3C-CS NP and 57% to I3C-CS/PEG NP). These results
indicated that the crystalline structure of I3C was incorporated into the
nanoparticles, providing additional evidence of encapsulation by the
molecular dispersion of I3C in the nanoparticles [24,54].

Has been known that the use of phytochemicals (as is the case with
indole compounds) in the process of preparing chitosan nanoparticles
results in the suppression or reduction of diffraction peaks characteristic
of the crosslinked polymer due to the amorphization process resulting
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Fig. 5. X-ray diffraction patterns of I3C, chitosan nanoparticles (CS NP), I3C-
loaded chitosan nanoparticles (I3C-CS NP), chitosan/PEG nanoparticles (CS/
PEG NP), and I3C-loaded chitosan/PEG nanoparticles (I3C-CS/PEG NP).
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from the presence of these molecules in the crystalline network of the
polymer [62]. In this way, XDR results are in accordance with the FTIR
description for I3C-loaded nanoparticles in this work.

Similar results were obtained by Maity et al. (2017) during the study
of naringenin encapsulation in chitosan/alginate core-shell nano-
particles, and by Balaji, Raghunathan, & Revathy (2015) in the encap-
sulation of levofloxacin in alginate-chitosan nanoparticles, which state
that an XRD signal from encapsulated drugs becomes very difficult to
detect [73,74]. Thus, it is possible to consider that the disappearance of
the drug peaks in the nanoparticles is a clear indication of the dispersion
at the molecular level of the drug within the nanoparticle matrix [75].

3.6. Thermal analysis

Fig. 6a and b summarize the TG/DTG curves of CS NP and CS/PEG
NP before and after loading I3C. TG thermograms of CS NP before and
after I3C encapsulation (Fig. 5a) presents a similar decomposition
behavior within three transition states. The first stage up to 200 °C is
attributed to physically adsorbed humidity. The second stage occurs
from 200 °C to 350 °C and can be attributed to the thermal decompo-
sition of the pyranose ring of chitosan. The third decomposition stage
may be shown between 350 °C and 500 °C and indicates the decom-
position of adducts [76,77]. However, an increase in the intensity of the
Tpeaks at 135 °C, 265 °C and 460 °C for I3C-CS NP compared to the pure
nanoparticle can be shown.

Fig. 6b points to a progressive weight loss is observed in CS/PEG NP
from 200 °C to 350 °C, attributed to the decomposition of organic
components. Despite presenting a similar decomposition profile, I3C-
CS/PEG NP showed less loss of mass in the same temperature range. It
may indicate an increase in thermal stability after the addition of the
drug. After that, a substantial weight loss between 350 °C and 420 °C
indicating to the pyrolysis of PEG functional groups may be observed
[78]. Furthermore, the appearance of a new Tpea at 250 °C and a
considerable increase in the intensity at 410 °C for I3C-CS/PEG NP can
also be observed. Finally, in both cases, the residual mass was lower for
the I3C-loaded nanoparticles (1.44% less than CS NP, and 3.96% less
than CS/PEG NP), indicating that the difference of total weight loss can
confirm the decomposition of the drug. These results are compatible
with the process of thermal degradation of the indole ring described
previously [79,80] and point to the drug encapsulation in both
nanoparticles.

DSC curves of I3C, CS NP, CS/PEG NP, and I3C-loaded NPs are
summarized in Fig. 6¢. Pure I3C showed an endothermic event at 88 °C,
which corresponds to its melting temperature and an exothermic
decomposition event at 423 °C. The nanoparticles containing I3C
showed an overlap of the thermal events, especially between 50 °C and
65 °C, attributed to the nature of the pure nanoparticles and the drug,
despite presenting them in less intensity, which indicates the occurrence
of amorphization of the I3C [24]. In addition, the occurrence of a new
exothermic decomposition event at 392 °C for the I3C-CS NP, not
observed to the pure CS NP, and the change and expansion of an
exothermic event from 405 °C (CS/PEG NP) to 416 °C (I3C-CS/PEG NP)
suggest the pyrolysis process of the indole ring [81], indicating the
presence of I13C in these nanomaterials. Thus, these events are compat-
ible with the thermal decomposition profiles observed by TGA in this
work, reinforcing the argument of the I3C encapsulation in both
nanoparticles.

3.7. Invitro release

The release of drugs from biodegradable polymeric particles follows
numerous mechanisms, such as the desorption of the particle surface,
degradation, and erosion of the polymer, diffusion, and reabsorption
through the pores of the polymer network [62]. The in vitro release assay
for the CS and CS/PEG nanoparticles containing I3C was carried out at
pH 5.5 in order to mimic the tumor microenvironment and had a
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maximum duration of 24 h. The graph that represents the release pro-
files can be analyzed in Fig. 7.
As for the effect of the I3C release, chitosan nanoparticles showed
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Fig. 7. Cumulative release profiles for I3C-CS NP and I3C-CS/PEG NP at
pH 5.5.

64% release after 3 h, while the CS/PEG nanoparticles managed to
release 60% of the drug in the same time. By the end of the experiment,
I3C-CS NP reached 88% release, compared to approximately 76% of I3C-
CS/PEG NP. Thus, the presence of a pattern of bimodal release of 13C
with high initial burst release followed by a slow-release pattern can be
considered. A two phases profile was also attributed to other nano-
materials [82].

In agreement with our findings, Luo et al. (2013) observed a high
release of I3C from zein nanoparticles coated or not with carboxymethyl
chitosan (40% and 50%, respectively) during the first 30 min, followed
by a sustained release up to 6 h of experiment. For the authors, the
coating with carboxymethyl chitosan helped to reduce the immediate
release of the drug, stating that the coating promotes an improvement in
the release profile of compounds in nanoparticles [54].

The release profiles of nanoparticles were analyzed by zero order and
first order kinetics, Higuchi, Korsmeyer-Peppas, and Hixson-Crowell
models. The obtained correlation coefficients (R?) are presented in
Table 2. Higuchi model appeared to be the best fit among the five models
for I13-CS NP, with the R? value of 0.9852, indicating that the diffusion
process pays an important role on the release mechanism of I3C from
these particles [83]. The Higuchi model was also observed for many
authors using chitosan nanoparticles as carrier for different types of
molecules [84-86].

On the other hand, the presence of PEG changes the release profile of
I3C. In this case, the Korsmeyer-Peppas model was best fitted as a release
kinetic of I3C from CS/PEG nanoparticles [R? = 0.9803), which in-
dicates that the relaxation of the polymer chains also contributes in the
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Table 2
Release model analysis of I3C-CS NP and I3C-CS/PEG NP based on in vitro
release experiment data®.

Release model Model equation I3C-CS NP I3C-CS/PEG NP
R? n- R? n-

value value value value
Zero order Moy-M, = kt 0.8625 - 0.7642 -
First order In M; =In My + kt 0.9693 - 0.8506 -
Higuchi My-M, = kt'/? 0.9852 - 0.9202 -

Korsmeyer- log (Mp-My) =1logk  0.9785 0.7647  0.9803 0.7646

Peppas +nlogt

Hixon-Crowell MY3-M}? = kgt 0.9341 - 0.8222 -

@ M, represents the initial drug amount; M, indicates the amount of drug
remaining at a specific time; k means the rate constant; t refers to the time; n is
the diffusion exponent.

release mechanism [87]. In addition, nanoparticles containing PEG
showed a slower release rate compared to nanoparticles without this
polymer, corroborating the behavior described above. In agreement
with the observed in this study, Elwerfalli et al. (2015) also concluded
that chitosan nanoparticles coated with PEG showed a slower release
profile of promethazine compared to uncoated ones [88].

Furthermore, the Korsmeyer-Peppas equation is able to define the
mechanism of drug release, which can be evaluated by n-value. When n
= 0.43, the release is described as Fickian diffusion, where the material
does not suffer relevant deformation or stresses during drug release.
Additionally, the release is through anomalous diffusion (non-Fickian
diffusion) if 0.43 < n < 0.85, where there may be swelling or stress of the
polymer during drug release. Finally, when n > 0.85, there is a Case II
transport, where the drug release could be purely due to polymer
swelling [89].

The I3C release mechanism resulted in similar release exponents (n)
for I3C-CS NP and I3C-CS/PEG NP (0.7647 and 0.7646, respectively),
observed in Table 2. These results indicate that both nanoparticles
exhibited release by anomalous transport, being in agreement with the
release kinetics profile. This behavior may indicate that during the first
hours, the molecules attached to the surface of the nanoparticles could
separate and be transferred to the release solution, while the molecules
trapped inside the nanoparticles were released gradually. This release
profile may be attributed to the progressive swelling of PEG and the
decomposition of chitosan at this pH, reinforcing the hypothesis that the
active molecule is released efficiently in the tumor environment [62].
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3.8. Computational characterization

The interactions between I3C molecules and the chitosan or PEG can
occur, as observed in the results addressed so far, by hydrogen bonds
involving OH or NH groups from I3C. To evaluate this interaction, as
well as describe some quantum properties of I3C molecules, which is
scarce in the literature, a computational study was realized. To gain a
deeper insight into the quantum properties of I3C, electrostatic potential
(MEP) and Frontier molecular orbital (FMO) were calculated. Both these
analyses given indicative of the electrophilic or nucleophilic behavior of
a molecule. MEP simultaneously displays molecular shape, size, and
electrostatic potential in terms of color grading. The FMO results pro-
vide knowledge about the electronic properties and the energy gap be-
tween the HOMO and LUMO of the molecules. The HOMO (Highest
Occupied Molecular Orbital) can be considered the outermost orbital
containing electrons, characterizes the ability to donor electron, while
LUMO (Lowest Unoccupied Molecular Orbital) considered the inner-
most orbital containing free places to accept electrons [90,91].

The result of MEP to I3C is presented in Fig. 8a and the potential
increases in the order red < orange < yellow < green < blue. According
to the color scale, the red color present indicates nucleophilic domains,
while the blue color represents an electrophilic character [92]. As
observed, the unique nucleophilic center presented in the I3C molecule
is the oxygen atom that has the negative potential in their around, while
its observed three potential electrophilic centers that are the hydrogen
atoms bonded to nitrogen, to the carbon neighbor of nitrogen and the
most electrophilic is hydrogen-bonded to the oxygen atom, been acid
hydrogen.

In the interaction of molecules, the two main responsible orbitals are
generally the HOMO of one molecule and the LUMO of another mole-
cule. The results related to FMO are presented in Fig. 8b and ¢, where the
red color indicates the negative phase, while the blue color indicates the
positive phase. The HOMO of the I3C molecule is uniformly distributed
along the molecule, except around the OH group. The LUMO orbital is
shifted towards NH and OH groups of the molecule, which corroborated
with the MEP results, where the hydrogen-bonded to N and O has the
positive potential around, been a possible stronger point of interaction.
The HOMO-LUMO energy gap for a single molecule indicates the sta-
bility through the lowest electronic excitation energy, corresponding to
the lowest excitation [93]. Thus, the lower values of the energy gap
indicate low stability. The HOMO-LUMO energy gap explains the
eventual charge transfer interaction within the molecule, which

E =-7.529 eV
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Fig. 8. Results of (a) Molecular electrostatic potential, (b) HOMO, and (c) LUMO Frontier molecular orbital of I3C molecule.
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influences the biological activity of the molecule. The value of I13C was
8.567 eV, indicating that I3C can be considered a molecule with good
stability.

The HOMO-LUMO energy gap is indicative of the electron-donating
and receiving ability of a molecule [94], and a lower value generally is
associated with a high chemical reactivity, low kinetic stability, and
highly polarizable. Besides these, using the value of the HOMO-LUMO
energy gap, it is possible obtained important global reactivity de-
scriptors such as chemical hardness (1)), global softness (S), and chemical
potential (p) that provide information about the stability and chemical
reactivity of a molecule, described by the following Egs. (5), (6), and (7):

1
1= (eLUMO — cHOMO) 5)
S= ©
=2
1
) (eHOMO + ¢LUMO) )

The results of global reactivity descriptors were calculated in the gas
phase. Hardness fundamentally signifies the resistance towards the
deformation or polarization of the electron cloud of the atoms, ions, or
molecules under small perturbation of chemical reaction [95]. The
values of hardness and softness were 4.2835 and 0.1167 eV, respec-
tively, indicating that I3C is a hard than a soft molecule, which mean it is
stable and has no trend to transfer charge because it resist changes in
their electron number and distribution [93,96]. The chemical potential
() describes the escaping tendency of electrons from an equilibrium
system. Higher values indicated that the compound is less stable or more
reactive. As observed, the value of I3C is —3.2455, which can be
considered a higher value, corroborating the results of hardness, which
indicated good stability of the molecule.

The reduced density gradient (RDG) and non-covalent interaction
(NCI) are a powerful means to study the inhomogeneous electron dis-
tribution at the non-bonding regions of the substrates [97]. The results
of RDG (Fig. 9a and b) of both systems (i.e. I3C/chitosan and I3C/PEG) is
characterized by the presence of three regions. The first one is a region
with a positive A2, indicating a contribution of weak repulsive
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interactions, been similar for both systems. The second region is char-
acterized by values of A2 close to neutral corresponding to weak
attractive interactions, which are of van der Waals type. In the case of
I3C/chitosan, this interaction has a greater contribution when compared
with I3C/PEG. The last region presenting a negative A2, which indicates
strong attractive interactions [98], and both systems possess a similarity
of this contribution. This find is reinforced by the results of FTIR analysis
(Fig. 4), where is observed an increase in the OH stretching vibration,
being able to indicate a new inter-molecular interaction.

NCI provides the graphical visualization of the regions where non-
covalent interactions occur in real-space, differentiating hydrogen
bonds, van der Waals interactions, and repulsive steric interactions [99].
The results for the interaction of I3C with chitosan and I3C with PEG are
presented in Fig. 9c and d. The blue patches between the hydrogen atom
of OH of I3C and the oxygen atom of chitosan or PEG are attributed to
OH — O hydrogen bonds. As observed, in the case of I3C/chitosan, H-
bond interaction is presented in two points, been more significant when
compared with I3C/PEG system. Green patches appear in greater
quantity for two systems that are associated with the Van der Walls
interaction. These results showed that, beyond of the hydrogen bonds,
the stabilization of the I3C molecule in the polymer matrix is stronger
influenced by Van der Walls interactions. Besides this, is observed that
I3C molecule presents a favorable interaction with both compounds (i.e.
chitosan and PEG). This result is corroborated by release profile results
(Fig. 7), where after 3 h the I3C-CS/PEG NP presents a less-release when
compared with I3C-CS NP, proving the effect of the greatest interactions
number among I3C, chitosan and PEG.

3.9. Cell viability evaluation

The evaluation of the antitumor activity of free and encapsulated I13C
was carried out by the MTT assay in T24 human bladder carcinoma cell
line after 24 h of exposure. This tumor cell has a representative nature of
an invasive bladder tumor with a metastatic profile and therefore in-
dicates an important parameter to assess the cytotoxic activity of these
molecules [100]. Cell viability was given by the percentage of cells
capable of maintaining mitochondrial activity after the time of exposure
to cytotoxic agents.

S Strong repulsion
(steric effect)

Van der Walls
’ interaction

\ Strong attraction
(H — bond)

Fig. 9. NCI and RDG isosurfaces depicting non-covalent interaction (NCI) regions of (a,c) I3C/chitosan and (b,d) I3C/PEG interaction, respectively.
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As far as we know, the evaluation of the cytotoxic effect of I3C on this
cell line has not been presented in the literature to date. Thus, a large
concentration range of free I3C (25 to 2000 pM) was evaluated in order
to determine an optimal active spectrum and a dose response graph was
plotted (Fig. 10a). Then, I3C-CS NP and I3C-CS/PEG NP were evaluated
in a spectrum from 0.0 to 1000 pM (Fig. 10b). Furthermore, ICsq values
were determined for each sample (Table 3).

The exposure of cells to 100 pM of free I3C showed a significant drop
of 14% in cell viability (p < 0.01), followed by a reduction of 23% in a
concentration of 250 pM (p < 0.01). When the cells were treated with
500 to 2000 pM, the viability of tumor cells decreased substantially,
reaching a loss of mitochondrial activity of up to 87% for the highest
concentration studied (2000 pM). In this way, it was possible to point
that T24 human bladder carcinoma cells were sensitive to the action of
free I3C from 100 pM. In addition, the ICs, for free HRP calculated was
344.7 uM.

As mentioned before, since there are no previous studies showing the
use of I3C in T24 bladder cancer cells, the applicable comparisons to this
work were given through the results obtained with other cell lines. In
fact, several authors have demonstrated I3C cytotoxic activity for a wide
variety of cell lines. Megna et al. (2016) evaluated the cell viability of
different human colon cancer cells (DLD1, HCT116, HT-29, LS513, and
RKO) after exposure to different concentrations of I3C (100, 500 and
1000 pM) for 24 h. As a result, none of the lineages studied showed cell
viability reduction greater than 40% in the concentration of 500 pM
[22]. Similarly, Choi et al. (2010) obtained a reduction of approximately
50% in cell viability of A549 lung carcinoma cells after 24 h of exposure
to 500 pM of I3C [19]. Thus, the results obtained for the evaluation of
free I3C cytotoxicity in human bladder carcinoma cells are satisfactory
when compared with other studies presented in the literature and used
as a basis for investigating the cytotoxic activity of I3C encapsulated on
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Table 3
1Csp values of cell viability from Free I13C, I3C-CS NP, and I13C-CS/PEG NP.
Sample ICso (1M) SD
Free 13C 344.7 +11.2
13C-CS NP 853.6 +23.0
13C-CS/PEG NP 681.3 +11.4

NP CS and NP CS/PEG.

As seen in Fig. 10b, cellular response to the exposure of I3C-loaded
nanoparticles is concentration-dependent. For the I3C-CS NP, a
gradual decrease in cell viability was observed, reaching 83% at the
concentration of 300 pM, 69% at 400 pM, and 64%, 53% and 51% at the
concentrations of 500 pM, 750 pM, and 1000 pM, respectively (p <
0.001). On the other hand, a latency period to the cellular response to
I3C-CS/PEG NP exposure was observed, with low cytotoxic activity
(81% of viable cells) up to the concentration of 500 uM (p < 0.01). This
can be justified by the increased release time of I3C for CS/PEG NP, as
shown in the in vitro release study (Fig. 7). However, at higher con-
centrations, a considerable reduction in cell viability was observed, with
a reduction of 47% and 44% at 750 pM and 1000 pM concentrations,
respectively. There were no statistical significances between these
values in comparison to the I3C-CS NP at the same concentrations.

Accordingly, the calculated ICsq for I3C-CS NP and I3C-CS/PEG NP
were 853.6 + 23.0 pM and 681.3 + 11.4 pM, respectively, indicating
that the presence of PEG results in a better cellular response to 13C
(Table 3). The lower cytotoxic response, to the indole compound
encapsulated in both nanoparticles in comparison to its free form (ICsq
= 344.7 + 11.2 pM), is based on the requirement of a higher time of cell
exposure in order to ensure that the drug is completely released from
nanoparticles and exert their cytotoxic activity.

Gehrcke et al. (2017), evaluated the cytotoxic activity of I3C
encapsulated in rosehip oil nanocapsules in different concentrations
(200, 300 and 500 pM) in breast cancer (MCF-7) and glioma (C6) using
the sulforhodamine B (SRB) assay for 48 h. The authors obtained a cell
death rate of up to 85% for both cell lines. The authors attribute the
results to the ability of nanoparticles to increase the cellular internali-
zation of the substance, resulting in the high cytotoxic activity of the
compound [25]. This behavior may indicate an additional mechanism
for cytotoxicity, added to the release profile of the molecule from
nanoparticles at acid pH, such as that of cell culture and the tumor
microenvironment. Thus, the tumor cells become exposed to agents
released by nanoparticles in the external environment and undergo
cytotoxic effects after internalization of the entire nanoparticles with the
subsequent vesicular release of the agents.

13C is a natural compound with recognized antitumor activity, and a
well-defined chemical structure. However, it has some limitations
related to factors that decrease serum level and bioavailability. The re-
sults obtained with cell viability for T24 human bladder carcinoma
demonstrate a satisfactory susceptibility to I3C in concentrations greater
than 500 pM after 24 h of exposure for both free and nanoencapsulated
I3C. Our data indicate that polymeric nanoparticles based on chitosan
and chitosan/PEG containing I3C can overcome the limitations con-
tained in the I3C without changing the drug’s anti-tumor characteristics,
in addition to acting as a nanostructured system for the targeted delivery
and/or controlled release of indole-3-carbinol and can be promise can-
didates to advanced investigations against bladder cancer.

4. Conclusion

In summary, chitosan and chitosan/PEG nanoparticles were suc-
cessfully prepared to encapsulate I3C. The nanoparticles showed high
and no statistical difference in encapsulation efficiency. Chitosan/PEG
nanoparticles present a higher particle size than Chitosan nanoparticles
before and after I3C encapsulation and all particles prepared present a
positive surface charge. The encapsulation was evidenced by
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physicochemical and thermal characterizations. Images of electron mi-
croscopy showed that spherical nanoparticles were formed successfully.
Both nanoparticle formulations provided a burst initial release followed
by a gradual and sustained release phase, but presented different kinetic
profiles. Computational characterization reinforced the experimental
results of release and was in accordance with physicochemical charac-
terizations. The in vitro cytotoxicity study demonstrated that I3C-loaded
nanoparticles, such as free I3C, have a considerable cytotoxic effect on
T24 cell line in a dose-dependent manner. Thus, both I3C-loaded
nanoparticles prepared in the present study could be potential candi-
dates for bladder cancer therapy.
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