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KEYWORDS Abstract In this work a novel pH sensitive composite, polyacrylamide grafted succinyl chitosan
Chitosan; intercalated bentonite (AAm-g-NB/SC) was prepared as a drug carrier system for the controlled
Bentonite; delivery of paclitaxel. Characterization of the drug delivery system was carried out using Fourier
Paclitaxel; transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), scanning electron microscopy
Controlled drug delivery; (SEM), thermal analysis etc. The equilibrium swelling behaviour of the composite was studied
Mucin and the result showed a maximum at pH 7.4. The in vitro drug release study of paclitaxel indicated

that about 15.6% of drug release was found to be occurred at pH 1.2 within 16 h, whereas about
82.5% of drug release was occurred at the intestinal pH condition of 7.4. In vitro biocompatibility
study was performed and the result showed good biocompatibility of the composite in the concen-
tration range 6.25-100 pg/mL. The cytotoxicity assay was carried out in cancerous cell line of
Human colorectal Adenocarcinoma. Mucous glycoprotein assay study showed that the drug deliv-
ery system having good apparent adhering property towards mucin. The investigation indicated
that paclitaxel, an anticancer drug can be successfully entrapped in the AAm-g-NB/SC composite
for the controlled and targeted delivery for colorectal cancer therapy.
© 2020 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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research range from the fundamental understanding of the tar-
get and the practical constraints in designing the drug and the
drug carrier systems to achieve targeted drug delivery. The
influence of a drug in disease treatment is highly dependent
on the ability of the therapeutic to selectively and effectively
treat targeted cells and tissues while leaving other healthy parts
of the body untouched. Researchers are constantly testing
novel small molecule strategies to combat diseases. But rela-
tively few of these drugs are used clinically due to low thera-
peutic windows for drug efficacy compared to drug related
side effects. Drug delivery systems has therefore attracted wide
attention in biomedical research due to their potential to sig-
nificantly reduce the side effects of therapeutics, while making
it possible to control the concentration and location of active
drugs released in the body over long periods of time.

The use of biopolymer — clay mineral nanocomposite has
attracted wide attention in pharmaceutical and biomedical
field. The biopolymers such as cellulose, starch, alginic acid,
chitosan etc are biodegradable (Abral et al., 2019). Like
biopolymers, its composite with clay materials are also highly
useful owing to their bio-compatibility, degradability and tun-
able mechanical properties. In order to attain a better thera-
peutic effect of drug molecules, the drug delivery systems
should have the following characteristics such as targeting
action and better gastrointestinal transit time (Akat et al.,
2008; Jafarbeglou et al., 2016; Tiwari et al., 2012). The inner-
most layer of the human gastro intestinal tract called mucosa
layer is responsible for the adsorption process which act as a
protective barrier against the bacterial entry and its rapid mul-
tiplication (Dinakar, 2018; Rathee et al., 2011). Mucin, a gly-
colated protein is the building block of mucous membrane.
The mucin has the binding property to hold the bioadhesive
drug delivery system and allows the penetration of drug mole-
cules into it. It is a better way of anti-cancerous drug release
because increase in the retention of drug delivery system to
the mucous layer may facilitate the administration of drug
molecules to that targeted site and which will increase the mor-
tality of cancer potent tissues (Helliwell, 1993).

Clay minerals that predominantly have properties governed
by smectites are called bentonites. Montmorillonite is a major
constituent of most bentonites (typically 80-90 wt%), the
remainder being a mixture of mineral impurities including
quartz, crystobalite, feldspar and various other clay minerals
depending on the geological origin (Shin et al., 2016). This
group of clay minerals has a dioctahedral or trioctahedral
2:1 layer structure, with isomorphous substitution that leads
to a negative layer charge of <1.2 per formula unit (Asgari
et al.,, 2017; He et al., 2014). The interlayer spacing varies
between 10 and 15 A and are generally dependent on the nat-
ure of exchangeable cation and the relative humidity (Tetsuka
et al., 2018). Montmorillonite systems are dioctahedral smec-
tites with layer charges predominantly in octahedral and tetra-
hedral sites, respectively. The general formula of the
montmorillonite group can be represented as (M, )*[(Sig)*'(-
M(II) 4 M(I1),)°“'On0(OH)4]x-, where M " is the exchangeable
cation present in the interlayer (e.g. Na™) and M (III) and M
(IT) are non-exchangeable octahedrally trivalent and divalent
cations (e.g. AT and Mg>") respectively, and the layer
charge is 0.5 < x < 1.2. (Bertuoli et al., 2014) The surface
property of bentonite can be enhanced by introducing silylated
amino functional groups. Tuneable pore size is a pre-requisite
for the successful loading and the release of the drug, the

release kinetics may be slower than expected if the pore size
of the carrier is very small (Sorensen et al., 2009). However,
in the development of clay based sustained release formula-
tions, modulation of surface properties is essential to improve
its affinity for bioactive molecules (Surya et al., 2019,
Jafarbeglou et al., 2016). Further, clay minerals and polymers
were often used in pristine form as a single drug carrier, they
did not meet all the requirements. Therefore the preparation
of polymer-layered silicate composite offered the possibility
of improving the properties of individual components.

Chitosan is an excipient that could improve the dissolution
rate of hydrophobic drugs and is a good adsorption enhancer
(Khan, 2019; Aycan and Alemdar, 2018). Chitosan is a natural
cationic polymer of N-acetylglucosamine and D-glucosamine
monomer unit derived from chitin. Chitosan is a biodegrad-
able, biocompatible, mucoadhesive and non-toxic biopolymer
(Feng et al., 2015; Yan et al., 2006). Many of the researches
utilize these specialties of chitosan in order to develop drug
delivery system. But one of the main drawbacks of chitosan
is its less solubility in aqueous medium at physiological pH
conditions (Golyshev et al., 2015). To improve the hydrophilic-
ity of chitosan, it is essential to convert them into different
kinds of derivatives such as N-maleoyl modified chitosan, N-
acyl modified chitosan, quarternized form of chitosan, PEGy-
lated derivative of chitosan etc (Anirudhan and Sandeep, 2011;
Mukhopadhyay et al., 2014).

In the present study, the cationic biopolymer chitosan was
modified with succinic anhydride and intercalated between the
laminar spacing of the clay. Further, it was polymerized using
acrylamide monomer units, ammonium persulphate as the free
radical initiator, EGDMA as the cross linking agent and
AIBN as the accelerator for the controlled release of paclitaxel
(PTX) an anti-cancerous drug for the colorectal cancer
therapy.

2. Experimental

2.1. Materials

Bentonite clay was procured from Ashapura Clay Mines,
Gujarat, India, having the physical parameters given in
Table 1. Chitosan (CTS) (200-600 mPa.s, 0.5% in 0.5% acetic
acid at 20 °C) and the crosslinking agent ethylenegly-
coldimethacrylate (EGDMA) (greater than 0.97%) were pur-
chased from Tokyo Chemical Industry, Japan. EGDMA is a
derivative of ethylene glycol. Acrylamide (AAm) (99.0%)
was received from Merck Life Solence Pvt. Ltd., India. Ammo-
nium per sulphate (APS) was purchased from Merck Speciali-

Table 1 Physicochemical properties of Na- bentonite.
Parameters Magnitude
d (0 0 1) values (A) 14.4
Surface area (m”> g ") 39.7
Apparent density (g mL™") 1.7
Porosity (mL g~) 0.39
Cation exchange capacity (meq g~) 0.69

Zero point charge (pH,;c) 7.8
Particle size (mm) 0.096
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ties Pvt. Ltd., India. APS is a free radical initiator of
polymerisation  reaction. Acetone (99.0%) and «a,
a-azobisisobutyronitrile (AIBN) (98.0%) were procured from
Spectrochem. Pvt. Ltd (India). Paclitaxel (99.0%) was
purchased from Alfa Aesar, England. MTT (3-(4,
5-dimethylthiazol-2-yl)-2,  S-diphenyltetrazolium bromide)
having the molecular formula C;gH;¢BrNsS, was purchased
from Himedia, India). DLD1 (Human Colorectal Adenocarci-
noma) cells was initially procured from National Centre for
Cell Sciences (NCCS), Pune, India and maintained Dulbecco’s
modified Eagles medium, DMEM Sigma Aldrich, USA. The
pH of the medium was adjusted using phosphate and citrate
buffer. Distilled water with the specific conductivity <1 p
Sem ™! was used throughout the study.

2.2. Methods

2.2.1. Synthesis of drug delivery system involves the following
steps
2.2.1.1. Succinyl modification of chitosan by homogeneous
method. Succinyl modified chitosan (SC) was synthesized
according to an earlier reported procedure (Golyshev et al.,
2015; Mukhopadhyay et al., 2014; Yan et al., 2006). Briefly,
about 2 g of succinic anhydride (SA) was dissolved in 40 mL
DMSO, to this added same amount of chitosan. The reactor
was placed at the temperature condition of ~65 °C for 6 h.
The precipitate was filtered and poured into excess ethanol
for 1 h at normal temperature condition. After that the pH
was adjusted to alkaline (10-12) using 1 M NaOH solution.
The precipitate was filtered, washed and re-precipitated using
acetone. The final product was dried under vacuum condition.
Similar findings were also reported by Anirudhan et al
2011. They reported the applicability of maleoylchitosan
(MACTS) intercalated montmorillonite, which was further
grafted using 2-Acrylamido-2-methylpropane sulfonic acid,
with KPS as the free radical initiator and N,N-
methylenebisacrylamide (MBA) as a crosslinking agent.

2.2.1.2. Intercalation of sodium bentonite with succinyl chitosan
(SC/NB). An aqueous solution of about 1 g succinyl chitosan
was taken and the pH was adjusted to 3.5 using 1 M HCL
Then it was added slowly to 2 g of sodium bentonite which
was already dispersed in 100 mL distilled water. Stirred the
reacting mixture for about 6 h by keeping the temperature
nearly 60 °C. Finally, it was washed with distilled water till
it reached the neutral pH (pH ~7), and dried.

2.2.1.3. Synthesis of polyacrylamide grafted succinylchitosan
intercalated bentonite (AAm-g-NB/SC). About 1.5 g of acry-
lamide was dissolved in 50 mL water and about 3.0 g of NB/
SC was mixed. The mixture was stirred continuously for
10 h. Calculated amount of initiator (ammonium peroxosul-
phate) and the crosslinking agent ethylene glycol methacrylate
were added and stirred for 10 min and placed the mixture in a
water bath and maintain the temperature to 70 °C for 12 h for
the thermal initiation. After that the pH of the resulting pro-
duct was adjusted to neutral (pH = 7) by using 1 M NaOH
solution. The resulting product was dehydrated using metha-
nol and the excess methanol was removed from the product.

The product was then dried and powdered to suitable size
(Mukhopadhyay et al., 2014).

2.3. Swelling nature of the composite

The swelling of composite in different physiological pH condi-
tions was studied to evaluate the pH responsive nature of the
composite. Calculated amount of the composite was taken in
a dialysis bag and immersed in solution with variable pH of
1.2, 6.8 & 7.4 for 6 h. The composite was taken out at specific
intervals and wiped using tissue paper and the weight of com-
posite was measured using electronic balance. The % of swel-
ling can be calculated according to Eq. (1).

I/Vwet - Wdry

Swelling (g/g) = W (1)
dry

2.4. Drug encapsulation study

About 0.1 g of the composite was immersed in ~ 0.117 mol/L
of paclitaxel in DMSO. The entire solution was shaken con-
stantly for 10 h and it was washed with deionized water to
remove the loosely bound drug molecules. The drug loading
capacity and the encapsulation efficiency can be determined
by the following equations.

Encapsulation efficiency (EE)

_ Concentration of the drug encapsulated in the composite

Total concentration of the drug

x 100
(2)
Drug loading efficiency (DLE)
_ Concentration of drug in the composite « 100 3)

Total concentration of the composite

2.5. In-vitro release study and the mathematical modeling

About 0.1 g of the PTX-Loaded DDS was immersed in
250 mL of physiological buffer solutions of pH 1.2 and 7.4
and placed in a water bath shaker by maintaining the temper-
ature at 37 °C. At specific intervals the aliquot was taken out
and the amount of drug release was measured using the
UV-Visible Spectrophotometer at 227 nm.

Amount of drug release

- 100
Total amount of drug loaded

% of drug release =

(4)
2.6. Mucous glycoprotein assay (Mucin assay)

In order to measure the binding capacity of the composite to
mucin, taken about 20 mg of the composite into an aqueous
solution of mucin (variable concentration of mucin from 0.1
to 1 mg). Shaken constantly for 30 min at a temperature of
37 °C and centrifuge the dispersion. The concentration of
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non-adhered mucin (free mucin) was measured by using the
UV-Visible spectrophotometer at a wavelength of 555 nm
(Feng et al., 2015).

2.7. Biocompatibility assay

The cell line, Human Colorectal Adenocarcinoma (DLD1) was
cultured in 25 cm? tissue culture flask with DMEM supple-
mented with 10% FBS, L-glutamine, sodium bicarbonate
(Merck, Germany) and antibiotic solution containing: Peni-
cillin (100 U/mL), Streptomycin (100 pg/mL), and Amphoter-
acin B (2.5 pg/mL). Cultured cell lines were kept at 37 °C in a
humidified 5% CO, incubator (NBS Eppendorf, Germany).
The viability of cells was evaluated by direct observation of
cells through Inverted phase contrast microscope and followed
by MTT assay method.

About 15 mg of MTT (Sigma, M—5655) was reconstituted
in 3 mL PBS until completely dissolved and sterilized by filter
sterilization. After 24 h of incubation period, the sample con-
tent in the wells were removed and 30 pL of reconstituted
MTT solution was added to all test (100 pg, 50 pg, 25 pg,
12.5 pg, 6.25 pg in 500 pL of 5% DMEM) and cell control
wells, the plate was gently shaken well, then incubated at
37 °C in a humidified 5% CO, incubator for 4 h. After the
incubation period, the supernatant was removed and 100 uL
of MTT solubilization. Solution (Dimethyl sulphoxide,
DMSO, Sigma Aldrich, USA) was added and the wells were
mixed gently by pipetting up and down in order to solubilize
the formazan crystals. The absorbance values were measured
by using microplate reader at a wavelength of 540 nm.

The percentage of growth inhibition was calculated using
the formula:

Mean OD of sample y
Mean OD of control

% of viability = 100 (5)

2.8. Determination of apoptosis by acridine orange (AO) and
ethidium bromide (EtBr) double staining method

After treatment with sample at a final concentration of
161.67 pg/mL (LC 50 Concentration) for 24 h, the cells were
washed by cold PBS and then stained with a mixture of AO
(100 pg/mL) and EtBr (100 pg/mL) at room temperature for
10 min. The stained cells were washed twice with 1X PBS
and observed by a fluorescence microscope in a blue filter of
fluorescent microscope (Olympus CKX41 with Optika Pro5
camera).

2.9. Flow cytometry analysis

Analysis of DNA content and cell cycle distribution using cell
cycle kit can be done by flow cytometry. DLD1 (Human col-
orectal Adenocarcinoma) cells were cultured as per standard
procedures described earlier and treated with LC 50 concentra-
tion of sample (161.67 pg/mL) for 24 h. The cell sample was
transferred to a 50 mL conical flask. The minimum recom-
mended number of cells for fixation in a tube was 1 x 106 cells.
The samples were then centrifuged at 3000 rpm for 5 min. The
supernatant was removed without disturbing the pellet. After
centrifugation, the cell pellet forms either a visible pellet or a
white film on the bottom of the tube.

Appropriate volume of PBS was added to each tube (1 mL
of PBS per 1 x 10° cells) and the contents were mixed by pipet-
ting several times or gently vortexing. The cells were cen-
trifuged at 3000 rpm for 5 min. The supernatant was
discarded without disturbing the cell pellet, leaving approxi-
mately 50 uL of PBS per 1 x 106 cells. Suspend the pellet in
the residual PBS by repeated pipetting several times. The sus-
pended cells were added drop wise into the tube containing
1 mL of ice cold 70% ethanol while vortexing at medium
speed. Cap and freeze the tube at —20 °C.

2.10. Staining of cell cycle

After overnight incubation, the samples were centrifuged at
3000 rpm for 5 min at room temperature. The supernatant
was removed and 250 pL PBS was added to the pellet. Then
the centrifugation was done again at the same rpm and time.
The pellet was taken after discarding the supernatant and
250 pLof cell cycle reagent was added. This was incubated at
dark for 30 min (which is light sensitive) and this was analysed
using a Flow Cytometer. Gating was performed with reference
to untreated control cells and samples were analysed.

2.11. Statistical analysis

All the results were expressed as mean =+ standard deviation
(SD). Statistical analysis was performed with origin 8.0 (Origin
—Lab Corporation- USA).

3. Result and discussion

Even though chitosan (CTS) is a cationic polysaccharide hav-
ing mucoadhesive properties, its water insolubility becomes a
main barrier against biomedical applications. The solubility
can be enhanced by the conversion of chitosan into its deriva-
tives (Anirudhan and Sandeep, 2011). Succinyl chitosan was
synthesised by introducing the succinyl group to the N-
terminal of glucosamine unit in the chitosan. The zeta poten-
tial of succinyl chitosan at neutral pH condition was found
to be negative (-20 mV), and at acidic pH conditions the zeta
potential was positive (+9.34 mV) which was due to the pres-
ence of both -COO- and —NH; groups.

Succinyl chitosan was further intercalated in the layered
clay. Sodium metal ions and other cationic species are the
exchangeable ions in the clay. In acidic pH conditions the
cationic exchange between the polycations (Na™, Ca?™) with
the succinyl chitosan was possible. Because, at lower pH suc-
cinyl chitosan can attain cationic behaviour (zeta potential
= +9.34 mV).

The final step in the synthesis of composite was the poly-
merisation step by using APS as the initiator and EGDMA
as the crosslinking agent. The insitu polymerisation of succinyl
chitosan (SC) and the acrylamide monomer unit was produced
by the sulphate radical (by the thermal decomposition of per-
sulphate). The sulphate radical abstract a hydrogen from the
functional group of succinyl chitosan (-COOH, -OH or —
NH,) to form a macro radical. This radical may undergo
copolymerisation with the acrylamide units and are further
cross linked by EGDMA (Scheme 1). The copolymer formed
exists in the crosslinked structure. The final composite formed
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clay structure

OH OH OH OH OH
OCO-CH,-CH,-COOH OH
o 1. APS 2. EGDMA
_— /O / + M >
O 0
HO _— 0 70 °C
NH,  HO NH-CO-CHy,-CH,-COOH
M: CHZZCH-CO-NHz
(|)H |OH (|)H OH
clay structure
clay structure
OH OH OH OH OH
OCO-CH,-CHy-COO(-M-)n o
0 0
)
HO—® — 0
NH,  HO NH-CO-CH,-CH,-COO(-M-)n
(|)H OH OH OH
clay structure
Scheme 1  The proposed reaction scheme for the synthesis of AAm-g-NB/SC.

have zeta potential of —47.4 mV which indicates the better sta-
bility of the drug delivery system.

3.1. Swelling study

In the case of polymeric composites, the swelling property had
a prominent role in the release kinetics. The absorption of
water molecule by a material is highly depends on the hydro-
philic groups such as hydroxyl group (Halimatul et al., 2019;
Ilyas et al., 2018a). The present work mainly focused on the
pH responsive release study of the drug, therefore the swelling
of the composite was studied by considering the pH as a

parameter. Three different pH of 1.2, 6.8 and 7.4 were taken
for the swelling studies in order to mimic the gastric and
intestinal pH conditions (Fig. 1).

At the pH of 1.2 most of the carboxylate groups were
appeared as protonated (-COOH) and there was a possibility
for hydrogen bond interaction and may lead to the shrinkage
of the composite (Li et al., 2007). As the pH was changed from
acidic to neutral conditions the swelling was found to be
increased due to the existence of deprotonated carboxylate
anions, which might cause the anion-anion repulsion and the
composite was found to be swollen (Pourjavadi and
Mahdavinia, 2006). Among these three selected pH conditions,
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Fig. 1  Swelling profile of the drug delivery system at different
pH environments.

the maximum swelling was found to be occurring at the intesti-
nal pH conditions. In both the pH conditions of 6.8 and 7.4 the
swelling percentage was found to increase with increase in pH.
Swelling of the composite may take place at a pH greater than
the pKa of the composite (Pourjavadi et al., 2008). Chitosan,
the major component of the composite has the pKa value of
6.5 which favoured the swelling of the composite at pH 7.4
(Torres et al., 2007).

During the study it was ascertained that the amount of
monomer unit (AAm) and the crosslinking agent (EGDMA)
had direct influence in the swelling property and the release
kinetics. Four different formulations of DDS was synthesised
by varying the amount of AAm and EGDMA.

The optimum condition for the maximum swelling of the
composite is presented in Table 2. Even at different pH condi-
tions the influence of the crosslinking agent and the monomer
on swelling profile was observed. The equilibrium swelling was
found to be occurring within 1 h.

3.2. Drug encapsulation studies

Encapsulation efficiency is the total amount of drug entrapped
into the drug carrier system whereas the % of drug loading
indicates the amount of drug loaded per unit weight of the
drug carrier system. The theoretical drug loading percentage
was obtained as 42% and the % of encapsulation efficiency
was found to be 72.5%. The formulation of composite has
influence in the encapsulation of drug molecules within the
drug delivery system (Fig. 2).

The % of encapsulation was found to vary with varying the
concentration of the monomer and the crosslinking agent. The
maximum encapsulation efficiency was observed for Fj

80 A
o B Drug encapsultion (%)
70

Drugloading (%)
60
50
40
30 ]

20

Drug encapsulation and
drug loading (%)

10

F1 F2 F3 F4
Composite formulation

Fig. 2 The drug encapsulation and drug loading % of the
composite having the different formulations.

(Formulation 3) as indicated in Table 2. With the increase in
monomer concentration the encapsulation was found to be
increased up to a limit. This may be due to the diffusion of
the drug molecules into the polymeric matrix. But as the con-
centration of AAm increased from 0.2 g to 0.4 g, the encapsu-
lation was found to be decreased doubly. This can be explained
as follows:(i) there is a possibility for homo-polymerisation of
the monomer units which may retard the entry of the drug
molecules (ii) the increasing proportion of the sol in the com-
posite may lead to the decrease in encapsulation efficiency
(Anirudhan and Sandeep, 2011). Similarly as the amount of
crosslinking agent increases from 0.2 to 0.4 g, the encapsula-
tion gets decreased due to the rigidity in the structure. The
swelling pattern of the composite for various formulations at
different pH were shown in Fig. 3.

3.3. FT-IR

Fig. 4 represents the FT-IR spectra of chitosan (CTS), succinyl
chitosan (SC), succinyl chitosan intercalated clay (SC/NB),
DDS (AAm-g-SC/NB) and PTX loaded DDS (PTX-L-AAm-
¢-SC/NB). In chitosan, the basic bands were observed at
3418 cm™' which was due to the O-H and N-H stretching
vibrations. The bands found at 2920 and 2854 cm™! may due
to the C-H stretching vibrations. The bands at 1650 cm™!
was due to the NH, deformation. And also the presence of
bands at 1151 cm™' and 1095 cm™' were due to the bridged
oxygen stretching and C-O stretching vibrations respectively.
These results indicate the presence of the hydroxyl, amino
group and the polymeric form of chitosan via glycosidic link-
ages (Kumar and Koh, 2012).

Table 2 Formulation parameters in the synthesis of drug delivery system.

Sample Amount of SC/N*  Amount of the monomer AAm Amount of the cross-linker EGDMA  Swelling in aqueous medium
code (€3] (2 (2) (g/g)

F, 1.0 0.2 0.2 378

F, 1.0 0.2 0.4 402

F; 1.0 0.4 0.2 456

F, 1.0 0.4 0.4 391

# Insert SC/NB instead of SC/N
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Fig. 3 The Swelling pattern of the composite for variable formulations at pH 1.2, 6.8 and 7.4.

In succinyl chitosan, the band at 1418 cm™! indicates the

symmetric stretching of carboxylate groups. This can be con-
sidered as an evidence for the succinyl modification of chi-
tosan. The appearance of weak band at 1595 cm ™! indicates
the -NH, bending vibration and the band at 1562 cm ! indi-
cates the presence of secondary amine group (Li et al., 2007).
The band at 1014 cm™! in bentonite represent the Si-OH
(Bertuoli et al., 2014), which was found to be existing with
decrease in intensity in SC/NB. This can be explained based
on the participation of —OH group during the intercalation.
The bands present at 3470 cm™! in SC/NB was found to be
decreased in wave number to 3430 cm ™! in the final composite
which may due to the introduction of the monomer units onto
the interlayer of clay during the polymerisation. In PTX, the
bands at 3478-3300 cm ™' and 2975-2884 cm ™! represent the
N-H stretching vibration and C-H stretching vibration (both
asymmetric and symmetric) respectively. The band at
1647 cm ™! indicate the amide bond and band at 1734 cm™!
represents the C = O stretching vibrations. The bands at
1647, 1073, 965 and 708 cm 'represent the aromatic moiety
(Martins et al., 2014). After the drug loading the intense bands
of the drug are getting disappeared and the spectrum shows
more similarity with the drug delivery system. This indicates
that there was no chemical interaction as occurred between
the drug and the drug carrier system.

3.4. XRD

XRD is a common method to investigate the crystalline nature
and the composition of advanced materials (Niu et al., 2019a,

b). The XRD characterisations of SC, NB, SC/NB, AAm-g-
SC/NB and PTX-L- AAm-g-SC/NB are shown in Fig. 5.
The crystallinity of the composite can be understood from
the sharpness of the peak (Ahmad et al., 2019). The XRD pat-
tern of chitosan showed a peak at 20 = 10° and another at
20 = 20°. The peak at 10° was due to the crystalline nature
of the chitosan (Mukhopadhyay et al., 2014). In succinyl chi-
tosan the peak at 10° was disappeared and the reflection of
peak at 20° was decreased. This was due to the breakage of
intermolecular hydrogen bonds between —NH, and —OH
group due to succinyl modification. The crystalline nature of
chitosan was disrupted following the succinyl modification.

The XRD pattern of NB showed a characteristic (0 0 1)
reflection peak at 20 = 6.89° corresponding to the d-spacing
value of 13.02 A (Bertuoli et al., 2014). The interaction of
SC with the bentonite layer caused the increase in interplanar
distance to 19.9 A. This increase in basal spacing clearly sug-
gests the intercalation of SC onto NB. After the polymeriza-
tion the d- spacing was again increased to 24.6 A was
explained due to the entry of monomer units and its polymer-
ization within the clay interface.

3.5. SEM analysis

The SEM images of Na-B, SC/NB, DDS and PTX-L-DDS are
shown in Fig. 6. The morphology of each compound can be
distinguished from the figure. As reported earlier bentonite
has corn flakestructure (Mullassery et al., 2018). After the
intercalation the morphology was changed to laminar type
with enlarged particle size. This may due to the intercalation
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Fig.4 FT-IR spectra of CTS, SA, SC, NB, SC/NB, AAm-g-SC/
NB, PTX and PTX loaded AAm-g-SC/NB.

of succinyl chitosan with in the laminar layers of bentonite
clay. After the polymerisation, the drug delivery system was
found to be occurring with more uniform porous morphology.
This was very important for the entry of the drug molecules
with in the gallery of DDS. After the loading of paclitaxel, por-
ous nature was slightly reduced and the DDS appear with a
comparatively homogeneous morphology. This is a clear proof
for the encapsulation of the drug molecules within the DDS.

3.6. TEM and DLS analysis

The hydrodynamic particle size of the composite was obtained
from DLS (Fig. 7). By using the DLS analysis, it was possible
to determine the particle size variation of the composite at dif-
ferent pH conditions. It was found that the hydrodynamic par-
ticle size gets increased with increase in pH. The particle size at
pH 1.2 was found to be 169.9 which was greater than the size

PTX-L-AAm-g-SC/NB
3 AAm-g-SC/NB
<
| Md(oo1)-1954
g SC/NB
= ghanendianes
d(001)=13.02 4
NB
sc
0 10 20 30 40 50 60 70

2-Theta(degree)

Fig. 5 XRD of SC, NB, SC/NB, AAm-g-SC/NB and PTX-L-
AAm-g-SC/NB.

obtained from the TEM analysis. And it was found that the
particle size increased to 298.5 nm at pH = 7.4. This is also
an indication for the pH responsive swelling nature of the drug
delivery system. After the drug loading it was found that the
particle size of the drug delivery system have a noticeable
increase from 168.6 nm to 202 nm. It can be considered as a
positive evidence for the successful drug encapsulation.

The morphology of the materials can be understood from
the TEM images (Niu et al., 2018). The TEM image of the
composite is shown in Fig. 8. From the TEM images it was
found that the clay layers are stacked as parallel having vari-
able sizes, indicated the intercalation mechanism. This results
again proved the intercalation of clay—polymer as evident from
the XRD data (Mansa and Detellier, 2013). The overall disper-
sion of clay in polymer can be understood from the low mag-
nification, and the intercalated or exfoliated structure can be
understood from the high magnification images of TEM. Since
silicates layer are composed of heavier elements (Al, Si and O)
than the surrounding matrix, they appeared darker in bright
field images. The dark color indicates the clay and the colorless
part shows the polymeric matrix.

3.7. Thermo gravimetric analysis

The thermogravimetric analysis was used to investigate the
thermal stability of composites with respect to weight loss
due to increase in temperature (Ilyas et al., 2018b). In the
TGA of Na-B, there are two weight loss as found in the figure
(Fig. 9). The weight loss below 150 °C attributes to the evap-
oration of water molecules. And the second weight loss
between 450 °C —700 °C was due to the removal of the struc-
tural —OH groups from the edges of clay. In succinyl chitosan
intercalated bentonite the weight loss events were similar to
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(b) Sc/NB

(d) PTX-LDDS

Fig. 6 FE-SEM images of a) Na-B, b) SC/NB, ¢) DDS (AAm-g-NB/SC) and d) PTX-L-DDS (PTX-L-AAm-g-NB/SC).
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Fig. 7 DLS of AAm-g-NB/SC and PTX-L-AAm-g-NB/SC.

that observed for bentonite clay at temperature below 150 °C.
This was explained for the removal of free water molecules.
The degradation of succinyl chitosan intercalated clay was
started from 200 °C. The degradation between 250 °C
—500 °C may due to the removal of intercalated succinyl chi-
tosan from the interlayer of clay. Similar to the bentonite clay
the weight loss for SC/NB above 500 °C attributes to the -OH
group removal from the edges. The weight loss difference
between the pure bentonite and that of the succinyl chitosan

intercalated bentonite is a good evidence for the intercalation.
In the case of DDS about 50% weight loss was found between
the temperature range of 200 °C — 400 °C which may due to
the breakage of polymerised and cross-linked succinyl
chitosan. In the case of PTX-L-DDS, same trend was occur-
ring. But the total weight loss of PTX-L-DDS was found to
be less than that of DDS can be considered as an evidence
for the higher thermal stability of drug in the drug delivery
system.
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Fig. 8 TEM image of AAm-g-SC/NB.
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Fig. 9 DTG analysis of Na-B (NB), Clay-SC (SC/NB), DDS
(AAm-g-SC/NB), PTX-L-DDS.

3.8. In vitro release study

The release study of PTX was carried out at simulated gastric
condition of pH = 1.2 and simulated intestinal pH of 7.4. In
order to mimic the pH variation of gastro intestinal tract the
release study was carried out in two phases. For the first 2 h
the release profile was evaluated at pH 1.2, after that the same
material was poured in the physiological buffer of pH = 7.4
(Fig. 10).

About 15.6% of drug release was found to be occurred at
pH 1.2 within 16 h, whereas about 82.5% of drug release

was occurred at the intestinal pH condition of 7.4. This indi-
cates the protective effect of the drug delivery system from
the acidic gastric pH conditions. The time taken for the 50%
of drug release (#59) was found to be 6 h. This means the release
of drug occur in a controlled manner without a burst release.
In the basic pH condition, the carboxylic acid gets deproto-
nated and also the electrostatic interaction between the hydro-
philic functional groups get decreased which led to the swelling
of the matrices and the release of drug molecules to the solvent
media.

According to the earlier studies the successful release of the
drug molecules at pH = 7.4 is ideal for the release of drug in
the large intestine, colon and rectal mucosa, each part pos-
sesses different emptying times (Amidon et al., 2015).

Release kinetics mechanism can be explained by Peppas
kinetic model

M,

= Kt
M

M, = amount of drug release at time t

M_ = amount of drug release at infinity

K = Release constant

n = Release exponent

The parameter ‘n’ can explain the type of release mecha-
nism. If n < 0.43, release of drug is purely due to the diffusion
mechanism. If 0.43 < n < 0.85, the release kinetics is con-
trolled by both swelling and diffusion mechanism and if
n greater than 0.85, the release of drug molecules are purely
due to the swelling of the composite (Siepmann and Peppas,
2012).

3.9. Mucous glycoprotein assay

Mucous glycoprotein assay is an in-vitro method to find out
the capability of the drug delivery system to adhere onto
mucous membrane. Mucin is actually a protein produced by
the mucus layer. It is composed of sialic acid, hexosamine
and sugar with large number of hydroxyl groups (Feng
et al., 2015). Due to the presence of this functional group it
is possible to form hydrogen bond interaction with the func-
tional groups of drug delivery system.

During the analysis ~20 mg of sample was added to the
aqueous solution of mucin having the concentration ranging
from 0.1 to 1 mg. The adsorption profile is shown in Fig. 11.
The trend of mucin adsorption was found to be in the follow-
ing order Chitosan > DDS > Drug. The free drug molecules
show no apparent adhering property towards mucin even at
high concentration. In the case of chitosan and DDS, % of
adsorption was found to be increased with increase in the
amount of mucin added.

Chitosan was already reported as a first generation
mucoadhesive material, because of the presence of NH, groups
(cationic behaviour). So it can be easily adsorbed by the nega-
tively charged mucous layer at the physiological conditions.
The DDS also shows better adsorption percentage. It was
reported that the negatively charged composite can also exhi-
bits the mucous adsorption through H-bonding, hydrophobic
interactions and vander Waals interaction which can be regu-
lated by the pH.

Polymeric amphiphiles can form self assembled nanoparti-
cles in an aqueous environment through hydrophobic interac-
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Mucin adsorption study.

tions between the hydrophobic parts to minimise interfacial
free energy. Chitosan is a polysaccharide showing hydrophilic
and cationic nature can form self assembled nanoparticles by
attaching the hydrophobic moiety to the backbone of chitosan
and its derivatives. These assemblies can be readily precipi-
tated in a biological solution (pH 7.4). Therefore water soluble
chitosan assemblies can be readily used for the development of
DDS. Table 3 depicts the various chitosan based DDS devel-
oped for the controlled and targeted delivery of therapeutics.

3.10. Biocompatibility assay

The cytotoxicity assay was carried out in cancerous cell line of
Human colorectal Adenocarcinoma cells (DLD1). The assay
was carried out using the DDS and the drug loaded DDS
for different concentration levels of 6.25, 12.5, 25, 50 and
100 pg/mL. The % of cell viability of the drug delivery system
was found to be better (greater than 50%) even at high concen-
tration, indicates the non-toxicity and safety of the materials
for biological applications (Silva et al., 2013). But the cell via-
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Table 3 Hydrophilic chitosan derivatives for drug delivery.

Material Drug Nature of composite Nature of drug release Reference

Chitosan-MMT Aceclofenac Intercalation Sustained Thakur et al., 2016a
Triphenyl-(chloro acetylated chitosan) Ibuprofen Intercalation Sustained Abdeen and Salahuddin, 2013
phosphonium salt MMT

Chitosan/MMT Theophylline & Paracetamol Intercalation Sustained Cojocariu et al., 2012
Quaternized chitosan/MMT BSA Intercalation Sustained Wang et al., 2008
Chitosan-MMT composite Curcumin Intercalation Sustained Thakur et al., 2016b
Chitosan-MMT Oxy tetracycline Intercalation Controlled Salcedo et al., 2014
2-Acrylamido-2-methyl propane sulphonic  5-Flurouracil Intercalation Controlled Anirudhan and Sandeep, 2011
acid grafted N-Maleoyl chitosan-MMT

N-Succinyl chitosan intercalated -MMT Paclitaxel Intercalation Controlled Present study

/ grafted with acrylamide.

bility of the drug loaded drug delivery system was showing sig-
nificant decrease (Fig. 12). This was due to the successful par-
ticipation of the anti-cancerous molecule present in the DDS.
The morphology of the cell line after the MTT assay is shown

in Fig. 13.
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Fig. 12 The percentage of cell viability of the DDS and PTX-L-
DDS in DLDI cell line.

Fig. 13 Morphological images of DLD1 cell line treated with
6.25 pg/mL of DDS, Drug-L-DDS and Control.

3.11. Apoptosis study

The acquired images after live dead assay suggest that the cells
when treated with our material of interest exhibit much more
apoptosis tendency as compared to the untreated control.
The cells showed a higher degree of stress and apoptosis induc-
tion after the material treatment. The control population
showed green nucleus as they are healthy, but higher percent-
age of treated population showed orange stain with condensed
chromatin suggesting it to be in the late apoptotic phase. Some
cells also show green nucleus with condensation of chromatin,
which points towards early apoptotic phase. This qualitative
data clearly indicates that our material induces apoptosis in
the cancer cells.

3.12. Flow cytometry

To find out whether the cells are directed to apoptosis or
necrosis, a LIVE-DEAD assay was carried out. The flow
cytometry is a quantitative study has been done to find out
the change of DNA synthesis happening in the treated versus
the untreated cells. DNA synthesis is one of the main charac-
ters of any actively dividing cells. The amount of DNA in the
S -phase and G,-M phase will be higher than G, phase for a
healthy cell. More DNA content in the S phase indicate that
the cell was actively planning to divide and same is the case
of more DNA content in the G2-M phase. So in principle if a
cell is damaged or stressed due any exogenous factor the cell,
as a preventive mechanism, will enter in to the Gy phase
where it will try to repair the damage caused. So higher
the DNA content in the Gy phase indicates higher DNA
damage.

So from the present study, it could be seen that the DNA
content of S-phase and G,-M phase in the treated cell pop-
ulation is lower than from the untreated ones. And also the
cells which are treated showed higher percentage of DNA in
the Gy phase compared to the untreated. So this clearly
indicates that the material of interest which we are using
induces a considerable amount of DNA damage in the
DLDI1 cells in such a way that the cells retire from the nor-
mal division phase to the cell senescence phase. This DNA
damage caused by our material is producing enough stress
in the cells so that it may end up the cells getting into apop-
tosis phase. The results of apoptosis assay and the LIVE-
DEAD assay is shown in Fig. 14.
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4. Conclusion

An increasing number of nanostructured materials have been
utilized for the delivery of various therapeutics. Polyacry-
lamide grafted succinyl chitosan intercalated bentonite
(AAm-g-NB/SC) was prepared as a drug carrier system for
the controlled delivery of paclitaxel. This was synthesized by
combining the copolymer of succinyl chitosan intercalated
bentonite and acrylamide using EGDMA as the crosslinking
agent. The composite was characterized by FTIR, XRD,
SEM, and thermal analysis. The DLS analysis showed that
after the drug loading the particle size of the drug delivery sys-
tem have a noticeable increase from 168.6 nm to 202 nm. Three
different pH of 1.2, 6.8 and 7.4 were taken for the swelling
studies in order to mimic the gastric and intestinal pH condi-

Control DLD1

Treated DLD1

tions. Among these three selected pH conditions, the maxi-
mum swelling was found to be occurring at the intestinal pH
conditions. The release kinetics is controlled by both the diffu-
sion and swelling process. The fitting of kinetic model was
analysed at pH 7.4 and the release kinetics was found to be
more fitted to Peppas kinetic model. The cytotoxicity assay
was carried out in cancerous cell line of Human colorectal
Adenocarcinoma cells (DLD1). The assay was carried out
using the DDS and the drug loaded DDS for different concen-
tration levels of 6.25, 12.5, 25, 50 and 100 pg/mL. The % of
cell viability of the drug delivery system was found to be
greater than 50% even at high concentration showing the
non-toxicity and safety of the materials for biological applica-
tions. To find out whether the cells are directed to apoptosis or
necrosis, a flow cytometry assay was carried out. Results

DNACONTENT PROFILE

Count
SAILMANTICXOD

012345678 910
DNACONTENT INDEX

POPULATION PROFILE

DMNACONTENT PROFILE
GOG1676
$203

G2MET

Count
AN DM 0RO

0123456728 910
DNACONTENT INDEX

POPULATION PROFILE

< ><
L w 3
) [}
= =
K =
» 7]
- ol
- a—d
L W T e e e
O o 3
O i T 1 ) ) il lJ T )
01234567829
DNACONTENT INDEX
Control Treated
Fig. 14 Images of apoptosis on DLDI of Control & PTX-L-DDS and the live-dead assay.



Synthesis and characterization of a pH responsive and mucoadhesive drug delivery system 5275

clearly indicates that the DDS induces a considerable amount
of DNA damage in the DLDI1 cells in such a way that the cells
retire from the normal division phase to the cell senescence
phase. On the whole, AAm-g-NB/SC developed in the present
study can be effectively utilised for the controlled and targeted
delivery of paclitaxel for the colorectal cancer therapy.
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