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Chitosan is under investigation as a biodegradable scaffolding material for tissue engineering.
Crosslinked chitosan alone cannot form a self-supporting scaffold; hence, it needs reinforcement.
The group reported the fabrication of chitosan scaffolds reinforced by exfoliated (E) and non-
exfoliated or pristine (P) bentonite and compared their properties. Scaffolds were fabricated
through the freeze-drying technique. Bentonite was exfoliated by allowing it to swell in water
for a certain time interval. X-ray powder diffraction (XRD) profile showed that swelling
reduced the crystallinity of bentonite. Both types of bentonite dispersed well in the chitosan
matrix and imparted structural stability to the scaffolds. Scaffolds had interconnected pores;
apparent porosity of scaffold with E-bentonite was higher than of scaffold with P-bentonite.
The scaffolds swelled almost 35% in 3 d without losing structural integrity. The scaffolds could
be compressed to 50% of their original height. The compression modulus of the scaffold with
E-bentonite was higher than that of the P-bentonite scaffold.
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INTRODUCTION

Chitosan is a natural nontoxic polysaccharide with a wide
scope of biomedical applications. It has antibacterial,
hemocompatibility, and cytocompatibility properties;
it likewise aids in the enhancement of cell adhesion,
proliferation, osteoblast differentiation, and mineralization
(Balagangadharan et al. 2017; Sahranavard et al. 2017).
It has the inherent strength to get molded as gel, film,
and scaffold. These appealing properties make chitosan
a promising material for tissue engineering. Chitosan, in
combination with other biopolymers, has been extensively
investigated as a scaffold (Levengood and Zhang 2014;
Soundarya et al. 2018; Ahmed et al. 2018; Si et al. 2019).

To broaden the application range of chitosan, the
mechanical strength of chitosan has been enhanced by
reinforcing it using inorganic fillers. Improvement in
elastic modulus of chitosan scaffold upon the addition
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of hydroxyapatite has been studied by Teng et al. (2009).
Incorporation of nano-hydroxyapatite in chitosan to
improve the compression strength, cell proliferation, and
cell attachment of osteoblasts has been cited (Thein-Han
and Misra 2009). Similarly benefits of using multiwalled
carbon nanotubes (Fan ez al. 2012), graphene (Mittal et al.
2017), graphene oxide (Francolini ef al. 2019), and silver
nanoparticles (Mohamed and Madian 2020) to increase
the tensile strength of chitosan have been documented.

Recently, the use of bentonite as a filler for the chitosan
matrix is also under investigation. Bentonite is a synthetic
aluminosilicate nano-platelet having a layered structure,
which not only serves as a reinforcing agent for polymers
but can also impart antimicrobial behavior. Furthermore, it
is non-toxic, of low cost, readily available, and with high
cation-exchange capacity. Hence, it serves as a filler for
composites from synthetic (Kotal and Bhowmick 2015;
Alghamdi et al. 2019; Serge et al. 2019) and natural
polymers (Gong et al. 2018; Kong et al. 2019; Oussalah et
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al. 2019). Its apatite forming ability (Cao et al. 2015; Ali et
al. 2019) and ability to induce osteogenic differentiation in
human mesenchymal stem cell without using any growth
factors (Gaharwar et al. 2014) makes it a potential
reinforcing agent for bone regeneration scaffolds.

So far, bentonite has been integrated into chitosan
composites mainly for water treatment (Haseena et al.
2016; Motshekga and Ray 2017; Dehghani et al. 2018;
Jimtaisong and Sarakonsri 2019; Wang et al. 2019;
Xu et al. 2020), wound healing (Devi and Dutta 2017;
Shanmugapriya et al. 2018), and enzyme immobilization
(Benucci et al. 2018; Kaushal ef al. 2018; Tavernini et
al. 2020).

There are few studies illustrating the scaffold forming
ability of chitosan in combination with other polymers
and reinforced by bentonite (Ali et al. 2019). However,
there is no report of using chitosan alone with bentonite
for the fabrication of scaffold. Hence, this study explored
the potential of chitosan to form a scaffold reinforced by
bentonite. Our group reported the fabrication of three-
dimensional (3D) chitosan scaffold reinforced with E-
and P-bentonite through the freeze-drying technique. We
exfoliated bentonite solely by dispersing it in water under
sonication. Furthermore, we compared the properties of
these two types of scaffolds.

Chitosan forms a polyelectrolyte complex with bentonite
due to the strong electrostatic interaction between
polycationic chitosan and negatively charged bentonite
(Devi and Dutta 2017; Savitri and Budhyantoro 2017);
thus, it can be hypothesized that bentonite can serve
as an effective reinforcing agent for chitosan scaffold.
Bentonite, owing to its electrostatic attraction for chitosan,
is expected to disperse easily in chitosan matrix unlike
other inorganic fillers (Francolini ef al. 2019; Mohamed
and Madian 2020). It can also be anticipated that bentonite
will not have a significant impact on the tensile strength
of the matrix — unlike other high strength fillers such as
carbon nanotubes and graphene — but will improve the
compressive strength of the system, which is critical for
scaffold formation. High strength fillers improve the
tensile strength but compromise with the compressive
strength (Mohamed and Madian 2020).

MATERIALS AND METHODS

Materials

Medium molecular weight chitosan (catalog # 448877),
glutaraldehyde (catalog # G6257, Grade I1, 25% in H,0),
acetic acid (catalog # 695092, glacial, ReagentPlus®, >
99%), and bentonite (catalog # 285234, montmorillonite)
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were purchased from Sigma Aldrich, USA. Water used
for the study was distilled in the Chemistry Department
of Ateneo de Manila University, Philippines.

Exfoliation of Bentonite

0.1 g of bentonite was dispersed in 10 mL of deionized
water and it was sonicated for 6 h and was left at room
temperature for 3 d. This dispersion was freeze-dried for
further use.

Chitosan Bentonite Scaffold

Chitosan (0.1 g) was dissolved in 10 mL of 2% (v/v) acetic
acid. In a separate beaker, 0.1 g of bentonite was dispersed
in 10 mL of deionized water by stirring the system for
4 h at room temperature. The chitosan solution and the
bentonite dispersion were mixed together in a beaker
and stirred for 4 h, followed by the addition of 2.5 mL of
1% (v/v) glutaraldehyde solution. The reaction mixture
was stirred further for 4h, frozen in liquid N,, and then
freeze-dried for 72 h at —80°C and 3 Pa using the Eyela
Freeze dryer FDU-2200.

The porosity of the scaffolds was quantified using the
ethanol displacement test, as reported by Xu et al. (2012).
Absolute ethanol with a density of 0.785 g/mL was used
as a displacement liquid, as ethanol easily penetrate the
scaffold without interacting with it. Scaffolds were cut
into a cylindrical shape using a thin blade cutter and
their volume (V,¢.1q) Was calculated by measuring the
diameter and the thickness using a ruler. The weight
of each sample (W,) was recorded and placed in a vial
containing ethanol. The vials were sonicated for 30 min
to allow the ethanol to fully impregnate the scaffolds and
then the wet weights of the scaffolds (W) were measured.
The following equation was used to calculate apparent
porosity of the scaffolds:

. o (W — Wo)
Apparent Porosity = x100 (1)

(P5tom) (Vscaffo.td )

To evaluate the extent of swelling of the scaffolds, 0.10 g
of the scaffold was immersed in 10 mL of pH 7.4 buffer
solution in a vial for a certain time interval. Then, the
scaffolds were collected from the vials, placed on a paper
towel, and gently patted with another paper towel very
briefly; the wet paper towel was discarded thereafter. It
was again patted with another paper towel in similar way.
The process was repeated five to six times until no trace
of water was detected on the paper. The percent swelling
values of the systems were computed using Equation 2,
where w, and w are the weights of the scaffold before
and after immersion in the buffer solution, respectively:

w— w,

Swelling % = x 100 )

Wo
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RESULTS AND DISCUSSION

Exfoliated and Pristine Bentonite

Bentonite was dispersed in deionized water under
sonication to disrupt its crystalline structure in order
to enhance its interaction with chitosan. There was
no difference in physical appearance between E- and
P-bentonite. However, the difference in the XRD profile
of E-bentonite and P-bentonite was observed, which is
discussed in the following section.

XRD and % Crystallinity of Bentonite

The crystallinity of exfoliation and pristine bentonite
was determined using the Rigaku Ultima IV X-ray
diffractometer. The scan rate was 5° per minute at a
wavelength of 1.54 A (Cu-Ka), and the 20 range was from
5-85°. The crystallinity of the peaks was calculated using
the OriginPro 2020 software.

The XRD profiles of E- and P-bentonite are shown in Figure
1. Both of them have peaks representing montmorilonite,
sepeolite, and quartz. In the case of E-bentonite, the (001)
characteristic peak of montmorillonite at 26 < 10° was
broader and weaker than that of P-bentonite, indicating
the delamination of the stacked layers after exfoliation.
A similar observation was made by Ma et al. (2016) and
Wang et al. (2020).
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Figure 1. XRD profile of E- and P-bentonite.

% crystallinity as calculated from the peak areas also
revealed that prolonged dispersion in water reduced the
overall crystallinity of bentonite, most probably due
to shifting in its clay platelets of bentonite as reported
elsewhere (Diman and Wijeyesekera 2008). Thus, it can be
assumed that bentonite got exfoliated merely by dispersing
it in water for a long time interval.

Physical Appearance of the Scaffolds
3D structures of the scaffolds are shown in Figure 2. The
freeze-dried scaffolds fabricated using E- and P-bentonite
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Figure 2. Physical appearance of the scaffolds with (a)
E-bentonite, (b) P-bentonite, and (c) chitosan only.

was light yellow in color, self-supporting with sponge-like
texture. The scaffold that was fabricated with chitosan
only, crumpled after freeze-drying, implying that bentonite
serves as the reinforcing agent for chitosan scaffold.
Hence, the chitosan scaffold without bentonite was not
studied further.

FTIR Spectrum

Shimadzu IR Affinity-1 FTIR8400S was used to obtain
the FTIR spectra of chitosan, bentonite, and the scaffolds.
A small amount of powdered sample was ground with
dried KBr powder and was pressed mechanically using the
Shimadzu KBr tablet die to form a disc. For each sample,
a 40-scan interferogram at 4000-400 cm™! was collected
in terms of percent transmittance (%T).

Figure 3 shows the FTIR spectra of chitosan, E-bentonite,
and E-bentonite reinforced scaffold. In the FTIR spectrum
of chitosan, a broad band appears at 3400 cm~! due to
the overlapped stretching vibrations from the -NH, and
-OH groups of chitosan. The peak at 1651 cm! has been
associated with the Schiff base formed from the reaction
of chitosan and glutaraldehyde. The peak at 1562 cm!
is related to the vibrations of protonated amine groups
of the chitosan chain and a peak at 1050 cm~! originates
from the C-O group of chitosan. In the FTIR spectrum of

b 5i-0, Al-0, .C=N, NH,

% Transmittance

5i-0, Al-O

Si0,*
35 M5 335 225 1535 225 1925 1625 135 025 MS 425
Wavenumber (1/cm)

Figure 3. FTIR spectrum of a) E-bentonite, b) glutaraldehyde
crosslinked chitosan, and c) E-bentonite reinforced
chitosan scaffold.
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E-bentonite, peaks at 3618-3439 cm! and at 16991631
cm~! are due to the presence of Si-O and Al-O groups. The
broad peak at 3400-3450 cm! is also attributed to the -OH
linkages between the octahedral and tetrahedral layers of
the silicate structure. A broad peak at 1000 cm~! represents
the SiO,% of bentonite. All these characteristic peaks are
likewise visible in the E-bentonite reinforced scaffold.

Scaffold Morphology

Morphology and interconnectivity of the scaffolds were
studied using a scanning electron microscope (SEM).
A portion of the scaffold was gently placed on the
carbon tape without compressing it. The scaffolds were
viewed using JSM-5310 SEM at 10 kV under different
magnifications.

Figure 4 shows the SEM images of the scaffolds. It
can be observed that the scaffolds with E- as well as
P-bentonite showed interconnected porous morphology,
which is desirable for cell growth and proliferation. No
agglomeration of bentonite was detected in the porous
scaffold, indicating that bentonite could get dispersed
very well in chitosan matrix simply by stirring, whereas
a study in past showed that it was challenging to disperse
hydroxyapatite reinforcing agent in chitosan-carrageenan
matrix scaffold as agglomerates hydroxyapatite was
clearly visible in the scanning electron micrograph
(Chakraborty et al. 2018). Strong electrostatic interaction
between polycation cation and anionic bentonite might
have facilitated efficient dispersion of bentonite in
the chitosan matrix (Devi and Dutta 2017; Savitri and
Budhyantoro 2017).

U

200 um

Figure 4. Scanning electron micrograph of (a) P-bentonite scaffold
and (b) E-bentonite scaffold.

Scaffold Porosity

Scaffolds are required to be porous to facilitate the
delivery of nutrition to the cells for their growth. The
porosity of the scaffolds was quantified through the
ethanol displacement test. Scaffold with P-bentonite
showed 92.7 + 2.1% porosity, which further enhanced
to 97.3 + 1.8% when E-bentonite was used. Experiments
were performed in triplets.

1130

Chakraborty and Pimentel: Chitosan Bentonite Scaffold

The process of formation of a porous scaffold involves
freezing the scaffolding materials followed by freeze-
drying. Rapid freezing triggers the formation of solvent
crystals, which sublime during freeze-drying leading to
the formation of a porous structure. Pore size, volume,
and morphology are dependent on various factors,
including the nature of interaction with the solvent
(Qian and Zhang 2011). An increase in specific surface
and reduction of crystallinity in exfoliated might have
favored the formation of more and/or bigger water
crystals, eventually making the scaffold more porous.
Enhancement of porosity of graphene oxide-chitosan
scaffold by exfoliation of graphene oxide, owing to better
interaction with water, has also been reported elsewhere
(Francolini et al. 2019).

Swelling Behavior

The scaffolds are required to swell in moderation. They
need to swell to allow cell growth; however, excessive
swelling could lead to loss of their structural integrity.
When the swelling behavior of the two types of scaffolds
was compared at pH 7.4, as shown in Figure 5, it was
observed that both types of scaffold swelled to almost
30% of their original weight in the first 6 h, beyond which
no significant increase in swelling was observed. This
suggests that the scaffolds undergo controlled swelling
and, hence, have a better chance of maintaining structural
integrity even after prolonged exposure to water or body
fluid. It is surmised that the interaction between the
chitosan-OH and -NH, with water regulates the swelling.
Since the amount of chitosan is the same in both types
of scaffolds, E- and P-bentonite scaffolds manifested
comparable swelling.

P-bentonite Scaffold

Swelling(3)

0 0.042 0.25 1 z 3
Days

Figure 5. Swelling behavior of the scaffolds in pH 7.4 buffer.
Each data point represents the average of three samples.

Compressibility

Compressibility of the scaffolds was measured using
the Universal Testing Machine at a displacement rate of
10 mm/min with a maximum load of 500 N. The height
and cross-sectional surface area of the scaffold were
determined to be 30 cm and 15 cm, respectively, before
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subjecting to compression load up to 50% of its original
height. The compressive modulus was determined as the
slope of the initial linear portion of the stress-strain curve.

The scaffolds are expected to undergo compression
gradually as the bone tissues regenerate around them for
healing purposes. As seen in Figure 6, the scaffolds could
undergo compression upon application of load and regained
the original form when the load was removed. When a
maximum load of 500 N was applied, the E-bentonite
scaffold got compressed from 30 to 28 cm whereas
P-bentonite scaffolds got compressed from 30 to 22 cm.

Figure 6. E-bentonite reinforced scaffold (a) before compression,
(b) at 50% compression, and (c) after compression.

Figure 7 compares the compression stress-strain curve
of the scaffolds. They were compressed to 50% of their
original height under a maximum load of 500 N. The
scaffold with E- and P- bentonite clay has a compressive
modulus of 8300 Pa and 7900 Pa, respectively.
Compressive strength varies with the stiffness of the
material. It can be hypothesized that the disruption
of the ordered structure of E-bentonite increased the
surface contact between E-bentonite and chitosan,
facilitating stronger interaction between the negatively
charged bentonite plates and the polycationic chitosan.
Consequently, it was made stiffer than the P-bentonite
chitosan scaffold, which is reflected in its higher
compressive modulus. Improvement in the compressive
strength of clay brick by exfoliation (Niroumand ef al.
2013) and the mortars by using exfoliated nano-scale
metakaolin (Morsya et al. 2018) have been reported.
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Figure 7. Stress-strain curve of the scaffolds reinforced with
E- and P-bentonite.
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SUMMARY AND CONCLUSIONS

Chitosan, a bioactive biodegradable polymer, is capable
of serving as a scaffold for tissue engineering. However, it
lacks the strength to form a self-supporting 3D structure.
This study established that incorporation of bentonite
in exfoliated and non-exfoliated form as a reinforcing
filler aids chitosan to form a self-supporting scaffold
and they can be fabricated through the freeze-drying
method. Furthermore, the XRD profile of swelled
bentonite revealed that dispersion of bentonite in water
under sonication can likewise be an effective approach
for exfoliation of bentonite, apart from using surfactant
and other chemicals. Since no agglomeration of bentonite
was detected in the SEM image of the scaffolds, it can
be concluded that bentonite can be easily dispersed in the
chitosan matrix. When kept immersed in pH 7.4 buffer,
both types of scaffolds swelled in moderation without
undergoing any structural disintegration. Thus, it can be
hypothesized that the scaffold can act as a stable support
system for cell growth under human physiological
conditions. A comparison of apparent porosity showed
that E-bentonite reinforced scaffolds were more porous
than the P-bentonite reinforced scaffold; hence, it has
the potential to promote better cell growth and adhesion.
Compressive strength measurement demonstrated that
E-bentonite reinforced scaffold has higher strength.
Hence, it can be assumed that scaffold fabricated using
E-bentonite will serve as a superior scaffold when
compared with the P-bentonite reinforced scaffold.

Since chitosan is a biopolymer that is found in abundance,
bentonite is a benign inexpensive reinforcing agent and
the methodologies used for exfoliation of bentonite and
fabrication of scaffold are very simple. Thus, this system
can be explored further for the development of a benign,
cost-effective scaffold for tissue engineering.
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