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ABSTRACT

While chitosan has great potential for biomedical and wider application due to its appealing
characteristics such as biocompatibility and inherent antimicrobial activity, its properties usu-
ally need to be further tailored for specific uses. In this study, the effect of inclusion of silk
peptide (SP) and nanoclays (montmorillonite, MMT and sepiolite, SPT) on the properties of
thermomechanically processed chitosan were examined. Blending SP with chitosan led to a
material with greater elasticity and surface wettability. For the chitosan matrix, addition of
either MMT or SPT resulted in increased mechanical properties with MMT being more effect-
ive, likely due to its 2D layered structure. For the chitosan/SP matrix, while inclusion of MMT
caused increased mechanical properties and thermal stability, SPT was more effective than
MMT at reducing surface hydrophilicity and SPT fully counteracted the increased surface
hydrophilicity caused by SP. Thus, this work shows the different effects of MMT and SPT on

ARTICLE HISTORY
Received 14 July 2020
Accepted 3 September 2020

KEYWORDS

Chitosan; silk peptide;
nanoclay; biopolymer
blends; biopolymer
nanocomposites; mechan-
ical properties; surface
hydrophilicity

chitosan-based  materials and  provides
properties.inclusion of

>

g \\./\,

Su =
=12 § =
B0 Chitosan 2
2

S g
£ s
7 &
o6 g
24 3 é
2 ”

K

N 8 &

-

& & @

Silk Peptide

1. Introduction

Natural biopolymers such as cellulose, chitin, pro-
teins, starch, and alginate are widely available, safe,
biocompatible, and biodegradable. The keen interest
aroused in utilizing these biopolymers has been
motivated by the intention to achieve greater har-
mony between the environment and human activ-
ities. Moreover, biopolymers also have unique
characteristics, with potential in value-added appli-
cations [1-3]. For example, chitosan has a structure
similar to glycosaminoglycans, is non-toxic, and has
inherent antimicrobial activity and minimal foreign
body reactions, and thus good wound healing prop-
erties [4].

The blending of different biopolymers has been
considered to be one of the most cost-effective

insights

3
8

into  achieving  balanced
=5
60 s
& @\\@ & “@‘@e &

methods to modify the bulk properties of individual
biopolymers and achieve enhanced and/or new
material properties and functionality, thus, expand-
ing the application of biopolymer materials [5,6].
For example, there has been increasing interest in
the creation of new materials with tailored structure
and properties based on chitosan and silk fibroin
(SF). Increasing the SF/chitosan ratio increases
ultimate tensile strength and elastic modulus but
decreases the water storage capacity of the blended
biopolymer scaffolds [4]. Research [7-11] has dem-
onstrated that chitosan and SF, when combined, can
be fabricated into biocompatible porous/sponge/
fibrous materials for tissue engineering, whereas
each when used alone form poor biological scaf-
folds. Chitosan/silk fibroin (SF) blend films can be
used as a wound dressing and artificial skin because
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of its good mechanical properties and water vapor
and oxygen permeability [12].

The interfacial interactions between different biopol-
ymers determine the structure and properties of the
resulting blend or composite material. Studies [9,13,14]
have suggested that strong hydrogen-bonding interac-
tions can occur between chitosan and SF. To establish
increased hydrogen bonding between chitosan and SF,
more sophisticated techniques have been used to pre-
pare layer-by-layer deposited chitosan-SF films, which
showed outstanding mechanical properties [15,16].
While studies on biopolymer materials have predomin-
antly relied on solution processing methods, which
are time- and energy-intensive, thermomechanical
processing is more cost-effective for the processing of
biopolymers (e.g. chitosan [17-19] and alginate [20]).
However, research on the thermomechanical processing
of biopolymers is still extremely limited.

In this work, using thermomechanical processing
techniques, we developed new composite materials
based on chitosan, a low-molecular-mass silk fibroin
(i.e. silk peptide, or SP) and two naturally occurring
nanoclays (montmorillonite, MMT, in the form of
two-dimensional (2D) nanoplatelets and sepiolite,
SPT, in the form of one-dimensional (1D) nano-
needles). Low molecular mass renders SP water-
soluble and easier to process. Thermomechanical
processing of highly viscous materials can effectively
enhance molecular interactions between chitosan and
SP, leading to a more homogeneous system. Under
mild acid conditions, chitosan becomes positively
charged due to the protonation of the amine group
[19,21]. The two nanoclays are negatively charged in
their natural forms due to isomorphic substitutions
occurring in the interlayer spacing between clay pla-
telets [22,23]. Therefore, ionic interaction between
chitosan and the nanoclays is expected [24,25], facili-
tating the dispersion of the nanoclays in the chitosan
matrix. The purpose of this study is to investigate
how SP and nanoclays (having different shapes) can
modify the structure and properties of thermome-
chanically processed chitosan materials.

2. Experimental section
2.1. Materials

Chitosan  (poly(f-(1,4)-p-glucosamine), derived from
crab shells, with a degree of deacetylation of >90%, and
a viscosity of about 100 mPa-s (1% solution in 1% acetic
acid at 25°C), a weight-average molar mass (M,,) of
about 1,50,000g mol ', was purchased from Shanghai
Ryon Biological Technology Co., Ltd (China). SP pow-
der, originally from Bombyx mori, with an M, of
500-30,000 g mol ™}, was supplied by Huzhou Xintiansi
Bio-tech Co., Ltd (China). MMT K 10 (surface area
220-270m*/g) and SPT were acquired from Sigma-

Table 1. Sample codes and compositions (represented as
portions by weight).

Sample code Chitosan SP MMT SPT
M1 100 0 - -

M1/M 100 0 1.5

M1/S 100 0 - 1.5
M2 50 50 - -

M2/M 50 50 1.5 -

M2/S 50 50 - 1.5

Aldrich Company Ltd (UK); Formic acid (98% w/w
AR), NaOH concentrate, and NaBr (pure) from
Scientific Laboratory Supplies Ltd (UK); Methanol (tech-
nical grade) and toluene (AR) from Fisher Scientific UK
Ltd. Deionized water was used in all experiments.

2.2. Sample preparation

A range of samples were prepared and the respect-
ive formulations and codes are shown in Table 1.
MMT or SPT was dispersed in 30 mL of water in a
small vial, which was treated with ultrasound using
a tip-type sonicator (200 W, 24kHz) for 10 min.
Chitosan and/or SP (total weight 100g) were pre-
blended using an overhead stirrer for 20 min during
which a mixture of 300mL 0.5M formic acid solu-
tion (pH = 2.03) and 30 mL of the nanoclay suspen-
added dropwise. This
absorbed by the biopolymers. The acid results in the
protonation of the amino group of chitosan (leading
to a positive charge) and disrupts the hydrogen
bonding between chitosan chains [19,21]. Then, the
pre-blended mixtures were stored hermetically over-
night in a fridge before thermomechanically mixed
and compression molded. In the sample codes, ‘M1’
refers to when chitosan only was the matrix while
‘M2’ indicates the matrix was chitosan/SP; ‘M’ and
‘S’ represents ‘MMT’ and ‘SPT’, respectively.

The thermal kneading was carried out at a tem-
perature of 80°C using a HAAKE Rheomix OS
batch mixer (Thermo Fisher Scientific, Waltham,
MA, USA) with counter-rotating rotors operating at
a speed of 30rpm for 15min. The thermally
kneaded materials were then hot-pressed into films
using a COLLIN P200 P/M platen press (COLLIN
Lab and Pilot Solutions GmbH, Ebersberg,
Germany). The mold used had an interior size of
100mm X 100mm and a thickness of 1 mm. The
conditions used for hot pressing were, firstly hold-
ing at 80°C and 200bar for 10min, followed by
cooling to room temperature (RT) for 5min. Then,
the hot-pressed films were soaked in methanol for
3h, and then in 0.5M NaOH solution for one day,
followed by thorough washing with distilled water
to remove residual chemicals. Methanol may allow
SP to undergo conformational changes (i.e. the for-
mation of f-sheets, possibly leading to enhanced
mechanical properties and reduced hydrophilicity);

sion was mixture was



and NaOH solution could neutralize the acid and
enhance the biopolymer mechanical properties [26].

The sheets obtained were cut into Type V dumb-
bell-shaped specimens according to ASTM Standard
D638-14. All specimens were stored in desiccators
maintained at 57% relative humidity (RH) using
saturated NaBr for 3 weeks before characterization.
Toluene was placed in an open beaker, which was
then placed in the desiccator to prevent the samples
from becoming moldy.

It was not possible to make films based on SP
alone, as it became a low-viscosity gel after process-
ing. We also tried SF (M, about 250,000g mol ',
from the same supplier) instead of SP for processing
alone or blending with chitosan but plasticized
materials could not be achieved using the same
processing methodology.

2.3. Characterization

Scanning electron microscopy (SEM) imaging was
undertaken using a ZEISS SIGMA field-emission
FEG-SEM (Carl Zeiss AG, Oberkochen, Germany)
with an acceleration voltage of 2kV for chitosan
and SP powders or 6kV for the processed biopoly-
mer-based films. Films were first cryo-fractured
using liquid nitrogen and sputter-coated with Au/Pd
before examination.

Transmission electron microscopy (TEM) imag-
ing was performed using a Talos F200X microscope
(Thermo Fisher Scientific, Waltham, MA, USA) on
ribbons of 60nm thick sectioned from epoxy-
embedded sample blocks. The instrument was
equipped with an extreme Schottky field emission
gun and a Super-X EDS (energy-dispersive X-ray
spectrometry) system with integration of four silicon
drift detectors. Scanning TEM (STEM) mode was
operated at 200kV with a screen current typically
down to about 0.2nA to minimize sample drifting
effects. High-angle annular dark field (HAADF)
images and bright field (BF) images were simultan-
eously acquired using Velox imaging software.

X-ray diffraction (XRD) was carried out using a
PANalytical ~Empyrean  X-ray  diffractometer
(Malvern Panalytical Ltd, Malvern, UK) with a Co
target (Ke=1.790307 A) and a PIXcellD (RTMS
type) detector at 40kV and 40mA. Data was
recorded for an angular range 20=6-40°, with a
step size of 0.0263° and a total scan time of 46 min.

Fourier-transform infrared (FTIR) spectra were
recorded using a Bruker TENSOR 27 FTIR spectrom-
eter (Bruker Corporation, Billerica, MA, USA) with
an attenuated total reflectance (ATR) accessory. For
each spectrum, 32 scans were recorded over the
range of 4000-500 cm~ ! at RT (about 22°C) at a
resolution of 4cm™!, co-added and Fourier-
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transformed. The background spectrum was recorded
in air and subtracted from the sample spectra.

Tensile tests were performed using an Instron
3367 universal testing machine with a 1kN load cell.
A low constant crosshead speed of 3 mm/min was
used due to the brittle nature of the biopolymer films
[26]. As the specimens were in the form of thin
sheets, specimen extension was measured by grip sep-
aration as recommended in ASTM Standard D882.
Young’s modulus (E), tensile strength (o), and elong-
ation at break (e,) were automatically determined
with slack correction using Instron Bluehill 3 soft-
ware from at least seven replicates of each sample.

A Mettler Toledo TGA (Mettler Toledo, Columbus,
OH, USA) was used for thermo-gravimetric analysis
(TGA) under nitrogen from 25 to 700°C at 10 K/min.
A sample mass of about 3 mg contained in a 70 uL alu-
mina crucible was used for each measurement.

Contact angle data were acquired by sessile tests
at RT based on the Young-Laplace equation using
an Attension Theta Lite instrument (Biolin Scientific
UK, Manchester, UK). Contact angle values at 0s
and 60s (0. and 0O, respectively) were acquired
for each sample.

Dynamic mechanical thermal analysis (DMTA)
was undertaken using a Tritec 2000 DMA instru-
ment (Triton Technology Ltd, Nottinghamshire,
UK) in tension mode with a sample length of
10 mm. Temperature scans were carried out from
—100 to 110°C at a heating rate of 2 K/min, a fre-
quency of 1 Hz, and a displacement of 0.02 mm. The
dynamic storage modulus (E'), loss modulus (E”),
and loss tangent (tan 0 = E"/E’) were automatically
calculated by the software program.

3. Results and discussion

The SEM images (Figure 1) show that both MMT
and SPT were agglomerated (at this magnification)
with diameters up to 30 um. SPT was also bundled
as needle-like nanostructures [23,27-29]. Chitosan
was in the form of agglomerates with diameters up
to about 200 um and as fibrous structures as long as
a few hundred pm (more images not shown here).
SP formed globules with holes of different sizes on
the surface and a hollow inside with a particle diam-
eter ranging from about 10pum to 130 um (more
images not shown here). These original structural
features of biopolymers were destroyed by process-
ing, resulting in cohesive materials.

Figure 2 displays the STEM images of the differ-
ent samples. By way of example, for M1/M, both
STEM-BF and STEM-HAADF images and a high
magnification STEM-HAADF image are shown
where, only STEM-BF images are shown for the
other composite samples. Since HAADF images
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Chitosan |

Figure 1. Scanning electron microscopy (SEM) images of chitosan, SP, MMT, and SPT, as well as cryo-fractured surfaces of the

different biopolymer-based films.

Figure 2. Scanning transmission electron microscopy (STEM) images of the different biopolymer-based films. BF, bright field;

HAADF, high-angle annular dark field.

reveal mass-thickness contrast [30], the MMT (or
SPT) appear bright in the images and vice versa the
clay particles are seen as black or deep grey in the
STEM-BF images. The processing protocol adopted
in this work achieved excellent nanoclay dispersion

in both the chitosan and chitosan/SP matrices, for
all samples.

For the chitosan/SP matrix, it is apparent that the
two biopolymers were homogeneously mixed as no
fine-scale ‘domains’ were observed in the STEM



images, consistent with the observations made from
SEM imaging. Hydrogen bonding has been considered
to occur between chitosan and SF [9,13,14,31] and
this should also be the case for the chitosan/SP
matrix here.

The STEM images of M1/M show that the MMT
generally has a size of <200nm in length and
<50 nm in width. In contrast, SPT in chitosan (M1/
S) presents a relatively elongated shape (bundles of
needles), although they are comparable to the MMT
in size. The shear stress applied during thermo-
chemical processing could physically break down
the nanoclay agglomerates. Moreover, the use of
chitosan/SP as the matrix instead of chitosan only
resulted in more agglomerates and poorer dispersion
of either MMT or SPT particles. It is likely, the
introduction of the low-molecular-mass SP phase
reduced the viscosity of the polymer matrix, result-
ing in lower shear stress during processing, leading
to less effective dispersion of the clay particles.

Using XRD, the crystalline structures of chitosan,
SP, MMT, SPT, and the different processed biopoly-
mer films were examined (Figure 3). Chitosan dis-
played two major peaks at about 12.0° and 23.3° 20
[17,32]. The peak at 12.0° ((020) reflection, d-spacing
= 0.86nm) is assigned to the hydrated crystals due to
the integration of water molecules in the crystal lattice;
and the peak located at 23.3° 20 ((100) reflection, d-
spacing = 0.44nm) is attributed to the regular crystal
lattice of chitosan [33]. SP displayed a sharp peak at
23.8° 20 (d-spacing = 0.43nm) and smaller peaks at

(a)

200k
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o N o o
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[ [
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52829
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20 angles of 18.4° (0.56nm), 25.7° (0.40 nm), 32.9°
(0.32nm), and 37.4° (0.28 nm). These peaks are char-
acteristic of the silk I structure [34,35], while some
undefined crystalline structure may also exist.

MMT has a reflection peak at 10.3° 20, corre-
sponding to a dgo; basal spacing of 1.00 nm [36-41].
SPT showed a characteristic (110) peak at 8.5° 20,
corresponding to a d-spacing of 1.21nm [42-44].
This peak is associated with the typical feature of
zeolitic pores inside the SPT needles formed by
covalent bonds, which generally cannot be altered
by processing [42,44].

Similar to the case for unprocessed chitosan, M1,
M1/M, and M1/S had XRD curves with two apparent
peaks at about 12.0° and 23.6° 20, although the
intensities of these peaks were less than that obtained
for unprocessed chitosan. In addition, for all chitosan
films, there was a peak at 26.2° 20 ((110) reflection,
d-spacing = 0.39 nm), which was also observed previ-
ously for thermally processed chitosan [17,18,32,33].
This XRD reflection could also be attributed to the
crystal lattice of chitosan [33].

As M1/M did not show the characteristic MMT
peak at 10.3° 20, the MMT layers were delaminated
by the processing step. MMT platelets are negatively
charged and have a hydrophilic character [22].
Chitosan, a polycation under acidic conditions,
could effectively interact with the negatively charged
layers of MMT, functioning as an organomodifier
(surfactant) [22,25]. Therefore, a high affinity
between the chitosan matrix and MMT results from

(b)
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Figure 3. X-ray diffractograms for (a) chitosan, SP, MMT, SPT and (b) the different biopolymer-based films. The reference line
indicates the characteristic peak positions of chitosan (12°, 23.3°, and 26.2°), SP (17°, 18.4°, 19.7°, 23.8°, 25.7°, 32.9°, 36.1°,

and 37.4°), MMT (10.3°), and SPT (8.5°).
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Figure 4. Fourier transform infrared (FTIR) spectra for (a) chitosan, SP, MMT, SPT and (b) the different biopolymer-based films. The
references lines indicate the characteristic peak positions of chitosan (1643cm™", 1,572cm™", 1,377cm ™", 1,256cm™", 1,151 cm™",
1,065cm ", 1,022cm ", and 898cm ') and SP (1524cm ™, 1,234cm ™, and 648cm ™).

electrostatic and hydrogen-bonding interactions and,
thus, excellent dispersion of MMT nanoplatelets in
chitosan could be expected. In contrast, the charac-
teristic peak of SPT at 8.5° 20 is still present in the
XRD pattern of M1/S, although at a slightly higher
angle (8.8° 20), associated with the non-swelling
nature of SPT (i.e. the zeolitic pores could not be
affected by processing) [42,44]. Since SPT is also
negatively charged [23,24], protonated chitosan,
which is positively charged, can also strongly inter-
act with SPT via electrostatic attraction and hydro-
gen bonding. Due to these interactions, chitosan
molecules may even enter the zeolitic channels,
resulting in slightly decreased channel spacing.

For M2, the characteristic chitosan peaks at 12.0°,
23.3° and 26.2° 20 were still apparent. No SP features
were evident, suggesting its original structure was
completely destroyed by processing. M2/S also showed
the characteristic SPT peak at 8.5° 20 as was the case
for M1/S. Compared with M2/S, M2/M displayed less
intense reflections at 23.3° and 26.2° 20, suggesting
that the re-crystallization of chitosan was inhibited to
some extent by the presence of MMT. Moreover, the
(001)-reflection of MMT was not observable for M2/
M, indicating sufficient delamination of MMT.

FTIR analysis was undertaken in an attempt to
understand the molecular interactions between the
components of the biopolymer films (Figure 4). The
characteristic absorption bands for chitosan, SP,
MMT, and SPT are summarized in Table 2.

From Figure 4(b), it can be seen that M1, M1/M,
and M1/S displayed similar FTIR spectra. The charac-
teristic peaks of unprocessed chitosan were largely
maintained but shifts in peak position could be seen.
The significant change to the doublet at 1065cm ™"
(representing asymmetric C-O-C stretching in the
glycosidic linkage) and 1022cm™' (-C-O- stretching
of glucosamine) may be due to the disruption of the
original chitosan structure. The peak at 1572cm™
(amide II or the amino group of chitosan) underwent
a blue shift especially with inclusion of the nanoclays.
The peak at 1256cm ™' (amide III) was slightly red-
shifted. In this regard, the amino (-NH,) and amide
(containing -NH-) groups should be involved in
hydrogen-bonding  interaction = for the  proc-
essed materials.

M2, M2/M, and M2/S all showed strong character-
istic FTIR bands associated with chitosan, whereas
the characteristic peaks of SP were not apparent. The
characteristic amino and amide bands of SP may
combine with those of chitosan. The intermolecular
hydrogen-bonding interaction between the two bio-
polymers should be associated with the amide groups
(containing -NH-) of SP and the carbonyl (C=0)
and amino (-NH,) groups of chitosan (not 100%
deacetylated) [9,13,14,31]. This could also be demon-
strated by a greater shift of the peak at 1572cm ™" for
M2 than for M1. For chitosan/SP matrix, inclusion of
MMT resulted in a greater peak shift, indicating
strong interactions between chitosan and MMT.
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Table 2. FTIR bands and assignments.

Bands (cm™") Assignment Refs
Chitosan
1190-920 cm ™" C-N stretching [45]
1150-1040 cm ™" Asymmetric C-O-C stretching in glycosidic linkage [46]
1022cm ™! Skeletal vibration (-C—O- stretching) of glucosamine [13,45,47]
1643cm™" Amide | [9,14,16,31,45-51]
1572cm™’ Amide II; Amino group (-NH,) of chitosan [9,14,16,31,45-51]
1256cm™" Amide Il [9,14,16,31,47-51]
1377 cm™! CH; symmetrical deformation mode [45,46,48,51]
SP
1585¢cm ™! N-H bending of primary and secondary amines [35,52-54]
1524cm™" Amide Il (random coil structure) [35,52-54]
1234cm™! Amide Il (random coil structure) [35,52-54]
640-644 cm ™! Amide V (random coil structure) [35,52-54]
MMT
1001 cm™' Si-0 stretching [25,55,56]
1632cm ™! H-0-H deformation of the interlayer H,0 [25,55,56]
SPT
964cm™" and 1,029 cm ™’ Stretching of Si-O in the Si—O-Si groups of the tetrahedral sheet [28,57,58]
1659cm ™" O-H stretching, from bound water coordinated to magnesium in the octahedral sheet [28,57,58]
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Figure 5. Mechanical properties (a) Young's modulus, (b) tensile strength, and (c) elongation at break of the different biopoly-
mer-based films. The error bars represent standard deviations.

Figure 5shows the mechanical properties of the dif-
ferent biopolymer films. Overall, inclusion of MMT
and SP strongly affected the ¢, E, and ¢, of the bio-
polymer films. Compared with M1, M1/M displayed

1159+ 145MPa) and o,

significantly increased E (from 654+319MPa to
(8.1+4.7MPa to
1.7 MPa) but similar &, (1.5+£0.4% to 1.9+0.6%). The
reinforcement effect of MMT on thermomechanically

14.8 +
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Figure 6. Loss tangent (tan J) curves measured by dynamic
mechanical thermal analysis (DMTA) for the different bio-
polymer-based films.

processed chitosan materials has also been reported pre-
viously [18]. Compared with M1, M1/S presented simi-
lar E (425+118 MPa) and higher o, (13.0+2.0 MPa)
and &, (4.3+0.9%). In this regard, compared with SPT
nanoneedles, the larger surface area of rigid MMT nano-
sheets could result in more effective interfacial stress
transfer and facilitate uniform stress distribution, leading
to more enhanced mechanical properties. Moreover, all
the chitosan films (M1, M1/M, and M1/S) had quite
small ¢, values, indicating a brittle nature. This could also
correspond to the high glass transition temperatures ()
of the biopolymer films (see Figure 6).

Compared with M1, M2 exhibited similar o,
lower E (56+19MPa) but largely increased &,
(41.6 +5.3%). Therefore, the interaction of the low-
molecular-mass SP with chitosan may have limited
the interactions between chitosan chains (see FTIR
results), leading to a plasticization effect. With
inclusion of MMT, M2/M achieved a notable
improvement in E (207 71 MPa, 3.6 times that of
M2) and o, (9.7+1.2MPa, 1.5 times that of M2)
with reduced &, (13.9+10.2%, 33% of that of M2).
In contrast, inclusion of SPT did not afford any
mechanical enhancement on the chitosan/SP matrix;
in this case, the mechanical properties of the blend
matrix could be predominately determined by the
included SP. M2/S even displayed lower g, than M2
(19.3+9.7%, 46% of that of M2). This, again, shows
that SPT was not as effective as MMT in enhancing
the mechanical properties of the biopolymer(s) and
could even result in stress concentrators in the matrix
possibly due to agglomeration of the nanoclay.

For composites of polymers and nanoclays, a
modified Halpin-Tsai model has been proposed [59]:

E, = By, (L0 M)

where E. is the Young’s modulus of the composite,
E,, is the Young’s modulus of the polymer matrix, o is
aspect ratio, MRF is modulus reduction factor (0.66),

Iy

— Em
= %-&-2& (2)
and
wE
— Pt
Vf = (7w) (3)
e Pm

Equation (3) converts weight fraction of the filler
(wg) into volume fraction (V;) based on the densities
of the filler and the matrix (pf and p,,, respectively).
With Ef ~ 170 GPa, a~28 [59], pf for MMT =
19g/cm®, and p,, for the biopolymer matrix
assumed to be 1.2 g/cm3, E. can be estimated to be
846 MPa for M1/M and 76 MPa for M2/M, which
are lower than the experimental E values of these
two composites, 1159 MPa and 207 MPa, respect-
ively. In this regard, the increase in E with addition
of a nanofiller is not due to a single reinforcement
effect but is also impacted by the variation in hydro-
gen-bonding between biopolymer chains [60].

The thermal stability of the different biopolymer
films was studied using TGA with the plots of
weight as a function of temperature shown in
Figure 7(a,b). It can be seen that MMT and SPT
were quite thermally stable until the end of meas-
urement (700 °C) while chitosan, SP, and the differ-
ent biopolymer films started a major weight loss
after about 200 °C.

For better examining the degradation steps, the
plots of derivative weight as a function of tempera-
ture were shown in Figure 7(c). For chitosan, there
was a large thermal decomposition peak spanning
from about 200 °C to 400 °C, with a peak maximum
(T4) at 296°C, in agreement with previous reports
[18,26,32]. SP displayed a broad thermal decompos-
ition peak starting from about 130°C and ending at
470°C, with a doublet of peaks at 221°C and
232°C [26], which is most likely related to the
breakage of peptide bonds (de-polymerization) and
the pyrolysis of the de-polymerized products [9].
Heating to 700°C did not result in a major weight
loss for MMT or SPT. For both nanoclays, there
was evaporation of free moisture and/or zeolitic
water before 100°C and, for SPT, a loss of coordi-
nated water between 200 °C and 290 °C [61].

Like chitosan, M1 displayed one major weight loss
with Ty = 274°C, some 22°C lower than that of chi-
tosan itself. Additionally, there was a small shoulder
process at about 230 °C, which might be due to the
de-polymerization of chitosan. The decreased thermal
stability of processed chitosan could be ascribed to
the lower crystalline content and/or reduced molecu-
lar ~ weight resulting from thermomechanical
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SP and chitosan, respectively.

processing. Compared with M1, M1/M and M1/S did
not show variation to Ty (remaining at 276 °C).

M2 also had a major weight loss with Ty at
268 °C and a small shoulder at 239°C, attributed to
the main decomposition step and initial de-

polymerization, respectively. The thermal decompos-
ition of individual biopolymers is not identifiable,
suggesting strong interactions between chitosan and
SP. However, T4 was 5°C lower than that for M1,
suggesting the thermal stability of chitosan was
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reduced slightly by addition of SP. M2/S did not
display any improvement in thermal stability as Ty
remained unchanged at 268°C. In comparison, for
M2/M, Ty increased to 275°C, similar to that for
the chitosan films (M1, M1/M, and M1/S). This
enhancement can be attributed to the layered struc-
ture of MMT, which could effectively retard the
transfer to pyrolysis products [62,63].

Surface wettability (hydrophilicity/hydrophobi-
city) is particularly important for biocompatibility
and cell adhesion [64]. Cell adhesion occurs prefer-
entially on moderately water-wettable polymer sur-
faces [65]. Figure 8 shows the 0. and O.0s values
for the different films. M1, M1/M, and M1/S dis-
played similar 0. (106°-108°) and 0.5 (82°-91°),
suggesting a negligible effect of the nanoclays on the
surface wettability of the chitosan film.

Compared with M1 (0.5 = 108 £9° and 005 =
89+12°), M2 displayed significantly reduced 0o
(66 £12°) and O.0s (35%7°), confirming that SP is
much more hydrophilic than chitosan. This result is
expected, as SP is water-soluble and, has silk I and
random coil structures (see FTIR and XRD discus-
sion sections). Inclusion of MMT to this system
notably decreased hydrophilicity. For M2/M 0. =
92 +11° and 0.5 = 61 £10°. For M2/S, the respect-
ive values are 101+6° and 85%11°. Although
MMTs are hydrophilic, they should be less hydro-
philic than SP. Effective dispersion of the MMT
could interrupt and restrict the interactions between
the biopolymers and water. SPT was more effective
at enhancing the surface hydrophobicity of the
hybrid biopolymer films. As M1/S and M2/S had
similar 0.5, and 0. values, SPT fully counteracted
the increased surface hydrophilicity caused by SP.

4. Conclusions

Chitosan and chitosan/SP films were successfully pre-
pared by thermomechanical processing. Morphological,
XRD and FTIR results demonstrate compatibility and
strong hydrogen bonding interactions between chitosan
and SP. Blending SP with chitosan led to a material
with greater elasticity despite reduced mechanical
strength, as well as greater surface wettability and lower
thermal stability. Excellent dispersion of MMT nanopla-
telets and SPT nanoneedles in both chitosan and chito-
san/SP matrices was demonstrated. For the chitosan
matrix, both MMT and SPT resulted in increased
mechanical properties with MMT being more effective
probably due to its rigid 2D layered structure and high
surface area, but both had minor effects on thermal sta-
bility and surface wettability of the biopolymer matrices.
For the chitosan/SP matrix, inclusion of MMT resulted
in increased mechanical properties and thermal stability.
Nonetheless, SPT was more effective than MMT at
reducing the surface hydrophilicity of chitosan/SP and
SPT fully counteracted the increased surface hydrophil-
icity that results on inclusion of SP in the formulation.
Thus, this work has shown that properties of chitosan
can be modified by inclusion of SP or different nano-
clays as a route to tailoring more desired properties
(balanced hydrophilicity and mechanical properties) for
high-value applications (e.g. antimicrobial wound heal-
ing and tissue engineering).
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