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In the current study, a chitosan/silk fibroin blend was developed as a sustainable, cost-effective and bioactive
material for embedding zinc oxide nanoparticles. Zinc oxide nanoparticles with the diameter less than 10 nm and
uniform size distribution were examined with different characterization tools. The chitosan/silk fibroin/zinc
oxide nanocomposite exhibited the advantage of broad antibacterial activities against bacteria. The
hydrophilicity and swellability were significantly improved after the blending of chitosan and zinc oxide. The
results exhibited that the chitosan/silk ﬁbroin/zinc oxide, a disinfection nanocomposite for effective inhibition of
bacterial growth, holds great promise for biomedical applications, especially in wound dressing.
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INTRODUCTION
Zinc oxide nanoparticles have received considerable interest as a promising material due to their
non-toxicity, cost-effectiveness and high adsorption capacity.1 Moreover, these particles were recently
applied in many applications, such as catalysis,2 biomedical applications,3 textiles, cosmetics and food
additives.4 In addition, zinc oxide nanoparticles are reported as a safe material with broad antibacterial
activities.5,6 Due to their unique properties, zinc oxide nanoparticles have been utilized as reinforcing
ﬁller in polymer composites. The major challenge here is to mineralize small-sized zinc oxide
nanoparticles with uniform size distribution, orientation and shape.
Natural polymers have relatively rarely been studied in the context of inorganic mineralization.
During the last few years, our research group has made significant progress in studying the effects of
natural polymers, especially polysaccharides, for the biomimetic growth of calcium phosphate.7,8
Moreover, these studies present new polysaccharide/calcium phosphate hybrid materials as a candidate
for bone tissue engineering.
Organic matrix mediated biomineralization systems, such as collagen, amino acids and
polyelectrolytes, have been found to play an important role as templates for controlling inorganic
nanoparticles like hydroxyapatite in living organisms.9 Inspired by biomineralization, polymers with
charged functional groups have been used for inducing nucleation of inorganics, such as calcium
phosphate,10,11 calcium carbonate12 and titanium oxides.13 Chitosan has been studied in different
biomedical applications due to its ready availability, biocompatibility and osteoconductivity.14,15
Although neat chitosan has many properties required for tissue engineering scaffolds, it is too brittle in
aqueous solution to be used in cyclical loading applications. Several techniques have been used to
overcome the drawbacks of chitosan in biomedical applications.16-18 Among them, blending with
bioactive and functionalized polymers has been reported as a strategy for improving its physical
properties.
Silk fibroin, extracted and puriﬁed from silkworm (Bombyx mori) cocoons,19 has recently gained
increasing interest as a biomaterial due to its biocompatibility, relatively slow degradation in vivo,
excellent mechanical performance and its ability to induce minimal immune and inﬂammatory
responses when implanted in the body.20 Silk fibroin is composed of 17 amino acids and has been
recently utilized in bone regeneration,21 wound dressing22 and drug delivery.23 In the field of inorganic
mineralization, hierarchically porous silk fibroin octacalcium phosphate showed greatly enhanced
cellular responses with considerable potential for hard tissue applications.20 Lijie Liu et al.24
investigated calcium carbonate mineralization in the presence of silk ﬁbroin. The resulting

monodisperse vaterite microspheres have good encapsulation efficiency and pH sensitivity as drug
carriers for doxorubicin.
The present study describes the use of a completely green material prepared from chitosan/silk
fibroin as a bioactive blend for zinc oxide mineralization. The developed chitosan/silk fibroin/zinc
oxide nanocomposite is expected to find promising applications in wound healing.
EXPERIMENTAL
Materials
Chitosan, with a molecular weight from 190,000 to 370,000 Da and degree of deacetylation not less than
75%, was purchased from Sigma-Aldrich. Lithium bromide and zinc acetate dehydrate were also obtained from
Sigma-Aldrich. All the reagents were of analytical grade and used as received without further purification.
Preparation of regenerated chitosan/silk ﬁbroin blend and zinc oxide precipitation
Bombyx mori cocoons were purified from their sericin content, using the method reported by Qi et al.25
Briefly, sericin protein was removed by boiling the silkworm cocoons for 40 min in an aqueous solution of 0.5%
(w/v) Na2CO3 and then rinsing them thoroughly with boiled distilled water. The purified silk fibers were
dissolved in 9.3 mol/L LiBr solution at 60 °C for 1 h. The solution was dialyzed in deionized water at room
temperature for 3 days to remove LiBr. The ﬁnal concentration of the silk ﬁbroin was 6.0% (w/v), which was
determined by drying a known volume and weighing. The dialyzed silk ﬁbroin aqueous solution was collected
and stored at 4 °C until further use. After preparing a 2% chitosan solution in 2% acetic acid, the chitosan/silk
ﬁbroin blend was prepared by mixing the chitosan and silk fibroin solutions in a 50:50 ratio (wt:wt) under
continuous stirring for 6 hours. The chitosan/silk ﬁbroin blend was coagulated by pouring excess ethanol until
complete precipitation. Then, the coagulated chitosan/silk ﬁbroin was subjected to filtration and freeze drying.
The regenerated chitosan/silk ﬁbroin blend was immersed in a 2% zinc acetate solution, followed by adding 0.1
M sodium hydroxide solution until it reached pH 7. The mixture was kept under stirring for 1 hour and then the
blend was removed, washed thoroughly with deionized water to remove the solvent and impurities. After drying
at 70 °C for 12 h in a vacuum oven, the chitosan/silk/zinc oxide composite was obtained.
Swelling studies
The kinetic swelling of the blends was measured in distilled water before and after zinc oxide mineralization.
Swelling% during 24 h was calculated by the following equation:
Swelling% = (Wt – Wo/Wt)×100
(1)
where Wo is the initial weight and Wt the final weight of the blends at time t.
Antibacterial test
The antibacterial activities of the chitosan/silk fibroin and chitosan/silk fibroin/zinc oxide nanocomposite
were evaluated using the agar disk diffusion method against Escherichia coli (E. coli) and Staphylococcus
aureus (S. aureus).3 The antibacterial activity was measured against 25 μL of aqueous dispersion solution. After
24 h of incubation at 37 °C, the diameters of the inhibition zones were measured at least three times and the
results were given as average values.
Characterization
Attenuated total reflection-Fourier transform infrared spectroscopy (ATR-FTIR) was performed on a Thermo
Nicolet FT-IR Nexus 470 with a diamond crystal. Scanning electron microscopy (SEM) was done on a Quanta
250 FEG (Field Emission Gun), provided with an EDX Unit (Energy Dispersive X-ray Analyses), with an
accelerating voltage of 30 K.
Transmission electron microscopy (TEM) images were taken with a JEOL JEM-2100 electron microscopy at
100k× magnification, with an acceleration voltage of 120 kV. Contact angle measurements were performed on
the samples (in the form of compressed discs) on a Digidrop GBX. In all the measurements, Milli-Q water was
used.

RESULTS AND DISCUSSION
The current study investigates the capability of natural and sustainable polymers, such as chitosan
and silk, to form homogenous and bioactive blends, followed by embedding zinc oxide nanoparticles.
The conformation of the functional groups of chitosan, regenerated silk ﬁbroin, chitosan/silk ﬁbroin
blend was investigated by FT-IR spectroscopy, as shown in Figure 1. The broad band around 3450
cm−1 is attributed to –NH, –OH stretching vibrations of chitosan molecules. The weak band at 2921
cm−1 is ascribed to –CH– stretch of chitosan. Moreover, chitosan exhibits peaks at 1652 and 1535 cm−1,

which can be assigned to amide Ӏ and amide ӀӀ, respectively. After blending with regenerated silk
fibroin, the bands assigned to the peptide backbone of amide I (1624 cm-1) and amide II (1525 cm-1)
absorptions were remarked, which may attributed to silk ӀӀ structure.12
The prepared zinc oxide based nanocomposite was investigated using various polysaccharides as
growth modifiers.26,27 The surface morphology of the regenerated chitosan/silk fibroin blend, before
and after zinc oxide formation, was investigated using SEM. As can be seen in Figure 2, the surface
morphology of the blend is relatively homogenous. Moreover, the silk-rich phase and the chitosan-rich
phase cannot be easily distinguished in this image. It can also be inferred that the chitosan interacts
with the dissolved silk fibroin during blend formation and there is a good adhesion between the two
phases. The formed zinc oxide layer shows the presence of microplates with ~1 µm length. These
plates consist of zinc oxide nanoparticles with the diameter of ~50 nm, as shown in Figure 2C. Zinc
oxide nanoparticles appear to be more distinct and uniform, likely due to the interaction between the
chitosan/silk fibroin blend and the formed nanoparticles, which decreases the attractive forces among
nanoparticles, reducing their aggregation tendency.
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Figure 1: FTIR spectra of chitosan (A), silk fibroin (C) and chitosan/silk blends (B)

Figure 2: SEM of chitosan/silk fibroin blends before (A) and after (B and C) zinc oxide mineralization

Figure 3: TEM image of chitosan/silk fibroin/zinc oxide hybrid

Direct proof of the formation of the chitosan/silk fibroin/zinc oxide nanocomposite is given by
transmission electron microscopy (TEM), as shown in Figure 3. The nanocomposite is homogeneous
and consists of densely packed nanospheres with a mean diameter of ~10 nm, which is smaller than
that of the nanoparticles reported in the literature.26,28 High resolution transmission electron
microscopy showed 2D lattice fringes of the nanocrystal particles with a distance ~0.25 nm between
the adjacent lattice consistent with (100) reflection of zinc oxide nanoparticles. The selected area
electron diffraction revealed the high crystallinity of the formed zinc oxide nanoparticles.
The polarity of the materials was determined by measuring the contact angle of the blend samples,
as shown in Figure 4. Chitosan, a hydrophilic polymer, has amphiphilic character and a water contact
angle of about 87° ± 4. The contact angle decreased to 68° ± 3 after blending with silk fibroin, which
may refer to an increase in hydrophilicity and wettability. The increasing hydrophilicity was expected
to increase the contact between the blend surface and zinc oxide nanoparticles. Moreover, Figure 4
shows that the water contact angles of the chitosan/silk fibroin/zinc oxide hybrid film decreased from
68° to 45°, indicating that the surface of the chitosan/silk fibroin/zinc oxide nanocomposite is more
hydrophilic. Moreover, the swelling% of the blends showed a significant increase from 107% to 131%
after blending the chitosan with silk fibroin. However, there is no significant change in swelling%
after zinc oxide mineralization, which supports the role of zinc oxide nanoparticles as crosslinking
points between the polymer chains, preventing their expansion. This significant improvement in the
hydrophilicity of the nanocomposite will be beneficial for cell adhesion, growth and wound healing
applications.
Two strains, including a Gram-negative one (E. coli) and a Gram-positive one (S. aureus), were
used for assessing the antimicrobial activity of the developed material. After calculating the
antibacterial inhibition zone based on the disc diffusion method, the chitosan/silk fibroin blend was
found not to exhibit any antimicrobial activity against Gram-negative or Gram-positive bacteria, as
shown in Figure 5. However, the chitosan/silk fibroin/zinc oxide nanocomposite displayed an
inhibition zone for both types of bacteria. The differences in the antimicrobial results may be due to
the difference in the susceptibility of different bacteria to the prepared chitosan/silk fibroin/zinc oxide
nanocomposite. The antibacterial mechanism of zinc oxide nanoparticles has not been completely
understood yet. The most possible mechanism explains the antibacterial activity based on the zinc ions
released from the zinc oxide nanoparticles, which strongly bind to the thiol groups on the cellular
surface, leading to bacterial cell death.5 The present study indicates that the chitosan/silk fibroin/zinc
oxide nanocomposite presents excellent antibacterial activity against both Gram-negative and Grampositive organisms. The combination of all these beneficial qualities makes the prepared
nanocomposite suitable for biomedical applications.

Figure 4: Swelling % and water contact angles of chitosan, chitosan/silk fibroin blend and chitosan/silk
fibroin/zinc oxide nanocomposite

Figure 5: Representative photographs of the antimicrobial activity of chitosan/silk fibroin and chitosan/silk
fibroin/zinc oxide nanocomposite against Staphylococcus aureus (left) and Escherichia coli (right)

CONCLUSION
In summary, an environmentally friendly chitosan/silk fibroin/zinc oxide nanocomposite was
prepared. Zinc oxide nanoparticles with uniform size were well dispersed on the surface of the
chitosan/silk fibroin blend. The high crystallinity of the zinc oxide nanoparticles observed in this study
suggested that natural polymers can serve as valuable mineralization additives for developing
advanced nanocomposite materials. The prepared nanocomposite displayed highly effective
antibacterial activity for different bacteria, which recommends the chitosan/silk fibroin/zinc oxide
nanocomposite as a promising antibacterial agent for wound dressing.
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