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Nanofibers mats of chitosan (CTS)/polyvinyl alcohol (PVA)/halloysite nanoclay and drug
loaded CTS/PVA/halloysite  nanoclay//3-glycidyoxypropyl — trimethoxysilane  were
fabricated using the electrospinning method. Electrospun nanofiber samples were
characterized by Fourier transform infrared spectroscopy (FTIR), scanning electron
microscopy (SEM), and thermogravimetric analysis (TGA). FTIR confirmed the chemical
and physical bonding among ingredients such as CTS, PVA, nanoclay and crosslinker in
the nanofibers. SEM images showed the development of uniform nanofibers. The average
nanofiber diameter was observed in the range of 50-200 nm. Antimicrobial activity was
examined against E. coli and S. aurus bacteria. The results obtained indicated that all
nanofiber samples showed significant antimicrobial activity against the Gram-positive as
well as Gram-negative bacteria. TGA results indicated that the thermal stability of
nanofibers increased with the addition of the crosslinker. The drug release was studied
in phosphate buffer saline (PBS) solution (pH 7.4) at 37°C and was released from
nanofibers in 2.5h. Hence, these prepared nanofibers can be used in medication
where the drug is required for a long duration.

Keywords: chitoan, controlled release, crosslinked, nanofiber, silane

1 INTRODUCTION

Nanotechnology has been utilized extensively with different compositions and biological properties
in medicine for therapeutic drug delivery, tissue engineering applications, and the development of
treatments for a variety of diseases and disorders. The high surface are a to volume ratio of
nanomaterials can also be used in composites, chemical reactions, and energy storage applications
(Suri et al., 2007; Shi et al., 2010; Safari and Zarnegar, 2014; Sutradhar and Amin, 2014). A fiber is an
elongated, slender, and thread-like structure. The term “nanofiber” means that the fibers have a
diameter in the nanometer range. These nanofibers are referred to as superfine, ultrafine, and
submicron fibers (Adam et al., 2013). The electrospun nanofibers are very small in size, and they have
many distinctive properties that allow them to be used in many small places. They also have a high
surface area to volume ratio which significantly changes the physical, chemical, and morphological
properties of the nanofiber mats (Mishra et al., 2019). The large surface area of nanofibers makes
them appropriate for use in new technologies which need a smaller size and smaller environments to
take place the chemical reactions. Chemical reactions speed up with increasing the surface area.
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Nanofibers can be produced by using several methods, such as
self-assembly, phase separation technique, drawing method,
electrospinning, and template synthesis. Electrospinning is a
unique, easy, flexible, efficient, and cost-effective process for
the fabrication of continuous nanofibers using a high potential
electric field with a diameter range from 10nm to several
hundreds nanometers. Compared to other techniques,
electrospinning is the most efficient method to produce nano
or microscale nanofiber from a polymer solution using a high
voltage electrical field that induces charges to the polymer
solution. An electrically charged jet is expelled from the needle
tip when the surface tension of the polymer solution is overcome
by the electrostatic forces and nonwoven nanofibers mat are
formed and collected on the collector (Yu et al., 2009; Sirin et al.,
2013).

Biopolymers show good biocompatibility but poor mechanical
properties and high production cost (Gull et al., 2019a). Natural
polymers are highly sensitive to change in pH and temperature
and lose their basic structure immediately. To overcome this
drawback many strategies have been used (Rafique et al., 2016).
Polymer blending is an attractive method that has been
extensively used for providing new desirable characteristics
(Gull et al., 2020a). Polymer blends are prepared by various
methods including solution blending, which is very simple and
rapid because it only requires simple equipment and does not
involve any complicated process. This is mainly due to its
simplicity, the availability of a wide range of synthetic and
natural polymers for blending, and its effectiveness for
practical utilization. The blending of polymers may result in
the reduction of their basic cost, the improvement of their
processing, and the of their important
properties. Polymer blends are physical mixtures of two or
more structurally different homopolymers or copolymers and
they interact through secondary forces with out covalent bonding
(Mudigoudra et al., 2012).

Chitosan (CTS) is the most abundant natural polymer
distributed widely in nature. The main source of the CTS and
chitin are crabs shells, fungi, and shrimps shells. Its molecular
weight (MW) varies in the ranges of 300-1,000 kDa depending on
the chitin source (Mahdavi et al., 2013; Pokhrel et al., 2015). CTS
has several properties which make it useful for many applications
like drug delivery, wound healing, immunology, and hematology
(Gull et al., 2020b). The MW and degree of deacetylation are the
main factors that affect the properties of CTS. Reactions of CTS
are more versatile because of the existence of -NH, groups (Gull
etal., 2019b). Nitrogen present in the CTS depends on the degree
of deacetylation and mostly in the form of primary aliphatic
amine which makes it more reactive (Dutta et al., 2004). It shows
good antimicrobial activity and inhibits microbial growth. This
antibacterial activity is due to the binding of cationic amino
groups of CTS with the microorganisms’ anionic groups
which  inhibit the growth of microorganisms. In
agriculture, CTS hinders bacterial growth and infection and
stimulates the natural defenses and growth of plants (Ding
et al., 2013).

Polyvinyl alcohol (PVA) is non-carcinogenic, biocompatible,
biodegradable, nontoxic, and hydrophilic polymer. It has good
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film-forming properties, processing ability, and good chemical
resistance (Fahmy et al., 2020; Fahmy et al., 2021). It is used in
agriculture to deliver fertilizers, pesticides, herbicides, and
fungicides, as well as to coat seeds. Such prepared seeds are
ready for germination only under adequate temperature and
humidity conditions (Reis et al,, 2006; Haweel and Ammar,
2008; Ranjha and Khan, 2013; Gaaz et al,, 2015; Swapna et al,,
2015). 3-Glycidoxypropyl trimethoxysilane (3-GPTMS) is a
colorless transparent liquid that is soluble in a variety of
organic solvents, undergoes hydrolysis easily and condensation
reaction to form polysiloxanes. It polymerizes easily in the
presence of light, heat, and peroxides (Sapic et al., 2009).
Controlled drug delivery systems offer numerous advantages
compared to conventional dosage forms including enhanced
effectiveness, condensed toxicity, site-specificity to reduce the
side effects of the drug, improved concentration maintenance,
and controlled duration of drug release (Coelho et al.,, 2010;
Baptista et al., 2013; Hu et al., 2014). Controlled targeted delivery
of the drug is attained by utilizing the material, composed of
either non-degradable or biodegradable polymer. The drug
release is reliant on polymer nanofibers degradation. A broad
range of polymer materials are used as drug delivery media or
sources. The polymer medium for drug delivery is determined
according to the requirements of the application. The type of
polymer, solvent, and compatibility of the drug are important
processing variables when trying to attain reproducible and stable
drug delivery. Several drugs have been incorporated into
electrospun nanofibers and transported to the desired target
site in the body (Gholipour-Kanani and Bharami, 2010). The
aim of this study was to prepare the novel electrospun nanofibers
comprised of polymer blend which was crosslinked with silane
crosslinker and used for controlled drug release system.

2 MATERIALS AND METHODS

2.1 Materials

Chitosan (CgH;3NOs), was purchased from Biolog (GmbH)
Trademark, Germany. Polyvinyl alcohol (C,H40), and formic
acid were bought from Sigma-Aldrich. Potassium dihydrogen
phosphate  (KH,PO,), sodium dihydrogen phosphate
(NaH,PQO,), and sodium chloride (NaCl) were procured from
Merck, Germany, and potassium chloride (KCl) was procured
from Fisher chemicals. All chemicals were used without any
further treatment.

2.2 Fabrication of Nanofibers

CTS (0.5 g) weighed on the electronic balance and dissolved in 1%
formic acid solution with continuous stirring on a magnetic hot
plate. PVA (3.5g) was added to the pre-heated water at 90°C
while creating a shear well and stirred until it completely
dissolved. The PVA solution was added to the CTS solution
and stirred for 1.5 h. Then, 100 pL 3-GPTMS was dissolved into
methanol and added in the blended solution dropwise while
creating a continuous shear well by stirring on a magnetic plate
for 2 h, and then the blended solution was sonicated for a further
1 h. The blended solution was stirred again, and the solvent was
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evaporated till the solution becomes viscous for electrospinning.
CPC-1 was a controlled nanofiber sample containing CTS and
PVA without crosslinker. CPC-2 was a nanofiber sample
containing 100 pL crosslinker (3-GPTMS). CPC-3 was a
benzocaine-loaded sample.

3 CHARACTERIZATIONS

3.1 Fourier Transformer Infrared
Spectroscopy

Fourier Transformer Infrared Spectroscopy (FTIR) spectra of
the nanofiber samples were analyzed by using Agilent
technology. The FTIR of electrospun nanofibers were
analyzed over the wavenumber range of 4,000-650 cm™" at a

. -1
resolution of 4cm™".

3.2 Thermogravimetric Analysis
Thermogravimetric characterization of electrospun nanofibers
was carried out by using star® sw 12.10 model. The heating
rate was kept at 10°C/min from room temperature to 600°C
and nitrogen flow was maintained at (10 ml/min).

3.3 Scanning Electron Microscopy

The morphology and diameter of the electrospun nanofiber were
analyzed using nano nova SEM 450. The SEM images results were
obtained at different resolutions.

3.4 Antibacterial Activity

The antimicrobial activity of prepared nanofibers was
determined using the disc diffusion method. A nutrient agar
medium was prepared to grow the bacterial culture on a petri
dish in the form of a slant. It was prepared by adding the
respective amount of water and mixing it thoroughly. Then the
agar containing vessels were heated in a water bath for
30-45 min to produce a transparent medium. After 45 min,
the vessels were removed from the water bath and cooled. After
maintaining the pH, the vessel was covered with aluminum foil
and placed in an autoclave for sterilization at 15 psi and 121°C
for 20 min. This semi-hot agar media was spread on petri
dishes which were placed in an incubator at 37°C for 24 h.
These petri dishes had clear agar medium, which means that
there was no contamination. Nutrient broth medium was also
prepared, and 10-15 ml autoclaved nutrient broth was poured
into sterilized test tubes to be used for bacterial growth. A
platinum loop was heated to red hot to sterilize it, then some
strains were taken from pure and transferred to a test tube
containing nutrient broth, covered with a sterilized cotton
plug, and placed in an incubator for 24 h at 37°C. The prepared
agar plates and bacteria-containing nutrient broth test tubes
were kept in laminar flow. The petri dishes containing nutrient
agar media were uncovered, and the nutrient broth was poured
into each and spread across the whole petri dish. Samples were
placed on the petri dish containing the bacterial culture. The
petri dishes were placed in an incubator for 24 h at 37°C and
then the zone of inhibition was measured with the help of a
measuring scale in mm.
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FIGURE 1 | FTIR spectra of CTS and PVA blend CPC-1 and crosslinked
blend solution CPC-2 and drug-loaded sample CPC-3.

3.5 Drug Loading and Release Study

50 mg benzocaine was dissolved in ethanol and added to the
CPC-2 blended solution. This solution was stirred for 1h and
then crosslinker was added dropwise and stirred for a further 2 h.
The blended solution was sonicated for 1 h and then stirred and
evaporated till the solution became viscous.

Electrospun nanofiber drug release study was carried out in
phosphate buffer saline (PBS) solution. PBS solution was
prepared by dissolving 8 g NaCl, 0.24 g KCL, 1.44 g NaH,PO,
and KH,PO, in 800 ml distilled water. The pH of the solution was
adjusted to 7.4 by the addition of a few drops of sodium chloride
solution. Finally, distilled water was added up to mark.

CPC-2 loaded with a drug was placed in PBS solution
separately at 37°C. After every 20 min, 5 ml solution was taken
out from the beaker through a syringe and a fresh solution of PBS
was added to keep the volume same. Samples were collected for
3 h from the PBS solution and the amount of released drug was
determined using an ultraviolet-visible spectrophotometer at
294nm for CPC-2. The amount of drug released from
nanofibers was calculated with reference to a standard solution
(100 ppm of benzocaine in PBS solution).

4 RESULT AND DISCUSSION

4.1 Fourier Transforms Infrared

Spectroscopy

FTIR analysis was performed to confirm the possible physical and
chemical interactions among CTS, PVA, nanoclay, and
crosslinker in the nanofibers. FTIR spectra of all nanofiber
samples are shown in Figure 1. A broad band was observed in
the range of 3,380-3,190 cm™ in all samples due to the stretching
vibration of the-OH group of PVA and the -NH , of CTS
indicating the intensity of the hydrogen bonding. This broad
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FIGURE 2 | Thermograms of nanofiber mats from room temperature to
600°C.

band is due to the merging of -OH and -NH, frequencies
(Chaudhary et al., 2013a; Chaudhary et al., 2015; Chaudhary
et al,, 2019). The peak at 2,975-2,880 cm ™' was observed due to
the vibrational frequency of -CH of alkyl groups. The sharp band
at 1765-1,685 cm ™ is ascribed to the carbonyl group of acetylated
groups of CTS. The band observed in the range of
1,120-990 cm™" indicated the C-O-C group of CTS and
siloxane linkage (-Si-O-C and-Si-O-Si) in the crosslinked
nanofiber (Wang et al., 2016).

4.2 Thermogravimetric Analysis

The thermal stability of nanofibers was studied by
thermogravimetric analysis (TGA) and the results of the
crosslinked nanofibers are shown in Figure 2, which shows
the multistep degradation. The first thermal degradation step
was observed from room temperature to 225°C, which is
corresponded to the moisture evaporation of bound water and
H-bonded water due to the highly absorption nature of CTS and
PVA (Yeh et al., 2006; Chaudhary et al., 2013b; Society C.A.M.,
2013). The next degradation step is due to the oxygen-containing
pendent groups, depolymerization, oxidation, and the release of
gases from organic molecules like CTS and PVA, and the next
degradation was due to the pyrolysis of the main carbon chain.
The widening of decomposition is due to the proper blending of
PVA and CTS with the crosslinker which forms chemical and
hydrogen bonds (Gull et al., 2019¢). Table 1 shows the Tsqo, and
residue. Tsqq, was 361°C for CPC-1 and 406°C for the crosslinked
nanofiber which means that with crosslinking, the thermal
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stability of the nanofiber sample was increased and a high
temperature was required to degrade the crosslinked sample.

4.3 Scanning Electron Microscopy

Figure 3 shows the SEM micrographs of uncrosslinked and
crosslinked nanofibers and the drug-loaded sample. The
surface morphology of the prepared nanofibers represents
more crosslinking with an increase in the concentration of
crosslinker (Potbhare et al, 2019). By crosslinking, and with
all other parameters of the electrospinning kept constant, more
uniform nanofibers were obtained and the average diameter of
the nanofiber was in the range of 50-100 nm. CPC-1 showed a
crosslinked structure which was due to the physical group of PVA
and the crosslinking among all ingredients of nanofibers, but this
crosslinking was more dense and compact in CPC-2 with more
crosslinked mesh-like structure, due to the addition of crosslinker
(Gull et al., 2020a).

4.4 Antimicrobial Analysis

The antimicrobial activity of the prepared nanofibers was
determined using the disc diffusion method using Gram-
negative bacteria, i.e., E. coli and Gram-positive bacteria i.e., S.
aurus. The antibacterial activity of the samples was determined by
measuring inhibition zones on a culture medium after 24 h of
incubation. The resistance of bacterial growth was due to the
cationic nature of CTS, which interacts with the anionic cell wall
of bacteria. This opposite charge interaction caused the osmotic
imbalance of cells and led to the cell lysis of bacteria. Another
suggested mechanism is due to the interaction of CTS with
bacterial DNA and penetrated bacterial nuclei, thus retarding
the alteration of DNA into mRNA which eventually inhibited the
growth of bacteria. Results have shown that the antimicrobial
activity of the sample increased as compared to the controlled
sample (Table 2).

4.5 In-vitro Release Study of Benzocaine
The release of benzocaine in CPC-2 was analyzed in PBS
solution at 37°C in Figure 4. It was observed that the drug
was released in 2.5h which is according to the US
Pharmacopeia standard. At neutral pH, CTS does not
undergo protonation, which enables it to make physical
interaction to develop a network which subsequently caused
the controlled release of the drug from the nanofibers. From
this result, it is concluded that such crosslinked nanofibers can
be used for the controlled release of drugs in the biomedical
field (Abbaspour et al., 2015).

4.5.1 Kinetic Study of Drug Release Analysis
To evaluate the transport mechanism of benzocaine from CPC-2,
data were modeled by Ritger-Peppa’s model as shown in Eq. 1:

TABLE 1 | Thermogravimetric data of the nanofibers.

Sample code (Ts09) Residue (%)
CPC-1 366.33°C 1117
CPC-2 409.83°C 17.88

TABLE 2 | Antimicrobial results against E. coli and S. aurus bacteria.

Sample code Gram (+) Gram (-)
C (mm) PC-1 37 mm 38
CPC-2 40 mm 39

Frontiers in Materials | www.frontiersin.org

April 2022 | Volume 9 | Article 826251


https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles

Naz et al.

Electrospun Nanofiber for Controlled Release

e
&
—~ 80
2
]
]
3
® 60 - &
[ /
2
s &
2 404 /
g &
(%]
o
< /
20 4 /eb
o—"
0 U L U U ) ] L) ]
0 20 40 60 80 100 120 140 160 180
Time (min)
FIGURE 4 | Accumulative release of benzocaine in CPC-2.
M
L= K¢ (1)
M.,

M, is the amount of drug released at time t, M o is the total
drug load, and k is the kinetic constant which does not depend
upon the structural and geometrical properties of the polymer

TABLE 3 | Kinetic parameters of accumulative drug release of benzocaine from

CPC-2.

Kinetic parameters Value
N 0.7
Intercept -0.164
K 0.8487
Regression 96.60

matrix. If the value of n is 0.5, it corresponds to the Fickian
diffusion mechanism, if n is 1, then it is a non-Fickian
mechanism. n < 0.5 < 1 shows the anomalous transport
mechanism and # < 0.5 exhibit the Pseudo-Fickian behavior
(Huang et al., 2007). The results of the kinetic analysis of drug
release analysis are shown in Figure 4 and Table 3. The lower
value of n shows the Pseudo-Fickian mechanism of drug release
in the drug-loaded nanofiber sample.

5 CONCLUSION

In this study, electrospun nanofibers were prepared using a
simple and cost-effective electrospinning technique.
Nanofibers were prepared by using CTS, PVA, and
halloysite nanoclay which is crosslinked with 3-GPTMS.
Electrospun nanofibers were characterized by using FTIR,
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TGA, and SEM. FTIR analysis results confirmed the bonding
between the polymer chains and siloxane linkage in
nanofibers. SEM micrographs showed that the continuous
and long nanofibers formed and with crosslinking more
uniform nanofibers were obtained. The antimicrobial
activity of the nanofiber was studied against E. coli and S.
aureus and results indicated that all the samples showed
significant antimicrobial behavior. TGA results indicated
that the thermal strength of the nanofibers increased with
crosslinking. A drug release study was conducted in PBS
solution (pH 7.4) at 37°C wusing ultraviolet-visible
spectroscopy and results showed that the drug was released
completely in 2.5h in a controlled manner. Hence, it is
concluded that such drug-loaded nanofibers can be used in
different clinical applications.
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