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ABSTRACT

A novel bilayer nanofibrous wound dressing, with enhanced mechanical properties is successfully
fabricated. This membrane, consisted of polyvinylidenefluoride (PVDF) nanofibers for providing
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tensile strength and polyhydroxybutyrate/chitosan (PHB/CTS) nanofibers loaded with gentamicin

with ability of controlled drug delivery, is a great choice for post-surgical ulcers. Mechanical prop-
erties showed dramatically improvement of tensile strength by addition of PVDF layer.
Gentamycin release represented both an immediate and a sustained release of about 24h and 1
week, respectively and release increment with increase of CTS ratio. Results also revealed that
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drug release in structures follow first order kinetic and Fickian release mechanism.
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1. Introduction

Acute and chronic wounds on the skin, caused by physical,
mechanical, chemical and dermal damages, need to be cared
clinically!’ ). The most effective and common way to heal
such undesired disease is applying wound dressings'> *.
Biocompatibility, non-toxicity, ability to absorb excess
wound exudates, maintaining moisture in the wound and
prevention it from infections and pain are some essential
properties of an appropriate wound dressing!> ©/.

In recent years, electrospun nanofibers have been applied
in a wide variety of applications especially in the field of
medical engineering such as wound dressing!” &/, Possession
of unique characteristics like high surface to volume ratio,
high porosity, suitable mechanical properties and intercon-
nected pores, make nanofibrous mats to be superior choices
as wound dressings'® °!. Furthermore, ability of nanofibrous
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matrices for reserve and delivery of various kinds of drugs is
of another valuable advantages which makes them be identi-
fied as suitable wound healing dressings with controlled
drug delivery® ',

In this area, usage of biodegradable and biocompatible
polymers to fabricate nanofibrous wound dressings with
these two valuable characters has attracted huge attention by
researchers!'> '3, It is noteworthy that degradation rate of
polymers play a significant role in drug delivery systems and
must be tuned according to considered application!"* 1.

Poly (hydroxybutyrate) (PHB) is one of the biocompat-
ible polymers with natural origin of polyhydroxyalkanoate
groups, which recently has been widely used in tissue engin-
eering and drug delivery systems due to outstanding features
such as high elasticity, acceptable mechanical properties, and
biocompatibility. However, existence of downsides like
hydrophobicity and low rate of degradation have limited its
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applications!'®"'®]. Blending PHB with other polymers such
as chitosan (CTS), an antibacterial, non-toxic, biocompatible
and natural polysaccharide with appropriate biodegradability
and hydrophilicity, is an efficient and common method to
eliminate mentioned obstacles’™ '> '*), CTS has been reported
to be effective and influential in wound healing and antibac-
terial activities®® 2!, In 2016, Sadeghi et al.??" fabricated
PHB/CTS nanofibrous scaffolds applicable as cartilage tissue
engineering. According to the results, addition of CTS causes
reduction in both water droplet contact angle (from 74° to
67°) and tensile strength (from 87 MPa to 31 MPa). Moreover,
Ma et al.>*) applied nanofibrous PHB/CTS mats as skin tissue
engineering due to greater cell attachment and proliferation.

Notably, proper mechanical properties are of other sig-
nificant features for an ideal wound dressing. Polyvinylidene
fluoride (PVDF) is a biocompatible synthetic polymer with
high tensile strength!>*2¢!. He et al.*! electrospun a nanofi-
brous membrane from PVDF, containing Enrofloxacin anti-
bacterial drugs for wound dressing application. Obtained
results represented that this fabricated membrane possesses
superior healing effect than commercial gauzes.

In this study, PHB/CTS nanofibrous membranes contain-
ing various ratios of CTS were fabricated as wound dressing
for postsurgical ulcers. Mechanical properties of produced
nanofibrous wound dressings were enhanced by electrospin-
ning a layer of PVDF on manufactured mats. To character-
ize prepared electrospun mats, scanning electron microscopy
(SEM), fourier transform infra-red spectroscopy (FT-IR),
tensile strength test, biodegradation test and In vitro drug
delivery were carried out and investigated.

2. Experimental details
2.1. Material

Polyvinylidene fluoride with average molecular weight of
156000 was purchased from an American company (EIf
Atochem, North America). Chitosan and Poly (hydroxyl
butyrate) with molecular weight of 1526/464 and 500000 (g/
mol), respectively were obtained from Sigma-Aldrich. In
addition, trifluoroacetic acid (TFA, 1.48g/cm’) and dimethyl
form amide (DMF, 0.944 g/cm’) as solvents were supplied
by scharlau and Sigma-Aldrich, respectively. Gentamicin sul-
fate (M,, =477.6 g/mol) was purchased from Sigma-Aldrich.

2.2. Preparation of spinning solution and
electrospinning

PVDF powder with a concentration of 10% (w/w) was dis-
solved in DMF solvent and stirred vigorously for 24h at
room temperature before electrospinning. Then prepared
solution was transferred to a 1ml syringe with a positively
charged needle (23 gauge). Feeding rate, applied voltage and
distance between the needle tip and the cylindrical collector
were adjusted 7 ml/h, 18kV and 15 cm, respectively.
Afterwards, PHB/TFA solution with concentration of 9%
(w/w) was prepared and then CTS with different weight per-
centages (10, 15 and 20%) were added to it. Subsequently,

gentamicin with three various concentrations (1, 2 and 3%),
named G1, G2 and G3, were added to the solutions. Finally,
prepared solutions were electrospun on fabricated PVDF
layer under persistent electrospinnig conditions (flow rate:
8 ml/h, applied voltage: 21kV and distance: 15 cm).

2.3. Membrane characterization

The morphology of the electrospun membranes were studied by
scanning electron microscope (XL-30, SEM; Philips, Amsterdam,
The Netherlands) after sputter coating of samples by gold. The
average diameter of each membrane was determined from a hun-
dred random measurements using Digimizer software.

Fourier transform infrared (FTIR) spectroscopy was
applied for investigation of the reaction between polymers
and drug. A FTIR spectrophotometer (BOMEM-MB-series
100) was applied with wavelength in the range of
500-4000 cm " for analysis of electrospun membranes.

2.4. Degree of Water absorption and weight loss

To observe degree of water absorption and weight loss of pre-
pared samples, phosphate buffered saline (PBS, PH: 7.4) with
temperature of 37 °C was utilized. Both tests were carried out
in several times including 2, 4, 24, 168 and 336 h. Then, men-
tioned properties were calculated using following equations.

M-M
Water absorption (%) = 4 % 100 (1)
d
M;—M
Weight loss (%) = Vi 4% 10 (2)

Where M is the weight of swollen membrane, My is the dried
mass of immersed sample in buffer medium (obtained after locat-
ing swollen nanofibrous mat in oven at 40 °C until constant weight
was reached, and M, is the initial mass of dry sample[27, 28].

2.5. Mechanical properties

The tensile test of samples was performed according to
ASTM D882-12 using tensile testing machine (Zwick 1446-
60) with 20N load cell and cross- head speed of 10 mm/min.
Samples were prepared with dimensions of 3cm x0.5cm
before measurement.

2.6. In vitro drug release studies and analysis of
drug-release kinetics

Drug delivery of electrospun mats was measured by placing sam-
ples with approximate dimensions of 1cm x6cm and specific
weight in 20ml of PBS (PH =7.4 at 37°C). Afterwards, 2ml of
solution was removed at specific time points and the amount of
drug release was determined using a UV Spectrophotometer at
Amax = 200 nm. The release experiment was repeated three times
for each sample and average values were considered.

In order to discover the mechanism of drug release in
electrospun samples, zero order, first order, Higuchi and
Korsmeyer-Peppas models were also examined!?> %1,
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Figure 1. SEM images of electrospun mats: (A) PVDF, (B) PVDF/PHB90%/CTS10%, (C) PVDF/PHB85%/CTS15%, (D) PVDF/PHB80%/CTS20%, (E) PHB85%/CH15%.

Table 1. Average diameter, standard deviation and CV% of samples.

Sample Material Average diameter (nm) Standard deviation (S.D) CV%
S1 PVDF 207 55.68 26.8
S2 PHB90%/ CTS10%/ PVDF 116 28.26 24.4
S3 PHB85%/ CTS15%/ PVDF 108 28.45 26.34
S4 PHB80%/ CTS20%/ PVDF 149 438 29.39
S5 PHB85%/ CH15% 100 26.05 26.05

2.7. Statistics and data analysis

Statistical analysis of obtained data was performed applying
SPSS software package (SPSS, Chicago, IL) by one-way ana-
lysis of variance (ANOVA), assuming a confidence level at
95% (p-value 0.05) for statistical significance.

3. Result and discussion
3.1. Morphological structure studies

Figure 1 displays a picture of electrospun samples. As it can
be seen, uniform nanofibers without beads are formed dur-
ing electrospinning. However, increase in CTS ratio from
10% to 15% causes nanofiber formation with more monot-
ony that can be related to low viscosity of CTS solution and
in addition, it may be associated with the point that CTS is
naturally positively charged which help electrospinning pro-
cess to be improved. Allocated code to electrospun samples
and their average diameter is given in Table 1. It is apparent
from SEM images and this table that sample S3 containing
PVDF as substrate layer and a hybrid nanofibrous layer
(PHB/CTS: 85/15) possesses fine and uniform nanofibers in
comparison with other fabricated samples.

The FTIR spectra of the polymers, drug and a drug-
loaded nanofibrous sample are represented in Figure 2. As it
is revealed, PHB has a characteristic absorption peak in
1733cm ™! that is related to tensile absorbance of carbonyl
group (v c=o0). CTS displays two characteristic absorption
bands in 3434cm™' and 1611cm™ ', attributed to tensile
absorbance of hydroxyl (NH and NH deformation, respect-
ively). PVDF have characteristic peaks at: 1185cm ™" related
to tensile absorbance of CF, and 838.6cm ™' that can be due
to tensile absorbance of CF.

Also Gentamicin have two characteristic absorption peaks
at 1539cm™" that can be related to NH vibration, CH
Stretching vibration and CN stretching vibration and at
1068 cm™' (CN and CO stretching vibrations). Hence, due
to observation of all characteristic peaks in drug-loaded
nanofibrous mat spectra, there were not any specific interac-
tions between materials.

3.2. Mechanical properties

Mechanical properties was conducted to analyze stress,
strain and Young’s modulus of samples. Figure 3 illustrates
typical stress-strain curves of fabricated membranes. As it
was predicted, PVDF nanofiber structure owns the highest
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Figure 2. FTIR Spectroscopy of polymers, drug and a drug- loaded electrospun membrane.
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Figure 3. Typical tensile stress-strain curves of samples: S1, S2, S3, S4 and S5.

Table 2. Tensile properties of nanofibrous structures.

number Stress (MPa) Elastic modulus (MPa)
S1 0.57 6.60
S2 0.50 5.22
S3 0.49 5.31
S4 0.47 497
S5 0.26 2.20

stress and the lowest strain between prepared samples. It is
while, addition of CTS to the mixture causes reduction of
stress and increase in strain.

Table 2 illustrates some of the main tensile characteristics
of samples S1-S5. From the data in Figure 3 and Table 2, it
is apparent that S1 containing pure PVDF nanofibers owns
greater stress and Young’s modulus in comparison to other
nanofibrous structures. Also there is a significant difference
between tensile properties of sample S5 and other mem-
branes which are formed from two layers. This result could
be attributed to the same reason that tensile strength of

PVDF nanofibers is much higher than CTS/PHB nanofibers.
So this layer plays an effective role in providing adequate
mechanical properties that is required for wound dressing
application.

3.3. Degree of water absorption and weight loss

Swelling degree and weight loss are two valuable parameters
contributing to drug release. Figure 4 provides the results
obtained from weight loss and swelling degree of fabricated
samples in the release medium (PH 7.4) and several times.
What stands out from the figures is rise of weight loss with
increase in CTS ratio.

PHB, such as other aliphatic polyesters, is a hydrophobic
polymer and as a result water penetration into its polymer
chains is actual difficult. Hence, in the presence of phos-
phate buffer solution, PHB starts to be destructed only from
the surface and so it represents slow rate of degradation. By
addition of CTS, which is a hydrophilic polymer, water can
easily penetrates to the structure and so destruction of the
nanofibrous structures happens in both surface and bulk of
fabricated membranes.

Data obtained from swelling degree of prepared samples,
shown in Figure 4(b), can be compared with the reported
data in previous studies' . Results show enough degree of
swelling that is essential for absorbing excess exudates in
wound dressings. In general, samples S2-S5 in the first 24 h
represented about 70% of water absorption. However, reduc-
tion of water absorption was observed after this time due to
destruction of CTS nanofibers during first 24 h. In fact, the
destruction rate is greater than swelling degree in CTS
nanofibers and thus a lower number of nanofibers are avail-
able to absorb phosphate buffer after this period of time.

3.4. In vitro drug release study of nanofibers

Figure 5 exhibits drug release profile of samples in various
time intervals. As shown in the figure, in all samples about
30% of gentamicin is released in 2h and a constant value is
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Figure 4. (a) Weight loss and (b) Swelling degree of nanofibrous samples: S1, S2, S3, S4 and S5.
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Figure 5. Drug release profile of samples: S4/G1, S2/G2, S4/G2, S4/G3 and
S3/G3.

Table 3. Correlation coefficient values of electrospun samples.

Correlation coefficient value

Sample Zero order model First order model Higuchi
S1 0.85 0.90 0.80
S2 0.94 0.96 0.65
S3 0.89 0.97 0.9
S4 0.96 0.99 0.88
S5 0.97 0.98 0.95

Table 4. Release component of fabri-
cated samples.

sample n
S1 0.2
S2 0.3
S3 0.08
S4 0.3
S5 0.1

reached after 132 h. It can be attributed to the high inflation
and water permeability of CTS nanofibers. In addition, good
solubility of gentamicin in phosphate buffer and presence of
soluble molecules through inflation leads to the primary
sudden release. This feature makes it suitable for using in
various applications specifically in wound dressings, since
primary sudden release can improve and accelerate treat-
ment. Also, secretions from the wound is a good place for
growth of bacteria, preventing their growth in the early
hours inhibits infections of the wound. Furthermore, by

comparison between biodegradation and drug delivery
results, it is apparent that sample S3 with higher rate of deg-
radation between all prepared samples, have more drug
delivery speed as well.

3.5. Kinetics and mechanism of drug release

Correlation coefficients of three models including zero
order, first order and Higuchi were calculated to determine
the kinetics of drug release. The correlation coefficient val-
ues are indicated in Table 3.

Statistical analysis showed that, correlation coefficients of
three models have a significant difference together. It
appears from Table 3 that the correlation coefficient of first
order model is higher than two other models. Actually, the
release of gentamicin from nanofibers follow kinetic of first
order model.

Moreover, release component “n” was calculated follow-
ing the Peppas equation to obtain mechanism of drug
release. Average results are reported in Table 4. From the
table it can be seen that release component for all samples is
less than 0.5. Therefore mechanism of drug release in nano-
fibrous samples follows Fickian mechanism and thus publi-
cation is more effective in drug release from nanofibers>),

4, Conclusion

In summary, a novel bilayer nanofibrous wound dressing
was successfully prepared by electrospinning method. PHB/
CTS hybrid nanofibrous layer was electrospun as one layer
to provide controlled drug delivery, while nanofibrous
PVDF was fabricated to improve tensile strength of fabri-
cated mats. All prepared samples showed bead free and uni-
form nanofibers. In addition, mechanical strength of PHB/
CTS electrospun layer with various structures were dramat-
ically improved with addition of PVDF nanofibers to fabri-
cated samples. Furthermore, biodegradation rate and weight
loss rose with increase in CTS ratio in membranes, which is
a hydrophilic polymer. In addition, drug release profile from
nanofibrous mats showed that drug delivery increases with
addition of CTS ratio and drug-loaded in the structures.
Moreover, Gentamycin release from nanofiber wound dress-
ings represented a sustained release for about one week.
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Obtained results also showed that gentamicin release from
electrospun membranes follows Fickian release mechanism.
Based on calculation of correlation coefficients for zero
order, first order and Higuchi models, it can be concluded
that release kinetic of gentamicin from electrospun mats fol-
lows first order model.
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