Heliyon 8 (2022) e08772

Contents lists available at ScienceDirect

Heliyon
Heliyon
journal homepage: www.cell.com/heliyon caress
Synthesis and characterization of polystyrene with embedded silver R
nanoparticle nanofibers to utilize as antibacterial and wound S

healing biomaterial

Mayar Mostafa ?, Nadia G. Kandile *, Mahmoud K. Mahmoud ", Hassan M. Ibrahim ©"

@ Chemistry Department, Faculty of Women for Arts, Science and Education, Ain Shams University, Heliopolis, 11757, Cairo, Egypt
b Housing and Building National Research Center, 87 El Tahrir St., Dokki, Giza, 1770, Egypt
¢ Textile Research and Technology Institute, National Research Centre, 33 EL Bohouth St. (Former El Tahrir St.) P.0.12622, Dokki, Giza, Egypt

ARTICLE INFO ABSTRACT

Keywords:
Wound healing
Biomaterials antibacterial polystyrene

Herein, silver nanoparticles (Ag) embedded in polystyrene (PS) nanofiber composites have been prepared by an
electrospinning technique using N, N-dimethylformamide (DMF) as a solvent and safe reducing agent. Electro-
spinning of polystyrene (PS) solutions is conducted using different electrospinning parameters such as polymer
concentration in the electrospinning solution; solution feed rate, and electrical field strength. Then silver nano-
particles (AgNPs) were embedded into PS nanofibers to obtain an AgNPs-PS nanofiber composite as a powerful,
cheap, and nontoxic bioactive material. PS nanofibers and AgNPs-PS nanofibers composite were characterized by
using thermogravimetric analysis (TGA), X-ray diffraction, and scanning electron microscopy (SEM). Also, AgNPs
were characterized by UV-vis spectroscopy, transmission electron microscopy (TEM), and EDX analysis. Results
showed that PS nanofibers were obtained with concentrations ranging from 10-30 wt.% in DMF solvent. Also, an
AgNPs-PS nanofiber composite has been produced from its solutions by using DMF at the optimum value. The
prepared AgNPs have a 21-40 nm particle size and a semi-spherical shape. In addition, the antibacterial activity of
AgNPs-PS nanofibers towards both Gram-positive and Gram-negative bacteria has been increased. Therefore, this
nanocomposite can be used as a powerful bioactive material in biomedical fields.

nanofibers
Silver nanoparticles

1. Introduction

Nanotechnology has grown rapidly in recent decades because it can
control particle size to fit functions that would otherwise be impossible to
fit using conventional methods [1, 2]. Chronic wounds, such as foot ul-
cers in diabetics, cannot heal in simple progress and remain open or
partially healed for a longer time than usual [3]. These types of wounds
can be contaminated with a bacterial infection. Therefore, polymeric
nanofibers as a developed wound dressing can be used to enhance wound
healing performance instead of conventional wound dressing because
they can promote hemostasis, fluid absorption, gas permeation, and cell
respiration [4, 5].

Polystyrene (PS) represents one of the most useful and cheap ther-
moplastic polymers because it is transparent, colorless, and a brilliant
material [6, 7]. In addition, it has high heat and electrical resistance with
lower dielectric loss and is lightweight. These distinct properties make it
widely used in several application fields, such as transparent material for
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food packaging, electric covers, insulators, lamp covers, filters, and
thermal comfort breathable textiles [8, 9, 10]. Polystyrene applications
are limited due to their brittleness and poor mechanical properties [11,
12]. Therefore, many improvements to PS materials have been made,
such as blending with other polymers and a new process for PS fabrica-
tion to produce PS materials with high mechanical and chemical prop-
erties [1, 13, 14].

The electrospinning process is simple, cheap, and easy. So, it has been
used as an efficient method to produce ultra-fine nanofibers [15, 16].
These nanofibers have excellent properties such as extra-large surface to
volume ratio, small fiber diameters, porous surface, and more functional
surface [17, 18, 19, 20, 21, 22, 23]. Therefore, they can be applied in
several fields, such as filters, wound dressing, protective clothes, medical
fields, sensors, drug delivery, tissue engineering, cosmetics, and
biomedical fields [4, 10, 16, 24, 25, 26, 27, 28, 29].

The electrospinning process produces continuous filament from a
polymer solution under a high-voltage electric field. Then these filaments
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Table 1. Experimental design of electrospinning of polystyrene solution.

Parameters Levels

Concentration, wt.% 10, 15, 20, 25 and 30
Extrusion Rate, ml/h 1,2 and 3

Field, kV/cm 2 and 3

Total Runs 5x3x2=30

are deposited on the collector. This process depends on several factors
such as viscosity, surface tension, and solution conductivity [30, 31, 32].

Most electrospun nanofibers are accompanied by bead formation.
Enton explains that these beads' formation results from the jet instability
of a polymer solution [33, 34, 35]. Whereas Reneker reported that the
bead formation results from both solution viscosity and surface tension
net charge density from the electrospinning process. So based on these
explanations it can be concluded that polymer with low concentration
preferred bead formation and polymer with high concentration preferred
fiber formation [6, 27, 36, 37].

Electrospun nanofibers can be applied in several fields, such as water-
oil separation, ion exchanger, tissue engineering, enzyme immobiliza-
tion, and sensors [4, 10]. The produced PS nanofibers have high me-
chanical properties with different morphology and are superhydrophobic
material [24].

The morphology of electrospun PS nanofibers play an important role
in the final product that is used in a specific application, therefore there
are more essential to produce beads-free PS nanofibers [10, 11]. Many
parameters must be studied to obtain PS uniform nanofibers based on
polymer properties (molecular weight, concentration, viscosity, con-
ductivity, surface tension, and solvent used) [11, 15, 24, 38].

Solvent type plays an important role in PS fiber morphology. There-
fore, many solvents were studied for the electrospinning of PS, such as 1,2-
dichloroethane, N, N-dimethylformamide (DMF), ethyl acetate, methyl
ethyl ketone (MEK), and tetrahydrofuran (THF) [10, 11, 39]. From these
solvents, DMF was the most favourite solvent to produce uniform PS
nanofibers with a smooth surface due to its higher boiling point, con-
ductivity, and dielectric constant compared to other solvents [10, 24].

Several studies reported that metal nanoparticles could be incorpo-
rated within nanofibers to impart antibacterial activity to be used in
biomedical applications [40, 41]. Among these metal nanoparticles, sil-
ver nanoparticles (AgNPs) have been widely used as a bioactive poly-
meric material, due to their catalytic activity, higher conductivity,
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antibacterial activity, and nontoxic nature [42, 43, 44]. Therefore, AgNPs
incorporated into PS nanofibers can find more applications, especially for
filtration, food packaging, and medical textiles [41, 45, 46]. AgNPs have
been widely used as antibacterial materials because they are nontoxic to
humans [4, 47, 48].

A stable and colloidal dispersion of AgNPs was prepared through
chemical reduction methods by using borohydride and hydrazine as
reducing agents [36, 38, 49]. Although these reducing agents have higher
activity, they cause environmental toxicity that limits their applications
[44, 50]. Thus, using a nontoxic reducing agent such as N, N-dime-
thylformamide (DMF) can present an eco-friendly way to prepare safe
silver nanoparticles (AgNPs). Therefore, DMF can be introduced as a
nontoxic reducing and solvent medium agent (stabilizer or capping
agent) for AgNPs impregnated PS nanofiber composite [15, 16, 51].

In the present work, PS and AgNPs-PS nanofibers composite were
prepared from N, N-dimethylformamide (DMF) as a solvent and reducing
agent via an electrospinning process. Different electrospinning parame-
ters were studied. The prepared nanofibers were characterized by FT-IR,
TGA, XRD, UV-Vis, TEM, SEM, and EDX analysis. The antibacterial ac-
tivity of AgNPs-PS nanofibers was evaluated towards S. aureus and E. coli
via the disc inhibition zone.

2. Materials and methods
2.1. Materials

Sigma-Aldrich, USA, provided analytical grade polystyrene with Mw
of 20, 200, and 2000 kDa. Dimethylformamide (DMF) was purchased
from Merck Chemicals, Germany. Silver nitrate was purchased from
Fisher Scientific. Polystyrene was used for the initial trials with dime-
thylformamide (DMF) as the solvent. These trials were conducted to
confirm the trials carried out by previous researchers.

2.2. Methods

2.2.1. Preparation of polystyrene electrospinning solution

The desired amount of polystyrene, according to the concentration
required, was weighed. Polystyrene was poured into a glass bottle con-
taining dimethylformamide. The glass bottle has to be closed with an
airtight lid to maintain the concentration throughout. A homogeneous
solution was achieved by slow agitation. This was either by keeping the

Figure 1. SEM images of Polystyrene nanofibers samples at 10 wt.% (a), 15 wt.% (b), 20 wt.% (c), 25 wt.%, and 30 wt.% concentrations (e) at a 1 ml/h extrusion rate

and a 3 kV/cm field.
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Figure 2. SEM Images of Polystyrene nanofibers samples of 10 wt. % (a), 15 wt. % (b), 20 wt. % (c), 25 wt. % and 30 wt. % concentration (e) at an Extrusion Rate of 1

ml/h and Field of 2 kV/cm.

solution for some time or by using a magnetic stirrer. The agitation was
slow to avoid mechanical degradation of the polymer chains. All solu-
tions were prepared at room temperature. The solution is kept overnight
so that a homogeneous solution can be obtained.

2.2.2. Preparation of PS solution containing silver nanoparticles (AgNPs)

It was carried out as follows: A 15% wt.% PS solution was prepared in
DMF solvent by stirring the mixture overnight. Thereafter, AgNO3 (1%
wt.% calculated based on the weight of PS) was added into the solution,
which was kept overnight in the dark and then the solution was refluxed
for 1 h to reduce AgNOs. The solution became dark yellow because of the
formation of AgNPs [9].

2.2.3. Electrospinning of polystyrene solution

Electrospinning was used to create an electrospun polystyrene (PS)
nanofiber and an AgNPs embedded PS nanofiber composite. Appro-
priate solutions were transferred into a syringe equipped with a nee-
dle, and the fiber was collected on an aluminium collecting plate. The
operation process of this system can be carried out by switching on the
power of the high voltage system and slowly increasing the voltage

through a regulator, which starts at 0 kV and is kept constant at 30 kV
during the electrospinning process. The polymer solutions are sprayed
towards the collector. The amount of polymer in the solution was
based on the desired basis weight. A layer of nanofibers was produced
on the aluminium foil with a dimension of 30 cm x 30 cm. The 14th
piece of aluminium foil was partially covered with gauze fabric
(possibly as part of wound dressing). This allowed the formation of
two samples for each run. One sample was on the top of the aluminium
foil and the other was on the gauze fabric. The sample on the
aluminium foil was used for SEM images to characterize the structure,
and the sample on the gauze was used to determine the antibacterial
properties. The gauze's fairly open structure did not cause any prob-
lems with electrical field weakening, and the fibers spun on the top of
the gauze were not different from the fibers spun directly over the
aluminium foil.

2.2.4. Experimental design of electrospinning of polystyrene

Initial trials of electrospinning of polystyrene showed that nano-
fibers were formed at concentrations of 10-30 wt.% of polystyrene
solution. whereas other concentrations below 5% produced films and

Figure 3. SEM images of Polystyrene nanofibers samples at 10 wt.% (a), 15 wt.% (b), 20 wt.% (c), 25 wt.%, and 30 wt.% concentrations (e) at a 2 ml/h extrusion rate

and a 3 kV/cm field.
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Figure 4. SEM images of Polystyrene nanofibers samples at 10 wt.% (a), 15 wt.% (b), 20 wt.% (c), 25 wt.%, and 30 wt.% concentrations (e) at a 2 ml/h extrusion rate

and a 2 kV/cm field.

beads. To obtain the exact conditions for the electrospinning of
polystyrene, different experimental designs were developed. Table 1
shows the dependent parameters and their levels for experimental
design.

In this experimental design, basis weight (8.92 g/m?) and voltage (25
kV) were kept constant, and the field was changed by varying the dis-
tance between the drum surface and the tip of the needle.

2.3. Characterization

2.3.1. Transmission electron microscope (TEM)

Transmission electron microscopy (TEM) and a JEOL JEM 2100 F
electron microscope at 200 kV were used to examine the morphology and
particle size of AgNPs.

2.3.2. X-ray diffraction (XRD)

Studies were conducted using an X-ray diffractometer (D2 Phaser,
Bruker AXS, Germany) operating at 30 kV and 10 mA. The diffraction
patterns were recorded using Cu-K radiation, and the film samples were
analyzed at a 20 degree range from 1-50.

2.3.3. Scanning electron microscope (SEM) and energy dispersive X-ray
spectroscope (EDX)

A Scanning electron microscope (SEM) and an energy-dispersive X-
ray spectroscope (EDX) for selected polystyrene nanofibers and their
embedded AgNPs were used to record the morphology changes, the
electrospun nanofiber diameter, and the elemental composition of the
nanofiber surface. Quanta TM 250 FEG (Field Emission Gun) with a 30
kV accelerating voltage, FEI Co., Netherlands, was used for SEM and EDX
analysis.

2.3.4. Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) was performed at a temperature
starting from 25 °C to 600 °C under an inert nitrogen atmosphere with a
heating rate of 10 °C min-1 using the instrument: SDT Q600 V20.9 Build
20, USA.

2.3.5. Surface tension and viscosity

Surface tension was measured using a Fisher Tensiomat. The viscosity
of the solution at different concentrations was measured with a Brook-
field viscometer.

Table 2. Polystyrene nanofibers at different parameters: concentration, extrusion
rate, and high voltage field.

Sample Concentration, Morphology Fiber
No. % Diameter,
nm*
Extrusion Rate 1 ml/h 1 10 Beads + Fibers 96 + 6.64
and Field 3 Kv/cm 2 15 Fibers + Beads 167 + 11.55
3 20 Fibers 278 +19.23
4 25 Fibers 292 + 20.19
5 30 Fibers 329 + 22.76
Extrusion Rate 1 ml/h 6 10 Fibers + Beads 72 £ 5.02
and Field 2 Kv/cm 7 15 Fibers + Beads ~ 168 + 11.62
8 20 Fibers 278 + 19.25
9 25 Fibers 329 + 22.77
10 30 Fibers 459 + 31.79
Extrusion Rate 2 ml/h 11 10 Beads + Fibers 63 + 4.38
and Field 3 Kv/cm 12 15 Fibers + Beads 175 + 12,11
13 20 FibBeads + 208 + 14.43
Fibersers
14 25 Fibers 243 + 16.86
15 30 Fibers 486 + 33.65
Extrusion Rate 2 ml/h 16 10 Fibers + Beads 67 + 4.66
and Field 2 Kv/cm 17 15 Fibers + Beads ~ 123 + 8.57
18 20 Fibers 222 + 15.38
19 25 Fibers 380 + 26.30
20 30 Fibers 483 + 33.42
Extrusion Rate 3 ml/h 21 10 Fibers + Beads 55 + 3.87
and Field 3 kv/em 22 15 Fibers + Beads 178 + 12.38
23 20 Fibers 208 + 14.43
24 25 Fibers 358 + 24.80
25 30 Fibers 456 =+ 31.55
Extrusion Rate 3 ml/h 26 10 Fibers + Beads 71 + 4.95
and Field 2 Kv/cm 27 15 Fibers + Beads ~ 132 + 9.19
28 20 Fibers 250 + 17.31
29 25 Fibers 369 + 25.54
30 30 Fibers 471 + 32.64

) For n = 100 readings, data are expressed as mean S.D.
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Figure 5. SEM images of Polystyrene nanofibers samples at 10 wt.% (a), 15 wt.% (b), 20 wt.% (c), 25 wt.%, and 30 wt.% concentrations (e) at a 3 ml/h extrusion rate

and a 3 kV/cm field.

2.4. Evaluation of antibacterial activity via disk diffusion method

2.4.1. Materials

Two bacterial strains were provided by the Faculty of Women for Art,
Science, and Education, Ain Shams University, and Cairo, Egypt. They
include E. coli (ATCC 11229) and S. aureus (ATCC 6538). These strains
were chosen because they are the most common bacteria found in wound
infections. Fresh inoculants for antibacterial assessment were prepared in
nutrient broth at 37 °C for 24 h.

2.4.2. Test method

The antibacterial activity of the prepared nanofibers was determined
by the disc diffusion method on an agar plate as described in the previous
work [16, 32]. In the antibacterial assay, all the data were the means of at
least three parallel experiments, and the discrepancies among them were
less than 5%.

2.5. Statistical analysis

Results were expressed as the mean value with its standard deviation
(mean + S.D.) of each sample that was repeated three times (n = 3).
Statistical analysis was performed with the student's t-test and differences
were considered significant at p-values below 0.05.

3. Results and discussion
3.1. Electrospinning of polystyrene solution

Initial trials were conducted with regard to the electrospinnability of
polystyrene polymer. This was a necessary step to reveal the range of
parameters that provide nanofibers. In an attempt to find the upper limit
of the concentration parameter, the polystyrene was dissolved in dime-
thylformamide (DMF) at 35 wt.% and 40 wt.% concentrations. Due to the

Figure 6. SEM images of Polystyrene nanofibers samples at 10 wt.% (a), 15 wt.% (b), 20 wt.% (c), 25 wt.%, and 30 wt.% concentrations (e) at a 3 ml/h extrusion rate

and a 2 kV/cm field.
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Table 3. The effect of AgNPs weight percent (wt.%) on atomic absorption and
antibacterial activity of AgNPs embedded in PS nanofiber composites.

AgNPs wt.% Atomic Absorption Inhibition zone, mm

(mg/L) S. aureus E. coli
without 0.000 00 00
0.031 67 5.0 00
0.25 114 11 4.0
0.75 148 12 7.0
1.00 235 17 12
1.25 378 21 16

All of these measurements were made with a polystyrene solution containing
15% weight of polystyrene (15 g PS in 100 ml of distilled water).

high viscosity, it was impossible to pump the solution through the
spinneret at these two high concentrations. A stronger pumping power
system and/or larger spinneret size may be needed to overcome such
difficulties. The highest spinnable solution concentration was found to be
30%. The distance between the collection surface (drum) and the spin-
neret was maintained at 10 cm with an applied voltage of 25 kV. To find
out the lower limit of spinnable solution concentration, different solu-
tions were prepared with a range of concentrations of 5-40 wt.%. Elec-
trospinning trials were conducted from these solutions and the
corresponding SEM images are shown. Initial trials were conducted with
regard to the electrospinnability of polystyrene polymer. This was a
necessary step to reveal the range of parameters that provide nanofibers.
In an attempt to find the upper limit of the concentration parameter, the
polystyrene was dissolved in dimethylformamide (DMF) at 35 wt.% and
40 wt.% concentrations. Due to the high viscosity, it was impossible to
pump the solution through the spinneret at these two high concentra-
tions. A stronger pumping power system and/or larger spinneret size may
be needed to overcome such difficulties. The highest spinnable solution
concentration was found to be 30%. The distance between the collection
surface (drum) and the spinneret was maintained at 10 cm with an
applied voltage of 25 kV. To find out the lower limit of spinnable solution
concentration, different solutions were prepared with a range of con-
centrations of 5-40 wt.%. Electrospinning trials were conducted from

these solutions and the corresponding SEM images are shown in Fig-
ures 1, 2, 3, 4, 5, 6.

At low polymer concentrations of 5-8%, beads and discontinuous
films were formed. At such a low level of concentration, the solutions do
not contain sufficient material to produce stable, solid continuous fibers.
With increasing polymer concentration, the number of direct interchain
associations of polystyrene molecules in the solution increases and rea-
ches a critical value for forming a three-dimensional network structure
(highly viscous gel), thereby forming a good spinnable solution. But as
the concentration was increased to 10 %, 15%, 20%, 25%, and 30%,
continuous fibers were formed.

Table 2 Depicts the effect of processing parameters of electrospinning
of polystyrene on fiber diameter for the thirty samples along with the
electrospinning process and solution parameters.

3.1.1. Electrospun polystyrene solution characterization

The electrospinning of polystyrene solutions depends on various
factors, such as surface tension and viscosity. Beyond a certain surface
tension, the Taylor cone breaks into the jets, which get deposited onto the
collector plate as nanofibers. As viscosity increases, surface tension
reduces.

As previously stated, the surface tension of the solution is associated
with the formation of beads and beaded fibres at constant electro-
spinning parameters. The surface tension of the polymer solution was
measured at different concentrations to obtain the most suitable poly-
styrene concentration having the suitable surface tension to form
nanofibers.

The results of surface tension are shown in Figure 7, where the surface
tension of polystyrene solutions decreased as their viscosity increased. As
the viscosity increased, the solute-solvent interaction within the polymer
also increased at high voltage during electrospinning. The solvent mol-
ecules will be spread over the entangled polymer molecules. Table 3
shows that as the concentration of polystyrene solution increased from
5% to 40%, the surface tension reduced and the most suitable values of
surface tension were 28.60 and 37.90 dyn/cm for electrospinning of
polystyrene.

Figure 7 shows that the viscosity of polystyrene solution increased as
its concentrations increased. This was accompanied by the formation of
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Figure 8. a. UV -Vis spectra of silver nanoparticles (AgNPs) prepared by DMF reduction method. b. TEM image of silver nanoparticles (AgNPs).

nanofibers at higher viscosity. This was because there was a greater
amount of PS polymer available at higher concentrations. This was
caused by more intermolecular attachments, which finally led to fiber
formation. During initial trials of electrospinning using solutions of 5%
and 8% concentration, there was no sufficient amount of polymer to form
the fibers that resulted in the formation of beads and films. As the con-
centration increased, the viscosity and the amount of polymer in the
solution increased, which in turn increased the fiber-forming property of

the solution. Thus, the excellent viscosity of the solution of polystyrene in
DMF was found in a range of 4521-10757 cP.

3.2. Electrospinning of AgNPs embedded in polystyrene (PS) nanofiber
composites as antibacterial nanofibers

The preparation method of the AgNPs embedded PS nanofibers
composite by using electrospinning has been illustrated as follows:
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1. reflux for 1 h

PS—DMF (15 wt.%) + AgNOs solution (1 wt.%) AgNO;

2. electrospinning process

—PS nanofibers composite

3.2.1. The mechanism of AgNQg3 reduction in DMF
N, N-dimethylformamide can be oxidized in the presence of silver
nitrate to form carbamic acid and Ag™ reduced to AgNPs as follows:

structure [53]. The size of silver nanoparticles within the nanofiber
composite was about 19 nm.

The SEM images of PS nanofibers and Ag nanoparticles embedded in
PS nanofibers composite were shown in Figure 9b.

The thermal stability of polystyrene nanofibers (PS) and silver
nanoparticles embedded in polystyrene nanofibers composite (AgNPs-
PS) were studied by using thermogravimetric (TGA). TGA of PS and

OH
+ Ag’ gt

dimethyl formamide

Then carbamic acid can be easily decomposed at T > 250 K into
dimethylamine and carbon dioxide as follows.

(o)
OH

Me

N

Me——N

Me
N,N dimethyl carbamic acid

AgNPs-PS nanofiber composite are shown in Figure 10.
PS nanofiber demonstrated more thermal stability compared to the

\ ]
+
N

Co,

Me
N,N dimethyl carbamic acid

Therefore, DMF has been used as a solvent for electrospinning of
polystyrene solutions, and besides, it can also act as a self-reducing agent
for the reduction of Ag ions [52], and the reflux process can increase the
rate of reaction (conversion of silver ions to silver nanoparticles). The
formation of a yellowish-brown colour after refluxing confirmed the
reduction of Ag" ions and the subsequent formation of metallic Ag nuclei
as AgNPs [16].

Figure 8a shows the UV-Vis. spectra of AgNPs-PS nanofibers prepared
by the DMF reduction method. The observed UV-Vis spectrum at a
wavelength in the range of 400-450 nm confirmed the formation of Ag
nanoparticles after reflux with N, N dimethylformamide (DMF).

The TEM images of Ag nanoparticles are presented in Figure 9a. The
diameters of the Ag nanoparticles varied from 21 to 40 nm. The nano-
particles of Ag are seen in the TEM images, and some of them are
aggregated.

The presence of Ag nanoparticles within nanofibers was confirmed by
XRD (Figure 9a) of the produced AgNPs-PS nanofiber composite. The
XRD pattern showed 26 values at 39.1, 46.1, 68.7, and 79.2, which could
be indexed to four reflections from the (111), (200), (220), and (311)
planes. The peaks in XRD suggest that Ag nanoparticles have a cubic

dimethyl amine

AgNPs-PS nanofiber composite, with decomposition rates of PS from 368
t0 455 °C, T pax. at 419 °C, and half temperature at 417 °C with no residue
material after burning. For AgNPs embedded in PS nanofibers composite,
these data have been shifted to 356-449 °C (decomposition tempera-
ture), a 412 °C maximum temperature with a 406 °C half temperature,
and 13% material residue after burning. This could be because of the
catalytic effect of Ag nanoparticles on the thermal degradation of the Ag
NPs/PS composite.

Figure 11 shows Scanning electron microscopy analysis (SEM/EDS)
that confirmed the presence of AgNPs within the polystyrene (PS) elec-
trospun nanofibers. In addition, silver nanoparticles (AgNPs) were
deposited on the surface of PS electrospun nanofibers on a smooth sur-
face. Therefore, SEM images showed the presence of small nanoparticles
formed in a homogeneously distributed outside the nanofiber composite.
In addition, EDX analysis confirmed that these formed nanoparticles
were AgNOs. Furthermore, EDX analysis revealed that the Ag content
was 1.16 wt.% [54].

Atomic absorption was another tool used to confirm the presence of
Ag nanoparticles within the polystyrene nanofiber composite, as shown
in Table 3. Therefore, atomic absorption has been successfully used to
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determine the exact amount of AgNPs present on the PS nanofiber
composite.

3.2.1. Evaluation of the antibacterial activity of AgNPs embedded in PS
nanofibers composite

3.2.1.1. Mechanism of antibacterial activity of AgNPs. There are several
mechanisms that have been described for the antibacterial activity of
AgNPs. AgNPs carrying positive charges can attach to bacterial cell
membranes carrying negative charges that enhance AgNPs' antibacterial
effect [55]. AgNPs could attach to the bacterial cell wall membrane, then
it penetrates the cell wall of bacteria and disturbs bacterial cellular
contents. Reactive oxygen species (ROS) or oxidative stress is formed,
causing bacterial death [56]. AgNPs can disrupt protein and phosphorus
inside the bacterial cell and destabilize ribosome and DNA functions
[57]. AgNPs can interfere with the respiratory chain and cell division,
which leads to cell death [58].

The disc inhibition zone method was used to investigate the anti-
bacterial activity of PS nanofibers and AgNPs/PS nanofibers composite
against S. aureus and E. coli as Gram-positive and Gram-negative bacteria.
Table 3 showed that PS nanofibers didn't inhibit bacterial growth while
AgNPs/PS nanofibers composite inhibited bacterial growth due to the
presence of AgNPs on the PS nanofibers. The antibacterial activity of the
AgNPs-PS nanofiber composite was increased as the amount of AgNPs
increased. This was due to enhancement of the electrostatic interaction
between AgNPs and negative charges on the bacterial cell [56].

4. Conclusion

At the same time, nanofibers from PS and AgNPs-PS composites were
successfully prepared from DMF as a solvent and reducing agent at the
same time. PS nanofibers were formed at concentrations ranging from
10-30 wt.%, with a PS concentration of 20%, an extrusion rate of 1 ml/h,
and a field of 3 kV/cm producing the best results. The optimum values of
surface tension of PS were 28.60 and 37.90 dyn/cm and excellent values
of viscosity in a range of 4521-10757 cP. Ag nanoparticles can be pre-
pared by using DMF as a reducing agent and have a diameter of 21-40
nm. XRD and EDX analysis confirmed the presence of Ag nanoparticles
within nanofibers. TGA confirmed that the thermal stability of PS
nanofiber was greater than that of the PS-AgNPs nanofiber composite.
EDX and SEM imaging confirmed the presence of AgNPs on PS nano-
fibers. Antibacterial activity results of the AgNPs-PS nanofibers com-
posite against S. aureus and E. coli were increased due to the presence of
AgNPs. Based on these results, AgNPs-PS nanofiber composites can be
used as biomedical materials in many fields.
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