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ABSTRACT

The synthesis of silver nanoparticles with different sizes and concentrations was carried out using NaBH4 as a reducing
agent and polyethylene glycol (PEG) as a stabilizer. The thin films of PEG embedded with Ag nanoparticles (Ag NPs)
were deposited by electrospray deposition technique (ESD) and the morphology of subsequent prepared films was studied
by AFM. Structure-property relationships of the colloid and subsequent films were discussed in dependence on the
concentration of NaBH4. The synthesized Ag/PEG nanocomposite solution was characterized by UV-visible spectroscopy
and Transmission electron microscopy (TEM). Chemical composition in the whole and on the surface of films were
investigated by Fourier transform infrared (ATR-IR) and X-ray photoelectron microscopy (XPS), respectively. The UV-
visible results indicate to the formation of spherical Ag NPs where the absorption peak was observed at wavelengths
around 395 nm. TEM images showed the well dispersion of Ag NPs in the PEG matrix with average particle size of 13 nm.
Furthermore, the antimicrobial activity of the nanocmposite was studied. The Ag NPs released from the polymer matrix
proven to have a significant antimicrobial activity against S. Pneumonia, B. Subtilis, E. Coli, and A. Fumigates.

Keywords

Silver nanopatrticle, polyethylene glycol, electrospray deposition, thin films, surface modification

Council for Innovative Research

Peer Review Research Publishing System

Journal: Journal of Advances in Chemistry
Vol 11, No. 5

editorjaconline@gmail.com, www.cirjac.com

3597 |Page April 18, 2015


mailto:alaa.fahmy@azhar.edu.eg
mailto:editorjaconline@gmail.com

& ISSN 2321-807X

INTRODUCTION

Nanomaterials are differing in physico-chemical and biological properties as compared to their macroscale counterpart of
the similar chemical compositions [1]. Therefore, various types of inorganic particles have been used in
polymer/inorganic particle nanocomposites preparation including metals (e.g., Al, Fe, Au, and Ag), metal oxides
(e.g., ZnO, Al;03, CaCOgs, and TiOz), non-metal oxides (e.g., SiO;) and others (e.g., SiC) [2]. Among silver
nanoparticles (Ag-NPs) have received intensive studies in the field of nanotechnology due to their well-known
effectiveness in various fields such as biomedical [3], electronic [4], catalytic [5], optical applications [6], photo catalysts
[7]. Additionally, nanosilver is the most promising antibacterial agent due to its greater antibacterial effect as compared to
bulk silver materials [8].

Various methods were used for silver nanoparticles synthesis, which include chemical reduction [9], electrochemical
methods [10], photoinduced reduction [11], and microwave-assisted synthesis [12]. However, nanocomposites are a hew
class of materials that exhibit enhanced properties [13]. Nanocomposite is made up of inorganic nanoparticles dispersed
in organic polymer matrix. It gains typical properties of organic polymers (e.g. elasticity, transparency or specific
absorption of light, dielectrically properties) with the advantages of nanoparticles.

Many polymers have been used as NPs stabilizing media such as polyvinyl alcohol [14], polyacrylic acid [15],
polyvinylpyrrolidone [16], and Polyethylene glycol [16]. Polymers play an important role in the metal-polymer
nanocomposites acting as reducing and/or capping agents and thus prevent particle growth and aggregation. The
presence polymer hinders the growth of particles by controlling the nucleation.

On one hand, in situ growth of nanoparticles in a polymer matrix is a simple and efficient method to incorporate
inorganic NPs into polymer matrix [17]. Generally, the principles of an in-situ method include:

1. Polymer molecules used as nanoreactors and provide a confined medium for the synthesis (so, controlling particle size
and distribution). 2. Polymer molecules stabilize and isolate the generated NPs, thus preventing their aggregation.

On the other hand, preparation of polymer films is limited to a few techniques, such as spin coating, plasma polymerization
[18] and chemical vapor deposition. In the last decade, electrospray technique has a great importance for the researches
deals with nanoscience and nanotechnology because of its high deposition efficiency and coating of large uniform areas,
using equipment of low cost, deposition at atmospheric conditions. Moreover, it is easy to control the film thickness by
adjusting voltage and flow rate in this method [19].

In this work, polyethylene glycol/silver nanocomposite successfully prepared by chemical reduction of silver nitrate with
respect to different concentrations of sodium borohydride as a strong reducing agent in presence of polyethylene glycol
(PEG) as a mild reducing and/or stabilizing agent. PEG is frequently used in the synthesis of Ag nanoparticles because of

its wide range of molecular weights, low toxicity, chain flexibility and biocompatibility properties. Besides, PEG was able to
act both as reducing agent and stabilizer. Longer polymer chain of PEG exhibits a higher reducing activity and provides
higher stability in forming Ag NPs was proposed [20].

A combination of surface and bulk characterization methods were used to investigate the relationship between size and
stability of Ag NPs colloids as well as thin solid films prepared by the electrospray deposition system (ESD). Since its
implementation as a required process for drinking water treatment, disinfection has greatly reduced the risk associated
with waterborne bacterial diseases. Chlorination is the most common method of disinfection; but one risk involved with
chlorination is contact with natural organic matter, carcinogenic compounds such as trihalomethanes and haloacetic acids
can be formed. A second problem associated with chlorination as a means of water disinfection is due to multi-drug
resistant bacterial species [21]. While some alternative technologies (e.g. UV-irradiation, ozonation) have been extensively
researched and even employed in some water treatment facilities, problems have still been acknowledged with these
newer disinfection techniques (e.g. minimal-level residual). Thus, further studies in this field are of great importance for
overall human and environmental health. Silver nanoparticles (Ag-NPs) can be anchored on a polymer for water
disinfection. Upon anchoring Ag ions, particular bacterial strains were selected as indicator microorganisms; two of which
were gram-positive and two gram-negative [22,23].

2. EXPERIMENTAL SECTION

2.1. Materials

PEG 4000 obtained from (Alfa Aesar. USA). AgNOs (assay 99.85%) and NaBH, (assay 99%) were received from (Acros—
organics New Jersey, USA). Methanol (HPLC grade, assay 99%)) was obtained from (Macron fine chemicals, Norway). All
of the used chemicals are of analytical grade and used without any further purification.

2.2. Synthesis of AQ/PEG Nanocomposite

PEG (2.5 g) was dissolved in methanol (25 mL), then, AgNO3 (0.004 g) was added to the PEG solution and the reaction
was stirred for 1 h. at room temperature (25 °C) in dark place. The solution of NaBH4 (0.001 M) in deionized water (DDW)
was added to the reaction mixture in different volumes (0.1, 0.2, 0.25 and 0.3 mL). The mixture colorless was turning to
brown color at the first drop of NaBH, added as an indication of the formation of Ag-NPs. The stirring was continued at
room temperature in the dark place to avoid any photochemical reaction for another 2 hours to ensure the completion of
reduction process. The samples were designated as R1, R2, R3 and R4 for 0.1, 0.2, 0.25 and 0.3 mL of NaBHy,,
respectively.
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2.3. Fabrication of Ag/PEG Nanocomposite Films Using Electrospray Deposition
Technique (ESD)

The fabrication of AGQ/PEG nanocomposite films using electrospray deposition system is shown in Fig. (1). The system
consists of a high voltage power supply (12KV) with two terminal electrodes, the positive electrode is connected to the
stainless steel needle (nozzle) and the other electrode (ground) is connected to a sheet of aluminum. A silicon wafer is
placed over the aluminum sheet to act as conductive substrate for the deposition of thin films. The distance between the
tip of the needle and the Si-wafer was 5 cm. The nanocomposite solutions are injected through a burette ended with
stainless steel needle at flow rate 3.33 pL/min, the deposition time was 20 minutes. The parameters used in the deposition
process represent the optimum conditions for the fabrication of a homogeneous and pinhole free thin film.
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Power supply
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Figure 1. Schematic description of the (ESI) process parameters

2.4. Antimicrobial Activity

The antimicrobial activity of the nanocomposite solution against a wide range of an environmental and clinically
pathogenic microorganism was evaluated using the diffusion agar technique. Samples under investigation were
individually tested against a panel of Gram positive such as S. Pneumonia, B. Subilis, Gram negative as P. Aeruginosa,
E. Coli as pathogenic bacteria, A. Fumigates, C.Albicans as fungi.

Antibacterial tests were carried out using agar well diffusion method, with 100 ml suspension containing 1x10® colony
forming units CFU/mI pathological tested bacteria, 1x10* spore/ml fungi spread on nutrient agar and malt extract agar
(MA), respectively [24]. After the media had cooled and solidified wells (6mm in diameter) were made in the solidified agar
and loaded with 100pl of testing sample.

The inoculated plates were then incubated for 24 h at 37°C for bacteria and 48 h at 28°C for fungi. Ampicillin (50 pg/mL),
Genatmicin (50 pg/mL) and Amphotericin B (50 pg/mL) were used as blank for Gram positive bacteria, Gram negative
bacteria and fungi respectively. After incubation, antimicrobial activity was evaluated by measuring the zone of inhibition
against the test organisms and compared with that of the standard. Antimicrobial activity was expressed as inhibition
diameter zone in millimeters (mm) (average zone of inhibition). The experiment was carried out in triplicate and the data
was expressed as mean + standard deviation (SD).

The antimicrobial activity of Ag/PEG nanocomposite thin film which prepared by ESD method was done according to the
viable cell count method [25]. In this method, suspension containing approx.22.4x10° colony forming unit CFU of the
bacterial species E.coli was treated overnight with control as well as Ag/PEG nanocomposite thin film. These suspensions
were then cultured on nutrient agar plates and incubated for 24h. The colonies in bacterial species were then counted and
the reduction percentage of bacterial growth in the presence of Ag/PEG nanocomposite thin film compared to the control.

3. RESULTS AND DISSCUSION
3.1. Synthesis of [Ag /PEG] Nanocomposites

The most frequently methods which used to prepare dispersion of silver nanoparticles embedded in polymer matrices
involve the entrapment of silver ions by polymer chains. Polymers act as surface capping agent, followed by reduction of
silver ions with common reducing agents.

This method presents two advantages compared to the simple mixing of the two components and the polymerization in the
presence of presynthesized silver nanoparticles. First, the template role of the host macromolecular chains in the
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synthesis of nanoparticles was improved the dispersion of nanoparticles inside the polymeric matrix and also the
aggregation process was prevented. Second, the polymer chains were played an important role in the reduction of the
metal ions into nanoparticles as well as the size of nanoparticles with narrow size distribution and well defined shape. PEG
was employed as a stabilizer and polymeric media for the reduction of AgNO3 using NaBH.. This method produced ultra
small and well dispersed silver nanoparticles. The synthesis of Ag NPs capped with PEG is shown schematically in
Scheme 1.

It was proposed that the colloidal stabilization of Ag-PEG composite occurs due to the presence of van der Waals forces
between the oxygen negatively charged groups present in the molecular structure of the PEG and the positively charged
groups that surround the surface of inert Ag NPs [26].
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Schemel. The interactions between hydroxyl groups on PEG with the surface of positive charge of silver
nanoparticles [Ag-PEG] [27]

The Ag/PEG nanocomposite was characterized using a combination of surface and bulk characterization methods such as
FTIR, XPS, AFM, TEM and UV-vis spectroscopy.

3.2. UV-vis Spectroscopy

UV-visible spectroscopy is one of the popular characterization techniques to detect the nanoparticles formation and its
properties. UV-visible measurements were evaluated using Lambda 25 UV/Vis spectrometer, PerkinElmer, Inc. Once the
NaBH4; was added to AgNOs; and PEG mixture, the colorless mixture turns to brown color giving an indication on the
formation of Ag-NPs. The intensity of the color increases gradually with increasing the concentration (volume) of the
NaBH,4. The brown solutions are stable for three months indicating the effective capping of the PEG.
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Figure 2.UV-vis spectrum of Ag-NPs prepared in the PEG solution with different concentrations of the reducing
agent
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The absorption peak was observed at ca. 395 nm characteristic for Ag-NPs in the UV-vis region due to the surface
plasmon resonance (SPR) of silver nanoparticles [28]. It is well recognized that the absorbance of Ag NPs depends mainly
upon the size and shape. First observation, the absorption peaks appeared around 395 nm and the existence of a single
SPR peaks for each sample indicates the successful synthesis of spherical Ag-NPs. This is in agreement with the previous
results and predictions for spherical nanoparticles with a mean particle size below 20 nm [29,30]. The SPR absorption
band was enhanced and sharpened gradually with increasing the amount of NaBH4 (Fig. 2). At lower concentrations of the
reducing agent, the SPR band was broad. The reason is due to the formation of particles with a broad size distribution
[31]. Therefore, the size and shape of the particles were investigated using transmission electron microscopy.

3.3. Transmission Electron Microscopy (TEM)
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Figure 3.TEM image (a) and particle size distribution histogram (b) for the sample prepared by reduction with 0.3
mL NaBH4

The size and shape of Ag nanopatrticles were investigated by transmission electron microscopy (TEM) (JEOL JEM10x10
Electron Microscope). A few drops of Ag/PEG nanocomposite solution were dropped onto a TEM carbon coated grid, and
the residue was removed by a filter paper under the TEM grid. The TEM image of the sample R4 as an example (Fig. 3a)
proves that Ag nanoparticles are well dispersed with spherical or roughly spherical shape. The average size of the Ag-NPs
was determined from the peak position of the Gaussian fitting and equal to ~ 12.7 nm (Fig. 3b) with a standard deviation
3.4 nm.

However, a number of mono-dispersed spherical Ag NPs were homogeneously distributed throughout the whole image
field of the sample R1 (Fig 4a) but the aggregation of the nanoparticles was observed. In this sample, the average size of
Ag nanopatrticles is ca. 15.7 nm with a standard deviation 3.2 nm (Fig 4b).
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Figure 4. TEM image (a) and particle size distribution histogram (b) for the sample prepared with 0.1mL NaBH4

From the results of TEM analysis, it can be noted that, as the concentration of reducing agent increases, the size of Ag
NPs decreases and agreeing well with the shape of SPR band in the UV-vis spectra.

3.4. Attenuated Total Reflection-Infrared (ATR- IR)

FTIR spectra were characterized in the wavenumber range from 4000 to 500 cm™ accumulating 64 scans with a
resolution of 4 cm™ using a Nicolet Nexus 8700 FTIR spectrometer (Nicolet, USA) equipped with the appropriate ATR
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accessory (Diamond Golden Gate, one reflection). All spectra were subjected to the diamond ATR and baseline
correction.

The stracture of Ag/PEG nanocomposites were confirmed on the basis of IR spectra data. The Figure (5) represents IR
spectra for AQ/PEG nanocomposites were prepared with different amount of the reducing agent in comparison to the PEG
as blank.

For the spectrum of PEG the band appeared at 3460 cm™ related to the O-H stretchlng vibrations associated W|th v
(CHs™) at ~2940 cm™, v (CHzaS) at ~2920 cm™, v (CHs°) at ~2890 cm™ and the v (CH,") vibrations at ~2880 cm™* are
observed together W|th the corresponding v (C- O) vibration at ~1062 cm [32] Whereas, the bands at 1463 and 1340

! for C-H bending vibrations. Additionally, the absorption bands at 1279 and 1105 cm™ ! were due to the stretchlng
V|brat|ons of the alcoholic O-H and C-O-C ether linkage. C—OH stretching frequency was observed at 1062 cm™ Yand c-C
skeletal vibration frequencies were seen at 957 and 840 cm™ [33] The FT-IR measurements reveal that, the intensity of
the C-O bond that observed at ~ 1114 cm™ in the nanocopmposnes was increased as the concentration of NaBH4
increased. Furthermore, the intensity of the OH band at ~ 3460 cm™ was increased in the samples R1, R4, R2 and R3
compared to the pure PEG. This may be attributed to the traces of the solvent (Methanol) in the samples.

C-H stretching vibrations

O-H stretching vibrations

absorbance [a.u.]

Do 0Qo

4000 3000 2000 1000 0
wavenumber [cm™]

Figure 5. FT-IR spectra of PEG (a) and PEG/Ag nanocomposites prepared with 0.1 (b), 0.2 (c), 0.25 (d) and 0.3 mL
(e) NaBH4

The new peak at 1648 cm ™" is appeared in the composite samples. This band corresponds to the carbonyl groups formed
as a result of the interaction of Ag ions with C-O-H and subsequent reduction of metal ions to form metal nanopatrticles.

On the other hand, the wavenumber range of the —OH vibration from 3700 cm™* to 3100 cm™ reveals that this band is
quite complex and consists at least of two different contributions. The main component at ~3460 cm ™" is attributed to the
hydroxyl stretching vibration (C-OH) of PEG. The second contribution with a shoulder at ~3300 cm™ is related to the
vibration of another structural unit. This band is due to hydrogen bonded H-OH or OH groups from a few amount of the
solvent which may be remained in the sample.

3.5. X-ray Photoelectron Spectroscopy (XPS)

Ag3d
O1ls
Cis Ag3p augar peak

FN it
@“JWM

o] 200 400 600 800 1000 1200
binding energy [eV]

accounts [a.u.]

il
I

Figure 6. XPS spectrum of PEG (a) and PEG/Ag nanocomposites prepared with 0.1 (b), 0.2 (c) 0.25 (d) and 0.3 mL
(e) NaBH4
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The surface composition was investigated using X-ray photoelectron spectroscopy (XPS) by analyzing the Cls, Ol1s and
Ag 3d peaks. The spectrometer of SAGE 150 (Specs, Berlin, Germany) was used and equipped with a hemispherical
analyzer Phoibos 100 MCD-5 and utilized a non-monochromatic MgKa radiation with 11 kV and 220W settings at a
pressure of ca. 1 x 10™" Pascal in the analysis chamber. The experiments were performed to elucidate the chemical state
of Ag particles. Fig. (6) shows the XPS survey spectrum of Ag/PEG nanocoposites prepared with different concentrations
of NaBH4 and compared with PEG as blank. The full spectrum indicates the presence of the silver (Ag), oxygen (O) and
carbon (C) atoms. The XPS peaks at binding energies (BE) of 285 and 532 eV which are attributed to C 1s and O
1s, respectively.

Additionally, the XPS spectra of AQ/PEG nanocoposites samples clearly showed the appearance of Ag3d peaks in the
range 364—-378 eV. The silver ion shows an anomalous positive shift in the B.E. upon reduction to silver metal, that is the
Ag3d peaks shift to the higher B.E. values for reduction form of silver metal [34]. The Ag3d-XPS peak envelop was
deconvoluted into two component peaks at ca. 368.8 eV and 367.2 eV, which correspond to the two different states of
silver, namely metallic silver (Ago) and silver ion (Ag"), respectively [35,36]. The analysis of the decomposed Ag3d peak
provided the composition of PEG-AgNO3; sample, as shown in Fig. 7.

It is noted that the binding energies for Ag electron configurations of 3d5/2 and 3d3/2 were 368.8 eV and 374.6 eV,
respectively, with a difference of (5.8 eV), and comparable to the standard Ag 3d binding energies (3d5/2 = 368.3 eV,
3d3/2 = 374.3 eV, AE= 6.0 eV) [37]. It can be seen that the doublet separation of 3d (3d5/2 and 3d3/2) photoemission of
the metallic Ag occurred and shows higher (BE) than that of Ag bulk metal (3d5/2 = 368.3 eV, 3d3/2 = 374.3 eV). This shift
in the (BE) of nanostructured materials might be attributed to three main effects which include: charging [38], size [39], and
chemical (bonding) effects [35].
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Figure 7. High-resolution XPS spectra of Ag3d. The solid line represents the experimental data. The dashed line is
a fit of a sum of Gauss function to the data
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Figure 8. The ratio of Ag NPs and Ag ions in the Ag/PEG nanocomposite samples vs. the amount of NaBH4 in
comparison to PEG blank sample
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On the other hand notes that, as the concentration of NaBH, increases, the concentration of Ag metal (Ag°) increases as
well, and subsequent, the concentration of Ag ions (Ag*) decreases as shows in Fig. (8).

3.6. Atomic Force Microscopy (AFM)

6.9 nm
0.0 nm

4.0 pm
J: 0.0 pm

Figure 9. AFM 3D images of Si-wafers (a) ESD deposition of: pure PEG (b) and Ag/PEG nanocompsite (R3) (c)
onto Si-wafer

The surface topography and morphology of the PEG and Ag/PEG nanocomposite thin films was investigated using atomic
force microscopy (AFM) model Autoprobe cp-research head manufactured by Thermomicroscope, the number of data
points was 256*256, and the scan rate was 1 Hz. AFM was operated in contact mode using a nonconductive silicon
nitride probe, manufactured by Bruker model MLCT-MT-A using proscan 1.8 software for controlling the scan parameters
and IP 2.1software for image analysis. Each sample was scratched up to the bottom and then the thickness was
measured as height of this scratch using AFM and it was equal to 3 um. A homogenous and smooth surface with PEG
deposited thin films by ESD method was obtained.

Fig. 9a shows the 3D images of the Si-wafer. The Si-wafer had an average roughness of 0.3 nm while for PEG deposited
onto Si wafer samples by ESD technique have of 0.453 pm (Fig. 9b). The root mean square (rms) roughness was
calculated for R3 sample and it was found to be 0.681 um. According to the results, the roughness of the PEG thin film
was largely higher than the silicon substrate. Also, the roughness of the sample R3 thin film revealed that nanoparticles
significantly changed the morphology of the film surface. These increases might be related to more nucleation sites
produced by nanoparticles or agglomeration of nanoparticles. [40]

3.7. Biological Activity Evaluation

Antimicrobial activity of Ag/PEG nanocomposite was evaluated using the diffusion agar technique. The mean zones of
inhibition in mm + standard deviation beyond well diameter (6 mm) produced on a range of environmental and clinical
pathogenic microorganisms compared with the standard were shown in Tablel.
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On one hand, a gradual increase in the zone of inhibition diameter was observed as the concentrations of NaBH4
increased (Table 1). As discussed before, the concentrations of Ag-NPs were increased with growth the NaBH4 as well as
the size of the Ag-NPs was decreased.

In the antifungal tests, it was noted that all of the samples have no activity toward (Candida albicans) while in the case of
(Aspergillus fumigates) the samples showed promising results. The minimum zone of inhibition was obtained for R1,
whereas it was the maximum zone of inhibition for R4. R2 and R3 have zones of inhibition of (15.6 + 0.44mm) and (18.1 =
0.58mm), respectively. For the antibacterial test all of samples have no activity toward (Pseudomonas aeruginosa) where
a positive effect on the other two types of bacteria (gram positive and negative) with varying activities (Table 1).

The R1 sample has a minimum zone of inhibition while R4 sample like that observed for antifungal test has the maximum
zone of inhibition for both gram positive bacteria (Streptococcus Pneumonia and Bacillus subtillis) and gram negative
bacteria (E.coli).

Table 1. Biological activity of AGQ/PEG nanocomposite (100uL doses) and commercial antibiotics (standard) (100
pL doses) in agar diffusion method, NA = no activity.

_ Tested_ Mean zone of inhibition(mm)
microorganisms
R1 R2 R3 R4 standard
Eunai AmphotericinB
A.fumigates 12.6+£0.58 15.6+£0.44 18.1+0.58 18.6+£0.36 23.710.1
C. albicans NA NA NA NA 25.440.1
Gram positive bacteria Ampicillin
S.Pneumonia 14.6+0.43 16.9+0.44 19.2+0.44 19.6+0.63 23.8+0.2
B. subtillis 16.2+0.53 19.3+0.25 19.3+0.63 20.0+0.32 32.4+0.3
Gram negative bacteria Gentamicin
P.aeruginosa NA NA NA NA 17.3+0.1
E.coli 13.7+0.25 14.9+0.44 15.4+0.58 15.9+0.46 19.9+0.3

Therefore, it can be concluded that the antifungal and antibacterial effect were increased as the size of the Ag NPs was
decreased and its concentration increased.

On the other hand, the antimicrobial activity of Ag/PEG nanocomposite thin film prepared by ESD was investigated
according to viable count method using E.coli as model bacteria. The total bacterial count of the tested sample and
reduction percent(R %) of the sample (R4) against E.coli are recorded in Table 2. The reduction percent of bacterial
growth in the presence of Ag/PEG nanocomposite film was estimated using the following formula [41]:

R (%) = [(A-B)/A] x 100

where A and B are the numbers of CFU/mL of bacteria in the liquid culture in the presence of control and Ag/PEG
nanocomposite thin film, respectively.

Table 2. Antibacterial activity of R4 sample as a thin film prepared by ESD technique

Count CFU
Tested —
microorganism Reduction percent
R4 Control (R)%
E.coli 16.4x10° 22.4x10° 99.93

The film exhibited high reduction percentage of the E.Coli concentration (99.93%) compared to the control one. It can be
clearly seen that the growth of the bacteria was significantly hindered by the nanocomposite thin film. According to these
results, the Ag/PEG nanocomposite solution and thin film exhibit excellent antimicrobial activity was concluded.

3.7.1. Action of Silver Nanoparticles Mechanism on Microbes

Several mechanisms have been proposed to explain the inhibitory effect of Ag NPs on bacteria. It was assumed that the
high affinity of silver towards sulfur and phosphorus is the key element of the antimicrobial effect. Ag NPs have the ability
to anchor to the bacterial cell wall and subsequently penetrate it, thereby causing structural changes in the cell membrane
like the permeability of the cell membrane and death of the cell. There is formation of ‘pits’ on the cell surface, and there is
an accumulation of the nanoparticles on the cell surface [42].
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The formation of free radicals by the silver nanoparticles may be considered to be another mechanism by which the cells
die. These free radicals have the ability to damage the cell membrane and make it porous which can ultimately lead to cell
death [43]. It has also been proposed that silver ions [44] can interact with the thiol groups of many vital enzymes and
inactivate them [45]. The bacterial cells in contact with silver take in silver ions, which inhibit several functions in the cell
and damage the cells. The cells are majorly made up of sulfur (Ag NPs can react with sulfur-containing amino acids inside
or outside the cell membrane) and phosphorus which are soft bases and silver is a soft acid [46], the action of these
nanoparticles on the cell takes place and subsequently lead to cell death.

The antifungal action of Ag NPs can be suggested as follows: Ag NPs attach to the cell membrane and penetrate in the
fungi then produce a site with little molecular weight in center of fungi, and then Ag NPs attach to respiratory sequence
and finally cell division stop leads to cell death. Moreover, Ag NPs release silver ion in fungal cell which increase the
antifungal function as a result [47]. Additionally, during Ag NPs exposure, there are significant changes to Fungal cell
membranes, which are recognized by the formation of “pits” on their surfaces, and finally, result in the formation of pores
and cell death [48].

CONCLUSION

Thin films of PEG embedded with silver nanoparticles were prepared using electrospray deposition technique (ESD). The
effect of variation of the reducing agent concentration on the size of the Ag nanoparticles also was studied, and showed
that the size of silver nanoparticle decreased with increasing the concentration of the NaBH4. The Ag-NPs in the polymeric
matrix distributed well with an average particle size of around 13 nm as revealed by TEM image. The formation of uniform
and well-shaped nanoparticles was accounted as a result of using proper protecting agent (PEG).

The antimicrobial activity of the prepared Ag/PEG nanocomposite solution showed that the Ag nanopatrticles exhibit higher
antimicrobial activity when its size was decreased and its concentration was increased. However, results indicated that
Ag/PEG nanocomposite is selective in its antibacterial action. The thin film of Ag/PEG nanocomposite prepared by
elecrospray deposition technique (ESD) showed that the thin film exhibit excellent antimicrobial activity. This demonstrates
that the composite films might be employed as environmental friendly and antimicrobial surface in the biomedical
applications. Therefore, it could be useful for drinking water treatment, disinfection.
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