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HIGHLIGHTS

GRAPHICAL ABSTRACT

* Fabrics were carried out by coating
with silver nanoparticles (AgNPs)
stabilized with polyvinylpyrrolidone
(PVP) through y-irradiation.

* The AgNPs-coated silk fabrics
demonstrated an excellent
antibacterial activity against the
tested bacteria, Escherichia coli
and Staphylococcus aureus.

» This work offers potentials to
produce specific AgNPs-coated
antimicrobial silk for various
applications in the textile industry.
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Silk fabrics were modified by a treatment of silver nitrate solution (AgNO,) and
polyvinylpyrrolidone (PVP) as a stabilizer then exposure to y-irradiation to create
antibacterial properties. Effects of the absorbed dose on treated fabrics were investigated.
The scanning electron microscopy (SEM) and X-ray diffraction (XRD) patterns were
used to confirm the presence of silver nanoparticles (AgNPs) on the fabric. The treated
fabrics should have enhanced thermal stability due to the presence of AgNPs. The treated
silk fabric was examined for its antibacterial activity toward various types of bacteria.
The AgNPs-treated silk fabrics demonstrated excellent antibacterial activity against the
tested bacteria, Escherichia coli and Staphylococcus aureus. This work opens the door

for production of specific AgNPs-silk as a type of textile in the antibacterial domain.
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1. Introduction

As a natural protein fiber, silk possesses a structure
very similar to human skin with smooth, breathable,
soft, non-itching and antistatic characteristics [1];
however, bacteria can easily adhere and grow on
silk fabric causing deformation and degradation
[2]. So, it is necessary to produce a silk fiber having
antimicrobial activity which can be used in a wide range
of applications. The antimicrobial finishing can be used
for fabrics and clothes used in hospital and crowded
public areas or textiles that are left wet for a long period
of time between processing steps. Finally, the use of this
finishing in intimate apparel, underwear and socks can
prevent unpleasant odors [3].

As advances in nanotechnology have been made,
numerous nanomaterials with various structures
and unique properties have been fabricated [4-9].
Researchers have recently become interesting in the
immobilization of fibers with nanomaterials to produce
multifunctional textiles. Since the silver nanoparticle
(AgNP) is a typical nanomaterial with broad-spectrum
antibacterial effects on both Gram-negative and Gram-
positive bacteria [10,11], it has been utilized to treat
silk fibers for antimicrobial properties [12-15]. The
antimicrobial properties of silver particles have been
exploited for a long time in biomedical textiles as its
broad-spectrum action is particularly significant in
preventing polymicrobial
with hospital-acquired infections [16,17]. Silver has
revealed bactericidal activity against a wide range of

Gram-positive and Gram-negative bacteria, namely

colonization associated

Pseudomonas aeruginosa, S. aureus, Staphylococcus
epidermidis, E. coli and Klebsiella pneumonia [18].
The AgNPs interact with the bacterial membrane and
are able to penetrate inside the cell. The mechanisms
of interaction involve AgNPs attaching to bacterial cell
membranes, which increase permeability and disturb
respiration. Another advantage of AgNPs is that they
are easily embedded into the fibers’ polymeric matrices
[19,20].

Various polymers, such as polyamide, polyvinyl-
pyrrolidone, and polyacrylic acid, were employed
to functionalize the silk surface [21-23] to produce a
hydrophilic character to increase the adsorption amount
of Ag", which subsequently reduced to AgNPs [11,24].

Antibacterial fabrics can be used to make bandages,
gauze, bed sheets, and surgical clothes [25,26].

Mohammad Mirjalili ef al. imparted an antimicrobial
finishing to cellulose fabric using a nano silver solution
[27]. The surface characteristics of these fabrics have
been studied by scanning electron microscopy (SEM)
which indicated silver nanoparticles were well dispersed
on the fabric surface. An antibacterial test, using Gram-
negative bacteria (Escherichia coli), was used to
estimate the biological activity of the treated fabrics.

Wasif A. L. and Laga S. K. studied antimicrobial
finishing on cotton woven fabric using a nano silver
solution as an antimicrobial agent against Gram positive
(Staphylococcus aureus) and Gram-negative bacteria
(Escherichia coli), at various concentrations in the
presence of polyvinylalcohol (PVOH) [28]. They found
that the higher the concentration of antimicrobial agent
the larger the zone of inhibition in the cases of both
Gram-positive and Gram-negative bacteria. Various
properties like tensile strength, bending length, crease
recovery angle, and zone of inhibition were also studied.

In this study, we prepared silk fabrics treated with
AgNPs via y-ray irradiation. SEM, XRD, and TGA
were used to confirm the properties of these treated
fabrics. The antimicrobial finish was applied to make
silk fabrics more suitable for industrial applications.

2. Experimental
2.1. Materials

Silver nitrate, crystal, and ACS, M.W. 169.87, was
obtained from GAMMA, Laboratory Chemicals.
Polyvinylpyrolidone (PVP), M.W. 40000, was supplied
from Universal Fine Chemicals PVT. LTD, India. All
the materialswere used without further purification. Silk
fabric was kindly supplied by Al Khateeb Company,
Akhmen, Egypt.

2.2. Treatment of silk fabric

Approximately 60 g of washed silk fabrics
irradiated in 500 ml of 3 mM AgNO; solution using

were

the stabilizer of 1.0% Polyvinylpyrrolidone (PVP) in
the dose range from 5 to 20 kGy of gamma irradiation
at the National Center for Radiation Research and
Technology, Cairo, Egypt.

Afterwards, samples were rinsed with water and dried
at 40°C for 40 min. A similar procedure was applied for
40 repeated washes.
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3. Characterizations

Samples (silk treated with AgNPs) were digested in
conc. Nitric acid 69% (Anular) and H,0, in a 5:1 ratio
using a Microwave Digester Instrument, Milestone 1200
Miga, Italy [29]. The Ag element was estimated using
an Atomic Absorption Spectrometer, Thermo Scientific
E3000 series, England. Tensile (tensile strength and %
elongation-at-break) properties were determined using
a Mecmesin, (Model 10-1) UK, equipped with software
and a crosshead speed of 50 mm/min. All mechanical
parameters were directly calculated. The samples for
tensile measurements were dumbbell shaped with
a width of 4 mm and length of 50 mm. The surface
morphology of the modified silk fabrics in comparison
with unmodified silk fabrics was examined by SEM. The
micrographs were taken with a JSM-5400 instrument
manufactured by Joel, Japan. An XRD experiment of
the samples was performed at room temperature using
a Philips PW 1390 diffractometer (30 kV, 10 mA) with
copper target irradiation at a scanning rate of 80/min
in a 20 range of 400-900°C. Thermal characteristics of
AgNPs treated silk fabrics were determined from the
thermogravimetric analysis (TGA) data, using a TGA-
30 apparatus (at Shimadzu, Kyoto, Japan), at a heating
rate of 10°C/min. in air, over a temperature range from
room temperature to 600°C.

4. Antibacterial activity testing

A disk diffusion test, according to the Kirby Baur
method [30], was applied to identify the bacterial effect
through the measurements of bacterial broth. A known
quantity of bacteria was grown overnight on agar (solid
growth media) plates. The samples were placed in
Petri-dishes and then incubated for 24 hr at 30-32°C.
The inhibition zone was then measured in cm from one
side of the square sample. Both positive and negative
bacteria, Escherichia Coli and Staphylococcus aurous,
were tested.

5. Results and discussions

5.1. Measurement of silver content on the treated silk
fabrics

The amount of silver content on the treated silk fabrics
was calculated. Figure 1 shows the relationship between

the absorbed dose and silver content. The results obtained
from this figure indicate that the content of AgNPs on
the silk fabrics increases as the absorbed dose increases
up to 10 kGy then tends to level off. A maximal value of
the AgNPs content on fabrics was found to be 177 ppm
for the silk fabrics in a 3 mM AgNO; solution irradiated
with an absorbed dose of 10 kGy.
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Fig. 1. Relationship between the content of AgNPs on the silk
fabrics and irradiation dose.

The formation of Ag" ions was a result of silk fabrics
treated with the AgNO; solution. These Ag*ions were
reduced to Ag atoms and simultaneously deposited
on the silk fabrics. The interaction between fibers and
metallic AgNPs stabilized by PVP polymer caused the
formation of a chemical bond between the silver and
alcoholic groups of silk and resulted in the physical
adsorption of AgNPs on the fabric surface [31].

5.2. Mechanical properties

Mechanical properties of the treated silk fabrics in
terms of tensile strength (TS) and elongation (E,%)
in the dose range from 0 to 20 kGy were plotted in
Figures 2 and 3. The results show that tensile strength
and elongation at break (%) of the AgNPs treated silk
fabrics are slightly affected at the doses (5-20 kGy) in
comparison with the control silk fabrics. The results
showed that tensile strength (TS) of the AgNPs treated
silk fabrics irradiated with 5 kGy exhibit slightly lower
tensile strength than the control silk fabric as shown in
Figure 2. Whereas, the strain value of the treated fabric
at the same dose was more than that of the untreated
fabric as shown in Figure 3. The results obtained from
this figure indicate that the treatment process did not
alter the mechanical properties of the silk fabric.
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Fig. 2. Effect of different irradiation dose on the tensile strength at
break of untreated silk fabric and AgNPs-treated ones with different
gamma irradiation doses.
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Fig. 3. Effect of different irradiation dose on the elongation (%) at
break of untreated silk fabric and AgNPs-treated silk fabrics with
different gamma irradiation doses.

5.3. Scanning electron microscopy (SEM) of untreated
and treated silk fabrics

The surface morphology of untreated and treated silk
fabrics irradiated to different doses (5 and 10 kGy) was
investigated by SEM (Figure 4 a, b, and ¢). (a) shows the
surface morphology of untreated fabric, which appeared
smooth and homogeneous. Figure 4 (b, and ¢) illustrates
the surface morphology of silk fabric treated with
silver NPs, which appeared rough and full of particle
aggregates due to the imbedding of AgNPs. It was noted
that after irradiation to 5 kGy in AgNOj; solution, some
of the AgNPs were agglomerated and therefore caused
the formation of large nanoparticles dispersed on the
fabric surface. As the irradiation dose increased from 5
kGy to 10 kGy, the aggregation of the AgNPs increases
[32]. To limit the side effects of AgNPs aggregation, a

Fig. 4. SEM of untreated and AgNPs-treated silk fabrics with
different gamma irradiation doses, a) Original silk fabric, b) 5 kGy,
¢) 10 kGy.

low irradiation dose with efficient AgNPs production
is preferred for obtaining homogeneously dispersed
AgNPs on the surface.

5.4. XRD of untreated and treated silk fabrics

XRD patterns of untreated and treated silk fabrics
with AgNPs are shown in Figure 5 (a, b and c). The
silk fabrics had a crystalline peak located at 2©6=20.28°
[33]. Figure (5a) shows there is no significant change
in this peak after the treatment; this suggests that the
gamma irradiation and AgNPs attachment do not alter
the structure of the silk fibers. (Figure 5b and c) shows
four new peaks at 20 values of 38.4°C, 44.6°C, 64.7°C
and 77.5°C were detected, which were attributed to the
diffraction peaks of the (111), (200), (220) and (311)
planes of silver NPs, respectively [34]. The XRD
pattern clearly indicates that AgNPs were deposited
directly on the silk surface and the silk fabrics treated
with AgNPs were successfully prepared using silver
nitrate by radiation.

5.5. Thermogravimetric analysis (TGA) of untreated
and treated silk fabrics

Thermal behavior of untreated and treated silk fabrics
in a temperature range from room temperature to 600°C
at all gamma irradiation doses (5-20 kGy) are shown in
Figure 6. It can be seen that the thermal decomposition
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Fig. 5. XRD patterns of untreated (a) and AgNPs-treated silk fabric
with different gamma irradiation doses (b and c).

of both the untreated and treated silk fabrics passes
through three stages
temperature to 600°C. All the curves show an initial
stage of weight loss below 100°C, which can be

upon heating from room

ascribed to the elimination of adsorbed water from the
fabrics. In the second stage at temperatures from 100-
290°C, all samples again show weight loss, which may
be attributed to the degradation of side chain groups of
silk fibroin proteins [35]. The third stage of weight loss
from 300 to 600°C may be caused by the breakdown
of the main chains of silk fibers [35]. Moreover, it was
found that thermal stability increases as the irradiation
dose increases up to 10 kGy. For example, at a constant
temperature of 350°C weight loss % is 30% and 19%
at an irradiation dose of 5 and 10 kGy, respectively.
Since carboxyl groups on the side chains of silk proteins
are expected to be the binding sites of AgNPs, its
attachment may possibly protect the side chains from
thermal degradation [36-38].
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Fig. 6. TGA curves of untreated and AgNPs-treated silk fabric
with different gamma irradiation doses.

5.6. Antibacterial activity testing

Figures 7 and 8 show the antibacterial effects of
untreated and Ag NPs-treated silk fabrics (5 and 10 kGy)
on E.coli (A) Gram-negative and S. aureus (B) Gram-
positive bacteria. E. coli and S. aureuswere selected as
model bacteria to explore the antimicrobial effects of
the modified silk fabric in the zone of inhibition test
since they are typical Gram-negative and Gram-positive
bacteria, respectively. In this study [39], no clear zone
occurs on either the E. coli and S. aureus agar plates for
the untreated silk fabric. In contrast, all AgNPs-treated
fabrics have obvious inhibition zones. The results
obtained from these figures signified the following
features: (a) the untreated silk fabric (control) exhibited
no inhibition zone indicating no antibacterial activity;
(b) treatment of a constant concentration of silver
nitrate (3 mM) irradiated to 5 and 10 kGy rendered the
fabric antibacterial irrespective of the bacteria used, (c)
resistance of the modified fabric to E.coli (A) Gram-
negative bacteria is greater than that for the S. aureus
(B) Gram-positive bacteria as evidenced by comparing
the inhibition zone for all used bacteria. These results
strongly prove that AgNPs-treated silk fabrics possess
the capability to kill both Gram-negative and Gram-
positive bacteria.

Fig. 7. Antibacterial effects of the untreated and AgNPs-treated
silk fabrics on E.coli (A) Gram-negative bacteria.

Fig. 8. Antibacterial effects of the untreated and AgNPs-treated
silk fabrics on S. aureus (B) Gram-positive bacteria.
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6. Conclusions

The preparation of the treated fabric depends on
the gamma irradiation doses in the presence of PVP
polymer and silver ions. Gamma irradiation doses cause
significant aggregation of AgNPs on the fabric. A good
distribution of AgNPs on the silk fabric surface, exhibited
in SEM images, proves the existing of AgNPs on the
silk fabrics. The XRD data reveal that the synthesized
treated fabric possess good crystalline structures. The
presence of AgNPs greatly changed the pattern of the
TGA curve, and may be due to the attached AgNPs
protecting the silk fibers from degradation. The residue
weight observed in the TGA experiment further proves
the successful synthesis of AgNPs on the fiber surface.
The antimicrobial activity including bacterial growth
inhibition and bactericidal effects of the AgNPs-coated
silk is demonstrated in the zone of inhibition. Based
on the data, it can be concluded that AgNPs-coated
silk, which possesses excellent antibacterial activity, is
directly fabricated with a gamma irradiated-assisted in
situ synthesis approach using degummed silk fibers and
a AgNO; solution as raw materials. This work offers
the potential to produce treated antimicrobial silk for
applications including clothing and industrial textiles.
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