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Silver nanoparticles (Ag NPs) have been deposited on the surface of cotton
fabrics by a facile two-step method involving liquid precipitation and dielectric
barrier discharge (DBD) cold plasma reduction. X-ray diffraction, X-ray photo-

electron spectroscopy and high-resolution TEM show that Ag exists only in the
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metallic state form on the surface of the cotton fibers after DBD plasma treat-
ment, demonstrating that DBD plasma is a promising technique for metallic
oxide in situ reduction. The Ag NPs-modified cotton fabrics exhibit the signif-

icant antibacterial property against both Escherichia coli and Staphylococcus aur-
eus, which have potential applications in the healthcare and medicine fields.

Introduction

The traditional method to kill bacteria is mainly by
the use of antibiotic drugs. However, the abuse of
antibiotics has aroused many healthy problems [1, 2],
especially the emergence of multidrug-resistant bac-
teria which has become one of the most severe public
health threats worldwide [3]. Thus, in the past few
decades, the development of different kinds of potent
antibacterial and skin-innoxious fabrics has attracted
considerable attention from researchers [4, 5]. Cotton
fabrics are widely used in human daily life as well as

in medical and healthcare fields due to their unique
properties, such as water-absorbing, flexible, renew-
able and biodegradable [6, 7], but some drawbacks
hinder the widespread application of cotton fabrics in
medicine and healthcare; for example, the adherence
of microorganisms to cotton fabrics possibly leading
to severe infectious diseases [8]. Different methods of
surface modification are used for the production of
customized cotton fabrics with special properties,
such as water repellency [9], self-cleaning [10], UV-
blocking [11], as well as antibacterial effects
[8, 12-15].
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Ag nanoparticles (Ag NPs) have been acknowl-
edged as effective antimicrobial agents [3], which are
innoxious [16], stable in extreme environments and
have a broad antimicrobial spectrum [17-19]. Com-
pared with Ag ions and salts, Ag NPs can continu-
ously release Ag® and maintain the Ag ion
concentration for a longtime [20-23]. Apart from that,
Ag NPs can have a direct effect on the bacterial
membrane. It was reported that Ag NPs can con-
centrate on the surface of bacterial membranes, sub-
sequently breaking the balance of cell permeability,
thereby resulting in the disruption of bacterial
membranes [3]. When bacteria are exposed to Ag
NPs, they will be influenced by both Ag" and Ag
NPs [20]. Therefore, Ag NPs have a better and longer
acting antimicrobial effect than its ionic state.

Different techniques have been studied to prepare
antibacterial fabrics decorated by functional
nanoparticles [23]. Methods like chemical reduction
[24], photodegradation deposition [25] and in situ
biosynthesis [19] have been reported for preparing
antibacterial fabrics with Ag NPs. However, chemical
reducers, harsh reaction conditions, or long time-
consuming reactions involved in the methods as
mentioned above limit the large-scale production of
antibacterial fabrics.

Hydrogen cold plasma under dielectric barrier
discharge (DBD) is a promising technique employed
for materials modification [26]. The DBD device
contains two plane-parallel metal electrodes covered
by a dielectric layer, respectively, and a proper elec-
trodes gap width to ensure stable plasma operation,
as shown in Fig. 1b. The working gas flows in the
gap, and the discharge can be ignited by means of a
high voltage alternating current power source [27].
The high reducibility of the H radicals or atoms
produced in the plasma makes this method especially
effective in the deoxidization of metal ions. It has
been successfully used in reducing Pt- and Co-based
catalysts [28] and for reducing metal oxides on the
surface of TiO, [29, 30]. H, DBD plasma technique
has the unique advantages of simplicity, mild reac-
tion conditions and fast reaction rate. Taking our
early research as an example, metallic oxides, like Ag
oxide, could be totally reduced to their metallic state
by H, DBD plasma method at room temperature and
atmospheric pressure in only a few seconds [31].

However, the application of this technique in tex-
tile modification is still in its infancy. In this paper, a
facile and low-cost method used for the rapid
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Figure 1 Schematic for the synthesis of Ag NPs-modified cotton
fabric.

preparation of Ag NPs-functionalized cotton fabrics
has been studied. The surface morphology, physical
and chemical structure, as well as Ag element content
of cotton fabrics before and after treatment were
investigated. The antibacterial properties of cotton
fabrics after treatment were also studied.

Materials

In the present experiment, commercially available
cotton fabrics (average fiber diameter 20 um, area
5 cm x 5 cm) were used. The fabrics were ultrason-
ically cleaned with ethanol solution for 20 min and
then washed repeatedly with distilled water to
remove the impurities and dried in air before use.
AgNO; (AR) and ammonium hydroxide (AR) were
obtained from Sinopharm Chemical Reagent Co., Ltd.
All of the chemical reagents were used without fur-
ther purification.

Precipitation reaction and reduction of Ag
NPs by H,/Ar DBD plasma

The Ag NPs-modified cotton fabrics were prepared
by a conventional impregnation method. Typically,
the cotton fabric samples were immersed into AgNO;
solution and 0.3 M ammonium hydroxide solution
was added dropwise into the solution with magnetic
stirring at room temperature. The samples changed
from white to dark due to the deposition of AgOH
particles [part (a) of Fig. 1]. The resulting samples
were subsequently dried at 60 °C for 30 min, fol-
lowed by a DBD plasma treatment in a homemade
reactor to in situ synthesize Ag NPs [part (b) of
Fig. 1]. Before the DBD plasma treatment, the
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Figure 3 a XPS survey spectra and b high-resolution XPS»
spectra of Cls of Ag3, ¢ Ag spectra of samples Agl, Ag2, Ag3,
Ag4 and Ag5.

working gas (a mixture of Ar and H, gases with the
volume ratio of 1:1) was introduced into the reactor at
a flow rate of 50 mL/min for 1 min to purge the
reactor. The duration of the plasma treatment was
limited to 5 s with the flow rate controlled at 30 mL/
min. The input power was 22.5 W. The concentra-
tions of AgNO; in the cotton fabrics were variously
0.1 wt%, 0.15 wt%, 0.2 wt%, 0.25 wt% and 0.3 wt%,
and the corresponding samples obtained were
denoted as Agl, Ag2, Ag3, Agd4 and Agd,
respectively.

Characterization

X-ray diffraction (XRD) patterns of the samples were
obtained via a D/Max2550pc X-ray diffractometer
with Cu Ka radiation (4 = 1.54056 A) at a scan rate of
4°/min in the range 10°-80°. X-ray photoelectron
spectroscopy (XPS) was used to investigate the
chemical changes arising out of the plasma treatment,
using a VG ESCALAB MARK II spectrometer with an
Mg Ko (1253.6 eV) X-ray source, and collected spec-
tral data were calibrated by the C 1s peak at 284.6 eV.
Field emission scanning electron microscopy
(FESEM, Hitachi SU-70) was used to characterize the
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Figure 2 XRD patterns of samples of pristine cotton fabric, and
samples Agl, Ag2, Ag3, Ag4 and Ag5.
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microstructures of the cotton fibers and Ag NPs
particles. Energy dispersive spectroscopy (EDS) was
performed on the SEM. The sample morphology was
observed by transmission electron microscopy (TEM,
JEOL-2000EX) and high-resolution transmission
electron microscopy (HRTEM) at a 200 kV accelerat-
ing voltage.

Bacterial strains

The antibacterial activity of cotton fabric with Ag
nanocomposites was tested against two bacterial
strains viz. Escherichia coli (ATCC 11229) and Sta-
phylococcus aureus (ATCC 6538). E. coli belongs to
gram-negative bacteria, while S. aureus belongs to
gram-positive bacteria. The strains were preserved in
liquid nitrogen, kindly provided by Professor Wang
Shoufeng, Department of Basic Medical Sciences,
College of Medicine, Zhejiang University.

Antibacterial experiment

In this experiment, to determined minimum inhibi-
tory concentration (MIC) of the functional cotton
fabrics [32, 33], a serial dilution protocol was carried
out. Under aseptic conditions, different concentra-
tions of antibacterial agents in sterilized test tubes
were mixed with a same volume bacterial solution
(either E. coli or S. aureus) having a bacterial liquid
concentration of about 5 x 10° CFU/mL standard.
After mixing, these test tubes were placed in an
incubator at 37 °C for 24 h. A test tube having only
growth media and bacteria served as a control. For
this test, 5 mg to 25 mg weights of functional cotton
fabrics were immersed in 3 mL of bacterial solution.
The density of the suspensions of the respective
microorganisms was adjusted to 0.5 McFarland tur-
bidity standards. The minimum concentration of the
compound which inhibited the growth of the
respective organisms was considered as the MIC.

Results and discussion

The XRD patterns for all Ag-deposited cotton fabric
samples are shown in Fig. 2. The diffraction patterns
exhibited essentially correspond to the pristine cotton
fabric, and for all samples, no diffraction peaks for
Ag were identified, which is likely due to the small
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weight percentage of Ag and its good dispersion on
the surface of the cotton fibers.

X-ray photoelectron spectroscopy (XPS) was uti-
lized to characterize the surface states of all samples.
As shown in Fig. 3a, peaks identified as C, O, and Ag
are present, verifying the existence of metallic Ag. To
investigate the chemical composition of the cotton
fabric samples, high-resolution XPS analyses of C
1s and Ag 3d were performed. For the peak assign-
ments, for C1 (C-H or C-C bonds) located at
285.0 eV, the values of 286.7 eV and 288.1 eV were
reported for a typical cellulose C 1s signature con-
sisting of carbons with one or two bonds to oxygen
(C2: C-O bonds and C3: O-C=0 bonds) in the liter-
ature [34]. For the Cls spectrum in Fig. 3b, the
spectra of all samples contained these peaks men-
tioned above. In Fig. 3¢, the Ag 3d spectrum exhibited
two contributions, namely, 3d5/2 and 3d3/2 (result-
ing from the spin—orbit splitting), located at, respec-
tively, 368.6 eV and 374.6 eV, and the spin energy
separation was 6 eV, which indicated that Ag existed
in its metallic state [31]. It should be noted that for the
peaks located at low binding energies in all treated
samples (Agl to Ag5), the chemical groups were
introduced by the H, DBD plasma treatment.

Figure 4a shows that these cotton fibers had typical
diameters of about 20 um, and the pristine cotton
fabric presented a smooth surface, while the other
samples after treatment exhibited different surface
morphologies, with the formation of spherical or
octahedral Ag NPs with a grain size of about 0.5 pm,
as well as particles at the nanoscale. As the concen-
tration of AgNO; increased, more Ag NPs were
deposited, and even assembled on the surface of the
cotton fibers, indicating that the structure and
amount of Ag NPs were greatly affected by the
solvents.

Once the cotton fabric was immersed into the
AgNOQOj; solution, ion exchange interaction and com-
plexation between silver ions and chemical groups (-
OH and -COOH) would take place on the surface of
the cotton fabrics, and silver ions were bonded to the
surface of the cotton fibers, introducing sites for
precipitation of Ag,O [24].

During the period of DBD plasma treatment,
according to Fig. 5, when a potential difference
applied between two electrodes, electrons will gain
energy and accelerate [35], which can give rise to
collisions with heavy particles, e.g., ionization (“gas
breakdown”) and excitation (producing Ar* and Hy*)
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Figure 4 FESEM images of a pristine cotton fabrics, b, ¢ Agl, d—f Ag2, g-i Ag3, j-1 Ag4, and m—o Ag5.

[36]. Therefore, in the plasma system, there were the surface of the cotton fabrics. For the present
abundant excited H radicals or atoms with high experiments, the whole process can mainly be
reducibility. The Ag NPs were in situ synthesized on explained as following reactions:
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Figure 5 Schematic of the basic plasma processes in the DBD
plasma treatment.

AgNO, + NH3H,O — AgOH + NH4NO; (1)
2AgOH — Ag,0 + H,O (2)
e +Ar— Ar' +e (3)
e +H, - Hy + e 4)
2Ag" + Hy" + 2e — 2Ag + H, (5)

where e* is the electrons with high energy, and H,*
and Ar* the excited state of H, and Ar.

In Fig. 6¢, the SEM images and corresponding EDX
mapping diagrams of sample Ag3 revealed that the

Figure 6 a SEM images of
sample Ag3, and element
mapping images of b Ct, c Ag
and d O.
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elemental Ag was well distributed on the surface of
the cotton fibers, likewise suggesting the good dis-
tribution of Ag NPs. The actual amounts of Ag NPs
in the different samples were estimated from the EDS
data, as shown in Table 1, which are consistent with
the observations from SEM.

TEM and high-resolution TEM tests were carried
out to investigate the morphology and size of the Ag
NPs. The Ag NPs were collected from sample Ag3
after ultrasonic processing for 20 min. Different
morphologies of Ag NPs were observed, as shown in
Fig. 7. Particles with a grain size of about 0.5 pm are
in accordance with the SEM observations. Further-
more, Fig. 7b, c showed Ag NPs with lattice fringes of
0.235 nm that could be well indexed to the (111)
plane of Ag. The Ag NPs with a size of about 10 nm
had two possible forms of existence. They could
either attach on the Ag NPs with larger grain size, or
distribute on the surface of the cotton fibers. The
results show that Ag™ ions were sufficiently reduced
to Ag’ by H, DBD plasma in only 5s. Thus, this

Table 1 Mass fraction of Ag element in different samples

Sample Agl Ag2 Ag3 Ag4d Ag5

wit% 0.15 1.29 2.54 3.50 4.23
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0.235nm
Ag (111)

Figure 7 a TEM image of Ag NPs collected from the sample Ag3 after 20 min of ultrasonic processing, b HRTEM image of one Ag

nanoparticle in a and ¢ HRRTEM image of one of the dispersed Ag NPs.

technique turns out to be a promising method to
prepare metallic nanoparticles on the surface of
fabrics.

Further strong ultrasonic processing was adopted
to quantify the durability of Ag NPs. Morphologies of
Ag NPs for sample Ag?2 after strong ultrasonic pro-
cessing (JP-020, 40 kHz, 120 W, Skymen Cleaning
Equipment Co., Ltd) were show in Fig. 8a—c.
According to Table 2, the contents of Ag element
after different processing time were estimated by the
EDS analysis. The content of Ag element was reduced

Figure 8 FESEM images of
Ag?2 after ultrasonic
processing for a 10 min,

b 20 min, ¢, d 30 min.

rapidly at first, but with prolonging ultrasonic treat-
ment time, the content was almost constant. The
decline might result from the collapse and shedding
of large particles, as shown in Fig. 8d. However, Ag
NPs at nanoscale were the main factors impacting
antibacterial effect. Even after 30-min ultrasonic
processing, there were Ag NPs well dispersed on the
fabrics, which indicated that Ag NPs with large
particle size broke into smaller particles with excel-
lent adhesion.
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Minimum inhibitory concentration (MIC) mea-
surements of the cotton fabric samples with Ag NPs
were carried out to determine quantitatively the
corresponding antibacterial activity. The MIC is
defined as the minimum concentration of the samples
that inhibits visible growth of the tested bacteria [37].
Both bacterial strains were incubated with different
concentrations of samples for 24 h at 37 °C. It was
observed that the cotton fabrics deposited with Ag
NPs have a significant activity against the tested
bacteria.

In this experiment, minimum inhibitory concen-
trations of the cotton fabrics and their corresponding
Ag NPs for all samples are listed in Table 3. All
samples showed full inhibition against E. coli and S.
aureus except sample Agl due to its extremely low Ag
content. The observed difference in sensitivity
between E. coli and S. aureus possibly arose from the
cell wall components. Compared with S. aureus, the
cell wall of E. coli consists of an outer membrane with
lipids, proteins and lipopolysaccharides, which could
act as a protective layer. As a result, these samples
were more positive against S. aureus [38]. Minimum
inhibitory concentrations also varied for different
samples, and increased from sample Ag2 to Agh. The
antimicrobial mechanism of Ag NPs has been
explained in many literatures [3, 39—41]. It is widely
accepted that silver ions play a exceedingly impor-
tant role in antibacterial agents and that small Ag
NPs with a higher superficial area and faster rate of
Ag™" release than large Ag NPs would cause more
serious damage to microorganisms. In this experi-
ment, the sample Ag2 with the lowest minimum
inhibitory concentration exhibited the best antibac-
terial property among all samples, due to its large

Table 2 Mass fraction of Ag element in sample Ag2 after
ultrasonic processing for different time

J Mater Sci (2019) 54:10447-10456

surface area and fewer nanoclusters. However, par-
ticles observed with a scale of 0.5 pm were not con-
ducive to antibacterial ability, which might cause a
relatively higher MIC compared to the results of
some other literature values [42, 43].

Conclusions

The present study offers a green, two-step, in situ
method for preparing cotton fabrics decorated with
different contents of Ag NPs, and the obtained sam-
ples showed certain antibacterial properties against
both Escherichia coli and Staphylococcus aureus. Atmo-
spheric pressure DBD cold plasma treatment was
applied to fabric modification for the first time, to
reduce the silver precursor prepared by liquid phase
deposition into the metallic state. Our findings sug-
gest that DBD cold plasma has promising applica-
tions for the in situ reduction in metallic oxides. It
should be noted that this study has concentrated
primarily on the unique advantages of the DBD
plasma technique for surface modification, and fur-
ther research on other details, such as the synthesis of
size-adjustable and shape-controllable Ag NPs, will
be summarized in our next study.
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Table 3 Minimum inhibitory :
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fabrics and Ag nanoparticles Fabric Ag Fabric Ag Fabric Ag Fabric Ag Fabric Ag

against E. coli and S. aureus

after 24 h E. coli - - 8.3 0.11 8.3 0.21 6.7 023 6.7 0.28
S. aureus  — - 33 0.043 33 0.085 3.3 0.12 33 0.14
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