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Abstract: In the present work, silver nanoparticles (Ag NPs) were deposited on PET fabrics by a green method. The fabric
samples were firstly treated by ambient air cold plasma. Then, the Ag2O nanoparticles were deposited on the surface of the
samples assisted by ultrasonic spraying technology. Finally, the Ag2O nanoparticles were in-situ reduced into Ag NPs by H2

DBD cold plasma. Results of SEM, EDS, high-resolution XPS and TEM analyses confirmed that Ag2O were completely
reduced into Ag NPs. Thermogravimetry analysis (TGA) and tensile test were used to evaluate the thermodynamic properties
and mechanical properties of the Ag NPs deposited PET fabrics. The antibacterial experiments indicted that the as-prepared
Ag NPs-deposited fabrics exhibited considerable antibacterial activity against both S. aureus and E. coli. Therefore, these
materials have promising applications in the medicinal filed as well as in human daily life to relieve the many problems
caused by bacteria.
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Introduction

The emergence of novel pathogenic microorganisms as

well as their increasing resistance to antibiotics have become

major global issues facing humanity [1,2]. Infectious

diseases caused by multi-resistant bacteria given the urgent

need to develop new antimicrobial agents [3-5]. 

Silver nanoparticles (Ag NPs) are one of the attractive

agents against multiple pathogenic microorganisms [6]. The

bacterial resistance to silver-based antibacterial agents has

developed slowly relative to the resistance to traditional

antibiotics, because of the complex and multiple mechanism

of the inhibitory effect of silver [7]. One of the widely

accepted explanations is that silver ions can accumulate on

the negatively charged membrane of bacteria, thereby

damaging the biological function of cell membranes, and

they may even react with the thiol groups of proteins, giving

rise to bacterial inactivation [8-10]. However, silver ions-

based antibacterial agents are extremely sensitive to electrolytes,

and rapidly become ineffective via reactions with anions

[8,11]. On the other hand, the burgeoning nanotechnology

makes Ag NPs a promising candidate for new, effective

antibacterial agents [12-14]. They could potentially act as a

sustained source of ions, continuously releasing them by

partial surface oxidation, while simultaneously directly

damaging bacterial membranes [15,16].

The aggregation of free Ag NPs could result in an obvious

decrease in their toxicity to bacteria. Dispersing agents such

as citrate and polyvinyl pyrrolidone (PVP) are accordingly

often employed to improve the stability of Ag NPs in

solution [10,17-19]. Recently, various matrix materials, such

as paper, textiles, and ceramics decorated with Ag NPs have

attracted much attention [20-24]. These immobile forms of

Ag NPs have favorable dispersibility and are easily recycled,

compared with the free Ag NPs. Ag NPs modified bandages

have already been used in surgical treatment for wound

repair [25-27]. Polymer fibers like polypropylene (PP) and

polyethylene terephthalate (PET) with high strength-to-

weight ratio and low cost in products with high resistance

towards corrosion, are used for a wide variety of applications

in many fields like domestic and medical protective products

[28]. However, chemical reductants or adhesion agents are

indispensable when depositing Ag NPs on the hydrophobic

fibers [29,30]. Some chemical agents are toxic, expensive,

and are especially harmful to the environment. 

Atmospheric cold plasma technology has proven to be

useful among other things, for decreasing the water contact

angle of polymers without changing their bulk properties

[31-33]. Researchers attribute this reduction of water contact

angle to the formation of the hydrophilic groups such as

-OH, C=O, COO-, -OOH, -COOH, -NH2, and -NH at the

surface of the polymers [34,35]. 

Dielectric barrier discharge (DBD) under hydrogen is a new

and green method for in-situ preparing metal nanoparticle

decorated fabrics. Ag NPs could be prepared on fabrics by

DBD cold plasma process efficiently, regardless of their

surface properties. 
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Recently, plasma plays an increasingly important role in

fabric modification with Ag NPs. However, in many reports,

plasma is only used to activate the surface of fabrics. Low

pressure oxygen plasma can activate the cotton fabric, and

help to form silanols on the surface. Ag NPs was produced

by thermal reduction of excess Ag+ from an aqueous

solution of silver N-(2-ethylhexyl) carbamate on the fibrous

cotton surface at 130 oC [36]. In another study, plasma

deposition is also used in preparing Ag NPs decorated PET

fabrics. A layer of organosilicon thin film was deposited on

the surface of PET to adsorb Ag NPs the by plasma

treatment. Then the sample was immersed in the Ag NPs

suspension. Finally, another layer of organosilicon thin film

was deposited on surface of the fabric by plasma treatment

to improve the durability [37]. It was also reported that Ag

NPs were deposited on meta-aramid fiber paper (MAFP) by

combining oxygen plasma treatment and electroless silver

plating. The oxygen plasma was used to activate the surface

and lead the high interface binding between MAFP and Ag

NPs. The Ag NPs were prepared by reducing ammoniacal

silver nitrate solution [38]. Plasma was utilized to activate

the surface of fabrics in many experiments. However,

methods to prepare Ag NPs in these studies are complex,

which usually need reducing agents, binding agents or

stabilizing agents. This problem can be easily solved by

preparing Ag2O nanoparticles on the surface of fibers and

then in-situ reducing them by H2 DBD plasma. 

Herein, a green, efficient method for in-situ preparation of

highly dispersed Ag NPs modified fabrics involving cold

plasma surface modification, ultrasonic spraying-assisted

particle deposition and H2 DBD plasma reduction is studied.

Compared with other studies, Ag NPs can be in-situ prepared

on the surface of fabric without using any chemical additives.

The antibacterial effects of the modified fabrics are also

evaluated. 

Experimental

Materials

In the present experiment, commercially available polymer

fabric (PET, non-woven fabric, average fiber diameter 10 μm,

160 g/m2) was used. The fabric was dipped into ethanol

solution and cleaned with ultrasonic washer for 30 minutes

and then washed repeatedly with distilled water to remove the

impurities and dried in air before use. Silver nitrate (AR) and

ammonium hydroxide (AR) were obtained from Sinopharm

Chemical Reagent Co., Ltd.. All the chemical reagents were

used without further purification. 

Atmospheric Cold Plasma Treatment

The hydrophobic fabric was first subjected to surface

modification treatment by ambient air cold plasma to

increase the surface energy. A homemade cold plasma

system, shown in Figure 1(a), was used for this pretreatment

process. The environmental humidity was controlled in the

range of 40 % to 50 %, and the temperature was about 25 oC

during the experiment. An electro-mechanical system was

employed to affix the fabric and enable it to slide back and

forth in the horizontal ceramic plane at a controlled speed of

1 cm/s. A high alternating pulse voltage were applied

between the ceramic electrode and the ceramic plate by an

electrical power transformer with an input power of 37.5 W.

The air breakdown and discharge were induced by the high

voltage alternating current power source in the narrow gap

between the two dielectric layers, which created a homogeneous

high-energy density plasma layer. The fabric samples passed

through this plasma layer, with a reciprocating motion. After

3 minutes of ambient air cold plasma treatment, the sample

was immersed into the AgNO3 solution for 10 minutes with

magnetic stirring. Then, the sample was affixed to plastic grill

in a light-blocking container.

Figure 1. Schematic for the synthesis of Ag NPs-modified fabrics; (a) ambient air cold plasma treatment, (b) immersed in AgNO3 solution,

(c) ultrasonic atomization, and (d) dielectric barrier discharge cold plasma treatment.
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Precipitation Reaction Assisted by Ultrasonic Atomization 

The ultrasonic atomization technology was utilized in

precipitation reaction. Briefly, NH3 H2O spray was created

by an ultrasonic atomizer (YUWELL 402B) and transported

continuously to the light-blocking container, as shown in

Figure 1(c). This process lasted for 5 minutes. The resulting

samples were subsequently rinsed with deionized water for

several times to remove the unreacted chemical reagents,

and then dried at 80 oC for 30 minutes. The concentration of

NH3·H2O solution used in the experiment was 0.5 M. 

Reduction of Ag NPs by H2/Ar DBD Plasma

The homemade DBD cold plasma system was shown in

Figure 1(d). Two plane-parallel metal electrodes covered by

a quartz plate as the dielectric layer, respectively. The

electrodes gap width was controlled in 3 mm to ensure

uniform discharge and stable plasma operation. When the

working gas flowed into the narrow chamber, the high

potential difference applied on the two metal plates would

give rise to gas breakdown and ignite the discharge. Thus,

metal oxides can be reduced into their elemental states by of

the H radicals or atoms produced in the plasma. In the

experiment, the mixture of H2 and Ar (gas volume fraction

of 5 % and 95 %, respectively) was introduced into the

reactor at a flow rate of 50 ml/min for 2 minutes to purge the

reactor. The duration of the plasma treatment was limited to

10 s with the flow rate of the working gas controlled at 30 ml/

min. The input power of the electrical power transformer was

22.5 W. The concentrations of AgNO3 solution in the present

experiment were variously 0, 11.8 mM, 23.6 mM, 35.3 mM,

47.2 mM, and 59.0 mM, and the corresponding samples

obtained were denoted as Ag0, Ag1, Ag2, Ag3, Ag4 and Ag5,

respectively. 

Characterization 

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 Kα (1253.6 eV) X-ray source, and collected

spectral data were calibrated by the C 1s peak at 284.6 eV.

The hydrophilicity of these polymer film surfaces was

studied by contact angle measurements using a video-based,

contact angle measuring device (OCA 20, Dataphysics,

Germany). Deionized water was used as the probe liquid in all

measurements. Field emission scanning electron microscopy

(FESEM, Hitachi SU-70) was used to characterize the

microstructures of the cotton fibers and Ag NPs particles.

Energy dispersive spectroscopy (EDS) was performed on

the SEM. UV-Vis diffuse reflectance spectra of samples were

obtained using a UV-Vis spectrophotometer (Shimadzu UV-

3150 UV-Vis-NIR spectrophotometer, Japan). BaSO4 was used

as a reflectance standard in the UV-Vis diffuse reflectance

experiments. The sample morphology was observed by

transmission electron microscopy (FEI Talos-S) and high-

resolution transmission electron microscopy (HRTEM) at a

200 kV accelerating voltage. The concentration of Ag NPs and

Ag ions were determined by an inductively coupled plasma

source mass spectrometer (ICP, Agilent 7700X). The

Colorimeter (SC-10, ThreeNH, China) was used to measure

the colorimetric data CIELAB color space values (L*, a*,

b*) of the treated fabrics. And the test light source type is D65.

Thermogravimetric analysis (TGA, SDT-Q600) was carried out

to characterize the decomposition and thermal stability of

samples. 10 mg of sample Ag0 and Ag3 were placed in an

alumina crucible and heated from 20 oC to 800 oC under

nitrogen atmosphere, with the heating rate of 20 oC/min. To

determine the tensile strength and elongation of the sample.

the fabric tensile tests were conducted by electronic

universal testing machine (CMT6103, MTS, America).

There is no orientation requirement for non-woven fabric

when preparing the tensile sample. The tensile samples with

a size of 50 mm×250 mm and a gauge length of 50 mm. The

tensile rate is 100 mm/min. Each test is repeated three times.

Bacterial Strains

The antibacterial activity of fabrics with Ag nanocomposites

was tested against two bacterial strains viz. Escherichia coli

(ATCC 11229) and Staphylococcus aureus (ATCC 6538). E.

coli belongs to gram-negative bacteria, while S. aureus

belongs to gram-positive bacteria. The strains were purchased

from China Center of Industrial Culture Collection (CICC)

and preserved in liquid nitrogen.

Antibacterial Experiment

The standard shaking-flask method (ASTM-E2149-01)

against E. coli and S. aureus was performed to evaluate the

antimicrobial activities of the samples in this experiment.

Different mass of sample Ag0, Ag1, Ag2, Ag3, Ag4 and

Ag5 were added into Erlenmeyer flasks with 50 ml bacteria

solution with an initial bacterial liquid concentration of

about 1×107 CFU/ml. The flasks were then put into Wrist

Action flasks. The bacteria were shaking in the Wrist Action

flasks at 37 oC at the maximum speed for 1 h. After shaking-

flask culture, the final concentrations of bacteria were

calculated by dilution methods.

In addition, the minimum inhibitory concentration (MIC)

value of the sample Ag3 was determined to evaluate the

antibacterial activity. Different concentrations of the sample

Ag3 (the front and back of the samples were sterilized by

ultraviolet light for 20 minutes) were mixed with 2 ml

bacterial solution in sterilized test tubes with a bacterial

liquid concentration of about 5×105 CFU/ml. After mixing,

these test tubes were placed in an incubator at 37 oC for 20 h.

A test tube having only growth media and bacteria served as

the control. The experiment was carried out under aseptic

conditions. For this test, 10 mg to 60 mg weights of the

sample Ag3 were immersed in 2 ml of bacterial solution.

The minimum concentration of the compound which
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inhibited the growth of the respective organisms was

considered as the MIC. The assay was carried out in triplicate

to reduce the measurement error. The MIC was defined as

the lowest concentration of sample at which no microbial

growth was detected by visual inspection.

Results and Discussion

High-resolution XPS analyses of C1s and O1s confirmed

the composition and the modification of the surface, shown

in Figure 2. The pristine fabric and sample Ag0 show the

same peak positions at 285.0 eV, 286.7 eV and 289.0 eV

which are attributed to C-C/C-H, C-O and O-C=O,

respectively [39]. As shown in Figure 2(c), the oxygen

content in the sample Ag0 is higher than pristine fabric. This

is due to the introduction of abundant oxygen-containing

active groups during the ambient air cold plasma treatment

process [40,41]. The ratio of the peak area of O1s and C1s

(the O/C atomic ratio) is used to characterize the changes in

the surface state of the samples. The O/C atomic ratio of the

pristine fabric is 20.77 % / 79.23 % = 0.262. The O/C atomic

ratio of the sample Ag0 is 26.95 % / 73.05 % = 0.369, which

is significantly increased compared to the pristine fabric,

indicating that the oxygen-containing polar groups on the

surface of the fabric increased after ambient air cold plasma

treatment. 

The water contact angle (C.A.) test was employed to

evaluate the wettability of the fabrics. Most of common PET

fabrics are of poor wettability, low surface energy and lack

of polar groups. As shown in Figure 3, the water C.A. of

pristine fabrics is 131.1 °. It is quite difficult to functionalize

PET fibers by simple liquid phase reaction. In addition, the

molecular chain structure of PET is not favorable to the

Ag2O particles attaching on the fibers without a modification

step. 

Figure 3(b) shows the water C.A. of the fabrics after a 5-

minute ambient air cold plasma treatment. The water drop

was immediately absorbed by the fabric entirely

(Supplementary information). Since the oxygen-containing

groups introduced by plasma treatment are all hydrophilic

Figure 2. High-resolution XPS spectra of C1s; (a) pristine fabric, (b) Ag0, and O1s (c).

Figure 3. Water contact angle of (a) the pristine blended fabric and

(b) Ag0.
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oxygen-containing end-groups [42]. Thus, the hydrophilic

properties of the fabric are significantly improved. The

decrease in water C.A. indicates the formation of hydrophilic

groups on the surface of sample Ag0, which is consistent

with the increase of O/C atomic ratio. The plasma reacts

with the topmost layers of the fabrics, which promotes chain

scission and improves the wettability of the fabrics. Polar

groups are interlocked by the free radicals on the surface of

the fabrics [42]. 

The morphologies of pristine fabric, the samples Ag1,

Ag2, and Ag3 are shown in Figure 4. It is obvious that after

ambient air cold plasma treatment, the fabrics exhibit a more

irregular surface with drop-like or nodule structures, which

corresponds to the results of an earlier study [43]. The rough

surface could provide nucleation sites for the precipitation

reaction. Nanoscale particles without aggregation could also be

observed from the samples Ag1, Ag2 and Ag3.

In Figure 5, the SEM images and corresponding EDS

mapping diagrams of sample Ag3 revealed that the

elemental Ag was well and uniformly distributed on the

surface of the fabric fibers without aggregation. The amount

of Ag in the samples measured by ICP is listed in Table 1.

As the results show, the content of silver in samples

gradually increased along with the increase of Ag NPs.

After ambient air cold plasma treatment, the subsequent

processing can be described by the following reactions:

2AgNO3 + 2NH3 H2O → Ag2O + 2NH4NO3 + 2H2O (1)

e* + Ar → Ar* + e (2)

e* + H2 → H2* + e (3)

2Ag+ + H2* + 2e → 2Ag + H2 (4)

Where e* is the electron with high energy, and H2* and

Ar*, the excited state of H2 and Ar, respectively. This

Figure 4. FESEM images of (a) pristine fabric, (b) Ag1, (c) Ag2,

and (d) Ag3.

Figure 5. (a) SEM images of sample Ag3, and element mapping

images of (b) C, (c) O, and (d) Ag.

Figure 6. (a), (b) Schematic for the reactions during DBD cold plasma treatment, (c) the pristine fabric, and (d) as-prepared Ag NPs deposited

fabric.
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process is shown schematically in Figure 6.

When the NH3 H2O spray flows into the light-blocking

container, the reaction (1) would immediately take place on

the surface of the fibers. The irregular surface of the fibers

could apply sites for nucleation and improve the adhesion of

Ag2O nanoclusters. 

Reactions (2), (3) and (4) demonstrate the main process

during the H2/Ar DBD cold plasma treatment. The high

potential difference applied on the metallic electrodes

creates an electric field in the narrow gap between the quartz

glass plates. Electrons gain energy, accelerate along the

electric field, and collide with heavy particles (e.g. atoms,

nucleus, or molecule) which would cause an energy

exchange between the electrons and the heavy particles [44,

45]. As a result, gas breakdown and excitation in the plasma

system generate abundant excited H radicals or atoms with

high reducibility. Ag2O nanoparticles could then in-situ

transform into Ag NPs on the fabric in the H2/Ar plasma.

High resolution XPS for Ag3d and Ag Auger, as well as

UV-Vis diffuse reflectance spectra were utilized to verify the

existence of metallic Ag after H2 DBD cold plasma. In order

to prove the effects of the ambient air cold plasma treatment,

the sample Fab-Ag was prepared by the same way as the

sample Ag3, but without the pretreatment. 

As shown in Figure 7, the spectra of high resolution XPS

of Ag3d exhibit two peaks, i.e. Ag 3d3/2, and Ag 3d5/2,

located at 374.3 eV and 368.3 eV respectively. Their spin

energy separation is 6 eV, which indicates that Ag exists in

its metallic state [45]. The spectrum of sample Fab-Ag also

shows the two peaks at the same locations with very low

intensity compared with those of the spectra of the samples

Ag1, Ag2, and Ag3, which indicates that the ambient air

cold plasma treatment helps the Ag NPs to adhere to the

polymer fibers. 

The deconvolution of the Auger spectra (MNN) of sample

Ag1, Ag3, and Ag5 was shown in Figure 8. All the samples

exhibit two peaks at 351.8 eV and 357.8 eV, corresponding

with the Auger kinetic energy of metallic Ag (M5N45N45

and M4N45N45) [46]. The kinetic energy peaks of Ag2O

locating at 356.6 eV and 350.6 eV [47], do not appear in

Figure 8. Thus, Ag only exists as the elementary substance.

The UV-Vis DRS spectra of samples Fab-Ag, Ag0, Ag1,

Ag2, and Ag3 are shown in Figure 9. Studies have revealed

that Ag NPs absorb electromagnetic radiation in the visible

region (380-450 nm) via a phenomenon known as the

excitation of the localized surface plasmon resonance

(LSPR) [48-50]. The LSPR peaks around 415 nm can be

observed from the samples Ag1, Ag2, and Ag3. The

intensities of the SPR peaks increase with the corresponding

increasing molar concentration of the AgNO3 solution used,

Figure 7. High-resolution XPS spectra of Ag3d of the samples

Fab-Ag, Ag1, Ag2, and Ag3.

Figure 8. Auger region of Ag element of sample Ag1, Ag3 and

Ag5.

Figure 9. UV-Vis diffuse reflectance spectra (DRS) of the samples

Fab-Ag, Ag0, Ag1, Ag2, and Ag3.
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which indicates that the deposition of Ag NPs can be

controlled by changing the concentration of the AgNO3

solution.

TEM and high-resolution TEM examinations were carried

out to investigate the morphology and size of the Ag NPs.

For these analyses, the Ag NPs were collected from sample

Ag3 after ultrasonic processing for 20 min. The TEM

analysis indicated that the Ag NPs were dispersed evenly on

the carbon film, and the particle count taken from Figure

10(a) confirmed the narrow distribution in average size of 2

to 9 nm. Statistics of particle size were carried out and the

results are exhibited in Figure 10(a). The average diameter

of Ag NPs in Ag3 is about 4.34 nm. The enlarged high-

resolution TEM image in Figure 10(b) shows in more detail

the Ag NPs with lattice fringes of 0.233 nm that could be

indexed to the (111) plane of elemental silver (JCPDS: 04-

0783), which coincides with the EDX mapping diagrams in

Figure 10(c). Thus, Ag NPs were successfully in-situ

synthesized on the polymer fabric by a green and effective

method in this experiment, without the use of adhesives or

reductive agents. 

The CIELAB color space values (L*, a*, b*) of the

samples Ag0, Ag1, Ag2, Ag3, Ag4 and Ag5 are shown in

Table 2. The values (L*, a*, b*) of each sample was

measured at five different positions, and the final results are

the average of five measurements. The larger the value of

b*, the more yellow the sample is. The values of b* of the

samples increase significantly after loading Ag NPs, which

suggests that the fiber turn to be yellow. This is due to the

plasmon resonance effect on the surface of Ag NPs, which

makes the fiber appear yellow after loading Ag NPs.

Figure 11 shows the results of the concentrations of the Ag

ions released by the samples Ag1, Ag2, Ag3 Ag4 and Ag5 in

the air-saturated DI water in the dark at room temperature at

different time intervals. Take 1 g samples and soak them into

beakers with 100 ml air-saturated DI water for 4 h, 8 h, 16 h,

24 h, 48 h and 72 h. Then the content of Ag+ in each

container was tested by ICP. The measurement results show

that the Ag ions are rapidly released into the aqueous

solution from the fabric fiber, and the mass concentration of

Ag ions in the solution achieves stability after 24 hours,

indicating that the release of Ag ions in the solution has

reached equilibrium. At first, Ag NPs are partially oxidized

Table 1. Mass fraction of Ag element measured by ICP

Sample Ag1 Ag2 Ag3 Ag4 Ag5

wt. % 0.014 0.017 0.019 0.023 0.035

Figure 10. (a) TEM image of Ag NPs collected from the sample of Ag3 after 20 min of ultrasonic processing, (b) high-resolution TEM

spectra of Ag, and (c) HAADF image and EDX mapping diagram of Ag NPs.

Figure 11. Concentrations of the Ag ions released by the samples

Ag1, Ag2, Ag3, Ag4 and Ag5.
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into Ag2O by reacting with the dissolve oxygen, and then Ag

ions are released into the solution. The stability might be

aroused by the consumption of dissolved oxygen in DI

water.

As shown in Figure 12, the thermogravimetric curve of

sample Ag3 almost overlaps with the pristine fabric. The

initial degradation temperature is 420 oC, and the maximum

weight loss rate is 84.5 %. The results indicate that loading

Ag NPs on the fabric by the present method exhibits no

significant effect on the thermodynamic properties of the

fabric.

The mechanical properties of samples in different

processing states are shown in the Figure 13, the tensile

properties of pristine fabric, sample Ag0, sample Ag3 before

H2 DBD treatment and sample Ag3 were tested respectively.

Compared with the pristine fabric, the tensile strength and

elongation of the fabric after ambient air cold plasma

treatment (sample Ag0) is slightly reduced. This is because

plasma will etch the fiber surface and cause chain cleavage

on the fiber surface during surface modification, which will

affect the strength of the fiber [51,52]. As for sample Ag3

before H2 DBD treatment and sample Ag3, the Ag2O

particles and Ag NPs nucleate and grow at the active sites on

the surface of the fabric fiber, and have a certain force with

the polymer molecular chain, which can strengthen the

fabric to a certain extent. Therefore, after the fabric loaded

with Ag2O particles (sample Ag3 before H2 DBD treatment)

and Ag NPs (sample Ag3), the tensile strength and

elongation of the fabric increased. 

The antimicrobial activities of the as-prepared samples

were determined by shaking-flask method. As shown in

Figure 14, the sample Ag0 exhibits no antibacterial effect

against either S. aureus or E. coli. Conversely, the samples

Ag1, Ag2, Ag3, Ag4 and Ag5 all show antibacterial activity

against both bacteria. As the content of Ag NPs increased,

the sample shows better antibacterial activity, and the

reduction rates of bacteria are gradually up to 99 %. The

sample Ag5 exhibits best antibacterial effect against both S.

aureus and E. coli due to its high Ag NPs content.

Minimum inhibitory concentration (MIC) measurements

of as-prepared Ag NPs ware carried out to quantitatively

Figure 12. TG curves of the pristine fabric and sample Ag3.

Figure 13. Tensile strength and elongation of samples in different

processing states.

Figure 14. Variation in bacterial density in the shaking flask

method; (a) E. coli and (b) S. aureus. 



2472 Fibers and Polymers 2021, Vol.22, No.9 Zhi Jin et al.

determine the antibacterial activity of the as prepared Ag

NPs. The sample Ag3 was used for assessment. The MIC

values of the Ag NPs for E. coli and S. aureus in terms of the

Ag NP contents were estimated by ICP, and the results are

shown in Figure 15 and Table 3. It can be observed that both

bacterial strains are inhibited entirely by the sample Ag3,

which indicates the great antibacterial effect of the as-

prepared Ag NPs composites.

The cytotoxicity of Ag NPs has been discussed in many

reports [53,54]. Ag NPs at low concentration also exhibit

significant antibacterial activity and exhibit no harm to

human body. In vitro cytotoxicity-test revealed that Ag NPs

with a concentration over 10 mg/l would affect the viability

of epithelial cells HeLa S3 (human) [55]. Compared with the

results of ICP in Table 1 and Figure 11, the Ag NPs

deposited fabrics are harmless to human body.

The bacterial toxicity of Ag NPs can be derived from the

particle morphology mechanism. Ag NPs with small particle

size and high-energy lattice plane show a higher release rate

of Ag+, and are more toxic against bacteria [15,50]. Reactive

oxygen species (ROS) generated on the surface of Ag NPs

which are releasing Ag+, could inhibit the nitrification

process, and thus damage the bacterial cells [56-58].

Considerable hope has, for many years, been placed on the

potential of Ag NPs as an antibacterial agent. However, the

high cost and difficulties encountered in preparing Ag NPs

products have kept them at the laboratory stage. In the

present study, we have attempted to overcome these

problems by developing a green method to prepare Ag NPs

deposited fabrics, for which it is hopeful to achieve scale

production. The as-prepared antibacterial fabrics possess

promising applications in the medicine field as well as in

human daily life for relieving the many problems caused by

bacterial infections.

Conclusion

A green and innovative method was present for in-situ

synthesis of Ag NP on hydrophobic PET fabric. The results

of SEM and EDS mapping indicate that Ag element is

uniformly distributed over the whole surface of PET fibers.

High-resolution XPS of Ag3d and Auger, as well as the

high-resolution TEM analyses confirmed that Ag only exist

as the elementary substance. The as-prepared Ag NPs were

deposited on the surface of the polymer fibers successfully

with an average diameter of 4.34 nm. Results of TG show

that the deposition of Ag NPs by this method do not change

the thermostability of the substrates. The tensile strength of

the Ag NPs loaded fabrics increases slightly, probably due to

the hindering of crack extension by Ag NPs. Moreover, the

antibacterial experiments show that the functionalized

fabrics exhibited great antibacterial against both S. aureus

and E. coli.. This method as a facile, short time and low

energy consuming process prepares uniform distributed Ag

NPs on PET fabrics with high antibacterial activity.
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Table 2. CIELAB color space values (L*, a*, b*) of the samples

Ag0, Ag1, Ag2, Ag3, Ag4 and Ag5

Sample Ag0 Ag1 Ag2 Ag3 Ag4 Ag5

L* 88.93 81.85 80.20 77.17 74.53 73.26

a* 0.18 1.91 2.90 3.32 2.94 2.99

b* 3.63 12.66 11.26 13.94 13.54 15.16

Table 3. MIC of the sample Ag3 against Escherichia coli and

Staphylococcus aureus in 37 oC for 20 h

Bacterial
MIC (mg/ml)

Sample Ag3 Ag NPs

Escherichia coli 5 9.5×10-4

Staphylococcus aureus 15 2.9×10-3

Figure 15. MIC of the sample Ag3 against (a) E. coli and (b) S.

aureus in 37 oC for 20 h.
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