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Abstract This research presents a generic strategy to fab-

ricate antibacterial textile through in situ synthesis of silver

nanoparticles on the fabric with smart polymeric molecules.

Silk fabric and polyamide network polymer (PNP) were

chosen for this study. PNP which has numerous amino

groups and three-dimensional structure was applied to entrap

silver ions into silk fabric. The pretreated silk fabrics were

heated by steam method to make silver nanoparticles syn-

thesized in situ on them without any other reductant and

linker to provide silk fabric with antibacterial properties. The

results indicated that the treated silk fabrics had excellent

antibacterial activity and laundering durability. The quanti-

tative bacterial tests showed the bacterial reduction rates of

Staphylococcus aureus and Escherichia coli were able to

reach above 99 % with not more than 0.05 mmol/L of

AgNO3. The whiteness of silk fabric only changed from

90.47 to 86.49. The antibacterial activity of the treated silk

fabric was maintained at 98.86 % reduction even after being

exposed to 30 consecutive home laundering conditions. In

addition, the results of scanning electron microscopy,

energy-dispersive X-ray spectroscopy, and X-ray photo-

electron spectroscopy confirmed that silver nanoparticles

had generated and dispersed well in Ag0 form on the surface

of silk fibers. The understanding acquired from this work will

allow one to work with the preparation of other silver

nanoparticles functional textiles with excellent antibacterial

activities and laundering durability through this facile,

eco-friendly in situ synthesis method.

Introduction

Microbe, fungi, virus, and yeast are present almost every-

where which affect the health of human beings. Textile is one

of the daily necessities for people. In particular, natural fibers

products, like cotton and silk, are highly popular for their

excellent properties, such as softness, affinity to skin, high

hygroscopicity, and regeneration property [1–3]. However,

it provides a favorable environment for microorganisms to

grow, because of its natural feature and ability to retain

moisture. With increasingly awareness of consumers toward

health and hygiene, demand for antibacterial textiles is now

expanding. Therefore, many antibacterial agents have been

applied to fabricate antibacterial textiles, such as quaternary

ammonium compounds [4], chitosan [5], triclosan [6],

nanoparticles of noble metals and metal oxides [7–10], and

bioactive plant-based products [11–13], in which silver

nanoparticle has been widely used due to its broad spectrum

of antibacterial activity and low toxicity toward mammalian

cells [14, 15]. To prepare antibacterial silver-loaded textiles,

lots of methods have been developed, such as layer-by-layer

deposition, sol–gel coating, soaking in silver colloids, add-

ing silver nanoparticles into polymer solutions before spin-

ning, and supercritical carbon dioxide method [16–19].

Among these methods mentioned above, simply physical

adsorption often leads to unsatisfied laundering durability;

some methods need cumbersome processes which are very

expensive and unsuitable for commercial applications; oth-

ers require harmful toxic chemicals to human body and

environment. In situ synthesis of silver nanoparticles on

textile hence attracted a great deal of attention recently
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because of their uniform distribution and stability on textile

as well as its facile, efficient, eco-friendly process [20, 21].

Over the past two decades, dendrimers and hyper-

branched polymers have been widely developed due to their

unique chemical and physical properties together with their

potential application in additives, drug and gene delivery,

nanotechnology, and supramolecular science [22, 23]. With

numerous interior cavities as well as inwardly and outwardly

functional groups, they can be used as templates to control

synthesis of nanoparticles with small size, good monodis-

persity, and stability [24–26]. In our previous study, an

amino-terminated hyperbranched polymer (HBP-NH2) was

synthesized. It was utilized to prepare silver nanoparticle

colloids in aqueous solution without any other reducer and

stabilizer for antibacterial finishing of cotton fabric by using

an impregnation method [27]. However, this method only

made the silver nanoparticles simply absorb on the surface of

cotton fibers with the polymer.

To perfect the preparation of silver-treated antibacterial

textile based on the previous studies, the aim of this work

focus on two parts of improvement. On the one hand, the

procedure of HBP-NH2 synthesis was modified to form

polyamide network polymer (PNP) which has compact

enclosed three-dimensional network structure and the

functional groups are in the backbone of the polymer. It

can control the preparation of silver nanoparticles with

smaller size and better monodispersity than HBP-NH2. On

the other hand, a generic strategy was developed to syn-

thesize silver nanoparticles in situ on textile for its anti-

bacterial finishing with the smart polymeric molecule

(Fig. 1). Silk fabric was chosen as the substrate for this

research. During this facile process, PNP acts as a capture

agent to deliver silver ions into silk fabrics and a reducer to

generate silver nanoparticles in situ on the surface of silk

fibers. The prepared silver-treated silk fabrics were char-

acterized and their antibacterial properties were measured.

Experimental

Materials

Diethylenetriamine, methyl acrylate, and silver nitrate were

purchased from Sigma-Aldrich. Methanol and nitric acid

Fig. 1 Strategy of in situ

synthesize silver nanoparticles

on textile for antibacterial

finishing
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(65 %) were purchased from Merck. All chemicals were

used as received without any further purification or treat-

ment. Silk fabrics were purchased from China. Staphylo-

coccus aureus (ATCC 6538) and Escherichia coli (ATCC

8099) were obtained from College of Life Science, Soo-

chow University (China). Nutrient broth and nutrient agar

were purchased from Scas Ecoscience Technology Inc.

(China). Deionized water (18 MX cm) was used in the

preparation of all samples.

Synthesis of PNP

PNP (Fig. 2) was synthesized through modification on the

method of synthesis of hyperbranched polymer as reported

earlier by our group [28]. The solution of methyl acrylate

(0.75 mol) in methanol (100 ml) was added dropwise into

diethylene triamine (0.5 mol) with nitrogen gas protection

and magnetic stirring, and cooled with ice bath. Then, the

mixture was removed out of the ice bath to continue the

reaction at room temperature for 4 h to form AB2 type

branched monomer (A and B stand for reactive groups).

Since methyl acrylate was over-dose, a handful of A2B and

A3 type monomers were configurated. Then, the mixture

was transferred to an eggplant-shaped flask with an auto-

matic rotary vacuum evaporator. After removing the

methanol under low pressure, the temperature was raised to

150 �C using an oil bath, and left for 4 h until the honey-

like PNP was obtained. As each –NH2 could react with

–OOCH3 and the ratio of the two reactive groups is 1:1, the

monomer AB2, A2B, and A3 could react with each other to

produce three-dimensional network structure one by one.

Therefore, the PNP was shaped up with a great many of

‘‘cages.’’

Preparation of silver nanoparticles in aqueous solution

PNP was dissolved in deionized water to prepare a stock

solution of concentration 100 g/L. Different concentration

solutions were prepared by adding different amounts of

stock solution to 50 ml deionized water. Then, 0.5 ml

AgNO3 solution (0.1 mol/L) was added in a dropwise

manner into the solution and stirred constantly at room

temperature. The mixture was then heated till it boils.

Heating was stopped when the solution turned yellow in

color, and the solution was left to cool. To compensate the

loss of water during the boiling process, deionized water

was added to maintain the initial level of solution before

boiling.

During the process, the amino groups are able to entrap

silver ions as well as acting as reducers. The ratio between

the metal ions and the capping agents are crucial in

determining the size of the metal nanoparticles [29]. In this

work, the molar ratio of silver ions to nitrogen atoms of the

polymer backbone was controlled to be 1:5.

In situ synthesis of silver nanoparticles on silk fabric

The solution of PNP/Ag? hybrid was prepared as men-

tioned above. Then, the prepared solution was diluted to

get the solutions with the concentration of silver ions at

0.05, 0.1, 0.2, and 1 mmol/L. The silk fabric was immersed

in the solutions with liquor-to-fabric ratio of 50:1 (v/m) for

Fig. 2 Schematic representation of the synthesis of PNP
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1 h with constant stirring. The silk fabric was then steamed

for 30 min and washed with water several times to remove

unreduced silver ions. The resulting silk fabric was air-

dried at room temperature for subsequent characterization

measurements.

Characterization of silver nanoparticles in aqueous

solution and treated silk fabrics

UV spectra of silver nanoparticle colloid was measured

with a Cary 50 Bio UV–Visible spectrophotometer (Var-

ian, USA) at room temperature in a quartz cuvette of path

length 1 cm. The TEM micrographs were taken from a

JEOL 3010 electron microscope at an accelerating voltage

of 300 kV. Samples were prepared by placing small drops

of silver nanoparticles dispersion on carbon-coated copper

grid, and allowing the solvent to slowly evaporate at room

temperature. The size distribution of silver nanoparticles

was measured with high performance particle sizer (HPPS)

(Malvern instruments Ltd., UK) at 25 �C.

JSM-6700F scanning electron microscope (SEM) was

used to observe the in situ synthesized silver nanoparticles

on silk fiber. X-ray photoelectron spectroscopy (XPS)

measurements were carried out on VG ESCALAB MkII

with an Al Ka X-ray source. To calibrate the surface

charging effects, all binding energies were referenced to

the C1s hydrocarbon peak at 284.6 eV. K/S absorption

spectra of treated silk fabrics were tested under D65 illu-

minant at 10� observer using an Ultrascan XE spectro-

photometer (Hunter-Lab Co. Ltd., USA). The whiteness

(WI) of silk fabric was calculated by the measured results

of Ultrascan XE spectrophotometer according to the Eq. 1:

WI ¼ 100�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

100� Lð Þ2þa2 þ b2

q

ð1Þ

Ag content in the treated silk fabrics was measured using a

Vista MPX Inductively Coupled Plasma Atomic Emission

Spectrometer (ICP-AES) (Varian, USA).

Antibacterial activity testing

The antibacterial activity of treated silk fabrics was tested

against E. coli and S. aureus by using a shake flask method

according to GB/T 20944.3-2008 (China). The test proce-

dure is as follows: 0.75 g sample fabric was cut into small

pieces of dimensions around 0.5 9 0.5 cm2 and dipped

into a flask containing 70 ml PBS (pH & 7.2) and 5 ml

bacterial culture which has a cell concentration of

3 9 105–4 9 105 CFU/ml. The flask was placed on a

rotary shaker at 150 rpm for 18 h at 24 �C. 1 ml of solution

was drawn from each sample well, diluted, and distributed

into an agar plate. All plates were incubated at 37 �C for

24–48 h and the colonies were counted. The percentage

reduction (R, %) was determined as follows:

Rð%Þ ¼ C � A

C
� 100 ð2Þ

where C and A are the bacterial colonies of the control and

the treated silk fabrics, respectively.

The laundering durability of antibacterial activity was

evaluated using a washing color fastness measuring meter

according to the washing method in GB/T 20944.3-2008

(China). Samples were cut into 10 9 10 cm2 swatches and

put into a stainless steel container with 150 ml of 0.2 % (w/

v) AATCC WOB standard detergent solution and 10 steel

balls (0.25 inch in diameter) at 40 �C for washing 45 min.

This procedure was equal to five times wash cycles of

home/commercial launderings. The antibacterial activity

after 10, 20, and 30 washing cycles was determined.

Results and discussion

Synthesis of silver nanoparticle in aqueous solution

During the past decade, dendrimers and hyperbranched

polymers have been used to control synthesis of nanopar-

ticles due to its interior cavitary structure. In our previous

work, HBP-NH2 was synthesized for the preparation of

silver colloids. However, the size of silver nanoparticles

synthesized by HBP-NH2 ranged from 10 to 30 nm with

the average diameter of 18 nm. In addition, the silver

colloids changed from light yellow to brown in 24 h [27].

This phenomenon is attributed to the aggregation of silver

nanoparticles in aqueous solution. It may result from the

formation of silver nanoparticles outside HBP-NH2. Mas-

ses of primary amine groups outside HBP-NH2 can capture

silver ions and reduce them to silver nanoparticles, which

nevertheless are liable to drop off owing to the short

branches of HBP-NH2 [30]. To solve these problems, the

proportion of raw materials employed to prepare HBP-NH2

was modified to synthesize PNP. Silver nanoparticles were

synthesized by PNP in aqueous solution without any other

reducer. The synthesized silver nanoparticle/polymer

hybrids were characterized by UV–Visible spectropho-

tometer, transmission electron microscope (TEM), and

HPPS.

Figure 3 shows the UV spectra of PNP and PNP/silver

nanoparticles hybrid. The PNP solution (a) has only an

absorption peak at 299 nm and exhibits no color and

transparent. After adding silver ions into the solution and

reduced them by PNP, the synthesized PNP/silver nano-

particles hybrid (b) exhibits a new strong absorption peak

at 394 nm and turns to light yellow. These phenomena are

due to the surface plasmon absorption of the silver
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nanoparticles which can confirm the formation of crystal-

line spherical silver metal nanoparticles [31]. The silver

nanoparticles were further investigated by TEM and their

size distributions were measured by HPPS. Figure 4 shows

the TEM image and particle size distribution of silver

nanoparticles synthesized by PNP. The average size and

polydispersity determined by HPPS are in accordance with

the results in TEM image. The average size of silver

nanoparticles was about 4.34 nm with narrow size distri-

bution upper limit of 7 nm. Furthermore, the synthesized

silver nanoparticles colloids showed good stability, no

color change and precipitation after a 6-month placement.

The small size, narrow size distribution, and good stability

of silver nanoparticles synthesized by PNP were due to the

structure of PNP. It has interior sealed-in ‘‘nanocages’’

structure and fewer primary amino at the peripheral.

Therefore, it can entrap the silver ions into the confined

‘‘nanocages,’’ reduce them to generate silver nanoparticles

with small size and narrow size distribution and prevent

them to aggregate with each other.

In situ synthesis of silver nanoparticles on silk fabrics

Usually, soaking the fabric in the silver nanoparticle col-

loid to prepare antibacterial textile will result in unsatis-

factory laundering durability, because silver nanoparticle is

difficult to fix on the fabric. Conventionally, binders were

required to fix silver nanoparticles on them which may lead

to undesirable effects on the properties of fabric. In situ

synthesis of silver nanoparticles on fabric can fix them in

uniform distribution on the fabric without any binder.

According to the mechanism of silver nanoparticle syn-

thesis by PNP in aqueous solution, PNP can be used as

capture agents to deliver silver ions into textile. After

heating treatment, silver ions can be reduced by the smart

polymer to generate silver nanoparticles in situ on the

textile (Fig. 1). In this research, antibacterial silk fabrics

were prepared through this procedure. The treated silk

fabrics were characterized by SEM, XPS, and Ultrascan

XE spectrophotometer.

Figure 5 shows the surface morphology of the control

silk fiber and the silver-treated fiber. There is an obvious

difference between them in terms of surface roughness.

The control silk fiber is smooth, whereas many nanoparti-

cles can be found well dispersed on the surface of treated

one. The diameters of the particles on silk fibers are around

50 nm, larger than the silver nanoparticles synthesized in

aqueous solution. That may attribute to the high surface

Fig. 3 UV spectra of PNP aqueous solution (a) and PNP with silver

nanoparticles colloidal dispersion (b) (insets are their digital images

under indoor light)

Fig. 4 TEM image (a) and particle size distribution of silver

nanoparticles synthesized by PNP (b)
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energy of silver nanoparticles on the surface of silk fibers

which induce aggregation of silver nanoparticles.

To verify the nanoparticles on the silk fibers were indeed

silver, elemental composition analysis were initially car-

ried out via energy-dispersive X-ray spectroscopy (EDS).

The resulting EDS spectrum (Fig. 6) shows strong carbon,

oxygen, and copper peaks as expected. Carbon and oxygen

arise from the silk fabric and copper arises from the sub-

strate of sample. Three peaks of silver in the spectrum

indicate the existence of silver in the silk fabric.

XPS analysis was performed to identify the chemical

state of silver in silk fabric. Figure 7 shows the Ag3d

spectra. The binding energies of two peaks were at 368.17

and 374.18 eV, corresponding to the Ag3d5/2 and Ag3d3/2,

respectively. It presents an unambiguous proof that the

nanoparticles on the silk fibers are indeed Ag0 particles

[32, 33].

The K/S value reflects the depth of color. Figure 8 shows

the K/S absorption spectra of control silk fabric and treated

samples. The treated silk fabrics show an absorption peak

at 420 nm and yellow color under light due to the surface

plasma resonance of silver nanoparticles. With the increase

Fig. 5 SEM images of control silk fiber (a) and the treated silk fiber

(b)

Fig. 6 EDS of the silver nanoparticles on silk fabric

Fig. 7 XPS spectra of Ag3d on the surface of treated silk fabric

Fig. 8 K/S absorption spectra of control silk fabric (sample 0) and

treated silk fabrics with different concentration of AgNO3 at 0.05, 0.1,

0.2, and 1 mmol/L (sample 1–4)
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in the concentration of AgNO3, the peaks become higher

because of larger number of silver nanoparticles being

formed on the surface of silver fabric. Sample 1 has a

similar curve as control sample which indicates that silver

fabric treated with AgNO3 at 0.05 mmol/L for antibacterial

finishing exhibits significant color retention. The whiteness

of the control and treated silk fabrics are listed in Table 1.

Antibacterial activity of the treated silk fabrics

The antibacterial activity and laundering durability of

treated silk fabrics were evaluated by S. aureus and E. coli.

Table 1 shows the silver content, whiteness, and antibac-

terial activity of the treated silk fabrics. Upon increasing

the concentration of AgNO3 from 0.05 to 1 mmol/L, the

silver content of the treated silk fabrics increases from

116.48 to 381.66 mg/kg. All the treated silk fabrics show

excellent antibacterial activities. At the lowest concentra-

tion of AgNO3 of 0.05 mmol/L, the bacterial reduction

rates of S. aureus and E. coli have reached above 99 % and

the whiteness only decreases from 90.47 to 86.49. Com-

pared with other treated samples, it exhibits no significant

color change. The bacterial reduction rates increased

slightly while the whiteness of the treated silk fabrics

decreased rapidly with the increase of the silver content of

the silk fabrics. Therefore, the concentration of AgNO3 at

0.05 mmol/L is chosen for antibacterial finishing on the

silk fabric.

The silk fabrics treated with 0.05 mmol/L AgNO3 were

then washed for 10, 20, and 30 cycles for the investigation

of laundering durability on antibacterial property. The sil-

ver content and antibacterial activities of the treated silk

fabrics were measured after laundering. The results are

shown in Table 2. With the laundering cycles increase, the

silver content and antibacterial activity of the silver-treated

silk fabrics decreased slightly. After 30 washing cycles, the

treated silk fabrics still exhibited bacterial reduction of

99.39 and 98.86 % for S. aureus and E. coli, respectively,

which indicated excellent laundering durability of the sil-

ver-treated silk fabrics. This outstanding property is

attributed to the in situ generation of silver nanoparticles on

the surface of silk fibers which provided excellent fastness

between silver nanoparticle and silk fiber.

Conclusions

PNP was synthesized by modification of the process of

hyperbranched polymer synthesis. Due to its compact

structure, it can synthesize silver nanoparticles with smaller

size, more narrow size distribution, and better stability than

traditional hyperbranched polymer. The average size of

silver nanoparticles synthesized by PNP in aqueous solu-

tion was about 4.34 nm with narrow size distribution upper

limit of 7 nm. To fabricate silver nanoparticle-treated

antibacterial textiles with the smart polymer, in situ

Table 1 Whiteness, silver content, and antibacterial activity of treated silk fabrics

Samples Silver content

(mg/kg fabric)

Whiteness Antibacterial activities

S. aureus E. coli

Surviving cells (CFU/ml) % Reduction Surviving cells (CFU/ml) % Reduction

0 – 90.47 2.13 9 106 – 8.6 9 106 –

1 116.48 86.49 2.69 9 103 99.87 4.1 9 104 99.52

2 144.92 77.28 8.5 9 102 99.96 1.54 9 104 99.82

3 185.92 71.36 1.87 9 102 99.99 2.58 9 103 99.97

4 381.66 52.89 0 100 0 100

Table 2 Laundering durability of silver-treated silk fabrics

Samples Laundering

cycles

Silver content

(mg/kg fabric)

Antibacterial activities

S. aureus E. coli

Surviving cells

(CFU/ml)

% Reduction Surviving cells

(CFU/ml)

% Reduction

Untreated – – 2.13 9 106 – 8.6 9 106 –

Silver-treated

silk fabrics

– 116.48 2.69 9 103 99.87 4.1 9 104 99.52

10 107.83 1.16 9 104 99.46 7.6 9 104 99.12

20 103.51 1.32 9 104 99.38 9.2 9 104 98.93

30 101.29 1.29 9 104 99.39 9.8 9 104 98.86
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synthesis method was developed. PNP was employed as

capturer to deliver silver ions into silk fabric for the

preparation of silver nanoparticles in situ generated on the

silk fabric. The silver-treated silk fabrics showed excellent

and durable antibacterial activities against both S. aureus

and E. coli. After 30 washing cycles, the treated silk fabrics

still exhibited bacterial reduction above 98 %. All the

results of ICP-AES, SEM, EDS, and XPS confirmed that

silver nanoparticles have been fixed and well dispersed on

the silk fibers at the chemical state of Ag0.
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