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Summary:  In this paper, we presented a facile way of preparing PVA/Au, PVA/Ag and 

PVA/AuAg nanocomposites through in situ synthesis of metal nanoparticles in PVA hydrogel 

network using a room temperature atmospheric pressure microplasma. This is the first time 

microplasma technology is used for the fabrication of hydrogel based nanocomposites. The 

materials synthesized have been characterized for their microstructure and antibacterial 

properties. The nanoparticles synthesized within the PVA hydrogel network are found to be 

better dispersed than those synthesized in water, and their size and shape are more uniform. 

The new approach has opened a new avenue towards multi-scale synthesis of green and 

multi-functional nanocomposites, which may find wide range of potential applications in 

biomedical field. 
 

 

1 INTRODUCTION 

Hydrogels as the most promising biocompatible materials have found applications in 

tissue engineering and drug delivery with their ability to retain large of amounts of biological 

fluids [1]. The incorporation of Ag and Au nanoparticles (NPs) into biocompatible hydrogel 

systems has attracted much recent research interests in biomedical field. In particular, 

hydrogels containing AgNPs have been widely deployed in antibacterial applications 

including wound dressing [2], coatings [3]  and implants [4], and hydrogels containing 

AuNPs have been used for tissue regeneration [5], drug delivery vehicles [6] and cancer 

therapies [7]. Ag or Au NPs have been mostly obtained through chemical reduction reaction 

from metal salt solution using reducing agents such as sodium borohydride (NaBH4) [8, 9], 

many of such reducing agents are toxic, hazardous chemicals which may pose potential  
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environmental and biological risks [10]. Other more environmentally sustainable ‘‘green 

synthesis’’ routes such as the irradiation method [9] typically involve long treatment times 

and complicated procedures. Therefore, it is still a great challenge to develop fast and green 

methods to fabricate hydrogel/metal NP nanocomposites in situ.  

 

Previously, the co-authors of this work has used a room temperature, atmospheric pressure 

microplasma for the synthesis of gold nanoparticles in aqueous solution [11], energetic such 

as electrons, ionized gas,free radicals and other reactive species interact with the aqueous 

medium leading to metal NP reduction.  In this work, a novel attempt has been made to in-

situ synthesize hydrogel/metal NP nanocomposite by initiating a microplasma at the 

gas/hydrogel interface. Polyvinyl alcohol (PVA) is chose as the matrix material due to its 

wide availability and wide applications in biomedical field. The proposed microplasma 

process is a comparatively green process that eliminates the use of toxic reducing agents. It is 

also a rapid and simple process which requires no heating nor vacuum.  Although the current 

study has focused on a typical conventional hydrogel material, we are confident that the 

technology can be generalized and expanded into a wide range of nanoparticle/polymer 

systems, for producing green, cost effective nanocomposites with enhanced functionalities 

for various practical applications. 

2 EXPERIMENTAL 

PVA (Mw 85000-124000 and 99% hydrolysis degree), chloride trihydrate (HAuCl4 · 

3H2O, ≥ 99.9%) and silver nitrate (AgNO3, ≥ 99%) were purchased from Sigma-Aldrich, 

UK. 4g of PVA powder was dissolved in 96ml of distilled deionized water at 80°C for 2 h, 

under magnetic stirring, to produce a 4 wt% PVA hydrogel solution.  

Mixtures of PVA/AgNO3, PVA/HAuCl4 and PVA/AgNO3/HAuCl4 with various molar 

concentration were obtained by mixing AgNO3 and/or HAuCl4 salts with PVA hydrogels at 

appropriate molar ratios. The detailed sample information can be found in Table 1. 
 

 

Metal Salt AgNO3 AgNO3 HAuCl4 HAuCl4 HAuCl4 HAuCl4 

AgNO3 

HAuCl4 

AgNO3 

HAuCl4 

AgNO3 

Molar  

Ratio 

0.6mM 1.2mM 0.01mM 0.1mM 0.2mM 0.01mM 

0.04mM 

0.1mM 

0.4mM 

0.2mM 

0.8mM 

Sample 

Name 

Ag0.6 Ag1.2 Au 0.01 Au0.1 Au0.2 Au0.01/ 

Ag0.04 

Au0.1/ 

Ag0.4 

Au0.2/ 

Ag0.8 
Table1: PVA hydrogel containing various molar concentration of metal salts 

 

 

 Fig 1 shows the schematic of the microplasma deployed in this work, more detailed set up 

can be found elsewhere [11]. The microplasma was initiated from the helium gas (100%) that 

flows through a stainless steel capillary (inner diameter of 250 µm) at a constant flow of 25 

sccm. The current was set at a constant value of 1mA, with a starting voltage of ~ 2kV which 

then stabilized at ~ 0.50 kV. The microplasma treatment were carried out for three 

consecutive 10 min period, and the hydrogel mixture is stirred between each period to obtain 

a well-mixed solution.  
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Figure 1: Schematic of the microplasa set up for hydrogel/metalNP nanocomposite synthesis. 

 

After microplasma processing the obtained hydrogel /metalNP mixtures were cross-linked 

using a freeze/thaw method [12], with three repeated  cycles consist of 14 hours freezing (at -

20 oC) followed by 10 hours thawing (at 18 oC). A small amount of un-crosslinked mixtures 

were diluted 20 times with DI water, drop-casted on TEM grids and dried overnight for TEM 

analysis. The solid state hydrogel/metalNP nanocomposites were tested on two strains of 

bacteria; Escherichia coli (E.Coli) (K-12, NCTC 10538) and Staphlococcus aureus 

(S.Aureus). The hydrogel sampled were placed onto the agar surface and incubated at 37°C 

overnight. 

3 RESULTS AND DISCUSSION 

Figure 2 shows the typical PVA/AgNP, PVA/AuNP and PVA/AuAgNP in liquid form 

right after the microplasma processing. It can be seen that with AgNPs formation, originally 

clear and colorless PVA becomes yellowish to brown with increasing AgNO3 concentration. 

The color of PVA hydrogels containing AuNP changes from light pink to red as HAuCl4 

concentration increases. The color change in hydrogel is indicative of the Ag and/or Au NP 

formation [11, 13].  Color of PVA hydrogels containing both Ag and Au NPs changes from 

light grey/purple towards more yellowish color with increasing metal salt concentration. 

 

Figures 3, 4 and 5 compares the size, shape and dispersion of Au, Ag and Au/Ag NP 

synthesized in water and in PVA hydrogel respectively. It can be seen that nanoparticles 

obtained in water tend to be more agglomerated and with overall larger particle size and 

greater size variation, whereas the nanoparticle obtained in situ in hydrogel are much smaller, 

better dispersed and more uniform in size and shape. It is likely that the hydrogel acts as 

capping agent hence effectively impedes the nanoparticle agglomeration and immobilize the 

nanoparticles once they are formed [8], at the same the viscous hydrogel could acts as the 

physical barrier between the plasma-induced reactive species and metal ions, slowing down 

the reaction [13] and leading to smaller NPs size and more uniform size and shape 

distribution. 
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Figure 2: PVA hydrogels containing Ag, Au and AgAu nanoparticles obtained from different metal salt 

concentration. 

   

Figure 3: Typical TEM images of AgNPs (from Ag0.6) synthesized in water and in PVA hydrogel. 

 

   
Figure 4: Typical TEM images of AuNPs (from Au0.2) synthesized in water and in PVA hydrogel. 
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Ag0.6 Ag1.2 
(b) 
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Au0.01 Au0.1 Au0.2 

Au0.01/ 

Ag0.04 

 

Au0.1/ 

Ag0.4 

 

Au0.2/ 

Ag0.8 
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Figure 5: Typical TEM images of AuAg NPs (from Au0.2/Ag0.8) synthesized in water and in PVA hydrogel. 

 

Figure 6 shows pure PVA has no antibacterial property. For nanocomposites containing 

AgNPs and AuAg NPs, inhibition zones formed in both E. coli nutrient and S. aureus 

nutrient, while for PVA/AuNP nanocomposites, only inhibition against S. aureus - Baird 

Parker can be confirmed for the Au0.2 samples. 

 

 
 

 
 

Figure 6: Antibacterial activity of PVA and PVA nanocomposites against two pathogenic strains (a) E. coli 

Nutrient and (b) S. aureus Nutrient 

4 CONCLUSIONS 

In this paper, we presented a facile way of preparing PVA/Au, PVA/Ag and PVA/AuAg 

nanocomposites through in situ synthesis of metal nanoparticles in PVA hydrogel network 

using a room temperature atmospheric microplasma. Results show that Au, Ag and Au/Ag 

nanoparticles obtained in situ in hydrogel are smaller, more controlled in size and better 

(a) 

(b) 
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Au0.2 Au0.1/ 

Ag0.4 

Au0.2/ 

Ag0.8 

PVA 

Au0.1 
Au0.2 Au0.1/ 

Ag0.4 

Au0.2/ 

Ag0.8 

Ag0.6 Ag1.2 
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dispersed when compared with those obtained in water. The nanocomposites containing 

AgNPs and AuAgNPs shows bacterial resistances against both E.Coli and S.Aureous strains, 

whereas, hydrogel containing AuNP only showed resistance to S.aureus stain for samples 

obtained from higher gold salt concentration (0.2mM HAuCl4). The obtained nanocomposites 

may find wide applications such as antibacterial dressing, soft tissue implants, drug delivery 

and cancer therapies. The present research opens a new avenue towards one-step fabrication 

of green, multi-functional bio-nanocomposites with controlled properties and helps to address 

a few important challenges in achieving safe, easy-to-manufacture and cost effective 

healthcare devices. 
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