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Abstract
An antibacterial wound dressing hydrogel was synthesized from biopolymers and a semiconductor nanomaterial by gamma 
irradiation, and applied in a simulated environment. Polyvinyl alcohol (PVA)/agar hydrogel was chosen due to its biocompat-
ibility and good swelling to absorb wound exudates and make a moist environment to accelerate the wound healing process. 
Zinc oxide nanoparticles were synthesized and combined with the hydrogel due to their antibacterial activity as a wound 
dressing aid and the hydrophilic nature to enhance swelling capacity by facilitating water flow in the hydrogel. Hydrogel 
samples based on PVA/agar containing low amounts of zinc oxide nanoparticles were prepared by gamma irradiation to 
meet all the requirements of a wound dressing. Water absorption, swelling behavior and pH sensitivity were studied and 
showed an excellent water swelling capacity. Scanning electron microscopy (SEM) and UV–Vis spectroscopy analyses were 
employed, where dispersion state of nanoparticles played a key role. Antibacterial activity mechanisms and the resistance 
to gram-positive bacteria were tested by the disk diffusion method, and the developed hydrogel revealed resistance against 
gram-positive bacteria. A cone and plate rheometer was used to capture the rheological response of hydrogel. Reduction in 
viscosity and elastic modulus was due to increasing the amount of zinc oxide nanoparticles. Analyses on mechanical proper-
ties approved that hydrogels had enough strength for wound dressing to resist tear once stretched.
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Introduction

For years, dressing has been used for wound healing and 
some materials such as medical absorbent cotton and pledget 
have been conventionally used to isolate a wound from the 
surrounding environment. With developments in technol-
ogy, wound healing experienced an evolutionary period in 
a series of stages. Winter et al. [1] demonstrated that wound 
healing can be faster in a moist environment than that under 
dry conditions. Such an important outcome encouraged 
researchers to define strategies for fast healing. So that, in 
recent research the focus is placed on developing new kinds 
of moist dressings [2]. Hence, moist dressings were expected 
to provide the growth factors with conditions to avoid tis-
sue dehydration and cell death [3]. It was also recognized 
that shedding could induce loss of the stratum corneum 
resulting in a large amount of trans-epidermal water loss, 
where conventional dressings could complicate this process 
[4, 5]. During wound healing, barrier formation appears as 

a critical process and moist wound healing can avoid this 
process by assuring keratinocytes proliferation, migration, 
and differentiation [6]. Furthermore, the re-epithelization 
rate of tissue can increase remarkably and these factors can 
accelerate wound healing [7].

Materials selection for moist dressing depends on the type 
of wound and the corresponding treatment period [8]. Sev-
eral studies have attempted to find a suitable candidate to 
fulfill the requirements for wound healing where hydrogels 
appeared promising among other candidates due to their aus-
picious characteristics such as prompt pain control, absorb-
ing modest amounts of body fluids, excellent antibacterial 
activity, simple replacement, good breathability and good 
handling [9, 10]. Hydrogels are networks of macromolecules 
and sometimes colloidal gels with hydrophilic nature that 
are used as biomaterials in wound dressing, drug delivery 
systems, transdermal systems, dental applications, injectable 
polymers, implants, soft contact lenses, superabsorbent, and 
stimuli-responsive systems [11, 12]. Several hydrogels based 
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on various natural polymers or their derivatives, e.g., starch 
[13], gelatin [14], chitosan [15], carboxymethyl cellulose 
[16], sodium alginate [17], along with synthetic polymers, 
e.g., polyvinyl alcohol (PVA) and polyvinyl pyrrolidone 
(PVP) have been widely used as a wound dressing and bio-
medical applications [18, 19]. Nevertheless, poor mechani-
cal properties of natural polymers from one side and limited 
biodegradability of synthetic polymers from the other side 
directed attention towards the use of hybrid systems [20].

PVA is a water-soluble polyhydroxyl that in the form 
of hydrogel is knows as a biomaterial [21, 22]. Due to its 
non-toxicity, biocompatibility, biodegradability, non-carci-
nogenic property, facile synthesis route, excellent chemical 
resistance, proper physical properties, gelation ability, and 
low price [11, 23], PVA has been widely considered in bio-
medical and pharmaceutical applications [24, 25]. One of 
the most important properties of hydrogels is the ability to 
absorb wound exudates, where the pH of media can change 
the swelling rate [26, 27]. For healthy adults and children, 
the pH of skin was reported to take a value in the close 
proximity of five, while by progress in healing the pH will 
change accompanied by a change in the swelling rate [28]. 
In addition, an increase in pH facilitates the propagation of 
bacteria and changes the type of bacteria [29]. Studies on 
burn wound healing, especially in second-degree burning, 
demonstrated some important factors that can change the 
pH such as infections and burn depth [30]. Thus, advanced 
wound dressing protocols attempted to trigger such fluctua-
tions in the period of treatment.

Different methods have been reported for the preparation 
of hydrogels, consisting of chemical methods by a covalent 
cross-linking agent [31], physical methods by a complex-
ing agent, and radiation methods by gamma-radiation [32], 
electron beams, and ultraviolet light [33, 34]. In recent years, 
many studies have reported on wound dressing hydrogels 
that were prepared by irradiation method [35, 36]. Among 
the aforementioned methods, irradiation techniques were 
identified as the most convenient for improving and modify-
ing wound dressings by grafting, degradation, or crosslink-
ing. Chemical crosslinking is a highly versatile method to 
modify the mechanical, thermal, and chemical stability of 
polymer hydrogels [37]. In this method, a stabilized network 
structure is formed in which chains are linked chemically 
[38]. Crosslinking by irradiation uses high energy radiation 
like X-ray, gamma, or electron beam to make covalent bond-
ing between chains [34, 39].

Hydrogels can be treated into physical and chemical 
structures based on their crosslinking mechanism [38]. 
Physical crosslinks are formed through entangled chains, 
hydrogen bonds, hydrophobic interactions, and crystalline 
formation, but temporarily keep hydrogels insoluble [40, 
41]. Polymerization by gamma irradiation uses high energy 
as the main factor to crosslink water-soluble monomers or 

chains without any crosslinking agent with toxic nature or 
undesired reactions taking place in the bulk of hydrogel [32]. 
In this method, free radical polymerization creates hydroxyl 
radicals of alcohol and vinyl monomers as initiators leading 
to a 3D network formation once the gelation point is reached 
[40, 42].

Herein, based on the preference for the radiation method 
to perfectly cross-link the hydrogel, PVA/agar biohydrogel 
was synthesized by gamma irradiation. Synthesized zinc 
oxide nanoparticles were dispersed in the matrix to increase 
swelling capacity due to hydrophilic nature and facilitating 
water flow inside the hydrogel pours and also giving anti-
bacterial properties. The rheological analysis is one of the 
less subjected characteristics for wound dressings that have 
an important role in characterizing and managing the prop-
erties. Therefore, rheological measurements were carried 
out to investigate viscosity, elastic moduli, and frequency 
dependence of hydrogels. To be applicable as wound dress-
ing, hydrogels passed the mechanical tests exhibiting the 
required extent of stretching. Water absorption, swelling 
behavior, and sensitivity to pH stimuli of hydrogels render 
them appropriate for use as wound dressing under various 
conditions.

Experimental

Materials

In this study, polyvinyl alcohol (PVA) with an aver-
age molecular weight of 72,000 and ZnO nanoparticles 
(ZnONPs) with an average size of 40 nm were purchased 
from Merck and Sigma Aldrich, respectively. Agar was 
obtained from BD BactoCompany (America) to improve 
the mechanical properties of nanocomposites.

Preparation of PVA/ZnO nanocomposites

To prepare PVA/ZnO nanocomposite, 3.5 g of polyvinyl 
alcohol was dissolved in 90 mL of distilled water at 90 °C. 
PVA solution was stirred for 4 h at 90–95 °C until the pre-
pared solution became clear and homogeneous. Thereaf-
ter,1 g agar was added to PVA solution and stirred for 1 h. 
Afterward, varying amounts of ZnO nanoparticles (0.05, 
0.1, 0.2% by wt) were added to the solution. For degassing, 
the solution was situated in an ultrasonic bath for 20 min at 
80 °C and then poured into the mold.

Cross‑linking of PVA/agar nanocomposites

The prepared gel sample was placed in aluminum foil and 
subjected to a 10 MeV accelerator. The absorbed dose was 
probed by the appropriate speed of the conveyor. To ensure 
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an adsorbed dosage of samples, calibrated triacetate cellu-
lose film was used. In this study, samples were irradiated 
at 25 kGy.

Methods

Rheological studies

Rheological shear measurements were performed using an 
Anton Paar physical shear rheometer (MCR300) using a 
parallel plate geometry with a 25 mm plate diameter. The 
frequency sweep range of 0.1–100 rad/s was conducted with 
a strain amplitude of 0.2% at room temperature and under 
air atmosphere.

Scanning electron microscopy

The morphology of PVA/ZnO nanocomposite was investi-
gated by scanning electron microscopy (SEM, TESCAN, 
Czech). To prevent morphological changes, the samples 
were placed in liquid nitrogen for one minute then fractured, 
whereupon a layer of gold was coated on the fracture surface 
to be analyzed by SEM.

UV–VIS spectroscopy

The UV–Vis spectra absorption of PVA/ZnO nanocompos-
ites were measured (PG instrument T90, England). The pure 
sample and samples containing different amounts of ZnO 
nanoparticles were investigated at visible wavelengths of 
100–600 nm.

Band gap energy (Eg) was estimated by Tauc’s relation-
ship (Eq. 1):

where, α is the optical absorption coefficient, B is a constant 
factor that depends on transition probability, hv is related to 
light energy and n is the electronic transition number.

Antimicrobial studies

Antibacterial activity of PVA/ZnO nanocomposite was 
studied using disk diffusion method on gram-positive bac-
teria strain, Bacillus subtilis (B. subtilis). The freshly cul-
tured bacteria in a phosphate buffer was used to prepare 
a suspension containing 1–1.5 ×  108 Cru/mL (McFarland). 
The suspension was cultured on Muller Hinton agar cul-
ture medium by surface cultivation method. The prepared 
hydrogels containing 0.05, 0.1, and 0.2% (wt) ZnO NPs and 
the sample without ZnO, at the sterile condition, were cut 
into 0.5 cm discs. Afterward, they were placed on the incu-
bated culture medium surface and heated for 24 h at 37 °C 

(1)(�hv) = B(hv − Eg)n,

in a bacteriological incubator. Finally, after the incubation 
process, the environment was analyzed for the presence of 
an inhibition zone where the inhibition zone diameter was 
also assessed.

Mechanical test

The mechanical behavior of hydrogels was evaluated by a 
uniaxial tensile test machine (Gotech, Taiwan). The elonga-
tion-at-break/tear point was determined. Sample thickness 
equivalent to 2 mm, testing at ambient temperature, at a 
50 mm/min crosshead speed was utilized.

Swelling test

At first, hydrogels were dried and their weights were deter-
mined after immersion in distilled water for 48 h at room 
temperature. To determine the swelling rate, before measure-
ments, hydrogels surface water was dried using paper. The 
swelling rate was calculated by Eq. (2) shown below:

where, wd and wS are dry and swollen cube weights, 
respectively.

Results and discussion

Swelling behavior

Recent studies have shown the pH effect on wound heal-
ing [30]. After progress in wound healing, the pH becomes 
neutral or even acidic [30]. It should be noted that chronic 
wounds have a pH range of 7.15–8.9 [30]. In second-degree 
burns, the wound pH range is 8–8.5 at the beginning, and 
by passing each stage of healing, a different pH will be 
reached ranging from 6.5 to 9. Factors such as infections 
and wound depthcan affect pH and swelling rate [43]. Hence, 
the porosity of hydrogel helps to absorb wound exudates 
to reduce infections [6] and to provide a wet environment 
[44]. Therefore, hydrogels swelling behavior was studied in 
pH values of 2, 4, 7 and 9. As shown in Fig. 5, maximum 
swelling varies in each pH value for different nanoparticle 
percentages. Nonetheless, the grade and stage of a wound 
are important factors to choose the best nanoparticles per-
centage. The relationship between swelling and time of 
immersion has been presented in Figs. 1, 2, 3, 4 where the 
progress of swelling ratio with time can be seen. It can be 
understood that all samples have the same swelling pattern. 
Swelling rate is high at the beginning and then slows down 
[45]. In Fig. 5, maximum swelling based on pH value and 

(2)Swelling rate (%) =
wS − wd

wd

× 100,
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nanoparticle percentages has been presented. The highest 
swelling belongs to 0.05% (wt) ZnO NPs at pH 7 but in the 
case of chronic wounds and second-degree burn wounds, 
0.1% (wt) shows better swelling due to the alkaline pH of 
the wound.

Rheological behavior

Storage modulus, loss modulus, complex viscosity, and 
damping (tan δ) curves versus frequency for the hydrogel 
samples with various amounts of ZnO nanoparticles are 
shown in Figs. 6, 7, 8, 9, respectively. According to these 
results, all the hydrogel samples have solid-like rheological 

behavior that could imply a network structure such as 
cross-links. The results revealed the incorporation of the 
nanoparticles at most frequencies. Although, the values of 
these properties are larger than those for neat hydrogel at 
high frequencies. The reduction in rheological properties of 
hydrogel nanocomposites could indicate a decrease in the 
chemical cross-link density of hydrogels in the presence of 
nanoparticles. This would be in agreement with the previ-
ously observed increase in swelling values of hydrogel, due 
to nanoparticle addition (Fig. 5).  

In addition, observed increments in rheological properties 
of hydrogel nanocomposite at high frequencies maybe attrib-
uted to potential electrostatic interactions of nanoparticles 

Fig. 1  Swelling ratio of PVA/agar hydrogel composed of 0.05, 0.1 
and 0.2% (wt) ZnO NPs at pH 2

Fig. 2  Swelling ratio of PVA/agar hydrogel composed of 0.05, 0.1 
and 0.2% (wt) ZnO NPs at pH 4

Fig. 3  Swelling ratio of PVA/agar hydrogel composed of 0.05, 0.1 
and 0.2% (wt) ZnO NPs at pH 7

Fig. 4  Swelling ratio of PVA/agar hydrogel composed of 0.05, 0.1 
and 0.2% (wt) ZnO NPs at pH 9



1024 Iranian Polymer Journal (2021) 30:1019–1028

1 3

and polymer chains within the hydrogel matrix. At high fre-
quencies, i.e., the short relaxation time for polymer chains, 
electrostatic interactions act as physical cross-links between 
polymer chains. This compensates for the lack of chemi-
cal cross-links of PVA polymer, which may be the source 
of enhanced viscoelastic properties at high frequencies. At 
low frequencies when providing enough time, the short-
range relaxation time of chains can relate to their electro-
static interactions with nanoparticles. These relaxations 
are confirmed by peaks that appeared in tan δ curves in the 
frequency ranges of 20–50 rad/s, while there is no obvious 
peak at the same frequency range for neat hydrogel (Fig. 9). 
The noteworthy subject in rheological properties of hydro-
gel nanocomposite samples is the dual role effect of nano-
particles upon viscoelastic properties. This is disclosed by 

considering that the lowest values of the viscoelastic proper-
ties are for 0.2% (wt) ZnO.

This trend of changes in the viscoelastic properties of 
samples could be explained by nanoparticles induced alter-
nations in the type and density of cross-links. As mentioned 
before, the presence of nanoparticles reduces chemical 
cross-link density. Therefore, it reduces the viscoelastic 
properties. On the other hand, it increases the possibility of 
physical cross-links formation and viscoelastic properties 
increment.

Nevertheless, how each of these opposite impacts of nan-
oparticle influencing the viscoelastic properties depends on 
their amounts and state of dispersion within the hydrogel 
[10].

Fig. 5  Maximum swelling of the hydrogel with 0.05, 0.1 and 0.2% 
(wt) ZnO NPs in different pH values

Fig. 6  Storage modulus of the hydrogel with 0.05, 0.1and 0.2% (wt) 
ZnO NPs

Fig. 7  Loss modulus of the hydrogel with 0.05, 0.1 and 0.2% (wt) 
ZnO NPs

Fig. 8  Hydrogels viscosity with 0.05, 0.1 and 0.2% (wt) ZnO NPs
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Scanning electron microscopy (SEM)

Scanning electron microscopy was used to determine the 
dispersion, distribution, and particle size of ZnO NPs in the 
PVA matrix. According to mapping analysis (Fig. 10), ZnO 
NPs showed good dispersion and well distributed throughout 
the matrix. It also can be seen that particles are in nano size. 
By increasing ZnO content to 0.2% (wt), a slight aggregation 
was observed in some parts.

UV–Vis spectroscopy

To further prove the presence, dispersion, and nanosize of 
nanoparticles in the whole network, UV–Vis spectral results 
were investigated [44]. All of the spectrums that contained 
ZnO NPs were between 300 and 400 nm, which is due to 
surface plasmon resonance (SPR). As shown in Fig. 11, the 

absorption peak at 334 nm confirmed the presence of ZnO 
NPs. The higher percentage of ZnO NPs increased peak 
intensity as well as the intensity of plasma bands shifted 
to higher wavelength numbers. According to Fig. 11, it is 
obvious that the highest absorption peak belongs to 0.2% 
(wt) ZnO NPs.

To the best of our knowledge, better dispersion of NPs 
increases interactions and hydrogen bonds between the 
phases [46, 47]. This phenomenon results in increasing the 
band gap energy (Fig. 12).

As estimated from the plot, band gap energies for 0.05, 
0.1 and 0.2% (wt) ZnO NPs were 3.47, 3.46 and 3.45 eV, 
respectively. Values of 3.4 eV [48, 49] and 3.5 eV [46] have 
been reported for band gap energy of nanosize ZnO, which 
matches with estimated values in this work. This proves that 
ZnO NPs are in nanosize and well dispersed in the whole 
matrix.

Antibacterial studies

For bacteria, the cell wall is located outside the cell mem-
brane and composed of a layer of peptidoglycan (Fig. 13a). 
The structure of gram-positive bacteria consists of one cyto-
plasmic membrane with peptidoglycan layers and a thick cell 
wall. While, gram-negative bacteria having wall with two 
cell membranes, an outer membrane and a plasma membrane 
with a thick peptidoglycan layer [23].

Possible antibacterial mechanisms of ZnO NPs can be 
classified as theliberation of  Zn2+ ions [33], formation 
of ROS (reactive oxygen species:  H2O2,  OH−,  O2

−) and 
creation of electrostatic forces between bacteria and ZnO 
(Fig. 13) [23, 33]. In the ROS formation mechanism, oxidiz-
ing property and high reactivity are reasons for antibacterial 
activity. Reactive oxygen species can pass through the cell 
wall, damaging bacterial cell wall and causing cytoplasmic 
content leakage to destroy and killing bacteria [23, 50].

Fig. 9  Damping term of the hydrogel with 0.05, 0.1 and 0.2% (wt) 
ZnO NPs

Fig. 10  SEM images of the hydrogel samples: a 0.05, b 0.1 and c 0.2% (wt) of ZnO NPs
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Hence, we carried out antibacterial tests to analyze the 
strength of hydrogel nanocomposite against gram-positive 
bacteria, which is infection and contamination index. In dif-
ferent studies, hydrogel-containing ZnO nanoparticles had 
resistance to gram-negative and gram-positive bacteria. 
However, the inhibition zone was different among bacteria 
and gram-positive bacteria showed less resistance to ZnO 
nanoparticles, which may lead to the destruction of the 
cell membrane due to the generation of hydrogen peroxide. 
Another reason for this phenomenon is the photocatalytic 
integration of zinc oxide. Usually, by increasing the amount 
of zinc oxide, the resistance of bacteria will be increased, 
which this increase in resistance is more for gram-negative 

than gram-positive bacteria. According to Fig. 14, resistance 
to B. subtilis bacteria for all samples with different amounts 
of ZnO nanoparticles was observed and the inhibition zone 
had no significant change for samples containing ZnO NPs.

Mechanical properties of PVA/ZnO nanocomposites

The wound dressing is in contact with the skin and does 
not tear easily when stretched [11]. Tensile strength 
was seen to increase when the amounts of nanoparticles 
increased, due to interactions of hydrogel and ZnONPs, 
which cause an increase in macromolecular movements 
between chains [51]. Therefore, it results in an increase in 

Fig. 11  UV–VIS absorption peaks of the hydrogels containing 0.05, 
0.1 and 0.2% (wt) ZnO NPs

Fig. 12  Band gap energy of the samples with 0.05, 0.1 and 0.2% (wt) 
ZnO NPs

Fig. 13  Antibacterial mechanisms: a structure of bacteria, b libera-
tion of  Zn2+, c ROS formation, and d electrostatic forces between 
ZnO NPs and bacteria

Fig. 14  Antibacterial test against B. subtilis bacteria
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elongation due to interactions between ZnO and PVA [10] 
and weakens the intermolecular hydrogen bonds of PVA 
and agar. It also makes new hydrogen bonds between PVA 
and ZnO and facilitates the macromolecular movements 
of chains. According to Fig. 15, the addition of 0.05% 
(wt) ZnO NPs decreased elongation but by increasing the 
content to 0.1 and 0.2% (wt) ZnO NPs, elongation had an 
increase. The elongation reached 140% as the maximum 
for 0.2% (wt) ZnO NPS. With respect to the values, the 
prepared hydrogel showed great tensile properties and 
could be stretched with body movements when applied 
to the skin.

Conclusion

PVA/ZnO hydrogel was synthesized for wound dressing. 
The prepared hydrogels were characterized by SEM micro-
graphs, UV–Vis spectra, swelling tests, rheological behav-
ior, and mechanical tests as well as antibacterial activity. 
The results from SEM images showed good distribution and 
dispersion of nanosize particles. UV–Vis test was used to 
prove good dispersion and presence of nanosize particles in 
the whole matrix. Swelling rate measurements showed val-
ues between 70 and 138% and demonstrated good swelling 
behavior in both acidic and alkaline environments, which 
can operate in all stages of the healing process. Antibacte-
rial activity evaluation resulted in resistance of hydrogels to 
gram-positive B. subtilis bacteria. In conclusion, supported 
by the obtained properties and results the hydrogels have 
antibacterial activity, good swelling behavior, and significant 
mechanical properties that make them a great potential for 
wound healing applications.
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