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INTRODUCTION
The hydrogels are crosslinked three-dimensional highly 
hydrophilic network polymers that the origin of the term 
hydrogel goes back to 1894 [1]. There has been received 
special attention because of their acidic or basic pendant 
groups such as carboxylic acid (-COOH) [2] sulfonic acid 
(-SO3H) [3], primary amine (CONH2) [4] and quaternized 
ammonium (NR+4) [5]. Hence, these polymeric matrices able 
to hold a huge amount of water and biological fluids due to 
this groups. 

In general, hydrogels swelling behavior takes places as a 
result of ionization. Thanks to the ionization property, it 
is possible to absorb the water formed in the hydrophilic 
functional groups connected to the polymer chains. Moreover, 
swelling behavior of the hydrogels depends on the swelling 
properties of hydrogels, polymer structure (hydrophilicity or 
hydrophobicity etc), polymer–solvent interactions (valence 
of counter ion of external swelling medium), and cross-linking 
density [6]. The swelling and deswelling behavior of hydrogel 
are important to improve the understanding of mechanism 
due to usage in for biomedical and industrial applications 
including agrochemistry [7], wastewater treatment [4], drug 
delivery systems [8], wound dressing [9], tissue engineering 
[10].

Polyethyleneimine (PEI) has received increased attention due 
to its cationic hydrophilic nature with the presence of amine 
groups (primary, secondary and tertiary amino) [11]. The 
hydrophilic character provides good water swelling capacity. 
Furthermore, high positive charges of the PEI responsive 
for antibacterial activity [12]. Poly (vinyl alcohol) (PVA) is 
biodegradable, biocompatible, non-toxic and eco-friendly 
which can be potentially used for promising biomaterials 
[13–15]. PVA exhibits water solubility properties thanks to its 
hydroxyl groups (-OH) [16]. Due to its hydrophilic character, 
the addition of a polymeric system can increase the swelling 
capacity. Glutaraldehyde (Glu) is a common chemical 
crosslinking agent for PVA polymer systems due to its high 
crosslinking rate [17, 18]. Glu has two aldehyde groups one of 

may react with the hydroxyl group of polyvinyl alcohol [19]. 
There are very few studies in the literature addressing possible 
potential applications of copolymeric PEI and PVA hydrogels. 
In one of these studies, Wang et al., successfully prepared 
stretchable elastomer composite hydrogel based on PEI and 
PVA. Prepared hydrogels demonstrated excellent mechanical 
properties and high biocompatibility. With obtained results 
PVA and PEI hydrogels can be used different application areas 
such as healthcare monitoring, human–machine interfaces 
and soft robots [20]. In a following study, the biosensor 
application is entrapment of thermolysin enzyme into a PVA/
PEI matrix containing gold nanoparticles and cross-linked 
using Glu vapors were shown to produce successfully [21]. 
Also, it has been well supported that heavy metal Cr (VI) was 
highly effective removal from aqueous solutions and exhibits 
a good reusability [22]. In the present study, we successfully 
fabricated PVA and PEI based hydrogels using Glu as 
crosslinker via solvent casting method. PVA/PEI hydrogels 
were fabricated with different amounts of Glu, PEI and PVA. 
The PVA/PEI hydrogels were investigated for swelling and 
dehydration properties as well as antibacterial performances 
against E. coli. 

MATERIALS AND METHODS
Chemicals and Materials
PVA (Mw 146000-186000; 99% hydrolyzed), PEI (average Mn 
~1,800 by GPC, 50 wt. % in H2O) and Glu obtained from Sigma 
Aldrich. Luria Bertani (LB) agar and LB broth were obtained 
from Merck. All the other chemicals used were of analytical 
grade etc. 

Preparation of PVA/PEI Hydrogels
PVA/PEI hydrogels with different combination of PVA, PEI 
and Glu were prepared via solvent casting method. Firstly, 
PVA was dissolved in distilled water at 90°C under magnetic 
stirring for 2 h. Then, PEI was added drop by drop to the PVA 
solution with vigorous mixing. PVA and PEI was interacted for 
30 min to form a homogeneous solution. Glu as a crosslinker 
was added to the solution dropwise in the ice bath under 
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Abstract
In the present study, Polyvinylalcohol/polyethyleneimine (PVA/PEI) hydrogels designed with different Glutaraldehyde (Glu) amount, 
PEI amount and PVA concentration were synthesized via solvent casting technique.  The fabricated PVA/PEI hydrogels with different 
compositions were evaluated for swelling rate, dehydration properties and antibacterial activity to determine superior combination. The 
swelling tests were performed for 0-300 min at pH 7.4 and 37 °C. All of the prepared PVA/PEI hydrogels swelling ratio were observed in 
the range of 221-321%. The highest dehydration rate was found for the PVA/PEI hydrogel with the lowest PVA concentration and the 
lowest dehydration rate was found for the PVA/PEI hydrogel with the highest Glu amount. All the PVA/PEI hydrogels demonstrated high 
antibacterial activity against E.coli. PP5 (prepared with 5% PVA, 0.5 mL PEI and 30 µL Glu) was determined as the selected hydrogels with 
optimized characteristics in respect to swelling, dehydration and antibacterial activity data. This study highlights potential usage of the 
resultant PVA/PEI hydrogels as antibacterial wound dressings in wound care applications.
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magnetic stirring. The mixture was poured onto 24-well plate 
and solvent was evaporated slowly at room temperature. 
Lastly, the hydrogels were dried under vacuum at 40°C for 4 
h. The amounts of the components used for the preparation 
were listed in Table 1.

Table 1 The compositions of PVA/PEI hydrogels

Codes PVA (% w/v) PEI (mL) Glu (µL)

P30 10 1 30 

P60 10 1 60

P120 10 1 120

P30-0.5 10 0.5 30

P30-0.1 10 0.1 30

P30-0.05 10 0.05 30

PP5 5 0.5 30

PP2.5 2.5 0.5 30

PP1 1 0.5 30

Characterization of PVA/PEI Hydrogels
With using FTIR-ATR measurements the chemical structure 
of the PVA/PEI hydrogels was determined. The FTIR-ATR 
spectrum was obtained in the range of 600-4000 cm-1. The 
morphological properties of the selected hydrogels were 
performed with FESEM (Hitachi Regulus 8230 FE-SEM). The 
samples were coated with gold prior to SEM measurements. 

Swelling ratio tests
Swelling measurements were carried out with using a 
thermostated water bath at 37 °C, at pH 7.4 and deionized 
water were used. Hydrogel samples were dried and measured 
(Mdried) after (Mdried) hydrogel samples were placed into buffer 
solution and the swollen hydrogels were measured after the 
excess water was removed from the surfaces of the samples 
(Mswollen). Hydrogels swelling ratio were calculated with the 
given formula (1):

swollen dried

dried

M -MSR(%)= ×100
M

                                                           (1)

All of the swelling ratio experiments were performed in 
triplicate.

Dehydration tests
For the investigation of the hydrogels water loss percentage, 
dehydration tests were performed. Firstly, hydrogels 
were swollen in distilled water and keep under the room 
temperature. After at specific time intervals the wet hydrogels 
were weighed and the percentage of the water loss was 
calculated as given formula below (2). All of the dehydration 
experiments were performed in triplicate.

Dehydration rate (%)= 100i tm m
m
−

×                                               (2)

At the formula mi is represented wet hydrogels initial weight, 
mt represented the measured weight of the wet hydrogel at 

predetermined time t and m is represented the hydrogels 
water content. All of the dehydration experiments were 
performed in triplicate.

Antibacterial Assay
Escherichia coli (E. coli) was used for the antimicrobial studies 
of PVA-PEI hydrogels. E. coli was inoculated in LB medium 
and incubated for 24 h, at 37°C. After incubation bacterial 
solution diluted to be 10-3 times and 100 μL of diluted bacterial 
suspensions were added to eppendorf tubes with 900 μL 
LB medium inside. Hydrogels were cut as 9 mm diameter, 
washed with deionized water and sterilized under ultraviolet 
(UV) light for 10 min for each side. Each hydrogel was added 
into eppendorf tubes containing bacterial suspensions. 
One eppendorf tube without added PVA/PEI hydrogel was 
considered as a control group. PVA/PEI hydrogels were 
incubated at 37°C for 24h inside of incubator set up for 150 
rpm. After the incubation, PVA/PEI hydrogel containing 
bacterial solutions were diluted to be 10-6 and control group 
diluted to be 10-7. 100 μL of diluted solutions were inoculated 
onto the LB agar plates and spread to the surface.  Agar 
plates were incubated at 37°C for 24 h, after the number of 
colonies were counted and colony forming units (CFUs) was 
calculated. All of the experiments were performed three 
times and average colony numbers were taken into account. 
[23, 24].

RESULTS AND DISCUSSION
Characterization of PVA/PEI Hydrogels
FTIR-ATR measurements of PVA and PVA/PEI hydrogels
FTIR-ATR spectra of PVA/PEI hydrogels were shown in Fig. 
1. It was clearly seen that they present very similar profiles. 
The band appeared at 1643 cm-1 is assigned to the formation 
of C=N bonds supporting the crosslinking reactions between 
primary amine groups of PEI and glutaraldehyde [25]. 
The characteristic band of pure PVA at around 3283 cm-1 

corresponds to the stretching vibration of hydroxyl groups of 
PVA. The intensity of this band was decreased significantly 
after the synthesis of PVA/PEI hydrogel indicating the 
reduction of available hydroxyl groups which attributes to 
the formation of hydrogen bonding of PVA with PEI [26]. In 
addition, with the increased amount of Glu, the color of the 
hydrogels was observed to change from white to slight yellow 
indicating the cross-linking reaction took place. 

Figure 1 FTIR-ATR spectra of PVA and PVA/PEI hydrogels.
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SEM measurements of the P30, P30-0.5 and PP1 hydrogels
The SEM images of P30, P30-0.5 and PP1 were demonstrated 
in Figure 2 to explain the morphological characteristics of 
the hydrogels. All the hydrogels possessed porous structures 
with different porosity and homogeneity. The average pore 
sizes of the hydrogels were determined with ImageJ software 
using 15 individual measurements for each sample and found 
as 3.5±0.9, 13.4±4.9 and 37.7±11.2 um for P-30, P30-0.5 and 
PP1 respectively. P-30 had interconnected pores with high 
porosity. The pores of PVA/PEI hydrogel increased in size with 
the decrease in PEI amount. With the reduction of PVA ratio, 
the pores became larger which supports the higher swelling 
capacity enabling the penetration of water molecules. 
Morphological features were found to be consistent with the 
swelling results.

Figure 2 SEM images of the PVA/PEI hydrogels (P30, P30-0.5 and 
PP1).

Swelling ratio of the PVA/PEI hydrogels
The effect of Glu amount on swelling kinetics was examined 
and the obtained results were demonstrated in Figure 3a. The 
mass ratios of Glu were utilized as 0.5, 1 and 2 %w/v. PVA/
PEI hydrogels follow the similar trend; firstly, they swelled 
rapidly at the initial periods after immersion, then the swelling 
ratio decreases and finally reached an equilibrium value. The 
swelling amount of PVA/PEI fabricated with 30 µL Glu was 
higher than that of PVA/PEI fabricated with 60 and 120 µL 
Glu. PVA/PEI hydrogels swelling ratio was decreased when 
the amount of Glu was increased due to formation of more 
crosslinks between PEI and Glu. The increase in Glu amount 
results in more rigid polymeric structure since the mobility 
of the polymer chains is hindered [27]. Thus, with the higher 
crosslinking available free area for the diffusion of water 
molecules is diminished and the swelling capability is lowered. 
30 µL is selected and used for the further experiments.

Figure 3b shows the effect of PEI content on swelling ratio of 

PVA/PEI hydrogels when PEI amount was changed as 1, 0.5, 
0.1 and 0.05 mL. The highest SR was observed for PVA/PEI 
hydrogel synthesized using 0.5 mL PEI. The increased swelling 
capacity caused by incorporation of PEI chains providing high 
amount of amine groups available for hydrogen bonding with 
water molecules. PEI with branched structure having high 
amount of amine groups enables interaction with more water 
molecules [28]. However, SR was reduced when PEI amount 
was 1 mL indicating more than adequate amount of PEI blocks 
the diffusion of water molecules throughout the polymeric 
matrix. The obtained SR results were compatible with the 
results reported by Mohan and Geckeler [29].

The effect of PVA content on water holding capacity of PVA/
PEI hydrogels was evaluated in Figure 3c. The highest swelling 
capacity was found with PVA/PEI hydrogels prepared with 1% 
PVA content and the lowest swelling amount was obtained 
from the hydrogels having PVA (10 %). The swelling capability 
of PVA/PEI hydrogels decreased due to the increase in PVA 
content. Higher PVA amount in the polymeric structure may 
cause stronger hydrogen bonding leading less interaction 
with water molecules. Chaturvedi et al. and Shim et al were 
reported similar results [14, 30]. In addition, increased amount 
of PVA content provides the integration of PEI chains more 
effectively leading the polymeric structure more hydrophilic. 

In order to reach the swelling equilibrium (teq), evaluations 
were carried out at different time periods. Required time 
periods were follows as: 90, 120 and 150 min for P30, P60 and 
P120; approximately 60 min for P30-0.5, P30-0.1, P30-0.05; 
approximately 45 min for PP5, PP2.5 and PP1. The increased 
amount of Glu caused the increment in teq. The hydrogel 
becomes denser with the increase of cross-linker amount 
making the hydrogels swollen in a slower manner. For the 
other PVA/PEI hydrogels, teq remained almost stable due to 
the constant cross-linker amount. 

Statistical Analysis
In this study, Design Expert 7.0 trial version software package 
program was used to construct design by using historical 
data. ANOVA Table comprises the predicted the effective 
parameters on responses.

Swelling kinetic models
The swelling kinetics of PVA/PEI hydrogels in distilled water 
were examined with first order kinetic model and second 
order kinetic model which are defined as the linearized forms:

log 1 f
e

M K t
M

 
− = 

 
                                                                    (3)

t A Bt
M

= +                                                                                        (4)

2

1

s e

A
K M

=                                                                                             (5)

,

1

e theo

B
M

=                                                                                            (6)
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where, M and Me,theo are water swelling of the hydrogel at time 
t (min) and at equilibrium. The slope of log ( )1 eM M−  versus 
t gives Kf that is the first order rate constant. The slope of t M  
versus t yields Ks which is the second order rate constant. The 
kinetic parameters were listed in Table 2. The swelling data 
fits more to second order kinetic model rather than first order 
kinetic model according to the regression coefficients. Also, 
the theoretical swelling ratio is close to the experimental 
swelling ratios. As seen in Table 2, the Ks values of PVA/PEI 
hydrogels decreased with the increasing crosslinker amount. 
There existed no significant difference when PEI amount was 
changed. The value of Ks was enlarged by lowering PVA 
content. The results were all comparable with the swelling 
data since Ks depends on many parameters like crosslinking 
degree, hydrophilicity of the polymeric structure [31].

In order to determine the swelling mechanism of PVA/PEI 
hydrogels, the following equation was used:

nt

e

MF kt
M

= =                                                                                     (7)

Mt: the mass of the water diffused into the hydrogel at regular 
time interval 
Me: the mass of the water diffused into the hydrogel at 
equilibrium state
k: the characteristic constant of network structure 
n: the swelling exponent which indicates the transport mode 
of diffusion. 

Table 2 shows swelling kinetic parameters of swelling 
exponent (n) and characteristic constant (k). The n value 
defines the diffusion mechanism through the polymeric 
matrix, such as Fickian diffusion where n≤0.5 and Non-Fickian 
diffusion where 0.5<n<1. For Fickian diffusion, the relaxation 
rate of the polymer chains is greater than the diffusion rate 
of solvent molecules through the matrix [6]. The effect of 
Glu concentration on diffusion was investigated. Due to the 
increased amount of cross-linker, the n value was increased 
from 0.35 to 0.53. The fickian diffusion was occurred when 
30 uL of Glu was utilized while non-fickian diffusion was 
appeared with the increased amount of Glu. The reason may 
be the formation of more rigid structure with more cross-
linker. There exist no significant effect of the amount of PEI 
on the diffusion type. Fickian diffusion was also observed for 
PVA/PEI hydrogels with varying PVA content (5%-1%). PVA/
PEI hydrogels presented important potential as biomaterials 
since almost all of the hydrogels demonstrated a Fickian 
diffusion [32].

The diffusion coefficients (D) were also calculated via the 
short time approximation method using the first 60% of the 
swelling data with the following equation:

2

4t

e

M Dt
M rπ

 =   
                                                                                  (8)

where r is the radius of the hydrogels (cm). The diffusion
 coefficient was calculated using the plot of Mt/Me versus t0.5. It 

was clearly observed that the diffusion coefficient decreased 

with increasing Glu amount due to the fabrication of more 
compact structure with the crosslinking reactions [33]. There 
existed no significant effect of PEI amount on D values. The 
decrease of the diffusion coefficients with decreasing content 
of PVA may be caused by the hydrolytic degradation of the 
hydrogels namley, PP2.5 and PP1. 

Table 3. ANOVA table for n value of swelling of the hydrogels.
In Table 3, it can be said that model is significant owing to the 
lower p-value (0.0022). The most effective parameters was 
found as  PVA since it showed higher F-value than the other 
selected two parameters. The insignificant factor was found 
to be glutaraldehyde because of the higher p-value (0.1214). 
Besides, statistical indicators such as R2 and Adj-R2 were 
calculated by design expert 7.0. The determination coefficient 
(r2) was calculated as 0.9347. This implies that model data 
is fitted well to experimental data. Furthermore, Adjustment 
R-squared was calculated as 0.8956.

Table 2 The kinetic parameters for swelling of PVA/PEI hydrogels.

Codes n k R2 D x 102

(cm2/min)

P30 0.35 0.21 0.98 0.28

P60 0.52 0.15 0.90 0.29

P120 0.53 0.14 0.93 0.17

P30-0.5 0.50 0.25 0.97 0.29

P30-0.1 0.50 0.13 0.91 0.31

P30-0.05 0.51 0.12 0.93 0.33

PP5 0.23 0.39 0.97 0.34

PP2.5 0.18 0.47 0.95 0.31

PP1 0.19 0.50 0.97 0.23

Table 3 ANOVA table for n value of swelling of the hydrogels.

p-value
Source
Prob>F

Sum of 
Squares

df
Mean

Square
F value

Model
0.0022

0.16
significant

3 0.053 23.87

A-PEI
0.0232

0.023 1 0.023 10.43

B-Glu
0.1214

7.696E-003 1 7.696E-003 3.47

C-PVA
0.0008 

0.12 1 0.12 52.29

Residual 0.011 5 2.216E-003

Cor Total 0.17 8

The lineer equation for n-value in terms of coded factors was 
given in Eq. (9)

0.35 0.086 0.059 0.15n A B C= − ∗ + ∗ + ∗                                       (9)

where A, B and C represents PEI, Glu, PVA, respectively. The 
optimal conditions were found 0.05 x mL of PEI, 119.99 µL of 
Glu and 10.00 of % PVA
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Figure 4.a depicted the binary interaction of PEI and Glu 
on n-value at optimal conditions. When n-value increased 
with increasing the amount of Glu. If the amount of PEI 
was increased from 0.05 to 1.0, n-value was decreased. The 
binary interaction effect of PEI and PVA on n-value at optimal 
conditions were shown in Figure 4.b. n-value increased with 
increasing the amount of PVA in 3-D graph. Also, Increasing 
PEI has reverse effect on n-value. The Pareto chart was 
constructed were given in Eq. (10) [34].

( )
2

2 100 0i
i

i

P iβ
β

 
= × ≠  
 ∑

                                                                (10)

In Eq (10), βi  represents the coefficient of variables, Pi is the 
percentage of each variable, respectively. Thus, the variables 
affecting on the n-value (%) were depicted in Figure 4.c. The 
most important variable was the amount of PVA (C, 67.41 %). 
The other variables are listed as follows:  PEI (A, 22.16 %) and 
Glu (B, 10.43%). The least effective variable was found to be 
Glu (B) under α=0.05 significance.

Figure 3 The effect of Glu amount (PVA: 10%, PEI: 1 mL) (a), PEI 
amount (PVA: 10%, Glu: 30 µL) (b) and PVA content (Glu: 30 µL, PEI: 
0.1 mL) (c) on the swelling degree of PVA/PEI hydrogels.

One of the major parameters of the swelling process is the 
pH of the biological medium. The pH of the healthy skin is in 
the range of 4.0-6.0 while it becomes around pH 7.4 when 
exposed to blood after injury [35]. pH-responsive polymers 
contain ionizable functional groups and thus their swelling 
degree is mainly based on the protonation state of these 
groups due to pKa values. The charged polymeric matrix 
facilitates the interaction of hydrogen bonding with the 
hydrated deposit. The prepared PVA/PEI hydrogels showed 
the similar trend since they swell more at pH 7.4 in comparison 
with pH 4 (Figure 5). PEI as a cationic polymer (pKa ≈ 7.4) 
bears high amount of amine groups having higher amount 
of protonated amine groups at acidic pH. However great 
number of protonated amine groups leaded to a significant 
reduction of swelling capacity by disarranging the hydrated 
layer. Avais and Chattopadhyay prepared PEI hydrogels via 
chemical cross-linking using azetidinium based crosslinker 
and reported pH-responsivity of the prepared PEI hydrogels 
with maximum swelling capacity at pH 7.4 [36]. The removal 
of exudate from the wound site is a crucial step for effective 
wound healing. The prepared PVA/PEI hydrogels swell more 
at pH of wound area enabling the removal of exudate from 
the wound site efficiently.

Figure 5 The swelling ratio of PVA/PEI hydrogels with pH 4 and 7.4.

Dehydration tests
The dehydration kinetic curves were shown in Figure 6. Firstly, 
water loss from the hydrogels occurred fast, then reduced 
slowly and finally reached an equilibrium value. The hydrogel 
prepared with the largest Glu amount had the lowest 
dehydration rate since more rigid polymeric structure inhibit 
the water loss (Fig 6(a)). The hydrogel synthesized with the 
lowest PVA content showed the biggest dehydration rate 
while having large pores would favor the dehydration of the 
hydrogel (Fig 6(c)). The bulk water molecules diffuse easily 
from the large pores however they can be retained as bound 
water via hydrogen bonding in the pores [37]. PVA has the 
dominant effect on the dehydration process. 

Antibacterial activity assay
The antibacterial properties of the hydrogels were examined 
by colony formation counting assay and percentage 
antibacterial activity of PVA-PEI hydrogels against E. coli 
were given in Figure 7. PVA ratio increases in PP1, PP2.5 and 
PP5 hydrogels, respectively. As gelation of these hydrogels 
increased, PEI were expected to effectively incorporate into 

Figure 4  The binary interaction effect of (a) PEI and Glu on n-value 
at optimal conditions and (b) PEI and PVA on n-value at optimal 
conditions and (c) Pareto graph for the influences of factors affecting  
on the n-value.
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hydrogel structure. The PP5 and PP2.5 hydrogels showed 
98.2% and 96.3% antibacterial activities, respectively. 
However, antibacterial effect of PP1was 66.7%. Antibacterial 
efficiency of P30, P60 and P120 hydrogels which have 
different Glu ratio were 66.7%, 61.8% and 41.3%, respectively. 
As we conclude from the percentage antibacterial activity 
results, antibacterial activities of PP2.5 and P30-0.1, PP5 
hydrogels was over 96.4%. Thus, these three hydrogels 
showed excellent antibacterial activity for E. coli. P30-0.1 with 
99.9% antibacterial activity was found as the most effective 
among the hydrogels containing different amount of PEI.  
The antibacterial performance of the antibacterial hydrogels 
depends on chemical and morphological characteristics of 
the polymeric matrix. PEI as a cationic polymer improves the 
antibacterial activity of the hydrogels due to the disruption 
of the bacterial cell membrane. The hydrogels with high 
porosity facilitate the interaction of the microorganisms with 
the polymeric structure [38].

Figure 6 The effect of Glu amount (PVA: 10%, PEI: 1 mL) (a), PEI 
amount (PVA: 10%, Glu: 30 µL) (b) and PVA content (Glu: 30 µL, PEI: 
0.1 mL) (c) on the dehydration rate of PVA/PEI hydrogels.

Figure 7 Colony formation counting assay results, (a) percentage 
antibacterial activities of PVA/PEI hydrogels against E. coli, (b) optic 
images of agar plates. Dilution factor: 10-7 for control group and 10-6 
for hydrogels. Hydrogels treated E. coli was inoculated in agar plates 
and incubated for 24 h at 37 °C.

Consequently, the correlation between swelling amount, 
dehydration rate, and antibacterial activity was created in 
the 3D plot to evaluate the optimum PVA/PEI hydrogel for 
antibacterial wound dressing materials. It has been reported 
that PEI added to PVA/PEI hydrogels consists of high positive 
charges that are sensitive to antibacterial activity [12]. As can 
be seen from Figure 8, the PVA/PEI hydrogel (PP5) with the 
highest PEI (0.5 mL) and PVA (5%) content has significantly 
demonstrated the excellent antibacterial activities of the 
PEI in the PVA/PEI hydrogels. In addition, it is clear that the 
optimum PVA/PEI hydrogel as an excellent antibacterial 
wound dressing material is the PP5 hydrogel due to its high 
swelling amount, low dehydration rate and great antibacterial 
activity.

Figure 8 3D plot of PVA/PEI hydrogels against antibacterial activity, 
swelling amount and dehydration rate. 

CONCLUSION
The aim of this study was to investigate the swelling amount, 
dehydration rate and antibacterial activity performance that 
are crucial key parameters for wound healing applications.  
For this propose, PVA/PEI hydrogels were prepared via 
solvent casting technique with different amount Glu, PEI and 
PVA concentration. All of the hydrogels showed great swelling 
degree at pH 7.4 simulating human biological fluids and 37 
°C. PVA concentration showed the dominant effect on the 
swelling degree as well as the dehydration results. All of the 
prepared PVA/PEI hydrogels demonstrated high antibacterial 
activity against E. coli. The obtained results were related with 
the incorporation of PEI into the polymeric structure and the 
morphological properties of the hydrogels. 3D plot containing 
swelling degree, dehydration percentage and antibacterial 
activity displayed the optimum hydrogel depending on these 
parameters. PP5 was determined as the best hydrogel with 
the optimized data.

Acknowledgement
This work was supported by the Scientific Projects 
Coordination Unit of Hitit University under Grant [number 
MUH19002.16.001]. The author is also grateful for the 
laboratory support of Balıkesir University, Science and 
Technology Research and Application Center (BUSTRAC) and 
Department of Food Engineering, Cargill Inc.



Tamahkar E. & Ozkahraman B, et al. 

188 Hittite Journal of Science and Engineering • Volume 11 • Number 4

References
1. Cascone, S.; Lamberti, G. Hydrogel-Based Commercial 

Products for Biomedical Applications: A Review. Int J Pharm, 
2020, 573 (November 2019), 118803. https://doi.org/10.1016/j.
ijpharm.2019.118803.

2. Özkahraman, B.; Acar, I.; Emik, S. Removal of Cationic Dyes 
from Aqueous Solutions with Poly (N-Isopropylacrylamide-Co-
Itaconic Acid) Hydrogels. Polymer Bulletin, 2011, 66 (4), 551–
570. https://doi.org/10.1007/s00289-010-0371-1.

3. Sobhanimatin, M. B.; Pourmahdian, S.; Tehranchi, M. M. Fast 
Inverse Opal Humidity Sensor Based on Acrylamide/AMPS 
Hydrogel. Mater Today Commun, 2021, 26 (September 2020), 
101997. https://doi.org/10.1016/j.mtcomm.2020.101997.

4. Godiya, C. B.; Kumar, S.; Xiao, Y. Amine Functionalized Egg 
Albumin Hydrogel with Enhanced Adsorption Potential for 
Diclofenac Sodium in Water. J Hazard Mater, 2020, 393 (February), 
122417. https://doi.org/10.1016/j.jhazmat.2020.122417.

5. Wei, S.; Liu, X.; Zhou, J.; Zhang, J.; Dong, A.; Huang, P.; Wang, W.; 
Deng, L. Dual-Crosslinked Nanocomposite Hydrogels Based on 
Quaternized Chitosan and Clindamycin-Loaded Hyperbranched 
Nanoparticles for Potential Antibacterial Applications. Int J 
Biol Macromol, 2020, 155, 153–162. https://doi.org/10.1016/j.
ijbiomac.2020.03.182.

6. Koc, F. E.; Altıncekic, T. G. Investigation of Gelatin/Chitosan as 
Potential Biodegradable Polymer Films on Swelling Behavior 
and Methylene Blue Release Kinetics. Polymer Bulletin, 2021, 78 
(6), 3383–3398. https://doi.org/10.1007/s00289-020-03280-7.

7. Guo, T.; Wang, W.; Song, J.; Jin, Y.; Xiao, H. Dual-Responsive 
Carboxymethyl Cellulose/Dopamine/Cystamine Hydrogels 
Driven by Dynamic Metal-Ligand and Redox Linkages for 
Controllable Release of Agrochemical. Carbohydr Polym, 
2021, 253 (September 2020), 117188. https://doi.org/10.1016/j.
carbpol.2020.117188.

8. Tamahkar, E.; Özkahraman, B.; Süloğlu, A. K.; İdil, N.; Perçin, I. 
A Novel Multilayer Hydrogel Wound Dressing for Antibiotic 
Release. J Drug Deliv Sci Technol, 2020, 58 (July). https://doi.
org/10.1016/j.jddst.2020.101536.

9. Ahsan, A.; Farooq, M. A. Therapeutic Potential of Green 
Synthesized Silver Nanoparticles Loaded PVA Hydrogel Patches 
for Wound Healing. J Drug Deliv Sci Technol, 2019, 54 (October), 
101308. https://doi.org/10.1016/j.jddst.2019.101308.

10. Spearman, B. S.; Agrawal, N. K.; Rubiano, A.; Simmons, C. S.; 
Mobini, S.; Schmidt, C. E. Tunable Methacrylated Hyaluronic 
Acid-Based Hydrogels as Scaffolds for Soft Tissue Engineering 
Applications. J Biomed Mater Res A, 2020, 108 (2), 279–291. 
https://doi.org/10.1002/jbm.a.36814.

11. Hernandez-Montelongo, J.; Lucchesi, E. G.; Nascimento, V. 
F.; França, C. G.; Gonzalez, I.; Macedo, W. A. A.; Machado, D.; 
Lancellotti, M.; Moraes, A. M.; Beppu, M. M.; et al. Antibacterial 
and Non-Cytotoxic Ultra-Thin Polyethylenimine Film. Materials 
Science and Engineering C, 2017, 71, 718–724. https://doi.
org/10.1016/j.msec.2016.10.064.

12. Hernandez-Montelongo, J.; Corrales Ureña, Y. R.; Machado, D.; 
Lancelloti, M.; Pinheiro, M. P.; Rischka, K.; Lisboa-Filho, P. N.; Cotta, 
M. A. Electrostatic Immobilization of Antimicrobial Peptides 
on Polyethylenimine and Their Antibacterial Effect against 
Staphylococcus Epidermidis. Colloids Surf B Biointerfaces, 2018, 
164, 370–378. https://doi.org/10.1016/j.colsurfb.2018.02.002.

13. Khorasani, M. T.; Joorabloo, A.; Moghaddam, A.; Shamsi, H.; 
MansooriMoghadam, Z. Incorporation of ZnO Nanoparticles into 
Heparinised Polyvinyl Alcohol/Chitosan Hydrogels for Wound 

Dressing Application. Int J Biol Macromol, 2018, 114, 1203–1215. 
https://doi.org/10.1016/j.ijbiomac.2018.04.010.

14. Chaturvedi, A.; Bajpai, A. K.; Bajpai, J.; Singh, S. K. Evaluation of 
Poly (Vinyl Alcohol) Based Cryogel-Zinc Oxide Nanocomposites 
for Possible Applications as Wound Dressing Materials. Materials 
Science and Engineering C, 2016, 65, 408–418. https://doi.
org/10.1016/j.msec.2016.04.054.

15. Boran, F.; Karakaya, Ç. Polyvinyl Alcohol / CuO Nanocomposite 
Hydrogels : Facile Synthesis and Long-Term Stability. Journal of 
Balıkesır University Institute of Science and Technology, 2019, 21 
(2), 512–530. https://doi.org/10.25092/baunfbed.624392.

16. Kanmaz, N.; Saloglu, D.; Hizal, J. Humic Acid Embedded 
Chitosan/Poly (Vinyl Alcohol) PH-Sensitive Hydrogel: Synthesis, 
Characterization, Swelling Kinetic and Diffusion Coefficient. 
Chem Eng Commun, 2019, 206 (9), 1168–1180. https://doi.org/10
.1080/00986445.2018.1550396.

17. Zhang, Z.; Liu, Y.; Lin, S.; Wang, Q. Preparation and Properties of 
Glutaraldehyde Crosslinked Poly(Vinyl Alcohol) Membrane with 
Gradient Structure. Journal of Polymer Research, 2020, 27 (8), 
0–6. https://doi.org/10.1007/s10965-020-02223-0.

18. Hou, T.; Guo, K.; Wang, Z.; Zhang, X. F.; Feng, Y.; He, M.; Yao, J. 
Glutaraldehyde and Polyvinyl Alcohol Crosslinked Cellulose 
Membranes for Efficient Methyl Orange and Congo Red 
Removal. Cellulose, 2019, 26 (8), 5065–5074. https://doi.
org/10.1007/s10570-019-02433-w.

19. Mehrotra, T.; Zaman, M. N.; Prasad, B. B.; Shukla, A.; Aggarwal, 
S.; Singh, R. Rapid Immobilization of Viable Bacillus 
Pseudomycoides in Polyvinyl Alcohol/Glutaraldehyde 
Hydrogel for Biological Treatment of Municipal Wastewater. 
Environmental Science and Pollution Research, 2020, 27 (9), 
9167–9180. https://doi.org/10.1007/s11356-019-07296-z.

20. Wang, C.; Hu, K.; Zhao, C.; Zou, Y.; Liu, Y.; Qu, X.; Jiang, D.; Li, 
Z.; Zhang, M. R.; Li, Z. Customization of Conductive Elastomer 
Based on PVA/PEI for Stretchable Sensors. Small, 2020, 16 (7), 
1–9. https://doi.org/10.1002/smll.201904758.

21. Dridi, F.; Marrakchi, M.; Gargouri, M.; Garcia-Cruz, A.; Dzyadevych, 
S.; Vocanson, F.; Saulnier, J.; Jaffrezic-Renault, N.; Lagarde, 
F. Thermolysin Entrapped in a Gold Nanoparticles/Polymer 
Composite for Direct and Sensitive Conductometric Biosensing 
of Ochratoxin A in Olive Oil. Sens Actuators B Chem, 2015, 221, 
480–490. https://doi.org/10.1016/j.snb.2015.06.120.

22. Sun, X.; Yang, L.; Li, Q.; Liu, Z.; Dong, T.; Liu, H. Polyethylenimine-
Functionalized Poly(Vinyl Alcohol) Magnetic Microspheres as 
a Novel Adsorbent for Rapid Removal of Cr(VI) from Aqueous 
Solution. Chemical Engineering Journal, 2015, 262, 101–108. 
https://doi.org/10.1016/j.cej.2014.09.045.

23. Gao, F.; Xiao, J.; Huang, G. Current Scenario of Tetrazole Hybrids 
for Antibacterial Activity. Eur J Med Chem, 2019, 184, 111744. 
https://doi.org/10.1016/j.ejmech.2019.111744.

24. Fang, H.; Wang, J.; Li, L.; Xu, L.; Wu, Y.; Wang, Y.; Fei, X.; Tian, 
J.; Li, Y. A Novel High-Strength Poly(Ionic Liquid)/PVA Hydrogel 
Dressing for Antibacterial Applications. Chemical Engineering 
Journal, 2019, 365 (January), 153–164. https://doi.org/10.1016/j.
cej.2019.02.030.

25. Wang, S.; Xiao, K.; Mo, Y.; Yang, B.; Vincent, T.; Faur, C.; 
Guibal, E. Selenium(VI) and Copper(II) Adsorption Using 
Polyethyleneimine-Based Resins: Effect of Glutaraldehyde 
Crosslinking and Storage Condition. J Hazard Mater, 2020, 
386 (September 2019), 121637. https://doi.org/10.1016/j.
jhazmat.2019.121637.

26. Liu, Z.; Han, S.; Xu, C.; Luo, Y.; Peng, N.; Qin, C.; Zhou, M.; Wang, 



Polyvinylalcohol/Polyethyleneimine Hydrogels: Evaluation of Swelling, Dehydration and Antibacterial 
Activity

189 Hittite Journal of Science and Engineering • Volume 11 • Number 4

W.; Chen, L.; Okada, S. In Situ Crosslinked PVA-PEI Polymer 
Binder for Long-Cycle Silicon Anodes in Li-Ion Batteries. 
RSC Adv, 2016, 6 (72), 68371–68378. https://doi.org/10.1039/
c6ra12232a.

27. Long, J.; Nand, A. V.; Bunt, C.; Seyfoddin, A. Controlled Release 
of Dexamethasone from Poly(Vinyl Alcohol) Hydrogel. Pharm 
Dev Technol, 2019, 24 (7), 839–848. https://doi.org/10.1080/10
837450.2019.1602632.

28. Guan, Y.; Wang, L.; Cui, L.; Shen, X.; Gao, W.; Meng, J.; Li, D.; 
Shen, C.; Zhang, Y.; Hu, G.; et al. Preparation and Rheological 
Investigation of Tough PAAm Hydrogel by Adding Branched 
Polyethyleneimine. J Appl Polym Sci, 2020, 137 (14), 1–7. https://
doi.org/10.1002/app.48541.

29. Mohan, Y. M.; Geckeler, K. E. Polyampholytic Hydrogels: Poly(N-
Isopropylacrylamide)-Based Stimuli-Responsive Networks with 
Poly(Ethyleneimine). React Funct Polym, 2007, 67 (2), 144–155. 
https://doi.org/10.1016/j.reactfunctpolym.2006.10.010.

30. Shim, J. K.; Oh, S. R.; Lee, S. B.; Cho, K. M. Preparation of Hydrogels 
Composed of Poly(Vinyl Alcohol) and Polyethyleneimine and 
Their Electrical Response. J Appl Polym Sci, 2008, 107 (4), 2136–
2141. https://doi.org/10.1002/app.26676.

31. Panpinit, S.; Pongsomboon, S. amnart; Keawin, T.; Saengsuwan, 
S. Development of Multicomponent Interpenetrating Polymer 
Network (IPN) Hydrogel Films Based on 2-Hydroxyethyl 
Methacrylate (HEMA), Acrylamide (AM), Polyvinyl Alcohol 
(PVA) and Chitosan (CS) with Enhanced Mechanical Strengths, 
Water Swelling and Antibacteria. Reactive and Functional 
Polymers, 2020, 156 (September), 104739. https://doi.
org/10.1016/j.reactfunctpolym.2020.104739.

32. Jayaramudu, T.; Ko, H.-U.; Kim, H. C.; Kim, J. W.; Kim, J. Swelling 
Behavior of Polyacrylamide–Cellulose Nanocrystal Hydrogels: 
Swelling Kinetics, Temperature, and PH Effects. Materials, 2019, 
12 (13), 2080. https://doi.org/10.3390/ma12132080.

33. Aydınoğlu, D. Investigation of PH-Dependent Swelling Behavior 
and Kinetic Parameters of Novel Poly(Acrylamide-Co-Acrylic 
Acid) Hydrogels with Spirulina. E-Polymers, 2015, 15 (2), 81–93. 
https://doi.org/10.1515/epoly-2014-0170.

34. Abdessalem, A. K.; Oturan, N.; Bellakhal, N.; Dachraoui, M.; 
Oturan, M. A. Experimental Design Methodology Applied 
to Electro-Fenton Treatment for Degradation of Herbicide 
Chlortoluron. Applied Catalysis B: Environmental, 2008, 78 (3–
4), 334–341. https://doi.org/10.1016/j.apcatb.2007.09.032.

35. Schneider, L. A.; Korber, A.; Grabbe, S.; Dissemond, J. Influence 
of PH on Wound-Healing: A New Perspective for Wound-
Therapy? Arch Dermatol Res, 2007, 298 (9), 413–420. https://
doi.org/10.1007/s00403-006-0713-x.

36. Avais, M.; Chattopadhyay, S. Waterborne PH Responsive 
Hydrogels: Synthesis, Characterization and Selective PH 
Responsive Behavior around Physiological PH. Polymer 
(Guildf), 2019, 180 (August), 121701. https://doi.org/10.1016/j.
polymer.2019.121701.

37. Huang, Y.; Shi, F.; Wang, L.; Yang, Y.; Khan, B. M.; Cheong, K. L.; Liu, 
Y. Preparation and Evaluation of Bletilla Striata Polysaccharide/
Carboxymethyl Chitosan/Carbomer 940 Hydrogel for Wound 
Healing. Int J Biol Macromol, 2019, 132, 729–737. https://doi.
org/10.1016/j.ijbiomac.2019.03.157.

38. Pillai, S. K. R.; Reghu, S.; Vikhe, Y.; Zheng, H.; Koh, C. H.; Chan-
Park, M. B. Novel Antimicrobial Coating on Silicone Contact 
Lens Using Glycidyl Methacrylate and Polyethyleneimine Based 
Polymers. Macromol Rapid Commun, 2020, 41 (21), 1–10. https://
doi.org/10.1002/marc.202000175.




