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Abstract: Hydrogels are promising drug delivery systems
attributable to their unique characteristics such as high
hydrophilicity, controllability, biocompatibility, and facile
production routines. The aim of this research was the pre-
paration of sodium alginate/acrylic acid (AAc) composite
hydrogels conjugated to silver nanoparticles to deliver the
cephalexin as a model antibiotic compound. The reduction
of silver ions into silver nanoparticles as well as the stabi-
lization of created nanoparticles ensued simultaneously
with hydrogel backbone formulation during microwave
irradiation and monomer cross-linking processes. The
impact of AAc and silver ion concentrations and the radia-
tion time of microwave were then investigated on the main
characteristics of hydrogels. The results indicated that the
hydrogels’ characteristics could be significantly predicted
by studying all independent parameters through various
second-order polynomial models. The multiple optimiza-
tion analysis suggested that the prepared hydrogels using
7.8 g AAc and 1.5 g silver nitrate and 1min microwave
radiation could give the best hydrogels with the highest
swelling degree, gel fraction, cephalexin absorption, and
antibacterial activity. The morphology and either absorp-
tion or release kinetics of cephalexin by the optimum pre-
pared hydrogels were also investigated. No significant
differences between the experimental and predicted data
confirmed the suitability of the suggested models.

Keywords: sodium alginate, acrylic acid, composite hydro-
gels, silver nanoparticles, antibiotic delivery

1 Introduction

Hydrogel nanocomposites are one type of biomaterials
that have newly attracted a lot of consideration for
their applications in environmental, medical, and pharma-
ceutical areas. They have been investigated for various
biological applications including drug delivery, tissue
engineering, antimicrobial agents, and thermal therapy
[1–3]. Hydrogel nanocomposites are obtained by incorpor-
ating different types of nanoparticles, such as metallic,
clay, and ceramics, into a hydrogel structure, which can
offer various characteristics and capabilities to hydrogel
systems [4]. The particulate material can be merged into
hydrogels in different ways such as addition intomonomer
solution and followed by polymerization or direct mixing
into hydrogel matrix after polymerization [5]. It should be
noted that the polymerization process in hydrogel forma-
tion can be occurred either chemically using cross-linking
agents or physically using ionizing irradiations [1].

Various either synthetic or natural polymers or mono-
mers can give single or composite hydrogels with improved
release control capabilities. For example, sodium alginate,
an anionic macromolecule, that can be elicited frommarine
algae or produced by bacteria, is plentiful, renewable, non-
toxic, water-soluble, and biocompatible polymer, with great
gelation capacity. It can be readily modified by other mono-
mers or polymers to give the most desired hydrogels
for certain applications [2]. Acrylate-based hydrogels are
another group of the most talented systems in the delivery
of pharmaceutical constituents, such as antibacterial in
wound wearing, bone cement, contact lenses, and formu-
lations. However, due to some deficiency of their physical
and biological properties, especially their hydrated state at
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the body temperature, such as antifouling activity, rigidity,
and water diffusion, novel acrylic-based hydrogels with
composite structures have been developed to improve
their characteristics and give them superior applicability
in biomedical and bioengineering uses. For example, poly
(acrylic acid [AAc]) and alginate composite were produced
in interpenetrating polymer network form and incorpo-
rated with silica nanoparticles, or graphene nanosheets
were integrated into poly(AAc)/gelatin composite hydro-
gels, to produce metrics with the most desired physical
and biological characteristics [6].

Although antibiotic compounds have been used to
stop bacterial infections, most of them are not effective
against multidrug-resistant pathogenic strains. Therefore,
inorganic antibacterial agents such as silver with great
activities against all wild and multidrug-resistant patho-
gens were proposed as a new class of antibacterial agents.
Themore stable and long-lasting antimicrobial activities of
silver nanoparticles as compared to silver ions and micro-
structured silver have been confirmed in most of the pre-
vious researches [7]. Consequently, the size reduction of
silver particles into nanometric scales or renovation of
silver ions to silver nanoparticles can improve their anti-
bacterial activities, considerably. It was hypothesized that
the silver ions can be reduced into silver nanoparticles
and also stabilized during the hydrogel formation process
through the polymerization of monomers [8].

Previous researches have confirmed the synergistic
antibacterial effect of silver with other antibiotic com-
pounds [8]. Thus, due to the great ability of hydrogels
in either absorption or release of bioactive compounds, it
was anticipated that the composite hydrogels conjugated
to silver nanoparticles could effectively absorb various
antibiotics such as cephalexin and so offer efficient,
stable, and strong bactericidal actions in microbial infec-
tion therapies.

Therefore, in this research, the sodium alginate/AAc
composite hydrogels conjugated to silver nanoparticles
were developed to absorb and encapsulate cephalexin
and provide the synergistic effect in antibacterial activities
of silver and organic antibiotic compounds. The effects of
main formulation and process parameters, namely, AAc
and silver ion (silver nitrate) concentrations, as well as
the microwave irradiation time, were investigated on char-
acteristics of produced composite hydrogels. The various
polynomial models were suggested to predict the hydro-
gels’ characteristics by selected independent parameters.
Finally, the process parameters were optimized, aimed to
develop the best product with the most desired properties
such as the greatest swelling degree, gel fraction, drug
load, and the least drug release. The morphology and

either absorption or release kinetics of the optimum pre-
pared hydrogels were studied, as well.

The synthesis of sodium alginate/AAc composite hydro-
gels through physical and chemical techniques, simulta-
neously, and using it to produce silver nanoparticles and
the adsorption of a chemical antibiotic in the obtained
delivery system are among the innovations of this research.

2 Materials and methods

2.1 Materials

All AAc, sodium alginate, calcium chloride, and silver nitrate
were obtained fromMerck (Gernsheim, Germany). All solvents
and deionized water were also acquired from Dr Mojallali’s
company (Tehran, Iran). Cephalexin was donated from
Daana Pharmaceutical Company (Tabriz, Iran).

2.2 Methods

The hydrogels were produced by simultaneously chemi-
cally cross-linking of sodium alginate by calcium chloride
and physically polymerizing and cross-linking of AAc
monomers by microwave irradiation.

Silver nitrate was dissolved in 5mL deionized water
and slowly added to a 50mL aqueous solution of AAc.
Various quantities of silver nitrate and AAc were used in
the preparation of each sample according to the experi-
mental design (Table 1). The mixture was extra stirred
magnetically for 30min before subjecting to microwave
irradiation (LG NeoChef™ countertop microwaves with
Smart Inverter, LG Corporation, Seoul, South Korea). The
duration of microwave irradiation was done according to
the design of the experiment (Table 1), with the difference
that the time of irradiation was intermittent, and between
every 30 s, 1 min of rest was given to prevent the over-
heating of the samples. After the microwave irradiation
process, the sample was dropwise added into an aqueous
solution of sodium alginate (3.5 g dissolved sodium algi-
nate in 100mL deionized water) and mixed completely
under a magnetic stirrer for an extra 1 h. At last, the cal-
cium chloride solution (11 g dissolved calcium chloride in
50mL deionized water) was added into the system at the
rate of 5 mL·min−1 under a magnetic stirrer. The mixing of
samples was continued for an extra 30min, and then they
were dried in an electrical oven at 5°C for 3 days. The synth-
esis procedures were shown in Scheme 1, schematically.
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2.3 Experimental design

The response surface method with the central composite
design was used to analyze variance using analysis of
variance (ANOVA), multiple regression analysis, and mul-
tigoal optimization to get the most desired hydrogels with
the maximum swelling degree, gel fraction, cephalexin
load, and antibacterial activities (response variables). The
significant effects of independent variables, either in linear,
quadratic, or interaction forms, at a 95% confidence interval
(p-value <0.05) were also determined based on their
obtained p-value and F-ratio through ANOVA. By multiple
regression analysis, the polynomial models were provided
for response variables to predict their changes by selected
independent variables. The terms with the smaller p-values
(less than 0.05) and greater F-ratio are considered as the
more significant effect. The selected independent variables
were the AAc and silver nitrate (silver ions) contents and the
radiation time of the microwave. Consequently, 20 compos-
ite hydrogels were prepared at different five levels of AAc
and silver ion concentrations and microwave irradiation
time. The sample preparation order was randomized, and
the center point was repeated various times to prevent sys-
tematic errors and confirm the repeatability of samples.
Besides, the response variables’ contour plots were also
provided to visualize their changes by selected formulation
and process parameters [9].

2.4 The performed analysis on all samples

2.4.1 Swelling ratio

About 1 g of each dried sample was immersed in deion-
ized water for 8 h. The remained solution was completely
removed from swollen hydrogels by filter paper, and
then the swelling ratio of hydrogels was calculated using
Eq. 1:

( ) ( )/ =
−

× = /
w w

w
Swelling ratio w w 100 g g2 1

1
(1)

where w1 and w2 are initial dry hydrogel and swelled
hydrogel weights, respectively [10].

2.4.2 Gel fraction

The swelled hydrogels were placed in aluminum plates
and put into the oven for 10 h at 55°C until their complete
dehydration. Then, they were carefully weighted. Gel
fraction is calculated from Eq. 2:

= ×
w
w

Gel fraction 1003

2
(2)

where w2 and w3 are the swelled hydrogels and dried
weights, respectively [10].

Table 1: Design of experiment and independent and response variables in the preparation of alginate/AAc composite hydrogels conjugated
to silver nanoparticles

Sample Acrylic
acid (g)

Silver
nitrate (g)

Microwave
time (min)

Swelling
ratio (%)

Gel
fraction

Cephalexin
load (%)

Clear
zone (mm)

1 7.97 1 4.1 148.4 0.070 92.00 21
2 0 0.5 3 108.7 0.310 59.25 13
3 0.05 0.5 3 105.6 0.230 57.05 13
4 7.97 1 1.8 506.7 0.520 98.75 21
5 0.05 1 3 124.4 0.440 64.50 16
6 2.02 0.5 4.1 257.7 0.340 43.75 16
7 2.02 1 1.8 392.2 0.690 58.75 17
8 0.1 0.3 3 10.0 0.236 57.75 12
9 0.05 1.5 1.8 50.0 0.910 53.00 21
10 7.97 0.3 1.8 107.0 0.200 55.00 19
11 2.02 0.5 1.8 203.7 0.340 46.00 20
12 2.02 1 4.1 70.0 0.230 58.50 19
13 0.05 0.5 1 135.3 0.280 56.75 16
14 0.05 0.5 3 105.7 0.230 60.25 12
15 0.05 0.7 3 170.5 0.290 66.00 14
16 0.05 0.5 5 165.1 0.260 51.00 10
17 0.05 1 3 30.0 0.490 72.75 15
18 7.97 0.3 4.1 261.3 0.250 51.25 17
19 0.05 0.5 3 106.0 0.210 61.50 12
20 0.05 0.5 3 105.4 0.240 59.25 13
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2.4.3 Cephalexin load

About 1 g of each dried hydrogel was dipped into a 15 mL
NaOH solution (0.1 N) containing 0.5 g cephalexin for
24 h to complete the absorption process of cephalexin.
The cephalexin solution was then centrifuged and neu-
tralized, and the light absorption intensity of the superna-
tant was measured using a UV-Vis spectrophotometer
(DR5000, Hack, Canada) at λ = 320 nm to find the remained

(unabsorbed) cephalexin of solution. The unadsorbed cepha-
lexin content in the solution was determined based on the
previously provided standard curve (cr). The cephalexin load
of samples was then calculated by subtraction of obtained
cephalexin content (cr) from its initial content (0.5),
according to Eq. 3. The NaOH aqueous solution (0.1 N)
was considered a blank sample.

( ) =
−

×
cCephalexin load % 0.5

0.5
100r (3)

Scheme 1: The schematic for the synthesis of the sodium alginate/AAc composite hydrogels conjugated to silver nanoparticles.
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2.4.4 Antibacterial test against Staphylococcus aureus

The antibacterial activity of hydrogels was also tested
against S. aureus (aerobic gram-positive bacteria) using
the agar well diffusion technique. Various 8 mm diameter
wells have been introduced aseptically to inoculated
nutrient agar with S. aureus in a certain concentration
(0.5 McFarland). Then, 10 mg of each hydrogel was dis-
solved in 10 µL deionized water and poured into the
wells. The agar plates were incubated at 37°C for 48 h.
The cephalexin diffuses into the agar medium and hin-
ders the growth of bacteria around the wells and can be
observed as a clear zone. The clear zone diameter is a
good indicator of the antibacterial activity of hydrogels
as a bigger clear zone corresponds to the greater antimi-
crobial activity. The experiments were performed in trip-
licate, and the mean clear zone radial was reported as the
antimicrobial activity of samples. The antibacterial activ-
ities of hydrogels with no incorporated cephalexin were
evaluated as a blank sample [11].

2.5 The performed analysis on the optimum
formulated hydrogel

2.5.1 Cephalexin absorption kinetics

To determine the cephalexin absorption kinetics, 0.5 g of
optimum hydrogel was added into a 50mL NaOH solu-
tion (0.1 N) containing 0.25 g·L−1 cephalexin. The light
absorption intensity of the solution was measured in
4min intervals for 5 h, at λ = 320 nm using a UV-Vis
spectrophotometer (DR5000, Hack, Canada). Based on the
stablished standard curve, it is possible to calculate of
the cephalexin contents in the solution as manifested in
the solution absorption intensity. The loaded cephalexin
by hydrogels each time was coded as Ca and calculated as
Ca = Iinitial – Ct·where Iinitial is 0.25 g·L−1, and the Ct is the
measured concentration of cephalexin in solution at time t.

2.5.2 Cephalexin release kinetics

For the investigation of cephalexin release, 0.5 g of optimum
hydrogel was dipped into 15mL NaOH solution (0.1 N) con-
taining 0.5 g cephalexin for 24 h. Then, the loaded hydrogel
was placed in an aqueous solutionwith a pH of 7.4 and room
temperature (25 ± 4°C). The light absorption intensities of
this solution were measured in 4min intervals for 5 h, at
λ = 320 nm using a UV-Vis spectrophotometer (DR5000,

Hack, Canada). The light absorption intensity of the solution
was converted to cephalexin content, using a standard
curve, and marked as released cephalexin from hydrogel
into the solution at time t.

2.5.3 Fourier-transform infrared (FT-IR) spectroscopy

FT-IR spectroscopy was used to determine the functional
groups in the optimum product chemical structure. The
dried hydrogel was ground, and the spectra were achieved
against potassium bromide using JUSCO spectrophotometer
(JUSCO 4100, Japan) at λ ranged from 4,000 to 400 cm−1.
The analyses were performed in transmittance mode.

2.5.4 UV-Vis absorption spectra

To confirm the formation of silver nanoparticles into
sodium alginate/AAc composite hydrogel networks, the
UV-Vis absorbance spectra of the optimum product were
recorded. The optimum product was first dispersed in
deionizedwater, and then its absorption spectrawere recorded
at 25°C using UV-Vis spectrophotometer (DR5000, Hack,
Canada), in wavelength from 250 to 800 nm.

2.5.5 Scanning electron microscope (SEM)

The morphology of optimum hydrogel was also evaluated
using field-emission scanning electron microscopy
(FE-SEM, VEGA//TESCAN, Czech Republic). About 0.1 g
of optimum hydrogel was placed in a copper grid and
coated with gold to increase the conductivity of samples.
The micrographs were then provided.

3 Results and discussion

3.1 Swelling ratio and gel fraction

The sodium alginate/AAc composite hydrogels conjugated
to silver nanoparticles were successfully synthesized through
a simultaneous chemically ion cross-linking and physically
microwave polymerization of sodium alginate and AAc,
respectively. However, based on used AAc and silver ion
contents and applied microwave time, their characteristics
differed considerably. For instance, the swelling ratio of the
obtained hydrogels varied from 10% to 506.7%, and their gel
fraction lay between 0.07 and 0.91. All gained hydrogels
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exhibited noticeable bactericidal activities due to the pre-
sence of silver in their matrice and were able to encapsulate
and load various compounds such as cephalexin from
36.89% to 92.58%. The characteristics of all samples pre-
pared in different conditions were shown in Table 1, and
the ANOVA results were summarized in Table 2.

The ability to be swollen in thermodynamically com-
patible media is the most favorable characteristic of
hydrogels. The water molecules penetrate the polymeric
network of hydrogels and the rubbery phase of hydro-
gels, which is first be expanded and filled by penetrated
molecules of solvent and detached from glassy segments.
In contradiction of the favorable osmotic force, the oppos-
ite elasticity force occurs that stopovers the extending and
deformation of the hydrogel networks. The equilibrium in
swelling will occur as the elasticity and osmotic forces
balance [12].

The ANOVA results for the swelling ratio of prepared
hydrogels indicated that all selected process parameters
affected the swelling ratio of hydrogels significantly,
especially in linear form. The interactions of AAc with

silver nitrate and microwave time were insignificant terms
on this characteristic. Thus, these two terms were removed
from the initial model, and the final reduced model was
offered as Eq. 4:

( )

= − + + +

+ ·

X X X
X X X X X

Swelling ratio %
742.5 63.40 2255.1 108.4

– 4.879 – 876.8 9.89 – 314.9
1 2 3

1
2

2
2

3
2

2 3

(4)

The coefficient of determination (R2) for this model
was 97.26%. Thus, it can be concluded that this model can
successfully predict about 97% of swelling ratio changes of
hydrogels. Moreover, the insignificant p-value of lack of fit
(p-value = 0.824) can confirm the suitability of this model
in predicting the swelling ratio of sodium alginate/AAc
composite hydrogels. By comparing the F-ratio of signifi-
cant terms, it could be also concluded that the interaction
effect of silver nitrate and microwave time had the greatest
effects on this characteristic (Table 2).

The main effect plot of independent variables on the
swelling ratio of hydrogels was shown in Figure 1a. Since
the interaction of silver nitrate with microwave time was

Table 2: ANOVA results and p-values and F-ratio of linear, quadratic, and binary interaction terms in suggested models for prepared sodium
alginate/AAc composite hydrogels conjugated to silver nanoparticles

Characteristics Linear
effects

X1 X2 X3 Quadratic
effects

X11 X22 X33 Interaction
effects

X12 X13 X23

Swelling p-value 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.008 0.000 0.234 0.458 0.000
F-ratio 302.91 320.91 166.80 534.15 163.31 46.40 321.43 11.11 199.71 1.61 0.60 565.49

Gel fraction p-value 0.000 0.000 0.000 0.000 0.025 0.007 0.708 0.756 0.000 0.021 0.135 0.000
F-ratio 4106 10846 76.6 31.63 4.8 11.65 0.15 0.10 34.68 7.5 2.64 90.07

Cephalexin
load

p-value 0.000 0.000 0.000 0.355 0.000 0.000 0.013 0.017 0.001 0.000 0.373 0.507
F-ratio 39.23 107.20 33.69 0.94 26.59 60.42 9.03 8.27 12.11 35.81 0.87 0.47

Clear zone p-value 0.000 0.000 0.001 0.671 0.24 0.005 0.078 0.681 0.167 0.800 0.291 0.071
F-ratio 15.31 35.85 20.23 0.19 4.93 12.60 3.84 0.18 2.07 0.07 1.24 4.08

Figure 1: The main effects plot (a) and the contour plot (b) of acrylate acid, silver nitrate and microwave time on swelling ratio of sodium
alginate/acrylic acid composite hydrogels conjugated to silver nanoparticles.
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only the significant term on swelling ratio, just the con-
tour plot of the variation of this response by silver nitrate
and microwave time at the certain level of AAc (3.985 g)
was visualized as Figure 1b. As can be seen in Figure 1a,
using greater AAc contents in the formulation of hydro-
gels could yield a product with a larger swelling ratio. An
optimum content was obtained for silver nitrate leading
to the hydrogels with the highest swelling ratio. Thus, the
swelling ratio of hydrogels increased by rising the silver
ions up to certain levels, and greater silver ions decreased
this characteristic, considerably. The swelling ratio of
hydrogels also decreased by increasing microwave time.
However, the effect of microwave time on swelling ratio
was different at various levels of silver ion, as simulta-
neous increases or decreases of microwave time and
silver ion content resulted in the production of hydrogels
with less swelling ability.

Generally, the microwave exposure of hydrogels for a
long time leads to a considerable increase in the poly-
merization degree of the AAc monomers. Therefore, the
hydrogel network becomes more cohesive and stronger,
and water penetration into the network will be limited
[13,14]. Furthermore, the previous researches also con-
firmed that the presence of silver ions has a positive impact
on the construction of stable AAc hydrogel matrices by
accelerating the polymerization of AAc. Thus, the gained
stable hydrogel matrices would have greater water absorp-
tion and swelling ability. However, at high silver ion con-
tents, various cross-linking can be occurred between silver
ions and carboxylic groups of poly(AAc), leading to form
O–Ag–O bonds, in which, with the formation of these
bonds, the free hydroxyl groups on poly(AAc) would be
reduced. Consequently, the chance for hydrogen bonding
between hydrogels carboxylic groups and water decreased,
resulting in an extensive decline in water absorption of
hydrogels [6,15]. The increase of swelling ratio by AAc con-
tent would also be related to the formation of more impreg-
nated poly(AAc) matrices into sodium alginate networks.
Therefore, the amount of empty media of hydrogel net-
works, which can be filled by water, increased [6,16]. More-
over, the swelling of hydrogels lasts until the equilibrium
state, where the Gibbs free energy of hydrogel is minimized.
According to the theory of Flory–Rehner, the Gibbs free
energy will be minimized if the osmotic and elasticity forces
become equal. An increase in hydrogel cross-linking density
causes the formation of smaller chains. The shorter chains
have less elasticity force as compared to longer ones. Thus,
the equilibrium between elasticity and osmotic forces
occurs at less swelling ratios [16].

The ANOVA results of gel fraction of prepared hydro-
gels showed that all considered process parameters affected

the gel fraction of hydrogels pointedly, particularly in linear
form. The quadratic effects of both silver nitrate and micro-
wave time, and the interaction effect of AAc and microwave
time, were insignificant terms on gel fraction changes of
samples. Thus, these three terms were removed from the
initial model, and the final reducedmodel for estimating the
hydrogels’ gel fractions was shown as Eq. 5, with the R2

equal to 96.90%.

= − + +

+

−

X X
X X
X X X X

Gel fraction 0.0627 0.09253 0.3005
0.07332 – 0.001391

– 0.00483 0.06396

1 2

3 1
2

1 2 2 3

(5)

Moreover, the insignificant p-value of lack of fit
(p-value = 0.28) can confirm the correctness of the model
in predicting the gel fraction of produced composite hydro-
gels. By comparing the F-ratio of significant terms, it can
also be concluded that the linear effect of microwave time
had the highest influence on this characteristic (Table 2).

The main effect plot of independent variables on the
swelling ratio of hydrogels was shown in Figure 2a. The
contour plots of gel fraction changes by both silver nitrate-
microwave time (fixed middle level of AAc, Figure 2b) and
AAc-silver nitrate (fixed middle level of microwave time,
Figure 2c) were shown due to the significant effects of
AAc-silver nitrate and silver nitrate-microwave time inter-
actions. According to Figure 2a, increasing either AAc or
silver nitrate and microwave time raised the gel fraction of
obtained hydrogels. Moreover, simultaneous increase or
decrease of AAc and silver nitrate, at constant microwave
exposure time, or simultaneous increase or decrease of
silver nitrate and microwave time, at a fixed level of
AAc, also caused a decrease in gel fraction of samples
(Figure 2b and c).

Increasing the AAc content led to the construction of
the denser and more robust hydrogel matrices, which are
insoluble inwater. Furthermore, increasing the silver nitrate
augmented the O–Ag–O cross-linking between the mono-
mers and thus made them insoluble in water. The exposure
of hydrogels to microwaves for an extended time also
increased the polymerization degree of the AAc monomers
and produced stronger water-insoluble matrices [17].

3.2 Cephalexin load

All synthesized hydrogels could efficiently adsorb cepha-
lexin, ranging from 43.75% to 98.75%. The ANOVA results
for cephalexin load of samples indicated that the linear
effects of AAc and silver nitrate concentrations, the qua-
dratic effects of all studied independent variables, and the
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interaction effect of AAc with silver nitrate contents were
significant (p-value < 0.05) on this response. However, the
AAc content was the most effective parameter on the drug
loading of samples. The final reduced model predicting
the cephalexin loading of hydrogels was found as Eq. 6.
The linear effect of microwave time was not removed
from the model due to its significant quadratic effect.
The R2 for this model was 96.66%.

( ) = +

+ +

+

X X
X X X
X X X

Cephalexin load % 24.82 – 11.53 65.8
9.63 1.278 – 35.37

– 1.836 5.146

1 2

3 1
2

2
2

3
2

1 2

(6)

The obtained high R2, and insignificant p-value of lack of
fit (p-value = 0.179), could confirm the precision of the
model in calculating the cephalexin load of produced
composite hydrogels. By comparing the F-ratio of signifi-
cant terms, it can also be concluded that the linear effect
of AAc had the utmost impact on this characteristic
(Table 3).

The main effect plots (Figure 3a) indicated that while
increasing the AAc content up to a certain level decreased
the drug load of samples, further uses of AAc in the
formulation of hydrogels increased their drug absorp-
tion considerably. The reverse trend was also observed
for silver nitrate and microwave exposure time, in which
increasing these two parameters up to a certain level
improved their drug loading efficiencies; however,
additional contents of silver ions or extra duration of
microwave irradiation decreased their drug absorption
efficiencies. The contour plot of cephalexin absorption
changes by AAc and silver nitrate (at a fixed middle level
of microwave time was also shown in Figure 3b. According
to Figure 3b, simultaneous increase or decrease of these
two parameters could enhance the drug absorption effi-
ciency of hydrogels.

The increase of drug load by AAc concentrations was
an unusual observation, since at high monomer concen-
tration the excessive crosslinking density would decrease
the swelling ratio and absorption capacities of the obtained
polymer. At high silver ion concentrations, a higher amount
of carboxyl groupswill be neutralizedwith silver ions. Thus,
the polymerization rate will be lower than that of AAc poly-
merization due to the repulsion forces of negatively charged
carboxylate groups during the propagation step of polymer-
ization. As a result, at low silver concentrations, the poly-
merization rate will be higher and the hydrogel matrics will
bemore compact than that at high silver ion concentrations.
Previous researches have shown that drug diffusion into
hydrogels with high cross-linking densities matrices was
difficult because the hydrogels with more cross-links were
more compacted and possessed very small less penetrable
pores [15]. Increasing the silver ions also ionized the back-
ground polymers, upturned their electrostatic repulsions,
weakened their matrices, and made them more penetrable
against drugs [16]. The weak cross-linked AAc-based hydro-
gels could be obtained at less microwave irradiation time.

Figure 2: The main effects plot (a) and the contour plots (b and c) of acrylate acid, silver nitrate and microwave time on gel fraction of sodium
alginate/acrylic acid composite hydrogels conjugated to silver nanoparticles.

Table 3: The kinetics of cephalexin adsorption by optimum com-
posite hydrogels (the R2 and main coefficients for correlated gen-
eral absorption models)

Common kinetic models Cephalexin adsorption

Rate = K Equation C = 0.6612t + 1.4054
Linear R2 0.9739
Rate = KC Equation ln C = 0.2615t + 0.4047
First order R2 0.9147
Rate = KC2 Equation 1/C = −0.491t + 2.3955
Second order R2 0.6630

Rate KC
KC Vm=

+

Equation 1/C = y = 0.2537 (1/t) +
0.9576

Michaelis–Menten R2 0.8767
Rate = KCn Equation ln c = 0.3096(ln t) + 0.867
Logarithmic R2 0.9259

Sodium alginate/acrylic acid composite hydrogels  867



Thus, the pore size in the hydrogel matrix would be
increased, causing a considerable increase in the effi-
ciency of hydrogel absorption.

3.3 Antibacterial activity

All synthesized hydrogels showed antibacterial activity
against S. aureus, with growth-inhibitory zone, ranged
from 10 to 21 mm. The ANOVA results of antibacterial
activity designated that the linear effects of AAc and
silver nitrate and the quadratic effect of AAc were just
the significant terms, on changes of this characteristic
in 95% confidence interval (p-value < 0.05). The qua-
dratic effect of silver nitrate content and also its interaction

with microwave time were also significant in the 90% con-
fidence interval (0.1 > p-value > 0.05). The final reduced
model after removing the insignificant terms (p-value > 0.1)
was shown as Eq. 7 to predict the variation of antibacterial
activity of hydrogels:

( )

= +

+ +

X X X
X X X X

Growth inhibition zone mm
21.22 2.479 – 13.92 – 2.381
– 0.2239 7.90 2.35

1 2 3

1
2

2
2

2 3

(7)

According to obtained R2 for Eq. 7 (R2 = 92.39%), it
can be concluded that this model can predict more
than 92% of antibacterial activities of hydrogels against
S. aureus in terms of their growth-inhibited zone diameter.

The main effect plots (Figure 4a) for changes of this
response by selected independent parameters point out

Figure 3: The main effects plot (a) and the contour plot (b) of acrylate acid, silver nitrate and microwave time on cefalexin load of sodium
alginate/acrylic acid composite hydrogels conjugated to silver nanoparticles.

Figure 4: The main effects plot (a) and the contour plot (b) of acrylate acid, silver nitrate and microwave time on growth inhibition of sodium
alginate/acrylic acid composite hydrogels conjugated to silver nanoparticles.

868  Parvaneh Mohamadinia et al.



that while increasing the AAc content up to a certain level
increased the antibacterial activity of samples, further uses
of AAc in the formulation of hydrogels affected reversely
and decreased this ability of samples. Increasing the silver
nitrate ions as well as decreasing the microwave time
also strengthened the bactericidal activity of hydrogels.
The contour plot of growth-inhibitory zoon of samples
changed by silver nitrate content and microwave time (at
a fixed middle level of AAc) was also shown in Figure 4b.
As can be seen in Figure 4b, a simultaneous increase of
both silver nitrate and microwave irradiation time could
enhance the bactericidal activity of hydrogels.

According to the F-ratio of terms, the silver nitrate
content was the most effective agent on the antibacterial
activity of obtained hydrogels. This result was predictable
due to the high antibacterial activity of silver. Some pre-
vious researches also reported an antibacterial activity for
AAc and its di-block copolymers [18]. Thus, it seems that
intensifying of hydrogels’ antibacterial activities by increasing
the AAc could be related to this antibacterial activity of AAc
residues in hydrogel matrices. Increasing the irradiation
time also decreased the antibacterial activity of hydrogels,
due to increasing the cross-linking bonds between AAcs
and decreasing the monomer residues. Considerable anti-
bacterial activities of prepared samples at high silver
nitrate contents and extended irradiation time could be
related to the reduction of silver ions to silver nanoparticles
by microwave emissions and their stabilization between the
dense cross-linked matrices of hydrogels [19,20].

3.4 Optimization and model confirmation

The AAc and silver nitrate contents, as well as the micro-
wave irradiation time, were numerically optimized to
produce the hydrogels with the highest swelling ratio,
gel fraction, cephalexin load, and S. aureus growth-inhib-
ited zone, using multiple goal optimization processes.
Thus, according to optimization analysis, using the highest
contents of either AAc (7.8 g) or silver nitrate (1.5 g) at less
microwave exposure time (1min) can give the hydrogels
with the maximum highest swelling ratio (655%), gel frac-
tion (>0.99), cephalexin load (>0.99), and S. aureus growth-
inhibited zone (24.97mm).

For confirming the presented models, three samples
were prepared in obtained optimumconditions (AAc= 7.8 g,
silver nitrate = 1.5 g, and microwave exposure time = 1min)
and were quantified. The swelling degree, gel fraction,
cephalexin load, and antibacterial clear zone diameter
of these samples were 650.5 ± 14.5%, 0.98 ± 0.07,

0.99 ± 0.03%, and 26 ± 2mm, respectively. The insig-
nificant differences between the experimental data and
predicted ones by the model (655%, 0.99, 0.99%, and
24.97 mm, in turn), confirmed the suitability and cor-
rectness of models.

3.5 Complementary characterizations of
optimum sodium alginate/AAc
composite hydrogels conjugated to
silver nanoparticles

3.5.1 The absorption and release kinetics of cephalexin
by optimum sodium alginate/AAc composite
hydrogels conjugated to silver nanoparticles

The absorption or release of bioactive compounds by or
from most hydrogels is occurring mostly due to diffusion
phenomena. However, the absorption/release profile for
a swelled composite hydrogels is complex, depending on
the relative diffusion rates of either water or bioactive
compound from or toward hydrogel networks. If the dif-
fusion into the hydrogel takes place at gentle rates as
compared to the hydrogel chains’ relaxation, the process
will be controlled by diffusion. Otherwise, the process will
be relaxation controlled. The irregular pattern between the
mentioned states is known as non-Fickian diffusion.

To determine the cephalexin absorption kinetic model
of the optimum composite hydrogel, they were immersed
into an aqueous solution containing a certain amount of
cephalexin (0.25 g·L−1), for 5 h, and cephalexin content of
aqueous media was measured at fixed time intervals. The
results were correlated to common kinetics models, namely
zero-order, first-order, second-order, Michaelis–Menten,
and logarithmic models. The linearized model coefficients
and coefficient of determination (R2) for each model were
calculated. These results were shown in Table 3. Due to the
highest obtained R2 for zero-order kinetics, it can be con-
cluded that the cephalexin absorption by synthesized
optimum composite hydrogels obeyed the zero-order
kinetic model. Thus, this model was chosen as the best
model to describe the absorption behavior of optimum
hydrogel for cephalexin at its studied concentrations. In
zero-order kinetics, the absorption only depends on time
and is constant at various concentrations of the active com-
pounds [21]. The absorption occurs rapidly until the satura-
tion concentration at the equilibrium state reaches. The
electrostatic interactions occurred between the functional
group (COO–) of composite hydrogel like –COOH and
–OH groups, Ag NP, and cephalexin like –OH, –NH2, –S–,
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and ]O. Particularly, the hydrogen bonding between
the cephalexin and hydrogel sub-unites plays a vital
role in their absorption efficiencies. The possible pre-
sence of cations residues like Ag+ and Ca2+ in hydrogel
structure also can increase the affinity of negative sur-
face parts of cephalexin into the hydrogel matrices [22].

The release kinetics of cephalexin from optimum
hydrogels (into deionized water, pH = 7.0 ± 0.1) was
also evaluated after completely saturation and removal
of accumulated surface molecules of cephalexin. The
cephalexin contents of deionized water were measured
at certain time intervals. Similar to the cephalexin absorp-
tion survey, the results were correlated to common kinetics
models, and the obtained linearized model coefficients
and coefficient of determination (R2) for each model were
summarized in Table 4. From Table 4 and obtained R2

values for each model, due to the greatest R2 for the
Higuchi model, it can be concluded that the release of
cephalexin from the synthesized hydrogels follows this
model. Based on the Higuchi model, the release is consid-
ered as a diffusion process based on Fick’s law. The diffu-
sion occurs at a microscopic or molecular scale through
the hydrogel networks, and the diffusion rate decreases as
the release process continues because the drug should
pass an elongated path to reach themedia and be released.
The Higuchi model is valid for most of the water-soluble or
water-insoluble drugs that are released from semisolid
matrices like hydrogels [23].

3.5.2 FT-IR and UV-Vis absorbance spectrum of optimum
hydrogels

The FT-IR spectra of the optimum sodium alginate/AAc
composite hydrogels conjugated to silver nanoparticles
were shown in Figure 5a. The absorption spectrum from

3,950 to 3,500 cm−1 was pointed out to the stretching
sodium alginate NH2. The peak at 3,431 cm−1 was related
to the hydroxyl group. The broad peak from 3,350 to
2,500 cm−1 indicated the presence of OH scratching of
AAc. The peaks at 1,634 and 1,433 cm−1 were appeared,
respectively, due to symmetric stretching vibration of
the carboxylate group. The low peak at 1,500 cm−1 was
assigned to stretching C–O. The peaks from 1,650 to
1,750 cm−1 were corresponded to stretching vibration of
the carbonyl group of carboxylic acid, confirming the

Table 4: The kinetics of cephalexin release from optimum composite hydrogels (the R2 and main coefficients for correlated general release
models)

Common release models Cephalexin release

Zero order C – C0 = −Kt Equation C = 0.1009t + 0.0741
Linear R2 0.9514

First order ln C − ln C0 = Kt Equation ln C = 0.112t − 0.8406
First order R2 0.7979

Higuchi model C − C0 = Kt0.5 Equation C = 0.3522t(0.5) − 0.173
R2 0.9977

Hixson Crowell C1/3 − C0
1/3 = Kt Equation C(1/3) = 0.0533t + 0.5849

R2 0.735
Korsmeyer Peppas model (power law model) ln C – ln C0 = K ln t Equation ln C = 0.8183 ln t + 1.8078

Logarithmic R2 0.9872

Figure 5: FT-IR (a) and UV-Vis absorbance (b) spectra of the optimum
sodium alginate/AAc composite hydrogels conjugated to silver
nanoparticles.
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presence of poly(AAc) in product. The broadband from
1,300 to 1,000 cm−1 was referred to the stretching vibra-
tion of C–O bonds of alginate. The peak at 950 cm−1 was
related to O–H bonding of polysaccharide monomers in
hydrogel. Moreover, the small band at 819 cm is attri-
buted to the Na–O bond in sodium alginate [24,25].

Figure 5b shows the UV-Vis absorbance spectra of
optimum composite hydrogels conjugated to silver nano-
particles. The observed peak at about 400 nm was related
to the surface plasmon resonance of silver nanoparticles.

Thus, the formation of silver nanoparticles from silver
ions inside the hydrogel matrices was confirmed [20].

3.5.3 SEM images of optimum hydrogels

The surface morphology of optimum hydrogel was visual-
ized by SEM images, which were taken in different scales
from 100 µm to 500 nm (Figure 6). The hydrogels’ SEM
images showed the relatively wide-sized distribution of

Figure 6: FE-SEM images of the optimum sodium alginate/AAc composite hydrogels conjugated to silver nanoparticles.
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produced silver nanoparticles on the surface of the hydrogel.
The presence of fine pores on hydrogels’ surface, which can
be seen in TEM images, made them efficient candidates for
taking the various bioactive compounds. The energy-disper-
sive X-ray spectrum of samples also confirmed the presence
of Ag, Ca, Cl, Na, N, O, and C on the surface of prepared
hydrogels.

4 Conclusion

The physical microwave radiation and ion cross-linking
process were simultaneously applied to synthesis the
sodium alginate/AAc composite hydrogels and reduce
the incorporated silver ions into stable silver nanoparticles,
which were conjugated to hydrogel matrices. Response sur-
face methodology was used for experimental design, statis-
tical analysis, developing the models, and optimizing the
fabrication parameters of gained hydrogels. The hydrogels
with the highest swelling ratio, gel fraction, cephalexin
absorption, and antibacterial activities were considered as
the most desired product, and the fabrication parameters
were optimized to achieve the best sodium alginate/AAc
composite hydrogels. The absorption and release kinetics
of cephalexin from the optimum product were also investi-
gated. It resulted that while the drug absorption obeys the
zero-order kinetic model, the release process could be
explained by Higuchi kinetic model. Due to the high anti-
bacterial activity of prepared composite hydrogels, which
could be resulted from the synergistic effect of silver ions,
AAc, and cephalexin, they can be successfully used in
various medical and pharmaceutical applications such as
wound healing lotions or wound dressing formulations.
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