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Abstract. A drug-delivery approach was developed through effective preparation of bio-nanocomposite hydrogels
in situ with ZnO/CuO/Ag nanoparticles being formed within swollen carboxymethyl chitosan (CMCh)/poly(vinyl alcohol)
(PVA) hydrogels. Different experimental techniques, including Fourier transform-infrared, X-ray diffraction (XRD),
energy-dispersive X-ray (EDX) analysis, and scanning electron microscopy (SEM) were applied to study and compare the
prepared hydrogels. XRD and EDX analyses confirmed the formation of nanoparticles in the hydrogel matrix, while SEM
micrographs showed that ZnO, CuO and Ag nanoparticles ranged from 36.26 to 76.09 nm, 34.15–71.71 nm and
36.21–78.47 nm within the same matrix, respectively. According to the results, an increased number of nanoparticles
resulted from increased ion concentration. At pH 2.1 and pH 7.4, the bio-nanocomposite hydrogels were investigated in
terms of the swelling behaviour; in comparison with neat CMCh/PVA hydrogel, they showed a pH-sensitive swelling
ratio. As an in-vitro drug release test, the bio-nanocomposite hydrogels were applied to sustained and controlled drugdelivery system that increased with the increase in nanoparticles content that could result in protracted release of the
ibuprofen.
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Introduction

Hydrogels are three-dimensional (3D) networks, linear or
branched polymers capable of absorbing significant
amounts of water, saline and physiological solutions in
comparison with general absorbent materials [1]. Also,
because of their excellent characteristics, such as non-toxicity, biocompatibility and biodegradability, high swelling
ratio hydrogels would have basic roles in agriculture [2] and
biomedical applications including tissue engineering [3],
wound dressing [4], and controlled drug and protein delivery [5,6]. Chitosan is a natural cationic polymer existing
abundantly; commercially, chitin is deacetylated to produce
chitosan [7,8]. Carboxymethyl chitosan (CMCh) is a biocompatible and biodegradable polymer; it is the result of
chitosan reacting with monochloroacetic acid in an alkaline
medium [9]. CMCh outperforms chitosan in terms of some
features including increased antioxidant property, high
moisture retention ability [10], increased water solubility
and higher antibacterial activity [11]. The characterization
and preparation of antibacterial CMCh/ZnO/CuO/Ag

bio-nanocomposite hydrogels were done by Wahid et al
through in-situ formation of nanoparticles in CMCh
hydrogel matrix. Thus, carboxymethylation of chitosan
could be used favourably for some pharmaceutical,
biomedical and environmental applications [7,12,13].
Poly(vinyl alcohol) (PVA) is a hydrophilic semi-crystalline
polymer. It is dissolvable in water and can be produced by
polymerization of vinyl acetate to poly(vinyl acetate) (PVAc)
that has been favoured greatly because of its brilliant chemical
stability, simple preparation, biocompatibility, non-toxicity,
gel forming physical features and film-forming ability [14–16].
PVA hydrogels can be used for pharmaceutical and biomaterial purposes such as wound dressing, artificial organs, drug
delivery and contact lenses. The synthesis of PVA/CuO
nanocomposite hydrogels to be used in a drug delivery system
has been investigated by Ahmadian et al [17,18]. Bionanocomposites are made by combining biopolymers and
inorganic materials, chiefly metals including copper, silver,
TiO2 and ZnO in nano-dimensions. Bio-nanocomposite
hydrogels, known as hydrogels, are hydrated polymeric networks that are cross-linked with each other and/or to other
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nanostructures or nanoparticles either physically or covalently.
Bio-nanocomposite hydrogels can be obtained through the
combination of some nanoparticles like polymeric nanoparticles, carbon nanotubes containing metal/metal oxide
nanoparticles such as Ag and ZnO and dendrimers incorporated in the polymeric network [19,20].
In recent years, preparing inorganic bio-nanocomposite
hydrogels for biomedical applications has been favoured [21]. It
is believed that bio-nanocomposite hydrogels can be used as
drug delivery carriers since, in comparison with the pure polymer hydrogels, they show significantly enhanced features.
Furthermore, through combination with the polymeric matrix,
the nanoparticle features like drug release profile, drug loading,
swelling ratio and multifunctional features were enhanced
[5,22,23]. In recent years, biopolymers have been used to prepare and explore the bio-nanocomposite hydrogels for drugdelivery applications. To prepare bio-nanocomposite hydrogels
based on chitosan, Yadollahi et al [5,8,24] added the nanoparticles like Ag, ZnO and CuO by in-situ generation to form a
hydrogel. For preparation and characterization of groups of
CMCh/PVA and oxidized starch hydrogels having Ag and CuO
nanoparticles, Gholamali et al [25,26], reduced/oxidized the
Ag? and Cu2? ions in medium in situ leading to enhanced drugloading efficiency and drug release. Javanbakht et al [27–29]
demonstrated cross-linked CMC with nanoparticles as a drugdelivery system.
Considering the above, we designed the present study with
the objective of evaluating the preparation and comparison of
a series of CMCh/PVA bio-nanocomposite hydrogels applicable in drug-delivery systems by in-situ formation of ZnO/
CuO/Ag nanoparticles in hydrogel matrix. X-ray diffraction
(XRD), Fourier transform-infrared (FT-IR), scanning electron microscopy (SEM) and energy-dispersive X-ray (EDX)
analyses were used for the characterization of the resulting
bio-nanocomposite hydrogels. It was attempted to show how
the concentration of the nanoparticles in the bio-nanocomposite hydrogel influences the swelling behaviour in buffer
solutions and drug release behaviour.

2.
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solution for 15 min, 15 g of monochloroacetic acid was
added drop by drop to the mixture with constant mechanical
stirring for 2 h at T = 40°C until the mixture became
homogeneous. 10% acetic acid was used for the neutralization of the resulting mixture that was poured into an
excess of 70% methanol and filtered using a G2 sintered
glass funnel; afterwards, methanol was used several times
for washing the mixture for the removal of the residual
NaOH and monochloroacetic acid. Ultimately, the resulting
CMCh powder was placed to dry in a vacuum oven at T =
55°C for 8 h.

2.3 Preparation of cross-linked CMCh/PVA/ZnO/CuO/Ag
bio-nanocomposite hydrogels
CMCh powder was first dissolved in 100 ml distilled water
containing 3-wt% NaOH at ambient temperature and was
subjected to constant stirring overnight until the solution
was clear and homogeneous. Distilled water was used for
dissolving PVA solution with continuous stirring at T =
95°C for 2 h. After cooling at 25°C, the CMCh solution was
combined with PVA solution and subjected to stirring for
2 h. ECH, NaOH and NaBH4 were used as the cross-linking,
oxidizing and reducing agents, respectively. Experimentally, 1 g of dry CMCh/PVA hydrogel was immersed in the
desired amount of Zn(NO3)26H2O, CuCl22H2O, AgNO3
solutions (0, 5, 10 and 15%) for 24 h. Then, the hydrogels
were washed and submerged in NaOH and NaBH4 solutions
of 0.2 M for 24 h for oxidation and reduction of the bound
ZnO, CuO and Ag ions. Then, the bio-nanocomposites were
washed with distilled water and finally dried under a vacuum for 24 h. The bio-nanocomposite hydrogels with 0, 5,
10 and 15% of Zn(NO3)26H2O, CuCl22H2O, AgNO3
content will be referred to as Z0, Z1, Z2 and Z3, C0, C1, C2
and C3, A0, A1, A2 and A3, respectively in the following
lines.

Material and methods
2.4

2.1

Materials

PVA (molecular mass of 72,000), chitosan (medium molecular
weight and viscosity 200–800 cp), epichlorohydrin (ECH,
99.5%), monochloroacetic acid (99%), Zn(NO3)26H2O,
CuCl22H2O, AgNO3, NaBH4, NaOH and methanol were purchased from Merck Co. and used as received. Ibuprofen was
provided by Chemi Darou Pharmaceutical Co. (Tehran, Iran).

2.2

Characterization and analysis

Preparation of CMCh

The following procedure was implemented to prepare
CMCh: After dissolving 5 g of chitosan in 20% w/v NaOH

Infrared spectra were recorded on a FT-IR spectrometer
(Bruker Instruments) in the wavenumber ranging 4000–
400 cm-1 at a resolution of 0.5 cm-1 as KBr pellets. Siemens-D500 diffractometer was used with Cu-ka radiation at
35 kV in the scan range of 2h from 2 to 70° and scan rate of
1° min-1 to confirm the XRD pattern of the samples. All
analysed samples were in a powdery form. After coating the
dried hydrogels with silver and gold films, SEM (TESCAN
MIRA) was used to study the the dried pristine hydrogel
and bio-nanocomposite hydrogels in terms of the morphology. The nanoparticles distribution in the CMCh/PVA/
ZnO/CuO/Ag bio-nanocomposite hydrogels matrix was
confirmed through EDX.
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Scheme 1. Schematic representation of in-situ formation of nanoparticles in the CMCh/PVA hydrogel network.

2.5

Swelling behaviour

Using distilled water and buffer solutions (pH values of 2.1
and 7.4) at 25°C, the swelling ratio (SR%) of CMCh/PVA/
ZnO/CuO/Ag bio-nanocomposite hydrogels was determined.
For obtaining the maximum swelling capacity, approximately
0.1 g of bio-nanocomposite hydrogels was immersed in 50 ml
of prepared buffer solutions with a chosen pH at 25°C for 450
min. Equation (1) was used for determining the equilibrium
swelling of bio-nanocomposite hydrogels.
Swelling ratio ðSR%Þ ¼ Wt  W0 =W0  100;

ð1Þ

where W0 is the weight of the initial dried samples and Wt is
the weight of the sample after swelling for 450 min.

2.6

Drug loading and release studies

Ibuprofen was used in drug release experiments as a model
drug. The hydrogel was explored in terms of the drug

release behaviour using UV–Vis spectroscopy. For this, the
drug was loaded into the hydrogel by adding approximately
0.2 g of prepared dry hydrogel to 20 ml of drug solution
(100 ppm in distilled water) at 25°C for 48 h. Then, after
filtering the resulting solution, UV–Vis spectroscopy at 275,
272 and 330 nm, in the respective order, was used to calculate the ibuprofen content. The quantity of loaded drug in
the hydrogels was evaluated using equation (2):
Drug Loading ð%Þ ¼ amount of the drug in hydrogel=
amount of hydrogel  100:

ð2Þ

The hydrogel was investigated regarding the drug release
profiles at different pH (2.1 and 7.4) for 1400 min. In a
typical experiment, 0.1 g of the drug bearing hydrogels were
put in 10 ml of the chosen release medium at 37°C under a
continuous rotation speed of 50 rpm. Adequate amounts of
sample solutions were selected and the recorded absorptions
were obtained using a UV spectrophotometer for measuring
the amount of released drug at a certain time. The UV
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Figure 1. The FT-IR spectra of (a) pure CMCh, PVA, ZnO, CuO and Ag nanoparticles; (b) pure CMCh/PVA
hydrogel (Z0, C0 and A0) and nanocomposite hydrogels incorporated with nanoparticles (Z3, C3 and A3).

spectrophotometer was used for quantifying the drug
samples released from the CMCh/PVA bio-nanocomposite
hydrogel and the quantity of drug was specified by standard
calibration curves obtained under the same conditions.

ZnO, CuO and Ag nanoparticles, respectively. The
nanoparticles were prepared in-situ through a facile and
economical method, which did not require heat or any other
tools for synthesis [26,31].

3.

3.2

Results and discussion

3.1 Preparation of CMCh/PVA bio-nanocomposite
hydrogels
Scheme 1 represents the formation of nanoparticles in the
CMCh/PVA hydrogel matrix. CMCh/PVA can interact with
many metal cations, containing Mo6?, Al3?, Co2?, Zn2?
and Cu2? [30]. Because of the negatively alkolate groups
and charged carboxylate of CMCh/PVA ðCO
2,
CH2 O Þ, the formation of bonds between the CMCh/PVA
bio-nanocomposites and the positively charged Zn2?, Cu2?
and Ag? in aqueous solutions of zinc nitrate, copper chloride and silver nitrate by electrostatic interactions was
observed. With the desirable basic agent such as NaOH and
NaBH4, Zn, Cu and Ag ions are oxidized and reduced to

FT-IR analysis

FT-IR spectra of the neat materials (figure 1a), neat CMCh/
PVA hydrogel in the absence of nanoparticles and the
prepared bio-nanocomposites of CMCh/PVA/ZnO/CuO/Ag
(figure 1b) are shown in figure 1. The characteristic
absorption peaks of the five components CMCh, PVA, ZnO,
CuO and Ag nanoparticles are shown in figure 1a. Apparently, there is a link between the FT-IR spectra of the
CMCh, a broad peak 3407 cm-1 showing the stretching
vibrations of –OH and –NH functional groups [32,33]. In
addition, FT-IR spectrum of CMCh involves several peaks
at 1591, 1410 and 1121 cm-1 associated with the bending
modes of the N–H, C–N stretching and C–OH stretching on
the polysaccharide skeleton, in the respective order [12]. In
the FT-IR spectrum of the PVA, a broad peak at 3345 cm-1
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Z0/C0/A0, Z3, C3 and A3, respectively. Compared with the
FT-IR spectra of neat CMCh/PVA hydrogel, CMCh/PVA
bio-nanocomposite hydrogels indicated the new peaks in
the 400–800 cm-1 regions, which might confirm the formation of nanoparticles into the hydrogel.

3.3

XRD analysis

The XRD patterns of the CMCh/PVA/ZnO/CuO/Ag bionanocomposite hydrogels and pure CMCh/PVA hydrogel in
the 2h range of 2–70° are displayed in figure 2. A wide peak
at 20° is because of the polymer matrix. The diffractogram
of CMCh/PVA bio-nanocomposite hydrogels shows
diffractions at 2h values with five peaks of 32, 35, 37, 48
and 56° planes for ZnO nanoparticles, four peaks of 32, 35,
39 and 53° planes for CuO nanoparticles and four peaks of
31, 34, 48 and 54° planes for Ag nanoparticles and these
data confirmed the existence of nanoparticles in the CMCh/
PVA hydrogel network. The XRD pattern had no peaks of
impurity showing that the resulting silver particles are
highly pure [25,34].

3.4

Figure 2. The XRD pattern of pure CMCh/PVA hydrogel and
nanocomposite hydrogels incorporated with ZnO, CuO and Ag
nanoparticles.

is associated with hydroxyl groups and several peaks at
2921 cm-1 are linked to C–H stretching of CH2 and peaks
at 1416 and 1100 cm-1 are associated with CH2 scissoring
and C–O stretching. FT-IR spectrum of ZnO, CuO and Ag
nanoparticles includes absorption peaks at 440, 540 and
590 cm-1 that confirm the presence of nanoparticles in the
polymer network.
Figure 1b showed FT-IR spectra of the pure CMCh/PVA
hydrogel and CMCh/PVA/ZnO/CuO/Ag bio-nanocomposites. In this figure, it is shown that the peaks absorption of
O–H at 3417, 3438, 3434 and 3341 cm-1 are attributed to
intramolecular hydrogen bonds of pure hydrogel and
bio-nanocomposite hydrogels that are related to components

Scanning electron microscopy

The surface morphology of the samples, size, porosity and
shape of the hydrogel matrix was explored using SEM; the
release behaviour of drug affected the surface of the drug
carrier. The likely varied surface morphology of the CMCh/
PVA/ZnO/CuO/Ag bio-nanocomposite hydrogels could be
due to the interfacial interactions between CMCh, PVA and
nanoparticles and the drying method that definitely influences the drug release profile. Figure 3 shows SEM of the
pure hydrogel and CMCh/PVA bio-nanocomposite hydrogels at 9100,000 magnification. As shown in the figure, a
clear and flat surface morphology can be observed for the
pure CMCh/PVA hydrogel. The bio-nanocomposite
hydrogels of CMCh/PVA had a clear surface morphology.
It appears, these results are because of the interfacial
interactions of nanoparticles with the CMCh/PVA macromolecules in which the nanoparticles were capable of
contracting and hampering the movability of the CMCh/
PVA chains; thus, the surface morphology changed. On
testing the hydrogels, it was observed that the nanoparticles
showed up more clearly on the surface of the bionanocomposites containing 5% nanoparticles content with
the particle size range between 36.26 and 55.91 nm for
sample Z1, 34.15–48.77 nm for sample C1 and 36.21–
56.15 nm for sample A1 and some aggregation and bigger
particle sizes in the range of 54.29–76.09 nm, 52.07–71.71
nm and 53.26–78.47 nm can be observed for the CMCh/
PVA bio-nanocomposite hydrogels including the highest
nanoparticle content of 15% (sample Z3, C3 and A3).
According to the results, the size and dispersion of Ag
nanoparticles were higher than other nanoparticles.
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Figure 3. The SEM images of pure CMCh/PVA hydrogel (Z0, C0 and A0), CMCh/PVA/5% nanocomposite
hydrogels (Z1, C1 and A1) and CMCh/PVA/15% nanocomposite hydrogels (Z3, C3 and A3) at magnification of
9100,000.

3.5

Energy-dispersive X-ray spectroscopy

The EDX results of CMCh/PVA/ZnO/CuO/Ag bionanocomposite hydrogels are shown in figure 4. EDX
analysis was used to obtain the distribution and information
of elements in the hydrogel structure according to which the
structure of bio-nanocomposite hydrogels contains
nanoparticles. Figure 4 shows typical elements on the
CMCh/PVA hydrogels surface and they are C, O, N and
ZnO/CuO/Ag [25,31,35].

3.6

Effect of pH on swelling behaviour

The hydrogels were explored in terms of the swelling
behaviour at the pH of 2.1 and 7.4 to study the

pH-sensitivity of the prepared hydrogels; the features of the
swelling behaviour are important for applications, particularly in the drug delivery [36,37]. The swelling of all the
bio-nanocomposites increased with time, first rapidly and
afterward gradually, reaching a maximum lasting swelling
as shown in figure 5. This figure displays a considerable
difference between the swelling behaviour at different pH
and it means that the hydrogel is highly pH-sensitive. The
swelling ratio at pH 7.4 was partially higher than pH 2.1.
This is because of the dissociation of CMCh, PVA and the
concentration of counter ions as a function of pH. However,
the polymer structure is strongly affected by ionization, and
in acidic conditions, the CMCh and PVA chains form
compact coils. PVA is highly hydrophilic, so the ratio of
swelling under basic conditions increases in the presence of
hydroxyl groups of PVA in the hydrogel structure and also
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The EDX of CMCh/PVA nanocomposite hydrogels.

the protonation of ammonium groups of CMCh in the
aqueous medium with the positive ions of ammonium
leading to the electrostatic repulsion; thus, the proton and
counter ions would penetrate through the water into the
hydrogels. Furthermore, according to the results in the
figure 5, bio-nanocomposite hydrogels showed a higher
swelling capacity, compared with the pure CMCh/PVA
hydrogel. The enhanced swelling capacity of the bionanocomposite hydrogels could be due to the existence of
nanoparticles with different surface charges, morphology
and size. An increase in the penetration of water molecules
is the result of charged nanoparticles for balancing the
build-up ion osmotic pressure resulting in the hydrogel
swelling [24,38]. Besides, the bio-nanocomposite can be
expanded through the formation of nanoparticles in the
hydrogel matrix leading to the increased free spaces and
pores within the networks thus, absorbing more water.
Thus, the swelling ratio increased after the increase in the
amount of ZnO/CuO/Ag-NPs in the bio-nanocomposites.
However, as compared to the CMCh/PVA bio-nanocomposites that contain 5% nanoparticles, concentration of 10

and 15% nanoparticles revealed less swelling [25,39,40].
According to the results, the swelling ratio of Ag
nanoparticles was higher than other nanoparticles.

3.7

Drug loading and release

The effect of nanoparticles on ibuprofen encapsulation in
CMCh/PVA/ZnO/CuO/Ag bio-nanocomposite hydrogels
was investigated via the prepared bio-nanocomposite
hydrogels and the ibuprofen loading data obtained are
shown in figure 6a. It shows that, the amount of ibuprofen
combined as a pristine drug in the hydrogel reduces with an
increase in the amount of nanoparticles. This behaviour may
be due to the tighter and flatter surface of CMCh/PVA bionanocomposite hydrogels stopping the penetration of drug
molecules within the hydrogels. The drug release behaviour
of drug loaded CMCh/PVA bio-nanocomposite hydrogels
including different amounts of nanoparticles at various pH
of 2.1 and 7.4 was studied for 1400 min and the relationship
between release of ibuprofen hydrogels vs. time was
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Swelling behaviour of nanocomposite hydrogels at pH values of 2.1 and 7.4.

investigated with various concentrations of nanoparticles as
shown in figure 6b. Also, capillary forces are expected
because of the porous structure of the neat CMCh/PVA
hydrogel leading to facilitated penetration of fluids within
the hydrogels. The in-vitro drug release profiles were
obtained in pH 2.1 and pH 7.4 phosphate buffer solution
(PBS) for 24 h. In addition, the highest amount of drug
release in hydrogels at 24 h was in phosphate buffers at pH
7.4 compared to acidic medium (pH 2.1). Also, in the acidic

medium, the carboxyl and alcoholic groups of CMCh and
PVA are not in the ionized form. Nevertheless, at pH 7.4
phosphate buffer, the carboxylic acid and alcoholic groups
in the CMCh and PVA became ionized on the CMCh/PVA
chains that led to increased osmotic pressure and increased
electrostatic repulsion between charged groups.
The relation of time against cumulative release of the
drug from the hydrogels with various nanoparticle contents
is shown in figure 6b. It indicates that, increased
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Figure 6. (a) The percentage of ibuprofen loaded into hydrogel and (b) the percentage of released from
CMCh/PVA (0, 5, 10 and 15%) nanocomposite hydrogels at pH values of 2.1 and 7.4.
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concentration of nanoparticles resulted in reduced release of
drug from hydrogels because of the strong interactions
among hydroxyl groups of ibuprofen and CMCh carboxylic
groups. This interaction decreased the drug loading percentage of bio-nanocomposites containing high amount of
nanoparticles. As the figure shows, the cumulative ibuprofen release from the bio-nanocomposites is reduced obviously by the increased nanoparticle content. The
nanoparticles action in the CMCh/PVA bio-nanocomposites
leads to a protracted drug release behaviour. Compared with
the pure CMCh/PVA hydrogels, because of a longer path
required for ibuprofen to migrate from the nanoparticles
including bio-nanocomposites to the buffer solution, release
time of ibuprofen from CMCh/PVA bio-nanocomposite
hydrogel is protracted [20,26,31]. According to the results,
the release drug content for Ag nanoparticles was higher
than ZnO and CuO nanoparticles.

4.

Conclusion

In this project, CMCh/PVA bio-nanocomposite hydrogels
for drug-delivery system were successfully prepared by
combining ZnO, CuO and Ag nanoparticles with pH-sensitive polymers CMCh and PVA. The successful synthesis
of pure CMCh/PVA hydrogels was done via cross-linking
CMCh/PVA with epichlorohydrin in an alkaline medium.
To load the nanoparticles, zinc nitrate, copper chloride and
silver nitrate were oxidized and reduced in CMCh/PVA
hydrogels with NaOH and NaBH4 at 25°C. The structural
details of the hydrogels prepared by XRD, FT-IR, EDX and
SEM techniques are presented, which not only confirm the
preparation of the hydrogels but also, show that the addition
of nanoparticles to the hydrogel matrix had a significant
effect on their physical properties such as morphology.
Their swelling behaviour was examined in the pH of 2.1 and
7.4. XRD and EDX analyses studies confirmed the formation of nanoparticles in the hydrogel network. SEM
micrographs clearly showed that nanoparticles with size
ranging from 34.15 to 78.47 nm were formed within the
hydrogel matrix and the results showed that the size and
dispersion of Ag nanoparticles were higher than ZnO and
CuO nanoparticles, and the number of nanoparticles also
increased with the increase of ion concentration. The
swelling capacity of the bio-nanocomposites depends on the
richness of the nanoparticles in the CMCh/PVA hydrogels.
The increased swelling of the bio-nanocomposite hydrogels
was observed by increasing the zinc nitrate, copper chloride
and silver nitrate concentration and it was pH dependent.
According to these findings, the prepared CMCh/PVA bionanocomposite hydrogels is probably a good option for
controlled delivery of drug. According to drug release
studies, the release of drug from CMCh/PVA hydrogels is
protracted by the nanoparticles. A longer path for the drug
to migrate from bio-nanocomposite hydrogels to the media
led to the prolonged release time of drug molecules from

Bull Mater Sci (2020)43:264
bio-nanocomposite hydrogels. It can be concluded that Ag
nanoparticles in a gel system in a composition such as 3D
gel networks (nano, micro and hydrogel) is more suitable than ZnO and CuO nanoparticles for in-situ products.
The key benefit of Ag nanoparticles is that nanomolar
concentration is more effective than micromolar concentration. Furthermore, studies show that Ag nanoparticles are
somewhat non-toxic to human cells.
Acknowledgement
We acknowledge the Department of Chemistry, North
Tehran Branch, Islamic Azad University for financial
support of this work.
References
[1] Yadollahi M, Gholamali I, Namazi H and Aghazadeh M
2015 Inter. J. Biol. Macromol. 73 109
[2] Shariatinia Z and Mazloom Jalali A 2018 Inter. J. Biol.
Macromol. 115 194
[3] Vasanthan K S, Subramanian A, Krishnan U M and Sethuraman S 2017 Regen. Eng. Transl. Med. 3 176
[4] Gholamali I 2020 Regen. Eng. Transl. Med. 6 115
[5] Yadollahi M, Farhoudian S, Barkhordari S, Gholamali I,
Farhadnejad H and Motasadizadeh H 2016 Inter. J. Biol.
Macromol. 82 273
[6] Rakhshaei R, Namazi H, Hamishehkar H, Samadi Kafil H
and Salehi R 2019 J. Appl. Polym. Sci. 136 47590
[7] Wahid F, Yin J J, Xue D D, Xue H, Lu Y S, Zhong C et al
2016 Inter. J. Biol. Macromol. 88 273
[8] Farhoudian S, Yadollahi M and Namazi H 2016 Inter.
J. Biol. Macromol. 82 837
[9] Khan S, Akhtar N, Minhas M U and Badshah S F 2019 AAPS
PharmSciTech. 20 119
[10] Upadhyaya L, Singh J, Agarwal V, Pandey A C, Verma S P,
Das P et al 2015 Process. Biochem. 50 678
[11] Upadhyaya L, Singh J, Agarwal V and Tewari R P 2013
Carbohyd. Polym. 91 452
[12] Wahid F, Wang H S, Lu Y S, Zhong C and Chu L Q 2017
Inter. J. Biol. Macromol. 101 690
[13] Wahid F, Wang H S, Zhong C and Chu L Q 2017 Carbohydr. Polym. 165 455
[14] Mirzaie Z, Reisi-Vanani A and Barati M 2019 J. Drug.
Deliver. Sci. Technol. 50 380
[15] Yang J M, Su W Y, Leu T L and Yang M C 2004 J.
Membrane. Sci. 236 39
[16] Zhao L, Mitomo H, Zhai M, Yoshii F, Nagasawa N and
Kume T 2003 Carbohyd. Polym. 53 439
[17] Ahmadian Y, Bakravi A, Hashemi H and Namazi H 2018
Polym. Bull. 76 1967
[18] Sabaa M W, Abdallah H M, Mohamed N A and Mohamed
R R 2015 Mater. Sci. Eng. C 56 363
[19] Yadollahi M, Namazi H and Aghazadeh M 2015 Inter.
J. Biol. Macromol. 79 269
[20] Yadollahi M, Gholamali I, Namazi H and Aghazadeh M
2015 Inter. J. Biol. Macromol. 74 136
[21] Malmsten M 2011 Soft Matter 7 8725

Bull Mater Sci (2020)43:264
[22] Stoimenov P K, Klinger R L, Marchin G L and Klabunde K
2002 Langmuir 18 6679
[23] Zhao F, Yao D, Guo R, Deng L, Dong A and Zhang J 2015
Nanomaterials 5 2054
[24] Yadollahi M, Farhoudian S and Namazi H 2015 Int. J. Biol.
Macromol. 79 37
[25] Gholamali I, Asnaashariisfahani M and Alipour E 2020
Regen. Eng. Transl. Med. 6 138
[26] Gholamali I, Hosseini S N, Alipour E and Yadollahi M 2019
Starch/Stärke 71 1800118
[27] Javanbakht S and Namazi H 2018 Mater. Sci. Eng. C 87 50
[28] Javanbakht S, Pooresmaeil M, Hashemi H and Namazi H
2018 Int. J. Biol. Macromol. 119 588
[29] Javanbakht S, Nazari N, Rakhshaei R and Namazi H 2018
Carbohyd. Polym. 195 453
[30] Franco A P, Recio M A L, Szpoganicz B, Delgado A L,
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