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The CsMe/PVA/ZnO nanocomposite hydrogel beads have been introduced a new technique, which is dependent on pH. They
were prepared successfully in situ by forming of ZnO nanoparticles within swollen CsMe/PVA hydrogel beads. The resulting
hydrogel beads were examined by running various experimental procedures such as FT-IR, XRD, EDX and SEM. XRD and
EDX patterns verified the formation of ZnO nanoparticles in the bead networks; moreover, the formation of ZnO nanoparticles
with size range from 44 to 88 nm within the bead matrix was confirmed by SEM micrographs. The prepared nanocomposite
hydrogel beads showed a pH-sensitive swelling behavior. The results showed that the prepared nanocomposite hydrogel beads
outperformed the pure CsMe/PVA hydrogel beads in terms of swelling capacity in various pH values and salt solutions. The
antibacterial activity of the nanocomposite hydrogel beads was examined and mechanisms involved in their synthesis were
reported; the results showed an excellent antibacterial behavior of the nanocomposite hydrogel bead.
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Introduction
Hydrogels are a class of materials with the three-dimen-

sional network of a polymer that can absorb a high amount
of water or biological fluids, without being soluble under phy-
siological conditions1. Also, due to their excellent properties,
such as high swelling ratio, non-toxicity, biocompatibility and
biodegradability hydrogels would have basic roles in agricul-
ture2,3, and biomedical applications including wound dress-
ing4, tissue engineering5,6 and controlled drug and protein
delivery7.

Chitosan is one of the most abundant natural cationic
polymers produced commercially by deacetylation of chitin.
Due to its unique polycationic nature, it has been widely ap-
plied in medical and pharmaceutical fields9,10. Chitosan
nanocomposite hydrogels revealed a higher swelling and
good antibacterial effects against Escherichia coli and Sta-
phylococcus aureus bacteria11,12. Carboxymethyl chitosan
(CsMe) is a biodegradable and biocompatible polymer ob-
tained from the reaction of chitosan with monochloroacetic
acid and in an alkaline medium13. CsMe has several advan-
tages over chitosan such as increased water solubility, in-

creased antioxidant property14 high moisture retention abi-
lity15 and higher antibacterial activity9,16 that Wahid et al.
prepared and characterized antibacterial CsMe/ZnO
nanocomposite hydrogels by in situ formation of ZnO
nanoparticles in CsMe hydrogel matrix. Therefore,
carboxymethylation of chitosan is a promising approach in a
number of environmental, biomedical, and pharmaceutical
applications17,18.

Poly(vinyl alcohol) (PVA) is a water soluble polymer, which
has been studied intensively due to its excellent chemical
stability, easy preparation, film-forming ability, biocompatibility,
gel forming and physical properties19–21. PVA hydrogels are
relevant for biomaterial and pharmaceutical applications such
as drug delivery, wound dressing, contact lenses, and artifi-
cial organs22,23 that Ahmadian et al. studied on synthesis of
PVA/CuO nanocomposite hydrogels applicable in a drug
delivery system. Agnihotri et al. studied the chemical
crosslinking of chitosan with a polymer owning to good chemi-
cal resistance, greater mechanical strength and hydrophili-
city including PVA that may lead to the formation of a hydro-
gel composite for antibacterial applications24.
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Recently, there has been a great interest to generate
antibacterial hydrogels because of their superior biomedical
relevance25. Among antibacterial hydrogels, inorganic-based
nanocomposite hydrogel beads are particularly promising for
bacterial inactivation applications in materials and engineer-
ing science. These antibacterial agents possess a great po-
tential to inhibit microbial growth. Because of they are easily
functionalized with inorganic materials and biocompatible,
this characteristic makes them attractive in the biomedical
and biotechnological fields17,18. Among them, silver based
materials are of special interest owing to their broad spec-
trum inhibitory and strong bactericidal effect26. During the
last few years, there has been an increased interest in silver
nanocomposite hydrogels as an antimicrobial agent in the
medical field27–30. Nanocomposites are a combination of
biopolymers and inorganic materials, mainly metals like sil-
ver, copper, TiO2, and ZnO in nano-dimensions. Superior
mechanical strength, high thermal resistance and low per-
meability against gases and water vapor are a number of the
properties of bio-nanocomposites. In recent years, bio-
nanocomposites have been used as wound dressings and

tissue engineering as well31–33. The main advantage using
inorganic nanoparticles accompanied with the organic anti-
microbial mediators are their strength, stability, and extended
shelf life; besides, they can be used potentially for biomedi-
cal field34.

Considering these facts, the objective of this study was
to prepare and characterize a group of carboxymethyl
chitosan/poly(vinyl alcohol) hydrogel beads containing ZnO
nanoparticles. Novel CsMe/PVA/ZnO nanocomposite hydro-
gel beads were successfully prepared by in situ formation of
ZnO nanoparticles in the CsMe/PVA hydrogel matrix. The
resulting nanocomposite hydrogel beads were characterized
using FT-IR, XRD, EDX and SEM analyses. The effect of the
concentration of the ZnO nanoparticles on the swelling in
different aqueous mediums and antibacterial activity for the
Gram-negative E. coli and Gram-positive S. aureus bacteria
was investigated.

Results and discussion
Scheme 1 schematically represents the formation of ZnO

nanoparticles in CsMe/PVA hydrogel network. A bond is

Scheme 1. The schematic representation of in situ formation of ZnO nanoparticles in CsME/PVA hydrogel network.
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formed between the CsMe/PVA hydrogels and the positively
charged Zn2+ in aqueous solutions of zinc nitrate by electro-
static interactions due to negatively charged carboxylate and
alkolate groups of CsMe/PVA (-CO2

–, -CH2O–)16,24. Zinc ions
were converted to ZnO nanoparticles with the suitable basic
agent (NaOH solution). The ZnO nanoparticles were prepared
in situ through a simple and cost-effective process that did
not require heating or any other tools for synthesis1,35.

FT-IR analysis:
Fig. 1a displays the characteristic absorption peaks of

the four components; CsMe, PVA and ZnO nanoparticles.
The FT-IR spectrum of the CsMe, a broad peak 3407 cm–1 is
related to the stretching vibrations of -NH and -OH functional
groups36,37. Also, FT-IR spectrum of CsMe includes several
peaks at 1591, 1410 and 1121 cm–1 related to C-O stretch-
ing and the bending modes of the N-H, C-N stretching and
C-OH stretching on the polysaccharide skeleton, respec-
tively31. The FT-IR spectrum of the PVA, a broad peak 3345
cm–1 is related to hydroxyl groups and several peaks at 2921
cm–1 is associated to C-H stretching of CH2, 1416 cm–1 and
1100 cm–1 is related to CH2 scissoring and C-O stretching.
FT-IR spectrum of ZnO nanoparticles includes absorption
peaks at 440 cm–1 associated to Zn-O stretching.

Fig. 1b showed FT-IR spectra of the pure CsMe/PVA hy-
drogel bead and CsMe/PVA/ZnO nanocomposite hydrogel
bead. In Fig. it is showed that the peaks absorption of O-H at
3417 cm–1 and 3345 cm–1 are attributed to intramolecular
hydrogen bond pure hydrogel and nanocomposite hydrogel.
Compared with the FT-IR spectra of pure CsMe/PVA hydro-
gel bead, CsMe/PVA/ZnO nanocomposite hydrogel bead in-
dicated the new peaks in the 400–800 cm–1 regions. These
peaks were attributed to the incorporation of M-O and O-M-
O bonds into the hydrogel.

XRD analysis:
The XRD patterns of the CsMe/PVA/ZnO nanocomposite

hydrogel bead and pure CsMe/PVA hydrogel in the 2 range
of 2–70º are shown in Fig. 2. The diffractogram of CsMe/
PVA/ZnO nanocomposite hydrogel bead is assigned to dif-
fractions at 2 values five peaks of 31º, 34º, 36º, 47º and 56o

which are attributed to the (100), (002), (101), (102) and (103)
crystal planes of ZnO with hexagonal wurtzite structure. All
the peaks match well with those of monoclinic phase ZnO
crystals and confirm the formation of ZnO particles in the

Fig. 1. FT-IR spectra of (a) pure CsMe, PVA and ZnO nanoparticles;
(b) pure CsMe/PVA hydrogel bead and CsMe/PVA/ZnO
nanocomposite hydrogel bead.
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CsMe/PVA hydrogel matrix. None of other peaks can be ob-
served in the XRD pattern that indicate the high purity of
obtained ZnO particles1,39. A wide peak at 20º is due to the
polymer networks.

Scanning electron microscopy (SEM) and energy disper-
sive X-ray spectroscopy (EDX):

Scanning electron microscopy (SEM) was employed for
investigation of the surface morphology of the samples,
shape, size and porosity of the hydrogel matrices. SEM of

the pure hydrogel bead and CsMe/PVA/ZnO nanocomposite
hydrogel beads at ×100,000 magnification are given in Fig.
3. The morphological of surface of the pure CsMe/PVA hy-
drogel bead indicated numerous wrinkles and several cavi-
ties because the hydrogel network collapsed incompletely
during drying. The nanocomposite hydrogel beads of CsMe/
PVA/ZnO showed a smooth and uniform surface morpho-
logy. These results seemed due to interfacial interactions of
ZnO nanoparticles with the CsMe/PVA macromolecules that
the ZnO nanoparticles could contract and hinder the mov-
ability of the CsMe/PVA chains, then changing the surface
morphology. After examining the hydrogels, the nanoparticles
were observed more clearly on the surface of the
nanocomposite hydrogel beads including 0.5% ZnO
nanoparticles content with the particle size range was be-
tween 44 and 63 nm (Sample Zn1) and some aggregation
and bigger particle sizes (51–88 nm) can be seen for the
CsMe/PVA/ZnO nanocomposite hydrogel beads containing
the highest zinc nitrate concentration of 1.5% (Sample Zn3).

Fig. 4 shows the EDX results of CsMe/PVA/ZnO
nanocomposite hydrogel beads. The element information and
distribution of elements in hydrogel structure were obtained
using EDX analysis that indicates the structure of
nanocomposite hydrogel beads contains ZnO nanoparticles.
Four typical elements on the CsMe/PVA/ZnO hydrogel beads
surface are C, O, N, and Zn shown in Fig. 431,38,39.

Antibacterial activity:
The in vitro antibacterial properties of CsMe/PVA/ZnO

nanocomposite hydrogel beads were tested comparatively
against Gram-negative (E. coli) and Gram-positive (S. aureus)
bacteria by disk diffusion test. Inhibition zone under and

Fig. 2. XRD pattern of pure CsMe/PVA hydrogel bead and CsMe/PVA/
ZnO nanocomposite hydrogel bead.

Fig. 3. SEM images of pure CsMe/PVA hydrogel bead (Zn0) and CsMe/PVA/ZnO nanocomposite hydrogel beads with prepared different con-
centrations of zinc nitrate: 0.5% and 1.5% (Zn1 and Zn3).
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around the tested samples for bacterial growth was detected
visually and listed in Table 1. The inhibition zones are pre-
sented in Fig. 5. The results suggest that the ZnO embed-
ded nanocomposite hydrogel beads revealed a more toxic
effect on bacteria than pure hydrogel under similar condi-
tions as evidenced by higher inhibition zone. The antibacte-
rial effect of CsMe/PVA/ZnO nanocomposite hydrogel beads
could be associated to the attachment of ZnO nanoparticles
to the cell wall of bactericides which damages the cell wall
and causing leakage of proteins and other intracellular con-
stituents and ultimately causes cell death40–42. The results
in the Table 1 show that the antibacterial efficiency of the
nanocomposite hydrogels is influenced by the concentration
of the ZnO nanoparticles regardless of the kind of bacterial
used. Hydrogels with more ZnO nanoparticles demonstrate
greater antibacterial properties. From the results, we revealed
that CsMe/PVA/ZnO nanocomposite hydrogel beads showed
better activity towards Gram-negative bacteria than Gram-
positive.

Effect of pH on swelling behavior:
The swelling behavior of the hydrogel beads was stud-

ied in the pH range of 2 to 10 in order to investigate the pH-
sensitivity of the prepared hydrogel beads. As shown in the
Fig. 6, the swelling of all the hydrogel beads increased with
the increase of the pH from 2 to 7, however, it decreased at
higher pH values (pH > 7). With increasing pH from 2 to 7,
carboxyl and hydroxyl groups on the CsMe and PVA chains
converted to negatively charged carboxylate and alkolate
ions, resulting in higher electrostatic repulsion and water
would be taken up43,44. Although we expected to see a rise
in the swelling at higher pH values (pH > 7), but a reducing
pattern observed at pH > 7, the higher concentration of Na+

cations shielded the carboxylate and alkolate ions and pre-

Fig. 4. The EDX of CsMe/PVA/ZnO nanocomposite hydrogel bead.

Table 1. Antibacterial activity data of CsMe/PVA/ZnO
nanocomposite hydrogel beads against E. coli and S. aureus

Sample code Inhibition zone (mm)
E. coli S. aureus

Zn0 0 0
Zn1 9 5
Zn2 13 8
Zn3 17 12

Fig. 5. Antibacterial activity test of CsMe/PVA/ZnO nanocomposite
hydrogel beads against E. coli and S. aureus containing free
of ZnONPs (a), 0.5% ZnONPs (b), 1% ZnONPs (c), 1.5%
ZnONPs (d).
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venting complete anion-anion repulsion and restrain the ex-
tending of the tangled molecular chain of the hydrogel45.

In addition, the results in the Fig. 6 show that ZnO
nanocomposite hydrogel beads revealed a higher swelling
capacity, compared to the neat CsMe/PVA hydrogel. The
improvement of the swelling capacity of the ZnO nanocompo-
site hydrogel beads may be attributed to the presence of
ZnO nanoparticles with different size, morphology and sur-
face charges. Charged ZnO nanoparticles results in the pen-
etration of more water molecules to balance the build-up ion
osmotic pressure, which causes the hydrogel to swell46–48.
Furthermore, formation of ZnO nanoparticles in the hydrogel
network can expand the hydrogel network and increase the
pores and free spaces within the networks and as a conse-
quence adsorbs more water49,50.

Swelling behavior in saline solutions:
The swelling of the superabsorbent composite depends

on the type and valence of the cations. The equilibrium swell-
ing data obtained from the chloride salt solutions of sodium,
calcium and aluminum with same concentration are given in
Fig. 7. As shown, cation charge has a great influence on
swelling capacity. As shown in Fig. 7, multivalent cations
decrease the swelling capacity considerably. This dramatic
decrease in the water absorbency in multivalent cationic so-
lutions could be due to the complexing ability of the carboxy-
late groups with multivalent cations. Formation of intramo-
lecular and intermolecular complexes resulted in an increase
in the crosslinking density of the network. Therefore, absor-
bency for the hydrogel in the studied salt solutions is in the
order of monovalent > divalent > trivalent cations. Similar

Fig. 6. Swelling behavior of ZnO nanocomposite hydrogel beads at different pH values.

Fig. 7. Swelling behavior of ZnO nanocomposite hydrogel beads in different salt cation solutions (the NaCl, CaCl2 and AlCl3 concentrations
were chosen 0.2 M).
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results have been reported in previous studies51. According
to this Fig. ZnO nanocomposite hydrogel beads have rather
higher absorbencies in salt solutions in comparison with pure
hydrogel.

Conclusion
In this project, antibacterial CsMe/PVA/ZnO nanocompo-

site hydrogel beads were prepared based on the combina-
tion of ZnO nanoparticles and biopolymer carboxymethyl
chitosan and poly(vinyl alcohol). Pure CsMe/PVA hydrogel
bead and CsMe/PVA/ZnO nanocomposite hydrogel beads
were successfully synthesized via crosslinking with STPP in
an alkaline medium. Structural details of CsMe/PVA/ZnO
nanocomposite hydrogel beads were provided by FT-IR,
XRD, EDX and SEM analysis. In addition, their swelling be-
havior was studied at various pH values and salt solutions.
XRD and EDX analysis studies confirmed the formation of
ZnO nanoparticles in the hydrogel matrix. SEM micrographs
clearly showed that ZnO nanoparticles with size ranging from
44–88 nm were formed within the hydrogel matrix, and the
number of ZnO nanoparticles increased with the increase of
Zn2+ concentration. The swelling capacity of the ZnO
nanocomposite hydrogel beads was dependent on the abun-
dance of the zinc oxide nanoparticles in the CsMe/PVA hy-
drogel beads. The swelling of the nanocomposite beads in-
creased with increasing the zinc nitrate concentration and is
found to be pH dependent. Swelling capacity for these hy-
drogel beads in salt solutions with the same concentration is
in order of NaCl > CaCl2 > AlCl3. Antibacterial activity of the
prepared nanocomposite hydrogel beads was studied against
E. coli (Gram-negative) and S. aureus (Gram-positive) using
the agar diffusion test. The results showed an excellent anti-
bacterial activity for CsMe/PVA/ZnO nanocomposite hydro-
gel beads. CsMe/PVA has several advantages over Cs/PVA
such as higher swelling and antibacterial activity that other
authors have been reported.

Experimental
Materials:
Chitosan (medium molecular weight and viscosity 200–

800 cp), poly(vinyl alcohol) (PVA, molecular mass of 72000),
monochloroacetic acid (99%), sodium tripolyphosphate
(STPP, technical grade 85%), Zn(NO3)2.6H2O, NaOH and
methanol were purchased from Merck Co. and used as re-
ceived.

Methods:
Preparation of carboxymethyl chitosan:
Carboxymethyl chitosan (CsMe) was prepared using the

following procedure: 5 g of chitosan was dissolved in 20%
w/v NaOH solution for 15 min. 15 g of monochloroacetic acid
was then added dropwise to the mixture with constant me-
chanical stirring for 2 h at T = 40ºC until a homogenous mix-
ture was obtained. The obtained mixture was neutralized with
10% acetic acid, poured into an excess of 70% methanol,
filtered using a G2 sintered glass funnel, and washed sev-
eral times with methanol to remove the residual NaOH and
monochloroacetic acid. Finally, the obtained CsMe powder
was dried in a vacuum oven at T = 55ºC for 8 h.

Preparation of crosslinked CsMe/PVA/ZnO nanocompo-
site hydrogel beads:

CsMe powder was first dissolved in 100 ml distilled water
containing 3 wt% NaOH at ambient temperature with con-
stant stirring overnight until a clear homogeneous solution
was obtained. PVA solution was dissolved in distilled water
with continuous stirring at T = 95ºC for 2 h. After cooling at
ambient temperature, the CsMe solution was combined with
PVA solution by stirring for 2 h in order to obtain a homog-
enous solution of the two polymers. Sodium tripolyphosphate
(STPP) and NaOH were used as the crosslinking agent and
oxidizing agent. The desired amount of Zn(NO3)2.6H2O (0%,
0.5%, 1.0% and 1.5%) were added to the mixture solution
and stirred until a clear homogeneous viscose solution ob-
tained. Thereafter, the solution was extruded in the form of
droplets, using a syringe (2 mm diameter), into an aqueous
solution (400 ml) containing STPP (4 g) and NaOH (3.2 g).
The beads were stayed in the solution for 24 h in order to
crosslink with STPP and also converting Zn2+ ions into
ZnONPs. After the oxidation of the bound ZnO ions, the beads
were washed with distilled water and finally dried under
vacuum for 24 h. The CsMe/PVA/ZnO nanocomposite hy-
drogel beads with 0%, 0.5%, 1.0% and 1.5% of Zn(NO3)2.
6H2O content will be referred to as Zn0, Zn1, Zn2 and Zn3
respectively in following lines.

Characterization and analysis:
Infrared spectra was recorded on a FT-IR spectrometer

(Bruker Instruments, model Aquinox 55, Germany) in the
wave number ranging 4000–400 cm–1 at a resolution of 0.5
cm–1 as KBr pellets. The X-ray diffraction pattern of the
samples were verified with Siemens-D500 diffractometer
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using Cu-k radiation at 35 kV in the scan range of 2 from
2 to 70º and scan rate of 1º/min. All of analyzed samples
were in powdery form. The morphology of the dried neat hy-
drogel and nanocomposite hydrogels was examined by scan-
ning electron microscope (SEM) (TESCAN MIRA) after coat-
ing the dried hydrogels with gold and silver films.

Antibacterial activity:
Antibacterial experiments were studied against both S.

aureus (Gram-positive) and E. coli (Gram-negative) bacteria
by agar diffusion test. For agar diffusion method, samples
exposed to bacteria in solid media (nutrient agar), and the
inhibition zone around samples was determined as the anti-
bacterial effect of ZnO nanoparticles. The agar plates were
inoculated with 100 L spore suspensions of bacteria. The
swelled hydrogels, each of which contained test materials at
the same size were cut and placed on the agar plate, then
incubated with bacterial suspension at 37ºC for 24 h.

Swelling behavior:
Swelling ratio of CsMe/PVA/ZnO nanocomposite hydro-

gel beads were measured according to the previously re-
ported methods33. 0.1 g of powdered CsMe/PVA/ZnO
nanocomposite hydrogel beads were immersed in 50 ml of
aqueous solutions with desired pH at room temperature for
24 h to reach maximum swelling equilibrium. The swelling
ratio of nanocomposite hydrogel beads was determined ac-
cording to eq. (1).

Swelling ratio (SR%) = W2 – W1/W1×100 (1)
where W1 is initial weight of sample, and W2 is the weight of
the sample after swelling for 24 h. To prepare the pH media,
standard HCl (1.0 M) and NaOH (1.0 M) solutions were di-
luted with distilled water to reach the desired acidic and ba-
sic pHs, respectively.

The water absorbency of the hydrogels in aqueous solu-
tions of the salts (0.2 M of NaCl, CaCl2, and AlCl3) was de-
termined in a similar manner.
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