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Copper nanoparticles were synthesized via precipitation technique using the pseudonatural cationic chitosan bio-
polymer as a stabilizing agent. The nanoparticles developed were successfully incorporated into the 1:1 ratio of
blended chitosan: pluronic F127 polymer solution and made their nanocomposite hydrogels by solution casting
method. The formed copper-based nanocomposite hydrogels were characterized by using Fourier transform infra-
red spectroscopy, thermogravimetric analysis, X-ray diffraction, scanning electron microscopy-energy dispersive
spectroscopy and transmission electron microscopy studies. The antimicrobial activity of the fabricated nanocom-
posite hydrogels was tested via an inhibition zone process against both E. coli (gram-negative) and S. aureus
(gram-positive) bacteria. The results conveyed that the copper-embedded chitosan-pluronic\ F127 nanocomposite
hydrogels can be used effectively for antimicrobial applications as well as for wound care applications.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

Currently, the applications of metal nanoparticles (NPs) and their
nanocomposite materials have been majorly reported depending on
their structural and surface characteristics [1,2]. Typically, NPs with an
average one-dimensional size of ≤100 nmhave been examined towards
various applications such as biological, pharmaceutical, chemical
manufacturing, catalysis, environmental technology and energy storage
and conversion [2–6]. The great interest in the field of wound care/anti-
microbial using NPs has incited the synthesis and investigation of NPs
with distinctive nanostructures [7,8]. Inhibition of bacterial growth is
one of themost noteworthy properties inwound care/antimicrobial ap-
plication. The study of inhibition has been facilitated by rapid develop-
ment in synthetic methodology. It has been aided by the synthesis of
NPs with tunable properties such as shape, size and nanostructures ei-
ther on their own or supported with other materials [9,10]. A variety
of NPs and compositematerials have been reported with excellent anti-
microbial activity specifically copper, silver, gold, zinc oxide, platinum
NPs, etc., [10–13]. Among the existing nanomaterials, copper nanoparti-
cles (Cu NPs) have been selected for investigating the antimicrobial
du@gmail.com (T. Jayaramudu),
applications because it has been reported that Cu NPs possess superior
antimicrobial activity compared to the other metal NPs [14,15].

Copper (Cu) is naturally abundant and inexpensive which offer the
facile fabrication of multiple materials. Cu is a 3d transition metal
which possesses impressive physicochemical characteristics. Cu-based
nanocomposite materials have been attracted considerable interest
due to their potential applications in various industrial and technologi-
cal fields [16,17]. However, the use of Cu NPs is restricted by their own
inherent instability under environmental and various reaction condi-
tions, which makes it prone to oxidation. Due to these properties, the
synthesized Cu NPs consisted of different oxidation states that are:
Cu0, CuI, CuII and CuIII [18]. Owing to these oxidation states, many re-
search groups have focused on the synthesis of Cu-based materials for
various applications. Moreover, Nanoscience and nanotechnology en-
hance the utilization of the Cu-based nanomaterials for biomedical/
wound care applications [19,20]. In view of nanotechnology, the Cu
NPs can be prepared by severalmethods, such asmetal vapor synthesis,
sonochemical reduction, thermal reduction and chemical reduction
[21–26]. Among the techniques, chemical reduction is themost popular
technique that offers very good control of their nanostructural charac-
teristics like shape and size. Recently, size-tunable Cu and copper
oxide nanoparticles have been developed via reverse microemulsion
using hydrazine hydrate and sodium borohydride as reducing agents
[27]. However, these materials are not suitable for biomedical
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applications due to the use of toxic solvents and hazardous chemicals as
a reducing agent. To overcome this problem, researchers have intro-
duced the green chemical process. In the green chemical process eco-
friendly, safe and non-toxic chemicals are used [11,28]. Therefore, the
development of Cu NPs based on the green chemical process is consid-
ered as the most appropriate method for wound care applications. Fur-
thermore, Ancient Egyptians used copper vessels for purification of
water and according to scientists, it has been known that copper can de-
stroy a wide range of microorganisms such as E. coli and S. aureus natu-
rally. These two are the most commonly found bacteria in the
environment and are the general source of infection.

Herein, Cu NPs were developed by a facile chemical synthesis process
using ascorbic acid as a reducing agent. The NPs were developed in the
presence of chitosan (CH)which could act as a stabilizing agent and control
the agglomeration of nanoparticles during the formation. The agglomera-
tion was controlled through a coordination bond between the Cu NPs and
amino andhydroxyl functional groups of CHpolymer [29]. The synthesized
CHCu NPs were successfully incorporated into a 1:1 ratio of CH:PF 127
(pluronic F127) blended solution to fabricate the nanocomposite hydrogels
(CPF-CHCu) via solution casting technique. Crystallinity, surface morphol-
ogy and particle size of the developed materials were studied using the x-
ray diffraction, scanning electron microscopy and transmission electron
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Fig. 1. Formation of A) CHCu NPs and B) C
microscopy. The inhibition of bacteria was tested against E. coli and
S. aureus bacteria by using a standard disc method.

2. Materials and methods

2.1. Materials

Chitosan (CH)mediummolecularweightwith a Brookfield viscosity
of 200–800 cP (CAS Number 9012-76-4) and Pluronic F 127 (PF 127)
(CAS Number 9003-11-06) were purchased from Sigma Aldrich
chemicals (Chile, South America). Sodium hydroxide, acetic acid, L-
ascorbic acid, copper sulphate pentahydrate (CuSO4·5H2O) and glutar-
aldehyde were purchased from Merck chemicals (Chile, South
America). All the chemicals were used without further purification
and double distilled water was used throughout the experiment.

2.2. Synthesis of CHCu-based CPF nanocomposite hydrogels

2.2.1. CHCu NPs
Accurately 0.1 g of CHwasweighed and dissolved in 20mL of double

distilled water containing 0.3 mL of acetic acid in a 250 mL round bot-
tom flask and heated to 85 °C. To this solution, 80 mL of an aqueous
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Fig. 2. Swelling ratio studies.
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solution containing 2.5 g of copper sulphate pentahydrate was added
slowly under constant stirring on a magnetic stirrer with 300 rpm
over a period of 30 min. Then, pH of the reaction mixture was adjusted
to ~ 9 by drop by drop addition of 0.5 M sodium hydroxide. During this
moment, the solution colour was changed from light blue to dark blue
and the reactionwas further continued for another 30min for successful
completion of reactionwhich led to thedark blue colour of the entire so-
lution. Then, a certain amount of ascorbic acid (0.625 M) solution was
added in a dropwisemanner and the stirringwas continued for another
30min. Immediately, the solution turned to yellow and then changed to
red at the completion of the reaction. The red colour of the reactionmix-
ture indicates the successful and complete formation of Cu NPs. Fig. 1A
explains the schematic formation of the proposed CHCu NPs. The
formed material was cooled and washed repeatedly with double dis-
tilled water through centrifugation at 8000 rpm. Finally, the obtained
material was dried in a vacuum oven and stored in vacuum desiccator
until used.
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2.2.2. CPF-CHCu nanocomposite hydrogels
Prior to developing CPF-CHCu nanocomposite hydrogels, 1 g of CH

was dissolved in 1% v/v aqueous acetic acid in a 250 mL round bottom
flask at 60 °C for 6 h. After that, the temperature was brought down to
ambient temperature. Then, the round bottom flask was kept in ice-
cold water under constant stirring. Then, 1 g of PF127 was added to the
above solution with constant stirring for another 2 h in order to get ho-
mogeneous CPF blended solution. The Obtained blended solutionwas di-
vided into twoparts andwere taken in 100mL round bottomflask. In one
part 20 mg and in another part 40 mg of CHCu NPs powder was added
and continued stirring to get a homogeneous mixture. The achieved ho-
mogeneous solution was poured into a petri dish and allowed to dry at
ambient temperature. The formed hydrogels were peeled off from the
petri dish and dried in a vacuum oven at 60 °C. The fabricated hydrogels
were labelled as CPF-CHCu1 (20mgof CHCuNPs) andCPF-CHCu2 (40mg
of CHCu NPs) nanocomposite hydrogels, respectively. Fig. 1B shows the
schematic preparation of the nanocomposite hydrogel. In the similar
way the CPF hydrogel was prepared following the above procedure
with 1:1 ratio of CH (0.5 g): PF 127 (0.5 g) without CHCu NPs.

2.3. Characterizations

Attenuated total reflection-Fourier transform infrared (ATR-FTIR)
(UATR two, Beaconsfield, Bucks, UK) spectrometer was used to analyze
the formation of CHCu NPs, CPF and their nanocomposite hydrogels.
FTIR spectra of the samples were recorded in a range from 400 to
4000 cm−1 with 16 average scans on the ATR-FTIR. The crystalline
structure of the synthesized materials was characterized by using the
X-ray diffraction technique (XRD, Bruker D8 using TOPAS 4.2 software)
with Cu Kα radiation source (λ=50.1546 nm) at 15 kV and 50mA. The
scan speed was 2 degree per min and the spectra of 2θ (Bragg angle)
rangewas 5°-80°. Differential scanning calorimetry (DSC) thermograms
of the prepared materials were recorded using a DSC 882e, Mettler To-
ledo instrument at a heating rate of 5 °C /min under constant nitrogen
flow (100mL/min) in the temperature range of 25–300 °C. Thermal sta-
bility of the samples were studied with a thermogravimetric analyser
(TGA) (TGA Q50 thermal analyser, TA Instruments–Waters, LLC, New-
castle, DE) in the temperature range of 25–600 °C with a heating rate
of 10 °C/min under constant nitrogen flow (100 mL/min).
4000 3500 3000 2500 2000 1500 1000 500

2916
1557

1640
28793369

Wavenumber (cm-1)

 CPF

1559
1644

2887
3373

T
ra

n
sm

it
ta

n
ce

 (
%

)

 CPF-CHCu1

1567
1641

28823366

 CPF-CHCu2

)

F-CHCu1 and CPF-CHCu2 nanocomposite hydrogels.



828 T. Jayaramudu et al. / International Journal of Biological Macromolecules 143 (2020) 825–832
The surfacemorphology of the sampleswas observed by using Scan-
ning electron microscopy (SEM) using a JEOL JEM-7500F instrument
(Tokyo, Japan). The samples were gold coated before the SEM analysis
and were scanned at an accelerating voltage of 10 kV. Nanostructural
morphology of the synthesizedNPswas studied from transmission elec-
tron microscopy (TEM) (Tecnai G2 F20FEG and FEI TITAN G2 880-300)
analysis. The NPs were dispersed in the double distilled water (1 mg/1
mL). Two to three drops of the samplewere deposited on a holey carbon
Cu 300 mesh, 50-µm (HC300-CU) TEM grid with the help of a 10 µL
micro pipette and dried on a filter paper at ambient temperature.

2.4. Antimicrobial activity studies

Antimicrobial activity of the preparedmaterialswas studied via inhi-
bition zone method using E. coli and S. aureus bacteria as a gram-
negative and gram-positive bacterium respectively. The test was con-
ducted using a modified agar disc method for 48 h in the incubation
chamber at 37 °C [30]. The nutrient agar medium was prepared by
mixing the known amount of peptone (5.0 g), beef extract (3.0 g) and
sodium chloride (5.0 g) in 1000 mL distilled water. pH was adjusted
to 7.0 by using digital pH meter. Then, a known amount of agar
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Fig. 4. (A) XRD spectra of CH, CPF, CPF-CHCu2 and CHCu NPs, (B) DSC of Pure CH, CPF and C
nanocomposite hydrogel.
(15.0 g) was added to the above solution. The agar medium was steril-
ized in a conical flask at a pressure of 6.8 kg (15 lbs) for 30min. The ster-
ilized medium was transferred into sterilized Petri dishes in a laminar
airflow chamber and allow to solidify. After solidification, 50 µL of the
bacteria culture (gram-positive bacteria, MTCC-7443 and gram-
negative bacteria, MTCC-1668) was spread on the above solid surface
[31]. Then, circular shape Whatman filter paper was dipped in CHCu
(0.4 mg/mL and 0.8 mg/mL) NPs solutions. Similarly, nanocomposite
hydrogels were cut into a circular shape with the help of punching ma-
chine and bothmaterialswere placed on the bacteria culture. Later, they
were incubated for 48 h at 37 °C.

3. Results and discussion

3.1. Water uptake studies

The water uptake study plays a significant role in biomedical appli-
cations. The studies of the developed materials are shown in Fig. 2
which revealed that a number of water molecules absorbed and hold
in their network structure [32]. For this, the certain weight (~40 ±
5 mg) of the prepared hydrogels were cut into a rectangular shape
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and dried in a vacuum oven for 6 h at 60 °C. Then, the dried hydrogels
were immersed in a beaker containing 50 mL of double distilled water
and allowed to swell for a period of 24 h. Weights of the hydrogels
were noted before swelling (dry) and after swelling at equilibrium
and the values are calculated using the below equation:

Water uptake ratio ðSg=gÞ ¼ wo �wd

wd
� 100 ð1Þ
Fig. 5. SEM images of (A) CHCuNPs, (B) CPF-hydrogel, (C) CPF- CHCu2 nanocomposite hydrogel
CHCu NPs, (BI) CPF-hydrogel and (CI) CPF-CHCu2 nanocomposite hydrogel.
Here, Wo and Wd denote the weight of the dry and swollen
hydrogels. The experiment was carried out three times and average
values were taken. From the Fig. 2, the pure CPF hydrogel absorbed
2.5 g/g of water molecules. Whereas, in the case of nanocomposite
hydrogels, the water uptake capacity was completely depended on the
used amount. For example, the CPF-CHCu1 exhibited the 1.2 g/g water
uptake capacity and further it was decreased to 0.7 g/g (CPF-CHCu2).
This behavior was observed due to the enhanced crosslinking network
and (D) Cross-section image of CPF-CHCu2 nanocomposite hydrogel and EDS images: (AI)
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between the CPF blended solution and CHCuNPs.Moreover, this behav-
ior also depends on the filler concentration and porosity [32].

3.2. ATR-FTIR analysis

The FTIR spectroscopy is an effective and easy way to identify the
functional groups of the synthesized material. Structural analysis of
the prepared materials was performed by comparing the ATR-FTIR
spectra of CPF-CHCu2 with those of CH, CHCu and CPF (Fig. 3). From
the Fig. 3A, the pure CH displayed a broad characteristic peak at
3256 cm−1, corresponding to the\\OH and\\NH stretching vibrations
and the peaks at 2922 and 2870 cm−1 were relevant to the\\CH sym-
metric and asymmetric stretching vibrations and the peaks at 1638
and 1548 cm−1 indicated the\\NH2 bending vibrations. The\\CH
bending vibrations were observed at 1401, 1370 and 1309 cm−1. The
peak at 1069 cm−1 specified the skeletal frequency of\\C\\O\\C\\
[24]. The CHCu NPs exhibited a shift and change in the CH characteristic
peaks, especially the\\OH and\\NH stretching vibrations appeared at
3425 cm−1. The observed shifting was majorly due to the formation
and stabilization of Cu NPs. Fig. 3B shows the FTIR spectra of the CPF
and CHCu NPs based CPF-CHCu nanocomposite hydrogels. The CPF hy-
drogel showed the similar peaks of the CH but the peak positions
were changed because of the blending of PF127. For example, the
peak at 3369 cm−1 was associated with the\\OH and\\NH stretching
vibration, 2916 and 2879 cm−1 peaks corresponding to the\\CH sym-
metric and asymmetric vibrations. Peaks at 1640 and 1557 cm−1 corre-
spond to\\NH bending vibrations. Even after the formation of CHCu
NPs based nanocomposite hydrogels displayed similar characteristic
peaks of the CPF with a minor change in their wavenumber. The
upshifting of thepeak inwavenumberwas observedwith the increasing
of CHCuNPs. It can be concluded that the coordination bonds have been
formed in the resultant CPF-CHCu nanocomposite hydrogels.

3.3. X-ray diffraction analysis

XRD analysis explains the crystallinity of materials as crystalline,
semi-crystalline and amorphous. XRD patterns of the pure CH, CPF,
CHCu and CPF-CHCu2 nanocomposite hydrogels were represented in
Fig. 4A. CH is known to be a semi-crystalline polysaccharide material.
Due to this nature, the pure CH displays two well-defined diffraction
peaks at 2θ = 9.55 and 19.86° in their XRD patterns [33,34]. The CHCu
NPs showed three diffraction peaks at 2θ=43.71, 50.77 and 74.48° cor-
responding to the crystalline planes of the face-centered cubic structure
of copper and it was consistent with the data of JCPDS No. 85-1326. The
inset picture clearly showed the CH peaks, were well capped with Cu
NPs, which was confirmed from the FTIR spectra as well (Fig. 3A). The
CPF hydrogel showed similar peaks of CH shown at 2θ = 9.53 and
Fig. 6. TEM images of (A) CHCu NPs an
19.75° apart from this a new peak was observed at 2θ = 23.54 and
32.73° corresponding to the PF127 [35,36]. In the case of CPF-CHCu2
nanocomposite hydrogels showed all the above CPF (inset figure)
peaks with additional diffraction peaks at 2θ = 43.27 (1 1 1), 50.44
(2 0 0) and 74.10° (2 2 0) corresponding to the Cu NPs.

3.4. DSC-TGA analysis

DSC is a useful and well-established technique that can determine
the glass transition temperature of the blended composition. DSC ther-
mograms of the pure CH, CPF and CPF-CHCu nanocomposite hydrogels
were represented in Fig. 4B. The thermogramof chitosan shows two en-
dothermic peaks at 152.3 and 184.89 °C related to the crystallization
temperature and melting temperature of the CH. The CPF showed com-
parable endothermic peaks with changing the temperatures at 186 and
222.1 °C and a new sharp endothermic peak was appeared at 48.71 °C.
The CH endothermic peak shifted to higher temperature due to the
blending of PF127 to CH. On the other hand, CPF-CHCu nanocomposites
exhibited peaks at 44.81, 184 and 215.56 °C. The DSC peaks of CPF
shifted to a lower temperature in CPF-CHCu nanocomposite conveying
that the CPF (chitosan and PF127) chains of complexes can be broken
more easily in the presences of Cu NPs than the pure materials.

Thermal properties such as stability and decompositions were studied
by using TGA analysis as a function of temperature vsweight loss. Fig. 4C
shows TGA curves of CH, PF127, CPF and CPF-CHCu nanocomposite
hydrogels under constant nitrogen flow. Except for PF127, 10% initial
weight loss was observed in the temperate range between 58 and
130 °C. It was due to the evaporation of physically adsorbedwater. The ac-
tual thermal degradation was noticed in the range of 210–382 °C for pure
CH, 350–445 °C for PF 127 and 255–435 °C for the CPF hydrogel. When
compared to PF127, the CPF hydrogel showed lower degradation temper-
ature, possibly due to the formation of crosslinking between the CH and PF
127. The CPF-CHCu nanocomposite hydrogel showed faster degradation
(212–365 °C) than that of CPF hydrogel. This behavior could bemajorly at-
tributed to the surface interaction of Cu nanoparticles and CPF which en-
hanced the heat transfer between the Cu NPs and CPF polymer chains,
respectively. Wael et al. observed a similar trend in the case of solid-state
silver and gold metal nanoparticles supported by cellulose nanocrystals
and developed hybrid materials have been used for catalytic applications
[37]. At the end of the thermal degradation (550 °C), the component ma-
terial was burned off and the leftover material was 35.3% (CH), 0.8%
(PF127), 14.5% (CPF) and 42.1% (CPF-CHCu nanocomposite), respectively.

3.5. SEM and TEM analysis

Nanostructural morphologies of the synthesized materials were
studied using scanning electron microscopy. SEM images of the CHCu
d (B) SAED pattern of CHCu NPs.
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NPs, CPF and CPF-CHCu2 nanocomposites hydrogels were depicted in
Fig. 5. The CHCu NPs showed a spherical structure (Fig. 5A). Whereas
the CPF hydrogels showed smooth surface area (Fig. 5B). The CHCu
NPs dispersed (CPF-CHCu2) nanocomposite hydrogels showed rough
surface morphology (Fig. 5C). Fig. 5D showed the cross-section image
of the CPF-CHCu2 nanocomposite hydrogels. Elemental analysis of all
the samples was shown in Fig. 5. AI-CI and it was studied using the en-
ergy dispersive spectroscopy (EDS). The EDS spectra showed clear
peaks of the Cu NPs. Overall the SEM/EDS analysis demonstrates that
the PF 127 and CHCu NPs were well dispersed in the CH and CPF to
form their corresponding nanocomposite hydrogels, respectively.

Fig. 6 shows the nanostructure morphology of the developed CHCu
NPs, which was studied by using the TEM. From the Fig. 6A the CHCu
NPs were observed in uniform spherical structure with an average di-
ameter of ~8 ± 2 nm and Fig. 6B shows the selected area electron dif-
fraction pattern of the synthesized CHCu NPs.

3.6. Antimicrobial activity

The antimicrobial activity of the developed materials (CHCu NPs,
CPF, CPF-CHCu1 and CPF-CHCu2) was studied against gram-negative
(E. coli) and gram-positive (S. aureus) bacteria using disc method. The
efficiency of antimicrobial activity was measured via an inhibition
zone after 48 h incubation at 37 °C. The antimicrobial activity of CHCu
NPs, CPF, CPF-CHCu1 and CPF-CHCu2 nanocomposite hydrogels are
shown in Fig. 7. The results indicated that the synthesized CHCu NPs
and their nanocomposite hydrogels exhibited significant antimicrobial
activity against both E. coli and S. aureus bacteria, whereas CPF hydrogel
did not show any antimicrobial activity. In contrast, a significant antimi-
crobial activity was observed for the CPF-CHCu2 (E. coli = 1.2 cm and
S. aureus = 1.0 cm) and CHCu NPs (0.8 mg/mL) (for E. coli = 1.8 cm
and S. aureus = 1.65 cm) had the strongest antimicrobial activity
when compared to the CPF-CHCu1 (E. coli = 0.45 cm and S. aureus =
0.35 cm) and CHCu NPs (0.4 mg/mL) (E. coli = 1.3 cm and S. aureus =
0.75 cm), respectively. Overall, the antimicrobial activity of the CHCu
NPs, CPF-CHCu1 and CPF-CHCu2 nanocomposite hydrogels ismainly at-
tributed to the release of Cu NPs. The released Cu NPs inhibit the bacte-
rial growth in two pathways: (1) depolarization of the cell’s membrane
through interaction between the cell’s membrane and Cu NPs which
caused weakening the cell’s outer membrane. (2) Cu2+ ions initiated
after the oxidation of Cu NPs, which are penetrated into the cell’s and
mediated the reactive oxygen species, caused blocking the bacterial
cell’s metabolism resulting in cell death. These results revealed that
the developed materials possessed the strong antimicrobial activity on
both gram-positive and gram-negative bacteria. However, the synthe-
sized materials were exhibited highest antimicrobial activities against
E. coli than the S. aureus. This behavior mainly due to the electrostatic
interaction between the negatively charged bacterial cell membrane
of the E. coli and the positively charged Cu NPs [38]. Deryabin et al., in-
vestigated and reported themechanismbetween the electrostatic inter-
action between E. coli and Cu nanoparticles [39]. As per the reported
literature, the synthesized materials with the zone inhibition of
N1.0 mm could be considered as a good antimicrobial agent [40,41].

4. Conclusion

In this report, we have synthesized chitosan stabilized copper nano-
particles (CHCuNPs) via a facile chemical reduction process using ascor-
bic acid as a reducing agent. The developed nanoparticles were
successfully incorporated into a 1:1 ratio of blended chitosan-pluronic
F127 (CPF) polymer solution and made their nanocomposite hydrogels
by solution casting technique. The developed CHCu NPs and nanocom-
posite hydrogels were analysed by ATR-FTIR, XRD, DSC-TGA, SEM/EDS
and TEM. The ATR-FTIR studies confirmed that the Cu NPs have stabi-
lized with CH during the formation via coordination bond between
the Cu NPs and CH Functional groups. The SEM and TEM studies re-
vealed that the formed nanoparticles have a spherical structure with
an average diameter of ~8± 2 nm. The efficiency of antimicrobial activ-
ity of the fabricated nanocomposite hydrogels was tested via disc
method against both E. coli and S. aureus. The inhibition zone of bacteria
depends on the amount of the Cu NPs. The inhibition zone area in-
creased with the increasing amounts of the Cu NPs. The results con-
veyed that the Cu NPs incorporated chitosan-pluronic F127
nanocomposite (CPF-CHCu NPs) hydrogels can be used effectively in
antimicrobial applications and wound dressing applications.
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