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Abstract

The spread of pathogenic microorganisms in the food, pharmaceutical and active
packaging industries has created serious health and economic challenges. Among
them, zinc oxide (ZnO) nanoparticles have attracted attention as effective
antimicrobial agents; however, particle aggregation and functional limitations limit

their individual application. The aim of this study was to synthesize ZnO
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nanoparticles and prepare ZnO@HA and ZnO@PVP nanocomposites and
comprehensively evaluate their structural, optical and antibacterial properties. ZnO
nanoparticles were synthesized by sol-gel method and nanocomposites were
prepared by solution mixing and polymer coating methods, respectively. The X-ray
diffraction results confirmed the formation of hexagonal wurtzite structure of ZnO
with characteristic peaks at 31.8, 34.4 and 36.3 degrees, indicating the appropriate
phase purity of the samples. The FTIR spectra showed the presence of a
characteristic Zn-O band around 500 cm™ and in the composite samples the presence
of phosphate groups related to HA and organic PVP groups was clearly observed,
indicating the success of the phase interaction. FESEM images showed that pure
ZnO has a nanoscale aggregated granular morphology; while the addition of HA
caused a decrease in particle size and the formation of a dense and uniform
nanostructured network. In contrast, in the ZnO@PVP sample, spherical structures
were observed on the micrometer scale, indicating an increase in particle
aggregation. Optical studies have shown that a characteristic absorption peak of ZnO
appears at around 375 nm. The energy gap values for pure ZnO, ZnO@HA, and
ZnO@PVP were 3.13, 1.75, and 4.13 eV, respectively. The antibacterial test against
"Escherichia coli" showed that ZnO@HA nanocomposite is a promising candidate
for antimicrobial applications, active packaging, and biomedical systems due to its

stable nanometer size, reduced energy gap, and enhanced antibacterial activity.

Keywords: ZnO@HA and ZnO@PVP nanocomposite, antibacterial activity, sol-gel method,

physical and optical characterizations

Introduction

Improving the standard of living and life expectancy is closely linked to health and
adherence to public health principles, which has placed immense responsibility on

various industries, such as the food, active packaging, and pharmaceutical sectors
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[1]. The growth and spread of harmful pathogenic microorganisms not only render
products unacceptable for consumers but also endanger human lives [1-3]. Hospital
infections, foodborne pathogens, skin infections, and microbial-induced
contamination impose huge economic losses and significantly increase mortality [2-
5]. Over the past decades, numerous traditional efforts, including physical and
chemical methods, have been made to eliminate these microbial organisms [6].
However, evolving microbial resistance has caused double concern for societies,
threatening modern medicine and environmental safety [7, 8]. With the emergence
of nanotechnology, highly effective strategies have been proposed to combat these
biological agents. Nanomaterials, cause to their high surface-to-volume ratio, small
size, high penetration capacity, and several simultaneous mechanisms of activity,
provide vastly excellent antimicrobial properties contrast to their bulk counterparts

[9, 10].

Among different engineered nanostructures, zinc oxide (ZnO) nanoparticles have
emerged as a highly appropriate choice for antimicrobial applications. They present
significant advantages due to their broad spectrum of activity, relatively low
cytotoxicity, and cost-effectiveness [11-13]. ZnO can inactivate and destroy the
functional compounds of microbes by producing reactive oxygen species (ROS)
such as free radicals, releasing zinc ions that disrupt cellular systems, and physically
interacting with cells [14-16]. These photocatalytic nanoparticles have found wide
applications in active food packaging, wound dressings, and antimicrobial
formulations [17-21]. However, the effective use of pure, zero-dimensional ZnO
nanoparticles is severely restricted by their functional limitations. Pure ZnO has a
powerful thermodynamic trend for particle agglomeration and aggregation, which
decreases its active surface area and overall effect [22, 23]. Moreover, because of its

noticeable sensitivity to pH, unshielded dissolution in an acidic environment not
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only reduces its antimicrobial properties but also strongly affects user safety and
toxicity [24]. Thus, careful design and engineering through blending, combining,
and composite forming with suitable support matrixes is a critical approach to

prevent aggregation and create strong hybrid properties.

The choice of the matrix plays an essential role in dictating the final characteristics
of the nanocomposite [25]. Hydroxyapatite (HA) is a highly biocompatible and
bioactive inorganic bioceramic that finds wide applications in the biomedical and
packaging industries [26]. HA can provide a long-term, chemically stable inorganic
skeleton, which is different from organic polymers, and can prevent nanoparticle
agglomeration and improve antibacterial activity and stability [26, 27]. In contrast,
organic polymers are extremely outstanding in the field of composites and are often
selected as matrixes cause to their structural organization [28]. In general, polymers
are lightweight, processable, and show a special flexibility along with notable
chemical resistance [29]. Polyvinylpyrrolidone (PVP) is a first example of such an
organic polymer. When ZnO nanoparticles are blend with an organic matrix such as
PVP, the flexible polymer chains give steric hindrance to prevent the agglomeration
of nanoparticles, reduce their toxicity, and facilitate processability [23, 30].
Comparing these two distinct materials—a rigid inorganic bioceramic (HA) and a
flexible organic polymer (PVP)—is vital to understand how different matrix

chemistries influence phase interaction and nanoparticle response.

Therefore, this article aims to investigate the matrix-dependent effects of
polyvinylpyrrolidone (PVP) and hydroxyapatite (HA) on the structural, optical, and
antibacterial characteristics of ZnO nanoparticles. PVP and HA were explicitly
choosing as representative organic polymeric and inorganic ceramic matrixes,
respectively, in order to scrutinize how differences in matrix chemistry could affect

the morphological evolution and properties of ZnO. Through a general evaluation of
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pure ZnO, ZnO@HA, and ZnO@PVP nanocomposites, this study attempts to
address the functional limitations of pure ZnO and highlight the most promising
chose for advanced antimicrobial applications, active packaging, and biomedical

systems.

2. Materials and Methods

2-1. Materials

Zinc acetate dihydrate (Zn(CHsCOO).-:2H20) and sodium hydroxide (NaOH) were
respectively adopted as zinc precursor and precipitating agent. The PVP and HA
were employed as organic polymeric and inorganic ceramic matrices, respectively,
for the preparation of the nanocomposites. Absolute ethanol and deionized water
were hired as solvents. All materials were of laboratory quality and used without

further purification.
2-2. Synthesis Methods

2-2-1. Synthesis of ZnO nanoparticles by the sol-gel method

Zn0O nanoparticles were prepared by a simple sol-gel method according to the
method reported in research studies [31, 32]. First, a 0.1 M solution of zinc acetate
dihydrate was prepared in 100 mL of ethanol/deionized water and continued to be
stirred under magnetic stirring at room temperature until a clear solution was formed.
Then, a 1 M NaOH solution was added dropwise to the solution under vigorous
stirring to establish an OH/Zn*" molar ratio of about 2. With the increase in
hydroxide ions, the hydrolysis process began and a white sol was formed. The
reaction mixture was kept at 50-60°C for 1 h to complete the gelation process.
According to reports, in this temperature range, the reaction of zinc acetate and
NaOH leads to the formation of the hydroxide precursor and then nanocrystalline

Zn0. The resulting precipitate was collected by centrifugation and washed several
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times with deionized water and ethanol. The sample was dried at 80 °C for 12 hours

and then calcined at 400 °C for 2 hours to form ZnO nanoparticles.

2-2-2. Synthesis of ZnO@HA nanocomposite by solution mixing method

The ZnO@HA nanocomposite was prepared by a simple chemical mixing method
that has been reported in studies of bioceramic composites [27]. First, 0.5 g of
synthesized ZnO nanoparticles were sonicated in 100 mL of deionized water for 30
min to obtain uniform dispersion. Separately, the hydroxyapatite powder was
dispersed in the same solvent (ZnO:HA weight ratio = 1:1). Then, the HA suspension
was slowly added to the ZnO suspension and the mixture was magnetically stirred
at 60 °C for 3 h to establish bonding and interaction between the phases. It has been
reported that mixing the solution at a mild temperature result in uniform distribution
of ZnO in HA. Finally, the product was collected by centrifugation, washed with DI
Water and dried at 80 °C for 12 hours to obtain the ZnO@HA nanocomposite.

2-2-3. Synthesis of ZnO@PVP nanocomposite by polymer coating method

The ZnO@PVP nanocomposites were prepared by means of a solution coating
method [30]. In this regard, 1 g of PVP polymer was dissolved in 100 mL of ethanol
under magnetic stirring at room temperature to form a clear solution. Then, 0.5 g of
ZnO nanoparticles were gradually added to the solution. The mixture was sonicated
for 1 h and then, magnetically stirred for 4 h to coat the PVP chains on the surface
of nanoparticles. Finally, the solvent was evaporated at 70 °C and the product was

dried in an oven at 80 °C for 12 h to obtain ZnO@PVP nanocomposite.

2-3. Characterization Methods

XRD, FTIR, FESEM, EDX, Raman, UV-Vis, and agar disk diffusion tests were used

to investigate the properties of the samples.
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3. Results and discussion

3.1. Characterization analyses

X-ray diffractogram of pure ZnO nanoparticles is available in Figure la, which is
illustrated in the 20 ranging from 10 to 80°. Accordingly, several diffraction peaks
appear at 31.8, 34.4, 36.3, 47.6, 56.6, 62.9, 66.5, 67.9, 69.1, 72.8, and 77.1°, which
respectively corresponds to Miller indices of (100), (002), (101), (102), (110), (103),
(200), (112), (201), (004), and (202). In accordance with JCPDS card No. 36-1451,

the aforementioned peaks represent hexagonal wurtzite structure of ZnO [33-35].

Compositing ZnO nanoparticles with HA resulted in some changes in their XRD
pattern. In this regard, the crystalline planes detected for pure ZnO nanoparticles,
including (100), (002), (101), (102), (110), (103), (200), (112), and (201) are also
observed for their counterparts composited with HA (Figure 1b). However,
compositing process gave rise to decrement in their intensity. The diffraction peaks
indicated by asterisk in Figure 1b occur at 20 positions that coincide exactly with
characteristic reflections of hydroxyapatite (Figure 1c), suggesting that they may
arise from overlapping diffraction peaks of ZnO and hydroxyapatite, rather than

being exclusively attributable to ZnO.
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Figure 1. X-ray diffractograms of (a) ZnO, (b) ZnO@HA, (c) pure HA, and (d) ZnO@PVP.
For ZnO@PVP (Figure 1d), in addition to diffraction peaks related to pure ZnO,
additional peaks are also evident, which are located at 20 of 29.5 and 43.0°. Since
these reflections could not be assigned to the hexagonal wurtzite ZnO phase or
crystalline PVP, they may be associated with trace impurities or the formation of
minor secondary phase(s) during the synthesis process. Moreover, some crystalline
planes for instance (004) and (202) disappeared from X-ray diffractogram of
ZnO@PVP composite.

FTIR spectroscopy was another characterization test adopted for identification of
functional groups or chemical bonds within prepared samples. As evidenced from
FTIR spectrum of pure ZnO nanoparticles (see Figure 2), a broad absorption band is
detectable at 3430 cm™!, which is associated with hydroxyl (O-H) groups present in

adsorbed water molecules [36, 37].
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Figure 2. FTIR spectra of pure ZnO nanoparticles and their composites.

In addition, a well-defined peak is found near 500 cm™'. Based on references, metal-
oxygen bonds typically appear in the wavenumber from 400 to 800 cm™' [38, 39]. As
a consequence, the peak near 500 cm™! pertains to Zn-O bond. In the FTIR spectrum
of ZnO@HA composite, in addition to peak demonstrating Zn-O bond, a sharp
absorption band is seen at 1047 cm™!, which is ascribed to the stretching vibration of
PO4* [40]. The peak appears at 1432 cm! is relevant to asymmetric stretching
vibration of carbonate ions (COs>") [40]. Based on references, in hydroxyapatite,
phosphate groups sometimes replace by carbonate [26]. In the FTIR spectrum of
ZnO@PVP composite, the peak related to Zn-O and also the peak exhibiting C-H
group (alkane groups) at 1460 cm™! can be found [41].
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Figure 3. FESEM images of (a,a’) pure ZnQO, (b,b’) ZnO@HA, and (c,c’) ZnO@PVP
recorded at different magnifications.
Morphology of pure ZnO nanoparticles was examined using FESEM analysis.
According to Figure 3a, agglomerated granular-shaped nanostructures of ZnO with
well-separated grain boundaries are evident. The dispersed grains show different
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shape and size (Figure 3a’). Compositing nanostructured ZnO particles with HA
gave rise to the change of their morphology. In this regard, a compact network of
aggregated granular-shaped nanoparticles can be seen for ZnO@HA composite
(Figure 3b). The comparison between Figures 3a’ and 3b’ reveals that incorporation
of ZnO nanoparticles into the HA matrix promoted nanoparticle agglomeration and
resulted in the formation of a more compact and interconnected network. In the
FESEM image of ZnO@PVP composite, bulky spherical-shaped microstructures

(Figure 3c) composed of very small nanoparticles (Figure 3¢”) are detectable.

(a) (b)
304 304 ZnO@HA
251 254
g 20- g 20
= s
é 15- é 151
101 10
51 54

0+ 0-
46 48 50 52 54 56 58 60 62 64 66 68 32 34 36 38 40 42 44 46 48 50 52 54
Particle Size (nm) Particle Size (nm)

(c)

251 ZnO@PVP

204

154

Count (%)

10

54

0_
38 40 42 44 46 48 50 52 54 56 58 60
Particle Size (nm)

Figure 4. Particle size histograms of ZnO nanoparticles and their nanocomposites obtained from
their FESEM images

11


http://dx.doi.org/10.22068/ijmse.4598
https://ijmse.iust.ac.ir/article-1-4598-en.html

[ Downloaded from ijmse.iust.ac.ir on 2026-11-02 ]

[ DOI: 10.22068/ijmse.4598 |

Figure 4 demonstrates particle size histograms of ZnO nanoparticles and their
nanocomposites extracted from their FESEM images. In this regard, the majority of
ZnO nanoparticles exhibit average size of 58 nm. Obviously, compositing ZnO
nanoparticles with each of HA or PVP gave rise to decrement in their particle size
where average sizes of 44 and 51 nm were respectively recorded for ZnO@HA and

ZnO@PVP nanocomposites.
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Figure 5. EDXS patterns of (a) pure ZnO, (b) ZnO@HA, and (c) ZnO@PVP.

In addition to FESEM images, EDXS patterns were recorded for ZnO nanoparticles
and their nanocomposites. As evidenced from Figure 5a showing EDXS pattern of
pure ZnO, the pronounced peak of oxygen (O) element at 0.5 keV and peaks of zinc
(Zn) element at 1.0, 8.5, and 9.5 keV are evident. In the EDXS pattern of ZnO@HA
composite (Figure 5b), the peaks of O and Zn relevant to ZnO and the peaks of O,
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calcium (Ca), phosphorus (P) pertinent to hydroxyapatite are found. Figure 5Sc
reveals EDXS pattern of ZnO@PVP. Accordingly, and in addition to peaks
originating from ZnO, the peaks demonstrating PVP polymer, including carbon (C)
and O, are noticeable. The quantitative results obtained from EDXS patterns of

samples are listed in Tables 1 to 3.

Table 1. The results obtained from EDXS pattern of pure ZnO.

Element | Line | Intensity Error K Kr W% A%
(0] Ka 64.3 43992 | 0.1578 | 0.1281 | 25.38 | 58.16
Zn Ka 72.3 1.0422 | 0.8422 | 0.6834 | 74.62 | 41.84
1.0000 | 0.8115 | 100.00 | 100.00

Table 2. The results obtained from EDXS pattern of ZnO@HA composite.

Element | Line | Intensity Error K Kr W% A%
(0] Ka 242.6 175.3219 | 0.1852 | 0.1226 | 36.81 64.59

P Ka 118.7 85.3768 | 0.0994 | 0.0658 | 8.97 8.13
Ca Ka 228.7 39.8769 | 0.2105 | 0.1394 | 14.72 10.31
Zn Ka 433.0 0.6664 0.5050 | 0.3343 | 39.49 16.96
1.0000 | 0.6621 | 100.00 | 100.00

Table 3. The results obtained from EDXS pattern of ZnO@PVP composite.

Element | Line | Intensity Error K Kr W% A%
C Ka 42.6 121.4362 | 0.0142 | 0.0083 | 4.35 10.11
(0] Ka 959.2 188.3516 | 0.3242 | 0.1888 | 37.26 64.97
Zn La 1897.5 419.3359 | 0.6617 | 0.3853 | 58.38 2491
1.0000 | 0.5823 | 100.00 | 100.00

Raman spectrum of uncomposited ZnO nanoparticles is available in Figure 6.
Accordingly, the sharp Raman peak detectable at 434 cm™! shows E, (High) mode,
which originates from the Raman active optical phonon mode related to the wurtzite

structure of ZnO nanoparticles. Another peak is found at 585 cm!, which
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demonstrates vibration mode of E; (LO) ZnO. The aforementioned peaks reveal that
multiphoton resonances are available in ZnO nanoparticles with a crystalline
structure [42, 43]. In addition to Raman peaks related to ZnO, two peaks are
observed at 1372 and 1603 cm™'. The former, based on literature, could be ascribed
to the carbonate species associated with the interaction between the atmospheric CO:
molecules with ZnO [56]. The latter is assigned to the H-O—H bending (v2) mode of

water molecules [42, 43].

- P-O

gz W Bl

2
Z ZnO@PVP
g ZnO@HA
— ZnO

500 1000 1500 2000 2500 3000 3500
Raman Shift (cm™)

Figure 6. Raman spectra of pure nanostructured ZnO particles and their fabricated
composites.

In the Raman spectrum of ZnO composited with HA, in addition to peaks related to
carbonate species and water molecules respectively at 1372 and 1603 cm™!, another
peak appears near 1000 cm™!, which pertains to symmetric stretching mode of P-O-
P in PO,* ion [27, 44]. Another peak found at about 500 cm™, which is related to
PO,* in a triply degenerate bending mode [27]. Raman spectrum of ZnO@PVP
composite is shown in Figure 6. Accordingly, the peak showing E, (High) mode of
ZnO is evident near 500 cm™'. Besides, two peaks are detected at about 1500 and
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1600 cm™!, which respectively exhibit vibrational mode of C-N and C=0 bonds
within PVP [30].

3.2. Optical properties investigation

In order to examine optical properties of prepared samples, their absorbance UV-
Visible spectra were recorded. In accordance with UV-Visible spectrum of pure ZnO
nanoparticles (Figure 7), a well-defined peak is observed at about 375 nm, which is
characteristic of zinc oxide [45, 46]. Compositing ZnO nanoparticles with HA gave
rise to some changes in their UV-Visible spectrum. In this regard, the peak found at
375 nm is also detected in the UV-Visible spectrum of ZnO@HA composite whose
intensity is less than the one observed for pure ZnO. Like other samples, the
characteristic peak of ZnO at 375 nm also appears in the UV-Visible spectrum of
ZnO@PVP composite, which shows the least intensity compared to pure ZnO and
also ZnO@HA composite.

ZnO@PVP
ZnO@HA
7Zn0O

'\n— ¥

——

Absorbance (a.u.)

200 250 300 350 400 450 500 550 600
Wavelength (nm)

Figure 7. UV-Visible absorbance spectra of pure nanostructured ZnO particles and their

fabricated composites.
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The energy band gap (E,) of pure ZnO nanoparticles and the ones composited with
each of HA or PVP was calculated through plotting their Tauc’s plots (Figure 8). In
Figure 8, a indicates the absorption coefficient. Moreover, #v exhibits the incident
photon energy. By extrapolating x-axis (4v) versus y-axis (ahv)* to zero, the E, value
is obtained [47, 48]. The energy band gap calculated for ZnO, ZnO@HA, and
ZnO@PVP respectively 1s 3.13, 1.75, and 4.13 eV. Unlike ZnO@PVP, ZnO@HA

composite shows E, value less than that of pure ZnO.

ZnO@PVP
ZnO@HA
Zn0O

(ctho)2 (eV.cm'l)2

1.5 2.0 25 30 35 40 45 50 55 6.0
hv (eV)

Figure 8. The Tauc’s plots of pure ZnO nanoparticles and their fabricated composites.

3.3. Antibacterial activity assessment

Figure 9 represents antibacterial activities examined for pure ZnO nanoparticles and
their fabricated composites, including ZnO@HA and ZnO@PVP, against
Escherichia coli (E. coli) bacteria. The measurements were carried out by means of
agar-well disk diffusion analysis. The diameter of zone of inhibition appearing
around each well was assessed as an appropriate parameter for evaluation of

antibacterial activity of samples. As evidenced from Figure 9a exhibiting disk
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diffusion test conducted for pure ZnO, the gray-color inhibition zone is clearly seen,

which testifies antibacterial activity of this sample.

Figure 9. Antibacterial activities measured for (a) pure ZnO, (b) ZnO@HA, (¢) ZnO@PVP,

and (d) chloramphenicol (positive control) against E. coli bacteria using disk-diffusion test.

Compositing ZnO nanoparticles with HA resulted in enhancement in their
antibacterial activity. In this regard, the inhibition zone is obviously detectable
(Figure 9b) whose diameter is more than the one seen for pure ZnO, which implies
higher antibacterial activity of ZnO@HA composite. The comparison between
Figures 9b and 9d reveals that antibacterial activity of ZnO@HA composite is
comparable with chloramphenicol as a commercial antibiotic. Unlike ZnO and

ZnO@HA, no inhibition zone appears for ZnO@PVP (Figures 9¢), meaning that it
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lacks of antibacterial activity. Based on references, antibacterial activity of ZnO
particles relies on their size [49]. As evidenced from FESEM images of ZnO@PVP
composite, it appeared as micro-sized particles. Micro-sized particles typically show
smaller surface areas compared to their counterparts with nanoscale size, which is a
weakness since it diminishes antibacterial activity [12]. On the other hand,
compositing ZnO nanosized particles with HA reduced their size, which improved

their antibacterial activity.

4. Conclusions

In this study, pure ZnO nanoparticles and their composites, including ZnO@HA and
ZnO@PVP, were synthesized in order to scrutinize their antibacterial activities.
Diffraction peaks showing hexagonal wurtzite structure of ZnO were detected in the
XRD patterns of all synthesized composites. Besides, the presence of absorption
band related to Zn-O bond in the FTIR spectra of composites was another evidence
for the presence of ZnO in their structures. FESEM images manifested that unlike
HA whose compositing with ZnO generated nanostructured particles, PVP polymer
produced micro-sized particles. Raman spectroscopy was another characterization
test confirming fabrication of composites where the peaks showing ZnO, HA, and

PVP were detected.

The size of particles of composites significantly affected their antibacterial activities.
In this regard, the diameter of zone of inhibition demonstrated by nanostructured
ZnO@HA composite was higher than the one seen for pure ZnO. On the other hand,
no inhibition zone was detected for ZnO@PVP. The results obtained from this
research exhibit that ZnO@HA composite could act as antibacterial agent

comparable to chloramphenicol antibiotic.
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