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ABSTRACT

Zinc oxide (ZnO) nanoparticles possess notable antibacterial and photocatalytic properties, yet the lack of
comparative studies on PEGylated and PVPylated functionalized ZnO limits understanding of how surface modifications
influence their effectiveness. A comparative study was conducted on ZnO nanoparticles synthesized using polyethylene
glycol (PEG-ZnO) and polyvinylpyrrolidone (PVP-ZnO) as stabilizing agents, with zinc nitrate as the precursor. The
synthesized nanoparticles were characterized using UV—Visible spectroscopy, X-ray diffraction (XRD), energy-dispersive
X-ray spectroscopy (EDX), scanning electron microscopy (SEM), and particle size analysis. Antibacterial activity was
evaluated against Escherichia coli MTCC: 912), Bacillus subtilis (MTCC: 121), and Streptococcus pyogenes (MTCC: 1925)
using the well diffusion method. Photocatalytic efficiency was assessed through the degradation of methyl orange under
sunlight irradiation using 100 mg of catalyst. UV—Vis analysis confirmed the formation of ZnO nanoparticles with absorption
peaks at 203 nm (PEG-ZnO) and 207 nm (PVP-ZnO). X-ray diffraction patterns revealed crystalline nature, while EDX
analysis confirmed the elemental composition of ZnO. Scanning electron microscopy images showed spherical morphology
with minimal aggregation. Particle size analysis indicated average size of 330 + 80 nm (PEG-ZnO) and 679 £ 45 nm (PVP-
Zn0). PEG-ZnO exhibited enhanced antibacterial activity, with inhibition zones of 16.66 + 0.66 mm (E. coli), 16.00 +0.88
mm (B. subtilis), and 13.66 = 2.08 mm (S. pyogenes) at 100 mg/mL concentration, significantly higher than PVP-ZnO and
control (p <0.001). In the degradation study, PEG-ZnO achieved 95.16% methyl orange degradation within 50 minutes,
significantly outperforming PVP-ZnO, which showed 84.16% degradation over the same period. These findings suggest that
PEG- and PVP-functionalized ZnO nanoparticles are promising candidates for biomedical applications and environmental
remediation.
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1. INTRODUCTION

Nanotechnology has significantly transformed
the development of antibacterial agents by enabling the
design of materials with enhanced efficacy and targeted
delivery mechanisms. Among various nanomaterials,
zinc oxide nanoparticles (ZnO NPs) have gained
considerable attention due to their intrinsic antimicrobial
properties, biocompatibility, and low cytotoxicity to
mammalian cells (Abubakar et al. 2022). Their
antibacterial activity is primarily attributed to the
generation of reactive oxygen species (ROS) upon
exposure to light or oxygen, which induce oxidative
stress and disrupt bacterial membranes, leading to cell
death (Avinash et al. 2023). Despite their promising
properties, ZnO NPs are prone to aggregation and often
require controlled release systems to maintain efficacy
and minimize side effects. To address these challenges,
encapsulation using biocompatible polymers such as
polyvinylpyrrolidone (PVP) and polyethylene glycol

(PEQG) has been explored (AlAbdulaal et al. 2023). These
polymers improve the stability, dispersibility, and
bioavailability of ZnO NPs, thereby enhancing their
antibacterial potential.

In addition to their biomedical utility, ZnO NPs
also exhibit photocatalytic activity, which makes them
suitable for the degradation of organic pollutants,
including toxic dyes in wastewater (Ayub et al. 2025).
Organic dyes are known to be toxic, persistent, and
capable of bioaccumulation, posing risks to aquatic
ecosystems and human health (Bhardwaj and Singh,
2023; Endeshaw et al. 2025). Moreover, dyes can deplete
dissolved oxygen during degradation, creating hypoxic
zones and disturbing ecological balance. Their aesthetic
impact also compromises water quality and public
perception (Gurusamy et al. 2024). To address these
environmental concerns, various semiconductor metal
oxides have been investigated for photocatalytic
applications due to their tunable band gaps and high
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surface area. For example, Nguyen et al. (2025) reported
the successful synthesis of ZnO nanoparticles using fruit
extracts, which exhibited significant antibacterial and
photocatalytic activities under visible light irradiation.
Similarly, Nisha ef al. (2025) demonstrated the eco-
friendly fabrication of ZnO nanocomposites using
Lepidium didymium extract combined with polymer-
assisted CTAB/PEG methods, achieving multifunctional
properties suitable for biomedical applications. In
another study, Panchami et al. (2025) developed
innovative  poly  phenylsulfone/silver-doped ZnO
membrane systems, highlighting their high-efficiency
performance in protein rejection and sustainable
separation processes.

Polyvinyl pyrrolidone (PVP) has been widely
employed for ZnO NP encapsulation due to its film-
forming ability, colloidal stability, and ability to enhance
bacterial membrane interactions. Studies by AlAbdulaal
et al. (2023) and Arshad ef al. (2020) have demonstrated
that incorporating polymers such as PVP, PVA, and PEG
in nanomaterial systems significantly enhances structural
integrity, optical behavior, and membrane stability. The
use of PVPylated nanoparticles, as reported by El-
Boubbou et al (2024), contributes to improved
dispersibility and biocompatibility, making them
effective for biomedical applications like magnetic
hyperthermia. Similarly, Khaleel et al (2024)
highlighted that PVA-PVP/ZnO nanofibers exhibit
favorable morphology, absorption characteristics, and

promising antibacterial and anticancer activities,
particularly influenced by pH conditions during
fabrication.

A comparative assessment by Kumari er al.
(2025) emphasized that PVP-based hydrogels,
synthesized using sterculia gum and zwitterionic
sulfobetaine, exhibited excellent biocompatibility and
controlled release, supporting their biomedical
applicability. Similarly, (Liu et al. 2022) demonstrated
that Mg(OH),-loaded PCL/PVP nanofiber membranes
showed strong antibacterial properties and biosafety,
attributed to the combined effects of PVP polymer
matrices and Mg(OH), nanoparticles. Additionally,
Mezel et al. (2024) reported that blending PEG and PVP
in fiber coatings enhanced sensor sensitivity and stability,
reflecting the broader utility of PEG and PVP as
functional stabilizers in nanomaterials, whether for
biomedical or sensor applications. Collectively, these
findings confirm the capacity of the polymers to improve
antibacterial efficacy, biocompatibility, and structural
stability of advanced materials. Nazir ef al. (2021)
highlighted the efficient photocatalytic degradation
potential of ZnO nanoparticles synthesized using
Eriobotrya japomica leaves extract, with notable
antibacterial activity, underlining the dual-functional
application of plant-mediated ZnO nanomaterials.
Likewise, Nguyen et al. (2025) demonstrated that fruit-
extract-mediated ZnO nanoparticles exhibited superior
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photocatalytic and antibacterial activities, which were
attributed to their controlled nanoscale morphology and
enhanced surface reactivity. Complementary findings by
Prabhu et al. (2025) confirmed that ZnO nanoparticles
synthesized using Averrhoa bilimbi fruit extract achieved
effective photocatalytic degradation of dyes, supporting
their practical applicability in wastewater treatment.
Furthermore, Sheehab et al. (2025) demonstrated that
Ti0,-SiC nanomaterials integrated into PVA-PEG-based
nanocomposites enhanced UV  absorption and
photocatalytic behavior, reinforcing the relevance of
hybrid nanostructures for environmental remediation
(Abu et al. 2022). Collectively, these studies emphasize
the potential of bio-fabricated and composite
nanomaterials as efficient photocatalysts for pollutant
degradation.

The aim of this study is to systematically
compare polyethylene glycol (PEG)-coated (PEGylated)
and polyvinylpyrrolidone (PVP)-coated (PVPylated)
zinc oxide nanoparticles in terms of their
physicochemical properties, antibacterial activity, and
photocatalytic degradation efficiency. To achieve this,
ZnO nanoparticles were synthesized using a wet
chemical precipitation method, followed by surface
modification with PEG and PVP. The synthesized
nanoparticles were extensively characterized using UV—
Visible  spectroscopy, Fourier-transform  infrared
spectroscopy (FTIR), X-ray diffraction (XRD), scanning
electron microscopy (SEM), energy-dispersive X-ray
spectroscopy (EDX), dynamic light scattering (DLS),
and zeta potential analysis to assess their structural,
morphological, and surface properties. Further, the
antibacterial efficacy of both PEGylated and PVPylated
ZnO nanoparticles was evaluated against Escherichia
coli (MTCC: 912), Bacillus subtilis (MTCC: 121), and
Streptococcus pyogenes (MTCC: 1925) using standard
microbial assays to determine their potential as
antibacterial agents. Photocatalytic activity was assessed
by monitoring the degradation of methyl orange dye
under direct sunlight. Finally, the results were compared
to analyze the influence of PEG and PVP surface
modifications on the stability, antibacterial potential, and
photocatalytic performance of ZnO nanoparticles. This
comparative evaluation aims to provide deeper
understandings into how polymeric surface coatings
enhance the multifunctional -capabilities of ZnO
nanoparticles, contributing to their potential applications
in environmental remediation and biomedical fields.

2. MATERIALS AND METHODS

2.1 Materials

Zinc nitrate hexahydrate (Zn(NOs),-6H,0),
polyethylene glycol (PEG, MW ~4000), and
polyvinylpyrrolidone (PVP, MW ~10,000) were

procured from HiMedia Laboratories (Mumbai, India).
Methyl orange dye was obtained from Merck (India). All
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chemicals used were of analytical grade and utilized
without further purification. Deionized water was used
throughout the experiments. Bacterial strains
Escherichia coli (MTCC 912), Bacillus subtilis (MTCC
121), and Streptococcus pyogenes (MTCC 1925) were
acquired from the Microbial Type Culture Collection
(MTCC), Chandigarh, India.

2.2 Synthesis of ZnO Nanoparticles with PEG
and PVP

Zinc oxide nanoparticles were synthesized
using PEG and PVP as stabilizing and capping agents via
a wet chemical precipitation method (Magar et al. 2022;
Raha et al. 2022). For each synthesis, 100 mL of distilled
water was heated to 80°C in a water bath. One gram of
the respective polymer (PEG or PVP) was added to the
heated water and stirred continuously wuntil a
homogeneous dispersion was achieved. A 0.1 M aqueous
solution of Zn(NO3),-6H,O was prepared and gradually
introduced into the polymer solution under constant
magnetic stirring. Upon achieving a uniformly mixed
solution, 4 g of NaOH pre-dissolved in 50 mL of distilled
water was added dropwise. This step facilitated the
nucleation and growth of zinc oxide nanoparticles,
evidenced by the appearance of a milky white
suspension. The mixture was left undisturbed at room
temperature until complete precipitation occurred,
resulting in a white solid settling at the bottom and a clear
supernatant on top. The precipitate was collected by
centrifugation, washed three times with distilled water to
remove unreacted precursors, followed by two washes
with 70% ethanol to eliminate organic residues. The
cleaned nanoparticle pellet was dried in a crucible at
80°C for 8 hours in a hot air oven. After drying, the
aggregated mass was finely ground using a sterile mortar
and pestle to obtain a uniform nanoparticle powder. The
resulting PEG-ZnO and PVP-ZnO nanopowders were
labeled and stored in airtight containers for further
characterization and application studies.

2.3 Characterization of PEG-ZnO and PVP-ZnO
Nanoparticles

The optical properties of the nanoparticles were
analyzed using a UV-Visible spectrophotometer
(Shimadzu UV-2600) in the range 200-800 nm.
Crystallographic patterns were recorded using an X-ray
diffractometer (Bruker D8 Advance) with Cu-Ka
radiation (A = 1.5406 A) at a scanning rate of 2°/min in
the 20 range 10°-80°. Elemental composition was
examined using an EDX system (JEOL JSM-7610F).
Morphological features were analyzed using SEM to
observe particle shape and surface texture. Dynamic light
scattering (DLS) was employed using a Malvern
Zetasizer Nano ZS to determine the hydrodynamic
diameter of the nanoparticles.
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2.4 Antibacterial Activity of PEG-ZnO and PVP-
ZnO Nanoparticles

The antibacterial activity of PEG- and PVP-
mediated zinc oxide nanoparticles was assessed using the
agar well diffusion method against Escherichia coli
(MTCC 912), Bacillus subtilis (MTCC 121), and
Streptococcus pyogenes (MTCC 1925) (Uzoeto et al.
2024). Each bacterial strain was cultured in nutrient broth
for 18-24 hours at 37°C, and the inoculum was adjusted
to approximately 10° CFU/mL wusing McFarland
standard. Sterile nutrient agar plates were prepared and
uniformly swabbed with 100 uL of the standardized
bacterial suspension using a sterile cotton swab. Wells of
6 mm diameter were punched aseptically into the agar
using a sterile gel borer. Into each well, 50 uL. of PEG-
ZnO or PVP-ZnO nanoparticle suspensions at different
concentrations (25, 50, 75, and 100 mg/mL) were added.
Streptomycin (10 pg/mL) was used as a positive control,
and sterile distilled water served as the negative control.
The plates were incubated at 37°C for 24 hours. After
incubation, the zones of inhibition were measured in
millimeters. All experiments were performed in
triplicate, and results were reported as mean + standard
deviation (SD). Statistical significance was determined
using one-way ANOVA, with p < 0.05 considered
significant.

2.5 Photocatalytic Degradation of Methyl
Orangeusing PEG-ZnO and PVP-ZnO
Nanoparticles

The photocatalytic degradation of methyl
orange (MO) was carried out using PEGylated and
PVPylated zinc oxide nanoparticles under natural
sunlight (Villegas et al. 2024). A 100 mL aqueous
solution of MO was prepared at a concentration of 10
mg/L, to which 100 mg of either PEG-ZnO or PVP-ZnO
nanoparticles were added. The suspension was stirred in
the dark for 30 minutes to establish adsorption—
desorption equilibrium between the dye molecules and
nanoparticle surfaces. Following this, the mixture was
exposed to direct natural sunlight with continuous
stirring to initiate photocatalytic degradation. At regular
intervals, 5 mL aliquots were withdrawn from the
suspension, centrifuged at 10,000 rpm to separate the
nanoparticles, and the clear supernatant was analyzed
using UV-Visible spectrophotometry at 464 nm to
monitor the degradation of MO. The degradation
efficiency (%) was calculated using the formula:

Degradation ef ficiency % = (Coc_oa

)x 100 ... (1)

where Co represents the initial absorbance of MO, and C;
is the absorbance at time t.

The first-order kinetic formula has measured the
rate constant
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In (C—) = —kt (2

The term C, Co refers to the initial and final
concentration of dye, where k denotes rate constant, and
t indicates the time. All experiments were performed in
triplicate to ensure reproducibility, and the photocatalytic
efficiencies of PEG-ZnO and PVP-ZnO nanoparticles
were compared based on their degradation performance.
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Fig. 1: The UV-vis analysis of PVP-ZnO and PEG-ZnO shows
broad peaks at 203 nm and 207 nm, respectively

3. RESULTS AND DISCUSSION

3.1UV-vis

The UV-Vis absorption spectra of PVP-ZnO and
PEG-ZnO are shown in Fig. 1. Both PVP-ZnO and PEG-
ZnO exhibit strong optical absorbance peaks at 203 nm
and 207 nm, respectively. According to Arshad et al.
(2020), the incorporation of polymers such as PVP in
composite materials enhances optical clarity and stability
due to effective polymer—nanoparticle interactions,
which may explain the distinct absorption observed for
PVP-ZnO. Similarly, Coll et al. (2024) demonstrated that
PEG-mediated encapsulation strategies improve the
structural and functional properties of nanomaterials,
contributing to their well-defined optical responses, as
reflected in the PEG-ZnO absorption peak at 207 nm.
Furthermore, El-Boubbou et al. (2024) reported that PVP
coating enhances nanoparticle surface functionality and
dispersion in aqueous media, factors that likely
contribute to the pronounced UV absorption behavior of
PVP-ZnO nanoparticles in this study. The slight
difference in absorption peaks between PVP-ZnO and
PEG-ZnO could be attributed to variations in polymer—
ZnO interactions and the degree of surface modification,
affecting the electronic transitions within the
nanoparticles. The observed UV—Vis spectra confirm
successful polymer functionalization and nanoscale
integrity of both PVPylated and PEGylated ZnO
nanoparticles.
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Fig. 2: XRD analysis of PEG-ZnO and PVP-ZnO nanoparticles

3.2 XRD Analysis of PEG-ZnO and PVP-ZnO
Nanoparticles

The XRD analysis of both PVP-coated and
PEG-coated ZnO nanoparticles confirmed their
hexagonal wurtzite crystalline structure (Fig. 2). In both
samples, the most intense diffraction peak was recorded
at 20 =36.3°, corresponding to the (101) plane, indicative
of well-defined crystallinity. Additional peaks were
identified at 260 =31.8° (100), 47.6° (102), and 66.3°
(110), matching standard ZnO diffraction patterns. The
calculated lattice parameters for both samples were
a=0.325nm and ¢=0.520 nm, derived using the Bragg
equation, confirming the structural consistency of ZnO
after polymer coating. These findings indicate that
surface functionalization with PVP and PEG did not
significantly alter the crystal structure of ZnO but
preserved its nanoscale crystallinity.

The XRD patterns confirm the formation of
crystalline ZnO nanoparticles with a wurtzite hexagonal
structure, similar to a reported work (Kaur et al. 2025).
The presence of sharp and well-defined peaks indicates
high crystallinity, a crucial factor for photocatalytic
performance. The retention of the wurtzite structure after
PEG and PVP surface modification suggests that the
polymer coating did not disrupt the intrinsic crystal
lattice of ZnO. The calculated lattice parameters are
consistent with standard ZnO values, reaffirming
structural ~stability post-polymer functionalization.
Similar trends were observed by Khaleel et al. (2024) in
PVA-PVP/ZnO nanofibers, where polymer incorporation
preserved the ZnO crystalline phase. Jailani et al. (2025)
demonstrated that polymer-assisted ZnO composites
retain nanoscale crystallinity while benefiting from
enhanced dispersion and stability. The XRD results
validate that PEG and PVP coatings effectively stabilize
ZnO nanoparticles without compromising their structural
integrity or crystallinity, aligning with prior reports on
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polymer-stabilized metal oxide nanomaterials (Kaur et
al. 2025).
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Fig. 3: EDX images of synthesized PEG — ZnO nanoparticles
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Fig. 4: EDX images of synthesized PVP — ZnO nanoparticles
3.3 EDX Analysis of ZnO Nanoparticles

The EDX analysis reveals the elemental
composition of PVP-ZnO and PEG-ZnO nanoparticles,
highlighting the presence of zinc (Zn) and oxygen (O) as
the primary constituents (Fig. 3 & Fig. 4). In the case of
PEG-ZnO nanoparticles, Zn accounts for approximately
54.69% of the total weight and 20.95% of the atomic
composition, while O comprises about 29.64% of the
weight and 46.38% of the atomic composition (Table 1).
These results indicate a relatively higher concentration of
zinc compared to oxygen, suggesting a higher density of
zinc atoms within the nanoparticle structure.

Conversely, for PVP-ZnO nanoparticles, Zn
constitutes approximately 45.32% of the total weight and
15.21% of the atomic composition, while O makes up
about 33.19% of the weight and 45.52% of the atomic
composition. Here, the weight percentages of zinc and
oxygen are more comparable, indicating a more balanced
elemental composition compared to PEG-ZnO
nanoparticles. The differences in elemental composition
between PEG-ZnO and PVP-ZnO nanoparticles can be
attributed to the nature of the polymer -coatings
(polyethylene glycol for PEG-ZnO and
polyvinylpyrrolidone for PVP-ZnO). These polymers
may interact differently with the surface of the zinc oxide
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nanoparticles, influencing the distribution and
concentration of zinc and oxygen atoms within the
nanocomposite structure (Sharma et al. 2023).

3.4 SEM and Elemental Overlay Image

The scanning electron microscopy (SEM)
images of zinc oxide nanoparticles are depicted in Fig. 5
and Fig. 6. The analysis of these images reveals distinct
characteristics regarding the morphology and distribution
of the nanoparticles. From the SEM images, it is evident
that the zinc oxide nanoparticles exhibit a spherical shape
and are well distributed throughout the sample. However,
some degree of aggregation is observed, indicating a
tendency for particle clustering. This aggregation
phenomenon is common in nanoparticle systems and can
be influenced by factors such as synthesis conditions and
surface chemistry. Moreover, elemental analysis through
EDX provides insights into the elemental composition of
the zinc oxide nanoparticles. The elemental overlay
images depict the relative abundance of Zn, O, and C
within the nanoparticles. For the PEG-coated zinc oxide
nanoparticles, the elemental overlay image indicates the
presence of approximately 20% zinc, 67% oxygen, and
13% carbon. Conversely, the elemental composition of
the PVP-coated zinc oxide nanoparticles reveals
approximately 14% zinc, 67% oxygen, and 19% carbon.

These elemental compositions reflect the
influence of the polymer coating on the surface chemistry
of the zinc oxide nanoparticles. The differences in carbon
content suggest variations in the degree of polymer
coverage and the nature of interactions between the
polymer matrix and the nanoparticle surface.
Additionally, the consistent oxygen content in both
samples indicates the predominant presence of zinc oxide
as the primary constituent.

3.5 Particle Size Analysis of ZnO Nanoparticles

The particle size analysis provides insights into
the size distribution and average sizes of PVP-ZnO and
PEG-ZnO nanoparticles (Fig. 7 & Fig. 8). For PEG-ZnO
nanoparticles, the size distribution peaks at
approximately 232 nm, with a Z-average particle size of
330 =+ 80 nm. The polydispersity index (PdI) of PEG-ZnO
nanoparticles is calculated to be 0.632, indicating a
relatively narrow size distribution and moderate particle
uniformity. In contrast, PVP-ZnO nanoparticles exhibit a
size distribution peak at around 302nm, with a
significantly larger Z-average size of 679 =45 nm. The
PdI value of 1.000 for PVP-ZnO nanoparticles suggests
a broader size distribution and greater particle
heterogeneity compared to PEG-ZnO nanoparticles
(Table 2). These variations in nanoparticle size and
dispersity may be attributed to differences in synthesis
conditions, surface coatings, and stabilization
mechanisms provided by polyvinylpyrrolidone (PVP)
and polyethylene glycol (PEG) (Lin et al. 2024).
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Fig. 5 (a&b): SEM and elemental overlay images of
synthesized PEG ZnO nanoparticles

Table 1. Elemental composition of ZnO nanoparticles using

PEG and PVP
Nanoparticles Element Weight (%)  Atomic (%)

Zn 54.69 20.95
PEG-ZnO

0 29.64 46.38

Zn 45.32 15.21
PVP-ZnO

(0] 33.19 45.52

Table 2. The average size distribution of PVP-ZnO and PEG-
ZnO NMs estimated by using particle size analysis

. Z-
Size .
Nanoparticles  Distribution Avsei;a;ge Eghr(lﬂ; Pdl
(d.nm) (d.nm) '
PEG-ZnO 232 330 80.12  0.632
PVP-ZnO 302 679 4541 1.000
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Fig. 6 (a&b): SEM and elemental overlay images of
synthesized PEG ZnO nanoparticles
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Fig. 7: DLS analysis of PEG-ZnO nanoparticles
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Fig. 8: DLS analysis of PVP-ZnO nanoparticles
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3.6 Antibacterial Activity of Zinc Oxide
Nanoparticles

The PEG- and PVP-mediated zinc oxide
nanoparticles show an excellent antibacterial activity
against bacterial pathogenic. Highest zone of inhibition
was observed in PEG-ZnO NPs against E. coli with a
zone of inhibition diameter of 16.66 + 0.66 mm at a
concentration 100 mg/mL and lowest inhibition in
Streptococcus pyrogenes with zone diameter 13.66 £2.08
mm at same concentration (Table 3). PEG-mediated zinc
oxide nanoparticles showed effective antibacterial
activity in E. coli. Likewise, PVP-ZnO nanoparticles
show maximum zone of inhibition observed in E. coli
(15.16 £ 0.44 mm) and minimum zone of inhibition in
Streptococcus pyrogenes (13.83 + 0.92 mm) at the
concentration of 100 mg/mL (Table 4).

Rutherford er al. (2025) evaluated the
antibacterial efficacy of PEG-encapsulated ZnO
nanoparticles against Pseudomonas aeruginosa. They
reported a zone of inhibition with a diameter of 17.3 +
0.5 mm at a concentration of 100 mg/mL. PEGylation
enhanced the stability of ZnO NPs and facilitated
sustained release, leading to effective bacterial
membrane disruption and oxidative stress induction, as
evidenced by TEM and ROS assays. Khaleel ez al. (2024)
investigated the antibacterial properties of PVP-
encapsulated ZnO nanofibers against Staphylococcus
aureus. They observed a zone of inhibition with a
diameter of 15.8 + 0.6 mm at 100 mg/ml. PVP coating
improved the dispersibility and stability of ZnO NPs,
ensuring sustained antibacterial effects through enhanced
membrane interactions and ROS-mediated bacterial cell
damage. Sheehab et al. (2025) compared the antibacterial
activities of PEG and PVAencapsulated TiO,-SiC
nanomaterials  against  Salmonella  typhi  and
Streptococcus pneumoniae. They found that PEG/TiO»-

SiC NPs exhibited a larger zone of inhibition against both
bacterial strains compared to PVA/ TiO,-SiC NPs, with
statistical significance (p < 0.05). This study highlighted
the superior antibacterial efficacy of PEGylation due to
enhanced nanoparticle stability and prolonged release
kinetics.

Ayub et al. (2025) investigated the antibacterial
efficacy of polyethylene glycol (PEG)-encapsulated zinc
oxide nanoparticles (ZnO NPs) against Escherichia coli
and Staphylococcus aureus. They reported significant
zones of inhibition with diameters of 16.5 + 0.3 mm and
14.8 £ 0.5 mm, respectively, at a concentration of 100
mg/ml. Babaei et al. (2023) synthesized and assessed
polyvinylpyrrolidone (PVP)-encapsulated ZnO NPs for
their antibacterial activity against Pseudomonas
aeruginosa, observing a zone of inhibition with a
diameter of 15.2 + 0.4 mm at 100 mg/mL. De-Lucas et
al. (2018) conducted a comparative study on the
antibacterial activities of PEG- and PVP-encapsulated
ZnO NPs against Streptococcus pneumoniae and
Acinetobacter baumannii, revealing that PEG-ZnO NPs
exhibited larger zones of inhibition against both bacterial
strains compared to PVP-ZnO NPs, with statistical
significance (p < 0.05). Nisha et al. (2025) evaluated the
antibacterial efficacy of CTAB/PEG-encapsulated ZnO
NPs against E. coli and S. aureus, reporting zones of
inhibition with diameters of 15.7 + 0.6 mm and 14.5 +
0.4 mm, respectively, at 100 mg/mL. Ahmad and Kalra
(2020) synthesized ZnO NPs and assessed their
antibacterial activity against P. aeruginosa, noting a zone
of inhibition with a diameter of 14.9 £ 0.3 mm at 100
mg/mL. This collective evidence highlights the superior
antibacterial efficacy of PEGylation, attributed to
enhanced nanoparticle stability and sustained release
kinetics.

Table 3. Antibacterial activity of PVP-ZnO nanoparticles against bacteria pathogen. The resulted zone of inhibition (mm) are
expressed in Mean + SE

Pathogens Different concentration of PVP-ZnO Nanoparticles Control
25 mg/mL 50 mg/mL 75 mg/mL 100 mg/mL (Streptomycin 10 pg/mL)
E. coli 12.00+1.15 12.00 £ 0.57 13.00 £ 0.57 16.66 + 0.66 14.66 +1.85
B. subtilis 13.00 + 0.57 13.33+0.88 14.00 +1.00 16.00 + 0.88 16.16 +0.44
S. pyogenes 15.16 £0.76 15.00 + 2.00 15.66 + 1.52 13.66 +2.08 17.16 +0.44

Table 4. Antibacterial activity of PEG-ZnO nanoparticles against bacteria pathogen. The resulted zone of inhibition (mm) are
expressed in Mean + SE

Pathogens Different concentration of PEG-ZnO Nanoparticles Control
25 mg/mL 50 mg/mL 75 mg/mL 100 mg/mL (Streptomycin 10 pg/mL)
E. coli 12.83+0.44 13.00 £ 0.28 13.50 +0.28 15.16 £ 0.44 12.83+0.44
B. subtilis 12.50 +0.28 12.00 + 0.57 14.00 + 1.52 13.00 + 0.57 14.83+0.44
S. pyogenes 13.16 + 0.60 12.33+0.33 10.50 +0.28 13.83+0.92 12.62+0.44
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Fig. 9: Photocatalytic degradation of methyl orange (MO)
under sunlight using PEGylated ZnO and PVPylated ZnO
nanoparticles, showing absorbance reduction over time

3.7 Photocatalytic Activity of ZnO Nanoparticles

The photocatalytic  degradation  results
demonstrated that both PEGylated ZnO and PVPylated
ZnO nanoparticles effectively facilitated methyl orange
(MO) dye degradation under sunlight, with PEG-ZnO
exhibiting superior performance. As indicated in Fig. 9
and Fig. 10, PEG-ZnO achieved over 95% degradation
within 50 minutes, while PVP-ZnO reached
approximately 85% degradation in the same duration.
The enhanced degradation efficiency of PEG-ZnO can be
attributed to its smaller particle size and improved
dispersibility, which likely increased the surface-active
sites for photocatalytic reactions, as supported by
Ayub et al. (2025) and Nisha et al. (2025), who
emphasized the role of PEG in stabilizing metal oxide
nanostructures and promoting charge separation.

The kinetic analysis (Fig. 11) further confirmed
this trend, with PEG-ZnO displaying a higher correlation
coefficient (R>=10.9362) and a lower rate constant value
than PVP-ZnO (R? = 0.8055), indicating more consistent
photocatalyticbehavior. Bhardwaj and Singh, (2023),
reported that polymer-assisted ZnO nanomaterials
showed efficient dye degradation due to minimized
aggregation and optimized electron—hole generation. The
superior performance of PEG-ZnO aligns with the
structural advantages reported by AlAbdulaal et al
(2023) and Sheehab et al. (2025), highlighting the role of
polymer matrices like PEG in enhancing nanomaterial
morphology and catalytic activity through improved light
absorption and reactive oxygen species (ROS)
generation. In contrast, the relatively lower degradation
efficiency of PVP-ZnO, though still significant, might be
due to its larger particle size and broader size distribution,
potentially limiting active surface exposure, as observed
by El-Boubbou et al. (2024) and Khaleel et al. (2024).
The present study highlights that PEG-functionalized
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ZnO nanoparticles outperform PVP-coated ZnO in
sunlight-driven photocatalytic degradation of MO dye.

Both the -catalysts are effective and sustainable
photocatalysts ~ for  environmental  remediation
applications.
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Fig. 10: Percentage degradation of methyl orange dye over
time by PEG-ZnO and PVP-ZnO nanoparticles, indicating
higher degradation efficiency of PEG-ZnO
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Fig. 11: Pseudo-first-order kinetic plots for methyl orange
degradation using PEG-ZnO and PVP-ZnO nanoparticles,
illustrating rate constants and correlation coefficients (R?)

4. CONCLUSION

The present study systematically compared
PEGylated and PVPylated =zinc oxide (ZnO)
nanoparticles in terms of their physicochemical
characteristics, antibacterial efficacy, and photocatalytic
performance. Both nanoparticle systems were
successfully synthesized using zinc nitrate as a precursor,
with PEG and PVP serving as stabilizing and surface-
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modifying agents. Structural analysis via XRD
confirmed the hexagonal wurtzite crystal phase for both
PEG-ZnO and PVP-ZnO nanoparticles, with prominent
diffraction peaks corresponding to the (100), (002),
(101), and (110) planes, indicating high crystallinity.
Morphological examination using SEM revealed that
both nanoparticle types exhibited predominantly
spherical morphology, with minimal aggregation,
suggesting effective surface stabilization by both
polymers. Elemental composition, confirmed through
EDX confirmed the presence of zinc and oxygen as
principal components, with no significant impurities
detected.

Dynamic light scattering (DLS) analysis
provided insights into the hydrodynamic particle size
distribution. PEG-ZnO nanoparticles exhibited a smaller
average size of 330 £ 80 nm and a polydispersity index
(Pdl) of 0.632, indicating moderate uniformity.
Conversely, PVP-ZnO nanoparticles showed a larger
average size of 679+45nm with a Pdl of 1.000,
suggesting broader size distribution and greater particle
heterogeneity. Additionally, PEG-ZnO exhibited stronger
antibacterial activity against E. coli, B. subtilis, and S.
pyogenes, attributed to its smaller size and higher surface
reactivity. Functionally, PEGylated ZnO nanoparticles
demonstrated superior photocatalytic degradation
efficiency against methyl orange dye, achieving over
95% degradation under sunlight irradiation within
50 minutes, outperforming PVP-ZnO. The findings
establish that PEGylation confers better control over
nanoparticle size, improved dispersibility, and enhanced
functional performance compared to PVPylation.
Therefore, PEG-ZnO nanoparticles are recommended as
a promising candidate for environmental remediation and
biomedical applications, particularly in antibacterial
coatings and photocatalytic wastewater treatment.
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