Polymer Bulletin
https://doi.org/10.1007/500289-025-05874-5

ORIGINAL PAPER

®

Check for
updates

Self-polymerization of dopamine-coated zinc oxide
as a potential antibacterial nanoparticle with molecular
docking analysis

Yasin Albarqouni'? - Miah Roney** - Kwok Feng Chong? -
Mohammad R. Thalji® - Gholamhassan Najafi® - Arman Abdullah’

Received: 2 September 2024 / Revised: 1 June 2025 / Accepted: 4 June 2025
© The Author(s) 2025

Abstract

The escalating prevalence of multidrug-resistant bacteria on medical surfaces neces-
sitates the development of innovative antibacterial strategies. In this study, we report
synthesizing and evaluating zinc oxide nanoparticles functionalized with polydo-
pamine (ZnO/PDA) as a potent antibacterial agent, exhibiting notable efficacy at a
low concentration of 5 mg/mL. Structural and morphological analyses confirm the
successful surface decoration of ZnO with PDA, yielding a distinctive popcorn-like
architecture that facilitates bacterial growth inhibition. Antibacterial assays con-
ducted against Bacillus cereus (Gram-positive) and Escherichia coli (Gram-nega-
tive) demonstrate superior activity against both strains, outperforming previously
reported ZnO-based systems. Hemocompatibility assessments reveal excellent blood
compatibility, with a hemolysis rate of only 1.13%, underscoring the nanocompos-
ite’s potential for biomedical applications. To probe molecular interactions, in silico
docking studies are performed targeting key virulence proteins: Q81BN2_BACCR
from B. cereus and DHOase from E. coli. The ZnO/PDA nanocomposite exhibits
strong binding affinities, with docking energies of —10.3 kcal/mol and —8.4 kcal/
mol, respectively, surpassing those of clindamycin, a clinically used antibiotic. The
antibacterial activity of ZnO/PDA is likely mediated through multiple mechanisms,
including; direct physical disruption of the bacterial membrane by its nanostruc-
ture and molecular level interference via protein binding and generation of reac-
tive oxygen species (ROS) by ZnO may further contribute to microbial inactivation.
While this study primarily evaluates antibacterial efficacy, integrating biocompat-
ibility, structural robustness, and scalable synthesis highlights the promise of ZnO/
PDA nanocomposite for next-generation antimicrobial coatings. Future prioritizes
comprehensive cytotoxicity assessments and mechanistic studies to advance clinical
translation.
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Introduction

Toxigenic spore-forming bacteria, such as Bacillus cereus and Clostridium species,
exhibit exceptional resistance to environmental stresses, including desiccation, radi-
ation, chemical disinfectants, and heat [1-4]. This resilience renders conventional
sanitation and pasteurization techniques ineffective for spore inactivation, posing a
significant challenge to food safety and public health [5, 6]. Compounding this issue
is the alarming rise of multidrug-resistant (MDR) bacterial strains, largely driven
by the widespread and often indiscriminate use of antibiotics [7]. The global health
threat posed by antibiotic resistance is escalating rapidly, with projections indicating
that annual mortality may reach 10 million by 2050 if effective countermeasures are
not implemented [8].

In response to this crisis, nanotechnology has emerged as a promising frontier for
next-generation antimicrobial strategies. Engineered nanomaterials, such as silver,
gold, and metal oxide nanoparticles (NPs) [9—11], have demonstrated broad-spec-
trum antibacterial efficacy through diverse mechanisms, including reactive oxygen
species (ROS) generation, membrane disruption, and protein inactivation. Among
these, zinc oxide (ZnO) NPs have garnered substantial attention due to their low
cost, abundance, chemical stability, and inherent biocompatibility [12—-18]. ZnO
NPs have exhibited strong antimicrobial activity against a wide array of Gram-pos-
itive and Gram-negative pathogens [19-27]. Despite these advantages, the clinical
and environmental deployment of ZnO remains constrained by several limitations.
These include (i) Suboptimal efficacy against biofilm-forming bacteria, (ii) Vari-
able activity across microbial species, and (iii) Cytotoxicity associated with excess
release of free Zn?* ions [28-30]. For instance, Habib et al. [31] demonstrated
that the co-administration of ZnO NPs with conventional antibiotics significantly
enhanced antibacterial activity against Staphylococcus aureus, with a 17 mm zone
of inhibition compared to 12 mm for E. coli. The study also revealed synergistic
reductions in the minimum inhibitory concentrations (MICs) of six antibiotics, and
substantial inhibition of bacterial biofilms, rising from 34 to 37% with antibiotics
alone to 65-85% when combined with ZnO NPs.

In another study, Sharma and Ghose [32] reported a dose-dependent antifungal
activity of ZnO NPs against Candida albicans, with inhibition zones ranging from
1.5 to 11.4 mm depending on NPs concentration. Despite the promising antimicro-
bial efficacy of ZnO, a critical limitation lies in the cytotoxicity associated with the
release of unbound Zn?* ions. Thunugunta et al. [31] conducted a comparative study
revealing that both ZnO NPs and free Zn?* ions exert toxic effects, emphasizing the
need to decouple antibacterial potency from potential biosafety risks. While Zn**
ions release is central to microbial inactivation, it may simultaneously impose phy-
totoxic effects, particularly on meristematic plant tissues. These adverse effects are
proposed to occur through multiple mechanisms, including disruption of cell wall
integrity, inhibition of mitotic spindle formation, and the induction of oxidative
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stress pathways [33]. Such toxicity concerns are further exacerbated by the ultras-
mall size (<25 nm) of ZnO NPs, which facilitates cellular uptake and enhances ion
release rates [34, 35].

Recent strategies have increasingly focused on surface functionalization of ZnO
NPs with organic or inorganic moieties to mitigate cytotoxicity and enhance antibac-
terial efficacy, particularly against biofilm-forming pathogens. Modulating particle
size or tailoring surface chemistry has been shown to reduce the release of free Zn>*
ion, thereby enhancing antimicrobial performance [36, 37]. In this context, surface
coatings such as polydopamine (PDA) have emerged as particularly advantageous.
PDA not only improves the biosafety profile of nanomaterials but also modulates
ion exchange kinetics and augments antibacterial and anti-biofilm activities. These
advancements represent a promising avenue to balance efficacy with biosafety in
ZnO-based antimicrobial systems. PDA is a mussel-inspired, highly versatile, and
biocompatible polymeric material with extensive applications in biomedicine and
nanotechnology due to its insolubility, adhesion properties, and functional surface
chemistry [38—45]. It exhibits controlled drug-release capabilities and intrinsic anti-
bacterial activity, enhancing both chemical and physical bactericidal mechanisms
[46]. Notably, its unique physicochemical features, including superior absorbability
and anionic tunability under acidic conditions, enable effective bacterial entrapment
[47]. Furthermore, it has been shown to physically interact with microbial mem-
branes, disrupting key protein functions and promoting apoptosis, thereby amplify-
ing its antimicrobial action [48]. These properties underscore PDA’s potential as a
strategic modifier for nano-systems, offering benefits such as size control, improved
biocompatibility, and enhanced antibacterial and anti-fouling performance when
integrated with metal oxides like ZnO [49].

In this study, ZnO NPs were synthesized via a sol-gel method and subsequently
functionalized with PDA through a facile self-polymerization approach. The resulting
ZnO/PDA nanocomposite was comprehensively characterized using ultraviolet—visible
(UV-Vis) spectroscopy, Fourier-transformed infrared spectrometer (FT-IR), X-ray dif-
fraction (XRD), and field-emission scanning electron microscopy (FESEM), confirming
successful functionalization and retention of ZnO’s crystalline framework. The antimi-
crobial performance of the composite was evaluated against Bacillus cereus and E. coli
using both in vitro assays and in silico molecular docking studies. Minimum inhibitory
concentrations (MIC) and minimum bactericidal concentrations (MBC) were deter-
mined to quantify the inhibitory and bactericidal efficiency of the ZnO/PDA nanocom-
posite, especially at low-dose conditions.

Materials and methods

Materials

Zinc acetate dihydrate (CH;COO),Zn-2H,0, oxalic acid (H,C,0,), and ethanol were
purchased from Sigma-Aldrich. Dopamine-d4 hydrochloride (CgHgD,CINO,) was

purchased from Santa Cruz Biotechnology. Mueller—Hinton Agar (MHA) was pro-
cured from Thermo Fisher Scientific.
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Synthesis of ZnO/PDA nanocomposite

ZnO NPs were synthesized via a sol-gel method as previously described [50].
Briefly, 50.1 mmol of zinc acetate dihydrate was dissolved in 300 mL of ethanol and
refluxed at 60 °C under vigorous magnetic stirring for 30 min. Separately, 140 mmol
of oxalic acid was dissolved in 200 mL of ethanol and gradually added dropwise
to the zinc acetate solution. The resulting mixture was further refluxed at 50 °C for
60 min, then allowed to cool to room temperature. The ZnO gel was subsequently
dried at 80 °C for 20 h and calcined in a flow of air (0.1 mmol/s) at 650 °C for
4 h. The PDA-functionalized ZnO nanocomposite was fabricated using a one-pot
self-polymerization approach as illustrated in Fig. 1 [51]. In brief, the synthesized
ZnO NPs were dispersed in a sufficient Tris—HCI buffer (pH 8.5) under mechanical
stirring, followed by ultrasonication for 20 min to ensure homogeneous dispersion.
Subsequently, dopamine hydrochloride (DOPA-HCI) was added, and the mixture
was stirred continuously for 24 h to facilitate the self-polymerization of dopamine
[52]. The resulting ZnO/PDA nanocomposite was collected by vacuum filtration,
thoroughly washed with deionized water at least three times to remove unreacted
residues and dried in an oven at 60 °C for 8 h. The final product was stored in a des-
iccator at room temperature to prevent moisture uptake.

Structural and morphological characterizations

Successful functionalization of ZnO NPs with PDA was confirmed through a
series of physicochemical characterizations. UV-Vis spectroscopy was con-
ducted using an Agilent CARY 60 spectrophotometer to evaluate the opti-
cal absorption behavior of pure ZnO NPs and ZnO/PDA nanocomposites [53].
Changes in absorbance features provided preliminary evidence for PDA coating.
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Fig. 1 Schematic illustration of the synthesis of ZnO/PDA nanocomposite followed by its application in
antibacterial assays against Bacillus cereus and E. coli
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The functional groups of the fabricated ZnO NPs and ZnO/PDA nanocomposite
were studied using FT-IR (Spectrum 100, PerkinElmer). Dynamic light scatter-
ing (DLS) measurements were performed using a DelsaMax Pro analyzer (SN:
3234-DMP) to determine the hydrodynamic diameter and particle size distri-
bution. Prior to analysis, NPs suspensions were diluted in deionized water and
sonicated for 10 min to achieve uniform dispersion and prevent agglomeration.
The morphology features and elemental composition were analyzed via FE-SEM
(JEOL, JSM7800F) equipped with energy-dispersive X-ray spectroscopy (EDS).
This allowed visualization of particle shape and assessment of PDA surface
coverage.

Crystallographic analysis was conducted using XRD (Rigaku Miniflex II)
with Cu-Ka radiation (A =1.5406 A) operated at 30 kV and 15 mA. Diffraction
patterns were collected over a 20 range of 3—80°. Any shifts in diffraction peaks,
particularly those corresponding to ZnO’s hexagonal wurtzite structure, were
analyzed to assess the influence of PDA functionalization on crystal structure.
Interlayer distances were calculated using Bragg’s equation [54].

nA = 2dsinfBragg/sEquation

where d is the interplanar spacing, € is Bragg’s diffraction angle, n=1, and A is the
wavelength of the X-ray used (1.5406 A).

Hemocompatibility assessment of ZnO/PDA nanoparticles

The hemocompatibility of ZnO/PDA nanocomposite was evaluated following the
guidelines of ASTM F756-17 [55], human whole blood samples were obtained
from a local clinic with informed consent and subjected to triple centrifugation
(3000 rpm, 15 min each) using isotonic saline solution (0.9% w/v NaCl) to iso-
late red blood cells (RBCs). After erythrocyte purification, 100 pL of packed
RBCs were resuspended in 900 pL of saline containing 100 pg of ZnO/PDA
nanocomposite in sterile Eppendorf tubes (Ag). The suspensions were incubated
at 37°C for 3 h under static conditions to simulate physiological temperature and
exposure time. Post-incubation, the samples were centrifuged at 12,000 rpm for
15 min to pellet the cells. The optical density (OD) of the supernatant, indicative
of hemoglobin release, was measured at 540 nm using a UV-Vis spectropho-
tometer. Controls were included as follows: Ay as a negative control containing
RBC:s in saline and Ap as a positive control containing RBCs in distilled water.
The hemolysis ratio (HR%) was calculated using the following equation, adapted
from previously reported methods [2, 56].

AS _AN
HR = =X % 100(%)
Ap—Ay

A hemolysis percentage below 5% is generally considered acceptable for
hemocompatible materials.
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Test microorganisms

The antibacterial activity of the synthesized ZnO/PDA nanocomposite was assessed
against representative Gram-positive and Gram-negative bacterial strains. Specifi-
cally, the test organisms included E. coli (UPMC 1480), a Gram-negative bacterium,
and Bacillus cereus (UPMC 61), a Gram-positive bacterium. Both strains were
obtained from the Universiti Putra Malaysia Culture Collection (UPMC) and were
maintained under standard microbiological conditions. These strains were selected
due to their clinical relevance and known resistance mechanisms, which provide a
robust model for evaluating the broad-spectrum antibacterial efficacy of the ZnO/
PDA nanocomposite.

Antibacterial assay

The antibacterial activity of the synthesized nanocomposite was evaluated using
agar well diffusion method to determine the zone of inhibition (ZOI). Mueller—Hin-
ton Agar (MHA) was prepared according to standard microbiological protocols. The
MHA medium was sterilized via autoclaving at 121 °C and 15 psi for 15 min, cooled
to approximately 45-50 °C, and poured aseptically into sterile Petri dishes. After
solidification, uniform wells (6 mm diameter) were created in the agar using a ster-
ile cork borer [57]. Bacterial cultures were standardized to 0.5 McFarland turbidity
standard, corresponding to~5x 108 CFU/mL, using sterile saline. Each standard-
ized bacterial suspension (100 pL) evenly spreads onto the surface of MHA plates
using sterile cotton swabs. Nanoparticle suspensions of pure ZnO NPs and ZnO/
PDA nanocomposite (5 mg/mL in sterile distilled water) were freshly prepared. A
100 pL aliquots of each suspension was introduced into individual wells. Control
wells containing only sterile distilled water were included as negative controls. The
inoculated plates were incubated at 37 +0.5 °C for 24 h under aerobic conditions.
Post-incubation, the diameter of the clear zone surrounding each well was meas-
ured in millimeters using a digital caliper. Larger ZOIs indicate stronger antibacte-
rial activity.

Determination of MIC and MBC

The minimum inhibitory concentration (MIC) is defined as the lowest concentra-
tion of an antimicrobial agent that completely inhibits visible bacterial growth [58].
MIC determination was performed using the standard broth microdilution method.
Briefly, a series of twelve twofold serial dilutions of the ZnO/PDA nanocompos-
ite stock solution were prepared in sterile broth medium. Simultaneously, bacterial
suspensions were standardized to a concentration of 5x 10® CFU/mL. In a sterile
96-well microtiter plate, each well received 100 pL of the prepared bacterial inocu-
lum and varying concentrations of ZnO/PDA nanocomposite. The plates were incu-
bated for 24 h at 35+2 °C. MIC values were assessed via two methods: (1) Visual
inspection of turbidity and (2) Optical density (OD) measurements at 600 nm using
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a microplate reader (Tecan Infinite® M200 Pro). A well was considered inhibitory
if ODsgo was below 0.1, indicating the absence of bacterial growth. The MIC was
confirmed by comparing the turbidity of the wells before and after incubation [4].
To determine the minimum bactericidal concentration (MBC), the lowest concentra-
tion that results in complete bacterial killing, aliquots of 10 pL from each well of the
MIC plate were aseptically spotted onto Mueller—Hinton Agar (MHA) plates, pre-
labeled to correspond to each concentration tested. The plates were incubated under
identical conditions (35+2 °C for 24 h). The MBC was recorded as having the low-
est concentration at which no bacterial colonies were observed on the agar surface,
following established procedures [59].

Molecular docking

Molecular docking studies were conducted to evaluate the interaction of the synthe-
sized ZnO/PDA nanocomposite and the reference antibiotic Clindamycin with target
bacterial proteins using CB-Dock, a cavity detection-guided blind docking platform
[60]. The ZnO/PDA nanocomposite was structurally modeled using the ChemSketch
program and saved in.mol format. Two target proteins were selected for this study:
(i) Q81BN2_BACCR, a master regulator of peptidoglycan biosynthesis in Bacil-
lus cereus [61], and (ii) Dihydroorotase (DHOase) from E. coli, a key enzyme in
the de novo pyrimidine biosynthesis pathway [62]. The crystal structures of these
proteins were retrieved from the Protein Data Bank (PDB IDs: 3B55 and 2EG7,
respectively), with resolutions below 3 A. CB-Dock automatically identified poten-
tial binding cavities and calculated the docking box dimensions by analyzing the
spatial characteristics of both the ligand and receptor. Docking was carried out using
AutoDock Vina 1.1.2 [63], where the receptor was input as a.pdb file and the ligand
as a.mol file. The software performed docking at several top-ranked cavities based
on predicted binding affinity and cavity volume. The docking pose with the highest
binding affinity (lowest binding energy) and the largest cavity volume was consid-
ered the most favorable binding site for each ligand. Binding conformations were
visualized and further analyzed to understand key interaction residues and binding
modes, facilitating insights into the molecular basis of antimicrobial activity.

Results and discussion
Structural and morphological characterizations

The as-synthesized ZnO precursor initially formed a white hydrous gel (Fig. 1),
which upon calcination at 650 °C for 4 h, underwent complete dehydration and
crystallization to yield a fine white powder. The optical absorption properties of
ZnO and ZnO/PDA composite are presented in Fig. 2a. Pristine ZnO exhibited a
strong absorption band near 370 nm [64], characteristic of its wide bandgap and
indicative of spherical nanostructures exhibiting quantum confinement effects
[65-67]. Upon functionalization with polydopamine (PDA), significant changes
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Fig.2 a UV-Vis absorption spectra, b FT-IR spectra, C XRD patterns, and d magnified XRD inset high-
lighting peak shifts of ZnO NPs and the ZnO/PDA nanocomposite

in the absorption spectrum were observed. The ZnO/PDA composite displayed a
distinct redshift, with a new absorption maximum emerging at 422 nm, alongside
a broadening of the original ZnO peak. This behavior can be ascribed to inter-
facial charge transfer processes between ZnO and PDA, as well as the intrinsic
visible light absorption of PDA attributed to its m-conjugated aromatic system
[68]. The peak broadening further suggests the formation of interfacial states or
charge-transfer complexes, consistent with prior reports on hybrid organic—inor-
ganic nanomaterials [69, 70].

FT-IR spectroscopy was employed to confirm the surface functionalization and
assess the chemical bonding environment of the ZnO/PDA composite, as illus-
trated in Fig. 2b. Both ZnO and ZnO/PDA nanocomposite samples exhibit char-
acteristic Zn—O stretching vibrations in the 480-500 cm™" range. A redshift in the
Zn—OH stretching vibration, appearing between 795 and 882 cm™', was observed
in the ZnO/PDA sample, indicating alterations in surface hydroxyl groups upon
PDA attachment [71]. Additional peaks in the composite spectrum at 1288 cm™,
1338 cm™!, 1492 cm™!, and 1603 cm™! correspond to C=0/C-0, N-O, C=C, and
C=N stretching vibration, respectively, clear signatures of the successful PDA
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incorporation. Furthermore, a broadened absorption band centered at 3425 cm™!,
attributable to N-H and O-H stretching modes, confirms the presence of hydroxyl
and amine functionalities from the PDA [72].

XRD analysis was conducted to examine the crystalline phase and assess structural
modifications induced by PDA functionalization (Fig. 2c). Both ZnO NPs and ZnO/
PDA nanocomposites exhibited diffraction patterns consistent with the hexagonal wurtz-
ite structure of ZnO (JCPDS No. 36-1451), confirming that PDA incorporation does
not alter the primary crystal phase. However, subtle yet reproducible shifts in diffrac-
tion peaks toward higher 20 angles were observed in ZnO/PDA sample, as presented
in Fig. 2d, accompanied by a noticeable reduction in peak intensity and slight broaden-
ing. These features indicate increased micro-strain and partial loss of long-range crys-
tallinity, likely due to the formation of interfacial bonds between PDA and ZnO. The
n-conjugated structure of PDA, enriched with catechol and amine functional groups,
may interact with Zn>* surface sites, thereby perturbing the local lattice environment. A
comparative analysis of the lattice parameters, summarized in Table 1, reveals an overall
expansion in lattice size across several crystallographic planes upon PDA incorporation
[73, 74]. Interestingly, Bragg’s law calculations show a decrease in interplanar spacing
(d-spacing) for certain planes, despite the increase in unit cell volume, suggesting ani-
sotropic lattice distortions. These structural perturbations confirm the successful sur-
face modification of ZnO by PDA and highlight its influence on crystallinity and lattice
strain.

The surface morphologies of the synthesized ZnO and ZnO/PDA nanocomposite
were scrutinized by FE-SEM analysis at varying magnification levels (Fig. 3). The
images reveal notable morphological differences between the pristine and function-
alized samples. Pristine ZnO nanoparticles exhibited uniform spherical shapes with
particle sizes ranging from 84 to 106 nm. Upon functionalization with polydopa-
mine (PDA), a distinct increase in particle diameter is observed, reaching approxi-
mately 210 nm on average. The modified structures adopt a popcorn-like morphol-
ogy, indicative of successful surface coating. This significant increase in particle

Table 1 Comparison of XRD data for ZnO NPs and ZnO/PDA nanocomposite

No ZnO NPs ZnO/PDA nanocomposite
(°20) d-spacing (A) nystallite Size  (°20) d-spacing (A) Cryslzillite
(A) size (A)

1 31.84 2.81 1960 31.93 2.80 2267

2 34.49 2.60 1683 34.58 2.59 2227

3 36.32 2.47 1227 36.41 2.47 1227

4 47.61 1.91 696 47.69 1.91 585

5 56.66 1.62 1162 56.73 1.62 1087

6 62.92 1.48 562 62.98 1.47 570

7 66.44 1.41 514 66.50 1.40 613

8 68.01 1.38 852 68.07 1.38 872

9 69.15 1.36 673 69.21 1.36 760
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Fig. 3 FE-SEM images of a—b ZnO NPs and c—d ZnO/PDA nanocomposite at different magnifications. e
EDS analysis of the ZnO/PDA nanocomposite

size provides strong morphological evidence for the deposition of a PDA shell onto
the ZnO cores. Energy-dispersive X-ray spectroscopy (EDS) and elemental mapping
were performed to further validate the composition and surface modification of the
ZnO/PDA nanocomposite. The elemental distribution maps confirmed a homoge-
neous dispersion of carbon, nitrogen, oxygen, and zinc across the nanocomposite

Table 2 EDS atomic and weight ratios of the ZnO NPs and ZnO/PDA nanocomposite

No ZnO NPs ZnO/PDA nanocomposite

Zinc (Zn) Oxygen (O) Zinc (Zn) Oxygen (O) Carbon (C) Nitrogen (N)
Weight (%) 83.16 16.84 43.23 23.50 28.98 4.29
Atomic (%)  54.71 45.29 13.64 30.29 49.76 6.31
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surface. Quantitative EDS analysis, summarized in Table 2, shows increased carbon
and nitrogen content in the ZnO/PDA composite compared to pristine ZnO. These
findings are consistent with the incorporation of PDA, whose molecular structure is
rich in carbon and nitrogen, thereby substantiating the successful functionalization
of ZnO with polydopamine [72].

Dynamic light scattering (DLS) measurements further corroborated the mor-
phological changes induced by polydopamine (PDA) functionalization. The hydro-
dynamic diameter of pristine ZnO nanoparticles was determined to be 1801.6 nm,
which markedly increased to 2722.4 nm upon PDA coating. This substantial enlarge-
ment reflects the formation of a PDA shell and is consistent with the known behav-
ior of DLS measurements, which typically yield larger particle sizes than dry-state
imaging techniques such as transmission electron microscopy (TEM) and FE-SEM.
This discrepancy arises due to the contribution of the solvation shell and interfacial
interactions between the nanoparticles and the surrounding medium in suspension
[75].

Regularization analysis of the DLS data (Fig. 4b) revealed a monomodal particle
size distribution with a polydispersity index (PDI) of 35.9%, indicating moderate
heterogeneity within the ZnO/PDA nanocomposite dispersion. Notably, the inferred
spherical morphology from DLS measurements is particularly advantageous for
biomaterial applications, as spherical particles offer a high surface-to-volume ratio
while reducing edge-induced mechanical stress on cellular membranes. The colloi-
dal stability of the suspension was further supported by the intensity autocorrelation
function (Fig. 4a), which exhibited a consistent exponential decay profile character-
istic of Brownian motion, with no evidence of aggregation artifacts or sedimentation
effects [76, 77].

Hemocompatibility Results

The hemolysis assay demonstrated that the ZnO/PDA nanocomposite exhibited
excellent hemocompatibility, with a measured hemolysis rate of just 1.13%, well
below the internationally accepted threshold of 5% for biomaterial safety. As shown
in Fig. 4, this minimal erythrocyte lysis indicates that the nanoparticles preserve the
integrity of red blood cell membranes under physiological conditions. The observed
low hemolytic potential suggests that the nanocomposite is suitable for biomedical
applications involving direct blood contact. These findings are consistent with the
previous studies indicating that surface-functionalized metal oxide nanoparticles
often display enhanced blood compatibility due to reduced surface reactivity and
improved colloidal stability [2, 3]. These results highlight the potential of ZnO/PDA
nanocomposite for integration into hemocompatible therapeutic and diagnostic plat-
forms (Fig. 5).

Antibacterial activity of ZnO/PDA nanocomposite

The antibacterial efficacy of the ZnO/PDA nanocomposite was evaluated against
Bacillus cereus (Gram-positive) and E. coli (Gram-negative) using the agar-well
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Fig.4 Dynamic light scattering (DLS) analysis of ZnO/PDA nanocomposite dispersed in distilled water:
a Correction function decay profile and b DLS regularization profile

diffusion method, as depicted in Fig. 6. The nanocomposite exhibited notable
zones of inhibition (ZOI) of 11.56 mm for B. cereus (Fig. 6¢) and 11.80 mm for
E. coli (Fig. 6f), highlighting its broad-spectrum antimicrobial potential. These
results are consistent with the previous studies, notably paralleling the antibacte-
rial performance of ZnO/antibiotic combinations reported by Chaudhari et al. [78]
and the standalone ZnO activity described by Meruvu et al. [79]. Control experi-
ments using unmodified ZnO, Fig. 6b and e confirmed its concentration-depend-
ent antimicrobial action, with negligible inhibition observed at low concentra-
tions, where the ZOI was effectively absent. This trend aligns with findings by Jin
and Jin [80], who demonstrated that ZnO alone requires substantially higher con-
centrations to achieve comparable antimicrobial outcomes. The enhanced anti-
microbial activity of the ZnO/PDA nanocomposite is attributed to a synergistic
interplay between the oxidative stress-inducing properties of ZnO and the multi-
faceted biological activity of PDA. ZnO is known to produce bactericidal reactive
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Fig.5 Hemolysis assay evaluating the blood compatibility of ZnO/PDA nanocomposite: a saline-treated
erythrocytes as a negative control (non-hemolytic), b distilled water-treated erythrocytes as a positive
control (complete hemolysis), and ¢ ZnO/PDA-treated erythrocytes demonstrating hemocompatibility

R e 4
11.80 mm

Fig.6 Antibacterial activity assessment through zone of inhibition (ZOI) assays: (Top row) B. cereus
(Gram-positive) treated with a negative control (DI water), b pure ZnO NPs, and ¢ ZnO/PDA nanocom-
posite. (Bottom row) E. coli (Gram-negative) treated with d negative control (DI water), e pure ZnO, and
f ZnO/PDA
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oxygen species, including hydrogen peroxide, particularly when coordinated with
a catechol group [81-85]. The PDA layer likely intensifies this effect by enhanc-
ing bacterial surface adhesion through its catechol-rich interface [86], concen-
trating oxidative damage at the cell envelope. Moreover, PDA itself contributes
to antimicrobial action by disrupting essential bacterial proteins through surface
entrapment, potentially inducing apoptosis-like cell death, a phenomenon sup-
ported by our molecular docking results (Figs. 8 and 9) and corroborated by prior
literature [48]. Although not directly quantified here, the redox-active nature of
PDA is also expected to promote additional ROS generation via electron transfer
processes [87], thereby amplifying the overall bactericidal effect. Together, these
synergistic interactions explain the superior antimicrobial performance of ZnO/
PDA nanocomposites compared to unmodified ZnO and underscore their poten-
tial as multifunctional antibacterial platforms.

The antibacterial potency of the ZnO/PDA nanocomposite was further quanti-
fied by determining its minimum inhibitory concentration (MIC) and minimum
bactericidal concentration (MBC) against E. coli and B. cereus. MIC values were
assessed by monitoring turbidity and confirmed through optical density measure-
ments at 600 nm (ODyg,). The MIC values were found to be 3.12 mg/L for E. coli
and 6.25 mg/L for B. cereus, indicating a higher sensitivity of the Gram-nega-
tive strain to the composite system. Subsequently, the MBC was established by
visually inspecting bacterial growth inhibition and correlating it with turbidity
data (Fig. 7). The MBC was determined to be 25 mg/L for both bacterial strains.
The comparatively low MIC values, combined with the higher MBC threshold,
suggest a primarily bacteriostatic mode of action at lower concentrations, with
bactericidal activity manifesting at elevated levels. These findings reinforce the
composite’s potential as an effective antimicrobial agent with broad-spectrum
capabilities at low dosages.

Fig. 7 Minimum bactericidal concentration for ZnO/PDA against a B. cereus and b E. coli
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Molecular docking analysis

In silico approaches offer a powerful means to elucidate the molecular mechanisms
by which chemical agents interact with macromolecules and ligands. These compu-
tational techniques enable the prediction of potential molecular pathways and pro-
vide insights that can guide and complement in vitro analysis. Despite their utility,
molecular docking operates under idealized and static conditions, in contrast with
the dynamic and often transient nature of molecular interactions in vivo. Conse-
quently, while docking reveals probable binding poses and affinity energies, it does
not always capture the full complexity of a chemical’s mechanism of action [88].
To explore the interaction potential of the synthesized ZnO/PDA nanocomposite,
molecular docking studies were conducted against dihydroorotase enzymes derived
from Bacillus cereus and E. coli. The CB-Dock platform was employed for this
analysis, a blind docking tool specifically tailored for protein-ligand interactions.
CB-Dock integrates a cavity detection algorithm (CurPocket) that autonomously
identifies potential binding sites based on surface curvature. It then calculates the
geometric center and dimensions of these binding cavities to configure docking
boxes that fit the ligand optimally. Subsequent docking simulations were executed
using AutoDock Vina, a widely validated engine for pose prediction and binding
energy estimation. The CB-Dock workflow not only enhances the hit rate but also
improves docking accuracy by restricting pose sampling to biologically relevant cav-
ities. In this study, the grid parameters were adaptively set for each ligand—protein
pair to maximize docking performance. The resulting binding affinities and optimal
poses provide preliminary mechanistic insights into how the ZnO/PDA nanocom-
posite may interfere with bacterial enzyme activity at the molecular level [60, 88].

Docking interaction with Bacillus cereus (PDB ID: 3B55)

To evaluate the potential antibacterial mechanism of the ZnO/PDA nanocomposite,
molecular docking studies were performed against the dihydroorotase enzyme from
Bacillus cereus (Q81BN2_BACCR) protein, with Clindamycin employed as a ref-
erence control. The results, summarized in Table 3, highlight the distinct binding
interactions of both ligands within the active site cavity. Clindamycin exhibited a
binding free energy of — 6.5 kcal/mol. It formed four conventional hydrogen bonds
with residues His85, Glu113, Asp172, Tyr320, and Gly407. Additionally, hydropho-
bic contacts were observed with His85, [1e408, 1le319, Tyr280, and His283. Nota-
bly, the drug also engaged in two ionic interactions involving His85 and His283,
along with a n—x stacking interaction with His85 (Fig. 8B), confirming its favorable
yet moderate binding profile. In contrast, the synthesized ZnO/PDA nanocompos-
ite demonstrated a significantly enhanced binding affinity, with a calculated binding
energy of —10.3 kcal/mol. It is formed three hydrogen bonds involving key residues
such as Aspl72, Ilel73, GInl174, Asp212, Tyr320, Phe279, Thr271, His309, and
Glul13. A broader spectrum of hydrophobic interactions was also detected, nota-
bly with GIn264, Ile173, Phe265, Thr267, Leu269, Phe279, Thr278, Tyr280, 1le314,
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Fig.8 Molecular docking of Q81BN2_BACCR protein from Bacillus cereus (PDB ID: 3B55) with a
ZnO-dopamine and b reference drug Clindamycin

and Phe318. Two ionic interactions were identified with His85 and His283, mirror-
ing those seen with Clindamycin. Furthermore, a strong n—n stacking interaction
was observed with Tyr280 (Fig. 8A).

The superior binding energy of ZnO/PDA compared to the reference drug sug-
gests a more stable and favorable interaction with the bacterial target. This enhanced
affinity is likely attributable to the multifunctional surface of polydopamine, which
provides diverse binding modes including hydrogen bonding, n—x stacking, and
ionic interactions. These findings suggest that the ZnO/PDA composite could serve
as a potent antibacterial agent, potentially outperforming conventional antibiotics
through a multifaceted binding mechanism.

Docking interaction with the E. coli dihydroorotase (PDB ID: 2EG7)

To further explore the antibacterial potential of the synthesized ZnO/PDA nanocompos-
ite, molecular docking was conducted against E. coli dihydroorotase (PDB ID: 2EG7)
(Table 3), a critical enzyme involved in the pyrimidine biosynthesis pathway. Clindamy-
cin, a clinically established antibiotic, served as the reference compound in this analy-
sis. Clindamycin exhibited a binding energy of —6.4 kcal/mol, forming eight hydrogen
bonds with key residues including Gly133, Thr99, Phe98, Gly96, Met96, Pro74, Thr73,
and Pro306. In addition, five hydrophobic interactions were observed with Phe93,
Leu305, Thr99, Leu75, and Arg59, collectively stabilizing the drug within the enzyme’s
active site (Fig. 9b). In contrast, the Z ZnO/PDA nanocomposite displayed a significantly
improved binding profile, with a minimum binding energy of — 8.4 kcal/mol, surpassing
both Clindamycin and the standard comparator drug, novobiocin (Table 3). The com-
pound formed seven hydrogen bonds involving Asn94, Phe93, Phe98, Gly96, Thr99,
Tyr303, and Gly133. Furthermore, it engaged in five hydrophobic interactions with resi-
dues Phe93, Leu305, Thr99, Leu75, and Arg59, consistent with the interaction pattern
seen in the Clindamycin complex (Fig. 9a).
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Fig.9 Molecular docking of E. coli dihydroorotase (PDB ID: 2EG7) with a ZnO-dopamine and b refer-
ence drug Clindamycin

Conclusion

In this study, we successfully synthesized ZnO/polydopamine (ZnO/PDA) nano-
composites through a facile one-step self-polymerization strategy, resulting in well-
defined spherical particles with an average diameter of ~200 nm. Comprehensive
physicochemical characterization, including UV—Vis spectroscopy, X-ray diffraction
(XRD), Fourier-transform infrared spectroscopy (FT-IR), field emission scanning
electron microscopy (FESEM), and energy-dispersive X-ray spectroscopy (EDS),
confirmed the preservation of the ZnO wurtzite crystal structure and verified effec-
tive PDA surface functionalization. The observed popcorn-like morphology, coupled
with the retention of key structural features, highlights the successful integration of
PDA without compromising the inherent crystallinity of ZnO. The ZnO/PDA nano-
composites demonstrated potent antibacterial activity against both Bacillus cereus
(Gram-positive) and E. coli (Gram-negative), as evidenced by inhibition zone assays
and minimum inhibitory/bactericidal concentration measurements. Notably, in silico
molecular docking studies revealed that ZnO/PDA exhibited stronger binding affini-
ties (—10.3 kcal/mol and—8.4 kcal/mol, respectively) to bacterial dihydroorotase
enzymes than the reference antibiotic clindamycin, suggesting potential for broad-
spectrum antimicrobial activity via multiple mechanistic pathways. These findings
contribute to Sustainable Development Goal 3 (Good Health and Well-being) by
offering an alternative approach to combat antibiotic-resistant pathogens and align
with SDG 9 (Industry, Innovation, and Infrastructure) by leveraging a low-energy,
scalable synthesis for advanced nanomaterials. Nonetheless, key limitations remain.
The precise antibacterial mechanisms, such as reactive oxygen species (ROS) gen-
eration, membrane disruption, or intracellular targeting, have not been experimen-
tally elucidated. Furthermore, while molecular docking offers predictive insight,
cellular uptake, cytotoxicity, and in vivo efficacy remain unverified. Long-term
stability and biocompatibility assessments are critical before clinical translation.
Overall, this work positions ZnO/PDA nanocomposites as a promising platform for
next-generation antimicrobial coatings, particularly for medical devices and contact
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surfaces. Future studies should integrate mechanistic assays, cytotoxicity profiling,
and in vivo testing to fully realize their therapeutic and translational potential.
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