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ABSTRACT

Antibiotics have revolutionized medical treatment by effectively combating bacterial infections, particularly those associated
with chronic wounds and implant complications. Nevertheless, the persistent use of these drugs has resulted in an increase in
antibiotic-resistant bacteria and biofilm infections, highlighting the urgent need for alternative therapies. This study presents an
approach for combating persistent bacterial and biofilm infections through the integration of biomimetic design and advanced
nanotechnology. Inspired by the natural defense mechanisms of pollen grains and lotus leaves, we engineered zinc oxide spiky
microparticles combined with tetracycline-loaded beads mimicking the structure of lotus leaf papillae. This biomimetic design
exhibits a multifaceted antimicrobial strategy, leveraging hierarchical micro/nanostructures and the inherent antibacterial prop-
erties of their natural counterparts. ZnO microparticles, which mimic the morphology of pollen grains, provide topological cues
to rupture adhered bacteria, whereas tetracycline beads, inspired by lotus leaf papillae, deliver a controlled release of antibiotics
to target persistent bacteria. Using a synergistic multimodal approach, our biomimetic materials demonstrated exceptional ef-
ficacy in eradicating persistent methicillin-resistant Staphylococcus aureus and Escherichia coli infections, offering promising
prospects for the development of advanced antibacterial therapies. This study not only underscores the importance of biomimicry
in material design but also highlights the potential of integrating nature-inspired strategies with nanotechnology for biomedical
applications.

1 | Introduction polymeric substance (EPS) matrix. The matrix is composed of

polysaccharides, proteins, lipids, DNA, and other biopolymers
Persistent bacterial infections and biofilms pose a considerable and protects encapsulated bacterial colonies [3]. These bio-
healthcare challenge [1, 2]. Biofilms are aggregated communi- films can attach to diverse substrates such as living tissues
ties of bacteria embedded within a self-generated extracellular and medical devices. They are highly tolerant to physical and
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chemical stressors and pose a major threat to human health.
Biofilms that adhere to the surfaces of medical devices cause
Healthcare-associated infections, including urinary tract in-
fections and pneumonia linked to ventilator use, and implant-
related infections, which significantly increase mortality
[4, 5]. Biofilm infections can also have deleterious effects. For
instance, biofilms in the cystic fibrosis lung cause chronic in-
fection and reduce life expectancy to 35-50years [6]. Biofilms
are present in 78.2% of chronic wounds [7], and global treat-
ment costs are estimated at $281 billion [8]. Biofilms not only
shield bacteria from external toxins but the extracellular
polymeric substance also significantly diminishes antibiotic
efficacy [5-7]. This complexity increases because biofilms are
not homogeneous cultures of physiologically similar cells;
various mechanisms protect subpopulations of cells within
the biofilm [9]. These mechanisms include antibiotic failure
to penetrate biofilms, slow growth rates in nutrient-deficient
zones resulting in dormant cells that may develop antibiotic
resistance, and differential metabolism (low and high), lead-
ing to antibiotic failure against processes in actively growing
bacteria, such as replication, transcription, translation, and
cell wall synthesis. Thus, biofilm bacteria with low metabolic
activity located in the inner region of the biofilm exhibit en-
hanced antimicrobial tolerance. Other considerations include
persistent cells (drug-resistant bacteria), hypoxia (which may
impair multidrug function), and the extracellular biofilm
matrix charge (which can function as an ion-exchange resin,
binding to various charged antibiotics) [10]. Consequently,
treatment outcomes are compromised, further escalating
healthcare costs [11], especially because of the repeated use
of expensive broad-spectrum antibiotics, such as amoxicillin,
ciprofloxacin, cephalexin, chloramphenicol, doxycycline, and
tetracycline(TC) [12, 13]. In addition, ZnO has garnered inter-
est because of its superior antibacterial activity compared with
that of other nanomaterials [14]. The primary antibacterial ac-
tion of ZnO involves the generation of reactive oxygen species
(ROS) [15]. Redox reactions between oxygen and water on the
surface of the ZnO particles lead to ROS formation [16]. ROS
disrupt the chemical bonds in bacterial organic matter, lead-
ing to bactericidal effects. Hydroxyl radicals accumulate on
the bacterial cell membrane, altering its structure, while hy-
drogen peroxide penetrates the membrane, damaging essen-
tial cellular components such as DNA and proteins, thereby
enhancing bactericidal activity [16].

TC is a low-cost and commonly used broad-spectrum an-
tibiotic, making it a practical choice for outpatient care in
resource-constrained regions with restricted healthcare
funding. This antibiotic has demonstrated activity against
various gram-negative and gram-positive bacterial strains
[17]. Furthermore, TC is cost-effective and generally well-
tolerated, with few adverse effects [18, 19]. However, as a
first-generation antibiotic, TC has limitations in combating
antibiotic-resistant bacterial strains when used as a stand-
alone treatment. Combination therapies are emerging, in
which antibiotics are combined with a dispersal agent, such
as nanoparticles [20]. In recent years, both organic and inor-
ganic nanoparticles have been investigated as antimicrobial
approaches to combat antimicrobial-resistant bacteria and
biofilms [18, 19, 21]. Among these, ZnO stands out because of

its low toxicity and biodegradability, which address the safety
concerns associated with other nanoparticles [22].

Creative approaches like fabricating biomimetic and antibio-
film micro/nanocarriers are promising strategies for tack-
ling this urgent problem [23, 24]. Among the various micro/
nanocarriers, the complex physicochemical structures of pol-
len grains and lotus leaves have inspired the development of
potent antibacterial agents [25-27]. The hierarchical micro/
nanostructures of these microparticles provide distinct to-
pological signals that disrupt bacterial cell membranes and
adhesion, thereby reducing biofilm development and facil-
itating bacterial elimination [28]. Researchers are exploring
the self-cleaning and antimicrobial properties of lotus leaves
to develop surfaces that replicate these features, enhancing
antibacterial effectiveness [23, 29]. Lotus leaf papillae are
tiny protrusions coated with microscale wax crystals, creat-
ing a water-repellent surface that prevents bacterial adhesion,
whereas high-aspect-ratio nanotubes mechanically rupture
bacteria attached to leaves [26]. Using the lotus leaf papillae
as inspiration, TC beads have been developed to provide sus-
tained delivery [30]. However, studies have not combined the
antibacterial topological effects of ZnO microparticles with
controlled antibiotic release from lotus-leaf-inspired TC beads.

Our research integrated biomimetics and nanotechnology to
develop spiky ZnO microparticles inspired by spiky pollen
structures. These microparticles, with beaded TC attached to
their spikes, mimic lotus leaf papillae for enhanced antibacte-
rial effectiveness. Additionally, they address the issue of non-
degradability by enabling the progressive breakdown of spikes
in simulated body fluid. We employed a nature-inspired design
to develop an innovative strategy to combat antibiotic-resistant
bacteria and advance their biomedical applications. Figure 1
illustrates the synthesis process of the designed microparticles
and their antimicrobial mechanism of action.

2 | Experimental Section
2.1 | Materials

Zinc nitrate hexahydrate (purity >98%) and magnesium chlo-
ride were purchased from Thermo-Fisher Scientific (USA).
Hydroxylamine hydrochloride (purity >97%) was provided by
Daejung, Republic of Korea. NaOH (98% purity) was purchased
from Alfa Aesar (France). Potassium chloride and TC were
purchased from Sigma-Aldrich. Escherichia coli (KCTC-2593,
Republic of Korea) was obtained from the Korean Collection
of Type Cultures. Methicillin-resistant Staphylococcus au-
reus (MRSA) was purchased from the American Type Culture
Collection (Manassas, Virginia, USA).

2.2 | Synthesis of Pollen-Inspired ZnO (P-ZnO)
and Lotus-Inspired TC ZnO (PT-ZnO)

P-ZnO particles that mimic pollen particles were synthesized
using a simple one-pot method. P-ZnO particles were prepared
using a previously published method with minor modifications
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FIGURE1 | Schematic diagram of the antibacterial mechanism of PT-ZnO for bacterial killing and biofilm eradication. (a) Diagram of the fabri-
cation of P-ZnO and PT-ZnO. (b) Antimicrobial and antibiofilm mechanism of engineered microparticles.

[31]. A 0.3 M solution of zinc nitrate hexahydrate and 0.1 M of hy-
droxylamine hydrochloride was dissolved in 50mL of distilled
water. Subsequently, a 3M sodium hydroxide solution in 50 mL
of distilled water was prepared and poured into the zinc nitrate
hexahydrate and hydroxylamine hydrochloride mixture while
stirring. The pH of the mixture was adjusted to 12. After stirring
for 30 min, the aqueous solution was transferred to a reflux port
and calcined at 90°C for 20 min. It was then washed three times
with methanol and dried at 40°C.

PT-ZnO particles were prepared following a previously re-
ported method with minor modifications [32]. Briefly, ZnO
microparticles (20 mg) were dispersed in 1 mL of a TC solution
(10mg/mL) prepared with Milli-Q water. The mixture was
agitated for 24h and centrifuged. It was then washed with
Milli-Q water and dried at 40°C. The structures of P-ZnO and
PT-ZnO were characterized using field-emission scanning
electron microscopy (SEM) (JEOL JSM-7900F), X-ray photo-
electron spectroscopy (Thermo VG (K Alpha), +), and Fourier
transform infrared (FTIR) spectroscopy (Thermo Scientific
(iN10/iS50)).

2.3 | InVitro Drug Release Analysis

All release experiments were conducted in phosphate-buffered
saline (PBS). PT-ZnO was prepared as a 1mg/mL suspension
in PBS and subsequently incubated at 37°C. Samples were ob-
tained at designated time points (0, 30, 60, 180, and 300 min),
centrifuged, and the absorbance of the supernatant was mea-
sured at 275nm.

The amount of drug released was determined by comparing the
absorbance at 275nm with that of a 10mg/mL TC solution in
PBS [33]. The percentage of the drug released from PT-ZnO was
calculated using the following formula:

Drug release(mg)

- - X 100
Drug loaded in NPs(at time = 0, mg)

Drug release (%) =

2.4 | Minimal Inhibitory Concentration (MIC)

The MIC was defined as the minimum concentration that in-
hibited visible bacterial growth, as determined using the agar
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medium dilution method. A 50uL suspension of bacteria (E.
coli, MRSA) was inoculated onto P-ZnO and PT-ZnO at varying
concentrations (0.5, 1, 2, 3, and 4 mg/mL) and incubated at 37°C
for 24h. Subsequently, 100 L of 107> serially diluted bacterial
suspension was spread onto nutrient agar plates.

2.5 | Antibacterial and Antibiofilm Performance

MRSA and E. coli were isolated from agar plates and cultured
overnight in Luria-Bertani broth. The bacterial concentration
was determined by measuring optical density (OD) at 600 nm.
Before beginning the experiment, the bacterial solution was
diluted with medium until the OD reached 0.1. A volume of
80 uL of bacteria was introduced into 400 uLof P-ZnO or PT-
ZnO liquid solution and incubated for 24 h. The group without
the sample served as the control, whereas the group contain-
ing TC was designated as the positive control. The antibacte-
rial efficacy was determined by measuring the OD (600 nm)
of the bacterial culture after treatment. Following 24 h of in-
cubation, 100 uL of 1073 serially diluted bacteria were plated
onto nutrient agar. After 24h of incubation at 37°C, colonies
were identified.

The bacterial survival rate was calculated using the following
equation.

absorbance of sample at 600nm
% 100

Bacterial survival rate( %) =
(%) absorbance of Contol at 600nm

Bacterial Live/dead bacterial cells were observed using SYTO
9 and propidium iodide (1pL). Staining was carried out for
15min after 24h of treatment with P-ZnO (2mg/mL) and PT-
ZnO (0.5mg/mL). A confocal laser scanning microscope (Leica,
DMi8) was used to image the stained bacteria. Live bacteria ex-
hibited green fluorescence, whereas dead bacteria exhibited red
fluorescence. Images were obtained using SEM to confirm the
bacterial killing mechanism of the spiked particles. After treat-
ment with each nanoparticle for 1h, the bacteria were collected
by centrifugation at 10,000 rpm. After washing once with PBS,
4% paraformaldehyde was added and incubated at 4°C for 1h
to fix the bacteria. The cells were then dehydrated with 30%,
50%, 70%, 80%, 90%, and 100% EtOH. Three microliters of the
dehydrated bacteria were dropped onto a cover glass, dried, and
observed using SEM.

2.6 | Biofilm Assay

Bacteria (adjusted to OD 0.1) were added to each 24-well plate
(ImL) and cultured in a stationary state for 2days. The medium
was changed daily to allow mature biofilm formation. The bio-
film was then washed once with PBS to eliminate any floating
bacteria. The nanoparticles were applied and incubated for 24h
to determine their ability to remove biofilms.

To quantify the amount of biofilm, the biofilm was washed with
PBS 24 h after the sample was added, followed by the application
of 400 uL of 0.1% crystal violet solution and a 15min incubation
at room temperature. After the crystal violet was removed and
the biofilm was rinsed again with PBS, it was dried in an oven at

40°C for 2h and then observed under a microscope. The bound
dye was subsequently dissolved in 33% acetic acid, and the ab-
sorbance of the resulting solution was measured at 590 nm.

2.7 | Quantitative RT-PCR for Bacterial Gene
Expression

Total RNA and cDNA were extracted and synthesized using the
Universal RNA Extraction Kit (TaKaRa, Japan,) PrimeScript 1st
Strand cDNA Synthesis Kit (TaKaRa, Japan) according to the man-
ufacturer's guidelines. The purity and concentration of the RNA
and cDNA were determined using a spectrophotometer. Real-time
PCR was performed using a Bio-Rad Real-Time PCR (system
(CFX96TM) Maestro Real-Time system; Bio-Rad, USA). The cy-
cling conditions were as follows: 1 cycle at 95°C for 3min followed
by 41 cycles at 95°C for 10s and 65°C for 30s. All experiments were
conducted in triplicate and were referenced to the housekeeping
gene 16S rRNA for normalization. The primer sequences for 16S
YRNA, flu, gapA, aap, icaR, sarA, and agrA are listed in Table S1.

2.8 | Statistical Analysis

Statistical analysis was performed using Origin Pro v9.1 (Origin
Laboratories, U.S.A.) for all the experiments. The significant dif-
ference between the control and treatment groups was assessed
using the one-way analysis of variance (ANOVA) test. Data re-
ported in this study are mean + SD of triplicate (n = 3) experiments,
statistical significance at *p <0.05, **p <0.01, and ***p <0.001.

3 | Results and Discussion

3.1 | Characterization of P-ZnO and PT-ZnO
Microparticles

The morphology and chemical properties of the fabricated mi-
croparticles were characterized. We observed a well-defined
spiky array of spherical P-ZnO microparticles with a smooth
surface (Figure 2a), having an average diameter of 2.68um
(Figure 2b). By contrast, bead-like structures resembling lotus
papillae were observed on the surface of the spiky PT-ZnO mi-
croparticles (Figure 2c), with an average diameter of 2.91 um
(Figure 2d). Additionally, P-ZnO and PT-ZnO microparticles ex-
hibited gradual degradation over 7days in simulated body fluid
solution (Figure S1). Furthermore, SEM images of PT-ZnO par-
ticles at various time points after drug release showed that their
spike-like structures remained intact over time (Figure S2).

The microparticle and hierarchical arrangement of nanotubes on
the surface of lotus leaves endow them with defensive properties
and remarkable super-hydrophobicity [26, 34, 35]. The experimen-
tal contact angle for PT-ZnO particles was 99.61°, indicating that
they were hydrophobic and resembled the properties of lotus leaves
(Figure S3). The spiky P-ZnO microparticles likely developed
during our synthesis because of fast nucleation and anisotropic
growth under high-pH conditions. Zinc nitrate and hydroxyl-
amine hydrochloride generated Zn?** and OH~ ions, while sodium
hydroxide increased the pH to 12, promoting ZnO precipitation.
The elevated pH and reflux at 90°C facilitated anisotropic growth
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FIGURE 2 | Fabrication and chemical characterization of P-ZnO and PT-ZnO. SEM images of (a) P-ZnO and (c) PT-ZnO. Size distribution of (b)
P-ZnO, (d) PT-ZnO. (e) FTIR spectra, (f) XPS wide and (g-i) narrow scan spectra. (j) In vitro release of tetracycline from PT-ZnO.

along the c-axis, leading to the formation of spiky structures.
Hydroxylamine influenced surface chemistry, stabilized facets,
and promoted directional growth. The reflux and calcination
processes enhanced crystal formation, while washing and drying
maintained a spiky, pollen-like shape [36-38]. The development
of spiky PT-ZnO microparticles containing beaded TC was facili-
tated by the increased surface area and reactivity of the spiky ZnO
configuration, which enhanced drug adsorption. Anisotropically
grown ZnO microparticles contain several high-energy sites along

their spikes, facilitating strong interactions with TC molecules
that possess functional groups such as hydroxyl, amine, and keto
groups. These groups interact with surface Zn?* ions through
electrostatic interactions, hydrogen bonding, or chelation, partic-
ularly near the spike tips, where local charge density is elevated.
Throughout the 24h agitation process, TC molecules progres-
sively adsorbed onto the spikes, forming bead-like clusters due
to localized aggregation. Following centrifugation and washing
procedures eliminate surplus, unbound TC while drying at 40°C
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guarantees the stable attachment of the adsorbed TC to the ZnO
surface. The bead-like morphology of TC formed as it accumulated
around the spikes, driven by its affinity for high-energy reactive
sites on the spiky ZnO surface. The chemical compositions of the P-
ZnO and PT-ZnO microparticles were examined using FTIR spec-
troscopy, and the results are presented in Figure 2e. The individual
FTIR spectra of P-ZnO, TC, and PT-ZnO confirmed that the FTIR
spectrum of PT-ZnO contained the characteristic peaks of both P-
ZnO and TC, demonstrating the chemical interaction between TC
and ZnO. The absorption peak at 450cm™! in the spectra of P-ZnO
and PT-ZnO corresponds to Zn — O vibration, indicating zinc oxide
production [39]. Additionally, the 1447cm™ peak in the PT-ZnO
spectrum is attributed to C-H bending, indicating the presence
of alkane groups. In the PT-ZnO spectrum, the bands observed
at 1592 and 1098cm™! correspond to C=C stretching and C-O
bending vibrations, respectively, confirming the incorporation of
TC in PT-ZnO. Moreover, in the PT-ZnO spectrum, the peaks near
857, 823, and 709cm~! were found to be due to C-H vibrations,
indicating the presence of TC in PT-ZnO. The nanostructures of
TC, P-ZnO, and PT-ZnO were analyzed by XPS. In the TC and PT-
ZnO spectra, an N1s peak was observed, which was absent in the
P-ZnO spectrum (Figure 2f). The O1s spectra of P-ZnO and PT-
ZnO were deconvoluted into three peaks as indicated in Figure 2g.
The feature appearing at 530eV with low energy is associated with
the presence of O~ ions in the wurtzite crystalline structure [40].
The mid-level and higher binding energy components at 530.6
and 531eV are related to oxygen-deficient regions within the ZnO
matrix [41]. Figure 2h shows that the spectra of both TC and PT-
ZnO displayed C=C (peaks at 283 and 284 ¢V, respectively). The
peaks at 1043eV and 1020V in the PT-ZnO and P-ZnO samples,
respectively, as depicted in Figure 2i, are assigned to Zn 2p, , and
Zn 2p,, [42]. Consequently, the FTIR and XPS analyses confirmed
that TC was effectively integrated with ZnO particles in PT-ZnO.
The in vitro release of PT-ZnO in PBS was evaluated at various
time points. An initial burst release of the drug from PT-ZnO was
observed between 0 and 30min, with most of the drug released
after 5h (Figure 2j).

3.2 | Antibacterial Performance of ZnO
and TC-ZnO Microparticles

The antibacterial performance of P-ZnO and PT-ZnO was con-
firmed using E. coli and MRSA. The results are demonstrated in
Figure 3. The concentrations of P-ZnO and PT-ZnO used in the an-
tibacterial experiments were evaluated according to the MIC val-
ues, which were 2mg/mL for E. coli and 0.5mg/mL for MRSA. The
agar plate results of MIC experiments against MRSA and E. coli
are shown in Figure S4. As illustrated in Figure 3a, the bacterial
survival rate following PT-ZnO treatment was 22% in E. coli and
14% in MRSA, the lowest among all groups (p <0.001) (Figure 3a).
In a plate culture count experiment, the TC and P-ZnO groups had
fewer bacterial colonies than those in the control group. By con-
trast, the PT-ZnO group showed almost no colonies on the plates
(Figure 3b). SYTO 9 is a highly effective green-fluorescent nuclear
and chromosomal stain that can penetrate both prokaryotic and
eukaryotic cell membranes. Conversely, propidium iodide, which
binds to DNA, only stains dead cells by penetrating compromised
cell membranes, causing a shift from green to red fluorescence
[43]. Live/dead analyses revealed that both bacterial strains

exhibited a high number of green fluorescent spots in the control
group. By contrast, the TC, P-ZnO, and PT-ZnO groups showed a
greater number of red fluorescent spots (Figure 3c). Spiked micro-
particles were observed in the TC group relative to those in the
control group, whereas red fluorescent spots were predominantly
observed in the P-ZnO and PT-ZnO groups. Notably, the PT-ZnO
group exhibited the highest concentration of red fluorescence,
highlighting the potent antibacterial effect of PT-ZnO. The SEM
images revealed that bacterial cell membranes in the P-ZnO and
PT-ZnO treatment groups were disrupted. By contrast, bacteria
with intact cell membranes were observed in the control and TC
groups (Figure 3d). These findings illustrate the mechanism by
which spikes in P-ZnO and PT-ZnO particles exert mechanical
stress on the bacterial membrane, leading to membrane rupture
and leakage of intracellular components, ultimately causing bac-
terial cell death. Additionally, the zeta potential was measured to
evaluate the influence of nanoparticle surface charge on the physi-
cal interaction mechanism. The measured zeta potentials of P-ZnO
and PT-ZnO were-11.9mV and - 16.5mV, respectively (Figure S5).
Previously, cationic nanoparticles demonstrated better antibacte-
rial effects than those of neutral or anionic nanoparticles [44-47].
However, both nanoparticles used in this study exhibited high an-
tibacterial activity despite their negative charges. As confirmed by
SEM images, the spike-shaped nanoparticles mechanically killed
the bacterial cells by physically damaging the cell membrane. In
addition, TC penetrated the captured bacteria, and the TC released
from PT-ZnO bound to bacterial ribosomes, inhibiting protein syn-
thesis [48], indicating a stronger antibacterial effect than that of P-
ZnO. Thus, it was confirmed that the antibacterial mechanism of
the nanoparticles developed in this study resulted primarily from
a combination of physical interactions with the cell membrane via
the spike structure and biochemical action of TC.

The bacterial survival rate experiments revealed that the PT-
ZnO group exhibited a more pronounced antibacterial effect
against MRSA than against E. coli. These results may be at-
tributed to structural differences between gram-negative and
gram-positive bacteria. Gram-negative bacteria have an outer
membrane located outside the peptidoglycan layer. This outer
membrane is selectively permeable, impeding the entry of anti-
biotics into bacterial cells [49, 50]. The surface charge properties
of P-ZnO and PT-ZnO were assessed by zeta potential analysis.

3.3 | Effect of Microparticles on Biofilm
Formation

We found an inhibitory effect of PT-ZnO on E. coli and MRSA
biofilm formation, and the results are shown in Figure 4.
Wounds containing biofilms impair the formation of the epider-
mis, dermis, and blood vessels, leading to chronic wounds and
hindering the wound healing process [51]. Therefore, biofilm
disruption is essential for promoting effective wound healing.
We first evaluated the ability of P-ZnO and PT-ZnO to inhibit
biofilm formation in E. coli and MRSA cultures using crystal
violet staining (Figure 4a). Microscopic analysis revealed that
both E. coli and MRSA appeared dark purple in the control
group, indicating the presence of dense biofilms. However, a
marked reduction in staining was observed in both P-ZnO and
PT-ZnO groups, with the PT-ZnO group exhibiting the greatest
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(c) Live/dead staining. (d) SEM image of different groups. Statistical significance was calculated by one-way ANOVA using the Tukey post hoc

(*p<0.05, **p<0.01, and ***p <0.001).

reduction. The absorbance values of the groups are shown in
Figure 4b,c. These findings suggest that PT-ZnO effectively in-
hibited biofilm formation by reducing the presence of bacteria
and penetrating the microenvironment. We speculated that the

mechanism by which the biofilm barrier is destroyed by PT-
ZnO's spike structure involves TC penetration and bacterial
cell membrane damage within the biofilm, resulting in biofilm
removal.
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3.4 | Effect of P-ZnO and PT-ZnO on
the Expression Level of Biofilm-Related Genes

The expression levels of genes (flu, gapA, icaR, sigB, agrA,
and sarA) related to biofilm formation and energy metabolism
were evaluated using PCR (Figure 5). The gapA gene codes
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), a key
enzyme involved in glycolysis, that plays a critical role in the
metabolic pathway converting glucose into energy [52]. Since
GAPDH is essential for ATP generation and supplies precur-
sors for diverse biosynthetic processes, the expression level of
gapA could indirectly affect biofilm formation capacity. The
flu gene activates genes necessary for the synthesis of the ex-
tracellular matrix, which facilitates biofilm formation [53].

The icaR gene functions as a regulator by inhibiting the ex-
pression of icaABCD, thereby preventing biofilm formation
[54, 55]. The sigB gene encodes an RNA polymerase sigma fac-
tor, and bacteria with a knockout phenotype exhibit impaired
biofilm formation [56]. The sarA and agrA genes regulate the
virulence gene network and play crucial roles in biofilm for-
mation [57]. All genes related to biofilm formation were ex-
pressed at lower levels in the P-ZnO and PT-ZnO groups than
in the control group after 24 h. Notably, the PT-ZnO group ex-
hibited significantly low expression levels of all genes, rang-
ing from 0.01 to 0.07 (Figure 5a-f). These findings indicate
that PT-ZnO exerted an antibiofilm effect by downregulat-
ing the expression of genes specifically involved in biofilm
development.
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3.5 | Discussion

The fabricated spike-like particles exhibit promising applica-
tions in diverse fields. For example, their distinctive structural
characteristics regulate immune cell responses, accelerate
wound healing [58], and exhibit a nanobridge effect that pro-
motes skin adhesion and wound closure, effectively prevent-
ing prolonged blood and fluid loss [59, 60]. Moreover, PT-ZnO
particles have great potential as surface materials for use in

implants and wound dressings. Zinc oxide nanoparticles can
penetrate bacteria through direct interaction with cell mem-
branes [61]. ROS generated from Zn — O bonds damage mem-
brane integrity and inactivate surface proteins, ultimately
leading to cell death [62]. In addition, Zn2* ions diffuse into
the bacterial cytoplasm, inducing oxidative stress, inhibiting
enzyme activity, promoting protein aggregation, and enhanc-
ing cell adhesion, contributing to the potent antibacterial prop-
erties of ZnO [63, 64].
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Furthermore, spike-like particles influence cellular activities,
including adhesion and protein adsorption, promoting wound
healing [65]. However, this aspect requires refinement, as an
overabundance of Zn?* released from zinc oxide particles could
result in cytotoxic effects [66].

4 | Conclusion

The development of antibacterial materials capable of combat-
ing diverse antibiotic-resistant bacteria is a pressing challenge.
We designed spike-like nanoparticles inspired by the natural
architecture of pollen grains and lotus leaves, tailored to com-
bat antibiotic-resistant bacterial infections and biofilms. In this
study, we successfully synthesized and characterized P-ZnO and
PT-ZnO. The synthesized P-ZnO and PT-ZnO exhibited spike
structures resembling pollen, whereas PT-ZnO featured TC
beads shaped like lotus papillae. Additionally, we demonstrated
that PT-ZnO exhibits remarkable antibacterial and antibiofilm
activities against E. coli and MRSA. SEM images from bacterial
experiments confirmed that PT-ZnO breached the bacterial cell
membrane, leading to mechanical sterilization. PCR analysis
of biofilm-related gene expression revealed that the PT-ZnO
group exhibited significantly low expression of antibiofilm-
related genes. This study illustrates that this approach is an
effective strategy for addressing persistent bacterial and biofilm-
associated infections.
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