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ABSTRACT: The development of polymer nanoparticle composites with enhanced thermal and antibacterial prop-
erties is essential for next-generation biomedical materials. However, conventional polymers often exhibit limited
bioactivity and poor resistance to degradation, restricting their functional applications. The novelty of this study
involves the combination of the bio-derived cross-linker 2,5-bis(aminomethyl)furan (BAF) into poly (methyl methacry-
late) PMMA to form a cross-linked network incorporated with various ratios of ZnO nanoparticles (ZnO NPs),
resulting in improved biological and thermal properties. The surface morphologies, material crystallinity, and thermal
degradation properties of the synthesized BAF-PMMA/ZnO were investigated using Scanning Electron microscopy
(SEM), Energy-Dispersive X-ray spectroscopy (EDX), X-ray diffraction (XRD), and Thermogravimetric characteriza-
tion technique (TGA), respectively. The prepared BAF-PMMA/ZnO nanocomposites showed an enhancement in the
crystallinity after increasing the ratio of ZnO NPs compared to the amorphous cross-linked BAF-PMMA polymer.
The thermal stability of nanocomposites was significantly enhanced after the introduction of ZnO NPs into cross-
linked BAF-PMMA polymer. The resultant nanocomposites BAF-PMMA/ZnO were examined as antibacterial agents
against the Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus) bacterial strains. The results showed that
most BAF-PMMA/ZnO nanocomposites have antibacterial activity against both bacterial species compared to the pure
cross-linked BAF-PMMA polymer. The BAF-PMMA/ZnO 10 wt.% sample shows the highest inhibition zone of (16.3 +
0.33) against E. coli. These outcomes demonstrate that such nanocomposites offer a viable pathway toward multipurpose
biomaterials with exceptional structural and biological features.
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1 Introduction

Poly (methyl methacrylate) (PMMA) is a multifunctional thermoplastic that is prized for its biocom-
patibility, chemical resistance, optical clarity, and thermal stability [1]. It is extensively utilized in drug
delivery, dentistry, orthopedics, biomedical devices, and optoelectronics. Nevertheless, PMMA has limited
mechanical strength and brittleness, especially at high temperatures. These restrictions are improved by
crosslinking with multifunctional agents, opening new possibilities for wastewater treatment, electronics,
sensors, and pharmaceuticals [1,2].

Nanocomposites have become an important class of innovative materials because they combine the
functional benefits of inorganic nanoparticles with the unique features of polymers [1]. These hybrid
materials, which are created by introducing nanoscale fillers into polymeric matrices, frequently have
improved rigidity, thermal resistance, optical properties, and biological activity when compared to their
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pure counterparts [3,4]. The high surface-to-volume ratio and distinct physicochemical characteristics of
nanoparticles, which permit robust interfacial interactions with the host polymer, are the causes of these
enhancements [5]. Nanocomposites have found widespread uses in environmental remediation, biomedical
engineering, catalysis, and antimicrobial coatings as a result of these synergies [6,7].

Metal oxide nanoparticles were used as fillers for the enhancement of polymer-based nanocompos-
ites [8,9]. Zinc Oxide nanoparticles (ZnO NPs), as one of the versatile inorganic nanomaterials, have drawn
more attention recently because of their numerous significant physical and chemical characteristics, such
as chemical stability [10,11], remarkable optical transparency [12], high photocatalytic activity [13], and
potent antibacterial and bactericide properties [14,15]. Due to their small size, high specific area, quantum
influence, and strong interactions between the organic polymer and inorganic nanoparticles, ZnO NPs
have the potential to enhance the thermal and optical performance of PMMA polymer matrices [16,17].
Therefore, these nanocomposites could be employed in dental prosthetics, bone cement, contact lenses,
and antimicrobial coatings [18,19]. There are numerous examples that clarify the effectiveness of modifying
polymeric materials with ZnO NPs. One study, for example, focused on creating a novel polymer with
ZnO NPs [20]. It was discovered that the ZnO nanoparticles and the different polymer matrices had
excellent interfacial contact, which improved the material’s mechanical qualities [21]. Additionally, another
work produced a PMMA/ZnO hybrid system and validated its advantageous application for photocatalytic
activity [7]. Furthermore, researchers examined the antibacterial properties of polyacrylate/ZnO nanocom-
posites comprising various ZnO nanoparticle morphologies and discovered that those having sphere-like
and flower-like ZnO NPs had superior antibacterial properties [22].

In this work, 2,5-bis(aminomethyl)furan (BAF) was proposed as a bifunctional cross-linking agent to
modify the properties of PMMA and incorporated with different concentrations of ZnO NPs ranging from
2% to 20% into the polymer matrix. ZnO nanoparticles were selected over other metal oxide nanoparticles,
such as Ag, TiO,, or Cu, due to their antimicrobial activity, environmental safety, low toxicity, and cost. This
modification improves rigidity, thermal stability, and biological performance. As a result, the selection of
BAF-PMMA/ZnO nanocomposites in this study was based on making it a promising material for potential
biomedical and environmental applications.

2 Materials and Methods
2.1 Materials

PMMA was procured from Across Organics, Geel, Belgium. BAF, 98% was supplied by Baoji Guokang
Biotechnology, Ltd., Baoji, China, while tetrahydrofuran (THE 99.9%) was obtained from Merck KGaA,
Darmstadt, Germany. ZnO nanoparticles were commercially obtained (Sigma-Aldrich, St. Louis, MO, USA
<100 nm, purity > 99%). All compounds were utilized without additional purification.

2.2 Instrumental

Thermo-gravimetric analysis (TGA) was performed on a TGA4724 with a heating rate of 10°C/min
between 25°C and 500°C under N, atmosphere. Fourier transform infrared spectra (FTIR) with a Nicolet
Magna 6700 FT spectrometer were conducted in a wavenumber region (400-4000 cm™!). X-ray diffraction
(XRD) patterns were studied using a Bruker D8 Advance with Cu Ka radiation (wavelength 1.5418 A) at
40 kV and 40 mA. The patterns were collected between 20 of 10° and 60°, and the scan speed was 1.5°/min.
Scanning electron microscopy (SEM) imaging was performed with a FEI TENEO VS microscope equipped
with an EDAX detector.
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2.3 Preparation of BAF-PMMA/ZnO Nanocomposites

BAF-PMMA/ZnO nanocomposite materials were prepared by an in-situ polymerization technique as
follows: 1 g of PMMA was dissolved in THF solvent (50 mL). 2,5-Bis(aminomethyl)furan (BAF) was used as
a cross-linking agent. A fixed amount of 0.20 g of BAF (1.59 mmol), corresponding to 13.7 mol% relative to
PMMA repeat units (1.00 g, 9.99 mmol), was added to the reaction mixture prior to in-situ polymerization.
Then ZnO nanoparticles with different ratios (2, 5, 10, 20 wt.%) were dispersed through the PMMA solution
by stirring, before being ultrasonicated for 10 min. Finally, the cross-linker BAF was added, and the mixture
was refluxed for about 8 h at 70°C with regular shaking. The resulting mixture was then poured into petri
dishes and left to dry for 24 h at 25°C. The samples were designated as presented in Table 1.

Table 1: Chemical compositions of bare BAF-PMMA and BAF-PMMA/ZnO nanocomposites.

Entry Sample BAF (g) PMMA (g) ZnO (g)
1 BAF-PMMA 0
2 BAF-PMMA/ZnO 2% 0.02
3 BAF-PMMA/ZnO 5% 02g 1g 0.05
4 BAF-PMMA/ZnO 10% 0.1
5 BAF-PMMA/ZnO 20% 0.2

2.4 The Antibacterial Activities of BAF-PMMA/ZnO Nanocomposites

A Disk diffusion susceptibility test was utilized to examine the antibacterial effects of BAF-PMMA
and BAF-PMMA/ZnO nanoparticles compared to Tetrahydrofuran (THF), ZnO as negative controls, and
Gentamicin (Mast diagnostics, Ltd., Bootle, UK) as a positive control using Miieller-Hinton agar (Difco,
Laboratories, Detroit, MI, USA) plates. Gentamicin was selected as it inhibits a wide spectrum, affecting
both Gram-negative and Gram-positive bacteria. Gram-negative bacteria, Escherichia coli (ATCC 11775),
and Gram-positive bacteria, Staphylococcus aureus (ATCC 12600), were selected. The bacterial strains were
subcultured by inoculating them in Nutrient Broth (Oxoid Ltd., Basingstoke, UK) for 18 h to ensure the
bacteria were in the log phase. Then, around 8 mm of nanoparticles were prepared in Disks, followed by
adding them to Miieller-Hinton agar after streaking with bacteria. Plates were incubated at 37°C for 24 h
before measuring the inhibition zones in millimeters (mm) using a caliper (Memmert GmbH + Co. KG,
Schwabach, Germany). The charts were created using GrapPad Prism (version 10.6.0), which included triple
readings. Two-way ANOVA was performed, followed by Dunnett’s multiple comparisons test to compare
between groups. Using Gentamicin as a positive control to compare with all other bacterial treatments. The
dried films were cut into circular discs (8 mm in diameter); each treatment was tested on at least three
independent plates (n = 3), and the areas of inhibition were measured in millimeters using a calibrated digital
scale (Mitutoyo Corporation, Kawasaki, Japan).

3 Results and Discussions
3.1 Morphological and Elemental Investigation

BAF-PMMA/ZnO nanocomposite materials were prepared by an in-situ polymerization technique as
illustrated in scheme 1. The surface morphologies of pure BAF-PMMA cross-linked polymer exhibited a
microporous structure as illustrated in Fig. 1a,b. Therefore, the SEM images of the prepared nanocomposites
BAF-PMMA/ZnO revealed porous morphology on the polymer matrix, which can increase the surface
area and help with the good distribution of ZnO NPs. The porosity measurement was not quantitative in
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this work and is planned for future study to correlate the effect of porosity with the application. The SEM
micrographs (Fig. 1c—j) illustrate the effect of varying ZnO NPs ratios (2-20 wt.%). In the BAF-PMMA/ZnO
nanocomposites, the bright regions correspond to ZnO NPs, indicating their presence both on the surface
and within the pores of the polymeric network, as shown in Fig. 1c—j. When the concentration of ZnO NPs
increases from 2 to 20 wt.%, noticeable agglomeration is observed. This aggregation is attributed to the high
surface energy and strong interparticle attractions of the nanoparticles, which promote clustering at higher
concentrations [23].
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Figure 1: (Continued)
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Figure 1: SEM images at two magnifications for (a,b) BAF-PMMA, (c,d) BAF-PMMA/ZnO 2%, (e,f) BAF-
PMMA/ZnO 5%, (g,h) BAF-PMMA/ZnO 10%, and (i,j) BAF-PMMA/ZnO 20%.

The elemental composition of the prepared BAF-PMMA/ZnO nanocomposites was investigated using
Energy Dispersive X-ray (EDX) analysis. The EDX of the bare BAF-PMMA was illustrated in Fig. SI, which
demonstrates the characteristic signals corresponding to carbon (C), nitrogen (N), and oxygen (O). As shown
in Fig. 2a,b for samples containing 2 and 5 wt.% ZnO, respectively, the EDX spectra exhibited only two
characteristic signals corresponding to carbon (C) and oxygen (O), with no detectable Zn peaks. This absence
may be attributed to the low concentration of ZnO nanoparticles and their inhomogeneous dispersion within
the cross-linked polymer matrix, as well as the surface-sensitive and localized nature of EDX analysis [24,25].
In contrast, at higher ratios from ZnO 10 and 20 wt.% (Fig. 2¢,d), distinct Zn signals appeared alongside
the C and O peaks, confirming the presence of ZnO nanoparticles in the nanocomposites. These findings
reveal the outstanding purity of the synthesized materials and show that their elemental composition is
in line with the intended formula. Table 2 summarizes the elemental contents of the BAF-PMMA/ZnO
(1-4) nanocomposites.
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Figure 2: (Continued)
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Figure 2: EDX analysis of (a) BAF-PMMA/ZnO 2%, (b) BAF-PMMA/ZnO 5%, (¢) BAF-PMMA/ZnO 10%, and
(d) BAF-PMMA/ZnO 20%.

Table 2: Elemental composition of the BAF-PMMA/ZnO (1-4) nanocomposites.

Sample Element Weight % Atomic %

CK 64.53 70.79

_ [0)
BAF-PMMA/ZnO 2% 0K 35.47 2921
CK 64.77 71.01

— 0,
BAF-PMMA/ZnO 5% 0K 353 28.99
CK 58.82 71.59
BAF-PMMA/ZnO 10% OK 2750 25.12
Zn L 12.45 2.78
CK 42.84 66.30
BAF-PMMA/ZnO 20% OK 19.88 32.09
ZnL 37.29 10.60

3.2 Structural Investigation

X-ray diffraction analysis was performed to examine the crystal structure of the prepared BAF-
PMMA/ZnO nanocomposites over a 20 range of 5°-60°. The diffraction patterns for BAF-PMMA and
all prepared BAF-PMMA/ZnO nanocomposites are presented in Fig. 3. The bare BAF-PMMA exhibits an
amorphous nature, as indicated by the broad peaks centered around 20 values of 15°, 30°, and 43°. Upon
the incorporation of ZnO nanofillers, notable changes in the crystallinity of the cross-linked BAF-PMMA
polymer were observed. Specifically, sharp and intense diffraction peaks appeared at 20 values of 31.7°, 34.4°,
36.1°, 47.5°, 56.5°, 62.8°, 66.3°, 67.9°, and 69°, which are consistent with the standard pattern of hexagonal
wurtzite ZnO (JCPDS Card No. 36-1451) [26]. The intensity of these peaks progressively increased with
rising ZnO ratios (2-20 wt.%) in the polymer matrix. These observations not only confirm the successful
incorporation of ZnO nanoparticles into the cross-linked BAF-PMMA polymer but also demonstrate that
ZnO contributes to enhancing the overall crystallinity of the nanocomposite matrix. The crystallinity % are
5.44, 3.14,1.83, and 1.07 for BAF-PMMA/Zno 20%, BAF-PMMA/ZnO 10%, BAF-PMMA/ZnO 5% and BAF-
PMMA/ZnO 2%, respectively. In this study, the XRD discussion demonstrated that the crystallinity of ZnO
NPs in the polymer matrix increases with the rise in the ratios of ZnO NPs. The crystalline size and lattice
strain behavior of ZnO NPs within the BAF-PMMA matrix will be calculated using the Scherrer equation
or Williamson-Hall analysis for further investigation in future work.
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Figure 3: The XRD patterns of bare BAF-PMMA and BAF-PMMA/ZnO nanocomposites.

The Fourier-Transform Infrared spectra of the prepared BAF-PMMA/ZnO nanocomposites were
recorded in the range of 4000-500 cm™, as presented in Fig. 4. The spectra revealed characteristic absorp-
tion bands corresponding to the polymer precursors, namely PMMA and the cross-linker aminomethyl
furan [27]. The successful formation of the cross-linked polymer was confirmed by the sharp absorption band
at 1721 cm™, attributed to the C=O stretching vibration of the acrylate ester group in PMMA. Furthermore,
the transformation of primary amino groups (R-NH,) in aminomethyl furan into secondary amino groups
(N-H) was verified by the appearance of a singlet stretching vibration band at 3383 cm™ in the final cross-
linked polymer. FT-IR analysis confirmed that the polymer retained its original bonding framework, showing
no evidence of bond cleavage or the formation of new functional groups after ZnO NPs incorporation.

BAF-PMMA/ZnO 20%
~ W

BAF-PMMA/ZnO 10%

BAF-PMMA/ZnO 5%

BAF-PMMA/ZnO 2%

Transmittance (%)

BAF-PMMA

T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™")
Figure 4: FT-IR spectra of bare BAF-PMMA and BAF-PMMA/ZnO nanocomposites.

3.3 Thermogravimetric Analysis

The thermal stability of the prepared BAF-PMMA/ZnO nanocomposites was investigated to evaluate
the influence of ZnO nanoparticle incorporation and concentration on the stability of the BAF-PMMA
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polymer. As shown in Fig. 5, the TGA curves of all nanocomposites revealed three distinct degradation
stages, observed at both low and high ZnO. Atlower ZnO contents (2 and 5 wt.%), the first stage corresponds
to a 5% weight loss of around 152°C, followed by a 10% weight loss near 184°C in the second stage, and a major
50% weight loss at approximately 353°C in the third stage. At higher ZnO (10 and 20 wt.%), degradation
also occurred in three stages, with 5% weight loss in the temperature range of 153°C-165°C, 10% weight loss
in the 235°C-246°C range, and a significant 60% weight loss at around 406°C. The initial degradation step
is attributed to the evaporation of absorbed water molecules. The second degradation stage is attributed to
the breakdown of both cross-linking bonds and the polymer backbone. The third stage involves extensive
decomposition and combustion, resulting in a 50%-60% weight loss. The maximum polymer decomposition
temperature (Tp,x), which indicates the temperature at which the highest rate of weight loss occurs, was
determined for all samples. In addition, the characteristic degradation temperatures T, T39, and T5o—
representing the temperatures at which 10%, 30%, and 50% mass loss occur, respectively—were also evaluated
for the BAF-PMMA/ZnO nanocomposites as illustrated in Table 3.

80

S

» 60

g —— BAF-PMMA

= —— BAF-PMMA/ZnO 2%
> 404 —— BAF-PMMA/ZnO 5%
= —— BAF-PMMA/ZnO 10%

0l T BAF-PMMA/ZnO 20%

T T T T T T T T T
100 200 300 400 500
Temperature (°C)

Figure 5: The TGA analysis of BAF-PMMA and BAF-PMMA/ZnO nanocomposites.

Table 3: Thermal properties of BAF-PMMA and BAF-PMMA/ZnO nanocomposites.

Sample Ty (°C) T30 (°C) Ts0 (°C) Tiax (°C)
BAF-PMMA 281 354 373 401
BAF-PMMA/ZnO 2% 184 305 352 410
BAF-PMMA/ZnO 5% 185 305 354 410
BAF-PMMA/ZnO 10% 235 360 396 500
BAF-PMMA/ZnO 20% 246 360 392 500

The Tmax> Ti0> T30, and Tsp values of BAF-PMMA/ZnO nanocomposites with higher ZnO were
consistently greater than those observed at lower contents, reflecting the higher decomposition resistance
of the inorganic phase [27]. Moreover, the Tp,x values of the high ratio of ZnO NPs (500°C) were
significantly higher than those reported for the cross-linked polymer without ZnO NPs in our previous work
(393°C-412°C) [28]. Overall, these findings demonstrate a marked enhancement in the thermal stability of
BAF-PMMA/ZnO nanocomposites compared with pure cross-linked polymer.
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3.4 Antibacterial Activity of Polymers

The antibacterial performance of the prepared nanocomposites was evaluated against two representative
bacterial strains: Escherichia coli ATCC 11775 (Gram-negative) and Staphylococcus aureus ATCC 12600
(Gram-positive) [28-30]. The antibacterial effects of BAF-PMMA in the presence or absence of increasing
concentrations of ZnO (BAF-PMMA/ZnO) were assessed against gram-negative E. coli and gram-positive
S. aureus bacteria. As shown in Fig. 6, BAF-PMMA alone exhibited no inhibitory effect on either bac-
terial strain, evidenced by the absence of inhibition zones around the polymer disks; therefore, a fixed
concentration of 20% BAF-PMMA was selected for subsequent experiments.

BAF-PMMA 20% 30% 40% 50% 60%

E. coli

S. aureus

Figure 6: The effect of BAF-PMMA on E. coli and S. aureus. Different concentrations of BAF-PMMA (20%, 30%, 40%,
50%, and 60%) were examined using a Disk diffusion test for 24 h at 37°C.

Interestingly, increasing concentrations of ZnO (BAF-PMMA/ZnO) from 2% to 20% have inhibited
bacterial growth. Results in Fig. 7 showed that the BAF-PMMA/ZnO nanoparticles have created an increas-
ing diameter inhibiting zone of E. coli from (11.2 + 0.6 mm) in 2% ZnO to (16.3 + 0.33 mm) in 10% ZnO,
with a sudden decrease in the inhibiting zone diameter of (9.6 + 0.33 mm) in 20% ZnO. Interestingly,
comparing BAF-PMMA/ZnO treated E. coli with Gentamicin as a positive control (174 + 0.33 mm) shows
no significance between the 2 groups, indicating that BAF-PMMA/ZnO 10% as strong as Gentamicin in
inhibiting E. coli, with a p value = 0.723. Unlike all the other E. coli-treated cultures with THF, ZnO, BAF-
PMMA, BAF-PMMA/ZnO 2%, BAF-PMMA/ZnO 5%, and BAF-PMMA/ZnO 20% separately, which show
a p value of <0.0001, <0.0001, 0.0001, 0.001, 0.002, 0.0001, respectively.

Compounds THF Gentamicin Zno BAF-PMMA BAF- BAF- BAF- BAF-
(Negative (positive
control) control)

E. coli

S. aureus

(A)

Figure 7: (Continued)
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Figure 7: Antibacterial activity of BAF-PMMA/ZnO nanocomposites prepared using 20% BAF-PMMA cross-linked
with varying ZnO concentrations (2%, 5%, 10%, and 20%) against E. coli and S. aureus. Treatments were compared with
a negative control (THF), a positive control (Gentamicin), ZnO alone, and BAF-PMMA alone. Disk diffusion assays
were performed on Miieller-Hinton agar plates inoculated with each bacterial strain, followed by incubation for 24 h at
37°C. (A) Representative inhibition zones produced by BAF-PMMA/ZnO against both bacterial species. (B) Bar graphs
showing the mean inhibition zone diameters (mm), generated using GraphPad Prism. The data represents the average
of three independent measurements. Statistical analysis was conducted using two-way ANOVA followed by Dunnett’s
multiple comparisons test, with Gentamicin used as the reference treatment. Significant differences were observed for
all treatments compared with Gentamicin (p < 0.002-0.0001), except for E. coli treated with 10% BAF-PMMA/ZnO,
which showed no significant (ns) difference relative to Gentamicin (p = 0.723).

The inhibition zones of S. aureus affected by BAF-PMMA/ZnO nanoparticles were less compared to E.
coli. The highest inhibition zone of S. aureus was detected at (10.66 + 0.33 mm) at 5% ZnO, and no effect at
10% ZnO. The distinct effects that BAF-PMMA/ZnO demonstrated against the two species of bacteria are
due to structural variations between them. At higher loading of ZnO, the irregular response is most likely
attributed to the aggregation/blocking of zinc oxide molecules, which reduces the proportion of surface-
exposed molecules and limits the diffusion of active species in the agar diffusion assay. This interpretation
will be confirmed by dispersion mapping and zinc (Zn**) ion release measurements in future studies.

The equilibrium and integrity of the bacterial cell wall, which displays anti-microbial activity towards
microorganisms, may be disrupted by the BAF-PMMA/ZnO resin due to the electrostatic interaction
between the positively charged resin and the negatively charged bacterial cell membrane. Furthermore, the
free radicals on the resin surface may disrupt the lipids and structure of the microorganism cells’ membranes,
impairing their ability to function. Because of ZnO is incorporated within a PMMA cross-linked polymer
network, the antibacterial effect is expected to be controlled by surface-exposed ZnO and limited Zn*>
diffusion; direct ROS/Zn*? release assays were not achieved in this study and are planned for future work.

A comparative study of various commercial metal oxide nanoparticles was presented in Table 4.
Common metal oxide nanoparticles have strong photocatalytic and antimicrobial properties. However, they
often have challenges such as cytotoxicity, agglomeration, or the need for UV activation. In contrast, the
prepared BAF-PMMA/ZnO nanocomposite approach a balanced combination of thermal stability, bio-
derived cross-linker, biocompatibility, enhanced ZnO dispersion, and antimicrobial activity. The present
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findings display that the BAF-PMMA/ZnO nanocomposite is a promising material for potential biomedical
and environmental applications.

Table 4: Comparison of metal oxide nanoparticles and BAF-PMMA/ZnO nanocomposite based on previous studies.

Nanomaterial Main Strengths Main Limitations References

7nO Strong antibacterial activity, UV protection, Cytotoxic at high doses, 1]
low cost, Biocompatible. light-dependent activity i
. Chemically stable, photocatalytic, safe for ~ Requires UV activation, limited
TiO, : : iy [32]
biomedical use. dark activity
A Highly potent antimicrobial, effective at low  Costly, possible cytotoxicity, 53]
& doses. and resistance issues N
Cost-effective, good antibacterial activity in ~ Higher cytotoxicity, stability
CuO . [34]
the dark. issues
ZnO/TiO, Synergistic antimicrobial and photocatalytic =~ Complex synthesis, p(?tential 35]
effects. polymer degradation
CuO/TiO, Visible-light antibacterial action, stable. Increase cytotoxicity [36]
Zn0O/CuO Strong antibacterial effect. Requires precise composition [37]
control
Bio-derived cross-linker (BAF) improved
thermal stability, enhanced dispersion and
reduced agglomeration of ZnO
BAF- nanoparticles, antibacterial improvement, = Needs further cytotoxicity and This work
PMMA/ZnO  particularly against E. coli and S. aureus, long-term studies

attributed to controlled Zn** exposure and
porous morphology (inhibition zone 16.3 +
0.33 mm vs E. coli).

4 Conclusion

In this study, cross-linked BAF-PMMA/ZnO nanocomposites were successfully synthesized via an
in-situ polymerization approach and evaluated for antibacterial activity against Staphylococcus aureus
(Gram-positive) and Escherichia coli (Gram-negative). Comprehensive structural, thermal, and morphologi-
cal characterizations demonstrated that ZnO nanoparticles were effectively incorporated within the polymer
matrix, as clearly shown by the XRD diftraction peaks and EDX compositional mapping. The addition of
ZnO nanoparticles significantly improved the thermal stability of the BAF-PMMA polymer. Moreover,
the nanocomposites exhibited superior antibacterial performance compared to pristine BAF-PMMA, with
particularly strong inhibition against E. coli, showing inhibition zones ranging from 9.6 + 0.33 to 16.3 =
0.33 mm.
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