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ABSTRACT: This work synthesized recycled poly(ethylene terephthalate)
(PET) with zinc oxide nanoparticles (1.0, 3.0, 5.0, and 7.0 wt %) via solution
blending, aimed at transforming postconsumer plastic waste into high-value
antibacterial materials for prosthetic socket applications. The PET/ZnO
composites demonstrated homogeneous dispersion, improved mechanical
hardness, and effective antibacterial activity, particularly at 7.0 wt % ZnO.
Enhanced surface hydrophilicity and acceptable roughness were also observed.
This approach improves prosthetic performance and promotes sustainable

healthcare materials by utilizing plastic waste.

1. INTRODUCTION

Lower limb prosthetic sockets are essential biomedical
interfaces that must balance load transmission, comfort,
hygiene, and skin compatibility." Conventional socket
materials often face challenges such as moisture accumulation,
bacterial colonization, and limited long-term comfort, leading
to skin irritation or infection in a significant proportion of
users.”” These issues highlight the need for materials that are
structurally robust, antibacterial, and comfortable for pro-
longed skin contact.

Poly(ethylene terephthalate) (PET) is a widely available
thermoplastic known for its excellent mechanical strength,
thermal stability, chemical resistance, and processability."’
Despite these advantages, its biomedical applications, partic-
ularly in prosthetic interfaces, are limited due to surface
hydrophobicity and lack of inherent bioactivity.” Upcycling
postconsumer PET bottles into functional materials addresses
environmental concerns while providing a sustainable source
for advanced prosthetic interfaces.” Its processability also
allows incorporation of functional nanofillers, such as ZnO
nanoparticles, to enhance mechanical properties, surface
wettability, and antibacterial activity.

To contextualize this work within prior PET/ZnO research,
Table 1 summarizes representative studies, including their
synthesis routes, ZnO loadings, processing methods, morpho-
logical observations, and targeted applications. Most previous
studies employed relatively low ZnO concentrations due to
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common issues with agglomeration, and none have explored
PET/ZnO systems for prosthetic sockets. Although surface
modification of ZnO nanoparticles is sometimes used to
mitigate agglomeration, this approach introduces additional
chemical steps, increases fabrication cost, and may alter the
antibacterial behavior of ZnO, making them less desirable for
cost-effective, biocompatible prosthetic applications. Accord-
ingly, the present study aims to synthesize PET/ZnO
composites with higher ZnO loadings for prosthetic socket
applications, employing a solution-blending mechanism
designed to promote uniform nanoparticle dispersion at
relatively low processing temperatures. This approach
minimizes thermal degradation and reduces the likelihood of
nanoparticle agglomeration, both of which are critical factors in
achieving reliable mechanical and antibacterial performance.
Solution blending was selected in this study to achieve
uniform dispersion of ZnO nanoparticles within the PET
matrix, which is critical for maintaining consistent mechanical
and surface properties. Compared with melt compounding or
in situ polymerization, solution blending operates at lower
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2 . . 2 = « temperatures, thereby minimizing thermal degradation of PET
h and preserving its inherent mechanical integrity.'>'* Improved
C nanoparticle distribution reduces the formation of large
& § agglomerates that act as stress concentrators,">"¢ enabling

, & 2 E better surface uniformity, hardness, and potential antibacterial

s z 3 & functionality, which are key requirements for prosthetic socket

E 3 g applications.

& 5% T E Reinforcing PET with ZnO nanoparticles can improve both
E é %%’J g & mechanical performance and antibacterial functionality.
§E=8 8 = Hydroxyl groups on ZnO surfaces interact with PET ester
57 E7 & 2 linkages, enhancing interfacial adhesion and efficient stress

transfer under load, while ZnO nanoparticles act as nucleation
sites, potentially modifying PET crystallinity.'” Antibacterial
activity arises from reactive oxygen species (ROS) generation
and Zn?* ion release,” potentially reducing bacterial adhesion
on prosthetic surfaces. Achieving these dual benefits depends
critically on nanoparticle dispersion; previous studies have
shown that poor dispersion or excessive agglomeration can
negate both mechanical and antibacterial properties.”'”
Therefore, solution blending in this work is intended to
enable fine, uniform dispersion of ZnO nanoparticles, even at
higher loadings, while maintaining the structural integrity
required for prosthetic applications.

To comprehensively evaluate the suitability of the PET/
ZnO nanocomposites for prosthetic socket use, multiple
characterization techniques were employed: FTIR to assess
chemical interactions; XRD for crystallinity and structural
changes; DSC for thermal transitions; FESEM for morpho-
logical analysis and nanoparticle distribution; contact angle and
surface roughness tests for evaluating wettability and skin-
contact behavior; hardness testing to evaluate mechanical
performance; and antibacterial assays to assess the efficacy of
ZnO incorporation in reducing bacterial adhesion. Together,
these analyses provide a complete assessment of the
physicochemical properties relevant to both mechanical
integrity and biological interface performance.

gular with increasing ZnO content and reduced dispersion at higher

dispersion at higher concentrations.
rather than mechanical optimization.

loadings (3—4 wt %).

analysis.

2. MATERIALS AND METHODS
2.1. Materials

The postconsumer PET bottles were collected, washed, and cut into
smaller pieces of 1 cm X 1 cm. ZnO nanopowder (Sigma-Aldrich,
Malaysia) with an average particle size of 100 nm was used as the filler
material. Trifluoroacetic acid (CF;COOH, analytical reagent) and
dichloromethane (CH,CL,, analytical reagent) purchased from Sigma-
Aldrich,Malaysia were used as the solvents for solution blending of
PET and ZnO nanoparticles.

2.2, Preparation of Recycled PET Powder

The PET pellets were dried in a vacuum oven for 24 h at 70 °C to
expel excessive moisture within the materials, which can cause
hydrolytic degradation under high temperatures. A S0 mL mixture of
CF;COOH and CH,Cl, was prepared with a 1:5 ratio. 6 g of PET was
put into the mixture of CF;COOH and CH,Cl, in a conical flask,
which was heated in a water bath at 40 °C on a hot plate stirrer until
the PET pellets were dissolved completely. SO mL of ethanol was used
to precipitate the recycled products in the solution. The precipitated
powders were filtered out and dried in a vacuum oven for 24 h to
remove excess moisture content.

2.3. Synthesis of PET/ZnO Composite Powder

Previously prepared recycled PET solution was placed in a 500 mL
conical flask. ZnO nanoparticles were then put into the prepared
solution with various concentrations (1.0, 3.0, 5.0, and 7.0 wt %). The
mixture was stirred vigorously under a magnetic stirrer for 1 h. The
final product of PET/ZnO composites was eluted with a nonsolvent,
ethanol by precipitation technique with a ratio of 1:1 to the volume of

Nanoparticle agglomerations were observed, and the work primarily focused on UV stability =~ UV-protection bottles

key findings
Low loading gives uniform distribution; improves crystallinity; no high-loading dispersion
Improved dispersion with surface-modified ZnO nanoparticles; Surface-treated ZnO improves

Homogeneous surface functionalization; no bulk matrix; good antibacterial properties.
The surface became irre

processing method
Melt extrusion + injection molding

Ultrasonic-assisted solution mixing

Electrospinning
Bilayer film casting

Extrusion

synthesis route

with ZnO
Surface modification with

into PET
Solution Dispersion

citric acid
ZnO/TiO, incorporated

PET
PET fibers functionalized

ZnO incorporated into

gs

(wt %)

1wt %
1,3, Swt%

ZnO Loadin
<2 wt %
1,2, 3wt%

<4 wt %

Table 1. Comparative Summary of PET/ZnO Nanocomposite Studies
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solvent. The precipitated final product was dried in a vacuum oven for
24 h at 70 °C.

2.4. Characterization of PET/ZnO Composite Powders

The interaction of ZnO in the PET matrix was observed through
FTIR analysis (PerkinElmer Spectrum 400 FTIR spectrometer, USA).
The crystalline phase of the synthesized PET/ZnO was characterized
by XRD analysis with a Miniflex 600C X-ray diffractometer (Rigaku,
Japan). The effects of incorporating ZnO nanoparticles on the
thermal stability were analyzed using a TGA 4000 (PerkinElmer,
USA) with a 20.0 °C/min heating rate, from room temperature to
500 °C under a nitrogen atmosphere; while the thermal behavior of
PET, such as the glass transition temperature,'® melting temperature
(T,,), and crystallization temperature (T.), were studied by DSC
using a TA Instruments DSC Q20 (TA Instruments, USA). DSC also
evaluated the crystallization behavior of the composites. The heating
rate was 10.0 °C/min from room temperature to 290 °C; then,
cooling was performed at the same rate under the protection of a
nitrogen atmosphere. The degree of crystallinity, X of the samples,
measured by DSC, is then calculated using the following equation.

Xc = AHLOAHCC‘IOO%
AH?, (1)

In this equation, AH,, is the heat of melting, AH_. is the cold
crystallization enthalpy, and AHy, is the heat of melting of a pure
crystalline sample, which is 140 J/g according to the literature.'”

The morphological properties of PET/ZnO composite powders
with different concentrations of ZnO during solution blending were
evaluated by FESEM (Zeiss Sigma) on gold-coated powders. The
composites in powder form were then compacted and sintered using
the powder compaction technique for property evaluation.

2.5. Water Contact Angle

The hydrophilicity of the surface of the PET/ZnO composite samples
was assessed by Attension Theta (Sweden) equipped with image-
capturing software. The wetting angle at which the liquid formed on
the sample’s surface was determined using the sessile drop method. A
water droplet was placed on the surface of the samples and the
contact angle was recorded after 10 s. Three measurements were
taken for mean and standard deviation calculations.

2.6. Surface Roughness

The PET/ZnO composite samples were evaluated for their respective
surface roughness using a tabletop contact profilometer device
(Mitutoyo SurfTest). The direction of the surface profile measure-
ments was ensured to be perpendicular to the direction of the tool. A
total of S trials were carried out to represent each surface. Three
different R-values, which are also the common roughness parameters,
R, (arithmetic average roughness), R, (root-mean-square roughness),
and R, (average ten-point of the profile), were measured. The S sets
of profiles were then used to provide the standard deviation and mean
calculations.

2.7. Antibacterial Activity

Escherichia coli and Staphylococcus aureus are prominent bacteria
commonly found on human skin, causing severe skin infections. This
study used the standard isolate E. coli ATC 25922 and S. aureus ATC
25923 as the bacteria to test the antibacterial properties of the
synthesized PET/ZnO composites. Bacterial strains were placed on
agar plates and incubated for 24 h under aerobic conditions at 37 °C.
The colony suspension was prepared by selecting 10—20 isolated
colonies in 5 mL saline solution (0.85% NaCl). The bacterium was
then swabbed over the entire surface of the agar 3 times, each time at
an angle of 60°. The sample containing the extracts was then
transferred to a test plate and assayed on a triplicate agar medium
plate. After incubation at 37 °C for 24 h, the zone of inhibition was
measured. The test was repeated 3 times for each sample for mean
and standard deviation calculations.

2.8. Hardness Test

The hardness test was conducted on the neat PET and PET/ZnO
composites using a Vickers hardness tester (Mitutoyo Corp, Japan)
with the diamond pyramid indenter. The samples were tested
according to the international standard ASTM D 2240 applied to an
HVO0.2 load with a holding time of 10 s. Then, the width of the
indentation on the samples was observed and measured using an
optical microscope with 10X magnification and calculated according
to the hardness (HV) equation as indicated below in eq 2.

P

HV = 1.8544—

& (2)

In this equation, P is the indentation load (kgf) while d is the mean

diameter of the diamond-shaped indent. The hardness test was

performed 4 times for each sample at 4 sites for mean and standard
deviation calculations.

2.9. Statistical Analysis

All results are presented as mean = the standard deviation.” The one-
way ANOVA (SPSS Version 29) was performed to compare group
differences, followed by a posthoc Tukey test, with p < 0.05
considered statistically significant.

3. RESULTS AND DISCUSSION

3.1. Synthesis of PET/ZnO Composites

3.1.1. Fourier-Transform Infrared Spectroscopy
(FTIR). Figure 1 exhibits the FTIR spectra of neat PET and

——2ZnONP

—— Neat PET

—— PET/ZNO (1.0 wt%)
—— PET/ZNO (3.0 wt%)
—— PET/ZNO (5.0 wt%)
—— PET/ZNO (7.0 with)

Transmittance (%)

T r— T T T ———
4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm™)

Figure 1. FTIR spectra of ZnO, Neat PET, and PET-ZnO
Composites.

the PET/ZnO composite incorporated through solution
blending. Recycled PET exhibited several characteristic
absorption peaks at 1240 and 1714 cm™, corresponding to
the aromatic esters and —C=0. Other peaks such as 1340
cm™ (stretching of C—O group), 1504 cm™' (vibrations
aromatic skeleton with stretching of C=C), 2970 cm™
(stretching of C—H), 1096 and 1050 cm™' (methylene
group, and vibration of C—O bond of ester), and 972, 872,
and 848 cm™' (aromatic rings) were also present in the FTIR
spectra in Figure 1. These similar peaks were observed in the
previous literature, corresponding to the typical PET
peaks.””* A significant absorption peak in the PET/ZnO
composites spectrum (~3415 cm™') was observed, confirming
the formation of intermolecular hydrogen bonds between the
O—H group of the PET and the surface of ZnO, indicating

https://doi.org/10.1021/acsomega.5c09735
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good filler—matrix interaction.”> This demonstrated the
successful compounding of ZnO nanoparticles in the PET
samples.

3.2. Thermal Characteristics of PET/ZnO Composites

3.2.1. Differential Scanning Calorimetry (DSC). The
DSC thermograms of the neat PET and PET/ZnO composites
are shown in Figure 2, and the thermal properties of the
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Figure 2. 2nd heating of DSC thermograms of (a) neat PET and PET
with the addition of (b) 1.0, (c) 3.0, (d) 5.0, and (e) 7.0 wt % of ZnO
nanoparticles.

Table 2. Thermal Properties of PET/ZnO Composites
Obtained from DSC Data from the 1st Heating

T. T, AH,, AH,, ;

sample (°C) (°C) (/g) (/g) (%)

Neat PET 2154 2528 5233 469.1 387
PET/ZnO (1 wt %) 2023 2460 1092 1060 22.9
PET/ZnO (3 wt %)  199.7 2412 207.7 161.8 328
PET/ZnO (S wt %)  189.1  229.2 6422 7215 56.6
PET/ZnO (7 wt %) 1784 2185 2317 3079 544

samples related to each pattern are listed in Table 2. The
composite systems had the T, shifted to lower temperatures
by incorporating ZnO. The decrease in T, was also observed
in several other studies with PET/ZnO composites.”* The
progressive reduction in Ty, from 252.8 to 218.5 °C as ZnO
content increases can be attributed to the constrained mobility
of PET chains at the ZnO interface, which hinders the
formation of perfect crystalline regions. This leads to the
development of less stable, imperfect crystallites that require
less thermal energy to melt, consistent with prior observations
in polymer nanocomposites.”® It can also be observed that the
crystallization in all PET/ZnO composites was improved, as
indicated in Table 2. The presence of ZnO nanoparticles
lowers the energy barrier for nucleation due to their high
surface area and interfacial interaction with the PET matrix.
According to nucleation theory, heterogeneous nucleation sites
reduce the critical free energy for crystal formation. The
observed decrease in T, and increase in X, for 5.0 and 7.0 wt
% samples suggest that ZnO acts as an effective heterogeneous
nucleating agent, promoting more ordered crystalline re-
gions.

These results show that incorporating ZnO nanoparticles
into the PET matrix can lead to constrained chain mobility due

to interactions at the polymer—nanoparticle interface. This
restriction in chain movement affects crystallization behavior,
potentially resulting in the formation of imperfect or less-
ordered crystalline regions. Such effects have been observed in
studies examining the crystallization behavior of PET/ZnO
nanocomposites, where alterations in crystallization temper-
ature and degree of crystallinity were reported, indicating the
influence of ZnO on chain dynamics and crystal formation®**’

The thermal data also showed an irregular trend in the
degree of crystallinity, which occurred upon incorporating 1.0
and 3.0 wt % of ZnO nanoparticles. It may be speculated that
the presence of polymeric or inorganic components formed
during the process has hindered the effects of ZnO on the
crystallization of PET.

Regarding thermal analysis, Table 3 indicates that the
addition of ZnO causes a progressive decrease in Ty

Table 3. Thermal Analysis Data of Neat PET and PET/ZnO
Composites

sample Tonset (°C) Thax (°C)
Neat PET 428.45 458.86
PET/ZnO (1 wt %) 42352 456.08
PET/ZnO (3 wt %) 405.22 459.22
PET/ZnO (5 wt %) 404.61 457.67
PET/ZnO (7 wt %) 401.98 459.28

indicating that ZnO promotes earlier chain scission and
accelerates the formation of volatile degradation fragments at
lower temperatures. The reduction of thermal stability might
be attributed to the catalytic activity of ZnO on the polymer
matrix.’® However, T, does not follow the same trend;
instead, the 3.0 and 7.0 wt % composites show a slight increase
in T, relative to neat PET. The increase in T, at 3.0 wt %
corresponds to the best nanoparticle dispersion; in contrast,
the increase at 7.0 wt % is likely due to the formation of rigid
ZnO microdomains that delay the maximum decomposition
rate. This suggests a dual effect of ZnO: it promotes early PET
degradation but also stabilizes intermediate products, slightly
delaying the peak degradation rate. Overall, neat PET is more
thermally stable at the onset, while ZnO addition lowers T,
but slightly delays the peak degradation, indicating a modified
but not inherently improved thermal stability in the
composites.

3.3. Crystallization Behavior of PET/ZnO Composites
3.3.1. X-ray Diffraction (XRD). X-ray diffraction (XRD)

analysis was performed to investigate the crystalline structure
of the PET/ZnO nanocomposites. The XRD patterns of neat
PET and PET/ZnO composites with varying ZnO contents
(1.0, 3.0, 5.0, and 7.0 wt %) are shown in Figure 3.

Neat PET exhibited characteristic semicrystalline diffraction
peaks at 26 =~ 16.9, 23.1, 25.0, and 26.2°, which correspond to
the (010), (100), and overlapping (110) crystalline planes.
These results are consistent with typical PET crystal structures
reported in the literature.”'® The presence of these peaks
confirms that the recycling and blending process preserved the
structural integrity of PET.

Upon incorporation of ZnO nanoparticles, additional peaks
appeared at 20 ~ 31.8 and 47.2°, corresponding to the (100)
and (102) planes of the hexagonal wurtzite phase of ZnO
(JCPDS Card No. 36—1451).”" The intensity of these ZnO-
related peaks increased progressively with ZnO content,
particularly in the 5.0 and 7.0 wt % composites, indicating a

https://doi.org/10.1021/acsomega.5c09735
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Figure 3. XRD patterns of (a) neat PET, PET/ZnO composites
containing (b) 1 wt %, (c) 3 wt %, (d) S wt %, and (e) 7 wt % of ZnO
nanoparticles, and (f) ZnO nanoparticles. ZnO peaks corresponding
to (100) and (102) planes are evident at ~31.8° and ~47.2°
respectively, confirming the presence of hexagonal ZnO (JCPDS 36—
1451).

greater degree of ZnO crystallinity and successful dispersion in
the PET matrix. This may be due to the ZnO nanoparticles
acting as nucleating agents, intermolecular attractions, and
polymer chain mobility.

Notably, the peak around 36.2°, corresponding to the (101)
reflection of ZnO, was weak in some spectra. This may be due
to the orientation of ZnO crystallites, relatively low
concentration, or overlapping with the amorphous background
of PET. Slight shifts in XRD peak positions were observed,
likely due to interfacial strain between the PET matrix and
ZnO nanoparticles. These shifts can be attributed to lattice
distortions arising from nanoparticle—polymer interactions."’

Overall, the XRD results confirm that ZnO nanoparticles
were successfully incorporated into the PET matrix without
significantly disrupting the PET’s crystalline structure. The
emergence of distinct ZnO peaks, alongside preserved PET
crystallinity, supports the composite’s structural compatibility
and aligns well with the increased crystallinity observed in the
DSC analysis.

3.4. Morphological Analysis of PET/ZnO Composites

3.4.1. Field-Emission Scanning Electron Microscopy
(FESEM). The FESEM micrographs (Figure 4) reveal distinct
surface characteristics that evolve with increasing ZnO
concentration. At low ZnO loadings (1.0—3.0 wt %), the
nanoparticles appear finely and uniformly distributed within
the PET matrix, indicating strong interfacial compatibility and
homogeneous dispersion of filler particles via solution
blending. This uniformity reduces phase separation and
supports the observed mechanical improvements.

At higher ZnO concentrations (5.0—7.0 wt %), the FESEM
images show clear signs of localized nanoparticle clustering,
particularly within the etched surface features (Figure 4e,f).
Although solution blending provides a more favorable initial
dispersion than low-shear melt or dry compounding, it cannot
fully avoid agglomeration at elevated loadings. As the system
approaches a percolation-like threshold, particle—particle
interactions increasingly dominate over particle—polymer
interactions, leading to the formation of microclusters.
Importantly, the resulting aggregates represent limitations in
polymer-inorganic nanocomposites fabrication rather than
matrix—filler phase failure.”>”” Consistent with reports where
conventional compounding routes often cause mechanical
deterioration beyond 3—4 wt % due to severe agglomeration
and weak interfacial adhesion, the PET/ZnO composites in
this study still demonstrate improved hardness and anti-
bacterial activity up to 7 wt %. This is attributed to the
preserved interfacial integrity and the ability of ZnO
microdomains to act as rigid reinforcing phases, which
continue to contribute positively to load transfer despite
their localized clustering.™

Furthermore, the absence of large voids or polymer—filler
phase gaps at all loadings suggests a strong filler—matrix
interfacial adhesion, possibly enhanced by hydrogen bonding
between ZnO hydroxyl groups and ester/carboxyl function-
alities in PET.”*”® This is critical in maintaining load transfer
efficiency and avoiding stress concentration sites under
mechanical strain.

3.5. Hydrophilicity Behavior of PET/ZnO Composites

Generally, bacterial adhesion greatly depends on the wettability
of the interaction surfaces. Surface hydrophobicity is among
the factors that affect bacterial adhesion and has a lower
resistance to bacterial adhesion®*’

PET matrices with ZnO nanoparticles at different
concentrations were tested for contact angle measurement, as
depicted in the chart in Figure 5. Upon incorporating the ZnO
nanofiller, the contact angle is getting smaller as ZnO has high
hydrophilic properties.”> This enhancement is primarily
attributed to surface hydroxyl (—OH) groups on ZnO
nanoparticles, which are known to form hydrogen bonds
with water molecules, facilitating greater water affinity.”® The
observed wettability behavior might also be influenced by the
surface morphology induced by nanoparticle incorporation.
According to the Wenzel model, surface roughness amplifies
the intrinsic wettability of a material.>’ Since ZnO is
hydrophilic, increased nanoscale roughness arising from well-
dispersed nanoparticles at 3.0 wt % further decreased the
contact angle, indicating improved hydrophilicity. This
interpretation is consistent with the pronounced hydrophilic
behavior observed at the optimal ZnO loading of 3.0 wt %,
where increased hydroxyl functionality and nanoscale texturing
contributed to superior wettability.

However, further increases in ZnO loadings (5.0 and 7.0 wt
%) reversed this trend, producing higher contact angles
indicative of reduced hydrophilicity. This can be attributed
to nanoparticle agglomeration at higher loadings, which
disrupts surface uniformity, as confirmed by the FESEM
micrographs.

Regardless, all measured water contact angles fell within the
acceptable range for prosthetic socket materials (60°—130°),
comparable to those of commercially used materials such as
silicone, polyurethane, and closed-cell polyethylene foam.*
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Figure 4. FESEM micrographs of (a) ZnO nanoparticles, (b) neat PET, and PET/ZnO composites at (c) 1.0 wt %, (d) 3.0 wt %, (e) 5.0 wt %, and

(f) 7.0 wt % concentrations.
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Figure S. Contact angle for neat PET and PET with 1.0, 3.0, 5.0, and
7.0 wt % ZnO nanoparticles. Significantly different groups are
represented by *(p < 0.05).

These values indicate favorable surface wettability, supporting
the suitability of composites for prolonged skin contact.

3.6. Surface Roughness of PET/ZnO Composites

The surface roughness (R, R, and R,) of the composites at
different ZnO concentrations is presented in Table 4 and
illustrated in Figure 6. Based on Figure 6, surface roughness
increased with increasing ZnO concentrations, with 7.0 wt %
surface being the roughest (R, = 3.08 + 0.8 ym, R, =339 +
1.09 pm, and R, = 22.18 + 1.45 um) and the neat PET sample
being the smoothest (Ra =193 + 0.4 pm, Rq =2.12 + 1.05
um, and R, = 13.9 + 1.19 um). This increase in surface
roughness may have implications for bacterial adhesion, as
rougher surfaces provide more surface area and microtopo-

graphical features that facilitate bacterial retention.*’

Table 4. Surface Roughness Values of Neat PET and PET/
ZnO Composites at Various Concentrations”

average surface roughness (um)

sample R, Ry R,
Neat PET 193 + 04° 212+ 1.05° 1390 + 1.19°
PET/ZnO (1.0 wt %) 239 + 0.9®  2.63 + 1.03 1721 + 121°
PET/ZnO (3.0 wt %)  2.64 + 0.6° 290 + 1.03°  19.01 + 1.42°
PET/ZnO (5.0 wt %) 278 + 0.6"  3.06 + 1.04®  20.02 + 1.44°
PET/ZnO (7.0 wt %)  3.08 + 0.8°  3.39 + 1.09°  22.18 + 1.45°

“Different superscript letters (a, b, c) within each column indicate
statistically significant differences between groups at p < 0.0S (Tukey
HSD).

The progressive increase in surface roughness with ZnO
loading can be attributed to two main factors: (1) the onset of
nanoparticle agglomeration and heterogeneity at higher
loadings and (2) the increased surface topography introduced
by agglomerated nanoparticles, causing irregular features.*”*’
This is particularly evident at 5.0 and 7.0 wt %, where mild
clustering and surface defects were observed in FESEM images.

From a physicochemical perspective, surface roughness
influences bacterial adhesion by providing microniches that
protect bacterial colonies from shear stress and allow
anchoring via van der Waals and electrostatic forces.*”**
Although higher roughness (R, = 22.18 ym for 7.0 wt %) could
potentially favor bacterial anchoring, the simultaneous
enhancement in surface hydrophilicity and the antibacterial
properties of ZnO likely counterbalance this effect, limiting
viable bacterial adhesion and colonization.
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Figure 6. Surface roughness analysis for neat PET, and PET with 1.0, 3.0, 5.0, and 7.0 wt % ZnO nanoparticles. The results presented are the mean

value of 5 measurements.
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Figure 7. Antibacterial activities of (a) neat PET, and PET with (b) 1.0 wt %, (c) 3.0 wt %, (d) 5.0 wt %, and (e) 7.0 wt % ZnO nanoparticles

against E. coli bacteria.
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Figure 8. Antibacterial activities of (a) neat PET, and PET with (b) 1.0 wt %, (c) 3.0 wt %, (d) 5.0 wt %, and (e) 7.0 wt % ZnO nanoparticles

against S. aureus bacteria.

Importantly, the measured roughness values remain within
the acceptable thresholds for prosthetic socket interfaces,
where moderate roughness can aid in mechanical interlocking
with inner liners while avoiding excessive skin irritation.*

3.7. Antibacterial Activity of PET/ZnO Composites

Antibacterial properties are defined as the ability of the
material to inhibit the growth of microorganisms, causing the
bacteria to stop reproducing. Antibacterial agents can kill
bacterla, making them fully safe on living tissues or human
skin.* Commercialized materials for on-skin applications like
prostheses typically do not exhibit significant inhibition zones
against bacteria, as the products are not intended to have
antibacterial features. Hence, this study determined the
antibacterial activity of PET/ZnO composites against the S.
aureus (Gram-positive) and E. coli (Gram-negative) bacteria,
usually found on human skin, using qualitative measurement
(inhibition zone method).

Figures 7 and 8 illustrate the inhibition zones of PET/ZnO
nanocomposites against E. coli and S. aureus, respectively, while
the corresponding quantitative measurements are summarized

in Table 5. Neat PET (Figure 7a) and the composite
containing 1.0 wt % ZnO (Figure 7b) showed no observable
inhibition zones. measurable inhibition effect emerged at 3.0
wt % ZnO (1.73 + 0.04 mm), with a significant increase at 5.0
and 7.0 wt % ZnO, recording inhibition zones of 23.07 + 1.69
and 24.12 + 2.38 mm, respectively. A similar trend was

Table 5. Inhibition Zone Diameter of PET/ZnO
Composites against E. coli and S. aureus at 1.0, 3.0, 5.0, and
7.0 wt % ZnO Concentrations”

ZnO concentrations (wt %) E. coli (mm) S. aureus (mm)
0 0.00 + 0.00¢ 0.00 + 0.00*
1.0 0.00 + 0.00¢ 13.72 + 1.05°
3.0 1.73 + 0.280° 15.02 + 1.81°
5.0 23.07 + 1.38% 25.23 + 0.08°
7.0 24.12 + 1.94° 2722 + 0.37°

“Different superscript letters (a, b, c) within each column indicate
statistically significant differences between groups at p < 0.05 (Tukey
HSD).
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observed against S. aureus (Figure 8a). Neat PET exhibited no
inhibition, while the composite with 1.0 wt % ZnO showed a
notable antibacterial effect (13.72 + 1.05 mm), which further
increased to 15.02 + 1.81, 25.23 #+ 0.08, and 27.22 + 0.37 mm
at ZnO loadings of 3.0, 5.0, and 7.0 wt %, respectively.

Enhanced antibacterial activity can be attributed to multiple
mechanisms associated with ZnO nanoparticles. One major
factor is the release of Zn** ions in aqueous environments,
which penetrate bacterial membranes and interact with protein
thiol groups, leading to structural disruption and cell
death.”’~* Additionally, ZnO nanoparticles can interact
directly with bacterial membranes, inducing leakage of
intracellular components and compromising membrane
integrity.'”*” Another important mechanism involves the
generation of reactive oxygen species (ROS), such as hydroxyl
radicals (*OH), superoxide anions (O,*”), and hydrogen
peroxide (H,0,), even under ambient light due to ZnO’s wide
bandgap (~3.3 V). These ROS contribute to oxidative
stress, lipid peroxidation, and DNA damage, ultimately leading
to bacterial inactivation.>'

While ZnO nanoparticles are often reported to be more
effective against Gram-negative bacteria due to their thinner
peptidoglycan layers and more permeable outer membranes,
this study showed greater inhibition against S. aureus (Gram-
positive). The influence of the polymer matrix on ZnO
dispersion, surface exposure, and ion release kinetics may
explain this reversal.’’ In solid-state systems like PET, the
matrix properties modulate the interaction between ZnO
nanoparticles and the bacterial cell wall. S. aureus, with its
exposed peptidoglycan layer, may be more susceptible
compared to E. coli, whose outer membrane, rich in
lipopolysaccharides, can hinder Zn*>* diffusion and ROS
penetration. Similar antibacterial behaviors have been reported
in other polymer—ZnO nanocomposites.””*

The results indicated that PET/ZnO composites can reduce
the growth of microorganisms that cause bacterial infections
and skin disorders in prosthetic users. Therefore, the
synthesized composites inhibited the proliferation of bacteria
in the presence of ZnO nanoparticles.

3.8. Hardness of PET/ZnO Composites
The Vickers hardness of the neat PET and PET/ZnO

composites is depicted in Figure 9. A notable increase in
hardness is observed with increasing ZnO content, rising from

30 T * ]

[
(=

Shore D Hardness (HV)
s

Neat PET

PET/ZnO (1.0 PET/ZnO (3.0 PET/ZnO (5.0 PET/ZnO (7.0
wt.%) wt.%) wt.%) wt.%)

Figure 9. Vickers’ hardness test (Shore D) of PET/ZnO Composites
at different concentrations. Significantly different groups are
represented by *(p < 0.05).

15.75 + 0.50 for neat PET to 23.69 + 0.37 (Shore D hardness)
for the 7.0 wt % ZnO composite. The increase in hardness
reflects improved load transfer from the matrix to the ZnO
particles, increasing mechanical performance.’” ZnO has been
frequently reported as an effective filler in improving
mechanical performance.®**>*

According to the Halpin—T'sai model, mechanical reinforce-
ment in particulate-filled polymers depends on filler volume
fraction and aspect ratio. The nearly uniform dispersion
observed up to 5.0 wt % creates efficient load-bearing
pathways. At 7.0 wt %, despite minor aggregation, the
percolation threshold may have been reached, enabling the
development of a continuous filler network. This network
likely enhances interfacial adhesion and limits plastic
deformation of the matrix under applied stress.>

These results may also be due to the improved
crystallization, corresponding to the DSC and XRD data.
Generally, an increased degree of crystallinity will enhance the
strength of the polymer, affecting the mechanical properties
positively.'"” The ZnO nanoparticles may have also filled the
voids and spaces present in the matrix. Therefore, more voids
are filled in with increasing ZnO concentrations, increasing the
hardness values and indentation resistance.”® The reinforcing
particles successfully strengthen the matrix, improving the
resistance of the composite to applied pressures.

Commonly used thermoplastic materials like high-density
polyethylene (HDPE) and polypropylene (PP) have a high
hardness value typically between 60 and 80 on the Shore D
scale.”” However, the hardness value of some other prosthetic
materials, such as silicone rubber and polyurethane, could be
between 15 and 80 on the Shore A scale, which are considered
soft materials.>® Therefore, according to the durometer shore
hardness scale, the value obtained by the PET/ZnO
composites from this study was still within the acceptable
range for prosthetic sockets, indicating the composites’
suitability as a potential material.

3.9. Biocompatibility and Cytotoxicity Considerations

Although ZnO nanoparticles are widely recognized for their
antibacterial properties, their incorporation into polymer
matrices may also introduce biocompatibility concerns,
particularly at higher concentrations. ZnO nanoparticles are
known to exhibit dose-dependent biological responses,
primarily governed by Zn>* ion release, ROS generation, and
direct membrane contact.””® Studies on ZnO-reinforced
polymeric systems, including PET- and polyester-based
nanocomposites, have consistently shown that low ZnO
concentrations (<2—3 wt %%) typically retain cytocompati-
bility, supporting normal fibroblast and keratinocyte viability
due to controlled ion diffusion and the physical barrier
provided by the polymer matrix.

However, at higher ZnO concentrations, nanoparticle
agglomeration becomes more pronounced, leading to localized
regions of elevated Zn>" release and ROS accumulation. These
effects have been linked to oxidative stress, mitochondrial
damage, or reduced cell proliferation in related polymer/ZnO
composites.ﬁo_62 Because the current study incorporates
comparatively high concentrations (up to 7.0 wt %), similar
risks may arise, particularly at the upper end of the
concentration range, where FESEM already shows particle
agglomeration.

Nonetheless, the PET matrix acts as a diffusion-limiting
barrier, and the ZnO nanoparticles are predominantly
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embedded within the PET matrix rather than exposed on the
surface; hence, Zn*" release and direct cellular contact are
expected to remain limited. Studies on PMMA/ZnO and PLA/
ZnO nanocomposites have demonstrated that when metal-
oxide nanoparticles are well entrapped within the polymer
bulk, Zn*" release remains low and cytocompatibility is
generally preserved.”>®* Comparable PET-based composites
containing metal-oxide nanoparticles have also shown accept-
able skin-contact biocompatibility when surface exposure and
ion migration are minimized.

Overall, PET/ZnO composites with 1.0—-3.0 wt % ZnO is
expected to remain within safe cytocompatibility limits,
whereas 5.0—7.0 wt % ZnO may warrant further evaluation
due to possible ROS-mediated effects. These considerations
are important for prosthetic socket applications, where
prolonged contact with residual-limb skin requires minimizing
inflammatory or cytotoxic responses. Future biological testing
will therefore focus on determining safe ZnO thresholds and
verifying long-term compatibility.

4. CONCLUSIONS

This study successfully synthesized PET/ZnO nanocomposites
via solution blending, incorporating ZnO nanoparticles up to
7.0 wt % with minimal agglomeration as supported by FESEM
and thermal analyses. The composites exhibited key perform-
ance enhancements, including increased mechanical hardness,
improved hydrophilicity, and notable antibacterial activity,
arising from favorable physicochemical interactions between
PET and ZnO, such as interfacial adhesion and the nucleating
effect of ZnO nanoparticles. These material-level improve-
ments are particularly relevant for skin-contact prosthetic
applications, where hygiene, comfort, and mechanical stability
are critical. The enhanced antibacterial behavior and stable
structural response position PET/ZnO composites as promis-
ing candidates for future prosthetic socket components.
Additionally, the successful upcycling of postconsumer PET
into a functional biomedical composite underscores the
material’s sustainability potential by supporting circular
economy pathways and reducing plastic waste. Future work
should focus on evaluating cytotoxicity and biocompatibility in
vitro to ensure safe prolonged skin contact, investigating the
influence of ZnO nanoparticle size and shape on dispersion,
mechanical performance, and antibacterial efficacy to further
optimize the composites, and assessing long-term mechanical
stability and wear resistance under simulated prosthetic loading
conditions to confirm durability in real-life applications. These
directions provide practical and targeted guidance for
advancing PET/ZnO nanocomposites toward functional
prosthetic socket applications.
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