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Additive manufacturing (AM) is a powerful platform for developing functional materials with broad
applications across healthcare, consumer goods and industrial sectors. This study presents a pioneering
polypropylene (PP) filament enhanced with a ZnO-based glassy ceramic additive (Si—Na—Al matrix),
specifically designed for 3D printing. Beyond introducing antiviral functionality, the formulation
overcomes a long-standing limitation in AM of polyolefins, significantly improving printability by
reducing thermal shrinkage and enhancing interlayer adhesion. PP composites were fabricated with 2%,
6%, and 10% additive loadings and evaluated for morphological (SEM-BSE), chemical (FTIR, EDS)
and biological performance. Antiviral assays, conducted according to ISO 21702 using exposure times
of 15 and 120 minutes, demonstrated viral load reductions of up to 99.68% against betacoronavirus
(MHV-3) and 96.84% against adenovirus at the highest additive concentration. In contrast, antibacterial
tests based on ISO 22196 against E. coli and S. aureus showed no significant activity, likely due to
limited additive release from the polymer matrix. These results establish a novel antiviral 3D-printable
PP composite with improved manufacturing performance, offering a versatile solution for applications

demanding structural integrity combined with bioactive antiviral surfaces.
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1. Introduction

Additive Manufacturing (AM), also known as 3D
printing, has emerged as a transformative technology
across various industries, offering unprecedented design
freedom and customization. In the healthcare sector, AM has
gained substantial attention due to its potential to produce
personalized biomedical devices, prosthetics, and implants,
often incorporating antimicrobial and antiviral functionalities.
In 2016, medical and dental applications represented
approximately 12% of the AM market share by industry,
and the sector is expected to surpass $3 billion by 2026'.

Polypropylene (PP) is a thermoplastic polymer that
has proven highly suitable for additive manufacturing in
packaging and medical applications, due to its chemical
resistance, mechanical strength, recyclability, and ability
to preserve organoleptic and nutritional properties in food
products®*. Additionally, the development of bio-based PP and
other bioplastics is expanding, aligning with the increasing
demand for sustainable materials in global production’.

Despite these advantages, printing polyolefins such
as polypropylene via AM remains a significant challenge.
Issues related to thermal compatibility, limited interlayer
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adhesion, and poor additive dispersion hinder the integration
of antimicrobial functionality into PP-based 3D-printable
formulations. Moreover, this work contributes to solving
a long-standing challenge in 3D printing of polyolefins
by enhancing the printability of polypropylene through
ceramic-based additive modification.

Recent efforts have focused on incorporating antimicrobial
agents, such as silver, copper, and zinc®, as well as metal
oxides’, into polymer matrices to inhibit microbial growth®'’.
However, traditional approaches often face limitations such
as high cost, cytotoxicity, and difficulties in ensuring uniform
dispersion or controlled release of active species'''”. To overcome
these limitations, bionanocomposites have emerged as a
promising class of materials. By combining biopolymers
such as chitosan'*!*, starch, and carboxymethylcellulose®
with nanostructured additives, it is possible to improve
mechanical, thermal, and barrier properties while introducing
effective antimicrobial activity.

Additionally, plant-derived polyphenolic compounds
(e.g., gallic acid, caffeic acid, and tannic acid) have been
employed to prevent bacterial adhesion in 3D-printed PET .
However, achieving an optimal balance between printability,
stability, and antimicrobial functionality remains a critical
bottleneck, especially for extrusion-based AM processes
involving semi-crystalline polymers like PP.
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In this context, this study introduces an innovative
inorganic antimicrobial additive and evaluates its incorporation
into polypropylene matrices for filament-based AM. The
proposed approach, based on ceramic surface-functionalized
particles, aims to enable antimicrobial functionality in PP
while preserving printability, thereby broadening its potential
applications in advanced packaging and biomedical domains.

2. Material and Methods

The PP used is a commercial heterophasic copolymer
(impact copolymer) supplied by Braskem, grade H241,
widely applied in extrusion and injection molding due to
its enhanced impact resistance and processability. This PP
was blended with a commercial additive formulated in a
polyethylene (PE) masterbatch containing a ZnO-based
glassy ceramic (Si—Na—Al matrix) supplied by Cristal
Master. The material was processed using a gravimetric
dosing and extrusion system. Before extrusion, PP and the
ceramic-based masterbatch were dried at 80 °C for 4 h to
remove moisture. The extrusion profile included multiple
heating zones ranging from 160 °C to 250 °C, with typical
values 0f 230-250 °C in the initial zones, gradually reduced
to 170-200 °C in the latter zones, and 230-250 °C at the
die (Gala matrix). The melt temperature was maintained
at 215 °C, with a melt pressure of 35 bar and torque of
approximately 150 A. A screw speed of 500 rpm was applied,
using a screen pack configuration of 40/60/20 mesh. The
degassing system included one open atmospheric vent and
one closed vacuum vent, while water cooling was performed
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at 30 °C. The die configuration had 14 out of 19 holes open,
producing filaments with a controlled diameter of 1.75 mm.
The extrusion throughput was approximately 350 kg/h,
ensuring uniform production of spools (~500 g each)
later used for 3D printing of standardized test specimens.
The mixture was extruded into filaments and used for 3D
printing test specimens (Figure 1a). Four compositions were
produced: pure PP and PP with 2%, 6%, and 10% additive.
Before extrusion, PP and masterbatch were dried at 80 °C
for 4 hours to remove moisture. Subsequently, filament
coils (~500 g each) with a uniform diameter of 1.75 mm
were fabricated for each composition, as exemplified in
Figure 1 (b). Twenty standardized specimens (2 x 50 x
50 mm) per composition were then 3D-printed from these
filaments, as illustrated in Figure 1b. Table 1 presents the
parameters adopted for the fabrication of the specimens
using the FDM process. Different nozzle temperatures
were employed, one for each condition, to account for
variations in material flow behavior and to optimize the
print quality of each composition, particularly due to the
addition of the additive. In addition to the nozzle temperature,
several other printing parameters were carefully selected
to ensure optimal fabrication quality. The bed temperature
was adjusted to improve adhesion of the first layer and
minimize warping, especially for semicrystalline polymers
like polypropylene. The printing speed was set considering
both material flow and dimensional accuracy, balancing
faster production with the risk of defects. The cooling fan
was used selectively to control the solidification rate of the
extruded filament, influencing layer bonding and surface finish.

(d)

Figure 1. (a) Schematic of polypropylene composite fabrication with antimicrobial additives; (b) Extruded filament spool (~500 g, 1.75 mm
diameter) of polypropylene containing 10% ZnO-based glassy ceramic additive (Si—-Na—Al matrix), and corresponding 3D-printed test

specimens (2 x 50 x 50 mm).

Table 1. Optimized FDM processing parameters used for neat PP and PP blends with additive.

Composition Nozzle (°C) Bed (°C) Speed (mm/s) Cooling Fan (%) Layer Height (mm)

Retraction (Bowden) Brim (mm)

Pure PP 240 90 40 0 0.3 4 mm 10
PP +2% 242 90 40 0 0.3 4 mm 10
PP + 6% 244 90 40 5 0.3 4 mm 10
PP+ 10% 247 90 40 5 0.3 4 mm 10
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Layer height was chosen to provide a compromise between
surface resolution and printing time, with finer layers
promoting smoother surfaces and better feature definition.
Retraction settings were optimized to reduce stringing and
oozing, particularly in complex geometries. Finally, a brim
was applied when necessary to further enhance bed adhesion
and prevent edge lifting during the printing process. The
values presented in Table 1 correspond to the parameters
optimized to enable the printability of the specimens.

The same printed specimens were used for morphological
(SEM, EDS) and chemical (FTIR) characterization, as
well as for antimicrobial and antiviral assays, ensuring
that all analyses were performed on identical surfaces and
compositions. Particle size analysis of the inorganic additive
was performed by SEM imaging using ImageJ software.
Due to irregular particle morphology, the maximum linear
dimension (Ferret’s diameter) was measured for at least
50 randomly selected particles per sample condition (pure
additive, and composites containing 2%, 6%, and 10%
additive). Statistical comparisons among groups were
conducted by one-way ANOVA at a 95% confidence level.

Post-processing characterization included Scanning
Electron Microscopy with a Field Emission Gun (SEM-FEQG),
Energy Dispersive Spectroscopy (EDS), and Fourier-transform
infrared spectroscopy (FTIR) using ATR mode to assess
morphology and chemical composition.

Antimicrobial efficacy was evaluated per ISO 22196
focusing on E. coli and S. aureus (Figure 2). Sterilized samples
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were inoculated, covered with sterile films and incubated at
35 °C for 24 h under high humidity. Bacterial reduction was
measured by colony counting, with antimicrobial performance
expressed as inhibition percentage.

Antiviral evaluation followed ISO 21702" using two
viral models: betacoronavirus (MHV-3), related to SARS-
CoV-2, and adenovirus, a non-enveloped virus. Both were
tested at 10° viral particles according to TCID,, method.
VERO and L929 cells were cultured in Dulbecco’s Modified
Eagle’s Medium (DMEM) at 37°C with 5% CO, under
laminar flow. Samples were exposed for 15 and 120 min,
followed by viral activity quantification. Cytotoxicity was
assessed after 24 h by cell imaging. Viral titration, based
on cytopathogenic effects, quantified viral multiplication.
Antiviral activity (R) was calculated as the log difference
between control (U;) and treated (4,) samples.

R=U -4 (1

3. Results and Discussions

Polypropylene (PP), like other polyolefins, typically
exhibits high thermal shrinkage during 3D printing, resulting
in warping, poor layer adhesion and dimensional instability.

This behavior is evident in Figure 3a, where the pure
PP sample shows significant deformation after printing. The
addition of 2% of the ceramic-based additive, composed of
ZnO-based glassy ceramic additive, significantly improved
the printability of PP, as shown in Figure 3b.
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Figure 2. Inoculation procedure for antimicrobial and antiviral assessments.

Figure 3. Comparison of 3D-printed polypropylene (PP) samples. (a) Pure PP showing severe warping due to thermal shrinkage. (b) PP with 2%
ZnO-based glassy ceramic additive (Si-Na-Al matrix) exhibiting improved dimensional stability and reduced warping, enhancing printability.
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The modified material exhibited enhanced interlayer adhesion
and dimensional stability, reducing shrinkage without requiring
fixatives or surface treatments. This effect is attributed to the
inorganic additive altering the crystallization dynamics and
thermal behavior of the polymer during cooling, mitigating
internal stresses. These results are consistent with previous
reports, which demonstrate that incorporating inorganic
oxides such as ZnO into polymer matrices enhances chemical
stability, semiconductivity, and mechanical strength, directly
affecting microstructure formation and dimensional stability
in additive manufacturing'®. Furthermore, recent studies
highlight that the addition of nanomaterials to thermoplastic
polymers improves mechanical and thermal properties, in
addition to favoring adhesion between layers and reducing
internal stresses, increasing dimensional stability and 3D
printing quality'.

This finding addresses a well-known limitation
in additive manufacturing of polyolefins, particularly
polypropylene, which typically suffers from excessive
thermal shrinkage, warpage and poor interlayer adhesion.
By improving dimensional stability and print quality, this
material enables the use of polypropylene in applications
previously limited by printability challenges. Beyond its
functional properties, this improvement greatly expands
the versatility of polypropylene in additive manufacturing,
enabling its application in more complex geometries and
diverse industries such as healthcare, consumer goods, and
functional components that demand precision and stability.

Materials Research

This processing advantage complements the material’s antiviral
functionality, broadening its technological relevance®.

Figure 4 presents SEM-FEG images in backscattered
electron (BSE) mode, which enhances contrast based on
atomic number differences, allowing clear visualization of
the inorganic additive dispersion within the polypropylene
(PP) matrix.

Figure 4a corresponds to pure PP, showing a homogeneous
and smooth surface without detectable particles. In contrast,
Figure 4b displays the sample with 2% additive, where bright
regions, indicative of elements with higher atomic number,
such as Zn, Al, and Si from the glassy ceramic, begin to appear
sparsely distributed. With 6% additive Figure 4c, the distribution
becomes more noticeable, with a higher density of bright
spots evenly dispersed across the matrix. In Figure 4d, with
10% additive, a significantly higher density of bright regions
is observed, confirming the successful incorporation of the
ceramic particles. Some particles are partially exposed on the
composite surface, which is relevant for antiviral performance.
However, localized agglomerations are also detected in certain
areas. These micrographs demonstrate that the additive was
effectively integrated into the polymer, with reasonably good
dispersion even at higher concentrations, which is critical for
ensuring functional performance of the composite material.
Notably, the SEM-FEG analysis was performed on the same
samples subjected to antimicrobial and antiviral tests, ensuring
that the morphological observations directly represent the
surfaces evaluated for biological activity.

Figure 4. SEM-FEG images in backscattered electron (BSE) mode showing additive dispersion in PP. (a) Pure PP without additive;
(b) PP+2%, (c) PP+ 6%, and (d) PP + 10% of ZnO-based glassy ceramic additive (Si-Na-Al matrix). Bright regions indicate the presence
of the inorganic phase, with increasing particle density as additive content rises, at 150x.
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Particle size measurements revealed an average
maximum linear dimension (Ferret’s diameter) of 20.72 +
2.90 um for the pure additive. In the composite samples,
similar particle dimensions were observed, with averages
0of21.30 £ 1.46 pm, 19.56 + 1.96 pm, and 20.34 + 1.76 um
for additive loadings of 2%, 6%, and 10%, respectively.
Statistical analysis (ANOVA, p=0.063) confirmed that these
values are statistically equivalent at a 95% confidence level.
This indicates that the extrusion and additive incorporation
processes did not significantly alter particle size distribution,
ensuring consistent morphological characteristics across all
evaluated composites. Such consistency supports uniformity
in the antiviral and printability performance observed for the
composites at different additive concentrations.

Figure 5 presents the morphological and chemical
characterization of the masterbatch composed of polyethylene
(PE) and the ZnO-based glassy ceramic additive, using
SEM-FEG in BSE mode combined with EDS analysis.

In Figure 5a, at 500x magnification, the bright regions
correspond to the inorganic additive dispersed within the
polymeric matrix. Region “1” was selected for detailed
observation at higher magnification shown in Figure 5b,
captured at 3000x. In this micrograph, the contrast is
significantly enhanced due to the higher atomic number of

the additive components (Zn, Al, Si, Na) compared to the
polymer matrix. The marker “2” indicates a representative
particle, and the point marked with “X” corresponds to the
location where the EDS punctual analysis was performed.

The EDS spectrum in Figure 5¢ confirms the chemical
composition of the bright particle, with prominent peaks of
zine (Zn), silicon (Si), aluminum (Al), sodium (Na), and
oxygen (O), validating the composition of the additive as
ZnO embedded in a glassy matrix rich in Si, Al, and Na. The
presence of carbon (C) is attributed to the PE matrix, while
gold (Au) and palladium (Pd) signals arise from the conductive
coating applied for SEM-FEG analysis. The semi-quantitative
EDS analysis of the selected particle (point X, Figure 5c)
confirms the composition of the inorganic additive. The
elemental composition by weight was predominantly silicon
(S1, 27.8%), oxygen (O, 24.9%), carbon (C, 20.2%), sodium
(Na, 8.2%), palladium (Pd, 2.8%), aluminium (Al, 1.3%), and
zinc (Zn, 1.1%). The strong Zn peaks, combined with Al and
Si, correlate directly with the higher contrast regions in the
BSE images, evidencing the presence and proper incorporation
of the ceramic additive. Additionally, the distribution and
morphology observed suggest a good level of dispersion of
the additive within the polymer, which is critical for ensuring
the functional properties of the composite material.
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Figure 5. Figure X. SEM-FEG images in BSE mode and EDS analysis of the PE masterbatch with ZnO-based glassy ceramic additive.
(a) Overview at 500 showing dispersed inorganic particles; (b) detail at 3000x with EDS point marked “X”. (c) EDS spectrum confirming

Zn, Si, Al, Na, and O from the additive.
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The FTIR spectra in Figure 6 were analyzed for pure
PP homopolymer, PP with additive loadings of 2%, 6% and
10% as well as the PE masterbatch containing additive.

The FTIR spectrum of neat PP exhibits its characteristic
absorption bands at 2950, 2915, and 2838 cm™!, corresponding
to asymmetric and symmetric C—H stretching vibrations of
methyl (CH,) and methylene (CH,) groups. Bending vibrations
are observed at 1455 cm™ (CH,) and 1377 cm™ (CH,), which
is a diagnostic band for the isotactic polypropylene structure.
Additional bands at 1167, 997, 972, 840, and 808 cm ™! are
associated with CH, rocking modes and C-C stretching
vibrations within the polymer backbone?”'.

The additive’s spectrum is dominated by typical PE features at
2915 and 2848 cm™ (C—H stretching), 1472 and 1462 cm™ (CH,
bending), and 730/719 em™ (CH, rocking). Superimposed on
these are distinct bands related to the inorganic components.
Specifically, broad absorption bands between 1000 and
1200 cm™" are attributed to Si—O-Si asymmetric stretching,
indicative of the silicate network from the glass matrix*.

As the concentration of the additive increases (2%, 6%,
and 10% by weight), a progressive enhancement is observed
not only in the intensity of the inorganic bands, particularly the
Si—O-Si (1000-1200 cm™), but also in the C—H stretching region
between 2800 and 3000 cm™. This increase in the 2915 and
2848 cm™! bands is directly correlated with the polyethylene
content introduced by the additive, reflecting the cumulative
contribution of the PE carrier to the composite’s overall
chemical signature. Importantly, despite this amplification,
the main vibrational features of the polypropylene matrix
remain unchanged, indicating that the additive is physically

100
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Figure 6. FTIR spectra of PP, the ZnO-based glassy ceramic additive,
PP composites with 2%, 6%, and 10% additive and PE masterbatch
containing additive.
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dispersed without inducing chemical modifications to the PP
macromolecular structure. The appearance and systematic
growth of the silicate (Si—O-Si), zinc oxide (Zn—0), and
C—H stretching bands serve as robust spectral markers for
the additive’s incorporation and homogeneous distribution
within the composite material.

Table 2 presents the results obtained for Escherichia
coli and Staphylococcus aureus, including initial and final
bacterial counts with and without treatment. The antimicrobial
evaluation of polymers containing 2%, 6%, and 10% of the
active agent showed no effectiveness in reducing bacterial
counts. After exposure to the polymer surfaces, bacterial
populations remained comparable to the control groups,
indicating that the tested concentrations were insufficient
to inhibit microbial growth.

The results indicate that none of the tested polymer films
exhibited antimicrobial activity against the evaluated bacteria.
This effect may be attributed to the encapsulation of ZnO
within the polymer matrix, forming a physical barrier that
restricts its interaction with bacterial cells and hinders the
efficient release of reactive oxygen species, which are essential
for its antimicrobial action. Previous studies highlighted
that controlled ZnO release is crucial for optimizing its
bactericidal activity”**. As mentioned, ZnO encapsulated in a
glassy matrix did not exhibit classical antimicrobial activity,
particularly against bacteria, likely due to its heterogeneous
dispersion and limited ion release in aqueous media, factors
that typically influence bactericidal efficacy®. Moreover,
combining ZnO with other antimicrobial compounds may offer
a promising solution. Studies indicate that hybrid materials,
such as ZnO combined with silver nanoparticles, exhibit a
synergistic effect, enhancing antimicrobial action against E.
coli and S. aureus. Developing combined formulations is a
valuable strategy to optimize the functionality of antimicrobial
polymers®. The observed results highlight the need for
further investigations into the impact of the polymer matrix
on ZnO functionality in bacterial inhibition. To overcome
these limitations, future strategies could focus on enhancing
the surface exposure of the inorganic phase through post-
printing surface treatments or developing hybrid formulations
that incorporate antimicrobial agents with mechanisms
independent of ion release, such as photocatalytic materials.
These approaches could significantly improve antibacterial
performance without compromising the structural integrity
or printability of the polypropylene composite”’.

The results presented in Table 3 demonstrate the antiviral
efficacy of polypropylene (PP) samples with 2%, 6% and
10% additive concentrations against both MHV-3 (enveloped)
and adenovirus (non-enveloped) after 15 and 120 minutes
of exposure.

Table 2. Antimicrobial activity of E. coli and S. aureus at time 0 and after 24 hours of exposure, expressed as CFU count.

Sample Exposure time (hours) E.Coli (CFU Count) S.aureus (CFU Count)
0 1.72 10° 5.31 107
PP 24 8.44 107 1.4110°
PP +2% 24 1.3110° 1.23 10°
PP + 6% 24 7.20 10¢ 1.47 10°
PP+ 10% 24 8.63 10¢ 1.63 10°
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The PP + 10% sample showed the highest reduction in
viral load, with 2.5 log for MHV-3 and 1.5 log for adenovirus
after 120 minutes. This equates to a viral reduction of
99.68% for MHV-3 and 96.84% for adenovirus, confirming
the enhanced antiviral properties of the treated materials,
particularly with longer exposure times. Despite the lack of
antibacterial activity observed against E. coli and S. aureus
(Table 2), the material exhibited significant antiviral efficacy,
particularly against betacoronaviruses. This difference can
be attributed to the distinct mechanisms by which zinc oxide
(ZnO) interacts with bacterial versus viral structures. In
bacterial systems, the antimicrobial action of ZnO primarily
depends on the release of Zn?* ions, penetration of the cell
wall, and metabolic disruption®®.

Qualitative visual confirmation of the antiviral activity
is provided by microscopy images on Figure 7, clearly
demonstrating that untreated PP exhibited a significant
cytopathic effect caused by betacoronavirus, whereas
the PP composite with 10% additive displayed a notably
reduced cytopathic effect. This aligns with the quantitative
antiviral results (Table 3), reinforcing the effectiveness of
the ceramic additive.

However, when ZnO is embedded in a polymeric
matrix, its release is significantly hindered, limiting its
interaction with bacterial membranes, especially those
with robust structural barriers and antioxidant defenses.
In contrast, antiviral mechanisms do not rely solely on

ion release. Enveloped viruses, like betacoronaviruses
and adenovirus, are particularly susceptible to surface
interactions that disrupt lipid and protein components
of the viral envelope. The surface of the glassy ceramic
additive, composed of ZnO within a Si-Na-Al matrix, may
facilitate electrostatic interactions and localized oxidative
stress, leading to viral inactivation even with limited
Zn* release. Additionally, ZnO can generate reactive
oxygen species (ROS) under certain conditions, such as
light exposure or moderate heat, which can damage viral
envelope proteins and RNA, contributing to its antiviral
effect”. This antiviral performance is likely enhanced by
the presence of exposed inorganic particles on the surface,
as evidenced in the SEM-BSE images (Figure 3), which
facilitate direct contact with viral particles®’. This contact-
driven mechanism, combined with localized oxidative
stress, may be particularly effective against enveloped
viruses. Furthermore, the glassy matrix itself may play a
synergistic role by modulating the surface environment,
enhancing viral adsorption and promoting structural
destabilization through physicochemical mechanisms like
surface charge variations or local pH shifts. This synergy
may explain why significant antiviral activity was observed,
while the antibacterial response remained limited. Recent
literature supports that the effectiveness of metal oxides,
including ZnO, varies substantially depending on the type
of microorganism and the material’s form of presentation’'.

(2)

(b) (c)

Figure 7. Representative microscopy images demonstrating antiviral efficacy against betacoronavirus (MHV-3). (a) Cell control without
virus exposure; (b) PP without additive showing clear cytopathic effect due to viral replication; (c) PP with 10% ZnO-based glassy ceramic
additive (Si-Na—Al matrix), showing significantly reduced cytopathic effect after 120 min of virus contact.

Table 3. Viral titration results of adenovirus and MHV-3 after evaluated exposure times, presenting R values and the percentage reduction
in viral load for each treated sample compared to the control sample.

S 1 E ti Minuts
ample xposure time (Minutes) R % R %
15 1.00 90.00 0.50 68.42
PP+ 2%
120 1.00 90.00 1.00 90.00
15 1.00 90.00 1.50 96.84
+ 0,
PP+ 6% 120 1.50 96.84 1.50 96.84
15 2.00 99.00 1.50 96.84
PP+ 10%
120 2.50 99.68 1.50 96.84
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4. Conclusions

This study demonstrated the development of polypropylene
(PP) filaments functionalized with a ZnO-based glassy ceramic
additive (Si—Na—Al matrix) tailored for extrusion-based
additive manufacturing. The incorporation of the additive
significantly reduced thermal shrinkage and improved
interlayer adhesion, addressing a long-standing limitation
in 3D printing of polyolefins. In addition, the composites
exhibited remarkable antiviral activity, with viral reductions
of up to 99.68% against betacoronavirus and 96.84% against
adenovirus at the highest additive concentration. These results
highlight the potential of ceramic-modified PP filaments to
combine structural integrity with antiviral functionality.

In contrast, no significant antibacterial activity was observed
against E. coli and S. aureus, likely due to limited release
of Zn*" ions from the polymeric matrix. While this restricts
the antibacterial response, the specific antiviral performance
remains highly relevant, particularly in applications where
viral contamination poses a greater risk than bacterial
proliferation. Future research should explore strategies to
enhance antibacterial efficacy, such as surface modification
or hybrid formulations incorporating additional antimicrobial
agents, while preserving the improved printability achieved
in this study.

Overall, this work provides a viable pathway for
producing functional PP-based composites that integrate
manufacturability with antiviral properties. Such materials
hold promise for applications in healthcare, packaging, and
consumer products, contributing to the development of next-
generation functional polymers for additive manufacturing.
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