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ARTICLE INFO ABSTRACT

Keywords: 3D printing based on Digital Light Processing (DLP) technology was used to develop antibacterial filters,
3D printing combining design versatility and manufacturing precision. The advantages of 3D printing, including the ability to
Af‘tibaCteric produce complex geometries, reduction of material waste, and rapid iteration between design and production,
1éllllt)er;esign were exploited to make two different filter configurations. In addition, these geometries were analyzed by

computational fluid dynamics (CFD) to evaluate and compare their effectiveness in terms of flow distribution and
antibacterial potential. The filters were successfully printed using photosensitive resins based on polyethylene
glycol diacrylate (PEGDA), acrylic acid (AA) and glycidyl methacrylate (GMA). Subsequently, they were sub-
jected to functionalization processes that employed various chemical techniques and functional molecules,
notably arginine and agmatine, which antibacterial activity has been widely demonstrated. These processes
enabled the incorporation of specific groups aimed at bacterial adhesion and inactivation. Characterization of the
degree of functionalization was conducted by spectroscopic and microscopic techniques, confirming the effec-
tiveness of the surface treatment. Finally, the filters were tested against Gram-positive and Gram-negative
bacteria to evaluate their antibacterial efficacy. Results showed a significant reduction in bacterial viability
for agmatine-functionalized PEGDA/GMA-based filters, demonstrating that both filter design and functionali-
zation play a crucial role in achieving high antibacterial performance. The results for the other filters, however,
were uncertain, and further analysis will be needed.

This study, however, confirms the potential of DLP technology, which, together with appropriate function-
alization methods, suggests new possibilities for the development of customizable and functional devices.

Amino acids functional

Introduction

In recent years, air pollution has become a serious threat to the
environment and human health [1]. The problem arises from various
sources, including natural processes and human activities, with the
release of harmful gases and solid particulate matter. Particulate sub-
stances include solid particles, liquid droplets, or mixtures of both,
including aerosols formed with viruses, bacteria, pollen, fungi, spores,
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and allergen [2], which may lead to allergic reactions and respiratory
diseases [3]. Air is also a vehicle for infectious diseases such as the Avian
flu and the recent COVID-19 pandemic [4-7], and prolonged exposure to
air pollutants can cause respiratory problems like asthma and lung
cancer, as well as cardiovascular issues [8], with about seven million
premature death each year according to WHO [9].

In this context, effective air filtration systems are crucial [1], as
evidenced by the recent COVID-19 pandemic, which emphasized the
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importance of effective filters, not only in face masks but also in venti-
lation systems for enclosed spaces [10]. Therefore, there is a growing
demand for sustainable, multifunctional filter materials with high
filtration performance [3,11]. The sustainability of filters must be
evaluated not only in the choice of materials and manufacturing tech-
niques, but also in the design of their geometry, which affects aero-
dynamic resistance and, consequently, factors such as acoustic and
thermal impact and energy consumption [12].

Effective filtration can be achieved by optimizing structural and
chemical properties of filters, such as pore size, surface charge, hydro-
philicity, specific surface area, and mechanical stability[13]. Most air
filters are made of polymeric materials [13], e.g. polyacrylonitrile
(PAN), polyurethane (PU), polylactide, nylon-6, polyimide (PI), poly-
sulfone (PSF), and others [10,14-18], in the form of nanofibrous
structures or porous membranes [10], typically processed through
include electrospinning [1,3,10,13,16-19]. This technique allows for
structures with high specific surface area and small pore size [19], but
even though many studies have reported the effectiveness of electro-
spinning [10,19,20], it has limitations in terms of throughput and me-
chanical stability, often requiring additional support materials, e.g.,
fabric, plastic or metal mesh [10,19]. Therefore, new manufacturing
techniques are needed to overcome these limitations.

Recently, additive manufacturing (AM) techniques, or 3D printing,
have emerged as alternatives to or complements to electrospinning [19],
offering advantages such as speed, sustainability, flexibility and low
costs These techniques enable the design and fabrication of structures
with precise internal and external geometries, reducing material waste,
especially if compared to traditional subtractive manufacturing pro-
cesses [21-24]. In addition, advances in polymer chemistry for AM are
promoting the use of biodegradable and recyclable polymers, promoting
sustainability and circular economy [23,25]. Finally, AM can be adapted
to consume less energy, especially in applications where traditional
manufacturing processes require extensive processing or multiple steps;
the ability to produce complex geometries in a single step, in fact, re-
duces manufacturing energy consumption [23,25].

In the area of filtration, additive manufacturing allows the optimi-
zation of the chemical and structural properties of filters [13],
improving their effectiveness and allowing the incorporation of anti-
microbial properties [12]. Many studies show the benefits that 3D
printed antibacterial products could have [26].

However, the choice of materials is crucial, as antimicrobial activity
can result from geometry, the material itself, or post-printing function-
alization processes. These processes must be carefully selected to avoid
damage to the printed geometries.

Antibacterial surfaces can act according to two mechanisms,
depending on whether their effect is based on the release of bactericidal
agents or on surface-bacteria contact [27]. Release-based systems
incorporate bactericidal substances, such as silver nanoparticles
(AgNPs) or antibiotics, which are released gradually to kill nearby
bacteria [27]. For example, silver nanoparticles (AgNPs) as powerful
broad-spectrum antibacterial characteristics have been widely used to
prepare antibacterial coatings based on the release of bactericidal
mechanisms [27]. Contact-killing surfaces, on the other hand, are
functionalized with antibacterial agents that eliminate bacteria by
adhesion, exploiting chemical or physical interactions [27]. The mech-
anism of bacterial adhesion is very complex, and it is influenced by
several factors [28], including the surface chemistry of both the sub-
strate and the bacterium itself, as well as the surrounding environment
and conditions. Most molecules used in this context exploit their positive
charges to disrupt the bacterial membrane or to inhibit the normal
metabolic activities of bacterial cells [27].

Recently, attention has also been turned to new techniques involving
functionalization with antimicrobial polymers and antimicrobial pep-
tides (AMPs) [29,30]; among those two categories it can be mentioned
polyethylenimine (PEI), chitosan [31], or peptides with a positive
charge and a large number of hydrophobic residues, like those rich in
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arginine or glycine [31]. They act by destroying bacterial membranes
through electrostatic interactions and, unlike traditional antibiotics,
these agents do not cause resistance and show more efficient and
broad-spectrum action [32].

Focusing on anti-bacteric filtration systems produced by 3D printing,
McFarland et al. (2022) applied a coating by electrodeposition onto the
surface of halysite nanotubes (HNTs) with metals (copper, silver and
zinc), which are known to possess potent antiviral and antimicrobial
properties. The metal-coated HNTs (mHNTSs) were then added to poly-
lactic acid (PLA) and 3D printed by extrusion to form a filter for face
masks [33]. Another recent work developed a chitosan-graphene oxi-
de-silver (CS-GO-AgNP) composite membrane with effective bacterial
trapping action in aqueous environments [34]. Some natural molecules
are also effective in giving antibacterial properties: for example, in 2021,
Thavornyutikarn and coworkers developed new antibacterial composite
filaments for three-dimensional (3D) FFF (Fused Filament Fabrication)
printing based on thermoplastic polyurethane (TPU) enriched with
green tea (GT) and tannic acid (TA), both natural substances with
antibacterial properties [35]. Lehnen et al. recently designed filter de-
vices with adjustable surface functionalization effective in antibacterial
water filtration [36].

This study aims to combine the versatility and sustainability of 3D
printing with functionalization techniques to create complex-shaped
filters with antibacterial properties. Among 3D printing methods, Vat-
Photopolymerization (VP) offers high resolution and affordable mate-
rial and equipment costs. They are based on the spatially controlled
solidification, layer-by-layer, of photosensitive liquid resins [37] by a
programmable light source controlled by software; the light emission
can be controlled in terms of intensity, field distribution, and wave-
length [38]. In VP techniques there is no need for support material, as
the uncured material itself acts as a support [39]. Moreover, there are
fewer limitations on the viscosity range suitable for the fabrication
process, but the material choices are limited to liquid or soluble pho-
topolymers, which might be a disadvantage [40]. Among VP technolo-
gies, Digital Light Processing (DLP) is of particular interest due to its
speed and resolution, enabling the creation of structures that possess a
level of complexity so to reduce microorganism flow [40,41]. Here,
filters design was tested with Computational Fluid Dynamics (CFD)
modelling, which are useful for predicting the effectiveness of different
geometric configurations without expensive physical experiments [42].
By leveraging CFD simulations, researchers can efficiently investigate
the interplay between filter morphology, flow patterns, and filtration
efficiency, enabling the design of filters that optimize particle capture
while minimizing pressure drops [43,44]. Selected studies highlight the
importance of integrating CFD models with targeted experiments to
validate simulations and further refine filter designs, highlighting the
potential of CFD simulations to accelerate the development of
high-performance filtration solutions while reducing associated time
and costs [45-48].

In this work, DLP technology allows the chemical properties of the
material to be controlled [49,50] by incorporating functional monomers
for surface-exposed groups as anchor points for functionalization. Sur-
face functionalization strategy exploits AMPs mechanism to impart
antibacterial properties, specifically by grafting amine groups onto the
surface, since the antibacterial role of amines has been extensively
studied [51-56]. This method offers superior advantages, as the anti-
microbial agent is covalently bound to the device, providing a more
stable and long-lasting action against microbes [57]. To this aim, argi-
nine, a natural, hydrophilic amino acid with a large guanidinium
cationic group, and agmatine, a primary amine formed by decarboxyl-
ation of arginine were exploited [58]. The antimicrobial activity of
arginine (AR), due to the guanidinium group, has been widely demon-
strated [59-64], and since their structure is similar, we will try to
demonstrate the efficacy of agmatine (AG) as well. These molecules,
used also in the biotechnology, pharmaceutical, and food industries,
offer a sustainable option, since they can be derived from industrial
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waste or by-product [65-67].

Two acrylate/epoxy formulations, based on polyethylene glycol
diacrylate (PEGDA), acrylic acid (AA) and glycidyl methacrylate (GMA),
are prepared and processed using a digital light processing (DLP)-3D
printing technique. PEGDA»s5 is selected as structural monomer because
of its low molecular weight, that assures dimensional stability, high
degree of crosslinking, and good printability. The acrylate groups in its
structure promote a radical polymerization [68]. Acrylic acid (AA) and
glycidyl methacrylate (GMA) monomers were chosen to incorporate
reactive functional groups (carboxylic and epoxy groups, respectively)
into the polymeric structures by copolymerization with PEGDAs5( dur-
ing the 3D printing step [69]. Arginine and agmatine were bonded
exploiting the reactive primary amino group present in both molecules
[70].

Related to functionalization methods, two techniques were tested:
conventional heating (CH) and microwave-assisted (MW) functionali-
zation. Thermally activated chemical reactions are standard and effec-
tive but generate temperature gradients [71] and need long timescales,
consuming energy due to dependence on convection currents and
thermal conductivity [72,73]. In addition, the formation of thermal
gradients can lead to non-uniform transformations, creating obstacles to
scale production [71]. In contrast, microwave-assisted reactions are
based on the conversion of electromagnetic energy into thermal energy
[72]. Microwave energy easily penetrates the material, which can be
homogeneously heated rapidly and all at once, resulting in volumetric
heating [74]. This occurs due to rotational and vibrational effects, thus
reducing thermal gradients and preventing sample damage. MW tech-
nology also allows the use of environmentally friendly solvents, result-
ing in cleaner products [71]. MW strategies provide an alternative heat
source and have given the possibility of reducing reaction times to the
order of seconds or minutes, versus hours or days in CH strategies.
Additionally, the high product yield, high product purity and high
reproducibility of MW-assisted reactions make this technique green and
highly desirable synthetic strategy [71].

Experimental analyses are conducted to optimize procedures,
considering the compromise between surface functionalization, reaction
time, and final sample properties. Finally, the antibacterial properties of
the functionalized filters are evaluated against Escherichia coli and
Staphylococcus aureus bacteria.

Materials and methods
Materials

Poly(ethylene glycol)diacrylate (PEGDAgsg, Mn = 250 g/mol),
acrylic acid (AA, 99 %, Mn = 72.063 g/mol) and glycidyl methacrylate
(GMA, 97 %, Mn = 142.15 g/mol) were purchased from Sigma-Aldrich
(Merck Company, Darmstadt, Germany) and used as received. As a
photoinitiator, phenylbis (2,4,6-trimethylbenzoyl) phosphine oxide
(BAPO, 97 %) was used; brilliant green dye (BG, dye content ~90 %)
was used in some of the formulations. Both BAPO and BG were pur-
chased from Sigma-Aldrich (Merck Company, Darmstadt, Germany) and
used as received. Ethanol (EtOH, 99.8 %) was used for washing and
sonication steps. As grafting agents in functionalization, arginine (L-
arginine, 98 %) and agmatine (agmatine sulfate, 97 %), were used. In
some of the reactions, EDC/NHS (1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide / N-hydroxy-succinimide) were used as coupling agents.
Agmatine was purchased from Alfa Aesar (Thermo Fisher Scientific,
USA); arginine, EDC and NHS were purchased from Sigma-Aldrich
(Merck Company, Darmstadt, Germany). Buffers used were PBS and
Tris—HCl (Merck), Milli-Q water was used as solvent. All the products
were used as received.

Geometry study and flow simulation

Two filter-type structures were designed: the first geometry
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(configuration A) involves the superposition of several equal layers,
rotated with respect to each other; this filter operates in a predominantly
axial direction and is ineffective with radial or circumferential air flows.
Filters with this geometry were 3D printed in two different sizes: smaller
(1.5 cm in diameter and 2 mm thick) and larger (3 cm diameter and 1.5
cm thickness). The second geometry (configuration B) is more compli-
cated and can also filter radial or circumferential flows; a series of
concentric perforated walls are used for this purpose. In the axial di-
rection, the same principle as above is used, that is, a series of layers of
equal geometry that are offset from each other. These layers also have
the function of holding the walls together. Filters with this geometry
were 3D printed (1.5 cm in diameter and 2 mm in thickness and 3 cm in
diameter and 4 cm in height). CADs of the different geometries are
shown in Fig. 1A.

Computational model description

CFD simulations can provide useful data on filter performance,
highlighting velocity profiles, pressure losses and particle trajectories in
1D to 3D configurations. These results help predict and optimize filter
performance by guiding filter design. In our study, simulations were
conducted with COMSOL Multiphysics, a versatile platform for
modeling and analyzing complex physical phenomena that is ideal for
studying filtration systems because of its capabilities in thermo-fluid
dynamics and particle motion. We integrated key physical phenom-
ena, such as thermo-fluid dynamics of turbulent flows and particle
tracking, into our models to analyze the complex interactions between
flow and particles in the filter matrix.

Using COMSOL Multiphysics, two filter configurations (A and B)
were simulated in a cylindrical tube with three thicknesses (1, 2 and 4
layers), examining fluid dynamics and particle interactions to evaluate
the impact of filter density on characteristics such as residence time and
pressure losses. The simulations assumed a cylindrical tube with the
filter positioned inside, through which a liquid containing bacterial
particles was fed. Each filter thickness was tested under five different
flow rates, ranging from 0.1 ml/min to 1000 ml/min, to capture a broad
spectrum of operational demands. In addition to fluid flow analysis,
particle tracing was incorporated to simulate bacterial contamination,
modeling the microorganisms as spherical particles dispersed within a
liquid phase. This setup allowed for the evaluation of particle trajec-
tories, wall interactions, and velocity profiles under various flow in-
tensities, reflecting how each configuration responds to typical
challenges in filtration scenarios. A summary of the simulated condi-
tions, including the liquid composition (water with a bacterial density at
an optical density of 0.01), the outlet working pressure (atmospheric),
and specific flow rates, is presented in Table S1.

We used the Navier-Stokes equations to govern the fluid flow,
capturing the momentum, velocity, and pressure fields of the air moving
through the filter. Additionally, the k-epsilon turbulence model was
employed to provide a detailed description of turbulence by calculating
turbulent kinetic energy and its dissipation rate, which are pivotal for
predicting the flow behavior in the filter’s intricate geometrical con-
figurations. An energy balance equation was also integrated into our
simulations to account for any thermal effects, ensuring that tempera-
ture variations do not adversely affect the overall filtration performance.

Particle tracking equations were used to simulate the trajectory of
bacterial particles through the filter, evaluating their interactions with
the filter material and the efficiency of the system. The model assumes
that the particles are spherical, with mass and density derived from
experimental data, and that their motion is related to fluid dynamic
calculations.

The particle trajectory and physical properties in the model are
determined by the particle tracing module for the fluid flow interface in
Comsol. In this module, the motion, the particle momentum, the drag
and gravity force, the particle velocity and its trajectory, the particle-
particle and particle-walls interactions are determined by solving the
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Fig. 1. Overview and analysis of two 3D printed filter configurations: Configuration A: CAD model of configuration A (on the left) and B (on the right (A). Simulated
fluidic domain containing filters inside a cylindrical tube (configuration A on the left; configuration B on the right) (B). Finite element mesh for configuration A (on
the left) and configuration B (on the right) (C). Filters configuration with varying thicknesses: configuration A on the left (¢35mm - 1 layer (2.4 mm), 2 layers (4.8
mm), and 4 layers (9.6 mm)); configuration B on the right (¢25mm - 1 layer (3 mm), 2 layers (6 mm), and 4 layers (12 mm)) (D). Configuration A 3D printed samples
(p35mm; h15mm) using PEGDA/AA (top row) and PEGDA/GMA (bottom row) (E). Configuration B 3D printed samples (¢25mm; h30mm) using PEGDA/AA (top
row) and PEGDA/GMA (bottom row) (F). Evaluation of fidelity between the printed filters and CAD models using 3D scanning (top: configuration A, bottom:

configuration B) (G).

differential equations listed in Table S2. These detailed equations make
it possible to analyze complex interactions between flow and particles,
optimizing filter design. Table S2 reports key equations used in our
simulations. The quality of the mesh is crucial for ensuring convergence
and accuracy of the results. Our models used a mesh consisting of 3e® to
5e° tetrahedral elements, ensuring adequate resolution to represent the
phenomena in the filter in detail.

Formulation preparation

Two photocurable formulations were prepared with different weight
ratios between monomers (Table 1). Each solution is prepared in a black
falcon to avoid polymerization due to visible light. The solution is then
sonicated for a few minutes to make it homogeneous.

Each formulation was prepared by mixing the monomers first and
then adding 2 wt% of BAPO as photoinitiator. PEGDA/GMA-based
structures need a dye to improve printing resolution: 0.01 wt% of bril-
liant green (BG) is added to the solution, which was then stirred me-
chanically at 40 °C to make the dye dissolve completely.

Table 1

3D. Printing

As 3D printing equipment, a Pico 2 HD DLP-3D printer (Asiga,
Australia) was used. This 3D printer has a LED light source with a
wavelength of 405 nm, build area of 64 x 40 x 76 mm?® with nominal XY
resolution of 50 pm, and minimum Z-axis control of 1 pm. All CAD de-
signs were produced with Solidworks program and exported in STL
format. The printing process was performed with a 200 pm layer
thickness, an approach and separation velocity of 0.5 mm/min, a slider
velocity of 1 mm/min, and 5 s wait time after each step. Light intensity,
exposure time and heating temperature were different for each formu-
lation and are shown in Table 1. After printing, the samples were washed
in ethanol to remove the residual resin. Objects were then post-cured to
complete the polymerization and to strengthen the objects. Post-curing
was performed in a UV chamber lamp (Asiga Flash or RobotFactory UV
oven) for 3 min. For the optimization of surface modification reactions,
flat strips of size 1 x 5 cm and thickness of 600 ym were 3D printed.

— Composition of each formulation and 3D printing settings (200 pm of slicing thickness).

Formulation Composition Dye (phr) Exposure time (s/layer) Initial exposure time (s/layer) Light intensity (mW/cm2) Temperature ( °C)
PEGDA/AA PEGDA:AA = 80:20 - 1 2 25 25
PEGDA/GMA PEGDA:GMA = 80:20 0.1 5 7 35 30
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Functionalization

Different surface functionalization methods (conventional heating
and microwave heating) were exploited. At the end of each reaction,
samples are exhaustively washed with water, dried with absorbent
paper and placed in a vacuum desiccator at —70 cmHg, for at least 6
hours at room temperature.

Conventional heating

The general procedure for surface modification through conven-
tional reaction is the following: the solid reactants are placed in a round-
bottom flask provided with a magnetic stirrer and a refrigerator,
together with a sufficient volume of the specific buffer solution. The 3D
printed specimen is added in the solution, and the reaction is maintained
under flex for the selected time with the aid of a sand bath (see all
conditions in Table 2 and Table 3).

Microwave-assisted surface modification

Microwave reactions are performed in an Anton-Paar Monowave 300
reactor. A 10 mL borosilicate glass vial sealed with silicon septum, with
an operation volume of 2-6 mL (G10 vial), is used. Reactions are carried
out at 150 °C for 3, 5 and 7 min (see all conditions in Table 2 and 3).

Characterization

3D. Scanner

A 3D scanner was used to compare the printed geometry with the one
drawn on CAD software and thus be able to evaluate the printing fi-
delity. The scanner used is the 3Shape E4 (3Shape A/S, Copenhagen,
Denmark), equipped with four 5 MP cameras and with a measurement
accuracy of 4 um. Scan analysis was performed with Convince Software
from 3Shape. The sample Is covered with a thin layer of talc and placed
on the scanner platform. The resulting image is compared with the
original CAD file to obtain a colorimetric map.

FTIR spectroscopy

The IR spectra were recorded with a PerkinElmer Spectrum Two
spectrometer in transmission mode, with a resolution of 4 cm™ L, in a
wavenumbers range of 400 — 4000 cm L. The obtained spectra were
referenced at Abs4p0p=0, so that all the spectra have the same baseline.
The spectra were normalized with respect to the 1720 cm™ peak, cor-
responding to the ester group.

Contact angle measurement

Water contact angle was determined using a CAM200 goniometer
(KSV instruments), equipped with a video camera and an image
analyzer. The tests were performed at room temperature using the
sessile drop technique. A 3 pL droplet of water (72,8 Mn/m) was placed
onto the sample surface, and the static angle was measured. The test was
repeated ten times for each sample.

TGA
TGA Q500 thermal analyzer (TA instruments, New Castle, DE, USA)
was used to perform thermogravimetric measurements under dynamic
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mode using air atmosphere. Samples were heated from room tempera-
ture to 800 °C at a heating rate of 10 °C/min. The initial degradation
temperature (T() was obtained at 5 % of mass loss and temperature at
the maximum degradation rate (Tyax) were obtained from the first
derivative of the TGA curves (DTG).

EDX

The distribution of nitrogen on surface of modified materials is
evaluated by Scanning Electron Microscopy (SEM) with Energy
Dispersive X-Ray Analysis (EDX). A Bruker Nano equipment with Xflash
Detector 5030 was used to investigate the relative concentration of ni-
trogen retained on the unreacted and modified coating surface after the
different reaction processes. A probe current of 2.0 x 10™° A and an
accelerating voltage of 15 Kv were used. The spot size irradiated was
approximately 0.5 mm2 for all specimens. To determine the relative
nitrogen concentrations on the membrane surface, X-ray net counts were
obtained at three random locations for each specimen with a collection
time of 30 s. Three specimens were used for each condition. Samples
were metalized with Cr prior to being analyzed. From all samples, an X-
ray map was obtained showing the distribution of nitrogen along the
entire surface.

Swelling test

The study for swelling of 3D-printed samples was carried out to
verify the maximum amount of water the sample is able to retain. The
samples were immersed in 25 mL of water for 24 hours at room tem-
perature. Swelling percentage (ws%) in water was determined by
measuring the weight difference between the swelled sample (W) and
the initial one (Wj).

W, — Wi Wi)‘loo

0 —
ws% < VVI

After the swelling test, a recovery test was performed to evaluate the
effectiveness of the drying procedure. Samples were weighed after a
period of 24 h immersed in water; afterwards, they were placed in a
vacuum pump for 6 h and weighted again (Wy); the difference between
these two values gives the percentage of recovery (wr%).

wr% = 100 — KW)JOO}

i

Bacterial seeding

Samples were first sterilized in a 48-well plate, using two initial
washes with 1 mL of EtOH 70 %. Subsequently, surfaces were exposed to
60 min of UV light before a final wash with PBS. For bacteria inoculum,
1:10 dilutions of previously obtained 0.8 O.D. bacterial suspensions
(Staphylococcus aureus and E. coli) stored at 4 °C were prepared in LB
media and left at 37 °C under constant shaking of 125 rpm for 18-24 h.
Next, it was verified that the optical density of bacteria cultures was 0.8
at 600 nm using a spectrophotometer (Hach, USA) previous to cell
seeding over the samples.

Then, 1 mL of this inoculum was added to each sample and incubated
for 24 h at 37 °C. Finally, LIVE/DEAD™ BacLight™ (ThermoFisher

Table 2
Experimental conditions for surface functionalization.
Matrix Functional molecule Coupling agent Buffer pH Treatment Name
PEGDA/AA Arginine (15.1 mg/mL) EDC (5.4 mg/mL) NHS (3.9 mg/mL) Phosphate buffer (PBS) 5.8 Conventional heating PAA-AR-C
Microwave heating PAA-AR-M
Agmatine (19.7 mg/mL) — Tris-HCl 8.6 Conventional heating PAA-AG-C
Microwave heating PAA-AG-M
PEGDA/GMA Arginine (15.1 mg/mL) — Tris-HCl 8.6 Conventional heating PGMA-AR-C
Microwave heating PGMA-AR-M
Agmatine (19.7 mg/mL) — Tris-HCl 8.6 Conventional heating PGMA-AG-C
Microwave heating PGMA-AG-M
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Table 3
— Optimized reaction parameters.
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Name Matrix Functionalization molecule Treatment Optimized Conditions Type pf reaction

PAA-AR-C PEGDA/AA Arginine Conventional heating 100 °C, 70 rpm, 24h Michael addition + Amidation
PAA-AR-M Arginine Microwave heating 150 °C, 5min

PAA-AG-C Agmatine Conventional heating 100 °C, 70 rpm, 24h

PAA-AG-M Agmatine Microwave heating 150 °C, 7min

PGMA-AR-C PEGDA/GMA Arginine Conventional heating 100 °C, 70 rpm, 24h Michael addition + Epoxy opening
PGMA-AR-M Arginine Microwave heating 150 °C, 3min

PGMA-AG-C Agmatine Conventional heating 100 °C, 70 rpm, 48h

PGMA-AG-M Agmatine Microwave heating 150 °C, 7min

Scientific, USA) kit test was used to evaluate biofilm formation and
viability. Staining was performed for 15 min in dark conditions at room
temperature, followed by rinsing twice with PBS. This assay analyzes the
membrane integrity of the cell, staining green (SYTO® 9) if they are
intact, or red (Propidium Iodide) if the membrane is compromised.

The fluorescence signals were detected using an Eclipse Ti2 Nikon
(Tokyo, Japan) microscope equipped with a Crest X-Light spinning disk.
Images were acquired by triplicate, and live and dead bacterial cells
were quantified using ImageJ software. Fluorescence-stained images,
acquired in triplicate, were converted to 8-bit grayscale format (Image >
Type > 8-bit) to standardize the data for analysis. To differentiate live
and dead bacteria, thresholding was applied (Image > Adjust >
Threshold) to isolate the fluorescent signals corresponding to each pop-
ulation. The threshold levels were adjusted to ensure accurate segmen-
tation of the regions of interest (ROIs). Following this, the Analyze >
Measure function was used to calculate the mean fluorescence intensity
and the total area of the detected ROIs, which correlate with the
abundance of live or dead bacteria. This process was repeated for all
triplicate images, and the average values were used to quantify the live-
to-dead ratio of bacterial cells. Statistical analysis was performed with
two-ways ANOVA (* p < 0.05, ** p < 0.01, *** p < 0.001, ****p <
0.0001).

Results

In the realm of enhancing the performance of 3D printed filters, CFD
modeling emerges as a key tool, allowing the interaction between filter
morphology, flow, and filtration efficiency to be explored. This opti-
mizes filter design, reducing pressure drops and speeding up the design
process, reducing time and cost.

The two geometric configurations, A and B, are designed to create
distinct fluidic pathways (Fig. 1B and C). This design aspect influences
the residence time of particles within the filter, the number of particle-
wall collisions, and the overall particle retention efficiency. The various
geometries simulated are illustrated in Fig. 1D, with different thick-
nesses tested for both the configuration.

The study evaluated filter performance by varying flow, showing
how geometry affects filtration characteristics. The analysis focused on
pressure loss, a key parameter affecting fluid resistance and energy
consumption. Simulations show that increased layers in filters cause
higher pressure losses, reflecting higher flow resistance. These findings
align with the literature [75], suggesting that while increased thickness
enhances particle capture efficiency, it also raises the energy required to
maintain flow rates.

Pressure drops increase with flow and number of layers in both
configurations. For Configuration A, the increase is 2 orders of magni-
tude for 4-layer filters (0.1-1000 ml/min), with a 40 % increase between
1 and 4 layers at 1000 ml/min. This configuration shows lower pressure
losses than Configuration B (approximately 10 Pa, 170 Pa, and 315 Pa
for the 1, 2, and 4-layers options, respectively). For Configuration B,
losses increase by 1 order of magnitude with 1 layer and 3 orders with 4
layers in the same flow range, reflecting higher resistance, especially for
thicker filters.

Then comparing the two configurations, Configuration B shows

significantly higher pressure losses than Configuration A, with values
approximately an order of magnitude higher at a maximum flow of 1000
ml/min and 4 layers. This indicates that the design of Configuration A
may offer potentially lower energy consumption under high-flow con-
ditions, particularly when thicker filters are used, due to a more efficient
and less turbulent fluid path favored by its geometry. Configuration B,
on the other hand, generates more turbulence and resistance, especially
with thicker filters, while Configuration A facilitates smoother flow
transitions by reducing the increase in pressure drop associated with the
additional layers.

Analysis of flow velocity patterns showed how design affects fluid
dynamics in filters. The velocity patterns were analyzed in both 2D and
3D across the filter’s cross-sections, capturing the fluid distribution at
different operating conditions. Fig. 2. A illustrates the 2D velocity pro-
files at the outlet of the simulated filter configuration, reported for all
the modelled filters thickness, for the study case with an inlet flow rate
of 10 ml/min. It offers a representative example of the flow distribution
observed across various flow rates, trajectories, and its velocity along
these paths. In Configuration A, increasing thickness progressively
concentrates the flow velocity at the center of the filter, suggesting that
the geometric design favors a centralized fluid path. In Configuration B,
on the other hand, the velocity distribution remains uniform, even with
thicker filters, indicating a more balanced approach and stable perfor-
mance due to the internal design. Particle tracking simulations showed
how the design affects retention, trajectories, and particle interaction
with surfaces, providing a detailed picture of the performance of the two
models. (Fig. 2B)

Configuration A favors stable, linear particle trajectories with con-
stant velocities and minimal turbulence, reducing the risk of clogging
and providing predictable performance for applications requiring
controlled filtration. In contrast, Configuration B generates more com-
plex trajectories, with turbulence and frequent interactions with the
filter walls, increasing particle capture opportunities but leading to
higher pressure losses and energy consumption, especially in multi-layer
configurations (Figure S1). The analysis highlights how the choice of
filter design must balance the needs of efficiency, energy consumption,
and maintenance, taking advantage of the versatility of 3D printing to
customize configurations, diameters, and layers to suit specific
applications.

Therefore, the two structures were 3D printed by DLP. Printing pa-
rameters were optimized for each formulation, starting from previous
work, and are shown in Table 1. Filter-type structures were successfully
printed using the Asiga 3D-DLP printer and are shown in Fig. 1E and F.
Printed structures exhibit flat surfaces, straight elements, and appear
clean and sharp.

The use of a 3D scanner allowed us to assess print fidelity by creating
a colorimetric map (Fig. 1G). Green denotes zero differences between
the CAD model and the printed object, while red and blue represent
positive or negative differences, respectively.

Surface functionalization of the specimens was achieved through
reaction between amine groups and the reactive functional groups of the
printed parts (epoxy, carboxylic and acrylate groups), as shown in Fig. 3.
The nucleophilic attack of the N-electron pair of amines to an electron-
deficient carbon atom is largely described and it does not need a
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Fig. 2. 2D velocity trends at the filter outlet with an inlet flow rate of 10ml/min (A); 3D plot of filter cross section, trends of particle trajectories and particle

velocities along the trajectories for configurations A and B (B).
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particular activation step [76]. For the amidation reaction of the acrylic
acid group, we used EDC/NHS as coupling agents is widely described in
the literature [77-79].

Conventionally, chemical reactions are thermally activated, and they
are carried out through conductive heating, employing an external heat
source in a liquid medium with grafting agents. As said before, this
method, while effective, is slow and energy-consuming [73], due to
dependence on convection currents and thermal conductivity [72].

As an alternative, microwave heating has been proven to be faster
and more efficient [74], reducing byproduct formation [72] and thus
increasing the yield [80]. This is due to a combination of two factors: the
different way of transferring heat to the reagents and solvent and some
specific activating (nonthermal) effects.

To identify the most effective functionalization conditions for each
matrix-molecule pair, the reaction parameters, specifically reaction

time and pH of the solution, were optimized using a dual-criteria
approach. On the one hand, ATR-FTIR spectroscopy was employed to
monitor the presence and the intensity of characteristic bands related to
successful molecule incorporation. On the other hand, a sustainability-
driven criterion was adopted, aiming to maximize surface functionali-
zation while minimizing reaction time, thereby reducing energy con-
sumption and processing time. The selection of the best reaction
conditions was based on a combination of quantitative and qualitative
criteria, derived from different characterization techniques.

Regarding ATR-FTIR spectroscopy, functionalization was considered
successful when a clear increase in the intensity of bands at 1633 cm™
and 1672 cm™!, associated with guanidinium groups (from arginine and
agmatine) [81], was observed. A simultaneous decrease in the 810 cm™
band (C-H out-of-plane deformation of acrylate double bonds [82,83])
confirmed the occurrence of a reaction between acrylate and amine
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groups. Additionally, in PEGDA/GMA-based samples, a decrease in the
905 cm™! band signaled the opening of epoxy rings due to nucleophilic
attack by the amines [84]. Other significative bands are in the
2870-2920 cm™! and 3350-3450 cm'! range, related to C—H symmetric
stretching of aliphatic carbons [85] and N-H stretching vibration of
secondary amines [86], respectively, that should increase with the sur-
face functionalization. Only conditions that achieved these spectral
features within the shortest reaction time possible and at a pH that
ensured reproducibility and minimal degradation of the sample were
selected as optimal. Results for each analyzed reaction time are in
Figure S2, and the spectra of the optimized reactions are in Figure S3 and
S4. The best reaction parameters are summarized in Table 3.

Complementary characterization techniques further supported the
FTIR-based findings. EDX analysis was conducted to chemically char-
acterize the samples’ surface by measuring the weight percentage of
nitrogen. Results are reported in Table 4, that shows increases in ni-
trogen content (>3.0 wt%) on the surface of modified samples, with a
homogeneous elemental distribution (Fig. 3D). The results for PEGDA/
AA modification reactions show that the extent of the surface func-
tionalization is very similar via conventional or MW heating, because of
the same nitrogen content found by EDX technique. Although FTIR
spectra indicate a slightly higher conversion than EDX under conven-
tional heating, this discrepancy can be attributed to the different
penetration depths of the two techniques. The ATR-FTIR beam typically
probes a few micrometers into the material, whereas EDX rarely pene-
trates beyond 1 "™ [87,88]. Since the materials are intended for
surface-contact-killing antimicrobial applications, the surface-sensitive
information provided by EDX is more relevant for evaluating the
actual degree of surface modification.

Contact angle measurements indicated that most functionalized
samples became more hydrophilic, particularly those based on PEGDA/
AA. Exceptions were observed, such as the PGMA-AR-C sample, which
showed increased hydrophobicity. These results are detailed in Table S3.
Despite differences in surface wettability, PEGDA/AA-based samples
showed greater swelling than PEGDA/GMA-based ones, due to their
intrinsically more hydrophilic nature. Swelling behavior was not
significantly influenced by the molecule used or the heating method, as
shown in Table S3. Finally, TGA analysis (Figure S5) confirmed that
functionalization had limited impact on the thermal stability of most
samples, with degradation profiles comparable to untreated materials.
However, PEGDA/AA samples treated with arginine displayed a distinct
degradation pattern, with a main thermal event at 380 °C, potentially
indicating structural changes induced by surface modification. Addi-
tional minor degradation events may reflect the decomposition of
grafted amine groups and subsequent matrix degradation.

Having assessed the materials characteristics, anti-bacterial tests
were conducted with both Gram-positive (S. aureus) and Gram-negative
(E. coli) bacteria. Briefly, the inoculum was left to proliferate over the
surfaces for 24 h and the viability of the adhered bacteria at the film
surface was evaluated using a LIVE/DEAD fluorometric staining. Results
of all bacterial tests are shown in Figures S6.

PEGDA/GMA-AG matrices showed the best antibacterial behavior, as
can be observed in Fig. 4, which shows live (green) and dead (red)
bacteria over PEGDA/GMA flat surfaces and PEGDA/GMA-AG samples
modified via conventional or microwave functionalization. Both for
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S. aureus (Fig 4A) and E. coli (Fig 4B), viable bacteria colonies were
observed over control PEGDA/GMA surfaces, with few to no dead bac-
teria attached. Interestingly, when AG was present, both after conven-
tional and microwave functionalization, the number of dead bacteria
becomes higher, evidencing the antimicrobial efficacy of this surface
functionalization. This antimicrobial behavior has been further quanti-
fied via ImageJ software analysis: in all modified samples the percentage
of area occupied by dead bacteria, both S. aureus (Fig 4C) and E. coli (Fig
4D), was found to be statistically significantly higher than the percent-
age of area occupied by live bacteria, also when compared to the
respective controls.

As for the rest of the matrices, the antimicrobial behavior could not
be quantified due to poor bacterial adhesion. It is possible that surface
properties, such as charge and pH, influence bacterial adhesion, which is
crucial for early-stage biofilm formation. Moreover, both specific and
non-specific interactions may play an important role in the ability of the
bacteria to attach to a biomaterial surface. The relative contributions of
specific and nonspecific mechanisms are likely to depend on the surface
properties of the biomaterial as well as the associated flow conditions
[89]. In this case, the poor initial bacterial adhesion, which is essential
for biofilm formation, could be influenced by the pH value in the culture
environment and in the surface of the flat surfaces. In addition, the pH
value could affect the surface charge of the matrices, since the Arginine
and Agmatine residues can be protonated in different environments,
leading to different conformational regimes of the surface [90]. Posi-
tively charged surfaces are supposed to be more adhesive, but the strong
electrostatic attraction of the organisms has also been reported to
impede surface growth of bacteria [91]. Nevertheless, the performed
assay confirmed the antimicrobial efficacy of the modification herein
described.

Discussion and conclusions

In this work, air filters with antibacterial properties were fabricated
by 3D printing. In the first part, the design of the filters was studied, and
different CAD geometries were designed, with the aim of maximizing the
air/filter contact time and surface area. The two chosen configurations,
A and B, have different characteristics: configuration A has greater
mechanical stability, but allows only axial flow, while configuration B is
also effective for radial air flows.

3D printing by DLP resulted in objects of high geometric complexity
with high resolution, good mechanical properties and good fidelity to
the original CAD model. While printing process with PEGDA/AA matrix
was smoother, PEGDA/GMA required the presence of a dye to obtain an
acceptable resolution, increasing the printing time.

Then, sample surfaces were successfully functionalized to give them
bacterial adhesion characteristics. Two different molecules (arginine
and agmatine) and two grafting functionalization techniques (by con-
ventional and microwave heating) were used. As expected, microwave
heating gave a degree of functionalization comparable to the one given
by conventional heating, with much less time needed and thus less en-
ergy consumption. The decrease in reaction time needed for obtaining
the same degree of functionalization is around a factor of 120 for all
reactions. All those findings were supported by FT-IR spectroscopy,
which clearly showed the presence of peaks that can be associated to the

Table 4
- Element percentage (Wt%) on samples’ surface.
PEGDA/AA PEGDA/GMA

Element Untreated AR-C AR-M AG-C AG-M Untreated AR-C AR-M AG-C AG-M
C 52.46 53.10 52.74 52.60 52.79 56.92 52.24 n.a. 52.37 54.26
(0] 44.87 43.06 43.49 41.38 41.56 41.23 43.32 n.a. 43.09 44.25
N 0.44 1.29 3.06 3.25 3.66 1.85 3.04 n.a. 2.68 0.27
Others 2.23 2.55 0.71 2.77 1.99 0 1.4 n.a. 1.86 1.22
Total 100 100 100 100 100 100 100 — 100 100
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Fig. 4. LIVE/DEAD assay for PEGDA/GMA flat surfaces. Micrographies of S. aureus bacteria stained over the sample surfaces (scale bar is 20 um) (A). Micrographies
of E. coli bacteria stained over the sample surfaces (scale bar is 20 um) (B). Surface area coverage (%) of bacteria culture after ImageJ analysis for S. aureus (C);
Surface area coverage (%) of bacteria culture after ImageJ analysis for E. coli (D). Experiment was conducted in triplicate and statistical analysis was performed with

two-ways ANOVA (* p < 0.05, ** p < 0.01, *** p < 0.001, ‘p < 0.0001).
functionalization. These results, together with the use of natural amino
acids and aqueous buffers, makes functionalization through microwave
heating a sustainable way to give antibacterial properties.

Chemical modification is witnessed also by changes in surface and
thermal properties. With respect to the variation of hydrophilicity, a
certain spread of contact angle values was measured, nevertheless all are
within an adequate range of wettability in which the interaction with
bacteria and the adhesion process is favored [92]. Related to thermal
properties, TGA experiments show limited changes of the thermogram,
suggesting that only the surface was chemically modified, without
strong modifications of bulk properties. Besides, the presence of new
degradation peaks confirms the successful modification.

Reproducibility was ensured by applying standardized protocols,
repeated measurements and the use of complementary characterization
techniques (FTIR, EDX, contact angle). Statistical analysis of the data
and comparison between replicates confirmed the reliability of the
observed trends, while recognizing that minor fluctuations are inevi-
table in these systems, due to the inherent heterogeneity of 3D printing
and surface functionalization processes.

Regarding bacterial adhesion, samples were tested with Gram-
positive and Gram-negative bacteria. The antimicrobial efficacy of the
modification has been proved in the PEGDA/GMA-AG surfaces, which
showed a higher number of dead bacteria attached to the surface, both
after conventional and microwave functionalization. Particularly, the

microwave functionalized filters exhibited the most consistent antimi-
crobial behavior in the inactivation of both bacterial strains tested,
proving to be to be a faster and more efficient way to achieve the desired
effectiveness within our antimicrobial strategy.

Also, the theoretical effectiveness of the filters in application sce-
narios was studied through flow simulations, where filters are placed
inside ducts with a water flow, showing that Configuration A is more
balanced and less energy demanding, while Configuration B optimizes
particle retention but with greater pressure losses, energy consumption
and risk of clogging, especially in multi-layer systems.

Numerical results obtained from CFD simulations provide valuable
support for predicting filter behavior and performance in a realistic
application context, pointing out some indicative correlations between
geometry, flow distribution and antibacterial performance. Simulations
show that Configuration A favors a central and linear flow, with less
turbulence and wall interaction, which could translate into a lower
probability of bacterial accumulation and, therefore, a more controlled
environment for filtration. Configuration B, in contrast, has more tur-
bulent trajectories and more frequent interactions with filter surfaces,
which may increase capture efficiency but also increase the risk of
bacterial occlusion or proliferation in the absence of functionalized
surfaces. In this context, the antibacterial efficacy of PEGDA/GMA-AG
surfaces, evidenced by the significant presence of dead bacteria, can
be read as a complementary strategy to the use of a flow-friendly
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geometry (as in Configuration A), in order to balance filtration effi-
ciency, filter life and microbiological safety.

The use of CAD models and 3D printing offers significant advantages
in terms of dimensional and process scalability. The ability to quickly
adapt digital design enables the production of components in different
sizes without additional tooling costs. Furthermore, with the possibil-
ities of 3D printing, multiple components can be produced at the same
time, saving time and making it easy to scale. This flexibility in design
and production encourages amid rapid prototyping and on-demand
production, which reduces waste, development time, and overall cost.
Additionally, the investigated geometries can be readily scaled in terms
of thickness—by choosing the correct number of layers—and diameter,
allowing for fine-tuning of the final dimensions to match specific ap-
plications’ needs. This scalability makes it possible to adapt the same
design to different functional needs without re-engineering the entire
component. Additionally, thermosets such as acrylic polymers are well-
known for their long-term stability in standard conditions. In this case
this is demonstrated observing that the surface integrity and the original
geometries were preserved throughout the process. Additionally, the
antibacterial tests were carried out several weeks after the functionali-
zation procedures. During this time, no structural changes or deterio-
ration were observed, which suggests a good level of stability over time
under ambient storage conditions. On the other hand, applications in
harsh conditions (i.e. high temperatures, pressures or extreme pHSs)
should be instead checked specifically, since degradation of the poly-
mers may occur.

Summarizing, 3D printing complex geometries were fabricated, and
surface functionalized to give antimicrobial properties. Having deter-
mined the best conditions, in the next future new studies will be
developed to these prototypes, to verify the efficacy of these devices.
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