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Single-Step 3D Printing of Silver-Patterned Polymeric
Devices for Bacteria Proliferation Control

Gustavo Adolfo Gonzdlez Flores, Valentina Bertana,* Annalisa Chiappone,
Ignazio Roppolo, Luciano Scaltrito, Simone Luigi Marasso, Matteo Cocuzza,
Giulia Massaglia, Marzia Quaglio, Candido Fabrizio Pirri, and Sergio Ferrero

This work describes the fabrication of silver-patterned polymeric devices via
light-based 3D printing methods from a tailored resin. An acrylate resin
containing silver nitrate (AgNO,) as a silver precursor is employed to generate
silver nanoparticles (AgNPs) through the in situ reduction of the metallic salt.
The silver-based resin is processed through a customized stereolithography
SL-3D printing to fabricate structures with silver-patterned surfaces. This
customized SL-printer (emitting at 405 nm) offers the possibility of adjusting
the machine settings during the printing process allowing for AgNPs to be
selectively generated by modifying the laser settings during the 3D printing
step. Thus, the resin photopolymerization and the photoinduced formation of
AgNPs-based strands can be sequentially achieved during the same printing
process with the same light source and using the same printable resin. The
fabricated silver-patterned devices exhibit different surface features that might
be exploited in systems working in a marine environment to control biofilm
proliferation. As a proof-of-concept, the antimicrobial behavior of the
silver-based 3D printed device is tested against environmental bacterial mixed
communities via UV-vis spectroscopy and evaluating the absorbance change.
Further tests, however, would be needed to reinforce the evidence of the
bacteria behavior on the silver-patterned 3D printed devices.

accurate production of customized objects
fabricated on-demand and directly in situ
using inexpensive materials.'* The flexi-
bility of this technology can be thus strate-
gic, especially when the procurement of dis-
posable materials and small ad-hoc devices
is not trivial. 3D Printing allows the fabri-
cation of objects with properties beyond the
simple shape dependency. The synergy be-
tween material science, machine technol-
ogy, and object design can enable, in fact,
multiple options in a wide range of ap-
plications fields, spanning from aerospace
to biomedical parts, from building houses
to electronic devices and beyond.>% 3D
Printing includes several different printing
techniques that essentially follow the same
layer-by-layer building procedure. Among
the different types of 3D printing, light-
based techniques, such as stereolithog-
raphy (SL) and digital light processing
(DLP), are gaining more attention. Com-
pared to other printing techniques with
polymers, such as fused filament forma-
tion (FFF) or selective laser sintering (SLS),

1. Introduction

The recent global health crisis has demonstrated that 3D printing
could be a valuable resource in emergency cases for the fast and

the light-based 3D printing techniques combine faster printing
rates and higher printing resolution with inexpensive mate-
rials and equipment.'!l These technologies use liquid resins
conveniently modified by combining the desired elements to
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produce 3D-printed objects with specific properties.'>'>] Typi-

cally, a 3D printable resin is based on three main components:
a) monomers/oligomers, which determine the final physical
and mechanical characteristics of the printed structure, b)
photoinitiators, which establish the reactivity of the resin during
the polymerization reaction and c) a dye or colorant which
controls the light penetration during 3D printing (Z-axis) and
ensures a high resolution (XY plane).l'"! Besides, (nano)particles
such as graphene oxide, carbon nanotubes, or even cellulose
nanocrystals can be added to the resins to enhance the printed
part properties.['71° Nevertheless, nanoparticles’ addition into
the resin could limit its printability by decreasing the formula-
tion flowability and stability (hence, the resin viscosity increase
considerably according to the nanoparticles features),?*?!] the
light absorption, and ultimately the printing resolution.[?223] A
clever approach that can circumvent these problems is to use a
filler precursor (e.g., metal-based salts) that allows maintaining
good printability and, at the same time, enable the formation of
the desired fillers in a second step.[2*%]

By combining the right components, 3D printed parts can
be applied in specific and subtle fields such as the biomedical
one, especially in cases related to preventing problems caused
by biofouling.?5%] Biological fouling, commonly denoted as bio-
fouling, refers to the accumulation of unwanted biological matter
on surfaces.?%l It comprises both biofilms formed by microor-
ganisms and macroscale biofouling (usually called macrofoul-
ing) created by macro-organisms. In this view, 3D printed ob-
jects designed with practical features could play a fundamen-
tal role, for instance, in mitigating the risk of infection associ-
ated with bacteria proliferation, increasing the working life of 3D
printed medical tools and devices.[?#3!] However, the interest in
antifouling and antibacterial materials goes beyond the medical
and biomedical fields, including environmental science, marine
science, and a wide range of industrial sectors dealing with food
and beverage to mitigate health risks, with environmental and
financial consequences.[*32) When it comes to marine applica-
tions, the issues range from more conventional complications
related to bacterial accumulation (and their derived effects) on
ships and offshore platforms to more recent problems associ-
ated with the increasing field of blue energy technologies.**] Blue
energy comprises all technologies able to harvest renewable en-
ergy in oceans, from the well-established offshore wind to emerg-
ing technologies such as wave, tidal, current, ocean thermal, os-
motic power, biomass production from algae and microbial fuel
cells.3*36] In these scenarios, the biofouling effect represents one
of the main constraints affecting the overall system performance
for energy generation in marine environments.[*’-*) Thus, im-
plementing materials with suitable antimicrobial activity could
help overcome such limitations.

Regarding the strategies to confer antifouling and antimicro-
bial features to polymeric 3D printed parts, the literature reports
numerous approaches using specialized agents such as quater-
nary ammonium or carboxylic acid groups.***! Likewise, an-
timicrobial components such as tetracycline hydrochloride in
a poly(e-caprolactone)-polyvinyl pyrrolidone (PCL-PVP) blends
can be used to produce 3D printed thermoplastic patches with
antimicrobial properties.[*!! The antimicrobial efficiency of 3D
printed PCL scaffolds can be enhanced by a multiple-step ap-
proach, including the adsorption of poly(lactic-co-glycolic acid),
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or PLGA, microspheres loaded with vancomycin components.[*’]
Another suitable strategy is to exploit the well-known antimicro-
bial properties of silver nanoparticles (AgNPs).*] The antifoul-
ing and antimicrobial effect of AgNPs against microorganisms is
well-known, and although their bactericidal mechanisms are not
entirely understood, the literature reports multiple approaches
related to the interaction between silver nanoparticles and bac-
teria based on the distribution, shape, and size of these metal-
lic nanoparticles.*521 Good agreement exists considering the
antimicrobial behavior of AgNPs to be mainly related to their
strong oxidative activity, which is responsible for the release of sil-
ver ions.’>**] Microorganisms approaching the AgNPs-reached
surfaces are prone to the cytotoxic effects induced by ion ad-
sorption. Indeed, Ag ions can perforate the cell membrane, in-
ducing accumulation on negatively charged parts of the cellu-
lar membrane and finally inducing cell death. Hence, the cor-
rect configuration and integration of AgNPs within a polymeric
substrate could play a fundamental role in effectively interact-
ing with microorganisms.l>>>¢! The incorporation of silver func-
tionalities into a polymer can be via either direct dispersion
of silver particles within the polymer matrix,”® or exploit-
ing the in situ reduction of a silver precursor (e.g., silver ni-
trate or silver perchlorate) dispersed in the polymeric medium
for obtaining AgNPs through thermal, electrochemical, or pho-
tochemical approaches.>!l Different investigations have re-
ported 3D printed polymer-silver nanocomposites with antibac-
terial properties.[62-6]

This work aims to fabricate silver-patterned structures, with
antifouling features, through light-based 3D printing from
a photocurable resin containing silver nitrate (AgNO;) as a
silver nanoparticle precursor. Here we propose an innovative
technology strategy using light-based 3D printing techniques
to manufacture 3D structures with engineered surface design
in which only certain areas display antimicrobial properties.
By dispersing AgNO, accurately in a suitable photocurable
monomer, we prepared a stable and easily printable resin that
we processed through a customized SL-3D printer to achieve the
sequential polymerization of the resin and the photo-induced
in situ reduction of a silver salt. Various works have reported
similar approaches where silver salts (e.g., silver acetate or silver
nitrate) are directly incorporated into a photocurable formulation
for imparting specific properties to the printed parts.[?°*%¢] Our
strategy, however, was to use a customized top-down SL-3D
printer with the possibility to change the machine settings
during the 3D printing step itself. Indeed, our previous studies
focused on the printing of such resin with the aid of bottom-up
digital light processing (DLP) technology. Although DLP allows
the printing of a whole layer in a single 3D printing step, in-
creasing the building rate, it does not offer the possibility to tune
the light intensity within the same printing process. Thus, a UV
post-process was required to supply to silver precursors the right
energy to precipitate nanoparticles. Furthermore, this process
can be activated only on external surfaces with limited spatial
control. The customized SL-3D printer used in this work instead
allows to scan point by point every layer, triggering local energy
fluence. Thus, the AgNPs were selectively generated by changing
the laser printer settings, producing silver-based strands during
the same 3D printing polymerization step with the same light
source. After the selective patterning of the structures, the silver
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Table 1. Acrylate conversion (%) of PEGDA575 and AgNO;-PEGDA575 for-
mulations during real-time FTIR experiments upon visible light irradiation
(405 nm) and after the 3D printing and UV postcuring steps. Insoluble
fraction (%) calculated on 3D printed samples.

Sample Acrylate conversion [%] Insoluble
fraction [%]c)
Visible After 3D uv .
Iighta) printing postcured )
PEGDAS575 90 86 89 95
AgNO;-PEGDA 84 82 93 89

) The acrylate conversion evolution and the full FTIR spectra of the formulations
'L)J)pon visible light irradiation are shown in Figure S1 (Supporting Information);

92% is the acrylate conversion of the just 3D printed samples with generated Ag-
NPs over its surface and before the UV post-curing. The full FTIR spectra of all the
3D printed samples are shown in Figure S2 (Supporting Information); 9 Determined
on the polymerized samples during the FTIR tests.

precursor excess could be removed in a dedicated post-printing
washing step. This process is an alternative to the conventional
multimaterial approach since the whole material is fabricated
from the same polymeric resin, avoiding adhesion problems,
differences in thermal expansion, and compatibility.l®”) To the
best of our knowledge, this is the first study in which 3D printed
structures with specific and well-defined silver strands are
produced using the same 3D printer machine and from the
same material. Finally, the antimicrobial behavior of the silver-
patterned 3D printed structure was tested over time against a
combined environmental microorganism community through
UV-vis spectroscopy evaluating the absorbance change.

2. Results and Discussion

Preliminary investigations were focused on evaluating the resin
reactivity performance in conditions similar to that of the top-
down SL-3D printer, where the resin’s upper side always remains
in direct and continuous contact with the air. For this purpose,
real-time FT-IR measurements were carried out on the photocur-
able resin based on PEGDA575 monomer containing 15 wt% of
silver nitrate (the AgNO,;-PEGDA resins) and PEGDAS75 formu-
lation without silver salt. The acrylic double bond conversion was
monitored by following the decrease of the characteristic peak at
1640 cm™!. The acrylate conversion curves (Figure S1, Support-
ing Information) show high conversion values are reached after
10 s of irradiation. In Table 1, the acrylate conversion (%) under
visible irradiation is reported at the plateau value.

Although the measurements were performed in the air (where
oxygen might inhibit the free-radical reaction), the conversion of
the AgNO,-PEGDA resin was quite high, reaching conversions of
83%, but slightly lower compared to the PEGDA575 formulation.
The insoluble fractions of the just polymerized films were also
evaluated. The polymerized PEGDAS?75 films reached a higher
gel content (near 95%) compared to the PEGDA575 samples con-
taining silver salt (near 89%), which can be associated with a
lower crosslinking density due to the silver salt presence, but
also with the amount of silver salt washed out during the test,
leading to significant differences in the measurement. These re-
sults indicate that the silver salt presence slightly influences the
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acrylate reaction; however, the acrylate conversion can increase
by supplying higher irradiation doses to the photocurable system
(e.g., UV postcuring treatment).[%70] After verifying the formula-
tion reactivity upon visible light irradiation in direct contact with
air, we moved toward the 3D printing step using the customized
top-down SL-3D printer. This 3D printer offers the possibility to
change specific settings during the printing process itself, such
as laser intensity, laser velocity, and hatch spacing (namely, the
spacing between two consecutive scanned lines). Hence, by set-
ting the appropriate printing parameters, two conversions can be
performed in the same process, as represented in Figure 1a: i)
the resin photopolymerization and ii) the sequential and selec-
tive photogeneration of AgNPs.

The initial printing parameters were set based on previous
investigations, considering the reported light fluence values ap-
plied to polymerize the silver salt-based resin.!?’] Laser power and
hatch speed (strictly related to light fluence) can be changed in a
range of 1-120 mW (stepping 1 mW) of laser power and 0.5
2000 mm s~! of laser scan speed. Therefore, laser nominal out-
put power of 10 mW, laser scan speed (hatch speed) of 750 mm
s71, hatch spacing of 50 pm and layer thickness of 100 um were
selected; the hatch spacing of 50 um yielded a 30 um of over-
lapping between consequent polymerized lines and thus a me-
chanically stable 100 um thick polymerized layer. The 3D printed
parts resulted in orange-colored due to the RO dye, as shown in
Figure 1b. Then, the machine settings were changed to provide
higher light energy to induce the photoreduction of silver ions
embedded in the polymeric matrix.”!] Upon adequate light en-
ergy absorption, the silver ions (Ag*) reach an excited state (Ag*)
that, in the presence of free radicals or electrons (coming from
the photoinitiator, solvent, or other environmental elements), can
be reduced to form silver atoms (Ag°). Afterward, the nucleation
and growth process of silver particles follows.l”?] Since the Ag-
NPs formation is triggered by giving adequate light energy to the
system, different fluence parameters were investigated, ranging
from 0.08 to 0.38 ] mm~2. The corresponding SL printer param-
eters (in terms of laser nominal output power and hatch speed)
are reported in Table 2.

Among the different considered parameters, those with
30 mW of laser nominal output power and 1 mm s~! of laser scan
speed (test-5 in Table 2) produced the most satisfactory results in
terms of silver NPs generation, witnessed by the formation of
mirror-like lines in the areas where the laser passed, as shown in
Figure 1c. This color change reflects the effective generation of
AgNPs, which was also confirmed by UV-vis spectroscopy analy-
ses (see Figure 1d), showing the characteristic silver surface plas-
mon resonance (SPR) peak in the visible region.’*”3] The film
part without AgNPs exhibited a modest shoulder around 400 nm
associated with the unreacted BAPO photoinitiator.”*] Hence,
the parameters chosen for downstream investigations were set
at 30 mW of laser nominal output power and 1 mm s~! of laser
scan speed, obtaining 30 um wide patterns rich in AgNPs. Acry-
late conversion was also investigated in the 3D printed parts. The
just 3D-printed PEGDA-AgNO, samples reached acrylate con-
versions of about 82%, slightly lower than the acrylate conver-
sion reached by the PEGDAS75 formulation in the same print-
ing conditions (Table 1). These measurements are in good agree-
ment with real-time FT-IR measurements. As expected, the sam-
ples reached higher acrylate conversions by increasing the light
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a) 405 nm laser
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Figure 1. lllustration of the overall 3D printing process for creating silver-patterned polymeric devices. a) Representation of the SL-3D printing and
selective AgNPs pattern generation using the customized printer. b) Picture of a 3D printed sample with AgNPs patterns created with the optimized
parameters. c) Pictures of the 3D printed samples from the 15 wt% AgNO;-PEGDA formulation showing the results obtained during the AgNPs gener-
ation step using 0.08 | mm~2 fluence (test-1) and 0.38 ] mm™2 (test-5); see Table 2 for the complete laser settings and details. d) UV-vis absorbance

spectra of polymerized thin films before and after AgNPs formation.

Table 2. SL-3D printer parameters investigated for the photogeneration of
AgNPs with the customized (405 nm) SL-3D printer.

Test (N°) Fluence [ mm~2] Laser power [mW] Hatch speed [mm s™]
1 0.08 30 5
2 0.09 30 4
3 0.13 30 3
4 0.19 30 2
5 0.38 30 1

energy dose up to 92% after the AgNPs generation. A complex-
shaped 3D printed object was designed and processed to demon-
strate the proposed printing process capabilities. Figure 2a shows
the object CAD design, which has an 18 x 18 mm? base and
is 9 mm high. The smallest features of the object are 450 um
thick tilted inner walls, with empty and void features supported
by diagonal beams. The structure was effectively printed, success-
fully performing the two mentioned steps (see Figure 2b). On the
demonstrator steps, the acronym of our laboratory, “Chi-Lab,” is
written with a controlled generation of AgNPs (Figure 2c). This
object demonstrates that the selective AgNPs generation could
be achieved not only for planar geometries but even on differ-
ent heights along z-direction in the same printing process. As
previously mentioned, the generation process allows obtaining
~30 um wide AgNPs strands, as reported in Figure 2d.

The distribution and size of the generated AgNPs were exam-
ined by scanning electron microscopy (FESEM). As detailed in
Figure 3a, the AgNPs were evenly distributed throughout the sur-
face and are mostly spherical. Besides, it should be noted the high
surface density of the generated AgNPs, and in particular, the
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large size distribution (Figure 3b), ranging from 50 nm to 160 nm
roughly. The energy-dispersive X-ray (EDX) analysis showed the
atomic concentration of silver on the sample’s surface and the
concentration of carbon and oxygen related to the polymeric ma-
trix (Figure 3c). Furthermore, as visible in Figure 3d, the size and
concentration of AgNPs decrease moving from surface to bulk.
Such behavior can be attributed to the light penetration in the ma-
terial, with higher irradiance on the top of the sample. Figure 3d
shows that the selected parameters allow a nanoparticles-rich re-
gion of about 1 um from the sample surface.

A washing procedure on the printed samples was carried out
to remove the unreacted components (monomers, photoinitia-
tors, dye, and silver salt) that can lead to undesired material
modification overtime. The procedure was accomplished as fol-
lows: once the printing and AgNPs generation processes were
completed, the printed parts were rinsed in isopropanol and im-
mersed in deionized water overnight (about 16 h) to remove
the unreacted components; the parts were then slowly dried at
room temperature. During this washing protocol, the PEGDA575
matrix swells, facilitating the removal of silver salt. XPS analy-
sis was performed to compare different samples and to evalu-
ate the washing protocol. One sample was analyzed as printed
(named AgNO, unwashed) while a second one underwent the
above-described washing protocol just after the printing (AgNO,
washed); these two were furtherly compared with a printed sam-
ple that underwent the silver reduction protocol (AgNPs). Fig-
ure 4a shows the collected survey spectrum from the three sam-
ples, where the presence of C and O associated with the poly-
meric matrix and Ag coming from the silver salt and AgNPs are
displayed (see the inset table in Figure 4a). First, a considerable
decrease in intensity at the Ag peak can be observed in the sur-
vey spectra for the washed sample compared to the unwashed
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Figure 2. The 3D object was built with the AgNO;-PEGDA formulation. a) CAD design (18 X 18 X 9 mm?3). b) The 3D-printed object. c) Lateral view of
the object. d) A microscope image with the detail of the letter “a” in the word “Lab.”

EDX-atomic %

Figure 3. FESEM images of the 3D printed samples with generated AgNPs on the sample surface from 15 wt% AgNO;-PEGDA formulation, a,b) top
view, c) energy-dispersive X-ray (EDX) results of the sample, and d) 45° view of the sample’s cross-section.

sample, with atomic percentages of 0.6% and 4.9%, respectively,
indicating the effective removal of silver salt from the samples
after the washing step. This observation is better appreciated in
Figure 4b, where the high-resolution spectra of double Ag peaks
associated with Ag3d; , and Ag3d, , are displayed. The intensity
of the silver-associated peaks is significantly lower for the washed
sample.

Macromol. Mater. Eng. 2022, 307,2100596 2100596 (5 of 9)

Considering the binding energy value for metallic Ag of
368.2 eV as a reference (corresponding to Ag3ds,),/””! the dif-
ferences in the binding energy of silver can be appreciated. The
values displayed are 366.67 eV for the sample with generated Ag-
NPs and 367.5 eV for the unwashed sample. The Ag3d;, peaks
shifting toward lower binding energies of these samples might
be associated with the change of oxidation states of silver ions to
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Figure 4. a) XPS survey spectra of samples with generated AgNPs (blue line), unwashed sample (red line), and washed sample (black line) 3D printed
samples. The inset table displays the atomic percentage % of the three types of printed samples. b) Ag3d double high resolution (HR) XPS spectra of the
sample with AgNPs (blue line), unwashed sample (red line), and washed sample (black line). All samples were produced from PEGDA575 formulation

containing 15 wt% of silver salt (AgNO3).

metallic AgNPs (Ag®),”! even if the formation of Ag,O on the Ag-
NPs that has a binding energy of 367.8 eV cannot be excluded.!”®]
As the last experiment to characterize the washing protocol effec-
tiveness, the washed samples were subjected to a UV postcuring
treatment for 15 minutes. No change in the sample coloration
was observed, remaining with a bright-orange aspect, see Figure
S3a (Supporting Information). Different coloration result was ob-
tained by not washing the sample previously; in this case, the not-
washed sample reaches a brown look aspect after exposing it to
15 min of UV irradiation, see Figure S3b (Supporting Informa-
tion). Such color indicators evidence the effective removal of sil-
ver salt excess during the developed washing protocol, avoiding
the uncontrollable and spontaneous generation of AgNPs over
time. The water used for the overnight washing procedure of
the samples was analyzed by UV-Vis spectroscopy (see Figure
S3c, Supporting Information). An absorption shoulder related to
the extraction of the reactive orange dye was only visible in the
spectrum.”’]

The antibacterial properties of the AgNPs-3D-printed objects
were tested against environmental bacteria. The antibacterial
tests were performed on 3D-printed tabs obtained from the
AgNO,-PEGDA formulation with AgNPs generated as described
in the Experimental section. Each 3D-printed tab (shown in Fig-
ure 5a) was immersed into 10 ml of environmental suspension
(1:100 ratio). The bacterial viability was evaluated through UV-
vis spectroscopy after 24, 72, and 120 h of incubation; the results
are plotted in Figure 5b,c. Samples containing silver nanoparti-
cles showed a reduced absorbance value over time, as observed
in Figure 5c, which suggests an increase in the antibacterial ef-
fect. The lowest absorbance value was measured at 120 h for sam-
ples with a hatch spacing of 20 um (Figure 5c), hence with the
higher density per unit area of AgNPs. After 120 h exposure, the
absorbance value is generally characterized by a lower variability
(smaller error bars). Such behavior could indicate an antibacte-
rial effect that does not decrease over time. On the contrary, it
increases and becomes accurate for longer periods, thus adding
sustainability to the device. The bacteria solution containing the
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3D-printed tabs without AgNPs on their surface showed an ab-
sorbance value at 120 h, almost similar to the solution not con-
taining any 3D printed sample (inoculum) (Figure 5b). The ob-
tained results are in good agreement with the general antimicro-
bial mechanism of AgNPs, which is a release-based one, being
Ag" ions the released species.>*] The time dependence of the an-
tibacterial effect can be well explained by the release and subse-
quent accumulation over time of the Ag* ions inside the microor-
ganisms, up to cell death. These results confirm that the AgNPs
in the 3D-printed objects are available for ion release-based an-
timicrobial processes and that the proposed approach here allows
good control of AgNPs’ content on the surface.

3. Conclusion

This work demonstrated the simple fabrication of complex 3D-
printed parts with controlled characteristics, taking advantage of
the selective reduction of silver precursors dispersed into a pho-
tocurable resin. Unlike other methods, where the AgNPs gener-
ation was accomplished in a post-processing step (e.g., thermally
or light-induced), this work introduced an alternative strategy to
achieve the resin photopolymerization and the photogeneration
of AgNPs in the same printing process. The 3D printing strategy
proposed here could be a different option for the conventional
multi-material approach since the whole material is fabricated
using the same polymer resin, avoiding adhesion problems, ther-
mal expansion, incompatibility, or other issues between different
materials. Conversely, the results presented here were obtained
by willfully adjusting the printing parameters during the print-
ing process, enabling thus the selective photogeneration of sil-
ver nanoparticles during the same light-based 3D printing step.
Furthermore, by carrying out a post-3D printing protocol con-
sisting of an overnight washing procedure, the unreduced silver
salts were removed without compromising the part’s structural
integrity. This washing procedure might avoid the uncontrolled
generation of AgNPs over time, stabilizing materials properties
and features. Finally, antimicrobial activity versus environmental

© 2021 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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Figure 5. a) Pictures of the 3D-printed samples used for antibacterial tests showing the differences between the three hatch spacings (HS) of 80, 40, and
20 um. Results from UV-vis analysis: b) absorbance values over time for the liquid solution containing only bacteria and medium (inoculum) in a 1:100
ratio and the same solution with the presence of 3D printed samples without silver nanoparticles generation (no AgNPs). c) Absorbance values over
time for the bacteria solution containing: (i) 3D printed samples with silver nanoparticles generated with hatch spacing of 80 um (AgNPs_HS 80), (i)
3D printed samples with silver nanoparticles generated with hatch spacing of 40 um (AgNPs_HS 40), (iii) 3D printed samples with silver nanoparticles

generated with hatch spacing of 20 um (AgNPs_HS 20).

bacteria was demonstrated for silver-patterned 3D printed struc-
tures, with a time dependence in good agreement with the ion
release-based antimicrobial mechanism attributed to the silver
nanoparticles’ photo-induced generation on the object surface.
Such surface-engineered 3D-printed structures might be applied
in areas where the control and track of bacterial growth are re-
quired.

4. Experimental Section

Chemicals: ~ Poly(ethylene glycol) diacrylate (PEGDA575, M,, 575 g
mol~") was used as a monomer for the photocurable formulation. Phenyl-
bis (2,4,6-trimethyl benzoyl) phosphine oxide (BAPO) and 2-hydroxy-2-
methyl-1-phenyl-propan-1-one (HMPP) were the photoinitiators. Silver Ni-
trate (AgNO3, > 99.0%) was employed as a silver precursor and acetoni-
trile (99.8%) solvent. Reactive Orange 16 (RO16, > 70%) was used as a
dye in the formulation. All reagents were purchased from Merck and used
as received.

Preparation of the Photocurable Formulation Containing Silver Salt:  The
printable formulation was prepared by adding 1 phr (per hundred of
resins) of BAPO, 2 phr of HMPP, and 0.2 phr of RO in PEGDAS575 and
sonicated for 30 min using an ultrasonic tip (Branson SFX250). AgNO;
was dissolved into acetonitrile (0.786 g mL™") and sonicated for 5 min.
Then, this solution was added to the PEGDA-based formulation to reach
an AgNO; content of 15 wt%. This concentration was selected since
it was found to present the best compromise between printability and
viscosity.[?’] Furthermore, a formulation without silver precursors was pre-
pared as a reference.

Macromol. Mater. Eng. 2022, 307,2100596 2100596 (7 of 9)

3D Printing and Silver Nanoparticles Generation: A customized top-
down stereolithography (SL) 3D printer (Microla Optoelectronics s.r.l.)
was used to process the photocurable resins. The SL printer is equipped
with a laser emitting at 405 nm, with an average beam diameter of 80 um
and maximum laser nominal output power of 120 mW. The printer build
area is 170 x 200 mm?, and the object layer thickness can be tailored from
25 to 200 um. 3D printing was performed in the air atmosphere. After
the 3D printing and AgNPs generation steps, the parts were rinsed in 2-
propanol and immersed in deionized water overnight (about 16 h), fol-
lowed by a slow and controlled drying step at room temperature for re-
moving the unreacted components (monomer, photoinitiator, dye, and
silver salt) without damaging the samples. Finally, each side of the sam-
ples (washed and dried) was subjected to a UV post-curing treatment for
15 minutes using a UV lamp (Hamamatsu Lightning Cure LC8) at 10%
power. SolidWorks CAD software was used to design the CAD files and
convert them to STL-type files.

Sample Characterization—FT-IR Spectroscopy: The spectrometer used
was a Nicolet iS50 FT-IR from Thermo Fisher Scientific, Milano, Italy,
equipped with an attenuated total reflection (ATR) accessory (Smart iTX,
Thermo Fisher Scientific, Milano, Italy). This instrument was used to mon-
itor, in real-time, the evolution of acrylate functional groups during visible
irradiation and calculate the final acrylate conversion on the 3D-printed
samples. The spectra were recorded with a resolution of 4 cm™! in the
wavelength range between 650 and 4000 cm™ averaging 16 scans for
each spectrum. For the real-time measurements, a 50 um thick film of
the specific formulation was applied onto a silicon wafer and irradiated
during the test in transmission mode with a portable laser emitting at
405 nm adapted to the spectrometer (nominal output light intensity of
5 mW cm~2). The conversion of acrylate double bonds was monitored by
following the band decrease related to the C=C bond at 1640 cm~'. The
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spectra were normalized using the area of the carbonyl ester band at 1720
cm™T,

Sample  Characterization—UIltraviolet-Visible ~ Spectroscopy: UV—vis
measurements were carried out using a double-beam Lambda 40 spec-
trophotometer (PerkinElmer Italia, Milano, ltaly) in the range between
300 and 800 nm and at a scan rate of 480 nm min~'. The tests on solid
samples were performed on 50 um thick polymerized samples produced
on a laboratory glass slide using the customized SL-3D printer.

Sample Characterization—Insoluble Fraction: The polymerized sam-
ples’ insoluble fraction (gel content) was determined following the
standard test method ASTM D2765—-84. The specimens were kept in a
metal net, precisely weighed, and subsequently immersed in chloroform
(CHCl3) for 24 h at room temperature to dissolve the non-crosslinked
products. Then, the samples were dried overnight at 80 °C, and the
insoluble fraction percentage was determined as the weight change
before and after the solvent extraction.

Sample Characterization—Field Emission Scanning Electron Microscopy
(FESEM): The morphological characterizations were performed on the
sample’s surface and cross-section using a field emission scanning elec-
tron microscope (FESEM, Zeiss Supra 40). The cross-section images were
collected on samples fractured in liquid nitrogen.

Sample Characterization—X-Ray Photoelectron  Spectroscopy (XPS):
A PHI 5000 Versaprobe scanning X-ray photoelectron spectrometer
(monochromatic Al K-a X-ray source with 1486.6 eV energy, 15 kV volt-
age, and 1 mA anode current) was used to investigate the surface chem-
ical characteristics of the silver-based samples. A spot size of 100 mm
was used to collect the photoelectron signal for both the high resolution
(HR) and the survey spectra. Different pass energy values were employed:
187.85 eV for survey spectra and 23.5 eV for HR peaks. All samples were
analyzed with a combined electron and argon (Ar) ion gun neutralizer sys-
tem to reduce the charging effect during the measurements. All core level
peak energies were referenced to C1s peak at 284.5 eV, and the background
contribution in HR scans was subtracted using a Shirley function.[® Spec-
tra were analyzed using Multipak 9.6 dedicated software. Depth profile
was performed in an alternate mode with sputtering cycles of 1 min each,
through ionized argon (Art) flux at 2 kV accelerating voltage.

Assessment of Antimicrobial Activity: The antimicrobial/antibacterial
effect of the photogenerated AgNPs was assessed in environmental bacte-
ria presence (seawater bacteria). Squared samples with an area of 10 x 10
mm? and thickness of 1 mm were printed using the customized SL printer.
The silver ions reduction into silver nanoparticles was induced following a
horizontal linear pattern, obtaining squared antibiotic tabs on their upper
surface. The distance between the pattern lines rich in AgNPs (hatch spac-
ing) was modified to observe different silver nanoparticles densities per
unit area on the bacteria activity. Three different types of samples contain-
ing silver nanoparticles were prepared for the antibacterial tests: i) lines
with hatch spacing of 0.08 mm; ii) lines with hatch spacing of 0.04 mm,
and iii) lines with hatch spacing equal to 0.02 mm. Moreover, three sam-
ples were prepared from AgNOj; resin without AgNPs generation. Before
the antibacterial tests, each specimen was washed in deionized water for
12 h and subjected to 15 minutes of UV postcuring treatment. With the
main aim to demonstrate the antimicrobial activity due to the presence of
silver nanoparticles into 3D printed samples and, at the same time, the
repeatability of obtained results, three different repetitions were prepared
for each sample containing silver nanoparticles and for reference material,
3D-printed without AgNPs generation.

Environmental microorganisms were added to a medium solution
in a 1:100 ratio. The medium solution contained all compounds suit-
able to ensure bacterial proliferation, such as sodium acetate (1 g L"),
sodium dihydrogen phosphate (NaH,PO, at 2.45 g L"), disodium hy-
drogen phosphate (Na,HPO, at 4.28 g L™, potassium chloride (KCl at
0.13 g L"), ammonium chloride (NH,Cl at 0.31 g L™"). Each antimi-
crobic/antibacterial squared tab was immersed in 10 mL of such bacte-
rial suspension. The bacteria viability was assessed by analyzing the lig-
uid bacterial suspension using UV-vis spectroscopy (Lambda 40 instru-
ment spectrophotometer—PerkinElmer, with an absorbance wavelength
of 600 nm) after 24, 72, and 120 h of incubation at room temperature. Ab-
sorbance values were acquired, averaged, and finally plotted to compare
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the different samples. The use of spectroscopy for evaluating the viability
and growth of microorganisms like bacteria is reported elsewhere.[7:80]
Spectroscopy was also performed on three samples with no 3D-printed
part containing silver to be used as a reference.
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