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The presence of residual acrylate functions on the surface of DLP-printed objects produced from
formulations containing multifunctional monomers is here taken as a potential advantage for post-
functionalization purposes. The unreacted acrylates exposed on the surface of printed parts are used as active
sites for surface-modification, exploiting the selectivity of the aza-Michael and thiol-ene “click” reactions
towards C=C bonds and their ability to yield regiospecific products under mild conditions. By following this
versatile approach, the surface wettability is easily tuned by grafting either hydrophobic or hydrophilic
functionalities. This allows achieving surfaces with water contact angles ranging from ~22° to ~106°, by
Received 7th April 2022, simply playing with the surface chemistry but starting from the same DLP-printed substrate. Also, surface
Accepted 19th May 2022 thiolation is explored to generate an active interface suitable for the surface-anchoring of photogenerated
AgNPs. Such a strategy of post-printing functionalization may further extend the possibilities given by 3D-
printing, because it can allow the implementation of special functions to printed parts without the need to
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rsc.li/molecular-engineering introduce any additional component to the printable formulation.

Design, System, Application

3D-printing is radically changing the manufacturing paradigms, becoming a hot topic in the academic and industrial fields. Among the different printing
techniques, vat printing represents a versatile option to produce precise, functional objects. The development of new vat-printable and functional materials has
been widely investigated but the possibility to fully exploit the polymer chemistry and reactivity to further modify the surface properties of 3D printed objects
represents a step forward, extending the horizons of vat polymerization. Here, the incomplete double bond conversion derived from the DLP-printing of
multifunctional monomers was exploited for post-printing surface modifications. The aza-Michael and thiol-ene reactions were successfully employed to tune, as a
proof of concept, the hydrophilicity/phobicity of the printed parts by taking advantage of the unreacted acrylate functionalities exposed on their surface. Moreover,
the surface-anchoring of photo-reduced silver nanoparticles was also induced. The versatility given by this approach opens a path for the easy tuning of several
surface properties. In this sense, future studies may be focused on the selective modification of 3D printed microfluidic devices or on the design of components for
biomedical applications exploiting the well-known antibacterial properties of silver-patterned surfaces.

1 Introduction This reflected into the development of several types of 3D-

printers that mainly differ in terms of working principle and
The term 3D-printing refers to a wide range of revolutionary | ..ot feedstock. Just focusing on polymers, some
technologies that enable the layer-by-layer fabrication of =, pines extrude preheated thermoplastic filaments, others
sophisticated objects starting from digital CAD models." exploit lasers to sinter thermoplastic powders together and
Given the possibility to process materials without the need (11 others  allow printing  thermosets via  the
for expensive moulds or machining, with low waste and an o, 5 olymerization of a liquid resin.® The latter especially,
almost unlimited freedom of customization, 3D-printing is grouped under the blanket term “vat polymerization”, have
radically changing the manufacturing paradigms, becominga .. .. increasingly popular due to the possibility to tune
hot topic in both the academic and industrial fields.>* the structural properties of printed parts by means of

spatiotemporally controlled photochemical reactions. This
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materials, the design of topological architectures and the
development of functionalization methods such as surface
modifications may be significant strategies to extend the
possibilities given by 3D-printing. In particular, the post-
printing modification of polymeric surfaces opened-up new
horizons in many different fields.*'° Indeed, this approach
is highly desirable because it offers the opportunity to impart

superior  functionalities = to  printed parts, e.g.
biocompatibility," ™ antifouling,"* tuneable wettability,">™"”
and antibacterial®® and electrical properties,>*® in a cost-

effective manner and without affecting the bulk properties.

Looking at vat polymerization, chemical moieties
containing the desired reactive groups can be mixed within
photocurable resin to be later exploited for post-printing
surface functionalization. Roppolo et al>' prepared off-
stoichiometric thiol-yne formulations to print structures
displaying unreacted triple bonds on their surface which
serve as active sites for selective functionalization. Wang
et al.'”*° integrated a printable resin with a vinyl-terminated
initiator to obtain functional materials which can be easily
post-functionalized via surface-initiated atom transfer radical
polymerization. Stassi et al.** functionalized the surface of
micro-objects, exploiting the presence of carboxylic groups,
which resulted from the use of an acrylate-based formulation
containing acrylic acid. Likewise, Chiado et al.>* designed a
photocurable formulation containing a controlled number of
carboxylic groups that serve to covalently immobilize specific
bioreceptors on a 3D-printed device.>* Besides this rather
conventional approach, also the unsaturated functions which
remained after the 3D-printing of acrylate-based resins can
provide  reactive  sites for  post-printing  surface
modifications,>*® so as to give new functionalities to the
printed objects following a “grafting-to” approach.>®*’

Within this framework, the aim of this work is to explore
different surface-modification strategies to benefit from
acrylate functions that remained unreacted after the digital
light processing (DLP) 3D-printing of a photocurable
formulation containing a multi-acrylated cyclodextrin.?® First,
a formulation based on this multifunctional monomer was
successfully 3D printed and the acrylate conversion on the
surface of DLP-printed parts was evaluated. Then, the aza-
Michael and thiol-ene “click” reactions are proposed as
versatile tools for post-printing surface-modifications. In
particular, the wettability of the printed structures was tuned
by anchoring to the surface either hydrophobic or
hydrophilic polymer chains. Furthermore, surface thiolation
was explored to generate an interface suitable for the surface-
anchoring of photo-reduced silver nanoparticles.

2 Results and discussion

As reported in the literature, the photopolymerization of
multifunctional (meth)acrylates enables the fast generation of
densely crosslinked polymers, but it also entails an incomplete
conversion of unsaturated functionalities.?® Therefore, a residue
of (meth)acrylate groups is expected after the DLP-printing of

1094 | Mol Syst. Des. Eng., 2022, 7, 1093-1101

View Article Online

MSDE

resins containing multifunctional monomers. Nevertheless,
taking advantage of the high selectivity of the Michael and
thiol-ene reactions towards C—=C bonds,**>* these residual
unsaturated functions can serve as potential active sites for
post-printing functionalization.

To prove the feasibility of this strategy, we prepared a
photocurable formulation (Fig. 1a) by dissolving a
multifunctional y-cyclodextrin derivative (Ac-y-CyD, 20 wt%)
decorated with 21 acrylate functions®®*® into the
poly(ethylene glycol) diacrylate (PEGDA) oligomer, with
Irgacure 819 added as a photoinitiator (PI, 0.2 phr). This is
because we expected that such a formulation would allow
DLP-printing highly crosslinked thermosets, whilst leaving a
significant residue of unreacted acrylate functions to be later
exploited for post-printing modifications.

First, the printing parameters were optimized. Following a
previous study on the photoreactivity of Ac-y-CyD based DLP-
printable resins,?® the light intensity and the exposure time
were set to 40 mW cm > and 0.8 s per layer, respectively,
while the layer thickness was kept at 50 pm. This allowed
printing highly complex 3D-geometries (Fig. 1b) having a
good fidelity to the CAD file (displacement from the digital
model of about 0.02 mm, corresponding to an average
mismatch of 2.2%). Then, gel content (GC) and ATR-FTIR
measurements were performed on the printed samples to
evaluate their crosslinked fraction and the double bond
conversion (DBC), respectively. These tests confirmed that
despite the generation of densely crosslinked thermosets (GC
=96.9 + 0.3%), a significant amount of C=C bonds did not
take part in the reaction during the printing step (DBC = 60.5
+1.8%).

The incomplete DBC can be ascribed to the complex
photopolymerization mechanisms of multifunctional (meth)
acrylates. Indeed, as the reaction proceeds, the degree of
crosslinking increases so much that the mobility of the
polymeric chains is drastically reduced. Therefore, even if highly
crosslinked thermosets are generated, the reactivity of the
system drops down due to limited radical diffusion and the
reaction stops at low DBC values due to early vitrification.”*?”
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Fig. 1 a) Photocurable Ac-y-CyD/PEGDA formulation studied in this
work, and b) DLP-printed part (methyl red dye added to increase the
printing resolution), characterized by a GC close to 97% but with a
DBC below 61%.
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Fig. 2 a) Schematic representation of the surface-grafting of A-PDMS onto the printed sample PCyD20 following the aza-Michael reaction
pathway; b) ATR spectra of the printed and functionalized samples, PCyD20 and PCyD20-APDMS, respectively, with a detailed view of the C=C
stretching vibration at 1633 cm™ before and after the surface modification and c) water contact angles on the surface of both the printed and

functionalized samples.

However, the presence of residual C—C bonds was
exploited in this work for post-printing surface modifications.
In particular, two different strategies were explored, namely:
a) modification of the surface wetting via the grafting of
either hydrophobic or hydrophilic functionalities and b)
patterning of the surface with silver nanoparticles.

2.1 Post-printing modification of the surface wetting

In the first set of experiments, an amino-terminated
polydimethylsiloxane (A-PDMS) was grafted to the surface of

the printed samples (PCyD20) in order to reduce their water
wettability. The samples were immersed in a solution of
A-PDMS diluted in isopropanol, where the side terminal
amino groups of the polydimethylsiloxane chains undergo
selective aza-Michael addition with the C=C bond of the
residual acrylate functions exposed on the surface (Fig. 2a).**
After intense washing, the grafting was first proved by ATR-
FTIR spectroscopy. Fig. 2b shows the superimposed ATR
spectra of the functionalized sample PCyD20-APDMS and of
the printed sample PCyD20. The lower intensity of the peaks
corresponding to the C=C stretching vibrations in the
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Fig. 3 a) Schematic representation of the surface-grafting of PFDT onto the printed sample PCyD20 following the thiol-ene addition pathway; b)
ATR spectra of the printed and functionalized samples, PCyD20 and PCyD20-PFDT, respectively, with a detailed view of the C=C stretching
vibration at 1633 cm™ before and after the surface modification and c) water contact angles on the surface of both the printed and functionalized

samples.
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Fig. 4 Photographs of a large water droplet held on a DLP-printed
lattice structure after surface functionalization with PFDT.

spectrum of PCyD20-APDMS (see the detailed view of the peak
at 1633 cm™' given in Fig. 2b) revealed that the
functionalization occurred on the surface of PCyD20.**
However, a higher conversion of the residual acrylates was
not achieved even when using a higher amount of A-PDMS in
the grafting solution, probably due to the steric hindrance
generated by the high molecular weight PDMS chains. The
grafting was further proved by the appearance in the
spectrum of PCyD20-APDMS of the characteristic absorption
bands of the Si-O-Si and Si-CHj; vibrations, between 1000
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and 1100 ecm ' and at 1260 cm™', respectively.’® Finally,
wettability measurements confirmed that the grafting of
A-PDMS increased the hydrophobicity of the printed sample,
since the water contact angle (CA) increased from ~62° to
~96° (Fig. 2¢).

Moving towards the same goal of generating hydrophobic
surfaces, thiol-ene click chemistry’*>* was then employed to
activate the photo-grafting of perfluorodecanethiol (PFDT) to the
surface of PCyD20. A few drops of a solution of PFDT in
acetonitrile (ACN), containing Irgacure 819 as PI, were spread on
the printed sample and the surface grafting was activated by UV-
light. Indeed, the light exposure of the thiol-containing
perfluorodecane in the presence of a radical PI leads to the
generation of a thiyl radical through hydrogen abstraction. Then,
the thiyl quickly forms a thioether bond via the radical attack of a
residual C=C function exposed on the surface of PCyD20 giving
a thiol-ene addition product (Fig. 3a), as first confirmed by ATR-
FTIR spectroscopy. The ATR spectra of the untreated and treated
samples, PCyD20 and PCyD20-PFDT, respectively, are given in
Fig. 3b. The spectrum of PCyD20-PFDT revealed an almost total
conversion of the residual acrylates located on the surface, since
the characteristic peak corresponding to the C—=C vibration at
around 1633 cm ' nearly disappeared after the surface
modification (see detailed view in Fig. 3b).

Moreover, the treated sample shows strong peaks between
1100 and 1300 cm ', which are ascribable to the —-CF,- and
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Fig. 5 a) Schematic representation of the thiol-ene addition of PTMP with the residual C=C bonds of the printed sample PCyD20 followed by the
thiol-ene addition of AA with free pendent -SH located on the thiolated interface PCyD20-PTMP; b) ATR spectra of the printed and thiolated
samples, PCyD20 and PCyD20-PTMP, respectively, with a detailed view of the C=C stretching vibration at 1633 cm™ before and after the surface
modification; c) ATR spectra of PCyD20-PTMP before and after the thiol-ene addition with AA and d) water contact angles on the surface of the

printed sample before and after the functionalization with AA.
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-CF; vibrations of grafted PFDT chains."*"* The successful
generation of a fluorinated surface was finally confirmed by the
enhanced hydrophobicity of the functionalized samples, as
evidenced by the increase of CA from ~62° to ~106° (Fig. 3c).

As a proof of concept, we choose to functionalize with
PFDT the surface of a DLP-printed lattice structure. The
enhanced hydrophobicity given by the surface modification
ensures that water droplets don't permeate through the holes
of the structures (Fig. 4).

After having successfully increased the hydrophilicity of
the surface of 3D printed parts, the goal of the last set of
experiments was, in contrast, to increase the hydrophilic
character of the samples. To do this, we developed a surface
modification strategy which involves two consecutive thiol-
ene reactions (Fig. 5a).

First, a solution of pentaerythritol tetrakis(3-
mercaptopropionate) (PETMP) in ACN, with Irgacure 819
added as a radical PI, was applied on the surface of a DLP-
printed sample. The surface grafting was initiated by UV-light
exposure, leading to the photo-generation of a thiolated
interface PCyD20-PETMP that displays free -SH groups, as
confirmed by ATR-spectroscopy. Indeed, the peaks
corresponding to the C=C stretching vibration were no
longer visible in the spectrum of PCyD20-PETMP (see detailed
view in Fig. 5b), indicating the total conversion of the residual
acrylate functions on PCyD20 after the thiol-ene reaction with
PETMP. Furthermore, the presence of free pendent —-SH was
evidenced by the appearance of a new peak at around 2560

a)
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em™, typically attributed to the stretching vibration of -SH
groups.”® In this case a tetrafunctional thiol was used aiming
to exploit a portion of the four terminal -SH groups for the
surface grafting of the molecule by the thiol-ene addition
with the residual C=C bonds on the printed part, while
leaving the rest of the -SH groups still available for further
reaction. Indeed, these free pendent -SH groups were
involved in the subsequent thiol-ene addition with acrylic
acid (AA) to photo-generate a hydrophilic surface. Thus, a few
drops of a solution of AA diluted in ACN and the radical PI
Irgacure 819 were dripped onto PCyD20-PETMP, and the
surface modification was activated upon exposure to UV-light.
The grafting of AA was confirmed by ATR-FTIR spectroscopy,
since the typical broad absorption band of the carboxylic acid
-OH stretching appeared in the spectrum of the treated
sample in the region 3300-2500 cm ™" (Fig. 5¢).>*** Wettability
measurements gave additional confirmation of the successful
functionalization of the surface with AA, since the samples
became much more hydrophilic (CA ~22°, Fig. 5d).

2.2 Post-printing surface patterning with silver nanoparticles

Following a different strategy, the free -SH groups which
remained pendent from the thiolated interface generated on
PCyD20 (see Fig. 5a) were further exploited as active sites for
the anchoring of silver nanoparticles (AgNPs, Fig. 6a). Indeed,
thiols can immobilize NPs obtained upon the photo-reduction
of transition metals via the generation of bridging bonds.*>*’
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Fig. 6 a) Schematic representation of the photoreduction of Ag ions and the immobilization of AgNPs onto the free pendent -SH groups on the
thiolated PCyD20-PETMP interface via S-Ag bridging-bonds; b) survey XPS spectra of the printed sample before (PCyD20) and after the
photografting of AgNPs (PCyD20-PETMP-AgNPs), with inset photographs of the samples; and high resolution S2p (c) and Ag3d (d) spectra showing

the experimental data, the best fitting analysis, and the deconvolution.
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Fig. 7 FESEM micrographs showing clusters of spherical AgNPs on the
surface of the thiolated PCyD20-PETMP interface.

Accordingly, the samples previously functionalized with
PETMP were immersed in a water solution of AgNO; (10 wt%),
with Irgacure 2959 used as a reducing agent, and the
photoreduction of Ag* to Ag® on the free ~SH sites was activated
by UV-light. Indeed, it has been demonstrated that the long-
lived ketyl radicals generated upon the photolysis of
hydroxyketone PIs can promote the reduction of transition
metals, including Ag.**' Moreover, the simultaneous oxidation
of the benzoyl radicals leads to the production of benzoic acid
which contributes to increasing the stability of the NPs.>"

After washing the samples, the surface of the silver-
modified samples became brownish, giving the first
qualitative indication of the presence of silver nanoparticles
(see insets in Fig. 6b). The anchoring of photo-reduced AgNPs
onto the thiolated interface PCyD20-PETMP was investigated
with XPS. The survey spectrum of the treated sample PCyD20-
PETMP-AgNPs clearly shows the typical peaks corresponding
to the binding energy (BE) of Ag atoms in their zerovalent
state (Ag3ds, and Ag3ds, at 368.1 eV and 374.1 eV, see
Fig. 6b).*™*” Moreover, the fitting analyses of the Ag3d core-
level (Fig. 6¢c) proved that Ag atoms at the surface of the
photogenerated NPs are bonded to the surface. Indeed, the
peak deconvolution shows two spin-orbit doublets: the
contributions with lower BE are conventionally assigned to
unperturbed Ag® atoms in the NP core, while the ones with
higher BE can be attributed to positively charged Ag atoms
(Agé™) coupled with the thiolated surface via S-Ag bridging-
bonds.” The deconvolution of the S$2p peak further
confirmed the generation of S-Ag anchoring sites, since the
contribution at 161.85 eV (S2ps,) is conventionally attributed
to sulphur atoms chemically bonded to metal atoms at the
NP surface (Fig. 6d).*>*°

The surface patterning with AgNPs was also evidenced by
FESEM investigations. Indeed, the micrographs given in

1098 | Mol. Syst. Des. Eng., 2022, 7, 1093-1101
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Fig. 7 clearly show the presence of clusters of spherical
AgNPs on the surface of the functionalized PCyD20-PETMP-
AgNP samples.

3 Conclusions

In this study, the incomplete double bond conversion derived
from the DLP-printing of a formulation containing
multifunctional monomers was exploited for post-printing
surface modifications. Indeed, the aza-Michael and thiol-ene
reactions were successfully employed to impart special features
to the DLP-printed parts by simply taking advantage of the
unreacted acrylate functionalities exposed on the surface. First,
the wettability of the printed samples was easily tuned by
grafting either hydrophobic chains of an amino terminated
polydimethylsiloxane and a perfluorodecanethiol, or hydrophilic
chains of acrylic acid. The successful functionalizations were
confirmed by ATR-spectroscopy and water contact angle
measurements. Moreover, the generation of a thiolated interface
on the printed samples was successfully exploited for the
surface-anchoring of photo-reduced AgNPs, as demonstrated by
XPS and FESEM investigations.

Overall, the versatility given by this approach would allow
further exploration of chemical routes for the easy surface
modification of 3D-printed structures. Therefore, we believe
this method of post-printing surface functionalization may
further extend the horizons of vat polymerization, since the
results reported here proved the possibility of giving special
functions to DLP-printed parts without the need to add any
specific chemical component to the printable formulation. In
this sense, future studies may be focused on the study of the
selective modification of the wettability of microfluidic
devices or the design of components for biomedical
applications  exploiting the well-known antibacterial
properties of surfaces patterned with AgNPs.

4 Experimental

Materials

Polyethylene glycol diacrylate (PEGDA, Mn = 250 g mol ™), bis(3-
aminopropyl) terminated poly(dimethylsiloxane) (A-PDMS, Mn =
2500 g mol™"), 1H,1H,2H,2H-perfluorodecanethiol (PFDT),
pentaerythritol tetrakis(3-mercaptopropionate) (PETMP), acrylic
acid (AA), silver nitrate (AgNO;z;, > 99.0%), ethanol (EtOH),
isopropanol  (IPA), acetonitrile (ACN), phenylbis(2,4,6-
trimethylbenzoyl)phosphine oxide (Irgacure 819), 2-hydroxy-4'-
(2-hydroxyethoxy)-2-methylpropiophenone (Irgacure 2959) and
methyl red were purchased from Sigma Aldrich and used as
received. The multifunctional y-cyclodextrin derivative Ac-y-CyD
was prepared according to a synthetic protocol already reported
in previous studies.*®*

Composition of the photocurable formulation and DLP-
printing

The printable formulation was prepared by dissolving Ac-y-
CyD (20 wt%) in PEGDA (serving simultaneously as a reactive

This journal is © The Royal Society of Chemistry and IChemE 2022
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diluent and co-monomer) and adding Irgacure 819 (0.2 phr)
as a radical photoinitiator.

3D-printing was performed using a MAX X27 DLP-3D
printer from ASIGA (building volume of 119 mm x 67 mm X
75 mm, nominal XY pixel resolution of 27 um and a light-
emitting diode source at 385 nm). The layer thickness was set
to 50 um, while the light intensity and the exposure time per
layer were set to 40 mW cm > and 0.8 s, respectively. After the
printing process, the samples were rinsed in EtOH to remove
the unreacted resin before being used for post-printing
functionalization purposes.

Disc-shaped samples were DLP-printed (diameter = 12
mm; thickness = 1 mm) and used for post-printing
functionalization purposes.

Gel content measurements

Gel content (GC) measurements were performed to evaluate
the covalently crosslinked fraction of the printed thermosets.
Flat samples (20 mm x 10 mm x 0.5 mm) were prepared by
DLP-printing, held in an ultra-fine metal net, weighed, and
immersed for 24 h at room temperature (RT) in chloroform
to remove un-crosslinked polymers (the soluble fraction).
Then, the samples were taken out from the chloroform bath
and dried in an oven (80 °C, 6 h). The GC was calculated
gravimetrically using the following equation:

w.
GC (%) = Wd x100
0

where Wy is the weight of the dried sample after solvent

extraction and W, is the initial weight of the sample.
The measurements were repeated three times and the
results averaged.

Post-printing surface modification - grafting of A-PDMS

The printed samples were immersed in a solution of A-PDMS
(10 wt%) in IPA for 24 h at RT. Then, the samples were
removed from the reaction bath, rinsed under stirring in IPA
for 10’ and dried before further characterization.

Post-printing surface modification - photo-grafting of PFDT

A few drops of a solution of PFDT (50% wt) in ACN, with
Irgacure 819 added as PI (2% wt, concerning the amount of
PFDT), were first spread on the surface of the printed
samples and then irradiated for 1 min using a high-pressure
mercury Dymax ECE lamp (100 mW cm?). Then, the samples
were rinsed for 10’ in EtOH, to remove unlinked PFDT from
the surface, and dried before further characterization.

Post-printing surface modification - photo-grafting of PETMP

A few drops of a solution of PETMP (50% wt) in ACN, with
Irgacure 819 added as PI (2% wt, concerning the amount of
PETMP), were first spread on the surface of the printed samples
and then irradiated for 1 min using a high-pressure mercury
Dymax ECE lamp (100 mW cm™?). Then, the samples were
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rinsed for 10’ in EtOH, to remove unlinked PETMP from the
surface, and dried before further characterization. Note that
PETMP was appropriately used to leave unreacted thiols (-SH)
on the surface for the subsequent thiol-ene addition with AA.

Post-printing surface modification - photo-grafting of AA

A few drops of a solution of AA (10% wt) in ACN with
Irgacure 819 added as PI (2% wt, concerning the amount of
AA) were spread on the surface of the samples previously
functionalized with PETMP and irradiated for 5 min using a
high-pressure mercury Dymax ECE lamp (70 mW cm™2). This
allows the activation of the thiol-ene reaction via the -SH
groups remaining on the surface after the first
functionalization with PETMP. Then, the samples were triply
rinsed in H,0, to remove the unlinked polyacrylic acid
chains, and dried before further characterization.

Post-printing surface modification — photo-grafting of AgNPs

The printed samples already functionalized with PETMP were
immersed in a water solution of AgNO; (10% wt), with
Irgacure 2959 added as PI (0.5% wt). Then, the solution was
irradiated for 15 min using a Hamamatsu LC8 UV-lamp
equipped with an 8 mm light guide (70 mW cm™2), to activate
the reduction of Ag ions and the anchoring of the generated
AgNPs on the free -SH groups on the thiolated surface.
Finally, the samples were rinsed in H,O for 90 min under
sonication and dried before further characterization.

Surface characterization - ATR-FTIR spectroscopy

The measurements were performed using a Nicolet iS50 FT-
IR spectrometer (PerkinElmer, Norwalk, CT, USA) equipped
with an attenuated total reflectance (ATR) accessory (Smart
iTX), to evaluate both the conversion of the acrylate functions
after the printing step and the surface chemistry of the
printed sample after the post-functionalizations. ATR spectra
were collected with a resolution of 4 cm™" between 600 and
4000 cm™, averaging 32 scans for each spectrum. Data were
processed with the Omnic software from Thermo Fisher
Scientific.

The surface-DBC of the printed samples was calculated by
monitoring the decrease of the peak area of the C—C bond
stretching vibration of acrylates at about 1633 cm™'
normalized by the constant signal centred at 1730 cm ',
corresponding to the stretching vibration of C=O groups.
The measurements were repeated three times and the results
averaged.

Surface characterization - contact angle measurements

Water contact angles of the printed samples before and after
the different post-functionalizations were determined at RT
using a Kruss DSA100 drop shape analyzer, equipped with a
video camera and an image software. First, small water
droplets (=15 pL) were applied onto a levelled surface of the
printed sample. Then, the static contact angles were
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measured using the tangent method. The results were
averaged over six measurements for each sample.

Surface characterization - X-ray photoelectron spectroscopy

XPS measurements were performed using a PHI Versaprobe
5000 (Physical Electronics, Chanhassen, MN, USA), equipped
with a monochromatic Al K-alpha source (1486.6 eV). Both
survey and high resolution (HR) spectra were collected for
each sample. The core-level energy shifts were referred to the
C 1s peak (C-C) at 284.5 eV. Origin software was used for
data analysis and for further peak-fitting procedures.

Surface characterization - FESEM

The morphological characterization of the AgNPs grafted on
the surface of the printed samples was performed by using a
FESEM Zeiss Supra 40 (Oberkochen, Germany).
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