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A Facile and Green Microwave-Assisted Strategy to Induce
Surface Properties on Complex-Shape Polymeric 3D Printed

Structures

Gustavo Gonzalez, Maria Arévalo, Annalisa Chiappone, Enrique Martinez Campos,

Candido Fabrizio Pirri, Ignazio Roppolo,* and Paula Bosch

Light- induced polymeric 3D printing is becoming a well-established
fabrication method, showing manifold advantages such as control of the local
chemistry of the manufactured devices. It can be considered a green
technology, since the parts are produced when needed and with minimum
amount of materials. In this work 3D printing is combined with another green
technology, microwave-assisted reaction, to fabricate objects of complex
geometry with controllable surface properties, exploiting the presence of
remaining functional groups on the surface of 3D printed specimens. In this
context, surface functionalization with different amines is studied, optimizing
formulations, reaction times, and avoiding surface deterioration. Then, two
different applications are investigated. MW-functionalized filter-type
structures have been tested against Staphylococcus aureus bacteria, showing
high bactericidal activity on the surface along all areas of the complex-shaped
structure. Second, a fluidic chip composed of three separated channels is 3D
printed, filled with different amine-reactive dyes (dansyl and eosine
derivatives), and made to react simultaneously. Complete and independent
functionalization of the surface of the three channels is achieved only after

2 min of irradiation. This study demonstrates that light induced 3D printing
and microwave-induced chemistry can be used together effectively, and used
to produce functional devices.

1. Introduction

In recent years, 3D printing is going
far beyond its initial purposes, moving
from rapid prototyping and modeling to a
suitable technique to fabricate functional
printed objects. These can be produced on
demand with limited materials and energy
consumption, which makes 3D printing
part of the green technologies.'! 3D print-
ing versatility is based on twofold levels:
technology and materials. The former
enables the design and the production of
structures with superior complex shapes,
that can be used, for instance, in mechan-
ics, aerospace, or medicine modeling.[3]
Whilst from the material point of view, one
can produce functional parts with enhanced
performances and additional properties
and features (e.g., electrical conductivity
magnetic or optical properties).**1 The
3D printing revolutionizing premise relies
on the combination of these two aspects.
Such shape/materials synergistic effect
is nowadays employed to fabricate inno-
vative devices for different applications,
including medicine, robotics, electronics,
optics, and catalysis among others.l”?#!
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Particularly, 3D printed parts with enhanced surface properties
are extremely appealing in the biology, biotechnology, and chem-
istry fields. In this context, light activated 3D printing is par-
ticularly suitable since, operating with liquid resins, allows an
easy control of the materials properties.[*!%! Different works re-
ported the addition of functional additives or nanoparticles into
a photopolymerizable resin to fabricate structures with surface-
exposed molecules that can be used, for instance, as anchoring
points during a second step of functionalization.['!] This surface
functionalization approach can be of great advantage since post-
functionalization can be carried out on demand and with dif-
ferent types of molecules.['>'*] The surface functionalization of
polymeric objects can be obtained exploiting several techniques,
including plasma,!*! deposition processing,['®! grafting in stan-
dard chemical batches,!'”) and microwave-assisted reactions.! 181
Among these, microwave (MW) irradiation procedures are con-
sidered outstanding since they allot to shorten the reaction times,
maintaining (or increasing) the yield of reaction products. Be-
sides, MW is a low energy-consuming, inexpensive, and facile
technique, that minimizes the by-product formation;!?) which
can lead to classify it as well as green technology.!! With MW ir-
radiation procedures one can achieve specific chemical reactions
between functional groups by coupling acrylic double bonds or
epoxy groups with amine-terminated compounds,21?2l which
can be controlled by adjusting the MW settings like the energy
delivered to the system and the time of MW exposure.

In this work, we combined the 3D printing versatility to pro-
duce complex-shaped and customized structures with the bene-
fits of microwave irradiation to surface functionalize the printed
samples in an easy, fast, and environmentally-friendly way. The
functionalization of 3D printed parts is investigated proceeding
with the high-yield microwave-induced strategy taking advantage
of the remaining functional groups on the surface of 3D printed
specimens. Four different acrylate/epoxy formulations, based on
polyethylene glycol diacrylate (PEGDA) and glycidyl methacry-
late (GMA), are prepared and processed using a digital light pro-
cessing (DLP)-3D printing technique. PEGDA250 was selected
as a difunctional monomer since its low molecular weight as-
sures a high degree of crosslinking, and then, a low swellabil-
ity in water. This aspect is particularly important to avoid failure
of the 3D printed structure during post processing.[32* Glycidyl
methacrylate (GMA) monomer was used to incorporate epoxy
groups into the polymeric structures by copolymerization with
PEGDA250 during the 3D printing step.!?! The active functional
groups of the printed parts (epoxy and unreacted acrylate) can be
used as an anchoring point for surface functionalization, in this
case with aliphatic amines, through nucleophilic ring-opening
and Michael reactions. Typically, both reactions (between amines
and epoxy or acrylate functionalities) are usually thermally acti-
vated and can even proceed at room temperature in the appropri-
ate conditions (pH catalyzed or photo-triggered).l228] Instead,
here, this reaction will be induced using microwave irradiation
to shorten the reaction times.[?1?°] The extent of surface post-
printing functionalization is evaluated by varying experimental
parameters, such as the acrylate/epoxy concentration and irradia-
tion conditions. A series of experimental analyses are performed
for optimizing the microwave-assisted functionalization proce-
dure to find a compromise between the desired surface properties
and the final sample’s properties. Considering amines’ antimi-
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crobial activity, the antibacterial behavior of the MW-treated 3D
printed samples is evaluated against Staphylococcus aureus. Con-
sidering the versatility to produce complex and customized ob-
jects by 3D printing techniques and the great reactivity of amine
functional groups as well, a three-parallel-channel 3D-printed de-
vice was fabricated to functionalize the channel surface with two
different amine-reactive molecules, simultaneously but indepen-
dently, in a second functionalization step.

2. Results and Discussion

2.1. 3D Printing PEGDA250 and GMA Samples

Starting from previous results,?®! the four PEGDA/GMA
formulations (containing 1 wt% of phenyl bis(2,4,6-
trimethylbenzoyl)phosphine oxide BAPO and 0.01 wt% of
disperse Red 1 methacrylateDR1-MA dye each) were success-
fully processed using the Asiga 3D-DLP printer and following the
printing settings shown in Table 1. Basic and complex-shaped
samples were successfully fabricated, see Figure S1a,b, Support-
ing Information. As mentioned, GMA monomer was used to
incorporate epoxy groups into the polymeric structures through
copolymerization with PEGDA250 during the 3D printing step.
In this way, the epoxy ring can react with other molecules, such
as aliphatic amines, in the second step of functionalization using
microwaves, as represented in Figure 1a.

After the 3D printed step, ATR-FTIR spectra were recorded
on the samples, confirming the presence of epoxy functionalities
(see Figure S2, Supporting Information). This proves that epoxy
rings did not react, as expected, during the photopolymerization
process. The FTIR spectra showed the presence of acrylate dou-
ble bonds on the printed samples, indicating that C=C groups
remain also active after printing. Therefore, both the non-reacted
acrylate and unreacted epoxy functionalities are available on the
surface and can react with aliphatic polyamines (e.g., diethylen-
etriamine (DETA), hyperbranched polyethyleneimine with low
molecular weight —PEI600 or high molecular weight —PEI10k)
to functionalize the surface of the sample. These reactions have
been widely reported in the literature, and they proceed through
the nucleophilic attack of the electron pair of the N atom to both
acrylate and glycidyl groups.[?83031] Although, in this case, the re-
action will be assisted by microwave irradiation.

2.2. Microwave-Assisted Surface Modification

The surface modification of the 3D printed samples was car-
ried out under microwave radiation, as described in the Exper-
imental Section. The reaction time varied between 30 s and 20
min, depending on the type of amine used. Flat sample discs
(0.9 cm diameter and 0.1 cm height) were used to optimize re-
action’s conditions as they were easier to handle and to analyze
than complex structures. After the washing procedure, the sam-
ples’ surfaces were tested using ATR-FTIR. The ATR-IR spectra
showed the disappearance of both 905 cm™ (glycidyl) and 810
cm™! (acrylate) bands when increasing the reaction times. Si-
multaneously, the appearance of two strong bands confirmed the
grafting of the polyethyeneamines onto the sample surface: one
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Table 1. Weight percent (%), molar acrylate/epoxy ratio for each PEGDA250 and GMA formulation, and the 3D printing settings used for each formulation

with 50 um of slicing thickness.

Formulation PEGDA250 [wt%)] GMA [wt%)] Acrylate/epoxy molar ratio Exposure time [s layer™'] Initial exposure time [s layer~']2)
PEGDA250 100 —_ —_ 1.2 3
9:1 PEGDA250/GMA 90 10 10.23:1 1.5 3
7:3 PEGDA250/GMA 70 30 2.65:1 5 9
5:5 PEGAD250/GMA 50 50 1.14:1 10 14

? |rradiation time for the first three layers to guarantee an adequate adhesion of the parts.

Untreated surface

Amine
molecules

Microwave radiation

Functionalized surface

Figure 1. A scheme of the surface functionalization procedure approached in this work using microwave radiation on 3D printed polymeric samples.

large band at 3600-3200 cm™! (superimposition of O-H st and
N-H st) and a second in the 3000-2800 cm™ regions (C-H st).
On the other hand, the acrylate double-bond band at 810 cm™!
decreases considerably during the MW treatment: this can be
attributed to the reaction between the C=C double-bonds with
primary/secondary amines, but also to the thermal contribution
related to the microwave radiation which induce bond opening,
as already reported in literature,[**33] and as detailed in Figure
S3, Supporting Information. Differences in kinetics were found
for the different amine structures, but the trend is identical for
all. As an example, results in 5:5 PEGDA250/GMA (formulation
with the higher content of GMA) are shown in Figure 2. The reac-
tion times play a key role in the MW functionalization step and, as
shown in Figure 2 (right column), a short time of MW irradiation
can be sufficient to completely functionalize the surface of the
samples with amines. In details, both the surface reactive groups
(acrylic double bond band at 810 cm™! and epoxy band at 905
cm™!) and the newly formed bonds (C-H st band at 2935, O-H
st at 3500 cm™" and N-H st band at 3290 cm™!) reach a plateau
after a variable time of MW irradiation. The epoxy/acrylate con-
version can be increased, increasing the MW reaction times, but
in some samples evident surface deterioration after prolonged
times of MW treatment was noticed (Figure Slc, Supporting In-
formation). Hence, it is important to establish the minimum
MW irradiation time necessary to functionalize the samples’ sur-
face with amines. Using PEI600, 30 s of MW reaction was suf-
ficient to functionalize the PEGDA/GMA samples as shown in
Figure 2a without compromising the sample structural integrity
(see Figure S1d, Supporting Information). This was confirmed
by the complete disappearance of the 905 cm™! bands (epoxy)
and the appearance of the amine-related bands in the region be-
tween 3600 and 2800 cm™'. The degree of functionalization did
not change significantly at shorter reaction times (see the curve
to the right of Figure 2a). Hence, 30 s was established as the MW
treatment time to functionalize PEGDA250/GMA samples with
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the PEI600 solution. Considering the molecular structure of the
three amines used (DETA, PEI600 and PEI10k), one should fore-
cast differences in reactivity due to the steric hindrance of the
polymer backbone of these aliphatic amines, which limits the
accessibility to the surface reactive groups for the primary and
secondary amines in more hyperbranched molecules, as demon-
strated elsewhere.[**] Hence, for the PEI10k solution, we expect
longer MW irradiation times (>30 s) and shorter or similar ir-
radiation times (>30 s) using the DETA solution. Accordingly,
the minimum MW treatment time using the PEI10k solution
was found to be 15 min, see Figure 2b. Even if this time of ir-
radiation is much higher than for PEI600-treated samples, it is
considerably shorter than conventional methods using mechan-
ical stirring (requiring more than 24 h of continuous stirring at
ambient temperature to reach a similar degree of functionaliza-
tion, see Figure S4, Supporting Information). After 15 min of
MW irradiation time, the samples ended up with significant brit-
tleness. Hence, for future experiments in which the functional-
ization with PEI10K is required, particular care is necessary for
handling the treated samples. In the case of the highly reactive
DETA, even though the plateau was reached after only 10 s of ir-
radiation, the reaction time was set as 30 s, to minimize possible
irregularities in MW power in such a short period (see Figure 2c).

The results for epoxy/acrylate conversion in all formulations
are summarized in Table 2. Samples with higher epoxy content
presented the greatest increase in the amine band; furthermore,
higher intensity values for the amines with higher molecular
weight (hyperbranched PEI600 and PEI10k). In general, the acry-
late conversion from the 3D printed samples increased signifi-
cantly (up to near 100%) after the MW treatments, depending on
the sample’s composition and the type of amines used (Table 2).
At the same time, the ring-opening reaction took place, quanti-
tatively, for all the samples. The slight differences in the epoxy
conversion between the samples are related again to the molec-
ular weight of the amines. The differences can be related to the
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Figure 2. ATR-FTIR spectra and variation of intensity of the significant bands of the 3D printed 5:5 PEGDA250/GMA samples after the microwave-
induced functionalization at different MW irradiation times: a) PEI600 solution, b) PEI10k solution, and c) DETA solution. Variation in acrylate bands
has been corrected by subtraction of the thermal contribution of the MW radiation (see explanation in Figure S3, Supporting Information).

topological restriction of the aliphatic amines used, which hin-
ders access to N-H bonds, and the different reactivity of primary
and secondary amines, as demonstrated in literature.3%]

Figure 3a shows the evolution of the absorbance inten-
sity obtained associated with N-H bonds (3600-3200 cm™' re-
gion) and C-H bonds (3000-2800 cm™! region) from treated
PEGDA250/GMA samples. Some trends can be observed: 1) the
formulation with higher glycidyl content reacts with more amine
molecules, producing a considerable increase in the amine-
related regions’ absorbance intensity due to a higher amount of

Macromol. Mater. Eng. 2023, 308,2300118 2300118 (4 of 11)

amine groups on the sample’s surface. 2) The absorbance inten-
sity of these regions is greater according to the type of amine
used, reaching higher values for the highest molecular weight
hyperbranched amines PEI600 and PEI10k (see also Figure S5,
Supporting Information).

The change in surface polarity of the MW-treated samples was
evaluated by contact angle measurements for all samples as the
reaction proceeds, see Figure 3b (and Table S2, Supporting Infor-
mation). All the tested samples showed an increase of hydropho-
bicity related to MW treatment, which can be related both to
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Table 2. Acrylate double-bond and epoxy conversions of 3D printed PEGDA250/GMA and PEGDA250 samples before and after microwave-assisted
functionalization with DETA solution (30 s of MW time), PEI600 solution (30 s of MW time), and PEI10k solution (15 min of MW time). Infrared spectra
of the signals of interest for the different samples are shown in Figure 3.

Samples As 3D printed After microwave treatments
Acrylate conversion Acrylate conversion [%]%) Epoxy conversion [%])
[%]
DETA PEI600 PEI 10k DETA PEI 600 PEI10k

PEGDA250 82 85 83 87

9:1 PEGDA250/GMA 83 87 92 91 96 97 95
7:3 PEGDA250/GMA 85 96 96 97 98 98 98
5:5 PEGDA250/GMA 90 96 98 91 97 98 98

al)The acrylate conversion was evaluated following the C=C signal at 810 cm™! in comparison with the initial area of the same peak in the uncured formulation; )The epox
ry g I3 p 3 poxy

conversion was evaluated following the glycidyl band at 905 cm~" in comparison with the initial area of the same peak in the uncured formulation.

045
b)
0.40 420
~035-
= 100
@©
<0301 >
8 > 8
 0.25 2
f-0e & o0
20204 g
- £ 40
= —=-DETA(3290cm-1) | & % U?t:ta,;e ¢
0.15 | ——DETA(2935cm-1) | © ,4 e
—e— PEIB00 (3290 cm-1) DETA
0.10 —O— PEIB00 (2935 cm-1) | o PEI600
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0.05 —/— PEI0K (2935 cm-1) | 91 PEI0k
; y 3 T PEGDA/GMA 3 55
PEGDA  9:1 PEGDA/GMA 7:3 PEGDA/GMA 5:5 PEGDA/GMA PECDAGMA. L GDAIGMA

Figure 3. a) Normalized absorbance intensity as a function of the PEGDA250/GMA weight ratios after the different microwave treatments. Filled symbols
refer to the 3600-3200 cm™" region’s absorbance, associated with amines’ N-H bond stretching. Empty symbols refer to the 3000-2800 cm~! region’s
absorbance associated with the C—H bond. b) Histogram showing the static contact angle of untreated and MW-treated samples as a function of the
PEGDA250/GMA weight ratios and after the different MW-treatment treatments. The entry named “acetonitrile” indicates specimens that were subjected
to MW treatment in the solvent without amines.

reaction of surface groups and to small surface modifications. = PEGDA250/GMA samples). This situation can adversely affect
When grafting amines, more hydrophilic surfaces were obtained  the antibacterial studies since such defects might be points where
and the contact angle decreases more when hyperbranched  bacteria can host and grow; therefore, the antibacterial tests
amines are used as modifiers (e.g., PEI10k and PEI600). Further-  may not be reproducible. Based on this observation, the antibac-
more, the more the GMA in the formulation, the lower was the  terial evaluation was performed only on MW-treated 9:1, 7:3
contact angle. These results are in good agreement with FTIR ~ PEGDA250/GMA and PEGDA250 samples.
experiments. The lowest contact angle value is found for the 5:5 The bacterial line was seeded on flat 3D printed samples and
PEGDA250/GMA formulation, then confirming the highest sur-  the bacterial growth was monitored by taking photographs at 24
face modification due to both the higher content and reactivity  and 48 h with an optical microscope using 20x magnification. S.
of the glycidyl functional group. A more detailed discussion of  aureus strain can be identified due to its characteristic round mor-
these data is reported in the Supporting Information file. phology. Photographs for PEGDA250 matrices treated with the
different amine solutions are shown in Figure 4a (while the pho-
tographs for the other tested materials are shown in Figure S6,
2.3. Antibacterial Evaluation Supporting Information). After 24 h, bacteria colonization was
evident in all tested samples despite their neither matrix compo-
The incorporation of amino functionalities over the 3D printed  sition nor type of amine functionalization, with no clear differ-
PEGDA250/GMA samples can introduce antibacterial features,  ence between treated and untreated samples. The colonization
given the known antimicrobial characteristics of amines.’>%)  increased at 48 h due to colony proliferation along the surfaces,
Hence, the antimicrobial properties of the amine-treated 3D  confirming the proposed seeding strategy.
printed samples were tested against S. aureus. This bacteria When surfaces were analyzed with the Live/Dead assay,
model is known to be responsible for many infections-related  the results are rather different between control and amine-
diseases.[’”%8] As previously discussed, the MW-treatment can  functionalized films. The effect of the different surface func-
introduce modification in the samples, which in some cases tionalizations on bacteria viability for PEGDA250 samples can
might lead to sample cracking and breaking (principally on 5:5  be seen in Figure 4b,c (for the rest of the samples, see Figure
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Figure 4. a) Photographs in bright field of bacterial growth and colonization on 3D printed PEGDA samples at 24 and 48 h for untreated and MW-treated
samples with DETA, PEI600 and PEI 10k solutions. b) Photograph of alive (green) and dead (red) bacteria over 3D printed PEGDA250 samples and c) the
respective quantification of percentage (%) of the area covered by alive and dead bacteria over the samples’ surface. Green bars represent % coverage
of alive bacteria; red bars represent % coverage of dead bacteria. One asterisk (*) corresponds to p-value <0.05 and two asterisks (**) corresponds to

p-value <0.005.

S7, Supporting Information), in which alive bacteria are stained
green and dead bacteria in red. In general, the antibacterial ac-
tivity was marked more by the type of amine used for the MW
treatment rather than the PEGDA/GMA polymer composition.
For the three typologies of samples, the trend for the effect of the
different amines on the surface was the same: a higher number of
dead bacteria were found for samples treated with hyperbranched
amines (PEI600 and PEI10k), where practically no alive bacteria
were being observed. To exclude the combined effects of the rest
of the parameters of the MW treatment reaction (e.g., tempera-
ture, solvent, and microwave irradiation) on antibacterial activity
of surfaces, control PEGDA250 samples were immersed in pure
acetonitrile and MW irradiated in the absence of any amine. The
results were compared with untreated PEGDA samples and with
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MW:-treated ones with PEI600 solution. No significant bacterial
death was obtained (see Figure S8a,b, Supporting Information).

As mentioned above, surface irregularities could be starting
points to promote the accumulation and colonization of bacte-
ria. Indeed, in Figure S8c, Supporting Information is appreci-
ated the bacteria pattern in imperfections observed by optical
microscopy, which confirms that bacteria prefer to grow and ac-
cumulate in the nooks of uneven surfaces rather than on flatter
ones. With these observations and results obtained, the best an-
timicrobial activity was obtained using hyperbranched amine so-
lutions (PEI600 or PEI10k) for the MW functionalization steps re-
gardless of the starting matrix composition employed. However,
since polymeric matrices with GMA content are quite susceptible
to the MW-treatment (that might generate points for growth and
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Figure 5. a) Optical images of two filter-type structures, as printed and after MW-assisted surface functionalization. b) Area percentage covered by
dead (red) and alive (green) bacteria in three different slices for each sample composition: control (untreated), treated with only acetonitrile, and
functionalized with PEI600. Photographs of dead (red) and alive (green) bacteria acquired from different slices of filter-type samples: c) control (scale
bar equal to 50 um.) and d) PEI600-functionalized (scale bar equal to 50 pm) samples.

colonization of bacteria), we selected the combination of PEGDA
matrix and PEI600 functionalization for the following test. The
surface of these samples was also analyzed by FESEM. Pristine
3D printed PEGDA clearly shows layering of 100 um related to
DLP process (Figure S9a, Supporting Information) and rather
smooth surface, even if some wrinkling is present perpendicu-
larly to the build direction, probably related to pixeling (Figure
S9b, Supporting Information). Those are even more evident in
the PEI600 sample (Figure S9¢,d, Supporting Information), even
if the surface does not seem greatly affected, but probably suffi-
ciently to promote bacteria accumulation.

2.4. Filter-Type Functionalization and Biocidal Activity

Filter-type structures were designed (CAD file in Figure S10, Sup-
porting Information) and fabricated with the geometry described
in the experimental section to serve as an example of a complex-
shaped 3D printed object, and to explore the viability of our strat-
egy to modify intricate surfaces (width of the struts 100 pm). 3D
printed PEGDA250 structures, were surface functionalized with
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PEI600 solution, following the same procedure as for flat sam-
ples (30 s of MW treatment in ACN), but adding two sonication
steps: a first sonication step (8 min) with the reactive PEI600 so-
lution before the MW treatment to assure the complete filling of
the internal voids, and a second sonication step (10 min) in water,
for the complete cleaning after MW reaction. Following that pro-
cedure, surface-anchoring of PEI600 was attempted. Two speci-
mens (untreated and MW treated structures) are shown in Figure
5a; the slight color change was due to release of BG in water dur-
ing MW treatment, while no evident damages are observed.
After the reaction, the samples were cut into five 1 mm slices,
seeded with S. aureus and studied by Live/Dead assay. Images of
the seeded slices samples (control and functionalized) are shown
in Figure 5c,d. As observed, all MW-treated slices showed the
same antibacterial activity, thus, successful functionalization of
the surface along the z-axis of the structures was achieved. The
photographs concerning the control slices (Figure 5¢) showed the
presence of almost exclusively alive bacteria, whereas on func-
tionalized slices with PEI600 (Figure 5d) the surface is covered by
only dead bacteria, and no living bacteria were observed. In ad-
dition, the PEI600 functionalization of the samples was found to

© 2023 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH

85US0| 7 SUOLILLIOD 8AeaD) 3|qedljdde aup Aq peusenob afe sspnle YO ‘SN JO' s8Nl 10§ Akiq8uluO 4|1 UO (SUONIPUOD-PUR-SW.RIW0D" A8 | 1M ATe1q 1 jeulUO//SANY) SUONIPUOD pue swie | 8y 8es *[£20zZ/TT/ST] uo Akiqiaulluo As|iMm ‘outio] 1d Mod BA [q!d ‘SIS ouLio] 1g 001udsiijod Aq 8TTO0EZ0Z SWewW/Z00T 0T/I0p/wod A8 |im Areiqjeut|uo//sdny wouj pepeojumod ‘TT ‘€202 ‘¥S0Z6EVT



ADVANCED
SCIENCE NEWS

{M}%br

Materials and Enging

www.advancedsciencenews.com

(a) Multi-functionalization procedure

Dans Dans
PEI600
l 1 l EOS l
MW treatment:
1 min/150° C
—_——
(1) (11)
(b) Control experiment
Dans Dans
EOS l
MW treatment:
2 min/60° C
(1) (1I)
(c)
(Iv)

www.mame-journal.de

MW treatment:

2min/60°C
—_—

(1IV)

( I): Untreated sample (Just 3D printed)
( IT'): Amine-functionalized sample

( IIT ): Non-functionalized sample

( IV ): Multi-functionalized sample
PEI600: PEIB00 in Acetonitrile

DANS: Dansyl Chloride in acetonitrile

EOS: Eosin isothiocyanate in ethanol

(d)

(1) (II)

(I1) (IV)

Figure 6. a) Scheme of the functionalization procedure with the PEI600 solution and Dansyl (Dans) and Eosin (EOS) dye solution. b) Sketch of the
control experiment. Photographs of the different MW-treated samples, that is, (1), (I1), (I11), and (IV) under c) visible light and d) UV light. Notation of

the samples is in (a).

be homogeneous along the z-axis, as the percentage of alive/dead
bacteria is maintained constant (Figure 5b).

2.5. Simultaneous Multi-Functionalization of 3D Structures

At last, the versatility of the proposed MW-assisted functional-
ization strategy has been demonstrated by performing a multi-
functionalization procedure on the same 3D printed compo-
nent. The concept is to attach, simultaneously, different types
of molecules in the same 3D printed specimen through a sin-
gle MW reaction procedure. Therefore, as a proof of concept, 3D
printed fluidic devices, made of PEGDA, were fabricated consist-
ing of three parallel millimetric channels of 2.4 X 2.4 mm (see
Figure S11, Supporting Information). For this experiment, no dye
was used for the sample 3D printing fabrication, aiming to have
good optical transparency after the MW functionalization.

Macromol. Mater. Eng. 2023, 308,2300118 2300118 (8 of 11)

The procedure is sketched in Figure 6a. As shown, the func-
tionalization procedure consists of two MW-assisted reaction
steps: the 3D printed specimen (I) was first subjected to a MW-
treatment of functionalization with the PEI600 solution at 150 °C
for 1 min. Then, the channels of this amine-treated sample (II)
were filled with the dye solutions (dansyl chloride and eosin isoth-
iocyanate solutions), and MW irradiated again, this time, at 60 °C
for 2 min, obtaining a sample with multiple functionalities (IV).
These dyes were chosen because they are reactive with amines
and they show very intense fluorescence and visible color respec-
tively, hence, the success of the reaction can be easily detected by
the naked eye and UV-vis illumination. As a control experiment
(see Figure 6b), a 3D printed PEGDA sample was directly filled
with the dyes solution (non-previously treated with amine) and
MW treated at 60 °C for 2 min (III).

The multiple and independent functionalization of the three
channels of the sample (IV) is evident by the change in color
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and the fluorescence emission, as shown in Figure 6¢,d, respec-
tively. Moreover, the sample treated with dyes but not previously
surface-modified with PEI600 (sample III), does not show any
evidence of reaction (it did not show any color or fluorescence
emission). Noteworthy, the further MW treatment between steps
III and IV do not affect the surface of 3D printed, as evidenced in
field emission scanning electron microscopy (FESEM) measure-
ments (Figure S12a,b, Supporting Information). Furthermore,
EDX analyses confirm the proposed reaction scheme, evidencing
an increase of nitrogen in the tested samples (Table S3, Support-
ing Information).

Finally, as the dyes bear different functional groups (acyl chlo-
ride and isothiocyanate) those reactions could be used as mod-
els for the covalent functionalization of a broad range of amine-
reactive fluorescent probes to a surface. Moreover, the reactions
with Dansyl and Eosin dyes were performed using different sol-
vents (acetonitrile and ethanol, respectively), so the possibility of
using the best solvent for each reaction in each channel opens
the versatility of this strategy.

3. Conclusion

In conclusion, a series of photopolymers made from different
concentrations of PEGDA250 and GMA monomers (5:5, 7:3,
9:1, and 10:0) were successfully used for fabricating simple and
complex-shaped samples through light-based 3D printing meth-
ods. These 3D printed specimens presented unreacted epoxy and
acrylate functional groups onto their surface that were exploited
for surface modification of such polymeric structures in a suit-
able post-printing protocol. In particular, the specimens were
functionalized under microwave (MW) irradiation and using lig-
uid solutions containing aliphatic polyamines. This microwave-
assisted chemical functionalization was achieved via the nucle-
ophilic attack of the N atom’s electron pair to epoxy and acry-
late groups. The amines used were poly-ethyleneamine deriva-
tives, (i.e., diethylenetriamine and two types of hyperbranched
polyethyleneimines), differing in molecular weight, architecture,
and reactivity. The MW-treated samples presented changes in
their surface properties due to the grafting of amines, which
was evaluated via the ATR-FTIR method and static contact an-
gle analysis and further confirmed by FESEM and EDX analy-
sis. The MW-assisted surface functionalization developed in this
work has been used for proofing two different purposes: first, an
easy, rapid, and complete functionalization of complex 3D archi-
tectures, by measuring the antimicrobial activity against S. aureus
of different parts of the functionalized specimens; and second, to
perform simultaneous and independent functionalization of sin-
gle channels of such specimens.

With the microwave-assisted functionalization developed in
this work, the surface features of 3D printed can be enhanced and
customized according to the envisaged properties of the struc-
tures. The combination of material preparation versatility and
freedom of design of light-based 3D printing with an easy MW-
assisted functionalization strategy might widen the palette of pos-
sibilities of 3D printing for many scientific and technological
fields. In particular, the findings here reported can be of great in-
terest in biology and biotechnology fields, in which surface prop-
erties can be engineered to fabricate antibacterial objects (e.g.,
active air filters) or with preferential cellular adhesion. Another
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field of interest can be in sensors, and in particular in the use of
luminescent sensors grafted in microfluidics. On the other hand,
the strategy presented can be in general employed in all the ap-
plications where the surface characteristics of the printed parts
are a key point for successful operations and evaluations.

4. Experimental Section

Materials:  Poly(ethylene) glycol diacrylate (PEGDA250, M, =
250 g mol™), glycidyl methacrylate (GMA, M,, = 142.15 g mol~"), phenyl
bis(2,4,6-trimethylbenzoyl) phosphine oxide (BAPO, 97%), disperse red
one methacrylate (DR1-MA, 95%), brilliant green (BG, ~#90%), diethylen-
etriamine (DETA, M,, = 103.17 g mol™"), two types of hyperbranched
polyethyleneimine (PEI600, M,, ~ 600 g mol~') and 10 kDa (PEI10k, M,,
~ 10 000 g mol™), dansyl chloride (98%), eosin isothiocyanate (95%),
ethanol (99.8%), and acetonitrile (>99.8) were purchased from Merck
Company (Darmstadt, Germany) and used as received. The ratio of
primary/secondary/tertiary amine groups in DETA, PEI600, and PEI10k
are 1:0.5:0, 1:0.82:0.53, and 1:1.2:0.76.13031]

Preparation of 3D Printable Formulations: Four photocurable formula-
tions were prepared with different weight ratios between PEGDA250 and
GMA monomers: 5:5, 7:3, 9:1, and 10:0, respectively. The molar ratio be-
tween PEGDA250 and GMA is reported in Table 1, the increasing amount
of GMA was tested to check the effect of increasing the amount of epoxy
groups in the functionalization step. Each formulation was prepared by
mixing first the monomers and afterward adding 1 wt% of BAPO and
0.01 wt% of DR1-MA or BG dye (the selection of the dye was made for aes-
thetic reason for the images since both works well for 3D printing without
interfere in the experiments).

The formulations were then mechanically stirred at room temperature
until a complete homogeneous solution was obtained.

As 3D printing equipment, a Pico 2 HD DLP-3D printer (Asiga, Aus-
tralia) provided with a LED light source (405 nm), nominal XY pixel reso-
lution of 50 um, and minimum z-axis control of 1 um was used. The struc-
tures were produced by fixing a printing slicing of 50 um and a light inten-
sity of 20 mW cm2. The light exposure time was set according to the for-
mulation used, as shown in Table 1. All CAD designs were produced with
the FreeCAD program and exported in STL format. For the optimization of
the MW-surface modification reactions, flat discs (150 um thick and 9 mm
in diameter) were 3D printed. For the simultaneous MW-assisted func-
tionalization, samples were 3D printed (width 0.9 cm, thickness 0.3 cm,
and height 1.5 cm) hosting three parallel channels (2.4 mm x 2.4 mm).
The filter-type structures (diameter 0.9 mm and variable height) were also
printed.

Microwave-Assisted Surface Functionalization Procedure: ~ An Anton Paar
Monowave Synthesis 300 microwave reactor provided with an infrared
sensor (IR pyrometer) was used for the surface modifications. The reaction
was performed under magnetic stirring inside a pressure-resistant 10 mL
glass MW vial sealed with a silicon septum. For the MW-assisted modifi-
cation reactions, five different amine-based solutions or reactive solutions
were prepared:

1) DETA solution: Composed of diethylenetriamine in acetonitrile
(33 mgmL™).

2) PEI600 solution: Composed of poly(ethylenimine) 600 Da in acetoni-
trile (33 mg mL™").

3) PEIT0k solution: Composed of poly(ethyleneimine) 10 kDa in a 12:1
mixture of acetonitrile and ethanol (87 mg/6.5 mL). Such a proportion
of ethanol was added to enhance the PEI10k miscibility.

4) Dansyl solution: Composed of dansyl chloride dye in acetonitrile
(1.5 mg mL™").

5) Eosin solution: Composed of eosin isothiocyanate dye in ethanol
(1.5 mg mL~T).

The general procedure for MW-functionalization is as follows: the spec-
imens were introduced in the pressure-resistant 10 mL glass vial, and 5 mL
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of a specific reactive solution (DETA, PEI600, or PEIT0k) were added. The
vial was exposed to microwave irradiation at different times at 150 °C and
then cooled down to 55 °C. Finally, the samples were exhaustively washed
with ethanol and water, and dried under vacuum (—70 cmHg/45 °C)
overnight. For the MW functionalization of filter-type samples, firstly, they
were sonicated for 8 min until bubbles disappeared to assure that inter-
nal voids were filled with the PEI600 solution. After finishing the MW reac-
tion, the samples were washed twice in distilled water under sonication for
10 min to remove unbounded reactive compounds and dried under vac-
uum (=70 cmHg/45 °C) overnight. Before antimicrobial evaluation, the
functionalized and control filter-type samples were cut into slices of about
~1 mm thickness to be analyzed individually and to check whether func-
tionalization had occurred homogeneously along the monoliths’ z-axis.
Control samples were subjected to the same process but without PEI600
solution (i.e., immersion in pure ACN, sonication when needed, MW irra-
diation, washing, and drying). For the simultaneous MW functionalization
experiments, the 3D printed fluidic devices were first surface-modified with
PEI600 as described above. Afterward, they were glued onto an acetate film
employing an epoxy adhesive, and the channels were filled with two differ-
ent dye solutions: dansyl chloride in acetonitrile and eosin isothiocyanate
in ethanol. Both compounds were selected because they are only reactive
with amines, and not with acrylate or epoxy groups. The samples were then
end-capped with the same bonding procedure explained above. Finally, the
fluidic specimens (filled and closed) were introduced into the 10 mL glass
vial (provided with a magnetic stirrer), containing 5 mL of distilled water
and exposed to MW irradiation for 2 min at 60 °C. After this, end-capping
was manually removed, and the specimens were exhaustively washed with
ethanol and water and dried under vacuum at 45 °C overnight.

Characterization Methods: An FTIR spectrometer (Nicolet iS50,
Thermo Scientific, Milano, IT) was used to calculate the conversion of
epoxy and acrylate double-bonds on the samples at different experimental
conditions. The spectra were collected on an attenuated total reflectance
(ATR) system (Smart iTX). Epoxy conversions were calculated by ana-
lyzing the peak at 905 cm™ related to the oxirane group’s C-O defor-
mation, while the acrylate double-bonds conversions were calculated by
monitoring the peak at 810 cm~', which corresponds to the C=C bonds’
twisting.[*0] The spectra were collected with a resolution of 4 cm™" aver-
aging 32 scans for each spectrum in the wavenumber range of 650—4000
cm~'. Furthermore, the surface properties of the microwave-treated sam-
ples were evaluated following the region associated with, O—H stretch
(3600-3200 cm™"), N-H bond stretching of primary (3600-3400 cm™")
and secondary amines (3400-3200 cm™'), and the region associated with
C-H bonds (3000-2800 cm~'). All IR spectra were normalized using the
carbonyl peak at 1720 cm™~'.

Static contact angle measurements were performed on 3D printed flat
samples after different microwave treatment conditions and untreated
samples using a KSV instrument LTD with CAM 200 analyzer program
(Helsinki, Finland) equipped with a Basler A602f-2 camera. The tests were
performed at room temperature with the sessile drop technique. A 3 uL
droplet of deionized water (72.1 mN m~") was placed onto the sample,
and the static angle was measured immediately after drop deposition. The
measurement was repeated five times for each sample.

The distribution of nitrogen onto the surface was evaluated by scanning
electron microscopy (SEM) with energy dispersive X-ray analysis (EDX). A
Bruker Nano equipment with XFlash Detector 5030 was used to investi-
gate the relative concentration of nitrogen retained on the untreated and
functionalized surfaces after reactions. A probe current of 2.0 x 107° A and
an accelerating voltage of 15 kV were used. The spot size irradiated was
~0.5 mm? for all specimens. To determine the relative nitrogen concen-
tration on the specimen 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 be analyzed. From all samples, an X-ray map was obtained.

Bacterial Seeding: Before bacterial seeding, the samples were steril-
ized, by washing twice with distilled water for 10 min and irradiating with
UV light (4;,, = 365 nm) for 20 min for each side. Then the materials were
washed twice with distilled water for 10 min and finally submerged in clean
distilled water.
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S. aureus (subsp. aureus ATCC 25923) were cultured in Nutrient Broth
No. 3 media (Sigma-Aldrich) at 37 °C overnight and under constant shak-
ing at 125 rpm. The solution’s optical density (O.D) was measured with a
spectrophotometer at A = 600 nm (Specord 205, Analytic Jenna) and used
as a parameter to fix the bacteria concentration of the inoculum to a value
of OD = 1.0 before seeding on the surfaces to ensure the reproducibility
of the results. The bacteria were seeded on top of the flat surfaces and
filter-type sample slices by adding 1 mL of S. aureus inoculum at OD =
1.0 to each sample, then incubated for 1h at 37 °C. Afterward, the seeded
surfaces were washed with distilled water to remove planktonic bacteria,
and then the samples were incubated in distilled water to allow bacterial
growth for 48 h.

Bacterial growth was monitored in the flat samples at 24 and 48 h with
an inverted fluorescence microscope (Olympus Ix51). Images were ac-
quired under visible light using the bright field filter and 20x magpnification.
The control images were not performed on the filter-type slices due to their
complex geometry, making it difficult to acquire pictures. Bacteria viability
was measured at 48 h using the commercial L7007 LIVE/DEAD BacLight
Bacterial Viability Kit (Molecular Probes). A 1:1 mixture of both dyes was
prepared and diluted to 3 uL mL~" in distilled water. Then 1 mL of the solu-
tion was added to each sample, followed by incubation in the dark at 37 °C
for 15 min. Representative images were taken for each sample by triplicate
using a fluorescence microscope with 20x magnification. Pictures of live
and dead bacteria were acquired with FITC (A¢/Aem = 490/525 nm) and
TRICT (Aey/4em = 550/600 nm) filters, respectively. It is worth mention-
ing that each pair of pictures obtained for each sample corresponds to the
same area. Bacteria quantification was done by analyzing % area cover-
age after a manual threshold had been set using the Image] software. The
pictures obtained from the flat samples were divided into four quadrants
over which the % area coverage was evaluated, whereas, for the filter-type
specimens, only the best-focused image was used due to the inexistence
of a flat plane.

Statistical Analysis: For bacteria coverage analysis, an unpaired Stu-
dent’s t-test between each sample and untreated control was performed.
Statistical analyses were calculated using GraphPad Prism 4 software. One
asterisk (*) corresponds to p-value <0.05 and two asterisks (**) corre-
sponds to p-value <0.005.
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