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ABSTRACT

The pressing need for multifunctional materials in medical settings encompasses a wide array of scenarios, necessitating specific tissue
functionalities. A critical challenge is the occurrence of biofouling, particularly by contamination in surgical environments, a common cause
of scaffolds impairment. Beyond the imperative to avoid infections, it is also essential to integrate scaffolds with living cells to allow for tissue
regeneration, mediated by cell attachment. Here, we focus on the development of a versatile material for medical applications, driven by the
diverse time-definite events after scaffold implantation. We investigate the potential of incorporating graphene oxide (GO) into polycaprolac-
tone (PCL) and create a composite for 3D printing a scaffold with time-controlled antibacterial and anti-adhesive growth properties. Indeed,
the as-produced PCL-GO scaffold displays a local hydrophobic effect, which is translated into a limitation of biological entities-attachment,
including a diminished adhesion of bacteriophages and a reduction of E. coli and S. aureus adhesion of ~81% and ~69%, respectively.
Moreover, the ability to 3D print PCL-GO scaffolds with different heights enables control over cell distribution and attachment, a feature that
can be also exploited for cellular confinement, i.e., for microfluidics or wound healing applications. With time, the surface wettability
increases, and the scaffold can be populated by cells. Finally, the presence of GO allows for the use of infrared light for the sterilization of scaf-
folds and the disruption of any bacteria cell that might adhere to the more hydrophilic surface. Overall, our results showcase the potential of
PCL-GO as a versatile material for medical applications.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0184933

INTRODUCTION
The requirement for multifunctional materials for medical appli-

promise is polycaprolactone (PCL), a biodegradable polyester that has
gained attention in various biomedical fields. PCL’s low toxicity, bio-
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cations is undeniable, driven by the diverse and dynamic demands of
the human body." Each specific application necessitates tailored mate-
rials that can seamlessly integrate into the complex physiological envi-
ronment through specific surface and bulk functionalities. Achieving
this level of versatility is of paramount importance for enhancing the
safety, effectiveness, and longevity of medical devices, ultimately pav-
ing the way for innovative solutions that can address the intricate
needs of in vivo applications. One such material that shows great

compatibility, and 3D printability provide an attractive choice for
medical products such as absorbable sutures and wound closure devi-
ces,” drug delivery systems,” scaffolds for tissue engineering,” such as
bone,” cartilage,” and skin,” catheters,” and stents.”'" Despite these
advantageous properties, PCL alone lacks intrinsic antibacterial capa-
bilities, which limit its ability to prevent infections such as surgical site
infections (SSIs), that pose a substantial threat in surgical environ-
ments. Various factors significantly heighten the risk of SSIs, such as
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preexisting infections, extended hospital stays, suboptimal surgical
procedures, prolonged surgical durations, and inadequate sterilization
of surgical instruments.'’ To address this issue, the incorporation of
antibacterial materials into PCL has been explored to enhance its
performance."”

However, biofouling, the accumulation and growth of biomacro-
molecules that can lead to the deterioration or impairment of implants,
encompasses a wide range of lengths and time scales, making it a
highly dynamic process strictly dependent on surface features."”
Specifically, while hydrophilicity is required to improve protein
adsorption and tissue integration, hydrophobicity increases self-
cleaning properties prolonging the device lifespan and reducing fric-
tion. Hydrophobic polymer surfaces can also improve long-term
mechanical behavior."* However, the intrinsic hydrophobicity of PCL
leads to a lack of recognition sites attached by cells on the surface and
limits cell spreading on scaffolds.

In summary, though the quick adsorption of proteins upon
implantation serves as a foundation for microorganisms bacteria to
settle and form biofilms, it also plays a crucial role in cell adhesion.'>"®
Therefore, spatiotemporal control of biological adhesion on scaffolds is
desirable to (i) initially inhibit SSI and (ii) favor cell adhesion and tis-
sue repair on scaffolds at a later stage.

In terms of enhancing the properties of polymers, nanomaterials
represent a recent solution. In this field, graphene, a two-dimensional
(2D) carbon nanomaterial, and its derivatives with large surface area,
high mechanical strength, excellent electrical conductivity, and inher-
ent antibacterial effects have been largely studied as part of 3D print-
able composites."'” Graphene carbon atoms are spaced at a distance
of 0.142 nm forming a hexagonal lattice with sp* hybridization. Each
atom shares three of its outer shell electrons to form covalent g-bonds,
while the fourth electron, in a p, orbital, participates in the formation
of a w bond. Unlike the sp” orbitals, the linear combination of the p,
orbitals allows for a long-range delocalization of 7 electrons, which
can move above and below the 2D graphene sheet. Such an extended
delocalization of 7 electrons is responsible for the extraordinary electri-
cal conductivity of graphene derivatives.'® >’ Graphene’s remarkable
strength arises from its robust in-plane carbon-carbon o-bonds.
Composite materials incorporating graphene have significant advan-
tages due to its low density (approximately 2300 kg/m?) and substan-
tial Young’s modulus (around 1 TPa).”* Graphene oxide (GO)
represents an oxidized variant of graphene with the presence of oxy-
genated functional groups. These groups yield several consequences,
including the partial disruption of the extended m-network with the
creation of defects, the increase in the interlayer spacing as well as the
decrease in electrical conductivity. Reduced graphene oxide (rGO), on
the other hand, stands as a deoxygenated iteration of GO.”>** While
the reduction processes do not fully recover the pristine graphene
structure, the removal of oxygen groups results in an increased C/O
ratio, a tunable restoration of the sp2 structure, improved mechanical
strength, expanded surface area, enhanced stability, hydrophobic char-
acteristics, and an increase in electrical conductivity.””* Graphene,
GO, and rGO possess distinctive bioactive properties due to their sur-
face groups and consequently to their capacity of dissolving in apolar
and polar solvents, respectively. At present, there is a consensus within
the scientific community that properly designed graphene materials
not only exhibit biocompatibility but also frequently outperform in
creating an optimal microenvironment for cell growth and
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differentiation. Indeed, several graphene-based materials have been
used in scaffold applications for nerve, bone, muscle regeneration, and
wound healing,”*’

In this work, polar solvent-soluble GO, functionalized with alkyl-
amine groups, has been used to obtain a temporally controlled bioac-
tivity of 3D-printed PCL scaffolds. So far, the temporal control of
graphene properties has been proposed in in vitro applications for
diagnostic purpose,”* to control mechanical properties of scaffolds™
or to control cell or drug release™ *° rather than modulating cell
attachment and biofouling on scaffolds. Composites of graphene deriv-
atives and PCL have also been studied; however, frequently, GO has
been reduced to rGO to allow for proper mixing with PCL”” since GO
is poorly soluble in organic solvents compared to rGO and might
result in non-uniform composites.”*’

In our work, the presence of alkylamine groups is used not only
to enhance the dispersibility of GO in organic solvents but also to con-
trol surface hydrophobicity during contact with biological fluids. This
modified graphene derivative finds applications in various fields, such
as sensors and membranes, where the combination of the hydrophilic
GO framework and hydrophobic alkylamine moieties can be tailored
for specific interaction requirements and improved performance in
diverse environments.

By incorporating 1% (w/w) GO into PCL, the PCL-GO acquires
antibacterial and anti-adhesive growth properties, which are time-
dependent. We demonstrate these material’s features using bacterio-
phages, bacteria, and eukaryotic cell lines that initially cannot adhere to
the printed scaffold. This phenomenon is mediated by a local increase
in hydrophobicity due to the GO adsorption of solvent molecules and
is fundamental to limit bacteria adhesion during surgical procedures.
The phenomenon is strictly dependent also on scaffold geometry, i.e.,
the possibility of 3D printing in the same scaffold PCL-GO and/or PCL
having different heights allows for the control of cell distribution on
scaffolds. We also demonstrate that surface wettability increases after
repeated contact with biological fluids, and that this consequently
increases cell adhesion with time, fundamental for scaffold population
and replacement in vivo. Due to the GO’s ability to absorb infrared (IR)
radiation, the scaffold can be sterilized after implantation if biofouling
occurs over time. Presently, a limited number of instruments are avail-
able for regulating cell adhesion; here, we provide a simple 3D-printing
method to facilitate the exploration of bottom-up tissue engineering
and its spatial and temporal control."’

RESULTS AND DISCUSSION
Characterization of PCL and PCL-GO samples

PCL and PCL-GO (1 wt. %) characterization was performed with
several techniques to assess the chemical, optical, morphological, and
mechanical properties. The choice of concentration has been made
according to literature data. Previous studies have described how a
concentration of 1% of reduced GO is well tolerated by cells but, at the
same time, does not cause the significant impair of mechanical proper-
ties of PCL scaffolds.”’ This concentration is also known to induce dif-
ferentiation of spindle-like MG-63 cells** and has low cytotoxicity
in vitro™ and in vivo when PCL-G has been used for the production of
electric-responsive scaffolds."*

In this work, polar solvent-soluble akylamined GO has been used
to obtain the PCL-GO composite. The FT-IR spectrum of alkylamined
GO [Fig. 1(a), black line] shows the typical band at ~1728 cm™ ' due
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FIG. 1. (a) FT-IR spectra of alkylamined GO (blue line), PCL (red line), and PCL-GO (black line) and (b) normalized Raman spectra of alkylamined GO (blu line), PCL (red

line), and PCL-GO (black line).

to the stretching vibrations of the carbonyl groups ¥C=0 of aldehydes,
ketones, and carboxyl groups, a further one at ~1580 cm ™", tentatively
assigned to the ¥C=C stretching in the aromatic domains, and a last
one at 1225cm™ ', assigned to the C-O stretching mode.”” "
Differently, the FT-IR spectrum of the PCL [Fig. 1(a), red line] displays
vibrational bands in accordance with the literature."® In particular, the
most intense and narrow band localized at ~1720 cm ™" and relative to
the carbonyl stretching ¥C=0 almost falls in the same spectral region
as that of alkylamined GO. As expected, the FT-IR spectrum of the
PCL-GO composite [Fig. 1(a), blue line] prepared through a simple
blending of the two species is indistinguishable from that of PCL one
owing to the low amount of GO present in the composite and the
absence of chemical derivatization. To gain additional information on
the vibrational properties of the materials here presented, a Raman
study has been performed. In particular, the Raman spectrum of alky-
lamined GO [Fig. 1(b), black line] displays the prominent D band
localized at ~1345cm ™" due to the structural defects and G band at
~1600 cm " related to the planar vibrations mode of the sp® hybrid-
ized carbon atoms in addition to the less intense second-order 2D
and D + G bands centered at ~2706 and 2942 cm ™ *, respectively.
The PCL spectrum [Fig. 1(b), red line] shows the typical weak peaks
localized at ~1110 cm ™! due to the skeletal vibrations, those within
the spectral ranges between 1270 and 1320 cm ™' (wCH,) and 1405-
1470 cm ™! (JCH,), at ~1720cm ™" (¥C=0), and, finally, the most
intense signals relative to the symmetrical (v,CH,) and asymmetri-
cal (v,sCH,) stretching vibrations of the methylene groups localized
at 2870 and 2920 cm ™, respectively.”” > The aforementioned sig-
nals of the CH, groups of PCL, which were also observed in the FT-
IR spectra [Figs. 1(a), red and blue lines], are visible in the Raman
spectrum of the PCL-GO composite [Fig. 1(b), blue line] whose
intensities superimpose to the second-order peaks D + G of GO. In
addition, the spectrum of PCL-GO still displays traces of the diag-
nostic signals of PCL, in particular those localized at ~1110 and

~1720 cm ™!, overlapped to the D and G bands characteristic of GO
[Fig. 1(b), blue line].”**7?

The mechanical characterization of scaffolds is reported in Fig. 2.
Curves obtained from tensile tests are shown in Fig. 2(a). The addition
of GO at a concentration of 1% to PCL results in a ~10% increase in
Young’s modulus and, consequently, a decrease in the elasticity of
PCL-GO compared to PCL [Fig. 2(b)]. This results in a considerable
enhancement in the stiffness of PCL-GO compared to PCL.
Consequently, the addition of GO leads to a decrease in elasticity,
implying that PCL-GO is less capable of returning to its original shape
after deformation.

PCL-GO samples also show changes in elongation at break, a crit-
ical parameter for understanding a material’s ductility and stretchabil-
ity. Our data indicate a substantial reduction of approximately 23.8%
in the elongation at break for PCL-GO in comparison to PCL. This
reduction underscores the increased brittleness and reduced ductility
of the composite material when GO is introduced [Fig. 2(b)].

We also observed a 15.6% reduction in maximum tensile stress
[Fig. 2(c)] and a 12.9% increase in yield stress of PCL-GO [Fig. 2(c)],
implying that it can withstand higher stresses before undergoing plastic
deformation with respect to PCL.

Our data follow previous findings in the literature; indeed, Kai
et al. used GO as an enforcing filler of PCL composites” and observed
a reduction in the elongation at break and a high reinforcing effect on
the material, increasing the yield stress and Young’s modulus with
increasing volume fraction of GO. Wan and Chen investigated the
mechanical behavior of PCL-GO films to exploit their potential bioac-
tivity.”” They showed that adding GO at 0.3% (w/w) significantly
increased tensile strength, Young’s modulus, and energy at break of
the PCL membrane. Akhigan et al. observed the same shift in the
stress—strain curve with their composites of PCL and GO.”® In their
study, they tested the mechanical changes in PCL scaffolds enriched
with GO and with zinc oxide for antibacterial applications. They
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FIG. 2. (a)—(c) Stress—strain curves of PCL and PCL-GO samples and Tensile Strength, Yield Strength, and Young's Modulus results from mechanical characterization. IR
absorption (800 nm) of scaffolds (d) causes an increase in temperature for PCL-GO scaffolds in dry conditions or adding ultrapure water on the surface. A lack of IR absorption
has been measured for PCL samples. (€) Representative images of PCL and PCL-GO grids exposed to NIR light obtained with thermal imaging.

reported a significantly increased Young’s modulus along with an
improved compressive strength.
Overall, PCL-GO displays increased stiffness, decreased elasticity,
reduced ductility, and lower maximum tensile stress compared to PCL.
Figure 2 shows also the response in terms of the temperature
reached over time by the samples subjected to infrared laser irradiation
monitored by thermal camera. Four types of samples were evaluated:

PCL and PCL-GO in dry conditions, and PCL-GO coated with 100
and 1000 ul of water, respectively.

While PCL samples did not exhibit a significant response to irra-
diation, the curves for the wet PCL-GO samples reach a plateau at
60.2°C (PCL-GO 1000 ul) and 37.2°C (PCL-GO 100 pl). In contrast,
the dry PCL-GO sample rapidly heats up, reaching temperatures
exceeding 120 °C within the first 10 s with consequent melting. Images
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taken with the thermal camera of the samples during irradiation are
shown in Fig. 2(e).”’

Figures 3(a) and 3(b) show representative PCL and PCL-GO 3D-
printed grids. Contact angle measurements performed on flat samples
are visible in the insets, showing the increase in hydrophobicity in
PCL-GO with an increase in the contact angle.

In Figs. 3(c) and 3(d), the SEM images of grid-like structure of
the PCL and PCL-GO are reported. Although the distance between the
hole centers within the grid remains constant in both PCL and PCL-
GO, the area of the holes shows a 49.6% reduction in the latter. The
presence of GO and its heat conductive properties ensure a higher
temperature uniformity during the 3D printing process, allowing heat
to distribute evenly throughout the sample and producing the shown
shape. This is confirmed at higher SEM magnification images [Figs. 3
(e) and 3(f)], where the surface appears extremely different between
PCL and PCL-GO, as confirmed by the detailed surface characteriza-
tion with AFM [Figs. 3(g) and 3(h)]. Precisely, while PCL is formed by
large smooth areas with discontinuities due to an uneven melting of
the composite, the surface of PCL-GO has higher uniform roughness.

The roughness was assessed using AFM. The average roughness
obtained for PCL on 10 x 10 um” area images is 35 = 4 nm, whereas it
is 100 = 20 nm for PCL-GO. The results obtained confirm the obser-
vations made on SEM images and show an increase in the average

pubs.aip.org/aip/apb

roughness for PCL-GO (+286%) compared to PCL. We hypothesize
that the different surface morphology is also explained by the GO-
modified heat transfer during the 3D printing.

Furthermore, we screened an M13-based phage library to select
the most frequent peptides that specifically bind to the scaffolds and to
obtain insights about the hydrophobic characteristics of the surface. In
Fig. 3(i), we show the X-Gal Agar plates obtained after infection of E.
coli with phages eluted after three rounds of biopanning. It is visible
how the number of colonies is reduced on PCL-GO (10* plaques/ml
compared to 10 plaques/ml for PCL), indicating a smaller amount of
phages attached to the surface. Sequence analysis of the peptides
enriched during biopanning showed that the aminoacidic stretch of
PCL has higher hydrophilicity compared to PCL-GO whose hydro-
phobicity reduces phage binding [Fig. 3(j)]. The hydrophobicity was
calculated as the total average of the amino acids and from the
weighted total score for the repeated peptide sequences from the phage
recovered. All the indexes confirm a better hydrophilicity for PCL.

Temporal control of PCL-GO scaffolds interaction with
eukaryotic cells

To evaluate the biocompatibility, VERO, HEK, C2C12, and
RAW cell lines were plated on PCL and PCL-GO scaffolds, and
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R
[
» =S -6
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8 21 | | | |
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FIG. 3. PCL (a) and PCL-GO (b) grids with respective contact angle measurements. SEM images of PCL (c) and (e) and PCL-GO (d) and (f) grid surface at 200x magnitude
(c) and (d) and 5kx magnitude (e) and (f); PCL (g) and PCL-GO (h) AFM characterization of the surface. Phages recovered from each surface have been quantified using
blue colonies counting on XGal (i); the average Hydropath/Kyte & Dolittle values have been calculated considering each sequence (score) or averaging per the number of

phages repeated on the surface (normalized score) (j).
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cellular viability was evaluated after 72h by bioluminescence after
moving the scaffolds in a new well to quantify the signal from cells
directly attached to the surface [Fig. 4(a)]. It was observed that the cel-
lular adhesion on PCL-GO was significantly lower compared to PCL
samples. As a control, in Fig. 4(a), the value of cell viability on plastic
wells is reported, as expected adhesion on plastic is systematically
higher compared to PCL.
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PCL is, indeed, relatively hydrophobic, and we have shown
how this hydrophobicity increases for PCL-GO samples (Fig. 3). To
achieve good cell adhesion, it has been noted that the ideal range
for water contact angle values falls between 45 and 70°C. This is
because very high contact angles and low surface energy result in
diminished cell-conductive behavior and protein denaturation.”
Therefore, we hypothesize that the cell adhesion on PCL-GO is
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FIG. 4. (a) Viability of different cell lines grown on scaffolds or plastic wells evaluated by luminescence assay. (b) Evaluation of toxicity of DMEM exposed to scaffolds for 7
days and used to treat VERO cells seeded on 96 wells. Toxicity on VERO cells has been evaluated after 6 or 24 h of treatment. (c) Fluorescence imaging of VERO cells sur-
rounding grids of PCL-GO. Cells have been labeled with calcein (green) to evaluate viable cells and propidium iodide (red) to evaluate dead cells. Arrows indicate boundaries
between the scaffold and well. The brightfield image of the same sample is shown in (d). (e) Evaluation of VERO cell viability on scaffolds washed with different protocols (PBS
or PBS+ethanol). (f) Cell viability on the scaffold after washing with DMEM (indicated with asterisks) or without DMEM washings. (g) and (h) Representative fluorescence
images of cells surrounding grids (dashed lines) after DMEM washings, no red dead cells are visible. Scale bar is 100 um. Contact angles after one wash in ethanol (i) and after

three washes in ethanol (j) show an increased hydrophilicity in the latter case.
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reduced due to the hydrophobicity that limits cell contacts with the
surface.

However, we wanted to verify toxicity related to the incorporation
of GO solubilized with a polar solvent into PCL material. As shown in
Fig. 4(b), the toxicity toward VERO cells of the DMEM conditioned
with the PCL-GO scaffolds for 7 days is not significantly higher com-
pared to cells treated with DMEM conditioned with PCL scaffold. In
other words, even after 7 days of scaffold submersion in DMEM, there
is no significant release of toxic molecules in the medium.

However, in Fig. 4(c), from fluorescence images of cells labeled
with calcein and propidium iodide, a local cytotoxic effect of PCL-GO
scaffolds is visible: cells in red, i.e., dead cells, are distributed along scaf-
folds borders as shown also in Fig. 4(d) by brightfield image of the
sample. The red signal from dead cells disappears with increased dis-
tance. Consequently, the scaffold inhibits cell adhesion and has a local
inhibition of growth but is not toxic toward the cells grown in the
same petri since conditioned DMEM toxicity is negligible [Fig. 4(b)].

The advantages of decreased cell adhesion in PCL-GO include
minimizing the risk of biofouling, a common issue in biomedical appli-
cations, especially in the surgical environment, where bacterial con-
tamination is facilitated. However, it is important to control long-term
cell adhesion to ensure scaffold biodegradability and population over
time, paramount in promoting successful tissue regeneration and min-
imizing the risk of necrotic infections. To understand the process and
to verify the long-term effect of local cytotoxicity, we repeatedly
washed the scaffolds with different protocols.

In Fig. 4(e), a comparison of washing with PBS or PBS-+ethanol
is shown for PCL and PCL-GO. We observe, with the increase in the
number of washes, a notable increase in cell attachment on the scaf-
fold, especially with washes with PBS+ethanol. The use of ethanol, in
which the dichloromethane (DCM) is soluble, allows for a quicker
removal of DCM residues. After three washes, the cell adhesion is
markedly increased, and the PCL-GO can increase cell attachment five
times more than PCL, as reported in the literature for other graphene-
enriched materials.” Therefore, the residuals of polar solvents persist
on GO due to its ability to act as a surfactant.

In vivo, the removal of DCM and the change of the surface will
likely occur in an environment rich in salts, plasma proteins, and
nutrients. To simulate this, we repeatedly washed the scaffold with
DMEM growth medium. After 1 week of washing, the bioconductivity
of PCL-GO scaffolds reaches that of PCL [Fig. 4()].

Accordingly, red dead cells are not visible around the grid in fluo-
rescence images of VERO cells grown on DMEM washed scaffolds
[Figs. 4(g) and 4(h)].

This phenomenon can be explained by a change in the hydrophi-
licity after repeated washings of scaffolds as shown in Figs. 4(i) and 4(j)
with contact angle measurement. We therefore hypothesize, after
washes, a combined effect of (i) a reduced amount of solvent, (ii) an
increase in the hydrophilicity, and (iii) the rough morphology of PCL-
GO observed with surface characterization in Fig. 2. We point out that
this result is significant for the 3D printing of graphene and GO and
more, in general, for the 3D printing of DCM-solubilized PCL scaffolds
that also gain a certain degree of hydrophilicity after washings [Fig. 4(e)].

We then 3D-printed scaffolds directly into petri dishes using dif-
ferent scaffold heights.

We observed a sudden detachment from the surface for PCL scaf-
folds, probably since the PCL-GO is more hydrophobic or due to the
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more homogeneous nature of PCL-GO composite that improves scaf-
fold adhesion to plastic [Fig. 5(a)].

For PCL-GO, we prepared a scaffold having different heights: a
gradient from 50 to 100 um [Fig. 5(b)] or constant height 200 um
[Fig. 5(c)] and washed surfaces with DMEM multiple times.
Interestingly, we observed a cell distribution according to height: while
cells attached easily to flat scaffold surfaces [Fig. 5(d)], in other cases,
we observed that the higher the height, the lower the cellular adhesion
[Figs. 5(e) and 5(f)], with a complete evading of the grid area for
200 um high scaffolds [Fig. 5(f)]. We hypothesize, due to the absence
of dead cells in Figs. 5(d) and 5(¢), an effect of DCM removal propor-
tional to the area exposed to DMEM washing. This would allow
in vivo to foresee the cellular distribution according to the height of the
surface of the scaffold coatings/device thickness, allowing to increase
the cellular adhesion in precise scaffold areas.

This phenomenon can also be exploited to 3D print grids directly
into petri dishes for cell confinement in experiments, like wound heal-
ing or microfluidics assays. The grid can then be removed, and the islet
of cells can be obtained on petri surfaces, as shown as proof of concept
in Figs. 5(g) and 5(h).

Limiting infections on implants: Antibacterial effects of
PCL-GO scaffolds

Surgical infections can arise through two primary routes: contigu-
ously and hematogenously. Contiguous contamination occurs during
the implantation process itself, where microorganisms from the sur-
rounding environment may inadvertently come into contact with the
scaffold. Hematogenous spread, on the other hand, involves the intro-
duction of infectious agents via the bloodstream. While the body’s nat-
ural defenses typically prevent such systemic infections, certain factors,
such as compromised immune function or preexisting infections, can
increase the risk. Therefore, meticulous attention to both aseptic tech-
niques during surgery and the design of implantable materials that dis-
courage microbial adhesion is crucial in minimizing the potential for
surgical site infections.

To test the antibacterial properties of PCL and PCL-GO scaffolds,
E. coli or S. aureus cells were deposited on scaffolds and let interact in
a controlled environment as described in the Methods section. The
results in terms of CFU collected from surfaces are shown in Fig. 6(a).

On fresh surfaces, on PCL-GO, there is a reduction of ~81% con-
cerning the number of E. coli cells and a ~69% reduction of S. aureus
cell number compared to PCL, demonstrating PCL-GO as an excellent
candidate for infection control during the initial implantation, which is
fundamental for infections derived from surgical environment. IR
treatment of PCL-GO surfaces does not significantly improve the anti-
bacterial efficacy of PCL-GO at this stage.

The long-term efficacy of surfaces has been tested after repeated
washing, to assess whether the antibacterial effect is preserved over a
prolonged time in vivo. As reported for eukaryotic cells, the washing of
the surfaces induces modifications that improve hydrophilicity and
consequently bacterial adhesion [Fig. 6(b)]. However, thanks to the IR
adsorptive properties of PCL-GO, the antibacterial effect is restored
after 30s of treatment both for E. coli and S. aureus. Representative
images of CFU plates and SEM images of E. coli grown on surfaces are
shown in Fig. 6(c).

The addition of GO on surfaces has been often reported to
induce antibacterial properties: GO is, indeed, known to affect the
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FIG. 5. Images of PCL grids (a) or PCL-GO grids (b) and (c) printed at different heights. Fluorescence images of grids areas with 50 (d), 100 (e), or 200 um height (f).
Fluorescence (g) and brightfield (h) representative images of cells confined in the area defined by the PCL-GO grid. The scale bar is 100 um.

cell membrane and cell wall of microorganisms by producing ROS
and through physical demolition and chemical oxidation, resulting
in microbial death.”” This is, however, a phenomenon well com-
prised in soluble GO experiments.” "~ On scaffolds, the antibacterial
efficacy of GO is more likely proportional to the amount of GO sur-
face available to interact with bacterial cells. In this case, we
hypothesize that as for cells, the DCM residuals are responsible for
the antibacterial effects that are lost after repeated washes. Even if

APL Bioeng. 8, 016115 (2024); doi: 10.1063/5.0184933
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the antibacterial efficacy would gradually be lost in vivo, the IR
absorptive properties of GO can be used to reduce any long-term
infection that might occur after implantation as demonstrated in

CONCLUSIONS

The demand for versatile materials in medicine is evident across
a wide spectrum of applications, ranging from supporting structures
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FIG. 6. Antibacterial effects of PCL and PCL-GO scaffolds, with or without IR irradiation, on E. coli or S. aureus cells seeded on scaffolds (a). After scaffold washing, the CFUs
have been measured and reported in (b), the CFU/ml is CFUx10° according to the dilution used for plating. Representative images of CFU plates and SEM imaging for E. coli

(c).

like bones to delicate interactions with soft tissues. A significant chal-
lenge in medical settings is the occurrence of biofouling, which
involves the unwanted buildup and proliferation of microorganisms
on implanted materials. In addition to the need to counter infections,
it is imperative to integrate scaffolds in vivo over time. This integration
is essential for enabling tissue regeneration and ensuring the proper
functioning of biomedical implants.

In this work, we demonstrate that the addition of a small percent-
age of GO to PCL allows to 3D print scaffolds with multiple function-
alities. GO improves the mechanical performance of PCL and infers IR

absorption properties.”*” The added GO dramatically changes the
surface features due to the heat conductivity improvement during 3D
printing and to the retainment of small amounts of DCM that increase
hydrophobicity and toxicity of the surface. This is advantageous to pre-
vent fouling from bacteria in the surgical site. It should be pointed out
that this toxicity is spatially limited to the few micrometers around the
scaffold surface since cells seeded in the proximity of the scaffold grow
undisturbedly. When the surface is put in contact with fluids rich in
proteins and nutrients, a phenomenon that occurs in all medical devi-
ces intended for long-term use in vivo, the toxicity is progressively loss
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according to the thickness of the scaffold: this allows us to foresee cell
attachment behavior and ultimately tissue integration over time. In
turn, also antibacterial effects of PCL-GO scaffolds, which are initially
very high, are limited when the surface is put in contact with the
growth medium for a prolonged period. However, the IR absorption
by the scaffold can be used to locally increase temperature and destroy
bacterial cells by hyperthermia. This method can ensure bacterial elim-
ination in cases of a secondary infection via hematogenous spreading,
as an example.

We highlight that the low cell attachment feature of PCL-GO can
be also exploited to create confined cell areas for experiments like
wound healing or invasion assays, and co-cultures to replicate tissue
structures by modulating scaffold height and/or composition.

The increase in hydrophilicity obtained for PCL and PCL-GO
after repeated washings represents a time-controlled low-cost simple
strategy compared to protein coating, cold plasma treatment, and
chemical etching. Looking ahead, this research paves the way for the
development of advanced biomaterials with diverse applications in tis-
sue engineering and medical device design.

METHODS
Materials

The materials used were Alkylamined Graphene Oxide (GO S-
921556, Sigma-Aldrich), dichloromethane (DCM, Carlo Erba), ethanol
(Carlo Erba), polycaprolactone (PCL, 43-50 kDa, hydroxyl end group.
mp 55-65° C, Polysciences, Inc), African green monkey kidney epithe-
lial cells (VERO) (ATCC CCL-81), Dulbecco’s Modified Eagle’s
Medium (DMEM) (Sigma-Aldrich, St. Louis, MO, USA), fetal bovine
serum (FBS) EuroClone, streptomycin—penicillin (EuroClone, Milan,
Italy), and Murine myoblast C2C12 cells American Type Culture
Collection (ATCC). Differentiation medium (DM), made of DMEM,
2% Horse Serum (HS), 100 U/ml penicillin, and 100 xg/ml streptomy-
cin (EuroClone, Milan, Italy), HEK-Dual™ Null (NF/IL8) cells
(Invivogen), RAW 264.7 murine macrophage cell line (ATCC®
CRL1469™), CellTiter-Glo® Luminescent Cell Viability Assay
(Promega, Madison, WI, USA), E. coli (ATCC 25922), S. aureus
(ATCC 29213), LB Broth medium (Sigma-Aldrich), Ph.D.-12 Phage
display library kit (New England Biolabs), Propidium Iodide (Sigma-

Aldrich), Calcein, AM, cell-permeant dye (InvitrogenTM).

3D printing

3D printing of scaffolds was performed with a BIO X 3D bio-
printer (Cellink). PCL (900mg) and GO (9mg) were dissolved in
20 ml of DCM in glass bottles under stirring for 2h. Then, solutions
were mixed under stirring for 1h, and a GO 1% w/w concentration
was obtained after solvent evaporation. The mixture (PCL-GO) was
air-dried in large Petri dishes, the produced film was cut into small
pieces, and then, it was transferred to a thermoplastic printhead
(Cellink, heating capacity of up to 250 °C). The structure of scaffolds
was designed using modeled 3D computer graphics and computer-
aided design (CAD) software Rhinoceros software (Robert McNeel &
Associates). The extrusion-based printing was done using a printhead
temperature of 65 °C and a printbed temperature of 25 °C. The extru-
sion pressure was set at 40 kPa, with a pre-flow of 20 ms and a speed of
22 mm/s, and the nozzle diameter was 200 um.

pubs.aip.org/aip/apb

FT-IR and Raman spectroscopy

The chemical analysis of PCL and PCL-GO was carried out using
attenuated total reflectance-Fourier transform infrared spectroscopy
(ATR-FTIR) Bruker ALPHA II compact FTIR Spectrometer, equipped
with an attenuated total reflection module (Eco-ATR). The material
under investigation was directly laid upon the ATR crystal, and the
spectra were recorded in the wave number range of 4000-550cm ™',
with a resolution of 2 nm. Raman spectra were run at room tempera-
ture in backscattering geometry with an inVia Renishaw micro-Raman
spectrometer equipped with an air-cooled CCD detector and super-
Notch filters. An Ar™ ion laser (Ajser = 514 nm) was used, coupled to a
Leica DLML microscope with a 20x objective. The resolution was
2cm ', and spectra were calibrated using the 520.5cm ™' line of a sili-
con wafer. Raman spectra were acquired in several different spots on
the surface of the samples. For GO, PCL, and PCL-GO composite,
each spectrum was acquired with 1% of power, 10's of spectral acquisi-
tion, and 20 scans.

Mechanical properties

Mechanical testing of samples was performed to retrieve tensile
strength (TS), elongation at break (EB), and elastic modulus (EM)
using 3D printed dog-bone-shaped specimens and a mechanical ana-
lyzer (UniVert CellScale system, Canada). The grip separation was
20mm, and the speed rate wasl mm/s until breaking. At least three
samples for each condition were used.”

IR photothermal properties

To assess the photothermal properties of 3D printed materials,
samples were irradiated under an 808 nm (diode Laser Ever, China)
for different time spans at a power density of 1.6 W/cm®. A thermal
imaging camera (Xi400, Optris) was used to record the sample temper-
ature. All tests were performed in triplicate.

Wettability

Contact angle measurements were performed on each material
surface using the drop shape analysis method” using 10 ul of de-
ionized water and the instrument described in the literature.”’

Morphological characterization of samples

To perform imaging, samples were first cleaned to remove any
contaminants or debris using ethanol and then rinsed with distilled
water to remove any residual ethanol. The samples were deposited on
sterile mica slides and air-dried overnight.

Atomic force microscopy (AFM) was performed with a
NanoWizard II (JPK Instruments AG, Berlin, Germany) in contact
mode. The images were acquired using silicon cantilevers with high
aspect-ratio conical silicon tips (CSC37 Mikro-Masch, Tallinn,
Estonia) characterized by an end radius of about 10 nm, a half conical
angle of 20°, and a spring constant of 0.6N/m. Scan areas of
10 x 10 um?* were imaged.

The surface roughness of all samples was evaluated using the soft-
ware JPK SPM Data Processing. Three areas were imaged with AFM
for each sample, and the roughness was measured in terms of both the
arithmetical mean deviation of the assessed profile (Ra) and of root
mean squared (Rq).
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Scanning electron microscopy (SEM) was performed to evaluate
3D-printed scaffold morphology. All the samples were sputter coated
with a layer of 100 nm of gold. Images have been acquired with SEM
Supra 25 (Zeiss, Germany) at several magnifications (scale bars are
reported on each image). Images were analyzed using FIJI software
(National Institutes of Health, Bethesda, MD, USA). For imaging of
bacteria cells, samples were fixed in glutaraldehyde (2.5%), dehydrated
in ethanol series, and dried and sputter coated with 150 nm of gold.

Cell cultures, cell adhesion, and toxicity evaluation

VERO, C2C12, RAW 264.7, and HEK cells were cultured in
DMEM supplemented with 10% FBS, 2% streptomycin/penicillin anti-
biotics, and in a humidified atmosphere (5% CO,, 37 °C). To investi-
gate cell attachment on PCL and PCL-GO, VERO, C2C12, HEK, and
RAW cells were cultured on PCL and PCL-GO supports, and viability
was assessed after 72 h by using CellTiter-Glo” Luminescent Cell
Viability Assay according to manufacturer’s instructions. Plastic was
used as control. To measure the cell viability, CellTiter-Glo was added
to each well with a volume equal to culture medium and shaken for
2 min in an orbital shaker to induce cell lysis. Plates were incubated at
room temperature for 10 min before recording luminescence using a
Cytation 3 Cell Imaging Multi-Mode Reader (Cytation 3, Biotek,
USA).

Antibacterial effects

Samples were tested for their antibacterial performance. E. coli
ATCC 25922 or S. aureus ATCC 29213 adhesion on surfaces was
quantified using the colony counting method as previously reported.””
Bacteria were inoculated in a Lennox LB Broth at 37°C overnight.
Afterward, 250 ul of cell suspension was subcultured in 250 ml of LB,
and then cells were harvested at the exponential growth phase and
diluted in PBS. PCL and PCL-GO samples were incubated with 50 ul
of bacteria suspension diluted in PBS at a concentration of 10> CFU/
ml and incubated for 3h. At the end of the incubation, the samples
were washed and vortexed in PBS to recover cells from the surface.
The resulting solution was cultured on LB Agar plates and incubated
at 37 °C overnight. After incubation, the CFUs were quantified. For IR
treatment, scaffolds were exposed to IR light at a power density of
1.6 W/cm? for 30s. Each experiment was repeated in triplicate.

Phage adhesion and phage display

A library of random peptides, 12 amino acids long displayed on
the minor coat protein, gene III, of the bacteriophage M13 was used
for phages experiments (Ph.D.-12 Phage display library kit). E. coli
host strain K12ER2738 was used for plating and propagation into LB/
tetracycline medium plates, using overnight incubation at 37°C. A
polyethylene 96-wells plate was used for the panning procedure with
different scaffolds PCL or PCL-GO surfaces. Each well was filled with
300 ul blocking buffer (0.1 M NaHCO; pH 8.6) and incubated for 1 h
at 4 °C; then, the wells were rapidly washed six times with 300 ul TBST
(tris buffered saline-tween). 100 ul of the phage library solution was
pipetted into the coated wells and gently rocked for 1 h at room tem-
perature. Unbounded phages were removed by washing with 300 ul
TBST ten times. To elute the bounded phages, 100 ul of 0.2 M
glycline-HCI (pH 2.2) and 1 mg/ml BSA were added to each well and
incubated for 8 min upon gently rocking; then, the pH of the eluate
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was neutralized with 15ul IM Tris-HCI (pH 9.1). Subsequently, the
eluted phage solution was tittered using 200 ul E. coli strain ER2738,
grown in LB medium at 37 °C. After that, the infected cells were trans-
ferred to culture tubes containing melted top agar, vortexed, and
poured on LB/IPTG/Xgal plates for incubation at 37 °C. After the third
round of biopanning, predominant scaffold-binding selective phages
were isolated and sequenced.””
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