
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 themedium.

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 PBSþethanol
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 PBSþethanol. 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.59 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 1week of washing, the bioconductivity
of PCL-GO scaffolds reaches that of PCL [Fig. 4(f)].

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

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 100lm [Fig. 5(b)] or constant height 200lm
[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
200lm high scaffolds [Fig. 5(f)]. We hypothesize, due to the absence
of dead cells in Figs. 5(d) and 5(e), 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 of81% 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 30 s 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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cell membrane and cell wall of microorganisms by producing ROS
and through physical demolition and chemical oxidation, resulting
in microbial death.60 This is, however, a phenomenon well com-
prised in soluble GO experiments.61,62 On scaffolds, the antibacterial
efficacy of GO is more likely proportional to the amount of GO sur-
face available to interact with bacterial cells.63,64 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

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
Fig. 6(c).

CONCLUSIONS

The demand for versatile materials in medicine is evident across
a wide spectrum of applications, ranging from supporting structures

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 lm 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 100lm.

APL Bioengineering ARTICLE pubs.aip.org/aip/apb

APL Bioeng. 8, 016115 (2024); doi: 10.1063/5.0184933 8, 016115-8

VC Author(s) 2024

04
M
arch

2024
09:31:24



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.17,65 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

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 CFU105 according to the dilution used for plating. Representative images of CFU plates and SEM imaging for E. coli
(c).
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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), 100U/ml penicillin, and 100lg/ml streptomy-
cin (EuroClone, Milan, Italy), HEK-DualTM Null (NF/IL8) cells
(Invivogen), RAW 264.7 murine macrophage cell line (ATCCVR

CRL1469TM), CellTiter-GloV
R

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
20ml of DCM in glass bottles under stirring for 2 h. Then, solutions
were mixed under stirring for 1 h, 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 40kPa, with a pre-flow of 20ms and a speed of
22mm/s, and the nozzle diameter was 200lm.

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 4000–550 cm1,
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 Arþ ion laser (klaser¼ 514nm) was used, coupled to a
Leica DLML microscope with a 20 objective. The resolution was
2 cm1, and spectra were calibrated using the 520.5 cm1 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 was1mm/s until breaking. At least three
samples for each condition were used.66

IR photothermal properties

To assess the photothermal properties of 3D printed materials,
samples were irradiated under an 808nm (diode Laser Ever, China)
for different time spans at a power density of 1.6W/cm2. 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 method66 using 10ll of de-
ionized water and the instrument described in the literature.67

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 10nm, a half conical
angle of 20, and a spring constant of 0.6N/m. Scan areas of
10 10lm2 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 150nm 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% CO2, 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-GloV

R

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
2min in an orbital shaker to induce cell lysis. Plates were incubated at
room temperature for 10min 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.68

Bacteria were inoculated in a Lennox LB Broth at 37 C overnight.
Afterward, 250ll of cell suspension was subcultured in 250ml of LB,
and then cells were harvested at the exponential growth phase and
diluted in PBS. PCL and PCL-GO samples were incubated with 50ll
of bacteria suspension diluted in PBS at a concentration of 105 CFU/
ml and incubated for 3 h. 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
1.6W/cm2 for 30 s. 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
300ll blocking buffer (0.1 M NaHCO3 pH 8.6) and incubated for 1 h
at 4 C; then, the wells were rapidly washed six times with 300ll TBST
(tris buffered saline-tween). 100ll 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 300ll
TBST ten times. To elute the bounded phages, 100ll of 0.2 M
glycline-HCl (pH 2.2) and 1mg/ml BSA were added to each well and
incubated for 8min upon gently rocking; then, the pH of the eluate

was neutralized with 15ll 1M Tris-HCl (pH 9.1). Subsequently, the
eluted phage solution was tittered using 200ll 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.69
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