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a b s t r a c t

Additive manufacturing has played a crucial role in the COVID-19 global emergency allowing for rapid
production of medical devices, indispensable tools for hospitals, or personal protection equipment.
However, medical devices, especially in nosocomial environments, represent high touch surfaces prone
to viral infection and currently used filaments for 3D printing can't inhibit transmission of virus [1].

Graphene-family materials are capable of reinforcing mechanical, optical and thermal properties of 3D
printed constructs. In particular, graphene can adsorb near-infrared light with high efficiency. Here we
demonstrate that the addition of graphene nanoplatelets to PLA filaments (PLA-G) allows the creation of
3D-printed devices that can be sterilized by near-infrared light exposure at power density analog to
sunlight. This method has been used to kill SARS-CoV-2 viral particles on the surface of 3D printed PLA-G
by 3 min of exposure. 3D-printed PLA-G is highly biocompatible and can represent the ideal material for
the production of sterilizable personal protective equipment and daily life objects intended for multiple
users.

© 2022 Elsevier Ltd. All rights reserved.
1. Introduction

Tridimensional (3D) manufacturing has played a pivotal role in
fighting the Coronavirus disease (COVID-19) pandemic with inno-
vatively designed products developed through the collaboration
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between health professionals, engineers and creatives [1]. Exam-
ples of 3D-printed solutions established during the pandemic
include valves for non-invasive ventilation respiratory supports,
face shields, door handles, and COVID-19 lattice test swabs [1e3].
To achieve the best fit, the protective equipment has been produced
using additive manufacturing combined after surface scanning of
health workers' bodies. 3D printing comprises techniques of ster-
eolithography, selective laser sintering, and fused deposition
modeling [4]. Undoubtedly, desktop 3D printers based on fused
deposition modeling and melted thermoplastics, are the most
accessible and low-cost additive manufacturing technique [4].

Thermoplastic polymers (TP) are the most frequently utilized
materials in additive manufacturing due to their low cost and low
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melting temperatures. TP include acrylonitrile butadiene styrene
(ABS), polylactic acid (PLA), polycarbonate (PC), and polyether ether
ketone (PEEK) [5].

Among these, PLA has generated significant interest for medical
applications for its biocompatibility and biodegradability [6]. PLA is
the most used plastic in 3D printing since melts easily compared to
many fossil-based plastics and thus it is easier to print and better
suited for parts with complex or fine details. PLA is also one of the
most environmentally friendly 3D printing materials and therefore
a promising biopolymer for medical research, capable of
substituting conventional petroleum-based polymers due to recy-
clability and compostability. PLA degrades via hydrolysis to lactic
acid, depending on pH, temperature, autocatalytic behavior, and
degree of water contact.

In addition, PLA can be processed with various additive
manufacturing methods [7]. Some drawbacks limit its use in
medical device production, such as brittleness, poor thermal sta-
bility, low elongation at break and impact strength, and low heat-
distortion temperature [8].

To improve PLA thermal and electrical conductivity, and me-
chanical strength, additives such as cellulose, metals and carbon
nanoparticles have been experimented [8].

Among nanomaterials, graphene is a promising technology in
the biomedical field due to several advantages. Graphene, a widely
studied bidimensional carbon nanomaterial, and its derivatives
possess pro-differentiating effects on eukaryotic cells (such as
stimulation of bone/muscle tissue growth on 3D scaffolds [9e11]),
and antibacterial properties even towards antibiotic-resistant
species [12e14]. Graphene has indeed high interaction with the
microbial surface and can exert both a bacteriostatic and bacteri-
cidal effect according to the damages that hydrophobic areas
induce in bacterial outer membrane [15].

Graphene-family materials are also capable of reinforcing me-
chanical, optical, and thermal properties of 3D printed constructs
even in a small amount [16,17]. These improvements, of great
importance to produce many medical devices, can therefore be
obtained at extremely low costs with low toxicity, making it an
easy-to-implement strategy.

Several uses of graphene have been proposed during COVID-19
emergency: graphene field-effect transistor has been proposed for
the development of a Severe Acute Respiratory Syndrome Coro-
navirus (SARS-CoV-2) diagnostic device [18], but also sensors and
wearable [19,20].

Our group has demonstrated that graphene can inhibit the
infectivity of SARS-CoV-2 if embedded in textiles [19,21] and that
graphene oxide can trap and induce precipitation of viral particles
in solution. It has been also recently demonstrated an interaction
between graphene and SARS-CoV-2 surface proteins [22].

One of the most noteworthy features of graphene is its strong
interaction with light: a single layer of graphene (<0.5 nm of
thickness) can absorb 2.3% of incident visible light [23]. This
property is essential for photothermal therapies (PTT) as well as
wound healing, muscle repair and angiogenesis, for regenerative
medicine. NIR absorbers like graphene are used for the hyper-
thermic killing of cancer cells and microbial species due to hyper-
thermic effects [24]. Furthermore, graphene and its derivatives are
easily added to thermoplastic polymers for 3D printing, making this
technology easily implementable in laboratories.

Given these advantages, in this work, we investigate the feasi-
bility of adding graphene nanoparticles to PLA filaments (PLA-G)
for the creation of sterilizable objects intended for healthcare ap-
plications. PLA-G filaments, containing graphene in a range from
0.5% up to 5%, have been tested for (i) mechanical strength, (ii) near-
infrared adsorption and thermal properties, and (iii) anti-SARS-
CoV-2 properties. All the concentrations had high
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biocompatibility when eukaryotic cells have been grown on PLA-G
surfaces. Using NIR light with power intensity analog to sunlight,
we demonstrate the feasibility of using PLA-G for protective
equipment production. Besides the intrinsic graphene inhibition of
SARS-CoV-2 attachment, viral particles that might come in contact
with PLA-G can be easily killed by sunlight, offering an economic
and environmentally sustainable method for surface sterilization.
This nanotechnology-based system can greatly impact the pro-
duction of face masks, surgical instruments, and daily objects in
healthcare or other working or public environments, such as
schools or public transport.
2. Materials and methods

2.1. PLA-G filaments and 3D printing

PLA filaments containing Gþ (Directa Plus) with different
amounts of Gþ flakes (0%, 0.5%, 2%, 5%) have been used. Gþ was
produced according to a proprietary patented technology involving
three steps: expansion, exfoliation, and drying [25]. In Table S1, the
main features of Gþ are summarized. Full characterization of this
nanomaterial is reported elsewhere [26]. The structure of 3D
printed scaffolds was designed using modeled using 3D computer
graphics and computer-aided design (CAD) software Rhinoceros
software (Robert McNeel & Associates). Ultimaker S3 3D printer
was used to produce 3D printed structures using a nozzle extruded
at temperature of 180 �C and printing velocity of 20 mm/s. The
nozzle diameter was 400 mm, and the thickness of a single layer was
set to 200 mm. Shapes printed for different tests are resumed in
Table S2 and Fig. S1.
2.2. Scanning electron microscopy (SEM)

SEM was performed to evaluate 3D printed material structure.
All the samples were sputter-coated with platinum. Micrographies
have been acquired with SEM Supra 25 (Zeiss, Germany) at several
magnifications (scale bar are reported on each image). Images were
analyzed using FIJI software (National Institute of Health, Bethesda,
MD, USA).
2.3. Atomic force microscopy (AFM)

AFM was performed with a NanoWizard II (JPK Instruments AG,
Berlin, Germany). The images were acquired using silicon cantile-
vers 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 0.6 N/m.
Small scan areas (5 � 5 mm) were imaged. The surface roughness of
all samples was evaluated by using the software JPK SPM Data
Processing. Briefly, 3 scan areas were imaged with AFM for each
sample. Then, the roughness was measured in terms of both
arithmetical mean deviation of the assessed profile (Ra) and of root
mean squared (Rq). The average Ra and Rq for each
sample ± standard deviation were reported.
2.4. Mechanical testing of 3D printed PLA-G

Tensile strength (TS), elongation at break (EB), and elastic
modulus (EM) were measured according to previous studies [27]
using 3D printed dog-bone-shaped specimens or cylinders with a
mechanical analyzer (UniVert CellScale system, Germany). The grip
separationwas 20 mm and the speed rate of 1 mm/s until breaking.
At least three samples for each condition were used.
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2.5. Cell cultures

African green monkey kidney (VERO) epithelial cells (ATCC CCL-
81) were cultured in Dulbecco's Modified Eagle's Medium (DMEM)
supplemented with 10% inactivated fetal calf serum (FCS) (Euro-
Clone, Milan, Italy), 1% glutamine (EuroClone, Milan, Italy), 1%
streptomycin - penicillin antibiotics (EuroClone, Milan, Italy) and
incubated in a humidified atmosphere (5% CO2 at 37 �C). Cells were
washed with sterile warm phosphate-buffered saline (PBS), tryp-
sinized and counted, before replating in 48-well plates (Wuxi NEST
Biotechnology Co., Ltd, China) at 7 x 104 cells/mL in the previously
mentioned medium. Cells were infected with SARS-CoV-2 virus
when >90% confluent monolayer was observed comprising
approximately 1 x 106 cells/well after 72 h [28]. Murine myoblast
C2C12 cells were purchased from the American Type Culture
Collection (ATCC). Cells were maintained in DMEM medium
(Sigma-Aldrich) supplemented with 10% fetal bovine serum (FBS,
EuroClone), 2% penicillin-streptomycin (Sigma-Aldrich) at 37 �C in
5% CO2. Two days after starting culture of C2C12 myoblasts, the
medium was changed to differentiation medium (DM), which
consists of DMEM, 2% Horse Serum (HS), 100 U/mL penicillin, and
100 mg/mL streptomycin and incubated from day 2 to day 6 to
induce myotubes formation [29].

Human adenocarcinomic alveolar basal epithelial cells (A549)
were purchased from American Type Culture Collection (ATCC).
Cells were maintained in DMEM medium (Sigma-Aldrich) supple-
mented with 10% foetal bovine serum (FBS, EuroClone), 2%
penicillin-streptomycin (Sigma-Aldrich), and 2% L-glutamine
(Sigma-Aldrich). Cells were cultivated in T75 flasks and kept at
37 �C in 5% CO2 humidity.

2.6. Toxicity assays and confocal microscopy

To investigate toxicity of PLA and PLA-G filaments, VERO and
C2C12 cells were cultured on PLA or PLA-G supports and viability
was assessed after 24 and 72 h. Cells were cultured on PLA or PLA-G
supports in growth medium consisting of DMEM, 10% FBS, 100 U/
mL penicillin, and 100 mg/mL streptomycin at 37 �C in of 5% CO2.
VERO cells were grown and plated as previously described [30]. Cell
viability was assessed by using CellTiter-Glo® Luminescent Cell
Viability Assay (Promega, Madison, WI, USA) according to manu-
facturer's instructions. Measurements, in triplicates, were per-
formed using a multiplate reader (Cytation 3, Biotek, USA). Results
were finally normalized to control (PLA blocks). For confocal im-
aging, cells were washed twice in 2 mL PBS per well, fixed (3.7%
paraformaldehyde), permeabilized (Triton X-100, Fisher, 1:500) as
previously reported [31]. Cells were stained using f-actin molecular
probe rhodamine phalloidin (1:200; Life Technologies, Molecular
Probes). Dapi nuclear stain (1:2000; Life Technologies, Molecular
Probes) was used to stain nuclei. Rhodamine phalloidinwas excited
at 540 nm and emitted at 565 nm. DAPI was excited at 358 nm and
emitted at 461 nm. Microscopy images were captured on a Nikon
microscope (20X). Images were analyzed using FIJI software (Na-
tional Institute of Health, Bethesda, MD, USA).

2.7. Effects of PLA and PLA-G surfaces on SARS-CoV-2

The antiviral effects of PLA or PLA-G were evaluated following
ISO18184 procedures using VERO cells. SARS-CoV-2 can be culti-
vated in various cell lines that express the angiotensin converting
enzyme 2 (ACE2) receptor, which is required for viral entry. The
monkey kidney cell lines Vero-CCL81 and Vero E6 are most
commonly used, and viral cytopathic effect (CPE) is often observed
within 3days of inoculation [32,33]. Briefly, 0.1 mL of PBS con-
taining SARS-CoV-2 virus (z105 viral particles/ml) was put on the
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surface of a 1� 1 cm2 3D printed sample. Materials were incubated
2 h at 37 �C, or 55 �C and 85 �C to simulate sunlight irradiation.
After incubation, eachmaterial was placed in a new tube containing
5 mL of DMEM supplemented with 2% inactivated FCS, 1% gluta-
mine, 1% streptomycin - penicillin antibiotics. Additionally, 0.1 mL
of DMEM was used to wash and collect infection solutions in the
wells containing the materials. Each tube containing infected ma-
terial was vigorously vortexed five times, and 0.1 mL of suspension
was used to infect VERO cells. The cytopathic effect was monitored
daily by visual inspection and quantified by imaging after crystal
violet staining using Cytation 3 (BIOTEK, USA). Images have been
analyzed using the freely available ImageJ version 1.47v (NIH, USA).
Every set of images corresponding to crystal violet staining was
analyzed using the “Process > Batch > Macro tool” with the
following steps: conversion to 8-bit, manual thresholding to
convert image in binary and obtain the area covered by cells,
smoothing and conversion to mask, and measurement of area.

2.8. Near infrared (NIR) light adsorption of PLA and antiviral effects
evaluation

To assess the photothermal effect of 3D printed materials, dry
samples were irradiated under an 808 nm laser diode (Laser Ever,
China) for different time spans at a power density of 0.1 or
0.07 W cm�2 to obtain the same thermal effect of sunlight in a
theoretical or measured summer day [34]. A thermal imaging
camera (Xi400, Optris) was used to record the sample temperature.
All tests were performed in triplicate.

2.9. Statistical analysis

All experiments were replicated at least three times. Microsoft
Excel (2010) and Prism8 software (GraphPad) were used to compile
and analyze data. All data were expressed as mean with SD and
analyzed by one-way ANOVA comparison tests followed by Tukey's
correction.

3. Results and discussion

COVID-19 pandemic has prompted the use of PLA and other
thermoplastic-based printing filaments to produce PPE, medical
devices, and daily life objects. PLA filaments composition can be
modified with carbon nanomaterials such as bidimensional gra-
phene, to improve the performance of 3D-printed medical devices.
Indeed, the bare PLA filaments can lack the strength to produce
fully functioning engineering parts, restricting the adoption of 3D
technology [5].

In Fig. 1A, representative SEM images of 3D printed structures
made of PLA or PLA-G with different graphene nanoplatelets con-
centrations (0.5%, 2%, or 5%) are shown. Graphene nanoplatelets
used in this study have an average lateral dimension of 3 mm and a
layer number comprised between 4 and 6 layers, as resumed in
Table S1. The structures shown in Fig.1A have been producedwith a
deposition speed of 20 mm/s and nozzle diameter of 0.4 mm using
the Ultimaker S3 3D printer. Since the presence of graphene can
alter the printing process and consequently the diameter of fila-
ments, the quantification of this parameter obtained from SEM has
been performed (Fig. S2). Overall, the presence of G nanoplatelets
in the PLA filaments doesn't alter the printed structure significantly,
as shown by SEM. Nanoscale roughness has been quantified from
AFM imaging (Fig. S3) with an evident increase of surface rough-
ness as graphene percentage goes from 0.5% to 5%. The increase of
amount of G changes PLA viscosity and melting point causing a
faster polymer solidification and a slower polymer relaxation after
3D-printing [35]. This thermodynamic behavior, during post-



Fig. 1. Characterization of 3D printed structures by SEM imaging and mechanical analysis (A) Lateral and top views of PLA, PLA-G 0.5%, PLA-G 2% and PLA-G 5% discs by SEM,
scale bar is 0.5 mm. Curves for compressive (B) and tensile (C) tests on PLA, PLA-G 0.5%, PLA-G 2% and PLA-G 5%.

Table 2
Results of mechanical characterization after compression tests of PLA and PLA-G
samples.

Yield stress (Mpa) E (Gpa)

PLA 76 2.6 ± 0.2
PLA-G 0.5% 80 2.6 ± 0.2
PLA-G 2% 94 3.2 ± 0.26
PLA-G 5% 96 3.5 ± 0.28
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printing solidification, increases the local roughness of the surfaces
as the graphene concentration increases.

PLA and PLA-G have very similar hydrophobicity as measured by
contact angle experiments (Fig. S3). Data reported in the literature
report contact angles for PLA and graphene between 70� and 90�.
This value can change due to several factors like the specific poly-
mer preparation, the number of graphene layers, temperature,
humidity etc. [36,37].

Curves obtained from compressive and tensile tests are shown
in Fig. 1B and C, respectively. In Table 1, the results of tensile tests of
3D printed dogbones of PLA with or without graphene are shown.
In Table 2 the results of compression tests on PLA and PLA-G cyl-
inders are shown. The addition of G in the filaments increases the
tensile and compression elastic modules up to 35% in compression
and 20% in elongation using G at 5% in PLA-G (Table 1). The elon-
gation at break increases up to 17.5%, the max stress in tension
increases up to 13% and the yield stress up to 24%.

The mechanical properties of medical devices that are put under
physical stress like ventilator valves or connectors for breathing
devices are exceptionally important. Indeed, the device must be
sufficiently strong to retain its integrity under conditions of normal
wear and tear. Biocompatibility assessment is fundamental for
devices intended for in vivo use. Biocompatibility of PLA and PLA-G
Table 1
Results of mechanical characterization after tensile tests of PLA and PLA-G samples.

Stress max (Mpa) %break E (Gpa)

PLA 69 4.00% 2.9
PLA-G 0.5% 73 4.50% 3
PLA-G 2% 74 4.60% 3.2
PLA-G 5% 78 4.70% 3.5
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was evaluated on VERO, C2C12 and A549 cells plated on 3D printed
supports after 24 h of growth (Fig. 2A). Cell viability assays did not
show any significant cell growth inhibition even at the highest
concentration of G tested (PLA-G 5%). As highlighted from repre-
sentative images of C2C12 cells grown on PLA-G 5% reported in
Fig. 2B, cells were attached and grew easily on supports. Biocom-
patibility is maintained in these cells even after several days of
growth (Fig. S4).

To assess the ability of PLA-G to capture SARS-CoV-2, a solution
of SARS-CoV-2 containing ~105 viral particles/mL was let to interact
with PLA and PLA-G supports (discs) for 2 h at 37 �C. Following
incubation, contaminated discs were harvested and the plastic
surface exposed to the SARS-CoV-2 containing solution washed.
Discs and washing solution were recovered in 5 mL of sterile fresh
medium and an aliquot of this suspension was used to infect VERO
cells to measure viral infectivity (Fig. 3A). Representative images of
infected VERO cells are shown in Fig. 3B: exposure of SARS-CoV-2
containing solution, even at the lowest concentration of graphene
tested (PLA-G 0.5%), significantly reduced viral infectivity. Reduc-
tion in viral infectivity was proportional to the concentration of G in
the PLA filaments, reaching a maximumwith PLA-G 5%, supporting
previous findings indicating the ability of G to bind and “trap” viral



Fig. 2. Cell viability analysis on PLA supports (A) Viability of C2C12, VERO and A549 cells grown on PLA or PLA-G samples quantified by luminescence after 24 h. Representative
confocal microscopy Z projection of C2C12 cells on PLA (B) and PLA-G 5% (C) with nuclei in blue (DAPI) and actin in red (rhodamine phalloidin). Scale bar is 50 mm.

Fig. 3. Graphene functionalized PLA reduced infectivity of SARS-CoV-2. PLA and PLA-G (0.5%, 2.0% and 5%) functionalized PLAwere incubated with a suspension of SARS-CoV-2 at
the final concentration of ~105 viral particles/mL, for 2 h at 37 �C, to assess the ability to capture SARS-CoV-2 and subsequently reduce infectivity in VERO cells. Three days post-
infection with solution recovered from surfaces, VERO cells were fixed and stained with crystal violet. Images were acquired using Cytation instrument an analyzed with ImageJ
software and data were expressed as mean ± SD and analyzed by one-way ANOVA comparison tests followed by Tukey's correction. Asterisks indicate p < 0,001 (A). Representative
images were obtained after crystal violet staining of VERO cells for each sample (B).

F. De Maio, E. Rosa, G. Perini et al. Carbon 194 (2022) 34e41
particles. However, we cannot exclude a detrimental effect of G on
viruses’ envelopes and consequent destabilization of the virions.

Graphene absorbs infrared light and has photocatalytic effects
[38]. Since IR light occupies the largest proportion in the solar
spectrum, we tested whether the graphene in the filaments could
represent an easy and low-cost method to promote the adsorption
of IR light by 3D printed constructs and consequently sterilize
surfaces [38]. The photothermal catalytic disinfection experiment
has been carried out under 808 nm laser light, the average tem-
perature of the 3D structures has been monitored by a thermal
camera. In Fig. 4, the results of temperature monitoring after
exposure for 3 min of PLA and PLA-G samples are reported. In
Fig. 4A, the illumination of samples with a NIR light having a power
density of 0,07 W cm�2, which corresponds to the measured
average exposure of sunlight, causes an increase of temperature up
to 50 �C with no marked differences between samples. On the
contrary, when using the average power density of summer light
(i.e. 0,1 W cm�2), PLA temperature does not significantly increases,
whereas samples containing graphene nanoplatelets substantially
increase in temperature reaching after 3 min, 60 �C, 70 �C and 80 �C
for PLA-G 0.5%, PLA-G 2% and PLA-G 5%, respectively.

Fig. 4C shows a 3D printed connector for a breathing device
made of PLA or PLA-G. These connectors have been irradiated with
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an average power density of 0,07 W cm�2, and results obtained
with thermal imaging are shown in Fig. 4D and Fig, 4E. Tempera-
tures of devices during irradiation are shown in Fig. 4F where is
demonstrated that PLA-G 5% temperature increases up to 50 �C
using a power intensity analog to sunlight.

To mimic sunlight effects, a suspension of SARS-CoV-2 was
incubated on the discs for 2 h and the surfaces were exposed to NIR
light. The increase of temperature correlatedwith a significant drop
in infectivity compared to physiological body temperature (BT in
Fig. 5A). At 0.07 W cm�2 and 0,1 W cm�2, the further increase of
temperature (z55� and z85 �C, respectively) was able to reduce
SARS-CoV-2 infectivity, maintaining cell viability up to values of the
not infected cells. The killing efficiency for PLA-G 5% surfaces to-
wards SARS CoV-2 is reported in Fig. 5B, ranging from 55.9% at BT to
91.4% at 0,1 W cm�2 which corresponds to 85 �C. Since SARS-CoV-2
is extremely sensitive to high temperature [39], the method we
developed can be used to easily clean and efficiently sterilize the
surfaces using power density as sunlight exposure.
4. Conclusions

In the context of the pandemic challenges facing humanity
today, the 3D printing production of protective equipment and



Fig. 4. Effects of exposure of PLA or PLA-G to 808 nm laser light at 0,07 W cm�2 (A), 0,1 W cm �2(B). 3D printed connector for breathing device (C). Thermal images of 3D printed
connector for breathing device in PLA (D) and PLA-G-5% (E) exposed for 150s to sunlight (about 0.07 W cm�2) and the relative temperatures obtained by the thermal camera (F).

Fig. 5. Effects of exposure to different NIR light of PLA and PLA-G-5% surfaces incubated with SARS-CoV-2 solutions. PLA and PLA-G 5% were incubated with a suspension of
SARS-CoV-2 at the final concentration of ~105 viral particles/mL and exposed to different NIR light conditions (37 �C, 55 �C, 85 �C) for 2 h. Three days post-infection with solution
recovered from surfaces, VERO cells were fixed and stained with crystal violet. Data are expressed as mean ± SD after analysis with ImageJ and analyzed by one-way ANOVA
comparison tests followed by Tukey's correction. Asterisks indicate p < 0,001 (A). The ability to kill SARS-CoV-2 was quantified and significantly improved after NIR treatment as
shown from the values in table (B).
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more in general any surface that can readily warrant viral inacti-
vation is of paramount importance. Traditionally, chemical disin-
fectants are the most widely used method to kill harmful
pathogens, though the release of byproducts toxic for human
health and the environment is a cause of major concern [38].
Nanotechnology has offered several approaches to cope with the
COVID-19 emergency, as initially hypothesized in several papers
[19,40]. Here we propose to exploit the photocatalytic properties of
graphene nanoparticles embedded in the widely used biocompat-
ible 3D-printable PLA. The most important feature, which differ-
entiates graphene from many nanomaterials beside its mechanical
and optical properties, is the interaction between graphene and
different kind of microorganisms [13,41,42]. The use of 3 min of NIR
(808 nm) with a power density of 0,1 W cm�2 allows killing SARS-
CoV-2 deposited on surfaces using a light with intensity analog to
sunlight. These results allow for extensive use of graphene PLA
filaments, considering that exposure to sunlight can be a method to
sterilize the surfaces of 3D printed objects. We also demonstrate
that the mechanical behavior of the material is improved while the
biocompatibility is retained toward eukaryotic cell lines. TheWorld
Health Organization highlighted the need for the prioritization of
personal protective equipment supplies for frontline healthcare
workers and PLA-G-based objects could represent the game-
changer against pandemic spreading. Furthermore, NIR-mediated
sterilization could represent a sustainable method to recycle
medical devices and lower the impact on the environment [43,44].
The applications of PLA-G-based devices go beyond the nosocomial
settings: with its high biocompatibility and mechanical resistance,
PLA-G can become buildingmaterial for high touch surfaces such as
handles and buttons in public transport. Furthermore, 3D-printed
SARS-CoV-2 can be used to produce long-termwearable prosthetic
devices. Indeed the improvement of mechanical properties and the
possibility to sterilize the surface by NIR could cope with the ne-
cessity, in the emergency setting, to reduce plaster and cast making.
Indeed, given the hospital overflow together with the risk of
transmission, protocols during pandemics could envisage the use of
medical data files to send 3D-printed prosthetics to the patient
directly at home [45]. Any PLA-G printed medical device could
indeed be ordered remotely to reduce the hospitalizations and
could be easily self-removed by the patient. Finally, 3D-printed air
filters [46,47] made of PLA-G could be particularly useful for the
possibility to use NIR light sterilization daily tomaintain SARS-CoV-
2 free air.
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