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Abstract

Scaffold-based bone tissue engineering is the most relevant approach for critical-sized bone defects. It is based
on the use of three-dimensional substrates to provide the appropriate biomechanical environment for bone
regeneration. Despite some successful results previously reported, scaffolds were never designed for disease
treatment applications. This article proposes a novel dual-functional scaffold for cancer applications, com-
prising both treatment and regeneration functions. These functions are achieved by combining a biocompatible
and biodegradable polymer and graphene. Results indicate that high concentrations of graphene enhance the
mechanical properties of the scaffolds, also increasing the inhibition on cancer cell viability and proliferation.
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Introduction

Primary bone cancer is a kind of sarcoma, with around
700,000 new cases being reported per year worldwide.1,2

According to a report from the National Cancer Intelligence
Network (NCIN), between 1985 and 2009, an average of 380
new primary bone cancer cases were diagnosed per year in
England.3 Due to its low incidence, delayed diagnosed and
treatment are common, leading to a high mortality (world-
wide more than 220,000 patients died per year after treatment
and the survival rate of these patients is around 68%).1 De-
pending on the type and extension of cancer cells, the main
clinical strategies to treat bone cancer comprise chemother-
apy, radiotherapy, targeted cancer drugs, surgery, and a
combination of these methods (Table 1).3–5 However, these
therapeutic strategies present several physical and psycho-
logical side effects (pain, constipation, diarrhea, allergies,
hair loss, low immunity, superinfection, multiple surgeries,
and amputations).6,7 Due to these limitations, new and more
effective strategies are still required.

Based on our extensive experience in designing three-
dimensional (3D) bone scaffolds for both in vitro and in vivo
applications,8–16 we decided to start a new research program

aiming at developing a novel concept of dual-function 3D
scaffolds for bone cancer applications to (Fig. 1):

� Induce the death of cancer cells (phase 1)—treatment
function.

� Recruit healthy cells, inducing new bone formation
(phase 2)—regeneration function.

Novel dual-function scaffolds are mainly made with a
biodegradable and biocompatible polymer. This polymer is
poly(e-caprolactone) (PCL), a semi-crystalline aliphatic
polymer that has been successfully used by our group for
bone tissue engineering scaffolds. To design effective PCL-
based scaffolds, we investigated the degradation kinetics of
such scaffolds as a function of scaffold topology,17,18 the
effect of processing conditions on the morphological devel-
opment/microstructure formation during the printing pro-
cess,19,20 and surface modification strategies to improve cell
attachment, proliferation, and differentiation.16,21 Due to the
piezoelectric and reverse piezoelectric properties of bone, our
group also developed strategies to induce electroconductive
properties on PCL-based scaffolds by adding a low concen-
tration of conductive materials such as graphene.9,12,16
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Previously reported studies demonstrated that graphene,
2D single-atom thick sheets of carbon atoms bound in hex-
agonal lattice structures, shows high affinity to glioblastoma
cells leading to the adhesion of graphene to the cell’s body
and, consequently, cell membrane damage. Other studies also
reported different levels of cytotoxicity both in vitro and
in vivo depending on the graphene form (pristine graphene,
graphene oxide, and reduced graphene oxide), showing
that toxic effects are concentration-, time- and shape-
dependent.10,22,23 Graphene has been reported to induce
oxidative stresses and cell function assays, and confocal

microscopy images indicated that reactive oxygen species
induced by the carbon atoms on the edge of graphene can
damage DNA.24–26 Moreover, authors also reported that the
few-layer graphene dispersions have a specific killing ability
on monocytes.27 Graphene also showed an effective ability to
inhibit the migration and invasion of human breast and
prostate cancer cells, as well as mouse melanoma cells.28

The potential cytotoxicity of high graphene contents on a
PCL matrix are explored in this article to create the first layer
of the novel dual-function scaffolds (Fig. 2). Graphene,
uniformly dispersed in the PCL fibers,14 will be gradually
released, inducing the apoptosis of the remaining cancer
cells. This effect can be controlled by the graphene content,
and both crystallinity and crystal orientation of PCL in the
printed fibers, which strongly depend on processing condi-
tions. After the degradation of these initial layers that are
responsible for the treatment function of the scaffold, PCL
layers (core part of the scaffold) will be revealed. These
layers must be able to provide the necessary biomechanical
environmental conditions to sustain the recruitment of heal-
thy cells (bone cells or stem cells) and cell attachment, pro-
liferation, and differentiation (regeneration function).

Materials and Methods

Scaffolds fabrication

Graphene nanosheets were synthesized from graphite by
water-assisted liquid-phase exfoliation, as reported earlier.9

The obtained graphene nanosheets were mixed with PCL pel-
lets (CAPA 6500; Perstorp, United Kingdom) through a melt-
blending process by using different graphene concentrations
(5 wt.%, 7 wt.%, and 9 wt.%). The PCL pellets and graphene

FIG. 1. Treatment and repair of bone cancer (a) Bone with a cancer region, (b) Bone with possible residual cancer cells
after the bone cancer region being removed, (c) Implanted dual-function scaffold. Treatment phase: Initial layers of the
scaffold containing a cytotoxic material will induce the death of the possible remaining cancer cells in the surrounding
tissue, (d) Regeneration phase: After a certain period of time, the layers responsible for the treatment phase disappear
(biodegradable) and layers of biocompatible materials will start recruiting healthy cells, promoting cell attachment, pro-
liferation, and differentiation, and inducing new bone formation. (e) Bone with regenerated tissue.

Table 1. Common Cancer Types, Corresponding

Treatment, and Their Limitations

Cancer type
Corresponding

treatment Limitations

Osteosarcoma Chemotherapy Hair loss, diarrhea or
constipation, lower
resistance to infec-
tions, easily bleeding
and bruising

Ewing’s
sarcoma

Chemotherapy,
radiotherapy

Diarrhea or constipation,
lower resistance to in-
fections, easily bleed-
ing and bruising, skin
red or dark, hair loss,
and pain

Chondrosarcoma Radiotherapy,
surgery

Skin red or dark, hair loss
and pain, amputation

Chordoma Radiotherapy Skin red or dark, hair
loss, and pain
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nanosheets were heated to 150�C and mixed together in a
crucible for 30 min. The material was stirred for 30 min to
homogeneously disperse the graphene. After cooling down for
3 h, the mixed materials were then cut into pellets and prepared
for printing.

Scaffolds were produced by a screw-based additive
manufacturing system 3DDiscovery� Evolution Bench-top
(screw length 45 mm, pitch 5.15 mm, diameter 10 mm) (re-
genHU, Switzerland), which allows to print fibers with a
uniform dispersion of graphene as previously reported by
micro-Raman spectroscopy.14 The following design and
processing parameters were considered:

� Design parameters:
Laydown pattern: 0�/90�.
Square pores.
Pore size: 350 lm.
Filament diameter: 330 lm.
Slice thickness: 270 lm.

� Processing parameters:
Melt temperature: 90�C.
Screw rotation velocity: 8 rpm.
Deposit velocity: 12 mm/s.
Pressure: 6 bar.

Thermogravimetric analysis

Thermogravimetric analysis (TGA) was used to determine
the exact amount of graphene present in the scaffold. Tests
were performed by using the Thermal Analysis Q500 ana-
lyzer (TA Instrument) with PCL scaffolds and graphene-

loaded scaffolds. Scans were performed in an air atmosphere
with an airflow of 60 mL/min and temperature ranging from
35�C to 560�C at a 10�C/min ranging rate. TGA tests were
performed by using samples with around 1 g of weight placed
in platinum pans. The weight change of the samples was
monitored by using the TA Universal Analysis 2000 software
(TA Instrument).

Morphological evaluation

Morphological characterization of the scaffolds was per-
formed through scanning electron microscopy (SEM). The
Hitachi S3000N system (Hitachi, United Kingdom) was used
to capture images of both the top surface and cross-section of
the scaffolds, using an accelerating voltage of 10 kV. Before
image capturing, the scaffolds were cut into 4 mm blocks and
coated with a thin layer of metal (10 nm gold) by using the
EMITECH K550X sputter coater (Quorum Technologies,
United Kingdom). The obtained images were processed by
ImageJ (NIH).

Mechanical evaluation

Uni-axial compression tests were conducted on the IN-
STRON X testing system (High Wycombe, United Kingdom)
with a 100 N load cell. The scaffolds were cut into blocks of
3 mm of width, 3 mm of length, and 4 mm of height. Com-
pression tests were performed in dry state with the strain
ranging from 0 to 0.3 mm/mm (30%) and a displacement rate
of 0.5 mm/min. Force F and corresponding displacement Dh
were measured by sensors while the samples were compressed,

FIG. 2. Dual-functional scaffolds (a) Overall view, (b) Overall view (without top), (c) Exploded view showing outer
layers responsible for the treatment function and inner layers responsible for the regeneration function, (d) Side view
(without one side).
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and they were then transformed into stress r and strain e val-
ues. The compressive modulus and compressive strength of the
scaffolds were calculated and plotted by Origin (OriginLab).

Biological studies

In vitro biological studies were conducted by using both
human adipose-derived stem cells (hADSCs) (Invitrogen) and
sarcoma osteogenic (Saos-2) cells (ATCC). Cells were cultured
in the corresponding medium (MesenPRO RS� basal medium
[Thermo Fisher Scientific] for hADSCs and McCoy’s 5A
Medium [Sigma-Aldrich, United Kingdom] for Saos-2 cells) in
T75 cell culture flasks (Sigma-Aldrich, United Kingdom) at
standard condition (37�C, 5% CO2, concentration and 95%
humidity) in a New Brunswick� Galaxy 170 R incubator
(Eppendorf). Cells were harvested at approximate 80% con-
fluency with 0.05% trypsin-ethylenediaminetetraacetic acid
(Invitrogen) before cell seeding. Cells ranging from passage 6
to 8 were considered for biological evaluation.

Before cell seeding, scaffolds were sterilized in 80% eth-
anol (Thermo Fisher Scientific) for 4 h, transferred to a 24-
well plate, and rinsed three times with Dulbecco’s phosphate
buffered saline (Thermo Fisher Scientific). Fifty-thousand

cells (counted by Cellometer Auto 1000 Bright Field Cell
Counter [Nexcelom Bioscience]) in 0.8 mL corresponding
medium were seeded on each scaffold sample and empty well
(control group).

Cell viability was evaluated at 1, 3, and 7 days after cell
seeding by using the Alamar Blue assay, which can quanti-
tatively monitor the metabolism and cytotoxicity of the
cells.29 At each particular time point, 0.8 mL of medium
containing 0.001% Alamar Blue (Sigma-Aldrich, United
Kingdom) was added to each well and incubated for 4 h.
Then, 150 lL fluid from each well was transferred into a 96-
well plate and the fluorescence intensity was measured by a
Multi-Detection Microplate Reader Synergy HT (BioTec)
(excitation wavelength of 540 nm and emission wavelength
of 590 nm).

Results and Discussion

Thermogravimetric analysis

Table 2 presents the results of the final content of graphene
on the composite scaffolds. Results show that graphene was
effectively incorporated into the scaffold without significant
losses during both the melt-blending and printing processes.
Figure 3 also shows that no degradation event occurs during
both composite preparation and printing processes, con-
firming that both material preparation and scaffold fabrica-
tion do not induce any transformation on the materials.

Morphological evaluation

The SEM images of both the top surface and cross-section
of the scaffolds are presented in Figure 4. Printed scaffolds
present an average filament diameter of 361.06 – 22.71 lm
(the designed value was 330 lm), regular square pores with
an average pore size of 340.05 – 20.91 lm in the vertical

Table 2. Graphene Content on Composite Scaffolds

Determined by Thermogravimetric Analysis

Scaffolds
Initial graphene
loading (wt.%)

Final graphene
content (wt.%)

Scaffolds
reference

PCL — — PCL
PCL/

graphene
5 4.37 A
7 6.41 B
9 8.40 C

PCL, poly(e-caprolactone).

FIG. 3. Temperature-weight curves for the scaffolds with different graphene contents. Color images are available online.
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direction (top surface, the designed value was 350 lm), and
143.29 – 30.35 lm in the horizontal direction (cross-section,
the designed value was 210 lm). Filament diameter increases
from 336.36 – 8.41 lm (PCL scaffold) to 363.81 – 14.76 lm
(Scaffold A) and 380.87 – 16.54 (Scaffold B) and then de-
creases to 363.18 – 23.10 lm (Scaffold C) by increasing the
graphene content. Pore size in the vertical direction decreases
from 363.71 – 11.58 lm (PCL scaffold) to 321.68 – 14.75 lm
(Scaffold A) and then increases to 332.45 – 17.16 lm (Scaf-
fold B) and 335.46 – 14.98 lm (Scaffold C) by increasing
the graphene content. Pore size in the horizontal direction
increases from 142.66 – 31.44 lm (PCL scaffold) to 164.41 –
28.71 lm (Scaffold A) and then decreases to 147.26 –
25.94 lm (Scaffold B) and 118.84 – 17.13 lm (Scaffold C)
by increasing the graphene content. These variations are due
to rheological (viscosity, shear-thinning, and viscoelastic
properties) effects associated with the different material

composition. Based on this information, it would be possible,
in the future, to adjust processing parameters to produce
scaffolds with similar topological characteristics.

Mechanical evaluation

Figure 5a and b show compressive modulus and com-
pressive strength for both PCL and PCL/graphene scaffolds.
As observed, the addition of graphene fillers increased the
compressive modulus from 100.46 – 4.22 MPa (PCL scaf-
folds) to 142.41 – 5.01 MPa (Scaffold C). The incorporation
of graphene fillers also enhanced the compressive strength
from 3.15 – 0.13 MPa (PCL scaffolds) to 4.41 – 0.42 MPa
(Scaffold C). Results also show that the fabricated scaffolds
have the same order of magnitude of mechanical properties as
human trabecular bone. Depending on gender and age, tra-
becular bone presents compressive modulus ranging from 50

FIG. 4. Top surface and cross-section SEM images of printed scaffolds. SEM, scanning electron microscopy.
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to 1500 MPa with the mean value of 194 MPa, and the
compressive strength ranges from 1 to 30 MPa with the mean
value of 3.55 MPa.30–33

Biological studies

Biological evaluation results are presented in Figure 5c
and d, showing the fluorescence intensity values at different
time points for different scaffolds. The fluorescence in-
tensity is proportional to the number of metabolically ac-
tive cells, indicating the cell survival rate. As observed,
after days 1 and 3 of cell seeding, although the scaffolds
containing graphene exhibited a negative effect on cell
viability and proliferation, no statistical differences were
observed between scaffold A, scaffold B, and PCL scaffold.
Only scaffold C showed a statistically lower survival rate of
Saos-2 cells. However, after 7 days of cell seeding, scaf-

folds B and C presented statistically lower fluorescence
intensity on both hADSCs and Saos-2 cells than the PCL
scaffold, indicating lower cell viability and proliferation
rate. Scaffold A also showed a statistically lower survival
rate on Saos-2 cells. Results also indicate that all scaffolds
presented a relatively lower cell survival rate on Saos-2
cells than hADSCs (83.5% in the case of Saos-2 cells and
89.4% in the case of hADSCs on scaffold A; 77.7% in the
case of Saos-2 cells and 82.6% in the case of hADSCs on
scaffold B; 80.4% in the case of Saos-2 cells and 80.3% in
the case of hADSCs on scaffold C).

These results show that the addition of graphene fillers can
reduce the survival rate of both hADSCs and Saos-2 cells,
and the PCL/graphene scaffolds exhibit a greater inhibition
ability on Saos-2 cells than on hADSCs. Besides, cells can
grow and proliferate well on PCL scaffolds between days 1
and 7, showing no significant inhibition effect.

FIG. 5. Mechanical properties of scaffolds with different graphene contents. (a) Compressive modulus; (b) Com-
pressive strength. Percentage of survival cells after 1, 3, and 7 days after cell seeding with PCL scaffold as the reference.
(c) hADSCs; (d) Saos-2 cells. One-way analyses of variance (one-way ANOVA) with Tukey test were carried out by
Origin due to the only variable being the concentration of graphene fillers. The significance levels were set at *p < 0.05,
**p < 0.01, ***p < 0.001, compared with the control (PCL), and ###p < 0.001 regarding different graphene concentrations.
ANOVA, analysis of variance; hADSCs, human adipose-derived stem cells; PCL, poly(e-caprolactone); Saos-2, sarcoma
osteogenic.
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Conclusions and Future Perspectives

This article proposes for the first time a novel dual-
functional 3D scaffold for bone cancer treatment and re-
generation post-treatment. These scaffolds comprise external
layers made of PCL and high contents of graphene and in-
ternal PCL layers. Results show the inhibitory effect of gra-
phene, particularly on Saos-2 cells, and the high load of cell
attachment and proliferation on PCL. The addition of gra-
phene also contributes to increasing the compressive modu-
lus and compressive strength, thus making it possible to
achieve values similar to the human trabecular bone. This is
particularly relevant for the initial stages where the scaffold
must be able to support the loads in the host environment. All
scaffolds were produced by using the same processing con-
ditions; the consequences of rheological changes due to
modifications on the material composition, differences in
terms of filament diameters and pore size between printed
scaffolds and designed ones were observed. These will be
solved in the future by adjusting the processing conditions
depending on printability and rheological characterization of
the material. Besides, a wider range of materials, including
graphene oxide and selenium, will be further investigated.
Surface modification will also be considered to allow the
incorporation of biomolecules or targeted cancer treatment
drugs into the scaffolds. In terms of biological performance,
longer in vitro studies and other assays [e.g., 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT assay) and lactate dehydrogenase (LDH assay)] will
be considered before the in vivo study. Further, long-term
in vitro and in vivo degradation tests will also be performed.
In general, results seem to indicate that the proposed dual-
functional scaffold can be a valid solution for bone cancer
applications, without the secondary effects of current clinical
approaches focusing on treatment and not on both treatment
and regeneration.
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