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ABSTRACT: The regeneration of large-scale bone loss due to
accidents, trauma, diseases, or tumor resection is still a critical
clinical challenge. With the development of additive manufacturing
technology and advanced biomaterials, 3D-printed biocompatible
synthetic polymer scaffolds have been widely studied for their key
roles in supporting bone tissue regeneration. Scaffold aims to
provide mechanical properties that match the host bone as well as
biological activities that can effectively promote cell proliferation and
differentiation, ultimately facilitating bone tissue regeneration. Due
to its unique biocompatibility and biodegradability, polycaprolactone
(PCL) becomes one of the dominant synthetic polymeric materials
considered for scaffold fabrication. However, using PCL alone
presents insufficient mechanical properties; thus, different functional
fillers have been added to modulate both the mechanical and biological performance of fabricated scaffolds. Among all functional
fillers, carbon nanomaterials, particularly graphene (G), have shown an emerging trend. Graphene quantum dots (GQD), a member
of the graphene family, are regarded as an ideal next-generation functional filler for scaffold fabrication. It presents high solubility in
water, controllable dose-dependent cytotoxicity similar to that of G, and unique biological properties benefiting from smaller sizes.
Current research using GQD for tissue engineering applications is limited, and the systemic comparison between G and GQD at
different concentrations is also missing. This study, for the first time, evaluates and compares the impact of incorporating G and
GQD into PCL bone tissue engineering scaffolds from surface, thermal, mechanical, and biological perspectives. Results suggested
that the addition of both materials under 5 wt % significantly improved both the mechanical and biological performance of PCL
scaffolds. Under 3 wt %, PCL/GQD scaffolds presented better compressive strength while maintaining the same level of biological
performance compared with PCL/G scaffolds, revealing the strong potential for future in vivo studies and bone tissue regeneration
applications.
KEYWORDS: additive manufacturing, bone tissue engineering, graphene, graphene quantum dot, polycaprolactone, scaffold

1. INTRODUCTION
Large-scale bone loss raised by accidents, trauma, diseases, or
tumor resection is a major clinical issue; thus, the treatment
and consequent bone regeneration are critical, in which
osteogenesis, osteoinduction, osteoconduction, and angio-
genesis are the fundamental elements for successful bone
reconstruction.1 Current clinical therapeutic interventions for
large-scale bone defects mainly focus on the application of
metal implants or biological grafts including autografts,
allografts, and xenografts. These methods present several
limitations such as limited availability, rejection after
implantation, affection on immunogenicity, and the trans-
mission of diseases from donors to recipients.2 These major
problems usually lead to poor clinical outcomes.3 3D-printed
synthetic material scaffolds present high reproducibility,
interconnectivity, cytocompatibility, bioactivity, and anti-
inflammation properties.4,5 However, challenges such as

optimal material selection allowing the optimal regeneration
effect and cost control based on different methods still exist.
Additionally, in-depth mechanism studies on how the material
regulates genes and growth factors, as well as the safety of
clinical applications, still require further investigation.6 Never-
theless, they showed great potential to replace the current
clinically utilized natural bone grafts and further enhance bone
regeneration efficiency.4,5,7 To realize the expected outcome,
the scaffolds must meet different requirements, including
adequate mechanical support close to the native bone
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environment, biodegradability that matches the new bone
regeneration rate, and the capability to stimulate vasculariza-
tion, osteogenesis, and osteointegration, ultimately leading to
rapid healing of bone tissue.8,9

Polycaprolactone (PCL), a synthetic polymeric material, has
been widely used for scaffold fabrication due to its exceptional
biocompatibility and biodegradability.10−12 However, inad-
equate mechanical properties and bioactivity limit its
application on its own in bone tissue engineering.9,13−15 To
address these limitations, many functional fillers have been
considered, including graphene (G) and its derivatives such as
reduced graphene oxide, graphene oxide, graphene quantum
dots (GQD), and small hydrocarbon molecules.16,17 With their
excellent mechanical, chemical, and biological properties, these
promising and desirable functional fillers present the ability to
modulate and enhance the performance of polymeric scaffolds
for bone tissue engineering.16,17

G is consisted of a two-dimensional structure of sp2-
hybridized carbon atoms arranged in a hexagonal shape.18 Due
to the high rigidity and electrical conductivity, the mechanical
properties of the scaffolds can be significantly improved by
adding a small amount of G.18 The positive impact on cell−cell
signaling also leads to the improvement of cell attachment,
proliferation, and osteogenic differentiation.9,19,20 The incor-
poration of G can also induce moderate levels of reactive
oxygen species (ROS), essential for normal cellular function-
ing, but detrimental if produced in excess (the amount is cell-
type specific).9,21−24

GQD, a nanomaterial derived from G with less than 100 nm
in size, is regarded as the next-generation biomaterial.25−27 Its
special properties such as biocompatibility, chemical inertness,
effective renal clearance, antioxidant, antimicrobial, and
enticing photoluminescence (PL) properties offer vast
possibilities in tissue engineering applications.25−28 Incorporat-
ing GQD into the polymeric matrix can potentially enhance
the mechanical properties of the resulting composites and
provide responsive stimuli for sensing applications.28,29

Applying GQD to hydrogels was also reported to promote in
vivo bone tissue regeneration due to their capability to enhance
stem cell differentiation.30 More importantly, the smaller size
of GQD relative to G makes it easier to be metabolized and
excreted out of the body after entering in vivo, without affecting
the host’s cells.31,32 This property offers a high possibility of
integrating GQD with polymeric material for biodegradable
scaffold fabrication.31,32

Multiple research has been conducted on G or other G-
based materials reinforced scaffolds, while current investigation
on GQD is limited to films and membranes (which cannot
emulate complex in vitro and in vivo environments) rather than
3D structures or bone tissue engineering applications.33−35

The information on comparing G and GQD under the same
loading concentration to bone tissue engineering scaffolds is
also extremely limited. This paper, for the first time,
investigates and compares different loading levels of G and
GQD for bone tissue engineering applications, particularly the
engineering of 3D PCL bone tissue engineering scaffolds with
a controlled architecture through additive manufacturing.
Comprehensive studies were conducted to evaluate the
morphological, chemical, surface, mechanical, and in vitro
biological properties. Results fill a research gap by revealing the
potential and feasibility of applying GQD to additively
manufactured scaffolds for bone tissue engineering applications
and ultimately facilitating the optimal design of future bone
tissue engineering scaffolds.

2. MATERIALS AND METHODS
2.1. Material Preparation. PCL (Capa 6500, ≈50 kDa) was

purchased in the form of 3 mm pellets from Ingevity (Warrington,
UK). It presents the density of 1.1 g/cm3, melting point between 58−
60 °C, and glass transition temperature of around −60 °C under the
standard conditions.

G nanosheets (3−4 layers, surface diameter of around 500 nm)
were prepared through water-assisted liquid phase exfoliation of
graphite as shown in Scheme 1. Briefly, a mixture of N-methyl-2-
pyrotanone (NMP, 99% extra pure, Acros Organics, USA) containing
0.2 mass fractions of water was used to impregnate 50 mg of
microcrystalline graphite powder (325 mesh, 99.995% pure, Alfa
Aesar, UK). For exfoliation, the starting graphite concentration was
set at 5 mg mL−1.

The GQDs were synthesized from terephthalic acid (TPA, Sigma-
Aldrich, UK), considering a home-built direct current Ar microplasma
electrochemical reactor under ambient conditions, as previously
reported36,37 (Scheme 1). 0.1 M of TPA precursor solution was
prepared by dissolving TPA in 0.3 M of NaOH. The obtained
solution was then microplasma treated at 10 mA fixed discharge
current for 30 min to synthesize the colloidal GQDs. After the
reaction, the plasma-treated solution was subsequently neutralized
with 1 M of hydrochloric acid and dialyzed (500−1000 D, Biotech
CE Tubing, Spectrum Laboratories, Inc., USA) against deionized
(DI) water for 1 day. DI water was replaced every 6 h. Afterward, the
obtained solution was evaporated using a rotary evaporator (Eyela,
Japan) operated at low pressure (<10 hPa) and low temperature (−10
°C). Approximately 50% of the sample vial was submerged in a water
bath at 30 °C during this procedure. Once all the solution had been

Scheme 1. Schematic Illustration of the Preparation Process of G, GQD, and Composite
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evaporated, fine GQD powder was collected through a drying
chamber overnight.

A physical melt blending method was used to prepare PCL/G and
PCL/GQD composite material pellets at three different concen-
trations (1, 3, and 5 wt %) as shown in Scheme 1. Briefly, PCL pellets
were heated to 150 °C, and then carbon nanomaterials were added at
desired concentrations and mixed for 60 min to ensure an even
dispersion. After 2 h of cooling, the mixed material was divided into
small pellets ready for 3D printing.

2.2. Nanomaterial Characterization. The absorbance and PL
measurements were conducted under ambient temperature, using a
JASCO V676 absorbance spectrophotometer (JASCO, Japan) and a
Nanolog-3 PL spectrofluorometer (HORIBA Scientific, Japan)
equipped with a PMT detector (HORIBA Scientific, Japan),
respectively. Both the GQD and G powders were dispersed in DI
water with a concentration of 1 mg/mL followed by ultrasonication
for 20 min. Afterward, 3 mL of sample suspensions were put in a
quartz cuvette for PL measurements. A matching pair of quartz
cuvettes with a 1 cm path length was used for the absorbance
measurement. DI water was used to correct the baseline before every
measurement. Raman measurements were conducted by using a
JASCO 5100 spectrometer (JASCO, Japan) under green laser
excitation (λ = 532 nm). Around 10 mg of GQD and G powders
were first cast on two different glass slides. Then, each glass slide
containing the Raman specimen was compressed with another clean
glass slide to flatten the surface. The Raman shifts were calibrated to
the Raman shifts of the Si wafer (520 cm−1) prior to sample
measurements. Transmission electron microscopy (TEM) measure-
ments were conducted with a field emission gun TEM (JEOL JEM-
2100F, Japan) considering a 200 kV accelerating voltage. The
colloidal GQDs were drop-cast on a pure carbon copper grid (400
mesh, Ted Pella Inc., USA), while the G was drop-cast on a lacey
copper grid (Ted Pella Inc., USA). X-ray diffraction (XRD)
measurements were performed using a Bruker D8 DISCOVER SSS
Multi-Function High Power XRD instrument (Bruker, USA). 10 mg
of GQD and G powders were mounted on a glass flat sample plate for
the XRD measurements.

2.3. Scaffold Design and Fabrication. A screw-assisted
material-extrusion additive manufacturing system (3D Discovery,
RegenHU, Switzerland) was used for scaffold fabrication. A 0°/90°
fiber laying pattern was considered in order to achieve interconnected
pores with regular square geometry. The considered processing
parameters were a melting temperature of 90 °C, deposition velocity
of 12 mm/s, screw rotation velocity of 8 rpm, and fiber diameter of
330 μm. All scaffolds were printed as 32.0 × 32.0 × 3.1 mm3.

2.4. Thermogravimetric analysis (TGA). TGA was conducted
with a Q500 thermogravimetric analyzer (TA Instruments, USA)
considering samples of 6 ± 1 mg for each test. The experiment was
carried out in the nitrogen atmosphere (gas flow of 90 mL/min) with
temperatures ranging from 30 to 560 °C (temperature ramp of 10
°C/min). The final carbon material contents were determined by
tracking the weight losses during the test.

2.5. Differential Scanning Calorimetry (DSC). The composite
material crystallinity after scaffold fabrication was investigated via a
Q100 Differential Scanning Calorimeter (TA Instrument, USA). All
experiments were carried out in a nitrogen atmosphere considering a
flow rate of 50 mL/min. Samples were first heated from −90 to 100
°C at a rate of 10 °C/min, rapidly cooled from 100 to −90 °C at 20
°C/min, and held at −90 °C for 2 min. Afterward, the second cycle
was from −90 to 100 °C at 10 °C/min. The first heating process
displays the thermal history following the printing process, which can
be regarded as the thermal characteristics of the printed scaffolds,
while the second heating process displays the thermal characteristics
of the composite materials that are inherent to themselves after the
removal of previous thermal history.9 The crystallinity (%) was
calculated as

H
H W

(crystallinity)
100

C
m

m
0= ×

(1)

where the melting enthalpy measured experimentally is ΔHm, and
ΔHm

0 = 139.5 J/g is the enthalpy of melting 100% crystalline PCL.12

The weight fraction of PCL in the composite material is expressed as
W.

2.6. Morphological Characterization. The morphological
analysis was conducted through scanning electron microscopy
(SEM) using a TESCAN MIRA3 system (TESCAN, Czech). All
scaffold samples were cut into 4.0 × 4.0 × 3.1 mm3 and coated with
gold−palladium (80:20) for 6 nm using a Q150T ES sputter coater
(Quorum Technologies, UK) prior to imaging. The top surface and
cross-section of each scaffold were imaged at an accelerating voltage
of 2 kV accelerating voltage. ImageJ (NIH, USA) was used to process
the collected pictures and calculate the scaffold fiber diameter, pore
size, and porosity.

2.7. Nanoindentation Analysis. The surface hardness and
reduced modulus of all scaffold samples were assessed through
nanoindentation. HYSITRON TI 950 TriboIndentor (Bruker, USA)
equipped with a typical three-sided pyramidal (Berkovich) probe was
considered. A 5 mN load was used for the nanoindentation, resulting
in a depth of around 2 μm. Twenty indents were conducted for each
sample with a 50 μm gap between each other. The used profile was
loading at 0.8 μN/s for 5 s, holding at the peak load (Pmax) for 2s, and
unloading at 0.8 μN/s for 5 s. Corresponding forces and
displacements were recorded throughout the test. Pmax and the
contact area (Ac) were used to determine the hardness (H) through
analysis software as follows:

H
P
Ac

max=
(2)

Applying the Oliver−Pharr model and taking into account the contact
stiffness (S) and Ac, the reduced modulus (Er) was computed as
follows:

E S
A2r

c
= ×

× (3)

2.8. Apparent Water-in-Air Contact Angle (WCA) Measure-
ment. The surface hydrophilicity of the scaffolds was evaluated by
using the KRÜSS DSA 100 system (KRÜSS Instruments, Germany).
A micrometric liquid dispenser (Hamilton, USA) was used to drop
1.7 μL of DI water onto the surface of the scaffold. Drop Shape
Analysis (KRÜSS Instruments, Germany) software automatically
records the image and determines the WCA using the sessile drop
approach.

2.9. Mechanical Characterization. Uniaxial mechanical com-
pression tests were carried out in order to evaluate the compressive
modulus and strength of all fabricated scaffolds. Scaffold samples were
cut into blocks of 3.0 × 3.0 × 3.1 mm3 (h0). The INSTRON 3344
testing system (Norwood, USA) fitted with a 100 N load cell was
used for the test. The experiment was conducted in dry conditions.
The rate of 0.5 mm/min and a strain limit of 0.2 mm/mm (20%)
were considered. Force F and accompanying displacement values
during the uniaxial compression were recorded, which were then
transformed into engineering stress σ and strain ε as follows:

F
A

= (4)

h
h0

=
(5)

where Δh is the scaffold height change and A is the initial sample
cross-section area. According to the technique described by Fiedler et
al.,38 the obtained stress−strain data were subsequently analyzed to
determine the compressive modulus and compressive strength.

2.10. In Vitro Biological Characterization. Human adipose-
derived stem cells (hADSCs, STEMPRO, Invitrogen, USA) of
passages 3−5 were considered for in vitro biological characterization.
MesenPRO RSTM Basal Medium (Invitrogen, USA) was used to
culture cells in T75 flasks (Sigma-Aldrich, UK) until 80% confluence.
At each time point, cells were harvested with 0.05% trypsin solution
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(Invitrogen, USA). Scaffold samples were cut to suit 48-well plates
(Corning, USA), sterilized with 70% ethanol, washed with phosphate
buffered saline (PBS) (Sigma-Aldrich, UK), and air-dried before cell
seeding. Approximate 2.5 × 104 hADSCs were seeded on each
scaffold sample. Standard conditions (37 °C, 5% CO2, and 95%
humidity) were applied for the incubation, and the culture medium
was changed every 2 days throughout the biological assessment.

2.10.1. Cell Viability/Proliferation. The Alamar Blue test, also
known as the Resazurin assay, was employed for assessing the cell
viability/cytotoxicity and proliferation on all of the fabricated scaffold
samples. Assessments were performed 1, 7, 14, and 21 days after cell
seeding. During each assessment, the cell-seeded scaffolds were first
transferred to a new 48-well plate, followed by the addition of 400 μL
of culture medium containing 0.001% of the Alamar Blue solution
(Invitrogen, USA) to each well. Afterward, samples were incubated
for 4 h under standard conditions, with 150 μL of medium transferred
to a 96-well plate (Corning, USA) at the end. The fluorescence
intensity was measured at a 540 nm excitation wavelength and a 590
nm emission wavelength using a TECAN Infinite 200 (Tecan Group
Ltd., Switzerland) plate reader.

2.10.2. Bioimaging. Cell spreading and qualitative adhesion
statuses were further assessed through confocal microscopy imaging.
On day 7 and 21, cell-seeded samples were rinsed twice with PBS,
fixed with 10% paraformaldehyde (Sigma-Aldrich, UK) for 40 min,
and then immersed in PBS containing 0.1% Triton X-100 (Sigma-
Aldrich, UK) for 7 min. Subsequently, PBS containing 7% fetal bovine
serum (FBS, Sigma-Aldrich, UK) was added for 30 min after rinsing
twice in PBS. Afterward, cellular actin was stained using Alexa Fluor
594 Phalloidin (Invitrogen, USA) diluted to the manufacturer’s
recommended concentration (1:400) for 45 min in the dark. After
rinsing twice in PBS, 4′,6-Diamidino-2-phenylindole dihydrochloride
(DAPI) (Invitrogen, USA) was added to stained cell nuclei at the
manufacturer’s recommended concentration. Confocal images were
obtained on a Leica SP8 LIGHTNING confocal microscope (Leica,
Germany).

SEM imaging was also considered to evaluate cell attachment and
proliferation on days 7 and 21. Before imaging, all cell-seeded scaffold
samples were treated with 10% glutaraldehyde solution (Sigma-
Aldrich, UK) for 45 min at room temperature, rinsed twice with PBS,
dehydrated with graded ethanol series (50%, 70%, 80%, 90%, and
100% (twice)) with 10 min exposure at each step, followed by 50:50
ethanol/hexamethyldisilazane (HMDS, Sigma-Aldrich, UK), and last

in 100% HMDS, and air-dried for HMDS removal. Prior to imaging,
all samples were coated with 6 nm Gold−Palladium (80:20).

2.11. Data Analysis. In this research, all experiments were
conducted with a minimum of three scientific repeats, and all
experimental data were presented in the form of mean ± standard
deviations. OriginLab (OriginLab Corporation, USA) was used for
the data analysis considering one-way analysis of variance (one-way
ANOVA) with post hoc Tukey’s test. Significance levels were set at * p
< 0.05, ** p < 0.01, and *** p < 0.001.

3. RESULTS AND DISCUSSION
3.1. Carbon Nanomaterial Characterization. The

absorption spectra of both GQD and G are presented in
Figure 1a. Different from G which exhibited an absorption
shoulder around 277 nm, GQD exhibited a pronounced
absorption peak at 240 nm, which can be ascribed to the π−π*
transition of the C�C bond. The absorption tail from 270−
400 nm, on the other hand, can be assigned to the n-π*
transition of oxygen containing functional groups. The PL
phenomenon arising from the size quantization in GQD is
distinctly proved by the PL measurements in Figure 1b and 1c.
GQD demonstrated a wide range of PL emissions starting from
400−600 nm, with the strongest PL intensity located at 429
and 310 nm of emission and excitation wavelengths,
respectively (Figure 1b). Contrarily, since G is a 2D carbon
nanomaterial with zero band gap, it failed to show any PL
emission (Figure 1c). Figure 1d presents the PL spectrum of
GQD with the strongest intensity, and the result was compared
with G. In addition, both GQD and G were subjected to
microRaman measurements in order to investigate their
vibrational structures. GQD possesses a more pronounced
and broader D-band at 1346 cm−1 and a red-shifted G-band of
about 25 cm−1 compared with that of G (Figure 1e). Note that
the G-band represents the nonelastic vibration of sp2 carbon,
while the D-band is associated with the disorders in the form
of vacancies, surface functional groups, and edge effects. The
absence of 2D-band in the GQD can be attributed to its small
particle size, rich functional groups, and possibly multilayered
structure. To assess the crystallinity structure, XRD spectros-

Figure 1. Characterization of GQD and G: (a) absorption spectra of both materials; PL maps of (b) GQD and (c) G; (d) PL spectra of both
materials under 310 nm excitation wavelength (used to generate the strongest PL emission intensity of GQD); (e) Raman and (f) XRD spectra of
GQD and G.
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copy measurements were performed on both GQD and G, and
the results were compared. As shown in Figure 1f, a strong
peak was observed at 26.2° for G which may be caused by the
(002) diffraction pattern of C�C in the basal plane. However,
it is apparent that the GQD shows a lower diffraction angle and
broader peak at 25.6°, which may be contributed by the
existence of vacancies and extensive surface functional
groups.39 This result is in accordance with the high D-band
in the Raman spectrum of GQD.
TEM measurements were performed on both GQD and G

in order to investigate their morphological structures. Figure 2a
shows the high-resolution TEM image of a single GQD
particle with its corresponding fast Fourier transform (FFT)
image, presented in Figure 2b. The filtered inverse FFT image
(Figure 2c) further revealed a lattice spacing of 0.246 nm
corresponding to the diffraction pattern of G (1120, Figure
2b). Contrary to this, the TEM image of G presented in Figure
2d showed a sheet-like structure with a large surface area
(>500 nm). These TEM results are consistent with the PL,
Raman, and XRD results.

3.2. Thermal Analysis. 3.2.1. TGA. The scaffold thermal
decomposition temperature and carbon nanomaterial (G and
GQD) content were evaluated using TGA. As shown in Table
1, both functional fillers were successfully integrated into the

polymer matrix without considerable decomposition or weight
loss during the material preparation and scaffold production
processes, indicating that the considered temperatures of
material preparation (150 °C) and printing (90 °C) are
appropriate for scaffold fabrication.

3.2.2. DSC. DSC results (Table 2) suggested that adding
both G and GQD to PCL slightly increased overall crystallinity
after the scaffold fabrication, apart from the highest 5 wt %

concentration (without statically difference). Polymer crystal-
lization is a process of orderly accumulation of molecular
chains.40 High concentrations of carbon nanomaterials
aggregate in the polymer matrix, hindering the movement of
molecular chains and affecting the crystallization process.40,41

Similar results were also reported by other researchers on
polylactic acid (PLLA)/carbon nanotube scaffolds.41 In
addition, the reinforcement material in the polymer also serves
as the nucleation site of the crystallization.42,43 The number of
nucleation sites typically dictates the morphology of the
emerging microcrystals. An excessive amount of nucleation
centers results in a significant number of small microcrystals,
which may also lead to a lower crystallinity.42,43 Notably, under
the same concentration, G presented a slightly higher
increasing impact than GQD. This may be attributed to the
fact that G can provide more evident nucleation sites due to
the larger particle size compared with GQD.43 As researched,
for semicrystalline polymeric materials, crystallinity affects the
mechanical properties at both material microstructure and
scaffold macrostructure levels; thus, the addition of these
functional fillers presented a certain positive impact on the
scaffold mechanical property.44

It was also observed that the glass transition temperature
(Tg) from the first heating process were higher than those from
the second heating process, showing that the printing process
caused a delay in the polymer chain relaxation.11 This could be
attributed to the rotational effect of the screw-assisted printing
system, which helps to form higher-order crystalline
structures.33 In the second heating process, the inclusion of
G and GQD results in a minor increase in the Tg. The Tg of
polymeric materials depends on multiple factors including
crystallinity, molecular weight, density, and synthesis meth-
ods.45 Physical properties of polymers, including viscosity, heat
capacity, elastic modulus, Young’s modulus, and coefficient of
thermal expansion, also vary with Tg.

45,46

3.3. Morphological Characterization. SEM images
(both the top surface and cross-section) of all fabricated
scaffolds are presented in Figure 3, and corresponding
measurements are presented in Table 3. As illustrated, the
printed scaffolds had regular square pores with an average pore
size of 342.38 ± 28.19 μm vertically (top surface, designed
value of 350 μm) and 178.69 ± 21.13 μm horizontally (cross-
section, designed value of 210 μm), average fiber diameter of
342.22 ± 5.39 μm (designed value of 330 μm), and average
porosity of 46.78 ± 0.83% (designed value of 46%), close to

Figure 2. Morphological characterization of GQD and G: (a) HR-TEM; (b) FFT and (c) inverse FFT images of a single GQD particle; (d) TEM
image of G.

Table 1. G and GQD Material Loading Verification,
Assessed by TGA

Target carbon nanomaterial
loading (wt %)

Determined carbon nanomaterial
concentration (wt %)

0 (PCL) −
1 (G) 1.06 ± 0.29
1 (GQD) 0.95 ± 0.21
3 (G) 2.93 ± 0.28
3 (GQD) 3.02 ± 0.67
5 (G) 4.84 ± 0.28
5 (GQD) 4.55 ± 0.56
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the original design. Results confirmed that additive manufac-
turing presented excellent fabrication repeatability and strong
control over the scaffold topology, which are essential factors
for constructing three-dimensionally linked porous scaffolds
(including pore size, shape, and pore distribution). Under the
premise of ensuring mechanical properties matching human
bone, the high porosity scaffold is important as it can better
transport nutrients and oxygen, and promote cell attachment,

proliferation, migration, and differentiation.47 The general
geometry structures and internal morphological structures
were also proven to be similar among different material
compositions, which was fundamental for all other mechanical
and biological characterizations. The minor discrepancies
between the measurement and design values could be
attributed to the rheological effects (viscosity, shear

Table 2. Thermal Characteristics of All Scaffold Materialsa

Samples Tg (°C) Tm (°C) ΔHm (J/g) χc (%)
First Heating Process

PCL −66.49 ± 0.60 52.26 ± 0.66 105.17 ± 0.86 75.39 ± 0.62
PCL/G 1 wt % −66.20 ± 0.52 53.05 ± 0.51 106.17 ± 4.33 76.87 ± 3.13
PCL/G 3 wt % −65.80 ± 0.77 52.47 ± 0.55 107.87 ± 2.20 79.72 ± 1.62
PCL/G 5 wt % −66.06 ± 0.44 52.29 ± 0.97 101.59 ± 2.18 76.66 ± 1.64
PCL/GQD 1 wt % −66.01 ± 0.93 51.71 ± 0.60 105.83 ± 0.97 76.63 ± 0.70
PCL/GQD 3 wt % −65.62 ± 0.28 51.56 ± 1.5 102.27 ± 1.39 75.58 ± 1.02
PCL/GQD 5 wt % −64.66 ± 1.15 50.95 ± 0.31 94.63 ± 4.00 71.41 ± 3.02

Second Heating Process
PCL −65.96 ± 0.96 49.94 ± 0.17 81.69 ± 0.65 58.56 ± 0.47
PCL/G 1 wt % −66.36 ± 0.59 50.03 ± 0.14 83.09 ± 5.73 60.16 ± 4.15
PCL/G 3 wt % −65.19 ± 0.41 49.47 ± 0.29 86.20 ± 1.48 63.70 ± 1.09
PCL/G 5 wt % −66.70 ± 0.39 49.46 ± 0.23 81.11 ± 1.36 61.21 ± 1.03
PCL/GQD 1 wt % −66.45 ± 0.24 50.36 ± 0.26 82.24 ± 4.00 59.55 ± 2.90
PCL/GQD 3 wt % −66.01 ± 1.36 50.40 ± 0.24 83.39 ± 1.77 61.49 ± 1.31
PCL/GQD 5 wt % −66.86 ± 0.55 50.42 ± 0.40 75.23 ± 2.46 56.77 ± 1.86

aTm: melting temperature. ΔHm: melt enthalpy. χc: crystallinity.

Figure 3. SEM images of the top surfaces and cross sections of all printed scaffolds.
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deformation, and viscoelastic characteristics) associated with
the various material compositions.

3.4. Surface Analysis. 3.4.1. Surface Hardness and
Reduced Modulus. As shown in Figure 4b and c, results
suggested that, with the addition of G and GQD, both surface
hardness and reduced modulus were greatly improved
compared with those of PCL scaffolds. For the reduced
modulus, statistical differences can be observed among PCL,
PCL/G, and PCL/GQD groups at all material concentrations.
Both PCL/G and PCL/GQD scaffolds showed an increasing
trend proportional to G and GQD concentrations. Under the
same concentration, PCL/G presented higher values compared
with PCL/GQD. The reduced modulus of 3 wt % and 5 wt %
G scaffolds matched the human cancellous bone (1.3−14.8
GPa).48 In terms of the surface hardness, a similar trend was
observed. Both PCL/G and PCL/GQD scaffolds presented
significantly higher values than PCL scaffolds, and the increase
was also proportional to the material concentration. The
hardness of all scaffolds also matched the human cancellous

bone (49−579 MPa).49 Comparing G and GQD under the
same concentration, PCL/G scaffolds showed higher values
than PCL/GQD scaffolds in both surface hardness and
reduced modulus. Differences in particle size at an order of
magnitude level could be a main determinant.43 Besides, the
material crystallinity could be another reason. The capacity to
support loads under high crystallinity is improved by the
production of more and larger crystals.44 Nanomechanical
stimuli such as surface hardness and stiffness present a direct
influence on the cell response. They first recognize sticky
proteins on the substrate via transmembrane integrin
receptors, receiving mechanical signals. The polymerization
of actin fiber then activates and promotes focal adhesion,
ultimately affecting cell proliferation and differentiation. Thus,
higher surface hardness positively influences cell proliferation
and differentiation.50,51

3.4.2. WCA. Figure 4a shows the WCA measurement results,
indicating the surface wettability (values below 90° denote
hydrophilicity, whereas values above 90° represent hydro-

Table 3. Fiber Diameter, Pore Size, and Porosity Measurement Results of All Fabricated Scaffold

Scaffolds Fiber diameter (μm) Pore size (top surface) (μm) Pore size (cross section) (μm) Porosity (%)

Designed 330 350 210 46
PCL 336.06 ± 5.13 344.59 ± 6.85 156.20 ± 2.58 45.5 ± 0.15
1 wt % G 337.11 ± 0.03 332.22 ± 1.96 183.59 ± 3.90 46.9 ± 0.10
3 wt % G 347.24 ± 0.03 296.26 ± 1.87 207.22 ± 3.91 47.1 ± 0.05
5 wt % G 342.73 ± 1.92 327.71 ± 0.01 159.91 ± 1.95 47.4 ± 0.23
1 wt % GQD 340.58 ± 0.12 355.96 ± 17.07 164.43 ± 1.93 47.9 ± 0.04
3 wt % GQD 340.68 ± 0.21 387.43 ± 10.35 173.42 ± 1.95 45.9 ± 0.01
5 wt % GQD 351.14 ± 0.37 352.49 ± 5.16 206.08 ± 0.11 46.8 ± 0.13
Average 342.22 ± 5.39 342.38 ± 28.19 178.69 ± 21.13 46.78 ± 0.83%

Figure 4. Surface characteristics include (a) WCA measurement results (time captured at 0 s), (b) reduced modulus, and (c) surface hardness of
PCL, PCL/G, and PCL/GQD scaffolds.
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phobicity). Results suggested that PCL scaffolds presented a
hydrophobic nature, reflected in the highest WCA value of
91.9° ± 1.18. The WCA values decreased with the addition of
both G and GQD, where PCL/GQD scaffolds varied between
87.17° ± 1.19 (1 wt % GQD) and 90.63° ± 0.55 (3 wt %
GQD), and PCL/G scaffolds varied between 87.96° ± 0.64 (1
wt % G) and 93.53° ± 0.12 (3 wt % G). The decrease may be
due to the surface pattern raised by carbon nanomaterials that
existed on the fiber surface. Besides, the agglomeration of
carbon nanomaterials makes these surface patterns appear as
three-dimensional blocks rather than two-dimensional nano-
sheets. Under the same concentration, the WCA value of PCL/
GQD was lower than that of PCL/G. Changes in wettability,
particularly in the case of GQD, could also be attributed to the
presence of oxygenated functionalities on GQD nanosheets.52

Similar results on G were also reported by Zhang et al.53 They
confirmed the hydrophilicity of ultraclean G membranes by
measuring WCA using environmental SEM, and observed that
the hydrophilicity arises from charge transfer between G and
water molecules.53 Generally, hydrophilic surfaces lead to
increased protein adsorption, which plays an important role in
cell attachment, proliferation, migration, osteoblastic differ-
entiation, and osteoblast maturation.17,54 However, surfaces
that are superhydrophilic (0°) or superhydrophobic (above
150°) can lead to a sharp decline in cell adhesion.55,56

3.5. Mechanical Characterization. The mechanical
property of PCL scaffolds was greatly improved with the
addition of both G and GQD as shown in Figure 5. For the
compressive modulus, PCL/G scaffolds presented a signifi-
cantly increasing trend with the increase of G concentration.
Conversely, as the GQD concentration increased, the PCL/
GQD scaffold showed a decreasing trend in the compressive
modulus. Similar results were also observed by other
researchers upon incorporation of GQD into polymeric
materials. The agglomeration of GQD at higher concentrations
resulted in a decrease in the compressive modulus of the PCL/
GQD scaffold.35,57 Nevertheless, the compressive modulus of
the 3 and 5 wt % PCL/G scaffolds (101.44 ± 0.45 and 103.54
± 0.18 MPa respectively) and all PCL/GQD scaffolds (97.01
± 0.05 to 90.15 ± 0.04 MPa) were still higher than that of the
PCL scaffolds (87.08 ± 0.147 MPa).
Similarly, in terms of compressive strength, the PCL/G

scaffold increased with G concentration (2.63 ± 0.04 to 2.82 ±
0.01 MPa), while the PCL/GQD scaffold decreased by
increasing the GQD concentration (3.31 ± 0.02 MPa to
3.04 ± 0.02 MPa). The presence of well-dispersed rigid fillers
restricts planar motion and elongation, which may lead to

lower compressive modulus and compressive strength at the
highest GQD concentration.57 Nonetheless, the compressive
strength of all PCL/GQD scaffolds remained significantly
higher than those of PCL/G scaffolds and PCL scaffolds.
Under the same concentration, PCL/GQD scaffolds presented
higher compressive strength than PCL/G scaffolds, which
could be attributed to GQD having a much larger edge area
compared with G. Therefore, more covalent bonds could exist
between carbon nanomaterial and the substrate (carbonyl,
hydroxyl, and carboxyl) within the polymer matrix, which can
transfer loads better.57−59 Lastly, the obtained results also
indicated that the produced scaffolds could provide adequate
compressive strength and compressive modulus similar to
human cancellous bone (compressive modulus of 75−435
MPa and compressive strength of 2−12 MPa).60,61 Sufficient
mechanical properties matching host bones are fundamental
elements for a bone tissue engineering scaffold, in order to
withstand hydrostatic and pulse pressures typical in the
physiological environment, and maintain the space or pores
required for cell attachment, proliferation, and differentia-
tion.51,62

3.6. Biological Characterization. Figure 6 shows the cell
viability/proliferation results. As observed, the fluorescence

intensity (proportional to the amount of metabolically active
cells, indicating the cell proliferation status) of all the cell-
seeded scaffolds increased from the cell seeding to day 21,
demonstrating the scaffolds’ capability to create a suitable
environment for cell proliferation without significant cytotox-
icity, except for 5 wt % GQD scaffolds. 5 wt % GQD scaffolds
showed a lower value compared with PCL scaffolds, indicating
potential cytotoxicity due to the high functional filler addition.

Figure 5. Mechanical characterization results including (a) the compressive modulus and (b) the compressive strength of all scaffold samples.

Figure 6. Cell viability/proliferation results (fluorescence intensity) of
all fabricated scaffolds at days 1, 7, 14, and 21 of cell culture.
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On day 1, no significant difference was observed between
PCL and PCL/G scaffolds, while PCL/GQD scaffolds
presented lower values than both groups. This may be
attributed to the lower cell attachment rate resulting from
the lower WCA values and less significant surface patterning
effect compared with PCL/G scaffolds due to the smaller
particle size.
Starting from day 7, the positive impact of the functional

material addition became dominant. All PCL/G scaffolds
showed statistically higher fluorescence intensities than PCL
scaffolds, 1 wt % PCL/GQD scaffolds as well. This positive
impact could be attributed to carbon nanomaterials enhancing
cell−cell signaling and releasing moderate levels of ROS which
influenced the cellular functioning on the scaffold, promoting
cell proliferation.9,21,63 The negative effect on cell proliferation
from the highest GQD concentration (5 wt %) may be
attributed to the rapid dispersion effect due to the smaller
particle size, rapidly entering the cell membrane to decompose,
affecting intercellular signaling. Such impact was also reported
by Liang et al. using molecular dynamics simulation.64

From day 14 and onward, all PCL/G and PCL/GQD
scaffolds (except 5 wt % GQD) exhibited significantly higher
fluorescence intensities than PCL scaffolds, and all scaffolds
almost achieved full confluency on day 21. For all PCL/G
scaffolds and 1 and 3 wt % PCL/GQD scaffolds, the

fluorescence intensity increased with G or GQD concen-
trations, continuously higher than the PCL group. Notably, it
was observed that on day 14 the fluorescence intensity of the 1
and 3 wt % PCL/GQD scaffolds were significantly higher than
that of the PCL/G scaffolds at the same concentration, but
PCL/G scaffolds presented higher cell proliferation results on
day 21. This may be because PCL/GQD groups achieved
confluency earlier. All of the above-mentioned results
suggested that the addition of both carbon nanomaterials
promoted the proliferation of hADSCs, but different threshold
values were identified between the maximum positive effect
and triggering cytotoxicity. Under the same concentration of
carbon nanomaterial addition, the PCL/GQD scaffold showed
slightly higher proliferation results at the early stage, while the
PCL/G scaffold performed better in the longer term (21 days).
At lower concentrations, GQD presented advantages in terms
of faster endocytosis and metabolization effect to G, improved
cell−cell signaling, and introduced moderate levels of ROS,
facilitating faster proliferation. While at higher concentrations,
the negative effect of smaller GQD overcame the positive
impact, more likely to pierce the cell membrane thus causing
cell necrosis.21 Considering the enhancement effect, GQD
showed a stronger and faster effect at lower concentrations.
Both confocal microscopy and SEM images (Figure 7) were

considered to evaluate the cell attachment and proliferation

Figure 7. (a) Confocal microscopy images of all cell-seeded scaffolds (top surface, nuclei stained blue, and cell actin stained red) at day 7 and 21 of
proliferation; (b−c) SEM images of all cell-seeded scaffolds (top surface and cross section) at day 7 and 21 of proliferation.
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statuses after 7 and 21 days. Imaging results demonstrated that
the scaffolds sustained cell growth along the orientation of the
fibers. As observed, from day 7 to day 21, confluent cells widely
adhered and spread on the scaffolds, bridging between the
fibers. Images further demonstrated that PCL/G and PCL/
GQD scaffolds showed superior confluency as well as cell
distribution in comparison to PCL scaffolds.

4. CONCLUSIONS
This research investigated the use of additive manufacturing
for the fabrication of PCL/G (GQD) 3D bone tissue
engineering scaffolds and evaluated the effect of adding G
and GQD as functional fillers on their morphological,
mechanical, chemical, surface, and in vitro biological properties.
PCL/G and PCL/GQD materials were efficiently mixed by a
physical melt blending process, and a screw-assisted additive
manufacturing system successfully fabricated the scaffolds with
precise control of the morphological structure and without a
significant loss of carbon nanomaterial. The evaluation showed
that the addition of G and GQD improved surface wettability,
mechanical properties, and in vitro biological performance of
the scaffolds. In terms of mechanical property, PCL/G
scaffolds showed higher compressive modulus, reduced
modulus, and surface hardness, while the PCL/GQD scaffold
showed a higher compressive strength. Significant improve-
ment in the scaffold biological performance was observed in
terms of supporting hADSC proliferation (cellular metabolic
activity). A potential cytotoxic effect from 5 wt % GQD
addition was also observed. These results (abiotic and biotic
properties) contribute to the optimization of future bone tissue
engineering scaffold design. Future research will focus on long-
term in vitro cell differentiation assays considering bone
regeneration related protein expression, alkaline phosphate,
and alizarin red S staining, using human bone marrow
mesenchymal stem cells. Additionally, in vivo studies on
animal models, including whole-body bioluminescent imaging,
hematoxylin-eosin staining, and Masson staining, will be
conducted. In addition, in vitro degradation experiments of
the scaffolds will be performed to observe the changes in
mechanical and surface properties, as well as functional filler
release.
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