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ARTICLE INFO ABSTRACT

Keywords: Bone cancer remains a critical healthcare problem. Among current clinical treatments, tumour resection is the

Bone most common strategy. It is usually effective but may present several limitations such as multiple operations,

Graphene long hospital time, and the potential recurrence caused by the incomplete removal of cancer cells. To address

ﬁzzggz:eoz};;i species these limitations, three-dimensional (3D) scaffolds fabricated through additive manufacturing have been

Scaffolds researched for both bone cancer treatment and post-treatment rehabilitation. Polycaprolactone (PCL)-based

Tissue engineering scaffolds play an important role in bone regeneration, serving as a physical substrate to fill the defect site,
recruiting cells, and promoting cell proliferation and differentiation, ultimately leading to the regeneration of the
bone tissue without multiple surgical applications. Multiple advanced materials have been incorporated during
the fabrication process to improve certain functions and/or modulate biological performances. Graphene-based
nanomaterials, particularly graphene (G) and graphene oxide (GO), have been investigated both in vitro and in
vivo, significantly improving the scaffold’s physical, chemical, and biological properties, which strongly depend
on the material type and concentration. A unique targeted inhibition effect on cancer cells was also discovered.
However, limited research has been conducted on utilising graphene-based nanomaterials for both bone
regeneration and bone cancer treatment, and there is no systematic study into the material- and dose-dependent
effects, as well as the working mechanism on 3D scaffolds to realise these functions. This paper addresses these
limitations by designing and fabricating PCL-based scaffolds containing different concentrations of G and GO and
assessing their biological behaviour correlating it to the reactive oxygen species (ROS) release level. Results
suggest that the ROS release from the scaffolds is a dominant mechanism that affects the biological behaviour of
the scaffolds. ROS release also contributes to the inhibition effect on bone cancer due to healthy cells and cancer
cells responding differently to ROS, and the osteogenesis results also present a certain correlation with ROS.
These observations revealed a new route for realising bone cancer treatment and subsequent new bone regen-
eration, using a single dual-functional 3D scaffold.

1. Introduction The bone regeneration outcome also varies with gender and decreases

with age [5,6].

Tumour resection remains the primary clinical treatment approach
for bone cancer, followed by chemotherapy and radiotherapy or a
combination of them [1]. However, despite the clinical intervention, the
fatality and recurrence rate is still high as cancer cells are difficult to be
completely removed even though the tumour resection area tends to be
larger than the diagnosed tumour size [2,3]. Moreover, current strate-
gies present significant side effects, including hair loss, diarrhea,
anaemia, infections, high cost, and relatively long treatment periods [4].

Recent advances in scaffold-based bone tissue engineering and
advanced materials allow the development of novel approaches for
cancer recurrence prevention and bone tissue regeneration, including
the direct use of functional materials carried by 3D printed bone scaf-
folds and the fabrication of 3D printed scaffolds that serve as the me-
dium for photothermal/magnetothermal therapy [4].

Nanomaterials such as graphene-based nanomaterials have been
extensively explored for biomedical purposes. Because of the scale, these
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Scheme 1. (a) Bone with tumour removed after surgery, implanted with the dual-functional scaffold. (b) Dual-functional scaffold with external layers (polymer
matrix mixed with anticancer fillers) and internal layers (biocompatible and bioactivity polymeric material). (c) Potential residual and recurrent cancer cells contact
and react with the G/GO external layers leading to the formation and increase of ROS. (d) The increased ROS leads to mitochondrial malfunction (permeabilization
and release of cytochrome c), lipid peroxidation, intracellular protein inactivation (oxidation and nitration), affecting nucleic acids, and eventually apoptosis

Or necrosis.

nanomaterials can easily penetrate the cell membrane, endocytosed by
cells, and react with cells, or deliver certain drugs to cells. Among these
nanomaterials, graphene-based nanomaterials, such as pristine gra-
phene (G), graphene oxide (GO), and reduced graphene oxide (rGO),
showed unique advantages [7,8]. G has a high-aspect ratio with the
single-dimensional or few two-dimensional layered carbon atoms
organised in a hexagonal lattice [9,10]. Carbon atoms are sp2 (planar)
hybridized, having covalent ¢ bonds with the three closest carbon
atoms, presenting Young’s modulus of ~1 TPa [11,12]. G can be syn-
thesised through top-down methods by detaching or exfoliating from
existing graphite crystals, such as by mechanical exfoliation (repeated
peeling) and liquid-phase exfoliation [13,14]. Bottom-up synthesis
methods, such as epitaxial growth on silicon carbide crystals and
chemical vapour deposition, produce G by growing G layers on substrate
surfaces [15,16]. Main G derivatives include GO and rGO. GO can be

obtained through the oxidation of G, and rGO can be further obtained by
the reduction of GO with chemicals [17]. GO has up to 50 % oxygen
content while rGO results in significantly lower oxygen content although
a complete reduction has not yet been achieved [9,11,18].

These graphene-based materials have been successfully used for
biomedical applications, presenting significant modulation effects on
the biological behaviour of cells. The high specific surface area and the
presence of functional groups (e.g. oxygen, hydroxyl, and carboxyl)
make graphene-based nanomaterials characterised by high biomolecule
adsorption [10]. The protein adsorption affects the reactions of these
nanomaterials in the biological environment [19,20], including
attachment, proliferation, and even differentiation [21].

The cytotoxic mechanism of graphene-based nanomaterials com-
prises both the direct contact between the material and cell, and the
indirect reactive oxygen species (ROS) and consequent oxidative stress
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Fig. 1. Schematic representation of both fabrication system and scaffold. Considered processing parameters (nozzle diameter of 330 pm, printing temperature of
90 °C, air pressure of 6 bars, deposition velocity of 13 mm/s, and screw rotational velocity of 8 rpm, and layer thickness of 270 pm) and scaffold design parameters
(0°/90° lay-down pattern, 330 pm fibre diameter, 350 pm top view pore size, and 210 pm side view pore size).

induced by the graphene-based nanomaterials [22]. Due to the direct
contact between graphene-based nanomaterials and live cells, these
nanomaterials can cut and go through cell membranes, leading to direct
membrane damage [23]. These interactions increase with the degree of
oxidization and the size of graphene-based nanomaterials [24]. Because
of the strong adsorptions between graphene-based nanomaterials and
lipid molecules, the contact between the material and cell membrane
extracts phospholipids from the lipid bilayer [25,26]. Graphene-based
nanomaterials can also interfere with or damage DNA or RNA by pref-
erentially adsorbing single-stranded over double-stranded forms, pro-
tecting adsorbed nucleotides from nuclease enzymes attack, and
affecting cellular signalling transmission and network functionality [27,
28].

Moreover, graphene-based nanomaterials, particularly those adsor-
bed on the cell surface and passed through the membrane into the cell,
can induce ROS and consequent oxidative stress, which were reported to
be the dominant mechanism causing cell toxicity (Scheme 1) [29].
Adenosine triphosphate is produced by reducing molecular oxygen to
water via a series of coupled proton and electron transfer reactions in
cell mitochondria. The residual oxygen, which is not completely
reduced, forms superoxide anion radicals, and subsequently other ROS
(mainly oxygen-containing radicals) [30]. These metabolic by-products
(ROS) include superoxide radicals, hydrogen peroxide, hydroxyl radi-
cals, and singlet oxygen [31,32]. The reducing equivalents, including
enzymatic components such as superoxide dismutase, catalase, and
glutathione peroxidase, can prevent cells from ROS-induced cellular
damage by breaking down and removing ROS (free radicals) [33]. The
balance of ROS and reducing equivalents is important and the intra-
cellular ROS level needs to be kept at a critical level due to many pro-
cesses, such as protein phosphorylation, transcription factor activation,
apoptosis, immunity, and differentiation, which depend on sufficient
level of ROS production and intracellular presence [34,35]. When the
ability of cells to eliminate free radicals cannot match the formation of
free radicals, the ROS accumulate intracellularly and raise oxidative
stress [36,37]. ROS and oxidative stress lead to mitochondrial mal-
function (permeabilization and release of cytochrome c), lipid peroxi-
dation, intracellular protein inactivation (oxidation and nitration),
affecting nucleic acids, and eventually apoptosis or necrosis [37,38].
Researchers utilised ROS to promote cancer treatment for Hela cells,
lung cancer cells, brain glioma cells, and mammary gland cancer cells
[39]. However, only limited research has been conducted on bone
cancer treatment, and the correlation among the material type, dose,
and biological effects on bone tissue engineering scaffolds is still not
clear.

A novel concept of dual-functional scaffolds, containing external
layers that are responsible for the inhibition of the residual cancer cells
and preventing recurrence, and internal layers that are responsible for
bone tissue regeneration, was proposed previously by our group
(Scheme 1) [40,41]. Authors demonstrated the feasibility of using
graphene-based nanomaterials, G and GO, as functional fillers to
improve the mechanical, surface, and modulate biological properties
[40,41]. However, these results were limited to relatively low concen-
trations of G/GO, and high concentrations of G, respectively. Therefore,
it was not possible to understand the effect of each functional filler
across a large spectrum of concentrations. Additionally, those papers did
not investigate the mechanisms responsible for the decrease in cell
viability for large concentrations of functional fillers, although the po-
tential mechanism (effect of ROS) has been proposed.

To address these limitations, this paper aims to provide a deeper
understanding of the biological effects of functional filler and its cor-
responding mechanism of how G and GO induced ROS affect cell
metabolic activity and osteogenesis differentiation, comparing G and
GO over a wider range of concentrations (from the lowest 1 wt% to the
highest 7 wt%), which was not done in the past studies. Thus, a
comprehensive study was conducted. Different concentrations of G and
GO were incorporated into PCL to fabricate bone tissue engineering
scaffolds through additive manufacturing with accurate control over the
material dose and structure topology. Besides, both human adipose-
derived stem cells (hADSCs) and sarcoma osteogenic (Saos-2) cells are
considered for the investigation of in vitro recurrence prevention stages,
evaluating the correlation between cell viability and ROS release level,
and the targeting effects, according to different material type and dose.
Moreover, hADSCs were also considered for the assessment of in vitro
bone regeneration stages to evaluate the osteogenic differentiation
ability of the scaffolds and the correlation with ROS release level, ac-
cording to different material types and doses. Finally, the critical con-
centration thresholds are identified for inhibiting cancer cells and
promoting bone tissue regeneration, revealing the dose-dependent effect
and material-dependent effect can be correlated to the G and GO
induced ROS.

2. Methods
2.1. Scaffold design and fabrication
PCL pellets (Capa 6500, Perstorp, UK), G nanosheets (Sigma-Aldrich,

UK), and GO nanosheets (Sigma-Aldrich, UK) were used as received
from suppliers. The melt-blending method was used to prepare PCL/G
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and PCL/GO composite materials at desired concentrations (1, 3, 5, and
7 wt%, corresponding to G1, G3, G5, G7, GO1, GO3, GO5, and GO7
respectively). Briefly, PCL pellets and corresponding graphene-based
nanomaterials (G and GO) were weighted at desired concentrations
and heated to 150 °C in a crucible. The mixture was stirred for 30 min to
guarantee evenly dispersion. After 2 h of cooling, the mixed materials
were cut into small pieces for printing. As shown in Fig. 1, scaffolds with
a 0°/90° lay-down pattern architecture, 330 pm fibre diameter, and 350
pm top view and 210 pm side view pore size, were fabricated using 3D
Discovery (regenHU, Switzerland), a screw-assisted material-extrusion
additive manufacturing system, at room temperature and with the
optimal processing parameters previously reported (nozzle diameter of
330 pm, printing temperature of 90 °C, air pressure of 6 bars, deposition
velocity of 13 mm/s, and screw rotational velocity of 8 rpm, and layer
thickness of 270 pm) [40-42]. The geometrical characteristics of the
considered scaffolds were based on previous studies from our group that
investigated the effect of filament diameter, pore size, and porosity on
mechanical and biological properties [42-45]. As reported the consid-
ered values are the ones that allow both high mechanical properties and
cell attachment, proliferation, and differentiation.

All fabricated scaffolds were then morphologically analysed through
scanning electron microscopy (SEM) to compare the obtained geomet-
rical characteristics (e.g. fibre diameter, pore size, and porosity) with the
designed values. The produced scaffolds had the fibre diameter of 335.0
+ 17.9 pm, pore size of 350.0 + 12.3 pm (top view) and 216.3 + 32.4
pm (side view), and porosity of 48.8 %, close to the designed values
(Supplementary Material Fig. S1 and Table S1).

2.2. Cell culture and cell seeding

hADSCs (Invitrogen, USA) (passage 4-6) and Saos-2 cells (ATCC,
USA) (passage 4-6) were considered for in vitro biological studies.
During the culture, seeding, metabolic activity, and ROS release study,
MesenPRO RS Basal medium (Thermo Fisher Scientific, USA) was used
for hADSCs and McCoy’s 5A Medium (Thermo Fisher Scientific, USA)
was used for Saos-2 cells. During osteogenic differentiation and ROS
release evaluation, StemPro Osteogenesis Differentiation Kit (Thermo
Fisher Scientific, USA) was used for hADSCs. The medium was changed
every two days for both cell types in all processes. Before cell seeding,
cells were thawed from liquid nitrogen, cultured with the corresponding
medium, and harvested at approximate 80 % confluence. The scaffolds
were trimmed, sterilized (first 70 % ethanol then Dulbecco’s Phosphate-
Buffered Saline (PBS) (Thermo Fisher Scientific, USA)), air-dried, and
seeded with ~20000 cells (in 400 pl of medium) on each scaffold. The
cell-seeded scaffolds were then cultured under standard conditions
(387 °C, 5 % CO2 concentration, and 95 % humidity) according to the
suppliers’ instructions.

2.3. Cell metabolic activity evaluation

Both hADSCs and Saos-2 cells were considered for cell metabolic
activity. The cell metabolic activity was measured through Alamar Blue
assay using resazurin sodium salt (Sigma-Aldrich, UK) after 1, 3, 7, and
14 days of cell seeding. The fluorescence intensity of the assay is pro-
portional to the amount of metabolically active cells. Each cell-seeded
scaffold was added with 400 pl medium containing 0.001 % resazurin
sodium salt on each day. After 4 h of incubation under standard con-
ditions, 150 pL medium was collected from each well and the fluores-
cence intensity was measured by a CLARIOstar microplate reader (BMG
LABTECH, Germany) at 540 nm excitation and 590 nm emission
wavelength.

2.4. Osteogenic differentiation evaluation

hADSCs were considered for osteogenic differentiations. After 7 days
of proliferation in the basal medium, cells were differentiated in the
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osteogenesis differentiation medium for further 7 days (corresponding
to day 14 in differentiation results) and 14 days (corresponding to day
21 in differentiation results).

The alkaline phosphatase (ALP) enzymatic activity was measured by
the SensoLYTE® pNPP Alkaline Phosphatase assay kit (AnaSpec, USA).
At each time point, scaffolds were washed (first PBS then assay buffer),
transported to 15 ml centrifuge tubes, and added with 0.8 mL assay
buffer containing 0.2 % (v/v%) Triton X-100. Each scaffold was vor-
texed for 1 min, sonicated for 2 min, stored under —80 °C for 15 min, and
thawed at room temperature. Then all scaffolds were centrifuged under
2500 g for 10 min at 4 °C. To measure the activity of protein phospha-
tases, 50 pl supernatants were collected from each well and added with
50 pl p-nitrophenyl phosphate. After incubation for 1 h at room tem-
perature, a stop solution was added to each well and the absorbance was
measured at 405 nm by a CLARIOstar microplate reader. The total
protein concentration was measured by the Micro BCA Protein assay kit
(Thermo Fisher Scientific, USA). Briefly, after centrifugation, 75 pl su-
pernatants were collected from each well and added with 75 pl working
solution. After incubation for 2 h in dark at 37 °C, the plate was cooled to
room temperature and the absorbance was measured at 562 nm by a
CLARIOstar microplate reader. The ALP enzymatic activity was evalu-
ated using a standard curve and normalized to the total protein.

The calcium deposition process was determined using Alizarin Red-S
(ARS, Sigma-Aldrich, UK) staining. At each time point, scaffolds were
washed and immersed in 10 % neutral formaldehyde solution (Sigma-
Aldrich, UK) for 15 min. The scaffolds were rinsed with deionized water,
added with 0.2 % ARS staining dye, and incubated at room temperature
for 40 min. Then scaffolds were rinsed with deionized water, transferred
into 15 mL centrifuge tubes, and added with 0.8 mL 10 % acetic acid.
After standing for 30 min with gentle vibration, the scaffolds were
heated to 85 °C for 10 min and placed on ice for 5 min. After centrifuging
under 2500 g for 15 min, 400 pL supernatants were collected, added
with 150 pL of 10 % ammonium hydroxide, adjusting the pH value to
4.1-4.5, and measured at an absorbance of 405 nm by a CLARIOstar
microplate reader.

2.5. ROS release evaluation

The ROS release was evaluated considering both hADSCs and Saos-2
cells using the DCFDA cellular ROS assay kit (Abcam, UK) after 3, 7, and
14 days of cell seeding during the proliferation period, and after 14 and
21 days of cell seeding during the differentiation period. The medium
was removed at each time point, and the scaffolds were rinsed with PBS
and added with 300 pl DCFDA solution at 10 pM. After 45 min of in-
cubation in dark at 37 °C, the DCFDA solution was removed and added
with DCFDA assay buffer. The fluorescence intensity was measured
using a CLARIOstar microplate reader at 485 nm excitation and 535 nm
emission wavelength. The cell-seeded scaffolds were also imaged using a
Leica SP8 LIGHTNING confocal microscope (Leica, Germany).

2.6. Cell morphology evaluation

Cell morphology was investigated using confocal microscope imag-
ing. Cell-seeded scaffolds were fixed in 10 % neutral formaldehyde so-
lution for 30 min, rinsed with PBS, and added with 0.1 % Triton X-100
(Sigma-Aldrich, UK) for 5 min at room temperature. Then 8 % w/w fetal
bovine serum (Sigma-Aldrich, UK) in PBS was added for 1 h. The scaf-
folds were first stained with Alexa Fluor 594 phalloidin (Thermo Fisher
Scientific, USA) in 1 % FBS solution in dark at room temperature for 40
min and then stained with 4,6-diamidino-2-phenylindole (DAPI,
Thermo Fisher Scientific, USA) in dark at room temperature for 5 min,
according to the suppliers’ instructions. A Leica SP8 LIGHTNING
confocal microscope was used for imaging.

Cell morphology and calcium deposition were also investigated
using scanning electron microscopy (SEM) imaging. Cell-seeded scaf-
folds were fixed in 10 % neutral formaldehyde solution for 30 min and
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Fig. 2. Confocal images of hADSCs (a and c) and Saos-2 (b and d) cells on PCL, G, and GO scaffolds after 7 (a and b) and 14 (c and d) days of cell seeding. (1) PCL,
(2-5) G1, G3, G5, and G7, (6-9) GO1, GO3, GO5, and GO7. Nuclei is stained blue and cell actin is stained red.

dehydrated in ethanol with graded concentrations (50 %, 60 %, 70 %,
80 %, 90 %, and 100 % twice) for 15 min for each concentration. Then
the scaffolds were dehydrated using hexamethyldisilazane (HMDS,
Sigma-Aldrich, UK) and ethanol (1:1) mixture for 15 min, followed by
100 % HMDS and dry overnight. The scaffolds were coated with 5 nm of
gold-palladium (80:20) using a Q150T ES sputter coater (Quorum
Technologies, UK). A TESCAN MIRA3 system (TESCAN, Czech Republic)
was used to image the top surface, cross-section, and close-up view at a
2 kV accelerating voltage. The EDX results were also obtained using the
same system at a 15 kV accelerating voltage.

2.7. Statistical analysis

All experiments were conducted with at least three scientific repeats
(n > 3) and the results are reported as mean + standard deviation. All
results were statistically analysed through one-way ANOVA with Tukey
post-hoc tests using the Origin software (OriginLab, USA) and the sig-
nificance levels were set at * P < 0.05, **P < 0.01, and ***P < 0.001
comparing with PCL, #P < 0.05, ##P < 0.01, and ###P < 0.001
comparing among the same material with different concentrations, & P
< 0.05, && P < 0.01, and &&& P < 0.001 comparing between different
materials with the same concentration.

3. Results

3.1. Cell metabolic activity evaluation and ROS release during
proliferation

Confocal microscope images (Fig. 2) and SEM images (Supplemen-
tary Material Figs. S2 and S3) present the cell morphology on the scaf-
folds, showing that both hADSCs and Saos-2 cells were able to be
sustained by the scaffolds and proliferate on the scaffold, both along the

fibres and bridging between fibres. As shown in Fig. 3, the metabolic
activity measured on day 1 after cell seeding suggested that cells have
been successfully seeded on the scaffolds, and the metabolic activity of
both cells on PCL scaffolds was regarded as the normalisation reference
to compensate for the potential differences during cell seeding and the
response to the assay. Moreover, in comparison to day 1, a significantly
higher metabolic activity of both types of cells was observed on all
scaffolds on day 14, demonstrating significant cell growth and prolif-
eration. However, the increasing trend varies with materials and con-
centrations. In the case of both hADSC and Saos-2 cells, the highest cell
viability was observed on G1 and the lowest on GO7 scaffolds on day 14,
indicating that the cell metabolic activity is material type- and con-
centration-dependent.

Cell metabolic activity was analysed and correlated with the ROS
release to assess the material concentration-dependent effects on
hADSCs and Saos-2 cells. For both cells, results suggest that scaffolds
with higher G and GO concentrations exhibit lower cell metabolic ac-
tivity. The scaffolds with relatively high concentrations (G5, G7, GO5,
and GO7) showed lower metabolic activity, particularly significant at a
later stage on day 14. This could be correlated with ROS accumulation
till day 14. As shown in Fig. 3, similar to the trend observed for cell
metabolic activity, scaffolds with higher filler concentrations (G5, G7,
GO5, and GO7) presented higher ROS levels, corresponding to the lower
cell metabolic activity. This strong correlation between the metabolic
activity and the ROS release level of both cells indicates that the induced
ROS seems to be the reason for the toxicity of G and GO, and this effect is
material concentration dependent.

Besides, the cell metabolic activity was also analysed and correlated
with the ROS release in a material type-dependent manner. As observed
from Fig. 3, both cells present lower cell metabolic activity on GO
scaffolds than on G scaffolds and this is more significant in the case of
hADSC, particularly at a later stage, indicating that GO presented higher



Y. Hou et al. Materials Today Bio 24 (2024) 100886
(a)
> 12
2 o
E ¢ A
2 2 <
)
§ T
9 6 77 ¥ o
g = 500pum
= - % N %
2 e e,
R S
sa ey i &&&&‘fs‘q“‘jﬁ?ﬁ‘i‘f e
U Z A gEk mke
w2 0-
2
- E
e . 4 — _
B as T L e 8 500pm
I =7
M“‘%‘ L sxe % o
L& ff g
=
T
:
4
Day 1 Day 3 Day 7
(b) .
=
Z 64
Q2
©
.2
=
< 44
bt
= l 500um!
= 500w
= 24
g
£
=}
N Z
& 0-
]
< —
2 3
L)
2]
o]
7Z &
e E. g
L s
<
:
Z

Day |

Day 3

Day 7

500pum

Fig. 3. Normalized metabolic activity to PCL scaffolds at day 1 and normalized ROS level to PCL scaffolds at day 1 of hADSCs (a) and Saos-2 cells (b) on PCL, G, and
GO scaffolds after 1, 3, 7, and 14 days of cell seeding. Images of hADSC-seeded (c1-3) and Saos-2 seeded (d1-3) PCL, G7, and GO7 scaffolds stained with DCFDA after
7 days of cell seeding. The intensity of the green fluorescence indicates ROS concentration in the cells.

cell toxicity. This can be correlated with the higher ROS release of GO
than G due to the richer functional groups (e.g. oxygen, hydroxyl, and
carboxyl) of GO.

Moreover, results seem to suggest that Saos-2 is more ROS-sensitive
than hADSCs. At day 3, G scaffolds have similar ROS release levels as
PCL scaffolds without significant differences. hADSCs on G scaffolds
presented statistically higher metabolic activity while this cannot be
observed for Saos-2 cells on G scaffolds. This seems to indicate that
hADSCs have a larger ROS tolerance. Similar results can be observed on
day 14, particularly in the case of GO5 and GO7. Under similar ROS
levels that are significantly higher than PCL, GO5 and GO7 scaffolds
were still able to sustain hADSCs viability like PCL, while Saos-2 cells on
GO5 and GO7 scaffolds presented significantly lower metabolic activity,
suggesting that the increased ROS release level has a greater inhibition
effect on Saos-2 cells than on hADSCs.

3.2. Osteogenic differentiation evaluation and ROS release during
differentiation

As shown in Fig. 4, an increasing trend was observed on both ALP

activity and calcium deposition (ARS absorbance) comparing day 14 and
day 21, suggesting that all scaffolds were able to support hADSC oste-
ogenic differentiation. Cell morphology and calcium deposition on these
scaffolds are presented in Fig. 5.

Results showed that the osteogenic differentiation, including both
ALP activity and calcium deposition, is dependent on the filler concen-
trations. As observed, both ALP/total protein concentrations and ARS
absorbance are proportional to the filler concentrations. However, sta-
tistical differences were not observed at all time points for all scaffolds,
and only relatively high concentrations (G5, G7, GO5, and GO7) showed
statistically high ALP activity and calcium deposition. Higher ROS level
was also observed for scaffolds with higher filler concentration, espe-
cially for G7, GO3, GO5, and GO7 scaffolds and this increase is more
significant at later differentiation stages (day 21).

However, the effect of graphene-based nanomaterial type on osteo-
genic differentiation is less significant than graphene-based nano-
materials concentrations. Despite the minor effect of graphene-based
nanomaterials type on both ALP activity (only GO7 show a significant
difference) and calcium deposition, GO exhibited higher ROS levels
during osteogenic differentiation, particularly for GO3, GO5, and GO7 at
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day 21.
4. Discussion

The addition of G and GO into PCL scaffolds presents significant
impacts on the biological performance of hADSCs and Saos-2 cells,
including the metabolic activity during proliferation and osteogenic
differentiation. As observed, both G and GO scaffolds exhibited
improved hADSCs proliferation and differentiation results than PCL
scaffolds, while GO scaffolds with higher concentrations reduced Saos-2
cell proliferation, suggesting a material and concentration dependence.
Several mechanisms could explain these effects.

The increased surface hardness of G and GO scaffolds contributes to

improving cell proliferation and differentiation [46-48], as a stiffer
surface can stimulate biological responses, influencing cell-surface in-
teractions as well as cell growth, migration, and viability [49-51].
Observed cell proliferation and differentiation results can also be
attributed to the increased surface wettability of G and GO scaffolds [52,
53], improving the adsorption of serum proteins that leads to the higher
density of adhesion molecules available for cell attachment [48,54],
resulting in high cell proliferation and osteogenic differentiation [55,
56]. The increased surface roughness raised by adding G and GO in-
creases the adsorption of proteins and the release of local osteogenic
growth factors [57-59], affecting proliferation, and accelerating osteo-
genesis [48,60,61]. The enhancement, particularly the improved dif-
ferentiation ability, is more significant in the case of rougher and higher
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C, O,

mand Ca

Fig. 5. SEM images of hADSCs on PCL, G, and GO scaffolds at day 14 (a) and day 21 (b) of osteogenic differentiation. (1) PCL, (2-5) G1, G3, G5, and G7, (6-9) GO1,
GO3, GO5, and GO7. EDX result on the top right and red arrows indicate that there is calcium deposition.



Y. Hou et al. Materials Today Bio 24 (2024) 100886
(al) — : (a2) 2,04 N ' (a3) 3.6 S
! mGO5  mGOo3 i
: | |
124 : nGO7 ' ! nGOS5
GO : ' 324
s 0603 } T 184 : e : .o
3 : H : uGOl1 5 ' g
g | 2 : 8,
| |
= -~ A it e e PG ----======m==. 2.8 4 Y - e .
=11 L &G B e ' = WPCH "GOl
8 wGp1 7 8 : g :
= : " = : = ] "7
E ; E ] E24+ !
| |
© I ] ° : c ' G5
~ ! ;3 Z 144 :'(R}S Z ' 8G3
104 ------------- WPCL - ------ mol- ' 3 20 )
! - .04
; | "Gl ' "Gl
T T T . 1 8 T T 1-2 T T T T T T T 1
1.5 2.0 25 3.0 3.5 4.0 4 D 6 7 8 9 10 11
Normalized metabolic activity Normalized metabolic activity Normalized metabolic activity
(b1) H (b2) BGO7 : (b3) GO7 :
| mGos I 1 20 I
1.06 4 ! BWGOS ! =] mGOs |
nGO7 ! :l( i03 '
— : — 112 ] = '
g ) 2} ' g, .
1,044 mGO3 1 o ' 5 84 i
= : @ : % : e
S "GOl | 2 ] 8 ! GO3
= | Brosd TS e g 161 |
5 1024 | g i g re--------- ! T3 IR ——
: . : : T
S S 1 o o 1.4 i
I nG7 i .
Z 0o Z ] z ! #GO1
- 1.04 ' G ; G3
E "Gl ; G 1.2 E
HGl1 I Gl
0.98 ; ; - : ; — ; : . : ; ; —
1.0 1.2 1.4 1.0 1.1 1.2 13 1.4 1.5 1 2 3 4 5 6
Normalized metabolic activity Normalized metabolic activity Normalized metabolic activity
(cl) (c2)
: | "GO7
55,000 - : uGO7 10,0004 | BGOS
i |
| |
i 100,000
50,000 4 i mGOS5 i
- I i I
[ | wGO3 o |
> >
2 i R nGO3
&asoo0 3 | 7
| I
= A B 80,0004 !
; nGO1 i LS
! " ! GOl
40,000 - ! s MO ! .
| i3 70,0004 uG3
\ I
; B e e e
g 1 3l e e e, ———— G
35,000 F——HPCIACE , ; 60,000 +———=7 . . ‘
02 0.3 0.4 0.5 0.4 0.8 1.2 1.6 2.0
ALP/total protein concentration (ng/pg) ALP/total protein concentration (ng/ug)
(dl) (d2)
' i BGO7
1 T wll
550004 =GO 110.000, =GOS
I I
| I
i nGOS 100,000 |
50,0004 ! i
- | — I
B h BGO3 ] I
> >
2 i % 90,000 "GOO3
§ 45000 | § . "G
' 80,000 -{! i
[ uGol . -
| 5 i wGOl
40,0004 ! wGs O ! '
' 70,000 4, G3
| ;3 i
! MPEE —~~ == === === mmmmmm oo
35,000 L PCIBGL oo oo S 60,000 126 , ;
0.10 0.15 0.20 0.25 0.30 0.35
ARS absorbance ARS absorbance

Fig. 6. Correlation between normalized cell metabolic activity of hADSCs (a) and Saos-2 cells (b) with normalized ROS level. (1) Day 3, (2) day 7, and (3) day 14.
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decreased metabolic activity and differentiation with higher ROS levels, which could be the potential material to have negative effects on cell proliferation and

differentiation.
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hydrophilic surfaces [61,62]. Besides, the use of these conductive fillers,
particularly G, improves the conductivity of the scaffolds, transferring
electrical and electromechanical signals to cells [63,64], improving
cell-cell signalling and absorption and deposition of serum proteins, thus
enhancing cell attachment, proliferation, and osteogenic differentiation
in vitro, as well as bone formation in vivo [65-67]. Preliminary
non-biological characterization by the group focusing on the produced
scaffolds, including surface characterization (surface roughness, surface
hardness and reduced modulus, and surface wettability), in vitro
degradation characterization, morphological characterization, thermal
analysis (thermogravimetric analysis and differential scanning calo-
rimetry analysis), and mechanical characterization, also confirmed
these observations [68].

Furthermore, the exposure of cells to G and GO could raise the
intracellular ROS level due to the sharp edges of G and GO and charge
transfer [69,70], consequently affecting cytotoxicity and genotoxicity
[17,70,71]. As shown in this study, GO generates more ROS than
graphene-based nanomaterials with lower oxygen content (G), which is
aligned with other studies [72,73]. The effect of ROS can be highly
relevant to cancer treatment as cancer cells and healthy cells respond
differently to ROS. Healthy cells are usually endowed with a low basal
level of ROS, while cancer cells have higher ROS levels and reducing
equivalents (e.g., NADPH, NADH) due to faster glycolysis (Warburg
effect) and pentose phosphate cycle [35,74-76]. Cancer cells also pre-
sent enhanced antioxidant capacity to avoid ROS-induced cell death [35,
75,761, which is a pathophysiological adaptation of cancer cells
favouring malignancy [77]. The higher innate ROS levels and concom-
itant upregulation of antioxidant defence systems of cancer cells lead to
lower tolerance of increased ROS levels compared to normal cells
[78-80]1, thus making cancer cells more vulnerable to further ROS
production and oxidative stresses [80,81].

To identify the critical concentration of graphene-based nano-
materials for hADSCs and Saos-2 cells and understand the dominant
effect of the mechanism mentioned above, different concentrations of G
and GO were analysed and catalogued at each time point. For cell pro-
liferation, the positive effects are dominant at lower concentrations
(blue groups in Fig. 6a and b, particularly G1) while ROS present more
significant effects at higher concentrations (red groups in Fig. 6a and b,
particularly GO5 and GO7). It is noteworthy that there is a slight
decrease (without significant differences) in Saos-2 cell metabolic ac-
tivity in PCL groups between day 3 and day 7 (b2 and b1), which may be
attributed to the deviation of the experiment (e.g. the presence of air
bubbles on the liquid sample surface during the measurement of fluo-
rescence intensity). Regarding cell differentiation (Fig. 6¢ and d), ROS
seems to have a positive impact, but this requires further investigation to
decouple the effect of materials and cell differentiation.

5. Conclusions

This research investigated 3D-printed PCL scaffolds with different
concentrations (1, 3, 5, and 7 wt%) of G and GO and their effect on cell
proliferation and differentiation of hADSC and Saos-2 cells. The ROS
release level was simultaneously measured to understand how G and GO
affect the biological performance of these scaffolds. Results demon-
strated that the ROS release from these scaffolds is the dominant
mechanism contributing to the inhibition of cell proliferation. Critical
concentration thresholds were also identified for both materials as GO5
and GO7 for bone cancer inhibition, and G1 for bone tissue regeneration.
Findings also indicate that healthy cells and cancer cells respond
differently to the same level of ROS, suggesting that ROS tends to present
a stronger inhibition effect on cancer cells. Additionally, cell metabolic
activities, ALP activity, and calcium deposition are material- and
concentration-dependent. Generally, GO exhibited greater toxicity than
G and the cell toxicity increased with material concentrations. The
improved hADSCs proliferation (at relatively low concentrations) and
differentiation, can be attributed to the improved mechanical and
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surface properties. While the reduced Saos-2 cell proliferation, which is
more significant at relatively high concentrations, can be attributed to
the graphene-based nanomaterial induced ROS. These preliminary re-
sults reveal the mechanism of how scaffolds containing G and GO affect
cell proliferation and osteogenic differentiation. This research also
suggests that polymeric scaffolds incorporating graphene-based nano-
material could be a promising and feasible solution for bone cancer
treatment and post-treatment bone regeneration. Future work will focus
on further evaluating the effects of materials and cell differentiation
using OCN quantification and verifying the mechanism by using
immunofluorescence analysis and flow cytometry and then conducting
whole-body bioluminescent imaging, haematoxylin-eosin staining, and
Masson staining considering rat in vivo animal model. Together with this
information, it will be possible to optimise the scaffold design, and focus
on in vivo validation.
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