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a b s t r a c t

The incorporation of reduced graphene oxide (rGO) nanomaterials into scaffolds structure can be
explored to enhance the properties of these 3D matrices in bone regeneration applications. However, the
weak water solubility and poor colloidal stability of rGO have hindered its incorporation in blends aimed
to produce scaffolds by 3D printing. Furthermore, rGO is generally obtained by treating graphene oxide
(GO) with hydrazine hydrate, which is a highly hazardous reducing agent. To overcome these problems,
herein a novel environmentally-friendly method was developed to assemble 3D printed scaffolds
incorporating rGO. Such was achieved through the in situ reduction mediated by L-Ascorbic acid of the
GO already present on tricalcium phosphate/gelatin/chitosan scaffolds. The scaffolds functionalized with
rGO through the in situ method (TGC_irGO) displayed enhanced wettability and improved mechanical
properties without impairing their porosity when compared to their equivalents functionalized with GO
and non-functionalized scaffolds (TGC_GO and TGC, respectively). Moreover, the TGC_irGO scaffolds
displayed an improved calcium deposition at their surface and an enhanced alkaline phosphatase (ALP)
activity, along 21 days of incubation. Additionally, scaffolds also displayed antimicrobial activity without
compromising osteoblasts’ viability and proliferation. Such features reveal the potential of the TGC_irGO
scaffolds for bone tissue regeneration applications.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Graphene oxide (GO) is a 2D material composed of an oxygen-
ated graphitic lattice [1]. This material has been showing promising
properties for application in widespread biomedical areas such as
drug/gene delivery, biological sensing, imaging and tissue engi-
neering [2e4]. Particularly, the use of GO in bone tissue regenera-
tion applications is very appealing since the incorporation of this
material into scaffolds’ structure can improve their physico-
chemical and mechanical properties [5e7]. Furthermore, scaffolds
functionalized with GO can induce the differentiation of stem cells
to osteoblasts and also improve the biomineralization process,
rendering them a remarkable potential for bone healing applica-
tions [7]. Moreover, the water solubility of GO, arising from its
tigaç~ao em Ciências da Saúde,
, 6200-506, Covilh~a, Portugal.
oxygen-functional groups (hydroxyl, carboxyl and epoxy) [8], al-
lows the preparation of blends containing this nanomaterial with
adequate properties for being processed by 3D printing techniques
[5,9]. This is of paramount importance since 3D printed scaffolds
can display a controlled composition capable of mimicking the
organic/inorganic phases of the native bone as well as an adjustable
architecture to the injured site [5,10]. In this way, scaffolds pro-
duced by 3D printing offer distinctive advantages when compared
to those produced by other techniques such as freeze-drying, phase
separation or gas foaming [11].

Despite of the excellent properties of GO, the reduction of this
material (a process that intends to restore its graphitic lattice by
removing the oxygen-functional groups) can further enhance its
mechanical properties and osteogenic potential [12]. In fact,
Kanayama et al. revealed that collagen scaffolds coated with
reduced graphene oxide (rGO) display a greater compressive
strength, a higher calcium adsorption and a stronger induction of
the alkaline phosphatase activity, when compared to their
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equivalents containing GO [13]. However, the direct incorporation
of rGO in 3D printed scaffolds possesses some challenges. Due to
the physico-chemical changes induced by the reduction process,
rGO usually displays a weak water solubility and a poor colloidal
stability, leading to its rapid aggregation in aqueous solutions [14].
This phenomenon hinders the preparation of rGO-containing
blends with suitable processability for 3D printing. Furthermore,
rGO is generally attained by treating GO with hydrazine hydrate,
which is a highly hazardous reducing agent [15]. To surpass such
drawbacks, developing an environmentally-friendly method that
allows the reduction of the GO already incorporated on 3D printed
scaffolds (in situ reduction) is an appealing strategy to overcome
the safety and aggregation problems associated with the direct
incorporation of rGO. Furthermore, such method should not
compromise the structure of the 3D printed scaffolds as well as
scaffolds’ architecture.

Herein, a blend of tricalcium phosphate/gelatin/chitosan/GO
was used to print the 3D scaffolds, that were subsequently
immersed in L-Ascorbic acid (LAA; Vitamin C) under mild condi-
tions (40 �C for 24 h), to reduce the GO present within the printed
scaffolds (TGC_irGO). LAA was selected as the reducing agent since
it is a natural compound with good biocompatibility [16]. More-
over, tricalcium phosphate (TCP) was used to mimic the inorganic
phase of the bone due to its bioactivity and osteoconductivity.
Gelatin (Gel) and Chitosan (CH) were selected to reproduce bone's
organic phase due to their biocompatibility, bioadhesivity, wetta-
bility and antimicrobial activity [17,18]. In addition, the mild con-
ditions used during the printing and GO reduction processes
assured that the structure of the scaffolds remained intact. The
results revealed that TGC_irGO scaffolds presented an enhanced
wettability andmechanical properties, while their porosity remains
similar to that exhibited by their equivalents functionalized with
GO and non-functionalized scaffolds (TGC_GO and TGC, respec-
tively). Moreover, the TGC_irGO scaffolds displayed an improved
calcium deposition at their surface and were able to augment the
alkaline phosphatase (ALP) activity, along 21 days of incubation.
Additionally, scaffolds also exhibited antimicrobial properties
against S. aureus and E. coli, without compromising the viability and
proliferation of osteoblast cells. Such features highlight the po-
tential of the TGC_irGO scaffolds for bone tissue regeneration
applications.

2. Materials and methods

2.1. Materials

Alizarin Red S, alkaline phosphatase, chitosan medium molec-
ular weight (190 000e310 000 Da; degree of deacetylation:
83.35%± 0.23), Dulbecco's modified Eagle's medium (DMEM-F12),
ethylenediaminetetraacetic acid (EDTA), diethanolamine, gelatin
160 bloom, glutaraldehyde 25% (v/v), LB broth, hydrochloric acid
(HCl), p-Nitrophenylphosphate (pNPP), paraformaldehyde (PFA),
phosphate buffered saline solution (PBS), sodium hydroxide
(NaOH), sodium tripolyphosphate (TPP), Triton X-100 and trypsin
were purchased from Sigma-Aldrich (Sintra, Portugal). Graphene
oxide (GO) was obtained from NanoPoz (Umultowska Poznan,
Wielkopolska). Lysozyme from chicken egg was acquired from Alfa
Aesar (Haverhill, MA, USA). Acetic acid was acquired from Pronalab
(Barcelona, Spain). Normal human osteoblast (hOB; 406-05f) cry-
opreserved cells were bought from Cell Applications, Inc. (San
Diego, USA). Staphylococcus aureus clinical isolate (S. aureus; ATCC
25923) and Escherichia coli DH5a (E. coli) were used to evaluate
antimicrobial properties of scaffolds. Fetal bovine serum was pro-
vided by Biochrom AG (Berlin, Germany). 3-(4,5-dimethylthiazol-
2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium (MTS) was bought from Promega (Madison, WI, USA).
Propidium Iodide buffer was acquired from Life Technologies
(Maryland, USA). Tris base and L-Ascorbic acid (LAA) were obtained
from Fisher Scientific (Porto Salvo, Portugal). Tricalcium phosphate
(TCP) was purchased from Panreac (Barcelona, Spain). Double
deionized and filtered water was obtained using a Milli-Q Advan-
tage A10 ultrapure Water Purification System (0.22 mm filtered;
18.2MU/cm at 25 �C).

2.2. Methods

2.2.1. Production of TGC_irGO scaffolds
TCP and the Gel/CH were combined at an approximate ratio of

80/20 (w/w) to produce the TGC_irGO scaffolds (Fig. 1A). Initially,
the CH (800mg in 15mL of acetic acid solution (1% (v/v)) and Gel
(150mg in 1mL of water at 50 �C) solutions were thoroughly
mixed, by using an X10/25 Ultra-turrax. Afterwards, the TCP
(4800mg) and GO (16mg) were added to the CH/Gel solution.
Then, this solutionwas homogenized for 30min by using an X10/25
Ultra-turrax. Subsequently, the TCP/Gel/CH/GO solutionwas loaded
into a syringe (10 cc Luer Lock) and extruded by a Fab@Home 3D
printer in order to produce the scaffolds (Fig. 1A). After the printing
process, each scaffold (n¼ 9) was treated with LAA (10mM; 6mL)
at 40 �C for 24 h (30 rpm) e in situ green reduction. Subsequently,
the scaffolds were crosslinked through their immersion in a sodium
tripolyphosphate (TPP) solution (10% (w/v)) for 48 h and air-dried
at Room Temperature (RT) overnight, yielding TGC_irGO scaffolds.

For comparative purposes, TGC_GO and TGC scaffolds were also
produced. The TGC_GO scaffolds were produced following the
above described protocol but were not subjected to the in situ
reduction method. In turn, the TGC scaffolds were also produced as
described above but did not incorporate GO andwere not subjected
to the in situ reduction process. The methodologies used for the
characterization of the morphological and physico-chemical
properties of the produced scaffolds are described in the Supple-
mentary Information.

2.2.2. Characterization of the biological properties of the produced
scaffolds
2.2.2.1. Characterization of cell viability and proliferation in the
presence of the produced scaffolds. The cytotoxic profile of the
scaffolds towards normal human osteoblast (hOB) cells was eval-
uated through the MTS assay [5]. In brief, different scaffolds’ for-
mulationswere cut into small pieces, placed into 96-well plates and
then sterilized under UV radiation for 1 h. Subsequently, hOB cells
were seeded in contact with the scaffolds at a density of
10� 103 cells/well. After 1, 3 and 7 days of incubation, the medium
was removed, and cells were incubated with 120 mL of fresh me-
dium containing MTS (20 mL) for 4 h (37 �C, 5% CO2). Then, the
absorbance of the samples was measured at 490 nm, using a
microplate reader (Bio-Rad xMark microplate spectrophotometer).
Cells incubated without the materials were used as the negative
control (K�), while cells incubated with EtOH (70%) were used as
the positive control (Kþ).

2.2.2.2. Characterization of cell adhesion at the surface of the scaf-
folds. Cell adhesion at the surface of the scaffolds was evaluated by
Scanning Electron Microscopy (SEM). In brief, hOB cells were
seeded (40� 103 cells/well) in contact with the scaffolds. After 1, 3
and 7 days of incubation, the samples were washed and fixed with
glutaraldehyde (2.5% (v/v)) for 30min. Then, the samples were
frozen at�80 �C, freeze-dried for 3 h and prepared for SEM analysis
(as described in Section 1.2 of Supplementary Information).

2.2.2.3. Confocal microscopic analysis. The cell distribution within



Fig. 1. Production and characterization of 3D scaffolds. Schematic representation of
experimental setup used to produce the TGC_irGO scaffolds (A); representative
macroscopic images of the different scaffolds produced (side and top views) (B) and
SEM images (at different magnifications) showing the morphology and surface
topography of the produced 3D scaffolds (C). (A colour version of this figure can be
viewed online.)
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the scaffolds was characterized through confocal laser scanning
microscopy (CLSM). In brief, hOB cells (40� 103 cells/well) were
seeded in the presence of scaffolds in m-Slide 8-well Ibidi imaging
plates (Ibidi GmbH, Germany) [18]. After 72 h, the samples were
treated with a permeabilization solution (Triton X-100) and the cell
nucleus was labelled with propidium iodide (PI; 15mM) during
15min at 37 �C. Then, the samples were washed with PBS and fixed
with 4% PFA, for 15min, at RT. Imaging experiments were then
performed in a Zeiss LSM 710 laser scanning confocal microscope
(Carl Zeiss SMT Inc., USA), where consecutive z-stacks were ac-
quired. 3D reconstruction and image analysis were performed in
Zeiss Zen 2010 [19].

2.2.2.4. Alizarin Red S (ARS) staining. The capacity of scaffolds to
promote calcium deposition by hOB cells was evaluated through an
ARS staining method, following a protocol previously optimized by
our group [5]. Briefly, cells were seeded (10� 102 cells/well) in
contact with the scaffolds (n¼ 6) in 6-well plates. After 1, 3, 7, 14
and 21 days of incubation, the samples were fixed with 4% PFA
during 1 h. Afterwards, samples were stained with 1mL of ARS
(40mM, pH¼ 4.2) during 1 h, under gentle shaking. Subsequently,
the samples were washed twice with deionized H2O to remove the
excess of ARS. Then, microscopic images were acquired to visualize
the calcium deposits produced by hOB cells in contact with the
scaffolds.

Then, the ARS adsorbed on scaffolds was quantified by eluting it
with acetic acid (1mL; 10% (v/v)) under shaking for 30min.
Thereupon, the samples were vortexed for 30 s and the liquid phase
was heated at 85 �C for 10min. Afterwards, the samples were
centrifuged at 14 000 g, for 25min and at RT, followed by neutral-
ization of the supernatant (500 mL) with ammonium hydroxide
(200 mL; 10% (v/v)). Finally, the absorbance was determined at
405 nm using a microplate reader (Biorad xMark microplate spec-
trophotometer). The ARS concentrationwas then determined using
a standard curve.

2.2.2.5. Alkaline phosphatase (ALP) activity and dsDNA quantifica-
tion. The ALP activity of hOB cultured in contact with 3D scaffolds
was evaluated as described elsewhere [19]. In brief, hOB cells were
cultured in the presence of the scaffolds during 1, 3, 7, 14 and 21
days (as described in Section 2.2.2.1). Afterwards, samples were
treated with Triton X-100 (1mL) and a cell scraper was used to
remove the cell-scaffolds constructs, which were then transferred
intomicrotubes. Thereafter, the samples were subjected to a freeze-
thaw cycle and sonicated for 15min to promote cells’ lysis. After-
wards, the samples were centrifuged (14 000 g, 15min, at RT) and
the supernatant was collected to quantify the ALP activity and the
dsDNA content.

The ALP activity was determined by incubating the samples’
supernatant (20 mL) with 60 mL of a substrate solution (0.2% p-
Nitrophenylphosphate (pNPP) (w/v) in 1M diethanolamine HCl, at
pH 9.8) for 45min, at 37 �C, in the dark. Subsequently, 80 mL of the
stop solution (NaOH (2M) containing EDTA (0.2mM)) was added.
Then, the production of p-nitrophenol was evaluated by measuring
the absorbance at 405 nm. The ALP activity was determined ac-
cording to the protocol provided by the manufacturer.

The total DNA content was quantified using the Quant-iT Pico-
Green Kit (Invitrogen, Carlsbad, CA) as recommended by the
manufacturer. Briefly, 100 mL of the PicoGreen reagent (1:200
dilution of the PicoGreen reagent in 1X TE Buffer) was incubated
with an equal volume of the cell's lysate for 5min, in the dark.
Afterwards, the fluorescence was measured in a microplate reader
using an excitation and emission wavelengths of 485 and 535 nm,
respectively. Samples' dsDNA content was then determined by
using a standard curve.

2.2.3. Evaluation of the bactericidal activity of the scaffolds
S. aureus and E. coli, gram-positive and gram-negative bacteria,

were used to characterize the antibacterial activity of the scaffolds.
For this purpose, a modified Kirby-Bauer technique was used [10].
In brief, 200 mL of the bacteria medium (at a concentration of
1� 108 CFU/mL) were dispensed onto an agar plate. Circular
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scaffolds (n¼ 3) were then placed on the agar plate and incubated
during 24 h at 37 �C. Afterwards, the inhibitory halos around the
samples were photographed and their diameters were measured
using the ImageJ software. The bacteria growth at the surface of the
scaffolds was also confirmed by SEM analysis (samples were pre-
pared as described in Section 1.2. of the Supplementary
Information).
2.2.4. Statistical analysis
One-way analysis of variance (ANOVA) with the Newman-Keuls

post hoc test was used for the analysis of the obtained results. A p
value lower than 0.05 (p< 0.05) was considered statistically
significant.
3. Results and discussion

3.1. Characterization of the morphology of the scaffolds

The fabrication process used to produce the TGC_irGO scaffolds
is schematically represented in Fig. 1A. First, a homogeneous
mixture of TCP (an inorganic compound), Gel, CH (organic ele-
ments) and GO was deposited layer-by-layer, resulting in the pro-
duction of the 3D scaffolds that mimic the natural bone matrix
composition (20e30% organic, 70e80% inorganic) [10,20]. In this
case, TCP confers mechanical and osteogenic properties to the
scaffolds [21]. On the other hand, Gel and CH provide bioadhesive
and antibacterial properties, respectively [17,18]. Then, the
environmentally-friendly in situ reduction of the GO incorporated
within the scaffolds was performed by immersing the 3D matrices
in a solution containing LAA, for 24 h, at 40 �C. By employing this
novel approach, it was possible to overcome the problems associ-
ated with the inclusion of rGO into 3D printed scaffolds. Further-
more, this temperature and incubation period were selected to
ensure the integrity of the produced scaffolds (CH destabilizes at
temperatures> 40 �C [22]) as well as to grant an appropriate
reduction of the GO. Finally, the obtained materials were cross-
linked and air-dried, yielding TGC_irGO scaffolds. To fully disclose
the possible improved bone healing properties of TGC_irGO scaf-
folds resulting from the presence of rGO, TGC_GO scaffolds (con-
taining GO and not subjected to the in situ reduction) and TGC
scaffolds (without containing GO and without being subjected to a
reduction process) were also prepared.

The suitability of the in situ green reduction of the GO incor-
porated on TGC scaffolds was then analysed. The TGC_irGO scaf-
folds displayed a similar design and shape to that of both TGC_GO
and TGC scaffolds (Fig. 1B). These results indicate that the in situ
green reduction process is not detrimental for the macroscopic
structure of the scaffolds. However, the TGC_GO scaffolds pre-
sented a dark brown colour, due to the original GO solution colour
(Fig. S1C) [5]. Furthermore, the in situ green reduction process
produced a darker TGC_irGO scaffolds (Fig. 1B). Such phenomenon
is attributed to the in situ formation of rGO, which has a dark colour
[23,24]. As a control, the direct reduction of GO with LAA was also
performed (Fig. S1 C). The rGO formed in these conditions aggre-
gated during the reduction process, which did not allow its print-
ability (Fig. S1 C). These results further confirm the suitability of the
in situ green reduction process for attaining 3D printed scaffolds
incorporating rGO.

The surface morphology of the scaffolds was also characterized
through the acquisition of SEM images. The TGC, TGC_GO and
TGC_irGO scaffolds presented a similar architecture, macroporosity
and roughness on their surface (Fig. 1C and Fig. S3), which provide
additional anchorage points for cell attachment and proliferation
[25].
3.2. Characterization of the physico-chemical properties of the
scaffolds

The chemical composition of the produced scaffolds was also
characterized by FTIR analysis. The spectra of the powdered scaf-
folds revealed the characteristic peaks of the chemical bonds pre-
sent on TCP (P]O stretch at 1200 cm�1) and on both Gel and CH
(OeH, CeH, C]O NeH (I) and (II) stretches at 3292, 2871, 1640,
1530 and 3284 cm�1, respectively) (Fig. S2 A). The peaks of the
chemical groups present on GO and rGO overlap those of the other
materials present on TGC_GO and TGC_irGO scaffolds, respectively
(Fig. S1 B and S2 B). Thus, an EDS analysis was also performed to
characterize the scaffolds composition (Table S2). When compared
to the TGC scaffolds, the TGC_GO scaffolds demonstrated a higher
content of carbon and a lower amount of oxygen elements
(Table S2). These results corroborate the presence of GO on the
TGC_GO scaffolds since this nanomaterial has a high C:O ratio of
66:34 (Table S1). Furthermore, the TGC_irGO scaffolds presented
the highest and lowest content of carbon and oxygen, respectively.
These results further confirm the presence of rGO in the TGC_irGO
scaffolds since the former has a C:O of 80:20 (as determined by the
direct reduction of GO with LAA) (Table S1). Moreover, these ob-
servations also validate the reduction capacity of the in situmethod
herein developed. As importantly, TGC_irGO and TGC_GO scaffolds
presented a higher content of phosphorus and calcium when
compared to the TGC scaffolds (Table S2). Such results indicate that
these formulations may display an improved mineralization ca-
pacity. In fact, graphene family materials’ large surface area and
rough surface can promote the adsorption of biomolecules and ions
(like calcium) and, consequently, improve the osteoinductivity and
osteoconductivity of the 3D scaffolds [26,27]. The small content of
sodium detected on scaffolds is related to the use of TPP as the
crosslinking agent (Table S2).

3.3. Characterization of the mechanical properties of the scaffolds

After confirming the successful production of TGC_irGO scaf-
folds, the mechanical properties of this 3D structure were
compared to those of TGC_GO and TGC scaffolds. The mechanical
resistance is of paramount importance for scaffolds to maintain,
replace or improve the bone tissue functions [28,29]. Furthermore,
scaffolds’ mechanical properties are also crucial to avoid problems
like osteopenia due to the use of bone grafts that are stiffer than the
original bones or trigger the occurrence of new fractures due to low
mechanical strength [30].

Therefore, the compressive strength (Cs) and Young modulus
(YM) of the 3D scaffolds were determined through a compression
assay performed at dry and wet states (Fig. 2). In dry conditions,
scaffolds presented high Cs values (Fig. 2A). Furthermore, TGC_irGO
scaffolds presented a higher Cs value than TGC_GO and TGC scaf-
folds. This reinforcement on the mechanical properties of the
TGC_irGO scaffolds can be explained by the presence of rGO on this
material. In fact, the incorporation of rGO on matrices has been
shown to improve their mechanical properties to a greater extent
than GO [13]. Together these results confirm that the in situ green
reduction method used herein can be explored to further improve
the mechanical properties of scaffolds incorporating GO. At the wet
state, the Cs values decreased for all the 3D printed formulations
(Fig. 2A). In this condition, only TGC_irGO scaffolds present Cs
values within the range displayed by the trabecular bone
(2e20MPa) [29].

Furthermore, scaffolds also displayed a higher elasticity (lower
YM values) than that found in the native bone (100e2000MPa;
Fig. 2B). However, the produced scaffolds are designed to act as
templates during the first phases of the bone regeneration,



Fig. 2. Characterization of the Cs (A) and YM (B) of the produced 3D scaffolds under dry and wet conditions (data represent the mean ± standard deviation, n ¼ 5, *p < 0.05,
**p < 0.01 and ***p < 0.001). (A colour version of this figure can be viewed online.)
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suffering biodegradation and replacement by the newly formed
bone matrix. Such features allow scaffolds to confer a temporary
support, accelerate the regeneration process, and improve the
mechanical stability of the fracture site during the mineralization
process [31,32].
3.4. Evaluation of the swelling profile of the 3D scaffolds

Scaffolds swelling capacity is essential for their application in
bone regeneration. The absorption of fluids promotes the expan-
sion of the polymeric matrix, leading to an increase of the scaffolds
pore size, which in turn facilitates cellular internalization and the
diffusion of nutrients and waste along the scaffolds structure.
However, a continuous swelling must be avoided in order to pre-
vent the loss of scaffolds’ mechanical integrity as well as induce
compressive stress to the surrounding tissue, causing pain to the
patient [33].
Fig. 3. Characterization of physico-chemical properties of the produced scaffolds. Characteriz
measuring WCA (B); evaluation of scaffolds total porosity (C); determination of scaffolds we
**p < 0.01 and ***p < 0.001; the groups assigned with n.s. were not statistically significant
The swelling behaviour of the 3D printed scaffolds was then
investigated through their incubation in PBS during 12 h (Fig. 3A).
The three formulations exhibited a similar behaviour, characterized
by an abrupt swelling in the first 2 h, followed by a plateau phase
(Fig. 3A). This behaviour is explained by the presence of hydrophilic
groups (amine and hydroxyl) on the CH and Gel backbones than can
be easily hydrated. Moreover, the swelling of CH involves the pro-
tonation of amine groups and mechanical relaxation of the coiled
CH chains [34]. This swelling behaviour is in agreement with that of
other 3D printed scaffolds prepared using polymeric materials and
TCP reported in the literature [5,35].
3.5. Evaluation of the wettability surface of 3D scaffolds

The scaffolds surface wettability may influence the biological
response of the implanted materials, affecting the protein adsorp-
tion and cell adhesion [36,37]. Scaffolds’ surface wettability can be
ation of scaffolds' swelling profile (A); evaluation of the scaffolds surface wettability by
ight loss over time (D) (data represent the mean ± standard deviation, n ¼ 5, *p < 0.05,
). (A colour version of this figure can be viewed online.)
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assessed through the measurement of water contact angles (WCA)
[38]. In the literature, it is reported that cell adhesion is more fav-
oured on surfaces displaying a moderate hydrophilic character
(40�< WCA< 70�) than on hydrophobic (WCA> 90�) or super hy-
drophilic surfaces (WCA< 20�) [39,40].

The results obtained revealed that TGC scaffolds exhibit a WCA
value of z 20�, demonstrating a super hydrophilic character. Such
value is attributed to the presence of hydrophilic groups on CH and
Gel backbones (Fig. 3B). However, highly hydrophilic surfaces limit
or completely impair cellular attachment and spreading. In fact, cell
adhesion mediating molecules bind weakly to super hydrophilic
surfaces [39,41]. The TGC_GO scaffolds presented a WCA of z 30�,
which can be explained by the presence of GO within the matrix. In
contrast, the TGC_irGO scaffolds displayed a WCA of z 42�, which
is in agreement with the presence of rGO that has a hydrophobic
character. This finding indicates that TGC_irGO scaffolds present a
moderate hydrophilic character, which is considered to be an
optimal WCA for promoting cell adhesion and proliferation.
3.6. Evaluation of scaffolds’ porosity

Scaffolds porosity has a remarkable effect on cells' infiltration,
proliferation and growth. Moreover, the interconnected pores can
facilitate the diffusion of Ca2þ and PO4

3� ions throughout the scaf-
folds, allowing the formation of a hydroxyapatite-like layer that
stimulates osteoblasts’ cellular activity and the deposition of bone
matrix [42].

A liquid displacement method was employed to analyse the
total porosity of the scaffolds (Fig. 3C). The 3D structures displayed
a total porosity of 20e30% (Fig. 3C). Even though the scaffolds total
porosity is not ideal when compared to that presented by the
trabecular bone (50e90%) [43], the ability of 3D structures to
support cells infiltration is not solely dependent on this feature. In
fact, the SEM analysis revealed that scaffolds present a suitable
macroporosity: 1370± 290 mm for TGC scaffolds, 1463± 275 mm for
Fig. 4. Evaluation of the biomineralization at the surface of the produced scaffolds in contact
incubation in SBF solution for 1, 3, 7, 14 and 21 days (A); EDS analysis of calcium’ (B) and ph
can be viewed online.)
TGC_GO scaffolds and 1232± 343 mm for TGC_irGO scaffolds
(Fig. S3). Such values are close to the pore diameter range that is
considered to be optimal for promoting cells' infiltration, new
vessels' ingrowth as well as for promoting an adequate exchange of
nutrients and oxygen [44]. In another work, 3D printed scaffolds
containing GO also displayed a low total porosity (z35%) but were
able to support cells’ infiltration, adhesion and proliferation [5].
Furthermore, it is also worth to stress that highly porous scaffolds
possess a low density and thus may have a lower mechanical
strength [45,46].
3.7. Characterization of enzymatic degradation profile of the
scaffolds

The biodegradation profile of the scaffolds is a crucial factor for
their long-term application in bone regeneration. In this regard,
scaffolds’ degradation must be proportional to the new bone for-
mation rate, without compromising the stability of the construct
nor the integrity of the tissue at the injured site [47].

The degradation profile of the produced scaffolds in PBS con-
taining lysozyme (an enzyme found in human serum) was then
studied (Fig. 3D). Lysozyme mediates the hydrolyzation of the N-
acetyl glucosamine groups of CH [48]. In turn, the macromolecular
chains of the Gel are easily hydrolysed in the presence of water, due
to their hydrophilic character [49]. The TCP suffers degradation
mediated by cells and its products are naturally metabolized during
the resorption bone process [35].

During the first days of incubation, all the scaffolds suffered an
initial weight loss (Fig. 3D), a phenomenon that was slightly more
pronounced for the TGC_irGO scaffolds. Nevertheless, TGC_irGO
scaffolds degradation progressively stabilized to the values
observed for TGC and TGC_GO scaffolds. Moreover, none of the
scaffolds’ formulations lost more than 25% of their initial weight,
over a period of 21 days, indicating their suitability to be applied in
bone regeneration applications.
with SBF. SEM images of the scaffolds surface showing the mineral deposits, after their
osphorous (C) atomic percentages on scaffolds surfaces. (A colour version of this figure



Fig. 5. Characterization of the biological properties of the scaffolds. Evaluation of the
cytotoxic profile of the produced 3D scaffolds through the MTS assays at days 1, 3 and 7
(A). (Kþ) positive control and (K�) negative control were used for dead and viable cells,
respectively (each result is the mean ± standard deviation, n¼ 5; n.s: the groups
assigned with n.s. were not statistically significant); Representative pseudo-coloured
SEM images of hOB cells adhered onto the surface of scaffolds over a period of 1, 3
and 7 days (B). (A colour version of this figure can be viewed online.)
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3.8. In vitro biomineralization assay

The ability of scaffolds’ surface to promote the deposition of
phosphate and calcium ions in the form of hydroxyapatite crystals
(Ca5(PO4)3(OH)) is crucial for bone regeneration [50].

Thus, scaffolds biomineralization capacity was studied over a
period of 21 days in SBF (Fig. 4). For this purpose, the formation of
apatite crystals on the scaffolds surfacewas visualized through SEM
analysis (Fig. 4A). EDS characterization was also performed to
quantify the calcium and phosphate ions on scaffolds surface
(Fig. 4B and C). The results revealed that all scaffolds formulations
promoted the deposition of calcium and phosphate over time.
These results can be justified by the intrinsic ability of TCP to induce
the mineralization at the scaffolds’ surface, increasing their bio-
integration and, hence the bone regeneration process [49,51].

The extensive physico-chemical characterization performed in
this study revealed that the TGC_irGO scaffolds present an
improved wettability and mechanical properties in comparison to
the TGC_GO and TGC scaffolds. Moreover, all scaffold formulations
displayed a suitable porosity and swelling behaviour as well as
adequate rates of minerals’ deposition and degradation profile.

3.9. Characterization of biological properties of the scaffolds

3.9.1. Evaluation of scaffolds’ cytotoxic profile
To characterize the cytotoxic profile of the produced scaffolds

and their degradation products, an MTS assay was performed [29].
For this purpose, scaffolds were placed in contact with hOB cells
since these cells are involved in synthesis of bone tissue ECM and
have an important role in the mineralization process [50].

The results revealed that hOB cells remained viable when in
contact with the scaffolds (Fig. 5A), even after 7 days of incubation.
Furthermore, the optical microscopy images also demonstrated
that hOB cells proliferated and exhibited an elongated and flattened
morphology in contact with the scaffolds (Fig. S4). These results are
in agreement with those previously reported by Serra et al., who
produced 3D spongeswith the same ceramic/polymeric mixture for
being used in bone regeneration [17]. Moreover, TGC_irGO scaffolds
exhibited a similar biocompatibility to that displayed by the TGC
and TGC_GO scaffolds (Fig. 5A). This is of paramount importance
since the direct administration of rGO has a cytotoxic effect on cells,
which can be attributed to the low water solubility of this nano-
material and also to the presence of hydrazine hydrate (a
commonly used reducing agent) [14]. In this way, these results
further confirm the potential of the in situ green reduction method,
developed herein, to produce 3D printed scaffolds incorporating
rGO with improved biocompatibility for bone regeneration
applications.

Furthermore, hOB cells adhesion to scaffolds surface was also
analysed through the acquisition of the SEM images (Fig. 5 B). Cells
adhered and spread at the surface of the produced scaffolds. After 7
days, cells started to present the typical osteoblastic morphology,
showing a smooth arrangement, and established connections be-
tween each other, forming a continuous cell layer. In this regard, the
linear RGD-motifs of Gel may play an important role on cell
adhesion [52]. As importantly, the number of hOB cells adhered on
scaffolds’ surface increased overtime (Fig. 5B), which further em-
phasizes the good biocompatibility of the produced scaffolds.
Together, these results demonstrate that the 3D printed scaffolds
display suitable properties for biological applications.

3.9.2. Confocal laser scanning microscopy (CLSM) analysis
The ability of cells to be internalized into the produced 3D

printed scaffolds was also analysed (Fig. 6). CLSM orthogonal pro-
jections revealed that hOB cells are able to migrate into the
scaffold's interior (Fig. 6DeF). Furthermore, the depth colour cod-
ing images also showed that the hOB cells migrated within the
scaffolds porous network (Fig. 6GeL) up to a depth of 80e140 mm
(coloured in blue), and the majority of the cells remain at a depth of
40e80 mm (coloured in green). In this way, the produced 3D
matrices have suitable properties to allow osteoblasts growth
within their structure. Such is essential to improve cells' growth
and differentiation, leading to an improved deposition of new bone
matrix and, consequently, to bone tissue regeneration [53].
3.9.3. Alizarin Red S (ARS) staining
The ARS staining was performed to evaluate the matrix miner-

alization activity performed by hOB cells incubated with the scaf-
folds [54]. For this purpose, optical microscopic images of the
mineralized matrix produced by hOB cells in contact with the
scaffolds during 1, 3, 7, 14 and 21 days were acquired (Fig. 7A).
Furthermore, the calcium deposits produced by the hOB cells on
scaffolds’ structure were quantified following the ARS assay pro-
tocol (Fig. 7B) [5].

For all the produced scaffolds, the determined ARS concentra-
tion increased along time (Fig. 7B), revealing that the calcium



Fig. 6. CLSM images acquired to characterize cell internalization within the TGC, TGC_GO and TGC_irGO scaffolds. 3D reconstruction images (AeF) and orthogonal projections (GeI)
of the cells in contact with the scaffolds. Depth colour coding CLSM images of the scaffolds are also presented (JeL). (A colour version of this figure can be viewed online.)
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deposition is promoted on scaffolds surface. Particularly, the
TGC_irGO scaffolds presented a higher ARS concentration after 21
days of incubation (z27mg/mL) when compared to TGC_GO
(z23mg/mL) and TGC (z22mg/mL) scaffolds (Fig. 7B). These
values are also superior to those reported in literature for b-TCP/
alginic acid/GO scaffolds (z14mg/mL; 21 days incubation period
[5]) or CH/Gel/b-TCP sponges (z0.6mg/mL; 14 days incubation
period [17]). Such improved calcium deposition mediated by
TGC_irGO scaffolds is in agreement with literature reports where
the same behaviour was observed for matrices incorporating rGO
[55,56]. Kanayama et al. reported that collagen films coated with
rGO displayed a higher calcium adsorption than their equivalents
containing GO [13]. The deposition of calcium at scaffolds’ surface
reflects their osteogenic capacity, which is important for bone tis-
sue regeneration applications [57]. The results herein obtained also
disclosed that the in situ green reduction method can yield 3D
printed scaffolds incorporating rGO with an enhanced biominer-
alization activity.
3.9.4. Determination of the alkaline phosphatase (ALP) activity
ALP is an important early osteogenic and biochemical marker of

osteoblasts’ differentiation [58]. Furthermore, the ALP is involved in
the cleavage of organic phosphate, providing calcium and phos-
phate ions that are essential for the mineralization process of the
bone matrix [59]. For this purpose, the ALP activity of hOB cells in
contact with the 3D scaffolds (normalized to the dsDNA concen-
tration) was measured along time (Fig. 7C).

Overall, hOB cells incubated with TGC_GO and TGC_irGO scaf-
folds presented a higher ALP activity than those incubated with the
TGC scaffolds (Fig. 7C). After 14 days of incubation, cells in contact
with TGC_GO or with TGC_irGO scaffolds displayed a 1.6 and 1.9-
fold higher ALP activity, respectively, than those in contact with
TGC scaffolds (Fig. 7C). These results are also in agreement with the
ARS assays, in which the TGC_irGO scaffolds exhibited an improved
calcium deposition. In fact, Ca2þ can stimulate ALP activity and
matrix mineralization [60].
3.9.5. Evaluation of the bactericidal activity of the scaffolds
Bone implants failures are prompted by bacterial infections

caused bymicroorganisms, that induce the formation of biofilms on
the surface of the implants. These biofilms can compromise the
successful application and function of these devices. Moreover,
bacterial infections lead to prolonged hospitalization periods,
increased costs, and in extreme cases, patient death [61].

Therefore, the antibacterial activity of the produced scaffolds
against S. aureus and E. coli was screened through an agar diffusion
method. The 3D printed scaffolds were able to inhibit the S. aureus
and E. coli growth (Fig. 8 and Fig. S5). Moreover, the SEM analysis



Fig. 7. Characterization of the osteogenic properties of the produced scaffolds. Optical
microscopy images of hOB cells stained with Alizarin Red S after 1, 3, 7, 14 and 21 days
of incubation with TGC, TGC_GO and TGC_irGO scaffolds (A); Determination of the
Alizarin Red concentration (B) and ALP activity (C) of hOB cells cultured in the presence
of the 3D scaffolds after 1, 3, 7, 14 and 21 days of incubation (each result is the
mean ± standard deviation, n ¼ 6, *p < 0.05, **p < 0.01 and ****p < 0.0001; the groups
not signed with * were not statistically significant). (A colour version of this figure can
be viewed online.)

Fig. 8. Characterization of the antimicrobial activity of the produced scaffolds. SEM
images of scaffolds surface after being in contact with S. aureus and E. coli (A); Analysis
of the inhibition area obtained for scaffolds in contact with S. aureus and E. coli strains
(B) (each result is presented in percentage and is the mean ± standard deviation, n¼ 3;
the groups assigned with n.s. were not statistically significant). (A colour version of this
figure can be viewed online.)
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also revealed that no biofilm formation occurred at the scaffolds
surface when they are incubated with either of the two microor-
ganisms (Fig. 8A). In contrast, biofilm formation was noticed in the
control samples, where bacteria were seeded in contact with agar
plate (without the scaffolds) (Fig. S6). Such results can be explained
by the presence of the CH in all scaffolds’ formulations, which is
widely described in the literature as a polymer with antibacterial
activity [17,18,35]. CH can disturb the bacterial growth through the
interaction of its positively charged amine groups with the elec-
tronegative residues present at bacterial cell wall surface, which
increase cell wall permeability and, subsequently, the leakage of
intracellular constituents, leading to dissipation of ionic gradients
within the bacteria. Furthermore, CH can also form a barrier on the
surface of the bacteria, preventing nutrients from entering into the
bacteria [62].

Scaffolds displayed a more pronounced antibacterial activity
against S. aureus (Fig. 8B and Fig. S5). The differential inhibitory
activity of the CH present on scaffolds towards S.aureus and E.coli is
likely to occur due to the high complexity and thickness of the
Gram-negative bacteria (E. coli) cell wall. The presence of an outer
membrane in the Gram-negative bacteria provides a barrier against
polymeric macromolecules, hindering the diffusion of CH [63].
4. Conclusions

In this work, a novel method was developed to perform the in
situ green-reduction of the GO incorporated on 3D printed scaf-
folds. The results revealed that TGC_irGO scaffolds retain their
initial structure upon reduction. Furthermore, TGC_irGO scaffolds
presented an enhanced wettability and mechanical properties,
without impairing their porosity, when compared to their equiva-
lents functionalized with GO (TGC_GO) and non-functionalized
scaffolds (TGC). Moreover, the TGC_irGO scaffolds displayed an
improved calcium deposition at their surface and were able to
augment the ALP activity, along 21 days of incubation. Additionally,
scaffolds also exhibited antimicrobial properties against S. aureus
and E. coli, without compromising the viability and proliferation of
osteoblasts. Overall, these results reveal the improved potential of
TGC_irGO scaffolds for bone repair and validate the developed in
situ green reduction protocol. In a near future, complementary as-
says (e.g. determination of osteopontin, osteocalcin and BMP-2
expression) may be performed to evaluate the osteoinductive and
osteoconductive potential of the TGC_irGO scaffolds. Furthermore,
in vivo assays may be pursued in order to fully depict the potential
of the scaffolds for bone regeneration (e.g. bone matrix production
and mineralization). Additionally, the incorporation of bioactive
molecules (e.g. growth factors and bone morphogenic proteins) in
TGC_irGO scaffolds and the use of more advanced 3D printing
techniques can be hypothesized to further improve the bone
healing process and to assemble 3D structures with a higher res-
olution, respectively.
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