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Graphene derivatives combined with polymers have attracted enormous attention for bone tissue engin-

eering applications. Among others, reduced graphene oxide (rGO) is one of the preferred graphene-

based fillers for the preparation of composites via melt compounding, and their further processing into

3D scaffolds, due to its established large-scale production method, thermal stability, and electrical con-

ductivity. In this study, rGO (low bulk density 10 g L−1) was compacted by densification using a solvent

(either acetone or water) prior to melt compounding, to simplify its handling and dosing into a twin-

screw extrusion system. The effects of rGO bulk density (medium and high), densification solvent, and

rGO concentration (3, 10 and 15% in weight) on rGO dispersion within the composite, electrical conduc-

tivity, printability and cell–material interactions were studied. High bulk density rGO (90 g L−1) occupied a

low volume fraction within polymer composites, offering poor electrical properties but a reproducible

printability up to 15 wt% rGO. On the other hand, the volume fraction within the composites of medium

bulk density rGO (50 g L−1) was higher for a given concentration, enhancing rGO particle interactions and

leading to enhanced electrical conductivity, but compromising the printability window. For a given bulk

density (50 g L−1), rGO densified in water was more compacted and offered poorer dispersability within

the polymer than rGO densified in acetone, and resulted in scaffolds with poor layer bonding or even lack

of printability at high rGO percentages. A balance in printability and electrical properties was obtained for

composites with medium bulk density achieved with rGO densified in acetone. Here, increasing rGO con-

centration led to more hydrophilic composites with a noticeable increase in protein adsorption.

Moreover, scaffolds prepared with such composites presented antimicrobial properties even at low rGO

contents (3 wt%). In addition, the viability and proliferation of human mesenchymal stromal cells (hMSCs)

were maintained on scaffolds with up to 15% rGO and with enhanced osteogenic differentiation on 3%

rGO scaffolds.

1. Introduction

Since the isolation of graphene, graphene based materials
have been thoroughly exploited for various biomedical appli-
cations, and in particular for bone tissue engineering, due to
their excellent mechanical, chemical and electrical properties,
as well as to their unique ability of directing stem cell
differentiation.1–3 Pristine graphene is a one atom thick, hex-
agonal lattice structure of sp2 hybridized carbon atoms, which
confer all the aforementioned properties.4–6 Due to high syn-
thesis costs and small scale production of graphene through
bottom-up processes, such as chemical vapor deposition,7 or
by direct exfoliation of graphite, such as micromechanical
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cleavage or direct sonication,8 currently the most promising
method for large scale production of graphene-like materials
relies on graphene oxide (GO) as the starting material.9 GO can
be easily mass-produced by oxidation of graphite through well-
established methods and used as-prepared or after exfoliation
into graphene-like sheets.9 In addition, GO possesses oxygen
containing functional groups disrupting each carbon plane,
including epoxy, carbonyl, ketone and hydroxyl groups, which
allows for good water and polymer dispersability and offers the
possibility of functionalization with biomolecules to tune its
bioactivity, unlike graphene sheets directly obtained from
graphite.10 However, GO is electrically insulating and ther-
mally unstable, requiring at least partial reduction to restore
these properties when required for the final application. GO
can be reduced by different chemical and thermal procedures,
leading to exfoliated wrinkled reduced graphene oxide (rGO)
sheets, similar to pristine graphene, but with some oxygen
defects and holes on the carbon skeleton.11

In recent years, graphene, GO and rGO have been used as
fillers in both natural and synthetic polymer nanocomposites
to improve their physicochemical properties for bone tissue
engineering applications. Among different types of such com-
posites, including electrospun fibers,12,13 hydrogels,14,15 or
additive manufactured (AM) scaffolds,16–19 the latter are
superior when aiming towards load bearing applications, as
they provide higher mechanical properties. Compared to other
AM methods, melt extrusion AM (ME-AM) is considered a cost
effective and established technique within the tissue engineer-
ing field, which enables the processing of a wide range of bio-
compatible and biodegradable thermoplastic materials, and
provides full control of the internal pore architecture of the
scaffolds. Accordingly, three main routes have been explored
for the production of graphene derivative–polymer composites
to be used by ME-AM: solution blending, melt blending, and
in situ polymerization.20 While solvent blending is a simple
path to obtain a good filler dispersion, it generally requires the
use of expensive and non-environmentally friendly organic sol-
vents, which can potentially stay as residues within the compo-
site matrix.21 In situ polymerization has shown to offer even a
higher level of dispersion due to monomer intercalation
between filler layers, followed by polymerization. However, this
process can also require the use of solvents and is limited to
specific polymer types.22 In spite of not providing the same
level of filler dispersion as the aforementioned techniques,
melt blending by twin screw compounding holds the most
promise for large-scale composite fabrication, due to its lower
cost, green production and industrial applicability.23,24

However, some reports have described the formation of air
pockets within extruded polymer composite filaments contain-
ing GO at high concentrations, due to its thermal instability
and in situ thermal reduction at the extruding temperature.25

rGO has also offered some challenges when used as a filler,
despite its thermal stability. This is due to its very low bulk
density and volatility after volume expansion upon thermal
reduction, which impedes its free-flowability into melt com-
pounders and can lead to nanoparticle intake by inhalation

during handling.26 To overcome this, rGO compaction or den-
sification by dispersion in a solvent and drying,24 pre-coating
with polymer particles in solution,27 and the preparation of a
highly concentrated masterbatch by solvent blending, prior to
melt blending, have been considered.28 Yet, the attention from
rGO as the filler for ME-AM scaffolds for bone tissue engineer-
ing applications has been deviated and, to the best of our
knowledge, the vast majority of previous studies have focused
only on graphene and GO fillers for this application, despite
pristine graphene’s low yield production and GO’s poor
thermal stability and lack of electrical conductivity.17,29–31

Here, we prepared densified rGO and studied, for the first
time, the effect of rGO densification on its dispersion within
melt blended rGO–poly(ethylene oxide terephthalate)/poly(buty-
lene terephthalate) (PEOT/PBT) composites, at various rGO con-
centrations. While most of the previously reported graphene
based ME-AM scaffolds contain only up to 3 wt% filler content,
and very rarely up to 10 wt%, in this study we investigated the
feasibility of preparing composites with up to 15 wt% rGO and
evaluated their conductivity and printability as a function of
rGO compaction and concentration. Moreover, the effect of rGO
concentration on the material physicochemical properties, in
terms of hydrophilicity, protein adsorption, and antimicrobial
properties, was assessed. To evaluate its application for bone
tissue engineering, we further assessed human mesenchymal
stromal cell (hMSC) adhesion, proliferation and osteogenic
differentiation on the prepared 3D ME-AM scaffolds.

2. Materials and methods
2.1. rGO synthesis and characterization

GO was synthesized by Abalonix AS according to a proprietary
in-house GO manufacturing method and thermally reduced to
obtain partially reduced rGO. During the reduction process,
GO was introduced for few seconds into a tubular oven at
600 °C. However, due to cold air flowing through the oven
chamber, the real temperature that the material experiences
was estimated to be ∼300 °C. Three different rGO batches were
produced following the same protocol. Densified/compacted
(the two terms will be used interchangeably) forms of these
rGOs (hereafter referred to as d-rGO) were produced by dis-
persion into a solvent and subsequent drying. rGO was dis-
persed in acetone at 50 mg ml−1 and dried at room tempera-
ture to obtain d-rGO-B, with a bulk density of ∼50 g L−1. To
obtain d-rGO-A, rGO was dispersed in water at 50 mg ml−1 and
dried at 100 °C. The water dispersion and drying process was
carried out two times to obtain d-rGO-C with a bulk density of
∼90 g L−1. Overall, three different d-rGO materials were
obtained: d-rGO-A (densified in water, bulk density 50 g L−1),
d-rGO-B (densified in acetone, bulk density 50 g L−1) and
d-rGO-C (densified in water, bulk density 90 g L−1).

In order to evaluate the atomic composition of each d-rGO
material, X-ray photoelectron spectroscopy (XPS, K-Alpha –

Thermo Scientific, US) was used. Moreover, X-ray diffraction
(XRD, D8 Advanced, Brukers, Germany) was employed to inves-
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tigate the different rGO batches’ crystallinity and their layered
structure. In addition, SEM was carried out to characterize the
microstructure of the different d-rGO materials.

2.2. Composite production and characterization

d-rGO–polymer composites were obtained by compounding
individually the various d-rGO materials (d-rGO-A, d-rGO-B
and d-rGO-C) with PEOT/PBT (300PEOT55PBT45, pellet form,
PEO Mw 300 kDa, PEOT : PBT weight ratio = 55 : 45, intrinsic
viscosity 0.51 dl g−1, Polyvation, The Netherlands). Production
was carried out in a lab scale co-rotating twin-screw extruder
installed in Nadir S.r.l., consisting of a screw profile with 8
zones, 3 interposed kneading sections, and a screw dimension
of 11 mm diameter and 40 length-to-diameter ratio. PEOT/PBT
pellets and d-rGO powder were fed at different concentrations
(3, 10, 15 wt%) into the main hopper with a volumetric feeder.
The screw rotation speed was fixed at 80 rpm, while the barrel
temperature was set at 140 °C for the first zone and
145–150 °C for the following zones. The resulting composite
wires were taken at the die exit, solidified in air and pelletized
in a pelletizer machine. These will be referred to as “X%
d-rGO-Y” pellets or composites, where “X” refers to the rGO
concentration in wt% (3, 10, 15) and “Y” refers to the d-rGO
batch (A, B, or C).

TGA measurements of the d-rGO batches and composites
were carried out in a vertical thermo-balance, TGA Discovery
55 analyser (Water-TA Instruments). About 11 mg samples
were kept under a nitrogen atmosphere (99 999% N2) with a
flow rate of 90 ml min−1 and using a temperature heating rate
of 10 °C min−1 up to 900 °C. Residual weight percentages at
550 °C extracted from the TGA curves were used to calculate
the experimental rGO loading of each composite. The 550 °C
temperature was selected from the separate rGO and polymer
only TGA, as the temperature where most of the polymer was
burnt off and most of the rGO was still left.

To analyze potential aggregation of d-rGO after the com-
pounding process, pellets of each material were dissolved in
chloroform. After mechanical stirring, a sample of each solu-
tion was dispensed on a scanning electron microscopy (SEM)
sample holder, dried at room temperature, and imaged using
a SEM (XL-30) operating at a beam voltage of 15 kV and a spot
size of 3. Particle size distribution was assessed using the
image analysis software ImageJ.

2.3. Scaffold fabrication and characterization

Scaffolds were fabricated via ME-AM. The platform consisted
of a custom-made printhead, with separate heating sources for
the cartridge (polymer reservoir) and extrusion screw,
mounted on a three-axis stage (Bioscaffolder, Gesim).32 Briefly,
the cartridge was filled with the pellets of the composite
material to be printed, and scaffolds with a 0–90 architecture,
250 µm fiber diameter, 200 µm layer thickness and 750 µm
strand distance (center to center) were fabricated according to
parameters in Table 1. Cylindrical scaffolds of 4 mm diameter
and 4 mm height were punched out from 15 × 15 × 4 mm3

manufactured blocks using a biopsy punch and used for
further experiments.

Scaffold morphology and porosity were assessed using a
stereomicroscope (Nikon SMZ25). Scaffold surface roughness
was examined using a SEM, operating at 10 kV, and a spot size
of 3. The electrical conductivity of extruded filaments (length
6 cm, diameter 340 µm and 800 µm) of each material was
measured using a digital multimeter (maximum measurable
resistance: 2000 MΩ). To do this, filaments with a known dia-
meter and length were connected to the multimeter electrodes
with conductive silver paste (Chemtronics Silver Conductive
Adhesive Epoxy) to ensure good contact. The volume electrical
conductivity (σ) formula was calculated using eqn (1).

σ ¼ l
R � A ð1Þ

where l is the filament length (6 cm), R is the electrical resis-
tance and A is the filament cross sectional area (diameter
340 µm and 850 µm).

Cell studies and antimicrobial analysis were performed only
on the d-rGO-B scaffolds due to their superior combined pro-
perties for the final application, in terms of processability and
electrical conductivity, compared to the d-rGO-A and d-rGO-C
composites.

2.4. Film preparation and characterization

2D films were prepared from around 60 milligrams of (3, 10,
15)% rGO-B pellets and PEOT/PBT pellets, which were molten
at 190–210 °C and pressed with a coverslip against a Teflon
sheet to obtain 14 mm diameter, ∼300 µm thickness films.
The static contact angle was measured on these films using
the sessile drop method. To do this, a 4 µl water droplet was

Table 1 Fabrication parameters of d-rGO–polymer composite scaffolds

Scaffold T reservoir (° C) T screw (° C) Pressure cartridge (bar) Screw rotation speed (rpm) Translation speed (mm s−1)

3% d-rGO-A 195 200 8 60 15
10% d-rGO-A 220 220 8 60 15–20
15% d-rGO-A Not extrudable
3% d-rGO-B 195 200 8 60 15
10% d-rGO-B 200 210 8 40 15–20
15% d-rGO-B 200 210 8 60 15–20
3% d-rGO-C 200 205 8 60 15
10% d-rGO-C 200 205 8 60 15
15% d-rGO-C 200 210 8 60 15–20
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placed on top of the films using an automatic syringe dispen-
ser (Krüss DSA25S). 20 seconds after droplet formation, the
contact angle was calculated automatically with the device’s
software using the Laplace–Young curve fitting.

Protein adsorption to the films was analyzed by incubation
in a bovine serum albumin–FITC protein solution (1 mg ml−1,
Sigma Aldrich) overnight at 37 °C. After washing in PBS, films
were blotted in an adsorbent paper and incubated for 2 h at
RT in a 1% SDS solution. Supernatant fluorescence was
measured at excitation/emission = 495 nm/519 nm. Cell
studies and antimicrobial analysis were performed only on the
d-rGO-B films, due to their superior combined properties for
the final application, in terms of processability and electrical
conductivity, compared to the d-rGO-A and d-rGO-C
composites.

2.5. Antibacterial activity

The antibacterial activity of (3, 10, 15)% d-rGO-B scaffolds and
films against P. aeruginosa (CECT 116) and S. epidermidis
(CECT 231) was evaluated by means of the flask shake test
method. Briefly, scaffolds were immersed in concentrated bac-
terial suspensions (106 CFU L−1) in nutrient broth (1 : 500) for
24 h at 37 °C. After incubation, the number of viable bacteria
present in the suspensions was measured by placing aliquots
of the suspensions in sterile Petri dishes with molten nutrient
agar per triplicate and swirled gently. The Petri dishes were
incubated at 37 °C for 24 h, after which the colonies present
on the plates were counted. Values are reported as the log base
10 reduction (R), calculated as the difference in the log base 10
of the viable cell counts found on a suspension that has not
been in contact with the scaffolds and the counts on a suspen-
sion that has been in contact with the scaffolds.

In addition, the antibacterial activity of (3, 10, 15)%
d-rGO-B scaffolds was evaluated by means of the agar disk-
diffusion method. For that, scaffolds were incubated for 3 days
in 1 ml PBS. Mueller-Hinton agar plates were spread with a
standardized inoculum of P. aeruginosa and S. epidermidis. At
each timepoint (24 h, 48 h, 72 h), 20 µl of each of the
scaffolds’ supernatant was collected and used to impregnate
commercial paper discs, which were subsequently placed on
the agar surface. The agar plates were incubated at 37 °C for
18–24 hours. After incubation, zones of growth inhibition
(ZOI) around each of the discs (including disc diameter) were
measured to the nearest millimeter. For reporting, the disc
diameter was subtracted.

2.6. Cell seeding and culture

HMSCs isolated from bone marrow were purchased from Texas
A&M Health Science Center, College of Medicine, Institute for
Regenerative Medicine (Donor d8011L, female, age 22).
Cryopreserved vials at passage 3 or 4 were plated at a density of
1000 cells per cm2 in tissue culture flasks and expanded until
approximately 80% confluency in complete medium (CM). CM
was composed of αMEM with Glutamax and no nucleosides
(Gibco) supplemented with 10% fetal bovine serum (FBS),

without penicillin–streptomycin (PenStrep) at 37 °C and 5%
CO2.

2.6.1. Cell seeding on 2D films. PEOT/PBT and (3, 10, 15)%
d-rGO-B films were disinfected in 70% ethanol for 20 min,
washed 3 times with PBS, and fixed on the bottom of well-
plates with the help of biocompatible O-rings (Eriks,
10023241). Prior to cell seeding, films were incubated in CM
for 2 h at 37 °C and 5% CO2 for protein adhesion. Trypsinized
hMSCs were re-suspended in fresh media and seeded at 2500
cells per film. HMSCs were cultured on films for 7 days, and
media were replaced every 2 or 3 days.

2.6.2. Cell seeding on scaffolds. For cell attachment experi-
ments, PEOT/PBT and (3, 10, 15)% d-rGO-B scaffolds were dis-
infected in 70% ethanol and incubated in CM for 2 h at 37 °C
and 5% CO2 to allow protein attachment. Subsequently,
scaffolds were blotted on top of a sterile filter paper and
placed in the wells of a non-treated well plate. Trypsinized
hMSCs were resuspended in a dextran solution (500 kDa,
Farmacosmos) (10 wt% dextran in CM), to achieve uniform
cell distribution,33 and were seeded at a density of 2 × 105 cells
with 37 µl of CM per scaffold. After 4 h incubation for cell
attachment, scaffolds were transferred to new wells containing
1.5 ml of basic medium (BM) (CM supplemented with 200 μM
L-ascorbic acid 2-phosphate). BM were replaced after 24 h and
every 2 or 3 days from then on. Scaffolds were cultured for 7
days. For osteogenic differentiation experiments, PEOT/PBT
and 3%d-rGO-B scaffolds were seeded as mentioned before,
and cultured for 7 days in BM, after which scaffolds were
further cultured either in BM or in mineralization medium
(MM), consisting of BM supplemented with dexamethasone
(10 nM) (Sigma-Aldrich) and β-glycerophosphate (10 mM)
(Sigma-Aldrich) for another 28 days.

2.6.3. Cell imaging on films and scaffolds. Films and
scaffolds seeded and cultured with cells were fixed in 4% par-
aformaldehyde and incubated for 30 min in Triton-X 100 (0.1
v%). Then, the cell cytoskeleton and nuclei were stained with
488 Alexa Fluor Phalloidin (Thermo Fisher Scientific, 1 : 75
dilution in PBS, 1 h at RT) and DAPI (0.1 µg ml−1 in PBS,
15 min), respectively.

2.6.4. Biochemical assays
2.6.4.1. Alkaline phosphatase (ALP) activity. To measure ALP

activity, scaffolds were collected after 14 and 35 days of
culture, freeze–thawed 3 times and incubated for 1 h at RT in a
cell lysis buffer composed of KH2PO (0.1 M), K2HPO4 (0.1 M),
and Triton X-100 (0.1 v%), at pH 7.8. The chemiluminescent
substrate for alkaline phosphatase CDP star® ready to use
reagent (Roche) was added to the cell lysate at a 1 : 4 ratio, and
luminescence was measured using a spectrophotometer.
Remaining cell lysates were kept for DNA quantification. ALP
values were reported normalized to DNA content.

2.6.4.2. DNA assay. DNA assay was performed on cells cul-
tured on films and scaffolds using a CyQUANT cell prolifer-
ation assay kit (Thermo Fisher Scientific). Lysed scaffolds after
ALP assay and frozen films after collection were incubated
overnight at 56 °C in Proteinase K solution (1 mg ml−1

Proteinase K (Sigma-Aldrich) in Tris/EDTA buffer) for matrix
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degradation and cell lysis. After three freeze-thawing cycles,
samples were incubated for 1 h at RT with a 20× diluted lysis
buffer from the kit containing RNase A (1 : 500) to degrade cel-
lular RNA. Subsequently, the fluorescent dye provided by the
kit (1 : 1) was added and fluorescence was measured after
15 min incubation (emission/excitation = 520/480 nm). DNA
concentrations were calculated from a DNA standard curve.

2.6.5. Alizarin red staining and quantification. Calcium
deposits on scaffolds cultured for 35 days in BM and MM were
stained by alizarin red S (ARS) (60 mM, pH 4.1–4.3, 20 min
incubation at RT) and visualized using a stereomicroscope
(Nikon SMZ25). After imaging, ARS was extracted and quanti-
fied. To do this, scaffolds were incubated for 1 h at RT with 30
v% acetic acid, followed by 10 min incubation at 85 °C. After a
centrifugation step at 20 000 rcf for 10 min, ammonium
hydroxide (5 M) was added to the supernatants to bring the
pH to 4.2. The absorbance was measured at 405 nm using a
spectrophotometer. The concentration of ARS was calculated
from an alizarin red standard curve and the values were nor-
malized to DNA content.

3. Results and discussion
3.1. Effect of densification on the resulting d-rGO properties

One of the most attractive methods for dispersing fillers into
polymers, in terms of costs, scalability and green production,
is melt compounding.34 Due to the low scale separation of

exfoliated graphene sheets from bulk graphite, and the low
thermal stability of GO, the use of rGO within melt blended
polymer–graphene derivative composites is preferred.35

However, the low bulk density of rGO makes its feeding into
compounders very difficult. This low bulk density originates
from the exfoliation and volume expansion of GO caused by
the CO2 formed upon the decomposition of oxygen-containing
functional groups during the high temperature thermal
reduction process.24,26,28 For this reason, prior to compound-
ing with PEOT/PBT, the as-produced very low bulk density rGO
(10 g L−1) was densified (d-rGO) to ease its handling and
dosing into the twin-screw compounding system, as well as to
reduce the nanoparticles’ inhalation hazard. In order to inves-
tigate the effect of different densification parameters (i.e. den-
sification solvent and final rGO bulk density) on the resulting
d-rGO properties, as well as on the compounding and printing
processes, two different densification solvents, acetone and
water, were used. Previous literature suggests the applicability
of these solvents as the densification medium.24,36,37 Here,
three d-rGO materials were obtained after dispersion in either
of these two solvents (Fig. 1): (i) d-rGO-A: densified in water,
bulk density 50 g L−1 (ρmedium), (ii) d-rGO-B: densified in
acetone, bulk density 50 g L−1 (ρmedium), and (iii) d-rGO-C: den-
sified in water, bulk density 90 g L−1 (ρhigh).

Since each of the d-rGO came from a different rGO source,
their elemental composition was analysed to confirm equal
C/O ratios and to allow for subsequent comparisons.
According to the XPS analysis in Table S1,† all d-rGO materials

Fig. 1 Schematic of the polymer-rGO composite scaffold fabrication route. The low bulk density as-prepared rGO was densified (d-rGO), and three
different d-rGO types were obtained: d-rGO-A (densified in acetone, medium bulk density), d-rGO-B (densified in water, medium bulk density) and
d-rGO-C (densified in water, high bulk density). Each of the d-rGO samples was melt blended via twin screw extrusion with PEOT/PBT to obtain
composites at three different d-rGO concentrations (3, 10 and 15 wt%). Each of the composites was used to fabricate scaffolds via melt extrusion
AM.
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were partially reduced, due to the presence of oxygen in their
composition. The C/O ratios were maintained between 5 and 6
in all rGO batches, verifying a consistent reduction degree
among batches. Moreover, all batches presented traces of N,
Al, Si, S, Cl or Fe lower than 1 atomic%. Impurities of sulfur
and nitrogen were likely to be due to the covalently bonded
sulfates and nitrates during the Hummers’ method to produce
GO.38,39 Metallic contaminations are thought to derive from
the starting graphitic material itself or the synthesis
process.40,41 The XRD patterns also showed no differences in
the crystalline structure among the different d-rGO samples
(Fig. S1†). All diffractograms showed a (002) diffraction peak at
24°, corresponding to rGO materials with an interlayer dis-
tance of 0.37 nm, and a (100) peak at ∼42°.38,42 Upon calcu-
lation of the full width at half maximum (FWHM) of the (002)
peaks, the same crystallite size among the different d-rGO
samples was confirmed (Fig. S1B†). The low intensity and
broadness of this peak revealed the amorphous structure and
the short-range order of the d-rGO samples.43,44 Other peaks at
∼28–33°, which correspond to crystalline mineral impurities,
also appeared in some of the diffractograms.45 In addition to
these, some spectra showed low intensity sharp peaks at
∼26.5°, which correspond to traces of unoxidized graphite.
Overall, all d-rGO samples display similar XRD diffractograms,
suggesting that the densification step did not have an impact
on the reduction degree, nanocrystalline structure or crystallite
size of the samples. However, it is believed that the high poro-
sity of as-prepared rGO created due to volume expansion and
CO2 formation during the thermal reduction process is
reduced during densification, leading to a more compacted
and aggregated material. rGO aggregation has been previously
reported during the complete removal of water after an
aqueous GO reduction process, or after drying rGO in an
acetone solution.24,46 Furthermore, previous studies have
revealed that re-dispersion of rGO in water or ethanol followed
by a drying step leads to agglomeration of the powder and a
shrinkage of their macroporous and mesoporous structure.37

For these reasons, we hypothesize that d-rGO-C, with the
highest bulk density, was the highest compacted material after
solvent evaporation. This was confirmed by SEM, where both
d-rGO-B and d-rGO-C displayed particles aggregating together,
but d-rGO-C clearly revealed a less porous and more com-
pacted structure at higher magnifications (Fig. S2†). Although
possessing the same bulk density, differences among d-rGO-A
and d-rGO-B were also expected, since they were densified in
different solvents. Previous literature suggests that the shrink-
age of the rGO pore size after drying aqueous solutions is
more pronounced compared to that of rGO dried in solvents
with lower polarity, surface tension, and wettability, such as
ethanol or, in our case, acetone.37 This is due to the better
interaction of water with rGO, which exerts a higher capillary
force upon evaporation, causing a significant decrease in the
macro- and mesopore volume. For this reason, d-rGO-A densi-
fied in water is hypothesized to be a more compacted material
than d-rGO-B. Therefore, the three different d-rGO samples
could be classified according to their compaction degree,

d-rGO-C being the most compacted (densified in water, bulk
density 90 g L−1), followed by the medium compacted d-rGO-A
(densified in water, bulk density 50 g L−1), and the low com-
pacted d-rGO-B (densified in acetone, bulk density 50 g L−1).

3.2. Effect of d-rGO densification on melt compounding

After densification, each of the d-rGO materials was melt com-
pounded with PEOT/PBT to form PEOT/PBT-d-rGO composites
(Fig. 1). TGA measurements of the experimental d-rGO loading
on each of the composites suggested the reproducibility of the
melt compounding process regardless of the d-rGO used, for
all d-rGO concentrations (Table 2 and Fig. S3†). Yet, it is worth
noting that when d-rGO-B was blended at high concentrations
(15 wt%), the experimental values deviated slightly from the
theoretical ones, and the composites contained lower d-rGO
amounts than expected. This can be likely due to an inhomo-
geneous distribution of d-rGO within the pellets and the low
amount of sample (a few pellets at most) used for TGA
measurements.

The differences in the compaction degree mentioned above
correlated well with the filler dispersion within the PEOT/PBT-
d-rGO composite after compounding. Filler aggregation as an
indirect measure of d-rGO dispersion was evaluated by dissol-
ving the composites in chloroform, and visualizing and quan-
tifying the size of d-rGO particles. Fig. 2A displays representa-
tive SEM images of d-rGO within each of the composites.
Small particles up to 50 µm were abundant for all conditions
(relative frequency ∼80%) (Fig. 2A and B). In addition, big
d-rGO aggregates were also observed mainly in d-rGO-A com-
posites (ρmedium), at all d-rGO concentrations, and on d-rGO-B
composites (ρmedium) at high concentrations (10% and 15%).
Interestingly, d-rGO-C composites (ρhigh) displayed much lower
d-rGO aggregation, as revealed by the SEM images and the
lower number of >200 µm aggregates compared to d-rGO-A
and d-rGO-B composites (Fig. 2B). Among all, the d-rGO-A
composites displayed the largest number of >200 µm aggre-
gates, especially at 3% and 15% d-rGO. It is believed that the
high bulk density d-rGO-C occupied a smaller volume fraction
within the composite at a given wt% compared to d-rGO-A and
d-rGO-B, even for high d-rGO concentrations. This avoided par-
ticle interaction within the composites and reduced the
number of visible aggregates. On the other hand, due to the
lower bulk density of d-rGO-A and d-rGO-B, these were able to
reach a critical volume occupancy within the composites at
much lower concentrations (wt%). This increased the prob-
ability of d-rGO particle interaction, and particles overlap into
bigger agglomerates due to hydrophobic interactions.10,47,48 In

Table 2 Experimental loadings (wt%) of each of the composites calcu-
lated by TGA

3 wt% 10 wt% 15 wt%

d-rGO-A 2.91 ± 0.34 11.22 ± 0.45 17.73 ± 0.28
d-rGO-B 2.18 ± 0.84 11.68 ± 1.03 11.73 ± 1.29
d-rGO-C 4.64 ± 0.28 9.47 ± 6.09 15.01 ± 1.03
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addition, due to the lower porosity and higher compaction
degree of d-rGO-A compared to d-rGO-B, filler exfoliation and
dispersion within the d-rGO-A composites were more difficult,
leading to the visualization of a larger number of aggregates.
Compared to melt compounding, other composite production
methods such as solvent blending or in situ polymerization
have shown to ensure more uniform d-rGO dispersions.24,49

Moreover, several reports have suggested the preparation by
solvent blending of rGO–polymer master batches, to be used
as the starting material to prepare other rGO composites by
melt compounding.28,50,51 This approach has shown to lead to
better rGO dispersion, as it skips the densification or compac-
tion step. However, it involves the use of organic solvents in
the process, which is not desirable for biological applications,

as the solvents can remain as residues within the composite
matrix.

Notably, d-rGO volume occupancy and dispersion within
the composite also correlated well with the electrical pro-
perties of extruded composite filaments, as presented in

Fig. 2 (A) Representative SEM micrographs of d-rGO particles and aggregates after dissolving each composite in chloroform. Scale bars 200 µm.
Insets correspond to high magnification images. Scale bars 50 µm. (B) Size distribution of d-rGO particles and aggregates measured from SEM
micrographs in (A).

Table 3 Conductivity values of extruded filaments from each
composite

Conductivity 3%
(mS m−1)

Conductivity 10%
(mS m−1)

Conductivity 15%
(mS m−1)

d-rGO-A <0.32 13.8 ± 1.1 n.a.
d-rGO-B <0.32 0.44 ± 0.1 5.4 ± 1.2
d-rGO-C <0.32 <0.32 <0.32
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Table 3. d-rGO-C extruded filaments’ high resistance (out of
the device range) impeded the report of their conductivity
values at any d-rGO concentration. In the case of the d-rGO-A
and d-rGO-B filaments, their electrical conductivity was mea-
surable from 10% d-rGO, and they were more conductive with
increasing d-rGO content, as previously reported.28

Interestingly, the conductivity of 10% d-rGO-A filaments was
35-fold and 3-fold higher compared to that of 10% d-rGO-B
and 15% d-rGO-B, respectively, suggesting the lower percola-
tion threshold of the d-rGO-A composites. As 15% d-rGO-A was
not extrudable, no filament was obtained for this measure-
ment. It is evident that the high volume fraction and poor dis-
persability of d-rGO-A within the composites helped to form a
more connected d-rGO network leading to conductive compo-
sites at lower loadings than the less compacted and better dis-
persed d-rGO-B. On the other hand, the lower volume fraction
of d-rGO-C within the composites could not create such con-

ductive pathways and electrical conductivity was not
measurable.24,46,52,53

3.3. Effect of d-rGO compaction on composite printability

The d-rGO volume occupancy, compaction degree and dis-
persion also influenced composite printability by ME-AM
(Fig. 3). Interestingly, due to the large volume fraction and
high frequency of large d-rGO aggregates in the 15% d-rGO-A
composites, as shown in Fig. 2, this material remained a
paste-like material rather than a melt, even at 220 °C, and was
not printable within the operational limits of the AM device
(in terms of printing temperature and cartridge pressure).
Reducing the filler loading down to 3 wt% made it possible to
produce scaffolds with a fiber diameter of 250 µm (Fig. 3 and
Fig. S4†). The fabrication of 10% d-rGO-A scaffolds was chal-
lenging, since the lack of bonding between layers prevented
their stability and handling, in spite of printing at the highest

Fig. 3 Stereomicroscopy images of 3D ME-AM scaffolds cross sections and top view (inserts) obtained using each of the d-rGO composites, depict-
ing scaffold morphology and interconnected porosity. Scale bars 1 mm.
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operational temperature (220 °C) and increasing the fiber dia-
meter (up to 340 µm) for promoting a bigger area of contact in
between layers (Fig. 3 and Fig. S5†). On the other hand,
scaffolds with a fiber diameter of 250 µm were obtained with
all d-rGO-B composites, including 10% and 15% d-rGO-B
(Fig. 3 and Fig. S4†). The printability and good interlayer
bonding of these materials, compared to d-rGO-A, were poss-
ible due to the increased filler dispersion within the d-rGO-B
composites and the lower number of aggregates compared to
d-rGO-A (Fig. 2). These parameters might have led to a lower
viscosity of the 10% d-rGO-B melt compared to the 10%
d-rGO-A melt at a given temperature, allowing an enhanced
interlayer contact and bonding.54 Printing temperature was
adjusted for each d-rGO-A composite, ranging between 195 °C
and 210 °C, since viscosity of the melt was found to increase
with increasing d-rGO concentration for all composites.55

Notably, while 3 and 10% d-rGO-B scaffold fabrication was
reproducible in terms of resulting filament morphology and
z-porosity, 15% d-rGO-B scaffold lateral porosity did not always
remain constant across the scaffold height (Fig. 3). This was
possibly due to sudden viscosity changes during the extrusion
process, probably caused by the discontinuous presence of
d-rGO-B aggregates changing the flow of the molten composite
and, therefore, causing filaments sagging at some points

during the printing process. Interestingly, d-rGO-C scaffold
printing was very stable, and scaffolds with optimum lateral
porosity were obtained for all d-rGO concentrations (Fig. 3).
Looking at the d-rGO-C scaffold filament cross section by SEM
(Fig. S6†), it can be observed that PEOT/PBT (showing a flowy
appearance) occupies a much larger volume than d-rGO par-
ticles (with a grainy and spiky appearance), which are present
as dispersed islands within a polymer matrix for all d-rGO con-
centrations, making these materials relatively easy to print. On
the other hand, d-rGO dominantly occupied the d-rGO-A and
d-rGO-B scaffold filament volume, especially on 10% and 15%
d-rGO scaffolds, leading to difficulties when printing. Overall,
these results suggest that d-rGO bulk density, and therefore
volume fraction, as well as d-rGO densification solvent, which
dictates compaction and dispersability degrees, plays key roles
in the maximum filler loading to process composites into
ME-AM scaffolds. While previous studies have reported
ME-AM scaffold production only up to 10 wt% pristine gra-
phene or rGO,19,31 we were able to produce scaffolds with up
to 15 wt% d-rGO. Despite the apparent lower rGO content in
these studies, equivalent volume percentages or graphene den-
sities would be required to make fair comparisons with the
composites studied herein. Nevertheless, to the best of our
knowledge, solvent blending and direct ink writing (solvent-

Fig. 4 Representative SEM micrographs of composite scaffolds depicting the scaffold’s surface roughness. Scale bars 50 µm.
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based printing) are the only described manufacturing
methods for scaffolds with higher graphene derivative concen-
trations (50–75 wt% graphene), which both suffer from requir-
ing the application of organic solvents.18,53

The ME-AM scaffold microscale surface roughness was ana-
lysed by SEM (Fig. 4). As a general observation, the qualitative
scaffold surface roughness increased with increasing d-rGO
content for all scaffold types, given by the irregular protuber-
ances formed by the underlying rGO particles. Interestingly,
the surface of 3% d-rGO scaffolds remained rather smooth,
regardless of the d-rGO type (Fig. 4). This is in agreement with
previous reports, in which the surface of ME-AM scaffolds con-
taining less than 5 wt% graphene (or derivatives) did not
present changes in their surface microroughness compared
with bare polymeric scaffolds.56 In the case of 10% and 15%
d-rGO scaffolds, the degree of roughness was influenced by
the type of d-rGO, i.e. its bulk density, compaction degree and
volume fraction within the filament, for a given d-rGO concen-

tration. In this regard, 10% d-rGO-A presented higher rough-
ness than 10% d-rGO-B, and both higher than 10% d-rGO-C.
Similarly, the 15% d-rGO-B scaffold surface was much rougher
than that of 15% d-rGO-C scaffolds, where only few wrinkles
raised on the surface. This is likely due to the much lower
volume fraction occupied by the highly compacted d-rGO-C
particles decreasing their probability of populating the fila-
ment surface.

3.4. Effect of d-rGO concentration on wettability and protein
adsorption

Prior to assessing the interaction of cells with the ME-AM
scaffolds, different material properties, such as wettability and
protein adsorption, as well as cell–material interactions in 2D
were evaluated. For this and further studies, only the d-rGO-B
composites were taken into consideration as they demon-
strated a wider printability window (up to 15 wt%) compared
to d-rGO-A composites, and superior electrical conductivity

Fig. 5 Effect of rGO concentration on physicochemical properties and cell–material interactions in 2D. (A) Static contact angle measured on PEOT/
PBT and d-rGO-B composite films. (B) Protein adsorption to d-rGO-B films upon incubation in a BSA solution, normalized to protein adsorption to
PEOT/PBT films. (C) Quantification of hMSCs attachment to d-rGO-B films after 1 day of culture. (D) Fluorescent microscopy images of hMSCs
(F-actin in green, nuclei in blue) cultured on films for 1 and 7 days. Scale bars 100 µm. Data presented as average ± s.d. and statistical significance
performed using one-way ANOVA with Tukey’s multiple comparison test (n.s. p > 0.05, * p < 0.05, **** p < 0.0001).
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compared to the d-rGO-C composites, properties that are con-
sidered relevant for their application in bone tissue regener-
ation. The static contact angle measurements on composite
films (Fig. 5A) suggested that the material remained rather
hydrophobic (contact angle ∼80°) up to 10% d-rGO-B. The
15% d-rGO film contact angle was reduced down to ∼50°,
denoting the composite hydrophilicity. While the increased
hydrophilicity of polymers upon d-rGO-B addition is in agree-
ment with some previous reports,19,57 others have suggested
the opposite trend.58,59 The increase in hydophilicity of 15%
d-rGO-B observed within our study might be explained by the
d-rGO-B being partially reduced and containing remnant
hydrophilic oxygen functional groups, as well as by the pres-
ence of larger amounts of d-rGO on the surface of the films
with increasing d-rGO-B concentrations. Protein adsorption
was assessed by incubating the films in a BSA solution, as a
model protein for studying protein–substrate affinity (Fig. 5B).
While 3% d-rGO-B films adsorbed as much protein as PEOT/
PBT films, d-rGO-B content over 3% led to a significant
increase in protein adsorption to the films. It is believed that
rGO interacts with proteins mainly through hydrophobic van
der Waals and π–π stacking interactions, due to the carbon
structure.60,61 Yet, electrostatic interactions and hydrogen
bonding are also possible due to the partial presence of
oxygen groups on rGO.60,61 As demonstrated in Fig. 5B,
increasing the d-rGO-B concentration up to 15% led to a 4-fold
increase in protein adsorption in 15% d-rGO-B films, likely
due to a larger amount of interaction points with proteins,
compared to lower d-rGO-B content films.

Surface physicochemical properties, i.e. roughness, hydro-
philicity and protein adsorption ability, can regulate cellular
behaviour. To evaluate this effect, hMSCs were cultured on
films pre-incubated in cell culture medium. Due to a potential
partial loss of conformation (i.e. hiding of cell-binding sites)
of the adsorbed proteins when adhered to the rGO-based sur-
faces, previously described in the literature,62 as well as gravity
acting as the main factor favouring cell attachment on 2D sub-
strates, cell attachment to films did not significantly increase
with increasing d-rGO-B content. This was observed upon DNA
quantification at day 1 (Fig. 5C). Yet, compared to the spread
morphology of cells on PEOT/PBT films, hMSCs cultured on
d-rGO-B based films, especially at high d-rGO-B content (10
and 15 wt%), showed a spindle-shape, elongated and branched
morphology at both day 1 and 7, suggesting higher affinity of
hMSCs towards d-rGO-B containing materials, probably due to
the aforementioned enhanced protein adsorption (Fig. 5D). It
is also plausible that the ridges and groves on the film rough
surface, given by the underlying d-rGO-B, provided contact gui-
dance cues for cells to acquire an elongated morphology.63,64

3.5. Effect of d-rGO concentration on scaffold antimicrobial
activity

The antimicrobial activity of scaffolds was evaluated against
relevant Gram − and Gram + bacterial strains in the orthope-
dic field: P. aeruginosa and S. epidermidis respectively.
Preliminary experiments demonstrated the biocidal activity of

d-rGO-B at different concentrations and of composite films
when in direct contact with bacteria (Tables S2 and S3†).
Importantly, the d-rGO-B ME-AM scaffolds also demonstrated
higher antibacterial activity with increasing d-rGO-B concen-
tration within the scaffolds (Fig. 6A). Interestingly, antibacter-
ial effects were only evident when bacteria were placed in
direct contact with the scaffolds, and no biocidal effect of the
supernatant, in which scaffolds were incubated up to 3 days
(Fig. S7†), was observed. This suggests that reactive oxygen
species (ROS)-dependent oxidative stress might have not been
the dominant antibacterial mechanism, and that membrane
mechanical stress induced by sharp edges or corners of
d-rGO-B exposed to the surface of the scaffolds, which act as
nano-knives or nano-needles and disrupt bacteria membranes,
could have been the prevailing mode of antibacterial
action.19,59,65 Besides, rGO has been shown to produce lower
oxidative stress compared to GO, because of the lower amount
of oxygen functional groups.66 Mechanical stress causing bac-
terial damage would also explain the increasing antimicrobial
activity with increasing d-rGO-B concentration, potentially due
to more d-rGO-B exposed to the filament surface (Fig. 6A).
Furthermore, this mechanism would support scaffolds being
more potent against P. aeruginosa (Gram −) than S. epidermidis
(Gram +) (Fig. 6A). As previously described, this could be
attributed to the elongated and curved shape of P. aeruginosa
being more vulnerable to rGO mechanical damage compared
to S. epidermidis, with a smaller surface area and a spherical
shape.67

Due to the conductivity of rGO, charge-transfer oxidative
stress can also be considered a main antimicrobial mechanism
when bacteria get in contact with the surface of the scaffolds.
Here, rGO can act as a conductive bridge over the bacteria
lipid bilayer to mediate electron transfer from bacterial intra-
cellular components to the external environment, interrupting
the bacteria membrane respiratory chain, and leading to bac-
teria death.65,66 Overall, this and all the aforementioned anti-
bacterial mechanisms will be a matter of investigation in
future studies.

3.6. Cell seeding on scaffolds and osteogenic differentiation

In spite of scaffolds displaying antibacterial activity, hMSC via-
bility was not compromised when seeded on the d-rGO-B com-
posite scaffolds, at any d-rGO-B concentration. As fluorescence
microscopy images of cells (F-actin) attached to the scaffolds’
filaments in Fig. 6C depict, cells populated the scaffolds from
the beginning of the culture and showed viable cells character-
istics, i.e. a spread or elongated morphology. DNA analysis
further confirmed the biocompatibility of the scaffolds up to
15% d-rGO-B, as the cell number did not decrease after 7 days
of culture, but was maintained rather constant (Fig. 6B). While
various reports have addressed the cyto- or genotoxicity of gra-
phene and GO in contact with different cell lines,68–70 only a
few have tried to understand the biocompatibility of rGO,
which greatly differs from the other derivatives in terms of
crucial factors for biointeractions, such as size (number of
layers, available surface area), functional groups (reduction
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degree) and protein interactions. It has been demonstrated
that the cytotoxic effect of GO and partially reduced rGO can
be attenuated by proteins in serum binding to their surface,
which can reduce the GO/rGO ability to penetrate or physically
damage the cell membrane, both in in vitro cell cultures and
in vivo.71 In addition, rGO has been found to be, in general,
more biocompatible than GO and to provide a reduced inflam-
matory response upon in vivo implantation,72 but still its dose-
and size-dependent cytotoxicity towards hMSCs has been
shown.73 Due to the d-rGO-B encapsulated within the polymer
matrix and the polymer slow degradation rate such a cytotoxic
effect was not evidenced during the culture period addressed
here (35 days).74,75 Future studies on scaffold degradation kine-

tics and d-rGO-B release rate will be essential, as polymer
degradation will eventually occur over time in an in vivo situ-
ation, releasing potentially toxic amounts of d-rGO-B.

Considering the aforementioned potential long-term tox-
icity of highly loaded rGO scaffolds, preliminary osteogenic
differentiation studies were performed with hMSCs seeded on
3% d-rGO-B scaffolds, a low concentration that has been com-
monly studied in previous reports.56,76–78 HMSCs were able to
proliferate both in PEOT/PBT and 3% d-rGO-B scaffolds over
the culture period (35 days) especially in MM, likely due to
more ECM formation within the scaffold pores acting as cell
growth support, compared to BM (Fig. S8†). As an early osteo-
genic marker, Fig. 6D demonstrates the ALP activity of hMSC

Fig. 6 Cell–material interactions in d-rGO-B scaffolds: effect of d-rGO-B concentration. (A) Antibacterial activity of scaffolds against P. aeruginosa
and S. epidermidis. (B) DNA content on scaffolds seeded with hMSCs after 1 and 7 days of culture. (C) Fluorescence microscopy images of hMSCs
attachment (F-actin, green) to the composite scaffold cross section. Scale bars 250 µm. (D) ALP activity of hMSCs seeded on PEOT/PBT and 3%
d-rGO-B scaffolds after 14 and 35 days cultured in BM or MM. Data presented as average ± s.d. and statistical significance performed using two-way
ANOVA with Tukey’s multiple comparison test (* p < 0.05, ** p < 0.01). (E) Stereomicroscopy images of PEOT/PBT and 3% d-rGO-B scaffold cross
sections stained with alizarin red S after 35 days of culture in MM. Scale bars 1 mm. (F) Quantification of the alizarin red S staining extracted from
scaffolds in (E), normalized to the cell number. Data presented as average ± s.d. and statistical significance performed using the T-test (n.s. p > 0.05).
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scaffolds. For both bare PEOT/PBT and 3% d-rGO-B containing
scaffolds, a peak in ALP activity was shown at day 14, with a
significant decrease on day 35, both in BM and MM, which is
in agreement with the osteogenic differentiation progression.79

However, no statistical differences on ALP activity were found
among the d-rGO-B containing scaffolds and the PEOT/PBT
control. ECM mineralization was examined at day 35 of culture
in BM and MM with ARS, as a late osteogenic marker.
Interestingly, both PEOT/PBT and 3% d-rGO-B scaffolds
revealed calcium deposition on the ECM matrix produced by
cells inside the pores of scaffolds cultured in MM, as depicted
by the ARS in Fig. 6E. In spite of a slight increase in the
calcium deposition on 3% d-rGO-B scaffolds, no statistical
differences were observed among these and the PEOT/PBT
scaffolds (Fig. 6F). These results imply that 3% d-rGO-B
scaffolds support osteogenic differentiation, observed by both
early and late stage markers. Yet, these scaffolds seem to not
enhance differentiation compared to bare polymeric scaffolds.
While this is in disagreement with some previous reports,
other studies only point out the enhanced cell adhesion and
proliferation ability on composite scaffolds with such low gra-
phene derivatives concentrations (up to 1 wt%).16,29,76 As pre-
viously mentioned, this might very well be correlated to differ-
ences in rGO bulk density affecting the final volume fraction
of rGO within the scaffolds. It is plausible that the low
d-rGO-B concentration used here (3 wt%) did not allow for
sufficient exposure of d-rGO-B to the scaffold filament surface,
preventing it to act as a pre-concentration platform for osteo-
genic inducers (e.g. dexamethasone and β-glycerolphosphate),
which is believed to be the origin of the enhanced stem cell
differentiation exerted by graphene derivatives.80–82 In this
regard, we hypothesize that the increased hydrophilicity and
protein adsorption on 10% and 15% d-rGO-B scaffolds,
together with their surface microroughness, would induce
accelerated osteogenic differentiation, compared to 3%
d-rGO-B and PEOT/PBT scaffolds. Nevertheless, future studies
will be dedicated to validate this hypothesis, as well as to
strike a balance between in vivo biocompatibility and bone for-
mation ability.

4. Conclusions

Due to its very low bulk density, rGO has to be densified prior
to melt compounding with a polymer. The aim of this study
was to understand the effect of rGO densification parameters
(densification solvent and rGO bulk density after densification)
on the rGO compaction degree and on the resulting melt com-
pounded composites’ physicochemical properties and print-
ability via ME-AM. The effect of rGO concentration on the
materials’ physicochemical properties and cell–material inter-
actions in 2D and 3D was also investigated. It was observed
that high d-rGO bulk density (90 g L−1) correlated with higher
d-rGO compaction, which was translated into a smaller d-rGO
volume fraction for a given d-rGO concentration within the
polymer composite, and printability up to 15 wt% d-rGO. On

the other hand, medium bulk density d-rGO (50 g L−1) occu-
pied a greater volume within the melt compounded compo-
sites, which presented some challenges upon ME-AM at high
d-rGO contents (10 and 15 wt%), in terms of loss of filament
fidelity, poor layer bonding, or even lack of printability. At a
given bulk density (50 g L−1), when comparing acetone and
water as the densification solvent, it was observed that densifi-
cation in water led to a more compacted d-rGO than d-rGO
densified in acetone, and d-rGO was poorly dispersed within
the polymer matrix. This led to bigger aggregate formation
within the composites, whose connections were able to create
conductive pathways, making these materials the most con-
ductive among all d-rGO types. Composites prepared using
medium bulk density d-rGO-B densified in acetone were
chosen for further characterization, due to a balance of print-
ability and electrical properties. It was observed that increasing
d-rGO content led to increasing material hydrophilicity and
protein adsorption, as well as to increasing surface roughness
due to higher rGO exposure to the surface. Scaffolds prepared
with 3, 10 and 15% d-rGO were found to possess increasing
antibacterial properties with increased d-rGO content, without
affecting hMSC viability. Notably, 3% d-rGO scaffolds were
able to support hMSC proliferation and osteogenic differen-
tiation. Overall, this study demonstrated that the rGO compac-
tion degree and concentration greatly affect composite print-
ability and scaffold physicochemical and electrical properties.
In this regard, a careful selection of the rGO densification
parameters has to be made in order to ensure the most ade-
quate properties of the final scaffolds required for bone tissue
engineering applications.
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