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fabricated by 3D printing technology.

� The surface of scaffold was modified
by controlling the ratio of
nanomaterials.

� The bio-inspired scaffolds were
shown enhanced osteogenic
properties.
g r a p h i c a l a b s t r a c t
a r t i c l e i n f o

Article history:
Received 22 January 2021
Revised 27 May 2021
Accepted 27 June 2021
Available online 29 June 2021

Keywords:
3D printing
Bone tissue engineering
Graphene oxide
Polydopamine
Surface modification
a b s t r a c t

For further advance a functionality of three-dimensional (3D) printing techniques using biopolymers,
graphene oxide (GO) as a carbon-based nanomaterial has received much attention recently due to its
superior properties. However, the ability to synergistically affect the resulting 3D-printed structures
has been limited by difficulty controlling the nanomaterial ratio in which biological stability is achieved,
as well as by the use of noxious solvents applied to the nanomaterials during scaffold fabrication. To
address these issues, we demonstrate the use of an ecofriendly mussel-inspired GO coating for 3D-
printed scaffolds to enhance the scaffold’s functionality and bioactivity. We used polydopamine for depo-
sition using 1, 3, and 6 mg/mL GO in solution on the surface of the scaffold. By this coating method, we
efficiently regulated the degree of GO deposition on the surface of scaffold strands under non-toxic con-
ditions, which revealed by microscope. Furthermore, the surface roughness, hydrophilicity, and func-
tional groups were increased after GO coating process. Especially, we identified that the GO coated
scaffold was shown improved properties for promoting osteogenesis compared to a bare scaffold by
in vitro analyses. Therefore, we suggest that the GO coated scaffold has the potential as a bone substitute
for tissue engineering.
� 2021 The Authors. Published by Elsevier Ltd. This is anopenaccess article under the CCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Considerable advances have been made in the identification of
novel natural and synthetic biomaterials for tissue engineering
applications that offer the necessary properties of biocompatibility,
biodegradability, and nontoxicity in the body [1,2,3]. There has
been great interest in nanomaterials for targeted functionality,
based on the physical, structural, and chemical properties desired
[4,5]. Particularly, carbon-based nanomaterials (CNMs) with vari-
ous dimensional domains continue to gain attention in the tissue
engineering field, due to their excellent mechanical properties for
biomedical applications [6,7]. As an example of CNMs, graphene,
discovered in 2004, is a single sheet or layered sheet of sp2-
bonded carbon atoms [8]. Graphene derivatives are highly attrac-
tive biomaterials for drug delivery [9], engineered liver tissue
[10], neural applications [11,12], as well as dental implants [13],
due to their unique mechanical, physicochemical, electrical, and
biological properties, particularly, biocompatibility [14,15].

Graphene oxide (GO) has been used for bone regeneration, as
this material promotes certain cell behaviors and facilitates nonco-
valent interactions with biomolecules via oxygenated groups on its
surfaces [16,17,18,19]. However, with conventional methods, it is
difficult to cover large bone defects using only nanomaterials for
regeneration, as well as produce customized complex tissue struc-
tures. To this end, 3D printing technology can incorporate nanoma-
terials into biocompatible and biodegradable synthetic polymers to
create enhanced scaffold structures for tissue regeneration
[20,21,22]. In a recent study by Wang et al., a 3D-printed poly-
caprolactone (PCL) scaffold incorporating graphene nanosheets
showed increased cell proliferation compared to a PCL-only scaf-
fold; the scaffold was easily processable, nontoxic, biocompatible,
and biodegradable [23]. Vijayavenkataraman et al. created a 3D
scaffold using electrohydrodynamic jet 3D printing; the scaffold
showed enhanced conductivity and cell differentiation [24].
Despite the ability to customize the scaffold to a particular injury,
more extensive injuries tend to require greater amounts of nano-
materials in the composite, potentially introducing negative effects
Fig. 1. Schematic diagram of the procedure for the preparation of three-dimensional (3
oxide-coated scaffold.
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to the body [25]. Moreover, the extrusion printing method has lim-
itations regarding the functionality of the nanomaterial once incor-
porated into the scaffold strands [26]. Although challenges remain,
such as the use of organic solvents in the scaffold coating process
that can be potentially toxic to the cells, nanomaterial coating
methods provide an alternative for improving the surface function-
ality of strands making up the scaffold. The development of a
stable, nontoxic GO-coating process to enhance the surfaces of
3D-printed tissue scaffolds is necessary for bone tissue regenera-
tion applications.

In this study, a polydopamine (PD) coating, a bioinspired
mussel-derived surface modification, was used to establish a nano-
material coating on the surface of PCL strands of a 3D-printed scaf-
fold for bone tissue regeneration; this surface modification has
been extensively used in biomedical applications due to its innocu-
ous effects and strongly adhesive properties in wet conditions
[27,28], as well as the ability of the resulting coating to be easily
modified for the desired functionality by facilitating the incorpora-
tion of various biomolecules and nanomaterials [17,29]. The GO
coverage of the strand surfaces is important to the bio-safety of
the tissue scaffold. To control the deposition of GO on the surfaces
of the strands without toxic methods, we used the PD coating as an
intermediate connection between the strand surface and nanoma-
terial via a dose-dependent process, to ensure biocompatibility and
safety.

2. Materials & methods

2.1. Materials

PCL (Mw: 45,000), dopamine hydrochloride, dexamethasone, L-
ascorbic acid, and b-glycerophosphate disodium salt hydrate were
purchased from Sigma-Aldrich (St. Louis, MO, USA). Dulbecco’s
Modified Eagle Medium (DMEM, HyCloneTM, USA) and Minimum
Essential Medium Alpha (MEM-a, Gibco, USA) containing 10% fetal
bovine serum (FBS; CellSera, Rutherford, Australia) and 1% peni-
cillin/streptomycin (Gibco, USA) were acquired for the cell culture.
D)-printed polycaprolactone scaffold, polydopamine-coated scaffold, and graphene
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The GO solution (Graphene Laboratories, Inc., Calverton, NY, USA)
was prepared in distilled water (DW) at various doses of 1, 3,
and 6 mg/mL GO, respectively. All other reagents were commer-
cially supplied and were of analytical grade.
2.2. Fabrication of GO coated scaffold

The 3D-printed PCL scaffolds were prepared by a laboratory-
made system in the Korea Institute of Machinery and Materials
[30]. Briefly, the instrument consisted of a 3D x-y-z linear stage, a
heating block, temperature and pressure controllers, and a
computer-aided control system. PCL was melted in a syringe
mounted in a heating block for printing through a nozzle at
80 �C. Then the melted PCL was printed on a plate to create a pre-
designed strand of 400 mm and the desired distance between
strands. The edge of the scaffold was cut with an experimental
knife to match the uniform size for the optical evaluation. After
PCL scaffold fabrication, the construct was immersed in a dopa-
mine hydrochloride solution (2 mg/mL in a 10 mM-Tris buffer;
pH: 8.5) for 2 h in a 37 �C drying oven with shaking. Then the
PD-coated scaffold was washed with 10 mM-Tris buffer to remove
residue, followed by rinsing in DW five times and drying on a clean
bench. The dried PD-coated scaffold was dipped in a GO solution of
various concentrations. All scaffolds were shaken in the drying
oven at 37 �C for overnight. After the GO-coating process, the scaf-
folds were washed as described for the PD-coated scaffold, and
then the samples were stored under vacuum conditions at room
temperature (Fig. 1).
2.3. Characterization of the scaffolds

The surface morphologies of the scaffolds were observed by
scanning electron microscopy (SEM, FEI, Netherlands) using an
acceleration voltage of 10 kV after sputter-coating with Pt. To
obtain the topology and surface roughness of the scaffold strands,
atomic force microscopy (AFM, Park-System, Korea) measurement
in non-contact mode was performed, with a scan area of 5 � 5 mm2.
Contact angle measurements (FEMTOFAB, Korea) were used to
evaluate the hydrophilicity of the scaffold surfaces at room tem-
perature. X-ray photoelectron spectroscopy (XPS; Thermo Electron
Manufacturing Ltd., UK) measurements were acquired over a scan
range of 0–1300 eV. Raman spectroscopy (NOST, Korea) was used
to collect the spectra under a same exposure time with a single
10-second accumulation in a range from 700 cm�1 to 3100 cm�1.
2.4. Preparation of the cell-seeded scaffolds

The scaffolds were washed in ethanol several times, followed by
rinsing with phosphate buffered saline (PBS, HyCloneTM, Hyclone
Laboratories, USA). Then the washed scaffolds were dried under
ultraviolet conditions on a clean bench for several hours. MC3T3-
E1 preosteolasts were cultured in DMEM before seeding, which
were incubated with 5% CO2 at 37 �C. Cells were removed from
the culture plate and were gently suspended to attain a seeding
density of 5 � 105 cells per scaffold. To stabilize the cell attach-
ment, the cell solution was carefully dropped onto the scaffold sev-
eral times over the course of a few hours. Then the cell-seeded
scaffolds were incubated in DMEM at 5% CO2 and 37 �C for 2 weeks.
For the osteoblastic cell culture, the medium was exchanged with
MEM-a containing 0.1 mM dexamethasone, 10 mM L-ascorbic acid,
and 10 mM b-glycerophosphate disodium salt hydrate. All pro-
cesses were carried out under aseptic conditions.
3

2.5. Cell viability and proliferation

A live/dead cell assay kit (Life Technologies Corp., Carlsbad, CA,
USA) was used to measure the viability of the cells after being
seeded in the scaffolds for 2 weeks. The working reagent was pre-
pared according to the manufacturer’s instructions; the reagent
consisted of calcein AM and ethidium homodimer-1 (EthD-1) dis-
solved in PBS. The cultured scaffolds were washed in PBS several
times and then incubated in the prepared reagent for 30 min at
5% CO2 and 37 �C. After incubation, the dyed cells in the scaffold
were measured using a fluorescence microscope (Nikon Corp.,
Tokyo, Japan) to obtain the cell viability and cytotoxicity. SEM
was used to monitor the cell attachment morphology over the 2-
week period. After 2 weeks, the cell-seeded scaffolds cultured in
DMEM were washed using PBS and then fixed in 4% paraformalde-
hyde (Lugen Sci Co., Ltd., Gyeonggi-do, Korea). The dehydration of
the samples was carried out using graded ethanol at room
temperature.

The cell proliferation rate of the scaffold was estimated using a
WST-1 cell proliferation assay (Takara Bio Inc., Shiga, Japan) over a
14-day period. WST-1 solution was dissolved in DMEM (10 v/v%) as
a working solution for scaffold incubation. Before incubation, the
scaffolds were washed in PBS and then incubated for 1 h. A micro-
plate reader (Molecular Devices LLC, San Jose, CA, USA) was used to
measure the absorbance of the medium by date at 450 nm.

2.6. Evaluation of osteogenic differentiation

The cell-seeded scaffolds were cultured in osteogenic medium
for 2 weeks and then analyzed using an alkaline phosphatase
(ALP) assay kit (Takara Bio Inc.). The PBS washed samples were
transferred to tubes, to which a radioimmunoprecipitation assay
buffer (RIPA buffer, Thermo Fisher Scientific, Waltham, MA, USA)
was added to obtain a cell lysate. The tubes were frozen at –
80 �C and thawed at 0–4 �C. After repeated freeze-thawing, the cell
lysate was sonicated for 5 min and centrifuged at 0–4 �C to remove
cell debris. Then para-nitrophenyl phosphate substrate solution
was added at 1:1 ratio to the cell lysis solution in a 96-well plate,
according to the manufacturer’s instructions. The mixture was
incubated for 1 h at 5% CO2 and 37 �C. The reaction was stopped
by adding a stop solution (0.5 N NaOH) to each well. The absor-
bance was measured at 405 nm using the same micro reader men-
tioned earlier in Section 2.5. Activated ALP data were normalized to
DNA content using a PicoGreen dsDNA assay kit (Molecular Probes,
Eugene, OR, USA), following the instructions provided by the
manufacturer.

2.7. Evaluation of mineralization

We examined the mineralization of the cells fixed in the scaf-
folds over a 2-week period. Alizarin red staining solution
(40 mM; pH: 4.2) was applied to the mineralized scaffolds over
the course of 1 day at 37 �C. After staining, the scaffolds were
washed with DW several times to remove the excess stain. Digital
microscopy (ViTiny, USA) images were taken of the samples after
stain removal. A QuantiChrom Calcium Assay kit (BioAssay Sys-
tems, Hayward, CA, USA) was used to assess the deposition rate
of calcium in the scaffold, according to the manufacturer’s instruc-
tions. SEM was used to determine the mineralization of the scaf-
fold; images were obtained using the procedure detailed above.

2.8. Osteogenic gene expression analyses

The osteogenic relevant gene expression levels were evaluated
using a quantitative reverse transcription polymerase chain reac-
tion (qRT-PCR); the levels were normalized with glyceraldehyde-



Table 1
Primer sequence for qRT-RCR analyses.

Gene Forward Reverse

GAPDH 50-AAC TTT GGC ATT GTG GAA GG-30 50-ACA CAT TGG GGG TAG GAA CA-30

Runt-related transcription factor 2 (RunX2) 50- GCC GGG AAT GAT GAG AAC TA-30 50-GGA CCG TCC ACT GTC ACT TT-30

Osteocalcin (OCN) 50-CTC CTG AGT CTG ACA AAG CCT T-30 50-GCT GTG ACA TCC ATT ACT TGC-30

Osteopontin (OPN) 50-TCA GGA CAA CGG AAA GGG-30 50-GGA ACT TGC TTG ACT ATC GAT CAC-30
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3-phosphate dehydrogenase (GAPDH) and compared according to
the week. Total RNA was extracted after preparation of the cell
lysate, according to the manufacturer’s instructions, using a Relia-
PrepTM RNA Miniprep system (Promega Corp., Madison, WI, USA).
The synthesis of cDNA was carried using a QuantiNovaTM Reverse
Transcription Kit (Qiagen Co., Hilden, Germany). After cDNA was
synthesized, qRT-PCR was performed with the primers (Applied
Biosystems, Foster City, CA, USA) of osteopontin (OPN), osteocalcin
(OCN), and runt-related transcription factor 2 (RunX2); the
sequences are listed in Table 1. A comparative threshold cycle
(Ct) method was carried out to quantify the osteogenic marker
expressions using StepOne software (Applied Biosystems).
2.9. Statistical analyses

The experiments in this study were carried out at least three
times; values are presented as the mean ± the standard deviation.
Statistical analyses using one-way analysis of variance (ANOVA)
with Tukey’s post hoc test were performed using OriginPro 8.6 soft-
ware (OriginLab Corp., Northampton, MA, USA); p-values < 0.05
were considered statistically significant.
3. Results & discussion

3.1. Characterization of the fabricated scaffolds

In the recent, 3D printing technology has been extensively used
to fabricate the scaffold for tissue engineering applications [31,32].
Fig. 2. Fabrication results and surface morphology. (A) Digital camera images of the 3D pr
of the surface of scaffold strands (scale bar; 200� = 300 mm, 400�= 100 mm). The scaffol
containing 1, 3, and 6 mg/mL GO).
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We designed the scaffold according to the shape of the extensively
used scaffold using 3D printing technology which can be layered
by patterning in a grid pattern [33,34,35]. The 3D-printed PCL scaf-
folds were fabricated successfully, according to the predesigned
model constructed using a lab-made system, as shown in Fig. 2A.
Then the scaffolds were coated with GO, as described in Section 2.2.
The structure of the scaffold was fabricated for suitable bone tissue
engineering application using the 3D printing system. Repro-
ducible scaffolds were fabricated that retained the interconnected
pore structure and pore size of 400 mm, as verified after PD and GO-
coating processes; an optimized structure is necessary to promote
bone healing [36,37,38]. Furthermore, the PCL scaffold was thor-
oughly coated with PD and then GO, according to the ratio of the
GO solution (1, 3, and 6 mg/mL GO in solution), as shown in
Fig. 2B. Dopamine was self-polymerized onto the surfaces of PCL
strands making up the scaffold to promote adhesion with macro-
molecules through Michael addition/Schiff base reactions
[27,39,40]. The epoxy group in the chemical structure of GO inter-
connects with hydroxyl groups in the catechol hydroxyl group of
PD [41]. Accordingly, the deposition of GO was confirmed by the
increased distribution of particles on the strand surfaces of the
PD-coated scaffold.

In Fig. 3A and Table 2, the roughness of the scaffold increased
with the GO ratio, as well as the PD coating on the PCL surface,
in line with SEM imaging results. In addition, the hydrophilicity
of the scaffold increased with the PD coating application, as shown
in Fig. 3B. The bare PCL scaffold exhibited hydrophobic surface
properties, with a water contact angle of 84.55� measured after
1 min and GO coated groups absorbed water (0�) after water was
inted scaffolds (scale bar = 2.5 mm). (B) Scanning electron microscopy (SEM) images
ds obtained using PCL, PD, GO1, GO3, and GO6 scaffold, respectively (GO1, 3, and 6



Fig. 3. Surface characterization of strands in the scaffolds. (A) The representative surface image obtained from atomic force microscopy (AFM) using non-contact mode for the
scans (Rq: the root mean square of roughness calculated using XEI software [Park-System, Korea]). (B) The contact angle images of the scaffold obtained after 60 s. (C) X-ray
photoelectron spectroscopy (XPS) analyses of the scaffolds (PCL: bare PCL scaffold; PD: polydompamine-coated PCL scaffold; GO: graphene oxide-coated PD scaffold; ascorbic
acid: GO scaffold with the deposition of the ascorbic acid).

Table 2
X-ray photoelectron spectroscopy elemental percentage of PCL, PD, and GO-coated
scaffolds; PCL refers to a bare PCL scaffold; PD refers to a polydompamine-coated PCL
scaffold; GO, a graphene oxide-coated PD scaffold using a GO solution with a ratio of
6 mg/mL in distilled water; and an ascorbic acid group indicating a GO scaffold with
an ascorbic acid deposition.

Atomic %

Elements PCL PD GO Ascorbic acid

C1s 77.52 75.8 75.16 74.65
N1s 0 2.63 1.63 2.7
O1s 22.48 21.56 23.21 22.65
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dropped. In this case, PD formed hydroxyl groups on the PCL sur-
face with hydrophobic –CH2 moieties; in addition, GO has
oxygen-containing hydrophilic groups [6,15]. In addition to the
hydrophilic modification, the deposition of GO likely facilitates
interaction with the biomolecules for bone tissue regeneration
[17]. As indicated by the XPS results shown in Fig. 3C, the scaffold
successively interacted with the GO material to affect osteogenic
differentiation, after deposition onto the surface of the strand in
the PD-coated scaffold. The surface of the PD-coated scaffold
showed an N 1 s peak that was not present in the PCL group, which
has only O 1 s and C 1 s peaks. Particularly, the intensity of the O 1 s
peak increased and that of the N 1 s peak decreased after GO depo-
sition, due to oxygen-containing functional epoxide, carboxyl, and
hydroxyl groups on the sheet, which are capable of interacting
with various osteogenic chemical inducers [42].

To examine the coating degree of the biomolecule as a promot-
ing factor to osteogenic differentiation, the GO-coated scaffold was
incubated in 10 mM L-ascorbic acid solution overnight. Our results
indicated that the ascorbic acid was incorporated successfully into
the GO-coated scaffold, based on the increase in the N 1 s peak.
Furthermore, we collected Raman spectra to identify the existence
5

of GO coating on the surface of the strands in the scaffold (Fig. S1).
PCL related peaks were measured at 1108 cm�1 with C-O-C sym-
metric stretching, 1446 cm�1 with x(CH2) vibration, 1722 cm�1

with m(C = O) stretching vibration, 2876 and 2920 cm�1 with C-H
stretching vibration. With polydopamine coating, the peaks at
1330 and 1597 cm�1 related with the deformation and stretching
of catechol group were shown after polymerization on the PCL sur-
face [43]. Furthermore, the presentative peaks of GO related with D
band were shown at 1343 cm�1 and G band were shown at
1602 cm�1 [44,45]. As demonstrated by these results, the PD coat-
ing acts as an intermediary for GO deposition on the PCL scaffold,
with full functionality and without the need for an organic solvent.
However, it is difficult to control the amount of material delivered
to the surface after printing [46,47]. Our ecofriendly coating
method efficiently regulated the degree of GO deposition on the
surfaces of scaffold strands under nontoxic conditions. Therefore,
we anticipate that the biomolecules in the osteoblastic cell culture
medium responsible for inducing osteogenic differentiation inter-
act at the scaffold surface via hydrogen bonding with –OHmoieties
in the substances, p-p stacking between aromatic rings in GO, and
through electrostatic repulsion from phosphate ions [9,15,18].
Based on these results, we investigated the performance of our
GO-coated scaffolds via in vitro tests for bone tissue engineering
applications.
3.2. Evaluation of cultured cell viability and proliferation in the
scaffolds

After scaffold preparation, we carried out an assessment of the
cell viability of osteoblast-like cells after seeding in the scaffolds.
The fluorescence intensity from cells grown for 14 days was
observed at the point of the cross-sectioned top view in the scaf-
folds, as shown in Fig. 4A. The signal of the live cells was significant
throughout all experimental groups compared to that of dead cells,



Fig. 4. Viability of cells cultured in the scaffolds. (A) Live/dead assay results of the cultured cells. (B) SEM images of the morphology of the cultured cells on the surfaces of the
strands; white arrow. The results were obtained at 14 days (scale bar = 50 mm).
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which mainly consisted of PCL; notably, PCL has been approved by
the Food and Drug Administration for biomedical application, due
to its biocompatible and nontoxic properties [48]. In addition, the
PD coating likely promotes the extension of lamellipodia and
filopodia of cells for spreading over surfaces [49]. In the case of
the GO scaffold, more live dyed cells were evident on the scaffold
strands, compared to those of PCL or PD-coated scaffolds. Fig. 4B
shows an SEM image of the scaffold surface obtained on Day 14;
the cell growth was more dense for the GO scaffolds; this is attri-
butable to the surface modification of the scaffold with GO, which
assumes hydrophilic properties. The hydrophilic GO surface
enhances cell attachment with spreading [17]. Furthermore, the
Fig. 5. Proliferation and differentiation of cultured cells in the scaffolds. (A) Results obtain
of the cultured cells; the results were obtained over a 2-week period (n = 3; *compared to
level of *p < 0.05).
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functional group in GO takes up proteins in the culture medium,
which facilitates cell adhesion as well as growth [50,51].

We examined the metabolic activity of cells using a WST-1
assay over a 2-week period; the results are shown in Fig. 5A. Com-
pared to the bare PCL scaffold, the metabolic activity was higher in
the PD to GO6 groups at all time points. These results indicate that
PD and GO coatings enhance cell growth and biocompatibility.
Interestingly, the GO3 group showed distinguishable cell activity
compared to the other groups. The PD coating has been shown to
reduce the toxicity of the nanomaterial and enhances GO delivery
in low concentrations to facilitate tissue regeneration [52]. The
scaffold samples showed good cell viability and cytotoxicity, even
ed in WST-1 assays. (B) Quantitative analyses of alkaline phosphatase (ALP) activity
PCL, ycompared to PD, �compared to GO1, and §§compared to GO6 with a significant
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after the coating processes. Based on these results, we examined
the osteogenesis of the GO-coated scaffolds.

3.3. Evaluation of osteogenic effects of the scaffolds

To assess the osteogenic differentiation of cells cultured in the
scaffolds, we carried out an ALP assay for 2 weeks. Bone-type
ALP, an enzyme known to promote hard tissue formation, was used
as the osteogenesis marker; additionally, this enzyme is capable of
binding to the osteoblast membrane [53]. Fig. 5B shows that the
GO-coated scaffold has higher ALP activity than those with PCL
only or those coated with PD. This result suggests that the GO-
coated scaffold enhances the mineralization process and poten-
tially influences the calcification process [54,55]. Particularly, the
ALP activity of the GO3 group increased significantly after 14 days.
Thus, control over the ratio of GO on the surface of the scaffold is
important to osteogenic differentiation. Based on these results,
we anticipate that GO may also enhance mineralization in the cul-
tured cells from the scaffold.

To evaluate the degree of mineralization, we performed alizarin
red staining and obtained SEM images of the cultured scaffold with
osteoblast-like cells after 14 days. The PCL and PD-coated groups
showed a relatively light red color regarding staining of the scaf-
fold strands, as shown in Fig. 6A. On the other hand, the GO-
coated scaffolds exhibited a deeper red color than the PCL and
PD scaffolds; in particular, the GO3 group was dark red. SEM anal-
yses were conducted to examine the scaffold strand surfaces more
closely, as shown in Fig. 6B; mineralized cells appeared on the cul-
tured scaffold in the differentiation medium, with similar charac-
teristics as those reported in previous studies [56,57]. As
expected, the GO3 group displayed a greater density of mineralized
cells on the surfaces of the scaffold strands. This result suggests
that the regulation of the GO ratio affects the cellular deposition
Fig. 6. Osteogenic differentiation and mineralization of the cultured cells in the scaffolds
SEM images showing the morphology of the mineralized cells on the strand surfaces in th
the cultured cells in the scaffolds; the results were obtained over a 2-week period (n =
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of calcium phosphate in the scaffold, which appears to be related
to increased ALP activity. We also measured the relative degree
of calcium deposition on the cultured scaffold for quantitative
evaluation of the level of calcium mineral. As shown in Fig. 6C,
the calcium contents of the scaffold increased with the GO deposi-
tion on the scaffold following 7 and 14 days, compared to the con-
tents shown on PCL and PD-coated scaffolds. Thus, GO improved
the bioactivity of the scaffold, created using an ecofriendly inter-
mediate PD coating on PCL strands and optimized level regarding
GO content. As the support materials for the osteogenic differenti-
ation and mineralization of osteoblasts, we speculated that dexam-
ethasone and b-glycerophosphate effectively bind to the surface of
the GO scaffold through p-p stacking between aromatic rings [58].
Furthermore, it has been shown that ascorbic acid dissolved in the
medium is sufficiently absorbed by hydrogen bonding on the GO
dimension to promote osteogenic differentiation [59]. Interest-
ingly, the GO3 group showed exceptional performance, compared
to other scaffold types in terms of osteogenic differentiation. To
further investigate the effects of GO, we confirmed the
osteogenic-related gene expression level through qRT-PCR
analyses.

3.4. Evaluation of osteogenic related gene expression

To further determine the osteogenic differentiation level in the
cells cultured from the scaffold, we performed qRT-PCR for 2 weeks
under osteogenic conditions. The osteogenic relevant genes chosen
were RunX2, OCN, and OPN, which are representative osteogenic
markers capable of concomitantly regulating bone formation as
well as mineralization [60,61]. As shown in Fig. 7, the normalized
overall gene expression levels were increased at 2 weeks compared
to their 1-week levels. Particularly, the GO-coated groups showed
higher expression levels than the control group
. (A) Alizarin red staining of the cultured scaffold at 14 days (scale bar = 400 mm). (B)
e scaffold (scale bar = 50 mm). (C) Quantitative analyses of calcium deposition level of
3; *compared to PCL and ycompared to PD for *p < 0.05).



Fig. 7. Osteogenic-related gene expression levels of cultured scaffolds. (A) RunX2, (B) OCN, (C) OPN genes normalized with GAPDH after 1 week. (D) RunX2, (E) OCN, and (F)
OPN genes normalized to GAPDH after 2 weeks. (n = 3; *compared to PCL, ycompared to PD, �compared to GO1, and §compared to GO6 for *p < 0.05).
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cultured on the PCL scaffold for 2 weeks. There were no signif-
icant differences between the PD and GO1 groups in expression.
However, the GO3 group exhibited the highest expression com-
pared to the other scaffold types, indicating that an optimized
GO concentration amount (ratio) had been determined. Particu-
larly, the controllable GO-coating process enhanced the surface
properties, as well as the bioactivity for osteogenesis and bone
regeneration, despite being used in only small amounts for coating
the scaffold strand surfaces. We speculate that the biomolecules to
support osteogenesis affect the gene expression of cultured cells in
the scaffolds, as they are more effectively bound on the GO domain,
compared to bare PCL and PD-coated surfaces. Furthermore, these
results are consistent with previous results on osteogenic differen-
tiation and mineralization levels of cultured cells in the scaffolds.
Therefore, we suggest that our ecofriendly, controllable, GO-
coating platform on 3D-printed scaffolds fabricated from
biodegradable and biocompatible polymers is promising for TE.
4. Conclusions

A controllable GO-coating platform was presented using an
intermediate mussel-inspired PD coating of a bare PCL scaffold.
The ecofriendly coating method preserved the functionality of
the scaffold. In addition, the scaffold material retained its biosaf-
ety/biocompatibility throughout the fabrication process. The coat-
ing was successfully regulated according to the ratio of GO and
uniform distribution over the strands making up the scaffold. The
optimized coating group, GO3, showed significantly enhanced
bioactivity compared to the other scaffold types in terms of its abil-
ity to promote osteogenesis and therapeutic payload delivery (e.g.,
drugs, proteins, growth factors, and so forth) due to the various
hydrophilic and aromatic moieties of the GO domain. Thus, based
on our results, the ecofriendly, mussel-inspired, GO-coated, 3D-
printed scaffolds show tremendous potential for bone tissue engi-
neering and biomedical applications.
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