Carbon xxx (2017) xXX-XXX

28T

1 SEVIER

e

Contents lists available at ScienceDirect

Carbon

journal homepage: www.elsevier.com

3D bioprinted graphene oxide-incorporated matrix for promoting chondrogenic
differentiation of human bone marrow mesenchymal stem cells

Xuan Zhou?, Margaret Nowicki®, Haitao Cui®, Wei Zhu?®, Xiugi Fang®, Shida Miao?, Se-Jun Lee?,
Michael Keidar®®, Lijie Grace Zhang™® be,

* Department of Mechanical and Aerospace Engineering, The George Washington University, Washington DC 20052, USA
b Department of Biomedical Engineering, The George Washington University, Washington DC 20052, USA
¢ Department of Medicine, The George Washington University, Washington DC 20052, USA

ARTICLE INFO

ABSTRACT

Article history:

Received 8 December 2016

Received in revised form 15 February
2017

Accepted 16 February 2017
Available online xxx

Articular cartilage repair and regeneration are a challenging problem worldwide due to the extremely weak inherent
regenerative capacity of cartilaginous tissue. As an emerging tissue engineering scaffold fabrication technology, 3D
bioprinting has shown great promise in fabricating customizable artificial tissue matrices with hierarchical structures.
The goal of the present study is to investigate 3D bioprinted graphene oxide (GO)-doped gelatin—based scaffolds for
promoting chondrogenic differentiation of human bone marrow mesenchymal stem cells (MSCs). In the current study,
GO-gelatin methacrylate (GelMA)—poly (ethylene glycol) diacrylate (PEGDA) was prepared as a biocompatible pho-
topolymerizable bioink. GO, a multifunctional carbon based nanomaterial, was incorporated into the bioink for promoting
chondrogenic differentiation. Finally, the 3D printed GeIMA-PEGDA-GO scaffold with hierarchical structures was fabri-
cated via our novel table-top stereolithography-based printer. Results showed that GeIMA-PEGDA-GO scaffolds greatly
promoted the glycosaminoglycan, and collagen levels after GO induced chondrogenic differentiation of hMSCs. More-
over, the Collagen II, SOX 9, and Aggrecan gene expressions associated with chondrogenesis were greatly promoted on
the scaffolds. This study demonstrated that customizable 3D printed GeIMA-PEGDA-GO scaffolds are excellent candi-
dates for promoting chondrogenic differentiation of hMSCs and are therefore promising candidates for future cartilage

regenerative medicine applications.

© 2016 Published by Elsevier Ltd.

1. Introduction

Cartilage defects and chondral lesions resulting from trauma, os-
teoarthritis or disease are common and serious clinical problems in
older people and athletes. For example, an estimated 46 million Amer-
icans suffer unanticipated pain, weakness, and even disability as a re-
sult of osteoarthritis alone according to the 2010 report from the Na-
tional Public Health Agenda for Osteoarthritis [1]. Moreover, there
are about 0.7 million hospitalizations and more than 0.6 million to-
tal joint replacements every year in the United States alone [1,2]. Ap-
proximately 22.6 billion dollars has been spent on job-related hospital
costs in one year and this figure will be further expanded in the future
[2]. Currently, the gold standard surgical procedures for repairing and
rebuilding cartilage defects are autologous cartilage transplantation or
autologous chondrocyte implantation [3]. However, these approaches
are still not perfect due to limited resources of autologous cartilage
tissue and cells [4]. Furthermore, articular cartilage repair and regen-
eration are a challenging problem worldwide due to the extremely
weak inherent regenerative capacity, complex hierarchical architec-
ture, and intricate composition of cartilaginous tissue [5]. Precious
chondrocytes embedded in a dense extracellular matrix (ECM) are re-
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stricted from renewing and migrating largely by the lack of nutrition
resupply which may restrain tissue self-repair [6].

Chondrocytes, the only cell type in articular cartilage, play a cru-
cial role in producing and maintaining cartilaginous matrix [7]. As
such, it is a commonly used cell source for articular cartilage repair
and regeneration. Unfortunately, its ability to thrive is limited by a
lack of resources and weak differentiation capacity, especially in se-
niors [8,9]. Due to the aforementioned limitation, some alternative
cell sources, with improved accessibility and chondrogenic capacity,
have been investigated in recent decades, such as human embryonic
stem cells [10], mesenchymal stem cells (MSCs) [11], and human der-
mal fibroblasts [12]. In particular, human bone marrow derived MSCs
are capable of differentiating into a variety of musculoskeletal cell
types, such as cartilage, bone, muscle, and nerve cells; therefore they
are great candidates for cartilage tissue repair [11]. Regulating culture
conditions and controlling substrate properties with engineering tech-
nologies can induce hMSC differentiation into specific tissues for di-
verse regenerative applications.

Tissue engineering has emerged as a potential means to combine
sophisticated, biomimetic scaffolds and cells for articular cartilage re-
pair and regeneration. Various biocompatible and biodegradable scaf-
folds have been investigated to support structural loads, matrix depo-
sition, and cell growth [5]. Some examples include natural [8,13] and
synthetic [14,15] scaffolds, as well as those that are nanostructured
[3,16] or modified with bioactive molecules [17,18]. These tissue en-
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gineering technologies provide a vast application prospect for carti-
lage repair and regeneration. The emergence of 3D bioprinting tech-
niques has shown great promise in fabricating complex, customiz-
able, artificial tissue matrices with hierarchical structures using com-
puter-aided design (CAD) [19]. Stereolithography (SL), based 3D bio-
printing, is an especially versatile and prevailing 3D printing tech-
nology. It uses the rapid prototyping lithographic method to pho-
tocrosslink a photocurable polymer ink, in a layer-by-layer manner,
fabricating a dedicated 3D structure [19]. When compared with many
other commonly used 3D bioprinting techniques, stereolithography
has a high resolution capacity. Moreover, various bioactive mole-
cules or multifunctional nanocomponents can also be directly incorpo-
rated into photocurable inks and simultaneously develop the scaffolds
bioactivity and function for diverse biomedical applications [19,20].
In this study, a custom designed table top SL printer was used to fab-
ricate a unique cartilage construct.

A novel cartilage printing ink including gelatin methacrylate
(GelMA), polyethylene (glycol) diacrylate (PEGDA) and nano
graphene oxide (GO) was prepared. Specially, GeIMA, a major com-
ponent of ECM derived from the hydrolysis of collagen, has many
arginine-glycine-aspartic acids (RGD) and matrix metalloproteinase
(MMP) sequences that can significantly promote cell attachment and
proliferation [21,22]. Moreover, it is a photocurable biomaterial which
can form matrix by photocrosslinking under UV light [22,23]. How-
ever, GeIMA is often insufficient in configurability due to its weak
printability performance. Herein, another widely used SL printing bio-
material, PEGDA, was blended into the GelMA bioink for improv-
ing the printability and feature resolution in this study. For the pur-
pose of enhancing biochemical function of a GeIMA-PEGDA print-
ing ink, GO was introduced into the solution. GO is a multifunc-
tional, bioactive nanoparticle with many unique physiochemical prop-
erties, such as carbon domains and hydrophilic functional groups, that
has gained much attention for biomedical applications [24-27]. Many
studies have explored the effects of graphene and GO on stem cell
adhesion, growth, and differentiation [28-32]. Employing the strong
adsorption capacity by m-m stacking and electrostatic interaction [24],
GO can induce a stem cell to differentiate into neurogenic [29], chon-
drogenic [30], myogenic [31], and osteogenic [32] types.

The scope of the present study is to investigate 3D bioprinted
graphene oxide (GO)-doped, gelatin—based scaffolds for promoting
chondrogenic differentiation of hMSCs. For this purpose, 3D printed
GelMA-PEGDA-GO scaffolds with hierarchical structures were fabri-
cated using our custom designed SL-based printer. The relevant phys-
iochemical and biological characteristics of 3D scaffolds were exam-
ined. Moreover, type II collagen levels, glycosaminoglycan (GAG)
secretion, and marker gene expression were characterized to evalu-
ate chondrogenic differentiation of MSCs on 3D scaffolds by ELISA
methods and real-time quantitative reverse transcription polymerase
chain reaction (RT-PCR) assay.

2. Materials and methods
2.1. Preparation of photocrosslinkable ink

GelMA was synthesized as described in our previous work [20].
Briefly, gelatin (Type A, Sigma-Aldrich) was dissolved at 10% (w/
v) into phosphate buffered saline (PBS) at 60 °C for 30 min. 4% (v/
v) methacrylic anhydride was added drop-wise into gelatin solution at
50 °C for another 2 h. In order to remove excess methacrylic acid, the
mixture was dialyzed in distilled water using 8—14 kDa cutoff dialy-

sis bags at 40 °C for 3 days. Lastly, the GeIMA flock was obtained af-
ter lyophilization.

For GeIMA-PEGDA ink preparation, PEGDA (Mn 700,
Sigma-Aldrich) was mixed at 20% into 15% GelMA PBS solution
containing 0.5% (w/v) 2- hydroxy-4’-(2-hydroxyethoxy)-2-methyl-
propiophenone (Irgacure 2959, Sigma-Aldrich) as a photoinitiator.
For GeIMA-PEGDA-GO bioink preparation, different amounts of GO
(Cheaptube, USA) (0, 0.05, 0.1, 0.25, 0.5 and 1 mg/mL) were fully
mixed into GeIMA-PEGDA bioink solution to evaluate the effect of
concentration on scaffold performance.

2.2. 3D printing cartilage scaffolds

The 3D printed cartilage scaffolds were fabricated using our
table-top SL based printer, which consists of an X-Y axis controlled
UV laser, a Z axis controlled movable stage and an interface soft-
ware package (Printrum) [19,20]. The GeIMA-PEGDA solutions, with
or without GO bioink, were placed on the z-control movable plat-
form and then printed by UV laser according to programmed computer
aided design (CAD) models. The 3D printed GeIMA-PEGDA-GO
scaffolds were fabricated via a layer-by-layer process. In this work,
the basic geometry pattern (wood-pile) was chosen for support scaf-
fold. This selection is also on the base of our previously work in
which we found MSCs have a higher proliferation due to its relative
smaller porosity in comparison with the other pattern with same infill
ratio [19]. The printing parameters are as follows: 200 pm diameter
laser beam, 25 pJ intensity output of 20 kHz emitted UV, and 10 mm/
s printing speed.

2.3. Characterization of GO and 3D printed scaffolds

UV—Vis spectra of GO was collected at a range of 200-600 nm
with a Multiskan™ microplate spectrophotometer (Thermal Scien-
tific). Fourier transform infrared (FTIR) and Raman spectra of GO
were conducted within the 4000-400 cm ' wavenumber range using a
Nicolet™ iS™ 50 FT-IR Spectrometer (Thermal Scientific) at room
temperature. The morphologies of GO were observed by transmis-
sion electron microscopy (TEM) (FEI F200X) and atomic force mi-
croscopy (AFM) (Asylum, MFP-3D). The morphology of the 3D
printed scaffolds was observed by optical microscopy (Mu800, Am-
scope) and further characterized by scanning electron microscope
(SEM). Samples were sputter-coated with a 10 nm gold layer prior
to SEM imaging, In order to investigate the mechanical properties of
varied hydrogel combinations, samples were crosslinked by UV-expo-
sure and cut into 8 mm diameter 5 mm thick, disks. The compressive
modulus was determined via unconfined compression testing on a me-
chanical testing machine at a crosshead speed of 8 mm/min.

2.4. MSC culture

Primary human bone marrow MSCs were obtained from healthy
consenting donors, distributed and thoroughly characterized by the
Texas A&M Health Science Center, Institute for Regenerative Med-
icine. Cells at passage 3—6 were used in the subsequent experiment.
MSCs were cultured in Alpha Minimum Essential Medium Eagle
(a-MEM) supplemented with fetal bovine serum (FBS) (16.5%, v/v),
penicillin/streptomycin (p/s, 1%, v/v) and L-glutamine (1%, v/v). For
chondrogenic differentiation studies of MSCs, cells were cultured in
a-MEM supplemented with FBS (10%, v/v), penicillin and strepto-
mycin (1%, v/v), L-glutamine (1%, v/v), dexamethasone (100 nmol/
L), L-ascorbate acid (50 pg/mL), proline (40 pg/mL), sodium pyru-
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vate (100 pg/mL), ITS+ (1%, v/v), and TGF-B1 (10 ng/mL) [33]. All
cells were incubated at 37 °C, 5% CO, and 95% relative humidity.

2.5. MSC proliferation on 3D scaffold

In order to determine optimal combinations, MSC proliferation
on the scaffolds with various compositions was investigated for 5
days. These groups are PEGDA (20%), GelMA (10%), GeIMA (15%),
GelMA (10%) + PEGDA (20%), GelMA (15%) + PEGDA (20%),
and GelMA (15%) + PEGDA (20%)+ GO (0.05, 0.1, 0.25, 0.5 and
1 mg/mL). These scaffolds were placed in a 48-well plate, and soaked
in culture medium for 12 h. After pre-wetting, cells, at a density of
5 x 10* cells/well, were seeded on the scaffolds and cultured for 1,
3 and 5 days. At the predetermined time points, the culture medium
was replaced with fresh medium containing 10% CCK-8 solution (Do-
jindo, Japan) and incubated for 2 h. Lastly, 100 pL of culture medium
was transferred into a new 96-well plate and the absorbance was
recorded by Spectrophotometer (Thermo, USA) at a wavelength of
450 nm. After day 5, MSC morphology was imaged by a laser con-
focal microscope (Carl Zeiss LSM 710). All scaffolds were rinsed
with PBS and processed with 10% formalin and 0.1% Triton-100 re-
spectively for 10 min each. Lastly, the cells on the scaffolds were
stained with Texas Red-X phalloidin for 30 min followed by 4’, 6-di-
amidino-2-phenylindole (DAPI) for another 15 min.

2.6. Protein adsorption capacity of 3D printed GO scaffold

Bovine Serum Albumin (BSA) as a model protein was employed
for investigating the protein reconcentration capacity of the scaffold
with GO. Briefly, the scaffolds were soaked in 40 pg/mL BSA PBS
solution at 37 °C for 24 h. After incubation, the scaffolds were taken
out and the concentration of BSA was quantified by BCA™ protein
assay (Thermo, USA). The absorbance was recorded spectrophoto-
metrically at 562 nm according to the manufacturer's instructions.

2.7. Chondrogenic differentiation of MSCs on scaffolds

MSCs were induced toward chondrogenic differentiation for eval-
uating cartilage potential on each scaffold. MSCs were seeded at
a density of 2 x 10° cells/well on each scaffold, in a proliferation
medium, and incubated for 24 h. Subsequently, the medium was re-
placed with fresh differentiation medium and continuously cultured
for 3 weeks. At predetermined time intervals, the scaffolds were rinsed
with PBS and then used for histochemical examination and biochemi-
cal analysis.

Histochemical staining of chondrogenesis was examined by Al-
cian Blue assay [34]. Briefly, scaffolds were fixed with 10% forma-
lin for 30 min and rinsed. The differentiated cells on each scaffold
were stained with 1% Alcian Blue solution (in 3% acetic acid, pH 2.5)
(8GX, Sigma) for 20 min. After staining, excess stain was removed
and scaffolds were fully rinsed and imaged using a microscope.

Collagen II secretion, glycosaminoglycan (GAG) synthesis, and
total collagen levels were analyzed for evaluating chondrogenic per-
formance. The specimens were enzymatically digested in a Pa-
pain-based solution at 60 °C for 18 h. The aliquots were then taken
out for chondrogenic biochemical analysis. Collagen II was examined
via a type II collagen ELISA kit (TSZ ELISA, USA) per the man-
ufacturer's instructions. Briefly, aliquots were added to a pre-coated
96-well plate and incubated at 60 °C for 18 h. Unbound sample was
rinsed, Biotinylated Antibody was added to each well, and the plate
was incubated for 20 min. After removing the antibody and washing
the plate, the enzyme was added before again incubating the plate and

rinsing. Lastly, a stop solution was mixed with the enzyme and the ab-
sorbance was recorded at 450 nm.

GAG content was quantified by 1, 9-dimethylmethylene blue
(DMB, Sigma) assay. DMB solution was prepared by dissolving
16 mg DMB, 3.04 g glycine, 1.6 g NaCl, and 95 mL of 0.1 M acetic
acid into 1 L pure water, followed by 0.45 um filtering and protecting
from light. 200 pL of DMB solution was mixed into 50 pL digested
aliquots in a 96-well plate and gently shaken for 10 s. The absorbance
was then recorded at 524 nm.

Total collagen level was determined by Sirius red colorimetric as-
say. 100 pL digested aliquots were added into a 96-well plate and
dried overnight. The specimens were fully rinsed with pure water.
150 puLL of 0.1% Picro-sirius red solution (w/v, Direct Red 80 in Pi-
cric acid, Sigma) was added into each well for 1 h incubation at room
temperature. Each well was fully rinsed with 5% acidified water (v/
v, Glacial acetic acid in Distilled water) and followed by additional
150 pL of 0.1 M NaOH solution for 30 min incubation at room tem-
perature. The supernatants in each well were transferred into a new
96-well plate and recorded at 550 nm.

2.8. Real Time PCR analysis

The Collagen II, SOX 9, Aggrecan marker gene expressions re-
lated with chondrogenesis were investigated by a Real Time-PCR as-
say [35]. After 1, 2 and 3 weeks of chondrogenic differentiation, the
specimens were fully rinsed with PBS and then treated with 1 mL
TRIzol Reagent (Thermolfisher, USA) for 30 min. Total RNA was ex-
tracted using a standard TRIzol protocol. The cDNA was synthesized
using a Real-time PT-PCR kit (PrimeScript RT Master Mix, Takara)
according to the manufacturer's instructions. Quantitative PCR analy-
sis was performed in triplicate per sample using SYBR qPCR kit
(SYBR Premix Ex Taq II(Tli RNase H Plus), Takara) and CFX384
Real-Time System (Bio-Rad, USA). Relative quantification of gene
expression was analyzed using standard 242 method and glycer-
aldehyde 3-phosphate dehydrogenase (GAPDH) was used as the en-
dogenous housekeeping gene. The detailed PCR primer sequences are
available in Table S1.

2.9. Statistical analysis

Data are presented as mean + standard deviation and analyzed by
one-way ANOVA methods. A p <0.05 was considered statistically
significant to evaluate the significance of the experimental data.

3. Results and discussion
3.1. 3D printed scaffold fabrication and characterization

Fig. 1 summarizes the fabrication of the novel 3D printed scaf-
folds for promoting chondrogenic differentiation of MSCs. Pre-de-
signed CAD models and surface plots of the 3D printed scaffolds are
shown in Fig. 2(A and B) and Fig. 2(C and D), respectively. SEM was
used to characterize the morphology of the 3D scaffolds, without or
with GO (Fig. 2(E and F)). A smooth surface, coupled with uniform
pores and orderly channels, was observed clearly in scaffolds, which
closely matched the pre-designed CAD models. Furthermore, it was
found that the GO incorporation did not influence the structural fabri-
cation. The scaffold with hierarchical structure was successfully pre-
pared via our novel stereolithography based 3D printer.

UV-vis spectroscopy, Raman and FTIR spectra of GO were char-
acterized and the results are shown in Fig. 3. An absorption peak at
230 nm was found in spectra which is ascribed to the m-n* transition
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Fig. 1. Schematic diagram of 3D printed GO scaffold for promoting chondrogenic differentiation of hMSCs.

of aromatic C—C bonds (Fig. 3A) [24,36]. The Raman spectrum
is presented in Fig. 3B. Two prominent peaks located at 1355 and
1605 cm ™" were noted and can be attributed to the G band and D band
in GO, respectively. The G band and D band are related to the E2g
phonon of sp2 atoms and breathing mode of sp2 rings, respectively
[24,36]. The FTIR spectrum is shown as Fig. 3C. There are some oxy-
gen functional groups noted in the spectra as well. The broad and wide
peak at 3215 cm-1 can be attributed to the hydroxyl group (O—H)
stretching vibrations of the C—OH groups in GO and H—OH in the
environment. The sharp peak at 1718 and 1618 cm ™" are assigned to
the carbonyl/carboxy (C=0) and aromatics (C—C) bands respec-
tively. The absorption band at 1050 cm™! can be ascribed to alkoxy (C
—O) stretching vibration [24,36]. The morphology of GO was char-
acterized by TEM (Fig. 3D) and AFM (Fig. 3(E and F)). The GO size
presents the width of 3—5 pm and the height of 0.75 nm which corre-
spond to two graphene oxide layers.

In order to investigate the mechanical property of the inks, differ-
ent GeIMA-PEGDA combinations and GO concentration incorpora-
tions were evaluated. The corresponding compressive modulus is rep-
resented in Figs. SIA and S1B, respectively. The results show that the
compressive modulus increased with GelMA concentration and was
greatly enhanced by PEGDA incorporation. Additionally, the GO in-
corporation did not influence the compressive modulus of the scaffold
with the exception of the max GO concentration of 1 mg/mL. This re-
sult can be explained that the relatively low GO mass ratio incorpo-
rated in ink even in max concentration. The influence on the compres-
sive modulus of the scaffold was insignificant.

3.2. Proliferation of MSCs on 3D scaffold

MSC proliferation on various 3D printed scaffolds, with differ-
ent compositions, was investigated for 5 days (Fig. 4). Fig. 4A shows
MSC proliferation with various ratios of GelMA and PEGDA. MSCs
grew well on the GeIMA and GelMA-PEGDA hydrogels when com-
pared to the PEGDA hydrogel on Day 5. The MSC proliferation on

10% and 15% GelMA groups is higher than the corresponding 10%
and 15% GelMA+ 20% PEGDA groups, respectively. Moreover, the
MSC proliferation on hydrogels containing 15% GelMA is higher than
that of 10% GelMA. Considering the printability of inks, and balanc-
ing compatibility and mechanical performance, 15% GelMA+ 20%
PEGDA will be chosen as the optimal ink composition, despite a slight
decrease in MSC proliferation resulting from the PEGDA blending
when compared to GeIMA only samples.

MSC proliferation on 15% GelMA+ 20% PEGDA (hereinafter re-
ferred to as 15% GelMA + PEGDA) incorporated with different con-
centrations of GO are shown in Fig. 4B. MSCs grew faster on all
groups with time and the highest proliferation was found in 0.1 mg/
mL incorporation group on day 5, an increase of 22% when compared
to that without GO incorporation. This phenomenon was confirmed
by confocal microscopy images, Fig. 5. MSCs spread and extended
excellently on scaffolds with incorporated GO (0-0.25 mg/mL) after
5 days of culture. The cytoskeleton and cell nuclei were clearly ob-
served on the scaffolds. MSCs are long and thin, and the actin fibers
fully spread on the scaffold. This fibroblast-like morphology is typi-
cal feature of MSC. Appropriate GO incorporation can promote MSC
adhesion, growth, and differentiation. This is in agreement with lit-
erature and it may be related to the strong adsorption capacity of
GO by n-n stacking and electrostatic interaction [28,30,32]. It is can
be considered that this adsorptive performance will be favorable to
FBS adsorption and subsequent cell proliferation on scaffold. There is
more discussion on this topic in the next section. Ultimately, the 15%
GelMA + PEGDA with GO incorporated at 0.1 mg/mL was screened
as an optimal combination for subsequent MSC differentiation study.

3.3. Protein reconcentrated capacity of GelMA-PEGDA-GO scaffold
Surface characteristics, such as protein affinity, of the scaffold

are crucial features for regulating or influencing cell behaviors such
as adhesion, proliferation, differentiation, and morphology [37,38].
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Fig. 2. (A-B) Top and side views of the CAD 3D scaffold model. (C) Microscope image and (D) surface plot of GeIMA-PEGDA scaffold without GO; Scale bar = 200 um. (E-F)
SEM micrographs of GeIMA-PEGDA scaffold without GO and with GO (0.1 mg/mL). The inset images are photographs of the corresponding scaffolds. (A colour version of this

figure can be viewed online.)

BSA, as a model protein, was employed to evaluate the protein affin-
ity of GeIMA-PEGDA scaffolds incorporated with and without GO
(Fig. 6). The adsorption profiles show that BSA levels on
GelMA-PEGDA-GO scaffolds were 763% higher than that of
GelMA-PEGDA scaffolds after 24 h; the protein adsorption capacity
on both of the scaffolds became saturated after 24 h. The results indi-
cated that GO-incorporated scaffolds were able to adsorb significantly
more protein than those without GO. From this it was implied that GO
could effectively improve the protein affinity of substrates. Some re-
searchers have reported that GO has extraordinary adsorption capac-
ity for proteins [39], DNA [40], and small molecule drugs [41] via
n-7 stacking and electrostatic interaction [24]. This behavior promotes
deposition of nutritious components (for instance: FBS) on the scaf-
fold surface and is favorable for cell proliferation and survival. It was
expected that this deposition will promote MSC behaviors of adhe-
sion and growth on scaffolds. This performance is highly connected
with the proliferation results of MSCs on the 3D scaffolds mentioned
above.

3.4. Chondrogenic differentiation of MSCs on GelMA-PEGDA-GO
scaffold

Under specified culture conditions, MSCs can be induced into
chondrogenesis and form cartilage for tissue regeneration. A three
week chondrogenic differentiation study was conducted on the
GelMA-PEGDA-GO scaffolds. The results of the qualitative histo-
chemical staining and biochemical quantitative analysis including col-
lagen II, GAG, and total collagen synthesis, at predetermined time
points, are shown in Figs. 7 and 8.

Alcian Blue is a common and reliable heteroglycan stain for GAG
in cartilage and other extracellular matrices. It was found that the ex-
tracellular product was stained and exhibited bluish-green or blue af-
ter 3 weeks when compared to that of the bare scaffold (Fig. 7). In
this experiment, the MSCs were induced into chondrogenic differen-
tiation. In this status, the MSCs did not have multipotent anymore
and tended to synthesize specific chondrogenic extracellular matrices.
The cells are round-like shape and can be stained by Alcian Blue so-
lution. Moreover, the color on the GeIMA-PEGDA-GO scaffold was
slightly darker than that of the GeIMA-PEGDA scaffold. It implied
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that more GAG was synthesized on the former scaffold than the later
after chondrogenic differentiation. Furthermore, the results were veri-
fied by quantitative biochemical analysis of collagen II, GAG, and to-
tal collagen (Fig. 8). After 3 weeks, the collagen II synthesis, GAG
secretion, and total collagen level on the GeIMA-PEGDA-GO scaf-
fold were dramatically greater, by 66%, 71% and 43% respectively,
than those on the GeIMA-PEGDA scaffold. This data indicates that
GO incorporation remarkably enhances chondrogenic differentiation.
Type I collagen and GAG are essential ECM components in articular
cartilage and their production directly correlates to the level of chon-
drogenesis. In this study, GO incorporation enhanced scaffold perfor-
mance greatly, improving chondrogenic differentiation of MSCs; this
enhanced performance can mainly be ascribed to the accessional bio-
logical function of GO [30,42]. This phenomenon could be explained
by incorporated GO acting as a pre-concentration platform for chon-
drogenic inducers (such as FBS and TGF-B1) accelerating their spe-
cific differentiation into chondrogenesis [28,30]. It was considered

that GO incorporation could stably adsorb TGF-B1 which was intro-
duced directly to MSCs and then enhance the chondrogenic differen-
tiation of MSCs [30]. This behavior greatly promoted MSC adhesion
and chondrogenesis on scaffolds.

3.5. Quantitative analysis of Real Time PCR on chondrogenic
differentiation

For the purpose of further investigating the effect of GO on chon-
drogenic differentiation of MSCs on the scaffold, the tissue-specific
gene expression of type II collagen, SOX-9, and aggrecan were evalu-
ated from gene level (Fig. 9). After 3 weeks, the gene marker expres-
sion of collagen II, SOX-9, and aggrecan on the GeIMA-PEGDA-GO
scaffold was significantly greater than that on the GeIMA-PEGDA
scaffold by 83%, 44%, and 101%, respectively. These results are
highly consistent with biochemical analyses mentioned above. Com-
pared to biochemical quantitative examination,
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n=38. *p <0.05 when compared to all other groups at day 3. #p < 0.05 when compared to all other groups excepting the 0.25 mg/mL group. (A colour version of this figure can be

viewed online.)

Fig. 5. Confocal micrographs of 5-day MSC proliferation on GeIMA-PEGDA scaffolds
incorporated with (A) 0 mg/mL, (B) 0.05 mg/mL, (C) 0.10 mg/mL, (D) 0.25 mg/mL,
(E) 0.50 mg/mL, and (F) 1 mg/mL concentrations of GO. Scale bar = 200 pm. The cy-

toskeleton and cell nuclei were stained by Texas Red®-X phalloidin (red) and DAPI
(Blue). (A colour version of this figure can be viewed online.)

RT-PCR is more precise and accurate when analyzing the up or down
regulation of specific gene expressions in cells. Collagen II and ag-
grecan genes are key markers relevant to chondrocyte-specific ECM
for cartilage generation. Type II collagen, a primary component in
cartilage, provides structure and protection for the joint and for the
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Fig. 6. Adsorption profiles of BSA on GeIMA-PEGDA scaffolds with and without
GO (0.1 mg/mL) at different time points. Data are mean + standard deviation, n = 8. (A
colour version of this figure can be viewed online.)

end of the bone. Aggrecan genes express a type of protein relevant
with proteoglycan which associates with other components (collagen,
glycoprotein, fibronectin, etc.) to organize cartilage structures. These
Real-Time PCR results sufficiently support more extensive expres-
sion of chondrogenic genes on the GeIMA-PEGDA-GO scaffold. The
SOX-9 gene is another crucial marker relevant to the transcription
factor for cartilage generation [42,43]. SOX-9 involves the high-mo-
bility-group (HMG) domain transcription factor which is mainly ex-
pressed in chondrocytes and cartilage relevant tissues, and usually
coincident with the expression of type II collagen [44]. The resul-
tant gene expression demonstrated upregulation of SOX-9 on GO-in-
corporated scaffolds. The Real Time PCR revealed that
GelMA-PEGDA-GO 3D scaffolds showed enhanced interaction for
chondrogenic signaling cascades. The phenomena also can be ex-
plained as the aforementioned “pre-concentration platform” effect.
Cartilage specific gene expression of type II collagen, SOX-9, and ag-
grecan were up-regulated in the GO incorporated group. Comprehen-
sively, the above differentiation results suggest that GO incorporation
in scaffolds greatly enhanced tissue-specific gene expression of type II
collagen, SOX-9 and aggrecan, and could prominently promote chon-
drogenic differentiation of MSCs into cartilage.
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Fig. 7. Alcian Blue stained micrographs of MSCs after chondrogenic differentiation on the surface of the GeIMA-PEGDA scaffolds without and with GO over 3 weeks. Scale

bar =200 pum. (A colour version of this figure can be viewed online.)

4. Conclusions

In summary, a customizable, 3D printed, GO incorporated ma-
trix (GelMA-PEGDA-GO) with hierarchical structure was success-
fully fabricated via our table-top stereolithography-based printer. The
resulting scaffolds exhibited favorable mechanical properties and ex-
cellent biocompatibility. GeIMA-PEGDA-GO scaffolds were able to
adsorb much more protein than those without GO. This improved pro-
tein-like adsorption contributed to improving cell adhesion on the sur-
face of the scaffold, and was also responsible for higher cell pro-
liferation and differentiation on GeIMA-PEGDA-GO scaffolds when
compared to GelMA-PEGDA scaffolds. Most importantly,
GelMA-PEGDA-GO scaffolds greatly promoted the glycosaminogly-
can, total

protein, and collagen levels after GO induced chondrogenic differen-
tiation of hMSCs. In particular, the most significant improvement is
the chondrogenic gene expression of type II Collagen, SOX-9 and ag-
grecan observed on the 3D GeIMA-PEGDA-GO scaffolds. This study
demonstrated that customizable 3D printed GelMA-PEGDA-GO scaf-
folds are excellent candidates for promoting chondrogenic differenti-
ation of hMSCs showing great promise for future cartilage regenera-
tion.
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Appendix A. Supplementary data

Supplementary data related to this article can be found at http://dx.
doi.org/10.1016/j.carbon.2017.02.049.
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