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The engineering of osteochondral interfaces remains a challenge. MicroRNAs (miRs) have emerged
as significant tools to regulate the differentiation and proliferation of osteogenic and chondrogenic
formation in the human musculoskeletal system. Here, we describe a novel approach to
osteochondral reconstruction based on the three-dimensional (3D) bioprinting of miR-transfected
adipose-derived stem cell (ADSC) spheroids to produce a heterotypic interface that addresses the
intrinsic limitations of the traditional approach to inducing zonal differentiation via the use of
diffusible cytokines. We evaluated the delivery of miR-148b for osteogenic differentiation and the
codelivery of miR-140 and miR-21 for the chondrogenic differentiation of ADSC spheroids. Our
results demonstrated that miR-transfected ADSC spheroids exhibited upregulated expression of
osteogenic and chondrogenic differentiation related gene and protein markers, and enhanced
mineralization and cell proliferation compared to spheroids differentiated using a
commercially-available differentiation medium. Upon confirmation of the osteogenic and
chondrogenic potential of miR-transfected ADSC spheroids, using aspiration-assisted bioprinting,
these spheroids were 3D bioprinted into a dual-layer heterotypic osteochondral interface with a
stratified arrangement of distinct osteogenic and chondrogenic zones. The proposed approach
holds great promise for the biofabrication of stratified tissues, not only for the osteochondral
interfaces presented in this work, but also for other composite tissues and tissue interfaces, such as,
but not limited to, the bone-tendon-muscle interface and craniofacial tissues.

1. Introduction

Osteochondral lesions (OLs) are widespread injur-
ies localized in articular cartilage and subchondral
bone caused by trauma, tumors, or osteoarthritis
(OA) [1,2]. When a lesion occurs, the avascu-
lar nature of articular cartilage leads to limited
regenerative ability, due to the lack of nutrients,
growth factors and progenitor cell supply [3, 4].
Although there has been a significant progress in
OL research and lesion-modifying drugs, there are

© 2022 IOP Publishing Ltd

limited tissue models recapitulating the joint ana-
tomy and physiology to test effective drug and
delivery methods, and understand disease progres-
sion [5]. Therefore, the development of biomimetic
in-vitro models for the osteochondral (OC) interface
is important for multiple applications, such as to eval-
uate the accurate outcome assessment of drug test-
ing and explore the development and progression of
different OC-related diseases. In addition, such an
interface model can be modified for OL repair and
regeneration.
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While three-dimensional (3D) bioprinting, par-
ticularly scaffold-based bioprinting, has become
more accessible with the development of new bioinks
and biofabrication approaches [6-9], scaffold-free
bioprinting has the advantage of delivering progen-
itor cells at physiologically-relevant densities along
with an intact extracellular matrix (ECM) with their
unique similarities to native tissue, to regenerate het-
erotypic OC interfaces. In our previous research [10],
we showed that adipose-derived stem cell (ADSC)
spheroids could be considered an effective candid-
ate as building blocks for fabrication of the OC
interface. However, use of the traditional differen-
tiation strategy with diffusible cytokines possesses
its own intrinsic limitations, such as the need for
mixing osteogenic and chondrogenic medium and
their potential risk in inhibiting the induction cap-
ability of each other, which can reduce the efficacy of
heterotypic differentiation and induce ectopic tissue
formation. In this regard, MicroRNA (miR) thera-
peutics holds great potential, as the differentiation
of stem cells can be induced without relying on any
differentiation medium with diffusible cytokines.

miRs are small (~18-24 nucleotides) non-
coding RNAs targeting mRNA silencing and post-
transcriptional regulation of gene expression [11].
They play important roles in cell fates by regu-
lating cellular functions such as cell proliferation,
differentiation, and apoptosis [11, 12]. Integrating
miRs biology into tissue engineering provides an
effective tool to improve the control of cell differ-
entiation and the proliferation functions of tissue
engineered grafts [12, 13]. Our previous studies have
demonstrated that a single dose of miR-148b mimic
effectively drives the osteogenic differentiation of
bone marrow-derived stem cells and ADSCs de novo,
without other differentiation factors [14, 15]. Recent
studies have also revealed that miRs play signific-
ant roles in chondrogenesis, cartilage remodeling,
and OA development [16-21]. miR-140 is one the
most highly expressed miRs, and in recent studies, it
has been shown to have tissue specific expression in
cartilaginous tissues on zebrafish and mice [22-24].
MiR-140 promotes chondrogenesis by the upregula-
tion of SOX9 and ACAN proteins using an RAS-like
proto-oncogene A (RALA) target, which is respons-
ible for the regulation of SOX9 at the protein level
[25]. The expression of miR-140 has been demon-
strated to modulate chondrogenic differentiation in
cartilaginous tissues in mice and zebrafish [23-26],
while miR-21 is another widely studied miR and
has roles as a regulator of the proliferation of stem
and cancer cells [27-29]. miR-21 is known to modu-
late the duration and magnitude of the extracellular
signal-regulated kinase-mitogen-activated protein
kinase (ERK-MAPK) signaling by repressing SPRY2
expression during adipogenesis and the osteogenesis
of stem cells [30, 31]. ERK-MAPK signaling is the
only active pathway for osteogenic, chondrogenic,
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and adipogenic lineages during the differentiation of
stem cells [30, 31]. In addition, a recent study showed
that miR-21 promoted chondrocyte proliferation and
cartilage matrix synthesis in rabbit chondrocytes [29].
In this regard, the codelivery of miR-mimics to drive
the heterotypic osteogenic and chondrogenic dif-
ferentiation of progenitor cells, in conjunction with
bioprinting, is a potentially effective route to con-
trol the development of a spatially-organized OC
interface.

In this work, we examined the impact of miR
mimic delivery on the differentiation and prolifer-
ation of ADSC spheroids, namely miR-148b deliv-
ery for osteogenic differentiation and miR-140 and
—21 codelivery for chondrogenic differentiation.
Upon confirmation of their osteogenic and chondro-
genic potential, using aspiration-assisted bioprint-
ing (ABB), miR-transfected spheroids were then 3D
bioprinted in double layers in a scaffold-free manner
to explore the potency of these spheroids in recon-
stituting the OC interface. The results demonstrated
that the bioprinted OC interface via miR-induced dif-
ferentiation exhibited distinct osteogenic and chon-
drogenic layers with better shape retention and higher
cell proliferation compared to the OC interfaces gen-
erated using the traditional approach relying on dif-
fusible cytokines.

2. Materials and methods

2.1. Cell culture and spheroid fabrication

Human ADSCs (Catalog number: PT-5006, Lonza,
Walkersville, MD) were cultured in a basal medium
consisting of a 1:1 mixture of HyClone Dulbecco’s
modified Fagle medium (F12) (Hyclone, Marlbor-
ough, MA) supplemented with 20% fetal bovine
serum (R&D Systems, Minneapolis, MN), 1% U ml™!
Penicillin/Streptomycin (Corning, Manassas, VA) at
37 °C with 5% CO,. The cell medium was changed
every other day. We cultured commercially available
human ADSCs and expanded them from passage 1-3,
and then used them for our experiments. Cells were
received from a single donor. For spheroid fabrica-
tion, the ADSCs were harvested with Trypsin and col-
lected by centrifugation at 1600 x g for 4 min. The
ADSCs were reconstituted to 2.5 x 10° cells ml~!.
The cell suspension (200 ul) was pipetted into each
well of U-bottom 96-well plates (Greiner Bio-One,
Monroe, NC) as explained in our previous work [14].
96-well plates were then incubated in a humidified
atmosphere with 5% CO, at 37 °C overnight for
spheroid formation.

2.2. Osteogenic and chondrogenic differentiation
of ADSC spheroids

Two different differentiation procedures were used
for both chondrogenic and osteogenic differen-
tiation. Firstly, spheroids, upon their formation,
were cultured in all-in-one ready-to-use human
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chondrocyte differentiation medium (Catalog num-
ber: 411D-250, Cell Applications, San Diego, CA) for
chondrogenic differentiation and human osteoblast
differentiation medium (Catalog number: 417D-250,
Cell Applications, San Diego, CA) for osteogenic dif-
ferentiation. The medium was changed every three
days for four weeks. Secondly, miR mimics were
used for both osteogenic and chondrogenic differ-
entiation, according to the protocol reported in our
previous work [14]. Custom oligonucleotides (miR-
140: 5'-CAG UGG UUU UAC CCU AUG GUA G-3';
miR-21: 5’CAA CAG CAG UCG AUG GGC UGU
3’; miR-148b: 5 UCA GUG CAU CAC AGA ACU
UUG U 3') were ordered from Integrated DNA Tech-
nologies (Coralville, TA). Invitrogen Lipofectamine
RNAIMAX transfection reagent (Thermo Fisher Sci-
entific, Waltham, MA) was used for the transfection
and was mixed with miR-148b or miR-(140 + 21)-
mimics according to the manufacturer’s protocol. The
ADSCs were transfected with miR-148b-mimic for
osteogenic differentiation or miR-(140 + 21)-mimic
for chondrogenic differentiation, before being seeded
in Opti-MEM medium (Gibco, Carlsbad, CA) in
175 cm? cell culture flasks for 24 h. The final concen-
tration of miR-148b and miR-(140 + 21) in the opti-
MEM medium was determined to be 200 nM for a
volume of 10 ml. The 10 ml solution with the final
concentration of 200 nM was transferred to 75 cm?
cell culture flasks and incubated at 37 °C and 5% CO,
for 24 h. Transfected cells were collected by trypsin-
ization and formed as spheroids using the protocol
explained in section 2.1. Basal medium was used for
miR-transfected spheroids and changed every three
days for four weeks (see table S1 for medium details).
After one, two, three, or four weeks, differentiated
spheroids were harvested by firmly pipetting growth
medium up and down to dislodge them from 96-well
plates.

2.3. Bioprinting of the OC interface
The literature suggests that osteogenic induction
takes four weeks [32-34]. Although chondrogenic
differentiation takes three weeks, we cultured both
osteogenic and chondrogenic groups for four weeks
to ensure consistency while combining both types
of spheroids and analyzing the bioprinted OC inter-
faces. After three weeks of differentiation, the fab-
ricated spheroids were harvested by firmly pipetting
growth medium up and down to dislodge them from
the 96-well plates for bioprinting of the OC inter-
face. A hybrid bioprinting approach encompassing an
aspiration-assisted [35] and microvalve bioprinting
system [36] were used to develop the OC interface.
We used alginate as the support gel since we wanted
to remove the gel without any harm to the spheroids
and their integrity in assembled interfaces.

Sodium alginate (Sigma Aldrich, St. Louis,
MO) was dissolved in ultra-purified water at a
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concentration of 0.5% (w/v). Calcium chloride
(CaCl,, Sigma Aldrich, MO) was dissolved in ultra-
purified water at a concentration of 0.4% (w/v).
First, a droplet-based bioprinter (jetlab® 4, Micro-
Fab Technologies, Plano, TX) was customized for
micro-valve bioprinting and placed in a vertical lam-
inar flow cabinet (Air Science Purair VLF36, Fort
Myers, FL) for sterility. Specifically, the bioprinter
was utilized with a micro-valve dispensing device
(The Lee Company; cat. no. INKX0517500A, West-
brook, CT) with a 250 mm nozzle (The Lee Company;
cat. no. INZA3100914K, Westbrook, CT). Alginate
solution was then printed in a 7 mm circular shape
using a pneumatic pressure of 126 kPa, 5 V dwell
voltage, 500 ps dwell time, 1 ps rise/fall time, 0 V
echo voltage, 20 us echo time, and 100 Hz frequency.
Next, the printed structure was crosslinked via aer-
osol crosslinking using CaCl, for 10 min. Second,
two different groups of spheroids, either differenti-
ated using osteogenic and chondrogenic differenti-
ation medium, or differentiated using miR-148b and
miR-(140 4 21) mimics, were deposited via ABB in
two layers (first layer: 16 chondrogenic spheroids;
second layer: 9 osteogenic spheroids) onto the previ-
ously printed alginate support. Third, following ABB,
alginate was micro-valve printed again to lay over the
bioprinted spheroids in order to fix their position.
The bioprinted structure was then immersed into
CaCl, solution for 1 min for complete crosslinking
and then washed twice using PBS. The bioprinted
OC interfaces were cultured in a medium consist-
ing of chondrogenic and osteogenic medium mixed
in 1:1 ratio for the differentiation medium group,
or in basal medium for the miR transfection group.
The medium was changed every other day (see table
S1 for medium details). After a one week culture in
the medium, the spheroids fused completely, and
the alginate was de-crosslinked using a 4% sodium
citrate (Sigma Aldrich, MO) solution (dissolved in
ultra-purified water at a concentration of 0.4% w/v),
leaving the OC interface behind [37].

2.4. Gene expression using quantitative real-time
polymerase chain reaction (QRT-PCR)

To evaluate osteogenic and chondrogenic gene
expression profiles using QRT-PCR, RNA was isol-
ated from spheroids of miR-148b transfected, miR-
(140 + 21) transfected, osteogenic control, chon-
drogenic control, and negative control groups, using
TRIzol reagent (Life Technologies, CA) and PureLink
RNA Mini Kit (Thermo Fisher Scientific, Waltham,
MA) according to the manufacturer’s protocol at
Weeks 1, 2, 3, and 4. Also, 3D bioprinted samples
from differentiation medium and miR-transfected
groups were homogenized in TRIzol reagent, fol-
lowed by using the PureLink RNA Mini Kit according
to the manufacturer’s protocol at Week 4. The RNA
concentration of each sample was measured using
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Table 1. Primers of the genes used in the qRT-PCR study.

Gene Forward primer

Reverse primer

COL1
RUNX2

BMP4 TAG CAA GAG TGC CGT CAT TCC
OSTERIX CCT CTG CGG GAC TCA ACA AC
SOX9 AGC GAACGCACATCAAGAC
COL2A1 CCA GAT GAC CTT CCT ACG CC
COL1A1 GGA GGA GAG TCA GGA AGG
ACAN TCC CCT GCT ATT TCA TCG AC
GAPDH CAC ATG GCC TCC AAG GAG TA

ATG ACT ATG AGT ATG GGG AAG CA
GGT TAA TCT CCG CAG GTC ACT
BSP AAC GAA GAA AGC GAA GCA GAA

TGG GTC CCT CTG TTA CACTTT
CAC TGT GCT GAA GAG GCT GTT
TCT GCC TCT GTG CTG TTG GT
GCG CTC AGG ATA CTC AAG ACC
AGC CCATTA GTG CTT GTA AAG G
CTG TAG GCG ATC TGT TGG GG
TTC AGG GCA GTG TAC GTG AAC
TCA GCA ACA CAG TTA CAC AA
CCA GCA GCACTA CCT CCTTC
GTA CAT GAC AAG GTG CGG CT

a Nanodrop (Thermo Fisher Scientific, Waltham,
MA). AccuPower® CycleScript RT PreMix (BION-
EER, Korea) was used for the conversion of RNA
to ¢cDNA following the manufacturer’s instructions.
Gene expression was analyzed quantitatively with
PowerUp™ SYBR™ Green Master Mix (Thermo
Fisher Scientific, Waltham, MA) using a Quant-
Studio 3 PCR system (Thermo Fisher Scientific,
Waltham, MA). The osteogenic genes tested included
collagen type-1 (COL-1), runt-related transcrip-
tion factor-2 (RUNX2), bone sialoprotein (BSP),
bone morphogenetic protein-4 (BMP-4), and tran-
scription factor Sp7 (OSTERIX). The chondrogenic
genes tested included SOX9 (SRY-Box Transcription
Factor 9), COL2A1 (alpha-1 chain of type II colla-
gen), COL1AL1 (alpha-1 chain of type I collagen), and
ACAN (Aggrecan). All primers are listed in table 1.
All genes were normalized to the expression of a gly-
ceraldehyde three-phosphate dehydrogenase gene,
and the 2~ 22T method was used to calculate gene
expression levels relative to the negative controls.

2.5. Histology

Single spheroids for all groups were fixed in 4% par-
aformaldehyde for 3 h at room temperature at Weeks
1, 2, 3, and 4 of differentiation. Bioprinted OC inter-
face samples were also fixed in 4% paraformaldehyde
for 3 h at room temperature at Week 4 of differen-
tiation. The samples gradually dehydrated in alco-
hol and were embedded in paraffin blocks using a
Leica TP 1020 automatic tissue processor (Leica, Buf-
falo Grove, IL). Then, samples were cut into 10 um
sections with a Shandon Finesse® Paraffin microtome
(Thermo Electron Corporation, Waltham, MA) and
placed onto positively charged slides. The collected
sections were used for all chemical and immunofluor-
escence staining experiments.

2.6. Hematoxylin and eosin (H&E) staining

Sectioned samples of single spheroids and bioprin-
ted tissues were stained with H&E using a Leica
Autostainer ST5010 XL (Leica, Germany) based on
the manufacturer’s protocol. After the staining pro-
cess, sections were mounted using a Xylene Substitute
Mountant (Thermo Fisher Scientific, Waltham, MA)
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and kept at room temperature to dry overnight. The
stained samples were imaged using an EVOS fluores-
cence microscope (Invitrogen, Waltham, MA).

2.7. Toluidine Blue O and Alizarin Red S staining
The sections were dewaxed using the Leica Auto-
stainer and underwent Toluidine Blue O and Alizarin
Red S staining according to standard protocols.
Briefly, for Toluidine blue O staining, the sections
were incubated in a Toluidine blue solution (0.1%
in DI water, Sigma Aldrich) at room temperature
for 2 min. The dye was then removed, and samples
were washed twice with deionized water. The samples
were sequentially dehydrated with 95 and 100% alco-
hol and cleared with Xylene. Then, coverslips were
mounted to the slides using the Xylene Substitute
Mountant.

For Alizarin Red S staining, sections were incub-
ated with Alizarin Red solution (EMD Millipore
Corp., Billerica, MA) at room temperature for 40 min.
Excess dye was removed and washed four times with
DI water. After dehydration with ascending alcohol
and clearing with Xylene, coverslips were mounted to
the slides using the Xylene Substitute Mountant. The
differentiated cells containing mineral deposits were
imaged as stained bright red using the EVOS fluores-
cence microscope.

2.8. PicoGreen cell proliferation assay

The DNA content of each sample was measured
by a DNA quantitation assay using a A Quant-
iT PicoGreen ds-DNA Assay Kit (Molecular Probes
Inc., Eugene, OR). First, a standard curve was
made using two, four, six, eight, and ten spher-
oids (with 2.5 x 10° cell/spheroid). The number of
repeats was five. The standard curve was made using
the standard protocol for PicoGreen studies.

For sample preparation, ten spheroids per group
were used at Weeks 1, 2, 3, or 4. Proteinase K of
0.4 ml (Sigma Aldrich) at a final concentration of
0.5 mg ml~! was first added to each well, and plates
were incubated at 56 °C overnight for the enzymatic
lysis of cells and DNA release. Aliquots (50 pul)
were mixed with equal volumes of 0.1 g ml~! Pico-
Green® dye solution (Invitrogen) in 96-well plates.
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Samples were then excited at 480 nm with an emission
wavelength of 520 nm using a plate reader (Power-
WaveX, BioTek, Winooski, VT). The otal DNA con-
centration was compared to a standard curve gen-
erated from serial dilutions of ADSCs to calculate
the number of cells in each well. Samples prepared
without cells served as blank controls.

2.9. Biochemical assays

To check the quantity of sulfated glycosaminoglycan
(sGAG) secretion, spheroids transfected by miR-
(140 + 21) and spheroids differentiated using the
chondrogenic differentiation medium were examined
using a Glycosaminoglycans Assay Kit (Chondrex,
Inc., Redmond, WA). For each group, ten spheroids
were collected and rinsed with PBS weekly for four
weeks. Proteinase K of 0.4 ml (Sigma Aldrich) at a
final concentration of 0.5 mg ml™! was first added
to each Eppendorf tube with ten spheroids and then
incubated at 56 °C overnight for the enzymatic lysis
of cells and DNA release. After adding 1, 9 dimethyl-
methlyene blue solution for 3 min as per the manufac-
turer’s instructions, the absorbance was measured at
525 nm using the microplate reader (PowerWaveX).
The sGAG content from each sample was normalized
to the dsDNA content.

To check the quantity of alkaline phosphatase
(ALP) secretion, spheroids transfected by miR-148b
and spheroids differentiated using osteogenic differ-
entiation medium were used. ALP activity assay was
conducted using an ALP assay kit (K412-500; BioVi-
sion, Inc., Mountain View, CA) according to the man-
ufacturer’s instructions. Ten spheroids per sample
were resuspended in an assay buffer and subsequently
centrifuged at 13 000 x g for 3 min at 4 °C to remove
any insoluble material. The supernatant was mixed
with p-nitrophenyl phosphate (pNPP) substrate and
then incubated at 25 °C for 60 min. The optical dens-
ity of the resultant pNPP was determined at 405 nm
using the microplate reader (PowerWaveX).

2.10. Mineralization staining

The hydroxyapatite deposition of bioprinted OC
interfaces were assessed after a week after bioprinting
using the Osteoimage™ Mineralization Assay (Lonza
Walkersville, MD). Sectioned samples were washed
three times with Osteoimage™ wash buffer at room
temperature and then incubated with 2 ml of staining
reagent for 30 min in the dark at room temperature.
The samples were then imaged using a Zeiss LSM 880
Airyscan confocal microscope (Zeiss, Oberkochen,
Germany).

2.11. Immunohistochemistry stud

Sectioned samples were permeabilized in 0.2% Tri-
ton X-100 for 10 min. Next, samples were washed
in 1X PBS and then blocked with 2.5% normal goat
serum (NGS) for 60 min at room temperature. To
visualize osteogenic tissue formation, samples were
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incubated with mouse anti-RUNX2 primary anti-
body (1:20 in 2.5% NGS; Cat. No: ab76956; Abcam,
Cambridge, UK) and rabbit anti-Sp7 OSTERIX
(1:150 in 2.5% NGS; Cat. No: ab209484, Abcam)
overnight, washed three times with DPBS and incub-
ated with goat anti-mouse IgG (H + L)-Alexa
Fluor 488 secondary antibody (1:200 in PBS; Cat.
No: A11017; Invitrogen), and goat anti-rabbit IgG
(H + L)-Alexa Fluor 647 secondary antibody (1:200
in PBS; Cat. No: A21245; Invitrogen) for 3 h.
The stained samples were then washed three times
with dulbecco’s phosphate-buffered saline (DPBS),
mounted with Prolong™ Gold antifade reagent
with 4’6-diamidino-2-phenylindole (DAPI, Invitro-
gen, molecular probes), and imaged using the Zeiss
confocal microscope.

To visualize chondrogenic tissue formation,
samples were incubated with mouse anti-Aggrecan
(BC-3) primary antibody (1:50 in 2.5% NGS; Cat.
No:MA3-16888; ThermoFisher Scientific) and rabbit
anti-Col-II (1:100 in 2.5% NGS; Cat. No: ab34712,
Abcam, Cambridge, UK) overnight, washed three
times with DPBS and incubated with goat anti-mouse
Alexa Fluor 1gG (H + L)-488 secondary antibody
(1:200 in 2.5% NGS; Cat. No: A11017; Invitrogen),
and goat anti-rabbit IgG (H + L)-Alexa Fluor 647
secondary antibody (1:200 in 2.5% NGS; Cat. No:
A21245; Invitrogen) for 3 h. the stained samples were
then washed three times with DPBS, mounted with
Prolong™ Gold antifade reagent with DAPI (Invit-
rogen, molecular probes), and imaged using the Zeiss
confocal microscope.

2.12. Statistical analysis

All data were presented as mean =+ standard devi-
ation. Multiple comparisons were analyzed using
one-way analysis of variance followed by Post hoc
Tukey’s multiple-comparison test to determine the
individual differences among the groups. Differences
were considered significant at p* < 0.05, p** < 0.01,
p*** <0.001, and p**** < 0.0001. All statistical ana-
lysis was performed using Prism Software (GraphPad
Software Inc., La Jolla, CA). We used n = 3 samples
for experiments related to qRT-PCR and at least three
replicates per sample for each of the biological experi-
ments (staining and imaging). We also used n = 5 rep-
licates for PicoGreen, sGAG, and ALP activity assays.

3. Results

In our initial study, the chondrogenic induction
potential of two miR-mimics, namely miR-21 and
miR-140, were explored for ADSCs grown on tis-
sue culture plates in 2D using immunostaining and
qRT-PCR, where expression levels of SOX9, COL-1,
COL2A1, and ACAN were determined (figure S1).
The data suggest that increased chondrogenic genes
were observed when ADSCs were co-delivered with
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Figure 1. A schematic diagram describing osteogenic and chondrogenic differentiation for 4 weeks.
Note: BM stands for basal medium, CM stands for chondrogenic medium, and OM stands for osteogenic medium.

miR-21 and —140 compared to their individual deliv-
ery. Increased Aggrecan and Coll-2 expression were
also found, providing further evidence that using the
co-delivery approach was more effective for promot-
ing chondrogenic differentiation than the use of miR-
21 or miR-140 delivery alone. Based on these prelim-
inary results, for the rest of this study, the co-delivery
of miR-140 and miR-21 was used for chondrogenic
differentiation of ADSCs, and spheroids were formed
using miR-(140 + 21) transfected ADSCs to exam-
ine the potential for ADSC commitment into a chon-
drogenic lineage. For comparison with the traditional
approach, ADSC spheroids were also treated with a
commercially available differentiation medium as a
chondrogenic (positive) control group. ADSC spher-
oids treated with basal medium were used as the neg-
ative control group. Figure 1 demonstrates different
treatment groups and respective timeline for the dif-
ferentiation process.

Expressions of chondrogenic protein mark-
ers, Aggrecan and Coll2, were examined weekly
using immunofluorescent staining (figures 2(a)
and S2-S5). A large cluster of Aggrecan expression
was observed in both spheroids created using miR-
(140 + 21) transfected ADSCs and spheroids treated
with chondrogenic differentiation medium. Spher-
oids that were formed using miR-(140 + 21) transfec-
ted ADSCs exhibited the strongest fluorescent intens-
ity of Coll2 at Week 3. However, a distinguishable
Coll2 expression was observed during four weeks in
both groups, particularly after Week 2.

Differential gene expression was also quanti-
fied for spheroids treated with miR-(140 + 21)
transfection compared to spheroids treated with
chondrogenic differentiation medium and Dbasal
medium for four weeks. SOX9, COL2A1, COL1Al,
and ACAN genes were used to assess chondrogenic
differentiation. While spheroids transfected with
miR-(140 + 21) showed a significantly increased
expression of COL1A1 at Week 1 compared to that

of spheroids in the chondrogenic control group,
in the chondrogenic control group, expression
levels of SOX9, COL2A1, and ACAN were similar
(figure 2(b)). At Week 2, spheroids treated with the
chondrogenic differentiation medium exhibited a
sharp drop in expressions of SOX9, COL2Al, and
ACAN. However, the transfected group showed signi-
ficantly increased expression levels of SOX9, COL2A1
and ACAN at Week 2. While no significant differ-
ences were observed between groups for COL1A1 and
ACAN expressions, the transfected group showed sig-
nificantly increased expression of SOX9 and COL2A1
at Week 3. During the last week of differentiation, no
significant difference was observed for the expression
levels of genes, except ACAN, which was higher for
the transfected group.

The morphology of chondrogenic spheroids (dif-
ferentiated using miR-(140 + 21) transfection and
chondrogenic differentiation medium) and spheroids
treated with basal medium as the negative control
were evaluated using H&E staining at Weeks 1, 2, 3,
and 4. In H&E images, no distinct difference in mor-
phology and color was observed between the miR-
(140 + 21) transfected and chondrogenic control
group over four weeks. These chondrogenic spheroids
were stained less intensely indicating a lower density
of matrix deposition at Weeks 3 and 4 (figure 3(a)).

Glycosaminoglycan (GAG) content was evalu-
ated for spheroids transfected by miR-(140 + 21)
and compared to spheroids in positive and negat-
ive control groups at Weeks 1, 2, 3, and 4. Both the
miR-(140 + 21) and positive control groups demon-
strated an increasing trend in GAG expression over
time. Although miR-(140 + 21) transfected spheroids
showed a greater GAG content with no significant dif-
ference compared to spheroids in the positive control
group (with an ~1.1-fold increase) at Week 3, both
groups showed a similar GAG content, which was
~2.4 folds greater than the spheroids in the negative
control group at Week 4 (figure 3(b1)). DNA content
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was quantified in order to investigate the proliferation
ability of the spheroids. Although the negative control
group had stable proliferation over time, spheroids
in the positive control group showed decreased cell
proliferation, which correlated with increased differ-
entiation marker expressions (figure 3(b2)). Interest-
ingly, the spheroids transfected with miR-(140 + 21)
had a higher DNA content compared to spheroids
treated with chondrogenic differentiation medium,
even if they showed similar patterns of differentiation
marker expression over time.

In order to further confirm the chondrogenic
differentiation of spheroids, Toluidine Blue staining
was performed as an end point measure. Toluidine
Blue staining of spheroids in both miR-(140 + 21)
and positive control groups showed intense staining,
demonstrating a higher level of sGAG deposition,
while the negative control group exhibited a limited
amount of sGAG secreted during the four week dif-
ferentiation process (figure 4).

Upon confirmation of the chondrogenic poten-
tial of miR-(140 + 21) transfected spheroids, ADSC
spheroids were also transfected by miR-148b in order
to induce osteogenic differentiation. For comparison
purposes, ADSC spheroids treated with the commer-
cially available differentiation medium were used as
an osteogenic (positive) control group. ADSC spher-
oids treated with basal medium were used as a negat-
ive control group.

As with chondrogenic spheroids, immunofluor-
escent imaging was used to evaluate the expression
of the osteogenic markers, RUNX2 and OSTERIX,
for osteogenic spheroids at Weeks 1, 2, 3, and 4
(figures 5(a) and S6-S9). Large clusters of RUNX2
expression were observed for spheroids treated with

miR-148b during the first two weeks of differenti-
ation. Spheroids treated with the osteogenic differ-
entiation medium also exhibited RUNX2 expression,
particularly at Weeks 3 and 4. In addition, miR-
148b transfected spheroids showed distinct OSTERIX
expression at Weeks 3 and 4 and exhibited the
strongest fluorescent intensity of OSTERIX at Week
4 compared to the osteogenic control group.

qRT-PCR was used to quantify the gene expres-
sion profiles of spheroids from all groups weekly. Col-
1, RUNX2, BSP, BMP-4, and OSTERIX were used
as markers for osteogenesis (figure 5(b)). While no
significant difference was observed for the expres-
sion levels of osteogenic markers except for RUNX2
at Week 1, Col-1, BSP, BMP-4, and OSTERIX were
expressed significantly for the miR-148b transfected
group compared to the osteogenic control group at
Week 2. At Week 3, the osteogenic control group
showed increased fold-change in COL-1 and BMP-
4 expressions. There was a significant increase in the
expression levels of RUNX2, BMP-4 and OSTERIX in
the miR-148b transfected group at Week 4 as com-
pared to those at Week 3 with a fold-increase of ~3.3,
~1.3, and ~2.4, respectively.

The morphology of osteogenic spheroids (differ-
entiated using miR-148b transfection and osteogenic
differentiation medium), and spheroids treated with
basal medium as the negative control, were evalu-
ated using H&E staining at Weeks 1, 2, 3, and 4.
In figure 6(a), osteogenic spheroids differentiated
using miR-148b transfection or osteogenic differ-
entiation medium showed an increased bone mat-
rix deposition over time. However, miR-148b trans-
fected spheroids were stained for a darker color,
indicating a higher density of matrix deposition at
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Figure 7. Alizarin red staining of osteogenic spheroids at Week 1, 2, 3, and 4.

Week 4 compared to other groups. ALP content was
evaluated for spheroids from all groups at Weeks
1, 2, 3, and 4. Spheroids treated with osteogenic
differentiation medium showed significantly greater
ALP activity than miR-148b transfected spheroids at
Week 2 (figure 6(b1)). However, transfected spher-
oids increased their ALP activity over time and
were similar to spheroids treated with osteogenic
differentiation medium and ~2.2-fold higher com-
pared to the spheroids treated with basal medium at
Week 4 (figure 6(b1)). Similar to chondrogenic spher-
oids, the DNA content of osteogenic spheroids was
quantified in order to investigate cell proliferation.
Although the negative control group had stable pro-
liferation over time, spheroids treated with osteogenic
differentiation medium showed decreased cell pro-
liferation, which correlated with increased differen-
tiation marker expression (figure 6(b2)). Spheroids
transfected by miR-148b had a higher DNA content
compared to spheroids treated with osteogenic differ-
entiation medium, even if they showed similar pat-
terns of differentiation marker expression over time.

In order to further confirm the osteogenic dif-
ferentiation of spheroids, Alizarin Red staining was
performed as an end point measure. Both spheroids,
transfected by miR-148b and treated with osteogenic
differentiation medium, exhibited an increased signal
for Alizarin Red, indicating the abundance of calcific-
ation, as compared to spheroids in the negative con-
trol group during the four week differentiation pro-
cess (figure 7).

Upon confirmation of miR-transfected chondro-
genic and osteogenic spheroids, OC interfaces were

bioprinted using two different groups, the differen-
tiation medium and miR transfection groups, follow-
ing the experimental plan demonstrated in figure 8.
Osteogenic and chondrogenic ADSCs were formed
into spheroids, cultured for three weeks, and then 3D
bioprinted and stacked in bilayers to recapitulate the
organization of the OC interface.

As shown in figure 9, a multi-stage procedure
was followed to build the OC interface. First, micro-
valve bioprinting was used to deposit a layer of algin-
ate as a support layer. Next, CaCl, was introduced
via aerosol crosslinking and then AAB was used to
bioprint spheroids. 16 and 9 chondrogenic and osteo-
genic spheroids were bioprinted for the chondrogenic
and osteogenic layers, respectively. Upon depositing
the spheroids, the bioprinted constructs were then
overlaid with alginate in order to secure the spheroids
in place. The bioprinted constructs were maintained
in alginate support for seven days in order to facilitate
the fusion of the spheroids. The support was then dis-
solved and cross-sections of the bioprinted OC inter-
faces were analyzed at Week 4.

In order to confirm osteogenic and chondrogenic
differentiation of the OC interfaces, Toluidine Blue,
Alizarin Red, H&E, and Osteolmage staining were
performed along with the immunofluorescent stain-
ing for Coll2 and OSTERIX. Toluidine blue staining
showed a significant proteoglycan in the chondro-
genic zone for both approaches (figure 10). Alizarin
Red staining showed a large cluster of dark red stain-
ing for calcium deposits, which were indicators of
mature osteocytes in the osteogenic zone for both
approaches. The cross-sections of chondrogenic and

10
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osteogenic layers for both approaches exhibited well-
fused spheroids with high-density ECM deposition
in the osteogenic zone at Week 4 as shown in H&E
images. The miR-transfected group maintained the
bilayer morphology better than those formed using
spheroids treated with the differentiation medium.
Osteolmage mineralization assay was performed to
assess mineralization in the bioprinted tissues. A
large cluster of mineralization was observed, demon-
strating hydroxyapatite formation on the osteogenic
zone for both approaches. Concordant with Alizarin
Red and OsteoImage staining, OSTERIX staining was
more prominent in the osteogenic zone for both
approaches with visible florescence clusters at Week 4
(figure 10(b)). In addition, concordant with Toluid-
ine Blue staining, Coll2 was strongly expressed in the

chondrogenic zone for both approaches with visible
florescence clusters at Week 4 (figure 10(b)).

Further evidence of osteogenic and chondro-
genic differentiation of the OC interface was con-
firmed by qRT-PCR for both approaches at Week
4 (figure 10(c)). To assess the osteogenic differ-
entiation of bioprinted tissues, COL-1, RUNX2,
BSP, BMP-4, and OSTERIX genes were used, while
SOX9, COL2A1, COL1Al, and ACAN genes were
used to confirm chondrogenic differentiation. the
bioprinted tissues formed by spheroids transfec-
ted by miR-148b and miR-(140 + 21) exhibited
higher expression levels for BSP and OSTERIX
than the constructs formed by spheroids treated
with the osteogenic and chondrogenic differentiation
medium (figure 10(c)). In contrast, the bioprinted
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tissues formed by spheroids treated with osteogenic
and chondrogenic differentiation medium exhibited
higher expression levels for ACAN than bioprinted
tissues formed by spheroids transfected with miR-
148b and miR-(140 + 21). Even though the expres-
sion levels of osteogenic and chondrogenic mark-
ers, including BSP, OSTERIX, ACAN, were differ-
ent for miR transfected and differentiation medium
groups, the expression levels of SOX9, COL2Al,
COLI1A1, COL1, RUNX2, and BMP-4 were similar.
The bioprinted constructs were analyzed as a whole
(with both osteogenic and chondrogenic spheroids)
while performing qRT-PCR, since spheroids merged
at the end of four weeks. A hybrid medium (1:1 mix-
ture of osteogenic and chondrogenic differentiation
medium) was utilized for the bioprinted samples,
which might cause cross-differentiation and affect the
gene expression results.

4. Discussions

Progenitor stem cells are promising tools for the situ-
ation where successful differentiation to native-like

12

chondrogenic and osteogenic tissues is required. The
use of spheroids and their bioprinting have been
investigated for the regeneration of cartilage and bone
with different progenitor cell sources, including but
not limited to adult mesenchymal stem cells (MSCs),
ADSCs, and induced pluripotent stem cells [38, 39].
ADSCs, obtained from adipose tissue [40], have bet-
ter proliferation rates than MSCs from bone marrow.
In addition, the isolation of ADSCs follows an easy
procedure with low tissue morbidity [41].
Scaffold-free approaches aim to mimic the nat-
ive environment to promote the appropriate cell-
cell interactions, leading to more natural differen-
tiation, improved function and more robust tissue
regeneration. The design of scaffold-free strategies for
OLs is a promising avenue for development, but so
far, few studies have demonstrated efficacy in clin-
ical trials, such as the implantation of chondrospheres
[42], likely due to the complexity of the OC inter-
face. Although chondrospheres are promising can-
didates for restoring cartilage lesions, their use in OLs
may pose limitations, such as the need for compos-
ite tissues for such lesions, necessitating a delicate
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organization of chondrospheres in tandem with their
osteogenic counterparts, which is not quite feasible
using manual implantation strategies.

The use of miRs to modulate cell proliferation and
differentiation in spheroids has the potential to over-
come the limitations associated with the use of a dif-
ferentiation medium with diffusible cytokines, which
may cause ectopic tissue formation and disorgan-
ized tissue interfaces. Recent studies have shown that
miRs play a critical role in cellular differentiation and
proliferation in the human musculoskeletal system
[21]. Our previous studies showed that a single dose
of miR-148b can drive osteogenesis [43]. This study
also demonstrated that transfection of miR-148b pro-
moted osteogenesis in ADSC spheroids in agreement
with previously published results [14, 15, 43]. Stud-
ies have also determined that miRs were closely asso-
ciated with cell proliferation and regulation of cell
cycles [13, 44]. Although a few studies showed that
miR-148b inhibits cell proliferation in cancer cells
by down-regulating TRIM59, which forms a part of
the tripartite motif (TRIM) family [45], our results
demonstrated that miR-148b promoted proliferation
of ADSCs. The high proliferation rate can be related
to the fact that miR-148b directly targets mitogen-
activated protein kinase (MAPK) kinase 9 (MAP3K9)
as discovered before [46]. In this study, our prelim-
inary data showed that codelivery of miR-140 and
—21 resulted in upregulated gene and increased pro-
tein expression compared to the delivery of each miR
mimic alone. This strongly suggests the enhancement
in chondrogenesis as a result of miR-21 and —140
codelivery, at least within the time periods presen-
ted in this study. Previous studies with progenitor
stem cells (MSCs and ADSCs) suggest that miR-21 is
a strong modulator for ERK-MAPK signaling. ERK-
MAPK signaling is the only active pathway in the
osteogenic, chondrogenic, and adipogenic differenti-
ation of stem cells [30, 31]. In addition, another study
with ADSCs revealed that miR-21 promotes the dif-
ferentiation by driving cells down a differentiation
pathway with one post-transcriptional regulator and
amplifying their differentiation effect [43]. In our
study, miR-21 amplified the differentiation effect of
miR-140 transfection as well as proliferation rate. The
high proliferation rate can be related to the Wnt//3
catenin signaling pathway as discovered before [47].
Both SOX9 and COL2A1 chondrogenic genes were
significantly upregulated in the spheroids transfected
by miR-(140 + 21) as compared to spheroids induc-
ted with the differentiation medium at the end of
third week, a common time-frame for chondrogenic
differentiation. Interestingly, the ACAN gene was
expressed well in transfected spheroids, in contrast
to the chondrogenic spheroids inducted with the dif-
ferentiation medium at Week 4, although ACAN is a
weak late marker [48]. Gene expression, immuno and
histochemical staining, and GAG biochemical assay
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results showed improved differentiation for both
spheroids transfected by miR-(140 + 21) and spher-
oids in the chondrogenic differentiation medium
group. However, the transfected spheroids showed
well preserved shapes as depicted in the H&E images,
and high proliferation rate over time, even at Week
4. OC interfaces generated using the differentiation
medium were prone to turn into a more spherical
morphology when equal numbers of spheroids were
bioprinted for each layer, such as in a 3 x 3 con-
figuration. To overcome this, first, we considered
decreasing the gap between spheroids to prevent their
possible displacement. Spheroids possess a spherical
shape and the most efficient way of packing equal-
size spheroids into a dual-layer interface is the face-
centered cubic lattice [49] instead of placing them
on top of each other. We preferred bioprinting in
a 4 X 4 arrangement onto the cartilage zone and
a 3 x 3 arrangement onto the bone zone, rather
than bioprinting both zones with the same config-
uration. Such an arrangement reduced the compac-
tion of the OC interfaces with retained flat shape.
This could be due to the fact that osteogenic spher-
oids possess a higher surface tension and hence less
compaction compared chondrogenic spheroids [8],
and providing a larger surface area for the chondro-
genic zone with respect to the osteogenic zone initially
might result in a similar total compaction for both
zones.

Although the effects of miR-148b and —140 on
osteogenic and chondrogenic differentiation have
been reported, respectively [15, 25], this study is
the first demonstration of the combinatorial role of
miR-140 and —21 on the chondrogenic differenti-
ation of stem cells. Additionally, we investigated the
induction potential of three miRs in a 3D spher-
oid model, rather than the conventionally used 2D
approach. Importantly, we used miR-148b and miR-
(140 + 21) together for the purpose of in-situ differ-
entiation to create an OC interface. This innovative
approach circumvents the limitations of the tradi-
tional medium recipe-dependent differentiation of
stem cells into osteogenic and chondrogenic lineages.
Therefore, the co-transfection of miR-140 and miR-
21 is a novel alternative approach for chondrogenic
induction methodology. This approach is promising
for 3D bioprinting for regenerative medicine and
cartilage tissue engineering as it has a high prolif-
eration rate, even for differentiated mature cartil-
age cells, and a faster chondrogenic differentiation
compared to the traditional approach. When osteo-
genic and chondrogenic spheroids were 3D bioprin-
ted in a stratified heterotypic arrangement to mimic
the native OC interface, spheroids further differenti-
ated, demonstrating high levels of GAG and miner-
alization in the chondrogenic and osteogenic regions,
respectively, and maintained the originally bioprinted
bilayered morphology of the OC interface. Despite
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that the presented work demonstrated the develop-
ment of an OC interface, bioprinting has the capab-
ility to facilitate the scalable fabrication of OC tissues
with the potential for reconstructing larger defects.
For future work, we will target the generation of scal-
able OC tissues and test their efficacy in the recon-
struction of OC defects in vivo. In sum, the capability
of targeting damaged tissue via bioprinting and mod-
ulating osteogenic and chondrogenic differentiation
provides a potential clinical approach for segmental
bone and cartilage defects.

Although dual-layer heterotypic OC interfaces
were bioprinted with tightly fused spheroids without
delamination, the native OC tissue possesses a more
complicated gradient heterogeneity. These gradient
structures support smooth transition in mechan-
ical properties, composition, and structure between
the articular cartilage and subchondral bone. The
bioprinted dual-layer OC interfaces also lack other
crucial components present in vivo, such as enzymes,
cytokines, and ECM proteins, which can facilitate
the better recapitulation of native tissues. Also, the
sample thickness may affect the differentiation and
formation of the OC interface and thicker constructs
can be ideal for transplantation studies. However, our
goal in this work is to demonstrate an interface, which
can be used for drug testing or disease modeling pur-
poses. Therefore, a dual-layer structure with osteo-
genic spheroids in one zone and chondrogenic spher-
oids in the other zone was sufficient to check the
crosstalk between zones for the formation of the OC
interface.

In this study, we targeted the fabrication of an
miR-induced scaffold-free OC interface, which can
be used for drug testing or disease modeling (such
as mucopolysaccharidosis type I disease) purposes.
Such in-vitro models enable the analysis of molecu-
lar mechanisms and cellular interactions between
chondrogenic and osteogenic zones. Understanding
the crosstalk between chondrocytes and bone cells
is essential when building and optimizing the struc-
ture of the interface between the strong, mechanores-
istant bone component and the soft, load-spreading
cartilage component [50]. However, the focus of OC
interface research should be shifted from an approach
solely considering cartilage or bone to an integrated
approach based on the study of different compon-
ents of the joint and their interactions, in order to
better understand the mechanisms of the whole joint
failure [51]. The presented OC interface can also be
considered for in-vivo implantation after some major
modifications. For example, OC interfaces should
be built in greater thickness and maintained longer
in vitro in order to improve the mechanical proper-
ties of bioprinted grafts before implantation.

The traditional differentiation method driven by
diffusible cytokines is not a rapid differentiation
method. Research on alternative methods revealed
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the need for miR transfection for differentiation
purposes by regulating stem cell fate through tar-
geting specific differentiation pathways. miR-148b
was shown to upregulate BMPs by downregulating
noggin (NOG), an antagonist of BMPs, with dir-
ect switching. miR-148b also induces ALP activity,
an early biomarker of osteogenesis [52-55]. On
the other hand, miR-140 was shown to upregulate
SOX9 and Aggrecan proteins using the RALA tar-
get as explained before [25]. Although the mechan-
isms through osteogenesis and chondrogenesis via
miRs were explained to some extent, more research
is needed to clarify the detailed molecular mechan-
isms. However, it was shown that miRs transfection
enabled more rapid and simple differentiation with
a single-step procedure for yielding early matura-
tion in a shorter culture period than those previously
reported [56]. Our data also showed that miR trans-
fection induced early-stage differentiation of ADSCs
towards osteogenic and chondrogenic lineages, which
is promising not only for modeling diseases in vitro
using stem cells, but also for regenerative medicine
applications.

5. Conclusions

In this research, a 3D heterotypic tissue was bioprin-
ted using spheroids of ADSCs transfected by miR-
148b for the osteogenic layer and miR-(140 + 21)
for the chondrogenic layer, and their potential for
reconstructing the OC interface was evaluated. Our
results showed that transfection of ADSC spheroids
(a) induced chondrogenic differentiation by codeliv-
ery of miR-140 and miR-21, (b) induced osteogenic
differentiation by miR-148b delivery, and (c) enabled
the fabrication of OC interfaces with distinct osteo-
genic and chondrogenic layers with shape retention
and enhanced cell proliferation. In sum, regulation
of differentiation of stem cells with miR mimics is
a promising tool for enhancing the control of tissue
repair processes, particularly in OLs.
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