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Abstract—Introduction—Spheroids of mesenchymal stem
cells (MSCs) in cartilage tissue engineering have been shown
to enhance regenerative potential owing to their 3D struc-
ture. In this study, we explored the possibility of priming
spheroids under different media to replace the use of
inductive surface coatings for chondrogenic differentiation.
Methods—Rat bone marrow-derived MSCs were organized
into cell spheroids by the hanging drop technique and
subsequently cultured on hyaluronic acid (HA) coated or
non-coated well plates under different cell media conditions.
Endpoint analysis included cell viability, DNA and Gly-
cosaminoglycan (GAG) and collagen content, gene expres-
sion and immunohistochemistry.
Results—For chondrogenic applications, MSC spheroids
derived on non-coated surfaces outperformed the spheroids
derived from HA-coated surfaces in matrix synthesis and
collagen II gene expression. Spheroids on non-coated surfaces
gave rise to the highest collagen and GAG when primed with
medium containing insulin-like growth factor (IGF) for 1
week during spheroid formation. Spheroids that were grown
in chondroinductive raw material-inclusive media such as
aggrecan or chondroitin sulfate exhibited the highest Collagen
II gene expression in the non-coated surface at 1 week.
Conclusion—Media priming by growth factors and raw
materials might be a more predictive influencer of chondro-
genesis compared to inductive-surfaces. Such tailored bioac-
tivity of the stem cell spheroids in the stage of the spheroid
formation may give rise to a platform technology that may
eventually produce spheroids capable of chondrogenesis
achieved by mere media manipulation, skipping the need
for additional culture on a modified surface, that paves the
way for cost-effective technologies.
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INTRODUCTION

Autologous chondrocytes are a limited resource due
to donor site availability, tissue morbidity, and waiting
period for expansion in culture. Several studies have
illustrated the promise that multipotential mesenchy-
mal stem cells (MSCs) hold for chondrogenesis,
osteogenesis, adipogenesis and other musculoskeletal
applications, including current clinical trials.4,18,22,34

Often the regenerative benefits are lost after successive
passaging and expansion of cells in vitro, which relies
on culturing them on a non-physiologic mono-
layer.32,35 3D culture overcomes some of the limita-
tions presented by the monolayer culture system. For
example, assembly of MSCs as cell spheroids by the
pellet culture technique has long been employed for
increasing the chondrogenic potential under in vitro
conditions.1,43,46 Forming 3D cell spheroids by the
conventional hanging drop method has been suggested
as a means to enhance the therapeutic potential and
has been shown to elicit an anti-inflammatory effect
with MSCs.5,6,21,45 Recent reports have demonstrated
that the use of MSC spheroids formed by hanging drop
or suspension culture enhanced their therapeutic
potential for cartilage regeneration in vivo.12,21,28

Similarly, growing MSCs on surfaces with different
surface stiffnesses has yielded viable spheroids with
encouraging stemness and differentiation capabili-
ties.23,26,39

Hyaluronic acid (HA) is a linear anionic polysac-
charide composed of long chains of repeating disac-
charide units of D-glucuronic acid and N-acetyl-D-
glucosamine.11,38 In cartilage extracellular matrix
(ECM), HA is the backbone of aggrecan superstruc-
ture complexes,7 and it is commonly employed as a
biomaterial for cartilage tissue engineering. However,
source of HA is limited, in vivo retention is short-lived,
and the treatment options are expensive due to man-

Address correspondence to Michael S. Detamore, Stephenson

School of Biomedical Engineering, University of Oklahoma, 202 W.

Boyd Street, Carson Engineering Center, Room 107, Norman,

OK 73019-1021, USA. Electronic mail: detamore@ou.edu

Cellular and Molecular Bioengineering, Vol. 11, No. 2, April 2018 (� 2017) pp. 99–115

https://doi.org/10.1007/s12195-017-0517-4

1865-5025/18/0400-0099/0 � 2017 Biomedical Engineering Society

99

http://crossmark.crossref.org/dialog/?doi=10.1007/s12195-017-0517-4&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s12195-017-0517-4&amp;domain=pdf


ufacturing limitations. Investigators have already
explored alternatives to HA for long-term applica-
tions. For the current study, we explored the possibility
of priming spheroids under different media formula-
tions as a means to replace the use of HA for chon-
drogenic differentiation.

We hypothesized that MSCs that were formed into
3D spheroids, cultured in non-coated well-plates and
primed under different medium compositions would
out-perform in terms of survival and chondrogenic
gene expression compared to spheroids in HA-coated
conditions. To test this hypothesis, we examined the
chondrogenic potential of MSC spheroids that were
first subjected to either HA-coated or non-coated
conditions. To further explore the influence of raw
materials (a term our group has used to describe mo-
lecules that hold two key characteristics: (1) serve as a
building block for the regenerating tissue, and (2)
provide bioactive signals to cells) and growth factor
under culture conditions, the spheroids were subjected
to serum-rich or serum free medium with either
transforming growth factor (TGF)-b3, insulin-like
growth factor (IGF)-1, chondroitin sulfate (CS), and
aggrecan. Lastly, an additional group was added where
the medium was changed from TGF-b3 to IGF-1 after
3 days of culture (TGF � IGF), motivated by our
previous work showing that switching from TGF-b3 to
IGF-1 increased collagen production and collagen type
II gene and protein expression.31,41 The experimental
group and controls were tested for cell viability and
chondrogenic applications through gene expression,
immunohistochemistry and quantifying matrix con-
tent.

MATERIALS AND METHODS

Cell Culture and Expansion

Rat bone marrow-derived mesenchymal stem cells
(rBMSCs) were harvested from the femurs of seven
young male Sprague–Dawley rats (176–200 g, Charles
River) following a University of Kansas approved
IACUC protocol (175–08). The IACUC protocol ap-
proved the cellular harvest procedure and usage of cells
for this particular study. The cells were isolated
according to a previously reported protocol.29 Briefly,
isolated cells were cultured in control medium (aMEM
supplemented with 10% Certified FBS and 1% Peni-
cillin–Streptomycin (Pen-Strep)) (Invitrogen Life
Technologies, Carlsbad, CA) and passaged at 80%
confluence until passage 4 (P4). All of the cells from 14
different femurs were pooled together at P4 for use in
the study.

Preparation of HA-Coated Well Plates

HA sodium salt of medical grade (Lifecore Biomed-
ical, Chaska, MN, USA) was obtained as a dry powder.
According to the information from the supplier, the HA
molecular weight was between 200 and 350 kDa. Well
plates were coated with HA according to a previously
reported protocol.23 Briefly, polylysine-coated 96-well
plates (Sigma-Aldrich) were cleaned ultrasonically in
acetone and then rinsed with ethanol. A deionized water
rinse was used to remove liquid chemicals followed by a
nitrogen purge. 300 lL of 1 mg/mL aqueous solution of
HAwas pipetted into a single well of a 96-well plate and
air-dried in a sterile environment for 3 days at 25 �C to
prepare the HA-coated surfaces.

Cellular Spheroid Formation

Spheroids were generated by the hanging drop
technique according to a previously reported proto-
col.6,44 Cellular suspensions (rBMSC) were prepared at
concentration of 10 9 106 cells/mL in medium. Dro-
plets of cell suspensions (cells with corresponding
medium, see below) at a volume of 10 lL were pipetted
onto the inside surface of a sterile petri dish lid in an
array using a 10 lL pipette (Eppendorf, Hauppauge,
NY), making sure that the droplets had a safe distance
between each other to prevent mixing. The cells were
allowed to aggregate overnight, with the help of
gravity when the petri dish lid was reversed (Fig. 1).
The sterile petri dish bottom was then filled with PBS
to prevent drying of these droplets. After 24 h, the cell
spheroids were collected from the dish with the help of
a 1 mL pipette and placed into well plates and cultured
in the same medium composition in which the spher-
oids were formed with a total of one spheroid per well.

Spheroids were created in one of six different types
of medium, including control medium, and then placed
on either a coated or non-coated surface, where the
spheroids then continued in the same medium in which
they were formed (Fig. 1). The one exception was the
TGF/IGF group, where spheroids were formed in
TGF medium, then cultured in TGF medium for
3 days before being switched to IGF medium. The
spheroids were harvested after 24 h, and were either
processed directly for different assays (i.e., the week 0,
or ‘‘hanging drop’’ time point), or placed in well plates
for additional culture. In the well plates, one set of
spheroids was placed in HA-coated well plates, where
the medium was changed every other day and samples
were collected at 24 h and 7 days (to evaluate changes
over time for the experimental coating surface). The
other set of spheroids was placed under regular 96 well
plates that were not coated with HA, where the med-
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ium was changed every other day and samples were
collected at 7 days (providing a control surface com-
parison for the experimental coating surface at the fi-
nal time point).

The six medium groups used for spheroid formation
and culture were as follows (Fig. 1 and Table 1):

Control group The control medium consisted of
aMEM, 10% FBS and 1% Pen-Strep.

TGF group TGF medium consisted of low glucose
DMEM, 1% Pen-Strep, and 5 ng/mL TGF-b3 (Pe-
proTech, Rocky Hill, NJ).

IGF group IGF medium consisted of low glucose
DMEM, 1% Pen-Strep, and 100 ng/mL IGF-1
(PeproTech, Rocky Hill, NJ).

CS group CS medium consisted of low glucose
DMEM, 1% Pen-Strep, and 40 lg/mL porcine CS
(Catalog number: C3788, Sigma).

Aggrecan group Aggrecan medium consisted of low
glucose DMEM, 1% Pen-Strep, and 40 lg/mL bo-
vine aggrecan (Catalog number: A1960, Sigma).

TGF � IGF group Spheroids were formed in TGF
medium, and then conditioned with the TGF med-
ium in well plates for the first 3 days. After medium

FIGURE 1. Schematic representation of the experimental procedure. rBMSCs were aggregated via the hanging drop technique as
previously reported and harvested after 24 h. Subsequently, spheroids were plated onto HA-coated 96 well plates and cultured for
0, and 7 days. The individual spheroids were subjected to five different culture medium conditions, namely Dulbecco’s modified
eagle medium (DMEM) with (a) 5 ng/mL TGF-b3, (b) 100 ng/mL IGF, (c) 40 lg/mL chondroitin sulfate (d) 40 lg/mL aggrecan, or (e)
control medium, and (f) TGF � IGF medium.
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removal at the end of day 3, IGF was added to the
spheroids for 4 additional days. Given that this
group was identical to the TGF group at the
hanging drop and 24 h time points, only the 7-day
time point was run for this group (only coated).

Cell Viability Assay

To check the viability of the spheroids, a fluorescent
live/dead viability staining kit (Invitrogen, Carlsbad,
CA) was used at day 0, 24 h, and 7 days. The samples
(n = 3) were washed once with phosphate-buffered
saline (PBS) and incubated in live/dead staining solu-
tion (0.5 lL calcein and 2.0 lL ethidium homodimer
(ETH) diluted in 1 mL PBS) for 10 min (37�C, 5%
CO2). The samples were once again washed with PBS
prior to imaging using an inverted epifluorescent
microscope (Zeiss, Axioplus microscope). Live and
dead cells were stained green and red, respectively.

DNA Analysis

Spheroids were placed in a papain digestion solution
consisting of 125 mg/mL papain, 5 mL N-acetyl cys-
teine, 5 mL ethylenediaminetetraacetic acid and
100 mL PBS (all reagents from Sigma-Aldrich, St.
Louis, MO) in distilled water overnight in a 60�C water
bath. On the following day, sample digests (n = 5)
were centrifuged for 5 min and stored at � 20�C until
further use. DNA content was quantified for all sam-
ples utilizing a PicoGreen kit (Life-technologies,
Frederick, MD) according to the manufacturer’s
instructions. Previous studies from our group (un-
published) established a conversion factor of
7.7 pg/cell that may be used to convert DNA content
to cell number.

Glycosaminoglycan Assay

Spheroids (n = 5 spheroids) were digested with
papain digesting solution and left in a 60�C water bath
overnight prior to measuring glycosaminoglycan
(GAG) content. GAG content was measured with a
Sircol DMMB assay kit and the manufacturer’s pro-

tocol (Biocolor B1000, Belfast, U.K.) was followed.
1.0 mL of dimethylmethylene blue dye solution was
added to 100 lL of sample, standard (chondroitin
sulfate from kit, Sigma), and blank. Solutions were
mixed slowly for 30 min and centrifuged for 10 min.
The supernatant was discarded and the pellet was
resuspended, and 1.0 mL of dissociation solution was
added. The solutions were vortexed and transferred to
a 96-well plate and read at 656 nm in a microplate
reader.

Collagen Assay

For quantifying collagen production, a Sircol sol-
uble collagen assay kit and manufacturer’s protocol
were used (Biocolor, s5000, Belfast, U.K.). Briefly,
samples (n = 4) were incubated in pepsin solution
(Sigma-Aldrich, St. Louis, MO) dissolved in acetic
acid, and placed overnight at 4�C. 1.0 mL of Sircol dye
reagent and 100 lL of each standard (collagen stan-
dards provided by the manufacturer) and sample were
mixed slowly for 30 min. Solutions were centrifuged at
12,000 rpm for 10 min and the resulting supernatant
discarded, keeping the pellet intact. The previous step
was repeated after the addition of 750 lL of ice-cold
acid salt wash. The pellet was resuspended and to this
250 lL of alkali reagent was added. Solutions were
then vortexed thoroughly and 200 lL of the solution
was transferred to a 96-well plate and ran at 555 nm in
a microplate reader.

Gene Expression Analysis

Real-time reverse transcriptase polymerase chain
reaction (RT-PCR) was used to assess gene expression
levels for collagen types I, II, SOX9, and aggrecan
(n = 4). To each sample 1.0 mL of lysis buffer (Qia-
gen, Germantown, MD) was added, and after 1 h, the
solutions were added to the QIAshredder column
(Qiagen 79656, Germantown, MD) to extract mes-
senger RNA (mRNA) in accordance with the RNEasy
Plus Mini Handbook (Qiagen 74136, Germantown,
MD) (n = 4). A high capacity cDNA reverse tran-
scription kit (Applied Biosystems 4368814, Foster
City, CA) allowed reverse transcription of mRNA to
complementary DNA (cDNA); 2 9 RT Master Mix
was prepared using the kit’s protocol. 10 lL of the
master mix and RNA samples were combined in a 96-
well plate. The well plate was then loaded into an
Eppendorf Realplex Mastercycler (Eppendorf, Ham-
burg, Germany). cDNA concentrations were normal-
ized with DNASE-free water, and a Taqman gene
expression assay kit (Applied Biosystems 1325810,
Foster City, CA) provided the primers for the above-
mentioned genes. 1 ll of cDNA from each sample,

TABLE 1. List of media compositions and the abbreviations.

Medium composition Abbreviation

rBMSC media (aMEM with 10% FBS) Control

TGF-b3(5 ng/mL) TGF

IGF-1 (100 ng/mL) IGF

Aggrecan (40 ng/mL) Aggrecan

Chondroitin sulfate (40 ng/mL) Chondroitin sulfate

TGF for 3 days and IGF for 4 days TGF �IGF
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10 ll of universal fast master mix (29), and 1 lL of a
specific primer were mixed in a 96-well plate. RT-PCR
reactions were run in an Eppendorff Realplex system
(Eppendorff 5345 Hauppauge, NY).

Immunohistochemistry

Spheroids were fixed, cleared in xylene, dehydrated
and embedded in paraffin blocks until further use. The
sections were generated using a microtome and sec-
tioned to a thickness of 4 lm. Sections (n = 3) were
immersed in xylene; rehydrated in graded ethanol and
rehydrated in deionized water for 5 min (all reagents
from Sigma-Aldrich). The sections were exposed to 3%
hydrogen peroxide in methanol for 10 min to suppress
endogenous peroxidase activity and immediately the
slides were incubated in proteinase K (IHCWORLD
IW-1101, Woodstock, MD) at 37�C for 10 min. Sec-
tions were blocked with 3% blocking serum (Vector
Laboratories S-2012, Burlingame, CA) for 30 min
preceding primary antibody incubation for collagen I,
collagen II, and aggrecan for 60 min (Table 2). Fol-
lowing primary antibody incubation, slides were ex-
posed to biotinylated secondary antibody and ABC
reagent (Vectastain ABC kit PK-6200 Vector labora-
tories) for 30 min each. For the negative control with
the IgG isotype, the secondary antibody was directly
added. Lastly, the ABC reagent was added to the
sections after washing with PBS and incubated for
30 min and then washed again. Tissue staining was
accomplished with ImmPact DAB peroxidase sub-
strate (Vector laboratories SK-4105) before rinsing
with distilled water and counter stained with VECTOR
hematoxylin QS stain (Vector laboratories H-3404).
Following staining, slides were rinsed in tap water;
dehydrated in ethanol; cleared in xylene for mounting
(Permount SP15-500 Fair Lawn, NJ) and viewed under
an upright microscope (Zeiss, Imager A2).

Statistical Analyses

All data were expressed as mean ± standard devi-
ation. Statistical analyses were performed using one-
way ANOVA (Minitab 15, Minitab Incorporated,
State College, PA) followed by a Tukey’s post hoc
comparison test for repeated measurements. The sta-

tistical significance threshold was set at 0.05 for all
tests (with p< 0.05).

RESULTS

Cell Viability Assay

Cell viability was high overall for the spheroids that
were isolated right after the hanging drop procedure at
t = 0 h (Fig. 2). The control media group at t = 0
exhibited the largest diameter compared to other time
points. At t = Day 7 on the non-coated plate, the
spheroid disintegrated into a suspension of individual
cells (Fig. 2) The TGF group also demonstrated a
similar pattern of a decrease in spheroid diameter from
t = 0 to t = Day 7, but without disintegrating.
Compared to the other groups, the TGF-primed
spheroids retained their 3D morphology even at Day 7
under non-coated conditions. IGF-primed spheroids
exhibited a decrease in spheroid diameter from t = 0
to t = Day 7. Additionally dead cells on the spheroid
periphery were observed at t = Day 7 for the coated
surface groups. The aggrecan-primed spheroids also
exhibited a similar decrease in spheroid diameter from
t = 0 to t = Day 7. At Day 7, the coated aggrecan
group retained the 3D morphology while the non-
coated aggrecan group looked disintegrated. Dead
cells were observed at Day 7 (both coated and non-
coated). The CS group did not assume a conventional
spheroid shape at t = 24 h. At t = Day 7, the CS
spheroids were completely disintegrated and only small
fragments were stained. Compared to the control
media group, the size was visually observed to be much
smaller at Day 7 (coated and non-coated). Lastly, the
CS group at Day 7 under coated conditions had a
rounded morphology comparable to the control media
group. Dead cells were also present throughout these
spheroids.

DNA Content

Within each given medium group, DNA content
differences over time were statistically significant
between t = 0 (prior to placing on any surface) and
the Day 7 time point, for both the coated and uncoated
surfaces. The control medium group DNA content

TABLE 2. List of the antibodies and dilutions used for immunohistochemistry.

Primary antibody Dilution Vendor Catalog number

1. Anti-collagen I, rabbit IgG polyclonal 1/200 Abcam AB24133

2. Anti-collagen II, rabbit IgG polyclonal 1/200 Abcam AB116142

3. Anti-aggrecan, rabbit IgG polyclonal 1/50 Abcam AB36861
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dropped by 67.8 and 85.7% from t = 0 to day 7 for
the coated and non-coated surfaces, respectively
(p< 0.05). The TGF group DNA content dropped by
69.7 and 67.4% from t = 0 to day 7 for the coated and
non-coated surfaces, respectively (p< 0.05). The IGF
group DNA content dropped by 84.1% and 91.7%
from t = 0 to day 7 for the coated and non-coated
surfaces, respectively (p< 0.05). The CS group DNA
content dropped by 80.7 and 91% from t = 0 to day 7
for the coated and non-coated surfaces, respectively
(p< 0.05). The DNA content of the aggrecan group
dropped by 79.4 and 66.7% from t = 0 to day 7 for
the coated and non-coated surfaces, respectively
(p< 0.05). The TGF � IGF group DNA content
dropped by 84.4% from t = 0 to day 7 for the coated
surface (p< 0.05). No statistically significant differ-
ences in DNA content were noted among groups at
t = 0 or 24 h.

Next, comparing the DNA contents among the
groups at Day 7, the IGF group had 58.3% lower
DNA content compared to the TGF group for the
non-coated surface (p< 0.05). No other statistically
significant differences in DNA content were noted
among groups at the different time points.

GAG Content

Statistically significant increases in GAG/DNA
content over time (Fig. 3) were observed in all six
groups (including control medium group) for both
surfaces by at Day 7, but only the control group had a

significant increase by the 24 h time point. The control
group had 5.3-fold, 3.4-fold, and 7.2-fold higher GAG/
DNA contents at t = 24 h coated, t = Day 7 coated,
and t = Day 7 non-coated, compared to the t = 0
group (p< 0.05). The TGF group had a 2.6-fold
higher and 90% increase in GAG/DNA content from
t = 0 h to t = Day 7 coated and non-coated groups,
respectively (p< 0.05). The IGF group had a 3.1-fold,
and 7.1-fold higher GAG/DNA content from t = 0 h
to t = Day 7 coated and non-coated groups, respec-
tively (p< 0.05). The CS group had 3.2-fold and 2.7-
fold higher GAG/DNA content from t = 0 h to
t = Day 7 coated and non-coated groups, respectively
(p< 0.05). The aggrecan group had a 3.1-fold increase
in GAG/DNA content from t = 0 to day 7 for the
coated surface (p< 0.05). Lastly, the TGF � IGF
group had a 2.6-fold increase in GAG/DNA content
from t = 0 to day 7 for the coated surface (p< 0.05).

Next, the significant differences in the GAG/DNA
contents of the various different groups at specific time
points compared to the control group are noted. At
t = 24 h, the TGF, IGF, CS, and aggrecan groups had
66.0, 66.2, 54.7, and 54.9% lower GAG/DNA contents
compared to the control medium group (p< 0.05). At
t = Day 7 with the coated surfaces, statistically signifi-
cantdifferenceswereobserved for theTGF,aggrecanand
TGF � IGF groups, which had 62.8, 63.1, and 61.4%
higher GAG/DNA contents than the control group
(p< 0.05). In contrast, with the non-coated surfaces, the
aggrecan group had a 54.9% lower GAG/DNA content
than the control group atDay 7 (p< 0.05).Therewere no

FIGURE 2. Live/dead images demonstrating cell viability at different time points. (a) control media group before spheroid for-
mation, (b) control media spheroids 24 h after hanging drop, (c) 24 h after spheroids were placed in HA coated well plates, and
7 days after they were placed in HA-coated or non-coated surface. Scale bar = 100 lm.
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other significant differences among other groups at Day
7. Moreover, there were no significant differences in
GAG content among the groups at t = 0 h.

There were significant changes in GAG/DNA con-
tent among the different test groups, but only at Day 7
for the non-coated surfaces. Specifically, the IGF
group had a 99.7 and 35.8% higher GAG/DNA con-
tents compared to the TGF group, and the aggrecan
group (p< 0.05).

Finally, three significant differences in GAG/DNA
content at Day 7 between coated and non-coated
conditions were observed. The control group had a
2.2-fold higher, the IGF group had a 2.3-fold higher,
and the aggrecan group had a 44.8% lower GAG/
DNA content at Day 7 for the non-coated surface,
compared to the coated surface (p< 0.05). No other
comparisons between the other groups between coated
and non-coated groups were statistically significant.

Collagen Content

There were no statistically significant changes in
collagen content for any group from t = 0 to the 24 h
time point, although the following significant increases
were noted at 7 days (Fig. 4). The control group had
2.8-fold and 2.4-fold increases in collagen/DNA con-
tent from t = 0 to Day 7 with the HA-coated and non-
coated surfaces, respectively (p< 0.05). The TGF
group had a 3.0-fold increase in collagen/DNA from
t = 0 to Day 7 with the coated surface (p< 0.05), but
no significant change over time for the non-coated

surface. The IGF group on the other hand displayed
4.6-fold and 10.8-fold increases in collagen/DNA from
t = 0 to Day 7 for the coated and non-coated surfaces,
respectively (p< 0.05). Furthermore, the CS group
demonstrated 8.4-fold and 6.3-fold increases in colla-
gen/DNA from t = 0 to Day 7 for the coated and
non-coated surfaces, respectively (p< 0.05). The col-
lagen/DNA content of the aggrecan group increased
73.9% from t = 0 to Day 7 (non-coated) (p< 0.05),
but did not have any significant change for Day 7 for
the coated surface. The TGF � IGF group had a
10.7-fold increase in collagen content at Day 7 for the
coated surface compared to t = 0 (p< 0.05).

In comparing the collagen/DNA values between the
control group and each of the other groups at the same
time point, there were two statistically significant dif-
ferences. At day 7 on the coated surface, the CS group
had a 4.5-fold higher collagen/DNA content than the
control group (p< 0.05). At day 7 on the non-coated
surface, the IGF group had a 6.7-fold higher collagen/
DNA content compared to the control group
(p< 0.05).

Next, comparing the collagen/DNA values among
various groups at specific time points, significant
changes were observed at Day 7 as follows. At Day 7
for the coated group, the CS group had a 5.8-fold
higher, and the TGF � IGF group had a 5.6-fold
higher, collagen/DNA content than the aggrecan
group, respectively (p< 0.05).

FIGURE 3. Normalized GAG content measured at 0 and
7 days, expressed as GAG/DNA. The IGF group had the
highest GAG/DNA content at day 7 on the non-coated surface.
Values are reported as mean 6 standard deviation, n = 4. (@)
represents statistically significant difference from the control
group at that time point, (*) represents statistically significant
difference from t = 0 h, (**) represents statistically significant
difference among different media groups, (&) represents sta-
tistically significant between coated and non = coated groups
(p< 0.05).

FIGURE 4. Normalized collagen content expressed as colla-
gen/DNA. The IGF group at day 7 non-coated surface had the
highest collagen/DNA content. Values are reported as
mean 6 standard deviation, n = 4. (@) represents statistically
significant difference from the control group at that time
point, (*) represents statistically significant difference from
t = 0 h, (**) represents statistically significant difference
among different media groups, (&) represents statistically
significant between coated and non = coated groups
(p< 0.05).
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Finally, only one statistically significant change in
collagen/DNA content between the coated and non-
coated surfaces was observed. Specifically, the IGF
group had a 2.1-fold higher collagen/DNA content on
the non-coated surface compared to the coated surface
at Day 7 (p< 0.05).

Gene Expression Analysis

Aggrecan
First, statistically significant changes in aggrecan
expression over time were noted for all of the groups.
In general, aggrecan gene expression tended to drop
over time for all of the groups. The control group at
Day 7 on the coated surface had 2.0-fold higher
aggrecan gene expression than at t = 0 h, but for the
non-coated surface there was a 71.4% decrease in
aggrecan gene expression compared to t = 0 h
(p< 0.05). There were no other significant changes
over time for the control group. Coming to the TGF
group, there was a 58.1, 86, and 74.8% decrease in
aggrecan gene expression at 24 h, & 7 days (coated and
non-coated) from t = 0 h (p< 0.05). For the IGF
group, there were 74.1, 93.8 and 97.8% decreases in
aggrecan gene expressions from t = 0 to 24 h and day
7 for the coated and non-coated surfaces, respectively
(p< 0.05). The CS group had 89.0, 92.3, and 86.8%
decreases in gene expression from t = 0 to 24 h and
day 7 for the coated and non-coated surfaces, respec-
tively (p< 0.05). The aggrecan group also had de-
creases of 85, 73.1, and 79.8% in aggrecan gene
expression from t = 0 to 24 h and day 7 for the coated
and non-coated surfaces, respectively (p< 0.05). The
TGF � IGF group alone had a 63% decrease in
aggrecan gene expression from t = 0 to day 7 coated
surface (p< 0.05). All of the TGF � IGF compar-
isons were made to the TGF group.

In comparing the different groups to the control at
the same time point, we observed that at t = 0, all of
the medium compositions had a significantly higher
aggrecan gene expression than the control group. The
TGF group, IGF group, CS group, and aggrecan
group had 6.8-fold higher, 5.7-fold higher, 3.5-fold
higher, and 7.9-fold higher aggrecan gene expression
than the control group at t = 0 (p< 0.05). Compared
to the control group, there were no significant differ-
ences in gene expression among the different groups at
t = 24 h. At Day 7 for the coated surface, the only
significant differences from the control were for the
IGF and CS groups. The IGF group had 86.5% lower,
and the CS group had 83.6% lower gene expression
than the control group (p< 0.05). At Day 7 for the
non-coated surface, the only significant differences
from the control were for the TGF and aggrecan

groups. The TGF group had a 5.8-fold higher, and the
aggrecan group had 5.6-fold higher aggrecan gene
expression than the control medium (p< 0.05).

Next, comparisons among different groups at the
same time point were made. At t = 0, the only sig-
nificant differences were as follows: CS group had
38.6% lower aggrecan gene expression than the IGF
group (p< 0.05), whereas the aggrecan group had a
34.4% higher aggrecan gene expression than the IGF
group and 2.1-fold higher gene expression than the CS
group (p< 0.05). At 24 h on the coated surface, the CS
group had a 73.9% lower and the aggrecan group had
a 63.7% lower aggrecan gene expression than the TGF
group (p< 0.05). The aggrecan group had 38.8%
higher aggrecan gene expression than the CS group on
the coated surfaces (p< 0.05), and no other groups
had any significant differences among each other. At
Day 7 on the coated surface there were several signif-
icant differences in gene expression. The TGF � IGF
group had a 2.8-fold higher aggrecan gene expression
than the TGF group, 5.9-fold higher gene expression
than the IGF group, and 5.4-fold higher gene expres-
sion than the IGF group (p< 0.05). In addition, the
aggrecan group had a 6.2-fold higher aggrecan gene
expression than the IGF group and a 4.5-fold higher
gene expression than the CS group (p< 0.05). At Day
7 on the non-coated surface there were three significant
differences in aggrecan gene expression. Specifically,
the TGF group had a 12.8-fold higher gene expression
than the IGF group, and a 3.7-fold higher gene
expression than the CS group (p< 0.05). In addition,
the aggrecan group had a 3.1-fold higher gene
expression than the CS group (p< 0.05).

Lastly, comparing the coated and non-coated
groups at Day 7, the control group on a coated surface
had 86.8% higher aggrecan gene expression than on
the non-coated surface (p< 0.05). All other differences
between the two groups were not statistically signifi-
cant.

SOX-9
Statistically significant changes in SOX-9 gene
expression over time were noted for all of the groups.
The control group had one significant change, a 2.9-
fold increase in SOX-9 gene expression from t = 0 to
Day 7 on the coated surface (p< 0.05). Similarly, the
only significant increase in SOX-9 gene expression for
the TGF group was at Day 7 on the non-coated sur-
face, which had a 6.1-fold increase relative to t = 0
(p< 0.05). Similarly, for the IGF group, there was a
4.2-fold increase in SOX-9 gene expression from t = 0
to Day 7 for the non-coated surface (p< 0.05). There
was a sharp decrease in SOX-9 gene expression over
time for the CS group, with 93.8, 88.5, and 81.5%
decreases at 24 h, and Day 7 for the coated and non-
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coated surfaces, respectively (p< 0.05). For the
aggrecan group, there were 85.7 and 89.2% decreases
in SOX-9 gene expression from t = 0 h to t = 24 h
and t = Day 7 for the non-coated surface, respectively
(p< 0.05).

Next, SOX-9 gene expression differences compared
to the control group were made, at specific time points.
At t = 0 h, the CS group had 8.8-fold higher SOX-9
gene expression than the control group (p< 0.05). At
t = 24 h for the coated surface, the IGF medium
group had 3.4-fold higher SOX-9 gene expression than
the control medium group (p< 0.05). At t = Day 7
for the coated surface, the IGF group had 58.5% lower
SOX-9 gene expression, and the TGF � IGF group
had 2.6-fold higher SOX-9 gene expression compared
to the control group (p< 0.05). At t = Day 7 for the
non-coated surface, the aggrecan group had 84.6%
lower gene expression than the control group
(p< 0.05). All other comparisons between the test
groups and the control group at specific time points
were not statistically significant.

Next, several significant changes among different
groups at the same time point were observed. At
t = 0, the CS group had 10.4-fold higher SOX-9 gene
expression than the TGF group, 16.3-fold higher
expression than the IGF group, and 4.2-fold higher
expression than the aggrecan group (p< 0.05). At
t = 24 h, the TGF group had 4.5-fold and 5.0-fold
higher SOX-9 gene expressions than the CS and
aggrecan groups, respectively (p< 0.05). Similarly, the
IGF group had a 3.5-fold and 4.6-fold higher SOX-9
gene expression than the CS and aggrecan groups,
respectively (p< 0.05). At Day 7 for the coated sur-
face, the TGF � IGF group had a 10.0-fold, 9.3-fold,
9.1-fold, and 4.4-fold higher SOX-9 gene expression
than the TGF, IGF, CS, and aggrecan groups,
respectively (p< 0.05). At Day 7 for the non-coated
surface, there were two significant comparisons. The
aggrecan group had 34.3-fold and 14.3-fold lower
SOX-9 gene expression than TGF and IGF groups,
respectively (p< 0.05). All the comparisons between
the different media groups and specific time points
were not statistically significant.

Lastly, comparing the coated and non-coated
groups at Day 7, three significant differences were
observed. The TGF, IGF, and aggrecan groups on the
non-coated surface had 6.8-fold, 3.6-fold, and 8.0-fold
higher SOX-9 gene expression than their respective
coated-surface groups (p< 0.05). All other compar-
isons between the coated and non-coated groups were
not statistically significant.

Collagen II
Statistically significant changes in collagen II gene
expression over time were noted for all of the groups.

The control group had one significant 60.4% decrease
from t = 0 to Day 7 for the non-coated surface
(p< 0.05). The TGF group had a 5.4-fold and 2.8-fold
increase in collagen II gene expression from t = 0 h to
24 h and t = Day 7 on the non-coated surface,
respectively (p< 0.05). On the contrary, the IGF
group had a 50.7 and 52.3% decrease in collagen II
expression from t = 0 h to 24 h and t = Day 7 non-
coated surface, respectively (p< 0.05). One major
finding was that the CS group had a significant 10.9-
fold increase in collagen II gene expression from 0 h to
Day 7 for the non-coated surface (p< 0.05). The
aggrecan group at t = 24 h had a 6.1-fold increase in
collagen II expression from t = 0 h for the non-coated
surface (p< 0.05).

Next, collagen II gene expression differences
between test groups and the control group were made,
at specific time points. Compared to the control group
at t = 0 h, there was 88.3, 62.8, 85.9, 84.7% lower
collagen II gene expression in the TGF, IGF, CS, and
aggrecan groups, respectively (p< 0.05). At t = 24 h,
the IGF and CS groups had 87.5 and 88.7% decreases
in collagen II gene expression compared to the control
group (p< 0.05). Similarly, compared to the control
group at t = Day 7 for the coated surface, there was
69.4, 79.7, 71.4, and 75.6% lower collagen II gene
expression in the TGF, IGF, CS, and aggrecan groups,
respectively (p< 0.05). At t = Day 7 for the non-
coated surface, notable differences in gene expression
were observed. The TGF group had a 32.4% higher,
and the CS group had a 6.8-fold higher collagen II
gene expression than the control group (p< 0.05).
However, compared to the control group, there was a
52.8% lower and 61.8% lower collagen expression for
the IGF and aggrecan groups, respectively (p< 0.05).
All other differences between the different test groups
and the control group at specific time points were not
statistically significant.

Additionally, several significant changes among
different groups at the same time point were observed.
At t = 0, the IGF group had 3.1-fold higher expres-
sion of collagen II compared to the TGF group
(p< 0.05). At t = 24 h, the TGF group had 5.0-fold
higher expression than the CS group, and the aggrecan
group had 5.6-fold higher Collagen II expression than
the IGF group (p< 0.05). The TGF � IGF group
had 3.0-fold higher expression than the IGF group at
t = Day 7 for the coated surface (p< 0.05). At
t = Day 7 on the non-coated surface, the TGF group
had 3.2-fold higher and 4.0-fold higher collagen II gene
expression than the IGF and aggrecan groups,
respectively (p< 0.05). The CS group had a significant
4.4-fold, 14.5-fold, and 17.9-fold higher collagen II
expression than the TGF, IGF and aggrecan groups,
respectively, (p< 0.05). All other differences among
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the different media groups at specific time points are
not statistically significant.

Finally, comparing the coated and non-coated
groups, there were two significant changes. The control
group at Day 7 on the coated surface had a 3.2-fold
higher collagen II gene expression than the non-coated
surface, and the CS group non-coated surface had 7.4-
fold higher expression had than the coated surface,
respectively (p< 0.05). All other comparisons between
the two surfaces were not statistically significant.

Collagen I
Statistically significant changes in Collagen I gene
expression over time were noted for all of the groups.
The control group had a 2.5-fold, 2.2-fold, and 2.1-fold
increase in collagen I gene expression from t = 0 to
t = 24 h, and to Day 7 for the coated and non-coated
surfaces, respectively (p< 0.05). Coming to the TGF
group, there was 50.3 and 80.5% decrease in collagen I
gene expression from t = 0 to Day 7 for the coated
and non-coated surfaces, respectively (p< 0.05). The
IGF group had a 2.7-fold increase in gene expression
from t = 0 h to Day 7 coated surface, but 87.4% de-
crease in expression from t = 0 to Day 7 non-coated
surface, respectively (p< 0.05). The CS group had
39.4, 59.7, and 85.0% decreases in collagen I gene
expression from t = 0 to t = 24 h, and to Day 7 for
the coated and non-coated surfaces, respectively
(p< 0.05). The aggrecan group had 75.5%, and 90.4%
decreases in collagen I gene expression from t = 0 to
Day 7 for the coated and non-coated surfaces,
respectively (p< 0.05). No other changes in collagen I
gene expression over time were significant.

Next, gene expression changes between the test
groups and the control groupweremade, at specific time
points. There were no significant changes at t = 0. At
t = 24 h, compared to the control group there was a
60.9, 59.2, 75.2, and 46.7% lower collagen I gene
expression demonstrated by the TGF, IGF, CS, and
aggrecan groups, respectively, compared to the control
(p< 0.05). However, at Day 7 on the coated surface, the
IGF and TGF � IGF groups had 68% and 33.6%
higher collagen I gene expressions compared to the
control group, respectively (p< 0.05). The TGF, CS,
and aggrecan groups had 63.4, 81.2 and 87.7% lower
collagen I gene expression than the control group
respectively (p< 0.05). Compared to the control group
at Day 7 non-coated surface, the TGF, IGF, CS, and
aggrecan groups evidenced 85.1, 91.9, 92.7 and 95.0%
lower gene expression, respectively (p< 0.05). No other
changes in collagen gene expression between the test
groups and the control group at a given time points were
significant.

Several significant changes among different groups
at a given time point were observed. At t = 0, the
TGF group had a 46.4% higher collagen I gene
expression than the CS group (p< 0.05). At t = 24 h,
the TGF, IGF, and aggrecan groups had 57.9%
higher, 64.9% higher, and 2.1-fold higher collagen I
gene expression compared to the CS group, respec-
tively (p< 0.05). At Day 7 on the coated surface, the
IGF group had 4.6-fold, 8.9-fold, 13.7-fold, and 3.4-
fold higher collagen I gene expression compared to the
TGF, CS, aggrecan, and TGF � IGF groups,
respectively (p< 0.05). Additionally, the TGF � IGF
group had 2.6-fold and 3.9-fold higher expression than
the CS and aggrecan groups, respectively (p< 0.05).
There were no significant differences among groups at
Day 7 for the non-coated surface.

Lastly, there were two significant difference between
the coated and non-coated surfaces. Specifically, the
TGF group had a 2.5-fold higher collagen I gene
expression on the coated surface than on the non-
coated surface (p< 0.05). Similarly, the IGF group on
the coated surface had a 21.9-fold higher collagen I
gene expression than on the non-coated surface
(p< 0.05). There were no other statistically significant
comparisons between the coated and non-coated sur-
faces.

Immunohistochemistry

IHC staining of the control spheroids revealed that
the diameter of the spheroids decreased over the one-
week period, specifically from t = 0 to the 7 day time
point on the non-coated surface. Figure 5a represents
the collagen I immunostaining for representative
groups. At t = 0, aggrecan group had the highest
collagen I staining intensity followed by the CS and
TGF groups at 24 h. The 7-day HA-coated (TGF)
spheroid started to show disintegration and the 7D
HA-coated IGF spheroids showed complete degrada-
tion in spheroid morphology. Figure 5b represents the
collagen II immunostaining for select groups. The
hanging drop group with CS medium showed highly
intense staining for collagen II compared to the TGF
and aggrecan medium. Figure 5c shows aggrecan
immunostaining for representative groups. Cell clus-
ters from TGF-primed medium stained after hanging
drop and after 24 h on the coated surface showed in-
tense aggrecan staining. Though the 24 h coated con-
trol spheroid group showed negligible collagen I
staining, by day 7 it stained intensely throughout the
spheroid.
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FIGURE 5. Representative images for immunohistochemistry analysis for (a) collagen I, (b) collagen II, and (c) aggrecan staining.
Brown color indicates a positive stain. Scale bars = 150 lm.
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DISCUSSION

For the first time, the current study demonstrated
that including raw materials in the medium composi-
tion may provide a quick and cost-effective method to
differentiate MSCs toward the cartilage phenotype.
One way of exploiting MSCs is organizing them into
3D stem cell spheroids or spheroids that have shown
good regeneration and anti-inflammatory properties.
Spheroids have recently been shown to be more effec-
tive than single cells for defect filling and better carti-
lage regeneration.15,24

Previous in vitro studies have shown that microen-
vironment and media compositions plays an important
role in shaping the cell migration and eventual differ-
entiation of the MSC spheroids.2,26 HA is a commonly
explored potentially chondroinductive ECM compo-
nent used both as a surface and as a scaffold.8,19 Re-
sults of the best-performing groups are summarized in
Table 3. For the current study, we used a Mw of
360 kDa that accounted for an intermediate range of
stiffness. Compared to the previous studies, we have
for the first time used MSC spheroids of higher cell
densities (1 9 105 cells per spheroid) directed at
chondrogenic applications. The effect of media com-
positions can clearly be seen in the GAG and collagen
content of the spheroids (Figs. 3 and 4); however, the
long-term effects cannot be elucidated from the current
study. The non-coated groups primed under IGF
medium conditions had a much higher GAG and
collagen content compared to the control and HA-
coated groups. In general, the combination of non-
coated surface with IGF/CS medium composition had
a much higher collagen II gene expression and collagen
content compared to the HA-coated and control
groups. Although the average size of the spheroids
varied among the groups, from the live-dead assay
(Fig. 2) we can infer that the spheroids at the time of
being harvested from the hanging drop petri dishes
possessed the highest diameter compared to the
spheroids after 24 h and 7 day culture. Due to a
shortage of cells, we prioritized on the HA-coated
group and did not include the 24 h non-coated group

for the current study. While our results still support the
conclusion that media supplementation enhanced
spheroid formation, the current study neglected to
focus on inner necrosis and future improvements to the
approach would benefit from consideration of spher-
oid size/diameter to achieve desirable cumulative via-
bility. The cells near the deep interior of the spheroids
would not be expected to respond as the cells at the
surface that interact with the culture substrate sur-
face.3,25 Moreover HA-coated surfaces often suffer
from surface stability that may affect long-term cul-
tures further supporting the rationale for placing pri-
mary emphasis on the medium composition during
spheroid formation than on the culture surface.

New medium recipes are constantly being explored
to enable provision of the best culture conditions for
cellular differentiation. In particular, growth factors
and bioactive peptides as medium supplements are
being extensively investigated for musculoskeletal
applications.20,33,42 Several studies have shown the
therapeutic advantages of using TGF-b in scaffold
fabrication for controlled release over time.9,13 During
the last decade, IGF-1 has also gained a lot of interest

FIGURE 6. (a) DNA content analysis of the different groups
using the picogreen assay measured at 0 and 7 days. Please
note the decrease in DNA content for all of the groups after
7 days of culture. Values are reported as mean 6 standard
deviation, n = 4. (@) represents statistically significant dif-
ference from the control group at that time point and (*) rep-
resents statistically significant difference from hanging drop
(t = 0) time point (p< 0.05). There was no significant difference
in values between the coated and non-coated groups.

TABLE 3. Summary of the best performing groups for each assay.

Desirable property Best performing group Time point

Cell viability TGF b3 and aggrecan t = 0 h

DNA content Control and IGF t = 0 h

GAG/DNA content IGF t = Day 7 non-coated

Collagen/DNA content IGF t = Day 7 non-coated

Aggrecan gene expression Aggrecan t = 0 h

SOX9 gene expression Chondroitin sulfate and TGF/IGF t = 0 h, Day 7 coated

Collagen I gene expression IGF t = Day 7 coated

Collagen II gene expression Chondroitin sulfate t = Day 7 non-coated
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FIGURE 7. Gene expression of aggrecan, SOX9, collagen I, and collagen II for all the groups. While aggrecan gene expression
was enhanced fort = 0 time point, the collagen II and SOX9 gene expression was highest at the day 7 coated or non-coated surface.
Values are reported as mean 6 standard deviation, n = 4. (@) represents statistically significant difference from the control group
at that time point, (*) represents statistically significant difference from t = 0 h, (**) represents statistically significant difference
among different media groups, (&) represents statistically significant between coated and non = coated groups (p< 0.05).
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as it has been shown to be misregulated playing an
anabolic role in cartilage degeneration.30,36 Several
approaches have thus employed IGF-1 in their scaffold
design or in the medium for regenerating carti-
lage.17,40,41 At t = 0, the DNA content of the IGF
group was higher than what we have seen so
far (Fig. 6),41 thus reiterating the importance of cel-
lular presentation as three-dimensional spheroids
compared to cellular suspensions. When transferred
from a 3D format to a 96-well plate there was signifi-
cant cell death and decrease in DNA content due to
decreased cell-to-cell interactions. Thus, there is an
increased interest in the field to directly move from 3D
spheroids to in vivo setting that would eliminate
intermittent cell death and promote increased rate of
survival; thereby completely skipping the culture on
the substrate step altogether.37 Of particular interest
was the TGF � IGF group, where the spheroids were
primed with TGF-b for the first three days and then
changed to IGF-1 for the last 4 days. This additional
group was specifically included to observe the effect of
IGF following early differentiation, as previously
observed.41 The IGF non-coated group exhibited the
highest GAG/DNA content. Although several groups
have explored IGF for chondrogenesis,10,27 the current
study for the first time showed that IGF may be
leveraged as a priming formulation for use in stem cell
spheroids. One of the main directions of our research
group has been to explore the chondroinductive
properties of so-called ‘raw materials,’ and heretofore
we have assessed raw materials such as aggrecan, CS,
decellularized cartilage, and bioactive glass in scaffold
fabrication. To take it one step further, in the current

study we directly added CS and aggrecan in the med-
ium during the spheroid formation step.14,16 Although
the concentrations are different under in vivo condi-
tions, premature priming of the spheroids to raw
materials may preemptively induce GAG and collagen
production that can be complemented when placed in
the body. In the current study, we found that the CS
medium primed at t = 0 showed the highest SOX-9
gene expression (Fig. 7). The paramount finding of this
paper is that the CS group at Day 7 on the non-coated
surface displayed the highest collagen II gene expres-
sion and immunostaining, demonstrating that the stem
cell spheroids are indeed able to respond to raw-ma-
terial cues in the media, thus providing a simpler and
more-efficient way to elicit chondrogenesis. Moreover,
the collagen I gene expression was enhanced at Day 7
for the HA-coated surface with the highest expression
evidenced by the IGF group. The increased collagen I
gene expression only further corroborates the idea that
HA coating and growth factor priming may play a
complementary role at late-stage chondrogenesis but
further long-term studies must be performed to dissect
the molecular pathways. The current study utilizes the
complementary approach that opens a new path to
look at medium formulations, as raw materials
heretofore have exclusively been used only for scaffold
fabrication. If the addition of CS in the medium under
non-coated surface could yield results comparable to
that of growth factors, it is an easy and efficient
approach from a financial and regulatory standpoint
and cannot be ignored for future applications. Al-
though there have been several studies that have
independently explored surface stiffness on spheroid

FIGURE 7. continued

SRIDHARAN et al.112



properties, and different media formulations; there is a
lack of published techniques that conjointly explore
the effect of both the parameters on spheroid differ-
entiation.

Although spheroids present several advantages over
single cell suspensions, the main drawback when it
comes for clinical applications is the time required for
spheroid formation. Secondly, there was a genuine
attempt to vigorously perform immunohistochemistry
testing for all the groups, but the spheroids are ex-
tremely small after 1 week of culture and in many cases
disintegrated and hence were lost to sample processing.
Future studies that focus on better spheroid retention
in paraffin molds and look at the regeneration from a
different testing paradigm may benefit the entire field.
Finally, the experiment presented here only serves as a
preliminary in vitro approach to support the different
capacities of the spheroids subjected to different sur-
face chemistry/stiffness and medium compositions.

Upon establishment of the benefits of spheroid
priming, future studies could look at other medium
raw material/growth factor combinations to find a
winning formulation for cartilage-like tissue spheroids.
The next step along the way is spheroid implantation
into animal models and exploring flexible biomaterials
for spheroid encapsulation would also be worth-
while.37

CONCLUSION

In the current study, we successfully primed the
spheroids under different medium conditions with
exposure to either HA-coated or non-coated well
plates and observed the chondrogenesis of the
spheroids. Although the current setup only considers
chondrogenic applications, ultimately different med-
ium composition should be explored for different
applications. The key finding of the study is that the
medium composition during the spheroid formation is
most important parameter. Concurrently we observed
that all the groups at t = 0 demonstrated a high cell
viability, and high aggrecan and SOX-9 gene expres-
sion compared to the other time points. This finding
is impactful as skipping in vitro culture following
spheroid formation saves time and cost, thus making
the process highly reproducible, and thus standard-
izing the protocol from a regulatory standpoint.
Additionally, raw materials (i.e., CS and aggrecan)
alone had the capability to induce SOX-9 and colla-
gen II gene expression and collagen II immunostain-
ing, compared to the growth factor-primed groups,
suggesting that raw material addition in the medium
could be a new economic and efficient way of looking

at medium formulation for chondrogenic applica-
tions. Even the TGF � IGF media showed an
increased collagen II gene expression compared to the
control group at 7 days, thus showcasing the impor-
tance of the close interplay of relevant growth factors
during the early stages of stem cell differentiation.
The priming exercise gave new insights into 3D
spheroid behavior under a diverse microenvironment,
revealing the complex interplay between surface
modification and medium composition (i.e., contain-
ing growth factors or raw materials). While the HA-
coated surface may help in collagen I specific tissue-
differentiation, the non-coated surface outperformed
other groups for collagen II gene expression thus
signifying the minimal conditions necessary to com-
mence chondrogenesis. The inclusion of raw materials
in the medium may be a promising path to generate
cost-effective chondromimetic tissue for cartilage
regeneration in the future.
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