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Abstract

Background: Fetal bovine serum (FBS) is the most essential supplement in culture media for cellular proliferation,
metabolism, and differentiation. However, due to a limited supply and subsequently rising prices, a series of studies
have investigated a biological feasibility of replaceable serums to substitute FBS. Along with the increasing interests
to manufacture stem cell-based cellular products, optimizing the composition of culture media including serums
and exogenous growth factors (GFs) is of importance. In this experiment, the effect of bovine serum (BS) and
newborn calf serum (NCS) on proliferation and chondrogenic differentiation capacity of human adipose derived
stem cells (ADSCs) was evaluated, especially in the chondrogenically supplemented culture condition.

Methods: ADSCs were chondrogenically cultured with FBS, BS, and NCS for 14 days. For the acceleration of in vitro
chondrogenesis, exogenous insulin-like growth factor and transforming growth factor-β3 were added. Viability and
proliferation of ADSCs were evaluated using Live/Dead fluorescence staining and DNA amount, respectively.
To investigate a chondrogenic differentiation, a series of assays were performed including a quantification of
glycosaminoglycan deposition, alcian blue staining, and RT-PCR analysis for type II collagen, aggrecan and
Sox-9 genes.

Results: The results demonstrated that proliferation of ADSCs was facilitated in FBS condition as compared
with other serum types. For chondrogenic marker gene expression, serum substitutes enhanced Sox-9 expression
level on day 14. The deposition of glycosaminoglycan was more facilitated in BS condition regardless of additional
chondrogenic GFs.

Conclusion: It could be presumably speculated that serum types and exogenous supplements of GFs could also be
important parameters to optimize culture media composition, especially in order to maintain the enhanced levels of
both proliferation and chondrogenic differentiation of ADSCs during expansion.
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Background
Osteoarthritis (OA) is a common chronic disease among
the elderly people or athletes around the world, which
could stimulate discomfort and pain due to degradation
and inflammation of cartilage tissues [1, 2]. Current OA
treatments manage pain, swelling, and joint stiffness and
eventually increase joint movement and flexibility [3, 4].
However, these clinical medications have limitations to

regenerate damaged cartilage tissues in a persistent manner
due to the lack of vasculatures in cartilage. Therefore, the
development of a series of cartilage tissue engineering ap-
plications has been extensively investigated for sufficient
and efficient treatment improving a quality of regenerated
cartilage tissues. Since a self-healing procedure of cartilage
tissues rarely occurs when damages or defects occur in the
joint, alternative treatments using various stem/progenitor
cell populations have also been studied [5, 6]. These stem
cell approaches target chondrogenic differentiation of
delivered or recruited progenitor cells and enhanced
deposition of extracellular matrix (ECM) molecules.
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Among various progenitor cell populations for engin-
eering cartilage repair, one of the advantages of using
adult stem cells is a less invasive isolation procedure from a
human donor body without ethical issues, as compared
with embryonic stem cells [7]. Adipose derived stem cells
(ADSCs) is one of the major adult stem cell sources due to
its higher yield and less invasive isolation process, than
obtaining mesenchymal stem cells (MSCs) from bone mar-
rows usually in iliac crest. One of the current medical treat-
ments for OA is a transplantation of isolated chondrocytes
from the healthy donor site of the patient to the damaged
joint site. However, due to the donor site morbidity in a
load-bearing joint, this current method is somehow not
suitable [8, 9]. One of the current medical treatments for
OA is a transplantation of isolated chondrocytes from the
healthy donor site of the patient to the damaged joint site.
However, due to the donor site morbidity in a load-bearing
joint, this current method is somehow not suitable [10, 11]
and de novo cartilage formation 6 weeks after implantation
in an in vivo sheep model [12]. In addition, recent clinical
approaches demonstrated that autologous ADSC could
manage OA-related pains [3, 13]. Furthermore, ADSC
inhibit progression of OA. However, specific therapeutic
agents aiming at fundamental joint repair are still under
being investigated [14, 15]. Hence, clinical demands for the
process development of ADSC expansion are recently
required. Chondrogenesis of transplanted ADSCs is a
physiologically important procedure for regeneration of
cartilage tissues. In order to precisely mimic
chondrogenesis, a series of engineering approaches to
develop the optimal conditions for ADSC expansion have
been studied [16, 17]. One of the important criteria for
standardized clinical process for ADSC expansion is the
composition of cell culture media to enhance proliferation
without any deformation in genetic and immunogenic
characteristics of ADSCs. In particular, it is suggested that
composition, concentration and type of serum components
should be optimized to facilitate both proliferation (during
the expansion) and differentiation of ADSCs (after
transplantation) [18].
Fetal bovine serum (FBS), a mixture of various hor-

mones, growth factors (GFs), antibodies and unknown
protein components, is a major serum component in
various cell culture experiments to keep maintaining
cellularity. A dramatic price increase due to the limited
supply and availability [19] may hinder manufacturing
of autologous/allogenic cellular products in a large
quantity. Therefore, several alternative serum compo-
nents have been evaluated as FBS substitutes, and these
substitutional serums were tested especially for ADSC
expansion in a large quantity [20, 21]. Bovine serum
(BS, Calf serum) or newborn calf serum (NCS), which
can be produced when the calves are 16 months and
around 10 days, respectively, have been used as FBS

substitutes [22]. Some studies have been conducted to
regenerate cartilage tissue using chondrocytes cultured
in BS or NCS containing media [23, 24].
In order to evaluate the possibility of several serums

as a FBS substitute during stem cell expansion, the
level of chondrogenic differentiation of progenitor cell
population in different serum conditions should be
investigated. For substitute FBS, another serum must
assure cell viability and expansion that are not affect
to ADSC. During chondrogenesis period, cell expan-
sion is limited because energy of cells is concentrated
on differentiation [25]. To this end, in this paper, the
effect of serum types (i.e., FBS, BS, and NCS) on pro-
liferation of ADSCs during in vitro expansion and
chondrogenic differentiation capacities were evaluated.
During 2 weeks of expansion periods, 10% of volume
concentration of each serum type in culture media
was applied to 2D cultured ADSCs. Proliferation of
ADSCs was evaluated using quantification of isolated
double stranded DNA (dsDNA) and Live/Dead fluor-
escence staining, while in vitro chondrogenic differen-
tiation was quantified using dimethylmethylene blue
(DMMB) assay, chondrogenic marker gene expression
profiling via real-time PCR (RT-PCR), and alcian blue
staining.

Methods
ADSC expansion and culture
ADSCs were purchased from Lonza (Walkersville, USA),
and pre-cultured using L-DMEM (Wisent, Quebec,
Canada), 1% penicillin/streptomycin (Wisent), 7%
FBS (Corning), and 3% BS (Gibco) or 3% NCS
(Gibco) in T-25 culture flasks up to passage number
of 3 over 14 days. Overall scheme of ADSC
expansion and culture is described in Scheme 1. For
serum adaptation, the volume percentage of FBS was
gradually reduced to 5, 3, and 0% (with increasing
volume percentage of BS or NCS from 5, 7, and
10%) by changing media every 3 days, while 10%
FBS was used as a control (depicted in Fig. 1). Once
80% confluency of cell layers was obtained, ADSCs
were then re-seeded at 10,000 cells in each well of
12 well plates with media containing 10% of each
serum. After 24 h, media was exchanged to
chondrogenic-supplemented media, composed of h-
DMEM, 100 nM dexamethasone, 0.05 g/L ascorbic
acid, 1% Insulin-transferrin-selenium (ITS) + pre-
mix, 3.7 g/L sodium bicarbonate [26, 27], and 10%
FBS or NCS or BS. Additionally, to investigate the
effect of exogenous GFs on facilitated chondrogenic
differentiation of ADSCs, 100 ng of insulin-like
growth factor-1 (IGF-1) and 10 ng of transforming
growth factor-β3 (TGF-β3) [28, 29] were added into
each serum-containing chondrogenic media. A detailed
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description for experimental groups is demonstrated
in Table 1. Seeded cells were cultured at the standard
culture condition (37 °C and 5% CO2) for the next
14 days. Media was changed every 3 days, and cells
were passaged into two separate wells in 12-well plate
on day 7.

Viability & Proliferation of ADSCs
To examine viability and distribution of ADSCs, Live/
Dead fluorescent staining (Invitrogen) was performed on
day 7 and 14. Any non-adhesion cells were completely
removed by a PBS washing (2 times) before the staining
process. After washing steps, cells were stained with 2 μM

Fig. 1 Viability and distribution of ADSCs stained using Live/Dead assay on day 7 (a) and day 14 (b) in different serum and growth factor
conditions. Scale bar = 1000 μm

Scheme 1 Schematic procedures for serum adaptation and expansion of ADSCs in a chondrogenic culture condition
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of calcein AM and 4 μM of ethidium homodimer-1.
Stained cells were examined using an inverted
fluorescence microscope (Ti-E System, Nikon, Japan).
Stained area with calcein AM (i.e., area covered by live
cell population) was quantitatively analyzed using
ImageJ software. % cell attachment was calculated by “a
total stained area of each group/a total stained area of
GM group × 100 (%)”. To quantify the proliferation of
ADSCs in different serum condition, isolated double
stranded DNA (dsDNA) amount was evaluated using
Picogreen fluorescence kit (Thermo scientific). After
washing cell layers with PBS twice, 100 uL of RIPA buffer
(Elpis Biotech, Korea) was added in each well. After
destruction of the cell monolayer by scraping it using
micropipette tips, a suspension containing isolated-dsDNA
was collected into a sterile microcentifuge tube. Quant-iT
PicoGreen dsDNA Assay Kit (Thermo Scientific) was
used for the quantification of dsDNA contents,
following the company’s protocol. Fluorescence
intensity of each sample (n = 3) was recorded at 480 nm
of excitation and 520 nm of emission using a
microplate reader, and dsDNA amount was calculated
using a lambda DNA standard curve.

DMMB assay
To evaluate chondrogenic differentiation of ADSCs,
dimethylmethylene blue (DMMB) assay was performed to
quantify glycosaminoglycan (GAG). GAG is one of the
characteristic extracellular matrix (ECM) molecules existed
abundant in cartilage tissues. Cells were lysed using RIPA
buffer by the same protocol for dsDNA isolation. DMMB
with pH adjusted to 3.0 was used to quantify total sul-
fated GAG in each suspension against a standard curve
of chondroitin-4-sulfate and L-cysteine hydrochloride.
Optical density of each sample was recorded at 520 nm
using a microplate reader. The final GAG contents
were normalized using corresponding DNA amount
(n = 4) [30, 31].

Alcian blue
Alcian blue staining was also used to visualize cartilage
ECM deposition by staining GAG contents in chondro-
genically differentiated cells. After washing cells with PBS
twice, cells were fixed using 4% pafaformaldehyde (Sigma-
aldrich) for 30 min. After washing the samples 3 times
to remove any remaining reagents, alcian blue solution

(pH 2.5, Sigma-aldrich) was added and incubated for
1 h at room temperature. After a removal of staining
reagents from each well, images of stained ADSCs were
obtained using a camera-equipped optical microscope
(Ti-E System, Nikon, Japan) [32].

Real-time polymerase chain reaction
To analyze gene expression profiles during chondrogenic
differentiation of ADSCs, expression of some characteristic
marker genes including collagen type II (Col 2), aggrecan
(Agg), Sox-9, and collagen type I (Col 1) was evaluated
using real-time PCR. GAPDH was used as a housekeeping
gene. Primer sequences for genes are listed in Table 2.
Total RNA was isolated from trypsinized/pelleted ADSCs
with RNeasy Mini Kit (Qiagen) following company’s
protocol and prepared in Nuclease-free water
(Affymetrix, Inc., Cleveland, Ohio, USA). Both quantity
and quality of isolated RNA samples were evaluated with
A260/A280 ratio by using Nanodrop (Thermo scientific).
Then, cDNA was synthesized with 100 ng of RNA
templates using ReverTra Ace qPCR RT Master Mix
(Toyobo, Japan). Next, each cDNA template were
mixed with SYBR Green Master Mix (Toyobo, Japan),
and PCR was performed (n = 3) using StepOnePlus Real-
Time PCR System (Applied Biosystems). The results
were analyzed by using 2-ΔΔCt methods [33, 34].

Statistical analysis
DNA, DMMB assay and RT-PCR were performed with
independent triplicates. Statistical analysis was performed
using GraphPad PRISM software (GraphPad software Inc.,

Table 2 Primer sequence for RT-PCR

Gene Forward(5′- > 3′) Reverse(5′- > 3′)

Col I CTC CGG CTC CTG CTC CTC
TTA

GCA CAG CAC TCG CCC
TCC C

Col II ATA AGG ATG TGT GGA AGC
CG

TTT CTG TCC CTT TGG TCC
TG

Aggrecan TTG AGC AGT TCA CCT TC CTC TTC TAC GGG GAC
AGC AG

Sox-9 CCC AAC GCC ATC TTC AAG G CTG CTC AGC TCG CCG
ATG T

GAPDH GGG AGC CAA AAG GGT CAT
CAT CTC

GAG GGG CCA TCC ACA
GTC TTC

Primer sequences for RT-PCR using chondrogenic gene markers. Collagen type
II, Aggrecan and Sox-9 were used for chondrogenic markers with using collagen
type I as a negative gene marker. GAPDH was used as a housekeeping gene

Table 1 Experimental group

Group GM (FBS) FBS BS NCS FBS (w/GF) BS (w/GF) NCS (w/GF)

Culture Media General Media Chondrogenic Supplemented Media Chondrogenic Supplemented Media

Serum type FBS FBS BS NCS FBS BS NCS

Growth Factor No addition 10 ng/mL of TGF-β3 and 100 ng/mL of IGF-1

Experimental group was divided into 6 groups by varying serum and presence of growth factors

Cho et al. Biomaterials Research  (2018) 22:6 Page 4 of 10



San Diego, CA, USA). All data were analyzed by one-
way analysis of variance (ANOVA) and Tukey’s multiple-
comparison test. The means and standard deviations were
presented in the Figs. A statistical significance was
considered when p < 0.05.

Results and discussion
Morphology and viability of adipose-derived stem cells
To confirm cell distribution of ADSCs, Live/Dead
fluorescence staining was performed at day 7 and 14
(Fig. 1). On day 7, it is hard to distinguish the mor-
phological differences and viability of each group as
compared to the control (i.e. cells in growth media
with FBS). Decent numbers of ADSCs were viable
over 7 days of in vitro culture in any serum condi-
tions regardless of the presence of chondrogenic GFs
including IGF-1 and TGF-β3. Image analysis showed
in BS containing GF groups showed lowest intensity
compared with another group (Fig. 1a). However, on
day 14, both parameters including serum types and
chondrogenic GFs influenced the attachment of
ADSCs (Fig. 1b). Specifically, in ADSCs cultured
without GFs, attachments of ADSCs with BS and
NCS were far less than those with FBS. Same
observation was found in ADSCs cultured with
chondrogenic GFs and image data analysis data. As
compared with cells with FBS, other serum substitute
groups exhibited less cell attachment. Although
ADSCs were gradually exposed and adapted to other
FBS substitute serums during a pre-culture period, a
long-term exposure of different serum types might
negatively affect ADSC's attachment.

Proliferation of adipose-derived stem cells
To analyze proliferation of ADSCs, PicoGreen DNA
assay was utilized on day 7 and 14 in quadruplicates. As
compared with the control, all groups with chondro-
genic supplemented media exhibited less proliferation
over 14 days, regardless of serum types and additional
GFs (Fig. 2). ADSC proliferation using DNA assay ex-
hibited a similar pattern in the image analysis of live
ADSC attachment in Fig. 1. Cells cultured with FBS
(both FBS and FBS w/ GFs) showed an increase in pro-
liferation for 14 days. However, BS groups showed the
least proliferation, indicated by no significant difference
between day 7 and 14 regardless of GF conditions as
shown in the image analysis in Fig. 1. Although NCS
groups exhibited an increase in proliferation after day
7, the proliferation of ADSCs was highest in FBS groups
regardless of the presence of additional GFs. These obser-
vations were correlated with the attachment patterns in
Fig. 1, which also indicated the highest level of ADSC
adhesion in FBS groups, an intermediate level in NCS
groups, and the least attachment in BS groups regard-
less of additional GFs. Therefore, in terms of cellularity
and proliferation of ADSCs, it could be reasonably
speculated that (1) the usage of BS or NCS as FBS sub-
stitutes might not achieve the same level of ADSC pro-
liferation over 14 days of in vitro expansion regardless
of additional exogenous IGF-1 and TGF-β3, and (2) the
usage of chondrogenic supplemented media might
reduce proliferation as compared with the control
group of FBS-containing general growth media.

Chondrogenic gene expression profiles
To confirm chondrogenic differentiation of ADSC
for 7 and 14 days, RT-PCR was performed to
analyze chondrogenic gene expression in triplicate.
Expression levels of collagen type II, aggrecan, and
Sox-9 were evaluated while collagen type I was used
for negative chondrogenic gene and GAPDH for
endogenous control gene (Fig. 3). At day 7, without
additional GFs, BS group showed higher expression
of collagen type II, aggrecan, and Sox-9 (Fig. 3a).
However, these expression levels did not show
significant difference between serum types. When
additional GFs were applied, FBS group exhibited
relatively higher expression in collagen type II and
Sox-9 without significance. Similar trends were
observed in day 14 profiles (Fig. 3b). At day 14, in
collagen type II, none of serum groups without
exogenous GFs showed a higher level expression
than control. Only BS w/ GFs group exhibited
higher collagen type II expression than control, but
without a significance. Similarly, BS groups showed
higher expression level as compared with other

Fig. 2 Proliferation of ADSCs, determined using dsDNA amounts, on
day 7 and 14 (n = 4). # indicates a significant difference (p < 0.05) as
compared with FBS group within the same growth factor condition
on day 7 while * indicates a significant difference (p< 0.05) as compared
with FBS group within the same growth factor condition on day 14
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serum types regardless of additional GFs. However,
no significant difference was observed. In Sox-9
expression, NCS groups showed higher expression
level as compared with other serum types regardless
of additional GFs as well as the control, without a
significance. The expression ratio of collagen type II to
collagen type I also indicated no significant difference
between serum types within the same GF condition
(Fig. 3c). Although BS group showed a higher ratio as
compared with FBS or NCS in both cases of additional
GF condition, the lack of significance might lead no
beneficial influences of serum substitutes used in terms
of chondrogenic differentiation of ADSCs.

Quantification and histological staining of
glycosaminoglycan
To evaluate chondrogenic differentiation of ADSCs on
day 14, DMMB assay was used for quantification of GAG
contents (Fig. 4a). In the absence of additional GFs, BS
groups exhibited a significantly higher normalized GAG
deposition as compared with other serum types of FBS
and NCS. When exogenous GFs were added, both BS and
NCS groups (BS w/GFs and NCS w/GFs) showed a signifi-
cantly higher GAG level than FBS w/GFs group. BS has a
lot of hormones and GFs than other serums, so unknown
factors enhanced chondrogenesis regardless of additional
GFs. Bovine serum’s differentiation abilities without

Fig. 3 Chondrogenic marker gene expression using RT-PCR on day 7 (a) and 14 (b) (n = 3). The relative expression ratio of collagen type II to collagen
type I was presented in (c). * indicates a significant difference (p < 0.05) as compared with FBS group within the same growth factor condition
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exogenous GFs were shown in previous study showed that
bovine serums can differentiate myogenic satellite cell into
myotube or adipocyte-like cells [35]. Although a higher
relative expression ratio of collagen type II to collagen
type I in BS and NCS groups regardless of additional GFs
(Fig. 3c) did not show significant differences as compared
with FBS groups, GAG deposition measured by DMMB
assay directly demonstrated that BS and NCS could
promote chondrogenic differentiation of ADSCs.
Histological examination using alcian blue staining also

indicated chondrogenesis of ADSCs in Fig. 4b. Blue-color
stained GAG deposition seemed to more intensively appear
in FBS groups, however this observation could be related
with cellularity per well. As shown in Fig. 1b, the total
number of ADSCs in FBS groups with or without GFs was
higher than other serum groups. Therefore, the stained
GAG area in Fig. 4b could be larger due to the increased
proliferation level. However, the normalized GAG contents

by DNA amount in Fig. 4b could be more relevant to
describe the effect of serum types on chondrogenic
differentiation of ADSCs, especially when cultured in
chondrogenic supplemented media in the present study.
This result might suggest a possibility of using BS or NCS
as FBS substitutes specifically when ADSCs were expanded
in chondogenic culture condition including stimulant
chemicals as well as additional IGF-1 and TGF-β3.
Furthermore, these serums can be used to induce various

differentiations such as osteogenesis, neurogenesis and car-
diac differentiation in addition to chondrogenesis like previ-
ous studies [36–38]. However, one previous investigation
reported that anti-adipogenic protein components in
BS (i.e., alpha-2-macroglobulin and paraoxonase/
arylesterase 1) could inhibit the differentiation of 3T3-L1
into adipocyte [39]. Therefore, it is recommended that a
FBS substitute should be specifically selected with caution to
optimize the desired control of cellular differentiation. It is

Fig. 4 GAG deposition (a) and histological observation of alcian blue staining (b) on day 14. $ indicates a significant difference as compared with
GM group. * indicates a significant difference as compared with FBS group within the same growth factor. # indicates a significant difference as
compared with FBS group with growth factors. (*$#p < 0.05)
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of importance to optimize the media composition for a large
expansion and cultivation of MSC populations, especially in
pharmaceutical industries. A variety of chemical and bio-
logical components have been used in the medium to main-
tain MSC proliferative capacity as well as stimulate the
differentiation into desired phenotypes. In addition to add-
itional stimulants in the culture media, a serum is another
critical component to design the optimal media compos-
ition. For the development of ADSC-based cell therapy
products, both proliferation and differentiation capacity
of progenitor cell population should be maintained
during in vitro or ex vivo expansion. In general, FBS has
been used in numerous cases in order to initiate cellular
attachment and facilitate a proper proliferation of stem
cell population. Although this specific serum type should
be inevitably included in the culture media, several studies
demonstrated that serum-free condition could be more
favorable for stimulating chondrogenic differentiation
of stem cells [40, 41]. Moreover, other serum types
including BS and NCS have also been tested to
substitute FBS due to a high price and currently limited
supply of FBS [28, 42]. Treatments of TGF-β3 and IGF-
1 have been proved that could induce chondrogenic
differentiation of stem cell in serum-supplement
condition [43–45]. Based on these results, co-treatment
of GFs was applied with various serums. Therefore, in the
present study, we evaluated the stimulating effect of
serum substitutes of BS and NCS on both proliferation
and in vitro chondrogenic differentiation of human
ADSCs, as compared with a conventional FBS-containing
culture condition. In order to maintain a chondrogenic
culture condition, several biochemical components
including dexamethasone, ascorbic acid, ITS+ pre-mix,
and sodium bicarbonate were added in the media while
IGF-1 and TGF-β3 were applied as GF stimulants, in this
present study. The result in ADSC proliferation (Fig. 2)
demonstrated that a cellularity over 14 day could be
more enhanced in FBS-containing conditions as
compared with other serum substitutes. In addition, the
proliferation of ADSCs in the chondrogenic condition
was less than that in FBS-containing general media.
This limited proliferative capacity in chodrogenic
environments was also observed in a series of studies
[46]. In terms of chondrogenic differentiation of
ADSCs, it could be anticipated that a serum type might
influence the changes into chondrogenic phenotypes of
ADSC population, as observed in in vitro GAG
deposition in Fig. 4. Although chondrogenic gene
expression levels did not show any significant changes
in differentiation by modulating serum types as well as
additional GF supplements, our result presumably
demonstrated that a composition of chondrogenic
media (i.e., serum types and presence of additional
GFs) could control in vitro chondrogenesis of ADSCs, as

compared with FBS-supplemented conditions. In addition
to other controlling parameters to enhance cellular
expansion and chondrogenesis of stem cells including
hypoxia [47], seeding density [48], or culture temperature
[49], the use of FBS substitutes including BS and NCS
could also be a consideration for obtaining an optimal
chondrogenic differentiation of ADSCs.

Conclusion
Nowadays, a number of studies have investigated the ef-
fect of serum substitutes to replace FBS in order to re-
duce the manufacturing costs for a large production of
ADSC-based cellular products. To this end, it could be
informative to provide experimental outcomes to
compare biological influences of a series of FBS
substitutes including BS and NCS. Our results
demonstrated that two controlling parameters of serum
types and exogenous supplements of GFs could influence
in vitro proliferation and chodrogenic differentiation of
ADSCs: (1) proliferation of ADSCs was more facilitated in
FBS condition, (2) chondrogenic phenotypes evaluated by
marker gene expression were not significantly influenced,
and (3) cartilage ECM deposition (i.e., GAG contents) was
more enhanced in BS condition. Taken together, serum
types and exogenous supplements of GFs could be also
considered to determine the optimal culture media
composition, especially for enhancing linage specific ADSC
chondrogenic differentiation during expansion periods.

Abbreviations
ADSC: Adipose-dervied stem cell; BS: Bovine serum; ECM: Extracellular matrix;
FBS: Fetal bovine serum; GAG: Glycosaminoglycan; GF: Growth factor;
IGF: Insulin-like growth factor; NCS: Newborn calf serum; MSC: Mesenchymal
stem cell; TGF- β: Transforming growth factor

Acknowledgements
The research was supported by Basic Science Research Program through the
National Research Foundation of Korea (NRF- 2017R1C1B1003665).

Funding
Not applicable.

Availability of data and materials
Please contact author for data requests.

Authors’ contributions
This research was designed and coordinated by KK. ADSC expansion and in
vitro assays were performed by HC and AL. The manuscript was prepared by
HC and KK. All authors read and approved the final manuscript.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Cho et al. Biomaterials Research  (2018) 22:6 Page 8 of 10



Received: 29 November 2017 Accepted: 14 February 2018

References
1. Lai JH, Rogan H, Kajiyama G, Goodman SB, Smith RL, Maloney W, Yang F.

Interaction between osteoarthritic chondrocytes and adipose-derived stem
cells is dependent on cell distribution in three-dimension and transforming
growth factor-beta3 induction. Tissue Eng A. 2015;21(5–6):992–1002.

2. Waters HA, Geffre CP, Gonzales DA, Grana WA, Szivek JA. Co-culture of
adipose derived stem cells and chondrocytes with surface modifying
proteins induces enhanced cartilage tissue formation. Journal of
investigative surgery : the official journal of the Academy of Surgical
Research. 2013;26(3):118–26.

3. Jo CH, Lee YG, Shin WH, Kim H, Chai JW, Jeong EC, Kim JE, Shim H, Shin JS,
Shin IS, Ra JC, Oh S, Yoon KS. Intra-articular injection of mesenchymal stem
cells for the treatment of osteoarthritis of the knee: a proof-of-concept
clinical trial. Stem Cells. 2014;32(5):1254–66.

4. Kim YS, Koh YG. Injection of mesenchymal stem cells as a supplementary
strategy of marrow stimulation improves cartilage regeneration after lateral
sliding calcaneal osteotomy for Varus ankle osteoarthritis: clinical and
second-look arthroscopic results. Arthroscopy. 2016;32(5):878–89.

5. Kim YS, Choi YJ, Suh DS, Heo DB, Kim YI, Ryu JS, Koh YG. Mesenchymal
stem cell implantation in osteoarthritic knees: is fibrin glue effective as a
scaffold? Am J Sports Med. 2015;43(1):176–85.

6. Qi YY, Du Y, Li WX, Dai XS, Zhao TF, Yan WQ. Cartilage repair using
mesenchymal stem cell (MSC) sheet and MSCs-loaded bilayer PLGA scaffold
in a rabbit model. Knee Surg Sport Tr A. 2014;22(6):1424–33.

7. Naderi N, Combellack EJ, Griffin M, Sedaghati T, Javed M, Findlay MW,
Wallace CG, Mosahebi A, Butler PEM, Seifalian AM, Whitaker IS. The
regenerative role of adipose-derived stem cells (ADSC) in plastic and
reconstructive surgery. Int Wound J. 2017;14(1):112–24.

8. Lam J, Lu S, Kasper FK, Mikos AG. Strategies for controlled delivery of
biologics for cartilage repair. Adv Drug Deliver Rev. 2015;84:123–34.

9. Nukavarapu SP, Dorcemus DL. Osteochondral tissue engineering: current
strategies and challenges. Biotechnol Adv. 2013;31(5):706–21.

10. Shen J, Gao QF, Zhang Y, He YH. Autologous platelet-rich plasma promotes
proliferation and chondrogenic differentiation of adipose-derived stem cells.
Mol Med Rep. 2015;11(2):1298–303.

11. Burke J, Hunter M, Kolhe R, Isales C, Hamrick M, Fulzele S. Therapeutic
potential of mesenchymal stem cell based therapy for osteoarthritis. Clin
Transl Med. 2016;5

12. Ude CC, Sulaiman SB, Ng MH, Chen HC, Ahmad J, Yahaya NM, Saim AB,
Idrus RBH. Cartilage regeneration by Chondrogenic induced adult stem cells
in osteoarthritic sheep model. PLoS One. 2014;9(6)e98770.

13. Pak J. Regeneration of human bones in hip osteonecrosis and human
cartilage in knee osteoarthritis with autologous adipose-tissue-derived stem
cells: a case series. J Med Case Rep. 2011;5:296.

14. Koh YG, Choi YJ, Kwon SK, Kim YS, Yeo JE. Clinical results and second-look
arthroscopic findings after treatment with adipose-derived stem cells for
knee osteoarthritis. Knee Surg Sport Tr A. 2015;23(5):1308–16.

15. Pak J, Chang JJ, Lee JH, Lee SH. Safety reporting on implantation of
autologous adipose tissue-derived stem cells with platelet-rich plasma into
human articular joints. Bmc Musculoskel Dis. 2013;14

16. Singh M, Pierpoint M, Mikos AG, Kasper FK. Chondrogenic
differentiation of neonatal human dermal fibroblasts encapsulated in
alginate beads with hydrostatic compression under hypoxic conditions
in the presence of bone morphogenetic protein-2. J Biomed Mater Res
A. 2011;98A(3):412–24.

17. Goldring MB, Tsuchimochi K, Ijiri K. The control of chondrogenesis. J Cell
Biochem. 2006;97(1):33–44.

18. Lund P, Pilgaard L, Duroux M, Fink T, Zachar V. Effect of growth media and
serum replacements on the proliferation and differentiation of adipose-
derived stem cells. Cytotherapy. 2009;11(2):189–97.

19. Fang CY, Wu CC, Fang CL, Chen WY, Chen CL. Long-term growth
comparison studies of FBS and FBS alternatives in six head and neck cell
lines. PLoS One. 2017;12(6)

20. Goedecke A, Wobus M, Krech M, Munch N, Richter K, Holig K, Bornhauser M.
Differential effect of platelet-rich plasma and fetal calf serum on bone marrow-
derived human mesenchymal stromal cells expanded in vitro. J Tissue Eng
Regen M. 2011;5(8):648–54.

21. Mahamoud A, Osman HA, Mansour D, el Harith A. Successful substitution of
fetal calf serum by human plasma for bulk cultivation of Leishmania
donovani promastigotes. J Med Microbiol. 2013;62:1165–9.

22. Murray CF, Leslie KE. Newborn calf vitality: risk factors, characteristics,
assessment, resulting outcomes and strategies for improvement. Vet J.
2013;198(2):322–8.

23. Hoshiyama Y, Otsuki S, Oda S, Kurokawa Y, Nakajima M, Jotoku T, Tamura R,
Okamoto Y, Lotz MK, Neo M. Chondrocyte clusters adjacent to sites of
cartilage degeneration have characteristics of progenitor cells. J Orthop Res.
2015;33(4):548–55.

24. Wang B, Chen MZ. Astragaloside IV possesses antiarthritic effect by
preventing interleukin 1beta-induced joint inflammation and cartilage
damage. Arch Pharm Res. 2014;37(6):793–802.

25. Zhu L, Skoultchi AI. Coordinating cell proliferation and differentiation.
Curr Opin Genet Dev. 2001;11(1):91–7.

26. Rocha PM, Santo VE, Gomes ME, Reis RL, Mano JF. Encapsulation of adipose-
derived stem cells and transforming growth factor-beta 1 in carrageenan-
based hydrogels for cartilage tissue engineering. J Bioact Compat Pol.
2011;26(5):493–507.

27. Mishra A, Tummala P, King A, Lee B, Kraus M, Tse V, Jacobs CR. Buffered
platelet-rich plasma enhances mesenchymal stem cell proliferation and
chondrogenic differentiation. Tissue engineering Part C, Methods. 2009;
15(3):431–5.

28. Kim K, Lam J, Lu S, Spicer PP, Lueckgen A, Tabata Y, Wong ME, Jansen JA,
Mikos AG, Kasper FK. Osteochondral tissue regeneration using a bilayered
composite hydrogel with modulating dual growth factor release kinetics in
a rabbit model. J Control Release. 2013;168(2):166–78.

29. Mahmoudifar N, Doran PM. Chondrogenic differentiation of human
adipose-derived stem cells in polyglycolic acid mesh scaffolds under
dynamic culture conditions. Biomaterials. 2010;31(14):3858–67.

30. Liao JH, Guo XA, Grande-Allen KJ, Kasper FK, Mikos AG. Bioactive polymer/
extracellular matrix scaffolds fabricated with a flow perfusion bioreactor for
cartilage tissue engineering. Biomaterials. 2010;31(34):8911–20.

31. Meretoja VV, Dahlin RL, Kasper FK, Mikos AG. Enhanced chondrogenesis in
co-cultures with articular chondrocytes and mesenchymal stem cells.
Biomaterials. 2012;33(27):6362–9.

32. Dahlin RL, Meretoja VV, Ni MW, Kasper FK, Mikos AG. Chondrogenic phenotype
of articular chondrocytes in monoculture and co-culture with mesenchymal
stem cells in flow perfusion. Tissue Eng Pt A. 2014;20(21–22):2883–91.

33. Kim K, Dean D, Wallace J, Breithaupt R, Mikos AG, Fisher JP. The influence of
stereolithographic scaffold architecture and composition on osteogenic signal
expression with rat bone marrow stromal cells. Biomaterials. 2011;32(15):3750–63.

34. Ichiyama S, Funasaka Y, Otsuka Y, Takayama R, Kawana S, Saeki H, Kubo A.
Effective treatment by glycolic acid peeling for cutaneous manifestation
of familial generalized acanthosis nigricans caused by FGFR3 mutation.
Journal of the European Academy of Dermatology and Venereology :
JEADV. 2016;30(3):442–5.

35. Lee DM, Bajracharya P, Lee EJ, Kim JE, Lee HJ, Chun T, Kim J, Cho KH, Chang
J, Hong S, Choi I. Effects of gender-specific adult bovine serum on
myogenic satellite cell proliferation, differentiation and lipid accumulation.
In vitro cellular & developmental biology Animal. 2011;47(7):438–44.

36. Kyllonen L, Haimi S, Mannerstrom B, Huhtala H, Rajala KM, Skottman H,
Sandor GK, Miettinen S. Effects of different serum conditions on osteogenic
differentiation of human adipose stem cells in vitro. Stem Cell Res Ther.
2013;4(1):17.

37. Okubo T, Hayashi D, Yaguchi T, Fujita Y, Sakaue M, Suzuki T, Tsukamoto A,
Murayama O, Lynch J, Miyazaki Y, Tanaka K, Takizawa T. Differentiation of rat
adipose tissue-derived stem cells into neuron-like cells by valproic acid, a
histone deacetylase inhibitor. Exp Anim Tokyo. 2016;65(1):45–51.

38. Zhao LL, Ju DP, Gao Q, Zheng XL, Yang GS. Over-expression of Nkx2.5 and/
or cardiac alpha-actin inhibit the contraction ability of ADSCs-derived
cardiomyocytes. Mol Biol Rep. 2012;39(3):2585–95.

39. Park J, Park J, Nahm SS, Choi I, Kim J. Identification of anti-adipogenic
proteins in adult bovine serum suppressing 3T3-L1 preadipocyte
differentiation. BMB Rep. 2013;46(12):582–7.

40. Lindroos B, Boucher S, Chase L, Kuokkanen H, Huhtala H, Haataja R, Vemuri
M, Suuronen R, Miettinen S. Serum-free, xeno-free culture media maintain
the proliferation rate and multipotentiality of adipose stem cells in vitro.
Cytotherapy. 2009;11(7):958–72.

41. Ho ST, Tanavde VM, Hui JH, Lee EH. Upregulation of Adipogenesis and
Chondrogenesis in MSC serum-free culture. Cell medicine. 2011;2(1):27–41.

Cho et al. Biomaterials Research  (2018) 22:6 Page 9 of 10



42. Koellensperger E, Bollinger N, Dexheimer V, Gramley F, Germann G, Leimer
U. Choosing the right type of serum for different applications of human
adipose tissue-derived stem cells: influence on proliferation and
differentiation abilities. Cytotherapy. 2014;16(6):789–99.

43. Park H, Temenoff JS, Tabata Y, Caplan AI, Mikos AG. Injectable
biodegradable hydrogel composites for rabbit marrow mesenchymal stem
cell and growth factor delivery for cartilage tissue engineering. Biomaterials.
2007;28(21):3217–27.

44. Park H, Temenoff JS, Tabata Y, Caplan AI, Raphael RM, Jansen JA, Mikos AG.
Effect of dual growth factor delivery on chondrogenic differentiation of
rabbit marrow mesenchymal stem cells encapsulated in injectable hydrogel
composites. J Biomed Mater Res A. 2009;88A(4):889–97.

45. Shainer R, Gaberman E, Levdansky L, Gorodetsky R. Efficient isolation and
chondrogenic differentiation of adult mesenchymal stem cells with fibrin
microbeads and micronized collagen sponges. Regen Med. 2010;5(2):255–65.

46. Dexheimer V, Frank S, Richter W. Proliferation as a requirement for in vitro
Chondrogenesis of human mesenchymal stem cells. Stem Cells Dev. 2012;
21(12):2160–9.

47. Liu Y, Li YQ, Wang HY, Li YJ, Liu GY, Xu X, Wu XB, Jing YG, Yao Y, Wu CT, Jin
JD. Effect of serum choice on replicative senescence in mesenchymal
stromal cells. Cytotherapy. 2015;17(7):874–84.

48. Estes BT, Diekman BO, Guilak F. Monolayer cell expansion conditions affect
the chondrogenic potential of adipose-derived stem cells. Biotechnol
Bioeng. 2008;99(4):986–95.

49. Ito A, Aoyama T, Iijima H, Nagai M, Yamaguchi S, Tajino J, Zhang X, Akiyama
H, Kuroki H. Optimum temperature for extracellular matrix production by
articular chondrocytes. Int J Hyperth. 2014;30(2):96–101.

•  We accept pre-submission inquiries 

•  Our selector tool helps you to find the most relevant journal

•  We provide round the clock customer support 

•  Convenient online submission

•  Thorough peer review

•  Inclusion in PubMed and all major indexing services 

•  Maximum visibility for your research

Submit your manuscript at
www.biomedcentral.com/submit

Submit your next manuscript to BioMed Central 
and we will help you at every step:

Cho et al. Biomaterials Research  (2018) 22:6 Page 10 of 10


	Abstract
	Background
	Methods
	Results
	Conclusion

	Background
	Methods
	ADSC expansion and culture
	Viability & Proliferation of ADSCs
	DMMB assay
	Alcian blue
	Real-time polymerase chain reaction
	Statistical analysis

	Results and discussion
	Morphology and viability of adipose-derived stem cells
	Proliferation of adipose-derived stem cells
	Chondrogenic gene expression profiles
	Quantification and histological staining of glycosaminoglycan

	Conclusion
	Abbreviations
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	References

