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Physiologically Low Oxygen Enhances Biomolecule
Production and Stemness of Mesenchymal
Stem Cell Spheroids

Emily Shearier, Qi Xing, Zichen Qian, and Feng Zhao, PhD

Multicellular human mesenchymal stem cell (hMSC) spheroids have been demonstrated to be valuable in a
variety of applications, including cartilage regeneration, wound healing, and neoangiogenesis. Physiological
relevant low oxygen culture can significantly improve in vitro hMSC expansion by preventing cell differen-
tiation. We hypothesize that hypoxia-cultured hMSC spheroids can better maintain the regenerative properties
of hMSCs. In this study, hMSC spheroids were fabricated using hanging drop method and cultured under 2% O2

and 20% O2 for up to 96 h. Spheroid diameter and viability were examined, as well as extracellular matrix
(ECM) components and growth factor levels between the two oxygen tensions at different time points.
Stemness was measured among the spheroid culture conditions and compared to two-dimensional cell cultures.
Spheroid viability and structural integrity were studied using different needle gauges to ensure no damage
would occur when implemented in vivo. Spheroid attachment and integration within a tissue substitute were also
demonstrated. The results showed that a three-dimensional hMSC spheroid cultured at low oxygen conditions
can enhance the production of ECM proteins and growth factors, while maintaining the spheroids’ stemness and
ability to be injected, attached, and potentially be integrated within a tissue.

Introduction

One of the tissue engineering approaches is the
growth of cells into spheroids. In spheroid culture, a

small number of cells grow to form a self-supported aggre-
gate, which is free from foreign materials.1 Self-assembly of
these cell populations arises from intracellular adhesiveness
and energy minimization.2–4The presence of extracellular
matrix (ECM) proteins, such as collagen, fibronectin, and
laminin, can also act to contract the aggregate of cells into a
spheroid.5 Once the cells of interest are grown into spheroids,
there are several applications both in vivo and in vitro, in-
cluding injection after an injury,6 high-throughput assay to
test compounds of interest,7 and enhancement of micro-
vessel formation.8 Spheroids provide a three-dimensional
(3D) niche that allows cells to interact with surrounding
cells and ECM in all directions. The cells’ microenviron-
ment more closely mimics the in vivo conditions and is a
vast improvement over traditional two-dimensional (2D)
cell culture. Cells grown in this 3D microenvironment be-
have fundamentally differently from 2D-cultured cells.
Numerous studies have shown that the biological properties
of cells were significantly improved in spheroids compared

to 2D-cultured cells. For example, primary hepatocytes and
chondrocytes will lose their normal phenotype in monolayer
culture, but this loss can be reversed simply by growing
these cells into 3D spheroids.9,10 Aggregation of cells such
as myoblasts has also been shown to promote cell viability
and proliferation.11

Human mesenchymal stem cells (hMSCs) are multipotent
cells with many useful attributes such as their proliferative
capacity in vitro and immunomodulatory abilities in vivo.12–14

These cells can do more than simply respond to a stimulus and
differentiate; they function as a source of cytokines and growth
factors that can help injured tissue to recover.15,16 Because
hMSCs have immunomodulatory effects, allogeneic sources
can be used without major immune reactions. hMSCs can be
easily extracted and isolated from bone marrow and adipose
tissue, and can be extensively expanded in vitro. However, the
in vitro conventional 2D culture tends to cause hMSCs to dif-
ferentiate and lose some of their advantageous regenerative and
trophic properties. Culture of hMSCs into 3D spheroids pro-
vides a solution—hMSC spheroids exhibit greater cell prolif-
eration, better preserved multilineage potential, and no cell
necrosis when compared to traditional 2D monolayers.5,17–20 In
addition, hMSC spheroids can increase their ECM production
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and retention, anti-inflammatory activities, cell–cell contacts,
and cell–ECM interactions.19 These enhanced attributes can in
turn improve implanted cell adhesion and retention, cell sur-
vival and long-term engraftment, leading to better hMSC
therapeutic efficacy. hMSC spheroids have demonstrated posi-
tive outcomes in various preclinical studies, including bone and
cartilage regeneration, wound healing, and neoangiogenesis.5,17–20

Physiological relevant low oxygen can maintain high
progenicity and prevent differentiation of hMSCs.21–23 In
previous studies, it was shown that the physiologically low
oxygen culture was able to stimulate hMSCs to express higher
level of stem cell genes and produce more ECM proteins and
angiogenic factors.21–23 We hypothesize that the combination
of low oxygen culture with the 3D environment of spheroid
will better maintain the regenerative properties of hMSCs and
significantly benefit their future clinical applications.

In this study, hMSC spheroids were cultured under sev-
eral different conditions, varying culture time, and oxygen
tension. ECM protein production, growth factor levels, and
stemness of hMSCs were investigated under both normal
oxygen (20%) and low oxygen (2%) at different time points.
The reproducibility, attachment and spreading, and inject-
ibility of hMSC spheroids were also tested to show their
feasibility for in vivo usage.

Materials and Methods

Cell culture

The hMSCs and green fluorescent protein (GFP)-expressing
hMSCs were obtained from Texas A&M University System
Health Science Center. The passages four to five cells were
used in this study. These cells were grown in a basal medium of
a-Minimum Essential Medium (a-MEM) (Life Technologies,
Carlsbad, CA) supplied with 1% l-glutamine (Life Technolo-
gies), 1% penicillin/streptomycin (Life Technologies), and
20% fetal bovine serum (FBS; Atlanta Biologicals, Norcross,
GA). The hMSC spheroids were formed using a common and
simple method—hanging drop method. This involves cells
spontaneously aggregating at the bottom of a drop after in-
verting a plate with drops of cell suspension.24 Briefly, after
in vitro expansion, the cells were trypsinized and resuspended
at a concentration of 400,000 cells/mL24 in the basal me-
dium containing 0.24% (w/v) methylcellulose (Sigma-Aldrich,
St. Louis, MO). This cell suspension was then pipetted onto an
inverted culture dish cover with 10mL per droplet using a mul-
tichannel pipette. The dish cover was then turned over and placed
back on the dish bottom, which contained sterile deionized (DI)

water to reduce evaporation of the droplets. The culture time for
the spheroids ranged from 24 to 96 h in low (2%) and normal
oxygen (20%). Spheroids were then collected for various tests.

Human dermal fibroblast (hDF) cell sheets were used to
mimic tissue in vitro. The hDFs were acquired from ATCC
(Manassas, VA) and cultured in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 20% FBS, 20% Ham
F12, 500mM sodium ascorbate, and 1% penicillin/strepto-
mycin (Life Technologies). Passages 3–4 hDFs were seeded
on glass cover slides and grown for 48 h to form cell sheets.

DNA assay

DNA assay was performed as previously described.25 Briefly,
cells were lysed using the proteinase K solution (0.1 mg/mL)
at 37�C for 2 h. Samples of 100mL were placed in triplicate
in a 96-well plate and mixed with 100mL of PicoGreen (Life
Technologies). The plate was incubated at room temperature
for 10 min in the dark and then read on a Fluoroskan Ascent
FL fluorescence plate reader (Thermo Fisher Scientific,
Waltham, MA). A DNA standard curve was used to deter-
mine the levels of DNA in each sample.

Quantification of spheroid size

The spheroids were visualized using optical microscopy.
The spheroid size was quantified and compared between the
two oxygen conditions at different culture times. The Feret
diameter was calculated for individual spheroid using the
ImageJ software26 (sample size = 100 spheroids per experi-
mental group). The Feret diameter of a particle is the di-
ameter measured at the maximum diameter. The circularity
of each spheroid was determined using ImageJ. The Feret
diameter was then obtained based on the statistical average
diameter after rotating the circle 360� with 2� increments.

ECM and growth factor quantification

The ECM components in hMSC spheroids, including la-
minin, elastin, glycosaminoglycans (GAGs), and fibronec-
tin, were examined. The growth factors, vascular endothelial
growth factor (VEGF) and basic fibroblast growth factor
(bFGF), were also tested. The elastin and GAG contents
were quantified using colorimetric kits from Biocolor (UK).
The laminin, fibronectin, VEGF, and bFGF were detected
using in situ ELISA following our previous publication,27

using primary antibodies and alkaline phosphatase-conjugated
secondary antibody from Abcam (Cambridge, MA). Color
intensities for blank, control, and experimental samples were

Table 1. Primer Sequences of Target Genes

Gene name Gene ID Forward Reverse

Glyceraldehyde 3-phosphate
dehydrogenase

GAPDH 5¢-ACAGTTGCCATGTAGACC 5¢-TTTTTGGTTGAGCACAGG

Octamer-binding
transcription factor 4

POU5F1 5¢-GATCACCCTGGGATATACAC 5¢-GCTTTGCATATCTCCTGAAG

Rex1 ZFP-42 5¢-GAATTCAGACCTAACCATCG 5¢-TGAGCACTACTAGAGTGAAG
SRY (Sex Determining

Region Y)-Box 2
SOX2 5¢-ATAATAACAATCATCGGCGG 5¢-AAAAAGAGAGGCAAACTG

Notch homolog 1,
translocation-associated

Notch-1 5¢-AAGATATGCAGAACAACAGG 5¢-TCCATATGATCCGTGATGTC
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recorded using a VERSA Max Tunable microplate reader
(Molecular Devices, Sunnyvale, CA). The data were nor-
malized to cell number in the hMSC spheroid.

Fluorescent imaging

Fluorescent staining was carried out on the samples af-
ter a 48-h incubation in 10% formalin. Spheroids were

suspended in PolyFreeze (Polysciences, Inc., Warrington,
PA) and sectioned to a thickness of 10mm using a Microm
HM 550 P cryostat (Waldorf, Germany). Samples were
permeabilized using 0.2% (w/v) Triton-100 in phosphate-
buffered saline (PBS) and blocked using a 1% (w/v) bovine
serum albumin in PBS. Samples were incubated with pri-
mary antibodies for laminin, elastin, collagen I, and fibro-
nectin (Abcam), overnight at 4�C followed by incubation in

FIG. 1. The morphology of hMSC spheroids was observed through light microscopy (A), GFP expression (B), nucleus
staining (C), and F-actin staining (D). The average Feret diameter and DNA content of hMSC spheroids cultured under low
and normal oxygen conditions are shown in the (E, F), respectively. No significant differences were found in both the Feret
diameter and the DNA content between the two conditions. GFP, green fluorescent protein; hMSC, human mesenchymal
stem cell. Color images available online at www.liebertpub.com/tec
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the Alexa fluor 488 secondary antibody (Life Technologies)
for 1 h. Nucleus staining was achieved using 4¢,6-diamidino-
2-phenylindole (DAPI). F-actin was visualized using rho-
damine phalloidin. Fluorescent imaging utilized an Olympus
BX-51 fluorescent microscope (Olympus America, Center
Valley, PA).

Reverse transcription-polymerase chain reaction

After 72 h of culture, total RNA from different conditions
was isolated using the RNeasy Mini kit (Qiagen, Valencia,
CA). Reverse transcription (RT) was performed using 8 pg
of total RNA with RT reaction mixture, which contains
primers specific for stemness-related genes and normalized
to housekeeping protein glyceraldehyde 3-phosphate dehy-
drogenase (GAPDH). The reverse transcription-polymerase
chain reaction (RT-PCR was performed by StepOnePlus�
Real-Time PCR System (Applied Biosystems, Thermo Sci-
entific) by means of SYBR� Green Real Time PCR Master
Mixes (Life Technologies). The primer sequences of target
genes are listed in Table 1.

Spheroid injection and spreading tests

The suspension of 1 mL of hMSC spheroids, which con-
tained 400 spheroids, was injected through several sizes of
needle gauges, including 18, 23, and 26 gauges. The cell

morphology before and after injection was observed by
staining cell nucleus and cytoskeleton protein F-actin. The
DNA assay was also performed to confirm the spheroid
integrity.

The hDF cell sheets were cultured for 48 h as described
earlier in the Cell Culture section in a 12-well culture dish on
circular glass coverslips (3.8 cm2 growing area for each cover-
slip). A total of 100 spheroids were then placed in each well on
the hDF cell sheets for 4 to 96 h. The morphology of spheroids
was observed using fluorescent microscopy for F-actin and
DAPI as described in the Fluorescent Imaging section.

Statistical methods

Quoted errors and error bars correspond to sample stan-
dard error. Beer’s approach to the propagation of random
errors28 was used to calculate overall standard errors for
DNA assay that took into account random error in mea-
surements from the experimental group and background
(blank) samples. p-Value used was <0.01.

Results

Formation of 3D hMSC spheroids

hMSC spheroids were fabricated through a hanging drop
method and cultured for 24 to 96 h under both low oxygen

FIG. 2. Distribution of Feret diameter (mm) of hMSC spheroids cultured under low and normal oxygen conditions at
different time points. Standard error for each condition is indicated in the top right corner of each plot. The hypoxia
spheroids showed smaller variation at all time points. Color images available online at www.liebertpub.com/tec
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FIG. 3. ECM proteins laminin, elastin, collagen I, and fibronectin visualized using immunofluorescent staining (green)
with nuclei stained with DAPI (blue) (A). Quantification of ECM components laminin, elastin, glycosaminoglycan (GAG),
and fibronectin (B). Levels of these proteins were significantly higher in low oxygen compared to those in normal oxygen at
later time points. *p < 0.01. DAPI, 4¢,6-diamidino-2-phenylindole; ECM, extracellular matrix. Color images available online
at www.liebertpub.com/tec
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(2%) and normal oxygen (20%) conditions. Figure 1A shows
the optical microscopy image of a single GFP-hMSC spher-
oid cultured under low oxygen for 72 h. Figure 1B–D shows
the corresponding fluorescent images of the same spheroid.
The cell nuclei were visualized with DAPI staining, cell body
was visualized with GFP, and F-actin was shown with phal-
loidin staining. The cytoskeletal structure of the cells within
the spheroid can be seen, indicating overall structural integ-
rity. This shows the mechanical stability that the cytoskeleton
provides to cells through the creation of complex F-actin
networks. These crosslinked proteins confer viscoelastic
properties to the individual cell and the overall spheroids as
described by Lieleg et al.29

The average Feret diameter was determined using 100
spheroids per culture condition and is shown in Figure 1E.
During the 96-h culture period, the hypoxia spheroids were
smaller than normoxia spheroids, but there was no statistical
difference between the average Feret diameters of these two
conditions. The DNA content of the spheroids over time was
also tested and shown in Figure 1F. The total number of
cells decreased after 48 h, but again did not vary signifi-
cantly between oxygen conditions. Feret diameter size dis-
tribution histograms of the spheroids from both culture

conditions are shown in Figure 2, with standard error indi-
cated in the corner of each graph. At all time points, the
normal oxygen sample had a higher standard error and lar-
ger spread of the size distribution, particularly at 24 and
48 h. For both conditions, as culture time increased, the
variability of the spheroid size increased.

ECM and growth factor production

ECM components, including laminin, elastin, collagen I,
and fibronectin, were visualized by immunofluorescent
staining after 72 h of culture from a spheroid cross section, as
shown in Figure 3A. Appreciable levels of protein expression
could be seen for each culture condition, demonstrating that
the spheroids had ability to produce ECM even after a short
culture period. ECM components laminin, elastin, GAGs,
and fibronectin were also quantified for each culture condi-
tion, as shown in Figure 3B. Over time the ECM expression
enhanced with over a twofold increase after 48 h for laminin,
fibronectin, and GAGs, and approximately a 1.5-fold increase
for elastin. At 72 and 96 h, all the tested ECM component
levels were significantly higher in the low oxygen condition
in comparison to normal oxygen condition.

FIG. 4. Expression of growth factors VEGF and bFGF in hMSC spheroids cultured under low and normal oxygen
conditions at different time points. Growth factor levels were significantly increased at 72 and 96 h under the low oxygen
condition. *p < 0.01. bFGF, basic fibroblast growth factor; VEGF, vascular endothelial growth factor.

FIG. 5. Expression of stem
cell genes in hMSC spheroids
cultured under low and normal
oxygen at 72 h (A). Expression
of stem cell genes in low
oxygen hMSC spheroids
compared to normal oxygen
hMSCs cultured on flat sub-
strate at 72 h (B). Folding
ratios for (A) were close to 1,
indicating very little difference
in gene expression. The SOX-
2 and Notch-1 showed a higher
gene expression in low oxygen
spheroids compared to flat
normal oxygen cultures in (B).
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VEGF and bFGF were also quantified using in situ ELISA
and shown in Figure 4. Similar to the ECM expression trend,
the level of growth factor production in the spheroids in-
creased as culture time increased. Also, hypoxia spheroid
had significantly higher levels of growth factors compared
to normal oxygen samples at 72 and 96 h, with a 1.3-fold
increase in both VEGF and bFGF.

Stemness of hMSC spheroids

Stemness of the hMSC spheroids was assessed by four
stem cell markers: POU5F1 (octamer-binding transcription
factor, OCT-4), ZFP-42 (REX-1), SOX-2 (sex determining
region Y-box 2), and Notch-1. Folding ratios are shown in
Figure 5. Panel A indicates the ratio of normal oxygen
spheroids to low oxygen spheroids (72 h). All ratios are
fairly close to 1, and therefore, there was not a large dif-
ference in gene expression between the two oxygen condi-
tions. The low oxygen spheroids were also compared to the
normal oxygen hMSCs grown on a flat culture plate, as
shown in Figure 5B. Both SOX-2 and Notch-1 genes had
much higher folding ratios, indicating a higher expression in
the low oxygen spheroids. POU5F1 and ZFP-42 are both
close to 1, and therefore, there was not a large difference in
those gene expressions.

Injectibility of hMSC spheroids

One possible application of these hMSC spheroids is in-
jection into wound sites to facilitate healing. Therefore, it is
important to test how they hold up to different gauges of
needle after injection. Different needles (18, 23, and 26
gauge) were used to inject the spheroids, and F-actin and
nuclei were visualized using fluorescent imaging to ensure
no gross defects occurred as a result of being injected. Both
hypoxia and normoxia spheroids appeared as a complete and
undamaged structure compared to control spheroids, sug-
gesting that no gross defects occurred after injection. The
DNA content was also tested using 72-h hMSC spheroids
with a DNA assay, as shown in Figure 6B. The DNA assay
demonstrates that for all gauge sizes and oxygen conditions,
the cell numbers were not significantly different from each
other.

hMSC spheroid attachment and spreading

The next step was to simulate the spheroid attachment to
model tissues after injection using a hDF cell sheet. hDF
cells were grown into a confluent sheet after 48 h of culture.
GFP-hMSCs30 were used to track cells as they attached and
spread on the hDF tissue substitute, which was stained to
visualize the cell nuclei and F-actin, as seen in Figure 7A.
Panel B shows the hypoxia spheroid before placement on
tissue substitute, and Panel C and D of Figure 7 show the
morphology of cell sheet and spheroid after 72 h of cocul-
ture. The spheroid had begun to spread over the surface of
the hDF cell sheet, and individual GFP-hMSCs could be
seen migrating away from the original spheroid.

Discussion

Multicellular hMSC spheroids have been shown to have
many useful applications such as cartilage regeneration,
wound healing, and neoangiogenesis.5,17,18 3D culture sys-

tems more accurately reflect in vivo gene expression profiles
and therefore help to preserve many of the valuable attri-
butes of hMSCs. Also, 3D spheroids create more cell–cell
and cell–ECM interactions, while maintaining a small en-
ough tissue construct that diffusion of oxygen and waste
products is not a concern.1 However, the hMSCs cultured
under normal oxygen conditions tend to differentiate and
lose progenicity. Low oxygen can help to maintain the
stemness of hMSCs in different 2D and 3D culture systems.
Culture of hMSC spheroids under the hypoxia condition

FIG. 6. Injectibility of hMSC spheroids cultured under
low and normal oxygen conditions tested using needles with
different gauge sizes, including 18, 23, and 26 gauges. The
F-actin (red) and cell nuclei (blue) were stained to observe
the spheroid morphology (A). hMSC spheroids appeared
undamaged after injection conditions. The DNA assay
showed that there was no significant difference in the DNA
content among all the culture conditions (B). Color images
available online at www.liebertpub.com/tec
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may better preserve hMSC regenerative properties, thus en-
hancing the therapeutic efficacy.

ECM plays a vital role in both structure and organization
of tissue constructs. ECM component levels were evaluated
for several time points under low and normal oxygen con-
ditions. Over time, ECM levels increased during the initial
stages of culture for both oxygen conditions.31 At 72 and
96 h, ECM levels were significantly increased in the low
oxygen condition, as shown in Figure 3, which was consis-
tent with previous studies. For example, hMSCs cultured on
2D polydimethylsiloxane and 3D polyethylene terephthalate
substrates under 2% O2 expressed much higher fibronectin
than those cultured under 20% O2.22,23 Higher levels of ECM
in spheroids were linked to enhanced apoptosis resistance
both in cell culture and after implantation in vivo.32,33 In-
creased fibronectin, laminin, and collagen I were associated
with a larger number of attached and integrated spheroids as
well.34–36 The presence of fibronectin, laminin, collagen, and
GAGs was also desirable to mimic the cell conditions in vivo
and therefore served as a better model environment for high-
throughput assay.37 All of these ECM components were
found in detectable levels in the hMSC spheroids, with levels
increasing under low oxygen at later time points.

VEGF and bFGF are important growth factors regulating
cell proliferation, angiogenesis, and other cellular behavior.
VEGF is well known to mediate angiogenic and lym-
phangiogenic activity during the proliferative phase of
wound healing, which is an essential component of normal
wound repair.38 The presence of VEGF was able to promote
the resolution of chronic wounds (often associated with di-
abetes) exhibiting compromised vascularity.39 bFGF was
also linked to acceleration of wound healing through stim-
ulation of ECM metabolism and cell migration.40,41 Increased
levels of these growth factors made hypoxia spheroids bet-
ter candidates for wound healing applications. VEGF and
bFGF showed similar expression patterns in hMSC spheroid
culture. Hypoxia hMSC spheroids expressed much higher

growth factors (around 1.3-fold increase) at later time points
than normoxia spheroids. This increase was similar to levels
reported by Lee et al with a 2.8- and 2.3-fold increase of
VEGF and bFGF, respectively, for adipose-derived stem
cells under 2% oxygen flat culture for 72 h.42 The hypoxic
treatment of hMSCs also significantly increased VEGF by
2.56 fold and bFGF expression by 3.33 fold.43 VEGF had
also been shown to be increased in spheroids formed on
chitosan films for 7 days, with a 1.2-fold increase in VEGF,
but with no significant change in bFGF.44 This increase of
growth factors due to low oxygen culture and 3D condition
could in turn activate the collagen synthesis and migration
of fibroblasts, leading to enhanced wound healing.45

Well-maintained stemness is essential for clinical appli-
cations of hMSCs. The cells must maintain their multi-
potency until implantation so they can respond to the local
microenvironment and receive site-specific cues for differ-
entiation. Our results demonstrated that all of the four stem-
ness markers OCT-4 (POU5F1), Rex-1 (ZFP-42), SOX-2,
and Notch-1 levels did not change significantly in spheroids
between different oxygen culture conditions. However,
compared to flat substrate culture, SOX-2 and Notch-1 gene
expression was increased dramatically in low oxygen spher-
oids. Although both 3D spheroids and low oxygen culture
could enhance hMSC stemness gene expression when com-
pared to flat substrate culture, the combination of these two
favorable conditions was not able to further significantly in-
crease the hMSC stemness. The possible reason was that the
hMSC stemness was well maintained in spheroids, and it is
difficult to make improvement during a hypoxia culture pe-
riod as short as 96 h.

The ability to maintain integrity after injection and the
ability to attach to a model tissue substrate are important for
the future clinical application of hMSC spheroids. Even
using the smallest gauge needle, 26G, there was no visible
damage for both low and normal oxygen samples at 72 h.
There was also no change in cell number for different needle

FIG. 7. Attachment of hypoxia
GFP-hMSC spheroids on model
tissue substitute-hDF cell sheet. (A,
B) The morphology of fibroblast
cell sheet and spheroid before at-
tachment. F-actin (red), cell nuclei
(blue), GFP (green). (C, D) The
cell sheet and spheroid after 72 h of
coculture with spreading of the
GFP-hMSCs. hDF, human dermal
fibroblast. Color images available
online at www.liebertpub.com/tec
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gauges as shown in Figure 6. These properties demonstrated
the spheroids’ ability to withstand the stress of injection into
sites of interest in vivo. Attachment and spreading of the
spheroids were also investigated using a hDF cell sheet as a
tissue substitute. GFP-hMSC low oxygen spheroids were
able to attach even within 2 h, and after 72 h, significant
spreading occurs, as seen in Figure 7. The ability to attach
and integrate within tissues was essential to many in vivo
applications of hMSC spheroids.

Conclusions

hMSC multicellular spheroids were fabricated through
the hanging drop method, and low oxygen condition was
used to enhance essential properties of these spheroids. The
spheroids’ size and cell proliferation did not vary signifi-
cantly at each time point for low and normal oxygen culture
condition. However, hypoxia spheroids demonstrated lower
variability than normoxia samples. The hypoxia spheroids
also produced higher amount of ECM components (includ-
ing fibronectin, laminin, elastin, and GAGs) and growth
factors (VEGF and bFGF). Stemness of hMSCs was main-
tained in hypoxia spheroids and much higher than flat hMSC
culture at normal oxygen. The hypoxia spheroid structural
integrity and cell number were maintained after injection.
The hypoxia spheroids also demonstrated ability to attach
and spread on a tissue substitute in vitro. Our results sug-
gested that the hypoxia hMSC spheroids may have better
regeneration capacity for future in vivo applications.
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