
ORIGINAL ARTICLE

The Effects of Metabolic Substrate Availability
on Human Adipose-Derived Stem Cell Spheroid Survival

Robert Coyle, BS,1,* Jenny Yao,2,* Dylan Richards, PhD,1 and Ying Mei, PhD1,3

Human adipose-derived stem cells (hADSCs) spheroids have displayed remarkable potential for treating ischemic
injury. However, low nutrient (i.e., glucose and oxygen) availability in ischemic environments results in limited
tissue viability posttransplantation. To develop a mechanistic understanding of nutrient levels on spheroid sur-
vival, we used an in vitro culture system to investigate the effects of varying glucose and oxygen concentrations on
the cellular viability of hADSC spheroids with varied radii (115–215mm). Our data showed that low viability can
be improved with higher levels of glucose, but not with enhanced availability of oxygen. To understand the
experimental results, we established a computational model to simulate nutrient diffusion and metabolism in
hADSC spheroids at different glucose and oxygen concentrations. By combining experimental data and modeling
results, we established a strong linear correlation (R2= 0.84) between spheroid glucose availability (i.e., spheroid
volume with available glucose) and spheroid viability. In contrast, increasing oxygen availability had negligible
impact on spheroid viability, suggesting a greater dependence on anaerobic glycolysis for adenosine triphosphate
generation as opposed to oxidative phosphorylation. These data demonstrated the critical role of glucose in
hADSC spheroid survival under ischemia. These results may impact future strategies for improving hADSC
transplantation efficacy through codelivery of metabolic substrates.

Keywords: adipose-derived stem cell, spheroid, ischemia, nutrient diffusion, mathematical modeling, 3D tissue
culture

Impact Statement

Human adipose-derived stem cells (hADSCs) spheroids have displayed remarkable potential for treating ischemic injury.
However, low nutrient (i.e., glucose and oxygen) availability in ischemic environments results in limited tissue viability
posttransplantation. To develop an understanding of the effects of nutrient availability on spheroid survival, we utilized both
in vitro and computational models to examine the limiting factors in metabolic supply for avascular microtissues, revealing
the critical role of glucose to improve hADSC spheroid survival in ischemic conditions. These results may impact future
strategies for improving hADSC transplantation efficacy through codelivery of metabolic substrates.

Introduction

Human adipose-derived stem cells (hADSCs) possess
great therapeutic promise in treating ischemic dis-

eases.1–8 To this end, Kaneda et al. reported the improvement
of endothelial cell viability and recruitment after hADSC
injections at hindlimb ischemic injury sites through the se-
cretion of vascular endothelial growth factor and hepatocyte
growth factor.9 However, low cellular retention and survival
posttransplantation have limited their translational poten-

tial.10–12 Previous studies have shown that a majority of cells
(*95–99%) are lost within the first 72 h following trans-
plantation, a phenomenon attributable to anoikis-mediated
cell death, hypoxia-induced apoptosis, nutrient starvation,
and so on.13–16 To address this challenge, tissue-engineered
constructs have been developed to improve cell retention and
viability following transplantation.17,18 The advantages of
tissue-engineered constructs include enhanced cell–cell
communication, preserved extracellular matrix signaling, and
an upregulation of paracrine factor secretion.19 For example,
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Lin et al. have applied hADSC sheet technology to treat an
acute myocardial infarction rat model.20 Their results showed
improved cardiac function, cytokine expression, and long-
term hADSC engraftment compared to intramyocardial in-
jection of dissociated hADSCs.

hADSC spheroids have recently received increasing atten-
tion due to their spherical microtissue configuration, which
predisposes them to conventional catheter-based delivery
technologies.21,22 However, the avascular nature of these mi-
crotissues presents its own challenges due to a greater reliance
on nutrient diffusion, creating an upper limit on tissue size/
thickness.23 Although this limitation may not cause noticeable
strain under controlled culturing conditions, transplantation
into an ischemic environment may result in significant cell
death because of the decreased availability of metabolic sub-
strates (i.e., glucose and oxygen).24,25 While it is well estab-
lished that nutrient supply in the ischemic environment plays a
significant role in tissue viability posttransplantation,15,26–28 it
is not yet clear as which nutrient (i.e., glucose or oxygen) plays
a more significant role in maintaining hADSC viability post-
transplantation.29 Although glycolysis is the primary source
of adenosine triphosphate (ATP) production in hADSC culture,
oxygen enables the more efficient consumption of glucose via
aerobic metabolism, perhaps necessary to meet increased
metabolic demands of cells in dense microtissue constructs.29–31

Thus, this study aimed to examine the effects of nutrient avail-
ability on hADSC spheroid viability as to accelerate their clinical
translation. Notably, the spherical shape of spheroid microtissues
provides an ideal system to experimentally determine and
mathematically model nutrient diffusion and consumption. In
this study, we demonstrate that availability of glucose, instead
of oxygen, is the limiting factor in determining cell viability for
hADSC spheroids under ischemic conditions. These results
provide important insight toward development of future hADSC-
based tissue engineering constructs to treat ischemic diseases.

Materials and Methods

hADSC spheroid fabrication

The hADSCs (Lonza, Basel, Switzerland) were cultured
according to the manufacturer’s protocol. hADSCs were
seeded on 0.1% gelatin-coated T-75 flasks with plating
growth media (Bulletkit ADSC, Lonza) at a seeding density
of 0.75 million cells per flask and incubated at 37�C/5%
CO2 for 3 days. Cells in passage 6–7 were used in the
experiments. The agarose hydrogel molds used were pre-
pared using commercial master micro molds from Micro-
tissues, Inc (Providence, RI) as negative replicates to create
nonadhesive agarose hydrogel molds. Each agarose mold
contains 35 concave recesses with hemispheric bottoms
(800 mm diameter, 800 mm depth) to facilitate the formation
of hADSC spheroids. In brief, 330 mL of 2% sterile agarose
solution was pipetted onto the master micro molds, and the
newly formed agarose molds were carefully detached from
the master mold after gelation and transferred into a 35/
10 mm polystyrene Petri dish. Approximately 80 mL of the
hADSC suspension was then pipetted into each agarose
mold, resulting in the formation of 35 similarly sized
hADSC spheroids. To achieve spheroids of varying sizes,
we used cell solutions of varying concentrations during the
seeding step. To achieve spheroids with radii of 115, 135,

175, and 215mm, we used cell solutions of 0.5, 1.0, 2.5, and
5.0 million cells/mL, respectively. Adapted from Ref.32

In vitro ischemic treatment

Ischemic conditions were simulated in vitro through a
combination of hypoxic culture conditions and ischemic
media. Hypoxic conditions were produced through the use of
a hypoxia chamber (ProOx Model 110; BioSpherix, Parish,
NY) set to 1% O2. Ischemic media was produced through the
dilution of hADSC maintenance media (High-Glucose DMEM,
Gibco Life Technologies, Grand Island, NY supplemented with
15% fetal bovine serum and 1% penicillin–streptomycin) with
nine times the amount of glucose-free/serum-free medium
(Glucose-Free DMEM, Gibco) (v/v). hADSC spheroids were
cultured for up to 72 h in conditions defined as Control
(maintenance media with 5.5 mM glucose, 21% O2), Ischemic
(ischemic media with 0.55 mM glucose, 1% O2), Ischemic +
Glucose (ischemic media with added glucose but without other
components resulting in a glucose concentration of 5.5 mM,
1% O2), and Ischemic + Oxygen (ischemic media with
0.55 mM glucose, 21% O2). 2,4-dinitrophenol (DNP) treat-
ment adapted from Ref.33 In brief, we added 2mM concentra-
tions of the mitochondrial uncoupler DNP to the maintenance
media 24 h before treatment conditions for hADSC spheroids
measuring a radius of 135mm to inhibit oxidative phosphory-
lation. We then exposed the hADSC spheroids to each of the
treatment conditions +2mM DNP for 72 h.

TUNEL assay and viability assessment

Roche In Situ Cell Death Detection Kit (Sigma-Aldrich,
St. Louis, MO) was used to visualize cell viability in frozen
sections of hADSC spheroids based on the Roche protocol.
In brief, hADSC spheroid frozen sections were fixed with
4% paraformaldehyde in phosphate buffered saline (PBS)
for 20 min at room temperature. After washing in PBS for
30 min, samples were incubated in a permeabilization so-
lution (0.1% Triton X-100 and 0.1% sodium citrate in PBS)
for 2 min on ice. Then, 50 mL of the TUNEL reaction
mixture was added to samples and incubated at 37�C for
1 h. After washing in PBS (2 times, 5 min), nuclei were
counterstained with 4¢,6-diamidino-2-phenylindole (DAPI)
(Molecular Probes/Invitrogen) diluted in PBS for 15 min at
ambient temperature. Following the final wash procedure
(PBS, 2 times, 5 min), glass cover slips were placed on the
slides using Fluoro-Gel (Electron Microscopy Sciences). A
TCS SP5 AOBS laser scanning confocal microscope (Leica
Microsystems) was used for imaging. Quantification of via-
bility was achieved using ImageJ particle analysis. In brief,
we quantified the overall number of nuclei represented per
spheroid through DAPI staining, followed by a quantification
of the total number of TUNEL-positive nuclei for the cor-
responding spheroid. We then used the complementary per-
centage of the ratio between TUNEL-positive nuclei to total
nuclei to estimate the percentage of viable hADSCs per
spheroid cross-section in defining the ‘‘Viability Index’’ for
each spheroid size and culture condition. To study the effect
of culture conditions on cell viability, the change in viability
(D% Viability Index) in each culture condition compared
with the ischemic condition was calculated for each spheroid
size group. For each culturing condition and time point during
the 72 h, we quantified at least n= 8 spheroids.
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Lactate concentration measurements

Media samples (100 mL) were collected from 115 and
175 mm spheroid size groups for each culture condition
(+Oxy/+Glu, -Oxy/+Glu, +Oxy/-Glu, and -Oxy/-Glu) at 3,
6, 24, 48, and 72 h time points. Samples from media were
measured in triplicate with the YSI 2700 Select Biochem-
istry Analyzer (YSI, Inc., Yellow Springs, OH).

Defining computational model

A computational model coupling energy metabolism and
nutrient diffusion was developed to predict glucose, oxygen,
lactate, and ATP profiles within the hADSC spheroids. A
finite element model of oxygen, glucose, and lactate transport
within hADSC spheroids was developed based on Fick’s
Second Law of Diffusion.34 In a spherical coordinate system,
the oxygen, glucose, and lactate concentration profiles are
governed by the equation:

D

r2

q
qr

r2 qC
qr

� �
�R¼ 0,

where C represents nutrient concentration, r radial distance
from spheroid center, D nutrient diffusivity, and R nutrient
consumption (oxygen and glucose) or metabolite production
(lactate) rate. For this study, diffusivity values of:

DOx ¼ 3:0 · 10� 6cm2=s

DGluc ¼ 3:9 · 10� 7cm2=s

DLac ¼ 4:68· 10� 7cm2=s,

derived from Brown et al. and Rumsey et al.25,35 Next,
hADSC concentration-dependent nutrient consumption rates
were modeled by the Michaelis–Menten equation:

R¼ qc
Vmax C½ �
Km þ C½ � ,

where qc represents spheroid cell density, Vmax maximum
rate at high substrate concentration, and Km Michaelis–
Menten constant.

The consumption rate constants for oxygen were derived
from a study by Brown et al. (25, 30):

Vmax ¼ 5:44 · 10� 8 nmol=cell=s

Km ¼ 3:79 nmol=mL

The consumption rate constants for glucose were derived
from a study by Mischen et al. (25, 29):

Vmax ¼ 2:31 · 10� 7 nmol=cell=s

Km ¼ 40:0 nmol=mL

To simulate the coupled metabolic rates (oxygen con-
sumption, glucose consumption, and lactate production) in

primary energy metabolism, cellular respiration and energy
production equations from a study by Venkatasubramanian
et al.36 were adapted for the model (Supplementary Fig. S1;
Supplementary Data are available online at www.liebert
pub.com/tea). For the purposes of this experiment, we as-
sumed ATP production as described in Supplementary
Figure S2.

Analysis of computational model

The control and ischemic culture conditions established in
the experimental viability assays were accounted for in the
boundary conditions of the finite element model. Once all
the equations were compiled, the finite element model was
numerically solved by the software COMSOL Multiphysics
(COMSOL, Inc., Burlington, MA), from which the oxygen,
glucose, and lactate concentration profiles were determined
in spheroids of radii 115, 135, 175, and 215mm. Considering
the axial symmetry of spheroids, the hemispherical con-
centration profiles obtained by solving the model on
COMSOL were plotted into line graphs that showed the
change in nutrient/metabolite concentration based on radial
position from the spheroid center. The nutrient consumption
rates with respect to distance from the spheroid center
(Fig. 3C–F) were then used to determine a lower threshold
for a functional nutrient consumption rate (glucose/oxygen)
to quantify the nutrient availability across spheroid groups
and culture conditions. The nutrient availability in a spher-
oid was defined as a complementary percentage of the ratio
between spheroid volume with the nutrient (above the
threshold consumption rate) to the total spheroid volume. To
study the effect of culture conditions on nutrient availability,
the change in nutrient availability (D% Glucose/Oxygen
availability) in each culture condition compared with the
ischemic condition was calculated for each spheroid size
group. To quantify the relationship between cell survival
and nutrient availability of oxygen and glucose, the change
in viability index values (D% Viability Index) and the
change in nutrient availability (D% Glucose/Oxygen
Availability) were plotted to determine if they exhibited a
correlational relationship.

Statistical methods

Differences between experimental groups were analyzed
on JMP Pro 12 Statistical software (SAS, Cary, NC) using
Student’s t-test, matched pairs comparison, one-way
ANOVA, and two-way ANOVA with Tukey’s post hoc test,
and p< 0.05 was considered significantly different for all
statistical tests.

Results

hADSC spheroids as model for nutrient diffusion
through avascular tissue

Spheroids provide an enabling platform for delivering
hADSCs to areas of ischemic injury. However, the low
availability of metabolic substrates in these ischemic sites
can significantly limit cell survival due to inadequate nu-
trient diffusion. To investigate the effects of metabolic
substrate availability on cell viability, we developed a robust
fabrication technique to consistently produce spheroids of
varying radii (115, 135, 175, and 215 mm) (Fig. 1A, B). With
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the reported diffusion limits for oxygen through dense,
avascular tissue being *100–200 mm,37,38 the sizes selected
here can represent a wide range of nutrient availability
within the spheroids (Fig. 1C).

Nutrient diffusion as limiting factor in cellular viability
of hADSC spheroid

To investigate metabolic strain on viability, we estab-
lished an in vitro tissue culture model to simulate the is-
chemic environment. These conditions were defined by
two characteristics: (1) low availability of carbon substrate,
simulated with 10% of normal glucose concentration
(0.55 mM), and (2) low availability of oxygen, simulated
with a hypoxia environment (1% O2).16,29 Spheroids were
exposed to ischemic conditions for 72 h, as this range of
time corresponds with the majority of all transplanted cell
death and serves as a critical window for understanding
cell survival posttransplantation.13–16 For the purposes of
this study, we were primarily interested in the role that
metabolite diffusion and availability plays in governing
cell survival of hADSC spheroids under ischemic strain.
As such, TUNEL staining was used to assess the viability
of spheroid cells after exposure to testing conditions.
(Fig. 2A) After 72 h, spheroids cultured under control con-
ditions (21% oxygen, 5.5 mM glucose, +Oxy/+Glu) showed
a general decrease in viability with respect to increasing
diameter. (Fig. 2B) However, spheroids cultured under is-
chemic conditions (1% oxygen, 0.55 mM glucose,
-Oxy/-Glu) exhibited a similar yet more severe pattern of
declining cell viability with respect to increasing spheroid
diameter (Fig. 2B). When comparing spheroids in the con-
trol condition with the ischemic ones, there exists a reduc-
tion of cellular viability of 8% for 115 mm, 26% for 135mm,
25% for 175mm, and 40% for 215mm spheroids (Supple-
mentary Fig. S3A). These data strongly support that low

nutrient availability for the cells at the spheroid center plays
a critical role in decreased cellular viability.

To more closely investigate the individual effects of glu-
cose availability and oxygen availability on spheroid viabil-
ity, we reintroduced the two primary nutrients (i.e., oxygen
and glucose) to our ischemic model, resulting in ischemia +
oxygen (+Oxy/-Glu) and ischemia + glucose (-Oxy/+Glu)
conditions (Fig 2B). Reintroducing oxygen (21%) while
maintaining low glucose (0.55 mM) (+Oxy/-Glu) resulted in
varying degrees of increased viability over ischemic spher-
oids. Yet, conversely, reintroducing glucose (5.5 mM glu-
cose) while maintaining low oxygen (1%) (-Oxy/+Glu)
yielded a significant improvement in cellular viability over
ischemia (Supplementary Fig. S3B). The increased viability
is particularly evident for the larger spheroids (215mm), with
-Oxy/+Glu producing a much higher viability than
+Oxy/-Glu or Ischemia. These results strongly suggest that
glucose availability contributes to hADSC spheroid survival
significantly more than oxygen availability.

Mathematical modeling of nutrient diffusion
and consumption in hADSC spheroids

To develop a fundamental understanding of metabolic
substrate diffusion and metabolism in hADSC spheroids, we
adapted existing models simulating nutrient diffusion and
consumption through microtissues and established a finite
element computational model to quantify the relationship
among spheroid diameter, culture condition, and nutrient
availability.25,34,36,39,40 To account for the duality of aerobic
and anaerobic metabolism (i.e., shifting between glycolysis
and oxidative phosphorylation for ATP synthesis due to
substrate diffusivity differences and concentration-dependent
consumption rates), the model incorporated a coupled rela-
tionship between oxygen and glucose uptake. Using param-
eters derived from literature (see Materials and Methods

FIG. 1. hADSC spheroids
provide an ideal model to test
the effects of nutrient avail-
ability on viability. (A) Re-
presentative images of
hADSC spheroids of four
radii (115, 135, 175, and
215 mm). (B) Fabrication
techniques produced hADSC
spheroids of consistent and
significantly different size (x-
axis nominal radii, y-axis
measured radii). (C) General
nutrient consumption surface
plot representing how nutri-
ent (i.e., glucose/oxygen)
concentrations decrease con-
tiguously from the spheroid
surface to the center. Low
nutrient levels at the center
may not be sufficient to meet
hADSC metabolic demands
and result in an apoptotic
core. Color images are
available online.
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section),25,29,30,35 we plotted glucose (Fig. 3A, B) and oxygen
(Supplementary Fig. S4) concentration profiles relative to ra-
dial position from the spheroid center for each of the spheroid
sizes and culture conditions. The plots showed that glucose
availability in the spheroids exposed to ‘‘Low Glucose’’ con-
ditions (-Oxy/-Glu and +Oxy/-Glu) are significantly lower
than those placed in ‘‘High Glucose’’ conditions (+Oxy/+Glu
and -Oxy/+Glu). Notably, glucose concentration profiles were
identical for +Oxy/+Glu (control) and -Oxy/+Glu, with a
similar trend identified for oxygen distribution in -Oxy/+Glu
and +Oxy/+Glu conditions (Supplementary Fig. S4). These
data suggest that according to our model, glucose availability in
the spheroids is dependent upon glucose distribution as a

function of media concentration and tissue diffusivity, while
being independent of oxygen availability.

To determine spheroid glucose availability (i.e., spheroid
volume with available glucose), we plotted glucose con-
sumption rates for both the High-Glucose (+Oxy/+Glu,
-Oxy/+Glu) and Low-Glucose (-Oxy/-Glu, +Oxy/-Glu)
condition spheroids for each size (Fig. 3C–F). In accordance
with the overall trend of the Michaelis–Menten model, as
glucose concentration approaches zero, there is a dramatic
concentration-dependent decrease in local glucose consump-
tion rate. Therefore, given the small range in radial position
over which consumption rate falls, we defined a glucose
consumption rate of 0.0048 nmol/mm3/s (i.e., *10% of the

FIG. 2. hADSC viability is dependent upon spheroid size and availability of metabolic substrates. (A) Representative
immunofluorescence images showing TUNEL staining of hADSC spheroids after 72 h of exposure to each of the defined
testing conditions. Four culture conditions were chosen to assess the effects of metabolic availability on hADSC spheroids.
These conditions include Control (+Oxy/+Glu, 21% oxygen; 5.5 mM glucose), Ischemia (-Oxy/-Glu, 1% oxygen; 0.55 mM
glucose), Ischemia + Glucose (-Oxy/+Glu, 1% Oxygen; 5.5 mM glucose), and Ischemia + Oxygen (+Oxy/-Glu, 21%
oxygen; 0.55 mM glucose). Scale bar = 100 mm. (B) Quantification of spheroid viability after 72 h of exposure under each
condition for each size group. For each culturing condition, n = 8 spheroids. #,##Significant difference between ischemic
conditions across spheroids size groups ( p < 0.05). *Significant difference between culture conditions for each spheroid size
group ( p < 0.05). Color images are available online.
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FIG. 3. Glucose concentration and consumption rates are dependent upon spheroid size and culture conditions. (A) Plots
showing modeled glucose concentrations for different-sized spheroids under control (+Oxy/+Glu) and ischemic
(-Oxy/-Glu) conditions. (B) Plots showing modeled glucose concentrations for different-sized spheroids under ischemic +
glucose (-Oxy/+Glu) and ischemic + oxygen (+Oxy/-Glu) conditions. Glucose concentration for Control and -Oxy/+Glu
are identical (same trend for Ischemia and +Oxy/-Glu). (C–F) Plots showing modeled glucose consumption rates under
‘‘High Glucose’’ (Control, -Oxy/+Glu) and ‘‘Low Glucose’’ (Ischemic, +Oxy/-Glu) conditions for spheroid radii of (C)
115 mm, (D) 135mm, (E) 175mm, and (F) 215mm. Color images are available online.
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consumption rate at the spheroid surface) as the functional
glucose depletion threshold, corresponding to a glucose
concentration of 0.005 mM. Delineating this value allowed us
to identify the radial location of functional glucose depletion
and determine spheroid glucose availability across sizes and
culture conditions.

After defining the threshold for the functional depletion of
available glucose, we examined the relationship between the
point of functional glucose depletion with respect to spheroid
volume across all spheroid sizes for both low and high glucose
concentrations. As shown in Figure 4A, there is a significantly
greater difference between glucose depletion locations as a
function of volume for the larger spheroids compared with the
smaller spheroids. For example, the smallest spheroid group
(i.e., 115mm) showed a 20% improvement in normalized
spheroid volume with available glucose between low- and
high-glucose culture conditions, while the largest spheroid
group (i.e., 215 mm) showed an improvement of 45% in nor-
malized spheroid volume with available glucose. To study
effects of glucose availability on spheroid viability, we
plotted the change in viability (D% Viability Index) (data
derived from Supplementary Fig. S3) and change in nor-
malized spheroid volume with available glucose (D% Glu-
cose Availability) (data derived from Fig. 4A) for each
spheroid size under control (+Oxy/+Glu) and ischemic +
glucose (-Oxy/+Glu) conditions with respect to ischemia
(-Oxy/-Glu) (Fig. 4B). The trends show that there exists a
positive correlation between glucose availability and cell
viability (R2 = 0.84, p < 0.001). In contrast, when using the
same methods to compare D% Viability Index and D% Glu-
cose Availability for each spheroid group under +Oxy/-Glu
conditions to those values in ischemia (-Oxy/-Glu), there did
not appear to be a significant improvement in either viability
or glucose availability (Supplementary Fig. S5A). In addition,
there was effectively no relationship when comparing change
in viability (D% Viability Index) and change in spheroid

volume with available oxygen (D% Oxygen Availability) for
any size group after using the same linear regression methods
(Supplementary Fig. S5B).

In addition, we also investigated the rate at which lactate
(lactic acid) is produced and diffuses through the hADSC
spheroids, as lactate accumulation is an important byproduct of
anaerobic glycolysis (Supplementary Fig. S2) and can impact
hADSC metabolic activity and function.29 We measured the
lactate concentrations in media for both 115 and 175mm size
spheroid groups at each of the culture conditions over the 72-h
culture period. (Fig. 5A, B) These two spheroid sizes were
selected to represent smaller (115 and 135mm) and larger (175
and 215mm) spheroid groups, respectively. They showed sig-
nificantly different viability at each of the culture conditions at
72 h (Fig. 2) and distinctly different glucose concentration
profiles through modeling (Fig. 3). As shown in the Figure 5C,
D, higher glucose starting conditions (+Oxy/+Glu, -Oxy/
+Glu) led to higher concentrations of lactate when compared
with low glucose starting conditions (-Oxy/-Glu, +Oxy/--
Glu). This suggests that a sufficient supply of glucose is es-
sential for lactate to produce and accumulate, which is further
supported by the modeling data. As a result, there is limited
production of lactate under ischemic (-Oxy/-Glu) and
+Oxy/-Glu conditions. Importantly, there is no determinable
correlation between lactate accumulation and decreased cell
viability (Supplementary Fig. S6). This demonstrates that
lactate accumulation did not play a significant role in the
spheroid viability in the current studies.

Computational modeling reveals dependence upon
anaerobic glycolysis as primary means of ATP
synthesis for hADSC spheroids

To further understand the mechanism underlying the pos-
itive linear correlation between glucose availability and cell
viability, the ATP production profiles for the four nutrient

FIG. 4. Increased glucose availability positively correlates with improved hADSC viability. (A) Plot shows the rela-
tionship between glucose consumption rate with respect to spheroid volume at the High- and Low-glucose culture con-
ditions. The dotted line defines the glucose consumption rate threshold, at which functional glucose consumption is
depleted. (B) Plot illustrating that increased glucose availability positively correlates with increased spheroid viability
( p < 0.001). Color images are available online.

626 COYLE ET AL.

D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f S

ou
th

 C
ar

ol
in

a 
C

ol
um

bi
a 

fr
om

 w
w

w
.li

eb
er

tp
ub

.c
om

 a
t 0

5/
14

/1
9.

 F
or

 p
er

so
na

l u
se

 o
nl

y.
 



conditions were modeled using COMSOL to identify the
primary metabolic pathway (i.e., anaerobic glycolysis or
oxidative respiration) responsible for satisfying hADSC
spheroid energy demands. For this study, we chose the
135mm spheroid as our model, as it is a spheroid size that
exhibits a statistical difference in viability between control
and ischemic culture conditions at 72 h (Fig. 2B), and con-
stitutes a relevant spheroid size used in previous translational
studies in the literature.21 As seen in Figure 6A, the greatest
and most consistent level of total ATP production occurred
under control (+Oxy/+Glu) conditions, as both nutrients are
readily available to diffuse into the spheroid volume and
maintain adequate metabolic activity, while the ischemic
aggregates exhibited a steep decline in overall ATP synthesis
beyond the surface. In comparing the individual effects of
oxygen and glucose, the +Oxy/-Glu conditions resulted in a

greater ATP synthesis rate at the spheroid surface, likely
because, although glycolysis still dominates, the more meta-
bolically efficient process of oxidative phosphorylation con-
tributes more significantly to ATP production overall at the
surface. Due to the rapid depletion of glucose, however, the
total ATP production in +Oxy/-Glu ceased beyond the im-
mediate surface, despite higher oxygen availability compared
to ischemia. In contrast, spheroids cultured under -Oxy/+Glu
showed an initially lower but overall more uniform level of
ATP production throughout the spheroid volume, which
suggests that glucose possesses greater influence on hADSC
spheroid metabolism than oxygen.

However, to elucidate the mechanistic metabolic basis
behind glucose dominance in facilitating energy production,
the ratio of glycolysis-generated ATP to total ATP was
plotted to distinguish relative energy contributions of

FIG. 5. Lactate concentration and accumulation is dependent upon spheroid size and culture conditions. (A, B) Plots
showing lactate concentrations recorded periodically over a 72 h time period for spheroids of 115 mm (A) and 175 mm (B)
radii under control (+Oxy/+Glu), ischemic + glucose (-Oxy/+Glu), ischemic + oxygen (+Oxy/-Glu), and ischemic
(-Oxy/-Glu) culturing conditions. For each culture condition and observation period, n = 3. (C, D) Plots showing modeled
lactate concentrations under control (+Oxy/+Glu), ischemic + glucose (-Oxy/+Glu), ischemic + oxygen (+Oxy/-Glu), and
ischemic (-Oxy/-Glu) culturing conditions for spheroid radii of (C) 115mm and (D) 175mm. Color images are available
online.
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anaerobic and aerobic respiration. Figure 6B demonstrates
that glycolysis constitutes almost 100% of the ATP for
-Oxy/+Glu spheroids. Although the +Oxy/-Glu group had
the lowest ratio of glycolytic-to-total ATP synthesis, the
higher energy production rate at the surface suggests that a
portion of ATP was produced via oxidative phosphorylation.
Interestingly, in the control group, even in the presence of
ample oxygen, around 60% of the total ATP produced was
derived from glycolysis, thereby implying that anaerobic
respiration dominates ATP synthesis in hADSC spheroids.

To experimentally support the modeling results that glucose
concentration contributes to spheroid survival significantly
more than oxygen levels, we made use of the mitochondrial
inhibitor DNP, which would impair spheroid ability to perform
aerobic metabolism, thereby verifying the model’s ATP
pathway predictions. We first treated 135mm spheroids with

DNP for 72 h to allow for sufficient uptake. We then exposed
the spheroids to each of the four testing conditions for an ad-
ditional 72 h (Fig. 6C). The results showed that inhibiting
aerobic metabolism did not significantly impact hADSC
spheroid viability ( p> 0.2), confirming that oxygen availabil-
ity would not constitute a determining factor in nutrient-
dependent hADSC spheroid survival posttransplantation. The
data also suggest that treatment with DNP did not engender any
detrimental effects to the control group.

Increased glucose availability mitigates detrimental
effects of ischemic conditions on cell viability for larger
spheroids with respect to time

To more thoroughly demonstrate the effect of reintrodu-
cing glucose to ischemic conditions on spheroid viability as

FIG. 6. Modeling ATP production in hADSC spheroids. (A) Total ATP production profiles for spheroids of r = 135mm
under four culture conditions. (B) Distributions of glycolytic to total ATP ratio in spheroids of r = 135mm under four
nutrient conditions. The curve for the ischemic and +Oxy/-Glu groups end at the radial position, at which ATP production
ceased due to glucose depletion. (C) Investigation of preferential hADSC dependence on anaerobic glycolysis through
mitochondrial inhibition on spheroid (*135mm) viability under different culture conditions. ATP, adenosine triphosphate.
Color images are available online.
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defined in the computational model and previous experi-
mental trials, we conducted a direct longitudinal comparison
of ischemic as well as ischemic + glucose (-Oxy/+Glu)
conditions at various time points leading up to 72 h (Fig. 7).
For the 115mm spheroid group, there exhibited little differ-
ence between the viability indexes of the two conditions for
each time point, resulting in high viability for both conditions
relative to other groups. For the 135mm spheroid group, the
+Glu group showed greater improvement over the ischemic
group at the 72 h time point. However, for both the 175 and
215 mm spheroid groups, the +Glu groups showed improve-
ment almost immediately, with a distinct separation between
the viability indexes for the 215mm culture conditions.

Discussion

hADSCs have emerged as a promising cell source for
treating ischemic diseases. Many studies have demonstrated
their beneficial properties, including their ability to promote
angiogenesis through paracrine effects or offer pericyte
support of developing vasculature. However, even with the
use of tissue-engineered constructs, low rates of cell survival
persist. This requires further study into hADSC spheroid
response to the ischemic environment, as well as determi-
nation of the governing factors that can lead to cell death
under these conditions. To accomplish this, we chose to
model the ischemic environment and its effects with hADSC
spheroids.

By varying metabolic substrate concentrations and spheroid
sizes, our data showed that glucose availability more signifi-
cantly impacted spheroid viability when compared with oxy-
gen availability, as determined by the modeling results, the
DNP-mitigated mitochondrial inhibition and longitudinal
supporting studies. From a physiological standpoint, this result
may be attributable to the stem cell niche of adipose-derived
stem cells, whose environment is naturally hypoxic.4,29,41 As a
result, there is no discernable difference in hADSC spheroid
glucose consumption rates when comparing hypoxic (-Oxy/
+Glu) to control (+Oxy/+Glu) culture spheroid groups
(Fig. 3C–F), suggesting that hADSCs prefer to undergo gly-
colysis for their metabolic demands even when in the presence
of high oxygen levels. This was further supported by the similar
rates of lactate production in control (+Oxy/+Glu) and hypoxic
(-Oxy/+Glu) cultures, as lactate production is an important
byproduct of anaerobic glycolysis. Therefore, as revealed by
the positive correlation determined through linear regression,
adequate spheroid glucose availability is synonymous with
overall spheroid viability; however, oxygen does not possess
such a relationship with viability. These results support the
notion that oxygen does not play a significant role governing
glucose metabolism for hADSC spheroids via metabolic
pathways. These results may also explain why the re-
introduction of glucose to ischemia yielded similar viability
when compared with control for all spheroid sizes, even
without reintroducing oxygen. To an extent, this challenges the
oxygen paradigm that is often cited as the primary limiting

FIG. 7. Increased glucose availability sustains cell viability over time in larger spheroids. (A–D) Quantification of cell
viability when comparing ischemic (-Oxy/-Glu) and ischemia + glucose (-Oxy/+Glu) culture conditions at 0, 3, 6, 24, 48,
and 72 h for (A) 115 mm, (B) 135mm, (C) 175 mm, and (D) 215 mm spheroids. For each culture condition and time point,
n = 8 spheroids for each spheroid size group and time point. *Significant difference between culture conditions at each time
point between spheroid size groups ( p< 0.05). Color images are available online.
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factor in cell delivery-based tissue regeneration. Since the
delivery of highly ATP-dependent cells (e.g., cardiomyocytes)
would necessitate reestablishing access to oxygen, it may be
advantageous to develop engineering strategies favoring the
use of stem cells that can instead satisfy their metabolic needs
through anaerobic metabolism.

Results from these current studies showed that glucose
improved hADSC spheroid survival in the ischemic envi-
ronment through anaerobic glycolysis. Its effects on the
regenerative functionality of the spheroids necessitate fur-
ther investigations in the future. This can be accomplished
by examining gene and protein expression of hADSC
spheroids cultured in an ischemic environment with/without
supplemented glucose, as well as assessing the therapeutic
efficacy of the spheroids in an animal model. In addition,
while the observation period of the described study was
limited to 72 h, a longer study eventually may be required,
as functional vasculature development in vivo can take more
than 72 h.42 Finally, P6*7 hADSCs were used in the assays to
produce a sufficient number of cells to complete all the neces-
sary experiments. Our results verify that passage 6*7 hADSCs
prefer anaerobic culturing conditions, which is consistent with
the metabolic function of hADSCs of lower passages.

Conclusion

One of the most pressing challenges in stem cell-based
therapies for repairing ischemic injury is low cell retention
and survival following transplantation. This issue is pri-
marily due to the hostile environment in ischemic sites due
to low concentrations of necessary nutrients. hADSCs have
emerged as a robust cell source for treating ischemic injury
through their prosurvival signaling, upregulation of angio-
genic factors, and their relative durability under ischemic
conditions. While hADSC microtissues can enhance cellular
survival by helping to avoid anoikis, cell washout, and im-
proving expression of prosurvival factors, their avascular
properties reduce nutrient diffusion and availability to the
center of the microtissues.

In this work, we combined in vitro culture and mathe-
matical modeling to reveal the critical role of glucose to
improve hADSC spheroid survival in ischemic conditions.
This has been attributed to the intrinsic capacity of hADSCs
for anaerobic glycolysis. Due to high aqueous solubility,
glucose can be effectively delivered in large quantities with
hADSC microtissues to the ischemic injury site in vivo. This
provides a promising strategy for improving hADSC spheroid
survival and retention to an ischemic site posttransplantation.
Although the finite element computational model developed
in the study specifically examined the effects of nutrient
diffusion on avascular spheroid viability, it can be adapted to
model more complex scaffold structures (e.g., cell sheets,
lattices) or organoid models (i.e., multicellular microtissues).
The synergistic application of mathematical modeling and
in vitro culture model provides a powerful transplantation and
establish a solid foundation upon which to create novel
strategies for improving cell survival after transplantation.
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