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Oxygen is not only a nutrient but also an important signaling molecule whose concentration can influence the
fate of stem cells. This study details the development of a marker of hypoxic signaling for use with encapsulated
cells. Testing of the marker was performed with adipose-derived stem cells (ADSCs) in two-dimensional (2D)
and 3D culture conditions in varied oxygen environments. The cells were genetically modified with our hypoxia
marker, which produces a red fluorescent protein (DsRed-DR), under the control of a hypoxia-responsive
element (HRE) trimer. For 3D culture, ADSCs were encapsulated in poly(ethylene glycol)–based hydrogels. The
hypoxia marker (termed HRE DsRed-DR) is built on a recombinant adenovirus and ADSCs infected with
the marker will display red fluorescence when hypoxic signaling is active. This marker was not designed to
measure local oxygen concentration but rather to show how a cell perceives its local oxygen concentration.
ADSCs cultured in both 2D and 3D were exposed to 20% or 1% oxygen environments for 96 h. In 2D at 20% O2,
the marker signal was not observed during the study period. In 1% O2, the fluorescent signal was first observed
at 24 h, with maximum prevalence observed at 96 h as 59% – 3% cells expressed the marker. In 3D, the signal was
observed in both 1% and 20% O2. The onset of signal in 1% O2 was observed at 4 h, reaching maximum
prevalence at 96 h with 76% – 4% cells expressing the marker. Interestingly, hypoxic signal was also observed in
20% O2, with 13% – 3% cells showing positive marker signal after 96 h. The transcription factor subunit hypoxia
inducible factor-1a was tracked in these cells over the same time period by immunostaining and western blot
analysis. Immunostaining results in 2D correlated well with our marker at 72 h and 96 h, but 3D results did not
correlate well. The western blotting results in 2D and 3D correlated well with the fluorescent marker. The HRE
DsRed-DR virus can be used to track the onset of this response for encapsulated, mesenchymal stem cells. Due to
the importance of hypoxic signaling in determination of stem cell differentiation, this marker could be a useful
tool for the tissue engineering community.

Introduction

Molecular oxygen serves as a metabolic substrate and
signaling molecule for cells both in vitro and in vivo.

Stems cells reside in a range of different microenvironments
and the local oxygen concentration can help guide their
differentiation. Ma et al. point out that mammalian em-
bryogenesis and development take place at hypoxic condi-
tions of 1.5%–8% O2 and 2.3%–5.2% O2, respectively.1 In the
literature, oxygen concentrations < 5% have been described
as hypoxic conditions.1–3 Hypoxia can create a potentially
lethal environment and limit cellular respiration and growth
or, alternatively, enhance the production of specific extra-
cellular matrix components and increase angiogenesis.4 A
hypoxic environment plays a substantial and critical role in
many essential physiological and developmental pathways.
It has been linked to maintenance, proliferation, survival,

and differentiation of various types of stem cells and influ-
ences the lineage commitment of multipotent cells.5–8

Cell response to reduced oxygen tension is primarily
regulated by hypoxia-inducible factors (HIFs).9,10 HIFs are
transcription factors that belong to the bHLH-PAS (basic
Helix-Loop-Helix-PER-ARNT-SIM) family. HIF-1 is a het-
erodimer composed of HIF-1a and HIF-1b. HIF-1b, also re-
ferred to as aryl hydrocarbon receptor nuclear translocator
(ARNT), is stable regardless of local oxygen tension whereas
HIF-1a is only stable under hypoxic conditions. Under nor-
moxia (high oxygen conditions), HIF-1a is rapidly degraded
due to hydroxylation, which promotes ubiquitination and
subsequent proteosomal degradation.9–12 The amount of
HIF-1a increases exponentially in cells as oxygen levels drop
from 6% O2.12 HIF-1 regulates transcription of genes that
contain hypoxia-responsive elements (HREs) in their pro-
moters, introns, and/or 3¢ enhancers. HIF-1 interacts with
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HREs leading to transcription of oxygen-regulated genes like
vascular endothelial growth factor (VEGF), erythropoietin,
cytokine-inducible nitric oxide synthase (iNOs), and glycolytic
enzymes that enhance cellular adaptation to hypoxia.13–15 This
oxygen-sensitive regulation of transcription allows cells to
adapt to changing oxygen tensions or to survive in physio-
logical environments where the oxygen level is always in the
hypoxic range. It has been estimated that 5% or more of our
genes are regulated by HIF-1. VEGF, basic fibroblast growth
factor, angiopoietin 2, and platelet-derived growth factor are
examples of angiogenic molecules whose expression is in-
creased by HIF-1 activity.16–20 Hypoxia and HIF-1 are also
implicated in the recruitment of circulating angiogenic cells,
critical in vascular remodeling.21–24 Given the interest in driving
vascularization of tissue engineering constructs, HIF-1 activity
is an important event to monitor for cells in these scaffolds.

Most in vitro cell culture studies are conducted at atmo-
spheric oxygen levels of *20%, which far exceed the phys-
iological levels. Since oxygen concentration is an important
component of the stem cell ‘‘niche’’ that affects the behavior
of stem cells, it is important to account for it while inter-
preting experiments.25 The effect of oxygen on adipose-
derived stem cells (ADSCs) has been explored in a number of
recent studies.26–28 ADSCs are multipotent, mesenchymal
stem cells that can be isolated through lipoaspiration. ADSCs
have been used to differentiate into chondrogenic, osteo-
genic, endothelial, cardiomyogenic, myogenic, adipogenic,
and potentially neurogenic phenotypes with HIF-1 activity
affecting many of these pathways.26–33

The design of a tissue engineering scaffold can also impact
local oxygen levels for cells within the material. Hydrogels
are an attractive choice as a scaffold material because their
high water content facilitates transport of nutrients and
waste products to and from the encapsulated cells.
Poly(ethylene glycol) (PEG) hydrogels are broadly utilized in
the field of tissue engineering and can be easily functiona-
lized to create custom microenvironments for encapsulated
cells.34–42 Oxygen supply to cells in three-dimensional (3D)
constructs is more complex than in 2D cultures as it is
influenced by the chemistry of the scaffold material(s), scaf-
fold dimensions, local oxygen tension, cell type, cell density,
as well as by the mechanisms of transport, that is, diffusion
or convection. Studies in 3D culture revealed that the oxygen
concentration decreases from the periphery toward the cen-
ter of the scaffolds, which correlates with cell density and cell
viability.43,44 The oxygen concentrations in the media and
inside the scaffolds have been measured using oxygen-
sensing dyes, oxygen microelectrodes, fluorescent probes,
and microparticles.45–50 Mathematical modeling approaches
have been developed accounting for scaffold geometry and
local oxygen tension to predict oxygen gradients inside the
scaffolds.51 These techniques to measure or predict oxygen
concentration offer a great deal of information to the tissue
engineering community. However, it is also important to
know how cells react to their local oxygen concentration to
predict changes in phenotype.

Because of the importance of how cells respond to the
local oxygen and the role of HIF-1 in stem cell behavior, we
developed a responsive, fluorescent hypoxia marker based
on a recombinant adenovirus.52 The sequence of a red
fluorescent protein (DsRed-DR) was placed under the con-
trol of a minimal promoter and HRE trimer. This virus is

referred to as HRE DsRed-DR. Expression of the fluorescent
protein should match the expression of other HIF-1–regulated
genes. HIF-1 regulates expression of antiapoptotic genes
and secretion of numerous angiogenic factors. A system to
track the onset of these events will assist tissue engineering
efforts using a range of scaffold materials and culture in
many different oxygen conditions. A number of techniques
exist to measure the amount of HIF-1a in cells but many
require that the cells be lysed or fixed. HIF-1 activity does
not always correlate with the amount of HIF-1 protein or
mRNA that compromises techniques measuring such
quantities that seek to predict expression of HIF-regulated
genes.

The objective of this study was to evaluate a responsive,
fluorescent, hypoxia detection system and determine whe-
ther HIF activity can be tracked at a cellular level in both 2D
and 3D cultures. ADSCs were selected due to their broad
utilization in tissue engineering strategies and the influence
of HIF signaling on ADSC phenotype. The experiments
outlined in the following section were designed to examine
the relationship between culture conditions and hypoxic
signaling. A mechanism to continuously monitor HIF activ-
ity in encapsulated cells is a useful tool for the tissue engi-
neering community.

Materials and Methods

Cell culture

Human ADSCs isolated from human lipoaspirate tissue
were purchased from Invitrogen at passage 1. Cells were
cultured in proprietary MesenPRO RS� basal medium
supplemented with MesenPRO RS Growth Supplement, 1%
penicillin/streptomycin (Mediatech), and 2 mM l-glutamine
(MP Biomedicals). Culture conditions for passaging were
maintained at 95% air and 5% CO2 at 37�C. For experiments,
cells between passages 2 and 7 were used as recommended
by the supplier.

Oxygen-controlled culture

Nitrogen-purged, programmable incubators were used
to maintain constant oxygen levels for cellular studies
(Napco Series 8000 WJ; Thermo Electron). Normoxic oxy-
gen studies were maintained at 5% CO2 and 20% oxygen
and hypoxic studies were maintained at 5% CO2 and 1%
oxygen conditions. For 1% oxygen experiments, all media,
buffered salt solutions, and fixatives to be used with cells
were kept in vented tubes in the hypoxic incubator for 24 h
prior to use so as to equilibrate the solutions to the ap-
propriate dissolved oxygen concentration. Previous studies
in our lab have shown this period to be sufficient to
equilibrate the dissolved oxygen concentration.52 All cell
manipulation (media changes and imaging) was performed
as quickly as possible to minimize exposure to atmospheric
air. These procedures were kept under 10 min per day.
Studies using a dissolved oxygen sensor tracked the change
in dissolved oxygen levels in the media during this time
and found that levels only increased from 0.3 mg/L (con-
centration equilibrated in 1% oxygen incubator) to 0.4 mg/
L after 10 min outside of the incubator. The concentration
had returned to 0.3 mg/L within 10 min of placement back
in the incubator.
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Infection of ADSCs and tracking hypoxic signaling

The preparation of the virus was briefly described
earlier and is detailed in previously published studies.52

As observed in those previous studies, the virus exhibited
100% infection efficiency with ADSCs. For marker studies,
ADSCs were seeded into a 12-well tissue culture treated
plate with the HRE DsRed-DR virus at a multiplicity of
infection of 25. The plates were incubated overnight in
static culture at 20% O2 for the cells to attach to the sur-
face and for the infection to take place. Both 2D and 3D
samples were fluorescently imaged periodically over 96 h
using a Nikon Eclipse Ti microscope (Nikon) and the
Nikon NIS-Elements imaging software with consistent
exposure times and fluorescent lamp intensities. Multiple
images (three to four images for 2D samples and five to
six images for 3D samples) from three independent
studies were used to quantify the cells expressing positive
marker signal.

Cell encapsulation for 3D experiments

PEG with an average molecular weight of 10,000 Da
(Sigma-Aldrich) was functionalized by addition of methacry-
late end groups resulting in PEG dimethacrylate (PEGDM).
ADSCs were trypsinized, counted using a hemocytometer,
and spun down in a microcentrifuge tube prior to removal of
the media. Cells were then resuspended in a solution of
10 wt% PEGDM and 0.025 wt% 2-hydoxy-1-[4-(2-hydroxy-
ethoxy)-phenyl]-2-methyl-1-propanone (Irgacure 2959; Ciba),
which is a photoinitiator in Hank’s balanced salt solution
(HBSS; Mediatech, Inc). Each gel in these studies was de-
signed to contain 400,000 dispersed ADSCs so enough cells
were added to the PEGDM to create a concentration of 10,000
cells/mL. After resuspension of the cells, 40mL of the PEGDM
suspension was added to a 1 mL syringe and exposed to a
365 nm light source at an intensity of 7 mW$cm- 2 for 10 min
under sterile conditions. The resulting gels are cylindrical
discs measuring 5 mm in diameter and 2 mm in height. The
gels were transferred to a 24-well plate, washed in HBSS, and
placed in 1.5 mL of media. The plates were cultured in the
varied oxygen conditions on orbital shakers set to continuous
rotation at 100 rpm. This encapsulation procedure has been
shown previously to not have an adverse impact on viability
for a range of cell types.22–24

Protein extraction and western blotting for HIF-1a

Total cell lysates were collected from the 2D and 3D
samples with RIPA lysis buffer (Thermo Scientific) contain-
ing a protease and phosphatase inhibitor cocktail (Thermo
Scientific), stirred on ice for 10 min, and sonicated for 15 min.
The mixtures were then centrifuged at 14,000 rpm at 4�C for
15 min. The supernatants were collected and protein con-
centration was quantified using a Coomassie Plus Bradford
Assay kit (Thermo Scientific) according to the manufacturers’
instructions.

Western blotting was performed by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis with 50 mg of
protein lysate loaded per lane of 4%–20% gradient gels
followed by transfer to polyvinylidene fluoride mem-
branes (Millipore). The membrane was first incubated in
5% dry milk and 1% bovine serum albumin (BSA) di-

luted in HBSS for 1 h at room temperature. The mem-
brane was then washed twice for 10 min each in ‘‘wash
1’’ (0.1% Tween-20, 0.1% dry milk, and 0.1% BSA in
HBSS). The membrane was then incubated with rabbit
anti-HIF-1a antibody (1:1000; Santa Cruz Biotechnology)
and rabbit anti-b-actin antibody (1:1000; Santa Cruz
Biotechnology) for 2 h at room temperature. The mem-
brane was then washed three times for 10 min each in
‘‘wash 1.’’ Membranes were then incubated with peroxidase-
conjugated, goat, anti-rabbit IgG (1:5000; Rockland Im-
munochemicals) for 2 h at room temperature. Membranes
were then washed three times for 10 min each in ‘‘wash 2’’
(0.1% Tween-20 in HBSS). Protein detection was achieved by
5-min incubation in a chemiluminescence reagent, Super-
Signal West Pico Substrate (Thermo Scientific). Bands were
then detected using ChemiDoc� XRS + System with Image
Lab� image acquisition and analysis software (Bio-Rad).
With densitometry analysis, the expression of proteins was
normalized to b-actin to account for percent of intensity
optical density (%IOD) fold difference of HIF-1a protein
expression. All incubation steps and washes were performed
on an orbital shaker set to continuous rotation at 100 rpm.
The statistics shown represent results obtained from three
independent studies.

Immunostaining for HIF-1 activity

About 100,000 ADSCs were plated in flat-bottom 96-well
plates for 2D experiments. The previously described,
ADSC-containing PEG gels were used for 3D experiments.
The samples were maintained in 1% and 20% O2 for a
period of 96 h. To prepare the cells for staining, samples
were fixed after 24, 48, 72, and 96 h with 4% paraformal-
dehyde (Thermo Fisher) on ice for 30 min and washed
twice with HBSS. Staining was performed every 24 h dur-
ing the 4-day period. Cells were permeabilized with 0.1%
Triton X (EMD Chemicals) for 30 min and then washed
successively in 5% BSA (EMD Chemicals) and 5% normal
donkey serum (EMD Chemicals) for 1 h each. An overnight
incubation at 4�C with polyclonal rabbit antibody to HIF-
1a (1:1000; Santa Cruz Biotechnology) was followed by
two, 15-min washes in 1% BSA and a 1-h incubation in 5%
normal donkey serum. A fluorescently labeled, goat, anti-
rabbit secondary antibody (1:1000; Rockland Im-
munochemicals) was added for an hour followed by final
washes in 1% BSA in HBSS. Samples were fluorescently
imaged with the instrumentation and software previously
mentioned. Multiple images (three to four images for 2D
samples and five to six images for 3D samples) from three
independent samples were analyzed to quantify the num-
ber of cells expressing HIF-1a.

Viability of ADSCs

Live/Dead� staining kit (Invitrogen) was used to test the
viability of the samples. Fluorescent dyes indicate esterase
activity (observed as green signal in live cells) or loss of
nuclear membrane integrity (observed as red signal in dead
cells). The 2D and 3D samples were in culture conditions
similar to the previous experiments and the staining was
performed in accordance with the manufacturer’s guidelines.
Results are given as a percentage of viable cells based on
analysis of three independent studies.
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Statistical analysis

Statistical analysis was performed using Graphpad Prism
4.01 (GraphPad Software, Inc.). Experimental results were
expressed as the mean – standard deviation. All the collected
data were analyzed by two-way analysis of variance for
comparisons and p-values < 0.05 were defined as statistically
significant differences.

Results

HIF-1a immunostaining

The HIF-1a staining (green) was primarily focused in the
cytoplasm of ADSCs. In 2D at 20% O2, no staining was ev-
ident during the entire time course. A representative image
after 96 h of culture is shown in Figure 1A. In 1% O2, no
signal was observed at 24 and 48 h. About 56% – 3% and
61% – 4% cells stained positive for HIF-1a at 72 and 96 h,
respectively. Representative images are shown in Figure 1B
and C. In 3D, no signal was observed at 24 and 48 h at both
1% and 20% O2. In 1% O2, staining was observed at 72 and
96 h with 13% – 2% and 25% – 4% cells staining positive, re-
spectively. The representative image at 96 h in 1% O2 is
shown in Figure 1D1 and D2 (overlay image). Im-
munostaining was also observed at 20% O2 in 3D, with

9% – 2% and 11% – 3% cells stained positive for HIF-1a at 72
and 96 h, respectively, as in shown in Figure 1E1 and E2
(overlay image). These results are summarized in Figure 1F.

Hypoxia marker signaling

In 2D at 20% O2, there was no marker signal throughout
the study period of 4 days. At 1% O2, the onset of the signal
was seen at 8 h with 4% – 1% cells showing positive red
fluorescence signal for HIF-1a activation. Signal progression
increased with 11% – 3%, 17% – 4%, 26% – 3%, 54% – 2%, and
59% – 3% of cells showing positive marker signal at 12, 24,
48, 72, and 96 h, respectively. A representative image for each
time point is shown in Figure 2 (A1–A6). In 3D at 1% O2, we
observed the onset of the marker signal at 4 h with 5% – 1%
cells expressing positive signal. The prevalence of the signal
increased over time with 9% – 3%, 15% – 5%, 32% – 4%,
54% – 2%, 62% – 4%, and 76% – 3% cells expressing positive
marker signal at 8, 12, 24, 48, 72, and 96 h, respectively. Re-
presentative images for each time point are shown in Figure
2 (B1–B7). Marker signal was also observed in 3D at 20% O2.
The onset of the signal was at 24 h with 4% – 2% cells
showing positive marker signal. The prevalence of the signal
increased over time with 7% – 2%, 9% – 4%, and 13% – 3%
cells expressing positive marker signal at 48, 72, and 96 h,

FIG. 1. Immunostaining for HIF-1a: HIF-1a, if present, was stained green. As a counterstain, cell nuclei labeled with DAPI appear
blue. (A) At 20% O2, there was no significant staining at 96 h in 2D. (B, C) shows cells in 2D at 1% O2 stained for HIF-1a at 72 and 96 h,
respectively. (D, E) HIF-1a staining in 3D. (D1) Immunostaining in 1% at 96 h (D2 is an overlay image). (E1) is the representative
image of staining at 20% O2 at 96 h (E2 is an overlay image). Quantification of HIF-1a–expressing cells (F) from each of the studies (A–
E). HIF, hypoxia-inducible factor; DAPI, 4¢,6¢-diamidino-2-phenylindole; 2D, two-dimensional. Color images available online at
www.liebertonline.com/tec
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respectively (Fig. 2C1–C4). The above results are summa-
rized in Figure 3.

Quantification of HIF-1a protein

Western blotting was performed to quantify the amount of
HIF-1a protein expressed in 2D and 3D culture conditions
under 1% and 20% O2. Figure 4A shows bands for HIF-1a
protein in 1% O2 in both 2D and 3D culture conditions.
Quantification of these results using %IOD measurements
and normalizing HIF-1a expression with b-actin expression
showed an increase in HIF-1a expression over time. In 3D at
1% O2, we saw a %IOD fold difference of 6.01 – 0.42,
10.31 – 0.34, 11.31 – 0.453, and 11.39 – 0.31 at 24, 48, 72, and
96 h, respectively. In 2D at 1% O2, we observed a %IOD fold

difference of 1.31 – 0.21, 2.52 – 0.34, 6.78 – 0.23, and 7.11 – 0.36
at 24, 48, 72, and 96 h, respectively. Figure 4B shows protein
levels of HIF-1a examined at 20% O2 in both 2D and 3D. In
2D, we observed no expression of HIF-1a throughout the
study period. In 3D the expression pattern was 0.61 – 0.246,
3.32 – 0.283, 3.98 – 0.183, and 4.01 – 0.15 %IOD fold difference
at 24, 48, 72, and 96 h, respectively. The above results are
summarized in Figure 4C.

ADSC viability

Viability of ADSCs in 2D and 3D cultures at both 1% and
20% O2 was observed every 24 h for the time period of 4
days. In 2D at 20% O2, the % viability was 99% – 0.2%,
98% – 0.6%, 98% – 0.4%, and 98% – 0.3%, at 24, 48, 72, and

FIG. 2. Hypoxia marker progression. (A1–A6) shows marker progression in 2D at 1% O2 through 8, 12, 24, 48, 72, and 96 h,
respectively. In 3D, onset of marker signal was first observed at 4 h (B1) and the prevalence of the signal increased over time, as shown
in (B2–B7) corresponding to 8, 12, 24, 48, 72, and 96 h of culture, respectively. In 3D, signal was also observed in 20% O2. These images
(C1–C4) show marker progression at 24, 48, 72, and 96 h, respectively. Color images available online at www.liebertonline.com/tec
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96 h, respectively. At 1% O2 incubation, the % viability was
observed at 99% – 0.4%, 99% – 0.02%, 98% – 0.5%, and
98% – 0.3% at 24, 48, 72, and 96 h, respectively. For 3D cul-
tures in 20% O2, 99% – 0.4%, 99% – 0.3%, 98% – 0.6%, and
97% – 0.4% viability was observed at 24, 48, 72, and 96 h,
respectively. Finally, for 3D cultures in 1% O2, 99% – 0.2%,
98% – 0.4%, 97% – 0.3%, and 97% – 0.4% cell viability were
observed at 24, 48, 72, and 96 h, respectively.

Discussion

Immunostaining results in 2D at 20% O2 did not show any
staining for HIF-1a at any of the time points, which corre-
lates with our marker. At 1% O2, signal was only observed at
72 and 96 h, which also correlated well with our marker.
Interestingly in 3D, we observed immunostaining and hyp-
oxia marker signal (Fig. 2C1–C4) in both 1% and 20% O2. The
results in 20% oxygen show the impact of the PEG material
on oxygen diffusion. The immunostaining in 3D did not
correlate as well with our marker, as a lower percentage of
cells stained positive for HIF-1a (Figs. 1F and 3) than dis-
played the fluorescent marker signal under the same condi-
tions.

The discrepancy could be due to limited diffusion of the
primary and secondary antibodies through the scaffold.
Crosslinked PEG hydrogels formed from macromers of

molecular weight 10 kDa exhibit a mesh size of 7.78 nm.53

The hydrodynamic radius of our antibodies should be below
this size but the pore size is heterogeneous and diffusion
may have been impeded. Limitations in protein diffusion
were not observed in our western blotting experiments. The
protein quantity yield of 400,000 cells lysed in 2D culture was
equivalent to that obtained when lysates were collected from
gels containing 400,000 cells following 3D culture. Quantifi-
cation of HIF-1a by western blot displayed higher intensity
bands in 3D than 2D at 1% O2 at each of the time points (Fig.
4A). At 20% O2, there were no bands for HIF-1a in 2D at any
time points. Some HIF-1a was detected in 3D cultures (Fig.
4B). Figure 4C shows the %IOD fold difference in HIF-1a
protein expression. Detection of HIF-1a by immunocyto-
chemistry should not produce significantly different results
from detection by western blotting and the two matched up
quite well for 2D studies. The lack of correlation within the
scaffold highlights the utility of the HRE DsRed-DR marker
as it did not exhibit the same issues and matched the trend
seen with the western blot results.

The cellular response to HIF-1 is not homogeneous across
cell types, with degree of stabilization and upregulated tar-
get genes varying between and within tissues.54,55 In this
respect, the amount of HIF-1a does not necessarily correlate
with HIF-1 activity. If this was occurring with our ADSCs,
then a difference would be expected between the signal from

FIG. 4. Western blot for HIF-1a and b-actin. Results are shown for ADSCs cultured in 1% O2 (A) and 20% O2 (B). These
results are quantified in (C). ADSCs, adipose-derived stem cells; IOD, intensity optical density.

FIG. 3. Quantification of cells pos-
itive for marker signal. The graph
quantifies the percent positive cells
expressing hypoxia marker signal
in 2D and 3D conditions in both 1%
and 20% O2 conditions.
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the marker and both methods used to detect HIF-1a quantity
instead of just 3D immunocytochemical results.

Extended exposure to hypoxia can affect the viability of
cells. Our results showed that more than 95% of cells were
viable at 1% O2 in both 2D and 3D through 4 days of culture,
suggesting that the low oxygen environment triggered HIF-1
activity but not a large drop in viability. This could be ex-
plained by the low metabolic activity of ADSCs and that
stabilization of HIF-1a protects cells against necrosis helping
them to survive under acute or chronic hypoxia.56

As stated in the introduction, our goal was to establish
whether the HRE DsRed-DR marker virus could be used to
track HIF-1 activity in encapsulated ADSCs and whether
expression of the red fluorescent protein correlated with HIF-
1a detected by traditional methods. The marker measures
HIF activity rather than the amount of HIF-1a protein as
measured with western blotting and immunocytochemical
detection. A lag was expected between the stabilization of
the transcription factor and expression of the fluorescent
protein but it proved to be brief as the fluorescent signal was
observed as early as 4 h after exposure to hypoxic conditions.
Our results show that detection of the signal is certainly
possible and that image capture conditions can be estab-
lished that allow the observed signal to correlate with HIF-1a
levels. These image capture conditions did not lead to
background signal in cells when no HIF-1a was detected by
other methods. We can monitor HIF activity in the same
population of cells over time and this can be done in a 3D
culture environment without disruption of the scaffold.

The majority of cell culture studies have been performed
on 2D surfaces such as tissue culture plates/flasks because of
the ease, convenience, and high cell viability of 2D culture.
These traditional 2D cultures cannot be used to faithfully
mimic the microenvironment of the particular tissue of in-
terest. The combination of 3D scaffolds and living cells is
used to fill defect sites and support the transplanted cells.
The material(s) selected for the scaffold and how it is syn-
thesized influence the diffusion of oxygen and nutrients to
the cells and this is a major limitation in tissue engineering.43

Gradients of oxygen concentration can form within materials
and this will affect cellular differentiation or cell fate deci-
sions.57–59 This marker system was developed to identify
hypoxic signaling within these environments and to track
this response at a cellular level without the need to disrupt
the integrity of the scaffold or cells.

It is clear from previous studies that oxygen concentra-
tion and the cell response to the local oxygen tension are
important parameters to track when devising novel, stem
cell–based therapeutic systems. Our marker does not mea-
sure the oxygen concentration, but more importantly helps in
the identification of a cellular response at low oxygen con-
ditions. Several techniques have been applied to measure the
spatial distribution of oxygen within tissues using blood-
gas analyzers, dissolved oxygen probes, and fluorescent/
luminescent particles.48–50,60,61 These systems offer high lev-
els of sensitivity and specificity, but do not show how the
cells respond to their local oxygen environment. The marker
system described here can complement such techniques and
offers great potential as a tool to track biological responses in
tissue engineering studies.

Studies have shown that there may be a strong depen-
dence of cellular metabolic activity and oxygen consumption

rate on the scaffolding material and geometry, presumably
due to altered cell–material interactions in the scaffold.46,62

Therefore in the future, it would be interesting to evaluate
the effect on the prevalence and onset of the marker signal
within different scaffold materials for a range of cell densi-
ties. Due to the link between local oxygen levels and cell
behavior, these gradients can cause heterogeneous differen-
tiation of cells within tissue engineering scaffolds if steps are
not taken to address the creation of these gradients. Future
studies will take advantage of the versatility of our respon-
sive hypoxia marker to show dynamic correlations between
cell fate and function with oxygen concentration in en-
gineered tissues in 2D as well as 3D environments.
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