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Abstract
Human embryonic stem cells (hESCs) hold potential in the field of tissue engineering given their
capacity for both limitless self-renewal and differentiation to any adult cell type. However, several
limitations, including the ability to expand undifferentiated cells and efficiently direct
differentiation at scales needed for commercial cell production, prevent realizing the potential of
hESCs in tissue engineering. Numerous studies have illustrated that 3-D culture systems provide
microenvironmental cues that affect hESC pluripotency and differentiation fates, but little is
known about how 3-D culture affects cell expansion. Here we have used a 3-D microwell array to
model the differences in hESC growth kinetics and metabolism in 2-D vs. 3-D cultures. Our
results demonstrated that 3-D microwell culture reduced hESC size and proliferative capacity, and
impacted cell cycle dynamics, lengthening the G1 phase and shortening the G2/M phase of the cell
cycle. However, glucose and lactate metabolism were similar in 2-D and 3-D cultures. Elucidating
the effects of 3-D culture on growth and metabolism of hESCs may facilitate efforts for
developing integrated, scalable cell expansion and differentiation processes with these cells.

1. Introduction
Human embryonic stem cells (hESCs) are a promising source of cells for many cell-based
therapeutic or tissue engineering applications given their ability to undergo large-scale
expansion in the undifferentiated state as well as differentiation into any somatic cell type
[1, 2]. In order to address the challenge of developing systems to better control hESC
behavior, various 3-D culture systems have been utilized to enhance growth or
differentiation of these cells by better mimicking the 3-D nature of in vivo tissue
development than standard 2-D systems. For example, long-term maintenance of
pluripotency has been achieved in porous scaffolds consisting of alginate and chitosan [3],
while encapsulation of hESCs in calcium alginate microcapsules has been shown to promote
both pluripotency and differentiation to definitive endoderm [4]. Additionally, a porous
alginate scaffold enhanced proliferation, differentiation, and vasculogenesis during
embryoid body (EB) formation from hESCs [5]. Another encapsulation strategy utilizing
hyaluronic acid hydrogels was also able to maintain pluripotency as well as differentiation
capacity [6], and encapsulation of hESCs in poly-L-lysine-layered liquid core alginate beads
promoted cardiogenesis [7]. Finally, osteogenic differentiation of hESCs has been promoted
with 3-D nanofibrous scaffolds comprised of poly(l-lactic acid) [8], while hepatic
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differentiation and functionality has been enhanced using hollow fiber perfusion bioreactors
[9] as well as collagen scaffolds [10].

While these 3-D systems are excellent platforms for identifying factors that regulate hESC
fates, cell-based therapies or tissue engineering applications will require moving these
processes to much larger scales. For example, transplantation of β-islet cells for treatment of
diabetes will require on the order of 108 functional cells per transplant, and patients will
likely require multiple transplants [11]. Growth and metabolism of mouse and human ESCs
have been studied in various traditional bioreactor systems [12–15], but a thorough
understanding of the growth kinetics and metabolism of hESCs in these 3-D systems is
necessary in order to appropriately design such scalable processes. We have previously
developed a 3-D microwell confinement culture system that can promote long-term hESC
self-renewal [16] or subsequent EB-mediated differentiation to cardiomyocytes [17]. The
cuboidal microwells, with lateral dimensions of 50–500 μm/side and depths of 50–120 μm,
are patterned in polyurethane, and cell attachment outside of the wells is prevented by
formation of a protein-resistant self-assembled monolayer onto a thin layer of gold in areas
between the wells. In this study we have used this microwell system as a platform to model
differences in growth and metabolism in hESCs cultured in 2-D vs. 3-D systems. We found
significant differences in cell size, proliferative capacity, and cell cycle dynamics in the 3-D
microwells as compared to the 2-D substrates. These results provide potential targets for
studying pathways that promote self-renewal or prime hESCs for differentiation, and will
have implications on developing scalable 3-D hESC expansion and differentiation processes.

2. Materials and Methods
2.1 Microwell fabrication

Microwells were prepared as previously described [16]. Briefly, soft lithography was used to
pattern the wells in polyurethane using PDMS stamps. E-beam evaporation was then used to
coat the areas outside of the wells with a thin layer of gold. Finally, a tri(ethylene glycol)-
terminated alkanethiol self-assembled monolayer (EG3) was assembled on the gold surface.

2.2 hESC culture
H9 hESCs (passages 25–50) were cultured on tissue culture polystyrene (TCPS) 6-well
plates or in microwells. Both substrates were coated with growth factor reduced Matrigel
(BD Bioscience, Medford, MA) for 1 hour at 37°C. Unconditioned medium (UM/F-)
composed of DMEM/F12 (Invitrogen) containing 20% Knockout Serum Replacer
(Invitrogen), 1x MEM nonessential amino acids (Invitrogen), 1 mL L-glutamine (Sigma),
and 0.1 mM β-mercaptoethanol (Sigma) was conditioned on irradiated mouse embryonic
fibroblasts for 24 hours and supplemented with 4 ng/mL bFGF, resulting in the culture
medium CM/F+. Microwells were seeded with cells as previously described [16].

2.3 Growth kinetics
Beginning 14 hours after cells were seeded in microwells or on matrigel-coated TCPS
plates, triplicate samples were singularized using 0.25% trypsin-EDTA (Invitrogen) every
24 hours for 6 days. Cells were counted using a hemocytometer.

2.4 BrdU Incorporation Assay and Oct4 Analysis
Cells in microwells or on Matrigel-coated TCPS plates were pulsed with CM/F+ containing
20 μM bromodeoxuridine (BrdU, Invitrogen) for 20 min at 37°C. Following the pulse, cells
were singularized with 0.25% trypsin-EDTA and fixed and permeabilized in ice-cold 90%
methanol for 30 min. Cells were treated with PBS containing 2N HCl (Sigma) and 1%
Triton X-100 (Sigma) for 20 min at room temperature to denature DNA. After removal of
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the acid solution, samples were neutralized with 0.1M sodium tetraborate and rinsed twice
with FACS buffer (PBS with 2% FBS and 0.1% Triton X-100). Mouse anti-
bromodeoxiuridine (Invitrogen, 1:100) and rabbit anti-Oct4 (Santa Cruz 1:100) primary
antibodies were incubated overnight in FACS buffer. Following 2 washes, cells were
incubated with goat anti-mouse Alexa Fluor 633 and goat anti-rabbit Alexa Fluor 488 for 30
min at room temperature. After 2 washes, samples were analyzed on a FACSCaliber flow
cytometer (Becton Dickinson Immunocytometry Systems, BDIS) using CellQuest software.

2.5 Immunocytochemistry and Imaging
hESCs cultured in microwells or on Matrigel-coated glass coverslips were fixed in 4%
paraformaldehyde (EMS) for 20 min at room temperature. Samples were blocked and
permeabilized for 1 hour in blocking buffer, PBS (Invitrogen) containing 5% chick serum
(Invitrogen) and 0.2% Triton X-100 (Sigma). Goat anti-E-cadherin (1:100, R&D Systems)
primary antibody was incubated overnight at 4°C in blocking buffer, and after subsequent
washes in PBS cells were incubated in blocking buffer containing donkey anti-goat Alexa
Fluor 555 (1:500, Invitrogen) for 1 hour at room temperature. Following PBS washes,
samples were mounted on coverslips using ProLong Gold anti-fade reagent (Invitrogen) and
imaged using a Bio-Rad Radiance 2100 Multiphoton Rainbow microscope (Bio-Rad).

2.6 Cell Size Measurement
Cells growing in microwells or on Matrigel-coated TCPS plates were singularized using
0.25% trypsin-EDTA and treated with a 1:1 ratio of trypan blue (Invitrogen). Average cell
diameter of live cells was then measured using a Countess automated cell counter
(Invitrogen). Triplicate samples were analyzed for each condition.

2.7 Cell synchronization and propidium iodide assay
Cells cultured in microwells or on Matrigel-coated 6-well TCPS plates were synchronized
by treatment with 200 ng/mL nocodozole (Sigma) in CM/F+ for 18 hours at 37°C.
Following removal of nocodozole, cells were rinsed twice with PBS and once with CM/F+
before fresh CM/F+ was added and cells were returned to 37°C. At 0, 2, 4, 6, 8, 11, 14, 19,
and 24 hours following removal of nocodozole, triplicate samples were harvested using
0.25% trypsin-EDTA and fixed/permeabilized in 90% methanol. Cells were incubated
overnight in FACS buffer containing 1 mg/mL propidium iodide (PI, Invitrogen) at 4°C.
Samples were analyzed on a FACSCaliber flow cytometer (Becton Dickinson
Immunocytometry Systems, BDIS), and cell cycle distribution was determined using
ModFit LT software (Verity Software House, Inc.). PI analysis was also performed on
asynchronous cells that were harvested from microwells or matrigel-coated TCPS plates
every 24 hours for a 6 day culture period.

2.8 Glucose and Lactate Metabolism
Spent medium was collected from cells growing in microwells or on Matrigel-coated 6-well
TCPS plates every 24 hours for 6 days. Fresh medium samples were also collected at each
timepoint to determine the baseline glucose and lactate levels. Samples were centrifuged for
5 min at 1000 RPM to remove debris and stored at −80°C prior to analysis. Glucose and
lactate concentrations were measured using a YSI 2700 SELECT Biochemistry Analyzer
(YSI Life Sciences). The specific rate of glucose consumption (qGlucose) and lactate
production (qLactose) per cell were calculated using the following equation:

(1)
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Where qi is the specific molar consumption or production rate of metabolite i, ni is the
number of moles of metabolite i, X is cell number, and t is time.

2.9 Statistics
Data are presented as mean ± standard deviation (SD) of three biological replicates from one
of three representative experiments. P-values were determined using an unpaired Student’s
t-test.

3. Results
3.1 Effect of 3-D microwell culture on hESC growth kinetics and proliferative capacity

hESCs were cultured for 6 days in 2-D on Matrigel-coated 6-well tissue culture polystyrene
(TCPS) plates or in 3-D in arrays containing square microwells of three lateral sizes, 100,
300, and 500 μm, and a microwell depth of 120 μm. These three microwell arrays contained
5000, 600 and 225 wells for a total volume of 6, 6.5 and 6.75 mm3, respectively (Table 1).
Every 24 hours, cells were harvested for cell counts and bromodeoxiuridine (BrdU) uptake
assays to quantify proliferative capacity. After seeding we observed that the cells expanded
to fill the wells by day 2–3 in the 100 μm/side microwells and day 3–4 in the larger
microwells, though they remained proliferative beyond this point. Figure 1 shows total cell
number at each time point normalized to the initial cell number. Cell growth profiles were
similar for the first two days of culture, but at later timepoints all microwell sizes exhibited
less cell growth than the 2-D control, with the smallest microwell size, 100 μm/side,
showing the greatest reduction in expansion. While the 2-D controls achieved a 14.4-fold
increase in cell number by day 6, the fold changes in 100, 300, and 500 μm/side microwells
were 3.8, 8.3, and 7.9-fold, respectively.

To further evaluate proliferative capacity in 2-D and in 3-D microwell cultures, cells were
pulsed with the thymidine analog BrdU for 20 minutes prior to harvest, and flow cytometry
was used to determine the fraction of cells that had incorporated BrdU into their DNA in
that time period. This assay quantifies the fraction of cells in the S-phase of the cell cycle
during the BrdU pulse. As shown in Figure 2, all microwell sizes contained a lower
percentage of BrdU-positive cells than the 2-D control at each timepoint. To ensure that
these differences in proliferation were not the result of differences in pluripotency, the BrdU
flow samples were also labeled with an antibody against Oct4. All samples contained >97%
Oct4-positive cells at each time point in the culture (data not shown), indicating that
differences in proliferative capacity did not result from differential Oct4 expression.

3.2 Confinement of hESCs in 3-D microwells results in reduction of cell size
In addition to assessing growth kinetics, we evaluated cell size in the 2-D controls (Matrigel-
coated TCPS) and 3-D microwells. Immunolabeling of hESCs grown in 300 μm/side
microwells with an antibody against membrane protein E-cadherin showed qualitatively that
cell size in microwells decreased with increasing culture time and microwell occupancy, as
the number of cells per microwell increased (Figure 3A–C). To quantify differences in cell
size, cells were harvested from 2-D controls and 300 μm/side microwells at days 2, 4, and 6,
and average cell diameter was measured. Figure 3D shows that after just 2 days in culture,
cells grown in microwells already possessed a significantly smaller diameter than cells on 2-
D substrates, 13.9 ± 1.0 μm compared to 17.0 ± 0.5 μm. While the average cell diameter on
2-D substrates remained relatively constant over the 6 day culture period, the average cell
diameter in microwells continued to decrease, reaching 9.1 ± 0.15 μm at day 6. This
decrease in cell size in 3-D microwells as culture time increases explains how cells in
microwells can remain proliferative beyond the point at which they initially appear filled. At
day 6, average cell diameter in 100, 300, and 500 μm/side microwells was compared to see
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if microwell volume affected cell size, but statistically significant differences were not
observed (Figure 3E).

3.3 Evaluation of cell cycle dynamics
Given the differences we observed in growth kinetics and cell size in 2-D vs. 3-D systems,
we further evaluated cell cycle dynamics in these systems. First, we quantified the
distribution of cells in each phase of the cell cycle as a function of culture time in
asynchronous cell populations. Cells were cultured in 2-D (Matrigel-coated TCPS) or 3-D
microwells (100, 300 and 500 μm/side) for 6 days, and every 24 hours cells were harvested,
fixed, and incubated with propidium iodide (PI). Flow cytometry was then performed, and
ModFit LT software was used to determine the percentage of cells in G1, S, and G2/M
phases of the cell cycle (Figure 4). Both 2-D and 3-D cultures exhibited similar temporal
dynamics in cell cycle distribution. The fraction of cells in G1 increased with time in culture
and cell density (Figure 4B), and correspondingly the fraction of cells in G2/M decreased
(Figure 4C). While cells in all microwell sizes contained higher percentages of cells in G1
and lower percentages of cells in G2/M than cells in 2-D controls at early culture times,
these differences were not significant in most microwell sizes by day 5 and 6. The fraction
of cells in S phase determined by PI analysis (Figure 4D) confirmed the results obtained in
the BrdU incorporation assay (Figure 2), with cells cultured in microwells containing a
lower percentage of cells in S phase compared to 2-D controls.

In order to evaluate whether there were differences in the length of each stage of the cell
cycle in 2-D vs. 3-D, we arrested the cells at the G2/M transition using nocodozole and used
PI assays to analyze the movement of the synchronized cells through the cell cycle during
the 24 hour period following removal of nocodozole. As shown in Figure 5, hESCs in
microwells of all sizes spent more time in G1 and less time in G2 than hESCs cultured in 2-
D on matrigel-coated TCPS. The lag in cell division represented by the longer G2/M phase
in 2-D cultures could explain why cells in microwells exhibit similar growth kinetics to cells
growing on 2-D controls at early culture times (Figure 1) despite the lower percentage of
BrdU-positive cells in microwells (Figure 2). Taken together, these results demonstrate that
while general trends in the dynamics are similar, there are differences in lengths of specific
phases of the cell cycle in 2-D and 3-D.

3.4 Analysis of glucose and lactate metabolism
To determine whether changes in cell proliferation and cell cycle dynamics in 2-D and 3-D
cultures were linked to differences in metabolism, we performed metabolite analysis on 2-D
and 3-D cultures during cell expansion. Spent medium was removed from the cultures every
24 hours for 6 days, and the concentrations of glucose and lactate were quantified. These
measurements were then used to calculate the specific rate of glucose consumed (qGlucose)
and lactate produced (qLactate) per cell. Figure 6 shows that 2-D controls and all microwell
sizes exhibited the same qualitative trends, with qGlucose and qLactate both decreasing over
time. These results are consistent with the observed reduction in cell growth as time in
culture increased (Figure 1). The qLactate:qGlucose ratio remained in the range of 1.5 to 2.5
throughout the culture period in all conditions, though the 100 μm/side microwells exhibited
the highest qLactate:qGlucose ratio at later timepoints. These results demonstrate that
glucose and lactate metabolism follow similar patterns in 2-D and 3-D systems.

Discussion
In this study, we used a microwell array system to study the differences in hESC growth and
metabolism in 2-D and 3-D systems. Many 3-D systems have been reported to enhance
hESC expansion and/or differentiation to desired cell types [3–10]. However, significant
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scale-up of these processes will be necessary for any cell-based therapeutic application of
these cells. A better understanding of the effects of 3-D culture on growth kinetics of hESCs
is critical for effective design of these large-scale processes. Our results demonstrated that
hESCs cultured in 3-D microwells exhibit similar metabolic activity and lower proliferative
rates, which will need to be accounted for in 3-D cell culture process design. Given that
these experiments were all performed with the H9 hESC line, further validation will be
necessary to generalize these findings to additional hESC lines.

The 100 μm/side microwells become full by day 2–3 of culture while the 300 and 500 μm/
side microwells become full around day 3–4. As shown in Figure 1, all microwell sizes
exhibit similar growth kinetics to the 2-D control during the time period in which the
microwells are less dense, indicating that the differences observed in growth kinetics could
be due to cell-cell contact limitations once the cells reach a critical density. Despite the
similar growth kinetics prior to day 3–4, cells cultured in 2-D have a higher proliferative
capacity (Figure 2) as well as higher specific glucose and lactate production rates (Figure
6A,B) at these timepoints. As cell density increases in the 2-D cultures, the specific glucose
and lactate metabolism approaches the same values as in the 3-D microwell cultures.
Similarly, Figure 4B and C demonstrate that differences in relative distribution of cells in
the G1 vs. G2/M phases of the cell cycle in 2-D vs. 3D also decrease as culture time
increases. Taken together, these results suggest that the initial differences observed in
growth, metabolism and cell cycle distribution may result from varying levels of cell-cell
contact in the 2-D cultures as compared to the 3-D system at early timepoints. Previous
work using this microwell system has shown that the increase in cell-cell contacts in hESCs
cultured in 3-D vs. on 2-D substrates led to higher E-cadherin expression and subsequent
downregulation of canonical Wnt/β-catenin signaling in undifferentiated hESCs [18]. It is
likely that other juxtacrine pathways such as Notch, TGF-α. EGF, and connexin-mediated
gap junction signaling or paracrine pathways such as TGFβ/Activin/Nodal or retinoic acid
signaling also play a role in the effects of early differences in the relative amount
intercellular interactions on growth and metabolism of hESCs. 3-D culture in this microwell
system also affects cell size (Figure 3), and the mTOR pathway is linked to metabolism and
regulation of mammalian cell size and cell cycle progression [19, 20]. Recently this pathway
has also been implicated in regulating self-renewal and differentiation of hESCs [21], and
the effects of 3-D culture on mTOR signaling should be studied further in the future.

Recent studies have demonstrated that 3-D culture systems can promote differentiation and
patterning of complex epithelial tissues from ESCs [22, 23]. Embryoid bodies (EBs)
generated from hESCs cultured in our microwell system have previously been shown to
exhibit enhanced cardiogenesis as compared to EBs generated from cells cultured in 2-D on
Matrigel-coated TCPS [17]. Several other studies have also established a link between EB
size and differentiation trajectory in mouse and human ESCs [24–26]. However, while there
is an optimal microwell size for EB-based cardiogenesis in our system, EBs from all
microwell sizes outperform the control EBs, indicating that culturing the undifferentiated
hESCs in the microwell environment is somehow priming them for differentiation. Given
that cell cycle dynamics and metabolism play a role in determining cell fate, it is possible
that the differences between hESCs cultured in 2-D vs. 3-D microwells reported in this study
are linked to the differences in cell fate observed upon removing the cells from this
environment and initiating differentiation.

hESCs cultured in microwells remain Oct4-positive but decrease dramatically in size by day
6 of culture compared to cells on 2-D substrates (Figure 3). Cell size and cell cycle
progression are coordinated; cell size affects the G1/S transition since cells must reach a
certain size prior to initiation of DNA replication in mammalian cells [27, 28], while the G2/
M transition serves as a cell size checkpoint in yeast [29, 30], though this checkpoint has not
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been definitively shown to function in mammalian cells [31]. Cell cycle progression has
been shown to be regulated by cell size and shape via changes cytoskeletal tension [32].
Thus, smaller cell size may be linked to changes in the length of the G1 and G2 phases of
the cell cycle, and our results confirmed that hESCs cultured in microwells exhibit longer
G1 and shorter G2 phases than hESCs cultured in 2-D controls. Additionally, cyclin D1 is a
key regulator of the G1 to S transition in hESCs [33], and we have previously reported that
CCND1 gene expression is downregulated in hESCs grown in this microwell system as
compared to Matrigel-coated TCPS controls [18]. It is possible that the reduction in the
percentage of cells in S-phase in microwell-cultured hESCs is linked to CCND1 expression,
and this connection warrants further study. hESCs have an abbreviated G1 phase compared
to somatic cells [34], and differentiation of hESCs has been associated with lengthening of
the G1 phase [35, 36]. While the difference in G1 length in 2-D and 3-D microwells is
relatively small, it is possible that the slight lengthening in G1 is linked to the increased
differentiation capacity of these cells to certain lineages once the factors that promote self-
renewal are removed from the culture.

The use of physical confinement to control cell size and shape has previously been shown to
affect a variety of cell phenotypes, including proliferation, differentiation, and apoptosis
[37–39]. The effect of cell shape of lineage commitment of human mesenchymal stem cells
has been linked to modulation of cytoskeletal tension via the RhoA pathway [40]. Another
recent study utilized micropatterning techniques to regulate substrate geometry and the
resulting forces acting on cells to demonstrate that changes in geometry affect human adult
stem cell differentiation through differences in cytoskeletal tension [41]. Given the large
reduction in cell size in hESCs grown in 3-D microwells, it is likely that there are
differences in cytoskeletal arrangement in hESCs grown in 2-D vs. 3-D microwells. Thus,
further studies should be performed to evaluate the biophysical forces acting on hESCs via
microwell confinement the resulting effects on cytoskeletal tension and related pathways,
such as RhoA signaling.

Numerous cell phenotypes are also affected by metabolism. hESCs mostly utilize glycolysis
for energy production, but as the cells differentiate the primary mechanism of metabolism
switches from glycolysis to oxidative phosphorylation [42, 43]. During glycolysis, one
molecule of glucose is converted to two molecules of lactate. Thus, the ratio of the specific
molar production rate of lactate to the specific molar consumption rate of glucose can be
used to determine if cells are undergoing glycolysis. Our results showed that hESCs in both
2-D and 3-D had lactate:glucose ratios in the range of 1.5 to 2.5 throughout the 6 day culture
period, which is indicative of glycolysis. Interestingly, the highest lactate:glucose ratio was
observed in the 100 μm/side microwell size, which has previously been shown to promote
long-term self-renewal of hESCs [16]. Given that glycolysis is the dominant metabolic
pathway during hESC self-renewal, it is possible that engineering processes to control the
lactate:glucose ratio could have an impact on hESC self-renewal.

Conclusion
In this study, we compared hESC growth kinetics and metabolism in standard 2-D cultures
and a 3-D microwell culture platform. Our results demonstrated that 3-D confinement of
hESCs led to a reduction in cell size and proliferative capacity compared to 2-D culture. Cell
cycle dynamics were also affected, with microwell-cultured cells exhibiting longer G1 and
shorter G2 phases than cells in 2-D controls. However, glucose consumption and lactate
production were similar in the two systems. Many 3-D systems have been developed to
guide differentiation of hESCs to therapeutically relevant lineages. Understanding growth
and metabolism in 3-D will be informative in designing scalable processes to control hESC
fate.
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Figure 1. 3-D confinement affects growth kinetics of hESCs
hESCs were cultured in 3-D in 120 μm deep microwells or on 2-D substrates for 6 days.
Starting at 14 hours, cells were harvested and counted every 24 hours. Total cell number was
normalized to initial cell number and plotted at each timepoint. hESCs cultured in larger
microwells (300 and 500 μm/side) exhibited a reduction in cell growth after 82 hours in
culture, while this effect occurred earlier in the smallest microwell size (100 μm/side).
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Figure 2. hESCs cultured in microwells exhibit reduced proliferative capacity
Every 24 hours, cells on 2-D controls (Matrigel-coated TCPS) and in 100, 300, and 500 μm/
side microwells were pulsed with bromodeoxiuridine (BrdU) for 20 minutes. After BrdU
treatment, the cells were harvested and the percentage of BrdU-positive cells was
determined using flow cytometry. Microwell-cultured cells contained a lower percentage of
BrdU-positive cells than 2-D controls, indicating a reduction in proliferative capacity (*
indicates P<0.05 compared to same-day 2-D control).
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Figure 3. Confinement of hESCs in 3-D microwells leads to a reduction in cell size
Cells in 300 μm/side microwells were fixed and immunolabeled with an antibody against
membrane protein E-cadherin on day 2 (A), day 4 (B) and day 6 (C) of culture. The images
show qualitatively that cell size decreased with increasing culture time as the microwells
filled. At the same timepoints, cell diameter was measured in cells harvested from Matrigel-
coated TCPS 2-D controls and 300 μm/side microwells (D). While cell diameter remained
unchanged in the 2-D controls, hESCs cultured in microwells were smaller than those in 2-D
controls by day 2, and cell diameter continued to decrease over time. Cell diameter was also
compared in three microwell sizes (100, 300, and 500 μm/side) and there were no
statistically significant differences in cell diameter between microwell sizes (E) (* indicates
P<0.05 compared to same-day 2-D control).
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Figure 4. Cell cycle distribution varies with culture time
hESCs were cultured on 2-D controls (Matrigel-coated TCPS) and in 100, 300, or 500 μm/
side microwells for 6 days. Every 24 hours cells were harvested, fixed, and staining with
propidium iodide (PI). Flow cytometry was used to evaluate PI intensity, and the data was
entered into ModFit software to analyze the fraction of cells in each phase of the cell cycle.
A sample histogram of fitted data is shown in panel (A). The percentage of cells in the G1
(B), G2/M (C), and S (D) phases of the cell cycle was plotted at each timepoint. As culture
time increased, the relative percentage of cells in G1 increased while the relative percentage
of cells in G2/M decreased. Differences in G1 and G2/M percentages between cells in 2-D
and microwells were more pronounced at earlier culture times (* indicates P<0.05 compared
to same-day 2-D control).
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Figure 5. Cells cultured in microwells exhibit lengthened G1 and shortened G2/M phases of the
cell cycle
Cells cultured on 2-D Matrigel-coated TCPS controls and in 100, 300, and 500 μm/side
microwells were synchronized with nocodozole. Following removal of the nocodozole, PI
labeling and ModFit analysis were used to determine the distribution of cells in each phase
of the cell cycle. Sample histograms from the 2-D and 300 μm/side microwell conditions at
14 hours following removal of nocodozole showed qualitative differences in cell cycle
distribution (A). Percent of cells in G1 (B), S (C) and G2/M (D) were plotted at various
timepoints over 24 hours. Cells in microwells spent longer in G1 than 2-D controls, but they
also remained in G2/M for less time, so by 24 hours the cell cycle distribution was similar in
all populations.
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Figure 6. Analysis of glucose and lactate metabolism in hESCs cultured in 2-D vs. 3-D
Cells were cultured on 2-D Matrigel-coated TCPS or in 100, 300, and 500 μm/side
microwells for 6 days. Every 24 hours, the culture media was removed and the levels of
glucose and lactate were measured. The rate of glucose consumption per cell (A) and the
rate of lactate production per cell (B) both decreased with increasing culture time in all
systems. The ratio of lactate production to glucose consumption remained in the range of 1.5
to 2.5 throughout the culture, with the 100 μm/side microwells exhibiting the highest
qLactate:qGlucose ratios as culture time increased (C) (* indicates P<0.05 compared to
same-day 2-D control).
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Table 1

Microwell Properties

Microwell Size Number of Wells Total Volume (mm^3)

100×100×120 5000 6.00

300×300×120 600 6.50

500×500×120 225 6.75
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