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Abstract
The in vivo cellular microenvironment is regulated by a complex interplay of soluble factors and
signaling molecules secreted by cells and it plays a critical role in the growth and development of
normal and diseased tissues. In vitro systems that can recapitulate the microenvironment at the
cellular level are needed to investigate the influence of autocrine signaling and extracellular matrix
effects on tissue homeostasis, regeneration, and disease development and progression. In this
study we report the use of microbubble technology as a means to culture cells in a controlled
microenvironment in which cells can influence their function through autocrine signaling.
Microbubbles (MB) are small spherical cavities about 100–300 µm in diameter formed in
hydrophobic polymer polydimethylsiloxane (PDMS) with ~60–100 µm circular openings and
aspect ratio ~3.5. We demonstrate that the unique architecture of the microbubble compartment is
advantaged for cell culture using HaCaT cells, an immortalized keratinocyte cell line. We observe
that HaCaT cells, seeded in microbubbles (15–20 cells / MB) and cultured under standard
conditions, adopt a compact 3-D spheroidal morphology. Within 2–3 days, the cells transition to a
sheeting morphology. Through experimentation and simulation we show that this transition in
morphology is due to the unique architecture of the microbubble compartment which enables cells
to condition their local microenvironment. The small media volume per cell and the development
of shallow concentration gradients allow factors secreted by the cells to rise to bioactive levels.
The kinetics of the morphology transition depends on the number of cells seeded per microbubble;
higher cell seeding induces a more rapid transition. HaCaT cells seeded onto PDMS cured in 96-
well plates also form compact spheroids but they do not transition to a sheeting morphology even
after several weeks of culture. The importance of soluble factor accumulation in driving this
morphology transition in microbubbles is supported by the observation that spheroids do not form
when cells - seeded into microbubbles or onto PDMS cured in 96 well plates - are cultured in
media conditioned by HaCaT cells grown in standard tissue culture plate. We observed that the
addition of TGF-β1 to the growth media induced cells to proliferate in a sheeting morphology
from the onset both on PDMS cured in 96-well plates and in microbubbles. TGF-β1 is a
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morphogen known to regulate epithelial-to-mesenchymal transition (EMT). Studies of the role of
Ca2+ concentration and changes in Ecadherin expression additionally support an EMT-like HaCaT
morphology transition. These findings taken together validate the microbubble compartment as a
unique cell culture platform that can potentially transform investigative studies in cell biology and
in particular the tumor microenvironment. Targeting the tumor microenvironment is an emerging
area of anti-cancer therapy.
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1. Introduction
One of the primary determining factors of the activity of a cell in the human body is the
cellular microenvironment, which is a complex network of proteins and signaling molecules
that are crucial in the regulation of intercellular communications amongst different cell
types. Microenvironmental cues impact the ability of cells to adapt to the local environment.
They influence cell morphology [1–3] and have been inextricably linked to several
physiological functions such as normal organ development [4] and stem cell maintenance
[5]. Microenvironmental cues also drive pathologic conditions. In cancer, the tumor
microenvironment is characterized by intercellular interactions (i.e. cell-cell and cell-
extracellular matrix (ECM) contacts), the chemical environment (i.e., soluble factors
secreted by the cells and the dynamics of nutrient and waste flux) and the mechanical
aspects of the local geometry [6, 7]. The tumor microenvironment has been shown to
dramatically influence the course of tumor progression [8], metastasis [9–11] and generation
of tumor initiating cells [12]. Thus, clarifying all the aspects of cell microenvironment is
essential for understanding tissue regeneration and developing new therapeutic approaches
for fighting disease [12, 13].

Studying the cellular microenvironment and its role in vitro has been challenging due to a
lack of tools that can independently manipulate the components and properties of the
microenvironment at the cellular level. The use of standard tissue culture to understand the
role of the cellular microenvironment in cancer, angiogenesis and other important
physiological processes has been limited by the loss of cellular in vivo responses and
functions in the in vitro setting [14]. Over the past decade application of microfabrication to
develop cell culture platforms employing biocompatible polymers has been seen as an
approach to overcome these limitations [15–17]. Many methods involve the usage of printed
arrays composed of ECM proteins and other morphogens [18, 19]. The major issue with
these technologies is that they take into account only the insoluble component of the
microenvironment and do not include the soluble factors that are secreted by the cells. This
can be overcome by the use of micro-bioreactor arrays perfused with controlled culture
media [20] but these systems require the use of highly complicated and expensive
experimental setups for maintaining the flow parameters. Thus, there is an unmet need for a
simple yet inexpensive platform that allows for control of the insoluble extracellular matrix
and enables cells to condition the microenvironment through secretion of soluble factors.

In this study we show that microbubble arrays fabricated in polydimethylsiloxane (PDMS)
can be used as a cell culture platform with a controlled microenvironment in which seeded
cells secrete soluble factors to influence their function. PDMS is a common silicone based
elastomer whose properties include chemical inertness, biocompatibility, high gas
permeability, transparency, and high fidelity molding. Due to these characteristics, PDMS
has been used in a variety of microfluidic devices for biological studies [21, 22] and for cell
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culture [23]. PDMS microbubble technology uniquely incorporates the established benefits
of microfabrication including cost-effective scalability (microbubble size and density per
chip), arrayed format, and microfluidic integration combined with the advantages of
customizable surface chemistry, and a high radius of curvature which we exploit for cell
culture studies. As previously described [24, 25], spherical microbubble compartments
(typically 100–300 µm in diameter) are formed by the gas expansion molding (GEM)
technique that requires a deep reactive ion etched (DRIE) silicon wafer mold, a hydrophobic
coating, and a rapid thermal cure. Previous results suggested that the formation of these
bubbular compartments is a uniform and controlled process [25].

In this work we explore potential advantages of the unique microbubble geometry to enable
studies of how cells interact with and condition their 3D microenvironment. Microbubbles
are formed in PDMS which is a low surface energy substrate that is not conducive to cell
adhesion. Hydrophobic surfaces are often used to generate multicellular spheroids [26, 27]
for studying cancer processes such as the epithelial-mesenchymal-transition (EMT); a
process whereby a polarized epithelial cell transitions to migratory mesenchymal phenotype.
EMT is a critical step, highly regulated by the tumor microenvironment that imparts
migratory potential to cancer cells necessary for metastasis [28–32]. We hypothesize that the
microbubble well is uniquely suited to study the EMT process due to the low media volume
per cell ratio which will allow cells to condition their microenvironment through autocrine
signaling. This work will demonstrate microbubble technology to be a useful in vitro tool to
study 3D interactions and the tissue microenvironment to elucidate important physical and
soluble factors that regulate normal and diseased tissue development.

2. Materials and Methods
2.1 PDMS microbubble fabrication and casting PDMS in 96 well plates

To develop microbubble arrays in PDMS as a versatile cell culture platform we designed a
silicon wafer mold layout using AutoCAD LT 2008 (Autodesk Inc., USA) that had 100 µm
diameter circular shaped openings spaced 400 µm apart in 10×10 arrays. The silicon wafer
was etched to 150 µm depth using the Bosch deep reactive ion etch (DRIE) process (Plasma
Therm 770, MEMS and Nanotechnology Exchange LLC, Reston, Virginia). The DRIE
silicon wafer was received after the Bosch process with the resist layer intact. This wafer
was used directly to mold PDMS microbubble arrays with Dow Corning’s Sylgard® 184
silicone elastomer kit in a 10:1 base to curing agent ratio (w/w). The pre-polymer
components were manually mixed with a pipette tip in a 50 mL tube for 30 seconds and
poured onto the silicon wafer mold. The mixture was allowed to self-level for 30 minutes at
room temperature, and then rapidly cured at 100 °C for 2 hours. The cured polymer with
formed microbubbles is then peeled carefully and cut into small chips (1 cm × 0.5 cm) and
used in cell culture experiments. Typical chip thickness is 1 mm and each chip contained
200 microbubble wells.

For studies performed in PDMS-cured 96-well plates, 50 µL of the PDMS pre-polymer was
pipetted into each well and allowed to settle at room temperature for 30 min. The plates
were then cured at 40 °C for 4 hours. This lower curing temperature was used to ensure that
the tissue culture plate remained unchanged by the curing process. PDMS cured in 96-well
plate will be termed planar PDMS in the rest of this paper.

2.2 Cell line and cell culture
All experiments were conducted with HaCaT cells, an immortalized human keratinocyte cell
line, cultured at 37°C with 5% CO2 in Dulbecco's Modified Eagle Medium (DMEM) (Gibco
11995-060, Invitrogen Corp., USA) supplemented with 5% heat inactivated Fetal Bovine
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Serum (Gibco 10082-147, Invitrogen Corp., USA) and 1% Penicillin/Streptomycin (PS)
(Gibco 15140-122, Invitrogen Corp., USA). All microbubble cell seeding protocols
described below were conducted in a hepafiltered tissue culture hood (SterilGARD III
Advance, The Baker Company).

For cell culture experiments using PDMS microbubble arrays, small chips containing
microbubbles, were rinsed with ethanol and distilled water and blown dry with nitrogen.
Microbubble chips were placed in standard 24 well tissue culture plates (TCP) for cell
culture experiments. To keep the chips adhered to the plate and submerged in the media
during cell culture, the bottom side of the chips (opposite to the side with the microbubbles)
was rendered hydrophilic by treating with atmospheric air plasma (March Plasmod GCM
200) for 10 min at 20 W. Once a chip was placed in the 24 well TCP, the top side of the chip
was blocked with 50 µL of 1% bovine serum albumin (BSA, Hyclone SH30574.01, Thermo
Scientific, USA) for 10 min. To replace the air trapped inside the microbubbles with cell
culture media, we utilized the Vacuum-Assisted Coating (VAC) technique previously
described [25]. Briefly, 40 µL of sterile 1x PBS was pipetted onto the BSA blocked chips
and the TCP with microbubble chips was placed in a desktop vacuum chamber for 30 min.
Application of negative pressure (−690 mm Hg relative to atmospheric pressure) depletes
the air trapped in the microbubbles allowing PBS to enter the microbubbles. A reagent
exchange process was used to replace the PBS with cell culture media by removing most of
the PBS with a pipette - being careful not to deprime the microbubbles - and replacing it
with 50 µL of cell culture media. For seeding cells into the microbubble, HaCaT cells grown
to confluence in T-25 TCP were trypsinized and centrifuged at 1000xg for 10 min and re-
suspended in 2 mL of cell culture media. This cell solution (50 µL) was applied to the chip
(A=0.5 cm2) for 15 min at a seeding density of 2 × 104 cells / cm2, unless specified
otherwise. This protocol seeds about 20 cells per microbubble. After seeding, the cell
solution was removed and the chip was rinsed twice by placing and removing 50 µL of
media on the chip. This step was done to remove cells that may have deposited onto the
planar surface of the microbubble chip. The chips were carefully transferred with forceps
into a different well in a 24-well TCP filled with 1 mL of media. The 24-well plate
containing the microbubble chips seeded with cells was then incubated at 37°C and 5%
CO2. Culture media was changed every four days. For cell culture on planar PDMS, 100 µL
of cell solution was pipetted into each well in a 96-well plate (A=0.32 cm2) cured with
PDMS at a seeding density of 2 × 104 cells / cm2.

2.3 Varying the number of cells per microbubble
To determine the effect of the number of cells per microbubble on the kinetics of HaCaT
morphology transition we varied the cell seeding concentration and the incubation time
independently in the above mentioned microbubble cell seeding protocol. In one approach,
the incubation time was kept constant at 15 min, while the concentration of cells in the stock
solution was varied. We studied four different seeding densities (0.5, 1, 2 and 4 × 104 cells /
cm2). In a second approach, the seeding concentration was kept constant at 2 × 104 cells /
cm2 while the incubation time was varied (2, 5, 10 and 15 min).

2.4 Cell viability staining, fluorescence and multiphoton microscopy
To assess the viability of HaCaT cells cultured in microbubbles and on planar PDMS,
staining experiments were performed using calcein-AM and propidium iodide (PI) at 1.0
µM and 1.5 µM, respectively. For cells cultured in microbubbles, chips submerged in
culture media were taken out from the 24-well plate, excess media was removed and
incubated in the dark with 50 µL of 1× PBS containing calcein-AM and PI for 30 min. After
incubation, the chips were washed twice with 1× PBS to remove any excess dye that might
hinder fluorescent observation. Chips were immediately imaged or stored in 1% BSA in
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1xPBS. For cells cultured on planar PDMS, media was carefully removed from the 96-well
plate to minimize loss of non-adherent cells. Then 100 µL of fresh media containing calcein-
AM and PI was added, the plate was incubated in the dark for 30 min, and imaged using a
fluorescent microscope. Wash steps were not utilized to limit loss of non-adherent cells.
Fluorescent images were taken using a fluorescent microscope (Olympus IX70 with Q-
Imaging Regita EXi camera and mercury lamp excitation).

In addition to 2D fluorescent images, multiphoton microscopy was used to produce 3D
renderings of the cells growing in microbubbles. This was particularly useful to observe the
morphological changes that the cells underwent when grown in microbubbles. Multiphoton
microscopy has the capability to collect images hundreds of micrometers into biological
samples and is ideally suited for imaging cells in microbubbles. Multiphoton images were
captured using a multiphoton microscope (Olympus Fluo-view FV 1000 AOM-MPM) with
band pass filters 519/26nm (OPI#08) for calcein-AM and 565/40nm (OPI#11) for propidium
iodide.

2.5 COMSOL simulation study
Two dimensional mass transport simulations were conducted using the chemical engineering
module of COMSOL Multiphysics (COMSOL, USA) to investigate the effect of the well
aspect ratio on the diffusion of soluble factors secreted by a cell cultured in microbubbles
and rectilinear wells. We simulated the diffusion of a soluble factor secreted by a
hypothetical 10 µm cell (source) placed at the bottom of a well. Specifically, we investigated
differences in the concentration profiles between microbubbles and rectilinear wells as a
function of well geometry. In all cases, microbubble and rectilinear wells simulated had a
constant opening diameter of 100 µm. The rectilinear well depth and the microbubble
diameter were varied between 50 to 2000 µm. This corresponds to varying the aspect ratio
(depth to opening diameter) from 0.5 to 20. The initial boundary conditions were set at the
cell source (c = 1 nM) and all the walls (c = 0 nM). As a model secreted factor, we simulated
epidermal growth factor (EGF) whose free diffusion coefficient in media (D = 16.6 × 10−7

cm2 / s) was determined by others [33]. The diffusion equation was solved to determine the
concentration as a function of time until steady state was reached.

2.6 Effects of conditioned media, TGF-β1 and calcium on HaCaT morphology
To investigate the effect of soluble factor accumulation we studied the morphology of
HaCaT cells cultured under different media conditions in both microbubbles and on planar
PDMS. We compared the morphology of HaCaTs cultured in (1) normal media (DMEM
with 5% FBS and 1% PS, referred to as DMEM for simplicity), (2) media conditioned by
HaCaT cells cultured in TCP termed as conditioned DMEM, (3) DMEM with 10 ng/mL of
TGF-β1 and (4) calcium-free DMEM (Gibco 21068, Invitrogen Corp., USA).

Conditioned media was obtained from HaCaT cells cultured in a T-25 flask. When cells
were 70–80% confluent, media was exchanged and after an overnight incubation the
conditioned media was collected and used in a dilution series with normal DMEM. Cells
were seeded onto planar PDMS varying the ratio of conditioned DMEM to DMEM ranging
from 0 to 100%. The effect of conditioned media (100%) was also tested on cells cultured in
microbubbles.

As described previously, many studies indicate that HaCaT cells actively secrete TGF-β1
into the culture media and TGF-β1 is known to repress E-Cadherin expression in
keratinocytes and increase their migratory potential [32]. This suggests that TGF-β1 may be
a factor contributing to the HaCaT morphology transition in microbubbles. To test this we
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added 10 ng/mL [34] of human TGF- β1 (100-B-001, R&D Systems Inc.) to DMEM and
observed the effect on the morphology of HaCaTs on planar PDMS and in microbubbles.

Another factor that we investigated was the influence of the calcium level in the culture
media. Calcium is an important secondary messenger in many signaling pathways [35] and
is required to form cell-cell adhesions through E-cadherin binding [36]. Hence, we
investigated the morphology of HaCaTs on planar PDMS and microbubbles when cultured
in calcium-free DMEM.

2.7 E-cadherin expression study
To test whether the change in morphology of HaCaT cells cultured in microbubbles is
related to EMT, we investigated the expression of E-cadherin. Briefly, microbubble chips
placed in 24 well TCP were transferred into wells containing 1× PBS. They were incubated
in wells containing fixative containing Triton ×100 for 20 minutes. The chips were then
transferred to 60 mm tissue culture plates and blocked with 1% BSA (Hyclone SH30574.01,
Thermo Scientific, USA) for 30 minutes to prevent any nonspecific adsorption of the
antibodies against E-Cadherin. After removing the BSA solution, 100µL of 1:500 dilution of
FITC conjugated E-Cadherin (Anti-human CD324, Biolegend 324103) in a staining buffer
composed of 1% BSA, 0.1% Sodium Azide in 1× PBS was pipetted onto the top of the chip.
The tissue culture plate was incubated for 60 minutes in the dark. Then, the excess antibody
solution was removed and the chip rinsed twice with 1× PBS. The chip was stored in 1%
BSA and imaged using a fluorescent microscope (Olympus IX70 with Q-Imaging Regita
EXi camera and mercury lamp excitation).

2.8 Statistical Analysis
All data and images reported are the results from a minimum of 3 experimental trials.
Unpaired Student’s t tests were performed to evaluate for statistical significance.

3. Results
3.1 Morphology of HaCaT cells on TCP, planar PDMS and in microbubbles

HaCaT cells were seeded at a density of 2 × 104 cells / cm2 on TCP, planar PDMS, and in
microbubbles as described in Section 2.2. Results indicated that HaCaT cells propagate as a
monolayer on TCP (Fig. 1A), however, on planar hydrophobic PDMS, they migrate to form
a single compact spheroid by the end of 24 hours (Fig. 1B). Plasma treated TCP is
hydrophilic which favors cell adhesion and spreading whereas PDMS is a hydrophobic
elastomer [37] that hinders HaCaT adhesion, causing cells to adopt a 3D spheroid
morphology. Cell viability staining of HaCaT cells cultured on planar hydrophobic PDMS
indicated a live cell periphery and dead cell core for a spheroid size ~300 µm diameter (Fig.
1C) as expected [38]. Interestingly, HaCaT cells seeded in microbubbles (Fig. 1D) also
formed spheroids by the end of 24 hours (Fig. 1E). If PDMS microbubbles were pretreated
with atmospheric plasma, then HaCaT cells tend to adopt a sheeting morphology from the
onset (Supplementary Fig. 1S). We observed that seeding 10–15 cells per 250 µm diameter
microbubble (~8 nL) formed a spheroid ~60µm in diameter after 24 hours. Interestingly, by
the end of ~72 hours a fascinating transition to a sheeting morphology occurred (Fig. 1F).
Within a few days HaCaT cells formed an epithelial sheet covering the internal surface area
of the microbubble. Multiphoton microscope images (Fig.2) and movies (Supplementary M1
and M2) of the distinct morphologies are shown on two different microbubbles from top (I)
and side (II) at the end of 24 hours (Figs. 2A, C) and 96 hours (Figs. 2B, D). By the end of
96 hours HaCaT cells uniformly sheet along the surface of microbubble. Cells were stained
with live/dead markers, Calcein-AM and PI, and results indicate that, unlike spheroids on
planar PDMS which were about 250 µm in diameter, all the cells were alive in a 60 µm
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HaCaT spheroid in the microbubble. It is interesting to note that the spheroid to sheeting
morphology transition did not occur when cells were cultured on planar PDMS even with
prolonged culture up to 6 days after which spheroids appear necrotic (Supplementary Fig.
2S). To rule out any possible conditioning of the PDMS substrate by the media (serum
protein deposition etc.) that could lead to sheeting of cells, we incubated planar PDMS and
microbubbles with cell culture media for 72h and then seeded HaCaT cells. Results
indicated that media incubation did not alter spheroid formation (Supplementary Fig. 3S).
Hence, we attribute the ability of HaCaT cells to undergo morphology change in
microbubbles and not on planar PDMS in a 96 well to the accumulation of soluble factors
secreted by the cells that rise to bioactive levels effecting cell function. In the rest of this
paper, we discuss the factors that regulate this change in morphology.

3.2 Effect of cell number per microbubble on kinetics of HaCaT morphology transition
To investigate the HaCaT spheroid to sheeting transition, we tested the effect of the number
of cells seeded in the microbubble. We hypothesized that increasing the number of cells per
microbubble would decrease the time to accumulate soluble factor at bioactive levels
thereby impacting the kinetics of the morphology transition. As described in Section 2.3, we
used two different approaches to vary the number of cells per microbubble. A summary of
seeding results for the two different approaches are given in Figs. 3A, B. As expected, the
number of cells per microbubble increases with increasing seeding density for a fixed
incubation time ranging on average between 5 and 25 cells (Fig. 3A). The number of cells
per microbubble also increases with increasing incubation time for a fixed seeding density
ranging on average between 2 to 15 cells (Fig. 3B). To investigate the kinetics of the
morphology transition, we seeded microbubble arrays with varying number of cells by both
methods and monitored the percentage of microbubbles (n=114) showing spheroid or
sheeting morphology at different time points (Figs. 3C, D). Interestingly, results indicated
foremost that there is a lower limit to the number of cells per microbubble (~8 nL) required
for cell survival and spheroid formation. For low seeding densities (0.5 and 1 × 104 cells /
cm2 or an average of 5 and 8 cells per microbubble, respectively) and/or shorter incubation
times (2 and 5 min or an average of 2 and 5 cells per microbubble, respectively), cells did
not form spheroids. By the end of 24 hours it appeared that most cells failed to thrive and
eventually died. Robust cell survival and proliferation repeatedly occurred with 10 or more
cells seeded per microbubble (~8 nL). This suggests that for cell survival in a hydrophobic
microbubble the media volume/cell ratio must be approximately 1 nL/cell or less. However,
if the microbubble was rendered hydrophilic by plasma oxidation a single cell was able to
survive and proliferate inside this microbubble adopting a sheeting morphology
(Supplementary Fig. 4S). Kinetic studies suggest that spheroid formation and the subsequent
transition to sheeting morphology is a phenomenon that only occurs in hydrophobic
microbubbles at higher seeding densities (10–25 cells per microbubble) and that the initial
formation of spheroids and the time required to transition to a sheeting morphology depends
on cell seeding density. Complete transition to sheeting morphology occurred within 48
hours after seeding ~25 cells per microbubble, whereas at intermediate seeding densities
(~13 cells per microbubble) the transition was only ~20% complete within 48 hours (Fig. 3).
These observations suggest that the ability of secreted soluble factor to rise to bioactive
levels critically depends on the media volume to cell ratio.

3.3 Simulations of cell secreted soluble factor accumulation in microbubble
To gain further insight into the unique microbubble architecture for cell culture we
conducted 2D mass transport simulations using COMSOL Multiphysics to quantify the
diffusion of a soluble factor secreted by a hypothetical 10 µm cell (source) placed at the
bottom of both rectilinear and microbubble wells with varying aspect ratios. These
simulations provide insight into the physical mechanism that confers microbubbles with a
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significant functional advantage of over rectilinear wells of similar size. At equilibrium, the
concentration profiles at the well openings, vertically through the wells, and the integrated
concentration in the wells were examined. Results showed a general trend that the vertical
concentration profiles are steep for rectilinear wells and shallow for microbubbles (Fig. 4A).
For wells with aspect ratio <1 both rectilinear and microbubble structures readily leak
soluble factor out of the well (Figs. 4 B,C). For wells with aspect ratio >1 the concentration
gradient in rectilinear wells is steep which results in depletion of secreted factor at the well
opening (Fig. 4D). In contrast, the architecture of the microbubble and its increased volume
produces a shallower concentration gradient that allows for accumulation of soluble factor
within and at the microbubble opening (Fig. 4E). The aspect ratio of microbubbles used in
our experimental studies is ~3 for which we estimate a ~4X higher concentration of soluble
factor within the microbubble compared to a rectilinear well of an equivalent aspect ratio
(Supplementary Fig. 5S). In summary, these simulations suggest that the microbubble
architecture is less prone to suffer from vertical diffusion limitations known to occur in high
aspect ratio rectilinear wells [39] limiting their use for cell culture. The ability to
successfully proliferate cells in microbubbles with aspect ratio ~3 suggests sufficient
nutrient and waste exchange occurs through the microbubble opening.

3.4 Effects of conditioned media on HaCaT morphology
To provide further evidence that cells in microbubbles secrete soluble factors that can
influence their function, we investigated the effect of seeding HaCaT cells in microbubbles
and on planar PDMS using conditioned media. Conditioned DMEM was harvested as
described in Section 2.6, and serially diluted with normal DMEM (0–100%). As mentioned
above, HaCaT cells cultured on planar PDMS form compact spheroids but they do not
transition to a sheeting morphology. However, when HaCaT cells are cultured on planar
PDMS with increasing amounts of conditioned DMEM a sheeting morphology results (Fig.
5). Bright-field images (Figs. 5A, B and C) and corresponding fluorescence images (Figs.
5D, E and F) are shown for HaCaT cells cultured in 100% DMEM (Fig. 5I), 50% DMEM –
50% conditioned DMEM (Fig. 5II) and 100% conditioned DMEM (Fig. 5III). Other ratios
of conditioned media are shown in Supplementary Fig. 6S. We observed that both the size
and the number of spheroids decreases with increasing conditioned media concentration
(Supplementary Fig. 7S). Live/dead staining also indicated a spheroid size threshold of >50–
100 microns diameter for the presence of a necrotic center (Supplementary Fig. 6S). Striking
differences in colony morphology can also be seen for cells seeded in microbubbles and
cultured in 100% conditioned media (Fig. 6). At the end of 24 hours cells cultured in 100%
DMEM (Fig. 6 panel I) formed spheroids on both planar PDMS (Fig. 6A) and in
microbubbles (Fig. 6E) as opposed to 100% conditioned DMEM (Fig. 6 panel II) where
sheeting is immediately adopted on both planar PDMS and in microbubbles (Figs. 6B, F).
These findings further support soluble factors present in conditioned DMEM impact colony
morphology.

3.5 Effects of TGF-β and calcium on HaCaT morphology
To investigate the identity of soluble factors that may influence HaCaT colony morphology
we considered both TGF-β1 and calcium. TGF-β1 is a protein known to regulate cell
proliferation, growth, differentiation and motility as well as to promote cells to synthesis and
deposit extracellular matrix which are important factors in the EMT process [29, 40].
Calcium is a key driver of keratinocyte differentiation and is required for E-cadherin
function [41]. We observed that when cells were cultured in DMEM with 10 ng/mL of TGF-
β1 (Fig. 6 panel III) a sheeting morphology was immediately adopted on planar PDMS
(Fig. 6C) and in microbubbles (Fig. 6G). Interestingly, when HaCaT cells were cultured in
calcium-free DMEM (Fig. 6 panel IV), they were unable to form a single tightly packed
spheroid; instead they largely remained as a greater number of small spheroids on planar
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PDMS (Fig. 6D) and as individual cells in microbubbles (Fig. 6H) These results suggest that
calcium is required for compact spheroid formation presumably through the formation of
cell-cell junctions and that the change in spheroid to sheeting morphology can be brought
about by secretion TGF-β1 which is consistent with previous studies [31, 32, 42, 43].

3.6 Dependence of E-cadherin expression on HaCaT morphology transition
To support the above findings we investigated the expression of E-cadherin which is a
calcium dependent key regulator of cell-cell junction in keratinocytes. The inability of
HaCaT cells to form spheroids on planar PDMS and microbubbles in the absence of calcium
suggests a loss of cell-cell adhesion [44]. Loss of cell-cell contacts and E-cadherin
expression are important hallmarks associated with EMT in cancer metastasis regulated by
the tumor microenvironment [45]. Figure 7 shows representative bright- field and
fluorescence images for E-cadherin staining of HaCaT cells in a single microbubble as a
function of time. Cells were observed to be in a compact spheroid by the end of 24 hours
(Fig. 7A) and in a sheeting morphology by the end of 96 hours (Fig. 7B). The corresponding
fluorescence images of HaCaT cells stained with FITC conjugated anti-cadherin-E antibody
show a strong E-cadherin cortical staining for HaCaT spheroids (Fig. 7C) as opposed to a
weak and diffuse staining for E-cadherin exhibited by HaCaT cells in sheeting morphology
(Fig. 7D). These data suggest that the morphology transition of HaCaT cells in microbubbles
is EMT-like and accompanied by a decrease of E-cadherin expression.

4. Discussion
To advance studies in tissue formation, function, and disease development, novel in vitro 3D
cell culture systems are needed that can enable identification of important molecular
signatures and elucidate the interplay of soluble factors in the microenvironment. Among the
several types of cell culture systems that have been designed to mimic the in vivo
microenvironment, the most popular methods involve the use of microfluidics-based 3D cell
culture micro-bioreactors [20, 46–48]. The merits of 3D cell culture systems over
conventional 2D cell culture have been established [49–51]. However, microfluidics based
3D cell culture technology is still in the early stages of development and unlikely to bring
about a paradigm shift replacing conventional 2D cell culture techniques [52]. A key
consideration in the design of in vitro cell culture systems is the media volume to cell ratio
which is an important factor that drives cell survival, proliferation and function. Cells rely
on secretion of soluble factors (i.e. growth factors, cytokines) to encourage adhesion and
proliferation, particularly in foreign environments where cells must synthesize their own
matrix. In vitro when cells are seeded onto unfavorable (hydrophobic) substrates they may
migrate to form cell-cell contacts for survival. A parallel in cancer metastasis is the self
reliance of the tumor initiating cell(s) to interact and condition the microenvironment for
survival and subsequent proliferation. The dormancy associated with tumor micrometastases
suggests a delay in this process [53].

In this work we exploited silicon wafer fabrication technology and gas expansion molding
recently introduced [24, 25], to demonstrate PDMS microbubbles as a novel 3D cell culture
platform. Previously we showed melanoma cells proliferate throughout the microbubble to
form homogenously sized microtumors [25]. The ability of seeded cells to proliferate in
microbubbles with high aspect ratio ~3 suggests sufficient nutrient and waste exchange
occurs through the microbubble opening. In this study, we demonstrate the unique property
of the microbubble architecture that allows HaCaT cells to condition their microenvironment
through secretion and accumulation of soluble factors. We observed a lower limit on the
number of cells (~10 cells) that must be seeded into a hydrophobic microbubble (~8 nL and
100 µm diameter circular opening) for cell survival and spheroid formation which equates to
a media volume to cell ratio of ~1 nL/cell. Future studies will test using additional cell types
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and microbubble sizes the effect of microbubble volume and opening size to determine the
generality of this ratio. When 10–25 HaCaT cells are seeded and cultured in microbubbles
they initially form spheroids with increased expression of E-cadherin, forming extensive
cell-cell junctions required for survival. This response initiates because PDMS is a
hydrophobic substrate that does not favor HaCaT cell adhesion and spreading. By the end of
72 hours HaCaT cells undergo a fascinating morphology change (Fig.1 D–F and Fig 2) in
which they sheet along the interior microbubble surface. The change in morphology is
similar to the EMT phenomenon that occurs in cancer cell metastasis and is considered to be
highly regulated by the tumor microenvironment [30]. HaCaT cells are an immortalized
human keratinocyte cell line that is extensively used in cancer research and is considered to
be a very good model cell line for studying epithelial cancers [54, 55]. We attribute this
EMT-like transition to the accumulation of soluble factors, including TGF-β, enabled by the
unique microbubble architecture. Presence of Ca2+ is also required for spheroid formation.
A typical microbubble used in these experiments had a diameter of 250 µm and a volume of
~8 nL. Seeding 20 cells in this microbubble is equivalent to a seeding density of ~1×104

cells/cm2 considering the entire microbubble surface area. This equates to ~0.4 nL of
media / cell. For comparison, seeding cells at a similar density in a 96-well plate (~3259
cells/well) yields a value of about ~31 nL of media / cell (100 µL and 0.32 cm2 per well).
The ~75X smaller volume of media per cell ratio in the microbubble combined with the
persistence of a shallow concentration gradient (Fig. 4) allows for soluble factors secreted
by cells to accumulate to bioactive levels despite media exchange with the bulk reservoir
that occurs through the microbubble opening. We attribute the failure of HaCaT spheroids
formed on planar PDMS to undergo the sheet morphology transition to the inability of cells
to condition their media in the 96 well TCP. We also observed in microbubbles that the time
required for the morphology transition to occur decreased with increasing cell seeding
density. This is consistent with the notion that the concentration of soluble factors rises to
bioactive levels more rapidly (Fig. 3).

To further investigate factors that may contribute to morphology transition we performed
experiments with conditioned DMEM and DMEM spiked with TGF-β1. The role of TGF-β
has been thoroughly characterized in tumors [29,40] and it has been shown to affect
keratinocyte differentiation and proliferation state when cultured in high calcium media
[31]. Three TGF-β isoforms are differentially expressed in HaCaT keratinocytes and their
role has been elucidated in skin carcinogenesis [56]. TGF-β1 causes an epithelial to
mesenchymal transition in HaCaT characterized by the loss of epithelial junction proteins
and an increase in their migratory potential [32, 43]. Recently, it was shown that TGF-β1
induces EMT in HaCaT keratinocytes downregulating epithelial markers such as E-cadherin
and ZO-1 [32]. When, HaCaT cells were cultured on planar PDMS in conditioned DMEM
they immediately sheeted and formed spreading cell clusters (Fig. 5). Similarly, HaCaT cells
seeded in microbubbles also adopted a sheeting morphology from the onset when cultured in
conditioned media or media spiked with TGF-β1 (Figs. 6F, G). The ability of HaCaT cells to
start sheeting without exhibiting interim spheroid morphology in conditioned media
suggests the presence of soluble factors with TGF-β1 being an important contributor.
Calcium concentration is also an important contributor of colony morphology. When HaCaT
cells were cultured in no calcium DMEM on planar PDMS and in microbubbles cells
appeared as small clusters or individual cells respectively and failed to adopt a sheeting
morphology (Figs. 6D, H). The inability of cells to assume the spheroidal morphology is
consistent with their inability to form cell-cell adhesions via calcium dependent E-cadherin
binding. We studied the expression of E-cadherin in HaCaT cells cultured in microbubbles
as a function of time (Fig. 7) and found a correlation between the spheroid to sheeting
morphology transition and a decrease of E-cadherin staining, as expected from literature [32,
42, 43]. The phenomenon observed parallels the epithelial to mesenchymal transition that
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occurs in tumor metastasis suggesting microbubble technology as a convenient means to
further investigate such processes in a controlled microenvironment.

5. Conclusions
Developing a novel cost-effective 3D cell culture platform which enables control over the
physical aspects of the microenvironment and allows cells to rapidly condition their
microenvironment by secreting soluble factors has great potential in understanding normal
and diseased tissue function. In this study microbubbles were shown as a 3D compartment
ideally suited to study how cells interact with and condition their microenvironment through
autocrine signaling. Immortalized human keratinocyte cell line (HaCaT) cultured in
microbubbles exhibited a spheroid to sheeting morphology transition within 72 hrs. Cells
cultured on planar PDMS in 96 well plate also form spheroids but they do not undergo a
morphology transition even after 6 days in culture. This was shown experimentally and
theoretically to result from secreted factor accumulation in the microbubble that rises to
bioactive levels. It was observed that kinetics of the morphology transition depended on the
number of cells seeded per microbubble. Results found TGF-β1 and Ca2+ to be important
factors that drive this morphology change. The spheroid to sheeting transition observed
resembles the epithelial-to-mesenchymal transition that occurs in tumors with down
regulation of E-cadherin expression. Although microbubble technology is still in the early
stages of development, the results presented suggest the possibility of this 3D cell culture
technique to possibly bring about a paradigm shift in the current methodology used to
investigate cell microenvironmental effects important in normal and diseased tissues.
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Fig.1.
HaCaT cells propagated as a 2D monolayer on TCP (A). 3D spheroids on planar PDMS (B).
Fluorescent field image indicated a dead cell core (Red – Propidium Iodide) and a live cell
periphery (Green – Calcein AM) (C). Morphology of HaCaT cells cultured in MB at the end
of 4h (D), 24h (E) and 72h (F) showed that cells cultured in MB underwent a change in
morphology with time. Seeding density = 2×104 cells/cm2. Scale bars = 100 µm.
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Fig. 2.
Top view (I) and Side view (II) images from a multiphoton microscope of a single
microbubble seeded with HaCaT cells at 2×104 cells/cm2 at the end of 24h [(A) and (C)]
96h [(B) and (D)]. Cells were stained with Calcein-AM (live, green) and Propidium Iodide
(dead, red).
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Fig. 3.
The morphology of HaCaT cells is largely determined by the number of cells per
microbubble (MB). Box and whisker plot showing number of cells per MB for varying
seeding density for a fixed incubation time of 15 min (A) [Purple line indicates average
number of cells per MB]. Bar graph showing the percentage of MB showing spheroid or
sheeting morphology at different time points for varying seeding density (B) n=114 MB.
Box and whisker plot indicating the distribution of number of cells per MB for varying
incubation time at a fixed seeding density of 2 × 104 cells/cm2 (C) [Purple line indicates
average number of cells per MB]. Bar graph showing the percentage of MB showing
spheroid or sheet morphology at different time points for varying incubation time (D) n=114
MB (* p<0.05, ** p<0.01).

Chandrasekaran et al. Page 17

Biomaterials. Author manuscript; available in PMC 2012 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 4.
COMSOL simulation results contrasting the vertical concentration profile through
microbubble and rectilinear wells as a function of well depth (y-position = 0 corresponds to
the well opening) for three aspect ratios (A). Graphical representation of the concentration
of soluble factors at steady state for rectilinear and microbubble wells with aspect ratios 0.5
(B and C, respectively) and aspect ratio 3.0 (D and E, respectively).
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Fig. 5.
Bright-field [(A), (B) and (C)] and corresponding fluorescence [(D), (E) and (F)] [Calcein-
AM (green/live) Propidium Iodide (red/dead)] images of HaCaT cells cultured on planar
PDMS. Images were taken at the end of 24h on cells cultured in 100% DMEM (I.) 50%
DMEM-50% Conditioned DMEM (II.) and 100% Conditioned DMEM (III.) [Scale Bar =
100 µm; seeding density = 2×104 cells/cm2].
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Fig. 6.
Morphology of HaCaT cells on planar PDMS (A–D) and microbubbles (MB) (E–H) at the
end of 24h cultured in DMEM (I), 100% conditioned DMEM (II), DMEM with 10ng/mL
TGF-β1 (III), and no calcium DMEM (IV). HaCaT cells formed a compact tight spheroid on
planar PDMS and MB (red arrows pointing to spheroids) when cultured in DMEM [(A) and
(E)]. HaCaT cells tended to propagate as spreading cell clusters on planar PDMS when
cultured in 100% conditioned DMEM (B) and DMEM with 10ng/mL TGF-β1 (C). In
contrast to (A) cells assumed a sheeting morphology on MB when cultured in 100%
conditioned DMEM (F) and DMEM with 10ng/mL TGF-β1 (G). In no calcium DMEM cells
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largely remained small spheroids on planar PDMS (D) and individual cells on MB (H).
[Scale Bars = 100 µm; seeding density =2×104 cells / cm2].
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Fig. 7.
Spheroid to sheeting transition is characterized by the loss of E-Cadherin expression. Bright-
field images of a single microbubble focused on the bottom of microbubbles (A) focused on
the opening of microbubbles (B) and corresponding fluorescence [(C) and (D)] images of
MB seeded with HaCaT cells. Cells were stained with FITC conjugated anti-Cadherin-E
antibody. HaCaT spheroids (24h) show a strong cortical staining for E-Cadherin; mean
fluorescent intensity per unit area (MFI) 19.43 ± 3.79, n=3 images (C) and HaCaT sheets
(96h) show a relatively weak and diffuse staining pattern for E-Cadherin; MFI= 5.15 ± 3.78,
n=3 images (D). [Seeding density =2×104 cells/cm2; Scale Bar = 100 µm].
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