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The development and function of living tissues depends largely
on interactions between cells that can vary in both time and
space; however, temporal control of cell-cell interaction is exper-
imentally challenging. By using a micromachined silicon substrate
with moving parts, we demonstrate the dynamic regulation of
cell-cell interactions via direct manipulation of adherent cells with
micrometer-scale precision. We thereby achieve mechanical control
of both tissue composition and spatial organization. As a case
study, we demonstrate the utility of this tool in deconstructing the
dynamics of intercellular communication between hepatocytes
and supportive stromal cells in coculture. Our findings indicate that
the maintenance of the hepatocellular phenotype by stroma re-
quires direct contact for a limited time (=~hours) followed by a
sustained soluble signal that has an effective range of <400 um.
This platform enables investigation of dynamic cell-cell interaction
in a multitude of applications, spanning embryogenesis, ho-
meostasis, and pathogenic processes.

dynamic substrate | intercellular communication | microelectromechanical
systems | microenvironment | microfabrication

M ammalian cells in vivo integrate and respond to cues in
their microenvironment that vary in both time and space.
In particular, interactions between neighboring cells can regulate
both the fate and function of individual cells and govern the
emergent properties of the resultant tissue. Because such cell-
cell interactions occur primarily through direct contact or ex-
change of soluble factors, understanding the temporal and
spatial aspects of these signals is of fundamental importance to
tissue biology. Recent advances in cell “micropatterning” have
already proven invaluable in increasing our understanding of the
structure—function relationships of such multicellular commu-
nities (1-4); however, dynamic manipulation of tissue structure
in vitro has remained largely out of reach.

Previous efforts toward spatiotemporal control of tissue or-
ganization at the cellular scale have focused on modulation of
the adhesive properties of the culture substrate (5-7). Through
the micropatterning of surface chemistries that can be dynam-
ically altered, localized attachment and release of cells has been
demonstrated (8, 9). Nonetheless, these manipulations are typ-
ically not reversible (i.e., nonadhesive surfaces are rendered
adhesive just once), they do not allow the decoupling of pro-
cesses associated with adhesion from those correlated with
cell-cell interaction (i.e., attachment, spreading, and contact
with neighboring cells have overlapping time scales), nor can
these platforms accommodate serial manipulations to mimic key
biological events (i.e., sequential exposure of a target cell
population to different inducer populations). Manipulations of
surface chemistry are also limited by the inability to precisely
control tissue composition: (i) sequential seeding of different
cell types can result in contamination of pure populations and (i)
maintaining um-scale proximity of two different cell populations
in the absence of contact over many days, important for decou-
pling the relative role of contact and paracrine signals (4), has
not been achieved.

We introduce a different approach to this problem by leveraging
tools from the field of microelectromechanical systems, which
offers precise physical manipulation at a length scale comparable to
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that of many biological processes. In our approach, cells are grown
on an array of micromachined plates that are physically rearranged
to change the spatial organization of the culture, which will be
referred to as micromechanical reconfigurable culture (uRC). Cells
remain attached to the substrate throughout the repositioning
process (10, 11). Using uRC, we are able to demonstrate dynamic
regulation of cell-cell interactions via direct manipulation of cell
positioning. Specifically, cell-cell contact between different cell
populations is regulated by positioning plates together or apart. By
imposing a small um-scale separation between the plates, cell-cell
contact can be abrogated while soluble signaling is maintained. By
using larger separation distances, the extent of soluble signaling can
also be modulated. In addition, by removing a plate and replacing
it, one population of cells can be exchanged for another in a
modular fashion. Thus, this micromechanical approach provides
dynamic control of both tissue organization and composition.

Results and Discussion

The pRC device consists of two parts with interlocking comb
fingers and an integrated snap-lock mechanism. The parts can be
fully separated, locked together with the fingers in contact, or
locked together with a fixed gap between the comb fingers (Fig.
14). We will refer to these configurations as the separated,
contact, and gap modes, respectively. Cells are cultured on the
top surface of the fingers (Fig. 1 B and C). The silicon parts are
spin-coated with polystyrene, resulting in a surface comparable
to tissue culture plastic. Parts can be separated into individual
wells of a 12-well plate for coating of extracellular matrix
proteins and seeding of cells, so as to avoid cross-contamination.
After cell attachment, the two parts can be assembled in a fresh
well (Fig. 1D), where cell culture and functional assays can be
performed in a standard manner. The actuation strategy to
switch between modes was designed for simplicity and compat-
ibility with standard aseptic cell-culture technique. The match-
ing V-shaped latches and notches are self-centering, allowing the
parts to be accurately and reproducibly positioned by using only
tweezers, without the need for microscopic visualization or
micromanipulation machinery [supporting information (SI)
Movie 1]. The extent of finger separation in the gap mode can
be tuned via notch positioning; multiple sets of notches could
also be used to allow variable spacing.

The uRC system can be reversibly switched between a
number of configurations (Fig. 24). In the contact mode, cells
on opposing fingers can engage in direct cell-cell contact. In
the gap mode, the cells are held at a small uniform separation
that is just large enough to prevent contact, yet maintains cells
within the range of short-range soluble factors (=100 wm,
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Fig. 1. Micromechanical substrates enable micrometer-resolution cell positioning. (A) Microfabricated silicon parts can be fully separated (Left), locked
together with comb fingers in contact (Center), or slightly separated (Right). Cells are cultured on the top surfaces; manual scraping can be used to restrict cells
to the comb fingers only (/Inset). The slope of the tapered comb fingers results in a 20:1 mechanical transmission ratio; that is, sliding the parts 1.6 mm changes
the gap between the fingers by only 80 um. Together with the integrated snap-lock mechanism, it is thereby possible to control separation with repeatable
micrometer-scale precision by using unassisted manual actuation. (B and C) Bright-field images of hepatocytes (darker cells) and 3T3 fibroblasts cultured on the
comb fingers. Thessilicon is first functionalized by spin-coating with polystyrene followed by plasma treatment, resulting in a surface comparable to tissue culture
plastic. Devices can be reused multiple times (>20). (D) Devices in a standard 12-well plate. Cell culture and functional assays were performed with standard
methods. Actuation is also performed directly on the plate with sterile tweezers.

demonstrated below). Finally, cell populations can be ex-
changed in a modular fashion by removing one set of fingers
and snapping in a replacement seeded with another cell type.
Thus, contact-mediated signaling can be dynamically regulated
by switching between the contact and gap modes. Likewise,
soluble signaling can be dynamically regulated by swapping
between various cell types in the gap mode. To provide the

Fig. 2.
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necessary mechanical precision, silicon parts were fabricated
in a single-mask, through-wafer, deep reactive ion etching
process (12, 13). A separation of 6 wm or less was measured in
the contact mode, and a separation of 79 = 1 um was measured
in the gap mode. Fluorescence microscopy with membrane
dyes showed that cells on opposing fingers form intimate
contacts in contact mode (Fig. 2B). In addition, contamination

BE

250 ym

Reconfigurable cell culture. Cultures can be reversibly switched to initiate or to eliminate contact between two cell populations; individual populations

can also be removed and replaced. (A) Fluorescent images illustrating possible device manipulations. Each cell type was prelabeled with an individual dye color.
(B) Fluorescent image showing intimate contact between hepatocytes (green) and stroma (red, 3T3 fibroblasts) at the interface between neighboring comb
fingers. The image was taken 18 h after initiation of contact. Cell nuclei are counterstained in blue. (C) Cross-migration of cells is minimal for moderate durations
of contact. Representative fluorescentimage showing small numbers of stromal cells (red, arrows indicate selected cells) remaining behind on a hepatocyte finger
(green) after combs were separated after 18 h of contact. In this work, contact was limited to 18 h to minimize cross-migration, but longer durations are possible
with other cell types (data not shown).
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Fig.3. Dynamicregulation of hepatocyte-stromal interactions reveals temporal dependencies in intercellular communication. (A) Contact between hepatocyte
and fibroblast combs was required to maintain alboumin secretion over a 2-wk period (red). In the gap mode (blue), function dropped almost as rapidly as with
hepatocytes alone (green). (B) An 18-h period of transient initial contact followed by long-term culture in the gap mode (which allows diffusion of paracrine
signals) resulted in sustained liver-specific function (blue) similar to that obtained with sustained contact (red). However, 18 h of initial contact followed by
removal of adjacent stroma resulted in deterioration of function (green). (C) After 18 h of initial contact, stroma were removed and replaced by naive stroma
(in gap mode). Liver-specific function was maintained at similar levels (blue) to that obtained with no cell swapping (red). In a parallel experiment in which naive
hepatocytes were substituted, liver-specific function was not maintained (green).

of cells between adjacent fingers after 18 h of contact was
minimal (Fig. 2C).

As a case study, we applied our dynamic platform to the study
of cell-cell interactions between hepatocytes and stromal cells in
coculture. As with many other cell types, interaction of epithelia
with supportive stroma or “feeder layers” promotes tissue-
specific gene expression in vitro. In the case of primary hepato-
cytes, cocultivation of hepatocytes with many different mesen-
chymal cell types (endothelia, fibroblasts, etc.) promotes
retention of hepatocyte viability and liver-specific functions that
are otherwise rapidly lost in vitro (2). This robust “coculture”
phenomenon, although poorly understood, has wide-ranging
applications in both therapeutic and diagnostic applications of
engineered liver tissue (14-16). Using both conventional tech-
niques and micropatterning approaches, we and others have
previously found that the degree of interaction between the two
cell types (“heterotypic interaction””) modulated the amount of
liver-specific function retained in vitro (2, 17). These findings
suggested an important role for proximity between the two cell
types in the rescue of hepatocyte phenotype; however, the
relative role of contact-mediated versus soluble signals, the
dynamics of interaction, and the potential for reciprocal signal-
ing had not been established.

Hence, we set out to explore this system by using the uRC
substrates, with primary rat hepatocytes and Swiss 3T3 murine
fibroblasts cultured on opposing combs. Hepatocyte morphology
and viability were assessed microscopically, and albumin pro-
duction was measured as a quantitative marker of liver-specific
function. Comparison of cultures in the contact, gap, and
separated modes demonstrated that contact was necessary for
maintenance of liver-specific function (Fig. 34). Even in the gap
mode, which corresponded to only an 80-um separation between
the two cell populations, hepatocyte function declined at a rate
similar to that of hepatocytes cultured alone. Next, we conducted
dynamic experiments in which cells were repositioned after 18 h
of contact. Here, transient contact alone proved insufficient to
rescue the hepatocyte phenotype, and liver-specific functions
rapidly declined. In contrast, transient contact followed by
sustained culture in the gap mode provided complete rescue of
liver-specific function (Fig. 3B). These observations thus imply
a necessary role for both heterotypic contact and soluble factors
that diffuse across the gap.

Notably, it would appear that contact was required only
initially, whereas soluble interactions were required for the
duration of the experiment. This finding raised the possibility
that reciprocal interactions, i.e., sustained alterations in fibro-
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blast function as a result of hepatocyte contact, might play a role.
To test this possibility, we exploited the “modular” nature of the
nRC platform. Cocultures were conducted in contact mode for
18 h as before; however, the fibroblasts were then replaced with
naive fibroblasts (no exposure to heterotypic contact) in gap
mode. Under these conditions, paracrine signals provided by
naive fibroblasts were still sufficient to sustain hepatic functions
(Fig. 3C). Conversely, if naive hepatocytes were substituted,
hepatic function deteriorated. Hence, the data are consistent
with constitutive expression of critical soluble factors by fibro-
blasts independent of hepatocyte interaction rather than sup-
porting a role for reciprocal cell-cell interaction.

To investigate the importance of cell proximity, hepatocytes and
fibroblasts were separated into different wells after 18 h of initial
contact. Conditioned medium was then transferred from the fibro-
blast well to the hepatocyte well every 2 days. However, hepatic
function was not maintained (Fig. 44), underscoring the impor-
tance of close positioning in the gap configuration. Further, mi-
croscopic examination of cocultures yielded a striking observation:
in cultures stabilized via transient contact followed by gap mode,
hepatocytes toward the rear of each comb finger lost viability over
the course of 2 weeks (Fig. 4B). Hepatocyte—fibroblast distance is
greater in this region compared with the rest of the comb finger
because of the geometry of the device in the gap configuration (Fig.
1A Inset). Quantifying viability with a fluorescent membrane
integrity dye yielded a characteristic length of decay in viability of
~325 pum (Fig. 4C). It was demonstrated through finite element
modeling that diffusion of a rapidly decaying (=hours) or rapidly
consumed (comparable to rate of production) soluble factor could
produce concentration profiles similar to the survival pattern of Fig.
4B (SI Appendix). These data suggest that the fibroblast-derived
soluble signals critical for rescue of the hepatocyte phenotype and
viability are effective over a very limited range, on the order of only
10 cell diameters.

In summary, we hypothesize that preservation of hepatocyte
viability and liver-specific functions in coculture depends on an
initial contact-mediated signal followed by a sustained short-
range soluble signal, from fibroblasts to hepatocytes (Fig. 5). In
terms of the contact-mediated signal, it is not clear whether this
is junctional in nature (hepatocytes and 3T3 fibroblasts do not
express similar cadherin or connexin subtypes) or caused by
cell-associated matrix molecules. It is also unknown why only
transient contact is required. One possibility is that transient
contact triggers an irreversible signaling pathway. Alternatively,
the contaminating cells that remain after separation (Fig. 2C)
may play a role in the response. But that seems unlikely because

Hui and Bhatia
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Fig. 4. Spatial reconfiguration reveals short-range soluble signaling. (A) After 18 h of initial contact, hepatocytes and stroma were separated into individual
wells. Stromal conditioned medium was transferred every 2 days to the hepatocytes, but liver-specific function declined (blue). In contrast, transient contact
followed by microscale separation (using the gap mode) resulted in sustained function (red). (B) Loss in liver-specific function progresses to loss in hepatocyte
viability. Hepatocyte viability was probed by using a membrane integrity dye (calcein AM, green) with a nuclear counterstain for both cell types (blue). After
initial contact, cultures were maintained for 2 weeks in the gap mode, resulting in a sharp gradient in hepatocyte viability dependent on proximity to stroma
(n > 3; representative image shown). Selected comb fingers are outlined in white for clarity. (C) Quantified calcein fluorescence along the length of a comb finger

(n = 9). L, the characteristic decay length of viability, is measured to be 325 um by using an exponential fit over x > 0.

hepatic function could not be maintained in gap mode without
initial contact, even when low numbers of fibroblasts were doped
onto the hepatocyte fingers (data not shown). A third possibility
is that fibroblasts secrete critical extracellular matrix compo-
nents onto the hepatocyte fingers during the transient contact
period that help to sustain function thereafter. Regardless, these
data point to the possibility that hepatocytes could be precon-
ditioned and subsequently sustained without supportive stromal
cells, a finding with significant practical implications for the
therapeutic and diagnostic applications of hepatocytes. Notably,
only the peripheral hepatocytes can directly contact fibroblasts,
yet the entire population is affected. This finding is consistent
with previous reports (2) but the precise mechanism has not been
established. Finally, the possible reasons that soluble signals are
effective over very limited distances include: that the critical
factors are highly labile, are active at relatively high local
concentration, or are rapidly sequestered extracellularly via
binding to extracellular matrix proteins.

Through this case study, we have used uRC to execute a number
of previously inaccessible experiments. It was possible to decouple
contact-mediated and soluble signals, dynamically modulate both
contact-mediated and soluble cell-cell signaling, examine the re-
versibility of a pathway upon removal of the triggering signal, test
for the presence of reciprocal cell-cell signaling, and measure the
effective range of soluble signals. We propose that micromechani-

Stromal Cell

Hepatocyte

Fig. 5. Proposed model for intercellular communication. Maintenance of
liver-specific function in hepatocytes requires an initial short-term (v ~ 18 h)
contact-mediated signal from stromal cells (Upper), followed by sustained
short-range (L ~ 325 um) soluble signaling from the stroma (Lower).
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cal culture substrates are a robust and generalizable tool. Because
our device surface is comparable to tissue culture plastic, it should
be readily adapted to a variety of cell types and molecular tech-
niques. For example, we have demonstrated compatibility with liver
progenitors, sinusoidal endothelial cells, and bone marrow stromal
cells, as well as transfection of siRNA into individual cell popula-
tions (SI Fig. 6). We expect this methodology to find utility in the
investigation of cellular niches (18), the dissection of developmental
processes (19), and the study of disease progression, in particular in
tissues where stromal interactions are thought to play a role (e.g.,
tumorigenesis) (20). Future directions in device engineering could
include embedded microfluidics and sensors for local delivery of
soluble factors and in situ monitoring (21) and integrated actuation
for heterogeneous mechanical control of array elements.

Materials and Methods

Materials. Collagen-I was purified from rat tails as described (22).
Briefly, rat-tail tendons were denatured in acetic acid, salt-
precipitated, dialyzed against HCI, and sterilized with chloro-
form. Because the silicon substrates are opaque, a reflecting
noninverted microscope is required to inspect cells during
culture. To examine cultures without compromising sterility, a
microscopy system was required with an optical working distance
greater than the thickness of a covered culture plate. We used
a X5 objective with a 36-mm working distance and a X10
objective with a 38-mm working distance (Optical Product
Development, Lexington, MA) mounted on a Meiji MA655/05
head (Microscope World, Encinitas, CA).

Device Fabrication. Fabrication was performed at the University
of California at Berkeley Microfabrication Laboratory and the
Massachusetts Institute of Technology Microsystems Technol-
ogy Laboratories, using a similar process at both locations.
Device parts were fabricated by using well established micro-
electromechanical systems fabrication methods. Good refer-
ences include papers by Ayon et al. (12) and Knobloch et al. (13).
Briefly, a double-side-polished silicon wafer (4 inches, 500 um;
University Wafer, South Boston, MA) was oxidized (1,000°C,
0,/H,0) to grow a 1-um layer of silicon dioxide. A layer of thick
photoresist (Megaposit SPR220; Rohm and Hass, Philadelphia,
PA) was spin-coated, patterned by using a chrome mask and
contact alignment (Karl Suss MA6; SUSS MicroTec, Waterbury
Center, VT), and developed (LDD-26W; Shipley, Marlborough,
MA). The patterned wafer, or device wafer, was then attached
to a handle wafer by using a photoresist bond. After etching
through the oxide layer (He/CHF3/CF, plasma), deep reactive
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ion etching (ICP-ASE; Surface Technology Systems, Newport,
UK) was used to etch through the entire device wafer as
described (13). The parts were then released in acetone and
cleaned in Piranha solution (4:1 H,SO4/H,0,, 120°C, 10 min).
Finally, the silicon surface was functionalized for cell culture by
spin-coating with polystyrene (100 mg/ml in toluene, 2,400 rpm,
1 min) (1-EC101D-R485; Headway Research, Garland, TX)
followed by plasma treatment (O, 200 mT, 200 W, 1 min),
resulting in a surface comparable to tissue culture plastic.
Devices were reused multiple times (>20). Between experi-
ments, the parts were cleaned in toluene followed by Piranha
solution, and polystyrene was reapplied.

Cell Culture. Primary hepatocytes were isolated from 2- to
3-month-old adult female Lewis rats (Charles River Laborato-
ries, Wilmington, MA) weighing 180-200 g, following a modified
procedure of Seglen (23). Detailed procedures for hepatocyte
isolation and purification have been described (22). Hepatocyte
culture medium consisted of DMEM with high glucose, 10%
(vol/vol) FBS, 0.5 units/ml insulin, 7 ng/ml glucagon, 7.5 g/ml
hydrocortisone, and 1% (vol/vol) penicillin-streptomycin. Swiss
3T3 fibroblasts were purchased from ATCC (Manassas, VA).
J2-3T3 fibroblasts were a gift from Howard Green (Harvard
Medical School, Cambridge, MA) (24). Fibroblast culture me-
dium consisted of DMEM with high glucose, 10% bovine calf
serum, and 1% penicillin-streptomycin.

Device Actuation. Actuation was performed within a biosafety
cabinet by using stainless-steel tweezers (2-mm round tips),
sterilized in 70% ethanol before use. Substrates were pushed or
picked up by using the round hole at the rear of each part. It is
possible for the parts to be misaligned vertically when they are
locked together. Therefore, after configuring substrates in the
intended state, plates were covered and examined under the
reflecting microscope to verify that interlocked fingers were
in-plane. Typically, ~5% of interlocked parts were misaligned.
To fix alignment, parts were simply separated and locked back
together.

Seeding of Cells onto Micromechanical Substrates. Polystyrene-
coated silicon substrates were placed into individual wells on
standard 12-well culture plates. Substrates intended to support
hepatocytes were incubated in collagen solution (400 wg/ml in
water) at 37°C for at least 45 min. To provide a flat, uniform surface
for seeding, substrates were each locked together with a comple-
mentary part, in the contact mode. These complementary parts
were used only during cell seeding and were set aside afterward.
Substrates were sterilized by soaking in 70% ethanol for 1 h and
then washed twice in distilled water. Primary hepatocytes were
typically seeded onto the male parts (no arms), whereas fibroblasts
(Swiss 3T3 or J2-3T3) were seeded onto the female parts (with
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arms) (Fig. 1A4). Cells were seeded at 500,000 cells per ml, with 1
ml per well, in the appropriate culture medium and incubated for
60 min at 37°C. Plates were shaken every 20 min to resuspend
unattached cells. After 60 min, unattached cells were aspirated, the
substrate was washed with culture medium, and seeding was
repeated with a fresh cell suspension. This process was repeated
until the substrate surface was fully coated, usually requiring two to
four seeding cycles for hepatocytes and two seeding cycles for
fibroblasts. Within 6 h of completing cell seeding, the complemen-
tary parts were removed from each substrate. Cell-coated sub-
strates were then transferred to fresh wells and incubated overnight
in the appropriate medium. The next day, a cell scraper (Fisher
Scientific, Pittsburgh, PA) was used to remove hepatocytes from the
rear half of the substrates, to leave only the cells attached directly
on the comb fingers (plus a border of ~1 mm caused by imprecise
manual scraping) (Fig. 14 Inset). Hepatocyte- and fibroblast-
coated substrates were then assembled into their initial configura-
tions for a particular experiment.

Fluorescent Labels. Hepatocytes were labeled with calcein AM
(Molecular Probes, Eugene, OR) at 5 ug/ml in hepatoctye medium.
Swiss 3T3 fibroblasts were labeled with CellTracker Orange
CMTMR (Molecular Probes) at 0.5 uM in serum-free fibroblast
medium. J2-3T3 fibroblasts were labeled with CellTracker Blue
CMAC (Molecular Probes) at 2.5 uM in serum-free fibroblast
medium. For high-magnification images, hepatocyte membranes
were labeled with PHK67 (Sigma—Aldrich, St. Louis, MO) at
1:1,000 in Diluent C (Sigma). Fibroblast membranes were labeled
with Vybrant Dil (Molecular Probes) at 5 wl/ml in serum-free
fibroblast medium. Cell nuclei were labeled with Hoechst 33258
(Molecular Probes) at 0.001% in hepatocyte medium.

Functional Assays. Albumin content was measured by using enzyme-
linked immunosorbent assays (MP Biomedicals, Irvine, CA) with
horseradish peroxidase detection and 3,3',5,5" tetramethylbenzi-
dine (Pierce Biotechnology, Rockford, IL) as a substrate (22). All
experiments were performed at least twice, with triplicate samples
for each condition. One representative outcome is presented for
each experiment, with similar trends observed in multiple trials.
Fluorescence quantification was performed with MetaVue 6.2r0
software (Universal Imaging, Downingtown, PA).
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Sl Appendix
FEM Diffuson Model

We hypothesize that the observed pattern of hepatocyte survival in Fig. 4B is caused by
the short effective distance of soluble signaling factors diffusing away from stromal
support cells. To examine the feasibility of this hypothesis, we used finite element
modeling to simulate the diffusion of soluble factorsin the uRC system.

We begin with the 3D diffusion equation incorporating afirst-order decay term

éz DVZ -kc,
a

where c is the concentration of the soluble factor, D is the diffusion constant of the factor,
and k is the rate constant of decay. We will use D = 1 x 10™° m?s™ as a typical growth
factor diffusivity (1). The rate constant k accounts for all mechanisms of decay in the
bulk media, including degradation (enzymatic and non-enzymatic) and sequestration

K= Kyeg + Kegq
and isrelated to the half-life, ty,, of the soluble factor by

_—In 0693

= =

Typical half-life numbers range from seconds to days (2). Solving for the steady-state
condition, we obtain

DVZ =kc.

On the walls and surfaces, we impose the boundary condition that the gradient of
concentration is normal to the surface

A —

N=-DVc N :W‘ A-N=0.

On plain walls, we set N, = 0. On surfaces coated with stromal cells, we choose a positive
flux to account for generation of soluble factors: N, = 3.3 x 10™° molecules m?ss™*, which
corresponds to 2,000 molecules/min per cell (1). On surfaces coated with hepatocytes, a
negative value for N, can be chosen to model soluble factor consumption.
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This diffusion model was then simulated by using Comsol Multiphysics 3.2 finite
element modeling software. A 3D CAD representation of a comb pair in the gap
configuration, within a culture well, was input to the software.

CAD modé of uRC system for FEM analysis

Using the parameters described above, steady-state concentrations were computed for
half-life values of 12 min, 2 h, 20 h, and 8.3 d, ignoring consumption of the soluble factor
by hepatocytes. Concentration values were plotted along the plane intersecting the top
surface of the combs.

Skce: Concentration., ¢ Tmal/m’} 10 Shice: Concentration. ¢ fmal/m’1

ty, = 12 min, range: 0to 1 x 10" mol/m®, isoline: 1 x 10" mol/m? or 10% of max
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Slice: Concentration. ¢ fmelfm’] w0’ Sice; Concentration. € Tmalfm’]
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ty, = 2 h, range: 0t0 2.9 x 10" mol/m°, isoline: 6 x 10" mol/m?® or 21% of max

Sce: Concentration. ¢ Imolimi 1 Sice; Concentration. € Tmalfm’]

ty> = 20 h, range: 0to 1.2 x 10 mol/m®, isoline: 4.2 x 10*" mol/m? or 35% of max

Sace: Concentration. ¢ Imol/mi 1 1w0® Sice; Concentration. € Tmalfm’]

-5

3
s ///’_\\\

ty, = 8.3d, range: 0to 4.7 x 10®® mol/m?, isoline: 3.1 x 10" mol/m® or 66% of max

The isoline plots for each condition represent cutoff concentration levels that resemble
the pattern of Fig. 4B. Although the actual minimum soluble factor concentration
required for hepatocyte maintenance is not known, these isolines demonstrate the
possibility that a similar concentration gradient could generate the observed surviva
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pattern. Because the actual rate of soluble factor production is not known, the magnitude
of concentration in these plots is less significant than the relative concentration gradient.
At the least, given the assumed rate of production, the concentration values are the range
of what is typically required for cell signaling (1). For example, a concentration of 10*
moleculessm® corresponds to 5 ng/ml of a30-kDa protein.

Focusing on the gradient of concentration, the plot for t;» = 2 h seems to be one of the
better matches for what might result in the survival pattern of Fig. 4B. The cutoff
concentration fals at 21% of the maximum level, and the shape of the isoline rather
resembles the observed pattern.

For t1, = 8.3 d, it appears that the concentration gradient does not drop rapidly enough
(isoline at 66% max) to cause the sharp survival gradient observed in culture. However, if
consumption of soluble factors by hepatocytes is factored into the model, the gradient
pattern changes considerably. For example, if the rate of consumption is set equal to the
rate of production (per unit area), then the isoline value drops to 42% of maximum.
Further, the shape of the isoline changes, perhaps better resembling the observed pattern.

Sice: Concentration. ¢ fmol/m’1 108 Sice: Concentration. ¢ fmalfr’1

J.E' U E_'!! U_ H |||__||'. }( i||u .'(__" U; 5- W

ty2 = 8.3 d, consumption factor included
range: 0to 3.6 x 10" mol/m®, isoline: 1.5 x 10™® mol/m? or 42% of max

Slice: Concentration. € fmelfrr’]

Slice: Concentration. € fmelfrr’]

ty2 = 8.3 d, without consumption tyo = 8.3 d, with consumption
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In conclusion, the results of finite element diffusion modeling are consistent with our
hypothesis that short-range soluble signaling is the cause of the hepatocyte survival
pattern observed in Fig. 4B. Further, our modeling indicates that the proper gradient
pattern of concentration could be generated by a soluble factor with a half-life on the
order of hours (3, 4). An alternative possible scenario entails a longer half-life (days) in
conjunction with a high rate of soluble factor consumption by hepatocytes.
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Fig. 6. Micromechanical substrates can be generalized to other cell types and biological techniques. (A) Bipotential
mouse embryonic liver progenitor cells cultured for 1 day on a micromechanical substrate. The BMEL cell line,
9A1, was provided by Mary Weiss (Institut Pasteur, Paris) and cultured as described (1, 2). In brief, cells were
cultured on collagen in RPMI medium 1640 with glutamax (Invitrogen, Carlsbad, CA), containing 30 ng/mi
human IGF-II (Peprotech, Rocky Hill, NJ), 50 ng/ml human EGF (Peprotech), and 10 mg/ml recombinant human
insulin (Invitrogen). (B) Primary rat liver sinusoidal endothelial cells (LSEC) cultured for 1 day on a collagen-
coated micromechanical substrate. Briefly, LSEC were isolated from the nonparenchymal fraction of the liver
through a 25%/50% Percoll gradient (3) and cultured in the presence of VEGF (R&D Systems, Minneapolis, MN).
(C) OP9 bone marrow stromal cells (ATCC, Manassas, VA) cultured for 1 day on a collagen-coated
micromechanical substrate, using alpha minimum essential medium without ribonucleosides and
deoxyribonucleosides with 2 mM L-glutamine and 1.5 g/liter sodium bicarbonate, 80%; FBS, 20% (all from
Invitrogen). (D) Cells can be transfected with siRNA while adhered to micromechanical substrates, allowing
selective delivery using the separated mode. Fluorescent image of Swiss 3T3 fibroblasts transfected with sSiRNA
sequence (against Lamin A) with FITC fluorophore conjugated to 5' end of sense strand (Dharmacon, Lafayette,
CO). Transfection was performed by using Lipofectamine 2000 (Invitrogen) on cells adhered to the substrate.
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SI Movie 1

Movie 1. Actuation of micromechanical substrate. Parts begin fully separated and are pushed manually to the gap
mode, then to the contact mode, and finally separated again. Note that the parts are firmly attached in the gap and
contact modes, remaining fixed together even when the parts are jostled.
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