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Although the process of chemosensing by individual cells is intri-
sically stochastic, multicellular organisms exhibit highly regulated
responses to external stimulations. Two key elements to under-
stand the deterministic features of chemosensing are intercellular
communications and the role of pacemaker cells. To characterize
the collective behavior induced by these two factors, we study
the spatial-temporal calcium dynamics of fibroblast cells in re-
sponse to ATP stimulation. We find that closely packed cell colonies
exhibit faster, more synchronized, and highly correlated responses
compared to isolated cells. In addition, we demonstrate for chemo-
sensing the existence of pacemaker cells and how the presence of
gap junctions impact the first step of the collective response. By
further comparing these results with the calcium dynamics of cells
embedded in thin hydrogel films, where intercellular communica-
tion is only possible via diffusing molecules, we conclude that gap
junctions are required for synchronized and highly correlated re-
sponses among cells in high density colonies. In addition, in high
density cell colonies, both communication channels lead to calcium
oscillations following the stimulation by external ATP. While the
calcium oscillations associated with cells directly exposed to exter-
nal flows were transient, the oscillations of hydrogel trapped cells
can persist with a fundamental frequency and higher harmonics.
Our observations and measurements highlight the crucial role of
intercellular signaling for generating regulated spatial and tempor-
al dynamics in cell colonies and tissues.

emergent behavior ∣ cell signaling

Cells constantly sense their local chemical environment and
make decisions based upon the information received. This

process, known as chemosensing, is intrinsically stochastic. Not
only do the chemical perturbations fluctuate in space and time,
but even for uniform stimulations, the responses vary significantly
from cell to cell (1). Despite this variability, multicellular organ-
isms are capable of performing highly regulated, consistent re-
sponses, which are crucial to maintain the normal functionality
of complex life systems (2).

Achieving coordinated collective responses requires individual
cells to exchange information with each other within the popula-
tion. For example, in the process of quorum-sensing, bacteria
synthesize and secrete signaling molecules into the extracellular
space. Once the concentration of the molecules, which encodes
information of cell density, reaches a threshold value, bacteria
transform to a different state thus generating collective behavior
(3). Similarly, when a population of the social amoebae Dictyos-
telium discoideum is stimulated by external cAMP (cyclic adeno-
sine 3,5-monophosphate), more cAMP is released by each cell
into the extracellular space. Because Dictyostelium undergoes
quiescent to oscillatory transitions as a function of external cAMP
concentration, the collective response of Dictyostelium to cAMP
can be dramatically different from the response of isolated
cells (4).

On the other hand, the basis of collective behavior of mamma-
lian cells during chemosensing is much less understood, largely
because mammalian cells have developed highly diversified,
coupled signaling pathways that are still topics of extensive re-
search (5). In fact, recent studies have begun to elucidate new
features of mammalian cell collective chemosensing, which are

uncommon for prokaryotic systems. For example, when exposed
to tumour-necrosis factor, fibroblast cells yield both digital and
analog outputs, while a subpopulation demonstrates much higher
sensitivity compared to the average (6). The mammalian olfac-
tion system provides another example of collective chemosensing.
Using animal models, it has been shown that the temporal order
within the colony of olfaction neuron cells is directly related to
how information is perceived and processed by the brain (7).

In this paper, we use microfluidic devices to study group
responses of mouse fibroblast cells to external ATP (adenosine
triphosphate) stimulation as a model to explore the role of inter-
cellular signaling and those cells that responded first (pacemaker
cells) in regulating the collective behavior during chemosensing.
Our model system involves the detection of ATP, which is an im-
portant and common signaling molecule that regulates platelet
aggregation (8), vascular tone, cardiac function (9), neurotrans-
mission, and muscle contraction (10). The cells detect ATP using
P2 receptors, which are among the most abundantly expressed
receptors in mammalian tissues (11). In particular, when ATP
molecules bind to P2Y purinergic receptors on the cell mem-
brane, second messengers IP3 (inositol 1,4,5 triphosphate) are
released into the cytoplasm and participate in opening ion chan-
nels to release calcium ions stored in the endoplasmic reticulum
(12–14). The resulting elevation of calcium concentration inside
the cell can be detected in real time with various fluorescent cal-
cium indicators, which we use to study the responses on a single
cell level.

Once excited, cells are also able to exchange information
through gap junctions formed between cells in physical contact,
or via other released signaling molecules, which diffuse in the ex-
tracellular space (15). As we will show, while the gap junctions
play a major role when the cells are exposed directly to external
flow, diffusing molecules are the only means of communication
when separated cells are encapsulated in hydrogel. Recognizing
these two general modes of communication allows us to alter
the relative importance of the two communication channels and
examine how cell-cell interactions in a colony generate various
emergent features during chemosensing.

Results and Discussion
In order to study the response of fibroblast cells to ATP stimula-
tion, we designed a microfluidic flow chamber cultured with a
stepwise density of cells (Fig. 1A). In particular, loading the cells
first using the exit, then the inlet, we covered the collagen-coated
bottom of the chamber with two cell colonies with different den-
sities adjacent to each other (see Materials and Methods). Extra-
cellular ATP was delivered by flowing the ATP solution at a
constant flow rate of 90 μL∕min from the low cell density side
to the high cell density side using a syringe pump. This flow rate
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ensures fast delivery across the field of view (average flow speed
750 μm∕ sec) without generating detectable shear-stress induced
calcium responses (16). For all of our experiments we used phy-
siologically relevant ATP concentrations, typically 10–100 μM.

To monitor the calcium response of each cell, cells were loaded
with Fluo-4 calcium indicator (Invitrogen) and the fluorescent
images were taken on a confocal microscope (Leica SP5) at a
frame rate of 1 frame∕ sec with a 20x oil immersion objective.
The reference fluorescent intensity Ir was determined by aver-
aging the intensities IðtÞ during the flow of pure solvent before
ATP arrived (e.g., Fig. 1B). For chemosensing experiments, we
define the relative fluorescent intensity (RFI) RðtÞ ¼ IðtÞ−Ir

Ir
. To

construct the response curve of individual cells, RðtÞ is further
averaged over 40 pixels at the center of each cell to obtain
RiðtÞ of the cell with index i. After measuring the calcium re-
sponse, we flushed the device with fluorescein solution under
identical flow conditions. The fluorescent intensity of the fluor-
escein solution recorded above the cell monolayer is then used as
an estimate of the temporal profile of ATP concentration and is
correlated with the calcium response (Fig. 1C).

Our set up allows us to measure calcium dynamics of cell co-
lonies with well controlled spatial density as well as stimulation
doses. For example, in Fig. 1 B and D, we report the results of a
typical experiment (Movie S1). Although 40 μM ATP was deliv-
ered to the low density cell colony first, the typical response time
of cells in the high density group was faster. This result has been
confirmed by multiple independent experiments and we have
obtained similar results for three different solvents: HBSS (Invi-
trogen), HBSS without calcium and magnesium (Invitrogen),
DMEM (ATCC), as well as a wide range of ATP concentrations
from 20 μM to 200 μM. To evaluate the delay in response times,
we define the activation time of an individual cell as it obtained a
threshold intensity (Fig. S1). In Fig. 1D, we plot the normalized
histograms of these activation times. Indeed, the median re-
sponse time Tr of the high density colony is 6 s faster than the
low density colony (see also Fig. S2 and Movies S2 and S3).

Because the cells all came from the same source and were cul-
tured in the same conditions, we might expect the response of
cells to be a Poisson process and the distributions of activation
times to be statistically identical in spite of the different cell den-
sities. On the contrary, Fig. 1 shows that the cells in the high den-
sity group typically responded faster than the low density group.
This density-dependent result is only possible if the response
events were internally correlated, which we will quantify next.
We note that calcium waves propagating in the opposite direction
of delivered stimuli have been observed in vivo for hepatocytes
(17) and was attributed to more receptors expressed in the peri-
central region. Here we demonstrate an intrinsic directionality
can originate purely from density-dependent cellular correla-
tions, rather than the difference in the sensitivity of individual
cells.

The above observations suggest correlations between the cel-
lular responses, which can be evaluated using the normalized pair
cross-correlation function, CðτÞij, defined as

_RiðtÞ ¼
dRi

dt
ðtÞ −

�
dRi

dt
ðtÞ

�

CðτÞij ¼
1ffiffiffiffiffiffiffiffiffiσiσj

p
�
_RiðtÞ _Rjðtþ τÞ

�
: [1]

To evaluate dRi
dt , we numerically differentiated the response curve

RiðtÞ using the five-point stencil method; hdRi
dt i is the time average.

Also, σi is the variance of _RiðtÞ, which normalizes CðτÞij to be
dimensionless. Because the two main channels of cellular com-
munication—gap junctions and extracellular diffusing messenger
molecules—are both short-range interactions among nearby
cells, we only consider the cross-correlation between nearest-
neighbor pairs. Hence, the averaged cross-correlation function
C̄ðτÞ is obtained by averagingCðτÞij over all the nearest-neighbor
pairs i, j.

First, we studied the influence of cell density on the correla-
tions of calcium dynamics recorded for individual cells with their
nearest neighbors (Fig. 2A). 100 μM ATP in DMEM was intro-
duced to cell colonies of three different areal densities (Fig. 2A,
Inset). At this relatively high concentration of ATP, the calcium
levels of most cells were dominated by a single transient rise
following the stimulation (Fig. S1) (18). However, even though
the cells were exposed to ATP at the same time, the activation
time varied from cell to cell and the level of synchronization
among the cells is represented by the width and magnitude of
the central peak in the averaged cross-correlation function. As
is clear from Fig. 2A, closely packed cell colonies (approximately
1;000 cells∕mm2) displayed highly synchronized responses, while
moderately distributed cells (approximately 600 cells∕mm2)
were correlated more weakly, and sparsely distributed cells (ap-
proximately 200 cells∕mm2) exhibited essentially no correlations.
These results are qualitatively consistent with Fig. 1D.

Next we investigated the influence of ATP concentrations
(Fig. 2B). At lower concentrations of ATP (less than 50 μM), cal-
cium dynamics of individual cells start to deviate from each other
(19) and it is easier to distinguish the effect of cellular commu-
nications from the dominate role of external ATP, because the
latter typically led to a single transient elevation followed by slow
relaxation for most of the cells at high ATP concentrations
(Fig. S1). Indeed, the weak negative correlations for 100 μM
ATP as shown in Fig. 2A are more evident at lower ATP concen-
trations (Fig. 2B). Also the time delays of the peak negative cor-
relations increase as the external ATP concentration increases
(Fig. 2B, Insets, and Figs. S3–S5 and Movies S4–S19).

We hypothesize that the negative correlations were caused by
locally transmitted second messengers between adjacent cells.
After the initial stimulation by ATP, the cells slowly relaxed to

Fig. 1. Excitation of fibroblast cells of nonuniform spatial density by ATP.
(A) Schematics of the flow device. (B) An image from the calcium imaging
fluorescent video during flow of ATP solution from the low cell density colony
to the high cell density colony (separated by a dashed line). Red: reference
fluorescence showing cell locations. Green: fluorescent signal from calcium in-
dicator above the reference level. (C) Temporal profile of ATP concentration
estimated from fluorescent dye in the same flow conditions. (D) Histogram
and probability distribution of individual cell response times for the two co-
lonies of different densities (380 cells in the high density colony and 121 cells in
the low density colony were sampled). The median response time Tr is 19 sec
for the low density group and 13 sec for the high density group.

7754 ∣ www.pnas.org/cgi/doi/10.1073/pnas.1121338109 Sun et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1121338109/-/DCSupplemental/pnas.1121338109_SI.pdf?targetid=SM1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1121338109/-/DCSupplemental/pnas.1121338109_SI.pdf?targetid=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1121338109/-/DCSupplemental/pnas.1121338109_SI.pdf?targetid=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1121338109/-/DCSupplemental/pnas.1121338109_SI.pdf?targetid=SM2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1121338109/-/DCSupplemental/pnas.1121338109_SI.pdf?targetid=SM3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1121338109/-/DCSupplemental/pnas.1121338109_SI.pdf?targetid=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1121338109/-/DCSupplemental/pnas.1121338109_SI.pdf?targetid=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1121338109/-/DCSupplemental/pnas.1121338109_SI.pdf?targetid=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1121338109/-/DCSupplemental/pnas.1121338109_SI.pdf?targetid=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1121338109/-/DCSupplemental/pnas.1121338109_SI.pdf?targetid=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1121338109/-/DCSupplemental/pnas.1121338109_SI.pdf?targetid=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1121338109/-/DCSupplemental/pnas.1121338109_SI.pdf?targetid=SM4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1121338109/-/DCSupplemental/pnas.1121338109_SI.pdf?targetid=SM19


the reference state (≈1 min), after which they can be excited again
by the IP3 and calcium from nearby cells. The relaxation and the
second excitation produced negative correlations between the
nearest-neighbor cells. The longer time delay at higher concentra-
tions of ATP (Fig. 2B, Inset) is qualitatively consistent with the
down regulation of gap junction conductance by cytoplasmic cal-
cium ions (20).

While the calcium dynamics at high concentration of ATP
(higher than 100 μM) were dominated by a single rise followed
by rapid relaxation, within a closely packed cell colony we observed
significant flickering in the responses at low ATP concentrations
(approximately 20 μM), which demonstrated transient calcium
oscillations. Representative response curves RiðtÞ, as defined
above, are plotted in Fig. 3A1–A3. The flicker events were detected
by locating the local maxima in the response curves. To quantify
the temporal order in the calcium oscillation, we plot the histo-
grams of the time delay between the flicker events in Fig. 3 B1–B3.
At high concentration of ATP (100 μM), only a few flicker events
were observed (Fig. 3B3). At very low concentration of ATP
(10 μM), the event counts increased dramatically (2,200 times

for 540 cells over 10 min), and the time delays demonstrated a
broader distribution centered around 30 s (Fig. 3B1). A small in-
crease in ATP concentration (20 μM), however, led to a much
narrower distribution of time delays, while the event count was
reduced because the oscillations persisted for a shorter period of
time (Fig. 3B2).

Over the range of ATP concentrations examined, the peak
oscillation frequencies stayed almost the same. Also the statistical
characteristics are very different from spontaneous calcium
oscillations, which are rare and much more broadly distributed
(21) (see also Fig. S6). Furthermore, in low density cell colonies
(approximately 200 cells∕mm2), few calcium oscillations were
observed for ATP concentration from 10–100 μM and the time
delays did not show clear statistical features. Thus, we have de-
monstrated that when extensive cellular communications are
present, as is possible at high cell densities, extracellular ATP
can induce transient calcium oscillations with a frequency of
about 0.04 Hz, which is insensitive to the external ATP concen-
tration. However, the statistics of the flicker events depend on
ATP concentration, which we interpret as a result of the interplay
between adaptation and cellular communications.

The collective chemosensing of cell colonies are not only char-
acterized by the cell–cell interactions, as we have discussed, but
are also influenced by the intrinsic differences from cell to cell
in the population (17). For instance, some cells express more re-
ceptors than the others, thus becoming pacemakers that respond
faster to external stimulation (19). To study the influence of such
pacemaker cells on the response of the population, we delivered
two-step pulses of ATP separated by 20 min to a densely
packed colony and focused on the initial state of the response
(Fig. 4 A1–A3 and Movies S20–S21). Comparing the relative

Fig. 2. Averaged cross-correlations of nearest neighbors as a function of cell
density and ATP concentration. (A) Normalized cross-correlation function
C̄ðτÞ of nearest neighbors for cell colonies with different densities stimulated
by 100 μM ATP in DMEM. The width of the central peak is 24 sec for the high
density colony (1;060 cells∕mm2) and 44 sec for the medium density colony
(608 cells∕mm2). At even lower density, the averaged cross-correlation func-
tion is almost featureless. Inset: representative images from the three experi-
ments with different cell densities. (B) For densely packed cell colonies
(approximately 1;000 cells∕mm2), reducing the stimulating ATP concentration
reveals clear negative correlations between nearest neighbors. Inset: the time
delays of the peak negative correlation for different ATP concentrations.
Each data point represents the mean value and standard deviation calculated
from 4,000 cell pairs of four independent experiments (Movies S4–S15).

Fig. 3. Statistics of flicker events in a closely packed cell colony (approxi-
mately 1;000 cells∕mm2). (A1) Typical response curves of two cells (dashed
and solid lines) in a densely packed colony stimulated with 10 μM ATP. The
filled circles represent the flicker events defined as local maxima in the re-
sponse curve. The response curve plotted covers 125 sec from the time the
first cell in the colony started to respond. (B1) The histogram of time delays
between consecutive flicker events in the same experiment as A1. (A2–B2)
Similar to A1–B1, except the concentration of ATP is 20 μM. (A3–B3) Similar
to A1–B1, except the concentration of ATP is 100 μM.
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fluorescent increase in Fig. 4 A1 and A2, it is clear that those cells
that responded first were the same for the two separate pulses.
Furthermore, we labeled these pacemaker cells in Fig. 4A3 and
use arrows pointing to their nearest neighbors that responded
subsequently in the second pulse. Surprisingly, not only the pace-
makers but also the temporal sequences associated with the pulse
responses were preserved. Also, because the arrows appear to be
oriented randomly, there is no direct correlation to the direction
of the flow.

We hypothesize that this deterministic feature is a result of
cellular communications, because otherwise the responses fol-
lowing the pacemaker cells would be random. In addition, if the
cells were communicating only through extracellular diffusing
molecules, all nearest neighbors would be equally exposed to the
signaling molecules thus the temporal sequences would not be
expected to be repeatable in the second pulse. Hence we con-
clude that the cells were communicating through gap junctions,
which is consistent with the observations in Fig. 2.

To further examine the role of gap junctions, we performed
similar experiments to the above, but treat the cells with palmito-
leic acid for 20min between the twoATP pulses. Palmitoleic acid is
well accepted as a gap junction inhibitor without significantly

affecting calcium response (21, 22). We hypothesize that the inhi-
bitor should destroy the temporal order established through gap
junction communication. This result was indeed what we observed,
as shown in Fig. 4 B1–B3 (also Movies S22–S23): The cells re-
sponding first in the two ATP pulses were almost the same, while
the subsequent temporal orders deviated significantly (Fig. 4B3).

While the above experiments demonstrated the importance of
gap junctions, it is intriguing to ask what type of collective beha-
vior can result from cellular communications through diffusing
molecules. To address this question, we encapsulated fibroblast
cells in a thin hydrogel film (approximately 200 μm in thickness)
and maintained the flow on top (Fig. 5 A and B). The cells were
well separated from each other, thus we expect few gap junctions
to be formed. In addition, the hydrogel protected the cells from
external flows while allowing stimulating ATP molecules to reach
the cell by diffusion. Because ATP can diffuse in the hydrogel
approximately as fast as in water, and most cells sedimented near
the bottom of the gel during the gelation process (Fig. 5A), it is
reasonable to assume that inside the field of view, all of the cells
were exposed to ATP at the same time.

To examine the density dependence of the collective chemo-
sensing, we again created cell colonies with stepwise areal den-
sities (Fig. 5A, two colonies are separated by the dashed line).
Then, we studied the calcium dynamics of gel-encapsulated fibro-
blast cells stimulated by 100 μM ATP solution flow on top of the
gel. In contrast to the observation of Fig. 1, there is no difference
of the response times for the two colonies (Fig. 5A, Insets, and
Movie S24). In fact, the activation times were broadly distributed
in both colonies, which is evident from the averaged nearest-
neighbor cross-correlation functions (Fig. 5C). As a further
feature of spatial-temporal effects, we observed ATP-induced cal-
cium oscillations in high density cell colonies (>1;500 cells∕
mm2) embedded in hydrogel. In fact the oscillations persisted

Fig. 4. The role of pacemaker cells and gap junctions in the early state of
group response. (A1–A3) The response of pacemakers in a densely packed
cell colony. (A1) Red: baseline fluorescence of calcium imaging showing the
location of cells. Green: fluorescent intensity beyond the baseline. The image
was taken 5 sec after the first cell responded to a 40 μM ATP pulse, while the
pulse of ATP lasted 1min andwas followed by HBSS to allow the cells to relax.
(A2) Baseline and fluorescent intensity of the same colony as in A1. Image
was taken 6 sec after the first cell responded to a 100 μM ATP pulse and
the pulse lasted 10 min (Fig. S6). In between the ATP pulses of A1 and A2,
cells were allowed to relax for 20 min within continuous flow of HBSS.
(A3) Circle symbols label the cells that responded the fastest (pacemakers)
in the two ATP pulses and the arrows point to the nearest-neighbor cells
of the pacemakers that responded subsequently. Open circles: pacemakers
of the second ATP pulse. Filled circles: pacemakers of the first ATP pulse.
When the arrows overlap, only one is visible. Notice A1–A2 covers only the
upper part of A3. B1–B3 is similar to A1–A3, except the cells were treated
with palmitoleic acid for 20 min in between the two ATP pulses. Top insets:
the temporal profile of the solution content delivered to the cell.

A B

C D

1,550

Fig. 5. Characteristics of the collective responses when cells were encapsu-
lated in hydrogel. (A) Confocal reconstruction of fibroblast cells embbeded in
hydrogel. Due to sedimentation during the gelation process, most cells were
near the bottom of the gel. Cell density was constructed stepwise (boundary
indicated by the dashed line) and the external ATP flow was from the low
density side to the high density side. Inset: snapshot of fluorescent images
showing the calcium level beyond the baseline. No distinction of response
time was observed for the two colonies. Left and right insets were taken
10 sec and 30 sec, respectively, after the cells started to respond to 100 μM
ATP. (B) Schematics of the vertical structure of the device. (C) Averaged cross-
correlation functions between nearest neighbors in the low density cell col-
ony and high density cell colony as shown in A1. (D) Fourier spectrum of
response curve averaged over the cells in the high density colony. Filled circles
locate the peaks in the spectrum. Inset: Representative response curves of
two cells in the high density colony. The curves cover 200 sec from the first
cell in the colony started to respond.
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for a long time (approximately 10 minutes), which made it pos-
sible to study the frequency directly using Fourier analysis. We
plot in Fig. 5D the mean spectrum obtained from averaging
the fast Fourier transform of the response curves within the high
density colony of Fig. 5A. The mean spectrum features oscillation
frequencies around 0.02 Hz, 0.04 Hz and 0.06 Hz. While the fre-
quency at 0.04 Hz also shows up in Fig. 3, further study is needed
to understand the underlying mechanism that gives rise to these
time scales. On the other hand, calcium oscillations in the low
density colony were less significant and the frequencies differed
from cell to cell making the averaged spectrum very weakly
featured (Fig. S7). The comparison thus suggests a mechanism
of phase-locking through intercellular signaling, whose strength
increases monotonically with cell density, due to the dissipative
nature of the diffusion process.

Conclusion
We have described a systematic study of the spatial-temporal
calcium dynamics of fibroblast cells collectively responding to
external ATP. When the cells were directly exposed to flow of
agonist, cellular communications were dominated by gap junc-
tions. Closely packed cell colonies demonstrated rapid, synchro-
nized, and correlated responses. Within these colonies, there
were a few cells more sensitive than the others and these pace-
makers led the response. Despite the stochastic nature of the
process, the orders in which neighboring cells of the pacemakers
responded subsequently were deterministic. This temporal order,
however, was disrupted by chemically blocking gap junctions. In
addition, because intercellular communications via gap junctions
synchronized the responses between nearby cells, we conclude
that pacemaker cells were capable of advancing the average
activation times within a colony.

When the cells were encapsulated in hydrogel, cellular com-
munications were dominated by diffusing signaling molecules.
In contrast to the previous configuration, changing cell density
did not significantly alter the average response time nor the level
of synchronization, which further proved the role of gap junctions
in the early state of collective chemosensing.

Also, we have documented ATP-induced transient calcium
oscillations of individual cells in a densely packed colony, and
the concentration dependence of the distribution of time delays
between consecutive calcium spikes. For the case of gel-encapsu-
lated cells, the calcium oscillation persisted much longer and the
Fourier spectrum exhibits a fundamental frequency at 0.02 Hz
and higher harmonics. Although extensive theoretical work on
the mechanisms of intracellular calcium oscillations has been
done before (23), the dependence on cellular communications
is still not well understood. Our observations and measurements
highlight the crucial role of intercellular signaling for generating
regulated spatial and temporal dynamics in cell colonies and tis-

sues. As a particular example, fibroblast cells sense ATP during
wound healing (24) and inflammation responses 25), so that our
results suggest an important role of intercellular signaling in
tissue generation and remodeling.

Materials and Methods
Fabrication of Flow Device. The flow device consisted of a PDMS cover on top
of a collagen-coated glass slide, which creates a chamber in between for cells
to adhere and different solvents to flow (Fig. 1A). To make PDMS covers, pre-
polymer of poly(dimethylsiloxane) (PDMS; Sylgard 184, Dow Corning) was
poured over a stainless steel template (Wet Jet Precision), placed on a vacuum
chamber to remove air bubbles, cured at 65 Celsius overnight, and peeled
off the template. Surfaces of coated glass slide and PDMS cover were oxi-
dized in plasma for 30 s to form an irreversible seal when the two surfaces
were brought into contact.

Cell Culture and Sample Preparation. NIH 3T3 mouse fibroblast cells were cul-
tured in Dulbecco’s modified Eagle medium (DMEM; ATCC) containing 1%
penicillin and 10% calf bovine serum and cultured at 37 Celsius incubator
with 5% CO2. To create a cell colony with stepwise density, a high density
cell suspension was loaded from the outlet to fill half of the channel. After
2 to 3 h, the channel was washed gently to remove the cells that were not yet
adhering to the bottom surface. Then the low density cell suspension was
loaded into the whole channel. After 30–40 h of incubation, Fluo-4 calcium
dye (Invitrogen) was loaded into the device. Following another 1 h of incu-
bation, the sample was ready for imaging.

Fluorescence Imaging and Image Analysis. Fluorescence was detected using a
confocal microscope (Leica SP5) with Argon laser at 488 nm wavelength.
Movies were taken at a frame rate of 1 frame∕ sec with a 20x oil immersion
objective. Image analysis and data process were performed in MATLAB.
(Details in SI Text.)

Cell Encapsulation in Hydrogel. NIH 3T3 mouse fibroblast cells were encapsu-
lated in biocompatible hydrogels (Extracel Hydrogel Kit, Advanced Bioma-
trix), which consists of glycosil (thiol-modified hyaluronan), gelin (thiol-
modified gelatin), and a thiol-reactive cross-linker, polyethylene glycol dia-
crylate (PEGDA). Trypsinized cells were suspended in fresh growth medium
and a mixture of gelin, glycosil, cross-linker, and cell suspension in following
ratio: 3∶3∶1.5∶1 was made. Two droplets (10 μL) of hydrogel solution with
different cell densities were placed adjacent to each other in order to create
stepwise cell density. A PDMS cover was then placed on top of the gel solu-
tion, creating a channel between the gel and the PDMS for solvent flows.
After 20min, hydrogel solution polymerized and freshmediumwas delivered
to the channel keeping the moisture of the hydrogel. After 1 h of incubation,
Fluo-4 calcium dye was loaded into the device. Following 1 more hour of
incubation, sample was ready for imaging.
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