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ABSTRACT

Utilizing microfluidics to mimic the dynamic temporal changes of growth factor and cytokine concentrations in vivo has greatly increased
our understanding of how signal transduction pathways are structured to encode extracellular stimuli. To date, these devices have focused on
delivering pulses of varying frequency, and there are limited cell culture models for delivering slowly increasing concentrations of stimuli
that cells may experience in vivo. To examine this setting, we developed and validated a microfluidic device that can deliver increasing
concentrations of growth factor over periods ranging from 6 to 24 h. Using this device and a fluorescent biosensor of extracellular-regulated
kinase (ERK) activity, we delivered a slowly increasing concentration of epidermal growth factor (EGF) to human mammary epithelial cells
and surprisingly observed minimal ERK activation, even at concentrations that stimulate robust activity in bolus delivery. The cells remained
unresponsive to subsequent challenges with EGF, and immunocytochemistry suggested that the loss of an epidermal growth factor receptor
was responsible. Cells were then challenged with faster rates of change of EGF, revealing an increased ERK activity as a function of rate of
change. Specifically, both the fraction of cells that responded and the length of ERK activation time increased with the rate of change. This
microfluidic device fills a gap in the current repertoire of in vitro microfluidic devices and demonstrates that slower, more physiological
changes in growth factor presentation can reveal new regulatory mechanisms for how signal transduction pathways encode changes in the
extracellular growth factor milieu.

VC 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0059011

INTRODUCTION

The cellular microenvironment is dynamic with changes in the
production, transport, and degradation of growth factors and cyto-
kines, leading to complex presentation of these stimuli over time.
These temporal patterns are sensed by cellular receptors and encoded

to signaling hubs, such as extracellular-regulated kinase (ERK), a ser-
ine/threonine protein kinase that plays a major role in human devel-
opment and disease by regulating fundamental cellular processes such
as apoptosis,1,2 proliferation,10 and collective cell migration.5 A canon-
ical activator of ERK is the epidermal growth factor (EGF)/epidermal
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growth factor receptor (EGFR) interaction, in which EGF binding to
EGFR leads to EGFR homo- and hetero-dimerization, recruitment of
Grb2 and son of sevenless (SOS), activation of RAS, and downstream
phosphorylation of RAF, MEK, and ultimately ERK. Numerous negative
and positive feedback mechanisms regulate the EGFR/ERK pathway,
providing opportunities for the pathway to encode different presenta-
tions of EGF (e.g., amount, timing) into patterns of ERK activity.

Despite the dynamic nature of the in vivo microenvironment, the
majority of studies of EGFR/ERK have utilized tissue culture plates with
static wells. In this setting, a set concentration of EGF is applied to cells,
ERK is quickly phosphorylated, and the amount of phosphorylated ERK
shows a dose-dependency with respect to the initial EGF concentration.6

While often interpreted as a constant concentration of EGF throughout
the experiment, ligand depletion in this paradigm will lead to a decrease
in EGF concentration over time.7 To overcome this complication, cells
have been plated as a small island in a well plate, such that ligand deple-
tion relative to the initial EGF concentration was neglible.8 With this
modification, it was observed that as EGF concentration increased, ERK
pulsed on and off in individual cells with a greater frequency.

Recapitulation of the in vivo environment to understand EGFR/
ERK requires delivery of well-defined increasing, decreasing, and pul-
satile concentrations of EGF, which is difficult in tissue culture studies.
Microfluidic approaches provide a promising approach to mimic the
dynamic temporal presentation of growth factors as small volumes of
fluid can be easily manipulated and exchanged. Devices have been
developed to deliver pulses of growth factor to cells,8–10 and these
studies have successfully identified the regulatory strategies employed
by signal transduction pathways. For example, cells treated with a step
change of EGF achieved a maximum ERK activity at similar times but
returned to baseline faster as EGF concentration increased, suggesting
a dose-dependent negative feedback mechanism.9

However, one aspect of how ERK encodes temporal stimulation
that has not been well studied is how the EGFR/ERK pathway
responds to more gradual increases in EGF concentration. Enhancing
our understanding of how the ERK pathway encodes increasing
concentrations of a growth factor is particularly important as growth
factor concentrations increase over time in the developmental and
wound11 microenvironments. Microfluidic systems can achieve time-
varying concentrations by mixing fluid streams from different reser-
voirs, but often have difficulty achieving shallow gradients and require
expensive or custom-built flow-control instrumentation.10,12–14 Using
a gravity-driven microfluidic device, Mokashi et al.12 delivered an
increasing concentration of tumor necrosis factor (TNF) to cells over
timeframes of up to 8 h and found that the level of NF-jb activation
increased as the concentration of TNF increased. However, culture for
extended periods of time (>5h) was challenging in this system due to
the formation of bubbles, and the system as designed only enabled one
experimental condition at a time, limiting the ability to look at how
increasing concentrations are encoded to ERK signals and decoded to
slower processes, such as proliferation and differentiation.

Here, we develop and validate a microfluidic device that can
deliver increasing concentrations of a stimuli over the course of hours
to days, allows for up to four devices to be imaged simultaneously,
incorporates a degassing protocol and a bubble trap to prevent bub-
bles, and utilizes readily accessible and inexpensive syringe pumps.
These modifications enabled us to examine how a range of EGF ramps
impacted ERK signaling.

RESULTS
Design and validation of microfluidic device

The device consists of two inputs [serum free media (SFM) and
SFM þ growth factor (GF)] driven by programmable syringe pumps
that flow through a resistance feature to minimize flow variation
[Figs. 1(a) and S1]. Next, the two streams pass through a mixing ele-
ment where they mix through both diffusion and convection.27 A bub-
ble trap was included in the mixing region to reduce the occurrence of
bubbles that can shear cells [Fig. 1(a)]. The mixed streams then flow
past a series of diffusion ports (50� 15lm2 spaced at 30lm intervals)
connected to a cell chamber where cells were seeded (600 lm
� 5mm).3 The ports allow diffusion while minimizing fluid flow over
the cells in order to lessen the effects of shear stress, including ERK
activation.8,28 The syringe pumps were programmed to change the rel-
ative flow rate of the SFM and GF streams (while keeping the overall
flow rate constant), allowing increasing concentrations of growth fac-
tor to be delivered. We validated mixing in the device using 10 kDa
fluorescently tagged dextran, which has a molecular weight compara-
ble to many cytokines and growth factors (including EGF, 6.4 kDa).
Each stream was set to a flow rate of 0.18ll/min, with 100nM of
labeled dextran in the GF stream and SFM in the other stream. Using
a fluorescence microscope, two distinct streams were observed at the
beginning of the mixing feature, but a near-uniform stream was pre-
sent at the end [Figs. 1(b) and 1(c)].

To determine how quickly the cell chamber would reach equilib-
rium with the fluid stream, COMSOL simulations were performed for
a cell chamber filled initially with SFM as media with either 1 or
100 ng/ml EGF were flowed through the device at a flow rate of
0.36ll/min. For both concentrations, the cell chamber was fully equili-
brated after three minutes [Figs. S2(A) and S2(B)]. The simulation
demonstrated that due to the diffusion ports, there was minimal fluid
velocity in the cell chamber at steady state [fully developed flow, Fig.
S2(C)]. We experimentally validated the ability of the device to ramp
up rapidly and deliver steady concentrations of EGF [Figs.
S2(D)–S2(H)]. We next examined if the device could deliver an
increasing temporal gradient. Linear slopes were selected and fluores-
cently tagged dextran was utilized to examine if the desired gradients
were delivered. Multiple positions were measured both across and
along the cell chamber to examine the potential spatial variation. To
identify the time frames where a smooth change in concentration
could be implemented, linear ramps over 3–24h were tested. For
ramps over six to 24 h, minimal differences in fluorescent intensity
were observed with increasing distance from the diffusion ports at
three points along the cell chamber [Figs. 2 and S3(A)], demonstrating
that cells seeded at different positions within the chamber will experi-
ence similar concentrations of growth factor. The largest variation
from the desired linear ramp was observed at the point furthest from
the diffusion ports at the beginning of the cell chamber, suggesting
that this corner of the cell chamber takes additional time to equilibrate.
The device could deliver decreasing [Figs. S3(B)–S3(F)] in addition to
increasing concentrations with minimal fluctuations in signal relative
to the targeted linear slope. Finally, to demonstrate that we can deliver
increasing, decreasing, and steady concentrations within one device, a
combination of different patterns was administered that saw good
concurrence with the theoretical delivery pattern [Fig. S3(G)]. While
adsorption of small, hydrophobic compounds is a known challenge
with polydimethylsiloxane (PDMS) devices,29 the close agreement
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between the planned and observed pattern demonstrated that there
was minimal adsorption of large, hydrophilic molecules. While prior
devices have been developed to deliver ramps on the length scale of
minutes to a few hours,10,12 our device can achieve smooth ramps over
significantly longer time frames (up to 24 h) without compromising
the cell viability [Fig. S2(I)].

ERK fails to activate in response to slow increases
in EGF

We next utilized this device to examine how cells encode slow
increases in EGF into ERK signaling in HMECs, a benign human mam-
mary epithelial cell line. To measure ERK activity at a single-cell level,
we used the ERKKTR fluorescent biosensor.4 When ERK is inactive,
ERKKTR localizes to the nucleus and when ERK is active, ERKKTR
localizes to the cytoplasm [Fig. 3(a)]; H2B-RFP was utilized to identify
the nuclear region in images. To confirm the ERKKTR biosensor was
working as expected, HMECs were dosed with either 60lM ERK-
inhibitor FR180204 or a 2ng/ml bolus dose of EGF in a standard cul-
ture well. ERKKTR localized to the nucleus when ERK was inhibited
and to the cytoplasm when ERK was activated [Fig. 3(b)]. A ratio
between the fluorescent intensity in the cytoplasm vs the combined sig-
nal in the cytoplasm and nuclear regions [C/(CþN)] provides a quanti-
tative measure of ERK activity, with a higher ratio indicating more ERK
activity. We next examined the ERK activity in the device by exposing
the cells to step changes from SFM to the GF channel containing either

SFM, 1ng/ml EGF, or 10ng/ml EGF (Fig. S4). We found that abrupt
steps could generate enough shear stress to transiently activate the ERK
pathway, even when the second channel contained only SFM. This
effect was not observed when the fluid streams changed from 0 to
0.36ll/min over 24h; however, to monitor for the potential effects we
performed SFM to SFM control ramps in all experimental conditions.

Next, HMECs in the microfluidic device were exposed to a linear
increase from 0 to 2ng/ml EGF over 24 h. A SFM control was also
conducted where cells were exposed to an increasing concentration of
SFM containing fluorescently tagged dextran. The increasing concen-
tration was successfully delivered in both conditions as indicated by
the fluorescent signal from the dextran [Fig. 3(c), left]. Cells exposed
to the SFM control demonstrated only a small drift in their ERK activ-
ity and did not show any shear-related effects (median change in ERK
activity for SFM¼ �0.01, p< 0.001, paired t-test of individual cells at
t¼ 0 vs 24 h). We observed only minimal activation of ERK in the 0
to 2 ng/ml increasing condition (median change in ERK activity for
EGF¼ 0.04, p< 0.001, paired t-test of individual cells at t¼ 0 vs 24 h).
This was surprising, as 2 ng/ml activated a strong ERK signal when
delivered instantaneously [Fig. 3(b)].

Increasing concentrations of EGF result in loss
of sensitivity to subsequent EGF stimulation

Two possible explanations for the lack of ERK activity in
response to slowly increasing EGF are negative feedback within the

FIG. 1. (a) Schematic of microfluidic
device with close-up of the cell chamber.
The asterisk denotes the bubble trap loca-
tion. Scale bar¼ 5 mm. (b) Images of
fluorescently tagged dextran at the begin-
ning (top panel) and end (bottom panel) of
mixing feature. Scale bar¼ 200 lm. (c)
Normalized fluorescent intensity at the
beginning and end of mixing feature [dis-
tance is the distance across the cell
chamber at locations marked in (c) with
the same color; locations for these imag-
ing spots also noted in (a) with same color
scheme].
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ERK pathway8,30 or internalization/degradation of EGFR.31,32 In many
negative feedback loops, activation of the pathways leads to an increase
in the level and/or activity of a negative regulator. Such inhibition can
be overcome with a dose of the stimulant that exceeds the inhibition
threshold or that remains present after the inhibition has been released
through mechanisms, such as inhibitor degradation. To attempt to

exceed the inhibition threshold, we exposed HMECs to an increasing
concentration of EGF (0 to 2 ng/ml) followed by a spike to 3 ng/ml
[Figs. 4(a) and S5(A) for SFM control]. HMECs have been shown to
express approximately 1 � 105 EGFR per cell in HMECs;19 therefore,
for our cell density of 1000 cells/device, the expected number of EGFR
copies per device is approximately 108 receptors. At a flow rate of

FIG. 2. (a) Quantification of increasing concentration based on the fluorescent dextran signal at three distances along the cell chamber (0.5, 2.5, and 5mm from beginning)
and across the cell chamber (0, 150, 300, 450, and 600 lm from the diffusion ports at that location). (b) Schematic of analyzed locations, white arrow indicates direction of
flow.

FIG. 3. (a) Schematic of ERKKTR
reporter. (b) Images of ERKKTR when
cells are dosed with ERK inhibitor
(FR180204) or 2 ng/ml EGF. Scale
bar¼ 100 lm. (c) Linear dosing con-
firmed by fluorescently tagged dextran
(left), heatmap of single cell ERK activity
for cells (middle), and average ERK activ-
ity (right) for linear ramps of SFM!SFM
and SFM!2 ng/ml EGF over 24 h. Due to
device-to-device variation, the time that
the EGF ramp begins is denoted by a red
dashed line. The average activity is shown
as a black line with the gray shading dem-
onstrating the standard deviation. n¼ 50
cells. Two independent repeats were con-
ducted and showed the same trend.
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0.36ll/min and 3ng/ml EGF, the device delivers sufficient EGF to sat-
urate the receptor within 1min. However, ERK activation was not
observed at a population level in response to this spike; instead, only a
few cells that had active ERK during the ramp period continued to
have ERK activation, suggesting that the inhibition was strong enough
to filter out a 50% increase in stimulation. As shown in Fig. S5(A), we
did not observe substantial ERK activation when this was done with a
SFM control. Protein half-lives in proliferating mammalian cells have
been shown to be generally less than 2 h;33 therefore, cells were
exposed to the slowly increasing concentration of EGF followed by a
four-hour holiday and then a sudden return to 2 ng/ml EGF [Fig. 4(b)
and S5(B) for SFM control]. Again, few cells showed a response to
EGF after the holiday, and the population average activity was not sig-
nificantly different than the level prior to the holiday (p¼ 0.42) or

prior to the second stimulation (p¼ 0.35), suggesting that the time-
scale of inhibition is longer than 4h.

To identify the source of inhibition, we started at the receptor level
of the pathway. Cells were exposed to an increasing concentration of
EGF for 24 h, fixed, and then stained for EGFR using a protocol opti-
mized for quantitative immunostaining for cells cultured in this device
[Fig. 4(c)]. Single-cell quantification of EGFR expression [Figs. 4(d)
and S6] demonstrated significantly lower levels of EGFR expression in
cells exposed to an increasing concentration of EGF as compared to the
SFM control, suggesting that loss of the EGFR in response to increasing
EGF resulted in pathway insensitivity. As a test of this potential mecha-
nism, we repeated our experimental paradigm using HaCaT keratino-
cytes, which express approximately 8.6 � 105 EGFR per cell34

compared to 1 � 105 EGFR per cell in HMECs.19 At this much higher

FIG. 4. (a) ERK activity patterns in response to a slow ramp of EGF from 0 to 2 ng/ml over 24 h followed by a step increase to 3 ng/ml. Shown are dosing confirmed by fluores-
cently tagged dextran (left), heatmap of single-cell ERK activity for cells (middle), and average ERK activity (right). Due to the device-to-device variation, the time that increas-
ing concentration begins is denoted by a red dashed line. The subsequent transition to 3 ng/ml is also denoted with a red dashed line. The average activity is shown as a
black line with the gray shading demonstrating the standard deviation. n¼ 50 cells. (b) ERK activity patterns in response to a slow ramp of EGF from 0 to 2 ng/ml, a 4 h period
of SFM, and a return to 2 ng/ml EGF. Shown are dosing confirmed by fluorescently tagged dextran (left), heatmap of single-cell ERK activity for cells (middle), and average
ERK activity (right). Due to the device-to-device variation, the time that the increasing concentration begins is denoted by a red dashed line. The subsequent transitions to
0 ng/ml and back to 2 ng/ml are also denoted with red dashed lines. The average activity is shown as a black line with the gray shading demonstrating the standard deviation.
n¼ 50 cells. (c) HMECs stained for EGFR after exposure to SFM or 0 to 2 ng/ml EGF over a 24 h period. Scale bar¼ 50lm. (d) Quantification of EGFR staining intensity for
individual cells. Each cell indicated by a dot bars represent the mean 6 SD. Asterisk indicates p< 0.05. n¼ 66 cells (SFM), 71 cells (increasing EGF). For (a), (b), and (c)
two independent repeats were conducted and showed the same trend.
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level of EGFR, we would not expect our low concentrations to induce
sufficient loss of receptor to dampen the signal. As predicted, we see a
small, but consistent, activation of ERK in response to the 0 to 2ng/ml
ramp in HaCaTs [supplementary material Figs. S7(A) and S7(B)].

The rate of change of EGF is encoded by both the
fraction of responding cells and length of response

Given that ERK is activated in response to step changes of EGF
[Fig. 3(b)], but only minimally in response to gradual ramps (Fig. 4),
we utilized the ability of the device to vary the rate of change and mon-
itored ERK activation in response [Fig. 5(a)]. To keep the change in
flow rate the same (transitioning from 0 to 0.36ll/min over 24 h), we
varied the concentration in the second stream from 0.5 to 100ng/ml.
In contrast to the slowest ramp of 0.0016ng/(mlmin) (Fig. 4), we
observed robust ERK activation at early times with faster ramps.
Interestingly, it appeared that as the temporal gradient of EGF
increased, the fraction of cells activated and the length of ERK activa-
tion increased [Fig. 5(a)]. Using the C/(CþN) threshold of 0.5 deter-
mined from our dynamic range analysis, we plotted the rate of change

of EGF against the fraction of cells responding, defined as the percent-
age of cells that reach the C/(CþN) threshold for longer than 20min
during the first three hours after EGF begins to be delivered increasing
concentration [Fig. 5(b)], and the length of time that ERK remained
active in cells that responded [Fig. 5(c)]. Both the fraction of cells
responding and the length of ERK activation increased as the rate of
change increased. Intriguingly, HMECs demonstrated switch-like
behavior as the rate increased above 0.005 ng/(mlmin) (EC50 deter-
mined by Hill equation). HaCaTs that express eightfold more EGFR
(HaCaTs) were exposed to increasing rates of change of EGF (Fig. S7).
As HaCaTs showed ERK activation at all ramp rates, we did not
observe switch-like behavior. However, like the HMECs, both the frac-
tion of cells responding and length of ERK activation increased as the
rate of change increased. Finally, to determine if the differences in ERK
activation dynamics impact downstream targets, HMECs exposed to a
slow and fast ramp were stained for FRA-1, a transcription factor that
has been shown to be differentially expressed in response to different
patterns of ERK activation.35 We observed a significantly increased
expression of Fos-related antigen 1 (FRA-1) in cells that were exposed
to a faster ramp and, therefore, had more ERK activity (Fig. S8).

FIG. 5. (a) ERK activity patterns in
response to a varying the rate of change
of EGF. Shown are dosing confirmed by
fluorescently tagged dextran (left), heat-
map of single-cell ERK activity for cells
(middle), and average ERK activity (right).
All time scales were adjusted so t¼ 0
when dextran (EGF) was first detected
(also denoted by a red dotted line). (b)
and (c) ERK activity patterns for cells over
a range of rates of change, with ERK
activity>0.5 classified as an active cell.
Both the fraction of cells with active ERK
(b) and the time in this active state (c)
show a switch-like pattern with respect to
the initial rate of change (b) kd ¼ 0.0060, hill
slope¼ 7.12, R2 ¼ 0:97 (c) kd ¼ 0.0050,
hill slope¼ 11.27, R2 ¼ 0:23. Dots repre-
sent the fraction (b) or average time (c) of all
the cells analyzed for a particular rate of
change. In (c), bars indicate the SD. (b) and
(c) also include the data from Fig. 3. n> 50
cells/condition.
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DISCUSSION

Using a device that we developed and optimized to deliver
increasing concentrations of EGF over time, we determined that at
very slow rates of change, the ERK network in HMEC cells is largely
unresponsive. Conversely, as the rate is increased, a larger fraction of
cells responded and the time with active ERK increased. These find-
ings add to the complex variety of encoding mechanisms that have
been observed for the growth factor/ERK pathway.

We first validated that our device delivers increasing concentra-
tions of growth factor over time frames as long as 24 h. Prior attempts
to mimic a regimen of gradual increases in growth factor concentra-
tion include a gravity-driven device that can deliver increasing concen-
trations over 5–8h12 and devices that approximated increasing
concentrations as a series of small step changes.10 An advantage of this
device is that it utilizes syringe pump driven flow, which can be a
more affordable setup compared to pressure pump systems. Our
model simulations and experimental analysis demonstrated that the
profile of growth factor in the device was uniform. While for us this
was an advantage to maximize the number of cells that could be ana-
lyzed, further modification to add a parallel channel on the other side
of the cell chamber might enable examination of spatial variations.8,10

While not tested in this work, we expect that the device could deliver
combinations of growth factors that are all increasing at the same rate.
While the time frame of 24 h is short relative to developmental pro-
cesses, it is a similar timescale as the lifespan of an individual cell.
Further device optimization to deliver longer temporal patterns would
enable study of cellular “memory” of the growth factor temporal envi-
ronment over multiple generations.

After validating the device, we examined ERK response in
HMECs exposed to a slow increasing concentration of EGF (0 to
2 ng/ml over 24 h). Interestingly, we did not see substantial ERK acti-
vation in response to the slow ramp, even once the device had reached
2ng/ml. Past work has found that even lower concentrations of EGF
(1 ng/ml) delivered as a bolus dose activated HMECs.36 We hypothe-
sized that this insensitivity resulted from negative feedback. To test the
strength of this feedback, we increased the concentration of EGF by
50% at the end of the time course but were unable to activate ERK.
Next, to test the duration of this feedback, cells were given a 4-h holi-
day prior to challenging with 2 ng/ml EGF. As this did not alter ERK
signaling, we hypothesized that the feedback was not the presence of a
negative inhibitor (which might degrade on that timescale), but rather
the loss of a positive regulator. Immunostaining of cells after exposure
to 24 h of gradually increasing concentrations of EGF supported this
hypothesis, as cells exposed to SFM had significantly higher expression
of EGFR as compared to cells exposed to increasing EGF. One possible
explanation for the loss of EGFR in response to EGF is that the recep-
tor was internalized and degraded. EGFR trafficking is an established
mechanism to respond to receptor-level activation and is thought to
act as a mechanism of signal attenuation.37 However, our results sug-
gest it may also act as noise filter, filtering out small and slow changes
in growth factor such that EGFR is internalized before the EGF reaches
a high enough concentration in the local microenvironment to trigger
ERK activation. Interestingly, this filtering function was not seen in
the tested ramps in HaCaT cells, which express substantially more
EGFR.

While cells were able to filter out a slow ramp from 0 to 2ng/ml
over 24 h, ERK activation is seen in response to step increases, such as

bolus dosing in plates in our work and many others.14 This suggests
that there must be a rate of increasing concentration that is high
enough to escape the potential for filtering through loss of EGFR. To
test this, we increased the temporal gradients of EGF in both HMEC
and HaCaT cells and found that both the fraction of cells responding,
and the length of response increased. While prior studies have exam-
ined ERK signaling in PC12 cells in response to increasing concentra-
tions of EGF delivered into a well plate by syringe pumps, fractional
responses with respect to increasing rate of change were not observed,
likely due to the use of rates above our switch point [0.008 to
0.08 ng/(mlmin)].14 To achieve our different ramps, we increased the
concentration of the growth factor in the second stream; it is, there-
fore, possible that our observation was dependent on concentration
rather than the rate of change. However, when the rate of change was
greater than 0.005 ng/(ml h) we observed robust activation by 1h,
which corresponds to a concentration of approximately 0.7 ng/ml. In
contrast, when the rate of change was less than 0.005 ng/(mlh) we did
not see clear activation by 8h, where the concentration of EGF was
also around 0.7 ng/ml. Therefore, while it remains likely that the con-
centration is an important factor in pathway activation, all conditions
tested here experienced similar instantaneous concentrations at some
point, suggesting that the rate is also an important feature. A recent
report has demonstrated that the high osmolarity glycerol (HOG)
MAPK in yeast is also sensitive to the rate at which osmotic stress is
applied.38 It is likely that slow increases in osmostress do not immedi-
ately threaten cellular fitness and can be compensated for by existing
cellular mechanisms to restore turgor pressure that do not require
HOG pathway activation; therefore, a rate threshold may serve to con-
serve cellular resources for more significant perturbations.
Intriguingly, the HOG pathway ramp sensitivity comes from a nega-
tive feedback mechanism whereas one of the mechanisms at play here
involves pathway desensitization through receptor loss.

The observation of extended ERK activation in response to EGF
is in contrast to much of the literature where EGF results in short
peaks (<1h) and other growth factors, such as nerve growth factor
(NGF) lead to longer activity (>1h).8,14 Prior studies have demon-
strated that the expression of some ERK-target genes, such as FOSL1
(the gene for FRA-1), act as linear integrators of ERK activity;35 simi-
larly, we observed increased FRA-1 in cells that were exposed to faster
ramps and therefore longer periods or ERK activity. Of course, the pre-
cise interpretation of ERK signaling patterns may depend on the target
gene.39 To our knowledge, no study has addressed how the length of
EGF-induced ERK activation decodes to cellular phenotypic decisions.
However, cells can continuously sense kinase signaling throughout the
cell cycle and a recent study suggested that cells integrate this activity
into decisions to proliferate.40 In many treatment regimens, asynchro-
nous pulses of ERK activity are observed.3,41–43 To understand the
effect of this encoding, optogenetics has been used to mimic pulsatile
ERK, showing that intermittent ERK activation leads to a higher rate
of cell proliferation as compared to continuous activation.41

Additionally, in an elegant system that used optogenetic control of
ERK in addition to fluorescent reporters of transcription, multiple
pulses of ERK were shown to induce immediate early genes more effi-
ciently than sustained activity, suggesting that ERK activation length
will alter gene transcription patterns,44 as we observed for FRA-1.

In conclusion, our results demonstrate that the EGFR/ERK path-
way responds to the rate at which EGF concentration increases. At the
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slowest rates, the pathway can filter out the stimuli based on the loss of
the EGFR. As the rate increases, both the number of cells showing
ERK activation and the length of ERK activity increase. Intriguingly,
we observed a switch-like sensitivity to EGF rate in HMECs. Cells
experience a variety of temporal patterns of growth factor and cytokine
in vivo; therefore, studies of signal transduction pathway encoding
should include the full array of these presentations to better decipher
the potential responses.

METHODS

All materials were purchased from Thermo Fisher Scientific
(Waltham, MA) unless noted otherwise.

Device fabrication and preparation

Soft lithography was used to fabricate a three-layer mold. First,
silicon wafers (Pure Wafer, San Jose, CA) were spin coated with 20lm
SU-8 25 (Microchem, Newton, MA), prebaked for 3min at 65 �C fol-
lowed by a soft bake for 7min at 65 �C. Next, the wafer was exposed for
15 s to UV at 150 mJ/cm2 using a photomask. The photomask was
aligned by hand using alignment features. The wafer was baked post-
exposure for 1min at 65 �C followed by 3min at 95 �C. Once baked,
wafers were developed by submerging in SU-8 developer (propylene
glycol monomethyl ether acetate, PGMEA, 537542, Sigma, St. Louis,
MO) with gentle agitation. This process was repeated for the second
and third layers of the mold with SU-8 100 (80 and 400lm). The sec-
ond layer was prebaked for 10min at 65 �C followed by a soft bake for
30min at 65 �C, exposure to UV at 240 mJ/cm2 for 15 s, baked post-
exposure for 1min at 65 �C and 10min at 95 �C, and developed in
PGMEA. The third layer was prebaked for 30min at 65 �C followed by
a soft bake for 90min at 65 �C, exposure to UV at 370 mJ/cm2 for 15 s,
baked post-exposure for 1min at 65 �C and 20min at 95 �C, and devel-
oped in PGMEA. 10ml of uncured polydimethylsiloxane (PDMS,
mixed in a 10:1 ratio of monomer to curing agent, Krayden Dow
Sylgard 184 elastomer kit) was poured into the mold and polymerized
for 2h at 65 �C. Devices were soaked in isopropanol for 20min to
remove uncured monomer and clean the surface and then baked in an
oven at 65 �C for 20min. PDMS blocks of 4mm height were dipped in
uncured PDMS, placed on top of the media inlets and site of the bubble
trap15 [ESI Fig. S1(A)], and then the devices were baked for 2h at 65 �C.
Inlets and the bubble trap were then punched out with an 18-gauge
blunt needle, and the cell seeding and outlet ports were punched out
with a 14-gauge blunt needle (SAI Infusion technologies, Lake Villa, IL).
A 20ll pipette tip (VWR, Radnor, PA) was inserted from the bottom of
the device halfway through the bubble trap hole made by the blunt nee-
dle. Uncured PDMS was placed on top of the bubble trap and allowed
to fill the part of the hole not filled by the pipette tip. Devices were baked
at 65 �C for 2h. The pipette tips were removed, and devices were
cleaned by soaking in isopropanol for 20min and baked for an addi-
tional 20min at 65 �C. Devices were plasma bonded to a glass coverslip
(75 � 50mm2, 1mm thickness, Corning, Corning, NY) in two rows of
four devices each [ESI, Fig. S1(B)]. Devices bonded to the coverslips
were sterilized for 20min under UV light and baked at 65 �C for 2h.

Comsol simulation

Comsol Multiphysics 4.2VR was used to predict shear stress and
growth factor concentrations in the cell chamber after 3min of flow.

A 2D version of the microfluidics device was used to simulate fluid
flow and growth factor diffusion. Cell culture media was approximated
as water (q ¼ 1000 kg/m3, l ¼ 1 cP) and laminar flow conditions
were assumed. The molecular weight of the diffusive component was
set at 6.4 kDa (the MW of EGF16) with the diffusion coefficient set to
16.6 � 10�7 cm2/s.16 At the beginning of the simulation, there was no
flow and no solute present in the device. Fluid entered the inlet at a
velocity of 0.001 m/s and a concentration of 15.6 or 0.156 nM (equiva-
lent to 100 and 1ng/ml EGF). The shear stress and concentration of
solute in the cell chamber were recorded after 3min of flow.

Production of virus for transduction

Lenti-virus was produced for pLentiCMV Puro DEST
ERKKTRClover,17 a gift from Markus Covert (Addgene plasmid
# 59150) and pHIV-H2BmRFP,18 a gift from Bryan Welm & Zena
Werb (Addgene plasmid # 18982). Human embryonic kidney 293T
cells, cultured in DMEM/F12 supplemented with 1% Pen/Strep and
10% fetal bovine serum (FBS), were transfected using the Lenti-vpak
Lentiviral Packing Kit (Origene, Rockville, MD) with the H2BmRFP
and ERKKTRmClover vectors. After 24 h, the viral supernatant was
collected and spun down for 10min at 3000 RPM.

Cell culture

Human mammary epithelial cells (HMECs 184a1, a gift from H.
Steven Wiley, Pacific Northwest National Laboratory) were selected
for use in this study. A key feature of this cell line is that while they do
produce some EGF-family ligands, they do not produce autocrine
EGF19 and express an order of magnitude more EGFR compared to
HER2 and HER3.20 These features result in a simpler cellular system
to study EGF signaling than many cell lines. HMECs were maintained
at 37 �C, 5% CO2 in full-serum media, which was made up of a 1:1
(v/v) ratio of MEM Alpha and Ham’s F-12 media supplemented with
2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid (HEPES) buffer
(MilliporeSigma, St. Louis, MO) to a final concentration of 40mM with
1% Pen/Step, 1lg/ml cholera toxin (MilliporeSigma), 10lg/ml insulin
(MilliporeSigma), 1% fetal bovine serum (FBS), 3lg/ml bovine pituitary
extract, 1lg/ml epidermal growth factor (EGF), 1lg/ml hydrocorti-
sone (MilliporeSigma), 0.1mM ethanolamine/phosphoethanolamine
(MilliporeSigma), 10lg/ml Apo-transferrin (MilliporeSigma), 10lg/
ml sodium selenite (MilliporeSigma), 1lM triiodothyronine
(MilliporeSigma), and 0.2lM estradiol (MilliporeSigma), Serum-free
HMEC media (SFM) contained MEM Alpha/Ham’s F-12 and 1%
Pen/Strep. Immortalized human keratinocytes (HaCaT cells, courtesy
of N. Fusenig, DKFZ, Heidelberg, Germany) were maintained at
37 �C, 5% CO2 in high-glucose Dulbecco’s modified Eagle medium
(DMEM) supplemented with 10% FBS and 1% Pen/Strep. HaCaT
SFM was DMEM and 1% Pen/Strep. To transduce HMECs and
HaCaTs, ERKKTRClover and H2BmRFP lentiviruses were mixed with
full-serum HMEC media at a 1:1:2 ratio plus 10 ug/ml polybrene
(Santa Cruz Biotechnology, Dallas, TX) and applied to sparsely seed
HMECs in a six-well plate. Cells were transduced with the lentivirus
mix overnight. After transduction, cells were changed to fresh growth
media, passaged twice, and sorted on a BD FACSAria Cell sorter for
the Clover and RFP double-positive population. Sorted HMECs were
cultured using the same media as the parental line. To confirm the
ERKKTR worked as expected, HMECs were seeded on tissue culture
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plates and treated with 60lM FR180204 (an ERK inhibitor) for
30min, 2 ng/ml EGF for 5min, or 100ng/ml EGF for 5min. To seed
cells into devices, HMECs were incubated with 2.5% trypsin-EDTA
for 10min at 37 �C and 5% CO2, resuspended in full-serum media,
centrifuged at 1000 RPM for 5min, and resuspended at 900 000
cells/ml in full-serum media. To seed cells in devices, HaCaTs were
incubated with 0.05% ethylenediaminetetraacetic acid for 15min at
37 �C followed by 0.05% trypsin for 5min at 37 �C. Cells were neu-
tralized with 0.5mg/ml soybean trypsin inhibitor and resuspended at
1500 000 cells/ml in full-serummedia.

Device seeding

Prior to cell culture experiments, full-serum media was flowed
through the device and then 2% type B gelatin (MilliporeSigma) was
passively flown through the cell seeding inlet21 and devices were
coated overnight at room temperature. To wash out excess gelatin,
full-serum media was flown through the devices and passive pumped
through the cell inlet port. Next, full-serum media was placed on the
cell inlet and outlet ports and devices were degassed for 30min, with
the vacuum released over a 5-min period to reduce the risk of contam-
ination. Cells were passively pumped through the cell seeding port.
Cells were allowed to attach for 24 h, and then serum starved by flow-
ing SFM through the inlet ports and the cell seeding inlet. Cells were
serum starved for 24 h followed by initiation of flow in the microflui-
dic device. Cells were re-fed with either full-serummedia or SFM every
12 to 16 h during seeding and serum starvation.

Device operation

SFM was degassed for 45min through a Steriflip-GV filter
(MilliporeSigma) to prevent contamination. Model 1001 1ml,
22-gauge blunt tip glass syringes (Hamilton, Reno, NV) were attached
to four feet of polytetrafluoroethylene (PTFE) tubing (0.02600 I.D.
� 0.05000 O.D, Scientific Commodities, Lake Havasu City, Arizona)
and filled with 70% ethanol. The end of the tubing was attached to a
vacuum, 5ml of phosphate buffered saline (PBS) was pulled through
the syringe and tubing followed by 4ml of SFM 6 EGF (488
AlexaFluor 10KDa dextran was added to EGF-containing media or
the second stream of SFM at a final concentration of 100nM). Tubing
was attached to device inlet ports, and syringes were placed in NE1000
programmable syringe pumps (New Era, Farmingdale, NY). The cov-
erslip with microdevices was secured in a custom milled OmniTray
[ESI, Fig. S1(C)] using double sided foam tape (Grainger, Lake Forest,
IL). Devices were placed in a Zeiss Axio Observer.Z1 inverted micro-
scope with an AxioCam 506 mono camera, Plan-Apochromat
20� 0.8-NA air objective, environmental stage and Zen2 software
(Zeiss; Oberkochen, Germany) and filled tubing was connected to the
inlet ports [ESI, Fig. S1(D)]. Devices were incubated at 5% CO2 and
37 �C. Flow rates of the SFM and growth factor streams were con-
trolled by modulating the rates at which the syringe pump moved the
syringe plunger. Based on the syringe inner diameter, the rate at which
the plunger is moved is converted to a flow rate. The syringe pumps
can be programmed to pause and begin pumping at defined times,
administer a steady flow rate, or flow rates that increase or decrease
over time. To achieve an increasing concentration, the flow rate of the
SFM and growth factor (GF) stream were varied while keeping the
overall flow rate constant at 0.36ll/min. Fluorescent and brightfield

images were taken every 1–10min. Excitation/emission for fluores-
cently tagged dextran was 365/445, 250ms exposure at 50% power,
ERKKTR was 470/525, 250ms exposure at 50% power, and H2B RFP
was 575/660, 250ms exposure at 50% power. When using the flores-
cent intensity to confirm a concentration was successfully adminis-
tered, the signal was normalized to the maximum and minimum
signal throughout the time-course. Due to the potential device-to-
device variation, the experimental rate of change of the dextran signal
over the first hour was quantified and used rather than the pro-
grammed rate of change.

Cell viability

After serum starvation and 28h of SFM flow (mimicking a full
experimental time course), 2lM calcein AM and 2lM ethidium
homodimer were passively flowed through the cell inlet and cells were
incubated for 30min. SFM was then flowed through the device, and
the images were collected on the Zeiss scope as above.

ERKKTR analysis

Using a custom ImageJ plugin, nuclear images were contrast
enhanced and background subtracted. Nuclei were transformed to
binary images and used to determine the fluorescent intensity of
the ERKKTR signal in a five-pixel ring right outside (C, for cyto-
plasmic) and inside the nucleus (N, for nuclear). The ImageJ track-
mate plugin22 was used to identify cell tracks. Using a custom
MATLAB# (2016b) code, we extracted ERK activity tracks
C/(CþN) ratio into a matrix where rows represented individual
cells and columns represented each time point. The C/(CþN)
from treatment with FR180204 (�0.3) and 100 ng/ml EGF (�0.65)
were used to establish the dynamic range of the reporter. Based on
this range, cells were classified as active when C/(CþN) was
greater than 0.5.23

Immunostaining and imaging in microdevices

At designated timepoints, the experiment was stopped by dis-
connecting the devices from the syringe pumps, passive pumping
PBS through the device, and passive pumping 4% paraformaldehyde
(PFA; Electron Microscopy Sciences, Hatfield, PA), followed by a
5min incubation. The top of the device was then cut off, and 50ll of
4% PFA was applied to the cells for an additional 25min and cells
were placed on a Belly Dancer shaker at a setting of 2 (IBI Scientific).
Cells were then washed four times with PBS. To minimize PDMS
interference with immunostaining, the remainder of the device was
removed with a razor. The staining protocol used was adapted from
a previous protocol,24 which allows fluorophores to be eluted so that
multiple rounds of staining can be conducted on the same samples.
Briefly, cells were permeabilized for 1 h with 0.3% Triton X
(MilliporeSigma), 5% goat serum, and 50mM maleimide in PBS.
Primary and secondary antibodies were diluted in 0.3% Triton X, 1%
bovine serum albumin (BSA) in PBS. Samples were incubated in pri-
mary antibodies overnight at 4 �C on the Belly Dancer shaker,
washed four times with PBS, and incubated with secondary anti-
bodies for 2 h at room temperature on a Belly Dancer shaker. For
EGFR, the primary antibody was mouse anti-EGFR (Abcam, catalog
No. ab30, 1:500), with a secondary antibody of goat anti-mouse
AlexaFluor647 (1:500). Nuclei were counterstained with Hoechst
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33258 at 1:1000 in PBS for 5min. For FRA-1, the primary was
mouse-anti-FRA-1 (Santa Cruz Biotechnology sc-28310, 1:400), with
a secondary of goat anti-mouse AlexaFluor647 (1:200); nuclei were
imaged using the H2B-RFP label. Cells were then washed with PBS
four times, 10ll of imaging buffer (700mM n-acetyl cystine) in PBS
was applied to cells, a 9� 9mm2 coverslip was overlaid and sealed with
clear nail polish (VWR), and the cells were imaged with a Zeiss Axio
Observer.Z1 inverted microscope with an AxioCam 506 mono camera,
EC Plan-neofluar 40�/1.3 oil objective, and Zen 2 software. Excitation/
emission for nuclei was 365/445, 50ms exposure at 10% power, excita-
tion/emission for EGFR was 640/690, 500ms exposure at 50% power,
and excitation/emission for FRA-1 was 640/690, 50ms exposure at 50%
power.

Quantification of immunostaining

To quantify single-cell intensities of EGFR, images were thresh-
olded in ImageJ25 such that controls without primary antibodies had
no detectable signal. Cell boundaries were manually drawn.
CellProfiler26 was used to measure the mean fluorescence intensity of
EGFR in individual cells using the cell mask. EGFR intensities were
normalized to the median intensities for cells in the SFM condition.
Immunostaining results were repeated with identical trends.

Statistical analysis

Data were analyzed (Prism 8.0; GraphPad Software) using a
Wilcoxon matched-pairs signed rank test and the Mann–Whitney U
comparisons test as indicated; p< 0.05 was considered statistically sig-
nificant. To determine the potential switch-like behavior, we utilized
the option to fit the Hill equation in Prism.

SUPPLEMENTARY MATERIAL

See the supplementary material file 1 for supplementary material
Figs. S1–S8.

ACKNOWLEDGMENTS

We thank the University of Wisconsin Carbone Cancer
Microtechnology Core and Core Manager Dr. Jose “Tony” Jimenez
Torres supported by Grant No. NIH 5P30CA014520. Additionally, we
thank undergraduate research assistants Caroline Brumley and Josh
Verhagen for assisting in device construction, and Dr. John Albeck for
advice on FRA-1 staining. Funding was provided by Grant No. NIH
2R25GM083252 to H.B.K., Grant No. 1DP2CA195766 to P.K.K., and
Grant No. NIH 1R35GM128873 to M.N.M. Megan Nicole McClean,
Ph.D. holds a Career Award at the Scientific Interface from the
Burroughs Welcome Fund.

AUTHOR DECLARATIONS

Conflicts of Interest

P. K. Kreeger has a financial arrangement with Novartis
International AG related to research that is not included in this study.
All other authors declare that no competing financial interests exist.

Ethics Approval

Ethics approval is not required.

Author Contributions

H.B.K., M.N.M., and P.K.K. designed the study; H.B.K. per-
formed the experiments and analyzed the data; H.B. and A.L.K. ana-
lyzed data; and H.B.K, M.N.M., and P.K.K. wrote the manuscript.

DATA AVAILABILITY

The data that support the findings of this study and Adobe files
for the microfluidic device master are available from the correspond-
ing authors upon reasonable request.

REFERENCES
1D. W. Li et al., “Calcium-activated RAF/MEK/ERK signaling pathway mediates
p53-dependent apoptosis and is abrogated by aB-crystallin through inhibition
of RAS activation,” Mol. Biol. Cell 16, 4437–4453 (2005).

2S. Lee, S. Yoon, and D. Kim, “A high nuclear basal level of ERK2 phosphoryla-
tion contributes to the resistance of cisplatin-resistant human ovarian cancer
cells,” Gynecol. Oncol. 104, 338–344 (2007).

3J. G. Albeck, G. B. Mills, and J. S. Brugge, “Frequency-modulated pulses of
ERK activity transmit quantitative proliferation signals,” Mol. Cell 49, 249–261
(2013).

4G. Maryu, M. Matsuda, and K. Aoki, “Multiplexed fluorescence imaging of
ERK and Akt activities and cell-cycle progression,” Cell Struct. Funct. 41,
81–92 (2016).

5H. Naoki and T. Hiratsuka, “Propagating wave of ERK activation orients col-
lective cell migration article propagating wave of ERK activation orients collec-
tive cell migration,” Dev. Cell 43, 305–317 (2017).

6K. Iwamoto et al., “Conversion of graded phosphorylation into switch-like
nuclear translocation via autoregulatory mechanisms in ERK signalling,” Nat.
Commun. 7, 10485 (2016).

7C. C. Reddy, A. Wells, and D. A. Lauffenburger, “Comparative mitogenic
potencies of EGF and TGF and their dependence on receptor-limitation versus
ligand-limitation,” Cell. Eng. 36, 499–507 (1990).

8H. Ryu et al., “Frequency modulation of ERK activation dynamics rewires cell
fate,” Mol. Syst. Biol. 11, 838 (2015).

9Y. Blum et al., “Temporal perturbation of ERK dynamics reveals network
architecture of FGF2/MAPK signaling,” Mol. Syst. Biol. 15, e8947 (2019).

10J. Song, H. Ryu, M. Chung, Y. Kim, and Y. Blum, “Microfluidic platform for
single cell analysis under dynamic spatial and temporal stimulation,” Biosens.
Bioelectron. 104, 58–64 (2018).

11W. Yu, J. O. Naim, and R. J. Lanzafame, “Expression of growth factors in early
wound healing in rat skin,” Lasers Surg. Med. 15, 281–289 (1994).

12C. S. Mokashi, D. L. Schipper, M. A. Qasaimeh, and R. E. C. Lee, “A system for
analog control of cell culture dynamics to reveal capabilities of signaling
networks,” iScience 19, 586–596 (2019).

13F. Lin et al., “Generation of dynamic temporal and spatial concentration gra-
dients using microfluidic devices,” Lab Chip 4, 164–167 (2004).

14S. Sasagawa, Y. Ozaki, K. Fujita, and S. Kuroda, “Prediction and validation of
the distinct dynamics of transient and sustained ERK activation,” Nat. Cell
Biol. 7, 365–373 (2005).

15K. Zi�ołkowska, I. Hofman, A. Dybko, and Z. Brz�ozka, “Integrated passive bub-
ble trap for long-term cell culture, microfluidic systems,” in 16th International
Conference on Miniaturized System for Chemistry and Life Science (Royal
Society of Chemistry, 2012), pp. 1–4

16T. Robert, S. Hrabetova, and C. Nicholson, “Diffusion of epidermal growth fac-
tor in rat brain extracellular space measured by integrative optical imaging,”
Neurophysiology 92, 3471–3481 (2004).

17S. Regot, J. J. Hughey, B. T. Bajar, S. Carrasco, and M. W. Covert, “High-sensi-
tivity measurements of multiple kinase activities in live single cells,” Cell 157,
1724–1734 (2015).

18B. E. Welm, G. J. P. Dijkgraaf, A. S. Bledau, A. L. Welm, and Z. Werb,
“Lentiviral transduction of mammary stem cells for analysis of gene function
during development and cancer,” Cell Stem Cell 2, 90–102 (2008).

19T. Shi et al., “Conservation of protein abundance patterns reveals the regulatory
architecture of the EGFR-MAPK pathway,” Sci. Signal. 9, 1–14 (2016).

APL Bioengineering ARTICLE scitation.org/journal/apb

APL Bioeng. 5, 046101 (2021); doi: 10.1063/5.0059011 5, 046101-10

VC Author(s) 2021

https://www.scitation.org/doi/suppl/10.1063/5.0059011
https://www.scitation.org/doi/suppl/10.1063/5.0059011
https://doi.org/10.1091/mbc.e05-01-0010
https://doi.org/10.1016/j.ygyno.2006.08.040
https://doi.org/10.1016/j.molcel.2012.11.002
https://doi.org/10.1247/csf.16007
https://doi.org/10.1016/j.devcel.2017.10.016
https://doi.org/10.1038/ncomms10485
https://doi.org/10.1038/ncomms10485
https://doi.org/10.1007/BF02523222
https://doi.org/10.15252/msb.20156458
https://doi.org/10.15252/msb.20198947
https://doi.org/10.1016/j.bios.2017.12.038
https://doi.org/10.1016/j.bios.2017.12.038
https://doi.org/10.1002/lsm.1900150308
https://doi.org/10.1016/j.isci.2019.08.010
https://doi.org/10.1039/b313600k
https://doi.org/10.1038/ncb1233
https://doi.org/10.1038/ncb1233
https://doi.org/10.1152/jn.00352.2004
https://doi.org/10.1016/j.cell.2014.04.039
https://doi.org/10.1016/j.stem.2007.10.002
https://doi.org/10.1126/scisignal.aaf0891
https://scitation.org/journal/apb


20A. Wolf-Yadlin et al., “Effects of HER2 overexpression on cell signaling
networks governing proliferation and migration,” Mol. Syst. Biol. 2, 54
(2006).

21G. M. Walker and D. J. Beebe, “A passive pumping method for microfluidic
devices,” Lab Chip 2, 131–134 (2002).

22J. Tinevez et al., “TrackMate: An open and extensible platform for single-
particle tracking,” Methods 115, 80–90 (2017).

23A. Letourneau et al., “A microfluidic device for imaging samples from micro-
bial suspension cultures,” MethodsX 7, 100891 (2020).

24G. Gut, M. D. Herrmann, and L. Pelkmans, “Multiplexed protein maps link
subcellular organization to cellular states,” Science 361, 1–13 (2018).

25M. D. Abr�amoff, I. Hospitals, P. J. Magalh~aes, and M. Abr�amoff, “Image proc-
essing with ImageJ,” Biophotonics Int. 11, 36–24 (2004).

26A. E. Carpenter et al., “CellProfiler: Image analysis software for identifying and
quantifying cell phenotypes,” Genome Biol. 7, R100 (2006).

27S. Jain and H. N. Unni, “Design and simulation of microfluidic passive mixer
with geometric variation,” Int. J. Res. Eng. Technol. 5, 55–58 (2016).

28A. Wu et al., “Cell motility and drug gradients in the emergence of resistance
to chemotherapy,” Proc. Natl. Acad. Sci. 110, 16103–16108 (2013).

29M. W. Toepke and D. J. Beebe, “PDMS absorption of small molecules and con-
sequences in microfluidic applications,” Lab Chip 6, 1484–1486 (2006).

30M. Kocha�nczyk, P. Kocieniewski, E. Kozłowska, and J. Jaruszewicz-bło�nska,
“Relaxation oscillations and hierarchy of feedbacks in MAPK signaling,” Sci.
Rep. 7, 38244 (2017).

31B. Schoeberl, C. Eichler-Jonsson, E. D. Gilles, and G. Muller, “Computational
modeling of the dynamics of the MAP kinase cascade activated by surface and
internalized EGF receptors,” Nat. Biotechnol. 20, 370–375 (2002).

32S. Sigismund et al., “Clathrin-mediated internalization is essential for sustained
EGFR signaling but dispensable for degradation,” Dev. Cell 15, 209–219 (2008).

33H. S. Yen, Q. Xu, D. M. Chou, Z. Zhao, and S. J. Elledge, “Global protein stabil-
ity profiling in mammalian cells,” Science 322, 918–924 (2008).

34T. J. Puccinelli, P. J. Bertics, and K. S. Masters, “Regulation of keratinocyte sig-
naling and function via changes in epidermal growth factor presentation,” Acta
Biomater. 6, 3415–3425 (2011).

35T. Gillies, M. Pargett, M. Minguet, A. Davies, and J. Albeck, “Linear integration
of ERK activity predominates over persistence detection in Fra-1 regulation,”
Cell Syst. 5, 549–563 (2017).

36K. D. Rodland et al., “Multiple mechanisms are responsible for transactivation
of the epidermal growth factor receptor in mammary epithelial cells,” Cell Syst.
283, 31477–31487 (2008).

37P. Burke, K. Schooler, and H. S. Wiley, “Regulation of epidermal growth factor
receptor signaling by endocytosis and intracellular trafficking,” Mol. Biol. Cell
12, 1897–1910 (2001).

38A. N. Johnson et al., “A rate threshold mechanism regulates MAPK stress sig-
naling and survival,” Proc. Natl. Acad. Sci. 118, e2004998118 (2021).

39A. E. Davies et al., “Systems-level properties of EGFR-RAS-ERK signaling
amplify local signals to generate dynamic gene expression heterogeneity,” Cell
Syst. 11, 161–175 (2020).

40M. Min, Y. Rong, C. Tian, and S. L. Spencer, “Temporal integration of mitogen
history in mother cells controls proliferation of daughter cells,” Science 1265,
1261–1265 (2020).

41K. Aoki et al., “Stochastic ERK activation induced by noise and cell-to-cell
propagation regulates cell density-dependent proliferation,” Mol. Cell 52,
529–540 (2013).

42A. G. Goglia et al., “A live-cell screen for altered Erk dynamics reveals princi-
ples of proliferative control,” Cell Syst. 10, 240–253 (2020).

43Y. Muta et al., “Composite regulation of ERK activity dynamics underlying
tumour-specific traits in the intestine,” Nat. Commun. 9, 2174 (2018).

44M. Z. Wilson et al., “Tracing information flow from Erk to target gene induc-
tion reveals mechanisms of dynamic and combinatorial control article tracing
information flow from Erk to target gene induction reveals mechanisms of
dynamic and combinatorial control,” Mol. Cell 67, 757–769 (2017).

APL Bioengineering ARTICLE scitation.org/journal/apb

APL Bioeng. 5, 046101 (2021); doi: 10.1063/5.0059011 5, 046101-11

VC Author(s) 2021

https://doi.org/10.1038/msb4100094
https://doi.org/10.1039/b204381e
https://doi.org/10.1016/j.ymeth.2016.09.016
https://doi.org/10.1016/j.mex.2020.100891
https://doi.org/10.1126/science.aar7042
https://doi.org/10.1186/gb-2006-7-10-r100
https://doi.org/10.15623/ijret.2016.0502011
https://doi.org/10.1073/pnas.1314385110
https://doi.org/10.1039/b612140c
https://doi.org/10.1038/srep38244
https://doi.org/10.1038/srep38244
https://doi.org/10.1038/nbt0402-370
https://doi.org/10.1016/j.devcel.2008.06.012
https://doi.org/10.1126/science.1160489
https://doi.org/10.1016/j.actbio.2010.04.006
https://doi.org/10.1016/j.actbio.2010.04.006
https://doi.org/10.1016/j.cels.2017.10.019
https://doi.org/10.1074/jbc.M800456200
https://doi.org/10.1091/mbc.12.6.1897
https://doi.org/10.1073/pnas.2004998118
https://doi.org/10.1016/j.cels.2020.07.004
https://doi.org/10.1016/j.cels.2020.07.004
https://doi.org/10.1126/science.aay8241
https://doi.org/10.1016/j.molcel.2013.09.015
https://doi.org/10.1016/j.cels.2020.02.005
https://doi.org/10.1038/s41467-018-04527-8
https://doi.org/10.1016/j.molcel.2017.07.016
https://scitation.org/journal/apb

	s1
	s2
	f1
	f2
	f3
	f4
	f5
	s3
	s4
	s5
	l
	c1
	c2
	c3
	c4
	c5
	c6
	c7
	c8
	c9
	c10
	c11
	c12
	c13
	c14
	c15
	c16
	c17
	c18
	c19
	c20
	c21
	c22
	c23
	c24
	c25
	c26
	c27
	c28
	c29
	c30
	c31
	c32
	c33
	c34
	c35
	c36
	c37
	c38
	c39
	c40
	c41
	c42
	c43
	c44

