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The mechanical phenotype or ‘mechanotype’ of cells is emerging as a potential biomarker for cell types

ranging from pluripotent stem cells to cancer cells. Using a microfluidic device, cell mechanotype can be

rapidly analyzed by measuring the time required for cells to deform as they flow through constricted chan-

nels. While cells typically exhibit deformation timescales, or transit times, on the order of milliseconds to

tens of seconds, transit times can span several orders of magnitude and vary from day to day within a pop-

ulation of single cells; this makes it challenging to characterize different cell samples based on transit time

data. Here we investigate how variability in transit time measurements depends on both experimental fac-

tors and heterogeneity in physical properties across a population of single cells. We find that simultaneous

transit events that occur across neighboring constrictions can alter transit time, but only significantly when

more than 65% of channels in the parallel array are occluded. Variability in transit time measurements is

also affected by the age of the device following plasma treatment, which could be attributed to changes in

channel surface properties. We additionally investigate the role of variability in cell physical properties.

Transit time depends on cell size; by binning transit time data for cells of similar diameters, we reduce

measurement variability by 20%. To gain further insight into the effects of cell-to-cell differences in physi-

cal properties, we fabricate a panel of gel particles and oil droplets with tunable mechanical properties. We

demonstrate that particles with homogeneous composition exhibit a marked reduction in transit time vari-

ability, suggesting that the width of transit time distributions reflects the degree of heterogeneity in subcel-

lular structure and mechanical properties within a cell population. Our results also provide fundamental in-

sight into the physical underpinnings of transit measurements: transit time depends strongly on particle

elastic modulus, and weakly on viscosity and surface tension. Based on our findings, we present a compre-

hensive methodology for designing, analyzing, and reducing variability in transit time measurements; this

should facilitate broader implementation of transit experiments for rapid mechanical phenotyping in basic

research and clinical settings.

Introduction

Changes in cell mechanical properties are implicated in di-
verse physiological and disease phenomena, ranging from

stem cell differentiation to malignant transformation. Cell
mechanical phenotype or ‘mechanotype’ is thus emerging as
a powerful, label-free biomarker to enhance clinical decision-
making and diagnosis.1 Quantitative measurements of
mechanotype also facilitate a deeper understanding of the ori-
gins of altered cell physical properties. While methods such
as micropipette aspiration,2 atomic force microscopy
(AFM),3,4 and optical stretching5 provide detailed insight into
cytoskeletal and nuclear contributions to cell mechanotype,
measurements are typically limited to 10 to 102 cells per hour.
Fluid-based deformation cytometry techniques enable
mechanotype measurements at faster rates of 10 to 104 cells
per minute by tracking cells as they are deformed during flow
through microfluidic constrictions or by inertial fluid
flows.6–11 Microfluidics also enable integration of complemen-
tary methods to assay additional physical properties of cells,
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such as their electrical conductivity and membrane capaci-
tance, as well as the ability to sort cells based on these physi-
cal features.12–16

In microfluidic transit experiments, cells are driven to
pass through micron-scale constrictions at rates of 1 to 103

cells per second by applying a pressure gradient17 or constant
volume flow.6 As cells flow through the constrictions, they de-
form through gaps that are up to ∼3× smaller than their ini-
tial diameter; the timescale for a single cell to transit through
a constriction provides a measure of its deformability. This
mechanotyping method demonstrates that highly metastatic
cancer cells have shorter transit times compared to less meta-
static cells9 and leukemia cells treated with chemotherapy
drugs exhibit longer transit times compared to DMSO-treated
control cells.6 While transit measurements for cell
mechanotyping are relatively simple and fast, there is signifi-
cant variability in transit times that typically spans two to
three orders of magnitude within a population of single cells.
Such marked spread in transit times, in addition to measure-
ment variability between experiments, make it challenging to
use this method to robustly compare different cell types.

The broad distributions of transit times could result from
phenotypic variability across a population of isogenic cells.
For example, cell size varies across a population, and larger
cells tend to have longer transit times.9,18 However, even for
cells with similar size (±5%, ∼1 μm), transit times range over
an order of magnitude.9,18 In addition to size, cells from the
same population exhibit order-of-magnitude differences in
elastic modulus and viscosity, as measured by atomic force
microscopy,4,19,20 micropipette aspiration,21–24 and optical
stretching.5,25 While stiffer cells have longer transit times,26

the degree to which cell-to-cell heterogeneity in mechanical
properties contribute to transit time variability is not well un-
derstood. Moreover, cells are viscoelastic materials and the
relative contributions of elasticity and viscosity to transit
measurements remain unclear. While longer transit times
are associated with stiffer cells that have higher elastic mod-
uli,26 the time required for cells to enter microfluidic con-
strictions is also well predicted by the shear thinning liquid
drop model, which describes a cell as a purely viscous mate-
rial;9 this makes it challenging to obtain a deeper knowledge
of cell mechanical properties from transit time data.

Experimental factors may also affect the width of transit
time distributions. For example, the entry velocity of cells
into micron-scale pores depends on channel surface proper-
ties9 as well as the pressure drop across a cell.24 The impact
of surface properties is especially critical when considering
cell transit through polydimethylsiloxane (PDMS) channels,
which are commonly plasma treated to enable covalent
bonding to glass; however, this renders channels hydro-
philic up to 48 hours post treatment,27 and the influence of
channel hydrophilicity on transit time variability is not well
characterized. Moreover, as multiple cells simultaneously
transit through the device, channel occlusions can alter flow
rates, and thus entry velocities of cells into neighboring
constrictions;18 transient lane occlusions may thus also con-

tribute to variation in transit time both within and across
experiments.

Here we investigate the role of extrinsic and intrinsic fac-
tors in transit time variability with the goal of establishing
more robust measurements of cell mechanotype. Using HL-
60 cells as a model system, we provide a framework to reduce
transit time variability due to cell size, PDMS surface proper-
ties, and transient lane occupancies. By fabricating a panel of
gel and oil particles with well-defined material properties, we
investigate the extent to which the broad distribution in tran-
sit times results from mechanical heterogeneity across a pop-
ulation. Our study also provides valuable insight into the
physical underpinnings of transit time measurements, reveal-
ing that elasticity dominates transit on these millisecond
timescales.

Device design and concept
Microfluidic device design

In transit time experiments, cell deformability is determined
by flowing cells through micron-scale constrictions and mea-
suring the timescale of their transit.6–9,18 Our microfluidic de-
vice consists of a branching network of channels that extends
into an array of 16 parallel lanes, where each lane contains a
series of constrictions28 (Fig. 1A and B). Cells enter the device
through the inlet and first passage through a downstream fil-
ter, which helps to remove extraneous contaminants, such as
chunks of PDMS that can result from device fabrication, as
well as cell aggregates that are larger than 20 μm (Fig. 1A). Af-
ter passing through the bifurcating channels, the cells reach
the constrictions, which have a height of 5.3 μm and width
of 5.2 μm (Fig. 1A and B). To transit through these constric-
tions, the HL-60 cells must deform down to ∼40% of their
original diameter.

To drive cell suspensions through the microfluidic chan-
nels, we apply air pressure, which ensures a constant pres-
sure drop across the microfluidic device. The magnitude of
applied pressure dictates the velocity of both the fluid and
particles as they flow through the device. For a particle to de-
form through the constriction, a minimum threshold pres-
sure, PT, must be applied to induce sufficient strain of the
particle. When the driving pressure, Pdriving, is less than PT,
the particle will occlude the constriction over the experimen-
tal timescale, which is on the order of minutes. We find that
Pdriving = 28 kPa (4 psi) is an adequate driving pressure, which
exceeds PT for HL-60 cell and ensures sufficient tracking of
individual cells and particles. Pdriving also dictates the fre-
quency with which cells reach the constrictions; with Pdriving
= 28 kPa and a 5.3 × 5.2 μm2 constriction, we can achieve
transit events at rates of ∼102 cells per min for cell suspen-
sions with a density of 2 × 106 cells per mL.

To determine the transit time of an individual cell, we
track its projected area and measure the time required for its
leading edge to enter and subsequently exit the constriction
region (Fig. 1C). To ensure that each cell has a similar initial
state, we measure transit time data only from the first row of
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constrictions; additional analyses of cell deformation and re-
laxation responses can be obtained from the transit through
subsequent constrictions within each lane. By tracking hun-
dreds of cells for each sample, we generate a histogram of
transit times. For a single population of HL-60 cells, we ob-
serve median transit times that are on the order of tens to
hundreds of milliseconds and vary over three orders of mag-
nitude when Pdriving = 28 kPa and the constriction is 5.3 × 5.2
μm2 (Fig. 1D). Since transit times exhibit non-normal distri-
butions, we evaluate the width of a distribution using the
bootstrapped interquartile range of the log-transformed data.
As shown in Fig. 1D, the bootstrapped interquartile range
and confidence interval of the log transform for HL-60 cells
are σIQR = 1.1 ± 0.1.

Time and length scales of cell transit

On these tens to hundreds of millisecond timescales, we esti-
mate that transit time measurements predominantly reflect
the passive deformation response of cells as they deform
through microfluidic constrictions; this passive deformation
response of cells is largely determined by the organization

and levels of mechanoregulating proteins, such as actin and
tubulin; pharmacological perturbations of both actin and
microtubules significantly alter transit times on both milli-
second18 and second6,26,29 timescales. Over longer timescales,
cells may additionally invoke active responses to mechanical
loads: actomyosin contractions and transcriptional regulation
can occur on the order of minutes, while protein levels are
regulated on the order of minutes to hours.

Pressure drop across the constriction region

As multiple cells simultaneously transit through and occlude
the bifurcated array of channels, the fluidic resistance, and
thus flow rates, can fluctuate, which can impact the rate at
which cells transit through constrictions. We design our
microfluidic device to minimize inconsistencies in transit
time that may arise from having an array of constrictions.
For an array of parallel channels, the fluidic resistance is de-
scribed by Kirchhoff's Law:

(1)

Here, Rtotal is the total fluidic resistance along the cross-
section of the channels; Rbypass is the fluidic resistance of the
bypass channel; and RLN is the fluidic resistance of N individ-
ual lanes. For a microfluidic channel with a rectangular
cross-section, the relationship between the fluidic resistance,
the channel height, h, and width, w, is given by the Hagen–
Poiseuille relation,

Eqn (1) illustrates how the fluidic resistance can fluctuate
as multiple cells transit through the device and transiently
obstruct channels. To minimize the effect of simultaneous
transit events on transit time, we design our microfluidic de-
vice to reduce fluctuations in fluidic resistance due to lane
occlusions: by maximizing the number of lanes that can fit
into the camera's field of view with a 20× objective, we reduce
the impact of a single occlusion on the total fluidic resis-
tance. To further buffer changes in fluidic resistance, we also
include a wide bypass channel (5.3 × 300 μm2) that surrounds
the constriction region (Fig. 1A).

Based on eqn (1), we estimate that the fluidic resistance
will change by <1% when a single cell transits through the
array of constrictions. However, during a transit experiment,
the number of occupied lanes ranges between 1 and 16 lanes;
when all 16 lanes are occupied, the fluidic resistance can in-
crease up to ∼12%. To determine the effect of fluctuating
lane occupancy on transit time variability and enable more
robust measurements, we perform a detailed analysis of tran-
sit time as a function of lane occupancy.

Fig. 1 Overview of microfluidic device for measuring transit time. (A)
Schematic of the microfluidic device. Suspension of cells/particles
enters the device through the inlet. Filters reduce the frequency of
clusters of cells and larger particulates that are >20 μm from entering
the constriction array. Bypass channels help to minimize fluctuations
in pressure as particles transit through the device. (B) Brightfield image
of the constriction array, which consists of 16 channels that each have
a series of 5 μm constrictions. Transit time is defined as the time
required for the leading edge of the cell to enter and exit the
constriction region, which is denoted by the lighter gray region. Scale,
50 μm; (C) time series of a single cell during transit through a 5 μm
constriction. The representative cell shown here has a transit time of
80 ms. Scale, 20 μm. (D) Histogram and (E) boxplot of transit times for
HL-60 cells. In the histogram, light gray boxes represent the inter-
quartile range, and dotted line represents the median. In the boxplot,
the line represents the median, the box represents the interquartile
range, and the whiskers represent the 10th and 90th percentiles.
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Results and discussion
Transient occlusions affect transit time

With our experimental conditions of Pdriving = 28 kPa and 5.3
× 5.2 μm2 constrictions, we find that on average 9.2 ± 2.7 out
of 16 lanes are occupied during the transit of an individual
HL-60 cell (Fig. 2A). For 1 to 10 lane occupancies, we observe
no statistical difference between transit time distributions
(Fig. 2B). However, when more than ten channels are oc-
cluded (>65% of total channels), there is a significant de-
crease in transit times (Fig. 2B). While our data shows a
slight increase in transit times for 15 or 16 occlusions, this
near-complete occlusion of all lanes happens infrequently
(<1% of all transit events), so the resultant effects on cell
transit time are inconclusive.

To reduce the variability in transit time that results from
transient occlusion of channels, we exclude cell transit events
that occur while more than ten channels are occupied. We
additionally exclude cells that transit while multiple cells oc-
cupy the same lane, since this reduces the pressure drop
across a single cell. Channel obstructions can also occur in
regions that are outside of the field of view that we monitor
during a transit experiment, such as in the filter and bypass
regions. However, inspection of these regions after measure-
ment acquisition reveals a sparse number of occluding parti-
cles or cell aggregates, which are small compared to the total
cross sectional area of the filter and bypass channel. None-
theless, to minimize any effects of unobserved occlusions, we
use a new device for each video.

Age of PDMS device after plasma treatment impacts transit
time

While PDMS is inherently hydrophobic, the device walls be-
come more hydrophilic for up to 48 hours following plasma
treatment,27 which is commonly used to bond PDMS to the
glass substrate. Since transit time can vary depending on the
surface charge of microfluidic channels,9 we next investigate
how the age of the device following plasma treatment affects

transit time. We conduct transit measurements using devices
at 1, 12, 36, 48, 72 and 96 hours following plasma treatment.
Compared to transit times that are obtained using a device
that is aged for one hour, our results show a significant in-
crease in transit times when measurements are performed 12
or more hours after plasma treatment. While we observe dif-
ferences in the distributions of transit times at time points
beyond 12 hours, there is no significant trend towards in-
creasing or decreasing transit times. Thus, to reduce variabil-
ity in transit times due to differences in device age, we con-
duct experiments 24 hours after plasma treatment and
bonding. Consistently using 24 hour-aged devices also mini-
mizes error that may arise from differences in the material
properties of PDMS as the elastic modulus can increase by
180% following the initial cure;30 this could impact the physi-
cal stresses on the cell during transit.

Transit time scales with cell size

To determine how variations in cell physical properties im-
pact transit time measurements, we first consider the effects
of cell size. The diameter of HL-60 cells ranges from 10 to 21
μm (Fig. 3A.ii), with a median of 15 μm. By tracking the
projected area of cells as they transit through the constric-
tions, we observe that transit time increases with cell size;
these observations are consistent with previous studies9,18

(Fig. 3A.iii). To determine the scaling relation between transit
time and cell size, we measure the median transit times for
twelve size bins of 0.5 μm within the interquartile range of
projected diameters, ranging from 19–25 μm. Performing lin-
ear regression on the log-transformed data reveals that tran-
sit time has a strong dependence on cell size (slope = 5.8 and
R2 = 0.87). By size-filtering our transit time data, we observe a
18% reduction in the variability of transit times for cells of
the median size ±5% (1 μm) with a resultant σIQR = 0.9 ± 0.1
(Fig. 3A.vi).

Reduced variability for particles with uniform composition

Variability in transit time could also result from cell-to-cell
differences in mechanotype. The viscous and elastic moduli
of cells are largely determined by subcellular organization
and structural proteins, which vary in expression level across
a population of single cells. To assess particles that have uni-
form composition and well-defined mechanical properties,31

we fabricate gel particles and oil droplets that have a similar
size as HL-60 cells (Fig. 3B.ii and C.ii). Our panel of agarose
gel particles exhibits a range of elastic moduli from 3.1 to 43
kPa (Fig. S3†); this range of elastic moduli is achieved by
varying the polymer density within the droplets of a water-in-
oil emulsion. We also generate oil-in-water emulsions with
silicone oils that have a range of viscosities from 10−2 to 102

Pa s. In addition, we use a surfactant that enables us to regu-
late the surface tension of oil droplets.

Both gel particles and oil droplets deform through the
constrictions of the microfluidic device using the same exper-
imental conditions that are used for cell transit

Fig. 2 Effect of extrinsic sources on transit time variability: transient
lane occlusion and PDMS surface properties. (A) Brightfield image of
the constriction array with 10 occupied lanes, which are denoted by
the white asterisks. (B) Transit time versus the number of lane
occlusions. Statistical significance compares the transit time
distribution of each lane to the preceding lane using Mann–Whitney U.
(C) Cell transit time as a function of the hours following plasma
treatment. Statistical significance shown between the transit time
distribution of each device age and the preceding time point using
Mann–Whitney U. * for p < 0.05, ** for p < 0.01, *** for p < 0.001.

Lab on a ChipPaper

Pu
bl

is
he

d 
on

 1
1 

Ju
ly

 2
01

6.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a 
- 

L
os

 A
ng

el
es

 o
n 

20
/0

7/
20

16
 1

4:
27

:1
0.

 
View Article Online

http://dx.doi.org/10.1039/C6LC00169F


Lab ChipThis journal is © The Royal Society of Chemistry 2016

measurements. As the particles flow through the constric-
tions, we track their size and transit time. While we observe a
modest size dependence for the oil droplets, we observe no
significant size dependence for our gel particles (Fig. 3B.iii

and C.iii). To reduce any scaling bias and consistently com-
pare the width of transit time distributions for cells, oil drop-
lets, and gel particles, we filter data for all cells/particles based
on the median particle size (7 ± 1 μm). Across our panel of
particles within our median size filter, gel particles exhibit an
average σIQR = 0.5 ± 0.2 (Fig. 3B.vi); oil droplets have an aver-
age σIQR = 0.3 ± 0.0 (Fig. 3C.vi). The reduction of σIQR for oil
droplets compared to gel particles may be attributed to the
uniform molecular composition of the silicone oils; by con-
trast, spatial heterogeneities within the agarose particles could
result from variations in the fabrication process; variability in
the elastic moduli of agarose gel microspheres is observed by
atomic force microscopy where the standard deviation can vary
up to 10%.31 Compared to both gel and oil particles, HL-60
cells have a significantly higher σIQR = 0.9 ± 0.1 (Fig. 3A.vi); this
is consistent with our hypothesis that heterogeneity in the
structure and/or mechanotype of single cells is a major con-
tributor to transit time variability.

Transit time scales with elastic modulus

Our investigation of transit times for gel and oil particles
with well-defined mechanical properties also provides deeper
insight into the physical underpinnings of cell transit time
measurements. We first investigate how elastic modulus af-
fects transit time using our panel of agarose gel particles,
which have a similar stiffness as cells such as leukocytes and
ovarian cancer cells with E = 0.1 to 1.0 kPa.4,19 As shown in
Fig. 5A, our size-filtered data across our panel of gel particles
from E = 3.1 to 43 kPa reveals that stiffer particles have lon-
ger transit times than softer particles. At a fixed driving pres-
sure of 28 kPa, gel particles with 1.0% (w/w) agarose and E =
8.7 kPa have a bootstrapped median transit time and confi-
dence interval of 28 ± 2.5 ms. By contrast, stiffer gel particles
with 2.0% (w/w) agarose and E = 17 kPa, have a bootstrapped
median transit time and confidence interval of 40 ± 5.0 ms.
Across our panel of gel particles, we find that the
bootstrapped median transit time scales with elastic modu-
lus, as shown by a simple linear fit (slope = 0.29 and R2 =

Fig. 3 Size and transit time distributions for cells and particles. (i)
Brightfield images of (A) HL-60 cells, (B) representative agarose gel
particles (E = 8.7 kPa), and (C) representative silicone oil droplets (η =
102 Pa s) on a glass slide. Scale, 15 μm. (ii) Histograms of cell/particle
sizes on a glass slide. (iii) Density scatter plots of transit time versus
cell/particle diameter as determined during flow through the micro-
fluidic device. Color represents density of data points. Cells appear
larger when they are compressed in the 5.2 μm-high channels of the
microfluidic device; the gel and oil particles appear smaller in the
microfluidic device as the larger particles are trapped in the filter up-
stream from the constriction region. (iv) Transit time distributions for
(A) HL-60 cells, (B) representative agarose gel particles (E = 8.7 kPa),
and (C) representative silicone oil droplets (η = 102 Pa s). (v) Size-
filtered transit time distributions for cells and particles with diameters
of the median value ±5%. For cells, the median diameter is 22 μm and
for gel and oil particles, the median diameter is 7 μm. The black line
overlaying the histogram represents the fitted log-normal distribution.
The gray bars represent the interquartile ranges. (vi) Average
bootstrapped log-transformed interquartile ranges, σIQR, for transit
time distributions across the panels of E and η of the raw data (solid
bar) and the size-filtered data (striped bar). Error bars represent the
bootstrapped confidence intervals. Statistical significance is deter-
mined using the t-test. *** for p < 0.001. Fig. 4 Transit time depends on particle mechanical properties. Transit

times for (A) agarose gel particles with increasing elastic modulus; (B)
silicone oil droplets with increasing viscosity; and (C) silicone oil
droplets with increasing interfacial tension. Size filtered data is shown
for particles of the median diameter of 7 ± 1 μm. Boxplots show
medians denoted by line, interquartile ranges represented by box, and
10th and 90th percentiles shown by whiskers. Linear regression in red
displays scaling relation compared to the bootstrapped median transit
times. N > 200 cells per particles for each sample.
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0.93) (Fig. 4A). These results support previous findings that
cells with larger elastic moduli, as extracted from optical
stretching experiments, also exhibit longer transit times.26

Transit time weakly depends on particle viscosity

Cells are complex materials that exhibit both elastic and vis-
cous behaviors. We next investigate how the viscosity of drop-
lets regulates transit time by generating oil-in-water emul-
sions using silicone oils with well-defined viscosities from
10−2 to 102 Pa s. We hypothesize that droplets with larger vis-
cosities will have longer transit times, as they are comprised
of larger molecules, which have longer rearrangement time-
scales. We select the oils to have a range of viscosities that
are comparable to the viscosities of cells, which range from
10−2 Pa s for adherent HeLa and 3T3 cells32 to 102 Pa s for
neutrophil cells.26 To prevent coalescence and ensure that
droplets remain intact during transit through the micro-
fluidic device, we add 4% (w/w) Tween 20 surfactant. While
the viscosities of our panel of oil droplets range over five or-
ders of magnitude, we observe transit times increase by only
one order of magnitude (Fig. 4B). For example, droplets with
the highest viscosity of 102 Pa s have a median transit time of
75 ± 2.5 ms; by contrast, droplets with the lowest viscosity of
10−2 Pa s have a median transit time of 20 ± 0.0 ms.
Performing a linear fit to the bootstrapped median transit
times of our panel of oil droplets reveals a slope of 0.14 with
R2 = 0.92, suggesting transit time scales with viscosity as well
as elastic modulus. However, transit time scales more signifi-
cantly with elastic modulus on these millisecond timescales
(slope = 0.29 and R2 = 0.93).

Weak dependence of interfacial tension on transit time

We next investigate the effect of interfacial tension on the
transit time of oil droplets. As out-of-plane bending is re-
quired for droplets to enter the constriction, we predict that
droplets with higher interfacial tensions will have longer
transit times. Surface tension is analogous to the cortical ten-

sion of cells, which is largely regulated by actin and hinders
out-of-plane bending of the plasma membrane.33,34 To deter-
mine the effects of surface tension on transit time, we modify
the concentration of Tween 20 surfactant in our silicone oil
droplets from 0.005 to 0.1% (w/w); this results in interfacial
tensions ranging from 0.7 to 2.2 × 10−2 N m−1, as confirmed
by the pendant drop technique35 (Fig. S4†). Our experimental
range of interfacial tensions is set by the critical micelle con-
centration (CMC) of the surfactant, which is 0.007% (w/w) at
room temperature.36 We observe that transit time tends to in-
crease with increasing interfacial tension. For oil droplets with
the highest surface tension of 2.2 × 10−2 N m−1, the median
transit time is 25 ± 3.0 ms, whereas oil droplets with a surface
tension of 0.7 × 10−2 N m−1 exhibit a median transit time of 20
± 0.0 ms. Yet even with interfacial tensions that are approxi-
mately two orders of magnitude larger than cells, our statisti-
cal analyses reveal that there is a marginal effect of interfacial
tension on transit time (slope = 0.25 and R2 = 0.91) compared
to the effects of elastic modulus and viscosity (Fig. 4C).

Taken together, our micron-scale characterization particles
reveal that elastic modulus dominates transit time when
cells/particles undergo 40% strain over 0.01 to 1 second,
whereas viscosity and interfacial tension have a weaker effect
on these time and length scales.

Transit time depends on both particle stiffness and driving
pressure

To be useful for biological and clinical applications, cell
mechanotyping should have both dynamic range and sensi-
tivity for detecting small and large differences in cell me-
chanical properties. To further develop a comprehensive
framework for transit time experiments, we next investigate
how Pdriving determines the range of mechanotypes that can
effectively be measured. As transit time exhibits the strongest
dependence on elastic modulus, we map transit times across
our panel of gel particles and generate a phase diagram that
illustrates the dynamic range for particles.

Determining the range of Pdriving that enables transit
events for a range of particles with different elastic moduli is
an optimization problem that involves both measurement
throughput and sensitivity. To achieve rapid measurements,
higher Pdriving, and thus flow rates, are required. However, a
single cell must be tracked for at least two frames to capture
its entry and exit as well as its initial size (Fig. S5†); this can
be achieved by acquiring images with high frame rates and
fast exposure times. Using our CMOS fast camera, a mini-
mum exposure time of 0.2 ms is required to reduce object
blurring and delineate the location and size of a single cell
(Fig. S6†); this enables us to achieve frame rates of up to
5000 frames per second. While higher image acquisition
rates could be achieved with a faster camera, increased
Pdriving could ultimately result in strain of PDMS channels,
since EPDMS ∼ 10 MPa. The lower pressure bound must be
exceeded for a transit event to occur and is set by the thresh-
old pressure, PT. To quantify the lower pressure bound for

Fig. 5 Effects of driving pressure and particle elastic modulus on
transit time. (A) Boxplots show transit time for agarose gel particles
with well-defined elastic moduli over a range of driving pressures. Me-
dian is denoted by line, interquartile range is represented by box, and
10th and 90th percentiles are shown by whiskers. The absence of a boxplot
at a given pressure reflects that no transit events occur on the experimental
timescale, as PT < Pdriving. (B) Density map of transit time values as a function
of driving pressure and gel particle elastic modulus. Dots represent the ex-
perimental conditions where transit time data is acquired. Dotted line repre-
sents the estimated boundary between transit and no transit regions based
on measured PT values. N > 200 particles for each sample.
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particles of a given elastic modulus and size, we analyze the
transit of particles with differing elastic moduli over a range
of applied pressures.

We observe that stiffer particles require larger pressures to
transit through the constrictions (Fig. 5). For example, we do
not observe any transit events on the experimental timescale
for the stiffest particles of E = 43 kPa at Pdriving ≤ 28 kPa. By
contrast, a significant proportion of softer particles with E =
3.1 kPa transit through the constrictions at Pdriving = 28 kPa.
These results highlight how Pdriving needs to be tuned to opti-
mize the dynamic range for a set of samples with given
mechanotypes. For example, to measure transit times for the
softest and stiffest gel particles (E = 3.1 and 43 kPa), Pdriving
should be between 34 to 55 kPa: below this pressure, stiffer
particles do not transit; yet with higher pressures, softer par-
ticles transit too quickly to resolve their entry into and exit
from the constriction region. Taken together, our mapping of
transit times across driving pressures and particle elastic
modulus results in a phase diagram, which illustrates regions
where transit and no transit occur for particles of varying
stiffness as a function of Pdriving.

Additional sources of transit time variability

In contrast to our gel and oil particles that have relatively
uniform structure and composition, cells are spatially hetero-
geneous materials. For example, the nucleus can occupy a
significant volume within the cell and can be up to five times
stiffer than the surrounding cytoplasm.37,38 Our previous
study demonstrates how the nucleus can rate-limit the defor-
mation of cells through micron-scale gaps.8 The nucleus can
also vary in size and morphology across a population of sin-
gle cells.39 Additional geometric differences among cells
could contribute to transit time variability, such as heteroge-
neity in the distribution of actin due to polarization and/or
the position of the nucleus in a transiting cell. Moreover,
cells at different stages in the cell cycle have markedly differ-
ent subcellular architecture and mechanotype;40 this likely
also contributes to the variability in transit times we observe
in populations of cells.

Deformation time and length scales

The deformation response of viscoelastic materials ranging
from hydrogels to cells is sensitive to the time and length
scales of the applied stress. Our results using calibration parti-
cles demonstrate that transit time measurements on millisec-
ond timescales are dominated by elastic modulus. These re-
sults are consistent with our rheology data for agarose slabs,
which determine the relative elastic and viscous contributions
to deformations of agarose gels. By measuring the storage (G′)
and loss (G″) moduli across a frequency range of 0.01 to 1 Hz,
we observe that G′ is ∼350% greater than G″ and remains rela-
tively constant over this linear regime (Fig. S3†).

Reconstituted actin41 and intermediate filament42 net-
works also exhibit a storage modulus, G′, that is typically 10
to 100 times larger than the loss modulus, G″, when probed

at strain rates of 0.1 to 10 Hz. In addition, the deformation
behavior of cells on similar 0.01 to 1 second timescales is
largely determined by their elastic properties.43–45 However,
at higher strain rates above 1000 Hz, G″, dominates the de-
formation behavior, reflecting increased viscous contribu-
tions as the deformation timescale approaches the timescale
for intracellular macromolecules and water molecules to
rearrange.46 For higher throughput fluid-based deformability
measurements, which occur on microsecond timescales,10

cell deformation behavior may thus depend more strongly on
cell viscous properties.

The mechanical response of cells also depends on the
length scale of deformation as cells are spatially heteroge-
neous structures. For example, the cortical region of the cell
can determine the mechanical response to nanometer-scale
indentations by AFM and micron-scale, out-of-plane bending
induced by micropipette aspiration.23,47 While out-of-plane
bending is a requisite for cell entry into the constricted chan-
nel, cell transit events require much larger deformations of
the whole cell, which involve shear and compression; these
considerations support our findings that transit time exhibits
the strongest dependence on elastic modulus. An elastic
sphere or shell model can also recapitulate the deformations
of cells and agarose beads that are induced by shear stresses
during flow through microfluidic channels on millisecond
timescales.48 Our results also highlight how viscosity plays a
role in transit time measurements. Indeed, viscoelastic
models, such as power law rheology, can successfully predict
the transit behavior of cells through microfluidic constric-
tions.18 Such physical models, together with particles that
have tunable elastic and viscous moduli, should enable more
detailed quantitative measurements of cell mechanical proper-
ties. Particles with well-defined mechanical properties also
provide much-needed calibration standards in cell
mechanotyping; quantitative comparisons of cell deformability
across different techniques and laboratories is critical for
more advanced clinical applications of mechanotyping.

Conclusion

In this study, we identify major contributors to the cell-to-cell
variability of transit times with the goal of enabling precise
classification of cell populations. We demonstrate how more
robust transit time measurements can be achieved by reducing
variability with post acquisition analysis and size binning. We
also determine the extent to which the inherent heterogeneity
in cell physical properties contributes to the width of transit
time distributions. Our results should enable broader applica-
tion of transit time measurements for rapid, single cell
mechanotyping in basic research to clinical settings.

Methods
Device fabrication

Devices are fabricated using standard photolithography
methods.49 The photoresist, SU-8 3005 (MicroChem,
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Westborough, MA, USA), is patterned onto a silicon wafer
using standard photolithography techniques. We confirm SU-
8 thickness using a Dektak 150 Surface Profilometer (Veeco,
Fullerton, CA). Polydimethylsiloxane (Sylgard 184 silicone
elastomer, Dow Corning, Midland, MI, USA) is mixed with
crosslinker at a 1 : 10 w/w ratio, then poured onto the mold
and cured at 65 °C for 2 hours. The patterned PDMS is subse-
quently removed from the silicon mold and bonded to #1.5-
thickness coverslips after exposure to corona discharge
plasma for 1 minute and baking at 80 °C for 20 minutes.

Cell culture

HL-60 cells are cultured in RPMI-1640 media with
L-glutamine (Life Technologies, Carlsbad, CA, USA), 10% fetal
bovine serum, and 1% Pen/Strep (Gemini BioProducts, West
Sacramento, CA, USA). Cell viability is determined before and
after transit experiments using trypan blue dye and a TC20
automated cell counter (Bio-Rad, Hercules, CA, USA).

Soft particle fabrication

To make silicone oil droplets, we generate oil-in-water emul-
sions in deionized water with Tween 20 surfactant (Sigma-Al-
drich, St. Louis, MO, USA). Deionized water with silicone oil
(1 : 5 v/v) and varying concentrations of Tween 20 (5 to 100
mg mL−1) are vortexed for 1 minute. The emulsion is then
centrifuged at 157 × g for 3 minutes to remove air bubbles
and filtered through a 35 μm mesh cap (BD Biosciences,
Franklin Lakes, NJ, USA). For oil droplet experiments, we
maintain a concentration of 4% (w/w) Tween 20, which is sig-
nificantly greater than the critical micelle concentration
(CMC) of 0.01% (w/w), so that the droplet surface is saturated
and surface tension is effectively minimized.

To fabricate agarose gel particles with defined elastic mod-
uli, we make water-in-oil emulsions with agarose dissolved in
the aqueous phase. The desired (w/w) percentage of ultra-low
gelling temperature agarose (Sigma-Aldrich, St. Louis, MO,
USA) is added to deionized water and heated in the micro-
wave for about 30 seconds until boiling. Mineral oil with 1%
w/w Span 80 and agarose solution (1 : 5 v/v) are vortexed on
high for 1 minute, filtered through a 35 μm filter (BD Biosci-
ences, Franklin Lakes, NJ, USA), and immediately placed on
ice for 1 hour to promote gelation; thereafter, the suspension
is filtered a second time through a 35 μm filter. The gel parti-
cles are removed from the oil phase by adding 5 mL of deion-
ized water and centrifuging at 157 × g for 10 minutes. To iso-
late the aqueous suspension of gel particles, the oil phase is
removed from the top of the solution by pipetting.

Rheology measurements

To confirm the elastic moduli of our agarose gel particles, we
measure the linear storage (G′) and loss (G″) moduli of aga-
rose slabs using a controlled strain shear rheometer (RFS-II,
25 mm diameter parallel plate geometry, Rheometric Scien-
tific, Inc., Piscataway, NJ, USA). The elastic properties of these
agarose slabs are similar to those found for micron-scale aga-

rose particles.31 Agarose solutions of varying concentrations
at 20 °C are loaded into the rheometer's gap set to 1 mm,
gelled to 10 °C for one hour, and then brought back to 20 °C
over 30 minutes prior to measurement acquisition. A vapor
trap inhibits water evaporation during gelation and measure-
ment acquisition. To reduce slipping between the gel and the
rheometer's plates, sandpaper is adhered to these plates prior
to gel casting. We perform a frequency sweep from 0.1 to 10
rad s−1 at 1.0% strain, in the linear response limit (Fig. S3†);
for each agarose concentration, this measurement is repeated
three times (including loading and gelling) to obtain average
values and to estimate run-to-run uncertainties. To determine
Young's moduli from the measured G′ values, we use a
Poisson ratio of 0.5.50 Here, we estimate the elastic modulus
of our agarose gels as the Young's modulus evaluated at 1.0%
strain and 1 rad s−1.

Microfluidic experiments

For cell deformation experiments, 0.1% (w/w) Pluronic F-127
(Sigma-Aldrich, St. Louis, MO, USA) is added to the cell sus-
pension to minimize cell-surface interactions (Video S1†). We
drive suspensions of cells, gels, and droplets through the
microfluidic device by applying air pressure to the sample.
To maintain consistent fluidic resistance, we ensure the same
length of tubing is used across all experiments. For experi-
ments with cells and gel particles, PDMS devices are used 48
hours after plasma treatment and bonding. For experiments
with oil droplets, PDMS channel hydrophilicity is maintained
after plasma treatment by filling channels with deionized wa-
ter; transit time is measured within 1 hour after plasma treat-
ment. Transit videos are captured at 200 frames per s with a
high-speed camera (MiroEx4, Vision Research, Wayne, NJ,
USA) mounted on an inverted light microscope (Zeiss Ob-
server, Zeiss, Oberkochen, Germany) with a 20×/0.40NA objec-
tive (LD Achroplan, Zeiss, Oberkochen, Germany).

Transit time analysis

Videos from microfluidic experiments are processed using a
custom code in MATLAB (Mathworks, Torrance, CA, USA)
(Fig. S5†). In brief, the code detects particles, tracks their lo-
cation, records their size, and determines the time for the
leading edge of particles to transit through the constriction
region (Fig. 1C). Expanding on previously described tracking
algorithms,28 we apply here a rigorous protocol for cell detec-
tion and tracking: to determine the spatial bounds of the de-
vice constriction region, we perform an automated fit of a
mask to remove regions outside of the microfluidic constric-
tions; to locate individual particles, we apply a set of filters,
which include thresholding, dilation, erosion, median
smoothing, and closing; to determine the start and end of
transit, we measure the time required for the front of a parti-
cle to enter and exit the constriction region. Statistical analy-
sis is performed using OriginPro software (OriginLab Corpo-
ration, Northampton, MA, USA). For all samples, we exclude
particles with diameters smaller than 5 μm to ensure all
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measured particles are sufficiently deformed as they flow
through the constrictions. After these filtering procedures, we
obtain 90 ± 30 cell transit measurements per minute. To de-
termine how transit time depends on mechanical properties,
we calculate the bootstrapped median transit time for each
condition using 1000 random samples and apply linear re-
gression on the log–log data. To distinguish statistically sig-
nificant differences across cell treatment populations, we em-
ploy the Mann–Whitney U test, which enables us to compare
the non-normal distributions of transit times.
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