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33 Abstract: This study describes the development of a microfluidic biosensor called the iterative
%2’ mechanical characteristics (iIMECH) analyzer which enables label-free biomechanical profiling of

individual cells for distinction between metastatic and non-metastatic human mammary cell lines.
Previous results have demonstrated that pulsed mechanical nanoindentation can modulate the
biomechanics of cells resulting in distinctly different biomechanical responses in metastatic and non-

ag metastatic cell lines. The iMECH analyzer aims to move this concept into a microfluidic, clinically more
20 relevant platform. The iMECH analyzer directs a cyclic deformation regimen by pulling cells through a
%1 test channel comprised of narrow deformation channels and interspersed with wider relaxation regions
22 which together simulate a dynamic microenvironment. The results of the iMECH analysis of human
23 breast cell lines revealed that cyclic deformations produce a resistance in non-metastatic 184A1 and
24 MCF10A cells as determined by a drop in their average velocity in the iterative deformation channels
35 after each relaxation. In contrast, metastatic MDA-MB-231 and MDA-MB-468 cells exhibit a loss of
26 resistance as measured by a velocity raise after each relaxation. These distinctive modulatory mechanical

7 responses of normal-like non-metastatic and metastatic cancer breast cells to the pulsed indentations
%8 . . : o . ) o )
%9 paradigm prqv1d§ a unique b10-s1'gnature. The 1MECH analyzer represents a diagnostic microchip
30 advance for discriminating metastatic cancer at the single-cell level.
~
SD% Keywords: cell mechanics, single-cell analysis, microfluidics chip, breast cancer

3

. Introduction:
%6 Mechanical factors can direct cellular growth, function and homeostasis, but also cause or contribute to
B7 diseases such as cancer. The biomechanical properties of cells are modulated in response to their
%8 environmental factors and are thereby linked to physiological and pathophysiological functions.' To date,
39 biomechanical properties have gained broad acceptance in cell biology as a highly sensitive, label-free,
40 non-destructive method for determining the health state of cell without the use of fluorescent, magnetic,
41 or other cell markers. The biomechanical properties of cancer cells are constantly changing during
4§ progression of tumors to more aggressive and metastatic type® and progression is accompanied by
4

alterations in the levels of expression of biochemical factors and regulators of cytoskeletal organization,

44 which impact cell migration, adherence, and invasion.” * Thus, the ability to characterize the
jg biomechanical nature of a cell could provide novel insights into how cells receive and integrate regulatory
47 signals from the surrounding environment which can impact disease progression diagnosis and treatment.
48 There are currently different instruments and methods available for assessing cell biomechanical
.. 56 o .

49 properties. There have been a handful of reports quantifying the changes take place in cellular
50 biomechanical properties during the metastatic process.’ In general, the progression of cancer is
51 associated with an alteration of the cell structure which in turn causes transformed cells to be softer and
52 hence more deformable than their healthier counterparts to facilitate metastasis.”” The investigations have
53 also showed that reduced surface friction of cancer cells may play another important role in further
54 facilitating the motility.'* "'

55 The development of microfluidic devices for biomarker detection and point-of-care disease diagnosis has
56 been on the rise because of their remarkable features including simplicity, low-cost, and high-speed.'*"*
g; Among its potential uses for different disease diagnosis, prototypes to elucidate cancer cell and tumor
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function have gained tremendous importance.'” ' Microfluidic-based analyzers for cell biomechanical
screening and mechanophenotyping have promised a higher throughput compared to conventional tools
and emerged as a clinically more relevant approach to single-cell analysis.'”** As an important note,
single-cell level analysis in cancer diagnosis is a critical need in light of the knowledge that tumor masses
are comprised of a heterogeneous mixture of cells.”' Single-cell level analysis can significantly contribute
to the evolution in the diagnostic and prognostic decisions to cancer patients.”> ** Currently, several
microfluidic constriction channel based analyzers have been developed for quantitative biomechanical
characterizations of various cell types including tumor cells, red blood cells (RBCs), and white blood
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cells (WBCs). (Table 1)

Table 1 Summary of previous works on single-cell biomechanical characterizations via microfluidic constriction

channel based analyzers

Group Targeted Cell Quantified Method Key Observation
Lines Parameters
Erickson MDA-MB-231 Transit time Multi-staged serial ~ The initial transit requires the longest
etal ?*% metastatic breast invasion channels time than the subsequent transits
(M.U.S.I.C.) device
Lim et MCF10-A benign, Entry time, A constriction MCF10-A have longer entry but not
al.? MCF-7 non-metastatic elongation index, microchannel travel times than MCF-7 with similar
breast transit velocity sizes
Vanapalli Cancerous A172/ Elongation, pressure A microfluidic cell Brain tumor cells take a longer time
etal.”’ 1321N1, normal drop, speed, entry squeezer to squeeze and migrate more slowly
L0329/L036 glial time than benign cells
Agah et MDA-MB-231 Entry time, travel A constriction with Nanoparticles-treated cells are
al.2® metastatic breast time two embedded significantly stiffer than untreated
Cr/Au electrodes cells
Fabry et K562, MDA-MB-231, Flow speed, cell Micro-constriction A power law correlates entry time to
al.® U20S, HEK293T deformation, entry parallel arrays driving pressure and cell size, and
time estimates cell elasticity & fluidity
Manalis et  MEF fibroblast, cancer Cell size/mass, A suspended Changing the deformability of the
31'10 (Tuvets Tnonmer, H1650, entry velocity, microchannel cell alters the entry velocity, whereas
H1975, HCC827), transit velocity resonator (SMR) changing the surface friction alters
L1210 leukemia the transit velocity

Liuetal®  Benign MCF-10A,
metastatic MDA-MB-
231, RPE epithelium

Igbal et Normal urothelial and
al®! T24 cancer bladder
Han et Breast cancer MCF-7,
al.? benign MCF-10A
Jensen et Hela cervical
al3 cancer
Sun et MC-3T3 osteoblast,
al 3 MLO-Y4 osteocyte

Cortical tension,
Young’s modulus

Peak amplitude,
translocation time

Cell diameter,
passage time

Cell volume, transit
time

Transit time, cell
elongation,
aspiration length

A microfluidic
pipette array
(LFPA)

A 20 pm pore on
oxide membrane

A micro-channel
with real-time
controllable gap

A constriction
channel with
electrodes

A constriction
channel with two
Ag/AgCl electrodes

The device captures stiffness of
single cells and mechanical gating of
mechanosensitive channels

Tumor cells showed one order of
magnitude shorter translocation time

Size-independent cell deformability
cytometry causes a much smaller
degree of variation in passage times

Hela cells have a faster transit time
after treatment with latrunculin A and
cytochalasin B

Osteoblasts have a larger cell
elongation and transit time compared
with osteocytes
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Sun et Adult and Transit time " Adult compared with neonatal RBCs
al.* Neonatal RBCs have distinct and lower transit time
Han et Plasmodium Transit velocity A channel with Transit velocity of malaria infected
al *73® falciparum infected triangular pillar RBCs decreases by 50% after
RBCs array treatment
Ma et Malaria infected/ Cortical tension A funnel channel Malaria infected/damaged RBCs
al >4 oxidized RBCs Normalized position chain pipette show increased cortical tension and
aspiration decreased deformability
Chiu et P. falciparum infected Channel blockage A constriction Malaria decreases the deformability
al.® RBCs channel of infected RBCs
Rathod et  P. falciparum infected MCD: Minimum Wedge-shaped Malaria infected RBCs show larger
al.* RBCs cylindrical diameter micro-channels MCD
Suresh et Healthy RBCs Stretch ratio, transit A pressure-control  Experimental-computational analysis
al.¥’ velocity, entrance/ constriction of the flow dynamics of RBCs
traversal/exit times
Kaneko et  RBCs of healthy and a Dimensionless A 4.0 pm The proposed DI can significantly
al.*® diabetes patient stiffness DI index microchannel highlight the differences in stiffness
of the healthy and diseased cells
Russell et P. vivax and P. Normalized A2.0pm In contrast to P. falciparum-infeded,
al.® falciparum RBCs transit/recovery constriction P. vivax-infected RBCs readily
ratio deform and recover a normal shape
Chang et Normal RBCs and Transit velocity, A PDMS A 3D distribution demonstrates the
al>® cancerous (leukemia) elongation index, microchannel under  differences in deformability between
shape recovery time optical pressure two RBC types
Stone et Healthy RBCs, Pressure-drop A device with twin The device allows differentiation of
al”! Healthy WBCs variation (comparator and cells with different mechanical
test) channels properties or geometrical features
Theodoly THP-1 monocytic Fluorescence A sequential F-actin mainly contributes to cell
etal !> (WBCs) leukemia microscopy constriction device stiffness and bleb formation
Theodoly . Loss modulus . An apparent viscosity of single cells
etal.> was estimated by numerical analysis
Fletcher et  WBCs with sepsis and Transit time Parallel capillary- Transit time of blood cells correlates
al >3 leukostasis like micro-channels with symptoms of diseases
Kamm et WBCs (neutrophils) Entrance time, A narrow PDMS Neutrophils deformation results in
al.> pseudopod capillary cytoskeletal remodeling, viscoelastic

projection time

changes and pseudopod projection

Nevertheless, most endeavors in cell biomechanical characterizations have typically utilized single-pulse
transient mechanical stimulus for mechanophenotyping and cellular mechanical responses analysis.”” **
These measurements reveal differences in the biomechanical properties of normal and cancer at the
population level, but quantified parameters thus far defined cannot predict whether a given individual cell
is malignant or normal. Accurate cell biomechanical characterization involves cell investigation in
simulated realistic environments as living cells can sense external environmental loads and respond to
them by adapting their structure.”® Some researchers have made attempts to mimic the physiological
microenvironments of cells where they undergo dynamic mechanical stimuli. Particularly, cancer cells are
exposed to continuous time-varying shear stresses as a result of the elevated interstitial fluid flow. These
shear stresses can alter cancer cytophysiology in ways that support cancer cell invasiveness.”’ Some
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studies have reported different responses of normal and cancer cells to such dynamic stressors even under
artificial dynamic microenvironment shifts. As reported, cell stiffness of non-tumorigenic/normal cells
increases in response to dynamic stress/strain. For instance, it has been shown that normal cells stiffen
during tapping motions imposed by an atomic force microscopy (AFM) cantilever probe and these cells
become less susceptible to deformation.®’ In another study, rapid stretch of adherent normal endothelial
cells resulted in a quick increase in actin lattice stiffness, and thus mechanical resistance.”” Furthermore,
Mak et al. developed a microfluidic device and showed a decrease in the measured transit times of
invasive MDA-MB-231 breast cells under a sequence of deformations through serial subnucleus-scaled
constriction channels.** * The conclusion from this work was that the MDA-MB-231 cells underwent
mechanical compliance.

Our group has recently produced solid evidence indicating that metastatic and non-metastatic single cells
respond differently to nanomechanical indentations applied to them in a pulsed mode.” According to that
study, the non-metastatic MCF10A and 184A1 cells increased their resistance against deformation while
metastatic cells became slightly softer when subjected to a dynamic mechanical microenvironment. Our
aim here is to transition principles gained by the AFM technique® into a suitable single-cell analysis
platform on a high-throughput microfluidic chip. To this end, the microfluidic iterative mechanical
characteristics (iMECH) analyzer has been developed and its ability to reveal unique information about
the health status of single cells is demonstrated.

Materials and Methods:

Cell Culture and Treatment:

The microfluidic iMECH analyzer’s performance as a biosensor was evaluated using four breast cancer
cell lines including immortalized, non-tumorigenic, non-metastatic 184A1 and MCF10A cells and
tumorigenic, metastatic MDA-MB-468 and MDA-MB-231 cells (All cell lines were purchased from
ATCC; American Type Culture Collection, Manassas, VA). The standard culture medium for 184A1 cell
growth was MEGM kit supplemented with 5 pg/ml transferrin (Sigma Aldrich, St. Louis, MO) and 1
ng/ml cholera toxin (Lonza, Basel, Switzerland); the gentamycin-amphotericin B was omitted. MCF10A
cells were grown in F12:DMEM (Lonza, Basel, Switzerland) with penicillin-streptomycin (100 Units/ml),
2.5 mM L-glutamine, 20 ng/ml epidermal growth factor (EGF), 0.1 ug/ml cholera toxin (CT), 10 pg/ml
insulin, 0.5 pg/ml hydrocortisone, and 5% horse serum. MDA-MB-468 cells were grown in L-15
supplemented with 10% fetal bovine serum (FBS), 4 mM glutamine and penicillin-streptomycin (100
Units/ml). Finally, MDA-MB-231 cells were grown in F12:DMEM with 10% FBS, 4 mM glutamine and
penicillin-streptomycin (100 Units/ml). The cells were suspended in culture medium at a concentration of
5x10° cells/mL for delivery into the iMECH analyzer.

Microchip Design and Fabrication:

The iIMECH analyzer consists of a multi-segmented test channel which mimics a dynamic deformation
paradigm and a U-shaped delivery channel (200 pm-wide and 60 pm-deep). The test channel contains
three deformation channels (6 um-wide, 12 pm-deep, 500 um-long) separated by two relaxation regions
(30um-wide, 30um-deep, 100um-long). The design of the iIMECH analyzer is depicted schematically in
Figure 1A. To deliver single cells to the test channel, a free flow of suspended cells in culture medium is
established in the delivery channel by the height difference of medium in the reservoirs at the inlet/outlet
ports. Single cells are trapped and pulled into the test channel by applying a negative pressure (AP=-150
Pa) via a syringe pump (Harvard apparatus, Holliston, MA) at the end of the test channel. A trapping
mechanism adapted from a work by Tan et al.** based on hydrodynamic resistance at the entrance of the
test channel helps the single cell trapping. As cells pass through the test channel, they undergo a series of
deformation and relaxation events as they pass through deformation and relaxation regions. The
information about the modulatory biomechanical properties of single cells in response to this dynamic
microenvironment in the microchip is collected, resulting in the single-cell iMECH bio-signature. The
velocity of individual cells in the deformation channels is measured and used as an indicator of cell
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biomechanics. The iMECH analyzer enables the analysis of about 1 cell/sec without sacrificing the
sensitivity of the system to discriminate between the biomechanical behavior of metastatic and non-
metastatic cells.

The iMECH analyzer was fabricated in the clean room facility. A master wafer was initially fabricated
using a two-step etching process to obtain the shallow constriction channel and the deep delivery channel.
Briefly, a thin photoresist (Shipley 1827) was spun coated on a silicon wafer and patterned using
photolithography. A shallow etch was done using deep reactive ion etching (DRIE, Bosch, Germany) for
a depth of 12 pm. The photoresist was stripped before a second round of photolithography using a thicker
photoresist (AZ9260) to fabricate the delivery channel. The wafer was etched for 20 min in the DRIE to
obtain an overall depth of 30 um. Finally, the photoresist was stripped and the wafer was cleaned before a
layer of saline was evaporated on the wafer to enable easy peel-off of polydimethylsiloxane (PDMS).
PDMS prepolymer and curing agent were mixed at a ratio of 10:1, poured over the silicon master placed
in an aluminum foil plate, degassed in a vacuum desiccators to remove air bubbles, and baked in a
convection oven (15 min, 125°C). The device was allowed to cool, then peeled off from the master, diced
and reservoir holes were punched through. At the end, the PDMS layer and a glass slide were
concurrently treated with oxygen plasma in a plasma cleaner (Harrick Plasma, Plasma Cleaner) for 1 min
and bonded together. The fabrication process of the iMECH analyzer is shown step by step in Figure 1B.
A schematic of the iMECH setup and operation principles is shown in Figure 1C.

(A)

e e
B
|
D
f
PDMS Glass/
Pyrex
B sz | Ao60
Deformed Cell
/2
s Y/
P
) S )
) @)

Syringe Pump

Figure 1 A) Illustration of design, B) fabrication process flow, and C) schematic image of setup and operation
principle of the iIMECH analyzer.

Data Acquisition and Analysis

For data acquisition, the device was mounted onto the Zeiss Axio Observer inverted microscope (Carl
Zeiss, Jena, Germany). The video images of the cells passing through the test channel were recorded via
Motion Xtra NX4-S3 high speed camera (IDT, Tallahassee, FL) with 5 GB memory and Motion Studio
software at 500 frames per second. To examine and validate the reproducibility and consistency of the
results, at least three separate tests were conducted for each cell population with at least n=100 cells from
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each sample. Within the same cell population, there was no more than 5% variation between the average
measured parameters of any two reported test results. P-values between the different populations were
calculated using two independent samples t-tests (a = 0.05). Results are presented as arithmetic mean =+
standard error of the mean (SEM) using GraphPad Prism software.

Results and discussion:

Cell Mechanical Characteristics in Micro-channels:

The cell movement in the deformation channel is driven by a pressure gradient applied across two sides of
the deformation channels. The two-dimensional plot of the pressure gradient in the microfluidic channels
is simulated in COMSOL Multiphysics and is shown in Figure 2A. It can be seen that the pressure
gradients across the narrow deformation channels are equal and about AP=-40 Pa. It implies that the cells
are experiencing the same applied pulling pressure across each deformation channel. Importantly, 4 pm
beads passed through the test channel showed equal traveling times in all three deformation channels. It
indicates that the deformation channels were fabricated with an identical size and cross section and the
beads experience an equal pressure gradient across them. Cell velocity in the deformation channels was
measured visually and by a developed MATLAB code using the obtained image videos. A cell’s
movement in the deformation channel can be separated into two phases as shown previously;*® during
phase I, the cell moves with a non-constant velocity when undergoing a heavy deformation within the
narrow deformation channel and during phase II, the cell velocity remains constant when reaching a
steady state. Figure 2B shows a schematic profile of location versus time for a cell in a deformation
channel.
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Figure 2 A) The plot of pressure gradient in the microfluidic channels. B) The plot of the location versus time for a
single cell traveling through a deformation channel. The average transient velocity and equilibrium velocity in the
iterative deformation channels for a typical (C) non-metastatic cell (MCF10A) and (D) metastatic cancer cell
(MDA-MB-231) cell.
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1

2

3

g Analysis of the cell movements in the deformation channels revealed that the transition point between
6 phase I (non-constant velocity) and phase II (constant velocity) always occurred in the first-half of the
7 500 um deformation channels. For our analysis, we divided the deformation channels into two halves: the
8 transient and equilibrium sections. The corresponding average velocities of transient and equilibrium
) sections (u;; and u;,, respectively) of the deformation channels (i=1, 2, 3) are depicted in Figure 2A. The
Q0 average transient and equilibrium velocities of the iterative deformation channels for a typical non-
Ell metastatic and metastatic cell are depicted in Figure 2C and 2D, respectively. The average velocities for
g2 the cells subjected to iterative mechanical deformations through the deformation channels revealed that
3-3 the non-metastatic cells exhibit a velocity drop after each relaxation region once they enter to the next
%g deformation channel as shown in Figure 2C. The drop in the average transient velocity of the non-

metastatic cells after a recovery period afforded by passage through a wider channel interspersed between
each deformation channel can be due to the effect of mechanical resistance in their structural
characteristics in response to iterative deformations. However, this trend is reversed in the metastatic
cells. After each relaxation region, the average transient velocity of the metastatic cells rises or remains

49 . : L

50 constant as cells proceed to enter subsequent deformation channels (Figure 2D). It implies that the

= metastatic cells averagely exhibit a mechanical compliance with iterative deformations in their structure.

21 gely p

22

23 Cell IMECH Bio-Signature:

B e average transient and equilibrium velocity measurements of breast cell type populations are presente

24 Th d equilib locit fb 1l lat ted

25 in Figure 3A. MDA-MB-231 and MDA-MB-468 metastatic cells showed 5% and 4% increases in the

é? average velocities from u; , to u,; and also 4% and 4% increases from u,, to us j, respectively. Therefore,
8 these data are suggestive that the representative metastatic cells slightly lose their mechanical resistance

%9 to travel through narrow channels in response to iterative deformations by increasing in their transient

30 velocities after the first and second deformation channels. In contrast, the representative non-metastatic

=1 cells responded by decreasing in their transient velocities after each deformation channels. the average
2 velocity of 184A1 and MCF10A cells decreased by ~21% and ~20% from u;, to u,; and ~8% and ~6%
3 from u,, to u; , respectively. These data imply that non-metastatic cell behavior is the reverse of that seen
4 in the metastatic cells and that these cells show a rise in their mechanical resistance to travel through the
5 deformation channel.

%6 Here, we define the relative percentage changes of velocity (a,) for individual cells as the average

B7 equilibrium velocity in one deformation channel compared to the average transient velocity in the next

%8 deformation channel (o, ii+1 = (uiz-ui1,1)/uin) for i=1, 2). The relative percentage change of velocity is

Zg used as an index for examining the modulation in the mechanical resistance of cells. The a, between each

a1 two successive deformation channels for the four cell types was calculated and is depicted by the column

bars in Figures 3B.
42 . R . .
43 In accordance with the results in Figure 3A, the average values of a, for both non-metastatic cell lines

were positive at each two successive deformation channels (Figure 3B), substantiating the idea that these

jg cell lines exhibit a continuous mechanical resistance response against deformations. Importantly, the
46 average values of a, for the two non-metastatic cell lines appreciably reveal decreasing trends from o »
47 to oy 3. These data indicate that the mechanical resistance trend in the non-metastatic cells drops sharply
48 after the initial deformation. Moreover, the average o, values for metastatic cell lines (Figure 3B) are both
49 negative. It is also remarkable that the average o, is larger than the average a,,; in the both metastatic
50 cells, suggesting that the greatest degree of cell mechanical compliance occurred at the initial
ol deformation.

52 We also examined the o, values of individual cells; only 6% and 4% of all tested MCF10A and 184A1
gi cells, respectively, whose u, ; velocity were relatively close to the average velocity of the metastatic cells,
55 did not show a positive number in o, ,. In addition, 71% and 67% of MCF10A and 184A1 cells showed
56 positive values for oy, 3, respectively. There are non-metastatic cells that have positive values for both
57 a2 and oy, 3 parameters which can be labeled with some confidence as sub-populations with a persistent
58 mechanical resistance. Accordingly, 67% and 65% of MCF10A and 184A1 cells fall into the persistent
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resistance sub-populations. Therefore, the majority of non-metastatic cells exhibited some degree of
mechanical resistance in response to the iterative deformations.

At the single-cell level of the metastatic cells, 91% and 93% of MDA-MB-231 and MDA-MB-468 cells,
have negative/zero values for their a,;,, respectively. Also, 84% and 85% of MDA-MB-231 and MDA-
MB-468 cells have negative/zero values for their oy, ;, respectively. There is a sub-population of 78% of
MDA-MB-231 and 80% of MDA-MB-468 cells that exhibit a persistent mechanical compliance as
measured by negative/zero values for both ay;, and oy, ;. More importantly, only 4% and 3% of MDA-
MB-231 and MDA-MB-468 cells were observed to exhibit a persistent positive value in both of their oy, »
and a3, respectively. Therefore, the populations of non-metastatic and metastatic cells can begin to be
identified by the trend of their modulatory mechanical behaviors in response to an iterative deformations
paradigm.

According to the results in Figure 3B, the relative percentage change of velocity between two initial
successive channels (o) provides a more distinct and sensitive index for differentiation between non-
metastatic and metastatic cells. Thus, only two successive deformation channels in this design might be
enough to discriminate between metastatic and non-metastatic cells with single-cell resolution. Together,
these distinct modulatory responses of metastatic and non-metastatic cells to dynamic mechanical stimuli
provided a proof-of-principle for the significance of our proposed iMECH bio-signature.

(A) (B)
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Figure 3 A) Depiction of changes in the average transient (u;;) and equilibrium (u;2) velocities in the iterative
deformation channels (i=1, 2, 3) for the four breast cell lines. B) Column bars of the calculated relative percentage
change of velocities between each two successive deformation channels (o, and a,, ;) for the selected breast cell
lines. The results are shown as mean + standard error of mean (SEM) for at least n=100 cells of each cell line.

Single-Cell Level Identification using iIMECH Bio-Signature:

Figure 4A shows a scatter plot of every individual cell’s average transient velocity versus equilibrium
velocity corresponding to the first deformation channel (u,;, u;,). It is equivalent to the results extracted
from a single-pulse mechanical stimulus, typically utilized for cell biomechanical characterizations.
Figure 4A clearly illustrates inadequacy of using a single-pulse mechanical deformation to differentiate
non-metastatic and metastatic cells at single-cell level due to a significant overlap in their measured u,
and u,,. Therefore, a single microfluidic constriction channel typically used for measuring difference in
the biomechanical properties of cells, although effective at population-level, cannot differentiate
malignancy or normalcy between cell types at the single-cell level. Our hypothesis that non-metastatic
and metastatic cells show overall opposite trends in adjusting their mechanical resistance under an
iterative deformations paradigm suggested that incorporation of the relative change of velocity (a,) for the
individual cells through consecutive deformation channels rather than their absolute velocity provides a
more effective biomarker to label single cells.
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The scatter plot of the relative percentage change of velocity between two initial deformation channels
(ot12) vs. the first deformation channel’s absolute transient velocity (u; ;) for the individual tested cells are
depicted in Figure 4B. These data again show that a new mechanical descriptor of a non-metastatic cell
can be defined as having positive values for o, ,, and for a metastatic cell is defined as having one
negative/zero value for ay; . Using these definitions, about 95% of the non-metastatic (normal-like) cells
(94% of MCF10A cells and 96% of 184A1 cells) and about 92% of the metastatic cancer cells (91% of
MDA-MB-231 cells and 93% of MDA-MB-468 cells) and overall, about 93% of all tested cells are
classified as non-metastatic or metastatic.
In summary, dynamic behaviors of subcellular fibrous proteins and cytoskeleton network remodeling
induced by periodic stretch or compression were previously reported.®”" Here, we defined a unique bio-
signature by evaluating and quantifying this dynamic biomechanical characteristic of individual cells for
distinguishing between non-metastatic (normal-like) and metastatic cancer cells with a high confidence
level.
(A)

(B) + MDA-MB-231 -

+ MDA-MB-468 =

184A1
MCF10A

v MDA-MB-231
+ MDA-MB-468

* 184A1

10- * MCF10A

50+ ©° .3 T

uq,4 (mm/sec)

e L] ngop®
sunvwy o I o
.:,ﬂ: o D ..}- ga © B WS
41 roi = 04 T ~ ) - T \
3 CTvRMusrtd el 06 T 8 10
4 wavv uf ‘(mrﬁ/sec): "
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Figure 4 A) Scatter plot of the first deformation channel’s absolute transient (u, ;) and equilibrium (u, ) velocities
of breast cell lines. B) Scatter plot of the relative percentage change of velocity (ay;,) vs. the first deformation
channel’s absolute transient velocity (u; ;) provides a new bio-signature for single-cell level identification.

iMECH Bio-Signatures of Mixed Cell Line Populations

In another set of experiments, the iIMECH analyzer was used for testing different mixtures of metastatic
MDA-MB-231 and non-metastatic MCF10A cells with ascending ratio. The percentage of tested cells
from each mixture that are identified as metastatic cells using the iMECH bio-signature (ay;,) are
reported in Table 2. For each test and reported percentage, three replicates were performed. As expected,
as the ratio of metastatic MDA-MB-231 to non-metastatic MCF10A cells in the mixture increased, the
percentage of tested cells in the mixture recognized as potential metastatic cells based on iMECH bio-
signature gradually increased. As a note, when there were no MDA-MB-231 cells in the “mixture”, about
7% were identified as metastatic; this is a measure of the false positive rate of this indicator. When the
mixture contained 100% MDA-MB-231 cells, 95% of cells were identified as metastatic, indicating that
the false negative rate for predicting the presence of a metastatic cells is about 5%.
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Table 2. Percentage of tested single cells identified as metastatic cells via iIMECH bio-signature (o) in mixtures
of MDA-MB-231 and MCF10A cells with ascending ratio.

MDA-MB-231:MCF10A % of cells predicted % of cells identified metastasis
mixture ratio metastasis via iMECH bio-signature
0:1 0% 7%
1:10 10% 15%
1:1 50% 59%
1:0.1 90% 87%
1:0 100% 95%
Conclusion:

A biosensing microfluidic chip was developed in this work to provide iterative mechanical characteristics
(IMECH) of human breast cells in response to a dynamic microenvironment. The described iMECH
microfluidic device, the first of its kind, provides a low-cost yet high-throughput for single-cell level
metastatic detection. In summary, as cells pass through successive deformation/relaxation regions, the
resistance of metastatic cells decreased while that of the non-metastatic cells increased after each
relaxation period. Hence, two populations can be differentiated from one another based upon their
dynamic behavior even if the two populations produce the same velocity in the first deformation channel.
The described iMECH microchip makes the modulatory biomechanical behavior of cells a readily
available label-free biomarker to be able to identify metastatic cells from non-metastatic cells. In the
future, the iMECH analyzer may provide instrumentation enabling novel ways for detecting metastatic
cells in clinical samples and also drug screening.
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