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 Deep phenotyping of single cancer cells is of critical importance in the era of 
precision medicine to advance understanding of relationships between gene mutation 
and cell phenotype and to elucidate the biological nature of tumor heterogeneity. 
Existing microfl uidic single-cell phenotyping tools, however, are limited to phenotypic 
measurements of 1–2 selected morphological and physiological features of single 
cells. Herein a microfl uidic elasticity microcytometer is reported for multiparametric 
biomechanical and biochemical phenotypic profi ling of free-fl oating, live single cancer 
cells for quantitative, simultaneous characterizations of cell size, cell deformability/
stiffness, and surface receptors. The elasticity microcytometer is implemented for 
measurements and comparisons of four human cell lines with distinct metastatic 
potentials and derived from different human tissues. An analytical model is developed 
from fi rst principles for the fi rst time to convert cell deformation and adhesion 
information of single cancer cells encapsulated inside the elasticity microcytometer 
to cell deformability/stiffness and surface protein expression. Together, the elasticity 
microcytometer holds great promise for comprehensive molecular, cellular, and 
biomechanical phenotypic profi ling of live cancer cells at the single cell level, critical 
for studying intratumor cellular and molecular heterogeneity using low-abundance, 
clinically relevant human cancer cells. 
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1. Introduction

Cancer is the leading cause of death among men and women 
under 85 years of age in the United States.[1] Despite 
improvements in detecting and treating primary tumors, long-
term survival of cancer patients is compromised by the devel-
opment of metastatic lesions.[2,3] While metastatic cancer is 
sometimes apparent at the time of diagnosis, most common 
metastatic lesions appear after a prolonged period of time 
following primary therapy.[4,5] Although postoperative adju-
vant therapy is designed to eradicate residual disease, sec-
ondary tumors in distant tissues can successfully evade 
existing therapeutic options for metastatic cancer. Thus, for 
cancer, there is an urgent need for new prognostic markers 
to distinguish tumors that will remain indolent, latent, or be 
eradicated from those that will metastasize.

It has now become well recognized that one of the para-
mount challenges facing the field of cancer prognosis is the 
high degree of intratumor cellular and molecular heteroge-
neity.[6,7] With rare exceptions, spontaneous tumors originate 
from a single cell. Yet, at the time of clinical diagnosis, the 
majority of human tumors display startling heterogeneity in 
many cellular features, such as cell morphology, expression 
of cell surface receptors, and proliferative and angiogenic 
potential.[8,9] Illustrating the full complexity of tumor pheno-
typic heterogeneity is critically important in determining and 
uncovering the meaning of heterogeneous features of tumor 
and their implications for cancer prognosis, therapeutic 
responses, and patient stratification.

Cell deformability under an applied load, or cell stiff-
ness, plays critical roles in cancer metastasis.[10–12] It has been 
postulated that mechanical property changes in invading 
cancer cells may be necessary for them to squeeze into ves-
sels (intravasate) and metastasize.[13–16] Using an optoflu-
idic setup to deform floating cancer cells, Guck et al.[11] 
and Lincoln et al.[17] have first shown a significantly greater 
cell stiffness associated with normal breast epithelial cells 
(MCF-10A) when compared to benign breast carcinoma 
cells (MCF-7). Importantly, similar observations have been 
obtained recently by Remmerbach et al.[18] and Cross et al.[12] 
using atomic force microscopy for primary colon, lung, and 
breast cancer cells extracted from human cancer patients. 
Furthermore, a link between increased cancer cell deform-
ability and metastatic potential or invasiveness, as measured 
by Matrigel invasion assays, has been found by Remmerbach 
et al. and Coughlin et al. for patient-derived ovarian and lung 
cancer cells.[18,19] Together, these studies have highlighted the 
usefulness of intrinsic cell stiffness as a cellular biomarker in 
a label-free manner that is very different from current immu-
nohistological methods for cancer diagnosis and prognosis.

Over the past decade, there is a significant interest in 
the research fields of microfluidics and bio-microelectrome-
chanical systems in developing integrated microscale, high-
throughput, high-resolution devices, and platforms for rapid 
and precise quantifications of morphological and physiological 
features of free-floating mammalian cells down to the single-
cell resolution.[20–22] Leveraging unique measurement meth-
odologies, these microscale cell phenotyping tools have been 
successfully implemented for measurements of cell size,[23] cell 

density/weight,[24] cell deformability/stiffness,[25–27] expression 
of cell surface receptors,[28,29] and secretion profiles [30–32] of 
clinically relevant human cells down to the single-cell reso-
lution. However, the unique physical mechanisms employed 
by these microscale cell phenotyping devices for cell phono-
typical measurements have also limited the applicability of 
these tools for measurements of only 1–2 selected morpho-
logical and physiological features of single cells albeit with 
high-throughput and high-resolution.

The recent excitement of precision medicine for cancer 
using single-cell level genomic information further require 
deep phenotyping of cancer cells down to the single cell level 
so as to help cancer biologists develop an understanding of 
the precise relationship between gene mutation and cell phe-
notype and thus tumor heterogeneity and their potential bio-
logical and clinical implications. To address the critical need 
for multiplexed, informative phenotyping of live single cancer 
cells, herein we reported a microfluidic elasticity microcy-
tometer made of polydimethylsiloxane (PDMS) for high-
sensitivity, multiparametric biomechanical and biochemical 
phenotypic profiling of free-floating live single cancer cells. 
The elasticity microcytometer contained arrays of funnel-
shaped confining microchannels that were functionalized 
with specific antibodies against target cell surface antigens to 
trap and deform free-floating live single cells under precisely 
regulated hydraulic pressures. Cell trapping and deforma-
tion of each single cancer cell within confining microchannels 
were recorded and analyzed using analytical models devel-
oped from first principles to obtain quantitative information 
of cell size, cell deformability/stiffness, and expression levels 
of surface receptors simultaneously for the same single live 
cancer cells. The microfluidic elasticity microcytometer was 
implemented for single-cell measurements and comparisons 
of four human cell lines with distinct metastatic potentials 
and derived from different human tissues. Data obtained 
from this work suggested that the microfluidic elasticity 
microcytometer could serve as a critical component for com-
prehensive molecular, cellular, and biomechanical phenotypic 
profiling of live cancer cells at the single cell level, holding 
a great promise for studying intratumor cellular and molec-
ular heterogeneity using low-abundance, clinically relevant 
human cancer cells such as circulating tumor cells (CTCs) or 
cancer cells obtained from fine needle biopsy.

2. Results and Discussion

2.1. Design of Elasticity Microcytometer

We designed and fabricated the elasticity microcytometer to 
quantitatively measure both elasticity (or stiffness) and sur-
face protein expression of free-floating, live single cancer cells. 
The elasticity microcytometer contained two regular arrays of 
40 parallel, funnel-shaped confining microchannels with the 
channel width linearly decreasing from 32 μm at the channel 
entrance to 6 μm at the channel exit (with the channel wall 
tilt angle θ = 2.48°) (Figure 1). These confining microchannels 
had a uniform height of 40 μm. Close to the device flow inlet, 
an array of blocking pillars was incorporated to mechanically 
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push fl oating cells injected into the device toward the center 
of fl ow stream (Figure  1 a ) . Driven by a constant hydraulic 
pressure, free-fl oating, live single cancer cells then entered 
and fl ew along individual confi ning channels (Figure  1 b). 
Since epithelial cells (including both normal and cancerous 
ones) are normally larger than confi ning channel exit, the 
cells would eventually contact channel side walls and deform 
before trapped inside the confi ning channels (Figure  1 b). Cell 

penetration length  L , defi ned as the dis-
tance between confi ning channel entrance 
and cell settling position, was recorded 
and analyzed for quantitative measure-
ments of cell elasticity or stiffness at the 
single-cell level.  

 Within the elasticity microcytom-
eter, two bypass channels were added 
to the two sides of each of the confi ning 
channel arrays to ensure a steady fl ow 
condition within the device (Figure  1 a). 
Dimensions of bypass channels were 
designed to ensure a negligible fl u-
idic resistance  R  side  of bypass channels 
compared to that of confi ning channels 
 R  confi ning  ( R  side  = 3.6 × 10 −5  MPa s mm −3  
versus  R  confi ning  = 8.2 × 10 −2  MPa s mm −3 , 
values obtained by simulation). Cell encap-
sulation within a confi ning channel could 
result in a maximal value of  R  confi ning  ≈ ∞ 
under a full blockage condition within 
the confi ning channel. The overall fl u-
idic resistance  R  overall  of the confi ning 
channel array would thus fall between 
1/(40/ R  confi ning  + 2/ R  side ) ≤  R  overall  ≤ 
1/[(40 − N  encap )/ R  confi ning  + 2/ R  side ], where 
 N  encap  denoted the number of confi ning 
channels with single cells encapsulated. 
 R  overall  varied only slightly (<1%) between 
1.785 × 10 −5  and 1.8 × 10 −5  MPa s mm −3 , 
supporting the effectiveness of bypass 
channels to provide a steady fl ow condi-
tion for confi ning channels. It should be 
noted that when a cell fl ew into a con-
fi ning channel, signifi cant increase of 
fl uidic resistance of that individual con-
fi ning channel  R  confi ning  would result in a 
decreased fl ow rate along the confi ning 
channel, preventing other cells entering 
and thus encapsulation of multiple cells in 
the same channel (Figure S1, Supporting 
Information). 

 As a proof of concept, in this work 
epithelial cadherin adhesion molecule 
(EpCAM) was selected as a target cell 
surface antigen to demonstrate utility of 
the elasticity microcytometer for quanti-
tative measurements of expression of cell 
surface proteins. EpCAM has been widely 
considered as a diagnostic and prog-
nostic biomarker for some carcinomas [ 33 ]  

given its heightened expression in tumorigenic cancer cells 
in colon, [ 34 ]  gastric, breast, [ 35,36 ]  lung, prostate, [ 37 ]  bladder, [ 38 ]  
pancreas, [ 39 ]  ovarian, [ 40 ]  and cervical squamous epithelia. [ 41 ]  
Clinical studies have also shown that cancer patients with 
higher EpCAM expression tend to have a shorter survival [ 37 ]  
and lower survival rates. [ 42 ]  In fact, an EpCAM-specifi c 
antibody called Catumaxomab has been approved by the 
European Union as a certifi ed breast cancer therapeutic 
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 Figure 1.    Design of elasticity microcytometer. a) Images showing layout of the elasticity 
microcytometer, which contained two regular arrays of identical, funnel-shaped confi ning 
channels to direct and trap live, single cancer cells. Floating single cancer cells injected into 
the device fi rst passed through an array of focusing pillars (upper inset) before fl owing into 
and becoming trapped at individual confi ning channels (lower inset). Scale bars, 300 μm. 
b) Cell deformability and membrane protein expression were determined by measurements 
of penetration length  L  of individual cancer cells within confi ning channels under a constant 
hydraulic pressure.  θ  denoted the tilt angle of tapered confi ning channels relative to channel 
length direction. For inert channels coated with pluronics F-127 (see the Experimental 
Section), cell trapping was dictated by steric interactions of cancer cells with confi ning 
channels, resulting in  L  completely determined by cell size and deformability. To quantify 
cell surface protein expression, confi ning channels were functionalized with monoclonal 
antibodies targeting specifi c surface proteins. Adhesive covalent interactions between cell 
surface proteins and antibodies depended on both the number of covalent interactions and 
their bond strength, leading to a higher hydraulic pressure needed for detaching and fl ushing 
out cancer cells from confi ning channels.
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drug.[43] Although detailed molecular mechanism(s) under-
lying EpCAM function in tumor development and pro-
gression remains elusive, in vitro studies have shown that 
down-regulation of EpCAM expression by siRNA inhibits 
proliferation, migration, and invasion of some breast cancer 
cell lines.[44] Likely, over-expression of EpCAM in cancer 
cells is a common behavior of metastatic cells to support 
their proliferation, migration, self-renewal, invasiveness, 
anchorage-independent growth,[45] and reduced cadherin-
mediated cell–cell adhesion.[46]

To quantitatively determine EpCAM expression of cancer 
cells, inner surfaces of the confining channel array were func-
tionalized with monoclonal antibodies against EpCAM (see 
Figure 1b and the Experimental Section). Individual EpCAM 
expressing (or EpCAM+) cancer cells trapped inside con-
fining channels would adhere to channel walls within a few 
minutes after cell encapsulation. Strength of cell adhesion 
depended on EpCAM expression, quantification of which 
was conducted by gradually increasing hydraulic pressure 
till encapsulated cancer cells were flushed out of confining 
channels. Altogether, design of the elasticity microcytometer 
allowed efficient, multiplexed quantitative measurements of 
both biomechanical and biochemical phenotypes (cell size, 
stiffness or deformability, and surface protein expression) of 
live cancer cells at the single-cell level.

2.2. Fluidic Simulation of Confining Channel with a Single 
Cell Encapsulated

Penetration distance L of a single cell with an undeformed cell 
diameter Dcell determined both deformed cell shape and stress 
(tensile and shear stresses) distribution on the cell, important 
characteristics related to cell stiffness. Given the small tilt angle 
of the confining channels (θ = 2.48°), deformed cell shape of a 
single cell encapsulated in the confining channel could be rea-
sonably approximated by the Hertz’s and Tatara’s theories.[47] 
Since cell surfaces in contact with confining channel walls 
could be reasonably assumed to be spherical due to surface 
tension of cell membrane, the deformed cell shape for a single 
cell encapsulated in the confining channel could be approxi-
mated as a sphere with a diameter of Ddeformed with its top and 

bottom roofs each chopped for a length of (Dcell −Wdeformed)/2; 
here Wdeformed was the cell width at the penetration distance 
L, and Wdeformed = Wout + (Win − Wout)L/Lchannel, where Win 
was channel inlet width, Wout was channel outlet width, and 
Lchannel was channel total length (Figure 2). Assuming a con-
stant cell volume, Ddeformed could be considered as a function 
of L and Dcell using the equation[47]
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With defined Dcell and L, Ddeformed was calculated using 
Equation (2) for an encapsulated cell at penetration distance 
L in a confining channel, which was further used in fluidic 
simulations with commercially available software (COMSOL 
Multiphysics 4.2) to compute relevant flow characteristics, 
including flow velocity and hydraulic pressure profiles around 
an encapsulated cell (Figure 3a).

The elasticity microcytometer operated in the regime 
of very low Reynolds number (Re << 1). Thus, hydraulic 
pressure profile was proportional to flow velocity, leading 
to fluidic resistance of the confining channel Rconfining inde-
pendent of inlet pressure. Fluidic simulations suggested that 
Rconfining increased from 0.08 to > 0.4 MPa s mm−3 due to 
blockage of a single cell in the confining channel (Figure 3b). 
Simulation results of tensile and shear stress profiles were 
further converted into an effective drag force Fdrag acting 
on a deformed cell along the flow direction. We computed 
and summarized the ratio between the effective drag force 
Fdrag and inlet pressure as a function of cancer cell diameter 
Dcell and penetration distance L in the confining channel 
(Figure 3c). Importantly, this relation provided a direct 
mapping of key experimental parameters (i.e., cell diameter 
Dcell and penetration distance L) to Fdrag, estimated by a 
bilinear interpolation approach.
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Figure 2. Theoretic analysis of a floating spherical cell encapsulated in a funnel-shaped confining channel. a) Simplified geometrical representation 
of a single cell encapsulated in a confining channel. Dcontact: Diameter of cell contact area, Wdeformed: Width of a deformed cell, Ddeformed: Diameter of 
a deformed cell, and Dcell: Diameter of an undeformed cell. b) Free body diagram showing a cell settling inside a confining channel at a penetration 
length of L under a horizontal drag force Fdrag. Win: Channel inlet width, Wout: Channel outlet width, θ: Angle of tapered channel relative to the channel 
length direction, Lchannel: Channel total length, Ftearing: Tearing force acting on the cell, Fcompress: Compressive force acting on the cell by channel wall.
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  2.3. Trapping of Single Cancer Cells in Inert Confi ning 
Channels 

 The elasticity microcytometer containing inert confi ning 
channels coated with pluronics F-127 was fi rst utilized to 
measure penetration length  L  of individual cancer cells for 
four different human cell lines: Breast cells MCF-10A, breast 
cancer cells MCF-7, cervical cancer cells HeLa, and pros-
tate cancer cells PC3. MCF-7, HeLa, and PC3 are known 
metastatic cell lines, [ 48–50 ]  with MCF-7 and PC3 positively 
expressing EpCAM (or EpCAM + ) while HeLa cells being 
EpCAM negative (or EpCAM − ). Breast cells MCF-10A are 
EpCAM − . Coating of pluronics F-127 in the elasticity micro-
cytometer could effectively block nonspecifi c interactions 
between cancer cells and confi ning channel walls, resulting in 
confi nement of cancer cells in confi ning channels completely 
due to steric effects. 

 We injected each type of cancer cells as fl oating single 
cells into the elasticity microcytometer under different gauge 

pressures (0.1 and 0.2 kPa for all cell types, and 0.3 and 
0.4 kPa for MCF-10A). Images of confi ning channels showing 
encapsulation of single cancer cells were recorded simul-
taneously ( Figure    4  a). Through imaging analysis, penetra-
tion length  L , deformed cell width  W  deformed , and deformed 
cell diameter  D  deformed  were determined fi rst. Undeformed 
cell diameter  D  cell  was then calculated using Equation  ( 1)   
at the single-cell level (Figure  4 a, Figure S2, Supporting 
Information). Plotting single-cell data of cell diameter 
and penetration length for MCF-10A, MCF-7, HeLa, and 
PC3 cells revealed strong linear correlations between cell 
diameter  D  cell  and penetration length  L  under different 
gauge pressures applied to the elasticity microcytometer 
(Figure  4 a). Ensemble averaged data of cell diameter and 
penetration length were further analyzed, suggesting that 
MCF-10A, MCF-7, HeLa, and PC3 cells had average diam-
eters of 14.88 ± 0.56 μm, 19.81 ± 0.76 μm, 16.01 ± 0.62 μm, 
and 19.85 ± 0.69 μm, respectively (Figure  4 b), agreeing well 
with previous reports. [ 51–53 ]  Importantly, MCF-10A cells 
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 Figure 3.    Fluid simulation of a single cell encapsulated in a funnel-shaped confi ning channel. a) Representative computation model showing 
numerical simulations of fl ow velocity (upper) and pressure (lower) profi les in the confi ning channel. Shape and position of each cell were 
computed fi rst using the Hertz’s and Tatara’s theories. b) Flow resistance  R  confi ning  of a confi ning channel with a single cancer cell trapped as a 
function of cell diameter  D  cell  and penetration length  L . c) Drag force  F  drag  acting on a trapped cell per unit inlet hydraulic pressure as a function of 
cell diameter  D  cell  and penetration length  L .
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could remain trapped inside confining channels of the elas-
ticity microcytometer with the gauge pressure up to 400 Pa, 
whereas MCF-7, HeLa, and PC3 cells flew through confining 
channels with gauge pressure > 200 Pa (Figure 4c). These 
observations were consistent with data reported by Guck et 
al. using optical forces that MCF-10A cells are significantly 
stiffer than MCF-7 cells.[54,55]

2.4. Biomechanical Phenotyping of Cancer Cells

When a single cancer cell remained trapped inside a con-
fining channel of the elasticity microcytometer, resultant 
cell deformation under a steady fluidic inlet pressure was 
caused by compression from confining channel sidewalls. 
To characterize mechanical properties of cancer cells 
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Figure 4. Cell deformability measurement using the elasticity microcytometer with inert confining channels coated with pluronics F-127. Four 
cancer cell lines were assayed, including MCF-10A (n = 180), MCF-7 (n = 134), PC3 (n = 173), and HeLa (n = 105). Data was obtained from 
three independent experiments. a) Microscopic images (left) showing live, single cancer cells trapped in individual confining channels under 
different hydraulic pressures (100 and 200 Pa) as indicated. Black arrows mark individual single cells. Through imaging analysis, cell diameter, 
and penetration length L were determined at the single-cell level and plotted against each other. Data trends were analyzed using linear least 
square fitting, with R2 values indicated. Scale bar, 50 μm. b) Ensemble averaged cell diameter of the four cancer cell types. Errors bars, s.e.m.* 
indicates P < 0.01 when comparing to the value from MCF-10A. c) Penetration length L as a function of inlet pressure for the four cancer cell types 
as indicated. Errors bars, s.e.m.
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using the elasticity microcytometer, we fi rst developed a 
fi rst principles-based model to describe static deforma-
tion of cancer cells, which could be viewed as soft parti-
cles that would deform under compressive forces  F  compress  
from confi ning channel walls based on the Hertz’s and 
Tatara’s theories, [ 47,56 ]  and  F  compress  ≈  F  drag /(2sin θ ). Herein, 
deformation of PDMS channel walls was neglected, since 
cancer cells were much softer than PDMS. Furthermore, 
we neglected a tearing force  F  tearing  caused by friction 
between confi ning channel walls and cancer cell membranes 
( F  tearing  =  ξ F  compress , where  ξ  was the static friction coeffi -
cient and  ξ  < 0.008). [ 57 ]  

 Cell deformability, defi ned as the ratio between the major 
and minor axes of a deforming cancer cell per unit compressive 
pressure  F  compress , 

[ 58 ]  was fi rst quantifi ed using the fi rst 
principles-based model. Cell deformabilities of MCF-10A, 
MCF-7, PC3, and HeLa cells were 2.19 ± SE0.31 kPa −1 , 
3.08 ± SE0.19 kPa −1 , 3.69 ± SE0.23 kPa −1 , and 
3.30 ± SE0.34 kPa −1 , respectively ( Figure    5  a,b). These 
results agreed with previous fi ndings that cancer cells 

MCF-7 and PC3 had signifi cantly higher cell deformability 
than nonmalignant breast cells MCF-10A. [ 19,26,59 ]   

 Since compressive forces  F  compress  was related to cancer 
cell deformation as 

 ν ( ) ( )=
−

−4
3 (1 ) 2 2compress

cell

cell
2

cell
1
2 cell deformed

3
2

F E D D W
  (3) 

 where  ν  cell  was the Poisson’s ratio and  ν  cell  ≈ 0.5,  E  cell  was 
the Young’s modulus of cancer cells,  E  cell  could be calculated 
directly as 
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 Using Equation  ( 4)  , Young’s modulus  E  cell  of each single 
cancer cell was quantifi ed using experimental data of cell diam-
eter  D  cell  and penetration distance  L  and simulation results of 
 F  drag  (Figure  5 c). Ensemble averaged Young’s modulus for 
populations of MCF-10A, MCF-7, PC3, and HeLa cells were 
calculated as 6.01 ± 1.01 kPa, 3.77 ± 0.22 kPa, 3.35 ± 0.13 kPa, 

and 4.34 ± 0.76 kPa, respectively (Figure  5 d).
To verify analytical results obtained from 
the fi rst principles-based model, we fur-
ther conducted numerical simulations to 
determine the elastic modulus of cancer 
cells using an iterative scheme described 
in the Experimental Section. Simulation 
results of Young’s modulus for MCF-10A, 
MCF-7, PC3, and HeLa cells were 6.28 kPa, 
3.84 kPa, 3.7 kPa, and 4.7 kPa, respectively 
(Figure  5 d). Simulation data demonstrated 
a very reasonable agreement with analyt-
ical results from the fi rst principles-based 
model, supporting the validity and effec-
tiveness of the fi rst-principles model for 
calculating cell stiffness using experimental 
data from the elasticity microcytometer.  

  2.5. Quantitative Measurement of EpCAM 
Expression on Single Cancer Cells 

 Using the elasticity microcytometer func-
tionalized with anti-EpCAM, we further 
conducted multiparametric biomechanical 
and biochemical phenotypic profi ling to 
quantify cell size, stiffness, and EpCAM 
expression simultaneously for single 
cancer cells. Suspensions of single cancer 
cells were prepared using trypsin (see the 
Experimental Section), as trypsin treat-
ment for cell subculture has been reported 
with no signifi cant effect on EpCAM 
expression of cancer cells. [ 55 ]  Measure-
ments of cell size and stiffness with the 
elasticity microcytometer were identical 
to the procedure described above using 
an inlet gauge pressure of 0.1 kPa. Imme-
diately after initial trapping of single 
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 Figure 5.    a,b) Quantifi cation of cell deformability and c,d) Young’s modulus of cancer cells by 
the elasticity microcytometer. a,c) Scatter plots of a) cell deformability or c) Young’s modulus 
versus cell diameter, with each data point representing an individual cell. Data was pooled 
from four cancer cell lines as indicated. b,d) Ensemble averaged b) cell deformability and 
d) Young’s modulus of the four cancer cell types. Errors bars, s.e.m. * indicates  P  < 0.01 when 
comparing to the value from MCF-10A.
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cancer cells in confining channels, micrographs of confining 
channels were recorded to determine cell diameter Dcell 
and cell penetration length L. Inlet pressure of 0.1 kPa was 
maintained for about 2–5 min to ensure specific antibody-
antigen binding interactions between EpCAM+ cancer cells 
and confining channel walls, as it is known that specific 
antibody-antigen binding interactions typically occur within 
seconds.[60] Beyond this time frame, continuous trapping of 
EpCAM+ cancer cells in confining channels coated with anti-
EpCAM for >15 min would eventually lead to significant 
cell spreading on confining channel walls with enlarged cell 
contact areas (Figure S3, Supporting Information). Thus, in 
this work, all measurements of EpCAM expression on single 
cancer cells were conducted within 5 min after initial cell 
encapsulation.

We quantified EpCAM expression of single cancer cells 
based on measurements of total adhesion force generated 
from EpCAM/anti-EpCAM binding. After initial cell trap-
ping, hydraulic pressure at the device inlet was increased for 
multiple steps (with each increment of 1 kPa) till the drag 
force Fdrag along the channel direction generated by shear 
flow was sufficiently large to break all EpCAM/anti-EpCAM 
bonds and flush out all the trapped cancer cells from con-
fining channels. Control experiments using inert elasticity 
microcytometers coated with pluronics were also conducted 
for comparison. Enhanced cell adhesion was clearly evident 
for MCF-7 and PC3 cells in anti-EpCAM-coated elasticity 
microcytometers, as higher gauge pressures were required 
for cell dislocation and removal from confining channels as 
compared to inert confining channels, supporting positive 
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Figure 6. Quantification of EpCAM expression of cancer cells using the elasticity microcytometer. a) Fraction of live single cancer cells remaining 
trapped in confining channels of the elasticity microcytometer as a function of additional hydraulic pressure applied to flush out cancer cells from 
confining channels. Confining channels were either coated with pluronics F-127 (control) or antibodies against EpCAM as indicated. Errors bars, 
s.e.m. b) Histogram of the number of EpCAM/anti-EpCAM bonds for different cancer cell types as indicated. n > 50, with two separate experiments 
for each cell type. c) Scatter plot of EpCAM/anti-EpCAM bond density versus cell diameter. Each data point represents an individual cell. Data was 
pooled from the four cancer cell types as indicated. d) Scatter plot of total EpCAM number versus cell surface area. Each data point represents an 
individual cell. Data was pooled from the four cancer cell types as indicated.
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EpCAM expression of MCF-7 and PC3 cells ( Figure    6  a). In 
distinct contract, for MCF-10A and HeLa cells, no notable 
difference was observed between anti-EpCAM-coated and 
pluronics-coated elasticity microcytometers when hydraulic 
gauge pressures were gradually increased to fl ush out cancer 
cells from confi ning channels, supportive of negative EpCAM 
expression of MCF-10A and HeLa cells (Figure  6 a).  

 To quantify EpCAM expression levels of cancer cells, 
we leveraged the fi rst principles-based model and further 
considered a critical tearing force  F  tearing  acting on a cancer 
cell needed to overcome cell adhesion due to EpCAM/
anti-EpCAM binding. Therefore, for cancer cell removal 
from confi ning channels,  F  tearing  >  A  contact  C  bond  F  bond , where 
 A  contact  was cell contact area with confi ning channel walls 
and π≈ −( )/2contact deformed

2
deformed
2A D W ,  C  bond  was EpCAM/

anti-EpCAM bond density, and  F  bond  denoted adhesion 
force of a single EpCAM/anti-EpCAM bond and  F  bond  ≈ 
6.7 × 10 −6  dynes as computed by Adams et al. using the Bell’s 
model. [ 61,62 ]  Given  F  tearing  ≈  F  drag cos θ , simulation results of 
 F  drag  from Figure  3 c was directly used to calculate critical 
tearing force  F  tearing  and thus EpCAM/anti-EpCAM bond 
density  C  bond  for each single cancer cell (Figure  6 b,c and 
Figure S4, Supporting Information). 

 Scatter plot of EpCAM/anti-EpCAM bond density  C  bond  
versus cell diameter  D  cell  suggested that EpCAM expression 
was independent of cell size for all four cancer cell types 
(MCF-10A, MCF-7, PC3, and HeLa) (Figure  6 c). Scatter plot 
of total EpCAM/anti-EpCAM bond number versus cell sur-
face area further revealed that for MCF-7 and PC3 cells, the 
total number of EpCAM/anti-EpCAM bonds was linearly 
proportional to cell surface area; however, for MCF-10A 
and HeLa cells, such linear correlation was not observable 
(Figure  6 d). These observations further supported positive 
and comparable EpCAM expression for MCF-7 and PC3 
cells [ 63 ]  and negative EpCAM expression for MCF-10A and 
HeLa cells. [ 64 ]  Assuming homogenous distribution of EpCAM 
on cancer cell membranes, average EpCAM/anti-EpCAM 
bond density  C  bond  for MCF-10A, MCF-7, PC3, and HeLa 
cells were 1.36 ± 0.62 bonds μm −2 , 29.71 ± 2.66 bonds μm −2 , 
34.36 ± 3.94 bonds μm −2 , and 9.29 ± 1.57 bonds μm −2 , respec-
tively. Average total number of EpCAM/anti-EpCAM 
bonds on MCF-10A, MCF-7, PC3, and HeLa cells were 
9.30 × 10 2  ± 4.27 × 10 2  bonds cell −1 , 2.71 × 10 4  ± 0.32 × 10 4  
bonds cell −1 , 3.15 × 10 4  ± 0.37 × 10 4  bonds cell −1 , and 
6.51 × 10 3  ± 1.06 × 10 3  bonds cell −1 , respectively. We should 
note that the EpCAM/anti-EpCAM bond quantities meas-
ured by the elasticity microcytometer were different from 
total EpCAM expression conventionally measured at the 
single cell level by immunostaining or fl uorescence-activated 
cell sorting. Nonetheless, the total numbers of EpCAM/anti-
EpCAM bonds on MCF-10A, MCF-7, PC3, and HeLa cells 
determined from the elasticity microcytometer were con-
sistent and on the same order of magnitude with the total 
EpCAM expression data reported in the literature. [ 63,64 ]  

 2D scatter plot of EpCAM/anti-EpCAM bond density 
 C  bond  versus cell stiffness was generated to further compare 
cellular phenotypes between MCF-10A and MCF-7 cells 
( Figure    7  ). Importantly, clustering of MCF-10A and MCF-7 
cells in the scatter plot clearly revealed a signifi cant distinction 

between these two cell types with respect to EpCAM expres-
sion and cell stiffness. Single-cell data from MCF-10A and 
MCF-7 cells fell into two distinct regions in the scatter plot, 
supporting effective categorization of cancer cells based on 
multiparametric biomechanical and biochemical phenotypic 
profi ling of single cancer cells as demonstrated in this work.    

  3.     Conclusion 

 In this work, a novel microfl uidic elasticity microcytometer 
integrated with cell surface protein measurement function-
ality was developed and characterized for multiplexed bio-
mechanical and biochemical phenotyping of single cancer 
cells. Fabrication and experimental operation of the elasticity 
microcytometer were simple and straightforward, supporting 
a future feasibility of mass production and implementation of 
the elasticity microcytometer for addressing critical biolog-
ical and biomedical challenges involving deep phenotyping 
of rare human cells including rare human cancer cells at the 
single cell level. Importantly, an analytical model was devel-
oped from the fi rst principles to convert cell deformation 
and penetration length within confi ning channels of the elas-
ticity microcytometer to important cellular biomechanical 
and biochemical characteristics including cell deformability/
stiffness and expression of cell surface receptors. The micro-
fl uidic elasticity microcytometer was implemented for single-
cell measurements and comparisons of four human cell lines 
with distinct metastatic potentials and derived from different 
human tissues (MCF-10A, MCF-7, HeLa, and PC3). Cell 
size, cell stiffness, and EpCAM expression levels of the four 
human cell lines measured from the elasticity microcytometer 
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 Figure 7.    Scatter plot of EpCAM/anti-EpCAM bond density versus 
Young’s modulus for MCF-10A (blue;  n  = 180) and MCF-7 (red;  n  = 134) 
cells. Each data point represents an individual cell. The dotted line 
highlights a clear separation between MCF-10A and MCF-7 populations.
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agreed reasonably well with values reported by others. 
Furthermore, analytical results of cell stiffness from the 
first-principles model agreed well with date obtained from 
numerical simulations, supporting the validity and effective-
ness of the first-principles model for calculating cell stiffness 
using experimental data from the elasticity microcytometer.

The elasticity microcytometer demonstrated in this work 
could finish processing 60–80 individual, free-floating cells 
from biofluidic samples within 10 min at a volume flow rate 
of ≈20 μL s−1 under a hydraulic pressure of 0.1 kPa. This 
sample throughput should be sufficient for clinically rel-
evant rare human cancer cells such as CTCs or cancer cells 
obtained from fine needle biopsy. Sample throughput of the 
elasticity microcytometer could be scaled up by parallelism 
using multidevice processing or integrating a greater number 
of confining channel arrays on the same device and imple-
menting the device under a continuous flow operation. Future 
development of the elasticity microcytometer platform could 
incorporate functional modules for quantitative measure-
ments of single-cell viscoelasticity and dynamic friction of 
antigen–antibody bindings.[65,66] Generating a linear array 
of confining channels with each channel arranged in series 
and selectively functionalized with different monoclonal 
antibodies would further allow simultaneous quantification 
of expression of multiple cell surface proteins for the same 
single cells.[67] This future exploration and improvement of 
the elasticity microcytometer platform will be critical for 
fulfilling its promise for deep phenotyping of live cells at the 
single-cell level in the era of precision medicine.

4. Experimental Section

Device Fabrication: A Si wafer was first primed with hexam-
ethyldisilazane (AZ Electronic Materials, Branchburg, NJ) before a 
positive photoresist (AZ5214, AZ Electronic Materials) was spin-
coated on the wafer and patterned by photolithography. The wafer 
was then processed with deep reactive ion etching (STS Deep Sil-
icon Etcher, Surface Technology Systems, Newport, UK) to generate 
microstructures with a depth of 20 μm on the wafer. After stripping 
off photoresist, the Si wafer was treated briefly with air plasma 
(Plasma Prep II, SPI Supplies, West Chester, PA) and silanized with 
vaporized (tridecafluoro-1,1,2,2,-tetrahydrooctyl)-1-trichlorosilane 
in a vacuum desiccator to facilitate release of molded PDMS.

The elasticity microcytometer was fabricated by a “double 
casting” process using PDMS. Briefly, PDMS prepolymer (PDMS 
monomer:curing agent ratio = 10:1; Sylgard-184, Dow Corning, 
Midland, MI) was poured onto the Si mold and bake at 110 °C 
for 20 h. The PDMS layer was peeled off from the Si mold before 
treated with air plasma and silanized. PDMS prepolymer was 
poured onto the PDMS negative mold, followed by baking at 
110 °C for 20 h. After baking, the second PDMS substrate (as the 
final device layer) was peeled off from the negative PDMS mold, 
trimmed using a razor blade, and punched with inlet and outlet 
holes (Harris Uni-Core Dia. 0.5 mm, Ted Pella, Redding, CA). After a 
brief treatment with air plasma, the PDMS device layer was bonded 
onto a glass coverslip (VWR, Radnor, PA).

Device Functionalization: Device functionalization was per-
formed within 10 min after device fabrication, when inner surfaces 

of the elasticity microcytometer remained hydrophilic. To render con-
fining channels of the elasticity microcytometer inert, nonadhesive, 
block copolymer pluronics F-127 (Sigma–Aldrich, St. Louis, MO) 
was injected into the device for 30 min to allow coating of pluronics 
F-127 on PDMS walls. To quantify EpCAM expression on cancer cells, 
the elasticity microcytometer was functionalized with monoclonal 
antibodies against EpCAM using the avidin–biotin chemistry.[68] 
Briefly, 4% (v/v) of 3-mercaptopropyl trimethoxysilane (Gelest, 
Morrisville, PA) in ethanol was first flushed into the elasticity micro-
cytometer for 30 min at room temperature. The elasticity microcytom-
eter was then rinsed with pure ethanol, before 1 × 10−3 m or 0.28% 
(w/v) N-γ-maleimidobutyryloxy succinimide ester (GMBS) in ethanol 
was flushed into the device for another 15 min. After rinsing with 
phosphate buffered saline (PBS), 10 μg mL−1 avidin (Life Technolo-
gies Scientific, Grand Island, NY) in PBS was flushed into the elas-
ticity microcytometer at room temperature for 30 min. The elasticity 
microcytometer was rinsed again with PBS, before 10 μg mL−1 bioti-
nylated goat antihuman EpCAM (R&D Systems, Minneapolis, MN) 
in PBS with 1% (w/v) bovine serum albumin and 0.09% (w/v) 
sodium azide was flushed into the elasticity microcytometer for 
30 min. Coating the elasticity microcytometer with GMBS, a hetero-
bifunctional cross-linker, could facilitate covalent conjugation of 
biotinylated EpCAM antibodies and avidin. To ensure anti-EpCAM 
activity and avoid antibody hydrolysis processes, cell deformability 
assays were conducted within 3 h after device functionalization.

Numerical Simulation: 3D finite element models were con-
structed using commercial software (COMSOL 4.2, Burlington, MA). 
The models, which represented half-channel geometry due to phys-
ical symmetry, included half of a single deformed cell with different 
diameters (10–30 μm) located at prescribed penetration lengths L 
along the confining channel. For each model, cell shape was first 
computed based on the Hertz’s and Tatara’s theories. Flow velocity 
and pressure profiles along the confining channel were then com-
puted to determine fluidic resistance of the confining channel 
Rconfining as a function of cell diameter and penetration length. Simu-
lation results of shear stress were further converted to an effective 
drag force Fdrag acting on the deformed cell along the flow direction.

To use computational simulations to directly obtain the Young’s 
modulus of cancer cells, a commercial software package (Abaqus, 
Dassault Systems Corp., Waltham, MA) was utilized to simulate 
penetration length and deformation of a single cancer cell encap-
sulated in a confining channel. Similar to fluidic simulation, a 
model with a half-channel geometry and half of a single deformed 
cell was considered. Specifically, the computational model was 
discretized as meshes composed of hexahedral elements (with a 
characteristic length of 0.5 μm for the cell and 2 μm for channel 
walls, respectively). Simulations were performed for each cancer 
cell type using ensemble averaged data of cell diameter and pen-
etration length obtained directly from experiments. Fluid pressure 
profile around the cell was configured using results from fluidic 
simulations. For material properties, the Young’s modulus of PDMS 
channel walls was set to be 2.2 MPa.[69] The cell was modeled as 
linear elastic, as the current study considered only the first order 
elastic modulus of the cell as cell stiffness. For each cell type, sim-
ulations were reiterated to obtain a cell stiffness value that could 
result in a penetration length consistent with ensemble averaged 
experimental data. Specifically, searching for proper cell stiffness 
values was implemented by fitting with guessed cell stiffness 
values and reiterative corrections using a bisection scheme.
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  Cell Culture : Human breast epithelial cells (MCF-10A), breast 
cancer adenocarcinoma cells (MCF-7), prostate cancer cells (PC3), 
and cervical cancer cells (HeLa) were all obtained from ATCC 
(Manassas, VA). MCF-10A cells were cultured in Mammary Epi-
thelial Growth Medium (CC-3150, Lonza, New York City, NY), con-
taining 0.4% (v/v) bovine pituitary extract (BD, Franklin Lakes, NJ), 
0.1% (v/v) human epithelial growth factor (hEGF; Cell Signaling 
Technology, Beverly, MA), 0.1% (v/v) hydrocortisone (Sigma–
Aldrich), 0.1% (v/v) insulin (Sigma–Aldrich), and 0.1% (v/v) of 
a reagent mixed with 30 mg mL −1  gentamicin and 15 μg mL −1  
amphotericin (GA-1000, Lonza). MCF-7 and HeLa cells were cul-
tured in high-glucose Dulbecco’s modifi ed Eagle’s medium (Invit-
rogen, Carlsbad, CA) supplemented with 10% fetal bovine serum 
(Atlanta Biological, Atlanta, GA), 0.5 μg mL −1  fungizone (Invit-
rogen), 5 μg mL −1  gentamicin (Invitrogen), 100 units mL −1  peni-
cillin, and 100 μg mL −1  streptomycin. PC3 cells were maintained 
in Roswell Park Memorial Institute medium (RPMI-1640; ATCC) con-
taining 10% fetal bovine serum, 0.5 μg mL −1  fungizone, 5 μg mL −1  
gentamicin, 100 units mL −1  penicillin, and 100 μg mL −1  strepto-
mycin. All cells were maintained at 37 °C with 100% humidity and 
5% CO 2 . When cells reached 80% confl uency, fresh 0.25% trypsin-
EDTA in PBS was used to resuspend cells before subculture at a 
cell concentration of 3 × 10 3  cells cm −2 . It has been reported that 
confl uent cancer cell culture may induce lysis of EpCAM and thus 
affect EpCAM surface expression. [ 70 ]  In addition, trypsin treatment 
for cell subculture has been reported to have no signifi cant effect 
on EpCAM expression of cancer cells. [ 55 ]  

  Statistics: p -values were calculated using the Student’s  t -test 
in Excel (Microsoft, Seattle, WA).  

  Acknowledgments 

 The authors acknowledge fi nancial support from the National 
Science Foundation (ECCS 1231826, CBET 1263889, and CMMI 
1536087; JF), the National Institutes of Health (R01 HL119542; JF), 
the UM Comprehensive Cancer Center Prostate SPORE Pilot Project 
(NIH/NCI P50 CA069568; JF), the Michigan Center for Integrative 
Research in Critical Care (M-CIRCC; JF), the Michigan Translational 
Research and Commercialization for Life Sciences Program (MTRAC; 
JF), the National Natural Science Foundation of China (NSFC 
31500758; RL), and the City University of Hong Kong (SRG-Fd 
7004540; RL). The Lurie Nanofabrication Facility at the University 
of Michigan, a member of the National Nanotechnology Infrastruc-
ture Network (NNIN) funded by the National Science Foundation, is 
acknowledged for support in microfabrication.   

[1]     A.    Jemal  ,   R.    Siegel  ,   J.    Xu  ,   E.    Ward  ,  CA Cancer J. Clin.    2010 ,  60 , 
 277 .  

[2]     D.    Hanahan  ,   A. R.    Weinberg  ,  Cell    2011 ,  144 ,  646 .  
[3]     J. E.    Talmadge  ,   I. J.    Fidler  ,  Cancer Res.    2010 ,  70 ,  5649 .  
[4]     K.    Pantel  ,   C.    Alix-Panabieres  ,   S.    Riethdorf  ,  Nat. Rev. Clin. Oncol.   

 2009 ,  6 ,  339 .  
[5]     P. S.    Steeg  ,  Nat. Med.    2006 ,  12 ,  895 .  
[6]     F. H.    Epstein  ,   L. E.    Schnipper  ,  N. Engl. J. Med.    1986 ,  314 ,  1423 .  
[7]     A. P.    Patel  ,   I.    Tirosh  ,   J. J.    Trombetta  ,   A. K.    Shalek  ,   S. M.    Gillespie  , 

  H.    Wakimoto  ,   D. P.    Cahill  ,   B. V.    Nahed  ,   W. T.    Curry  ,   R. L.    Martuza  , 
 Science    2014 ,  344 ,  1396 .  

[8]     R. M.    Neve  ,   K.    Chin  ,   J.    Fridlyand  ,   J.    Yeh  ,   F. L.    Baehner  ,   T.    Fevr  , 
  L.    Clark  ,   N.    Bayani  ,   J.-P.    Coppe  ,   F.    Tong  ,  Cancer Cell    2006 ,  10 ,  515 .  

[9]     P.    Carmeliet  ,   R. K.    Jain  ,  Nature    2000 ,  407 ,  249 .  
[10]     K. A.    Ward  ,   W. I.    Li  ,   S.    Zimmer  ,   T.    Davis  ,  Biorheology    1991 ,  28 ,  301 .  
[11]     J.    Guck  ,   S.    Schinkinger  ,   B.    Lincoln  ,   F.    Wottawah  ,   S.    Ebert  , 

  M.    Romeyke  ,   D.    Lenz  ,   H. M.    Erickson  ,   R.    Ananthakrishnan  , 
  D.    Mitchell  ,   J.    Käs  ,   S.    Ulvick  ,   C.    Bilby  ,  Biophys. J.    2005 ,  88 ,  3689 .  

[12]     S. E.    Cross  ,   Y. S.    Jin  ,   J.    Rao  ,   J. K.    Gimzewski  ,  Nat. Nanotechnol.   
 2007 ,  2 ,  780 .  

[13]     S.    Suresh  ,  Acta Mater.    2007 ,  55 ,  3989 .  
[14]     S.    Suresh  ,  Nat. Nanotechnol.    2007 ,  2 ,  748 .  
[15]     A.    Fritsch  ,   M.    Hockel  ,   T.    Kiessling  ,   K. D.    Nnetu  ,   F.    Wetzel  ,   M.    Zink  , 

  J. A.    Käs  ,  Nat. Phys.    2010 ,  6 ,  730 .  
[16]     D.    Wirtz  ,   K.    Konstantopoulos  ,   P. C.    Searson  ,  Nat. Rev. Cancer   

 2011 ,  11 ,  512 .  
[17]     B.    Lincoln  ,   H. M.    Erickson  ,   S.    Schinkinger  ,   F.    Wottawah  , 

  D.    Mitchell  ,   S.    Ulvick  ,   C.    Bilby  ,   J.    Guck  ,  Cytometry, Part A    2004 , 
 59A ,  203 .  

[18]     T. W.    Remmerbach  ,   F.    Wottawah  ,   J.    Dietrich  ,   B.    Lincoln  , 
  C.    Wittekind  ,   J.    Guck  ,  Cancer Res.    2009 ,  69 ,  1728 .  

[19]     M.    Coughlin  ,   D.    Bielenberg  ,   G.    Lenormand  ,   M.    Marinkovic  , 
  C.    Waghorne  ,   B.    Zetter  ,   J.    Fredberg  ,  Clin. Exp. Metastasis    2012 , 
 30 ,  237 .  

[20]     J. F.    Edd  ,   Di D.    Carlo  ,   K. J.    Humphry  ,   S.    Köster  ,   D.    Irimia  ,   D. A.    Weitz  , 
  M.    Toner  ,  Lab Chip    2008 ,  8 ,  1262 .  

[21]     D.    Holmes  ,   D.    Pettigrew  ,   C. H.    Reccius  ,   J. D.    Gwyer  ,   C.    van Berkel  , 
  J.    Holloway  ,   D. E.    Davies  ,   H.    Morgan  ,  Lab Chip    2009 ,  9 ,  2881 .  

[22]     S. Kö   ster  ,   F. E.    Angile  ,   H.    Duan  ,   J. J.    Agresti  ,   A.    Wintner  ,   C.    Schmitz  , 
  A. C.    Rowat  ,   C. A.    Merten  ,   D.    Pisignano  ,   A. D.    Griffi ths  ,  Lab Chip   
 2008 ,  8 ,  1110 .  

[23]     T.    Sun  ,   H.    Morgan  ,  Microfl uid. Nanofl uid.    2010 ,  8 ,  423 .  
[24]     T. P.    Burg  ,   M.    Godin  ,   S. M.    Knudsen  ,   W.    Shen  ,   G.    Carlson  ,   J. S.    Foster  , 

  K.    Babcock  ,   S. R.    Manalis  ,  Nature    2007 ,  446 ,  1066 .  
[25]     S.    Byun  ,   S.    Son  ,   D.    Amodei  ,   N.    Cermak  ,   J.    Shaw  ,   J. H.    Kang  , 

  V. C.    Hecht  ,   M. M.    Winslow  ,   T.    Jacks  ,   P.    Mallick  ,   S. R.    Manalis  , 
 Proc. Natl. Acad. Sci. USA    2013 ,  110 ,  7580 .  

[26]     H. W.    Hou  ,   Q. S.    Li  ,   G. Y.    Lee  ,   A. P.    Kumar  ,   C. N.    Ong  ,   C. T.    Lim  , 
 Biomed. Microdevices    2009 ,  11 ,  557 .  

[27]     D. R.    Gossett  ,   H. T.    Tse  ,   S. A.    Lee  ,   Y.    Ying  ,   A. G.    Lindgren  ,   O. O.    Yang  , 
  J.    Rao  ,   A. T.    Clark  ,   Di D.    Carlo  ,  Proc. Natl. Acad. Sci. USA    2012 , 
 109 ,  7630 .  

[28]     Y. J.    Kim  ,   G.-B.    Koo  ,   J.-Y.    Lee  ,   H.-S.    Moon  ,   D.-G.    Kim  ,   D.-G.    Lee  , 
  J.-Y.    Lee  ,   J. H.    Oh  ,   J.-M.    Park  ,   M. S.    Kim  ,  Biomaterials    2014 ,  35 , 
 7501 .  

[29]     A.    Carbonaro  ,   S. K.    Mohanty  ,   H.    Huang  ,   L. A.    Godley  ,   L. L.    Sohn  , 
 Lab Chip    2008 ,  8 ,  1478 .  

[30]     M. S.    Luchansky  ,   R. C.    Bailey  ,  Anal. Chem.    2010 ,  82 ,  1975 .  
[31]     N.    Varadarajan  ,   D. S.    Kwon  ,   K. M.    Law  ,   A. O.    Ogunniyi  ,   J. M.    Richter  , 

  B. D.    Walker  ,   J. C.    Love  ,  Proc. Natl. Acad. Sci.    2012 ,  109 ,
 3885 .  

[32]     C.    Ma  ,   R.    Fan  ,   H.    Ahmad  ,   Q.    Shi  ,   B.    Comin-Anduix  ,   T.    Chodon  , 
  R. C.    Koya  ,   C.-C.    Liu  ,   G. A.    Kwong  ,   C. G.    Radu  ,  Nat. Med.    2011 ,  17 , 
 738 .  

[33]     M.    Munz  ,   C.    Kieu  ,   B.    Mack  ,   B.    Schmitt  ,   R.    Zeidler  ,   O.    Gires  , 
 Oncogene    2004 ,  23 ,  5748 .  

[34]     C. A.    O’Brien  ,   A.    Pollett  ,   S.    Gallinger  ,   J. E.    Dick  ,  Nature    2007 ,  445 ,  106 .  
[35]     A.-M.    Hajj  ,   M. S.    Wicha  ,   B.-A.    Hernandez  ,   S. J.    Morrison  ,   M. F.    Clarke  , 

 Proc. Natl. Acad. Sci. USA    2003 ,  100 ,  3983 .  
[36]     G.    Gastl  ,   G.    Spizzo  ,   P.    Obrist  ,   M.    Dunser  ,   G.    Mikuz  ,  Lancet    2000 , 

 356 ,  1981 .  
[37]     P.    Went  ,   M.    Vasei  ,   L.    Bubendorf  ,   L.    Terracciano  ,   L.    Tornillo  ,   U.    Riede  , 

  J.    Kononen  ,   R.    Simon  ,   G.    Sauter  ,   P. A.    Baeuerle  ,  Br. J. Cancer    2006 , 
 94 ,  128 .  

[38]     A.    Brunner  ,   M.    Prelog  ,   I.    Verdorfer  ,   A.    Tzankov  ,   G.    Mikuz  , 
  C.    Ensinger  ,  J. Clin. Pathol.    2008 ,  61 ,  307 .  

[39]     D.    Fong  ,   M.    Steurer  ,   P.    Obrist  ,   V.    Barbieri  ,   R.    Margreiter  , 
  A.    Amberger  ,   K.    Laimer  ,   G.    Gastl  ,   A.    Tzankov  ,   G.    Spizzo  ,  J. Clin. 
Pathol.    2008 ,  61 ,  31 .  



full papers
www.MaterialsViews.com

12 www.small-journal.com © 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim small 2016,  
DOI: 10.1002/smll.201503620

[40] G. Spizzo, P. Went, S. Dirnhofer, P. Obrist, H. Moch, P. A. Baeuerle, 
M.-E. Holzner, C. Marth, G. Gastl, A. G. Zeimet, Gynecol. Oncol. 
2006, 103, 483.

[41] S. V. Litvinov, W. van Driel, C. M. van Rhijn, H. A. Bakker, 
H. van Krieken, G. J. Fleuren, S. O. Warnaar, Am. J. Pathol. 1996, 
148, 865.

[42] M. Mitas, D. J. Cole, L. Hoover, M. M. Fraig, K. Mikhitarian, 
M. I. Block, B. J. Hoffman, R. H. Hawes, W. E. Gillanders,  
M. B. Wallace, Clin. Chem. 2003, 49, 312.

[43] C. Bokemeyer, Expert Opin. Biol. Ther. 2010, 10, 1259.
[44] W. A. Osta, Y. Chen, K. Mikhitarian, M. Mitas, M. Salem,  

Y. A. Hannun, D. J. Cole, W. E. Gillanders, Cancer Res. 2004, 64, 
5818.

[45] M. Munz, P. A. Baeuerle, O. Gires, Cancer Res. 2009, 69, 5627.
[46] S. V. Litvinov, M. Balzar, M. J. Winter, H. A. Bakker, I. H. Briaire-de 

Bruijn, F. Prins, G. J. Fleuren, S. O. Warnaar, J. Cell Biol. 1997, 139, 
1337.

[47] Y.-L. Lin, D.-M. Wang, W.-M. Lu, Y.-S. Lin, K.-L. Tung, Chem. Eng. 
Sci. 2008, 63, 195.

[48] H. D. Soule, T. M. Maloney, S. R. Wolman, W. D. Peterson Jr., 
R. Brenz, C. M. McGrath, J. Russo, R. J. Pauley, R. F. Jones,  
S. C. Brooks, Cancer Res. 1990, 50, 6075.

[49] C. A. Pettaway, S. Pathak, G. Greene, E. Ramirez, M. R. Wilson,  
J. J. Killion, I. J. Fidler, Clin. Cancer Res. 1996, 2, 1627.

[50] A. Bajaj, O. R. Miranda, I. B. Kim, R. L. Phillips, D. J. Jerry,  
U. H. Bunz, V. M. Rotello, Proc. Natl. Acad. Sci. USA 2009, 106, 
10912.

[51] P. Li, Z. Mao, Z. Peng, L. Zhou, Y. Chen, P.-H. Huang, C. I. Truica,  
J. J. Drabick, E.-W. S. Deiry, M. Dao, Proc. Natl. Acad. Sci. 2015, 
112, 4970.

[52] A. Tozeren, H. K. Kleinman, S. Wu, A. M. Mercurio, S. W. Byers,  
J. Cell Sci. 1994, 107, 3153.

[53] M. Kobayashi, S. H. Kim, H. Nakamura, S. Kaneda, T. Fujii, PloS 
One 2015, 10, e0139980.

[54] J. Guck, S. Schinkinger, B. Lincoln, F. Wottawah, S. Ebert, M. Romeyke, 
D. Lenz, H. M. Erickson, R. Ananthakrishnan, D. Mitchell, J. Kas, 
S. Ulvick, C. Bilby, Biophys. J. 2005, 88, 3689.

[55] J. Guck, R. Ananthakrishnan, H. Mahmood, T. J. Moon,  
C. C. Cunningham, J. Kas, Biophys. J. 2001, 81, 767.

[56] K. K. Liu, D. R. Williams, B. J. Briscoe, J. Phys. D: Appl. Phys. 1998, 
31, 294.

[57] L. Milovanovic, H. Ma, Anal. Methods 2012, 4, 4303.
[58] H. T. Tse, D. R. Gossett, Y. S. Moon, M. Masaeli, M. Sohsman, 

Y. Ying, K. Mislick, R. P. Adams, J. Rao, D. Di Carlo, Sci. Transl. 
Med. 2013, 5, 212ra163.

[59] Q. S. Li, G. Y. H. Lee, C. N. Ong, C. T. Lim, Biochem. Biophys. Res. 
Commun. 2008, 374, 609.

[60] Y. Cui, Q. Wei, H. Park, C. M. Lieber, Science 2001, 293, 1289.
[61] A. A. Adams, P. I. Okagbare, J. Feng, M. L. Hupert, D. Patterson, 

J. Gottert, R. L. McCarley, D. Nikitopoulos, M. C. Murphy, S. A. Soper, 
J. Am. Chem. Soc. 2008, 130, 8633.

[62] G. I. Bell, Science 1978, 200, 618.
[63] N. Subramanian, J. B. Sreemanthula, B. Balaji, J. R. Kanwar, 

J. Biswas, S. Krishnakumar, Chem. Commun. 2014, 50, 11810.
[64] C. G. Rao, D. Chianese, G. V. Doyle, M. C. Miller, T. Russell,  

R. A. Sanders, L. W. Terstappen, Intl. J. Oncol. 2005, 27, 49.
[65] E. Evans, K. Ritchie, Biophys. J. 1997, 72, 1541.
[66] Y. Harada, M. Kuroda, A. Ishida, Langmuir 2000, 16, 708.
[67] K. R. Balakrishnan, J. C. Whang, R. Hwang, J. H. Hack, L. A. Godley, 

L. L. Sohn, Anal. Chem. 2015, 87, 2988.
[68] S. L. Stott, C. H. Hsu, D. I. Tsukrov, M. Yu, D. T. Miyamoto,  

B. A. Waltman, S. M. Rothenberg, A. M. Shah, M. E. Smas,  
G. K. Korir, F. P. Floyd Jr., A. J. Gilman, J. B. Lord, D. Winokur, 
S. Springer, D. Irimia, S. Nagrath, L. V. Sequist, R. J. Lee,  
K. J. Isselbacher, S. Maheswaran, D. A. Haber, M. Toner, Proc. 
Natl. Acad. Sci. USA 2010, 107, 18392.

[69] I. D. Johnston, D. K. McCluskey, C. K. L. Tan, M. C. Tracey,  
J. Micromech. Microeng. 2014, 24, 035017.

[70] S. Denzel, D. Maetzel, B. Mack, C. Eggert, G. Bärr, O. Gires,  
BMC Cancer 2009, 9, 402.

Received: November 27, 2015
Revised: January 18, 2016
Published online: 




