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Abstract: Circulating tumor cells (CTCs) in blood can provide valuable information when detecting, 10 
diagnosing, and monitoring cancer.  This paper describes a system that consists of a constriction-based 11 
microfluidic sensor with embedded electrodes that can detect and enumerate cancer cells in blood. The 12 
biosensor measures impedance in terms of magnitude and phase at multiple frequencies as cells transit 13 
through the constriction channel. Cancer cells deform as they move through while blood cells remain 14 
intact, thus generating differential impedance profiles that can be used for detecting and counting CTCs.  15 
Two versions of this device are reported, one where the electrodes are embedded into the disposable 16 
microfluidic channel, and the other in which the disposable chip is externally fixed to a reusable 17 
substrate housing the electrodes. Both configurations were tested by spiking breast or prostate cancer 18 
cells into murine blood, and both detected all tumor cells passing through the narrow channels while 19 
being able to differentiate between the two cell lines. The chip in its current format has a throughput of 1 20 
µL/min. While the throughput is scalable by integrating more constriction channels in parallel, the 21 
presented assay is intended for post-enrichment label-free enumeration and characterization of CTCs. 22 
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1. Introduction 24 

Cancer is a global health concern and one of the leading causes of death worldwide (Bray et al. 2018; 25 
Torre et al. 2015; Torre et al. 2016).  Mortality is dependent on how early one can detect the cancer and 26 
receive treatment. Current techniques for cancer detection and diagnosis are expensive, invasive, 27 
complex, and have slow response time, considering that they generally require specific equipment and 28 
trained experts to screen and diagnose cancer (Berry et al. 2006; Bleyer and Welch 2012; Siegel et al. 2012; 29 
Tabar et al. 2003; Weir et al. 2003). Therefore, there is a need for a simple, easy-to-use, and cost-effective 30 
techniques for early cancer diagnosis and monitoring treatment efficacy. Cancer progression is currently 31 
analyzed using tissue biopsies. Tissue biopsies are invasive and can be ineffective in terms of 32 
understanding the metastatic potential, disease progression, and treatment effectiveness.  Additionally, 33 
biopsies require highly skilled personnel to conduct immunohistochemistry (IHC) studies, IHC staining, 34 
and readings. Recently, researchers have proven that analyzing circulating tumor cell (CTC) number is a 35 
viable substitute for tissue biopsies as a non-invasive diagnostic tool. CTCs are tumor cells that circulate 36 
throughout the body via the blood and lymphatic system and can potentially metastasize to form a 37 
secondary tumor at other distinct locations (Aceto et al. 2015; Alix-Panabières and Pantel 2016; Pantel and 38 
Speicher 2016; Wu et al. 2015).  CTC count can be a good indicator of cancer prognosis, where decreasing 39 
CTC counts over time has shown to indicate a successful treatment or therapy (Aceto et al. 2015; Alix-40 
Panabières and Pantel 2016; Pantel and Speicher 2016; Wu et al. 2015). The primary issue with CTC-41 



related tests is their rarity as there are 1-100 CTCs in 1 mL of blood compared to about one billion blood 42 
cells in the same volume. Therefore, to count CTCs or to further analyze them, it is important to establish 43 
reliable enrichment and isolation methods.  44 

Microfluidic technologies for cellular and bodily fluid analyses are advantageous in terms of cost, 45 
size, sample size requirement, and minimal reagent consumption (Crane et al. 2010; Jahn et al. 2008; Ohno 46 
et al. 2008; Situma et al. 2006; Yun et al. 2013). Therefore, various microfluidic devices have been designed 47 
and fabricated for the study of CTCs (Dong et al. 2013; Hajba and Guttman 2014; Li et al. 2013; Myung 48 
and Hong 2015).  Research was done to enrich blood samples and isolate CTCs. CTC analysis can be 49 
divided into two main categories: label-based and label-free.  Label-based methods rely on the binding of 50 
surface protein markers of CTCs and molecular markers such as antibodies, transferrin, and peptides.  51 
These techniques utilize nanoparticles to bind to CTCs for positive sorting/isolation and bind to 52 
leukocytes for negative sorting/isolation. The epithelial cell adhesion molecule (EpCAM) is the most 53 
commonly used biomarker but it cannot capture the entire CTC population in blood as some do not 54 
express EpCAM (Alunni-Fabbroni and Sandri 2010; Hajba and Guttman 2014; Myung and Hong 2015; Yu 55 
et al. 2011). CellSearch, which relies on the EpCAM biomarker to detect CTCs, is currently the only FDA-56 
approved CTC isolation technique but has limitations because CTCs go through an epithelial-57 
mesenchymal transition (EMT), which decreases the expression of EpCAM and other epithelial markers 58 
(Andree et al. 2016; Miller et al. 2010; Riethdorf et al. 2007).   59 

Label-free technologies rely on biophysical properties of cells such as size, density, deformability, 60 
and dielectric properties. Some label-free isolation techniques include size/deformability-based 61 
micropores (Asghar et al. 2012), inertial microfluidics (Sollier et al. 2014), acoustophoresis (Antfolk et al. 62 
2015; Augustsson et al. 2012), magnetophoresis (Karabacak et al. 2014), and dielectrophoresis (Alshareef 63 
et al. 2013; Gascoyne and Shim 2014).  These techniques are advantageous because they do not rely on 64 
extensive pre-processing and incubation times, as well as being cost-effective.   Label-free CTC isolation 65 
techniques have improved greatly over the last decade and typically are tested by spiking beads, murine 66 
blood, or human blood samples with cancer cells.  Antfolk et al., for instance, has shown that 67 
acoustophoresis technology can capture ~95% of spiked cancer cells in RBC-lysed whole blood with a 68 
purity of >97% at a flow rate of 100 µL/min (Antfolk et al. 2015).  Our group has also used a size-based 69 
microfluidic chip with sequential constriction channels separated by entrapment regions to capture ~96% 70 
of cancer cells spiked into whole murine blood at a flow rate of ~2.5 mL/hr (Ren et al. 2018a).  Researchers 71 
have begun to create hybrid technologies too that include both label-free and label-based methods to 72 
improve efficiency.  For example, Toner’s group created the CTC-iChip that first uses deterministic lateral 73 
displacement to remove most blood cells, followed by negative filtration of the remaining WBCs through 74 
magnetophoresis utilizing anti-CD45 and anti-CD66 beads (Karabacak et al. 2014). 75 

There is a wealth of knowledge demonstrating that the CTC count can be used to diagnose cancer 76 
and evaluate the prognosis and progression of tumors (Budd et al. 2006; De Bono et al. 2008; Miller et al. 77 
2010; Paterlini-Brechot and Benali 2007).  For instance, Miller et al. evaluated CTC count by analyzing 7.5 78 
mL of whole blood from breast, prostate, or colorectal cancer patients using CellSearch. They determined 79 
that for metastatic breast and prostate cancer, the cutoff value for favorable survival is 5 CTCs per mL, 80 
while in metastatic colorectal cancer patients it was 3 CTCs per 7.5 mL of blood (Miller et al. 2010).  The 81 
current practice of CTC enumeration, regardless of the enrichment technique, relies primarily on 82 
fluorescent microscopy where CTC-specific (such as EpCAM+/CK+/CD45-) antibodies conjugated to 83 
fluorescent dyes attach to cells of interest (Lim et al. 2012; Lu et al. 2013; Sonn et al. 2017; Swennenhuis et 84 
al. 2009). As a result, even if the enrichment technique is label-free, postprocessing of CTCs is not.  85 
Microfluidic impedance cytometry, which relies on cellular bioelectric properties, can be an alternative 86 
approach to fluorescent microscopy for rapid enumeration of CTCs (Choi et al. 2013; Spencer et al. 2014). 87 
Furthermore, blood cells are in general smaller than CTCs, indicating that CTCs and blood cells when 88 



passing through channels with dimensions less than 8 µm will generate two distinct timing profiles. The 89 
deformability of cells through such constriction channels has been used by our group and others to 90 
distinguish tumor cells from non-tumorigenic cells (Babahosseini et al. 2017; Ren et al. 2017; Ren et al. 91 
2018b) as well as control and drug-treated tumor cells (Babahosseini et al. 2016).  Integration of 92 
microfluidic impedance spectroscopy with constriction channels provides information on comprehensive 93 
biophysical attributes of cells such as size and mechanical and electrical properties of cells (Babahosseini 94 
et al. 2016; Chen et al. 2011; Cheung et al. 2010; Song et al. 2013; Zhao et al. 2013). Here we, for the first 95 
time, demonstrate that such unique integrated platforms can be used to rapidly enumerate CTCs in blood 96 
samples and generate/process the data in less than one minute, thus eliminating fluorescent tagging and 97 
extensive video analysis. Both prostate and breast cancer cell lines were used in this study to see if the 98 
bioassay can be employed for more than one tumor type and if it can distinguish the type of tumor 99 
through biophysical properties. In this microfluidic CTC analyzer, postprocessing of the data is also 100 
automated to detect the presence of CTCs, their count, and their origin.  Two different chips are 101 
presented. In one, the electrodes are part of the disposable chip providing more sensitivity. The other 102 
separates the electrodes from the disposable chip to reduce the fabrication cost while still allowing CTC 103 
enumeration.   104 

2. Materials and Methods  105 

2.1. Cell Culture and Sample Preparation  106 

To test our microfluidic biosensor, we used single-cell suspensions of both breast and prostate cancer 107 
cell lines (MDA-MB-231 and LNCaP C4-2, respectively).  Breast cancer cell line MDA-MB-231 (passage #8, 108 
American Type Culture Collection (ATCC), provided by Dr. Yasmine Kanaan, Howard University 109 
College of Medicine) was grown in F12:DMEM (Lonza, Basel, Switzerland) with 10% fetal bovine serum 110 
(FBS), 4 mM glutamine and penicillin-streptomycin (100 units per mL). Prostate cancer cell line LNCaP-111 
C4-2 (passage #11, provided by Dr. Bethany Kerr, Wake Forest School of Medicine) expressing green 112 
fluorescence protein (GFP) by lentiviral transduction, was grown in RPMI-1640 (L-glutamine) with 10% 113 
FBS and 1% PenStrep (100 U/mL penicillin and 100 µg/mL streptomycin). Both cell lines were grown in T-114 
25cm2 culture flasks at 37°C in a 5% CO2 in air atmosphere until cells were ready for subculture. The 115 
morphology of the cells was observed before trypsinization. The cells were then detached from the flask 116 
with a trypsin-EDTA solution (Sigma Aldrich).  After trypsinization, cells were spun down in the 117 
centrifuge and rinsed with phosphate-buffered silane 1x (PBS).  The cells were then spun down and 118 
resuspended in PBS for experimentation.  Before experimentation, cell viability was observed at 100% via 119 
trypan blue exclusion test.  For experimentation with spiked blood samples, murine whole blood was 120 
diluted with PBS (1:5 ratio), and the blood sample is spiked with cancer cells at ~104 cells/mL.  Murine 121 
whole blood was collected under Wake Forest School of Medicine IACUC approval #A15-221 from the 122 
vena cava of anesthetized mice into 1M ethylenediaminetetraacetic acid. 123 

2.2. Device Fabrication 124 

To fabricate the polydimethylsiloxane (PDMS) microfluidic channels, a master mold is fabricated 125 
onto a silicon wafer.  Two layers of SU-8 (SU-8 3005 and SU-8 3025, MicroChem, Newton, MA) are 126 
patterned onto the wafer via photolithography (Figure 1A). SU-8 3005 was used to build the constriction 127 
channel with 8 µm height, while SU-8 3025 was used to build the remaining channel feature with a 25 µm 128 
height. The resulting mold is coated with tridecafluoro-1,1,2,2-tetrahydrooctyl-1-trichlorosilane (TFOCS, 129 
Fisher Scientific) to promote the easy release of PDMS.  PDMS base and curing agent (10:1 weight ratio) 130 
are stirred generously and poured onto the master mold and cured at 65o C for 24 hours (Figure 1B and 131 
1C).  For the “on-chip” case, the resulting PDMS channels are then bonded directly onto the planar 132 



electrodes using plasma-activated bonding (Figure 1E).  The alternative “off-chip” device involves 133 
bonding the channel onto a 100 µm thick glass slide (#0, Electron Microscopy Sciences, USA), which acts 134 
as a passivation layer between the electrodes and microfluidic channel (Figure 1F). Details of the 135 
fabrication process have been previously published by our lab (Soltanian-Zadeh et al. 2017; Zellner et al. 136 
2013) and is illustrated in Figure 1. The cross-section of the constriction across the length of the channel 137 
for both cases is depicted in Figure 1E and Figure 1G.  To fabricate the electrode sensors, a pyrex glass 138 
wafer is patterned with photoresist (S1827, MicroChem, Newton, MA) through photolithography.  Metal 139 
deposition through electron beam evaporation of chrome (40 µm), an adhesion layer, and gold (100 µm) 140 
is done onto the patterned glass wafer. The glass wafer is then submerged into acetone for metal liftoff 141 
and diced to create individual electrodes (Figure 1D). 142 

 143 

 144 
Figure 1. Fabrication steps(A-G) of both (E) ON-CHIP and (G) OFF-CHIP devices. Device perspective is the cross-145 
section across the length of the constriction channel. 146 

2.3. Channel Design and Experimental Setup 147 

The microfluidic device consists of two main channels, delivery, and constriction, to prevent cell 148 
accumulation at the entrance of the constriction and prohibits clogging.  The constriction channel has a 6 149 
µm-width, 8 µm-height, and 500 µm-length.  Both electrodes extend approximately 60 µm from the 150 
entrance and exit of the constriction channel.   151 

The cell suspension is inserted in the delivery channel and flow is induced by applying a negative 152 
pressure, via a Harvard Apparatus syringe pump, at the other end of the delivery channel.  A secondary 153 
negative pressure is applied using the syringe pump at the outlet of the constriction channel to create 154 
flow through the constriction.  Once a cell has entered the constriction channel, the cell blocks the 155 
negative pressure the delivery channel experiences and prevents other cells from entering the channel 156 
until it has passed through the constriction.   The device was able to collect impedance peaks of cells that 157 
can reach 100+ cells per minute. 158 



As cells transit through the constriction channel, impedance information is obtained using a Zurich 159 
Instruments HF2IS Impedance Spectroscope.  The impedance spectroscope inputs an AC voltage of 1V 160 
signal at eight different frequencies ranging from 500 Hz to 1 MHz simultaneously.  To cross-verify the 161 
transit of cells in the constriction channel with the impedance data, we recorded high-speed videos at 100 162 
frames/second.  163 

 164 

 165 
Figure 2. The experimental setup for CTC analysis by deformability impedance spectroscopy.  The impedance results 166 

reflect the ON-CHIP device where we evaluate MDA-MB-231 cells spiked in murine blood. 167 

 168 
3. Results 169 

3.1. Data Collection 170 

Figure 2 demonstrates the experimental setup where the sample enters the device and transits 171 
through the delivery, and consequently the constriction channel via a negative pressure applied at the 172 
outlet to initiate the flow.  The device has an embedded pair of planar electrodes that extend outside the 173 
entrance and exit of the constriction channel.  Therefore, impedance can be measured across the 174 
constriction channel, so when a cell enters the channel, we can obtain the impedance of the cell along 175 
with the surrounding medium (murine blood or PBS).  CTCs within the constriction channel dominate 176 
the impedance in the channel compared to the surrounding medium, so we can obtain a clear peak that 177 
represents the CTC transiting through the channel. Figure 3A illustrates a sample run, where many 178 
(enriched) cells are observed within a minute.  The transit of a single cell is shown in Figure 3B, where a 179 
cell is represented by a single peak.  For the “on-chip” case, as PBS alone passes through the constriction, 180 
there is a constant baseline, which is shown by the red line in Figure 4A.  However, for the sample of PBS 181 
spiked with cancer cells (see Supplementary Video S1), once a cell enters and transits through the 182 
constriction channel, the impedance deviates from the baseline towards a peak and returns to the baseline 183 
after transit.  This is illustrated by the blue line in Figure 4A. In the case of blood and blood spiked with 184 
cancer cells (see Supplementary Video S2 and S3, respectively), the resulting impedance profile is the 185 
same, but the baseline is noisier (shown in Figure 4B) because of the passage of blood cells through the 186 
constriction.  Figure 5 shows the transit of a cancer cell from a spiked blood sample, where blood cells 187 
(circled in red) surround the cancer cell (circled in yellow), as it transits through the constriction channel.  188 



Figure 5 begins with the cancer cell before deformation (1), then the cell beginning to deform into 189 
constriction channel (2), followed by the cell transiting through the constriction channel (3), and lastly the 190 
cell after exiting the constriction (4). The blood cells impact the baseline and noise level of the signal, 191 
however, the impedance profile of cancer cells transiting through the constriction channel is robust.  192 

 193 

 194 
Figure 3. Sample impedance plot of the ON-CHIP configuration evaluating MDA-MB-231 cells spiked in murine 195 

blood during a single run (A) and an example of the impedance of a single cancer cell (B). 196 



 197 

 198 

Figure 4. Representation of impedance measured across the constriction channel. (A) ON-CHIP and (C) OFF-CHIP 199 
sample of impedance (Phase at frequency = 50 kHz) with only PBS (red) and PBS spiked with MDA-MB-231 (blue). 200 
(B) ON-CHIP and (D) OFF-CHIP sample (Phase at frequency = 50 kHz) with only murine blood (red) and murine 201 
blood spiked with MDA-MB-231 (blue). 202 



 203 

 204 
Figure 5. Transit of a MDA-MB-231 cell (circled in yellow) through the constriction region. (1) Cancer cell before 205 
deformation, (2) cell beginning to deform, (3) cell in constriction channel, and (4) cell after the constriction. The 206 
surrounding white and red blood cells indicated by the red circles. 207 

The impedance profiles for the “off-chip” device are shown in Figure 4C and 4D, where the baseline 208 
is clearly noisier compared to the “on-chip” device.  Despite the loss of sensitivity due to the passivation 209 
layer, the cells of interest are still easily detected for both PBS (Figure 4C) and blood (Figure 4D) spiked 210 
with cancer cells. Although the noise level has increased in the spiked blood sample, the biosensors were 211 
sensitive enough to detect 100% of the cancer cells that transit through the constriction channel in both 212 
“on-chip” and “off-chip” scenarios.   213 

3.2. Data Analysis 214 

The impedance peak is a representation of the electrical properties of the cell and can be used to 215 
count, evaluate, and distinguish these cells of interest.  We obtained the impedance results of breast and 216 
prostate cancer cells individually spiked into PBS and whole murine blood for both the “on-chip” and 217 
“off-chip” cases.  Each experiment was repeated on multiple devices to reduce the effects of device-to-218 
device variation.  Impedance data were collected in an automated fashion utilizing a MATLAB script to 219 
collect peaks with respect to the baseline.  The threshold for determining peaks was any peak greater than 220 
two times the maximum noise variation of the sample without spiked cancer cells. 221 

To evaluate the impedance data of the cell populations, we plotted histograms to show the 222 
distribution of magnitude and phase.  Histograms were used to evaluate the cell population rather than 223 
the average/standard deviation since histograms illustrate the distribution of cells and reveal outliers that 224 
can influence the data.  We have collected magnitude and phase data for different frequencies for every 225 
cell with redundant results, so we present data from one single frequency for each scenario for the 226 
purpose of brevity. 227 

For the on-chip experiments, we evaluated the magnitude at a frequency of 5 kHz, which typically 228 
represents a combination of cell membrane properties and other biophysical properties such as cell size 229 
(Cheung et al. 2005; Heileman et al. 2013; Morgan et al. 2006).  Figure 6A illustrates the histogram profile 230 
of magnitude for both MDA-MB-231 and LNCaP C4-2 spiked in PBS and murine blood.  From these 231 
histogram plots, there is a clear difference between the two cell populations spiked in PBS and murine 232 
blood.  For example, the cell magnitude of MDA-MB-231 and LNCaP C4-2 cells spiked into PBS at 5 kHz 233 
shows how the MDA-MB-231 cells have a bimodal distribution, where the LNCaP C4-2 cells have a 234 
unimodal distribution.  This is also consistent with both cell lines spiked into the murine blood. 235 



 236 

 237 
Figure 6. (A) ON-CHIP histogram representation of MDA-MB-231 and LNCaP C4-2 cells spiked in PBS and blood for 238 
magnitude measured at a frequency of 5kHz. (B) OFF-CHIP histogram representation of MDA-MB-231 and LNCaP 239 
C4-2 cells spiked in PBS and blood for phase measured at a frequency of 50kHz. 240 

For the off-chip experiments, we evaluated the phase data at a frequency of 50 kHz for both cell lines 241 
spiked in PBS and murine blood, which is depicted in Figure 6B.  Just as described for the on-chip 242 
experiments, the histograms reveal differences in the cell populations for this scenario too.  For example, 243 
the phase values at 50 kHz show how the MDA-MB-231 cells and LNCaP C4-2 cells both have varying 244 
distributions.  For the case of the MDA-MB-231 cells in PBS, there is a chi-squared distribution, however, 245 
the LNCaP C4-2 cells in the same scenario have a right-skewed distribution.  Using the same frequency 246 
but spiked in blood, the MDA-MB-231 and LNCaP C4-2 cells maintain their normal and right-skewed 247 
distribution, respectively. 248 

4. Discussion 249 

CTC detection and enumeration are clinically important as it can be used to detect early cancer 250 
metastasis, predict prognosis, and monitor response to treatment.  Typically, methods for enumerating 251 
CTCs rely on surface markers, such as the epithelial cell adhesion molecule (EpCAM), however, a sub-252 
population of CTCs go through epithelial-mesenchymal transition (EMT) that changes the expression of 253 
cell surface markers (Budd et al. 2006; De Bono et al. 2008; Miller et al. 2010; Paterlini-Brechot and Benali 254 
2007).  Thus, label-free methods are advantageous due to their reliance on biophysical characteristics 255 
rather than surface markers.  Current label-free methods of enumeration cancer cells rely on fluorescent 256 
microscopy, but this method requires expensive pre-processing for fluorescent tagging and extensive 257 
post-processing of videos to observe and enumerate the cells (Lim et al. 2012; Lu et al. 2013; Sonn et al. 258 
2017; Swennenhuis et al. 2009).  Impedance flow cytometry methods have been developed in research 259 
(Chen et al. 2015; Cheung et al. 2010; Emaminejad et al. 2012; Gawad et al. 2001; Sun and Morgan 2010) 260 
and commercially by companies such as Amphasys (Kaufmann et al.).  Despite these current methods, no 261 
technologies have attempted to detect cancer cells of different origins within blood samples.  We report a 262 
system that can not only enumerate cells in blood samples but can also identify different types of cancer 263 
based on their bioelectrical properties. 264 

Biophysical characteristics of cells extracted through label-free impedance analysis can be used to 265 
study cells in suspension for biological research and in blood for clinical applications (Chen et al. 2015; 266 



Cheung et al. 2010; Choi et al. 2013; Spencer et al. 2014; Sun and Morgan 2010).  Electrical properties of 267 
cells can be used as a powerful biomarker to identify cells, including CTCs because they provide a 268 
complex representation of cells by probing them at different frequencies.  Higher frequencies provide 269 
information about the contents of the cells, while lower frequencies provide information about the cell 270 
membrane and surface properties.  This technique has been widely used to identify and distinguish a 271 
variety of different cells, including healthy, diseased, and drug-treated cells (Cheung et al. 2005; 272 
Heileman et al. 2013; Morgan et al. 2006).   273 

Giaever and Keese first introduced electric cell-substrate impedance sensing (ECIS) and studied 274 
adherent mammalian fibroblasts by measuring their response to an AC signal (Giaever and Keese 1984).  275 
ECIS techniques were then used as a label-free method to measure cell electrical properties, growth and 276 
proliferation, motility, and response to chemical compounds (Campbell et al. 2007; Giaever and Keese 277 
1984; Szulcek et al. 2014; Tran et al. 2016b; Zudaire et al. 2008).  Throughput of ECIS sensing of cells was 278 
improved using microelectrode arrays, where an array of electrode pairs can measure impedance in up to 279 
hundreds of individual locations simultaneously (Anh-Nguyen et al. 2016; Liu et al. 2009; Robilliard et al. 280 
2018; Tran et al. 2016a).  Our lab has utilized ECIS to study the effects of anti-cancer drug SAHA on two 281 
breast cell lines (Srinivasaraghavan et al. 2012), to study various nano-scale coating of electrodes 282 
(Srinivasaraghavan et al. 2014), and to distinguish basal and claudin-low subtypes of triple negative 283 
breast cancer cells (Srinivasaraghavan et al. 2015). Impedance spectroscopy has not only been used in 284 
research but also in commercialized settings to monitor cellular behavior as a replacement to more 285 
conventional fluorescence microscopy.  For instance, commercial ECIS-based techniques developed by 286 
companies such as xCELLigence and Applied Biophysics have developed label-free assays to 287 
continuously monitor live cell proliferation, morphology, and viability (Bird and Kirstein 2009; Daza et al. 288 
2013; Ke et al. 2011; Shih et al. 2013).  Limitations of ECIS render this method irrelevant for some clinical 289 
applications because ECIS requires the cells to be adherent for its electrical properties to be probed for 290 
their impedance values.  Lengthy experimentation time is another issue, but even more limiting is the fact 291 
that ECIS is generally used for studying cell populations (thousands of cells) and CTCs that are isolated 292 
range from a few cells to up to one hundred, in rare cases, cells per mL of blood.  To alleviate these issues, 293 
electrodes have been integrated into microfluidics to study the electrical properties of particles flowing 294 
through microchannels (Ayliffe et al. 1999; Chen et al. 2015; Cheung et al. 2010; Emaminejad et al. 2012; 295 
Gawad et al. 2001; Kaufmann et al. ; Sun and Morgan 2010).  Ayliffe et al. introduced the first microfluidic 296 
device with embedded electrodes to obtain bioelectrical information on single cells (Ayliffe et al. 1999). 297 

Constriction-based microfluidics for studying cell samples can provide mechanical properties of cells 298 
by studying transit times through the deformation channel.  Cell mechanical proprieties are evaluated by 299 
observing the time it takes for a cell to enter (entry time) and transit (transit time) through the constriction 300 
channel (Adamo et al. 2012; Bow et al. 2011).  Our group has used constriction-based microfluidics to 301 
distinguish cancer and normal cells through repetitive deformation of cells (Babahosseini et al. 2016; 302 
Babahosseini et al. 2017; Ren et al. 2017; Ren et al. 2018b). The approach was then extended to trap and 303 
enrich CTCs in whole blood (Ren et al. 2018a). Utilizing constriction-based microfluidics is advantageous 304 
compared to alternative label-free methods such as atomic force microscopy (Kirmizis and Logothetidis 305 
2010) and optical stretching (Guck et al. 2005; Van Vliet et al. 2003).  306 

Embedding electrodes in constriction-based devices provides impedance data that can be used to 307 
both obtain and evaluate electrical and mechanical properties simultaneously. Impedance peaks 308 
represent cell electrical properties, and peak widths represent cell transit time, which is dependent on cell 309 
deformability, and both parameters are influenced by cell size (Babahosseini et al. 2016; Chen et al. 2011; 310 
Cheung et al. 2010; Song et al. 2013; Zhao et al. 2013).  Using impedance data to obtain cell timing 311 
information alleviates issues experienced when obtaining cell transit times through video analysis.  312 
Typically, extensive post processing is needed to study high-speed videos frame-by-frame to capture 313 
timing data, whereas transit time can be simply obtained through peak widths.  Obtaining this timing 314 



information from impedance can also be automated, which exponentially decreases post-processing 315 
times.  In our control experiment where only blood sample was moving through the channel, the cells 316 
moving very fast without deformation and hence no considerable peak was generated beyond the noise 317 
level.  We simply used a signal-to-noise ratio of 2-to-1, and we were able to detect all cancer cells without 318 
incorrectly identifying any blood cell as a tumor cell.  Because we can detect all cancer cells regardless of 319 
origin in a blood sample, our biosensor can be used subsequently to established CTC isolation 320 
technologies that have a higher capture rate but lower purity.  Also, an expanded higher throughput 321 
version of this device multiple constriction channels in parallel can be employed that further approaches 322 
a clinically-ready device.  323 

This is the first system to use constriction-based impedance data to evaluate cancer cells in blood.  324 
Spencer et al. has previously conducted microfluidic impedance cytometry on tumor cells in blood, 325 
however, the samples they compared were blood spiked with beads, and breast cancer cells (MCF-7) 326 
spiked in varying counts of white blood cells yielded from lysed whole blood (Spencer et al. 2014).  327 
Although they were able to detect the cancer cells within a blood sample, their results have some false 328 
positives of MCF-7 cells, and they do not indicate the identification of different types of cancer cells.  The 329 
ability to identify different types of cancer is valuable in clinical applications because it can potentially be 330 
used to replace the more invasive and potentially dangerous biopsies, and imaging tests, such as a 331 
computerized tomography scans, magnetic resonance imaging, positron emission tomography scans, or 332 
X-rays (Chappy 2004; Harnden et al. 2008; Loeb et al. 2013; Smith et al. 2012).   Our system identified 333 
cancer cells from two different origins spiked in murine blood samples; however, its clinical applicability 334 
needs to be verified by processing blood samples from patients with different tumor types. Additionally, 335 
there is a potential for false positives when testing patient samples due to non-blood and non-tumor cells 336 
that circulate throughout the blood, such as circulating epithelial cells (Paterlini-Brechot and Benali 2007). 337 
There may be cases that produce impedance peaks and phase shifts comparable to those of CTCs. If that 338 
occurs, we may need to combine the approach presented in this paper with our previous work in which 339 
we employed microfluidic chips with multiple constrictions. Our work has shown that we can 340 
distinguish between normal and cancer cells at the single cell level with more than 90% accuracy when 341 
using sectional cell transit velocities and bioimpedance information when cells move through repetitive 342 
deformations (Babahosseini et al. 2016; Babahosseini et al. 2017; Ren et al. 2017; Ren et al. 2018b; Ren et al. 343 
2019). Nevertheless, the results presented here establishes the foundation that microfluidic deformability 344 
assay equipped with embedded electrodes can be used to monitor the presence of CTCs in blood 345 
samples.  The measured sensitivity is high enough that allows the electrodes to be positioned off-chip and 346 
be reusable to lower the cost of the assay.  347 

5. Conclusions 348 

To conclude, we developed a label-free constriction-based CTC detection and enumeration assay 349 
coupled with sensors to conduct impedance spectroscopy on murine blood samples spiked with breast 350 
and prostate cancer cells.  From the impedance data and the corresponding video analysis, we were able 351 
to determine that readily distinguishable electronic signals generated by our chips correlate with the 352 
passage of cancer cells through the constriction channel.  Tumor cell transitioning through the 353 
constriction channel are represented by peaks that were collected using an automated peak detection 354 
script using MATLAB.  In addition, we were able to distinguish breast and prostate cancer cells in murine 355 
blood samples, demonstrating that this system can potentially be used for a variety of cancer cell types.  356 
The current design dimensions can easily be modified to allow our system to be used on human blood 357 
samples. Throughput of this device will be improved in future generations by adding multiple channels 358 
in parallel.  If needed for more heterogeneous cell populations, information regarding the mechanical 359 
properties of cells, such as transit times, can also be extracted and employed for more accurate 360 



determination of CTCs, their clusters, or their origins. To conclude, the biosensors mentioned in this 361 
paper show promise for label-free detection and enumeration of CTCs after currently established CTC 362 
enrichment techniques.  363 

Supplementary Materials: Video S1: MDA-MB-231 spiked in PBS, Video S2: Murine blood, Video S3: MDA-MB-231 364 
spiked in murine blood. 365 
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Highlights 

 

1) Circulating tumor cells detected from whole murine at a rate of 100% 

2) Impedance can distinguish breast & prostate cancer cells in blood samples 

3) Low-cost OFF-CHIP device maintains sensitivity to detect all cancer cells in blood 
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