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Abstract Circulating tumor cell detection is one impor-

tant avenue for early cancer diagnosis. A differential solid-

state micropore approach is reported that detects a very low

number of tumor cells from blood samples. One micropore

is functionalized with an aptamer molecule specific to

epidermal growth factor receptor (EGFR), known to be

overexpressed on cancer cell surfaces, whereas the other

micropore is bare. The translocation behavior of tumor cells

is seen to be distinctly different from normal counterparts

and control when passed through functionalized micropore.

The differentiation stems from the selective interactions

between the aptamer molecules and overexpressed EGFR

on the tumor cells. Normal cells, on the other hand, do not

show selective interaction with aptamers. As a result, cancer

cells are distinguished from normal cells just by looking at

the translocation data from an aptamer-functionalized

micropore. The interactions between the cells and the apt-

amer in a micropore provide a detection modality that

interrogates each cell.

Keywords Aptamer � Cancer Cell � EGFR �
Functionalization � Micropore � Cell translocation behavior

1 Introduction

Cancer is one of the leading causes of human mortality

around the globe. In the United States, it is placed as the

second top cause of deaths. Deaths caused by some cancer

types have not dropped significantly during the last five

decades (Heron 2011). There are six biological capabilities

that are gained during the multistep development of tumors

and therefore are considered as the hallmarks of cancer.

These are sustaining proliferative signaling, evading

growth suppressors, resisting cell death, enabling replica-

tive immortality, inducing angiogenesis, and activating

invasion and metastasis. The actual causes of cancer are

still not very well understood. However, the major hall-

marks of cancer are mutation in genes, inability to repair

the genes and abnormal expression of genes (Markowitz

and Bertagnolli 2009; Kitamura et al. 2010; Hanahan and

Weinberg 2011). These traits may be inherited or caused

by environmental factors such as carcinogens, tobacco,

radiation, etc. (Anand et al. 2008). During the initial stage

of metastasis, the number of circulating tumor cells (CTC)

in peripheral blood flow is very low. If these can be enu-

merated at early stages from blood, it can change the
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effectiveness of cancer treatment tremendously and alter

the prognosis (Smith et al. 2009a, b).

Most of the current approaches for cancer cell detection

rely on either target tagging or antibody-based capture. In

the area of microdevices, factors such as mechanical forces

(Mohamed et al. 2004; Huang et al. 2004), dielectropho-

resis (Bustin et al. 2000), optical interactions (MacDonald

et al. 2004), immunohistochemistry (Nagrath et al. 2007),

magnetic sorting (Tibbe et al. 2002), flow cytometry, etc.

(He et al. 2007) have been reported to identify and isolate

cancer cells. Affinity-based interactions provide higher

efficiency and greater specificity compared to mechanical

and electrical sorting techniques (Toner and Irimia 2005).

The use of antibodies is, however, subject to high levels of

off-target cross-reactivity (Nagrath et al. 2007; Baas et al.

1996; Dalle et al. 2002). It is also challenging to retain

specific sample conditions to keep antibodies completely

functional. Many technical challenges are also encountered

when cross-linking antibodies reproducibly onto the sur-

faces of miniaturized devices due to non-homogeneity of

conjugation and denaturation on the surface. Recently,

aptamers have been shown to have similar affinities and

specificities such as antibodies (Wan et al. 2010). The

aptamers are very stable at a variety of salt and ionic

conditions and can be reversibly denatured (Bunka and

Stockley 2006; Sullenger and Gilboa 2002). In recent

works, aptamers have been used to activate cell signaling

pathways and also to label cells (Nagel-Wolfrum et al.

2004; Charlton et al. 1997; Chen et al. 2008; Farokhzad

et al. 2004). Devices incorporating aptamers to sort, isolate,

and detect tumor cells have also been reported (Phillips

et al. 2008; Asghar et al. 2012; Wan et al. 2010, 2012a, b).

The main advantages of aptamers over antibodies lie in the

ease of chemical synthesis, site-specific labeling, and, most

importantly, site-specific immobilization.

This paper reports label-free detection of cancer cells

using aptamer-functionalized micropores at single cell

level. A hole with a dimension of the order of a micrometer

drilled through a solid-state membrane is essentially called

a micropore. Due to the simplicity and sensitivity, mi-

cropores have been used to characterize synthetic particles

and bioentities such as cells, bacteria, etc. (Strutwolf et al.

2009; Asghar et al. 2012; Chang et al. 2002a; Steinle et al.

2002; Chien et al. 1971; Roberts et al. 2010). These are

mechanically robust, stable, and easy to handle. These can

be fabricated reliably to exact dimensions. Solid-state mi-

cropores can withstand wide range of experimental con-

ditions such as pH, salinity, temperature, etc. (Chang et al.

2002a; Asghar et al. 2012).

The aptamer used was a ribonucleic acid (RNA) mole-

cule known to selectively bind to epidermal growth factor

receptor (EGFR) that is overexpressed on primary human

glioblastoma (hGBM) cells. The approach detected cancer

cells in a simple and highly sensitive cytological modality

without any need for cell tagging. Among many other

receptor tyrosine kinase oncogenes, EGFR is the most

frequently overexpressed in all human malignancies. It is

activated when various growth factors bind to it and initiate

a signal transduction cascade that promotes cell adhesion,

migration, proliferation, invasion, angiogenesis, and an-

tiapoptosis (Mendelsohn 2004). Measurements from silicon

dioxide (SiO2) micropores ensured that every cell created a

signal. The sensitivity of the device was thus at single cell

level. This can have impact on early cancer detection

which can dramatically change cancer diagnosis and can

subsequently improve mortality rate. It can also provide

deeper insights into the interactions between specific cell

types and their corresponding ligands.

2 Materials and methods

2.1 Materials

Tetramethylammonium hydroxide (TMAH) was purchased

from VWR International. Amino modified DNA molecules

were purchased from Integrated DNA Technologies.

D/RNAse FreeTM decontaminant was purchased from

Argos Technologies Inc. Silver wires with 0.375 mm

diameter were bought from Warner Instrument. Clorox

solution for chloriding of Ag wire was bought from

Walmart. The preparation of Ag/AgCl electrodes is detailed

in supplementary material. Around 6-month-old rat (Spra-

gue–Dawley) was purchased from Charles River. Blood was

collected from the rat’s tail by restraining the rat and then

stored in K2-ethylenediaminetetraacetic acid (EDTA) tube

to prevent coagulation. The tubes were stored to 4 �C. The

hGBM samples were obtained from consenting patient at

the University of Texas Southwestern Medical Center

(Dallas, TX). The isolation and culturing protocols are

described in supplementary material (Wan et al. 2010). All

other chemicals used were purchased from Sigma-Aldrich.

2.2 Fabrication of Micropore

The fabrication started with the thermal growth of 1 lm

thick silicon dioxide on both sides of a double-side pol-

ished (100) p-type silicon wafer. Windows were opened by

photolithography to start etching on the front side of the

wafer. Wet etching was done using buffered hydrofluoric

acid (BHF) to transfer the window from photoresist to SiO2

as shown in Fig. 1a.

Silicon was etched through this oxide window using

anisotropic wet etching with 25 % TMAH at 90 �C. The

self-limiting etch stopped when silicon etched all the way

to SiO2 on the other side, resulting in a square window of
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70 lm by 70 lm. The Ga? focused ion beam (FIB, ZEISS

1540XB) was then used to drill a micropore in the mem-

brane (black square in Fig. 1b). Different acceleration

voltages, milling currents and drilling times were used to

drill micropores (Fig. 1c) of different diameters in a con-

trollable and reproducible manner (Asghar et al. 2011).

Acceleration voltage of 30 kV and 1 nA drilling current

typically resulted in 20 lm micropore in a 1 lm thick SiO2

membrane, when drilled for 5 min.

2.3 Preparation of Anti-EGFR Aptamer-Functionalized

Micropores

The sequences for the extended anti-EGFR and mutant

aptamer were as follows: anti-EGFR aptamer, 50-GGCG

CUCCGACCUUAGUCUCUGUGCCGCUAUAAUGCAC

GGAUUUAAUCGCCGUAGAAAAGCAUGUCAAAGC

CGGAACCGUGUAGCACAGCAGAGAAUUAAAUGC

CCGCCAUGACCAG-30; mutant aptamer, 50-GGCGCUC

CGACCUUAGUCUCUGUUCCCACAUCAUGCACAA

GGACAAUUCUGUGCAUCCAAGGAGGAGUUCUCG

GAACCGUGUAGCACAGCAGAGAAUUAAAUGCCC

GCCAUGACCAG-30 (extension sequence is underlined).

An amino modified capture oligonucleotides, 50-
AmMC6-TTTTTTTTTTTTTTTTTTTTCTGGTCATGG

CGGGCATTTAATTC-30 (active capturing sequence is

underlined) was used to capture the aptamer on the

surface.

The chemistry used to attach aptamers on the SiO2

micropore surfaces was adapted from earlier works (Wan

et al. 2012a, b; Iqbal et al. 2007). The micropore silicon

chips were 8 9 8 mm2 in size. Those were cleaned in

piranha solution (H2O2/H2SO4, 1:3 v/v) for 10 min. After

rinsing with deionized (DI) water and drying in nitrogen

flow, the substrates were immersed into 2 % v/v (3-ami-

nopropyl)triethoxysilane (APTES) in ethanol for 30 min at

room temperature. That step was to create amine groups on

surface. The APTES solution was removed and the sub-

strates were sequentially washed with ethanol and DI water.

Then, 2 mg of p-phenylene diisothiocyanate (PDITC) was

mixed in a solution of dimethyl sulphoxide (DMSO) and

pyridine (9:1 v/v) to prepare PDITC solution. The APTES

treated substrates were incubated in PDITC solution at

55 �C for 5 h. After 5 h, the PDITC solution was removed

and the substrates were washed three times each with iso-

propyl alcohol (IPA) and diethylpyrocarbonate (DEPC)

treated DI water. Then, 10 lM capture DNA solution was

added to DMSO to make 1:1 (v/v) DNA:DMSO solution.

The substrates were immersed in DNA solution and incu-

bated at 45 �C overnight. The chips were then soaked in

ethanol followed by sequential washing with IPA and

DEPC treated DI water. Nitrogen was used to dry the chips.

RNA aptamer (1 lM) was mixed in hybridization buffer at

a ratio of 1:5 (v/v). Then, a hybridization chamber was

cleaned with RNase-free DI water thoroughly and a drop of

aptamer solution was placed on the chip. The chamber was

immersed into a water bath for 1 h at a temperature of

37 �C. The chips were then washed again with IPA and

DEPC water three times each. The 6-amino-1-hexanol

solution was used to deactivate amine groups that were not

bound to the nucleic acids. This solution was made by

dissolving 1.1719 g of 6-amino-1-hexanol in 5.2253 ml

N,N-diisopropylethylamine and 200 ml of N,N-dimethyl-

formamide. Chips were incubated in the deactivation

solution at 45 �C for 5 h. The chips were then washed with

ethanol and DEPC treated DI water. Without drying, the

chips were put in 1X phosphate-buffered saline (PBS)

solution. PBS solution was heated to 45 �C for 10 min and

then slowly cooled down to room temperature.

2.4 Experimental Setup

The micropore chip was sandwiched between poly-

dimethylsiloxane (PDMS) gaskets. These gaskets were

 
100 µµm

100 µm

10 µm

(a) (b) (c)

Fig. 1 a Confocal micrograph of a window opened after BHF etch of

patterned SiO2. b SEM micrograph of anisotropically etched silicon.

Black region at the bottom of the etched groove is SiO2 membrane

with no micropore. c SEM micrograph of a micropore drilled in the

square membrane of b
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used to prevent leakage of solution. The chip and gaskets

were then held together using two Teflon blocks that had

holes as shown in Fig. 2a. Inlet and outlet tubes were

connected to the Teflon blocks. Two Ag/AgCl electrodes

were connected to the inlet and outlet, as shown in Fig. 2b.

A syringe pump (11 PLUS, Harvard Apparatus) was used

to maintain a constant flow rate of cell solution as shown in

Fig. 2c. The hGBM cells (5,000 cells/ml) were suspended

in 1X PBS and pumped through the system while mea-

suring the current across the micropore. The rat blood,

collected in tubes with K2-EDTA and stored at 4 �C, was

taken out from storage tubes right before the experiments

and thawed to room temperature. Then, 1X PBS solution

was mixed with rat blood to dilute it one thousand times.

Once the blood was homogenously mixed with PBS, the

solution was pumped through micropores while measuring

ionic current through them. A pair of Ag/AgCl electrodes

was used to make contact with the ionic solution. Ionic

current was measured using a data acquisition system

(National Instrument).

First, only PBS was pumped through the micropore to

establish the baseline. The PBS gave a constant ionic

current through the micropores. When the cell solution was

pumped through the micropore, each cell blocked it tem-

porarily. Current dips were seen in the ionic current traces

at that time. Every downward peak corresponded to a

single cell passage. The hGBM cells were passed through a

bare micropore and an aptamer-functionalized micropore

to observe the differences.

3 Calculation

3.1 Gaussian pulse model

The data of pulses obtained from micropores have a

number of parameters that can be used to understand the

biophysical interactions occurring within the confinement

of a micropore. When a cell passes through the micropore,

it replaces or blocks the ionic species or charges from the

micropore volume. That charge can then be calculated. The

following assumptions were made to calculate the amount

of charge physically blocked/replaced by a cell while

passing through the micropore.

1. All current pulses were inverted Gaussian in shape.

2. Translocation time of the cell or current pulse width

was assumed to be the full width at tenth of maxima

(FWTM).

3. The micropore was perfectly circular.

(a) (b)

(c)

Syringe 
Pump

Inlet/Outlet 
with 

Electrodes

Data Acquisition 
System

Teflon 
Blocks

Da

Fig. 2 a The micropore chip

packaging assembly (not to

scale). b Arrangement of

micropore for cell passage along

with electrical biasing and

measurements setup. c Final

assembled device
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4. Ionic concentration of the PBS was homogenous and

uniform. PBS consisted of 137 mM NaCl, 2.7 mM

KCl, 4.3 mM Na2HPO4 and 1.47 mM KH2PO4.

5. Cells were perfectly spherical.

The equation of an inverted Gaussian current pulse is

(Fig. 3):

IðtÞ ¼ Ipeak exp � t2

2c2

� �
for� Pw=2\t\Pw=2 ð1Þ

where I(t) is current at time t within the pulse, Ipeak is the

peak current, and c is a parameter that controls the width of

the pulse (Pw).

If the area under a Gaussian pulse is calculated (as

shown in Fig. 3), it will be the amount of charge replaced/

blocked during the time interval of the pulse width. Now,

the area under the pulse, or in other words, the charge

blocked, can be calculated by integrating the Gaussian

function with respect to time.

Qblocked ¼
Z1

�1

Ipeakexp � t2

2c2

� �
dt ¼ cIpeak

ffiffiffiffiffiffi
2p
p

ð2Þ

and

PW ¼ FWTM ¼ c
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8 lnð10Þ

p
ð3Þ

From Eq. (2) and (3), we get

Qblocked � 0:584IpeakPw ð4Þ

3.2 Differential Detection

Since every cell corresponds to a current pulse i.e., every

cell is essentially blocking charge flow while passing the

micropore. This charge is accurately depicted by the cur-

rent peak (Ipeak) and pulse width (Pw) measured

experimentally.

When raw rat blood was run through the micropore

under the same experimental conditions, the two distribu-

tions of charge blockages were calculated for the bare and

aptamer-functionalized micropores using this model. The

two distributions were not different as shown in Fig. 4.

Both distributions were single-sided Gaussian in nature and

showed peaks on the same ranges of blocked charges. The

blocked charge, on the other hand, for hGBM cells shows a

clear shift in the peak (inset of Fig. 4). The experimental

result shown in Fig. 4 can be explained in terms of the

interactions between anti-EGFR aptamer and the EGFR

present on the surface of hGBM and normal blood cells. As

normal blood cells do not have a significant amount of

EGFR compared to tumor cells on their surfaces (Norm-

anno et al. 2006), the interactions between the anti-EGFR

aptamer and the EGFR on normal rat blood cells are not

sufficient to create significant differences between the

distributions obtained from aptamer-modified micropore

and bare micropore. As a result, distributions for blocked

charges of normal blood cells obtained from bare and

aptamer-functionalized micropores were quite similar. The

statistics of the blocked charge data of hGBM cells, cal-

culated for the bare and functionalized micropores, showed

very different Gaussian distributions. The maximum

occurrence of events for bare micropore was within

50–100 pC. On the other hand, the maximum occurrence

of events for a micropore functionalized with aptamer was

within 100–150 pC. The comparison between distributions

of the charge blocked shows a clear shift of maxima toward

the right for aptamer-modified micropore. It implies that

due to the interactions between the EGFR on the cell sur-

face and the anti-EGFR aptamer, the amount of charge

blocked by the cells was larger. The overexpression of

EGFR on hGBM cells caused significantly higher interac-

tions between the anti-EGFR aptamer on the functionalized

pore wall and the tumor cells, resulting in the shift of the

histograms. This enhanced aptamer-receptor activity led to

spatially separable distributions for bare and functionalized

micropores. Despite the overlap, the distribution peaks are

clearly located around different maxima. Given the pre-

sence of cancer cells in peripheral blood at the outset of

cancer (Paterlini-Brechot and Benali 2007), the peaks of

the histograms can be used as noninvasive diagnostic

metrics.

4 Results

4.1 Translocation behavior

Figure 5 shows scatter plots of the pulse widths and peaks

obtained from hGBM cells passing through bare and apt-

amer-functionalized micropores. Although the data points
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Fig. 3 A simulated pulse used to model the current pulses (one

example shown in inset of Fig. 5) obtained from micropore blockage

Microfluid Nanofluid

123



are distributed over a wide region, there is a clear clus-

tering of bare micropore data points within 50–450 lS and

0.6–2.5 lA (within the dashed boundary).

The data represented by blue diamonds in Fig. 5 shows

scatter plot of the pulse widths and current peaks for

hGBM cells passing through an aptamer grafted micropore.

The data points are fairly confined within 50–230 ls and

2.5 and 3.8 lA.

Even though there is a small overlap but the clustering of

data points is spatially separate. The pulses from the apt-

amer-modified micropore clearly have different center of

clustering than that for the bare micropore. The current

pulses are much deeper when the micropore was function-

alized with an aptamer. When an hGBM cell passed through

a functionalized micropore, the interactions between EG-

FRs on tumor cell and the aptamers attached to the micro-

pore’s wall had two effects. One, the ions were blocked, and

second, a few ions that could make it through had reduced

mobility. These factors led to an effective increase in

resistance of the pore. As for the nature of interactions, the

most fundamental mechanism here is the binding between

the aptamer and EGFR. This binding is still not completely

understood as this is neither duplex formation that happens

in nucleic acids nor it is irreversible. The understanding on

Fig. 4 Histogram showing distribution of the amount of charge

blocked by normal rat blood cells while passing through bare and

aptamer-functionalized micropores. The inset shows histogram of

distribution of amount of charge blocked by hGBM cells while

passing through bare and aptamer-functionalized micropores
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Aptamer Modified Pore (n=123)

Bare Pore (n=157)

200 µs

1 µA

Fig. 5 Scatter plots of hGBM

cells passage through a bare

micropore (red dot) and same

sized micropore that was

functionalized with anti-EGFR

aptamer (blue diamonds). The

inset shows example of an

actual ionic current trace of a

typical pulse from an aptamer-

functionalized micropore of

20 lm diameter when single

hGBM cell passes at a flow rate

of 20 ll/min. The electrical data

acquisition is done at 200 kHz

(color figure online)
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aptamer-receptor binding hints at formation of secondary

structures such as hairpins, G-quartets, and loops that show

selective affinity to certain target molecules.

In case of EGFR binding, we have reported before that this

interaction is due to the hairpin structure formation in the

aptamer molecule, which could be reversed to release EGFR

(and the cells) from the surface of the chip (Wan et al. 2012a).

The current blocked by an hGBM cell was higher than

that of normal cells due to higher resistance, even if cell

sizes were the same (Fig. 6). As a result, the aptamer-

functionalized micropore clearly differentiated between

cells with more EGFR on their surfaces and cells with less/

no EGFR due to its selective interaction with the EGFR on

the cell surfaces.

On the other hand, Fig. 7 shows scatter plot of the pulse

widths and current peaks obtained from rat blood cells

passing through the bare and aptamer-functionalized

micropores. The data points obtained from both experi-

ments are distributed over a wide region. The pulse width

ranges from 50 to 3,500 ls and current peak ranges from

800 to 15,000 nA for the bare pore. Similarly, the pulse

width varies between 50 and 4,500 ls and current peak

varies between 800 and 55,000 nA for the aptamer-func-

tionalized micropore. Contrary to the data for tumor cells,

the two distributions here completely overlap. The normal

expression of EGFR on normal cells results in similar

interactions with the bare micropore and the aptamer-

functionalized micropore. This makes the two distributions

spatially inseparable. The experimental setup, thus, had the

unique ability to differentiate between cells which had a

significantly different number of EFGR on their surface. As

tumor cells express a sufficiently larger concentration of

EGFR compared to their normal counterparts, this unique

differentiability can be extended to detect cancer cells from

(a)

(b)

(c)

Fig. 6 Schematic showing

interactions of hGBM cells with

aptamer-functionalized and bare

micropores (not to scale). a The

tumor cells have significantly

higher concentration of EGFR

on the cells walls. The anti-

EGFR aptamers are in hairpin

form. b The cells interact with

the aptamer. Left pane shows a

normal cell that has significantly

less binding with the aptamer-

grafted micropore than that for

the tumor cell shown in the right

pane. The black cloud depicts

the binding event. c The

schematic of the ionic current

pulses resulting from respective

cell passages as in b
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peripheral blood, and in many more applications. There is,

however, a caveat regarding the overlap of the data range

from cancer cells that might be enveloped within the data

points stemming from the various types of cells in blood.

This is discussed later. In a nutshell, normal blood cells do

not have overexpressed EGFR on their surfaces, thus these

do not interact with the aptamer-functionalized micropores.

5 Discussion

This paper shows that the data points obtained from the

passage of hGBM cells through bare and aptamer-modified

micropores have different centers of clustering and these

are spatially separable. Also, the distributions of blocked

charges show a clear right shift of peaks for pores func-

tionalized with the aptamer. In contrast, normal blood cells

do not show any significant difference in the distributions

when passed through bare and aptamer-modified microp-

ores. For normal blood cells, both distributions are one-

sided Gaussian in nature and there is no relative peak shift

observed. These findings are attributed to the interactions

between the anti-EGFR aptamer and the EGFR expression

levels on the surface of hGBM and normal blood cells.

Unlike hGBM cells, normal blood cells do not have over-

expressed EGFR on their surface. So, their distributions are

not spatially separable as can be done for hGBM cells. This

unique capability for analysis can alleviate the challenge of

cancer cell data enveloped within normal cell data in a

scatter plot (Figs. 5, 7).

Variation in sizes, amount of charges, receptor-ligand

interactions (Wan et al. 2012a), and differences between

stiffness of different cell types may induce differences in

the translocation behavior (Chang et al. 2002b). White

blood cells (WBCs) have been reported to be in the range

of 11–22.5 lm while hGBM cells have been known to be

around 20 lm (Wan et al. 2010). We used 20 lm diameter

micropores. Given the sizes, heterogeneity, and stiffnesses

of cells are the same for all types of the cells in normal rat

blood, their behavior while passing through the two mi-

cropores (bare and functional) is not much different (and

hence similar histograms). The inset of Fig. 4 (hGBM

cells) shows the distribution peak is clearly shifted to the

right (toward higher blocked charges) for the aptamer-

functionalized micropore. It implies that with the hGBM

cells, with their own size variations, heterogeneity, and

stiffness range, the shift in the distribution peak for func-

tionalized micropore came only from the aptamer binding

effect. The variations in sizes and other factors can thus be

discounted as major contributors in the discrimination

effect between normal and cancer cells.

In short, the approach has the potential to detect and

quantify tumor cells from a blood sample. The same

operating principle might be applicable to detect other

biological entities such as genes, pathogens, proteins, etc. if

their corresponding aptamers are employed. The only

challenges will then be to fabricate micropores comparable

to the sizes of the target entities and to functionalize these

with the specific ligands.

6 Conclusions

A differential detection modality of cancer cells has been

demonstrated with a micropore functionalized with an

aptamer specific to epidermal growth factor receptor. The

differentiation was due to differences in tumor cell inter-

actions with aptamer-functionalized micropore than those

with the bare micropore. Normal cells did not exhibit

selective interactions with aptamers. The sensitivity of
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Fig. 7 Scatter plot of widths

versus peaks of the pulses from

rat blood cells passage through a

bare (blue X), and same sized

micropore that is functionalized

with anti-EGFR aptamer (red

O). Diameter of micropore is

20 lm, and flow rate is 20 ll/

min. The electrical data

acquisition is done at 200 kHz.

Inset shows a magnified version

of the densely populated region

near origin. The functionalized

pore data is shown in front of

bare micropore data of the main

figure. The two data are dense

and lie on top of each other

(color figure online)
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detection was down to the single cell level. The presented

method provides a detection modality that interrogates

each cell without the requirement of tagging them.
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