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We demonstrate a highly-sensitive and label-free method for characterizing cells based on
cell-surface receptors. The method involves measuring a current pulse generated when an
individual cell passes through an artiﬁcial pore. When the pore is functionalized with proteins,
speciﬁc interactions between a cell-surface marker and the functionalized proteins retard the cell,
thus leading to an increased pulse duration that indicates the presence of that speciﬁc biomarker.
For proof-of-principle, we successfully screened murine erythroleukemia cells based on their
CD34 surface marker in both a single and mixed population of cells. Further, we developed a
uniﬁed constrained statistical model for estimating the ratios of cells in a mixed population.
Finally, we demonstrated our ability to screen a small number of cells (hundreds or less) with high
accuracy and sensitivity. Overall, our pore-based method is broadly applicable and, in the future,
could provide a full range of in vitro cell-based assays.

Introduction
Cell characterization through identiﬁcation of membrane components is an essential element in cell biology,1,2 disease
diagnosis and monitoring,3,4 and drug discovery.5 Although
current methods for cell analysis, such as ﬂow cytometry,6
ﬂuorescence microscopy,7 magnetic-bead column selection,8
cell-afﬁnity chromatography,9 and impedance spectroscopy,10
play an invaluable role in both research laboratories and clinical
settings, they do present limitations. For example, traditional
approaches often require advanced preparation, including exogenous labeling of cells. Such labeling leads to added incubation
time, additional costs, and the possibility of modifying cell
physiology and function. As another example, data analysis can
be challenging when the available number of cells to be screened
is on the order of just a few hundred or less. Finally, traditional
approaches do not lend themselves to portability, which can be
desirable in certain clinical situations. Given these limitations
and constraints, there is still a clear need for new, or at the very
least, complementary methods for cell characterization.
Here, we demonstrate a highly-sensitive, accurate, and labelfree method for characterizing individual cells based on their
cell-surface receptors. Our method employs resistive-pulse sensing (RPS)11–13 and on-chip artiﬁcial pores through which we ﬂow
individual cells. RPS is an electronic-sensing technique in which
the transient increase, or pulse, in the pore’s electrical resistance

caused by a particle partially blocking the ﬂow of current
through that pore, is detected and recorded. Pulse magnitude
corresponds to particle size; pulse width, to the time needed for
the particle to pass through the pore; and pulse shape, to how
the particle transited through the pore. In our method, the pore
is functionalized with proteins and speciﬁc interactions between
a cell-surface marker and those proteins retard the cell passing
through the pore. This correspondingly leads to an increase in
the pulse width, thereby indicating the presence of that speciﬁc
biomarker. While there have been a number of microﬂuidic
devices recently developed for cell-biomarker screening,14,15 most
require ﬂuorescent tagging and/or microscopy techniques for
detection. These are in contrast to our pore method, which is
label-free and all electronic. We demonstrate the power of our
method by screening murine erythroleukemia cells based on their
CD34 cell-surface marker in both a single and mixed population
of cells. Further, we describe a uniﬁed constrained statistical
model we have developed for estimating the ratios of cells in a
mixed population. Finally, we demonstrate our ability to screen
a small number of cells with high accuracy and sensitivity. Our
method is broadly applicable and, in the future, could provide
a full range of in vitro cell-based assays, including the complete
phenotypic characterization of speciﬁc cells or cell lines.

Materials and methods
Device fabrication
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Fig. 1a shows a picture of our device: a polydimethylsiloxane
(PDMS) mold sealed to a glass substrate. The PDMS mold is
cast from a master16 and consists of sets of reservoirs and ﬁlters
and a pore whose diameter is comparable to that of the cells to be
interrogated and whose length is typically several hundred microns (see ESI†). The glass substrate has platinum (Pt) electrodes
that are lithographically deﬁned prior to PDMS sealing. As well,
the region between the electrodes is coated with amino-silane
This journal is © The Royal Society of Chemistry 2008

functionalized proteins extend beyond the substrate surface
(Fig. 1b).19 After the PDMS slab is oxygen-plasma treated and
thermally bonded to the glass substrate, a protein solution (5–
1500 lg mL−1 ) is injected into, and incubated in, the sealed
device. UV light is used to activate the ANB-NOS aryl-azide
group and subsequently bind the protein covalently to the
substrate. Antibodies functionalized via this procedure may have
reduced activity; however, previous work20,21 has shown that
they are still able to interact speciﬁcally with protein receptors.
Fig. 1a (inset) is an epiﬂuorescent image of a pore functionalized
with 1500 lg mL−1 of FITC-conjugated anti-CD34 antibody. In
depth details on device fabrication and pore functionalization
are provided in the ESI†.
To detect CD34 receptors on the surface of cells, we employ
(1) a pore that remains unfunctionalized or “blank”; (2) a
pore functionalized with rat IgG2a, an isotype control antibody (eBioscience); and (3) a pore functionalized with antiCD34 monoclonal antibody (clone: RAM34; isotype IgG2a,
k) (eBioscience).
Estimate of the density of functionalized antibody
Following Cozens-Roberts et al.21 who investigated the kinetics
of receptor-mediated cell adhesion to a ligand-coated surface,
we estimate the functionalized-antibody density, N Ab , within our
pores as,
(1)

Fig. 1 Device layout and experimental approach. (a) Optical image of
one of our pore devices, consisting of 30 lm-deep reservoirs connected
by a 15 lm × 15 lm × 800 lm pore. The reservoirs and pore are
embedded in a PDMS slab that is sealed to a glass substrate. Filters, of
the same cross-sectional area as the pore, are embedded in the PDMS
and prevent the pore from clogging. A non-pulsatile pressure drives cells
through the pore, and a four-point technique, where the inner (outer)
electrodes control the voltage (current), measures the electrical current
across the pore. Inset: Epiﬂuorescent image of a pore functionalized with
1500 lg mL−1 of FITC-conjugated anti-CD34 antibody. (b) Schematic of
the functionalized pore in which a cross-linker (ANB-NOS) covalently
binds the protein (red) to the glass substrate. (c) As each cell passes
through the pore, a current pulse is detected (I-III). The magnitude
reﬂects cell size and the width indicates cell transit time, s. A cell travels
fastest (s1 ) through an unfunctionalized or “blank” pore (I). Interactions
between a speciﬁc cell-surface marker and a functionalized pore retard
the cell: s2 ≥ s1 for non-speciﬁc interactions (II) and s3 >> s1 for speciﬁc
interactions (III).

groups that are subsequently coupled to a hetero-bifunctional
cross-linker, N-5-Azido-2-nitrobenzoyloxysuccinimide (ANBNOS).17,18 Use of this ﬂexible cross-linker ensures that the
This journal is © The Royal Society of Chemistry 2008

Here, [Ab] is the antibody concentration used to incubate
the pore, V p is the pore volume, Av is Avogadro’s number,
Ap is the area of the functionalized glass, and M w is the
molecular weight of the antibody. Like Cozens-Roberts et al.21
and Clausen,22 we assume that only 70% of the antibodies
bind to the surface. Thus, for the pores described here, the
estimated functionalized-antibody densities are N Ab ∼ 2.6 ×
102 Ab lm−2 , when using an antibody concentration of [Ab] =
5 lg mL−1 , and N Ab ∼ 7.8 × 104 Ab lm−2 , when using a
saturating (see Results and discussion section and Fig. 2e)
antibody concentration of [Ab] = 1500 lg mL−1 . If only steric
limits in a single layer of antibodies [∼80 nm2 antibody−1 ]23
were to be considered, then the upper limit to the functionalized
antibody density would be ∼1.2 × 104 antibodies lm−2 . The
quantitative discrepancy between the antibody density derived
from eqn (1) using [Ab] = 1500 lg mL−1 and that from steric
considerations is due to the aforementioned assumption that
70% of the antibodies bind to the surface. This assumption is
highly dependent on the particular functionalization protocol,
its efﬁciency, and substrate type, to name only a few. Nonetheless,
we do have agreement regarding the order of magnitude of
antibody concentration, i.e. ∼104 Ab lm−2 .
Device measurement
Upon device completion, a sample of cells (∼105 cells mL−1 )
is injected into one of the outer reservoirs and driven through
the ﬁlters (which exclude cellular debris and clumps), the inner
reservoir, and ﬁnally through the pore using a non-pulsatile
pressure (typically 10.5 kPa, although pressures as low as
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resistance (Fig. 1c). A four-point measurement of the current is
performed using the Pt electrodes and a constant applied DC
voltage (0.2–0.4 V).11,23,24 As will be discussed in the Results
and discussion section, the recorded transit times are on the
millisecond time scale for the employed pressure and pore length.
Further, sampling for data acquisition is performed at 50 kHz,
thus ensuring a sufﬁcient time resolution of 20 ls in all our
measurements. All data are recorded and analyzed using customwritten software.
The resistive-pulse magnitude (dI/I) is directly related to both
the volume ratio of cell to pore, V cell /V pore 11–13,23–25 and the cell’s
orientation with respect to the pore’s central axis:26,27
(2)
Here, f ⊥ and f  are the shape factor’s perpendicular and
parallel components, respectively, and a is the angle between the
electric ﬁeld and the cell’s axis of revolution. Eqn (2) provides
a direct and accurate determination of cell size (See ESI for a
more in-depth discussion†).
In contrast to the resistive-pulse magnitude, the resistive-pulse
width indicates the transit time, s, of a cell passing through a pore
(Fig. 1c). A cell’s transit time through a functionalized pore (s2 or
s3 ) is greater than that through an unfunctionalized or “blank”
pore (s1 ), due to interactions between the cell-surface marker of
interest and the functionalized proteins. If the interactions are
non-speciﬁc, then s2 ≥ s1 (II in Fig. 1c). If the interactions are
speciﬁc, then s3 >> s1 (III in Fig 1c).
Cell culture

Fig. 2 Detection of CD34 receptors on murine erythroleukemia (MEL)
cells. (a) A typical measurement of the normalized current across a
blank pore (top), one functionalized with IgG2a antibody (middle), and
one functionalized with anti-CD34 antibody (bottom), as MEL cells
(∼3 × 105 cells mL−1 ) ﬂow (10.5 kPa) one by one. Each downward
pulse corresponds to a single cell transiting the pore. (b) Distribution
of cell size obtained by analyzing the magnitudes of the resistivepulses obtained when MEL cells ﬂowed across a blank pore (66 cells).
(c) and (d) s-distributions of MEL cells ﬂowing through a blank pore
and a pore functionalized with either IgG2a or anti-CD34 antibody.
A log-normal distribution was ﬁtted to each set of data (l = mean
and r = standard deviation of the distribution calculated after taking
the logarithm of the data). In (c), the antibody concentration used was
100 lg mL−1 . The number of cells measured was 66 cells in the blank
pore, 139 cells in the IgG2a pore, and 37 cells in the anti-CD34 pore.
In (d), the antibody concentration was 1500 lg mL−1 . The number of
cells measured was 48 cells in the IgG2a pore and 103 cells in the antiCD34 pore. (e) ds = (savg − savg *) vs. antibody concentration, where
savg and savg * are average cell transit times for a functionalized pore
and blank pore, respectively. Saturation is only observed with increasing
anti-CD34 antibody concentrations. Error bars in the ﬁgure correspond
to
distribution.

, where r is the standard deviation of the measured s-

10.0 kPa and as high as 34.0 kPa have been used). As each
cell enters the pore, it partially blocks the ﬂow of current,
leading to a transient increase, or pulse, in the pore’s electrical
1480 | Lab Chip, 2008, 8, 1478–1485

MEL cells were grown in RPMI-1640 (Invitrogen) and 10% (v/v)
fetal bovine serum (FBS) (HyClone) at 37 ◦ C and 5% CO2 . Cells
were maintained at an average cell density of ∼2 × 106 cells
mL−1 . U937 cells, derived from a human monocytic leukemia,28
were grown in RPMI-1640 with L-glutamine (Invitrogen), 10%
FBS (HyClone), and 1 mM sodium pyruvate (Sigma). Prior to
measurement, MEL and U937 cells were washed twice in 1 ×
PBS and re-suspended in either 1 × PBS or 0.5 × PBS at a
concentration of 3–5 × 105 cells mL−1 . This cell concentration
range ensured that no more than one cell was present inside the
pore at any given time.
Transit-time distribution modeling
We ﬁt the s-distributions derived from a single cell population
with a log-normal distribution. For mixed cell populations that
consist of two subpopulations and only one of which interacts
speciﬁcally with a functionalized pore, we ﬁt the s-distributions
with a mixture of two log-normals. The goodness of ﬁtting is
validated by the Kolmogorov–Smirnov (K–S) test. The p-values
of the tests are calculated using simulations, since the critical
region of the K–S test is no longer valid when the distribution
parameters in the test are estimated from the data.29 More details
and illustrative examples are in ESI.†
As described in the Results and discussion section, we mixed
MEL and U937 cells in ratios of 1 : 1, 1 : 3, and 1 : 9. For each of
these mixed populations, we measured the transit time of cells
as they pass through a blank pore, a pore functionalized with
IgG2a (the control), and a pore functionalized with anti-CD34
This journal is © The Royal Society of Chemistry 2008

antibody. Thus, we measured a total of 3 × 3 or 9 samples of cells
from the 3 different mixture populations. In order to determine
the mixture ratios, we used a uniﬁed constrained mixture model
to ﬁt the s-distributions obtained when the mixed MEL and
U937 cells traveled through the anti-CD34 antibody pore. We
let X(i,j) denote the transit time for the 1 : 3i−1 (i = 1, 2, 3) mixture
of cells passing through the jth pore (1st pore: blank pore; 2nd
pore: IgG2a pore; 3rd pore: anti-CD34 pore). Note that X(i,1)
and X(i,2) were not ﬁtted here due to the high similarity between
MEL and U937 s-distributions when these cells passed through
a blank or non-speciﬁc pore (see Results and discussion section
for details). We modeled the distribution of X(i,3) (i = 1, 2, 3) by
f = a 1 (i) f 1 (i) + a 2 (i) f 2 (i) ,

(3)

where a 1 and a 2 represent the mixture rates, and f 1 and f 2 are the
two log-normal distributions with (mean, standard deviation)
parameters denoted by (l1 (i) , r1 (i) ) and (l2 (i) , r2 (i) ), respectively.
Each log-normal component corresponds to a subpopulation.
We further placed the following constraints on the mixture
model parameters (l1 (i) , r1 (i) ) and (l2 (i) , r2 (i) ):








l1 (i) = l1 (i ) = l1 , r1 (i) = r1 (i ) = r1 for any i = i
l2 (i) = l2 (i ) = l2 , r2 (i) = r2 (i ) = r2 for any i = i

(4a)
(4b)

These two constraints were based on the following considerations. The cell populations corresponding to X(i,3) (i = 1,
2, 3) consist of the same type of subpopulations (MEL and
U937 cells) passing through the anti-CD34 pore, which only
speciﬁcally interacts with the MEL cells. The distributions
of X(i,3) (i = 1, 2, 3) are thus naturally expected to have
the same mixture components (corresponding to the two cell
subpopulations) but different mixture proportions. Eqn (3) was
then simpliﬁed to
f = a 1 (i) f 1 + a 2 (i) f 2

(5)

The optimal values for the distribution parameters can be derived by a Maximum Likelihood Estimation (MLE) approach30
and an iterative expectation-maximum (EM) algorithm,31 with
two steps. The ﬁrst is the expectation step: with initial guesses for
the parameters of our mixture model, the “partial membership”
of each data point in each constituent distribution is computed.
That is, for each data point x(i) m in the ith sample (corresponding
to the cells with mixture rate 1 : 3i−1 passing through the 3rd pore)
and the kth component distribution f k , the membership value
y(i) m,k is:
(6)
where f denotes the mixture distribution in eqn (5).
The second step is the maximum step: with expectation
values for group membership, the distribution parameters are
recomputed. First, the mixing coefﬁcients ak ’s, the means of the
membership values over all the data points, are recomputed by

(7)
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where ni3 is the size of sample X(i,3) . The mixture component
model parameters are then calculated using data points that
have been weighted using the membership values,

(8)

The above model bears the following advantages: (1) the
number of parameters is reduced compared to an unrestricted
model and thus the estimation variances are smaller; and
(2) there is less risk of an overﬁtting problem. The model
constraints, naturally determined by the data property and
experiment design, improve the reliability of the ﬁtting.

Results and discussion
As proof-of-principle, we screened MEL cells based on the
CD34 receptors expressed on their surface. A suspension of
MEL cells was injected into (1) a blank pore; (2) a pore
functionalized with rat IgG2a; and (3) a pore functionalized
with anti-CD34 monoclonal antibody. Fig. 2a shows typical
traces of the normalized current, dI/I, vs. time for cells passing
through the three different pores: the pulses are well resolved in
both magnitude and width. A distribution of size obtained when
MEL cells ﬂowed across a blank pore shows the variation within
a single population of cells (Fig. 2b). A comparison among
the different s-distributions shows that MEL cells traveled
slowest through the anti-CD34 pore. Further, as shown in
Fig. 2c and d, the transit time signiﬁcantly depends on the
antibody concentration used to functionalize the pore. When
the pores were functionalized with 100 lg mL−1 of antibody,
the average transit time of MEL cells passing through an antiCD34 pore was savg = 7.35 ms. This transit time was 1.21 ms
and 0.67 ms longer than through the blank and the isotypecontrol pores, respectively. More importantly, when a 15-fold
higher concentration of antibody, i.e. 1500 lg mL−1 , was used,
savg and the variance of the s-distribution increased signiﬁcantly
only for the anti-CD34 pore (Fig. 2c and d). We attribute the
increase in variance to the number of binding events that occur
between cells with varying CD34 densities and the anti-CD34
pore. As described in the Materials and methods section, each
distribution was ﬁtted to a log-normal distribution (solid black
curves).
As a further control of our ability to distinguish between
speciﬁc and non-speciﬁc interactions, we ﬂowed uniformly-sized
SuperAvidin polystyrene colloids (9.95 ± 0.46 lm) conjugated
with Streptavidin-labeled, anti-annexinV antibodies (at the
saturation density of ∼1.11 × 107 colloid−1 ; see ESI) through a
blank pore and one that had been functionalized with annexinV
(50 lg mL−1 ) (See ESI Fig. S5†). Similar to our observation with
MEL cells, both the mean and the variance of the s-distribution
increased when speciﬁc protein–protein interactions occurred.
In Fig. 2e, we show ds = (savg −savg *), the difference in the mean
transit time between the functionalized pore (savg ) and that of the
blank pore (savg *), vs. the antibody concentration, [Ab], used to
functionalize the pore. Only the interaction between MEL cells
and the functionalized anti-CD34 antibodies shows saturation.
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As the concentration increases, the functionalized anti-CD34
antibody reaches maximum density, thus leading to a maximum
number of protein–protein binding events possible. A slight
increase in ds is observed at low antibody concentrations for the
isotype control. This surprising observation is most likely due
to the fact that, at higher antibody densities, the surface charges
collectively play a role in shielding the antibodies, thereby
reducing non-speciﬁc interactions. Further work, however, is
needed to conﬁrm this. Nonetheless, despite the slight rise in
average transit time at low concentrations of isotype-control
antibody, the speciﬁc interaction between MEL cells and the
functionalized anti-CD34 antibodies is clearly demonstrated.
The anti-CD34 pore data in Fig. 2e are described by
, where dsmax = (savg −savg *)max and K s is the concentration of functionalized protein necessary to achieve a halfmaximum transit-time increase. dsmax and K s are both a function
of the afﬁnity between the protein receptor and functionalized
protein and also the protein-receptor density at a given shear
stress. For a CD34 receptor–anti-CD34 antibody pair and a
shear stress of ∼330 dyn cm−2 near the pore walls, dsmax =
4.78 ms and K s = 3.20 × 102 lg mL−1 . The speciﬁcity of dsmax
and K s shows that our assay could serve as a tool to study the
interactions between proteins bound to substrates that are in
relative motion to one another (in contrast to the case where
they are free in solution and interact diffusively).
For proof-of-principle, we characterized a single population
of cells that were all positive for one particular cell-surface
marker; however, a more powerful demonstration would be to
screen a mixed population in which only a subpopulation of
cells are positive for a speciﬁc marker of interest. Therefore, we
mixed two different types of cells—MEL and U937—in different
proportions (1 : 1, 1 : 3, and 1 : 9) and subsequently screened
the resulting mixtures with a pore functionalized with 500 lg
mL−1 of anti-CD34 antibody. For control purposes, we also
screened the same mixtures of cells with a blank pore and a
pore functionalized with 500 lg mL−1 IgG2a isotype control
antibody. If we compare the s-distributions of a single population
of MEL cells and U937 cells traveling in a blank pore (see
Fig. S4 in the ESI†), we observe that the two distributions are
shifted apart by ∼1 ms. This shift is most likely due to different
cell properties (i.e. size, density, and stiffness),32 although further
experiments are needed to conﬁrm this. Despite the transit-time
shift, the two s-distributions still overlap greatly. Figs. 3a–c show
the s-distributions (black histograms) obtained for the different
mixtures, 1 : 1, 1 : 3, and 1 : 9 of MEL and U937 cells, respectively,
when screened with the blank pore (left), the IgG2a antibody
pore (middle), and the anti-CD34 antibody pore (right). From
the ﬁgures, we ﬁrst see that the left column (corresponding
to cells passing through a blank pore) presents a distribution
shift in increasing time from the top to the bottom, consistent
with the fact that U937 cells travel slower than MEL cells in
a blank pore (Fig. S4†) and the fact that the percentage of
U937 cells increases from the top to the bottom in Fig. 3. More
importantly, the left column ﬁgures also show that we are unable
to distinguish between MEL and U937 cells when they transit
the blank pore as a mixture. This agrees well with the observed
large overlap of s-distributions for single populations of MEL
and U937 cells in Fig. S4. In the middle column of Fig. 3,
1482 | Lab Chip, 2008, 8, 1478–1485

where a mixed population of MEL and U937 cells transits a
pore functionalized with an isotype control antibody, we make
similar observations that the distributions for different types
of cells look non-separable. This is expected since only nonspeciﬁc interactions are present. In contrast, when a mixture
of cells transit through an anti-CD34 antibody pore, only the
MEL cells interact speciﬁcally with the functionalized antiCD34 antibodies, thus increasing their transit time through
the pore; the U937 cells are not affected, as these cells are
human and therefore do not interact with the murine-speciﬁc
monoclonal anti-CD34 antibody. The net result is that the
overall s-distribution is signiﬁcantly broader than that obtained
when the same mixture of cells passed through a blank or an
IgG2a pore. This higher data spreadness, together with the
observed separate distribution peaks, increases the promise of
separating the distributions for different cell types.
Naturally, we consider ﬁtting a mixture of two log-normal
distributions to distinguish between the MEL and U937 cells
and further to determine the mixture ratio. However, a direct
individual ﬁtting to each of the mixed populations is not favored
due to the following considerations: (1) the sample sizes are quite
different, which would result in different levels of conﬁdence
and risk of the ﬁtted model, essentially, the results from small
samples are much less trustworthy; and (2) individual ﬁttings
miss the fact that the mixed populations contain the same
type of subpopulations though with different mixture rates.
These considerations motivated our uniﬁed constrained mixture
model (see Materials and methods section). With the “uniﬁed”
property, our model allows a small sample to adjust its ﬁtting by
borrowing information from larger samples in addition to the
possible information exchange among the large samples. With
the “constrained” asset, our model reduces the parameter space
reasonably and thus improves the reliability of the ﬁtting.
Based on the uniﬁed constrained model, we ﬁtted the
distributions in the right column (anti-CD34 antibody pores)
with a mixture of two log-normal distributions (identiﬁed as
1 and 2 in the ﬁgures) corresponding to the two different cell
populations. The details of the model ﬁtting were described
in the Materials and methods section. Brieﬂy, we conducted
the ﬁtting using a Maximum Likelihood approach30 and an
iterative expectation-maximum algorithm.31 The ratio of the
cells obtained from the uniﬁed constrained model is close to
the actual mixture ratios. Differences between the two are most
likely a result of error introduced when counting the cells
with a hemocytometer during cell suspension preparation and
other variations. Furthermore, the ﬁrst mixture component, lognormal 1, has a larger mean and variance as compared to the
second component, log-normal 2. This result correlates well with
the case of a single MEL cell population traveling across an antiCD34 pore and is likely due to varying CD34 densities on the
MEL cell surface. For the bottom ﬁgure in the right column of
Fig. 3, there is another noteworthy issue. In particular, the mixed
cell population in that experiment is very small. With the 1 : 9
mixture rate, only 20 MEL cells were measured. This small size
raised a serious over-ﬁtting problem and led to an inaccurate
estimation of the mixture rate when the data were ﬁtted without
using the uniﬁed constrained model. As a comparison, our
model helped recover the mixture rate, though the ﬁtting seemed
poor. We would say this is a preferred “poor” ﬁtting.
This journal is © The Royal Society of Chemistry 2008

Fig. 3 Detection of MEL cells within a mixed cell population. s-distributions and their ﬁtting curves for mixtures with different proportions of MEL
cells and U937 cells (∼5 × 105 cells mL−1 ) ﬂowing (10.0 kPa) through a blank pore (left column), a pore functionalized with either IgG2a (middle
column) or anti-CD34 antibody (right column). The antibody concentration for pores functionalized with IgG2a and anti-CD34 antibody was 500 lg
mL−1 . Each distribution obtained (black histogram) when cells traveled through an anti-CD34 antibody pore was modeled with a mixture of two
log-normal distributions (right column), identiﬁed as 1 and 2 in the ﬁgure. The distribution parameters were estimated through a uniﬁed constrained
model. The parameters of the ﬁttings (l = mean and r = standard deviation of the distribution calculated after taking the logarithm of the data) as
well as the mixture ratios (a) are provided in the ﬁgure. MEL cells (blue distribution) traveled signiﬁcantly slower than U937 cells (red distribution)
in the anti-CD34 antibody pore due to speciﬁc interactions (right-most column). (a) The ratio of MEL to U937 cells was 1 : 1. The number of cells
measured in the blank pore was 182 cells; in the IgG2a pore, 366 cells were measured; and in the anti-CD34 pore, 541 cells were measured. (b) The
ratio of MEL to U937 cells was 1 : 3. The number of cells measured in the blank pore was 137 cells; in the IgG2a pore, 335 cells were measured; and
in the anti-CD34 pore, 336 cells were measured. (c) The ratio of MEL to U937 cells was 1 : 9. The number of cells measured in the blank pore was
431 cells; in the IgG2a pore, 69 cells were measured; and in the anti-CD34 pore, 213 cells were measured.

The speciﬁc protein–protein interactions that occur in our
protein-functionalized pores are observable in not only the cell
transit time but also the shape of individual resistive pulses.
When a in eqn (2) is constant, the pulse is ﬂat (Fig. 4a, top).
In contrast, when a periodically changes, as it does for a cell
tumbling across the pore with period T, the pulse exhibits
oscillations (Fig. 4a, bottom). We observed both types of
pulses (Fig. 4b, top) when MEL cells passed through either
a blank (Fig. 4b, middle) or an anti-CD34 (Fig. 4b, bottom)
This journal is © The Royal Society of Chemistry 2008

pore. As shown in Fig. 4c, the observed period of oscillation
in a blank pore (red) is always less than that in an antiCD34 pore (green), reﬂecting the fact that CD34 receptors
transiently bind to the functionalized anti-CD34 antibodies and
subsequently retard the cell’s motion. Although further studies
are needed, a cell’s transit time combined with an analysis of its
pulse shape could ultimately provide quantitative information
regarding the density of a speciﬁc receptor on that cell’s
surface.
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on dI/I ∼ V cell /V pore ) is such that we could employ pores with
much larger cross-sectional area (e.g. greater than 25 lm ×
25 lm) and, correspondingly, shorter length to accommodate
a mixture of cells whose components range in size from 5 lm
to beyond 25 lm. The non-pulsatile ﬂow rate of 10.0 kPa is the
lower limit of the microﬂuidic pump employed. As mentioned
in the Materials and methods section, a ﬂow rate as high as
34.0 kPa has been used with no detectable loss in pulse-width
(or height) resolution. Further studies, however, are needed to
identify the upper-limit ﬂow rate to detect speciﬁc interactions
between ligand and receptor with a speciﬁc afﬁnity. That our
data acquisition provides a time resolution of 20 ls strongly
suggests that there is sufﬁcient ﬂexibility in pore design.
We envision that, with minor modiﬁcations to our microﬂuidic
device, i.e. placing a blank, a control, and a speciﬁcallyfunctionalized pore in series, single-cell analysis based on
surface receptors can be realized. Similarly, full-phenotypic
characterization of cells can be achieved, as a “decision tree”
of multiple pores, each linked sequentially to one another and
each functionalized with a different protein corresponding to a
difference cell-surface marker, can easily be created. Although
the throughput of a single pore is not comparable to that of ﬂow
cytometry (100’s cells min−1 vs. 10 000 cells s−1 ), our microﬂuidic
platform enables the construction of arrays of pores24 for
performing many measurements or assays in parallel. Finally,
our measurements are sensitive to the density of receptors on the
cell surface. For those cells that express low levels of receptors
on the cell surface, the ﬂow rate in our pore could be readily
reduced to increase sensitivity.
Fig. 4 Pulse-shape analysis. (a) Effect of cell orientation on pulse shape.
Flat resistive pulses occur when the orientation of the cell remains
constant with respect to the electric ﬁeld parallel to the pore’s central
axis (top). In contrast, pulses show oscillations due to the different
orientations of the cell with respect to
as it ﬂows across the pore
(bottom). T corresponds to the period of one complete cell revolution.
(b) Examples of different pulse shapes obtained when MEL cells ﬂowed
through a blank and a functionalized anti-CD34 pore: a ﬂat pulse (top);
a pulse that oscillates with period T 1 in a blank pore (middle); and a pulse
that oscillates with period T 2 in a functionalized pore (bottom). (c) T vs.
number of rotations in a blank pore (red) and in a pore functionalized
with anti-CD34 antibody (green).

The exquisite sensitivity and simplicity of our pore method
imparts a number of general advantages over other current
cell characterization methods. First, exogenous labeling is not
required. This signiﬁcantly reduces both cost and sample
preparation time and is especially attractive in cases where it is
not known whether labeling affects cell physiology and function.
Second, accuracy is not lost as a result of the small number of
cells interrogated. Thus, our method is suitable for cases in which
only a few hundred cells are available for interrogation. Third,
separation (using microﬂuidic valves) and recovery of cells for
further propagation are possible.
In this initial work, we have demonstrated only proofof-principle of our ability to use a functionalized pore to
characterize cells. Although we have chosen to perform all our
measurements using a pore whose size is 800 lm × 15 lm ×
15 lm (L × W × H), our signal-to-noise ratio (based largely
1484 | Lab Chip, 2008, 8, 1478–1485

Conclusions
In conclusion, we have demonstrated a label-free, highlysensitive, and accurate method for characterizing cells based on
their cell-surface components. The generality of our method—
the pore functionalization is not speciﬁc for one particular antigen/antibody complex—and the simplicity of approach are such
that it could be extended to perform different types of in vitro
cell-based assays, such as assessing apoptosis and cell viability.
Furthermore, it could be used for such speciﬁc applications
as investigating cell-surface receptor densities during stem-cell
differentiation.33
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