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Node-Pore Sensing!
Determining the Phenotypic Profile of Cells!

NanoCytometry
What Is It?

All-electronic, label-free technology that can detect specific 
biomarkers on the surface of cells

L. L. Sohn, 2006



Resistive-Pulse Sensing 
Label-free method for single-cell screening!
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Figure 2 

Channel size:  2200 µm x 22 µm x 24 µm 
        (L x W x H) 

Pulse Magnitude = Cell Size!
Pulse Width = Cell’s Transit Time!

US Patent 7,279,883                             Carbonaro et al., Lab Chip 2008               
Chapman et al., Integrative Biology 2013!



Surface-Marker Screening 
Label-Free!

Carbonaro et al., Lab Chip 2008!
Chapman et al., Integrative Biology 2013!



Proof-of-Principle  
Murine Erythroleukemia Cells (CD34+)!

15 µm x 15 µm x 800 µm pores, 1.5 psi!
105 cells/mL !

Carbonaro et al., Lab Chip 2008!

Cell Size!

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 resistive-
pulses 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 anti-
CD34 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 , where r is the standard deviation of the measured s-
distribution.

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

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 custom-
written 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

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

1480 | Lab Chip, 2008, 8, 1478–1485 This journal is © The Royal Society of Chemistry 2008

N = 66 cells 

Presence of!
CD34 marker!

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 resistive-
pulses 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 anti-
CD34 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 , where r is the standard deviation of the measured s-
distribution.

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

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 custom-
written 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

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

1480 | Lab Chip, 2008, 8, 1478–1485 This journal is © The Royal Society of Chemistry 2008

N = 48!

N = 103!

N = 66!



Works great, but how does can you screen for 
multiple surface markers simultaneously?!



Node-Pore Sensing  
!

US Patent App 61/544,232!Balakrishnan, et al., Lab Chip 2013!

Jnode < Jchannel!



An#body	  1	  

An#body	  2	  

An#body	  3	  

1	  

2	  

3	  

Multi-Marker Screening 

Balakrishnan et al., to be submitted (2014)!



Screening Multiple Markers	  
CD13, CD14, CD15, and CD33!
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Flow Cytometry 
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•  Channel dimensions:  18 µm x 18 µm (H x W); 1150 µm segments!
•  Nodes:  58 µm wide x 50 µm long!
•  Antibody concentration:  1 mg/mL !

Balakrishnan et al., to be submitted (2014)!



What Does the Raw Data Look Like?"
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Balakrishnan et al., to be submitted (2014)!



Screening of NB4 Cells 
Human APL Cell Line that Responds to ATRA!

Balakrishnan et al., to be submitted (2014)!



How We Compare to FACS"

Balakrishnan et al., to be submitted (2014)!



Screening AP1060 Cells 
Human APL Cell Line Resistant to ATRA!

Balakrishnan et al., to be submitted (2014)!



Screening a Mixed Population	  
1:1 NALM-1: AP1060 Cells!

Balakrishnan et al., to be submitted (2014)!



Where Are We Now with Our Screening?"
•  We’ve started screening patient samples obtained 

from the tissue banks at U. Chicago School of 
Medicine!

•  Making a true “POC” system!
!
!

!
!



How far can we go? 
 

How many markers can we screen?  
 

Can we go beyond multi-color flow cytometry?"

Node-Pore Sensing for Multi-Marker 
Screening"
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