WO 2008/130655PCT/US2008/005066 METHODS FOR COUNTING CELLS CROSS-REFERENCE
TO RELATED APPLICATIONS This application claims benefit of U.S. Provisional Application No.
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INVENTION wo 2688 dpsention relates to the fields of medical devices, meglical, giagngstigs. and cell
counting. 10Microfluidic systems have shown unique promise for studying cell function, cell and tissue
engineering, disease diagnosis, blood sample preparation, and drug discovery. Very recently, the use
of microfluidics to isolate pure populations of leukocyte subsets from whole blood has attracted a lot of

interest for point-of-care diagnositeEsTARRSREBrRGHRBEM & Blebfisolation approach 15can be

easily adapted to a wide spectrum of clinical applications, detecting these isolated cells remains a
technical challenge to be addressed. The use of optical microscopy for detection and quantification

of surface immobilized celigwithigsnpicrodeyivcesdees notraniessnitne -gpimal solution for
point-of-care applications. This is because optical detection methods depend on a 20stable light path,

lensing, filtering, andifecysngiechanis hetiatgouk acd cost-andsomplexitsto detection. In
addition, optical detection tends to be low throughput, because of the small detection area available at

a single Iime6HE S sanigetinagHEONMIOST catnion yausediaetksotaniigysiategies like flow cytometry
and impedance measurement (i.e., Coulter counters) cannot be applied to cells
BACKGROUND OF THE INVENTION

This invention relates to the fields of medical devices, medical diagnostics,
and cell counting.

10 Microfluidic systems have shown unique promise for studying cell
function, cell and fissue engineering, disease diagnesis, blood sample preparation,
and drug discovery. Very recently, the use of microfluidics to isolate pure
populations of leukocyte subsets from whole blood has atiracted a Jot of interest
for point-of-care diagnositics. While the principle behind a cell isolation approach

15 can be easily adapted to a wide spectrum of clinical applications, detecting these
isolated cells remains a technical challenge to be addressed.

The use of optical microscopy for detection and quantification of surface
immobilized cells within microdevivees does not represent the optimal sclution for
point-of-care applications. This is because optical detection methods depend on a

20 stable light path, lensing, filtering, and focusing mechanisms that could add cost
and complexity to detection. In addition, optical detection tends to be low

- throughput, because of the small-detection area available af a single time. At the
same time, the most conmunonly used cell counting strategies like flow cytometry
and impedance measurement (i.e., Coulter counters) cannot be applied to cells

25  attached on surfaces, despite miniaturized platforms having been implemented by



25attached on surfaces, despite miniaturized platforms having been implemented by several
researchers. Alternative techniques to detect attached cells by substrate impedance sensing require

cell coverage andife saciiade swdase: e eariigeal WKLol deleriable measyisments. Studies using

Ss‘i;rbe
non-optical methods to detect few cells on large surface areas in a relatvel--inc uémg even the caie

devices nevirgpdinnettfyinon-gpiicakdetsction mathads incmigrofiyidic applications,  Detection

and enumeration of cells are essential for medical diagnose especially AIDS cancer diagnosis, and

pathogen detestifm. dMbiimbhiosteaxistanents. detaptcalimaresiestical detagtiondssignificantly simpler,
cheaper, and more amenable to point of care devices. To date, dieal detection and enumeration of
intactconedarcesépestroscopy: & detestion-of-changes in-electrical impedance Gaused by the

LLATES

presence of cells) have proven to be extremely practical and inexpensive, but limited to large cell
populationsoriveniogehous: celhtypesd(d gi=Coulter-eounting of red hiead-celis)-SUMMARY OF THE
INVENTION In one example, it is described a method of counting cells (e.g., mammalian, fungal,
protest, or Baefetialncahsyild safmplebyiriroducingthe Sanipledptocarchannel, lysing the cells in the
channel, and measuring at least one property of at least one cellular component resulting from the
lysing. In this exariplectthie dullarareemponentiiindicativerofdhienumberiofieetisdysed in the channel.
Therefore; in a first aspect the present invention is directed to a method of counting cells in a sample
comprising“THEUAULIAY ERid84R plE e chrahrethivaobilizinipoel & onmthe samplesin the channel;
introducing an. isotonic, low-conductivity solution into the channel to reduce background conductivity in
the channel €8taBIishig art fmpadaride Bhaseling meastiement i said harirel; Iysing said cells in
said channgl{;ﬁaﬂgdrr{?ieggurir}g?ag impedance in said channel after cell lysis wherein a change in
impedance from the baseline measurertBht TS HABHRA 6f thé Hitber st E8lIsRsed n said channel.

date, clectrical detection and enumeration of intact cells based on impedance
spectroscopy (1.e., detection of changes in electrical impedance caused by the
presence of cells) have proven to be extremely practical and inexpensive, but
limited 1o large cell populations or homogenous cell types (c.g., Coulter counting

of red blood cells).

SUMMARY OF THE INVENTION
In one example, it is described a method of counting cells (e.g., mammalian,

fungal, protest, or bacterial cells) in a sample by introducing the sample into a channel,
lysing the cells in the channel, and measuring at least one property of at ieast one cellular
component resulting from the lysing. In this example. the cellular component is indicative
of the number of cells lysed in the channel.

Therefore, in a first aspect the present invention is directed to a method of
counting cells in a sample comprising: introducing said sample into a channel:
immobilizing cells from the sample in the channel: infroducing an isotonic, low-
conductivity solution into the channel to reduce background conductivity in the channel;
establishing an impedance baseline measurement in said channel: lysing said cells in said
channel; and measuring an impedance in said channe! afier cell lysis wherein a change in
impedance from the baseline measurement is indicative of the number of cells lysed in
said channel.

In another example, it is described a method of counting cells (e.g.. a mammalian,
fungal, protest, or bactertal cell} in a sample including the steps of introducing the sample

into a channel (e.g., a microfluidic channel), introducing a
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In another example, it is described a method of counting cells (e.g., a mammalian, fungal, protest, or
bacterial cell) in a sample including the steps of introducing the sample into a channel (e.g., a
microfluidic channel); introducing a non-conductive solution into the channel e.g., a sugar solution),
applying an glgstigsfialddo the channel, measuring the mpedance of the channel, replacing the
conductive , solution withdetergen and allowing at least one cellapplying af"elééte¥tHéiehannel, and
measuring theoirg[l,gg}eﬁ ance of fhe channel. In this example a decrease in the impedance after lysis is
indicative of the number of the callSTtHY ShARBR (Mo rfeseamBoalEm, thelimodaricetissmeasured,
for example, ysi top. down electrode, IDT electr two railDesirably, the impedance of the
non-conductijz:'}lg1 gg l?t%) %/lgf}sﬂ Fsi’éxr?gaa“ er tha ﬁf@@@%?@%"a?@?ﬁ%ﬁ tolvovsshiigigreater than
100,000 ohmg, greater than 1,000,000 ohms or greater. ~  In another example, it is described a
method of diagnosing a condition in a’subject by mtrédlicig ' €anple igice Riitmnttiobd sample)
containing a | ¢ 0..£D4 helper cells) into, a channel, lysing the population of cells in
the channel, %&Egggﬁﬁé%%é%sf" B%g property of {égf) [EaEt5HE cEiltiIgreoniBRentrésulting from the
ysing. In thisrexamplesdhe;celilancompongnt is Indicaliyeof the pumber of cells lysed In the channel
and the numl%%[icpga,iells '%hdia r%)sti for the condition. There%or_e, in a second aspect the present
invention is directed to an in Vittd- hIetHb & Ot Bidlriagirly: & <Bambrisraisémple, the method
comprising: (a) introducing a sample containing a population of cells into a channel; (b) introducing an
isotonic, lowsconduetivity:selition into-the:channel 1o establish a baseling-impedance measurement;

c) lysing said population of cells in said channel; an measuring a ¢change in impedance from the
(c) lysing said population of cells in said channel; and (d) ing a change in impedance from th

baseline impedanteresulting fram:said dysing,awhereirr the impedancs;in the.channel after lysing is
indicative of the number of cells lysed in said channel, and wherein said number of cells is diagnostic
for said conditisris ereattntamothepexamplerdtis describedba kitfor gemnting,cells ingluding a device, a
nonconductive solution (e.g., a sugar solution), and a lysing non-conductive solution (e.g., a detergent
solution). In 8seskHisichined PR Inciues amseroiluidic channel and an electrode (e.g., top down
electrode, IDT electrode, and a two rail electrode) to measure the impedance of the microfluidic
channel. In any of tRe"f8Hihg*axathples, drerthetergeribeanbésitonsX ordawem-20a subjdn any of the
forgoing exawplés;itbe cetiplar cempanent BRI AR L Hni RIS GRS, @ngtiquum) or an
enzyme (e.gs.lactate dehydr ... ... 1N any of the forgoing examples, the property resulting
from the Iysinﬁkéctfalré:g giégﬁjnt%/géﬁgc%ﬁr?gtﬁ%ﬂé{fr%)galignhgﬁt?[fﬁé)iiqrﬁ‘béf&a‘ili'@%nﬁlaﬁ”ﬂé“ﬁ?é‘é@&ﬂféﬂ'EF§an a top
down electré’Egg.pE)B@ft%l‘éfcﬁdEf@f AR E WY reirefeetioeulting frvanedtte forgoingxexanapies,
impedance caliube cfomexample)dnaasusethtising a: SiNSlMeAUencyd 818 46Q.47).oF, using an ion
sensitive eleGliph&;ite,Gvw2 ROIASSIUD,; $odium or calcium ion-specific electrode).

Therefore, in a second aspect the present invention is directed fo an i vitro method of

diagnosing a condition of a sample, the method comprising: (a} introducing a sample containing a
popuiation of cells into a channel; (b) introducing an isotonic, low-conductivity solution into the
channel 1o establish a baseline impedance measurement; (c) iysing said popuiation of cells in said
channel; and (d) measuring a change in impedance from the baseline impedance resulting from
said fysing, wherein the impedance in the channe! after lysing is indicative of the number of cells
fysed in said channel, and wherein said number of cells is diagnostic for said condition.

In another example, it is described a kit for counting cells including a device, a non-
conductive solution (e.g., a sugar solution), and a lysing non-conductive solution (e.g., a detergent
solution). In this example, the device includes a microfluidic channel and an electrade (e.g., top
down electrode, 1DT electrode, and a two rail electrode) to measure the impedance of the
microfluidic channel. In any of the forging examples, the detergent can be triton-X or tween-20.

In any of the forgoing examples, the cellular component can be an ion (e.g., potassium,

calcium, and sodium) or an enzyme (e.g., lactate dehydrogenase).
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Alternatively, the property resulting from lysing can be mass. In this example the mass can be
measured using a micro- or nano-mechanical resonator. In any of the forgoing example_s, the
measuring can include optical detection, surface plasmon resonance, or a lateral flow _diffgsmn assay.
In one preferred example, the property is measured using fluorescent probes and the ion is potassium.
In another preferred example, the cellular component is a nucleus, and the property resulting from the
lysing is impedance. In yet another preferred example, the microlluidic channel has a volume of 10 pl.

I any of the above ma(hads. e aapuialon.of o and e andliien ean be selected iom Table |

Table | Cell Population Condition Neutro ffects of |mmuno uppressive drug trea ?‘Ecﬁllonocy te
Differential bid¢ Qc%wwpﬂ?gdg}f%e%fﬁgoeyﬁfp%@yéd using a top down e octrode IDT electrode,

and a two rail electrode.,

Inany of the forgoing exampies, impedance can be, for example, measured using a single
frequency (e.g.. 760 Hz) or using an ion sensitive electrode (e.2., a potassium, sodium or caleium
ion-specific electrode).

Aliernativety, the property resulting from lysing can be mass. In this example, the mass
can be measured using a micro- or nano-mechanical resonator.

In any of the forgoing examples, the measuring can include optical detection, surface
plasmon resonance, or a lateral flow diffusion assay.

In one preferred example, the property is measured using flucrescent probes and the ion
is potassium. in another preferred example, the celiular component is a nucleus, and the property
resulting from the lysing is impedance. In yet another preferred example, the microfividic channel
has a volume of 10 pl.

in any of the above methods, the population of cells and the condition can be sclected

from Table 1.
Table 1
Cell Popuiation Condition i
Neutrophi} Effects of immunosuppressive drug
treatment
Meonocyie Differemial blood count
Lymphocyte AIDS ,J
Lymphocyte Effects of Immumosuppressive drug
freatment
Lymphocyte B Immune response to infeciion
Circulating tumor Cancer
cells
Dendriic cells Immune responses
Red blood cells Malariz
Tuberculosis Latent tuberculosis
sensitive CD8 T cejl
Platelets Effects of anti-thrombeotic drug




Effects of Linmunosuppressive drug treatment Lymphocyte B Immune response to infection Circulating
tumor cells Cancer Dendritic cells immune responses Red blood cells Malaria Tuberculosis sensitive
CD8 T cell Latent tuberculosis Platelets

WO 2008/130655 PCT/US2008/005066
treatment
Endothelial Health status of vasculature
progenitor cells
Lymphocyte Meningitis
Lymphocyte Urinary tract infection

By “lysis” is meant disruption of the cellular membrane (e.g., the membrane
of plant cells, animal cells, and bacterial cells). For the purposes of this invention, the
term “lysis”™ is meant to include complete disruption of the celiular membrane

5  (“complete lysis™), incomplete disruption of the cellular membrane (“partial lysis™),
and perieablization of the cellular membrane. The term “lysis”is also meant io
include the disruption of other biological membranes, (e.g., nuclear membranes and
mitochondrial membranes).

By “selective lysis” is meant the application of a reagent to a heterogenous

10 population of cells (e.g.. a human blood sample) such that a subpopulation of desired
cells is lysed while the undesired cells remain intact.

By “permeablization” is meant the disruption of the cellular membrane such
that certain intracellular components to which the membrane is not normally
permeable to the same extent, are able to escape the cell, while other components

15  remain inside the cell.

By “cellular component™ is meant any chemical species or complex found
within or on a cell. For the purposes of this invention, this term is meant to include
biological compounds or compiexes {e.g., enzymes, nucleic acids, proteins,
organelles, and cell membrane complexes), as well as other species (e.g., ions and

20  organic molecules).
By “property of at least one cellular component™ is meant a measurable feature

of a particular cellular component.



Effects of anti-thrombotic drug WO 2008/130655PCT/US2008/005066 treatment Endothelial
progenitor cells Health status of vasculature Lymphocyte Meningitis Lymphocyte Urinary tract infection
By "lysis" is meant disruption of the cellular membrane (e.g., the membrane of plant cells, animal cells,

and bacteriakgglig)shesdire purposes of this invention, the term "lysis" is mgan}t9ngikeg.complete
disruption of the cellular membrane 5("complete lysis"), incomplete disruption of the cellular membrane

("partial lysis ),
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BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1A is a schema showing an impedance measurement setup. Samples were
delivered into the micro-channels through an inlet (arrow) via a syringe purnp.

Fig. 1B is an illustration showing measurement of cell ion release using
impedance spectroscopy. Target cells isolated within a microfluidic device are lysed
to release intracellular ions. This leads to the increase of bulk conductance change,
which can be monitored using surface patterned electrodes and impedance
spectroscopy to detect cell numbers.

Fig. 1C-Fig. 1E are schematics showing details of the electrode layout and
device assembly: (C) interdigitated {IDT) co-planar electrodes, (D) simple two-rail
co-planar electrodes and (E) top-bottom electrodes. The electrodes were patterned
either on the bottom shdes (for the IDT and two rail electrode designs) or on both
slides (for the top-bottom electrode design) using standard cleanroom technigues and
gold wet etching processes. All devices were made by bonding two pieces of glass
slides to 50 um-thick PDMS gaskeis (triangle). Holes were drilled on the cover slides

and assembled with PDMS ports to serve as sample inlets and outlets

Fig. 2A and 2B are graphs showing impedance spectra and impedance change
as a function of cell concentration using cell lysate obtained off-chip. (A) Impedance
magnitude and (B) phase spectra of DI water and cell tysate with different starting cell
concentrations measured on the IDT device. Three to five scans were performed at

each cell concentration in the frequency range between 100 and 10° Hz.

Fig. 2C-2E are graphs showing impedance magnitude measured at 760Hz
plotted in log-log scale as a function of cell concentration using {C) top-bottom
clectrodes, (D) IDT electrodes and (E) two rail electrodes. The solid dots in (C)-(E)

are experimental measurements that were fit to two-parameter power equations. The



and permeablization of the cellular membrane. The term "lysis"is also meant to include the disruption
of other biological membranes, (e.g., nuclear membranes and mitochondrial membranes). By
"selective lysis" is meant the application of a reagent to a heterogenous 10population of cells (e.g., a

human bloodvgample)seeh that a subpopulation of desired cells is lysed while ifagsusgiasied cells
remain intact. By "permeablization” is meant the disruption of the cellular membrane such that

certain intracellular components to which the membrane is not normally permeable to the same extent,

are able to edE2HeETEIR WSS cotaims el rsatian REsetrrRicETor bagy "cellular
component is meant any chemjcal species or camplex found within or on a_cell. For the purposes of
this invention{%‘f@i@@ﬁ %@%ﬁ%f’%{ ¥ &?8@“8%5‘5&8&1‘%%&%@&8@88%ﬁ‘f&%&%é}—ﬁ%}%nzymes,
nucleic acidsdgrg:teins, organelles, and cell membrane complexes), as well as other species (e.g., ions

and 20organic vmo?écules). By "property of at least one cellular component” is meant a measurable

feature of a particular, cellular component. BRIEF DESCRIPTION OF THE DRAWINGS Fig. IAis a
schema showing ar?{%ée%gn%gc%%{frg W%&tﬂﬁ?@éﬁﬁﬂ%s%&é}@%%&?@Wﬁﬁéemicro-channels

through 3n ingl)}e)gc(ggrggv e}%iga%tg ré%%&&%@é% as a function of cell concentration. An equivalent
circuit used in our study to model the electrode/electrolyte system for extracting bulk
solution conductance, R, which directly correlates with cell ion release.

Fig. 3B and 3C are graphs showing impedance magnitude (B) and phase (C)
spectra plotted using off-chip cell lysate sample with a cell concentration of 3000

10 cells/mL in the IDT electrode chip. Crosses are the experimental data and solid lines
show the fitting curves.

Fig. 3D-3F are graphs showing bulk conductance. Ry, is extracted from
spectra measured using (D) top-bottom electrodes, (E) IDT electrodes and (F) two-rail
electrodes. Linear relationships between measured bulk solution conductance (solid

15 dots) and cell conceniration are observed using all electrode geomeiries, and the best
fits are shown as solid lines and equations in {D)-(F). Esror bars in (D)-(F) indicates
the standard deviation from 3-5 continuous measurements within & single device.

Fig. 4 is a graph showing percentage of viable cells as a function of time in
different concentrations of low conductivity sugar solution observed under a

20 fluorescence microscope. CD4+ T cells were captured in antibody-immobilized
devices followed with flowing in sugar solutions of different concentrations at 10
mI/min for 2 min. After solution flow was stopped, cells were incubated at room
temperature in this solution for 8 minutes, and the number of intact cells was counted

under a fluorescent microscope every 30 seconds. The percentage of intact cells was



Fig. 1B is an illustration showing measurement of cell ion release using Simpedance spectroscopy.
Target cells isolated within a microfluidic device are lysed to release intracellular ions. This leads to the
increase of bulk conductance change, which can be monitored using surface patterned electrodes and

impedance spagti@saapysto detect cell numbers. Fig. 1C-Fig. 1E are schempatigs shiQuiagsgetails of the
electrode layout and 10device assembly: (C) interdigitated (IDT) co-planar electrodes, (D) simple
two-rail co-planar electrodes and top-bottom electrodes. The electrodes were patterned either on

E
the bottom sIRFRETARE @B’T%&\R)/B‘i@ﬂ’@]@gﬁ‘&ﬂ@ BRI dIsPEe sHmbhadiRgds trfethe top-bottom

electrode design) using standard cléfalnroom techniques and gold wet etching processes. All devices
were made b I55HETHY /0 FTREES YRS 15slides to 50 pun-thick PDMS gaskets (triangle). Holes

were drilled on the caver slides an sembled wjth PDMS ports to_serve as sample inlets and outlets
Fio. 2 and 25 are G1Rprs SRR MHDEE GBS AR T AL 66 BE B cton of cel
concentration wsing cell lysate obtained off-chip. (A) Impedance. magnitude ( hase spectra of
DI water and%%l? ys%%mg\/ﬁﬁ%} Qgﬁpe?é%rﬁ Q{Salrsfinfggf%ﬁgg%c%%(%%‘ﬁa GRS %%%%%goﬁﬁ? ‘B device.

Three 104\ve seana e eralmed ALRAgh.celh epneentalion g [Ieueney 3NgE etween 100

and 106 Hz. Fig.”2C-2E are graphs showing impedance magnitude measured a Z plotted in

log-log scaleM&MQ&%%Qe@g@&%g%iﬁgjé()%@?g%é%égg}m&lgﬁtgp gesct n}i?&%T electrodes

and (E) two rail electrodes. The solid do xperimental measurenients that were fit to

two-parametey RO aaliolscIhes: leastsauais fits ae.shown assoliddinesandgquations in the

graph. Error bars indicate the standard deviation from 3-5 continuous measurements within a single
device, Fig. 5B is a graph showing conductance change versus the number of cells

captured within microfluidic devices. Bulk sclution conductance was extracted from
10 the impedance spectra, and conductance drop before and 10 minutes after flowing in
the lysing solution was taken as the indicator to count cell. This conductance change
increases proportionally with the number of cells captured within the microfluidic
chip, suggesting immobilized cells can be counted by electrical measurement of their
ion release. Nonlinearity of the relationship may arise from incomplete diffusion of
I5  ioms within the measurement time. Each data point in the plot represents measurement

from one device.

DETAILED DESCRIPTION OF THE INVENTION
in general, the invention features methods of quantifying cells or components
20 thereof in a sample by lysing the cells followed by the measurement of at least one
cellular component. Methods of the invention are especially useful for quantifying
small numbers of cells, e.g., over a large surface area or volume compared to the cell
size. In a preferred embodiment, methods of the invention are performed in a

microfividic device.



Fig. 3A is a schematic showing a circuit model for fining of the impedance 5 spectra mid extracted
conductance as a function of cell concentration. An equivalent circuit used in our study to model the
electrode/electrolyte system for extracting bulk solution conductance, Rsoi, which directly correlates

with cell ion rglgases/13064si0. 3B and 3C are graphs showing impedance maggitudpdRisand phase (C)
spectra plotted using off-chip cell lysate sample with a cell concentration of 3000 10cells/mL in the

1DT electrode chip. Crosses are the experimental data and solid lines show the fitting curves. Fig.
3D-3F are graphs sHb%RR§SGkEs HKsEUMCRhRD B1amifirataitot ore 95@eera Fibasured using (D)
top-bottom ele%?%%s, (E) IDT electrodes and (F) two-rail electrodes. Linear relationships between

o

measured bufk rraticeatter adsierossrasidnihy el isderirdion alearadined using all

electrode geometries, and the best fits are shown as sqlid Jines and equations in (D)-(F). Error bars in
(D)-(F) indicastaé%g% lgtg%%rg?ﬁ ‘gg\}f&{%ﬁ‘f%ﬁhﬁ‘é‘?g% FRESHE MEAS G ERREIE ST a single device.
Fig. 4 is a graph showing percentage. of viahle cells as.a function of time in different concentrations of
low conducti&ﬁgpscggga#is{%[ug‘o%o a?s%‘?\‘ﬁéd" il-,l%g ar g m%‘?e%lé’gﬁ%%nn%t %F%%eéo%%fseif}%“r"%eus were
capturedkin antibody-i ili ices followed with flowing in sugar solytions of different
concentratio?ﬁégga)(tg%lﬁﬁ?ﬁﬂég%%%&%f@%%ﬁ%ﬁ ﬂ%ﬁv%v g%ft‘o% yeés,‘c%é]lgl\lﬁlearsg?ﬁ%ﬁ%%ted at room

terperature dhis Solign (26 0juies, asing AThEn LIRS Gels a3 saypled under a

fluorescent microscope every 30 seconds. percentage of intact cells was calculated by dividing

the number ofdptacticalisytotalinmbenof cellsibefore iiectian of each sugay;solution.  Fig. SA s

a graph showing impedance magnitude at 760Hz during the process of cell capture and on-chip lysis.
The respectivaingaation steps are labeled on top of 5the graph and the shaded areas between these
labelled steps are transient states during solution exchanges. The impedance drop before and 10
minutes after injecting the lysing solution is associated with cell lysis and is used as a cell-number
indicator.
10 1. Methods of Lysing Cells
Methods of lysis of the invention include complete lysis, partial lysis, selective
lysis, and permeablization of the cells. In one embodiment the methods of Iysis
include chemical lysis (e.g., with hyopotonic solutions) or lvsis or partial lysis using
detergents such as triton-X, tween-20 and other commercially available detergents,
15  and subsequent analysis of the lysate for counting of cells or components thereof.
In another embodiment, methods of the invention feature electrical lysis (e.g.,
by applying a direct current, alternating current, or pulsed electric field sufficient to
cause cell lysing) and subsequent analysis of the lysate for counting of cells.
Electrical lysing can be accomplished by electrodes built into the chip for
20 measurement of impedance (e.g., see below), or can be performed with an additional
set of electrodes, for example on the surface opposing the electrodes built for
measurement of impedance.
In another embodiment, the invention features mechanical lysing and

subsequent analysis of the lysate for counting of cells. Methods of mechanical lysis

25 include applying ultrasonic waves to the cells, freezing and thawing the cells, heating



Fig. 5B is a graph showing conductance change versus the number of cells captured within
microfluidic devices. Bulk solution conductance was extracted from 10 the impedance spectra, and
conductance drop before and 10 minutes after flowing in the lysing solution was taken as the indicator

to count cell. Whisgggnstidstance change increases proportionally with the nggpetof.ealls,gaptured
within the microfluidic chip, suggesting immobilized cells can be counted by electrical measurement of

their ion release. Nonlinearity of the relationship may arise from incomplete diffusion of 15ions within
the measuretheREHime? %E%%%%WW@%% S GReIstRfsAlefesilste device.
DETAILED DESCRIPTION OF THE INVENTION In general, the invention features methods of
quantifying cEERBPESETpETRSRTIHEFEATIA SLaSSE D &R HIRE s followed by the measurement

of at least one cellu@lr Comgﬁonent. Metr;%ds of the invention are especially useful for quantifying small
numbers of cells, e.t SVEF S IarE lircaare y W%?ﬁ?%&%‘ﬁﬁ}ré‘ﬂw QN SAE R a preferred

embodiment m,etho%i f the inventign are e%or edin am'crofllé@ic device.. In aspects of the
1 San e?hc TESIEL P m%gcnon %T%técpwoége 553 “gf\mfﬁmc&%wg

. . Q'SI .
invention where qual ification of orne or more genous mixture of

cells (e.g., from a hu nuplood sample) is desired, the invention features the selective lysis of the
desired %ell s%%%u%%gn.%}ftnee%%etfgé%‘%? ea}g)d}iﬁ%fﬁéﬁﬁofﬁ E:%%%Krlﬁt fon #eea tﬁ%{fﬁi isolation of one ore

more of the qg@;&%&y%gpggg@&%géB%Eé%g%iné%ﬂy&jfﬁsl geggr.ifsﬁ?é&gj:t, the desired cell population(s)

can be captured in a small volume in the mi Ic devic ese ‘embodiments, only the desired

sub-population is lysed;and,quantified . 0L Methads,qiLysing Galls Methods, oflygls gf the invention

include complete lysis, partial lysis, selective lysis, and permeablization of the cells. In one

embodimentibe-metheds aflysis dnelude chemicabdysiste dnWithdavareteniciseitions) or lysis or
partial lysis using detergents such as triton-X, tween-20 and other commercially available detergents,
linked to binding moieties that specifically bind to a cell surface marker on the desired
16 sub-population of celis. Alternatively, lysing reagents may be introduced at a
concentration or magnitude sufficient to lyse a desired subpopulation of cells, but

insufficient to lyse the remaining undesired cells. Other methods of lysing are known

in the art.

15 EL. Methods of Measuring Celinlar Contents
The invention features methods of quantifying cells by measuring the
intraceltular contents reieased by cellular lysis. Methods of the invention may be
fully quantitative, semi-quantitative, or qualitative, depending on the desired
accuracy.
20
A. Electrical
The invention features electrical methods for measuring the intracellular
contents of cells. In one embodiment, cells in a sample are rinsed with an isotonic,
non-conductive solution {e.g., 8.5% sucrose). Cells remain intact while the

25 conductivity of the surrounding medium decreases substantially, and measured

10



15and subsequent analysis of the lysate for counting of cells or components thereof. In another
embodiment, methods of the invention feature electrical lysis (e.g., by applying a direct current,
alternating current, or pulsed electric field sufficient to cause cell lysing) and subsequent analysis of

the lysate forpgumiinggkeells. Electrical lysing can be accomplished by elggtredesbuiligito the chip
for 20 measurement of impedance (e.g., see below), or can be performed with an additional set of

electrodes, for example on the surface opposing the electrodes built for measurement of impedance.
In another erfBBHIATEAEPHERRTEGdR 1ARIENIN SR HEAPR R §ANEBUB et IeTEEIRER) 4R of the

lysate for counting of ¢ells. Methods of mechanical lysis 25include applying ultrasonic waves to the
cells, freezin@gﬁiﬁg’ %ﬁ%@ﬁiﬁg}@eﬁé} At thireaf YA RS HomALRATSEBI? Gtthe cells using micro

or nano-scale needles, sharp probes, edges and ridges, and other means knqwn in the art. The
it :

invention car SESTektire R & TREFRE BiofSBRuati Natlife? PSP RVARD ASTIGE RBRtEFesult of

infection Wit%&gtig@\gjﬁ%g ti%elgesaﬁlti o};;hsirillt{}era(:Itje(gQn\{vlj;[1 %@nr%r)léﬁne system %géng%ﬁne&tss (e.g., exposure to
complement), or the resuft of interaction W‘l)m)pore forming |01f(%|cal molecufés S(’eg perins) The

o S S el ] AL ROl Sl R e R e e

In this aspect, reagents which In ed to binding moieties that specﬁ‘ically bind to a

cell surface markesanihe, daired J0sHRRORYIaHoMQEASUS Al TRRtvelyHY Sing reagents may be

introduced at a concentration or magnitude sufficient to lyse a desired subpopulation of cells, but

insufficient tQ lyse: the yemainingtndesied cells, Qthermethods of lysing are known in the art. 15 IL
Methods of Measuring Cellular Contents

In another embodiment, the invention features the use of a mild detergent to
release intact cell nuclel. The number of nuclei may be counted using a micro-coulter
10 counter. A coulter counter works by measuring the change in impedance as particles
pass through an aperture in a conductive medium.
In another embodiment, the invention features the use of ion sensitive
electrodes or microelectrodes to detect the concentration of specific ions (e.g.,
potassium, sodium, or calcium), and the concentration of ions in the lysate can be

15  correlated to the number of cells captured.

B. Optical
The invention also features optical methods for measuring the intracelluiar

contents of cells, preferably on a microfiuidic device. In one embodiment, the

20 invention features a semi-quantitative colorimetric method based on measurement of
the activity of cytosolic enzymes. One example in this category is a lactate
dehydrogenase (LDH) assay, which measures activity of a cytoplasmic enzyme, LDH,
after its release from a cell. This embodiment may mvolve lysis of immobilized cells
{e.g., an enriched population) with surfactant 1o release LDH, followed with mixing

25 the lysate with an enzymatic solution that changes color upon reaction with LDH.

11



The invention features methods of quantifying cells by measuring the intracellular contents released by
cellular lysis. Methods of the invention may be fully quantitative, semi-quantitative, or qualitative,
depending on the desired accuracy. 20 A. Electrical The invention features electrical methods for

measuring theintcagelsdgy contents of cells. In one embodiment, cells in amamplia@igERged with an
isotonic, non-conductive solution (e.g., 8.5% sucrose). Cells remain intact while the 25conductivity of
the surrounding medium decreases substantially, and measured impedance increases. Next, a
hypotonic, n&tPAeHAbGeRT A W dheEg! sodpticioesyredapios thereagbtrHEdelease of
intracellular ions from the_cells into_the medium leads to an increase in cQnductivity, and a measurable
decrease in IMPEdAHIE B %Wgézggjﬁ%‘fﬁﬁ?fﬁﬂ?ﬁgﬁ F8ﬁ§tHW6P§§Eﬁ?WYtH§ %ﬁ@gi Sare from the cells,

the 5 absolute number of, cells %an. be deﬁgérmined. baged on the measured impedance. A-priori or

subsequent measurBrieHES of RRGW Fare s Cy SoIoRSHEr IRESLAEILOIRE SRRCBASHRS for
calibration of each measurement. In_ another e i the invention features the use of a mild
m%ﬁocf:sn 15, n%tsce ceLl%llaéﬁm.?ﬁ Tes0on ce%mﬁ%s G:BIQOSH Q S eis

. HT}%H 8 S?&cl 1C .
detergent to release Inta n e humber cler may be counted using a micro-coulter

10countsr. AaUlisLounter ot by TsRsyRK s ANgR DI URSARSE ARARKIGER pass throuh

an aperture in a conductive me
a specific antibody, or other capture moiety, and the captured mass can be quantified

using SPR spectroscopy. In another embodiment, the invention features
oligonucleotide-based fluorescent probes for detection of potassium iong in the lysate
solution. The fluorescence signal can be correlated 1o the number of cells.

10 In another embodiment, the invention features capillary ion electrophoresis on
cell lysates. This method can be used in combination with a measurement of UV
absorbance to determine the presence of specific ions that correlate to the
concentration of cells,

In another embodiment, the invention features a lateral flow diffusion based

15 assay. In this method, the number of cells is determined based on the diffusion of the
molecular contents in the cellular lysate. Strips of molecules can be patterned that
recognize and bind to target molecules in the celi lysate. The lysate can be introduced
in the lateral flow device and the distance traveled by the target molecules at a certain
concentration threshoid can be correlated to the number of cells in the original

20 sample.

C. Mechanical
The invention features mechanical methods for quantifying the intracellular
contents of cells. Mass is a fundamental property that can be used to quantify cell

25  number. In this embodiment, a cell Iysate can be dried and weighed using micro- and

i2



In another embodiment, the invention features the use of ion sensitive electrodes or microelectrodes to
detect the concentration of specific ions (e.g., potassium, sodium, or calcium), and the concentration of
ions in the lysate can be 15correlated to the number of cells captured. B. Optical The invention

also featureswptigasmetkods for measuring the intracellular contents of cefisyRreiaiahipan a
microfluidic device. In one embodiment, the 20invention features a semi-quantitative colorimetric

method based on measurement of the activity of cytosolic enzymes. One example in this category is a
lactate dehyo‘i‘%‘é‘ﬁ&%@a(‘ﬂﬁll5%%@%‘9?%%@%%%?%%@%‘3%3%%% éHegra@ LDH, after its
release from a cell. This embadiment may involve lysis of immobilized cells (e.g., an enriched
population) WiAEurfALE ARG R 288U BHY falfotratPamaT FRaRG YBiecH eatewigheth &izymatic
solution that changes color upon.reaction with L. DH. Optical absorbance qf the fmal solution is mapped
onto a standa ﬁ%‘%ﬁi%%%%ﬂ%19%5%08?%%%&1%&88%%%%%8&11ﬁ*fﬁfe & number of
lysed cells. m Ig a{notggllg.emb diment,bth&invention ieat re semi-%]uan itatjve s e%t,roscopic
methods usingaéur ace p asmon resonance %géﬁ??ﬁ? R MBS AIRTE & §5 Sific r‘?‘?ﬁ%nent, such
as a protgin in the lysate can be captured onto a metal surface using a specific antibody, or other
capture moiety, and the captured mass can be quantified using SPR spectroscopy. In another
embodimentgihe jnyention features oligonucleotide-based fluorescent probes for detection of
potassium ions in the lysate solution. The fluorescence signal can be correlated to the number of cells.

10In another embodm%gty&aé@g@mm&@awm&%&;uarg ien.eleeronhoresissnicellysates. This

method can be used in combination with a measurement of UV absorbance to determine the presence
of specific ionsdhatearelrtatodhereneanration ofaeliss lanethersmbodimentdthe invention

features a lateral flow diffusion based

counting of all cells in a sample, or cells which are isolated from the remaining cells

10 of asample. The invention is especially suited for automating the detection and
quantification of relatively low concentrations of cells, for example, 100 io 1000 cells
per milliliter. In one embodiment, the invention features the counting of CD4+ cells
from a sample of blood. The invention can also be used, for example, for counting of
rare epithelial cancer cells from blood, counting of cells expressing specific antigenic

15 receptors on their surface indicating disease, counting of target neutrophils from
blood, counting of specific monocytes from blood, and counting of cells in other body
fluids such as urine, cerebrospinal fluid, saliva, and sputurn.

In some methods of the invention, quantification of cells possessing certain

cell surface antigens is useful for diagnosing or assessing certain medical conditions.

20 Cells can be first captured using binding moieties specific for desired cell surface
antigens and then quantified using any of the above methods. Table 2 sets forth an
exemplary list of applications where specific cell count is desired for a variety of
medical and clinical diagnostics. Table 2 aiso sets forth exemplary capture molecules

that can be used to isolate the indicated cell population.

13



15assay. In this method, the number of cells is determined based on the diffusion of the molecular
contents in the cellular lysate. Strips of molecules can be patterned that recognize and bind to target
molecules in the cell lysate. The lysate can be introduced in the lateral flow device and the distance
traveled by thegarget sogdecules at a certain concentration threshold can begorrelaiegiiasthe number

of cells in the original 20sample. C. Mechanical

The invention features mechanical methods for

quantifying the intracellular contents of cells. Mass is a fundamental property that can be used to
qguantify cell 25number. In this embodiment, a céIrFR}Egte can be dried and weighed using micro- and

ng cells
on of

diment,

1so be

nano-mechpdigabesonaiars that dipwieaseteiment of massisaiwn to the attogram range.
Alternatively rxepesific lysate companemidean be capturethangeneid Bredionexamplecusing an
antibody-functionalized (or othericapture moiety) cantileyer.ibhe.massméspecifiaprateinsian be then
be correlatedviortherumber of cellson-Gieilysate. S 1. Indicetiansd heometbads described herein can
broadly be useehfsdrautomated deteaiidiand counting of Afip<eatbpapttation. The methods ate useful
for detectioplandptounting of all cellssiCB28ample, or cellshutitchfar®igClateshfrdmdiie-remaini
100f a sample. The invention is eéspecially suited for automatingriine ddieciion gl quantificat
relatively low_gongenrtyations of celisiiféiz@ample, 100 to iRQ0malismpessinilifites, thaamerembd
the inventionifeatiresthd countinghofi€CD4$ cells from a| dmplerafdhleadmEhesipvantion can 3
used, for example, for counting af rare epithelial cancer celfedriom blood, counting of cells expressing
specific antigemigiating tumor Anti- EPCAM Cancer monitoring
celis
Dendritic cells Anti-CD83 Monitoring immune responses -
general
Red blood cells Anti-Apical membrane | Malaria diagnostic
antigen I (AMA-I)
Red blood cells Anti-PIEMP1 (parasite- | Malaria diagnostic
derived proteins)
Tuberculosis Anti-P MHC Pentamer | Diagnostic of latent tuberculosis
sensitive CD8 T cell | A2-8L9
Platelets Anti-CD41 Monitoring anti-thrombotic drug
treatment
Endotheiial Anti-CD34 Monitoring health status of
progenitor cells vasculature
Lymphocyte Anti-CD3 Total Lymphocyte count in cerebro-
spinal fluid for meningitis
diagnostic/monitoring and total
lymphocyte count in urine for urinary
tract infection diagnostic/monitoring
In addition, it should be noted that combination of cell counts would be useful
for a variety of medical applications. These could include (i} differential blood count
3 —including neutrophils, lymphocytes, monocytes, and platelets, (ii) pediatric AIDS

diagnostic {e.g., ratio of CD4 to CD8), (iii) malaria (panel of PfEMPs (parasite

derived proteins)), (iv) monocytes and Lymphocytes for monitoring and

differentiating viral and bacterial infections. In addition, this invention encompasses

any cell count where specific cells are captured alone or in combinations.
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15receptors on their surface indicating disease, counting of target neutrophils from blood, counting of
specific monocytes from blood, and counting of cells in other body fluids such as urine, cerebrospinal
fluid, saliva, and sputum In some methods of the invention, quantification of cells possessing

certain cell sgytagaaniigens is useful for diagnosing or assessing certain megieabarndiions. 20Cells
can be first captured using binding moieties specific for desired cell surface antigens and then
quantified using any of the above methods. Table 2 sets forth an exemplary list of applications where
specific cell unEfemfed for a variety of medical and clinical diagnostics. Table 2 also sets forth
exemplary capture molecules that can be used to isolate the indicated cel!ﬂﬁopulation. e

2008/130655PCT/ 5O 50BRF A8 T b SRR BastRy FellsommabakeshMitation of cell

counts would he useful for a variety of medical applications. These could include (i) differential blood
count 5- inclﬁg%%vﬁ?eﬁ?ro%%ﬁg ymphocited, a%?r@r%i:ﬁi‘%‘?ﬁhﬁ%@?&%ﬁ%?ﬁ? BEAStFSADS diagnostic

(o3, o o A8 S0 (Tl oL gL EIENES sl e ran) (v monoores
invention;encompas3es AMvCal G RIS SREHIGICEUR A1 SRS 210RS Al i combinations.
impedance spectroscopy. Mammalian cells contain a significant amount of jons,
and tight control of ion transport across cell membranes is central to normal cell
function and response to the surrounding environments. When cells are suspended
in hypotonic media, passive diffusion and active pumping of intracellular ions to
10 the extracellular milieu are used to adjust to the hypoosmotic environment. Here,
we show that by controlled release of intracellular ions, we can perform
impedance measurements to determine the number of cells present in a
microfluidic channel. Using captured and immobilized CD4 T cells as an
example, following our previous success in separating these cells from whole
15 blood, we demonstrate that cell lysate impedance spectroscopy has a detection

threshold of 20 cells per pl., which is sufficiently useful for clinical and research

applications.
Modeling of Cell fon Release-Based Impedance Speciroscopy

20 Conductance vs. capacitance change due (o ion release

When cells release ions, both bulk conductance and capacitance are
affected. In a typical mammalian cell, cytoplasmic ion concentration is roughly
150mM (Aidley, et al., Jon Channels: Molecules in Action, Cambridge University
Press, Cambridge, UK, 1996.). Given a volume of 0.2pL,, a typical lymphocyte

25  therefore contains a total of 3x107"* molar ions. After lysis ina 10 ul micro-

chamber (the volume of the microfluidic device used in this study), these ions

15



IV. Examples To address the need to detect a small number of cells immobilized on a relatively
large surface area or in a large volume, we investigated the release of intracellular ions from lysed
cells immobilized in a microfluidic channel, using surface-patterned electrodes to measure bulk

conductancewbapgessibsough impedance spectroscopy. Mammalian cellsygepiaima sigpificant amount
of ions, and tight control of ion transport across cell membranes is central to normal cell function and
response to the surrounding environments. When cells are suspended in hypotonic media, passive
diffusion and“SBtREYTMPIY BrrsgscefidrpRi s tseitherexiraie fGks 1l 8re used to adjust to the
hypoosmotic environment Here, we show that by controlled release of intracellular ions, we can
perform impé?ﬂ%ﬁ’é‘@%ﬁs&?@?ﬂ@ﬁ%&x&‘%ﬁ&%ﬁéﬁé%ﬁ@@@ﬁ%@?@ Bt SRIEtipRcIRidic channel
Using captured and immobilized CD4 T cells as an example, following our previous success in
separating tHESE iR PBHxho M5 fota, sierddinbhstiare ambrafsysnne migeissed spectroscopy
has a detection threshold of 20 cells per JAL, which is sufficiently useful for clinical and research
applications. 197 fAe @Sty rCaf 1ok wide Asespusbibpriasiie apdeaduss oG €6nductance vs.

capacitance change due to ion releas When cells release ions, both bulk conductance and

capacitahce ‘é‘?glﬁﬁ'@é’%@&,i?ﬁtg%%%ﬁ’ﬁﬂgrﬁ%}é‘ﬁ%ﬂeéeIE%ﬁ?ﬁ%ﬁ’ﬁﬁ%ﬁ%ﬁ@eﬁ%ﬁ is roughly 150mM
(Aidley, et al., lon Channels: Molecules in Actian, Cambrj iversity Press, Cambridge, UK, 1996.).
Given a volu%guéé%.ggﬁ%ya" )}Sféﬁﬁ%”?pﬁ%@geoggm’g%?bﬁgpt%#ggﬁfsﬂ}tB?ifftb?Iéx10-I4 molar ions. After
lysis in a 10 tiL_ micro-.chamher (the volume .of the microflujdic, device, used in this study), these ions

contribute a 3T Fiicrehsa’ ?o%%%loaﬁ%%é% A ?E%afs?n;io 58;'## é@é&“ﬁ&‘fwﬁggfﬁﬁ? Sgrérélete lysis in a

10 tiL chamber would increase the solution ionjc concentration hy 0.3 pM. If we simplify the situation
oy assuming Ol 1B B BEACEIGHR KA ERTonte JHETEA SR Hand sodum jons

T o (oM s R S 7 A e A A R e

10 than 50% of the increase seen with deionised water (0.055 / M-cm). In
comparison, capacitance depends only weakly on ionic concentration in a dilute
solution. For a sodium chloride solution, for example, dielectric constant drops by
only 1077 for every nanomole increase in ion concentration in a dilute solution
{(<100mM). Using a similar calculation, the total ions released from 100

15 lymphocytes only redt'ices the solution capacitance by 4x10° relative to deionised
water {dielectric constant of 80). This change is several orders of magnitude lower
than the change in bulk conductance. Thus, cell ion release mainly contributes to
solution conductance change, which can be easily detected using impedance

spectroscopy.

20
Modeling of impedance spectra

To understand solution conductance as a function of cell number, we
carried out modeling studies to extract bulk conductance in microfluidic devices

from impedance spectra obtained using surface patterned electrodes. Electrodes in

16



Liquids, Wiley-Interscience, c2005, Hoboken, NJ, 2005.), the solution conductivity can be calculated to
increase by 0.03 /MO-ern from an increase of 0.3 tiM in ionic concentration (Omega Engineering,
Technical Conductivity and Resistivity. Accessed: December 30, 2006.). This conductivity change is

more 10than®0%ned/ikeincrease seen with deionised water (0.055 / MQ-gmk /A3 808 Ra5s0N,
capacitance depends only weakly on ionic concentration in a dilute solution. For a sodium chloride
solution, for example, dielectric constant drops by only 10-7 for every nanomole increase in ion

concentratior? i SC ARl selufisn e2n Ssmageladifg seamrdreaicabtisrrim eivbisideased from
100 15lymphgcytes only reduces the solutijon capacitance by 4x10-7 relative to deionised water
(dielectric cogéte{%o&%‘yo%%ﬁggcﬁé%e?i S c&%@%%f%fﬁbﬁ%% lSwEF TRt the change in bulk
conductance,.Thus, cell.ion relegse mai ntrib tQ soJutio ndyctance change, which can be
easily detectedy iﬁisﬁlzrff‘g@i(?rf‘r"“lj pﬁetﬂ%rhség %%‘5%??%@%%@2(# ﬁgdgﬁ’sngi%%#ﬁ dg‘%]c%@s ‘éé?rgne To understand

solution cond&g}g&gﬁ gag%éggg 1tofc II.nuH} r. we carried outs mdelg}ptgtud@gr}glgxtract bulk

Fon 2118 8 ECIIIC COnir: mtbotn [ mfa
conductance in microflurdic VICES 1Trom Impedance specira obtained using surrace patterned

electrodes. j : ' led usi ivalent circuit as shown in
o, 3n Coam e B e R e e seme

Actuator B-Chem.200286..198:408 0 Mbera. Cehig the diglectiic capaciianee. {1 contains dielectric

contributions from all the materials 5surrounding the electrodes, including the solution), &al is the bulk
solution resistapegatRange {RRSPIEEIFSShE Uik, solutionnZdiis.the interacialimapgdance (the

so-called Warburg impedance), which accounts for the change in the ionic gradient at the interface,
and R", is resisianse gfshiean-chip wicig:<l hadmgrfaciatismpedanaacan ba exprrssetas
interfacial impedance can be expressed as
10 Zg = V[(i=)" B] (1),
Wherej = V(-1), n and B are parameters dependent on the properties of the

electrolytes and of the electrodes. This is the simplest model that would properly

fit the measured data over the whole frequency range at all times.

15 Materials and Methods
Chemicals

Sucrose was purchased from Mallinckrodt Baker, Inc. (Paris, Kentucky).
Dextrose and Trypan blue solution (0.4%) were purchased from Sigma-Aldrich
(St. Louis, MO}. Ficoll-Pague Plus was purchased from GE Healthcare Amersham
20 Bioscieﬂncejs Cc?rp (Pisgataway, NJ)t 3-Mercaptopropyl trimethoxysilane was
purchased from Gelest (Morrisville, PA). Gold slides were obtained from Fisher
Scientific (Fair Lawn, NJ). Phosphate buffered saline (PRS) was obtained from
Mediatech (Hemdon, V A). Lyophilized bovine serum albumin (BSA) was

obtained from Aldrich Chemical Co. (Milwaukee, WI). The coupling agents

17



10zdi = lajtuf Bj (1), Where/ = ?i(-1), n and B are parameters dependent on the properties of the
electrolytes and of the electrodes. This is the simplest model that would properly fit the measured data
over the whole frequency range at all tunes. 15 Materials and Methods Chemicals Sucrose was
purchased frappMadingsigsodt Baker, Inc. (Paris, Kentucky). Dextrose and Tgypan Riaspistion (0.4%)
were purchased from Sigma-Aldrich (St. Louis, MO). Ficoll-Paque Plus was purchased from GE
Healthcare Amersham 20Biosciences Corp (Piscataway, NJ). 3-Mercaptopropyl trimethoxysilane was
purchased fré?R eI 68T (S REvIIC bPIT Y 81 Rirges WieresssRlined Nowr Kidder Beientific (Fair Lawn,
NJ). Phosphate buffered saline (PBS) was obtained from Mediatech (Herndon, VA). Lyophilized
bovine seruWh‘%ﬁﬂ?ﬁrﬁ%ﬁ%ﬁﬁﬁ%ﬁ@h@@gwfﬁﬂlﬁ@ﬁ@ﬁ‘é}nﬁwfwlaﬁvm\ﬁmﬁé@ﬁwn The coupling
agents GMBS (N-y- malelmldobutyr succinimide ester) and NeutrAvidin were obtained from
Pierce BioteCHHBGRPEROEK ﬁz“imPE) %y TayIEL BTG URsAR BRI S C(Gree3£88.2) was
purchased from Beckman Coulter (Somerset, NJ). 5 DeV|ces Three type of devices were
fabricated, m%?% 'menting three different electrode designs, including interdigitated (IDT) co-planar
electrodes, simple two-rail co-planar electrodes, and top- and bottom-electrodes (Figs. 1C-D). The
gold 10efectrodes were constructed using standard photolithography and gold wet etching processes.
The IDT electrode fingers were 3.8 mm x 15 um, with spacing of 35 urn. They covered the entire area
within the migsgflujdic channel and were broken into three identical segments to probe different
sections of the chamber. The connecting rails for the IDT electrodes and the rails of the simple two-ralil

Three type of devices were fabricated, implementing three different
electrode designs, including interdigitated (IDT) co-planar electrodes, simple two-
rail co-planar electrodes, and top- and bottom-electrodes (Figs. 1C-D). The gold

10 electrodes were constructed using standard photolithography and gold wet etching
processes. The IDT electrode fingers were 3.8 mm x 15 um, with spacing of 35
um. They covered the entire area within the microfluidic channel and were broken
into three identical segments to probe different sections of the chamber. The
connecting rails for the IDT electrodes and the rails of the simple two-rail

15 electrodes were 100 pm wide with spacing of 3.8 mm. The top-bottom electrodes
were 5 cm x 4 mm gold pads.

For all devices, the top and bottom slides (75 mm x 25 mm) were bonded
to 50 um thick PDMS gaskets with an opening of 5 cm x 4 mm, forming closed
microfluidic channels. The PDMS gaskets were prepared by spin-coating PDMS

20 on transparency slides, followed by hand-cutting windows of desired size. Two
holes were drilled on the top glass and assembled with PDMS ports to form fluid
inlets and outlets. Devices employed to measure impedance from off-chip lysates
were used directly after assembly. Devices employed for cell capture and OI.I-ChI'p

lysis were functionalized with a2 monoclonal CD4 antibody and primed with PBS
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15electrodes were 100 um wide with spacing of 3.8 mm. The top-bottom electrodes were 5 cm x 4 mm
gold pads. For all devices, the top and bottom slides (75 mm x 25 mm) were bonded to 50 um thick
PDMS gaskets with an opening of 5 cm x 4 mm, forming closed microfluidic channels. The PDMS

gaskets werexasepargshins spin-coating PDMS 20 on transparency slides, fpHoweshkynhng-cutting
windows of desired size. Two holes were drilled on the top glass and assembled with PDMS ports to

form fluid inlets and outlets. Devices employed to measure impedance from off-chip lysates were used
directly after SE¥8HHIG. W&ﬁg&@ﬁéwgg%?éeﬂ%%‘ﬁﬁ@%ﬁ%&ﬁﬁ KrsisRde i ﬂEﬂ alized with a
monoclonal CD4 antibod%/ g rimed with PBS containing 1% BSA and 1mM EDTA, as previously
described (Cﬁ@?‘%,%}[ogh, Lig Cft)ﬁ ',)2007, 7,170-178.). Cell preparation and on-chip cell isolation
5Peripheral blood mononuclear cells (PBMCs) were prepared from freshly drawn blood through Ficoll
density gradient centrifugation (Ferrante, et al., J. Immunol, Methods, 1980, 36, 109-117. English, et
al., J. Immunglézgﬁe%hogwgﬁ%g?% ) gél .-252? .a?dfmaintained in RPM1-1640 medium. To isolate CD4+
T lymphocytes, MEE mantained 'ﬁﬁgﬁ/l?[gﬁngﬁﬂmedia were injected into anti- 10CD4 antibody

f ' lized mi i f imin for diff ths of.time, foll d
sntionizd microlgods g Aol A i ot degpLnainy e, Olove

with rinsing unbound ¢ m the ces using DTA. The

number of celfs caniyss! it b oricioflidie deviges s saunedmABKallL Udey & phase contrast
microscope (Cheng, et al., Lab Chip, 2007, 7, 170-178.). 15 Oft-chip sample preparation for
impedance measeMeNihods, 1980, 36, 109-117. English, et al., J. Immunol. Methods,

1974, 5, 245-252.), and maintained in RPMI-1640 medium. To isolate CD4+ T

lvmphocytes, PBMCs maintained in RPMI-1640 media were injected into anti-

10 CD4 antibody functionalized microelectrode devices at a flow rate of 5 uL/min for
different lengths of time, followed with rinsing unbound cells from the devices
using PBS containing 1% BSA and ImM EDTA. The number of cells captured
within the microfhuidic devices was counted manually under a phase contrast
microscope {(Cheng, et al., Lab Chip, 2007, 7, 170-178.).

15
Off-chip sample preparation for impedance measurement

To prepare cell lysates off-chip, cultured PBMCs were counted manually
using a hemccyfcmeter, then diluted with RPMI-1640 to different concentrations
ranging from 0 to 3,500 cells/ul in eppendorf tubes, with a final volume of 1 mL.

20 Afterwards, the cells were pelleted at 1200g for 5 minutes and gently washed three
times with 1 mL of low-conductive media (8.5% sucrose and 0.3% dextrose).

Aﬁer the ﬁnai_ Wa;sh, t_he cells weré resuspénded in I mL sterﬂized deionised water
and left to sit at room temperature for 20 minutes for cell Iysis. Each cell lysate

was then injected into the microelectrode devices starting from the lowest

25  concentration at a flow rate of 15 pL/min, and impedance spectra were taken after
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To prepare cell lysates off-chip, cultured PBMCs were counted manually using a hernocytometer, then
diluted with RPMI-1640 to different concentrations ranging from 0 to 3,500 cells44 in eppendorf tubes,
with a final volume of 1 mL 20Afterwards, the cells were pelleted at 1200g for 5 minutes and gently
washed threesimassyiissk mL of low-conductive media (8.5% sucrose andg:-3oaxiiesg). After the
final wash, the cells were resuspended in 1 mL sterilized deionised water and left to sit at room
temperature for 20 minutes for cell lysis. Each cell lysate was then injected into the microelectrode
devices startHgrbnT e Jhisst DBedakishe 3ifoR arse owthds-gniscgLwaier, beitvasipbiaitce spectra
were taken after signals were stable. The devices were rinsed with de-ionized water between lysate
injections at AeR Pt bF SO L 9kRiAf ik inaninpEdd dbe Wweasdareriantvarehed thechfiginal values for
de-ionized water. 50ptical characterization of on-chip cell lysis using sugar solutions To identify a
low conductiVBEREGRb1§RE caIIsIa 4 s BiRer rate, we diluted a low conductive
viability-maintenance solution containing 8.5% sucrose and 0.3% dextrose to different final
concentrations. These solutions were injected sequentially into microfluidic channels with captured
CD4 T lymphocytes using 10 a syringe pump (Harvard Apparatus) at a flow rate of 15 uL/min for 1
min, andicell$/weére alioweid todiise o @achisohitibnifarsiy miperThéseseslls were pre-stained using
Fluo-3 and captured in microfluidic channels by surface- immobilized antibody using methods

described previously (G Saly LafuiiD. 2007 To K il Fluaiesspul igaces were taken

every 30 seconds 15throughout the course of the experiment, and the number of fluorescent cells

were enumergigeti,astimaipithe nunharal intastcalis. Qmmahin Praparation forimpedance
spectroscopy

and 0.3% dextrose to different final concentrations. These sclutions were injected

sequentially into microfluidic channels with captured CD4+ T lymphocytes using

10 a syringe pump (Harvard Apparatus) at a flow rate of 15 pL/min for 1 min, and

cells were allowed to lyse in each solution for 10 min. These cells were pre-

stained using Fluo-3 and captured in microfluidic channels by surface-

immobilized antibody using methods described previously (Cheng, et al., Lab

Chip, 2007, 7, 170-178.). Fluorescent images were taken every 30 seconds

15 throughout the course of the experiment, and the number of fluorescent cells were

enumerated to estimate the number of intact cells.

On-chip preparation for impedance spectroscopy

To detect surface immobilized cells, ions present in PBS buffer were
20 washed out of the channels using a low conductivity washing solution containing
8.5% sucrose and 0.3% dextrose, at a flow rate of 20 pL /min until impedance
signals were stable. Next, a low-conductive cell lysing solution containing 2%
sucrose and 0.07% dextrose was flowed in at a flow rate of 10 pL/min for 1 min

for cell lysis. After the lysing solution was introduced, flow was stopped, and

20



To detect surface immobilized cells, ions present in PBS buffer were 20washed out of the channels
using a low conductivity washing solution containing 8.5% sucrose and 0.3% dextrose, at a flow rate
of 20 ;AL /min until impedance signals were stable. Next, a low-conductive cell lysing solution

containing 2%, susiRsgcags 0.07% dextrose was flowed in at a flow rate of JQul/maia fok L min for cell
lysis. After the lysing solution was introduced, flow was stopped, and cells were kept in this solution for

another 10 min to allow cell lysis to reach steady state. Following cell lysis, de-ionized water was
injected at a ABW PHEESOFRS IBeikin FolrEorofenianesactol Baplie riterepel Lisisctearerpbedance was
monitored continuously throughqut the entire process. S Impedance spectroscopy measurements
Impedance nﬁmréﬁéné%@%wl GEHYy g riRgifes HolsE YesRissted gAgildarTethblogies Inc.,
Palo Alto, CA). The microelectrode devices were connected to the LCR meter through platinum
probes; a scHen&tE Bt the o CHpRrINAr Bt R ERBIFFRT Erg: IMEK@TRTo¥aaNce measurement
process was automated by custom LabView (National Instruments Corp., Austin, TX) virtual
instruments dRPEBFS TATLFYCES I C R S Pt 5B Rf&Ssured in the frequency range of 100 Hz
to 1 MHz with a frequency increase factor of 1.5, and amplitude of 250 mV. 15Results All devices used
in this sttdy are composed of surface microelectrodes patterned within channels with the dimensions
of 5cm x 4mm x 50um. When immobilized with specific antibody and operated under controlled flow
conditions, tHigmsliannekpkesigrehas beswshews previously to specifically isolate CD4+ T 20
lymphocytes (purity > 95%) with high efficiency (>90%) from unprocessed whole blood (Cheng, et al.,

Lab Chip, 2007, 7, 1:£0=}f84. Indhe:cierant siudywe; flutherpatiainedimierpelgctiodes in -+
antibody-functionalized microchannels for the purpose of detecting isolated cells electrically. Using an
appropriate qlegiteserlayeiiior anmehirerl Asis and cousting (Rt k6leRrtdsglatian purity and yield
connected to the LCR meter through platinum probes; a schematic of the
16 experimental setup is shown in Fig. 1A. The impedance measurement process was
automated by custorn LabView (National Instruments Corp., Austin, T3) virtual
instruments and GPI B interface. Impedance spectra were measured in the

frequency range of 100 Hz to 1 MHz with a frequency increase factor of 1.5, and

amplitude of 250 mV.

15 Resulis

All devices used in this study are composed of surface microelectrodes
patterned within channels with the dimensions of 5cm x 4mm x 50um. When
immobilized with specific antibody and operated under controlied flow conditions,
this channel design has been shown previously to specifically isolate CD4+ T

20 lymphocytes (purity > 95%) with high efficiency (>920%) from unprocessed whole
blood (Cheng, et al., Lab Chip, 2007, 7, 170-178.). In the current study, we
further patterned microelectrodes in antibody-functionalized microchannels for the
purpose of detecting isolated cells elecirically. Using an appropriate electrode

layout for on-chip cell lysis and counting (Fig. 1C), both isolation purity and vield
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remained above 90% for CD4+ T cell separation from whole blood, due to maintenance of 85% of
affinity surface areas within the channels. Impedance measurement using off-chip cell lysate 5To test
the detection sensitivity of ion release from primary cells using impedance spectroscopy, we first lysed

PBMCs of knggynogengeatrations in eppendorf tubes with de-ionized waterpafightpgraideaek impedance
of the lysate using microfluidic devices of three different electrode designs: top-bottom electrodes, IDT
co-planar electrodes and simploe two-rail co-planar electrodes. 10 Fi?s. 2A and 2B show the spectra of
impedance m&gaittfdeeiRtepHRed ULt diet creragtieadyaey wbriediestrditfolts ranging from 0 to
3,000 cells/uL measured using the IDT electrodes. We observed that each magnitude spectrum has
two regions, @%ﬁ%f?rﬁﬁéﬁq Q%alfgﬁi% RS I FA R e HBMEB0 Hz to 10 kHz, and a region
of decreasing impedance at the higher frequency range (>100 15kHz). With increasing cell
concentrations, there is a consistent decrease in impedance magnitude in the low-frequency range,
and a shift of phase peak to higher frequency. This suggests strongly that semi-quantitative

measuremen e@%@ﬁg%g@ggﬁ&g&@ﬁ%}ﬁ@@%}ging cell ion release. The impedance
o

magnitude spectra obtained from the other two electfode designs demonstrated 20similar properties,
but different absolute values; the impedance magnitude measured using two-rail electrodes are two

orders of magnitudé RigiTeRAREGHEE SHBHHIHE BT TRITEH T B AT aTD GdersBRmagnitude higher

than the top-bottom electrodes. The transition poj re impedance begins to drop on the magnitude
spectra occu@%?é%‘?ﬁ PRTEHS e o fﬁsﬁgﬁggi[@ﬁ%g , Wéﬁﬁ?@ﬁeﬁ%ﬁ%ﬂg%dﬁd licHz for the

simple two-ralil elegg%qfel%s wi’ihT egég{%ﬁe‘k@?g ag_%_lfgy of th%éﬁ‘%d&“&%eggﬁﬁ}g% tg?géscrlmlnate cell
otted’ tde 4 %

iofEPeh
concentrations; we p mpedance magni Z Versus cell'concentration for the three

types of eIecgﬁgg.%?&i%ﬁ&gi:%%e%%égIz:s}'tgyge%?f%?e%?gi!é&lzzoﬁg & MERRY ek requency due to the

maximum separaton or impedance
electrodes, IDT co-planar electrodes and simple two-rail co-planar electrodes.

10 Figs. 2A and 2B show the specira of impedance magnitude and phase as a function
of frequency for cell concentrations ranging from 0 to 3,000 cells/uL measured
using the IDT electrodes. We observed that each magnitude spectrum has two
regions, a constant impedance region in the frequency range from 100 Hz 1o 10
kHz, and a region of decreasing impedance at the higher frequency range (>100

15 kHz). With increasing cell concentrations, there is a consistent decrease in
impedance magnitude in the low-frequency range, and a shift of phase peak to
higher frequency. This suggests strongly that semi-quantifative measurement of
cell concentrations can be determined using cell 1on release. The impedance
magnitude spectra obtained from the other two elecirode designs demonstrated

20 similar prope;'ties, but different absolute values; the impedance magnitude

. measured using two-rail electrodes are two orders of magnitude higher than those
from the IDTs, which is another two orders of magnitude higher than the top-
bottom electrodes. The transition point where impedance begins to drop on the
magnitude spectra occurs around 10kHz for the top-bottom electrodes, but shifted

25 1o arcund 1kHz for the simple two-rail electrodes.
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5magnitude at this frequency for all three electrodes. The response of impedance magnitude to cell
concentration is linear in a log-log scale plot, similar to the relationship between the resistance of a
simple electrolyte solution and solute concentration in the range relevant to our study (Omega
Engineering,wWachmigahésonductivity and Resistivity. Accessed: Decemberyg;2008s)eokids indicates
that 10the release of the ionic contents from cells and the subsequent conductance of the medium in
which the cells are lysed are proportional to the number of cells. Moreover, using ion release to detect

cells appears to be ExFEAeIREBRAREY sfdheairaetarssreradaiingemriseitmicroliter in a low

conductive solution, 15 Impedaqce modeling and parameter extraction As cell ion release mainly

contributes t6BERCESHARE B RHEM JUPHART T IRB BiRUR rMOUBF SRR 3A to fit both

impedance ma nitude.an%(fh se s e%:tra usém Ieasésauare crifs riaéa % B, to ex%ré(?t bulk
conductance VAREY 119561, BS HEratmg e SaT SHRE it Eshbitiohen oder tite’ ast 20 square
error betweegﬁhe %rqégdel and the eg%eerimental da%a ¥%as minimized, to "Vallﬁi?i%{ 10-13 or less (Vetter,

Electrochemicafl Kinetics © theoretical and ex gﬁlﬁ"leon afén%%)gﬁgwg\ﬁ%}g caopeem?%%ress, 1967.
5
e

Evgeni Barspulkay A . Masianaid b Pagancs aporosaany.. e ghy. xperment. and

applications, H en, N.J.: Wiley-Interscience, c2005., 2005.). T en terminated, and

the parameters are, extiactad ARAIBEIRT: 1ine 185, 33204 3G NAW Atypicalditino of the

impedance magnitude and phase spectra using lysate from solutions containing 3,000 cells/pL: close

match betwe%mﬁlgﬁ?fgw@e&%% (@gsses) anrd fiipg-cipes(sRlichlings) indicatgs that the selected
circuit model predicts the experimental system well. 5After extracting bulk conductance from all

spectra, we plgited b solutionsordutiance asa lneliquelcelkeencentratiqrdselidicircles in Figs.

3D-3F). With all three electrode designs, solution conductance increases linearly with the number of
cells contribingiieinntcandemnisationnconivrsirg: dudrypiothe s Ut JomhB @edesandsalution
conductance change are proportional to cell number. We 10also observed that R50, values dominate
impedaiite magritende nfehsucementsdntafirom cells and the subsequent conductance of the

medium in which the cells are lysed are proportional to the number of cells.

Moreover, using ion release to detect cells appears to be extremely sensitive, and

can detect as few as twenty cells per microliter in a low conductive solution.

15 Impedance modeling and parameter exiraction

As cell ion release mainly contributes to bulk conductance change, we used
the circuit model shown in Fig. 3A to fit both impedance magnitude and phase
spectra using least square criteria in MATLAB, to extract bulk conductance values
Gior= 1/Rsy. By iterating each of the initial conditions in the model, the least

20 square error between the model and the experimental data was minimized, to a
value of 10" or less (Vetter, Electrochemical kinetics : theoretical and
experimental aspects, New York : Academic Press, 1967. Evgenij Barsoukov and
J. R. Macdonald, eds., Impedance spectroscopy : theory, experiment, and
applications, Hoboken, N.J. : Wiley-Interscience, ¢2005., 2005.). The fitting is

25  then terminated, and the parameters are extracted and recorded.
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intermediate frequency range between 100 to 10kHz. This indicates that the bulk conductance can be
estimated by measuring impedance magnitude at a single frequency using a simple hand-held setup,
instead of an LCR meter. Slopes of the conductance curves represent measurement sensitivity of
each 15electypdeqesigpsa\We observed that top-bottom electrodes have thg-highegisAgtagiion
sensitivity (9.18x10-7/(ohm-cell)), while the simple two-rail electrodes have the lowest sensitivity
(9.92x10-11/(ohm.cell)); the detection sensitivity of the DT electrodes falls in between
(1.90x10-8/(chm-cellsFdt aady Gishianzatiori o deliagphikaivpsptrimreadvicads well as
sensitive detection of cell ion 20release, we chose the 1DT electrodes for further cell capture and
on-chip lysisTa5e ARTSHEs "espE dxsHR draptsnton sppviahmg PN srllsathy Hopo@Atesugar solutions
After confirming the feasibility of detecting cells through their ion release 25using off-chip lysate and

impedance SPECIFEREBPYTRERREPSTHEFERTET I st St arie wrdasdif b ntreidadisatry ittty cells

captured within m croflgeidic devices. To accomplish on-chip cell lysate impedance spectroscopy, we
needed to firgfgféél%(@g UEHOREIRPTRRSTES Biosd IRE& WAL non-conductive, isotonic

solution, to reduce %fckggotund.co%d ctivit)c/iintthe icroflyidic c%_annel aln%;Sdegt?I?”S a baseline
measurément. The SHERTP EXHEHMENS THRE B AiePrey spectra, we plotied bulk soluiion

conductance as a function of cell concentration (solid circles in Figs. 3D-3F). With
all three electrode designs, solution conductance increases linearly with the
number of cells contributing to ion concentration, confirming our hypothesis that
ion release and solution conductance change are proportional to cell number. We

10 also observed that R,y values dominate impedance magnitude measurements in an
intermediate frequency range between 100 to 10kHMz. This indicates that the buik
conductance can be estimated by measuring impedance magnitude at a single
frequency using a simple hand-held setup, instead of an L.CR meter.

Slopes of the conductance curves represent measurement sensitivity of each

15 electrode design. We observed that top-bottom electrodes have the highest
detection sensitivity (9.18x107/(chm-cell)), while the simple two-rail electrodes
have the lowest sensitivity (9.92>10™/(ohm-cell)); the detection sensitivity of the
IDT electrodes falls in between (1.90x10%/(chm-cell}). For easy visualization of
cells within the microfluidic devices as well as sensiiive detection of cell ion

20 release, we chose the IDT electrodes for further cell capture and on-chip lysis

gxperiments.

Optical characterization of on-chip cell lysis using hypotonic sugar solutions

After confirming the feasibility of detecting cells through their ion release

25 using off-chip lysate and impedance spectroscopy, we were interested in testing
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cell lysis could not be applied directly to on-chip cell lysis, as cells suspended in DI water lyse
immediately, and the lysate would be washed out of the chip prior to impedance measurements. Given
the desire that the medium into which the cells are lysed be as non-conductive as possible, and the
desire to wash@wy/ithesonic 10and protein content from the blood sampledtsel e myalyated
different low- conductive media as cell wash and cell stabilization solutions. We found that a
sugar-based washing solution containing 8.5% sucrose and 0.3% dextrose satisfied the two criteria of
ion removal &Hd SEATERXOMatRSH 2 SAEHER SinreRBTo b dseis e hEdinided Siatef Cout cell
viability can be maintained for more than 60 15minutes (Chiou, et al., Nature 2005, 436, 370-372.).

intain S
Further dilutiB OB eara%w}imyaa%%eﬁ%%dwa%ﬁ%%ﬁfﬁﬁc&w%a%ia%& TR SSlution
osmolarity, sa that lysing speed can be controlled hy adjustments in the dilution factor. To test
mphocyte SR ARG SR REE AT Lt R MORE R B ST ymphocytes
from PBMCs V"jié%ignﬂ{QCtiﬁn&"%ﬁ 20microcharmels, as scri,bedﬂ(l%gien@% et %{éﬁlﬁ?b Chip, 2007, 7,

0 = ackground conductivily in ICTG ann
170-178.). Aler washing oft unbound ce S, we introduce the fow-conductive sucrose/0.3%

dextrose; washig ARt AR Well o el hm%tgﬁé%dég%z{%%g{é%@ugigg@'lowa%é?&Sugar solution

was stopped, the number of intact cells on the image mm X mm) was counted every 30

seconds by fluQrescense MisiaRcany APkt ROWs. [ag, RRICENIA0EQfYiRRIR Callf ¥GFsuS time in the

8.5% sucrose/0.3% dextrose solution, and in different dilutions of this solution. Lymphocytes remain

intact for at legsk,3Qmisstasia B9 skiciase/(3% dexirpse ysis.acaelgralesnmase diute sugar
solutions. Based on these results, the 8.5% sucrose/0.3% dextrose solution was used as the initial

wash solutiofinpighacsahsien-eppiaining eadthsuaseand ®.Q4% daxtmnsewas ehosemsfor on-chip cell
lysis. With this combination, we observed that up to 15% of captured cells lyse in the first minute of

solution exchanggsemhbrinizing-endass cusstpdioi]avhe trodnd:-8Qdoelbellsarenlysadvithin 10
minutes, making timely measurement possible.

10 and protein content from the blood sample itseif, we evaluated different low-
conductive media as cell wash and cell stabilization solutions. We found that a
sugar-based washing solution containing 8.5% sucrose and 0.3% dextrose satisfied
the two criteria of 1on removal and cell stabilization. Impedance of this solution is
close to deionised water, but cell viability can be maintained for more than 60

15 minutes (Chiou, et al., Nature 2005, 436, 370-372.). Further dilutions of this
solution with deionized water can be expected to decrease the solution osmolarity,
so that lysing speed can be controlled by adjustments in the dilution factor.

To test lymphocyte viability and lysis in IOW»comdﬁctivity sugar solutions,
we isolated CD4+ T lymphocytes from PBMCs within functionalized

20 microchannels, as described (Cheng, et al., Lab Chip, 2007, 7, 170-178.). After
washing off unbound cells, we introduced the low-conduciive 8.5% sucrose/0.3%
dcxtrose‘washing solution, as well as more hypotonic sugar solutions. After flow
of the sugar solution was stopped, the number of intact cells on the imaged area

(600mm x 800mm) was counted every 30 seconds by fluorescence microscopy.

25  Fig. 4 shows the percentage of viable cells versus time in the 8.5% sucrose/0.3%
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10 Impedance spectroscopy for on-chip cell lysis After optimizing the ion-free, low conductive
solutions for cell washing and lysis, we next measured impedance changes after on-chip cell capture
and cell lysis. CD4+ T cells were captured from culture media, rinsed with PBS buffer, rinsed again

with the isotomis Buadsssrsrose/0.3% dextrose solution. After 15 measuremnenisahimpagance
baselines, the low conductivity cell lysing solution (2% sucrose/0.07% dextrose) was introduced into
the microfluidic devices, and cells were allowed to lyse for 10 minutes. Reference spectra were
obtained Witi@ﬂ’é@?ﬁﬁf@%ﬁﬁﬁ%@éﬁéﬁ%ﬁéﬁéﬁ&ﬁﬁé}ﬁﬁ RIYEAEN ey S rete e uired
continuously. However, imped$nc,e measurements at a sin%le frequency between 20100 to 10,000 Hz

reflected very W& CHah ges bf tHELBIGHIh SRRSO SreiAsFH b LRSI P example, Fig.
5A shows the typical change of impedance magnitude acquired af the frequengy of 760 Hz before and
after on-chiprgé/ﬂ%lézﬁlgﬁr% ﬁﬁ%%{%?gg%taﬁg f’)glrﬁ%?ﬁ% ]iﬁsﬁ‘%%%? i1§%ﬁ‘i’r&%ﬁ% ?‘i}%hen cells are in
PBS, due to H& E_l(l)%Q é%ﬂi% concentration fs.alige buff%drs. Imgedg%}n&e 2 increase% dramatically to

above ten kilo-onms upon ftroduction of the cl)wa-j &6h lﬁ%ﬁ{’/ne 8 505 SLT08E1B TR EE R D se washing

solution.\Whep,cells are kary By hemasiing solulion|na sialg;stale, fmpedgagemagnitude decreases
ow- n

slightly, [?kely due to evel cell ion releaseé in a ypo-osmotic environment. After injection of the

ion-free 2% SGGSE/Q7 AsEaRe: Msing Selution. sve Neliced.apSinilial impedanss,iymp. This was

followed by an abrupt drop of impedance and a subsequent slower impedance decrease. This

two-phase impedanes, diomdring,celliysis matehes ppticah ohsenvatanoh.aalbbsis i the same

solution (Fig. 4), suggesting that the decrease of impedance magnitude arises from lysis of the

captured cells:=195allowing applicatien efite jiningprecadweteseihsdiabove, we extracted bulk
conductance from the impedance spectra and the conductance change before and 10 minutes after
introduction of the lysing solution. When we compare this conductance change to manual cell counts
within the microfluidie devices (Fig. 5B), it is evident that bulk conductance changes is proportional to

the 15n!.5nb%9}1;89}%gr5%g Sells. WLD%QQE}P ci&pa, J:nis successfully demonstrates that

After optimizing the ion-free, low conductive solutions for cell washing
and lysis, we next measured impedance changes after on-chip cell capture and cell
lysis. CD4+ T cells were captured from culture media, rinsed with PBS buffer,
rinsed again with the isotonic 8.5% sucrose/0.3% dexirose solution. Afier

15  measurements of impedance baselines, the low conductivity cell lysing solution
(2% sucrose/0.07% dextrose) was introduced into the microfiuidic devices, and
cells were allowed to lyse for 10 minutes. Reference spectra were obtained with
de-ionized v;rater. Throughout the experiment, impedance spectra were acquired
continuously. However, impedance measurements at a single frequency between

20 100 to 10,000 Hz reflected very well changes of the solution electrical property
arising from cell lysis. For example, Fig. 5A shows the typical change of
impedance rmagnitude acquired at the frequency of 760 Hz before and after on-
chip cell lysis. Impedance magnitude remains in the low kilo-ohm range when
cells are in PBS, due to the high ionic concentration of saline buffers. Impedance

25  1ncreases dramatically to above ten kilo-ohms upon introduction of the low-
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cells can be detected and counted within a microfluidic device through electrical measurement of the
impedance and conductance of cell lysate. Discussion We describe here a method to detect and
guantify immobilized cells in a 20microfluidic device through bulk electrical measurements based on

cell ion releasgpusing: inaedance spectroscopy. We selected CD4+ T lymphss¥iesamiigiarget cells
for detection due to their clinical significance for the management of HIV infected patients (Department

of Health and Human Services (October 6, 2005) Guidelines for the Use of Antiretroviral Agents in
HIV-1-Infects@ Xty add Porusnsscbats destossarpslin s0H 06 W PR e S st diate use of a
microfluidic CD4 counter would be to differentiate the CD4 threshold of 200 cells/pt for treatment

decisions (C&Miera oD RULEeEE R TrUR diPfe JEREEARE Tieeh Rids dRemrsaseieilinfection and
expanded sur%%%’llance cise definjtion for AIDS amongp(%dolescents and adults in MMWR Morbidity

and Mortality SR2EK BAPBr TS HIGD) ViE Bt AR OTSEREA B A NGHMBEF2005) Patient

Monitoring Guidelines for HIV Care and ART. Accessed 20 March 2006.). The detection limit of cell
13 {)th i ?L’?" e aﬁﬁi@%@?}%ﬁ?&?ﬁ?ﬁ%ﬁ%ﬁéﬁ% %&&B’r@f*ﬁi@%{%ﬁe%%ndevelopment

. H.THSC 10RO | rﬁﬁ S
lysate impedance spectroscopy clearly meets't

of microfluidic .count diagnostic.-tools th n be used at the point of .care.. In addition, this cell
g m%%f'xm ega [ flétapto ﬁﬁésdpé%ga%i%w?%%% %ncgélfllg.l’ﬁ%ﬁtr%% Q:éam Edﬁ%%etaﬁg a

10counting strategy Is not Iim ction o 5 be pp 0 any biological

target with ricfiorn, Gentent. e il aquiadar.cananiivie iselala apadeteci b eallon,a milimeter
square size area, or to detect 20 cells in a microliter volume, represents the most sensitive approach
to enumerate immeRilized callsRing, BOR-ORICALMEINAL s in the same solution (Fig. 4),
suggesting that the decrease of impedance magnitude arises from lysis of the
captured cells,
10 Following application of the fitting procedure described above, we
extracted bulk conductance from the impedance spectra and the conductance
change before and 10 minutes after introduction of the lysing sclution. When we
compare this conductance change to manual cell counts within the microfluidic
devices (Fig. 5B), it is evident that bulk conductance changes is proportional to the
15  number of captured cells contributing to ions. This successfully demonstrates that

cells can be detected and counted within a microfluidic device through electrical

measurement of the impedance and conductance of cell Iysate,

Discussion

We describe here a method to detect and quantify immobilized cells in a
20 microfluidic device through bulk electrical measurements based on cell ion release
using impedance spectroscopy. We selected CD4+ T lymphocytes as the target
cells for detection due to their clinical significance for the management of HIV
infected patients (Department of Health and Human Services (October 6, 2005)
Guidelines for the Use of Antiretroviral Agents in HIV-1-Infected Adults and

25  Adolescents. Accessed 20 March 2006.). The most immediate use of a
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15Microchip devices used in the current study are composed of surface patterned microelectrodes
fabricated within a microfluidic channel. The microchannel walls are functionalized with a monoclonal
anti-CD4 antibody and the electrodes are passivated using bovine serum albumin. The channel design
and sample iy sepdiigns are selected to ensure specific isolation of CD4s§,20bxphegytes from
whole blood with high efficiency, as described previsously (Cheng, et al., Lab Chip, 2007, 7, 170-178.).
With appropriate electrode layout for on-chip cell lysis and counting (Fig. IC), both isolation purity and
yield remain B56W 066 fHee brosd d deaer ianeriinip sbedf Dasheeshehd of R8I0 surface areas.
Very few cells attach non-specifically on the electrode surfaces when observed under an optical
microscope, BeitHsiNePERpRLIEE Hew € patsiianBistere Slprish s Prevatiioseparated cells are
further detected by complete cell lysis and bulk conductance measurements using surface electrodes.
As an effort tg%éﬁ’?ﬁfﬁ}ﬁ?é%ﬁ%&lfb%%ﬁ%‘ﬁg%@ﬁﬁ??i%w@%‘i Setedfionsersitivieyiniécacquired
impedance magnitude and phase spectra as a function of %Jgncuy‘in this study, and fit the spectra to

a circuit mod&lte EX G AR Mmedslsittineed ohvkzHa ki Breistimeg flefidifdy range (between
100 and 10,000 Hz in Fig. 2 ervation that Rio, values dominate impedance magnitude at
these fre%uef&o?ee&%ﬁ%‘%% c A %@?ﬁ%ﬁe@s&ﬂ%ﬁ?ﬁfggﬁg‘ﬁ@é‘@b%y B‘y?%ﬁ?taﬁﬂa)impedance
magnitude ata single frequency. (e.g,, 760.H ing a hand-held setup. Thus, th le process from
cell capture ttgaa éleﬁ??y&%%né%)al %‘éﬁiog%i%%su 8%?55:@(%&%@5‘&%@ eggeﬁ%ﬁ ?@%ﬁ%&g@eciﬁcmly, for

detection andofutering.qf aPercelip Al Yalepied Lapalisnts, 290 cells bl Oy, 1o used as a

clinical decision point. We s ere that integration ot"a Iimmu nity-cell capture approach with an

electical detagfon EinaRca Mes N issUoR DIgShel s distoflicislevisg we descibe is

capable of isolating specific cell types from blood and quantitying cell number, and can serve as a

single-use cartzidgaferanandnald iesmantio RiAYise RS mple dastAd affgsdable cell counting in

point-of-care settings.
10 counting strategy is not limited to the detection of blood cells, but can be applied

to any biological target with rich ion content. To our knowledge, capability to
isolate and detect I cell on a millimeter square size area, or to detect 20 cells in a
microliter volume, represents the most sensitive approach to enumerate
immobilized cells using non-optical method.

15 Microchip devices used in the current study are composed of surface
patterned microelectrodes fabricated within a microfluidic channel. The
microchannel walls are functionalized with a monoclonal anti-CD4 antibody and
the electrodes arc passivated using bovine serum albumin. The channel design and
sample flow conditions are selected to ensure specific isolation of CD4+ T

20 lymphocytes from whole blood with high efficiency, as described previsously
{Cheng, et al., Lab Chip, 2007, 7, 170-178.). With appropriate electrode layout for
on-chip cell lysis and counting (Fig. 1C), both isolation purity and yield remain |
above 90% from whole blood, due to maintenance of >85% of the affinity surface

areas. Very few cells attach non-specifically on the electrode surfaces when
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The ability to detect cells electrically, as opposed to optically, presents the following key advantages:.
(i) label-free detection, (ii) automatability, and amenability to the development of a small table top or
handheld instrument, (iii) integratability with tnicrofluidic devices; and (iv) sensitivity of detection in a
25physiologieatiy@sd ligically relevant range of cell concentrations. Compareg denseihgsglectrical
approaches to counting cells, cell lysate impedance spectroscopy demonstrates a few orders of
magnitude improvement in detection sensitivity. This is due to the reduced background conductance
when cells aRPSEEHAZRETT & IBHREBU GNP R semastugiae soprrspdatryiveh ion content released
from 5mammalian cells upon hypotonic lysis. Changes in solution conductance in the process of cell
lysis are extrﬁﬁgﬂ'rﬂ%‘?ﬁet & S5ECHYB9rpedance measurements. We demonstrate that bulk
conductance of cell lysate is pr por%ionalé}gg%e original cell number, which forms the basis of cell
lysate impedance spé%t?gg%gé%ﬁ% THIE Method T g%%gfﬁ\c}éjgr%’ 95 feleer i aEwenty cells per
microliter in %&&Q&’ice with a volum%of 1041 , and ac‘{gg&grint of 2 C%]]iz’ Whiéh represents < 10-4

volume replacementag%%tge%?ﬁe?uer ac%s}i:%%iﬁgfg&gﬁe ele o] m%‘a&srg’“n% eEoRd gﬁ?&eﬁfﬁ a microfluidic

device, we p g I%{ g h%'te es gytnd icrochanne%s nd_ modeled impedance spectra using
a simple circ%it%,ﬁ&v%sicﬁscorgta?ns gol gi% ectf\ilg capa{gtl:ﬁ%ﬁ%nesfc?az, iﬁt %’af”r":aielIaé(f%vmlltlﬁxgw%ji PESH of bulk solution

resistance (R alad iteAcial inpedanse@ch. f AT AHRANMETA (HIRG. A ohspLve that the

magnitude of Zdi is generally much 'smaller than the solution resistance J?01. As a result, Kw,

dominates the,clfeslital thelovwiraguencyangs i< 10 diz.derending on s leirode, geometry),

leading to relatively constant impedance, independent of frequency change. Dominance of 20 R50, in
the low frequgnyArRggsalseabsepvadias homasindiiwphass $Recha, Asdenic concentration of the
solution increases, bulk solution resistance decreases, shifting the range where Rso, dominates to
higher frequeneiesaand tacregsinp:theloveralkimpedance infahsemerange-tudagibigh frequency
range (10-100 kHz), on the other hand, dielectric capacitor (Cd,) dominates, resulting in impedance
25maghitudedeapwithi fratuerigycincleasecAirevenidgher freguencics (R0 ddz),

magnitude at a single frequency (e.g., 760 Hz) using a hand-held setup. Thus, the
whole process from cell capture to cell lysis and detection could be accomplished
in less than 10 minutes,

Specifically, for detection and monitoring of CD4 cells in HIV-infected

15 patients, 200 cells per plL is used as a clinical decision point. We show here that
integration of a immuncaffinity cell capture approach with an electrical detection
method can meet this detection threshold. The microfluidic device we describe is
capable of isolating specific cell types from blood and guantifving cell number,
and can serve as a single-use cartridge for a hand-held instrument to provide

20  simple, fast and affordable cell counting in point-of-care settings.

The ability to detect cells electrically, as opposed to optically, presents the
following key advantages:. (i) label-free detection, (ii) automatability, and
amenability to the development of a small table top or handheld instrument, (iii)
integratability with microfluidic devices; and (iv) sensitivity of detection in a

25  physiologically and clinically relevant range of cell concentrations. Compared to
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inductance of the electrochemical device and connecting wires all contribute to the impedance spectra,
resulting in merging of all the impedance curves regardless of solution conductivity (Katz, et al.,
Electroanalysis, 2003, 15, 913-947.). Monitoring biological ion release using impedance spectroscopy
in a Smicro-devicecsaossll established technique to study metabolism anggrayeth@fgnigd®-organisms
(Gomez-Sjoberg, et al., J. Microelectromech, Syst., 2005, 14, 829-838. Gomez, et al., Sens. Actuator
B-Chem,, 2002, 86, 198-208.). However, similar approaches have not been reported previously for
mammalian CEIE ﬁ%@%@%%?ﬁtﬁiéﬂ%@%% SO A QS REVIEIGIREEC TRGERIERSTUIred to reduce

10backgroun conductanc% for sensitive measurement of ions released by cells. We demonstrate here

the possibility T8 TRATESH AAEX BT B BARAREMRPRY SHIER AL ESSR S HBHST Bid the feasibility to
measure bulk.conductance change due to cell ipn release through impedanc ectroscopy. This
strategy diffe S‘ li?ﬂlsbﬁﬁlgiﬁ e‘{%?orr%ggfﬁge?rg' 8#5%%‘@?@?%‘%8@%%%3’ %? e“:gg%cﬁ%%%%i&%ﬁ '8h as surface
15impedance spectrqsco ield effect sensoers and mechanical cantilevers ch, etal., J.
Micromech. Hperg o000 6 106, TA0e LRI e BB b St 867! 12- 2041

Fromherz, e&ﬂmﬁﬁ%ﬁmﬁe@&ﬂn&“@&%ﬁ%‘w& %ﬂh%‘e@'in%@fuﬁo%'%nﬁﬁé@%ue%%ﬁ%e“' 678-&

Tiruppathi, et al., Proc. Nati, Acad. Sci. U. S."A., 1992, 89, 7919-7923. Giaever, et al., Proc. Natl.

Acad. Sci. U, 2008, A od9%i88:836:7900:), T hese appiogehesease hased.on.detegting differences

between the electrical or physical properties of cells and the surrounding medium. This difference is

generally small; aus.the gharretatisticaansing.elenentsand the targetantity are Mayally of
comparable dimensions for sensitive detection, unless the differences are manually enhanced (Katz,

et al., Electreanalygis:2006ick8oiks 2b4daY ange ANalaie it Aslids 2603160824 712564 ). In contrast,
in our approach, the electrical signal is amplified by taking advantage of the large amount of ions

pre-existing instiledhe darget eelimubhiscallows ferisensitivetsistectionafmelisNithivery low surface
coverage or volume replacement, without significant additional manipulation. 5Another advantage of
our strdtegy iethe: fiexibilitpinrsensanddsigrl 4 fetprint of 2 cm?, which represents < 107
volume replacement and < 107 surface coverage.
To measure bulk conductance in a8 microfluidic device, we patterned
surface electrodes within microchannels and modeled impedance spectra using a
simple circuit, which contains a dielectric capacitance (Cg) in parallel with the
15 sum of bulk solufion resistance (K.} and interfacial impedance (Zz). From
experimental fitting, we observe that the magnitude of Zy is generally much
*smaller than the solution resistance R, As a result, R, dominates the circuit at
the low frequency range (<1-10 kHz depending on electrode geometry), leading to
relatively constant impedance, independent of frequency change. Dominance of
20 Rsu in the low frequency range is also observed as humps in the phase spectra. As
ionic concentration of the solution incréases, bulk solution resistance decreases,
shifting the range where R, dominates to Higher frequencies, and decreasing the
overall impedance in that same range. In the high frequency range (10-100 kHz),

on the other hand, dielectric capacitor (Cy) dominates, resulting in impedance

25  magnitude drop with frequency increase. At even higher frequencies (>100 kHz),
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possibility to sensitively measure bulk impedance using simple two rail, co-planar electrodes or
top-bottom electrodes indicate one could use simple metal plates or wires to implement our approach
with less sophisticated technologies without sacrificing the detection limit. When the three electrode
geometries arepcompased, 10the top-bottom electrodes demonstrated the Bighestddgigeiian sensitivity,
while simple two rail electrodes have the lowest detection sensitivity. Assuming solution in the fluidic
channel is a simple conductor, theoretical conductance measured at each condition can be calculated
using the fol BHABGE ShGH éeﬁtﬁ?%%mbsi%m LRPEREISB NG BB TIaEEIHE & &she solution

cross-sectional areas between the glectrodes, | is tgegs acjng between electrodes and m is the

electrode rep BRI AP EBITHSREUHR LT RIRG 8ﬁW§?@%ﬁeW¥eﬁé§?§ﬁf§{Fﬁ§ Beometrical
fact tially determines itivity. Wh ical factor (m A/L) i
actor essen 'a‘l,'ﬁ’m G génmdrr}&svﬂne?gé@%?gisﬁ 5‘#%\{;:'31%%% N0 gegéggg%ggqg%&ac ortm A/-) 15

calculated for the thrée efectrode esigns used i udy, w in values of 400, 150 and

0.065 cm for the to%gg&grrpn II%T nd s'im le ellectrodes reg%%cti\c/?ellg/. This order. of geometrical factor

matches our measurement s né?tﬁﬁi/c?rolmntﬁeeegg%&ﬁlc %]%} ots elfréoi%%?g?s.l?i%wever, when we

calculats thegiefisal.concuclanae dising e 20y Aauayag. sacheeal inleaase giegﬁt;}%%ko'ar lons after

complete lysis, the predicted conductance is one to 25three orders of magnitu er than

measuremenis obtaiped ysingefhchig; Jysate. indicating.ioes in tebrlksdg nehggniribute to

conduction to the same level. In fact, DeSilva et. al. have hypothesized that electrical conductance

through in-plgpe glectrede-islands brdaedwithdrinobilized proteins was,deminateeby.ion conduction
of hydrated protein layers (Desilva, et al., Biosens. Bioelectron., 1995, 10, 675-682.). Applying their

model to oursgystenppiedneinating aaduciiye lryeseolldsbe felosedadhRasubgisateand is much
thinner than the channel dimensions, explaining the deviation between measurements and calculated
conductancedusingtisr Zitvithendmpedsineefrmagnitirderis:comparedshetwizent @n-ahipeand off-chip
lysing experiments using IDT electrodes, we also 10observed an order of magnitude difference. This
differenide mhgchgragoduntethdtanioy Sepematei prapaasations:of tiesestvedehspd dpfcdByic®sée devices used
for the off-chip lysate experiments were not subjected to surface modification, while those for on-chip
lysis containdriiepte dty/ereccherasicaly akuirprantinsthe tielgipy bétnewanthecdieotratles, changing the
electrical properties of the gaps. In addition, 15electrodes used for on-chip lysis experiments are
primed with HBciEsH sydaictplation and the feasibility to measure bulk conductance change due

to cell ion release through impedance spectroscopy. This strategy differs in

principle from other non-optical strategies to detect adherent cells, such as surface

15 impedance spectroscopy, field effect sensors and mechanical cantilevers (Koch, et

al., I. Micromech. Microeng., 1999, 9, 159-161. Ehret, et al., Biosens.

Bioelectron., 1997, 12, 29-41. Fromherz, et al., Science, 1991, 252, 1290-1293.

Bull, et al., Am. J. Clin. Pathol., 1965, 44, 678-&. Tiruppathi, et al., Proc. Natl,

Acad. Sci. U. 8. A, 1992, 89, 7919-7923. Giaever, et al., Proc. Natl, Acad. Sci. U.

20 S. A, 1991, 88, 7896-7900.). These approaches are based on detecting differences

between the electrical or physical properties of cells and the surrounding medium.

This difference is generally small; thus the characteristic senSing elements and the

target entity are usually of comparable dimensions for sensitive detection, unless

the differences are manually enhanced (Katz, et al., Electroanalysis, 2004, 16, 19-

25 44, Wang, Anal. Chim. Acta, 2003, 500, 247-257.). In contrast, in our approach,
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likely to alter electron transfer kinetics and ion diffusion characteristics on the electrode (Katz, et al.,
Electroanalysis, 2003, 15, 913-947.). Despite the difference in absolute impedance magnitude
between these two types of devices, measurement taken using devices under the same preparation

clearly demomnstraigzdeesmparable performance, as observed with referengg-golstighespretra. An
interesting observation noted is the slight impedance drop when keeping cells in the low-conductive
washing solution. This may indicate the release of ions from captured cells despite an intact
morphology GRRIBIEItRAISERAbECHRY! G Fkintry conammat SrJAmReIfpRLBERTJAET270 mOsm),
cells 25are likely ta swell when they are first exposed to the washing solution. Transient osmotic
swelling and BF& T8I T rEGUIRTIRT SRS IGRHE: ge%?e%k‘é‘”@f@fﬁ%ﬁ@?ﬁd%??f@%ﬁgéqk]@I"@ﬁlux induced
by parallel activation of K+ and cr channel L%ll?jeder en, et al., Comp. Biochem. Physiol. A-Mol, Integr.
Physiol., 20015136 SHE 36 ORALEE B K. P PHYLE LGSR 200 EESSe K BiRaes-Morales, et
5al., Neurochem. R ,bZOOO, 25, 1301-1314. Charras, et al., Nature 2005, 435, 365- 369.), which can
result in the 6bsenved solution conductance decrease. This observation suggests it is possible to

directly sudy cell rezpgfise 18,2 0MB019PIC, sallion. 200 RUR4isiNG sleclical apprgachies. Such

measurements could provide better sensitivity compared to conventional me 6ds based on optical 10

measuremenis Qfiagll Sizesnwhichare law thaHohpit and.nrane M@&u&%gf&%ﬁ%ﬁy%" lon

release and volume adjustment in response to changes in environmental osmolarity may also explain

the heterogegreys£allysis as ebsened b FHgn dicRiNsERemany:aRd pative. T collsAave been
reported to contain different ion stores (Sigova, et al., FEBS Lett., 1999, 447, 34-38.), it is not

15surprising iadihesewelismay:haye ditfgrentoapability {a ativstiodype:osmgtisigonditions, and
demonstrate different lysing speed. Other Embodiments All publications, patents, and patent

applications merifiehggkir thecationdiz0spatificatiomase decabydneapetatedkydgeigranae. Various
modifications and

10 the top-bottom electrodes demonstrated the highest detection sensitivity, while
simple two rail electrodes have the lowest detection sensitivity. Assuming solution
in the fluidic channel is a simple conductor, theoretical conductance measured at
cach condition can be calculated using the following equation:

G=omA/L(2)

15 where ois the solution conductivity, 4 is the solution cross-sectional areas
between the electr;)cies, L is the spacing between electrodes and m is the electrode
repeats. Since solution conductivity is independent of the device design, this
geomeirical factor essentially determines measurement sensitivity. When the
geometrical factor (m A/L) is calculated for the three electrode designs used in this

20 study, we obtain values of 400, 150 and 0.065 cm for the top-bottom, IDT and
simple electrodes, respectively. This order of geomeirical factor matches our
measurement sensitivity from the conductance plots (Figure 3&—315). However,
when we calculate theoretical conductance using Eq. 2 by assuming each cell

releases 10" molar ions after complete lysis, the predictied conductance is one to

25  three orders of magnitude higher than measurements obtained using off-chip
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variations of the described method and system of the invention will be apparent to those skilled in the
art without departing from the scope and spirit of the invention. Although the invention has been
described in connection with specific embodiments, it should be understood that the invention as

claimed shoulgomibieswsduly limited to 25such specific embodiments. Indegdyvauiesisogpgdifications of
the described modes for carrying out the invention that are obvious to those skilled in the art are
intended to be within the scope of the invention. Other embodiments are in the claims. 5What is

claimed is: G PAGRNSCEE 8bHHHRY LSRRt S SURBIE B E O SAG Said sample into a
chan_nel;. im o‘pélfziﬂgfcegl fé [ vthe .Saal an in the cha..nn ‘I' intr dlécin an j(fotonic, Iqw-conpluctivity
solution into tR& chann&l t?reéﬂcae%acggio r?ﬁ' RoRdtich @%3%8 EAhFRTEEtEB R hing an impedance
baseline meggurement 1n.5a'a channelveing sid eelisin sadehannel: ceins was
dominated by ion conduction of hydrated protein layers (Desilva, et al., Biosens.
5  Bioelectron., 1995, 10, 675-682.}. Applying their model to our system, the
dominating conductive layer could be close to the substrate and is much thinner
than the channel dimensions, explaining the deviation between measurements and
calculated conductance using Eq. 2. When impedance magnitude is compared
between on-chip and off-chip lysing experiments using IDT elecirodes, we also
10 observed an order of magnitude difference. This difference may be accounted for
by separate preparations of these two types of devices: devices used for the off-
chip lysate experiments were not subjected to surface modification, while those for
on-chip lysis contain multiple layers of chemicals and proteins in the gap between
the electrodes, changing the electrical properties of the gaps. In addition,
15  electrodes used for on-~chip lysis experiments are primed with albumin, which is
likely to alter electron transfer kinetics and ion diffusion characteristics on the
electrode (Katz, et al., Electroanalysis, 2003, 15, 913-947.). Despite the difference
in absolute impedance magnitude between these two types of devices,
measurement taken using devices under the same preparation clearly demonstrate
20 comparable performance, as observed with reference sclution spectra.
An interesting observation noted is the slight impedance drop when
keeping cells in the low-conductive washing solution. This may indicate the
release of ions from captured cells despite an intact morphology under optical
microscopy. As the washing solution is slightly hypo-osmotic (270 mOsm), cells

25  are likely to swell when they are first exposed to the washing solution. Transient
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and measuring an impedance in said channel after cell lysis wherein a change in impedance from
the baseline measurement is indicative of the number of cells lysed in said channel. 2. The
method of claim I, wherein the change in impedance from the baseline measurement is based on ions

released frongthesoetisodsthe channel. 3. The method of claim |, whergifrthe:6lrangrdn
impedance from the baseline measurement is based on nuclei released from the cells in the channel.
4. The method of ¢laim 1, wherein said impedance is measured using an electrode selected from the

group consisHtig Bt é‘f(?g‘t‘}g\ﬁﬁde‘l%%ﬁ‘%‘é% TRt el P eEaTe &8 VAMPECHRP YR electrode.
5. The methad of claim. |, wherein said impedance is measured at a single frequency, particularly
wherein said'SifgiE%s Egﬁ%éﬂ%ﬁ%g paa@?%‘ﬁ%@f%a% coth g%@'ﬁ? fclaim 1, wherein
lysing the cel(l]? includestrepla(gir;gpt% IS toni% low- on%}l%cm/}é}ztsoluigon w'thzaphg péjéﬁnic,
Iow-conductiwt‘f’/dﬁ/rssﬁ*\ng Lofution.F PPTRE: g@h‘}é ot AR ,%ﬁérg‘?ﬁsg} i g/é te is measured
using an electgedg,selected f the, group, consisting,of:.a 0 lectrode, interdigitated (IDT)
electrode, ar?(% %dﬁ’@%’rkgﬁaé%%’c%?o%é?' : ﬁ’?ﬁ“v%?g‘%‘é%zgg ldfg §%§nc\§§nsga€éag§eﬁ§%8%§i§fs age éample , the

method somprisiog: (GhintfokuCIngh AT SRRING & prUaoR el celivipo Ashapnel, ()

introducing an isotonic, low-conductivity solution into the channel td establish a baseline impedance

measuremendso ) wiGLIVSING SR ROpUIgHan-Afcelisin sl ahannel adease. @)measuringa
change in impedance from the baseline impedance resulting from said wherein the impedance in
the channel afieslysing isindicative phibe numbetofcellslysed inssaitchanngl,aadic

solution and RVD using electrical approaches. Such measurements could provide

better sensitivity compared to conventional methods based on optical

10 measurements of cell sizes, which are low throughput and prone to measurement

errors. Cell ion release and volume adjustment in response to changes in

environmental osmolarity may also explain the heterogeneous cell lysis as

observed in Fig. 4. Since memory and native T cells have been reported to contain

different ion stores (Sigova, et al,, FEBS Lett., 1999, 447, 34-38.), it is not

15 surprising that these cells may have different capability to adjust to bypo-osmotic

conditions, and demonstrate different lysing speed.

Other Embodiments
All publications, patents, and patent applications mentioned in the above
20 specification are hereby meorporaied by reference. Various modifications and
variations of the described method and system of t};e invention will be apparent to
those skilled in the art without departing from the scope and spirit of the invention.
Although the invention has been described in connection with specific embodimenits,
it should be understood that the invention as claimed should not be unduly limited to

25 such specific embodumnents. Indeed, various modifications of the described modes for
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wherein said number of cells is diagnostic for said condition. 9. The method of claim 8, wherein
said sample is a human blood sample, particularly wherein said population of cells comprise CD4
helper cells, more particularly wherein said population of cells consists of CD4 helper cells. 10.
The method efstai BoygRerein said population of cells and said condition@i¢ selesigekfram Table 1:
Table I Cell Population Condition Neutrophil Effects of Imnmunosuppressive drug treatment Monocyte

Differential blood count Lymphocyte AIDS Lymphocyte Effects of Immunosuppressive drug
carrying out the invention that are obvious to those skilled in the art are intended to be

within the scope of the invention.

Orther embodiments are in the claims.

5 What is claimed is:
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treatment Lymphocyte B Immune response to infection Circulating tumor cells Cancer Dendritic cells
Immune responses Red blood cells Malaria Tuberculosis sensitive CD8 T cell Latent tuberculosis
Platelets Effects of anti-thrombotic drug treatment Endothelial progenitor

Claims
1. A method of counting cells in a sample comprising:
introducing said sample into a channel;
immobilizing cells from the sample in the channel;
introducing an isotonic, low-conductivity solution into the channel to
reduce background conductivity in the channel;
establishing an impedance baseline measurement in said channel;
tysing said cells in said channel,
and measuring an impedance in sald channel after cell Iysis

wherein a change in impedance from the baseline measurement is indicative of the

number of cells Iysed in said channel.

2. The method of claim [, wherein the change in impedance from the baseline measurement

is based on ions released from the cells in the channel.

3. The method of claim 1, wherein the change in impedance from the baseline measurement

is based on nuclei released from the cells n the channel,



cells Health status of vasculature Lymphocyte Meningitis Lymphocyte Urinary tract infection 11.
The method of claim 1, further comprising: applying an electric field to the channel after capturing
the cells to obtain an impedance baseline of the channel, applying an electric field to said channel
after lysing the cells in the channel to obtain an impedance of the channel, wherein a decrease in
the impedance after lysis is indicative of the number of the cells in the sample. 12. The method of
claim I or 8, wherein the channel is a closed mierolluid ¢ channel. 13. The method of claim 1 or 8,
wherein the change in impedance is caused by a change in bulk conductivity of a solution containing
the cells.

4. The method of claim 1, wherein said impedance is measured using an electrode selected
from the group consisting of: a top down electrode, an interdigitated {1DT) electrode, and a two rail

electrode.

3. The method of claim 1, wherein said impedance is measured at a single frequency,

particularly wherein said single freguency is 760 Hz.

¢. The method of counting cells of claim 1, wherein lysing the calls includes replacing the

isotonic, low~conductivity solution with a ypotonic, low-conductivity Iysing solution.

7. The method of claim 6, wherein said impedance is measured using an electrode selected
from the group consisting of: a top down electrode, interdigitated (IDT) electrode, and a two rail

electrode.

8. Anin vitro method of diagnosing a condition of a sample , the method comprising;:

{a) introducing a sample containing a population of cells into a channel;



(b) introducing an isotonic, low-condugtivity solution into the channel o establish a
baseline impedance measurement;

(c) lysing said popuiation of cells in sald channel; and

{d) measuring a change in impedance from the baseline impedance resulting from said
lysing,

wheremn the impedance in the channel afier lysing is indicative of the number of cells
lysed in said channel, and

wherein said number of cells is diagnostic for said condition.

9. The method of claim 8, wherein said sample is a human blood sample, particularly
wherein said population of cells comprise CD4 helper cells, more particularly wherein said

population of cells consists of CD4 helper cells.

10. The method of claim 8, wherein said population of celis and said condition are

selected from Table 1:

Table §
Cell Population Condition
Neutrophil Effects of Immunosuppressive drug
treatment
Monocyie Differential biood count
Lymphocyte AlDS
Lymphocyte Effects of Immunosuppressive drug
treatment
Lymphocyte B Immune response to infection
Circulating tumor cells Cancer
Dendritic cells Immune responses
Red blood cells Malaria
Tuberculosis sensitive Latent tuberculosis
CDE T cell
Platelets Effects of anti-thrombotic drug treatment
Endothelial progenitor Health status of vasculature
cells
Lymphocyte Meningitis
Lymphocyte Urinary tract infection




11. The method of claim 1, further comprising:

applying an electric field to the channel after capturing the celfs to obtain an impedance

haseline of the channel;

applying an electric field to said channel after lysing the cells in the channel io obtain an

impedance of the channel,

wherein a decrease in the impedance afier lysis is indicative of the number of the cells in

the sample.
12, The method of claim i or 8, wherein the channel is & closed microfluidic channel.

13. The method of clajm | or 8, wherein the change in impedance is caused by a change

in bulk conductivity of a solution containing the cells.
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