METHODS FOR COUNTI NG CELLS CROSS- REFERENCE TO RELATED APPLI CATI ONS Thi s
application clains benefit of U S. Provisional Application No. 5

60/ 925, 368, filed April 20, 2007, which is hereby incorporated by

ref erence. BACKGROUND OF THE | NVENTI ON This invention relates to the
fields of nedical devices, nedical diagnostics, and cell counting.

10M crofluidic systens have shown uni que prom se for studying cel
function, cell and tissue engineering, disease diagnosis, blood sanple
preparation, and drug dMETHODS FORQOUNEMNG CELde use of microfl uidics
to isolate pure popul ations of |eukocyte subsets from whol e bl ood has
attracted a lot of interest for point-of-care diagnositics. Wile the
principle behind a cell isolation approach 15 ¢ |y adapted to a
wi de spectrum of ERONSRBEFERINGCEE ﬁ&%@éﬁﬁ@&%@‘i&m ated cells
remai ns a technical challenge to be addressed. . .The use of optical
ni croscopy f olhiscpplieation clairas bergfit pfY SaProisiazal Applicatien Nenobi | i zed cel I's
Wi thin m crodevivces does not represent the optinal solution for

poi nt 5of 60#26,36Riled Aptib2(y 200 vhithsisthershy tneomprateddhy wéarencei on net hods
depend on a 20 stable light path, lensing, filtering, and focusing
mechani sns that could add cost and conplexity to detection. In addition,

optical detection tendBAOKGROUND OFCIHREINVENEONSse of the snal |
detection area available at a single tinme. At the sane tinme, the nost

commonl y used Thed ihvéa@idh tdlags ®tithatieids 65mbdika detioswy, melioaRiisghosird, i mpedance
measurenent (i.e.. Coulter counters) cannot be applied to cells 25
attached .98 .avidRGRs, despite mniaturized platforms having been

i npl emented by sevéral researchers. Alternative techniques to detect

attagged cel |l ?/Iila}(ofﬁﬂﬁﬁﬁtsgsg%rﬁs hAREHRRG Ui RSB GBH kb 8yicg ki cover age on the

el ectrode surface to re near unity foOr ‘detectabl e measurenents. Studies
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and drug discovery. Very recently, the use of microfluidics to isolate pure
populations of leukocyte subsets from whole blood has atiracted a lot 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 microdevivces does not represent the optimal solution 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 at a single time. At the
same time, the most commonly 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



5 mcroliter volunes of mcroscal e devices have not yet been reported,
despite the need for non-optical detection nethods in mcrofluidic

appl i cations. Det ecti on and enuneration of cells are essential for
medi cal di agnostics, especially AIDS, cancer diagnosis, and pathogen
detection. Wile nost existing nethods to detect cells are optical (i.e.,
m croscopy), electrical detection is 10 significantly sinpler, cheaper,
and nor e @uEAPRk&rékerd)ohhémafive acknidess oaksiecTattathed cells tecsubsizate  det ect i on
and enuneration of intact cells based on inpedance spectroscopy (i.e.,

det ect i onRledfltBRERINd RqBire Cbll CoRrajMetRRIRTodt SErthcbyo tdweh peasence of
cells) have proven to be extrenely practical and i nexpensive, but limted

to large gell b AS e RAAD SRIMALS hort-¥ (Ri®ds tdedetier counting
150f red %ggpggﬁ%k SUI\/I\/KRY OF THE III{I\/ (I) I n one aspect, the

i nventi on.f eat.ur . .o } fingal,
protist, %?v cﬁggto g??rg? g@@%@%@%sﬁﬁgqggﬁggq%% ?ﬁ%"?%%ﬁi:“iclr% t e‘}egghrr%l engo into

a channel,.lysing.the cells in.the.c | s Llipast one
property ’chréfteﬁ ‘g%{g'fle%ﬁém&cé'f)?cﬁ}ea&%é%e?r%gﬂegirﬁt @gga i Egﬁﬁgﬁn&%ﬁeﬁ?ysi ng. In
this aspect, the cell gj&gt conmpone j cgii ve..of . the nunber of cells

nt is in
| ysed in 8956 fetpamentical detechinnapt géi)glc'f‘fcr? vidie APRUFIUSES T eat ures a net hod
of counting cells (e.g., a . lian, fu |, ptotest r bacteri al
cell) in a sa%t@tl%ﬂécﬁ’lﬁﬁlq@é’“@é’ﬁ SW"’E?“F‘H?&S&E?@]‘%SWOS Wiple into a
channel (e.g., a mcrofluidic channel), introducing g non-conductive
sol ution ¢spedalinalldhnnesr disgnpsis, andpishpsendletaction) Whilsinos ¥ 1sifeel ectri ¢
field to the channel, neasuring the inpedance of the channel, replacing
t he noncomeibods toeietert uelisoare wiptibaldi.-ty Biiergsaepn). elastricel A¢tecdon ¥tion (e.g., a
detergent solution) and allowing at |east one cell to |yse, agpl ying an
el ect1g ¢ fipmkidaitty sifplecvheapdr, amhohofe amemble tngoitioficassgairee &f t he
channel. In this aspect a decrease in the inpedance , '
date, electrical detection and enumeration of intact cells based on impedance
spectroscopy (i.é., detection of changes in electrical impedance caused by the
presence of cells) have proven to be extremely practical and inexpensive, but
limited to large cell populations or homogenous cell types (e.g., Coulter counting

15  of red blood cells).

SUMMARY OF THE INVENTION

In one aspect, the invention features a method of counting cells {e.g.,

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

In another aspect, the invention features a method of counting cells (e.g., a

mammalian, fungal, protest, or bacterial cell) in a sample including the steps of

25  introducing the sample into a channel (e.g., a microfluidic channel), introducing a



after lysis is indicative of the nunber of the cells in the sanple. In
this aspect, the inpedance is neasured, for exanple, using a top down
el ectrode, IDT electrode, or a two rail electrode. Desirably, the

i npedance of the non-conductive solution prior to lysis is greater than
1, 000 ohms, greater than 10,000 ohns, greater than 100,000 10 ohns,

reater than 1,000, 000..0 [ : e th
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cellular conponent is indicative of the nuqber_ fdceéll S, | slﬁddn t he
channel aard allowingatihesst o cellto byse.applyingsleitig ifld (g e B?%‘F Foh. I n
anot her aspect, the invention features a kit for counting cells including
a devixe, measnring terivpedanveotibe ghanssl. (T this asnecta dpsreastinibs BIPIaNeRy a | ysi ng
non-conductive 20solution (e.g., a detergent solution). In this aspect,
the devi cgférhelsid asiiating of the nuintiecofshaesiislin thesamplee o thiy aect(the g, top
down el ectrode, IDT electrode, and a two rail electrode) to neasure the

i npedanceisgfedifie ifinessatdd fotieramaple using a fop damyp elfctrodes IPEclfcigleashect s, the

detergent can be triton-X or tween-20. In any of the forgoing
aspects, {herafieldcbds, DaRSIRet ihpaldaes afthe am-tendgetiveaSlution pesi tom

cal cium and sodium) or an enzynme (e.g., |actate dehydrogenase). . '
I'n any ofwgggqes%rgg RS 1 D60 8RS, grbdier tRAPPBOGY/oHNES Wiebienthah 100100Me | ysing can
be i nmpedance. Tn this aspect, the inpedance can be neasured using a top
down el ectyrode | esdd RS tao rail el ectrode. I n any

of th fo?lb‘g?’l‘?gea%sgp{)-heagltlé, i’dr?péeélg%cr}ggg?n be, for exanple, neasured 5 using a

2 Potassi um - srtaiebrRedy Bl Sbn EhRR PRI EAIRIGING Ehatbhade (2. 0-
a subject by introducing a sample (e.g., a human blood sample) containing a
population of cells {¢.g., CD4 helper cells) into a channel, lysing the population of
cells in the channel, and measuﬁng at least one property of at least one cellular

15 component resulting from the iysing. In this aspect, the cellular component is
indicative of the number of cells lysed in the channel and the number of cells is
diagnostic for the condition.

In another aspect, the invention features a kit for counting cells including a
device, a non-conductive solution (e.g., a sugar solution), and a lysing non-conductive

20  solution (e.g., a detergent solution). In this aspect, the device includes a microfluidic
channel and an electrode {.¢.g., top down electrode, IDT electrode, and a two rail
electrode) to measure the impedance of the microfluidic channel. In any of the
forging aspects, the detergent can be triton-X or tween-20.

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

25  potassium, calcium, and sodium) or an enzyme (e.g., lactate dehydrogenase).
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In any of the forgoing aspects, impedance can be, for example, measured

the popul ation of cells and the condition can be sel ected

Ef fects of

5  using a single frequency (e.g., 760 Hz) or using an ion sensitive electrode (e.g., a

potassium, sodium or calcium ion-specific electrode).

Alternatively, the property resulting from Iysing can be mass. In this aspect,

the mass can be measured using a micro- or nano-mechanical resonator.

In any of the forgoing aspects, the measuring can include optical detection,

10  surface plasmon resonance, or a lateral flow diffusion assay.

In one preferred embodiment, the property is measured using fluorescent

probes and the ion is potassium. In another preferred embodiment, the cellular

15

component is a nucleus, and the property résulting from the lysing is impedance. In
yet another preferred embodiment, the microfluidic channel has a volume of 10 pl.
In any of the above methods, the population of cells and the condition can be

selected from Table 1.

Table 1
Cell Population Condition _
Neutrophil Effects of Immunosuppressive drug
treatment
Monocyte Differential blood count
Lymphocyte AIDS
Lymphocyte Effects of Immunosuppressive drug
freatment
Lymphocyte B Immune response to infection
Circulating tumor Cancer
cells
Dendritic cells Immune responses
Red blood cells Malaria
Tuberculosis Latent tuberculosis
sensitive CD8 T cell
Platelets - Effects of anti-thrombotic drag




Di fferential blood count Lynphocyte Al DS Lynphocyte Effects of
| munosuppr essi ve drug treatnent Lynphocyte B I mune response to infection
Cancer Circulating tunmor cells Dendritic cells Inmune responses Red bl ood

cells

10

15

20

treatment
Endothelial Health status of vasculature
progenitor cells
Lymphocyte Meningitis
Lymphocyte Urinary tract infection

By “lysis™ is meant disruption of the celtular membrane (e.g., the membrane
of plant ceils, animal cells, and bacterial cells). For the purposes of this invention, the
term “lysis™ is meant to include complete disruption of the cellular membrane
(“complete lysis™), incomplete disruption of the cellular membrane {“partial lysis™),
and permeablization of the cellular membrane. The term “lysis™is also meant o
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
population of cells (e.g., a human blood sample) such that subpopulation of desired
cells is lysed while the undesired cells remain intact.

By “permeablization” is meant the disruption of the celiular meﬁbrme 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
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 complexes {(e.g., enzymes, nucleic acids, proteins,
organelles, and cell membrane complexes), as well as other species {(e.g., ions and
organic molecules).

By “property of at least one cellular component™ is meant a measurable feature

of a particular cellular component.



Mal aria Tubercul osis sensitive CD8 T cell Latent tuberculosis Platelets
Effects of anti-thronmbotic drug treat nent Endot helial progenitor cells
Heal t h status of vaseul ature Lynphocyte Meningitis

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 pump.
Fig. 1B is an illustration showing measurement of cell ion release using
5  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
10 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 slides (for the IDT and two rail électrode designs) or on both
slides (for the top-bottom electrode design) using standard cleanroom techniques and
gold wet etching processes. All devices were made by bonding two pieces of glass
15  slides to 50 pm-thick PDMS gaskets (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 lysate with different starting cell

20  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
electrodes, (D) IDT electrodes and (E) two rail electrodes. The solid dots in (C)-(E)

25  are experimental measurements that were it 1o two-parameter power equations. The



Lynphocyte Urinary tract infection By "lysis" is nmeant disruption
of the cellular nenbrane (e.g., the nenbrane of plant cells, aninmal cells,
and bacterial cells). For the purposes of this invention, the term"lysis"
is meant to include conplete disruption of the cellular nenbrane 5
("complete lysis"), inconplete disruption of the cellular nenbrane
("partial lysis"), and perneablization of the cellul ar nmenbrane. The term
"l ysi s"i sleadt squanefitstara shown ek aolid kites agd squaponoin thf grephdirrdsibatsogi cal

menbr anes, (e.g., nuclear nenbranes and mtochondrial nenbranes). By

"sel ect i viadicyitlse' stimslarisduntativh &roappiSicontinwas siasreneaiewithina singhet er ogenous
10 popul ation of cells (e.g., a human bl ood sanple) such that a

subpopul agdvguz. of desired cells is |ysed while the undesired cells remain

i nt act By "penneablization" is nmeant the disruption of the cellular
menbr ane such . L Do U, %@A&ﬁtmﬁ?ﬁ%ﬁ‘géﬂé’% addae nmenbrane
I s not nor mal I%Q%Argﬁga%ﬁgﬂ?ﬁo tBe ane extent, are able toﬁggcape the cell,

whi | e oth ts, 15 ne same ext . " |
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cell. For .the purposes of this.inventiqn,. this term.i ant t.04 ncl ude
bi ol og: f:a?u%ﬁ‘g‘if{fﬁld’ié“ Wiﬁ@ﬂﬂ?@ggz E:(?fém@.g?/ h‘&ﬁ'ﬁ‘i)ﬁﬁlé?’“ﬁﬁéﬁ %?E?acé su]k pr (()t ei ns,
organel I es, and cell menbrane conpl exes), as. .as er species (e.g.,
i ons and FENFARANCIARET de Waish directly COFI)BE?‘GSBF‘%{I??P ¢5% | east one

cellular conponent" is neant a neasurable feature of a particular cellular
conponent . Fig. 3B and 3C are graphs showing impedance magnitude (B) and phase (C)

specira 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 éraphs showing bulk conductance. Ry is extracted from
spectra measured using (D) top-bottom electrodes, (E) IDT electrodes and (F) ﬁwo-ra.il
clectrodes. Lix;ear relationships between measured bulk solution conductance (solid

15  dots) and cell concentration are observed using all electrode geometries, and the best
fits are shown as solid lines and equations in (D}-(F). Error bars in (D)-(F) indicates
the standard deviation from 3-5 continuous measurements within a single device.

Fig. 4 is a graph showing percentage of viable cells as a fumction 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 v

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



BRI EF DESCRI PTI ON OF THE DRAW NGS Fig. 1A is a schema show ng an

i npedance neasurenent setup. Sanples were delivered into the

m cro-channel s through an inlet (arrow) via a syringe punp. Fig. 1B is an
illustration show ng neasurenent of cell ion release using 5 inpedance
spectroscopy. Target cells isolated within a mcrofluidic device are |ysed
to release intracellular ions. This leads to the increase of bul k

conduct anaécutheadigedividiigthe pembirefimadticollebly tdl nymbendfgells bedereer ned

el ectrodes and i npedance spectroscopy to detect cell nunbers. Fig. ICGFig.
1E are schpohén 68cashovdangplagdmi | s of the el ectrode layout and 10 device
assenbly: (C) interdigitated (I1DT) co-planar electrodes, (D) sinple

two-rail co-plERXA &l L&hfdRW RN EnfcBindeaRadanbdei760HE thiritherhe prideess
el ectrodes weregpatterned either on the bottomslides (for the IDT and two

rai | el eCiiRiieaifR) B sh-ilp 90s DPhbreshidios ukliliohfieot aie tireldai oh et rode

desi gn) using standard cl eanroom techni ques and gold wet etching

processes | . i § i t OGRS PRFinkd sl i des
to 5033m?‘ﬁ?@?@%ﬁ%ﬁt@#?%ﬁ%@%ﬁss Sfme dri Ieﬁt;sgig%)n thé cover

slides and,assenbl ed wi-th.P DOt S .t -l and outlets
Fig. 2A aty %&é""“é Saj%’f W%%%@R&eeg%%%&/gopec u?%rggéﬁ%m;e{erp{]g%gﬁce change
as a function of .cel]l concentration usi % cell Ié/ ate %pt ig‘%%' of f-chi p.
(A) | npedXFiEs AU Bageciry Wig) éf%‘éagfg SFrdasg oL PG el | Tysate
with different_starting cell 20 concentrati ons neagured.on %ﬁ%ﬁ | DT devi ce.
Three to five BeaHsagaphtorimeemdaasapce qange versus fedimbst ofiellf n + he
frequency range between 100 and 1 e Hz. Fig. 2C 2E are graphs_show ng
i npedancecaptiged withia npseedlyidieideyices sBwlk splubion eepduptapesgvassgtacis] foms g
function of cell concentration using (C) top-bottom el ectrodes, (D) |IDT
el ectodethe impedaie peoira; and candeetancsdisep bafigees and| 10dnigutes aftey flogjing B 25 are
experinmental neasurenments that were fit to two-paraneter power equations.
The | easthe hwitay seldtioh Svaatzkes hothe indicatot foccolmtrvel. Hrislcaguetancgrohange t he
graph. Error bars indicate the standard devi ation from 3-5 conti nuous
Measur enejt&asis biopdrtibnaily ghth deteminster oFcglls cAtutest wittin theneitioflughowi ng a
circuit nodel for fitting of the inpedance

chip, suggesting immobilized cells can be counted by electrical measurement of their

ion release. Nonlinearity of the relationiship may arise from incomplete diffusion of
15  ions 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 celis 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

microfluidic device.



5 spectra and extracted conductance as a function of cell concentration.
An equivalent circuit used in our study to nodel the electrode/electrolyte
system for extracting bul k solution conductance, ILI, which directly
correlates with cell ion release. Fig. 3B and 3C are graphs show ng

i npedance magni tude (B) and phase (C) spectra plotted using off-chip cell

| ysate sanple with a cell concentration of 3000 10 cells/nL in the IDT

el ectrode chi pn s6pessdshesineertive vehepequantiatibn dbore @moorsshb-d | i nes show t he
fitting curves. Fig. 3D 3F are graphs show ng bul k conduct ance.

Rsoi is epdpuRcibedoffdelisivithicd keteropanus miktusiofigeilsiy.gf, Genbohimoam sbedt r odes,
(E) LDT electrodes and (F) two-rail electrodes. Linear relationships

bet ween nRapit) esladatbk (SOhvbtn BARKY GHeaBletiveIpdid 6F thd dekpred eind cel |

concentrati on are observed using all electrode geonetries, and the best
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(D)-(F) i tes the standard deviati'on from 3-5 conti nuous neasurenents
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conductivity sugar sol.ution qbserved .under 0 f.l uorescence m croscope.
e T ot et R e PR R TR B RRs R REEN RS ed i th
flowi ng ip sugar solutions of different cancentratiopns at 10 nL/mn for 2
e APt dieviD T e PR E b b e e S EsR e  IRef e ot oom
tenperature in this solution for 8 mnutes, and the nunber of intact cells
was count®Entfgfer a fluorescent m croscope every 30 seconds. The
percentage of intact cells was calculated by dividing the nunber of
intact cells by total nunmber of cells before injection of each sugar

sol ution. Fig. 5A is a graph show ng i npedance magni tude at 76011z
duri n@ t hie Methods of bysimeCkllcapt ure and on-chip lysis. The respective

i ncubation steps are | abeled on top of 5 the graph and the shaded areas
bet ween t hese Methetld efdysit efithe arventisminslindntongtiett dsisg paitialglysis)| salective
exchanges. The inpedance drop before and 10 m nutes after injecting the

| ysi ng sadlsit,iagd pesneabiRgioabe thewelld) keink empsdimenrttle nethigledf Bsisa cel | - nunber
i ndi cat or. Fig. 5B is a graph show ng conductance change versus the

nunber ofinQehd chehidd Wstde Wi, WitH hydp6loafcl suiutlbs) 8L WisIz @S parfiid] kysis @kidgi on
conduct ance was extracted from
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 puised electric field sufficient to
cause cell lysing) and subsequent eu;alysis 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



10 the inpedance spectra, and conductance drop before and 10 m nutes after
flowwng in the lysing solution was taken as the indicator to count cell.
Thi s conductance change increases proportionally with the nunber of cells
captured within the mcrofluidic chip, suggesting inmmobilized cells can be
counted by electrical neasurenent of their ion release. Nonlinearity of
the relationship muy arise frominconplete diffusion of 15 ions within the
measur enah cellis e chifpbdmopmnizatier of the pelistusingmjeroras precsegslesnasdgs.ur ement from
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of the inventi tAfi i f f pul ati ons of
S 1};1'111%16 gﬂsetéf[}g ?%rggﬂgzg@ (l;:ﬂfgSZ t%%és‘ﬂﬂe 1B c.ol&?fs?:nﬁﬁt),r@ 8 st HO

cells™within a e of ce (e.g., froma human bl ood

I i.s, desj the | ' ti | ysi f th
doorr ot daerclobgupab PR E R SR PRI € B BT nal 1y the | nventi on

features the igol.ati on of bSone ore .nore.of. the ' ~panul ati ons of
cell's prior tofeyayeation aisq EﬂaE‘I%SSSSE@SEEXSﬁSeOf%%ROP gﬁﬁ{?{e egg&@%t%on( s) can
be captured in a small volunme in the mcrofluidic.device. |n,these

enbodi merheterogsnegus gl celly 1 BISASPYR-APIESHS P"’g“%ﬂ‘g ei’ﬁ&“ FOStitied. 10
|. Methods of Lysing Cells Methods of |lysis qL the in entiﬁ_qn d'?ncldude

conpl et e linked & binding melctiey that spegiiically pipd te §&slis ﬁﬂmﬁéﬁﬁ% i3 %n of the
cells. In one enbodi nent the nethods of lysis include chenmical |ysis

(e. g.10 wi sub-populptieroefi cslls ofliematirs)y, dysing rpgengrmayabe ipgipduced a2 ysi ng
detergents such as triton-X tween-20 and other commercially avail abl e

det er gent@ncebfirafiwlommimdndenifficieni tpdys acfesirdiesubyaradation of cldlsubitti ng of cel | s
or conponents thereof. I n anot her enbodi nent, nethods of the

i nvent i onph@atiUARo Blse terrbmainidgysidesited. glls. Otheawppthydsyy lpsiag aredknowar r ent ,
alternating current, or pulsed electric field sufficient to cause cell

| ysi ng) apdnsSipsequent analysis of the |ysate for counting of cells.

El ectrical |lysing can be acconplished by electrodes built into the chip

for 20 nmeasurenent of inpedance (e.g., see below), or can be perforned
with an additional set of electrodes, for exanple on the surface opposing

the efsect ;0 gSnbi driml Rur B M BFEbnehesi TPedance.

The invention features methods of quantifying cells by measuring the

intracellular contents released by celtular lysis. Methods of the invention may be
fully quantitative, semi-quantitative, or qualitative, depending on the desired
accuracy.

20

A. Electricai

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



I n anot her enbodi nent, the invention features nechanical |ysing and
subsequent analysis of the |lysate for counting of cells. Methods of
mechani cal |ysis 25 include applying ultrasonic waves to the cells,
freezing and thawing the cells, heating the cells, on chip honogeni zation
of the cells using mcro or nano-scal e needl es, sharp probes, edges and
ridges, and other means known in the art. The invention_gan alsa feature
lysi s t hdtpedanbé picegsasalNextna hgnotpnic, npacopdugtys selution (e-ﬁyéﬁésuff%?ﬁes)o‘é t he
result of infection with a lytic virus, the result of interaction with 5

i mune s yatatniysinyihe eellss The rejease ek piracellular gonsdram thespisintoghe t he result of
interaction wth pore form ng biological nolecules (e.g., porins)

The i nvenhédmnaéae id aninteas is pesiutiicty, yad s nehsusatipdysedasg ingmpedange| | s
within a heterogeneous mixture of cells. In this aspect, reagents which

i nduce | Yigicudeatbdihiail{ kI sbris dotvi pretientinid mbdiem drdfomspealiitbal |y bind to a
cell surface marker on the desired 10 sub-popul ation of cells.

Al t er pat ia‘ﬁ%l%i e o d-RABRTBeSiEhiRe Halid QOtie afadiedimpedment Aat i on or
|

magni tude su clent to lyse a desired subpopul ation of cells, but

insufficient. NS EOBEIN HEkdeNRISSTr&e Sthiichs ilinagimeBENads of
| ysi ng arle’ H%&ﬁL%ﬁs?%e a#?gﬁ?ggll. Met hods of Measuring Cellular Contents

The inventiigu%e oﬁ%ﬁﬁmﬂﬁ%Qﬂgiﬁggﬂg&% ejnf.ying cells by measuring the

i ntracel 'GP s released by cellular lysis. Methods of the
i nvention may be full antitative. . .seqi - fi ' jtative,
dependi ng on tlﬂé‘nﬁtg‘gli 'frv“é‘g’%%%@% WVGEBOBA&%?%C r]%S% gfhmd &g{e‘?%g@%dnvent i on

features el ectrical netho for measuring the intrace nts of
cel I's. | rrelsase iamsbealavgier the fumben obn é?’r%?aé’ §r°8"1?th;111§Se %/J\n O%ﬁﬁiﬁegot oni c,

non-conductive solution (e.qg., 8.5%sucrose).. Ce]Jls remain intact while
the 10  counter. A coulter comgter ‘%orks by measuring the ghange n meegance as paruceies

pass through an aperture in a conductive medium.

In another embodiment, the invention features the ﬁse 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 Iysate can be

15  correlated to the number of cells captured.

B. Optical

The invention also. features optical methods for measuring the intracellular
contents of cells, preferably on a microfluidic 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 involve lysis of immobilized cells
(e.g., an enriched population) with surfactant to release LDH, followed with mixing

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

11



25 conductivity of the surroundi ng nmedi um decreases substantially, and
nmeasured i npedance increases. Next, a hypotonic, non-conductive solution
(e.g., 2% sucrose) is added, lysing the cells. The rel ease of
intracellular ions fromthe cells into the nediumleads to an increase in
conductivity, and a neasurabl e decrease in inpedance. Because
substantially all ions now present in the nediumare fromthe cells, the 5
absol ut e Opiivilebsebanvelof thedinal srdutén is rrapprsbonia 3 s@ndad cHae REENEH ed

i npedance. A-priori or subsequent neasurenents of known reference

sol ut i onsising lysdae cfamewd evil cancemtretions trswtimbtsrthemmbsar of Ivsed efllseach

measur enent . I n anot her enbodi nent, the invention features the use
of a mld det g gefthertegbodingms ehd imbamtiondedthren serhisquanfitagvespebizgsceic nucl ei
may be counted using a micro-coulter 10 counter. A coulter counter works

by neasurd,dghdshRing e ﬂl&nioﬂﬁ@s?ﬁ&% (BBRY dllthis b@bodiarat, alpatfih an aperture

in a conductive nedi um AL anot her enbodi ment, the i nvention
f eat ures CBFIE’OJE@E’ s%lg LOP r%_%i&_?hfthé!f‘ys%%% 5@5@'{, réd oﬁtala(i;ﬁaﬂsﬁ_ ffhdeQiiifp t O qet ect
the concentration o s'p%m fic tons (e.g., potassium sodium or calcium,

and the concSRt LAY §lovd Bindud hdifiy! #RABEARICD MadPekBeiibatitd {0 the

nunber of? “€&11'E captuare pti ca he I nvention al so features

tical th f ' he i.nt I f I'l's,
ot of or abl BT FREFOERR dp Ao AR ebREGANKETIS P 201 Rventi on
f eat L 1 - titagi | ori et r.i t hod t of
Lhe. act | iEpnioal phes hoBRhat o=t el & TR o BT ooy ©

| act at e dehydrogenase (LDH), assay, which asures_activjty of a

cyt opl as rﬁohanen-zﬁrﬁeﬂuozmncaﬁtg@?l qap?eﬁgvéa@g?‘f mb%?ﬁcelllﬁi s embodi nent may
involve |lysis of imobilized cells (e.g.,, an enriched po ugati_on W th
surf dét ant t o Inehetherentpdimens, the igventign; athyes capjliary iphele t{))’é’ PESHCEh an
enzymatic solution that changes color upon reaction with LDH.__ Opti cal
absor banaell ¢fsatelse Thismadthadxantbe @sed i combetion ity agnepsursasPPIUY ve obt ai ned
using lysate of known cell concentrations to estimate the nunber of |ysed
cel |'s. | mbsfrbhdierto debosinatrtprestiee dfispeific wns thahearredade ethe - quantitati ve
spectroscopi c

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 cell lysate. The lysate can be introduced
in the lateral flow device and the distance traveled by the target molecules at a certain

conicentration threshold 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  pumber. In this embodiment, 2 cell lysate can be dried and weighed using micro- and

12



met hods usi ng surface plasnon resonance (SPR). In this enbodi nent, a
specific 5 conponent, such as a protein in the |ysate can be captured onto
a nmetal surface using a specific antibody, or other capture noiety, and
the captured mass can be quantified using SPR spectroscopy. |n another
enbodi ment, the invention features oligonucl eotide-based fl uorescent
probes for detection of potassiumions in the |ysate so|lution. The

f I uor escenpemechangal resanaters dhgt allpwmeagsuremeH O MIsHELP thepiegram o) n anot her
enbodi nent, the invention features capillary ion electrophoresis on cel

| ysat es. rdines Atenintiselyansipeificslysits compempitrad be paphired asd weighed - doent of UV
absorbance to determ ne the presence of specific ions that correlate to

t he concebmple] @ingdn aribb&y-functionalized (orlotheaayptiire magetppaintitener. Thice
invention features a lateral flow diffusion based 15 assay. In this

met hod, thigssBeEHReicProteRk kan bethide be toirledd hake dunbertdfeel infthsiysate.of t he

nol ecul ar contents in the cellular lysate. Strips of nolecules can be
pattergned that recognize and bind to target nolecules in the cell lysate.
The |ysate can be introduced in the lateral flow device and the distance
travel ed et nolecules at a certain concentration threshold
can be c&ﬁ%é&@@gﬁﬁﬁg the nunber of cells in the original 20 sanple. C

Mechani cal g invention fte qgﬁﬁpnﬁﬁpé [ Ekdifse4is

guanti fying tﬁ@ﬁﬁﬁﬁgggékﬁﬁ 5?%€§%}%%ts ol” ce Ighﬁ%%%s Is a ?Lnganental
property that can be us t o, quanti f ell 2 T t hi;s enbodi nent ,
a cel | | yAgeauying énﬂfégﬂm%% “Wkﬁéﬁéﬁﬁﬁgfﬁ§§ﬁ$%p§§dgﬁéﬂnﬁgﬁo-nechanical
resonators that allow peasurenent of s do t at t ogr am,f.ange.

Al t er nat i spaptng of alisells mgs %t"éc%l%rﬁilg%stéﬁﬂ“ g"ﬁe‘tﬁm&g‘%ﬁ Y 'é%ﬁel&ei ghed,

for exanple, using an antibody-finctionalized (or other paptgre noi ety)
cant i 10ev eof a smmplepdhbasingentignds esnegially switadder auomasingthedeierliondpdel ated to the

nunber of cells in the lysate. 5
quantification of relatively low concentrations of cells, for example, 100 to 1000 cells

pér milliliter. Tn 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 sputum.
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 also sets forth exemplary capture molecules

that can be used to isolate the indicated cell population.
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H . Indications The net hods descri bed herein can broadly be used
for autonated detection and counting of any cell popul ation. The net hods
are useful for detection and counting of all cells in a sanple, or cells
which are isolated fromthe remaining cells 10 of a sanple. The invention
I's especially suited for automati ng the detection and quantification of
relatively | ow concentrations of cell for exanple, 100 to 1000 cells per
mlliliter. In one enbodinment the ﬂﬁ@éﬁ%ion features the counting of CD4+

cells f TDi%bopaidioe O Caftre nibl8cli&Vent 1 olpphadtionl so be used, for exanple,
for countad ;i Tare ep| Khgldsgs cancer ce lﬁergﬁmmogggmt,c&gmdrﬁ@ of cells
expressiing speC|f|c ant} genic 15 receptorgf%mmhﬁprgéﬁ Wy hebMnEAt | NG

di sease,—counting—of—t=a rophits L RS Blo0t CBie g Of SPeg ific
rmnocytéM"’nonmeb' pot—a ﬁfé G Aot ——cel bﬁlg.. gﬁjtar%?g body ft+uirds—sugh as
urine, d : - .M,‘ i\v—'L and—sHatbn H—sope—frethods of
t he i nvdAyPHROCHEant i fi CARGPRE cel | p()&‘@ fﬁB‘i{:cg?% , bR surf ace
antigend is useful for Hiagnosing or assef¥ tions.

20 Cel | 4 Lymphbeyteirst chpntir@ysing hin lrﬁmum@pqe&lm 48 fERmephy  gesired
cel | sur{flaoehactte §ens ahAntHEAGuantifi ed MasitegngHymune FpHRONSHIV e et hods.
Table 2|sets forth an ekenplary |ist of apdkitioati ons where specificjcel
count i § @lgsiatiag timer a AniieERPCAM nedi call Canctr odanitbieg  di agnosti cs. |Tabl e
2 al so dekpsforth exenp|ary capture nol equl es that can be used to i gol ate
t he i ndi[GaigAnE6dHs POPU| Ahiiarmg3 Tabl e 2 Calidnitefipg animnretipgpiser-€ ol ¢cul e
Anti - CDG6 Applipatiqn D fferential bl ood|gesspsl, nonitoring of '
I nUNUNOSIIESaT o6fs dT Ug Aﬁﬁ%ﬁ&ﬁhé}ﬁﬁ&ﬁeolf’mﬂana diagnostic

antigen 1 (AMA-1)

Red blood cells Anti-PfEMP] (parasite- | Malaria diagnostic
derived proteins)

Tuberculosis Anti-P MHC Pentamer | Diagnostic of latent tuberculosis

sensitive CD8 T cell | A2-SL9

Platelets Anti-CD41 Monitoring anti-thrombotic drug

- treatment

Endothelial 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) Idifferential blood count
5 —including neutrophils, lymphocytes, monocytes, and platelets, (i) pediatric AIDS
diagnostic (e.g., ratio of CD4 to CDB), (iii) malaria (panel of PIEMPs (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.

14



Monocyte Anti-CD 14 Differential blood count Lynphocyte Anti-CD4 Al DS
noni toring Lynphocyte Anti-CD8 Ratio of CD4/CD8 nunbers for nonitoring
pedi atric Al DS Lynphocyte Anti-CD45 | mmunosuppressive drug treatnent
Lynphocyte B Anti-CD 19

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
5  surface-patterned electrodes to measure bulk conductance changes through

impedance spectroscopy. Mammalian cells contain a significant 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 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 uL, which is sufficiently useful for clinical and research
applications.
Modeling of Cell Ion Release-Based Impedance Spectroscopy

20  Conductance vs. capacitance change due to 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 in a 10 pL micro-

chamber (the voiume of the microfiuidic device used in this study), these ions

15



Monitoring i mune response to infection Crculating tunor cells Anti-
EPCAM Cancer nonitoring Dendritic cells Anti-CD83 Mnitoring inmune
responses - general Red blood cells Anti-Apical nenbrane antigen 1 (AVA-1)
Mal aria diagnostic Red blood cells Anti-PfElVIP1 (parasite- derived
proteins) Ml aria diagnostic Tuberculosis sensitive CD8 T cell Anti-P MAC

Pent aner A2-SL9
contribute a 3nM increase of ionic concentration. Thus, for every 100

lymphocytes, complete lysis in a 10 pL. chamber would increase the solution ionic
concentration by 0.3 pM. If we simplify the situation by assuming all released
ions are potassium and chloride ions, and that potassium and sodium jons have
5  comparable clectrical mobility (Ohno, ed., Electrochemical Aspects of Ionic

Liquids, Wiley-Interscience, c2005, Hoboken, NJ, 2005.), the solution
conductivity can be calculated to increase by 0.03 /MQ-cm from an increase of 0.3
pM in ionic concentration (Omega Engineering, Technical Conductivity and
Resistivity. Accessed: December 30, 2006.). This conductivity change 1S more

10  than 50% of the increase seen with deionised water (0.055 / MQ-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 jon concentration in a dilute solution
(<100mM). Using a similar calculation, the total ions released from 100

15 lymphocytes only redl;ces the solution capacitance by 4x1 07 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
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Di agnostic of |atent tuberculosis Platelets Anti-CD41 Monitoring
anti-thronbotic drug treatnent Endothelial progenitor cells Anti-CD34
Monitoring health status of vascul ature Lynphocyte Anti-CD3 Tot al
Lynphocyte count in cerebrospinal fluid for neningitis
di agnosti c/ nmonitoring and total | ynphocyte count in urine for urinary
tract infection diagnostic/nonitoring In addition, it should be
not ed t had elecndliyteaioiwionatn be modebadntsngrandaiibdeny setul as shoven indfiget y of
medi cal applications. These could include (i) differential blood count
3A (Gomez-Sjoberg, et al., J. Microelectromech. Syst., 2005, 14, 829-838.
Gomez, et al., Sens. Actuator B-Chem., 2002, 86, 198-208.), where Cz 1s the
dielectric capacitance (it contains dielectric contributions from all the materials
5 surrounding the electrodes, including the solution), R, is the bulk solution
resistance (charge transport across the bulk solution), Zy is the interfacial
impedance (the so-called Warburg impedance), which accounts for the change in
the ionic gradient at the interface, and R,,, is resistance of the on-chip wiring. The
interfacial impedance can be expressed as
10 Zy = V[(§=)" B] (1),
Wherej = V(-1), # 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 Maierials 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-Paque Plus was purchased from GE Healthcare Amersham
20 Bioscignces qup (Pisg:ataway, NJ)._ 3-Mercaptopropyl trimethoxysilane was
purchased from Gelest (Morrisville, PA). Gold slides were obtained from Fisher
Scientific (Fair Lawn, NJ). Phosphate buffered saline (PBS) was obtained from
Mediatech (Herndon, VA). Lyophilized bovine serum albumin (BSA} was

obtained from Aldrich Chemical Co. (Milwaukee, WI). The coupling agents
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5 - including neutrophils, |ynphocytes, nonocytes, and platelets, (ii)
pedi atric Al DS diagnostic (e.g., ratio of CD4 to CD8), (iii) malaria
(panel of PfEIVfPs (parasite derived proteins)), (iv) nonocytes and
Lynphocytes for nmonitoring and differentiating viral and bacteri al
infections. In addition, this invention enconpasses any cell count where
specific cells are captured alone or in conbinations. |V. Exanples

To addr esGMBIe(Meathltimiddtueat]lcaxysuatihinndebsier) ahd debrdvidinotsird | zed on a
relatively large surface area or in a large volunme, we investigated the

rel ease Qfprdindd B6RIHittca BidteAsndl6SNMR R RAd (E). Biotinylated maed anti- a
m crofl uidic channel, using 5 surface-patterned el ectrodes to neasure bul k

conduct arlﬁﬁna(h%?g@ﬁtt t(abﬂél ghb4 IPEIAPEEhSRE GlokDBERan MBI |Sahersel | S
contain significant anount of ions, and tight control of ion transport
across cel;}, nenbranes is central to nornal cell functior and response to

t he surroundi ng environnents. Wen cells are suspended in hypotonic nedia,
passi ve diffusion and active punping of intracellular ions to 10 the
extradellular mlieu are used to adjust to the hypoosnaotic environnent.
Here, we show that by controlled rel ease of intracellular ions, we can
.perfornj%qfedance measurenents to determ ne the nunber of ceIIs pr esent
in a mcroff4fdi ¢ channel. Using captured and i mmobilized CD4 T cells as
an exanple, follow ng our previous success in separating these cells from
whol e 15 bl oodihr¥etyge opasticas werefabricedd, ihpleaicatingrihecadidfergpect r oscopy has
a detection threshold of 20 cells per pi., which is sufficiently useful

for cli niéi@dtmaeaeﬁgﬁsem&ﬁu@@a{tbmglta@éusam) co-pMadeticogodys, Saiple tvan
Rel ease- Based | npedance Spectroscopy 20 Conductance vs. capacitance change

due to iqRyls BRE electr desV et elah@b&%rﬁ%?é%ubﬂaﬁﬂ Fifot b-by! knegaiduct ance

and capaC|tan e are affected. In a typlca manmmal i an cell, cytoplasmc ion
concepfr NMpbecul es in
COMOES " AL NPT LAyl Bl BN kel ccul e |

0l a7 | orREocE eylb.‘i‘s’@f%ﬁ%zgéﬁstﬂ%% i & Ao T éa%ﬁ'?%mf"%%?’?ﬁg -

m crofiuidic device used in this stud%{1 these |ons contrlb te a 3nM

i ncr ease wh. Tbay eovesetdwentir ¥aa withim themicradlpadi chayme] %‘b reken conpl et e

lysis in a 10 }a, chanber would increase the solution ionic concentration

by 0.3 p.ilto thfeevidergticabseighentsite psobaxdiffevmmt bgctians oftbnghamber: eltased ions are

pot assi um and chl oride ions, and that potassium and sodi umions have
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 pm 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 glassrand 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 on-chip

lysis were functionalized with a monoclonal CD4 antibody and primed with PBS
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5 conparable electrical nobility (Chno, ed., Electrochem cal Aspects of
lonic Liquids, WIley-Interscience, c2005, Hoboken, NJ, 2005.), the

sol ution conductivity can be calculated to increase by 0.03 /MD>-cm from an
increase of 0.3 gMin ionic concentration (Orega Engi neering, Technical
Conductivity and Resistivity. Accessed: Decenber 30, 2006.). This
conductivity change is nore 10 than 50% of the ipncrease seen wth

dei oni sedoniimng (% BSS and MIMERTA| #s prsously deseribed fabsngastcd-défends only
weakly on ionic concentration in a dilute solution. For a sodiumchloride
sol uti on,CHipr2007afpl79-178.>el ectric constant drops by only 10-7 for every
nanonol e i ncrease in ion concentration in a dilute solution (<100mV.
Using a simlar calculation, the total ions released from 100 15

| ynphocytes only reduces the solution capacitance by 4x10-7 relative to

dei oni Sectm,%bakgjoﬁ|ﬁgbﬁl&g§:@é‘]§k@[w§oﬂf 80). This change is several orders
of magni tude l'ower than the change in bul k conductance. Thus, cell ion

rel eage mainl wgﬁgﬁéﬁai ﬂHB&’%an‘anﬁélleMIée% (PERRUS RRCHepAtadaom MbitN can be

easily detecte st ng i npedance spectroscopy. 20 deling of inpedance

t T t i A C . 1 || I’Tb
corri ed SuEvRSi el il Aef ) B R e M e O of i di
devi f i tai ned. uSi q
el ect r oddBLAFBaGS 19RO 16-dP 3o FORIts b TR ARIDAUREERC i g an

equi val ent_circuit shown.in Fig.., ( z- S| ober t o J.
M croel é&%o?re?(f‘?gf?‘Z@s?{“?Wqu’f Ré@g@@eme&%%gf © gsP lakg (.:;fjl4§e1;1s. Act-uat or
B- Chem , 2002, 86, 198-208,), where Cdi_.i teﬁga di el.ectri.c capacitance (it
cont ai ns lampheettes. 2BMt mapigineh W%%ﬁn’f Weicdricsed e # Houndi ng t he
el ectrodes, including the solution), R801 is the bul k sol ution resistance
(charife tCR#apabidydfonaimatinel midrrelsetreds davices zin fpwy rpig@liStldprim €91y
i npedance (the so-called Warburg i npedance), which accounts for the change
in the i ofifferegit RAEEBIOL &inet Fidldwedewith cimsingibdund 'cells frogstbstdarices of t he
on-chip wiring. The interfacial inpedance can be expressed as

using PBS containing 1% BSA and 1mM EDTA. The number of cells captured

within the microfluidic 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 mapually
using a hemocyfometer, 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 final wa-sh, fhc cells were resuspénded inl 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 starting from the lowest

25  concentration at a flow rate of 15 ul/min, and impedance spectra were taken after
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10Zdj = Maw 13] (1), Were j =n and B are paraneters dependent on the
properties of the electrolytes and of the electrodes. This is the sinplest
nodel that would properly fit the nmeasured data over the whole frequency
range at all times. 15 Materials and Methods Chemical s Sucr ose was
purchased from Mal | i nckrodt Baker, Inc. (Paris, Kentucky). Dextrose and
Trypan blue solution (0.49% were purchased ernLSigna-AldrichH%St. Loui s,
MD) . Fi colignalayere spibles R@s@emeé s Ensadowitlede-ipnired RatrebARRTS AR 20
Bi osci ences Corp (Piscataway, NJ). 3-Mercaptopropyl trinethoxysilane was
pur chas ednjettionsGe hakiw fAibof S5GuL ing uii)the Eopaiantd messuppmant stschehed from
Fisher Scientific (Fair Lawn, NJ). Phosphate buffered saline (PBS) was

obt ai ned 4 glqgil}{gpj,@{l@q’@r Géleoriayd, waldy).. Lyophilized bovine serum al bum n
(BSA) was obtained fromAl drich Chemi cal Co. (M| waukee, W). The coupling

agents GVBS (N-y-mal ei m dobutyryl oxy succinimde ester) and NeutrAvidin
were obtained from Pi erce Bi otechnol ogy (Rockford, IL). Biotinylated nouse
anti human anti-CD4 (clone 13b8.2) was purchased from Beckman Coul ter

( Soness etQptiia) chasadenidation of on-chip calhysis wsipg sugsk Sedip®es were fabri cat ed,

i npl enenting three different el ectrode designs, including interdigitated

(1) 50 P! anafy BLETALORESontlRcmbdtR1S Bisk Ak RlaABAEOALERLL delos. and top-

and bottom el ect¥ d 10 el ectrodes were

oL AR S i

processe i‘ngers were w th spaci ng of

35 gm They covered the entire.area wWithjn t mcrofl uid . c. el and
were br old@f G- Fredextipssdoidificrenigal §8’@1‘f’ﬁ5‘?‘f€§m?so h%FS%%"lH? e‘géer(réltuﬁgég i ons of
t he chanber. The connecting rajls for . the ID ct.r.od and the rails of
the si nplseqesmsialyinto psicrfbidic ghrnmeliayith Eﬁé“ﬁﬁm(%‘ﬁ*ejrmﬁﬁ%%eéi“ﬁ’d‘gof 3.8 mm
The top-bottom el ectrodes . .

10  asyringe 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 pI. /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



were 5 cmx 4 mm gol d pads. For all devices, the top and bottom
slides (75 mmx 25 ram) were bonded to 50 gmthick PDVS gaskets with an
opening of 5 cmx 4 ram form ng closed mcrofluidic channels. The PDVS
gaskets were prepared by spin-coating PDM5S 20 on transparency slides,
foll owed by hand-cutting w ndows of desired size. Two holes were drilled

on the top glass and assenbled.with P orts, to f : .d.inlets and
out | ets. OBy PEESKDIH ‘@‘%ﬂ’q‘?%or‘r@ééﬁ?tge"i Ié]?a{?c@oﬁ%%ﬂgg? £ f-té:ﬁliaghl ysates were
used directly after assenbly. Devi ces enployed for cell capture.and

on- chi p. I§esiy siais- oF llonaee epfhisBe derrrLAEnBer Iercddss Ao 880 and
primed with PBS containing 1% BSA and 1nM EDTA, as previously described
(Cheng, &0 jdl/min fats-Ohinpput29B7acqRire referenggspectrae MpgsiagpmVat i on and on- chip
cell isolation 5Peripheral blood nononuclear cells (PBMCs) were prepared
from f r eshbpitcdé¥dhibuoedy throostgut Bieoaltire peweist y gradi ent centrifugation
(Ferrante, et al., J. Immunol. Methods, 1980, 36, 109-117. English, et
al., & Imunol. Mthods, 1974, 5, 249-252), and maintained in RPM -1640
medium To isolate CD4+ T | ynphocytes, PBMCs nai ntained in RPM -1640 nedi a
were injected into anti- 10 CD4 anti body functionalized m croel ectrode
devi ces dimpeddricegpacoscopy MEAgFPREHS f or different lengths of tine, followed
wi th rinsing unbound cells fromthe devices using PBS containing 1% BSA

and 1mM EDTA. yfhe .{.}%@% s@fenfels Wert 3ledBThgWint Adilent BB8MTL.CRahét di ¢ devi ces
was count ed man a? y uno?er a phase contrast mcroscope (Cheng, et al., Lab

O p, 2007 cTuc A0 150 % RIS IR EcRRGR HBNclslcrbpedance

nmeasur e prepafe cel ates off-chip, cultured PBMCs were
counted manual | y usi h t ore t dj W PM -1640 to
differ entcoéﬂ?ﬁ%%fortif i&\fmﬁ%@ﬁ&& P%?ﬁhﬁmtdg&%ss%%)&%g%flgf za?"'ﬁ eppendor f
tubes, with a final volunme of 1.n.. Af terwards, the pel |l eted
R AN SRV P PN T S T R

| ow- conductive nedia (8.5%sucrose and 0. 3% dextrosge).. .
automated by custgm Lal;)View (Nationaq struments éorp., Al)stm, TX) 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 Resuolis

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 controlled flow conditions,
this channel design bas been shown 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, 170—178.). In the current stﬁdy, we
further patterned microelectrodes in antibody-functionalized microchannels for the
purpose of detecting isolated cells electrically. Using an appropriate electrode

layout for on-chip cell lysis and counting (Fig. 1C), both isolation purity and yield
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After the final wash, the cells were resuspended in 1 nL sterilized

dei oxfised water and left to sit at roomtenperature for 20 mnutes for
cell lysis. Each cell lysate was then injected into the m croel ectrode
devices starting fromthe | owest 25 concentration at a flowrate of 15
4/ m n, and inpedance spectra were taken after signals were stable. The
devices were rinsed with de-ionized water between |ysate injections at a
fl ow r at eenfhinsd aBbve 9% fomEDB-+(Theeli sepenatinn &romewbele dpetched t he
original values for de-ionized water. 5 Optical characterization of

on- chi p GahintdnyiSdesoABSMMaf sfigaty sarfhet dreasswithin the chippngldent i fy a | ow
conductive nedia to lyse cells at a controlled rate, we diluted a | ow
conductive viability-nmaintenance sol ution containing 8.5% sucrose and 0. 3%
dextrose to different final concentrations. These solutions were injected
sequentially into mcrofluidic channels with captured CD4+ T | ynphocytes
using 10 &ﬁﬁﬂcg%wweﬁWnFWWMlW) at a flowrate of 15 pL/mn
for 1 mn, ‘and cells were allowed to |lyse in each solution for 10 mn.
These cells were pre-stained using Flyo-3 and_captured ip m.crofluidic
channdl s by sufd testethe idgiepien sensiivilyof poytrlerss fg ‘H%‘asceﬂﬁ’s‘%‘flgbed
previously (Cheng, et al , Lab Chip, 2007, 7, 170-178.).. Fl uorescent

i mges weimpetacerspestensgomo wedinshiysed BBMGsfdwant coreeEgliPRelfof t he
experinment, and the nunber of fluorescent cells were enunerated to

esti mat e ¢ppendurfrndes oithidetianized sates, ardmessupedgmpgdanee iob #hef lgpate npedance
spectroscopy To detect surface immobilized cells, ions present in PBS

buf f er welsn@Rioefindtt duvicesbf three diffenert lekectrodndesigrisotopeltoct i vity washi ng
sol ution containing 8.5% sucrose and 0. 3% dextrose, at a flow rate of 20
pi - /m n ypdtiddes PACGNERNE Jeaicdlenvanidsifipidiven-ralecot-plasarl chewtrodeduct i ve cel |
| ysi ng sol ution containing 2% sucrose and 0. 07% dextrose was flowed in at

a flopy rafv\%s.ojA 104 bB/sHDW thDdpedtrFoR irhfdab& hagnifiids and\phave s hdfuhytidnng
sol ution s i1 ntroduced, flow was stopped, and cells were kept in this

sol ution for_ ARQLNRY cAf) BB a8k ok 153 D0 Lo sickashuast at e.

Fol I owi ng~c S, de-1onrzed \ r-was Injected at a flowrate of 20
L0 St e BTG O RS RS RSSO v
regions, a constant impedance region in the frequency range from 100 Hz to 10
kHz, and a region of decreasing impedance at the higher frequency range (>100
15  kHz). With increasing cell concentrationg, 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 measurement of
cell concentrations can be determined using cell ion release. The impedance
magnitude spectra obtained from the other two electrode designs demonstrated
20  similar prope;ties, but different absolute values; the impedance magnitude
_measured using two-tail electrodes are two orders of magnitpde 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  to around 1kHz for the simple two-rail electrodes.
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5 I npedance spectroscopy neasurenents | npedance neasurenents were
taken using an Agilent 4284 LCR neter (Agilent Technol ogies Inc., Palo
Alto, CA). The m croel ectrode devices were connected to the LCR neter

t hrough pl ati num probes; a schematic of the 10 experinental setup is shown
in Fig. 1A. The inpedance measurenent process was automated by custom Lab
Vi ew (National Instrunents CorP. , Austin, TX) virtual instruments and GPI
B interface. |Topeduminsethspbiity af therimpedanagspertiafodbsrimpiggigéfily range of 100
Hz to 1 Mz with a frequency increase factor of 1.5, and anplitude of 250
nV. 15 Resutdmrafibhs, ceplogs] ngedance magrgtuste atJoGkEz vempoedt of surface

m cr oel ectrodes patterned wthin channels with the di nensions of 5cm x 4mm
X 50gm \Yo@eertrohifdd the thrind types plelettradeadesigne (FigarG-2i)e re ebosaTé8r
controlled flow conditions, this channel design has been shown previously

to speci fiigald e hi@hat@esiPeyuincdOddey/ioTihe Gk Bsurh Beparitiorrofdhfdedadce h hi gh
efficiency (>90% from unprocessed whol e bl ood (Cheng, et al., Lab Chip,

2007, 57, ohffithd8ad thid ﬂf’ec%@ﬁcffb& LARhres leirod¥e THY feliRinsPaf intpadatie

m croel ectrodes 1 n antibody-finctionalized m crochannels for the purpose

of det eCtlhg%#yggyogseggﬁq%%%@gﬁtﬁhqgghe&%Iaxo Y& RleARloRRRRRT Blee €l ect rode

| ayout for "ol . s and countin 1g. 1C, both i sol ation
Bi'ooc adeiaiafinls R SFENBE sOBHG, b lc APt pBldioRBRBRBRALT, O MO €
ot oct 1 o OBBHUIALPY 11 JegamgegR o ar . piug SPieRR FeinertEE fEe i 7 ance
spectr Oscgopn%hct\i\e\;it; ;stﬁeslis}{isxr?tg. K?c':\t/:[s:ged? fDe:ié‘,gr(rjl er fO? 988&'55%& o %caite% that
10  the 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 extremely sensitive, and

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

15 Impedance modeling and parameter extraction

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
Gsor= 1/Rsei. 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 107" 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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eppendorf tubes with de-ionized water, and neasured i npedance of the

| ysate using mcrofluidic devices of three different el ectrode designs:

t op-bottom el ectrodes, |IDT co-planar el ectrodes and sinple two-rail
co-planar electrodes. 10 Figs. 2A and 2B show the spectra of inpedance
magni tude and phase as a function of frequency for cell concentrations
ranging fromO to 3,000 cells/A neasured using the IDT el ectrodes. W
observed t hat Fégsc RBrrad 3G shbev & psardcal fittingef thodmpedgpemmageitudepddant

i npedance region in the frequency range from100 Hz to 10 kHz, and a

regi on ofphdesdpeasi igng ipenafian salutivhe cétgihin ¥,00eadisml: chrsgenaictl 00 15
kHz). Wth increasing cell concentrations, there is a consistent decrease

i n i npedapagRBER ieHdlBerhbntt fErobRW) dEHERR CUrvea tid |akes) indivhicl thaef phase
peak to higher frequency. This suggests strongly that sem -quantitative

measur enﬁ%g@%c&%ﬁﬁkmﬁ@zﬂS@ﬁ rédibQ e %&ﬁ%n&?%ﬁéﬂl RRE. using cell ion

rel ease. ance nmagni tude sp ra obtained fromthe other two

el ect Lode desi esrtedggaﬂ] L%ﬁ&ggn&gtﬁfc??&%{ ﬂpgﬁ%@ﬁg,t&ﬁé%o#g&tbuﬂé Jofh?cfcﬁnt

absol ate val ués; el ance negni measur ed t wo-r al

el ectrodes are two orders of ni t ude .hi gher. than. €athl | DTs,
which is cgﬂ&(’ﬁ%“rcet"’ﬁﬁ fg’?‘i?é’fls(’fdrfnﬁ%ﬁﬁ‘ﬁﬁﬂ%ﬁgn ﬂﬁ°§ﬁ£#"°?"ﬁé‘lr‘1‘t}f%%e3’§b%?bot om

el ectrodes.  The transition point where inpedance begi.ns .t.o,drop on the
magni t udélldpresiclestigde dedens éﬁﬁﬁa%ﬁﬂélcfad‘ggfl}?éea%splﬂfg{l?’dﬁhﬁhgct rodes, but
shifted 25 to around | kHz for the sinple two-rail ele tro&!gs_. To
exani ne twabshpf ¢allp contrithiEing to innsrasertFriiony soRTBMiRgRYr hypAtEss that|
concentrations, we plotted i npedance magni tude at 760 kHz versus cell
concent r a0 oredsepnd keutipn cendugtrnse ghange&re propertigas) lgesll ouppstoWeor) . we
chose 760 kHz as the neasurenent frequency due to the maximum separation
of i nMpedaispeotservad thdt Bole valiies fominatecinpedancefmagnatiufie msaswemenis in dtles. The
response of inpedance nagnitude to cell concentration is linear in a

| 0g- | og SaRhBedihtetfreqaimdyl rangd betiveen 1 60 at 1 GkiEhi Thibatdivntes thitghe bulkst ance of
.a sinple electrolyte solution and solute concentration in the range

rel evant doadeisinceicdfl e SHRoRA BRGhasafihg inpetaademagiinidoadaeingls ty and
Resi stivity. Accessed: Decenber 30, 2006.). This indicates that 10 the

rel ease gig h@ﬁ‘c;ﬂ' _ '§3a Cigipi€ REs-hélaap! Instead @f AECRUBSIRAUENt conduct ance of
t he nedi um(]i n which the cells are |ysed are proportional to the nunber of

cel | 5. Mor eovafop disieg ARt EhEANE LA IRLER ik meAPRASIN 1) B beoiex! remel y

sensitive, an etect as few as twenty cells per mcroliter in a low

_condygti ve 39bihbeRs R JHRAAATGS SPYShIALIANG AN AT R Shighed ract i on
detection sensitivity (9.18x107/(ohm-cell)), while the simple two-rail electrodes
have the lowest sensitivity (9.92x107!!/(ohm-cell)); the detection sensitivity of the
IDT electrodes falls in between (1.90x10%/(ohm-cell)). For easy visualization of
cells within the microfluidic devices as well as sensitive detection of cell ion

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

experiments.

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 Iysate and impedance spectroscopy, we were interested in testing
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As cell ion release mainly contributes to bul k conductance change, we used
the circuit nodel shown in Fig. 3Ato fit both inpedance magni tude and
phase spectra using | east square criteria in MATLAB, to extract bul k
conduct ance val ues Gsor= 11R501. By iterating each of the initial
conditions in the nodel, the least 20 square error between the nodel and
t he experinental data was mnimzed, to a value of 10-13 or, | ess (Vetter
El ect r oc Hbiistateay o deteeland quap@iveaslis saptrRd withya o 1c geYEet sO New Yor k
. Academ c Press, 1967. Evgenij Barsoukov and J. R Macdonal d, eds.,

| rpedancexcspoplisioecoip cell i ¥rater inpedaprer spaetiscopih vessed tot firsheeplasgboken,
N.J. : Wley-Interscience, ¢2005., 2005.). The fitting is 25 then

t er mi nat edectmiyteirivh vdarahktodos salimee bufar vdthedinemdonducye esbtonic Fi gs.
3B and 3C show a typical fitting of the inpedance magni tude and phase
spectra ushitipnl ystiecd bpRpohd condigtionn imihei migradlidio chaldesand®l: cl ose

mat ch between the neasurenents (crosses) and fitting curves (solid |ines)

i ndi cat esestdb@ikh hibasetiak atdassteficht Uike sfEdalp dxpedinehs ubing PDwatet feent al system
wel | . S5After extracting bul k conductance fromall spectra, we plotted bul k

sol ution £80RA%0RBe Spiitaitelily 8 of-8hip @ANGEAtE ENOMRsheeddnCircles in
Fi gs. 3D(%|@)r19é15\i’t h aIOI ??#éae el gctjrrodg despi gns?ﬁs& uti onsgonguct ance

| nCr easesy] LARAMY ifrdelialdie. SMATHE Iyle Flil be HABRId R LE B dilfo bABr to
concentration, confrrmng our hypothesis that 1on release and sol ution
conduct ance change are propot.tional |t ” : bserved
Chat R 027psns Torswaear R AR s ik byl G i BERA
intermedi ate frequency rapge between,100 .t OkHz. Thi s indi cates that the
bul k conc?&‘&fyéﬁﬁge@%H‘“K‘@‘”é‘ﬁ’?’f%ﬁ?%ﬂo l?reaélgﬁger %ﬁlﬁ%g’agih%‘éa A'tide at a
single frequency using _a sinmle hand-hel d_setu [ .ead of an LCR neter.
Sl oped of Hﬁo@%?ﬂ%?ngﬁ’@éﬂ thsr ?%‘ﬂﬂl‘éété%@ %%@Wé%&%’éeé‘ﬁ Yivity of each
15 el ectrode design. W observed that top-bottom el ectrodes have the
hi ghest dwnduetivermedipas esil wesh gl cedhstahibizationselusions.) Wefanpdthapa sinpl e
two-rail electrodes have the |owest sensitivity 89. 92x10- 11/ (ohmcel l));
t he det ectugambased svashing isqlutibn chmtajddTz 8i5&c suconse snf §13% dexiresetsadefed
(1.90x10-8/ (ohmcell)). For easy visualization of cells within the
m cr of | uitte ewslexictiasfdamn weldvahandexibstabilieatibat duipedance bf tas soliroen B0
rel ease, we chose the IDT electrodes for further cell capture and on-chip
| ysi s exp@éielts lefbnisonwate) bethriladisitityzeaini temmahtaimeddbi mosetbhn 69si s usi ng
hypot oni ¢ sugar sol utions

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—condﬁctivity 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 ce¢lls, we introduced the low-conductive 8.5% sucrose/0.3%
dextrose 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%

25



After confirmng the feasibility of detecting cells through their ion

rel ease 25 using off-chip | ysate and i npedance spectroscopy, we were
interested in testing this strategy to detect and quantify cells captured
Wi thin mcrofluidic devices. To acconplish on-chip cell |ysate inpedance
spectroscopy, we needed to first replace electrolyte-rich whole bl ood or
saline buffer with a non-conductive, isotonic solution, to reduce

backgr ountkxtroscsadution, apd imdifferentiddnbonspidhis sohdiene Lympaosytesteamin sh a
basel i ne neasurenent. The off-chip experinments using DI water for cell

| ysi s colihthchiitr abteasyfifl inerahtah in 8ci% putrosai-3¢hiqxteet;| lydiy stcsleratss pel | s
suspended in DI water |lyse imediately, and the |ysate woul d be washed out
of the chaprepfilu®é sigdr ssIRAEEEY) MBasoi a6 tiareubts, the 86% kiwoddsi%e that the
mediuminto which the cells are |ysed be as non-conductive as possi bl e,

and the desitbse SQuIGSHa MR 458 indikiGvakf soRdoR) Aldel dlevAl@htaidingm t he
bl ood sanple itself, we evaluated different | ow conductive nedia as cell

wash and ggld, . Stabid b 64 R et Whi Mten Y& drouigl cLiNRLis2 Wi ais based washi ng
sol ution containing 8.5% sucrose and 0. 3% dextrose satisfied the two
criteria of ;i-0n: repnval ild i midles sol ution
is close %Dglgdlgﬁﬂloon g}egd)%\%efar?gc?,th%gld}t) t‘?:?aﬁ% A\ﬂ%%@%fllégﬁggg&%{ al ne%l for nore
than 60 1 jnutes (Chiou, .et .al.., Nature 05, 436, 3705 urt her
it onso TSP SRekage DR inn 5 SlkrodlRg il g B0 B e
decrease the soql ution osnolarity, so that |lysing s d can be controlled
by adj ust%%ﬁ%gmﬂ’ﬂ%éo FYES %F@Fiy meas e‘ﬁ%’qﬁ’(‘%gﬁ‘eﬁfsyrrphocyt e viability
and lysis in |lowconductivity sugar solutions, we isolated CD4+ T

| ynphocytes from PBMCs wi thin functionalized 20 m crocharuael s, as
described (Cheng, et al., Lab Chip, 2007, 7, 170-178.). After washing off
unbo C 1 nducti ve 8. 5% sucrose/ 0. 3% dextrose
vvashiuﬂg s@ﬁﬁf?ngn,p%@%yﬁgﬁn%kﬁ%%?om c sugar solutions. After flow of
t he sugar solution was stopped, the nunber of intact cells on the inaged
area (600mm x @@@mﬁimﬁ@gdgﬁiﬂﬂe@e%m yopduciize splgorsfor pelbrashingce

m croscopy. 25 Fig 4 shows the percentage of viable cells versus tine in

t he 8. 5% muidysis.evOnSdhmahonted dppedanke charges afic dorckdp célkeamteredindgellons of
this solution. Lynphocytes remain intact for at least 30 mnutes in 8.5%
sucr ose/ Oysish 0P+ rTosls weys bapraed dton atlesreinmedia rimsel Wwith@BSulgHfersol ut i ons.
Based on these results, the 8.5% sucrose/ 0. 3% dextrose sol uti on was used
as the i njfdedhgyasiitsokuidtomic 8889 sacroed/0BPOdextos¢ solniitig AHte2% sucr ose and
0.07% dextrose was chosen for on-chip cell lysis. Wth this conbination,

ve obger vigghshiigtentiof ithptadaRibaSaitel 186 16 bbiducli$Ry téll RRglsonifonm nut e of
sol ut1on exchange, mnimzing ion |oss due to flow, while around 80% of
cel I's ar goby SR M. 819 adQdiel Wal Snird LA thid tHEGhIrITRAGIKIRUREY, aR@SSI bl €.

cells were allowed to lyse for 10 minutes. Reference spectra were obtained with

de-ionized vs'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 magnitude 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  increases dramatically to above ten kilo-ohms upon introduction of the low-
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10 I npedance spectroscopy for on-chip cell lysis After optim zing
the ion-free, |ow conductive solutions for cell washing and |lysis, we next
nmeasur ed i npedance changes after on-chip cell capture and cell lysis. CD4+
T cells were captured fromculture nedia, rinsed with PBS buffer, rinsed
again with the isotonic 8.5% sucrose/0. 3% dextrose solution. After 15
measur enent s of inpedance baselines, the | ow conductivity cell |ysing

sol ut i on dpRdaciversosl/s0croFe 3tk deumsy waaking seluten c Bthepcels atekent ¥y of | ui di ¢
devices, and cells were allowed to lyse for 10 m nutes. Reference spectra
wer e obt ghe@dshihi Bolddon tma ztatic wates impddenceighgnitude ldecrergrssligkthy,, | npedance
spectra were acqui red continuously. However, inpedance neasurenents at a
singl e f naQueasyiskeed c80 180rdiensd t QBPpd-Bsicid @nvitredment yAftel | changes of
the solution electrical property arising fromcell lysis. For exanple,

Fig. 5A %H%pﬁ%gﬁmw&&-ﬁ% 26N aRISs AT 0TI RIRLRGe By IR Bl vaChBtice@dnat t he

frequency Hz before and after on-chip cell lysis. |npedance -

magni t.ude_r ' [, I Il @ @jngpamﬁﬁ f snsddanddaddBS, due to
t he thhlpgﬁggh@%%%g%#gg?{§%g§?£2% |néfbuffers.q¥%%gdadgi 25 increases
dramati cal t o _above .ten, kil i 4C1 | W
conductiﬁ?héﬂ§@w5 %W%§8$64§E§3%§ g%%gﬁﬁggh?hgﬁgo E%%%ﬁ?hﬁﬁen %e s are

kept in the washing solution in a statiG. stat ' i tude

decr eases® Ilfﬁﬁﬂaﬁ‘ef‘ PR OBﬁ’é" 3 ?ﬁ‘i—c}l&%’f mctgf‘ F&ﬂg%ﬁrﬁg@ggﬁ;g%h a

hypo- osnoti c environnment. Aftﬁr in'ection.gﬁﬁthe u?n-free ég%sucrose/0.0796
dext r ose Jugershgedbatihs derrease of Brpeagacemagnifide apses FomdyuEng ﬁurrp. This was
foll owed by an abrupt drop of inpedance and a subsequent sl ower inpedance
decr ease.caphired esls- phase i npedance drop during cell |ysis matches optica
observation of cell lysis in the same solution (Fig. 4), suggesting that
the ddcrease dfollowieglaprisatioyaf thedeting prsgdyre dascripsd abee. We capt ur ed
cells. 10Follow ng application of the fitting procedure described above,

we ext r acéeehcted|valicamductinceciomrtbenimpaianepaaine andhe copdudiziget he

conduct ance change before and 10 mnutes after introduction of the |ysing
sol ut i on. chAheAb¥fBreAIPIAY Rirulkissafes itreivaticeoLthe hgping wlngeruaWherMe count s
within the mcrofluidic devices (Fig. 5B), it is evident that bulk

conduct anggn e HiesorldtciRh &PeHank Ftnahal icbk cdints withir thefmicayluidied cel | s
contributing to ions. This successfully denonstrates that cells can be

det ect ed @é%@'w?.?lﬂ%t. 6, W v et Haf btk cohdlictarde Chaifzet y grupbriehsiabrheal
measur enent of 't he | hpedance and conductance of cell |ysate. Discussion
15 number of captured cells contributing to jons. 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 elecirical 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

95  Adolescents. Accessed 20 March 2006.). The most immediate use of a
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We describe here a nethod to detect and quantify inmmobilized cells in a 20
m crofl uidic device through bul k el ectrical neasurenents based on cell ion
rel ease using i npedance spectroscopy. W selected CD4+ T | ynphocytes as
the target cells for detection due to their clinical significance for the
managenent of HV infected patients (Departnent of Health and Human
Services (COctober 6, 2005) Cuidelines for the Use of Antiretroviral Agents
in H V- 1-ninfofioidid CRdudonstes vepubd bagodigisrantiate thalidddesshold af#00n 2006.). The
most i medi ate use of a mcrotluidic CD4 counter would be to

di f f er entdend/pL tthetréDheiitiice iimisd CehtepODr Eitdasy Goftoel anddaevastirndeci si ons
(Centers for Disease Control and Prevention Revised classification for HV

i nfecti o andg gt&eaﬂelﬁﬁm%f vl ihAR6EEn 686 exsialibdbirveillafar cabd BFimitiong
adol escents and adults in MWR Mrbidity and Mortality 5 Weekly Report

1-19 (19 i i anvivEwWIROVRPBIE Ty 3R@ MorRtity ent
Nbni t o | %‘Zg“)&n?‘%g’ﬁ Hé‘g 1%%easg/ﬁ%aa?gh%nd R e et 2006.). The

detection Limit of celd I PELRNER,APEEYH 09 RARUmBLERTUSY eets Lhi s
r equi %ene%?e@]%geg%&ggp(rlgér@ggﬁ?ﬂh %ﬁggv% oprrem(:e of mcrofl wydi c CD4 count
di agnostic toals that gcan be used. at-t [ f RIghgIon, this
cell 10 ?@&ﬁ?ﬁﬂ@%‘fﬂ%&‘gﬂ;@eﬁgeﬁ%f IO Cr EnP AT, Rhefi@li 90 idtcH00EICN. | s,
but can be applied to a iological target with righ._i tent. To our
know edgelh HPF?‘W‘?&‘?‘@@'F%’FZ‘“B?&T“&%?%& Oslco%lc[eafc)lﬁ ﬂg&%tﬁg]rret er square
size area, or to detect 20 cells jn_a mcroliter vqlume,. represents the
most  sengiawiresnen prbBhonvSRIOBRIHIBAT de YRR 0 5’8{0‘8&11%%" G?zir%uﬂ%n-opti cal
met hod. 15M crochip devices used in the current study are conposed of
surface piitgrestietbols thatomndetysed esthe 9t OAcEE- Wi 2AFIHOR: 1ISEEHT | ui di ¢

channel . The mcrochannel walls are functionalized with a nmonqcl onal

ant i -10D4 anhiibpstyatagyds hbelinmiedto duedstention ph dlsiod sels bt FambHaRBIRE serum

al bumi n. The channel design and sanple flow conditions are selected to
ensur e spRGin§ biolbgiedlaidgenwith rich4en Toent Faphokyavdsdgs, sapabififydobl ood wi t h
hi gh efficiency, as described previsously (Cheng, et al., Lab Chip, 2007,

7, 170- 178glhte Miilda1e3PPESPGE atrBilbnert sqeee siay aneh, drap detectP pelbdhla | ysi s and
counting (Fig. 1C), both isolation purity and yield remain above 90% from

whol e bl %ﬂﬁr 1HEyJ10mP Bl PLSGaR iR Rbst 38BNt 0f appicachlth ieniubyrastir f ace ar eas.
Very few ce ?s attach non-specifically on the el ectrode surfaces when
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 are 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

28



observed under an optical mcroscope, denonstrating expected device
performance for cell isolation. The separated cells are further
detected by conplete cell lysis and bul k conduct ance neasurenents using
surface electrodes. As an effort to identify the 5 frequency range that
yiel ds the best detection sensitivity, we acquired inpedance magnitude and
phase spectra as a function of frequency in this study, and fit the
spectra tobsaved usder n wpted] nhiorwesorea dembodtiating sdpeteddsyicaN t h t he know edge
of optimal frequency range (between 100 and 10,000 Hz in Fig. 2A) and the
obser vat igeffoirRaice ftbscdll ivelaties. doni nate i npedance magnitude at these
frequencies, 10 one can estimate bul k conductance in seconds by nonitoring

i npedance ”ag'TihE‘é\EI'\;zarﬁtEd%elﬁ 4 lferihérauRisadby @niplete €61 13429 antbbuly a hand- hel d

setup. Thus, the ol e process fromcell capture to cell lysis and
detectio jSSREE dubfabeR iR, W) 4 dHHre® jaSREiid cal |y, for
det ecti O%g%%ﬂﬁg%ﬁ%?@%?&%#s C% celal S iﬁ H V-infected 15 patﬁ?ents, 200

cells_per. ttL is use . [ i | Si i r.e that

i nt egﬁ gt iflffﬁu%?cyar@%ﬁﬁgéf fdusnﬁgésgghegﬁ% tﬂlrgigiva ’p‘;a%g%%ﬁw P%Wgﬁﬁgigect rical
detection nethod c nmeet this tecti t hreshol.d. ] L.uidic

devi ce vvéne{%‘étf}g? B‘EPP 5§ a(é"sgfq%f]%tb‘fna&%ﬁeélug%?d t|ﬂicS SCErT f/%g%ef rom bl ood

and quantifying cell  nu r, and serve as i ngle-use, cartridge for a
hand- hel ¢PFHEY P FraTFLIRO &F’&Ecéggﬁ‘i RpfRctancsy S’V ihﬁ%aﬁ“f’&aﬁ"a@&"é cel |
counting in point-of-care settings, The abiljty to detect cells

el ect ri captijnal feaesmes sagerBeryisen gﬁp epd 18,008 &z g Ft‘%reiﬁ‘)éqdc}w ng key
advantages:. (i) |abel-free detection, (ii) automatability, and

amenabi | iobyervatiomigatiBustadpssedominste impadance magniudeod these{eiauendies-
instrunment, (iii) integratability with mcrofluidic devices; and (iv)
sensildi vidny cef estabae bulknconducta®® iprepedruls byineritopingrigpedansecal | y rel evant
range of cell concentrations. Conpared to other electrical approaches to
count i ng m&hitade aed Sinkly Foiqaenoyedant® Epecingsbapiyhdd senpt Thusdha few
orders of magnitude inprovenent in detection sensitivity. This is due to
the reducah1®piessavef cePbaaietdcRIMhEs asdlttsctivneconldibs ddcoaglishedan
ion-free, low conductivity sugar solution and rich ion content rel eased

from5 mymi@l gl BehistdtPon hypotonic Iysis. Changes in solution
conductance 1 n the process of cell lysis are extracted fromthe spectra of

| npedance MeasWLGRRING. VeSS AbRrddilofe A canumaiganal cel

lysate is proportional to t riginal cel'l nunber, which fornms the basis
of (_361'5' | Bz/i%gétg, JdR ceeﬂg I11(6:\'1'6 pipi% GLELREL BfnicAYeRision point. We show here that

integration of a immunoaffinity 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 quantifying 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, (jii)
integratability with microfluidic devices; and (iv) sensitivity of detection ina

25  physiologically and clinically relevant range of cell concentrations. Compared to
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method is sensitive enough to detect as |low as twenty cells per microliter
in a 10 device with a volune of 10 pit and a footprint of 2 cn2, which
represents < 10-4 vol une repl acenent and < 104 surface coverage. To
measure bul k conductance in a mcrofluidic device, we patterned surface

el ectrodes within m crochannel s and nodel ed i npedance spectra using a
sinple circuit, which contains a dielectric capacitance (Cd,) in parallel
Wi t h t he otffer slavtiidal bpyrkades i camiing Sels, zad dyseRIOPedaneciSRERATISERNYA

i npedance (Zdi). Fromexperinmental fitting, we observe that the magnitude
of Zdi i legRAskatd ¥ fowichilctnsl hagnitude impheemehtlinidetectien sgisitid®. Rsob As a
result, Rs, domnates the circuit at the | ow frequency range (<1-10 kHz

dependi ngrpdisehR s iRdederaBkkirbund eaftivo@néowhel edisvet yabidiasd andn
i npedance, independent of frequency change. Dom nance of 20 Rsoi in the

| ow freqygneser BRdtnkiscilif RS RIYEsh A%l fdRE coitehhlqbabfospectra. As

ionic concentration of the solution increases, bulk solution resistance

decregses, 2 fifd Odis ‘8nf1]$v{3&%ni@g. L€ Bhhngloh bal6sn bendab@hee infthequenci es,
I mpe

and décr éasing e overal nce 1n that sane range. In the high

f - 100 Kk ] ' it

(0a)  dorrareer LR At A bl DElhecBh® AR RO Dency
i e AL hi gh i >100 KkHz ' > h

el cot 1 ocHERPERPRIE B3¢ Bl CORRR it ety Propi i HRE Brfinel "

[ d tra, r | ti [n. [ f.all. the i d

r egar I o<l SRS YR RXBYFNE RYR B cdR e idbedace sEFRRTPBLNAI DS 5, 2003,

15, 913-947.). Monitoring biological ion releas§ usin H edance
spect r osaoghod it ensting enanghdgidsict 35 lawigs trepycalf PEHBETPUER i fue to st udy
met abol i sm and growt h of m cro-organi sns (Gonez-Sj oberg, et al., J

M cr del eclevizendth a Syisme, of AG0E, addia fSRBHB3E 2 dBynehichaepegisents Sdfs. Act uat or
B- Chem, 2002, 86, 198-208.). However, simlar approaches have not been
report ed \Ri@ué euptdcembar anpaat saiface@ovaagt.i kel y due to their intol erance
to an ion-free environnent, which is required to reduce 10 background

conduct ance f of, gesakd bYMR ORASHAREBA L ndtrdfRitc deliegsadpanerna | s. W
denonstrate here the possibility to naintain the viability of primary

cel IS I N SfabOBebl s SHIRE niPlouhdiRlsIAd hitR1diGApebidoe spodra umgsalr e bul k

conduct ance change _ ion rel ease through i npedance spectroscopy.

Thi's strategy Gl LersichloRihASl BkRoHaRLRGE: RO iRRkIME] wikial egi es to

det ect adheFent  cel such 'as surface 15 I npedance spectroscopy, field
ef fect. sensor d chani cal nt, i . . M cronmech.
M cr oléng.s,“ml%éi?,ﬁf §?lﬁ%@5 égiancﬁfg?%’t) ,akgpﬁéﬁ?éﬁgﬁgg%%}scé %%f')de ®ctron., 1997,

12, 29-41. Fromhe .et al ., Science, 1991, . 252, .1290- ull, et al.,
AT diKPCTRERG] 5?‘“%98’%,""&9{,"3 4 T m ﬁ‘&ﬁ&? %i” 1 é?"%r’%lg’g’%f{%ﬁ . Acad. Sci.
U S A, 1992, 89, 7919-7923. G aever, et al., Proc. tl. Acad. Sci. U
20 S. A smedlgn thagghe sygorytsistance %h?ééﬁ‘es 251G et domunates, e SHCWR #et ect i ng
di fferences between the electrical or physical properties of cells and the
sur r oundi the love Sicawency mangedi<t f K idfe deneadipg pareasqtspds ggpmpetry, E?d'ﬂgéo
characteristic sensing elenments and the target entity are_usually of
conpar ablrelativelyrenstast inpedames independgnt efdfreqyancyithiangs Preirfnce ef ences are
manual | y enhanced (Katz, et al., Electroanalysis, 2004, 16, 19-

20 R, in the low frequency range is also observed as humps in the phase spectra. As

ionic concentration of the solution incre.ases, bulk solution resistance decreases,
shifting the range where R sof dominates to ﬁigher frequencies, and decreasing the
overall impedance in that same range. In the high frequency range (10-100 kHz),
on the other hand, dielectric capacitor (C,) dominates, resulting in impedance

25 magnitude drop with frequency increase. At even higher frequencies (>100 kHz),
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25 44. VWang, Anal. Chim Acta, 2003, 500, 247-257.). In contrast, in our
approach, the electrical signal is anplified by taking advantage of the

| arge anount of ions pre-existing inside the target cells. This allows for
sensitive detection of cells with very |ow surface coverage or vol une

repl acenent, w thout significant additional manipul ation. 5Anot her
advantage of our strategy is the flexibility in sensor design. The

possi bi | iingudtancs e ¢het ¢lectosheminalidevipripnd sonpectingcriressathepniribige & thio rai | |
co-pl anar el ectrodes or top-bottom el ectrodes indicate one could use

si npl e mekAledpicatspactay resiiting it mdrgipigeriel thoimpedpprecacyeswigardiessef

sophi sticated technol ogies without sacrificing the detection limt. Wen

t he t hr eesofliRmtdondectBae (Kt etalgElecapaysid, 2000, tH@18847hot t om el ect r odes
denonstrated the highest detection sensitivity, while sinple two rail

el ectrodes havwgohingidgeRideidackicake intpedhiios. spAatsesabmgirsd| ution in the
fluidic channel is a sinple conductor, theoretical conductance neasured at

each ?“%&&&ﬁaﬁ@@is%si%&%@h%&' tébﬁhﬂ?p&@@tuﬁ?hieﬁﬂoﬂﬂn%ﬂﬂ@&%ioﬁ = a mAJL

(2) 15 where a 1s the solution conductivity, Ais the solution

Cr 05s- Sect | Nl A EAT RGNS CFiREESectlorictn! §12: 5Ba g, bet ween

el ectrodes an frode repeats. Since solution conductivity is

i nd d devi desi t hi i gal iall

ot of m nd el ARt eers AT WREE T g, Sl P OB FESRERE M W 1)

[ | cul ated f t h | ect desi d in.this.20: dy,

obt ai n_ veHGEr BProRshes AEJS Ak BE SRR R Aot NACL DR ERREL G i ol o

el ectrodes, respectively. This order of geonetrical fac%?r t ches our
measur enedie t8 gl infaleRa)ce oA iCRETEFHTHOREAY W%?" 18 ARG FRTeSY ST )
However, when we cal cul ate theoretical conductance using Eq, 2 assum ng
each kel | backgreund sonductanchfirsensidne MEAUEFMLN 9h r(glséelr?@%erig’,y EHe b\?%di ct ed
conductance is one to 25 three orders of magnitude higher than

nmeasur emedinsonstyttaihescthe posgbitify tochpintain theatebilitydirsimarngelloisan n t he bul k
do not contribute to conduction to the sane level. In fact, DeSilva et.

al . have joygedchagirzethtionaindahe fiasibilily tc ordsioe bnkaontudangls changs| diee

el ectrode islands bridged with i mobilized proteins was dom nated by ion
conduct i o Rfl iy fHiake thrpiigh BhpedafyesRctrddespy.vahis etratay difBirogens. 5

Bi oel ectron., 1995, 10, 675-682.). Applying their nodel to our system the
domi nat i ngi AR ok ¥Bet ALHpE kPatBgies tdded: @dhdientells isieh @s aurtaces nmuch

t hi nner t’han the channel dinensions, explaining the deviation between

Measuf rrei%p%d%ﬂ:@ spectroscopy, field effect sensors and mechanical cantilevers (Koch, et

al., . Micromech. Microeng., 1999, 9, 159-161. Ehret, et al., Biosens.
Bijoelectron., 1997, 12, 29-41. Frombherz, et al., Science, 1991, 252, 1290-1293.
Buli, et al., Am. J. C_lin‘ Pathol., 1965, 44, 678-&. Tiruppathi, et al., Proc. Natl.
Acad. Sci. U. S. 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 sen'sing elém_e_nts and the
target entity are usually of comparable dimensions for sensitive detection, unless
the differences are mannally 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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cal cul at ed conductance using Eq. 2. \Wen inpedance nagni tude is conpared
bet ween on-chip and off-chip lysing experinents using |IDT el ectrodes, we
al so 10 observed an order of magnitude difference. This difference nay be
accounted for by separate preparations of these two types of devices:
devices used for the off-chip |ysate experinents were not subjected to
surface nodification, while_those for on-chip %% Si.s contain | tiple

| ayers ofthe blentrical Sgnalds ppplifiedly axingrivgaiaes %@éﬁg? AROBMRL 1 PBYes,
changing the electrical properties of the gaps. In_additiagn, 15 el ectrodes
used for me-esistipg insidesthe fasgetioelntEnisallows forsensifiteriessaigriof celhmith | s
likely to alter electron transfer kinetics and ion diffusion

char act erJesy lovs surface teverhge or rlemé Kelagenetnt. avithouEkigoificeatraddytianal 2003, 15,
913-947.). Despite the difference in absol ute inpedance magnitude between
these twaninip@iates. devi ces, measurement taken using devices under the same
preparation clearly denpnstrate 20 conparabl e performance, as observed

wi th rsef er ences §ahdttddQintBRESE S stritbgl 1 SleTikibilitydh seissatésigm. nOhed is the
slight inpedance drop when keeping cells in the | owconductive washing

sol ution. l:£i'bf1 ggﬂ}’ sén@ﬂiﬁ/@ﬁ[xﬁeéstlf‘e btk ¢a ?Edae;t:e LIRS siEEeRREN E8PILRE| S

despite apn nor phol"ogy under optical mcroscopy. As the washing

\?Vﬁlelrjlt ![ ﬁgyllécinzoldf: {0% EVRE %§{Egédeﬁ iRl g@@ulil o difipkomahPplatds@ry to swell

exp OSE e vvas |ng sol ut | on TranS| ent osnotic

S“‘e; e K VEFs %oﬁ%pﬁ%%%ﬁ B P %%5&?#*9?5@ SEhERe f@ﬁ%@ﬁﬁ%é%zn@hﬂ channel s
P P ., 2001,
(1 38 © ggg nsggrg txc& élépagc(%g%ma umt h‘%g\% )t]l-ﬁl t&lree q_ezfﬁra ge%%Teg %rgé:o %}i%

Pasant es- Moral es, et 5al ., Neur ocher n 2000, 25, 1%(’)1 1 14 Charr as,
et all0 Nheten:bots ele&tﬂ;sdesscbslons%@esl th‘i/\ﬁ”igg??t defpctiopsigptitiy ’t"f‘?}él obser ved
sol uti on conductance decrease. This observation suggests |t possible to
di rect|y Smphbytwoeiil ei@ﬁp&ﬁs@vﬁéh%loh‘?éb@@?ﬁt@n%l‘%‘tmgh Aéﬁ'&nﬁgﬁoflg

el ectrical approaches. Such neasurenents coul d provide better sen5| tivity
conpar ed ihahe finidénthaonel is msirhpid sobdianter, Greontichlcesind nganpsmeasuredts of cel
sizes, which are | ow throughput and prone to neasurenent errors. Cell ion
rel ease aggh\vohditien ash bis taleuribted msinggho idlowiog equwtiges i n envi ronnent al
osnolarity may al so explain the heterogeneous cell lysis as observed in
Fig. 4. Since grenppyaang)native T cells have been reported to contain
different ion stores (Sigova, et al., FEBS Lett., 1999, 447, 34-38.), it

s nO{S ur p” %%luth H cd dxlaﬁét?v@ﬁ 48 éﬁ%%l@@ﬁﬁecrgésf L deBfiGah afe%ﬁ)ab' lity to

adj us I'C con Ion enonstrate different |ysing speed.

Q her Enbl())eqnlﬁggnn o electrodes, L is the spacing between electrodes and m is the electrode

repeats. Since solution conductivity is independent of the device design, this
geometrical 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 geometrical factor matches our
measurement sensitivity from the conductance i)lots (Figure 3&-3f). However,
when we calculate theoretical conductance using Eq. 2 by assuming each cell
releases 107* molar ions after compiete lysis, the predicted conductance is one to

25  three orders of magnitude higher than measurements obtained using off-chip
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Al publications, patents, and patent applications nentioned in the above
20 specification are hereby incorporated by reference. Various

nodi fications and variations of the described nethod and system of the

i nvention will be apparent to those skilled in the art w thout departing
fromthe scope and spirit of the invention. Al though the invention has
been described in connection with specific enbodinents, it should be
under st odglsdtd)anditdtong inweint the hulksdcohati copttibyteoiglcandusttiondo (hRisimE | inited to
25 such specific enbodi ments. Indeed, various nodifications of the

descri bedevades fdcqrDeStlva kyiahthave hypdthesizedethst apertii¢rd copdwrtaigei ous to those
skilled in the art are intended to be within the scope of the invention.

- Ot her  enhgdiudR MH-plAE ldcRodd Blakiabidged With &imobilizkdipreeins svas O ai s
1. A nethod of counting cells in a sanple conprising: introducing said

sanpl e | rHaniﬁatEﬁ'@?ri'@ﬂ corldviSti o By date@ ploteinNayedd Meatiraglal., Biosens. and
nmeasuring at |east one property of at |east one cellular conponent

eSS TR BT Ay Y e encamonent 1
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 electrodes, 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 wefe 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 solution 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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2. The nethod of claim1, wherein said cellular conmponent is an ion.

3. The nmethod of claim2, wherein said property resulting fromsaid |ysing

i's inped
neasur ed

ance. 4. The method of claim2, wherein said property is
usi ng fluorescent probes and said ion is potassium 5. The
nmet hod of claim1, wherein said cellular conponent is an enzyne. 6.

The nmethod of claim5, wherein said enzyne is | actate dehydrogenase.

7. The matshotic stveingiandthe filovénmregalatonsmbumé AerreasmbiRVER arolndvan|

detectio

n. 8. The nmet hod of claim 1, mhereln sai d nmeasuring

conpri segso kauseK Clfflat énducad bp paratiebaniveson of K* and @I chmemedet hod of cl ai m
I n said nmeasuring conprises using a lateral flow diffusion assay.

netdeskn0tt 41, @ompl Bivkine iPhysial. th-84d]1) k. RigRR002001,1180a nucl eus

1, wherei
10. The
and wher
11. The
lysing i
conprizse
nmet hod o
14. The
el ectrod
el ectrod
wher ei n

10

15

20

25

ein said property resulting fromsaid lysing is inpedance.

59 eica&{ %t i, 1J, PY HEITbn8&4, 20DY 012! BY1 6! @hddhidsMofaldanetsai d
S . od of claim11, wherein said nmeasuri ng

S eﬁlg)c?erm V\ﬁé& 2d?io E?Qﬁcffeﬁhéntﬁzﬁ}asfasé?nﬁa%e 2005, 435, 3¢5- The

f¢lalrm erein sai hannel Is a raic¢rofluidi ¢ channel.

0 Sth 5 Pty OSERER B hoh IRAHANAR S RIS UGG U510 an

romt
e, and.a two rail

roup consi s

own el ectrode, 1DT

e Pidubibaee® ids RS ety S&dﬁg@ fF?PO&‘S%"ﬁ’ca Bipotbui€l 21 M 5

solution and RVD using electrical approaches. Such measurements could provide
better sensitivity compared to conventional methods based on optical
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 1s not

_ surprising that these cells may have different capability to adjust to hypo-osmotic

conditions, and demonstrate different lysing speed.

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

such specific embodiments. Indeed, various modifications of the described modes for
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16. The nmet hod of claim 15, wherein said single frequency is 760 Hz. 37
17. A nethod of counting cells in a sanple conprising the steps of:

i ntroducing said sanple into a channel, introducing a non-conductive
solution into said channel; applying an electric field to said channel;
measuring the inpedance of said channel; replacing said non-conductive
solution with a lysing non-conductive solution and allow ng at | east one
cell to |¢s¢ingappihyiim@ntich ket bbeiobd @l thoseakitlad th thé annae inteadel toesur i ng

t he i npedance of said channel; wherein a decrease in said inpedance after

lysis is Mﬁﬁﬁgﬁt&y@@m&h@emer of said cells in said sanple 18.
The nmethod of claim 17, wherein said inpedance is neasured using an

el ectrode sel Reqrd isting of: a top down el ectrode, |IDT
el ectrode, Sﬁgéﬂﬁgkgg%%leIe%??%é%QB§9 The nethod of claim 17, wherein
sai d channel is a mcrofluidic channel. 20. The method of clains of
1 or 17, mherein said cell is selected fromthe group consisting of a
nannallan rotlst and a bacterial cell. 21. A nmethod of
dlagnéslng a C | ﬁ > a subj ect conprising (a) introducing a sanple
containing a populatlon of cells into a channel; (b) lysing said

popul ation of cells in said channel; and (c) neasuring at |east one
property of at |east one cellular conponent resulting
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fromsaid | ysing; wherein said cellular conponent is indicative of the
nunber of cells lysed in said channel; and wherein said nunber of cells is
di agnostic for said condition. 22. The nethod of claim 21, wherein said
sanple is a human bl ood sanpl e. 23. The nethod of claim 22, wherein
sai d popul ation of cells conprise CD4 hel per cells. 24. The net hod
of claim 23, wherein said population of cells consists of CD4 hel per
cells. 25. The nmethod of claim21,Clhesein said popul ation of cells and
said condition are selected fromTable 1: Table 1 Cell Popul ation
Condi ti on Neutlr @phiethoBfof esirsing celisimasasppxoswsising: dr ug

introducing said sample into a channel;

lysing said cells in said channel;

and measuring at least one property of at least one cellular component
resulting from said lysing;

wherein said cellular component is indicative of the number of cells

lysed in said channel.

9. The method of claim 1, wherein said cellular component is an ion.

3. The method of claim 2, wherein said property resulting from said lysing is

impedance.

4. The method of claim 2, wherein said property is measured using

fluorescent probes and said ion is potassium.

5. The method of claim 1, wherein said cellular component is an enzyme.

6. The method of claim 5, wherein said enzyme is lactate dehydrogenase.

7. The method of claim 1, wherein said meaﬁuring comprises optical

detection.
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treatment Monocyte Differential blood count Lynphocyte Al DS Lynphocyte
Effects of |munosuppressive drug treatnent Lynphocyte B | mune response
to infection Grculating tunor cells Cancer Dendritic cells |nmune
responses

8. The method of claim 1, wherein said measuring comprises using surface

plasmon resonance.

9. The method of claim 1, wherein said measuring comprises using a lateral

flow diffusion assay.

10. The method of claim 1, wherein said cellular component is a nucleus and

wherein said property resulting from said lysing is impedance.

11. The method of claim 1, wherein said property resulting from said lysing is

mass.

12. The method of claim 11, wherein said measuring comprises using a

micro- or nano-mechanical resonator.
13. The method of claim 1, wherein said channel is a microfluidic channel.
14. The method of claim 3, wherein said impedance is measured using an
electrode selected from the group consisting of: a top down electrode, IDT electrode,

and a two rail electrode.

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

frequency.

16. The method of claim 15, wherein said single frequency is 760 Hz.
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Red bl ood cells Ml aria Tubercul osis sensitive CD8 T cell Latent
tuberculosis Platelets Effects of anti-thronbotic drug treat nent
Endot hel i al progenitor cells Health status of vasculature Lynphocyte
Meni ngitis Lynphocyte Urinary tract infection

17. A method of counting cells in a sample comprising the steps of:

introducing said sample into a channel,

introducing a non-conductive solution into said channel;

applying an electric field to said channel;

measuring the impedance of said channel;

replacing said non-conductive solution with a Iysing non-conductive
solution and allowing at least one cell to lyse;

applying an eleciric field to said channel; and

measuring the impedance of said channel;

wherein a decrease in said impedance after lysis is indicative of the

number of said cells in said sample.

18. The method of claim 17, wherein said impedance is measured using an
electrode selected from the group consisting of: a top down electrode, IDT electrode,

and a two rail electrode.

19. The method of claim 17, wherein said channel is a microfluidic channel.

20. The method of claims of 1 or 17, wherein said cell is selected from the

group consisting of 2 mammalian, fungal, protist, and a bacterial cell.
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26. A kit for counting cells in a sanple, said kit conprising a device, a
nonconductive solution, and a |ysing non-conductive sol ution, wherein said
device conprises a tnicrofluidic channel and an el ectrode to neasure the

i npedance of said microfluidic channel. 27. The kit of claim 26,
wherein said electrode is selected fromthe group consisting of a top down
el ectrode, an MI el ectrode, and a two rail el ectrode, . 28. The kit

of claim27, @heAencthahoftlizpmsiosadgndiborisafubiachbepPmEisii&ugar sol ution.
29. The kit of claim 27, wherein said |ysing non-conductive solution
conprises a dgf)éitgsioting 2 sample3Ontaifiieg & popudtioploficelsigto aghenedln sai d
detergent is selected fromthe group consisting of triton-X or tween-20.
31. The kit Ofh)G)sihdRadd popiiioiof celts i seilehsrneliend s an i on sensitive

el ectrode. 32. T%e kit of claim31, wherein said ion sensitive

el ectrode det g:?t[ﬁ:aglnﬁlgcﬂ RGSH e b ity D @Flchdt At ballubir campbieent festldaged from

the group consi'sting of potassium sodium and cal ciumions. 33.
The kit %Ionﬂa?df}h%@ wherein said mcrofluidic channel has a vol une of 10

wherein said cellular component is indicative of the number of cells lysed in

said channel; and

wherein said number of cells is diagnostic for said condition.
22. The method of claim 21, wherein said sample is a human blood sample.

| 23. The method of claim 22, wherein said population of cells comprise CD4

helper celis.

~ 24. The method of claim 23, wherein said population of cells consists of CD4

heiper cells.
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25. The method of claim 21,

condition are selected from Table 1:

wherein said population of cells and said

Table 1
Cell Population Ceondition
Neutrophil Effects of Immunosuppressive drug
treatment
Monocyte Differential blood count
Lymphocyte AIDS
Lymphocyte Effects of Immunosuppressive drug
{reatment
Lymphocyte B Immune response to infection
Circulating tumor Cancer
cells
Dendritic cells Immune responses
Red bicod cells ‘Malana
Tuberculosis Latent tuberculosis
sensitive CD8 T cell
Platelets Effects of anti-thrombotic drug
treatment
Endothelial Health status of vasculature
progenitor cells
Lymphocyte Meningitis
Lymphocyte Urinary tract infection

26. A kit for counting cells in a sample, said kit comprising a device, a non-
conductive solution, and a lysing non-conductive solution, wherein said device
comprises a microfluidic channel and an electrode to measure the impedance of said

microfluidic channel.

27. The kit of claim 26, wherein said electrode is selected from the group

consisting of a top down electrode, an IDT electrode, and a two rail electrode.

28. The kit of claim 27, wherein said non-conductive solution is a sugar

solution.
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29. The kit of claim 27, wherein said lysing non-conductive solution

comprises a detergent.

30. The kit of claim 29, wherein said detergent is selected from the group

consisting of triton-X or tween-20.
31. The kit of claim 27, wherein said electrode is an ion sensitive electrode.

32. The kit of claim 31, wherein said ion sensitive electrode detects the
concentration specifically of an ion selected from the group consisting of potassium,

sodium, and calcium ions.

33. The kit of claim 26, wherein said microfluidic channel has a volume of 10
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