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ABSTRACT

Thisarticle succeeded to introduce a new method, that mimicsthe radio broadcasting, used amplitude modulation
to deliver the low range frequenciesto the cell membrane. Consequently, avoiding the ACEO which preventsthe
measurement of DEP spectrum. In addition to the use of quinine and NBBP asion channel blockersalong with the
modulated dielectrophoresi s technique enabled the measurement of membrane conductivity providing alow cost

method. © 2013 Trade Sciencelnc. - INDIA

INTRODUCTION

El ectrokineticsisthemovement of particlesand/or
cellsunder theeffect of thedectricfidd. Themainin-
terest of thisstudy is 1- 10°Hz, range of frequencies.
Didectrophoresis (DEP), asaterm wasthefirst used
by Pohl in 1951 to describethe motion of dectrically
neutral matter caused by itsinteraction with non-uni-
formelectricfidds. Also, itisknown asthelaterd mo-
tionimparted on uncharged particlesasaresult of po-
larization induced by non-uniform electricfields. DEP:
the motion of suspenoid particles, with permanent and/
or induced dipoles, relativeto that of solvent resulting
from polarisation forcesproduced frominhomogeneous
eectricfidd, ACor DC. It dependson the asymmetri-
cd chargedistributioninduced by thed ectricfiddwithin
theparticle. Eventually, resultsin variation of motion
between the particles and fluid. Which is more
pol arisablewill movetowardstheregionsof high e ec-

tric field for both AC and DC™. Unfortunately,
Didectrophoresi sisthewesk forcewithinthisfrequency
range acquiring the particleave ocity of 1-10 pm/s!2.
Thismotion may betowardsor away from theregions
of electricfield maxima, depending on the el ectrical
properties of the particles, the suspending medium®®
and thefrequency of thedectricfield. N. G Greenand
H. Morgan® proved that it ispossibleto usethe DEP
to separate nano-particles by using the proper fre-
quency. Thisinduces each particletypeto behavedif-
ferently according to the differences betweenthemin
their diel ectric propertiesthen using the proper flow
ratetoremovethe particletypewhichisinthelow field
areaaway from the e ectrodeswithout affecting those
particlesexperiencing positive DEP.

Thedynamicsof particlesinthe DEP processwere
studied by many researchers>8 showed that theimple-
mentation of AC-DEPusing extremely |ow frequency
led to high control of different particlesor groups of
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them. Inaddition to the shgpe of AC voltagethat proved
to have an effect on thedirection of particle’s motion,
together they could be used toimprovethe efficiency
of particlesgparation and fractionation of heterogeneous
particlemixtures. Thecdl shagpe, geometry, differswithin
different stagesof cell cyclewhichimpliesadieectric
changeinthe cell spectrum. Thismakesthedidectric
spectrum, dielectrophoresis, agood tool to monitor cell
cydechanges®. Didectrophoresis(DEP) describesthe
changeinthepolarizationd distribution of chargesof a
particle. Whether internal or onitssurface depending
onthefrequency of the appliedfield, withrespect toits
surrounding medium in theform of movement which
ve ocity dependsonthevolumeof theparticle, thesquare
of theapplied field and the permittivity of both the par-
ticleanditsmedium. DEP can beinserted safely to ac-
curately describethe stepsof any processthat involves
achangein, or amovement of, ion concentration within
or duringthisprocess. DEPisused in anumber of other
experimenta settings using cancer cell line model ¢
17, Further DEP applicationsin biotechnology can be
foundinthereview articleof (Ronad Pethigand Gerard
H. Markx*8, Did ectrophoresisasalabd freetool could
solvethe problem of thelack of specific surface mark-
ersfor human neura stem/progenitor cell (huNSPC)
popul ations that mostly generate neurons and could
identify, separate from other types and quantitate the
cellsbased ontheir degreeof differentiation™.

Also, DEPwas successfully used to detect early
stagesof ora squamouscell carcinoma(OSCC), based
upon the changes of cytoplasmic conductivity and the
cell membrane capacitance®.

Antonio Ramos et al.?Y observed a strong fre-
quency dependant fluid flow during AC electrokinetic
experimentson particlesin suspenson. Theflow isbe-
low the chargerelaxation time. They termed the phe-
nomenon asAC el ectroosmos's. Electro- hydrodynam-
ics, movement of fluidsunder theeffect of eectricfield,
isthe main problem that we need to overcome, sup-
pressand/or useinaway that servesour god. Itisthe
magor forceinour region of interest and causesthefluid
to movewith avelocity of 40-500 um/s?. Electro hy-
drodynamicsisstrongly represented inthislow frequency
region by the newly discovered phenomenon termed
ACEOasitisresponsbleof thismassveveocity men-
tioned earlier.

Theexistenceand dominance of ACEO makesim-
poss bleto extend the diel ectrophoretic spectrumwithin
thefrequency rangeof interest, 1Hz— 10 kHz.

This means the interplay between the
Electrohydrodynamicsand Electrokineticsisoneof the
main interests of thisstudy. This paper will show the
ability of ACEOQ reduction, through amplitude modula
tion, which enablesthe DEP measurement.

Michad P. Hugheset d . designed amulltilayered
well shaped measuring cell to use the DEP phenom-
enon asaphysical tool to study differencesamong dif-
ferent suspenoids. FDEP forces particlesto movewith
the aforementioned velocity depending on the
permittivities, conductivities of the particlesand sus-
pending medium aswell asthe the square of the ap-
pliedfield gradient, frequency and the particle’s vol-
ume. By capturing particles’ motion sequentially through
certaintimeduration, whileapplying FDEP, then sub-
tracting theseimagesfrom acontrol image taken be-
foreagpplyingtheeectricfield, adendty profile, for the
cellsor particlesunder study, will beobtained. thelat-
ter will provide an estimation to the reaction of the
suspenoid towards the applied FDEP showing anet
positive or negative reaction. Using an arbitrary unit,
the softwarethat subtractsimages, will providesafre-
quency versusintengity relation for the particlesunder
study. According to Lionel B. et al.[?? the frequency
range of interest here expresses the membrane and
medium conductivities.

Aninhomogeneousédectricfield, E, exertsaforce

F = P.VE ontheéectricdipoleP. Thefield gradient

pulls (both permanent and field induced) dipolesto-
ward regionsof high or low electricfield strength, de-
pending on thefrequency of theedectricfidd. Thetime
average DEPforce, F__., acting on apolarisable par-
ticleof radius“r” exposed to an alternating and inho-
mogeneousdectricfield, E, isexpressed as

Foep = 271 gy REK () VE?
Where, o is the angular frequency of the applied field
andRe (w) = (s, — &,,)/ (5, + 25,,), isthered

part of Claussius- Mossotti factor, £,,,, £, aremedium

and particlepermittivities, respectively.
The Clauss us- Mossotti factor determinesthesign
of theDEPforce, asitsvaluevariesfrom—0.5to +1.
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The particleissaid to experience positive DEP when
K (w) >0 (high field seeker) and negative DEP when
K (w) <0 (low field seeker) Dielectrophoretic force,
Foe Can be used as non-invasive and label freetool
that selectively manipulate particles having sizesin
range of 60 um down to less than 1 um!*2¥, Theuse
of F_.. is considered to be a useful tool that
characterise and differentiate cells, bacteria, viri and
bioparticles. It wasal so used to differentiate between
viable and dead yeast, mutant bacteria?®*34 and nor-
mal from cancer cellg*!,

MATERIALSAND METHOD

DEP system

Figure 1 representsaschematic diagram of theDEP
systemwhichiscomposed of:

Optical microscope (Nikontype), digital camera
(USB2.0, 1.3 Megapixel, colour Supplied by Brunel
Microscopes), oscilloscope, two function generators
(Thandar 2002 TG sweep function generator (FG) and
Grundig/digimessFG100 sgnd generator) theformer is
used for Amplitude M odul ation of thefrequency and PC.

Digital camera

[_ PC controls the camera and saves pictures ]

("~ Digital FG ),
produces the

-

original signal and PC
\ control[ﬁd by PC_J Controllin
: i g the
FG vylth a mixer process
circuit to perform using mat
AM to the signal
\ g lab code

AM signal fed to the sample
and the oscilloscope

Oscilloscope displays both the
original and AM signals.
Data are sent to the PC

Figurel: Schematicdiagramillustratingthe DEP system.

Thestrength of FDEP differswith distance. Look-
ing at thewell asacylinder and dividing itsupper sur-
faceinto 10 circlesstarting from the centreforming 10
equi-thicknesscylinders. Generdly, thefiguresinthe
paper will showtheF__ effect onthecdllslocated within
the outer regionsof 6-8, 6-9 and 7-9 where; theF__,
hasitsstrongest effect. So, the cellswill be denoted as
K568, K569, and K579, respectively. In summary,
DEP-wdl instrument, isdescribed in detail € sawherd™
andwell electrodesini®".

Tissueculturemethodology for K562 cells

Thecellswere centrifuged at room temperature at
190 xg for 5 minutes. The pellets were washed and
resuspended inisotonic medium consisting of 8.5% (w/
V) sucrose plus0.3% (w/v) dextrose buffert®. Theme-
dium conductivity wasadjusted to 10mS/musing KCl
andthefinal conductivity, beforeuse, wasverifiedwith
aconductivity meter (RS components Ltd, London,
UK). Thefinal cell population was counted using a
haemocytometer and adjusted to gpproximatey 2.5x10°

BioTechnology — mm—

cells/ mL (+15%) for DEP measurements. In order to
reduce the effect of variation in cell number in each
sample, the experiments were repeated many times
(generdly 4-6) with different populations, which were
summed prior to modd ling.

Viability and cell counting

Viability isthe measure of the proportion of live,
metabolicaly activecellsin aculture, asindicated by
theability of cellsto divideor to perform normal me-
tabolism. Theindex isusualy expressed asapercent-
ageof viablecdlsinapopulation:

Viability index = (hnumber of viablecells/

total number of cells) *100

The number of viable cells counted using
haemocytometer then the total number of cells/ ml is
determined.

Drugsusedin thiswork

Thedifferent drugs used and their concentrations
aregiveninthefollowingtable:
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Drug Function type Concentration
Quinine K ion channel blocker generic 20 uM
NPPB(5-Nitro-2-(3-phenyl propylamino)benzoic acid) Cl ion channel blocker generic 15 uM

M odulation, moving averageand carrier frequency
correction

TheAmplitudemodulation of thefrequency isused
inthiswork for thefirst timeto reducethevelocity of
ACEO phenomenon dominating the low frequency
range. Theideaisto movethetesting frequency tohigher
rangewherethe strength of ACEO phenomenonisre-
duced and that of the F__ isincreased. Thus, allowing
safe and reproducibl e results of the membrane con-
ductivity that isless affected with thefluid motion pro-
duced by the ACEO. Two frequency spot pointswere
used for modulationinthiswork namely, 1 MHz and 5
MHz. No significant difference between thetwo car-
rier frequenciesisobserved. The applied frequency
produced from the FG100 function generator isfed to
the Thandar 2002. Second FG, which produces the
higher frequency, 1 or 5 MHz, in addition the second
function generator hasamixer circuit.

The second stageisthe capture of the cellsmotion
resulting under the effect of the DEP signal, whether
modulated or not, withinthewel. Thismotioniscap-
tured through successive shots(picturesthat are taken
by adigital camerafixed upon an optical microscope).
The group of pictures taken are then analyzed by a
homemade mat | ab software at the centre of biomedi-
cal engineering, Surrey university, using subtraction
mode.

In order to reduce noise,

Central movingaveragewasusedtofilter out noise,
smooth thedata, and identify thedirectionintheregion
of interest. Data of thiswork does not suffer thelag
caused by themoving average aswe used an odd num-
ber of pointsto preservethe position of peakswithin
the spectrum.

Carrier frequency correctionisapplied oneach fre-
quency point. Thisdecreased thedifferenceamongthe
control and thetreated data. Datapointsweredivided
by four to compensate for the peak-to-peak voltage
and the gradient of the squared field. Thenthe data of
the control cellswere subtracted from thedrug treated
cdlstogivethefina spectrum.

RESULTSAND DISCUSSION

Amplitudemodulation

From Figure(2- a, b) itisclear that themodulation
hasanet positiveeffect onthe DEP measurement. Noting
that the pointsin Figure 2b indicatethe cellsare still
aliveduring the measuring process. Asdead cellswill
cause anegativeintensitiesfor thewhole DEP spec-
trum.

Effect of 5-Nitr o-2-(3-phenylpropylamino)benzoic
acid (NPPB)

In amedium conductivity of 0.41 mS/m, NPPB
hassimilar behaviour asthat with quinineasshownin
Figure 3. Themembrane conductivity decreased | eav-
ing awide hump abovethe zero level upon the block-
ageof Cl ion channelsand keeping Cl ionsat theinte-
rior of the cell. Consequently, the potassumionswere
lockedinaswell, to preservethe membrane potential.
On the other hand, the cytoplasmic conductivity de-
creased which indicatesthat Cl ionsmigratefromthe
cytoplasm towardsthe cell membrane at theinternal
side of the Cl ion channelsand/or the Caionsflows
outsidethecdll through the Caion channdsinthemem-
brane by diffusion. The hump on the membrane con-
ductivity representsthe Cl ion channelswith their ions
blocked at their internal surface. Themovement of Ca
ionsthrough itschanndsinthecdl membranemay have
rasedthehumpleve.

Inamedium of adlightly higher conductivity, 10
mS/m, NPPB addition is affected by the higher con-
ductivity of themedium that increasesthe compl exity of
the situation, the membrane conductivity isgeneraly
reduced |eaving acrest with increased conductivity.
Usinga5MHz asacarrier frequency, thecrest’s height
isincreased asseen in Figure 4. The cytoplasmic con-
ductivity remainspositivedueto theblockageof K and
Clionsinthecdl and dueto thepresenceof freeionsin
the outer medium reduced the amount of Caionsmov-
ingouit.
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K562 DEP Spectrum without modulation
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Figure2: F__,normal spectrumfor therange 1-10*Hz, (a) without modulation and (b) AM modulated.
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1- ccave control K562
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Figure4:5MHz

In case of NPPB use, the situation isthe same as
that of quinine, decreasein membrane conductivity is
noticed. The presence of the humpisalso pronounced
but covering awider frequency rangein our scalethan
that occupied by the quinine’s peak. Unlike the peak
appearing with quinine, occupies about one decade,
this onetakes up about two decades. It’s appearance
isgreatly enhanced with theincreasein medium con-
ductivity andisreduced with the decrease of suspend-
ing medium conductivity. Again, thiscrest gppearswhen
using 1 MHz asamodul ating frequency and changesits
position mostly for the samereason asthat of quinine.
The use of 5 MHz for modulation, thisheight isin-
creased inthe positive part of the spectrum.

In short, theincrease of ionic content of the me-
dium causesastronger crest. Whileincreasing themodu-
lation frequency transfersthis crest up the conductivity
axistothepositivepart leaving it intact with nowidth
reduction.

Effect of quinine

Quinineisaddedtothecdlsin culturemediumand
incubated at 37 C for two hours. Thecellsare centri-
fuged and washed in the measuring medium that con-
tainsthe same concentration of quininethen the DEP
spectrumiscarried out. Cell concentrationis2.35 X
10° cells/ml and concentration of Quinineis20 uM.
Using amedium conductivity of 10 mS/m, alongwith
the quinineresultsin adecrease on membrane conduc-
tivity showingasmall humpthat hardly emergesabove
thezeroleve ontheconductivity scae(Figure5). This

w’
F(H=z)

carrier frequency.

hump isdueto theaccumulation of K ionsat theinte-
rior side of themembrane at the K ion channels. The
flow of Caionsthrough Caion channelsmay havea
roleinraising thelevel of thehump. TheCl ionsare
bound to theK ionsto preservethe membrane poten-
tiad of thecell, sothemovement of Cl ionsthroughthe
membraneislimited and therearetoo many Cl ionsin
the outer medium. Whilethat of Caisnot, actually Ca
ionsareforced to move by diffusion until balanceis
achieved. Asfor thecytoplasmic conductivity it remained
positiveduetotheK and Cl ionskeptinthecell.

Increasing thecarrier frequency to 5MHz and the
cell concentration to morethan 5 million/ml at ame-
dium conductivity of 10 mS/m, resultsin moredomi-
nanceof the carrier frequency, asthefrequenciesratio
isabout 0.2%, showing a complete reduction of the
membrane conductivity and the small humpsareim-
mersed below the zero leve (Figure6).

Thedifferencein polarisabilities between the cell
membraneand themedium isdecreased dueto the pres-
enceof freeionsin the outer medium, and then FDEP
becomes of even morelimited strength. Thedatare-
veadl ed anet decrease in the membrane conductivity
whilethe cytoplasmic oneremainspositive.

Theuseof quinineasapotassum channel blocker
decreasesthe membrane conductivity. However, there
isasmall hump that may be dueto theK ionchannels
themselvesand theaccumulated ions at their internal
side or dueto the aggregation of theion channelsto-
gether, asthey’re floating on the bilayer. This increases
thesizeof thenet dipoleof such protein channels, thus
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changing therelaxation time according to the degree,
shape of aggregation or amount of aggregates. Theleve
of thishump or small peak clearly appearswhen using
a1l MHz asamodulating frequency and descends be-
low zero asshownintheFgure6whenusnga5 MHz.
In spite of the descendance of the small peak’s level
below zeroinlatter case, it still existsin the negative
part of thespectrumwhichindicatesthat it representsa
dynamica processwithin the cell membranethat need
to beunveiled. Thechanging position of the same hump

isaso aninteresting Situation that requiresfurther in-
vestigations. Another point to reconsider hereisthat
thelesstheconductivity of thecd|’s measuring medium
the more pronounced the peaksare asthe differencein
polarisability between the cell membrane and the sus-
pending mediumislargeand viceversa. In other words,
the degree of interaction between ionic flow and /or
ionicretentionandthed ectricfidd and did ectrophoretic
forceproportiond to thedifferencein conductivity be-
tween the particlesand suspending medium.

Intensity
[—]
<F

subceave 20uM Quinine k562

ge e -+-Ksna ey

Bt T e Lol m e Mo mn b bl ]
| R B R WS Rl W, R R TR, S K N R
0.4 | E e
"]ll ||]2 ||]3
F(Hz)

Figure5: Membraneconductivity ver susfrequency in 10 mS/m medium conductivity.

subccave Quinine2 k562

Intensity

F{Hz)

Figure6: 5MHzasacarrier frequency and 10 mS/m asa medium conductivity.
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Effect of NPPB and quinine

Figure 7 showsthat therearetwo crestsonetaking

just about one decade and the other takes more than
onedecade and isbroader than thefirst pike. Thisindi-
catestha theonepesk occursasaresultsof theblocking
potassium ion channels and the other one represents

theblocked Cl ion channels.

Thereissomething strange here, by using both K
and Cl ion channel blockerstogether, resultsin two
crestsoneissharp likethat appearswith the blocking
of K ion channelsand the other isbroader asthat ap-
pearswhen using Cl ion channel blockers.

nine K562

Intensity

subccave NPPB & qui

[ - ks
| e KB
| ka7

Analysisand explanation of the spectraover the

frequency range of, 1 - 10* Hz, is very complicated
and suffersfrommany problemssuch as:

1.

Dominance of eectroosmotic phenomenon. This
problem has been overcome by using amplitude
modulation of thefrequency.

Theintimacy between both membraneand medium
conductivitiesinthisfrequency range.
Thedifficulty to usethereferencefrequency to com-
pare and eval uate the changesin theregion under
investigation.

Unfortunately, theion channel blockersused are
generic and not specific.

Medium conductivity isavery important param-
eter asit affectsthe DEP spectrumin many regions
and thecdlls’ response changes under the effect of
medium conductivity (thisisduetotherelationin
Claussius- Mossotti factor). Thispoint needsfur-
ther investigationsfor thedetalled effect of different
medium conductivitiesfor thetypeof cellsstudied.
FDEP doesnot have the same magnitude all over
thewell and that makesit difficult to get the same
effect ontwo similar cellsor particleslocated in

o 0 o i

F(Hz)
Figure7: Subtraction of control fromtreated datafor both NPPB and Quininein a10mS/m conductive medium.

different regionsinthewel. Thereason of different
responseswhen evauating different regionsinthe
well depending on the strength of FDEP in each
region which affectsthebio particle’s polarisation
compared to themedium polarisation.

7. FDEPformsagradient that nearly vanishesat the
well centre. Weare convinced that amore advanced
design, usngandliptica shgpedwell, would clarify
the data and ease the experimental work. How-
ever, it will make the math work within the soft-
waremoretedious, but it will only bedoneonce.

8. Theuseof cell’s velocity alone to determine the
effect of FDEPisnot enough sincetheforceresult-
ing fromthedectricfiddisinagradient formand
does not have afixed magnitude. Thismakesthe
magnitude of the vel ocity gained by the particles
under theeffect of thefieldisafunction of theposi-
tionaswédll. In other words, the position asanew
parameter tothemeasuring dilemmashoul d be con-
Sdered.

9. Attheend, blocking onetypeof ion channesmeans
that thision typeisblocked insidethe cell. How-
ever, thisdoes not affect any other ion typefrom
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moving fredly insideand outside of thecell, unless
thisionisusingthesameion channd and wedo not
know this. In addition, the use of channel blocker
will induce the cells to respond using different
mechanismsthat try to cancel the effect of theac-
cumulationor lossof thisspecificioninsdeor out-

Sdethecdls.

Therefore, in spite of the progress made and the
success of the experimenta work in estimating the ef-
fect of twoion channel blockersupon the cell mem-
brane, the notes mentioned above needsto be consid-
ered intheforth coming work to reducethe parameters
and attain much moredata.

Effect of modulation

Theideaof modulationinwhichweused acarrier
frequency that is high enough to carry the frequency
rangeof interest. M odul ation hasfour merits:

I. Itenablestheuseof higher voltageswithout worry-
ing about burning el ectrodes.

ii. Raisedthispartintothepostiverangeof thespec-
trum, and gave usalogical reasonto exclude odd
data, whichwould only confusetheprocessof in-
terpretation of theresults.

iii. ReducedtheACEO veocity toalimit that enabled
the FDEP appearance leading to some sort of re-
producibility asthisphenomenon, ACEO, isreduced
at thesehigh frequencies.

iv. Error barsbecamelessin magnitude, whichindi-
cates better resol ution for measuring data.

V. Theresearcher can know theviability of itscells
fromtheresults of the experiment. Asthispart of
the spectrum liesin the negative part of the spec-
trum, i.e. if the cdll sdie during the experiment, one
wouldn’t know unless the viability test is repeated
during the experiment. However, using the modu-
lation risesthe spectrum into the positiveregion.
Consequently, having an unjustified negative point
wouldindicatece| death.

CONCLUSION

Theinterplay of Claussius-M ossotti factor compris-
ing the permittivitiesand conductivitiesof theparticle
and medium (asthey control the net vel ocity of thecells
towardsor away fromthehighfield regions) in addition

BioTechnology — amm—

to the particle volume and the square of the applied
eectricfidd. Thefirst four factorsare affected smulta
neously upon the use of ion channel blockersmaking
theresulting effect on the DEP spectrumisboth very
complicated and difficult tointerpret. Theuseof Modu-
lation hashelped alot by thetransfer of theaxesinto a
known region wheretheresearcher isableto identify
theresultsand make use of them. In spite of involve-

ment of too many parameters, £, €, Oy, Fp, Tpand

E? that areinvolved and changed simultaneously, the
FDEP spectrum for the cellsin thisfrequency range
succeeded inthe addition of val uableinformation about
the cell membrane conductivity and the movement of
differentionsthroughtheion channdsinthecdl mem-
brane. In other words, the success of controlling the
ACEO phenomenon using frequency modulation, In
addition to the s mple mathematical manipulation used
inthiswork, enabled gettinginformation about the cdll
membrane conductivity, thein- and out-flow of ions
through the cell membrane and theion channel swithin
themembrane. Thiswork madetheexamination of this
low frequency range possible. Which would offer a
potential examination of thefunction of ionchannds,in
amanner normally addressed using much more com-
plex, expensive and low-throughput methods such as
patch-clampt®4%, in much cheaper way.
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