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Insulator-based dielectrophoresis enables contact-less separation and analysis of biosystems,
but it is unable to operate effectively in the MHz frequency range, which is necessary for the
manipulation of biological cells based on the characteristic electrophysiology of their cytoplasm

or biomolecular preconcentration based on their unique conformation. To address the steep drop

www.rsc.org/ . .
in output power and the rise

of signal distortions within conventional amplifiers at MHz

frequencies due to slew rate limitations, we present the design principles for a wideband
amplifier. This is validated by demonstrating the absence of harmonic distortions and parasitic
DC within the amplifier output up to 15 MHz, thereby enabling analysis of cytoplasmic alterations
on oocysts of Cryptosporidium parvum, due to constant force dispersion in the MHz range.

Introduction

Dielectrophoresis enables frequency-modulated nudatipn
of polarized bio-particles under a spatially noriform electric
field 2 and is widely applied towards the selective tramsp
separation and characterization of biosystetmsparticular, its
application as electrode-lés3or insulator dielectrophore§ig
(iDEP), wherein the polarized particles are dirddmvards (by
positive DEP or pDEP) or away (by negative DEP DER)
from spatially localized regions of high field cads by
insulating constrictions in a microfluidic deviceffers unique
advantages for the sorting and analysis of biogystd-irst, in
comparison to electrode-based methods, problemsciassd
with field-induced adhesion and destruction areuced?, since
bio-particles are manipulated in an electrode-lessontact-

designs that enhance localized fféid"® This high voltage
requirement is particularly problematic for condangtiDEP in
the MHz frequency ranges, due to the performangeadation
of commercial amplifiers. As a result, a majority IDEP
studies are restricted to DC fieldsor low frequency AC
fields'® (<500 kHz), where the discrimination is based amiy
cell membrane integrity, rather than on the elgdtgsiology of
cellular cytoplasm (1-10 MHz) or nucleoplasm (>4®™&), or
the unique conformation of biomolecules (>1 MHzgrein, we
describe the design principles for constructing meland
power amplifier for performing iDEP at MHz frequées.
Based on counter-phase coupling of two operatiangblifiers
(Op-amps) by using a splitter to ensure 180° plshsited
signals over a large bandwidth, in conjunction widm
adjustable power supply and attenuator to arresightion, we

less mannér across a wide spatial extent spanning the entifE ximize the output power up to 15 MHz, while avoigd

device depth, thereby enhancing throughput. Secdhis,
design enables facile integration of DEP preconmegioh of
analytes with a variety of sensing paradigms, sirbe
polarized particles are not trapped at the vicindf the
electrodes driving the DEP, but at insulator caatitm regions
where capture probes can be immobilized for
selectivity through bio-recognition strateditsHowever, the
electrodes driving the DEP field orthogonal to fluéd flow are
typically spaced considerably from each other (<0.&m) to
ensure a wide spatial extent for particle manipoaand to
facilitate the absence of field distortion and piarticle damage
that can occur due to electrode edges within thanmél.
Hence, there is a need for higher voltages (tylyiceEd0-1000
Vrwms) than required with electrode-based DEP (typicaly20
VRrwms) to ensure the necessary field for trapping pladiof low
polarizability, even within 3D constrictiohsor nano-device
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signal distortion. This is validated by demonstrgtithe
absence of harmonic distortions and parasitic DiSeoffields
within the amplifier output at MHz frequencies, cinall of
these adversely affect DEP trapping. The applioatib this
wideband amplifier for enabling quantitative DERalysis of 3

engbliny sizedCryptosporidium parvun(C. parvun) bio-particles is

demonstrated by comparing its performance to sththe-art
commercial amplifiers currently on the market. This
instrumental innovation has been essential towaatseving
quantitative iDEP based separation of subpopulatiohC.
parvumoocysts based on sporozoite integrity in theiopigsm
(at 1-10 MHz}®* ¥ and towards coupling iDEP
preconcentration to the detection of biomarkersu(ogeptide
Y at ~3 MHz)®. We envision its application towards enabling
distinctions based on electrophysiology of cellopfasm and
nucleoplasm for separating stem cell subpopulatfons
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Methods: The Design Process

The literature on wideband power amplifiers is searPrior
work has focused on amplifying voltages (up to 1) Kdar

operation at frequencies up to only a few hundredz®

rather than at higher frequencies. State-of-thecarhmercial
power amplifiers (FLC Elec. A400DI, Trek Inc. 210BHand
Thorlab Inc. HVA200) are able to operate up at ~¥@p until

500 kHz, after which they exhibit a steady drogower. The
design of our wideband ampilifier circuit is basedhigh speed
power operational amplifiers (Op-amps) rather tbardiscrete
transistors, since Op-amps are highly predictaBk In terms
of gain and signal shape, with no need for paricbiasing or
stabilizing components:ig. 1 shows the overall circuit.
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Fig 1. Block diagram for the wideband amplifier circuit.

High speed dual-amplifier and Splitter

The speed of power Op-amps under high voltagengsttis
limited by their slew rate. Slew rate is the maximuate of
change of output voltage per unit time (V/us). laibns in
slew rate capability can give rise to distortionssignal shape
of the amplifier output. For a sinusoidal signdie tslew rate
(SR) capability at all points in an amplifier mssitisfy:

@

Slewrate (SR) = XV, X f

current is small B, ,,4 < Pp), then for two symmetrical high-
voltage suppliest{/ ) with supply currentlg), Py is given by:

2

With increasing frequency, the power dissipationtfrises due
to the higher supply currentlsj from the lower internal
impedances, while at even higher frequencies, thsipdtion
eventually falls due to diminishing output gainetdby causing
a peak in power dissipation at ~5 MHz. Hence, &adjustable
Power Supply is utilized for dynamic modulationtb& supply
voltages Vs) at each working frequency, to ensure minimal
dissipation in the 3-7 MHz range. In this manneg wan
compensate for the drop in gain at higher frequenddy
adjusting for the optimal input signal levels regdi to
maximize output power, while avoiding over-heatimagd
reducing signal distortion over a wide frequenayga

Py = (st — Vs7) x Is = 2Vsls

Attenuator and Controller unit

The Op-amp gain drops steadily at frequencies aldovHz.

Therefore, larger input signals are required atcsssively
higher frequencies for maximizing output amplituti@wever,

if this large input signal is maintained at lowegdfuencies then
the output waveform will be distorted from sinusdido that

resembling a square wave, which increases powsipdison

and distortion due to operation in the saturatiegime. Hence,
based on the detected signal amplitude and fregqueac
controller unit adjusts the gain using a set ofdreday

switches, while the attenuator modulates the irgighal to

limit the output to a constant user-defined volté@gg.y)-

Figuresof merit for signal characteristics

The performance of the wideband amplifier was camegao
that of a so-called conventional amplifier (FLC A1), since
this is the only product with an output of 30Q,\p to 1 MHz.
The respective amplifiers were compared based om '»
frequency response of their output amplitude arstodion.

Here, f is the signal frequency anW,, is the peak-peak Based on signal shapes (Tektronix TDS3012B-NV), th=>

amplitude of the signal. Hence, to obtain a sindalosignal

output at 5 MHz with amplitude of 250,y we need an Op-

amp with a slew rate of: 4000 V/us. This is far dmy the
capability of any ultrafast power Op-amp in the kedr
PA107DP from APEX Micro, for instance, is capabfestew
rates only up to 2500 V/us. To address this linotatwe feed
two identical PA107DP Op-amps with counter-phageals of
the same amplitude. In this manner, whenever theubwf one
Op-amp is at its maximum, the output of the othpra®np is at
its minimum, thereby causing a voltage differeneénteen the
two outputs, which is twice that of each individualtput.
However, the Splitter unit that synchronizes theseinter-
phase signals needs to be designed with supetefaspower
Op-amps (Texas Instruments LM7171) to obviate dmna
from the 180° phase difference, for eliminatingtatison and
nonlinearity over a wide range of input signals &eduencies.

Self-adj ustable Power Supply

Power dissipation @ inside the Op-amps can limit the

maximum output power at high frequencies. If thepat

2| J. Name., 2012, 00, 1-3

parasitic DC and amplitude at each harmonic frequgiv,)
were used to compute Total Harmonic Distortion (THD

/V22+V32+--~+V,$
THD = —mFF——

Vi

3)

DEP force quantification

Comparison of the levels of positive DEP Gryptosporidium
parvum in the MHz range was performed by using the¢
respective amplifiers within an electrode-less iDHBvice.
Neglecting inter-particle interactions, the DEP cforvalues
were calculated using frame-by-frame tracking af thapped
particles to extract their displacement vectorsafd y) over
time () to compute Fgp using:

_ d’x dx
FDEP = md?— 67'[77a

4

dt

Here,m anda are the mass and radius of the particlesared
the viscosity of the fluid, as per ESI and priorrig/d,

This journal is © The Royal Society of Chemistry 2012
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Results and Discussion

Comparison of amplifiersfor signal characteristics
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Fig 2. Output waveform of conventional amplifier (FLC A400DI) for Vi, = 15V, (a-
d) vs. wideband amplifier (e-h) in the 1-15 MHz range (DC offset and THD are
indicated). (i) Frequency responses of wideband amplifier (blue) at the indicated
Vmax levels vs. the conventional amplifier (Red) at the indicated Vin levels.
Normalized amplitudes (V,/Vi) and (V3/V;) at 1-10 MHz for: (j) conventional
amplifier and (k) the wideband amplifier.

The frequency responses of the output amplitude sagdal

distortion from the wideband amplifier are compatedhose
from the FLC A400DI amplifier inFig. 2. It is apparent that
while the conventional amplifier offers greater tagle in the
low frequency range (<800 kHz), the output from wideband
amplifier is far higher, onwards from 1 MHz. Funthmre, the
conventional amplifier shows a highly distortedrngigshape at
successively higher frequencies in the MHz rangeperFig.

2a-d, whereas the sinusoidal wave-shapes are presarvbe

MHz range for the wideband amplifieFi§. 2e-h). The signal
distortion and parasitic DC levels are quantifiedFig. 2j-k

(Details as a table in ESI). Herein, parasitic @&els from the
conventional amplifier exhibit a steady rise withcrieasing
frequency due to the increasing difference in D@l at the

This journal is © The Royal Society of Chemistry 2012
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two channels of the amplifier. While the absolutegsitic DC
levels are small, they become a greater fractioth@foutput at
higher frequencies, since slew rate limitationsseaa steep
decline in \kys output at the fundamental frequency. For
instance, while the Mys to parasitic DC ratio is 250 at 1 MHz,
it drops steeply to 28 at 5 MHz, and to just 8@MHz.
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Fig 3. (a) Influence of DC offset on AC field driven pDEP, as quantified in (b). (c)
Three regions of polarizability dispersion, containing the main harmonics.

This steady rise of parasitic DC in proportion e tAC field
causes electrophoreti€gp) and electroosmotid=¢o) forces to
influence the net force balance. While these DQedri
electrokinetic forces tilt the potential profile tenhance
trapping under nDEP, they also cause the leakagmicles
under pDEP trappingF{g. 3a). In fact as peFig. 3b, beyond
critical levels, the offset DC field obtained usinthe
conventional amplifier at frequencies beyond 5 Midmn cause
a significant reduction in the DEP trapping potentdUpgp).
On the other hand, the parasitic DC levels areigibig for the
wideband amplifier, thereby offering highly quaative DEP
force dispersions. An alternate problem with coniaral
power amplifiers is the emerging harmonic distortet MHz
frequencies. Herein, the amplitude levels of thghbi order
harmonics are large enough to cause a deviationthef
sinusoidal wave shape, from a single frequencyadi¢m one
that includes signals at several harmonic frequendhereby
influencing the polarizability dispersionFig. 3c). This
waveform distortion arises due to phase shift dena at high
frequency from the required counter phase signalitiio the
Op-amps or due to the operation of Op-amps at Hagirration
level at low frequencies. As per the normalized ktoge at
each harmonic with respect to the fundamental faqu
(V/Vy) in Fig. 2j-k, significant distortions are apparent with
the conventional amplifier beyond 5 MHz, especiadly the
second harmonic, whereas the distortions are maatker with
the wideband amplifier. While a sine wave signa hero THD
(only one harmonic), triangular and symmetrical aguwaves
exhibit THDs of 0.12 and 0.48, respectively. Thelication of
this harmonic distortion is alterations in DEP ®nmagnitude
and in some scenarios, the force direction too. iRstance,
Fig. 3c-2 considers the scenario wherein the fundamental
frequency and the harmonics cause pDEP with relgtiv
constant polarizability dispersion (R&{,)). We can then
calculate the altered DEP forc&pgp) due to the distorted
signal (THD) with peak-peak amplitude of Yfundamental), as
a function of the ideal sinusoidal signal of pea@alp amplitude
Vpp that causeBqe, (details in ESI):

2
Forp = (14 THD?) (1) Fidea (5)
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Here, the frequency dependent ter@:+ THD?) influences under pDEP using the conventional amplifier is clktal MHz,
the force dispersion, due to contributions of thghbr order it is less clear at 3 MHz and absent at 5 MHz. ©a d¢ther
harmonics, whereas the ter(w.lep)z, reflects the alteration in hand, with the wide bandwidth amplifier, trappingrde on
maximum amplitude of the output signal due to di@éemafrom untreated oocysts is significant and at a condésat in the 1-7
the ideal sinusoidal wave shape. Hence, while tistodled MHz range. As a result, differences in force disper are
quasi-triangular wave shape of the conventional Idiep easily apparent in the MHz range for probing thtoplasm of
causes a reduction in DEP force by just 20% at 1zNiHie to untreated versus heat treated oocysts, whereas Hres not
10% THD andV1/V,,=0.9), the respective force reductions arapparent using the conventional amplifier.

substantial at 5, 7 and 10 MHz. On the other hanmtge the

THD of the wideband amplifier is less than 10% anéV,, Conclusion

remains close to unity, the DEP force alteratioless than 5%
over the MHz range. Next, considering the scenatiere the
fundamental frequency is in the nDEP region, wherdse
harmonics lie in the pDEP frequency regidiig( 3c-region 1),
then the force would be further distorted, since Re(Key) is
no longer constant but rather varies with each baimsignal.

To enable electrode-less or contact-less manipulatof

biosystems in the MHz frequency range, we predentdesign
principles for a wideband power amplifier to addréise steep
drop in amplitude and the rise of signal distortibat occurs
within  conventional amplifiers. Through counter-pha

For instance, iKcy at the fundamental frequency isy{wy) COUPIiNg of two operational amplifiers by using adeband
and that for the next significant higher order hanit is splitter circuit, in conjunction with a self-adjastie power

Kem(om), then Eq. (5) can be modified (details in ESI): supply and an attenuator to deliver a constant paugput for
avoiding over-heating and signal distortion duessduration,

Re[Kep(wm)] ©6) we are able to achieve the necessary power up MHZA This

Re[Kcm(w1)] is validated by demonstrating the reduction of tario
distortions and parasitic DC effects within the &ifrgy output,

In the scenario wherein the fundamental frequengyi6 inthe 55 \vell as the ability to discern cytoplasmic atiems in

nDEP region close to crossover towards pDEP, wsetBa qcysts ofC. parvum due to the constant level of pDEP force

next significant harmoniau,,) is in the pDEP region, as Fig. dispersion on untreated oocysts in the 1-7 MHz eang
3c-1, then:a K —1, sinceK¢y under nDEP &) is usually less

than that under pDEPwf,). This causes greater DEP forc
distortions fromF 4., than the scenario iRig. 3c-2. In fact, at
high enough THD values, the direction of the DERéocould Support from NSF 1332329 and Virginia Bioscience=alth
also be altered. A similar scenario can occur atailigh Research Corporation (VBHRC) is acknowledged.
frequencies near the second DEP crossover refign3c-3).

2
V;
Forp = (1+ aTHD?) () Fgears « =
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