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Abstract

Dielectrophoretic field-flow fractionation (DEP-FFF) has been used to discriminate between
particles and cells based on their dielectric and density properties. However, hydrodynamic lift
forces (HDLF) at flow rates needed for rapid separations were not accounted for in the previous
theoretical treatment of the approach. Furthermore, no method was developed to isolate particle or
cell physical characteristics directly from DEP-FFF elution data. An extended theory of DEP-FFF
is presented that accounts for HDLF. Using DS19 erythroleukemia cells as model particles with
frequency-dependent dielectric properties, it is shown that the revised theory accounts for DEP-
FFF elution behavior over a wide range of conditions and is consistent with sedimentation-FFF
when the DEP force is zero. Conducting four elution runs under specified conditions, the theory
allows for the derivation of the cell density distribution and provides good estimates of the
distributions of the dielectric properties of the cells and their deformability characteristics that
affect HDLF. The approach allows for rapid profiling of the biophysical properties of cells, the
identification and characterization of subpopulations and the design of optimal DEP-FFF
separation conditions. The extended DEP-FFF theory is widely applicable and the parameter
measurement methods may be adapted easily to other types of particles.
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Introduction

Dielectrophoresisl;2 (DEP) is a well known electrokinetic phenomenon that scales ideally
for the microscale manipulation and characterization of particles. DEP trapping3-10 has
often been applied to the separation of particles and cells but. its discrimination is
limited6;10. To solve this, dielectrophoretic field-flow fractionation (DEP-FFF) was
developed11-15. The DEP force positions particles in a hydrodynamic flow profile
according to their dielectric properties and they are carried through the channel at
characteristic heights and speeds, with dissimilar particle types emerging separated in time
and/or space. DEP-FFF and other DEP approaches have been demonstrated in many
potential applications. In biology and medicine these include separating blood cell
subpopulations6;16, purifying and enriching stem cell harvests17-20, capturing parasitized
cells from blood21-23, and isolating circulating tumor cells from cancer patients24. Non
biological applications include characterizing and processing nano particles25-28,
characterizing thin film coatings on particles29, the detection of environmental
toxicants30;31 and of pathogens in water32;33, the characterization of minerals34;35, and
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mineral beneficiation36. DEP-FFF provides greater discrimination than sedimentation-
FFF37-40 because it exploits both particle and buffer dielectric properties.

Despite its higher discrimination, an adequate theory describing DEP-FFF has not been
presented, preventing the derivation of particle properties from their elution times. Thus cell
biophysical properties could not be derived for basic research and the design of new
separation protocols was partly empirical. In this article, the theory of DEP-FFF is extended
to include hydrodynamic lift effects and to show how, through appropriate steps, particle
density, dielectric, and deformability parameters may be derived from elution
characteristics. The focus here will be on mammalian cells not only because urgent medical
applications await but also because cells form excellent test particles showing distributions
in density and deformability as well as in frequency-dependent dielectric properties.

Theoretical Background

Field-flow fractionation (FFF) is a family of methods that exploits the laminar
hydrodynamic flow profile in a thin channel to drive the separation of different particle
types41-43. Particles are positioned in the flow profile by counterbalancing forces that
depend on the particle properties. For mammalian cells, two FFF modes are of importance,
namely the steric mode in which some forces result from contact with the channel floor, and
the hyperlayer mode in which floor interactions are negligible. The focus of this article is the
hyperlayer mode. Typically, the flow velocity profile at low Reynolds numbers is parabolic
and the velocity at height /s

. h
"f="0h(1 - ﬁ) &)

where 1 = 6/ H is the shear rate at the flow channel floor and vy = A(HW) is the mean
fluid velocity. Fis the flow rate and Hand Ware the channel height and width.

Torque, wall, and lateral forces on a particle of radius /£ modify its velocity from that of the
eluate at a given height and empirical equations for its velocity v, have been derived from
experimental data 44,45 of the form:

vy 0.7431(1+h/R)

Y _ forh < R, and
Rig 0.6376 — 0.2000log(h/R) W =1 and @
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In DEP-FFF, the height at which a particle moves through the channel depends on the
balance of DEP, sedimentation and HDL forces:

FopptFseatFp:=0. (3)

The sedimentation force is Fy.,=47 - R* (p, — ps) g, Where pjand psare the densities of the
particle and eluate, respectively, and g is the acceleration due to gravity.

In earlier DEP-FFF studies, flow rates were kept low enough that the HDLF was thought to
be negligible. These low flow rates resulted in long elution times. Furthermore, mammalian
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cells left in suspension for more than 1000 seconds changed behavior 24, suggesting cell
dielectric alterations were occurring. Shorter elution times required faster, HDLF-inducing,
flow rates. Several workers have considered HDLF effects and identified contributions from
wall effects, particle rotation, and particle deformation46 and rigidity47. Abkarian and
Viallat48 showed that lift forces on deformable lipid vesicles, the only particles for which
definitive HDLF-shape correlations have been reported, depended on the geometry of the
vesicles according to the relationship

3

. R
Fopr=— 77"07 “F(v). @4

Here 7 is the dynamic viscosity of the eluate and A v) is a dimensionless hydrodynamic
geometry function (0 < A'v) < 1) that increases with increasing deviation from particle
sphericity. Both particle shape and deformability can contribute to A+)49. To describe
HDLF effects in cells, which are more complex than solid particles and lipid vesicles, it is
helpful to indicate explicitly the shape Sand mechanical flexibility M contributions to the
geometry function:

3

F - n\"o% "F(S,M). (5

HDLF —

When the DEP force is zero, a balance of HDLF and sedimentation forces alone determines
the particle transport in hyperlayer FFF:

R
o=+ F(S, M)=$7R*(0, = pr)g,  ©)

giving

27TH(pp - ps)gh

F(S,M)= o

Q]

Egs. 1, 2a, or 2b, as appropriate, may be used to calculate the height / at which particles
moved through the channel from their elution times. For example, Eq. 1 for 4 <K H, gives

L 27n
Vv,= =
P Telute ﬂHz(pp —Ps)g

F(S,M)-vo* (g)

for an elution time 7,4 from a channel of length L. Regression may be used to fit this or
Egs. 2a and 2b to the data. The unknowns are particle AS, M) and density o, Small changes
in vesicle geometry led to large changes in A(v)48 so that A S, M) is expected to reflect
differences in the geometry of different particle types sensitively. Because most harvested
mammalian cells (including the DS19 cells used as model particles here) relax to a spherical
shape in non-shear conditions, A S, M)can be expected to depend most significantly on cell
deformability in the FFF shear field so that S, M) — A M).

The vertical component of the DEP force that controls the height of particles in the FFF
channel may be written11
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where Re[ 7o) is the real part of the Clausius-Mossotti factor describing the dielectric
polarization of the particles in the DEP medium of dielectric constant e, &g is the
permittivity of free space and Vis the AC voltage of frequency fused to energize the DEP
electrodes. p(7) allows for voltage drop resulting from electric polarization at the DEP
electrode-liquid interface, and g(/) describes how the DEP field falls with height above the
channel floorl11.

In general, fopf) depends on the complex permittivities of the particle and the eluate, &),

and g7, respectively, that account for frequency-dependent dielectric and conductivity
characteristics,

*
S

3
g,— &€
sk

Jen(f)=

gp+2e; (10)

Re[ e (H] ranges from —0.5 for non-conducting particles with a dielectric constant much
less than the eluate to +1 for particles with a conductivity and/or dielectric constant much
greater than the eluate. The properties of 7o (#) for cells has been the subject of numerous
papers50-54. Intact cells having a cytoplasmic conductivity much higher than the
suspending medium and an intact membrane barrier function are repelled from high electric
field regions at low DEP frequencies(Re[ s (fsman)] — —0.5), attracted to them at high
frequencies below ~5 MHz (Re[7cad fiarg )] — +1), and exhibit null DEP response at an
intermediate crossover frequency 1y (Re[fops ()] = 0). In this case51;54-56

2= 5

R = .
el D=7

(10b)

Once fp has been determined, a dielectric model may be applied to extract biophysical
information including the cell membrane capacitance and conductivity, revealing cell
membrane area and ion permeability57. In DEP-FFF the condition Re[fops (fsmar)] — —0.5
provides maximum DEP levitating force, and Re[fcpy (farge)] — +1) provides maximum
DEP attractive force towards the channel floor.

The factor 0 < p(#) < 1 corrects for voltage drop at the electrode-eluate interface due to
electrode polarization11.. The complex polarization impedance at the interface may be
approximated in terms of an effective polarization resistance /),,/and polarization
capacitance Cpp/11;58-60 as

R, ] .
Zpol(f): Pl+ ! —, 1= ‘/__1 (11)

[ 2nChuf?

The impedance of the bulk suspending medium can be written

Rupuix
1+i - 27f - Rpuik Couik

Zpu(f)= (12)
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where Ry eand Cpyyi result from the conductivity (o) and permittivity (e eg) of the eluate
in the channel. For an electrode array comprised of plain, parallel, interdigitated electrode
elements having equal width and spacing s, the “lumped” area of electrode connected to
each pole of the signal generator is% WL and the effective spacing of these lumped
electrodes is 25, giving

8s
Rbulk=m, and (13a)

eseoWL
8s

Chun= (13b)

The interface and bulk eluate impedances form a voltage divider for the AC signal applied to
the electrode array, giving the proportion of voltage acting in the eluate as11

p(f)=Re( Zoui(f) ) w

Lastly, the DEP field of a plain parallel interdigitated electrode array falls off exponentially
with height above the DEP-FFF channel floorl1,

q(h)=A(s) - exp(=mth/s). (15)

Substitution of all these expressions into Eq. 3 gives a non-linear equation that lacks an
analytical solution but is amenable to numerical simulations and fitting.

Experimental

To test the theory and demonstrate isolation of particle parameters from elution data,
experiments were conducted using DS19 erythroleukemia cells61. These were convenient
because their growth in suspension culture allowed a fresh aliquot to be used for every run,
ensuring consistency. Cells were grown in RPMI medium (Cellgro, Mediatech, Monassess,
VA USA) with 10% fetal bovine serum (Atlanta Biochemicals, Atlanta, GA, USA). To
maintain consistent dielectric properties, cells were harvested in exponential growth at a
density of 108 mL~1 two days after seeding. Viability, determined by trypan blue dye
exclusion, was at least 98%.

For each run, a 1 mL aliquot of cells was washed in 10 mL of DEP buffer, centrifuged at
300 g x 10 min, decanted, and resuspended in 300 L of DEP buffer. 30 pL of this cell
suspension was diluted with 250 pL of DEP buffer and injected, via septum, into the DEP-
FFF channel. The sample occupied the first 5% of the chamber length and contained ~10°
cells. This volume avoided significant elution peak broadening and the cell concentration
was low enough to avoid cell-cell dielectric interactions 24. Cells settled for eight minutes
with the flow and DEP field off. Then the fluid flow and the DEP field were activated.
Eluting cells were counted using a Laser Particle Counter (PC 2400 D, ChemTrac Systems,
Norcross, GA, USA). In all experiments, the eluate buffer consisted of an aqueous solution
of 9.5% ultra pure sucrose (57903, Sigma-Aldrich), 0.01% dextrose (Fisher D-19), 0.1%
pluronic F-68 (P-1300, Sigma-Aldrich), 0.1% bovine serum albumen, 10 mM phosphate
buffer pH 7.0, 0.1 mM Ca acetate, 0.5 mM Mg acetate and 100 units per mL of catalase. The
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eluate conductivity was adjusted to 30 mS.m~1 with KCI using a conductivity meter (EC M
19101-00, Cole-Parmer Instruments, Vernon Hills, IL, USA).

The DEP-FFF flow channel was 0.6 mm high x 25 mm wide x 300 mm long and had a floor
covered with a flex-circuit, interdigitated 50 um wide gold on copper electrodes spaced 50
pm apart on a Kapton substrate as described previously20;24. 3000 electrode elements ran
widthwise across the chamber with alternate elements connected to 2 bus lines energized by
a signal generator. This could deliver sinusoidal signals from 1 kHz to 2 MHz and up to 10
V peak to peak at a maximum current of 3 A RMS20;24. All experiments conducted here
used a 2.8 V peak to peak signal monitored by an HP 54601A oscilloscope. Eluate was
delivered by a pulseless gear pump (Ismatec, Glattbrugg, Switzerland) via a 0.2 wm inline
filter (MediaKap-2, Spectrum Laboratories, Rancho Dominguez, CA).

The factor p(# in Eq. 14 was determined by measuring the AC current through the electrode
array as a function of frequency, allowing 2, (/) to be calculated. Provided the electrode
array was maintained in good condition (i.e. no growth of biofilm and no use of corrosive
cleaning agents), p(/ remained constant. The DEP scaling factor A(S) in Eq. 15 was
determined by running calibration experiments in which the elution times of 10 pm diameter
polymer beads (PCO6N p = 1062 kg.m~3, BBO1N p = 1200 kg.m=3, Bangs Laboratories,
Fishers, IN) were measured as a function of DEP voltage. This parameter remains fixed for
the chamber and electrode configuration. Based on the stability of p(#) and the fixed A(s),
the DEP field inside the channel remained well defined for several months of electrode use
and could be verified using the beads.

Testing the DEP-FFF Theory

DS19 elution profiles were measurements as a function of DEP frequency at a flow rate of
10 mL.min~1 (wall sheer rate vp = 95 sec™1)(Fig. 1). Peak elution times for these profiles
and for similar ones obtained at a flow rate of 4 mL.min™1 (p = 13 sec™1), are plotted as a
function of the DEP frequency in Fig. 2A (solid circles). Clearly, the cell elution times are
influenced by the frequency-dependent DEP force embodied in the Clausius-Mossotti factor
(Fig. 2B). The plots in Fig. 2A were analyzed to determine the height /at which the DS19
cells traversed the channel. Because /was unknown, it was unclear whether Eq. 2a or 2b
was appropriate. Instead a blended function was used:

Minimum(Eq.2a, Eq.2b).

This was considered appropriate because Eq. 2a overestimates cell velocity at large /4, Eqg. 2b
overestimates cell velocity at small /4, and the two equations coincide at an intermediate
height.

The Nelder-Meade simplex algorithm was used to minimize the error function

n
Z(FDFP Hsedrt P ? for the ndata points plotted in Fig. 2 using fminsearch (MATLAB,
The MathWorks, Natick, Massachusetts) under the conditions in Table 1. The derived
parameters were the effective cell density p, = 1058 kg. m~3, hydrodynamic lift geometry
function AM) = 0.12 and cell crossover frequency % = 74 kHz. Solid lines at 10 mL.min™1
and 4 mL.min~1 in Fig. 2A show this fit. Elution characteristics calculated for 1.5, 6 and 8
mL.min~1 (vp = 76, 57 and 14 sec™1) are also shown.

Because Re[7cns (fsman)] — —0.5, the DEP force reaches its maximum levitating value at
low frequency and cells have minimum elution time 7, DS19 cells are >20 um above the
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channel floor under these conditions and HDLF becomes negligible. Therefore, the cell
density can be calculated directly from the elution time as the DEP force is known when
Re[fops (H] = —0.5. Fig. 3 shows the expected relationship between elution time and density,
which is almost linear under the conditions here. Peak elution times were measured for
beads having densities of 1062 and 1070 kg.m=2 and for monocytes (M), lymphocytes (L),
and erythrocytes (E) (densities 1063, 1071 and 1096 kg.m™3, respectively). These data
coincide with the predicted elution-density relationship in Fig. 3 and provide independent
verification. Using this relationship, the elution profile for DS19 plotted along the time axis
of Fig. 3 is mapped to its density distribution along the abscissa.

The FFF elution profile (no DEP) depends on the balance of cell sedimentation and HDLF.
Using the cell density derived above, a mapping from the FFF profile to the corresponding
H M) distribution can be established as shown in Fig. 4. The FFF elution profile for DS19 is
plotted along the time axis of Fig. 4 and the corresponding geometry function distribution is
shown on the abscissa. This distribution peaks at M) = 0.11, a value close to the value
found for the most rigid of the vesicles examined by Abkarian and Viallat48.

By definition, cells should not experience a DEP force at their crossover frequency (f = 74
kHz). Peak cell elution times for sedimentation FFF (no DEP) were measured at flow rates
of 1.5, 4, 6, 8 and 10 mL.min~ and plotted as stars on the line at 74 kHz in Fig. 2A. These
data coincide with the intersections of the calculated DEP-FFF characteristics and the 74
kHz line. This verifies that the theory accounts correctly for HDLF effects and is consistent
with sedimentation FFF40;43.

Efficient Isolation of Cell Parameters from DEP-FFF Data

Fig. 2A shows cells approach not only a limiting elution time, 7, for £ f but also a
limiting elution time 7,,,,wWhen 7>> fy. For a channel of length L, the cell velocity will vary
between the limits Vo= LI Tiinand Vipin = LI T if the frequency is swept over a
sufficiently wide range. To exploit this, we used field programming40;62;63 and swept the
frequency from 160 kHz to 15 kHz over 600 seconds during a DEP-FFF run.

To derive f; from a swept-frequency elution profile, it is helpful to consider cell transits
inside the DEP-FFF channel under different conditions. Fig. 5 A shows conventional FFF
for different values of AM). Panels B, C and D show transit behavior during frequency
sweeps. The frequency starts well above £y and DEP pulls cells towards the electrodes where
they move at V), As time progresses, the frequency passes through £ and the velocity
increases as DEP starts to levitate cells into faster-moving fluid. Eventually, the frequency
becomes low enough that the DEP force is maximally levitating and cell velocity approaches

Vmax -

Fig. 5A shows that, under FFF conditions, smaller A M) results in shorter elution times. For
swept frequencies, the cell density controls V4, without altering V;;;, (Fig. 5B). Fig. 5C
shows that A M) controls V/,;, without significantly changing V). Finally, Fig. 5D shows
that changing % keeps Vjyj»and Vi unaltered but modifies when cells begin to levitate. If
Viminand Vi,.xare known then the time at which £ is reached can be calculated from the
elution time.

With this knowledge, the cell parameters may be derived efficiently from a set of four DEP-
FFF runs as shown in Fig. 6.

A. DEP-FFF is conducted at a fixed frequency 7K f and cells elute at maximum
velocity Vi The elution profile is mapped directly to the cell density distribution
(asin Fig. 3);
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B. FFF is conducted (no DEP). Using the density from run A, the FFF profile is
mapped to the A M) distribution (as in Fig. 4);

C. The DEP-FFF frequency starts fixed at 7>> £ and cell velocity is V/,;, Elution
would be extremely slow with the risk of cell dielectric properties changing in the
eluate. To avoid this, after an intermediate time 7;,, the DEP frequency is switched
to FK f (as in Run A) to rapidly elute the cells. V;;,is calculated from the elution
time 7gknowing 7;,;and Vi, from Run A.

D. The DEP-FFF frequency sweeps from well above the crossover frequency to well
below it. Cell velocity is tangential to V/};,;, early in the run and tangential to Vj;ax
late in the run (Fig. 5D), allowing the time at which the frequency was equal to the
crossover frequency to be calculated from the elution time 7, maximum velocity
Vinax from Run A and minimum velocity Vj;, from Run C. A mapping from the
swept frequency cell elution profile to the corresponding DEP crossover frequency
distribution can be obtained as shown in Fig. 7 for DS19.

Discussion

DEP-FFF elution profiles depend upon particle density, dielectric properties and
deformability. Existing theory11 ignored HDLF and predicted particles would be trapped
when the net DEP and sedimentation forces pulled them to the floor. The dotted lines in Fig.
2A show simulations for that theory and those do not describe any of the data.

The new theory fits the DEP-FFF data over a range of conditions and is consistent with
sedimentation FFF. It allows derivation of effective values for cell density, 7, and
deformability from elution profiles. By exploiting high frequency and low frequency DEP
limits, population distributions of the cell parameters are derived through mappings in Figs.
3, 4 and 7, using only 4 runs of a few hundred seconds each.

The results show that low frequency DEP-FFF elution provides a rapid, microfluidic
approach for measuring particle densities and separating them accordingly. As long as
Re[fcns (H] — —0.5, such density distributions are obtained with no assumptions. The
densities for DS19 cells (Fig. 3) are narrowly distributed around 1058 kg.m=3.

The AM) and £, distributions were obtained by mappings that assume distributions
upstream in the calculations do not broaden the derived distributions. This is valid only if
the cell density and geometry profiles are sufficiently narrow. Using Fig. 5 to gauge DS19
distribution broadening, the narrow density range (Fig. 3) resulted in negligible broadening
of AM) (Fig. 4), while the density and A M) distributions together broadened the 7
distribution by approximately 4 kHz in Fig. 7. Such broadening effects might be reduced
significantly through deconvolution64;65, though interdependencies between cell density,
cell geometry factor and 7 could impact the validity of this method.

The DS19 A M) profile (Fig. 4) varies from ~ 0.05 to ~0.125 with a tail extending to 0.25. A
value of 0.05 indicates significant rigidity, while a value of 0.125 corresponds to the least
flexible of the vesicles reported by Abkarian and Viallat48. The DS19 cultures were
asynchronous and cell membrane and cytoskeletal structural differences during the cell cycle
are expected to be reflected within the deformability distribution. Similarly, cell membrane
capacitance and conductivity changes during the cell cycle66;67 should be reflected within
the cell crossover frequency distribution (Fig. 7). Now that the parameter distributions can
be measured by the methods provided here, these and other structure-function relationships
can be studied by synchronizing cells and examining cell cycle changes, for example. By
using DEP-FFF as a front end to a flow cytometer17;68 or high throughput molecular
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profiler, such relationships can be resolved within mixed cell populations and correlated
with molecular profiles. Thus, cell biophysical parameters could be interpreted using

appropriate models in the literature to provide insights into underlying cell morphology,
physiology, structure-function, metabolic, proteomic and gene expression relationships.

DS 19 cells are complex particles because they exhibit distributions in density, flexibility
and in frequency-dependent dielectric properties. For particle types having frequency-
independent properties, frequency sweeping is not required. For insulating particles, density
and A'S, M) could be deduced from runs A and B alone. For semiconducting particles, run A
combined with two or more runs B conducted at different eluate conductivities would allow
density, H'S, M) and conductivity to be deduced. The method is more problematical for
conducting particles because Re[ 7y (#] = +1 for all frequencies. In that case, DEP and
sedimentation forces would need to be balanced against HDLF during a voltage sweep and
particle density would have to be deduced indirectly.

Conclusions

Previous treatments of DEP-FFF did not take into account HDLF effects or provide methods
to derive particle properties from elution characteristics. The theory presented here accounts
for HDLF and describes the DEP-FFF elution data over a wide range of conditions. The
theory was used to profile cell density, deformability and membrane capacitance
distributions of cell populations. Using this approach, the identification of cell
subpopulations having different biophysical characteristics and the rapid measurement of
changes induced by external agents is enabled. The ability to derive cell properties explicitly
will permit design of optimal conditions for isolating target cell subpopulations by DEP-
FFF. With minor modifications, the methods presented here can be adapted to a wide range
of particle characterization applications.
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Fig. 1.

Elution profiles of DS19 cells at a flow rate of 10 mL.min~1 (wall sheer rate vy = 95 sec™)
for FFF (no DEP field) and for DEP at different fixed frequencies. Above the crossover
frequency (74 kHz) the elution profiles spread out and the peaks become ill-defined.
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Fig. 2.

(A) Relationship between the DEP-FFF elution time and frequency for DS19 cells (@) for
different flow rates. At the crossover frequency 7 the DEP force is zero and elution times
correspond to those measured by conventional sedimentation-FFF (%). Solid lines show
simulated elution characteristics based upon the analysis given in the text. Dotted lines show
elution characteristics predicted by earlier theory that ignored hydrodynamic lift. (B) The
Clausius-Mossotti factor reveals the relative DEP force experienced by cells as a function of
DEP frequency. The influence of this on cell elution characteristics is evident in (A).
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Fig. 3.

Relationship between cell elution time and cell density for DEP-FFF at 15 kHz. Symbols
represent measured elution times for beads of 1062 and 1070 kg.m=3, and for monocytes
(M), lymphocytes (L), and erythrocytes (E). The solid line shows the calculated responses
expected from the theory under the experimental conditions (Table 1). The cell density
distribution can be derived by mapping the elution profile using the calculated response. The
elution profile for DS19 cells at 15 kHz shown along the time axis is mapped to the
corresponding cell density distribution along the density axis.
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Fig. 4.

Relationship between cell elution and the cell hydrodynamic geometry function calculated
from the theory is shown by the solid curve using the density peak data from Fig. 3. Using
this relationship, the cell elution distribution for DS19 under sedimentation-FFF conditions
can be mapped to the corresponding hydrodynamic geometry function distribution.

Anal Chem. Author manuscript; available in PMC 2013 August 27.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuey JoyIny vd-HIN

Gascoyne

Distance along channel, mm

Distance along channel, mm

Cells Elute at End of Chamber

1 1 Ry e s >
250 ' b
F(S.M)=0.35
“ =
200 F(S,M)=0.05
150 b
100 b
FFF only
50 B
0 L L . L L .
0 100 200 300 400 500 600 800
Time, seconds
DEP field off
Cells Elute at End of Chamber
")) 1 SRR hydhyitpufynybutihflhphiafputy Sy iy >
c. .
. - Z B
250 £ «F(S,M)=0.35 B
2
5 /
s e
200 9 i
e Ve
e J/
T _ _ <F(8M)=0.05
150 /i - g
N
100 ol g
@
oY
50 / 1
/
0 1 L1 1 1 1 1
0 100 200 300 400 500 600 800
A Time, seconds A
v \
r ———— r v |
160 100 80 60 40 30 20 15
DEP Frequency, kHz
Fig. 5.

Distance along channel, mm

Distance along channel, mm

300

250

N
o
=]

150

100 |

501

0 L )

L L
100 200 300 400

L
500

L L
600 700 800

0
A Time, seconds A
\ \}
T —_———— - - y
160 100 80 60 40 30 20 15
DEP Frequency, kHz
Cells Elute at End of Chamber
300 @ ————————————— e -
D. N
250 g 1
£ -
) -
200 g e
L S e J
5 / Py
9 7 ~ °
z 7oV
150 1/1/] v g
-
vy 1~
100 i .
/17
50} 11111 1
11171
= <«fy=54kHz
o LBz T . . .
0 100 200 300 400 500 600 700 800
A Time, seconds
v \J
T T )
160 100 80 60 40 30 20 15

DEP Frequency, kHz

Simulations of the progression of a cell through a DEP-FFF channel under different
experimental conditions. (A) With no DEP field, cells move by conventional sedimentation-
FFF at a height determined by the balance of sedimentation and HDLF effects. Changes in
the hydrodynamic geometry function A 'S, M) impact the height and corresponding velocity
with which cells travel. (B — D) Simulations of cell progress during a logarithmically-
programmed sweep of the DEP field frequency from 160 kHz to 15 kHz over 600 seconds.
At short times the DEP frequency greatly exceeds the cell crossover frequency £ and cells
move at minimum velocity V,;, Later, cells move faster as the swept frequency passes
through 7. At still longer times the DEP frequency has fallen far below 7, and cells moves
at maximum velocity, V), (B) Increasing the cell density o, decreases the maximum
velocity Vi, but leaves V,,,;, unchanged. (C) Increasing the hydrodynamic geometry
function A S, M) increases V,;, but leaves Vj,,, unchanged. (D) Increasing the crossover
frequency f leaves V2 and Vg, unchanged, but increases the time at which the transition

of the velocities occurs.
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Fig. 6.

Cell biophysical properties may be derived from four independent measurements. A shows
the displacement of cells through the DEP-FFF channel as a function of time under the
influence of a low frequency DEP field. The frequency is set low enough that the cells attain
maximum levitation and so their resulting velocities reflect their density. B the conventional
sedimentation-FFF elution profile is measured with the DEP field off. C the DEP frequency
is maintained far above the anticipated crossover frequency of the cells for a period 7;,:and
then switched to the low frequency used for Run A. Cells travel at minimum velocity under
the influence of hydrodynamic lift forces until the frequencies switch. D shows cell behavior
during a 600 second sweep from 160 kHz to 15 kHz.
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Fig. 7.

Relationship between cell elution time and cell crossover frequency £ calculated for a cell
density of 1054 kg.m™3 and a hydrodynamic geometry function of 0.11 (solid line). The
elution profile for DEP frequency swept from 160 to 15 kHz, is shown on the elution time
axis. The corresponding cell crossover frequency distribution is shown on the abscissa.
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Table 1

Parameters used for deriving the best fit of Eq. 3 to frequency-dependent elution time data for DS19 cells (Fig.
2) and for calculations of the mapping characteristics between elution profiles and cell biophysical

1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

wduosnue Joyiny vd-HIN

characteristics as described in the text.

Parameter Value Units Explanation
Fstart 160 x 103 Hz Sweep start frequency
Tong 15 x 103 kHz Sweep end frequency
Tsweep 600 s Sweep time
R 75x1076 m Cell radius
g 9.81 m.s2 Acceleration due to gravity
H 600 x 1076 m Channel height
w 25x1078 m Channel width
L 300 x 1073 m Channel length
4 1.42 \Y Applied DEP volts p-p
n 1.002 x 1073 N.s.m2 Dynamic viscosity of water at 20°C
A 30x 1073 S.m Eluate conductivity
50 x 1076 m Electrode element width and spacing
F 4and 10 mL.min~% Flow rate
Rpor 0.375/(L x W) Q.Hz" Frequency-dependent electrode polarization resistance
Coor 113xLxW F. HzZ* Frequency-dependent electrode polarization capacitance
Rpuik 8s/(osx L x W) Q Bulk resistance of eluate on DEP electrode
Chulk 690 x L x W/(8 *s) pF Bulk capacitance of DEP electrode
Pr 1058~ Kg.m3 DS19 cell density
A 74* kHz DS19 cell crossover frequency
F My, Men) 011% dimensionless | DS19 HDLF geometric scaling function

*
Values derived from the best fit of the DEP-FFF theory.
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