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Abstract. In this paper we present the numerical simulation-based design of a new microfluidic device concept for electrophoretic mobility
and (relative) concentration measurements of dilute mixtures. The device enables stationary focusing points for each species, where the loca
applied pressure driven flow (PDF) counter balances the species’ electrokinetic velocity. The axial location of the focusing point, along with
the PDF flowrate and applied electric field reveals the electrokinetic mobility of each species. Simultaneous measurement of the electroosmot
mobility of an electrically neutral specie can be utilized to calculate the electrophoretic mobility of charged species. The proposed device
utilizes constant sample feeding, and results in time-steady measurements. Hence, the results are independent of the initial sample distributi
and flow dynamics. In addition, the results are insensitive to the species diffusion for large Peclet numbd?rdlows$00), enabling relative
concentration measurement of each specie in the dilute mixture.
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1. Introduction a buffer solution, filter paper, cellulose, cellulose-acetate or gel
are used as the supporting media [11,12]. The capillary elec-
Electroosmosis and electrophoresis are the leading electroktiephoresis has utmost potential for development of automated
netic effects utilized in microfluidic systems. Electroosmoanalytical equipment with fast analysis time and on-line detec-
sis is the motion of an ionized fluid relative to the stationaryion possibilities. Currently, many separation techniques rely
charged surface by an applied electric field [1]. It enablesn combined capillary electrophoresis and electroosmotic flow
fluid pumping and flow control in microchannels using electrico pump solutes towards the detector [13].
fields, eliminating the need for mechanical pumps with moving  |n this paper we present numerical modeling results of a
components. Electrophoresis is the motion of charged particlagw species detection concept, which exhibits discrete station-
and macromolecules relative to a stationary liquid by an apry focusing points for multiple species, based on their elec-
plied electric field [2]. Both of these electrokinetic effects argric charge. Although the device utilizes processes similar to
utilized in the design of micro-total-analysis systemsTAS)  the capillary electrophoresis, it uses a balance between the
for biomedical, pharmaceutical and environmental monitoringlectrokinetic mobility of the species and the PDF to result
applications. Particularly, electrophoresis is one of the mogi stationary focusing points, similar to the isoelectric focus-
extensively utilized techniques for separation and/or charagyg. In the next section we discuss the governing equations and
terization of charged particles, and biological molecules [3-5pur numerical simulation methodology, which is followed by
For example, proteins, amino acids, peptides, nucleotides a@édscription of the mobility measurement device with specific
polynucleotides can be separated using electrophoretic te¢fymerical examples and theoretical analyses based on one-
niques. Such electric charge-based separation techniques @ifiensional conservation laws. Finally, we conclude by sum-
being utilized for species detection/identification#TAS. marizing the advantages and limitations of the proposed de-
Among the several electrophoresis processes, steady stete concept, and make comparisons with other charge-based
and capillary zone electrophoresis are the two mostly utilizespecies separation and detection techniques.
techniques in microfluidic applications. The steady state elec-
trophoresis is obtained, when the spatial location of separated Governing equations and numerical
components do not change in time. Itis commonly observed in formulation
isoelectric focusing (IEF), where charged particles migrate un-
der electrophoretic forcing and pH gradients to a location in the this paper, we summarize the governing equations for elec-
buffer, where they experience zero net charge. This locationtiokinetic flows. Detailed discussions on the electrokinetic
known as the isoelectric point. Overall, the IEF is used to sep&ransport can be found in [1,13]. The electrokinetic phenom-
rate, as well as concentrate charged species under pH gradiearia are present due to the electric double layer (EDL), which
[6-10]. The capillary zone electrophoresis utilizes a supporferms as a result of the interaction of ionized solution with
ing medium to hold the sample, while an external electric pcstatic charges on dielectric surfaces. For example, when silica
tential is applied at the end of the supporting media. Typicallys in contact with an aqueous solution, its surface hydrolyzes
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to form silanol surface groups. These groups may be posi- The alternative modeling approach is to resolve the flow in
tively charged asSi — OH,", neutral asSi — OH, or neg- the entire domain, including the EDL region. Since the fluid
atively charged as$i — O—, depending on the@H value of in the EDL is electrically charged, solution of the Poisson-
the electrolyte solution. If the channel surface is negativelBoltzmann equation results in an electric charge density. (
charged (such as in the case of deionized water), the positiVais induces an electrokinetic body forqeeE) on the flow,
ions are attracted towards the surface, and the negative ions stréctly active within the EDL region, when subjected to an ex-
repelled from the surface, keeping bulk of the liquid, far awayernally applied electric field[f). This modeling approach re-
from the wall, electrically neutral. Depending on the ionic conguires proper resolution of the flow and electrokinetic potential
centration, the EDL thickness varies frémm to300 nm. For  within the EDL. First, by solving the Poisson-Boltzmann equa-
a symmetric electrolyte with equal valance, ion redistributiottion to obtain the electric charge density, and then solving the
within the EDL can be modeled using the Poisson-BoltzmanNavier—Stokes Eqs (1) augmented by this body fom@ﬁ,
equation, which utilizes an electrokinetic potential. The elecsubjected to the no-slip boundary condition on the walls.
trokinetic potential decays to zero outside the EDL region, and In absence of chemical reactions, the charged species con-
it reaches a finite value on the surface that is known as the Zetarvation equation for multi-component fluid is given as
potential {). Typical physical and electrochemical conditions de; .

observed in electrokinetic micro-flows are presented in Tab. 1. ot + Vi =0, (4)

_ _ Tablel _ whereg; is the concentration of thé" species and; is the
Typical physical and electrochemical parameters utilized in species flux given by

micro—scale electrokinetic flows

Parameter Parameter range Ji=—DiVeita [ﬁ T /”LEP»iE} ’ ®)
Typical channel half thickness, i) 0.1~ 100 where D; is the diffusion coefficient, ang., ; is the elec-
Electrolyte concentratiom, (mM) 100~ 0.01 trophoretic mobility. The first term on the right hand side
;)ebye 'enthI)‘ (n"\‘/) ) 1~100 shows molecular diffusion flux due to the concentration gradi-
Efetstﬁgtf?;téaé ((\r;}m)m) +25 Z iig% ent, while the second term shows convection due to bulk fluid
Reynolds numberRe 10-% ~ 1 motion with velocity @, which includes both hydrodynamic

and electroosmotic transport effects. The last term represents
For electrokinetic transport, we solve the incompressiblelectrophoretic transport due to the electrophoretic mobility,

Navier—Stokes equations given by which is related to the electrophoretic migration velogity,
oi . . ) by ) }
Plar ™ (@- V)i ) =-Vp+nV-, (1) Uep = fepE. (6)
wherep is the pressurey is the fluid density;; is the abso- The Navier-Stokes and species transport equations are

lute viscosity, and7 is the velocity vector that satisfies the Solved after proper normalization. We have chosen a character-
incompressibility condition - @ = 0). In this approxima- istic channel dimensioh, and the Helmholtz-Smoluchowski

tion, we ignore the velocity distribution within the thin EDL VeloCity Uns to normalize the length and velocity scales in

region, and model electrokinetic effects using the HelmholtZ€ Problem, respectively. Species concentration is normal-
Smoluchowski slip velocity(s; s), given by [13] ized using a reference species concentration valuall non—
dimensional parameters are shown using superscripr ex-

Qs = ;&57 (2) ampleg* =x/h,u* =u/Unys,v* =v/Ups, t* =tUns/h,

n andc¢* = ¢/c,. Proper normalization of the governing equa-
where, is the electric permittivity of the buffer. The externally tions result in the ReynoldsRe) and Peclet Pe) numbers as
applied electric fieldF, is modelled as the two important non—dimensional parameters for this prob-

P —Vé, ) lem. The Reynolds number is defined as
where ¢ is the electrostatic potential, which obeys the Re = hUﬂ,

Laplace’s equation. We specifyon electrode surfaces, while . ] v )
no-penetration conditions are specified on the dielectric suftherev is the kinematic viscosity. The Peclet number is de-
faces. Due to the zero flux conditions, Eq. (2) gives slip velodined as

ities tangent to the dielectric surface. Although the Helmholtz- Pe — hUp s
Smoluchowski slip velocity ignores the velocity distribution D
within the EDL region, it accurately models electrokineti-where D is the species diffusion coefficient. In this defini-
cally induced flows in the bulk flow region, even for transiention, the Pe is based on the Schmidt nhumbef¢(= v/D),

and time-periodic flows [14]. Utilization of the Helmholtz- and hencePe = Re x Sc. Due to the small length scales,
Smoluchowski slip velocity reduces the numerical stiffness imicro—flows often experience Stokes flole( < 1) condi-
duced by the need to accurately resolve the thin EDL region tibns. However, the diffusion coefficients for large particles
the flow, which is orders of magnitudes smaller than the chasuspended in aqueous solutions are often very small, as can be
acteristic channel height. predicted using the Stokes-Einstein relation [13]. Therefore,

)
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the Schmidt numbers for large particles, such as flow-tracirdyiven flow with a prescribed flowrate @) is imposed from
dyes and bio—molecules, are often in the rang8of 1x10°  left to right. The channel widthW (into the page direction
[15]. This creates a rather unique transport phenomena: imFig. 1) is assumed much larger than the maximum channel
micro-flows, the momentum transport is dominated by viscouseighths, so that we approximate the flow as two—dimensional
forces Re < 1), while the species transport is convectiorby neglecting the blockage effects from the top and bottom
dominated Pe ~ 1000). Although this unique feature makessurfaces of the device. Therefore, the volumetric flowrate per
mixing in micro—scales rather challenging, convection domichannel width is
nated flow is important for our device concept. O
Details of our numerical algorithm was presented in a pre- q= W

7
vious paper [16]. The algorithm is based on the spectral ele-

ment method (SEM), which discretizes the computational d(y\_/hile the channel averaged hydrodynamic velociy (n each

main into quadrilateral elements, similar to the (low-order) ﬁphannel becomes

nite element method (FEM). However, each element is further & = a @)
discretized using a specific set of Jacobi polynomials. This hi

choice enables us to enrich the elemental discretization simpljsing this one-dimensional analysis, we observe that channel
by increasing the order of the interpolation polynomials. Inaveraged velocity in the device is progressively reduced by in-
creasing the order of each element by keeping the number gteasingh;. One can design a similar device using tens of
elements unchanged is known as p-type refinement. Increasif@gressively expanding channels. At the same time, it is pos-
the number of elements while keeping the elemental expansigible to regulate the channel averaged velocity in each channel
order the same is known as h-type refinement. Although botlsing the channel height ratio, since

refinement techniques result in increased accuracy, the p-type B B .

refinement leads to exponential reduction of discretization er- Uihi = toho = g. ©)

rors (spectral convergence) due to the approximation properrthe following, we decided to obtaiy = (1.0—0.1 x4) X 1

ties of the Jacobi polynomials, while the h-type refinement rén each channel. Hence, we utilizéd = (1.0 — 0.1 x i) x h;.

sults in algebraic convergence [17]. Spectral convergence is Bor example, this reduces the channel averaged velocity to
important advantage of the SEM, since it is possible to reduggs x 1, in the 5*" (main) channel by usings = 2 x h,.

the discretization errors by at least two orders of magnitudes, In order to investigate the effects of two—dimensional vis-
by simply doubling the degrees of freedom per direction. Ougous flow, we numerically solved the Navier-Stokes equations
flow solver utilizes the operator splitting scheme, and results in the device using channel expansion geometry described by
third-order time and spectral spatial accuracy [18]. Further dé;, = (1.0 —0.1 x 1) x h;. The stream-wise and span-wise ve-
tails of our numerical formulation, and code verification can bgcity contours for ReynoldsKe) number0.01 flow are shown
found in [16,19]. Code validation with experimental data wa Fig. 2 for two separate configurations, utilizidgl = 10A,,
presented in [20]. All results presented in the following sectio(left) and AL = 4h,, (right). The bottom row of Fig. 2 shows
were tested for grid independence by successive p-type refinge normalized streamwise velocity*() variation at the cen-
ments, and monitoring the global error in the conservation @érline of the device (see also Fig. 1). We observe that the

momentum equation, which was well below 0.1%. AL = 10h, case results in step-like reduction in the centerline
N _ velocity, whereu* remains fairly constant between the chan-
3. Mobility measurement device nel expansion regions. This basically results in fully developed

The basic design, shown in Fig. 1, consists of multiple paraf_’oiseuille flow in between the channel expansion regions due
lel channels that gradually expand to the main channel dowff the smallRe flow. On the other hand, thal = 4h, ge-
stream of the device. We have chosen the inner channel halfetry results in velocity contours similar to the gradually ex-

heighth, as the characteristic dimension, and described othBanding flow in a diffuser. This case results in (almost) linear
length scales in terms df,. The device width ) is in decrease in the centerline velocity with increased stream-

to the page direction, and not shown in the figure. In thiwise distancer*. These two cases demonstrate two separate
schematics and the following numerical simulations, we haveharacteristics for the proposed device. Thé = 10h, and
utilized 5 progressively expanding channels with half height o L = 4%, cases lead to the “digitized” and “analog” versions
hi, (i =1,...,5). Each progressive channelAsl, longer than Of the device concept, respectively.

the previous onel; = L;_; + AL), and the main channel o o o
length isLs. In the following, we will ignore the individual 3.2. Electric field and electrokinetic flow. The design in-
channel thickness, and their effects on the flow and electif¢udes electrodes located on the right and left sides of the de-
field for simplicity. We will present one-dimensional theoret-vice (Fig. 1), where we apply an axial electric field in the

ical analysis and two-dimensional numerical solutions of hychannel. Ignoring the channel thickness effects, the device ex-
drodynamic and electrokinetic transport in the device. periences uniform electric field. Under these conditions, the

electrokinetic transport can be simply modeled using the elec-
3.1. Hydrodynamic flow. All channels on left side of the de- trokinetic mobility .., concept. For a given uniform electric
vice, shown in Fig. 1 are closed, with the exception of the inndield £, each speciewill experience a different electrokinetic
channel that is connected to a syringe pump, where a pressMeocity vy ;
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Fig. 1. Schematic view of the proposed device concept
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Fig. 2. Pressure driven flow velocity contouts ¢ stream wisep™— span wise) and velocity distribution at the channel centerling\fbr=
10h, (left column) case anth L = 4h, (right column) case

trophoretic mobility (x..,), and the electroosmotic mobility

Ueki = ek i . (10) (keo) of the buffer solution:

Due to the uniform axial electric field, the electrokinetic veloc- frek = Hep + Heo- (11)

ity of each specie is in the axial direction, ang, ; is a con- The electroosmotic flow (EOF) is generated when an axial
stant in the entire device. Electrokinetic mobility of chargeclectric field is imposed in presence of an ionized fluid that is in
species can be written as a superposition of the species eleontact with a dielectric surface [1]. Therefore, the electrically
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neutral buffer experiences electroosmotic motion. Dependirand it is given by Eqg. (2). Results &t > 250 correspond to

on the polarity of ion distribution within the electrical doublethe long time behaviour of convective diffusive transport in the
layer, the EOF will be towards the oppositely charged electrodievice. The focusing point (location where the species/buffer
[13]. The EOF may seem to complicate the device operatiomterface crosses the channel center line) is independent of time
However, we plan to utilize an electrically neutral species d®r t* > 200. The actual time for focusing depends on the de-
the EOF marker, similar to the capillary electrophoresis derce size, species mobility, magnitude of the electric field and
vices [21]. If we can simultaneously measure the electrokinettbe pressure driven flowrate, as will be discussed in the follow-
mobilities of charged and electrically neutral species, we cang section.

directly calculate the electrophoretic mobilities of the charged
species using Eq. (11).

3.3. The electrokinetic/hydrodynamic focusing process.
The working principle of the device is to counter-balance the =2 (a)
electrokinetic and pressure—driven flows to form a focusing
point for each species. We demonstrate the electrokinetic/
hydrodynamic focusing concept using the geometry shown in
Fig. 1. We will first ignore the EOF for simplicity. This can
be achieved using either static or dynamic polymer coatings
that suppress the electrostatic charges on the wall [22—25]. We
will address EOF effects and the experimental procedure sep-
arately in Section 3.5. Given the electric field direction in Fig.
1, positively charged particles supplied from a reservoir down-
stream of the main channel will migrate upstream towards the
cathode. Although the electrokinetic velocity of each species
is a constant in the entire device, species swimming upstream
experience increased PDF in the opposite direction to their mo-
tion. This results in reduction of the species net velogity.; )
depending on the local channel averaged velocity of the PDF =280 (e)
(12) Fig. 3. The contour plots of charged species migration at various

times, obtained for the “digitized” version of the device. Steady con-
Since PDF is stronger in the upstream of the device, under gffions are observed fa > 200. Since diffusion is unimportant in
appropriate flowratég) and electric field '), we obtain a fo- the device, only two contour colors are used. The cases ef 0 and
cusing point, where the species net velocity becomes zero. Us- ¢* = 1 are shown by white and dark contours, respectively
ing Eqgs (8), (10), and (12) this leads to

pewi = 42 (13
i

Unet = —Uep; + Uy

Sinceg andFE are fixed, the maximum and minimum electroki-
netic mobilities will be observed at the inner and outer chan-
nels, respectively. Specifically, using equation (13) we obtain

Heki _ ho. (14)

/«Lek,o hz
This shows that we can control the device resolution simply
by changing the number and position of the splitter channels
(h;). For example choosing, = (1.0 — 0.1 x i) x h;, we
imposed10% mobility demarcations in each channel. In ad-
dition, using5 channels we obtain a measurement range of
%uek,o < ek < pek,o- INdependent control over the flow
rate and the applied electric field enables a wide range of pos-
sibilities for the maximum mobility valug. . in the device, =140 (d)
as can be deduced using Eg. (13). In addition, the mobility—
range and precision is determined by the device geometry.

Figures 3 and 4 show the snapshots of species migration at

different times forAL = 10h, andAL = 4h, cases, respec- =280 (e)
tively. Time ¢ is normalized using the convective time scalerig. 4. The contour plots of charged species migration at various
based on the Helmholtz—Smoluchowski velocity, ({urs), times, obtained for the “analog” version of the device. Steady con-
which is the intrinsic velocity scale for electroosmotic flows, ditions are observed fa* > 200
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Fig. 5. Focusing point for “digitized” version of the device (a) and “analog” version of the device (b). In both cases, three species with
pa = 0.Tuo, pa = 0.75u0, andua = 0.8u0 Were tested, wherg, is the mobility corresponding to the value that would focus at the inner
most channel. The corresponding centerline velocity for the “digitized” (c), and “analog” (d) versions of the device are also shown

1.0 -

= 210, pp = 0.7 po In Fig. 5 we present the electrokinetic/hydrodynamic fo-
s Po— 4 cusing in two device configurations. The case witll, =
o PE _ 688 10h,, is shown on the left column, while th® L = 4h,, case is

shown on the right. The species concentration contour plots are
obtained for three different electrically charged species with
- electrokinetic mobilities ofi4 = 0.70 o, up = 0.75 u,, and
0.5 - 1o = 0.80 u,, Which show distinct focusing points in both de-
vices. Using Eq. (12), we calculated the net species velocity at
the centerline of each device. The bottom plots show variation
- of u}., as a function of the streamwise locatioh. Despite
small changes in the mobility, we observe three distinct focus-
ing locations for three different electrically charged species.
A The device withAL = 10h,, gives distinct focusing zones
0.0 i separated from each other. Hence, one can calculate the
L species mobility within a certain rang®y., bounded by the
‘ ‘ ‘ ‘ ‘ ‘ theoretical mobility values at the neighboring channels. We
0 10 20 30 40 50 60 named this the “digitized" version of the device. However, the
v second configurationXL = 4h,) results in linear variation in
Fig. 6. Comparison of concentration distribution along the centerlingP€cies net velocity at the channel center as a functiart of
of the micro—channel foPe = 400 and Pe = 600 under steady state This enables continuous mobility information, and we named
conditions this the “analog" version of the device.
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Fig. 7. Multiple species detection along the centerline of the micro-channel using superposition in the “digitized” version of the device. Species
transport simulations were conductedrat = 0.01 and Pe = 1000

3.4. Experimental procedure and detection. In the follow-  vice. In fact, this may be very useful for initial screening of
ing we discuss the basic experimental procedure to be usediire mixture and species sepration. Adjusting the magnitude of
the actual prototype device. The direction and magnitude tfie electric field and the flow—rate alter the sensitivity and the
the electric field and PDF should be chosen as a function cdnge of mobility measurements.

the species charge polarity (positive or negative), which may

not be known prior to the measurements. Therefore, exper- Species diffusion effectsThe Reynolds number based on
iments can be started by applying an electric field in a préhe PDF flow rate and half channel height of the main channel
ferred direction, and observing whether the mixture enters t{&s) is Re = 0.01. Despite this low Re, we imposed Peclet
micro—device or not. If the mixture (with unknown electroki-numberPe = 1000 for our simulations in Figs. 3-5, corre-
netic mobilities) does not enter the device, this may be due &ponding toSc = 1 x 10°. To investigate the Peclet number
the following two reasons: First, the electroosmotic flow maglependence of our device, we simulated two additional cases at
be stronger and in the opposite direction to the electrophoretiee = 400 and Pe = 600. In Fig. 6 we plot the concentration
transport. Second, the species may be oppositely charged tivafiation at the channel center as a function of the streamwise
what was previously anticipated. These situations can be copsition ¢*) for both simulations, obtained fet > 200. We
pensated by reversing the electric field direction or adjustir@)sel’ve that diffusion effects are insubstantial at the channel
the pressure driven flowrate, as will be discussed in Sectig@nter forPe > 400. We must also note that the focusing point
3.5. For a mixture of positively and negatively charged multiis the only location that experiences zero net velocity, and any
ple species, the device will separate the species based on tigghrer location in the domain experiences convective/diffusive
electrokinetic mobilities. For given PDF and electric field contransport. We believe that finite convective effects near the fo-
ditions, only the species with either the positive or negativeusing point is the reason for limited species diffusion in the
electrokinetic mobilities x.;;) will be able to enter the de- device.
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Fig. 8. Multiple species detection along the centerline of the micro-channel using superposition in the “analog” version of the device. Species
transport simulations were conductedat = 0.01 and Pe = 1000

Multiple species detection. One of the main features of present concentration variation at different relative concentra-
the device is formation of stationary focusing points after theon combinations in Figs 7 and 8. From the result9@ vs
species migration process reaches to a steady-state. This Hi$%, 95% vs 5%, 99% vs 1%, and55% vs 45% relative con-
ables superposition of results obtained separately so that wentration compositions, we realize that the proposed method
can measure multiple species mobility for dilute mixturescan identify the composition with as small as 1 % resolution in
Measurement of species concentration along the channel céime “digitized" (Fig. 7) and “analog” (Fig. 8) versions of the
ter line using confocal scanning microscopy can yield this indevice under ideal conditions. However, we must add that the
formation. Knowing the species concentration behavior aloractual experiments may suffer loss of resolution due to fluctu-
the channel center line enables us to determine the numberations in fluorescence intensity and bleaching [26]. Therefore,
species and their relative concentration in the mixture. For exhae actual device may not be able to identify the relative con-
ample, given the concentration variation on the top left plot afentration of multiple species as accurately as the numerical
Fig. 7, we observe that the mixture has two components wisimulation results. However, the level of accuracy of the pro-
distinct electrokinetic mobilities because we observe two stdptype needs to be determined experimentally.
wise variations in intensity along the channel center. One com-
ponent has relative concentration kf; and it is focused at 3.5. Physical considerations. The proposed device requires
x* = 30. From the focusing point we realize that this compotarge aspect (width to height) ratio channels to minimize the
nent hasu., = 0.8, Whereyy is the electrokinetic mobility species dispersion due to three-dimensional pressure driven
at the inner most channel, and its value can be calculated @ew. This requires channel widths that are about an order
ing Eq. (13). The second component focusingrat= 40  of magnitude larger than the channel heights. Sihges
constitute€)0% of the mixture, and it has a mobility value of the half channel height, we will sele¢¥ = 20h;. How-

p = 0.7uo. In order to investigate the device resolution weever, this large aspect ratio geometry may induce problems
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in device-fabrication and concentration measurements. Micreeales for the measurement are on the order of tens of seconds,
fabrication of large aspect ratio channels require LIGA or deephich is an important advantage of the proposed device.
reactive ion etching techniques [27]. It is also possible to Nextwe outline a procedure to calculate the electrophoretic
fabricate a prototype using a micro-CNC. However, the inmobilities of charged species reported in Fig. 5. Since the
ner channel spacind:{) may be too small to use such minia-glass surface is negatively charged, the electrical double layer
turized conventional fabrication methods. We envision fluis positively charged. Using the electric field direction in
orescence intensity measurements of “fluorescently taggediy. 1, the electroosmotic flow will be towards the cath-
species, which requires a species pretreatment process. olte. Therefore, the electrically neutral species will migrate
addition, fluorescence intensity must be measured sufficientlypstream (towards left in the figure) and focus near the in-
away from the top and bottom surfaces to avoid strong speciger most channel with channel half height/ef. The elec-
dispersion near these surfaces under the effect of presstumkinetic mobility of electrically neutral species is equal to
driven viscous flow. Such measurements can be achieved tiseir electroosmotic mobility (Eq. 11), and this is given by
ing confocal laser scanning microscopy (CLSM), which eng., = uys/E = 0.02083 mm?/Vs. If we consider that
ables focusing onto a certain channel depth. However, tledectrically neutral species will focus in the smallest channel,
focal plane must be sufficiently away from the top and botenly the negatively charged species will be focused in the de-
tom surfaces of the device, and preferably near the channéte, while the positively charged species will move faster,
half width (~ W/2), which is a symmetry axis for the flow and pass through the inner most channel. If there were any
and species transport. To minimize the dispersion effects, wesitively charged species in the mixture, we would have de-
have selected = 20h;. This requirement, along with the tected a uniform fluorescence intensity at the inner most chan-
maximum depth of the focal plane utilized in the CLSM sysnel, as a result of this situation. Therefore, the focusing results
tem being~ 500 pum, induces limitations on the actual de-shown in Fig. 5 correspond to electrokinetic mobility mea-
vice dimensions. In addition, several measurements need todhi@ements of negatively charged species only. Using Eq. (11),
taken along the channel axis due to the limited field of viewe calculate the “electrophoretic mobility" of the species as
(300 umx 300 um) of the microscope, and the length of they,, 4+ = —0.00625 mMMP?/Vs, ., 5 = —0.00521 mm?/Vs,
device that is on the order of a few millimeters. Finally, theand., ¢ = —0.004166 mm?/V's, where the negative sign in-
fluorescence intensity may bleach due to large channel widtlicates polarity of the species charge. Electrophoretic mobil-
filled with fluorescently tagged particles, which may have adty detection of positively charged species require performing
verse effects on the device sensitivity. the same experiment under increased pressure driven volumet-
Next we discuss typical device dimensions and the timeric flowrate so that the electrically neutral species focus in the
scales for hydrodynamic/ electrokinetic focusing process. Thauter most channeh§). This will make the positively charged
CLSM based fluoresce measurements restrict dimensionssgiecies focus within the device and enable measurement of
the device tolW/2 = 500 um, and consequently the largetheir electrophoretic mobilities, provided that the mobility val-
aspect ratio requirement resultsiip = 50 um. Given that ues are within the range of the device, as can be determined
hs is the half channel height of the largest microchannel (Figusing Eq. (13).
1), we determineh, = 25 um for us = 0.5u, using Eq.
(14). Once we seledt,, the minimum physical dimensions 4 Conclusions
of the “digitized" and “analog” versions of the device become
L =15 mmandL = 0.6 mm, respectively. Such device di- We presented a device concept for detection of electrophoretic

mensions are typical of microfluidic systems utilizeqiTAS mobility and relative concentration of multiple species based

applications. on their electric charges. The proposed method have the fol-
For a fixed geometry, the device mobility range is a funclowing features:

tion of the hydrodynamic flowrate and the axially applied elec- 1. The hydrodynamic/electrokinetic focusing point is in-

tric field, as determined by Eq. (13). This makes it ratheflependent of time and it solely depends on the electrokinetic

difficult to give specific examples for the device operation conmobility of the species for fixed geometry, PDF and axial elec-

ditions. However, we will give a specific example by first anatric fields.

lyzing the hydrodynamic/electrokinetic focusing of electrically 2. Despite the low Reynolds number flow, results at the

neutral species in deionized water and a device made outf@gusing point show minimal diffusion effects for species with

glass. The ionic concentration of deionized water i\, and ~ high Schmidt numbers.

the zeta potential for glass is ab@ut- —25.4 mV. Using these 3. Knowing the pressure driven flow rate and the applied

values in Eq. (2), we calculate an electroosmotic velocity oflectric field, one can easily utilize the device to measure a

upgs = 0.5 mm/s atE = 25 V/mm (Note that positive value wide range of electrokinetic mobilities.

of w5 shows that the EOF is in the electric field direction in 4. The proposed method utilizes constant sample feeding,

Fig. 1). Under these typical conditions, the dimensional timeand hence the results are independent of the initial sample dis-

scales in the device are predicted using ¢*h,/ugs. Con- tribution.

sidering that the steady hydrodynamic/electrokinetic focusing 5. The time-scales for measurement are on the order of

was observed in Figs 3 and 4 #t ~ 200, these time-scales tens of seconds, which is an important aspect of the proposed

actually correspond t6 ~ 10 s. Therefore, the actual time- device, especially for-TAS applications.
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Although the first two features would also be observed10] C.H. Horiuchi, P. Dutta and C.F. Ivory, “Isoelectric focusing in
in the isoelectric focusing technique, the IEF maintains such
conditions under axial pH gradients, which are rather difficult
to maintain in microchannels [10]. The proposed method il
advantageous over capillary electrophoresis, which results in

time-dependent measurements with substantial Taylor dispeﬂ’—2

sion effects. In addition, the CEP requires a well defined ini-

tial sample distribution for better detection accuracy. Howeveri13

such shortcomings are avoided in the proposed device. Regard-
less of the physical difficulties discussed in Section 3.5, the
proposed device can be utilized for quick screening (within af14]
order of tens of seconds) of biologicals and chemicals based on
their electrical charge and electrokinetic mobilities, enabling
identification of the constituents of dilute mixtures. Furtherl15]
developments of this concept requires three-dimensional sim-

ulations and experiments on a prototype device.
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