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1 Introduction

Research Article

Scaling behavior in on-chip field-amplified
sample stacking

Field amplified sample stacking (FASS) uses differential electrophoretic velocity of analyte
ions in the high-conductivity background electrolyte zone and low conductivity sample
zone for increasing the analyte concentration. The stacking rate of analyte ions in FASS
is limited by molecular diffusion and convective dispersion due to nonuniform electroos-
motic flow (EOF). We present a theoretical scaling analysis of stacking dynamics in FASS
and its validation with a large set of on-chip sample stacking experiments and numerical
simulations. Through scaling analysis, we have identified two stacking regimes that are
relevant for on-chip FASS, depending upon whether the broadening of the stacked peak
is dominated by axial diffusion or convective dispersion. We show that these two regimes
are characterized by distinct length and time scales, based on which we obtain simpli-
fied nondimensional relations for the temporal growth of peak concentration and width
in FASS. We first verify the theoretical scaling behavior in diffusion- and convection-
dominated regimes using numerical simulations. Thereafter, we show that the experi-
mental data of temporal growth of peak concentration and width at varying electric fields,
conductivity gradients, and EOF exhibit the theoretically predicted scaling behavior. The
scaling behavior described in this work provides insights into the effect of varying exper-
imental parameters, such as electric field, conductivity gradient, electroosmotic mobility,
and electrophoretic mobility of the analyte on the dynamics of on-chip FASS.
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and pH gradient focusing [14]. Among various preconcentra-
tion methods, FASS is the most popular due to its simplicity

Miniaturization of capillary electrophoresis (CE) to planar
microfluidic chips offers various advantages such as rapid
analysis time, reduced sample volume, and increased se-
lectivity [1-4]. A drawback of on-chip electrophoresis is that
small depth of the microchannels, of order 10 wm, leads to
a shorter path length for detection. This leads to reduced de-
tection sensitivity in on-chip electrophoresis compared with
conventional electrophoresis. Detection sensitivity can be sig-
nificantly improved by coupling electrophoretic separation
with on-line sample preconcentration methods [5], such as
field-amplified sample stacking (FASS) [6-9], ITP [10-13],
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and ease of implementation.

In FASS, a gradient in electrical conductivity of back-
ground electrolyte is established by creating adjacent zones
of high- and low-concentration electrolyte, as shown in
Fig. 1A. Sample analyte is initially mixed in the low-
conductivity background electrolyte. Upon application of elec-
tric field, the analyte migrates across the conductivity gradi-
ent from low-conductivity zone to high-conductivity zone.
The conductivity gradient establishes a gradient in the lo-
cal electric field, which causes the analyte to migrate slowly
in the high-conductivity zone (due to the lower local elec-
tric field) compared with that in the low-conductivity zone.
This difference in electromigration velocity causes the an-
alyte to stack in the high-conductivity zone. Typically in
FASS, the concentration of analyte before and after stacking
is significantly smaller than that of background electrolyte
species and hence the analyte does not affect the conductivity
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Figure 1. Schematic showing FASS in a single channel in the
presence of EOF (A) The initial condition at t = 0 with a sharp
interface separating high- and low-conductivity zones. The an-
ionic analyte is initially present in the low-conductivity zone. (B)
Upon application of electric field, analyte ions stack near the in-
terface separating high- and low-conductivity zones. The nonuni-
form EOF due to the conductivity gradient leads to dispersion of
the stacked analyte. In addition, molecular diffusion also limits
the rate of sample stacking.

gradient. Therefore, the ideal concentration enhancement is
equal to the ratio of conductivities of high-conductivity elec-
trolyte and low-conductivity sample (y > 1), if the effects of
pH and ionic strength [15] on electrophoretic mobility of an-
alyte are neglected. FASS has been experimentally demon-
strated to yield up to 1000-fold increase in detection sensitivity
in on-chip electrophoresis [16].

In a theoretical scenario, if molecular diffusion and
nonuniform fluid flow are absent, the sample analytes in
FASS would attain their maximum permissible concentration
instantaneously after they migrate into the high-conductivity
zone. Thereafter, the leading front of stacked analyte zone
migrates further into the high-conductivity zone, whereas
the initial conductivity gradient remains stationary. In prac-
tice, an analyte in FASS takes a finite time to attain the
maximum concentration. This is because the initial con-
ductivity gradient and stacked sample zone broaden due to
diffusion of background electrolyte species and analyte, re-
spectively, which limit the rate at which the stacked analyte
attains its maximum permissible concentration [17,18]. In ad-
dition, the mismatch of local EOF velocities in high- and low-
conductivity regions lead to internal pressure gradients that
drive nonuniform secondary fluid flow. The resulting nonuni-
form fluid flow causes convective dispersion of the stacked
analyte and further reduces the stacking efficiency. The ef-
fect of convection—electromigration—diffusion phenomenon
on stacking performance in FASS was first modeled by Burgi
and Chien [19]. They presented an algebraic model for the
variance of the stacked peak by accounting for sample ac-
cumulation, axial diffusion, and Taylor dispersion [20] due
to nonuniform EOF and validated the theoretical predic-
tions with experimental observations. Subsequently, Bharad-
waj and Santiago [21] presented an unsteady model, based
on Taylor dispersion analysis, to predict the spatiotemporal
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evolution of cross-sectional area-averaged species concentra-
tions in FASS. Bharadwaj and Santiago also compared their
model predictions with time-resolved experiments of on-chip
FASS.

The mathematical models of Burgi and Chien [19] and
Bharadwaj and Santiago [21] provide key insights into the
transient growth of concentration and peak width of the
stacked analyte. Because these models are based on Taylor
dispersion analysis, they are strictly applicable for times that
are significantly larger than the time scale associated with
transverse (or radial) diffusion and peak widths that are sig-
nificantly larger than the transverse dimensions of the chan-
nel. As shown by Ajdari et al. [22], in microfluidic channels,
which often have a larger width compared with the depth, the
hydrodynamic dispersion is controlled by the larger of the
transverse dimensions. That is, for a shallow microchannel
with a width w and depth d/w <« 1, the Taylor dispersion
regime is attained when the peak width £ >> w and for times
t > w?/ D, where D is the molecular diffusivity of the so-
lute [23]. In practical on-chip electrophoresis experiments,
where analysis times are short, and preconcentration using
FASS is done only for a short time before electrophoretic
separation, these assumptions for Taylor dispersion analysis
often do not hold. Therefore, the long-time Taylor disper-
sion limit may not be attained in on-chip FASS within the
timeframe of analysis if EOF is present; the long-time limit is
usually attained in conventional electrophoresis, where stack-
ing times and peak widths are large. This is evidenced by
the experimental images of on-chip FASS in the presence of
EOF, presented by Yang and Chien [24] and Bharadwaj and
Santiago [21], which clearly show the strong convective dis-
persion of stacked analyte. In these experiments, the stacked
analyte did not have sufficient time to diffuse in the trans-
verse direction to diminish the concentration gradients es-
tablished by nonuniform EOF, suggesting that the Taylor
dispersion regime was not attained. We note that Bharad-
waj and Santiago [21] presented another set of experiments
wherein EOF was significantly suppressed to prevent convec-
tive dispersion and validate their mathematical model. Given
that the previously described theoretical description of FASS
in the long-time Taylor dispersion limit is not observed in
on-chip experiments, there is still a lack of theoretical un-
derstanding of the dynamics of on-chip FASS. In particular,
the relevant time scales and the scaling behavior of peak con-
centration and width with experimental parameters such as
electric field, conductivity gradient, and EOF mobility have
not been described previously.

In the current work, we elucidate the scaling behav-
ior in FASS based on theoretical scaling analysis, numer-
ical simulations, and time-resolved on-chip sample stack-
ing experiments. We identify two distinct sample stacking
regimes depending upon whether the axial diffusion or con-
vective dispersion dominates peak broadening. We begin
by presenting the relevant length and time scales in FASS.
We then use these characteristic length and time scales to
express the dependence of peak concentration and width
in nondimensional form. Next, we verify the theoretical
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scaling analysis with multidimensional numerical simula-
tions of on-chip FASS in the presence of EOF. We then
present experimental data of transient growth in peak con-
centration and peak width in FASS for varying electric fields,
conductivity gradients, and EOF mobility. We show that if
simulation and experimental data of temporal growth of peak
concentration and width for varying experimental conditions
are plotted using dimensionless variables identified from
scaling analysis, all data collapse on respective curves for the
two stacking regimes.

2 Theory
2.1 Problem description

We consider FASS of a single anionic analyte in a wet-etched,
glass microchannel with a D-shaped cross-section. The width
and centerline depth of the microchannel are w and d, re-
spectively, and we assume that the microchannel is shallow
(@ < w). Initially, a sharp discontinuous boundary is estab-
lished between high-conductivity electrolyte zone and low-
conductivity sample zone, as shown schematically in Fig. 1A.
The high- and low-conductivity electrolytes consist of an an-
ionic and a cationic background electrolyte species. That is,
the background electrolyte is a binary electrolyte. The initial
concentration of the anionic analyte ¢y, mixed with the low-
conductivity electrolyte, is taken to be significantly smaller
than the concentrations of background electrolyte species so
that migration of analyte does not affect the local conductiv-
ity. At t = 0, electric field is applied pointing from the high-
conductivity electrolyte toward the low-conductivity sample
zone. This causes the negatively charged analyte ions to stack
near the interface between high- and low-conductivity zones.
The external electric field also drives an EOF in the direction
opposite to the motion of analyte ions, as shown in Fig. 1B.
The gradient in electrical conductivity leads to a gradient in
the local electric field and electroosmotic slip velocity. This
mismatch in EOF leads to an internal pressure gradients that
drive nonuniform pressure-driven flow. The resulting veloc-
ity profiles in high- and low-conductivity zones are illustrated
in Fig. 1B. If the magnitude of EOF velocity is higher than the
electromigration velocity of the analyte, as is the case in our
experiments, the stacked analyte convects downstream along
the direction of EOF. The interface separating high- and low-
conductivity regions also convects along with the EOF. Note
that a gradient in binary electrolyte does not electromigrate
unless surface conduction is dominant [25,26]. In the FASS,
differential electromigration speed of analyte in high- and
low-conductivity zones is responsible for the stacking. On
the other hand, molecular diffusion and convective disper-
sion of analyte and conductivity field act in a way to disperse
the stacked zone and reduce the preconcentration level. As
illustrated in Fig. 1, here we consider a semiinfinite sam-
ple zone for which the analyte continues to stack over time
and peak width increases continuously with time. At a later
time, the stacked zone attains its maximum concentration
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and thereafter the only effect of stacking is the increase in
width of stacked analyte zone. Here, we are interested in un-
derstanding the temporal growth of peak concentration and
peak width as functions of various experimental parameters,
such as electric field, conductivity gradient, channel dimen-
sions, electroosmotic mobility, and electrophoretic mobility
of the analyte.

2.2 Length and time scales in FASS

One way to theoretically describe the dynamics of the
FASS process is by using 3D convection—electromigration—
diffusion equations along with appropriate initial and bound-
ary conditions [27]. Besides these conservation laws, equa-
tions for acid-base equilibrium and ionic strength corrections
are required to model the effect of pH and ionic strength of
effective mobility and diffusivity of ionic species [15]. To keep
our focus on the essential physics of FASS without going into
finer details of electrolyte chemistry, in our theoretical analy-
sis we consider mobility and diffusivity of ionic species to be
constant. This is a reasonable assumption when the species
are fully ionized or the electrolytes are well buffered. More-
over, rather than solving the complicated partial differential
equations that govern the transport phenomena in FASS, we
approach the problem only using dimensional analysis.

First, we look at the relevant length and time scales in the
FASS process, as described in Section 2.1 and illustrated in
Fig. 1. In the current problem, channel width w and depth d
are the two obvious length scales. Because we have assumed
depth to be significantly smaller than the width, any variation
in species concentrations along the depth will quickly dimin-
ish due to rapid molecular diffusion over a short time scale of
d?/ D, where D denotes the diffusivity of analyte. Therefore,
depth d does not affect the dynamics of sample stacking and
hereafter we do not consider the depth in our dimensional
analysis. In the current problem, there is no external length
scale in the axial direction because the initial interface sep-
arating semiinfinite zones of high and low conductivity is
sharp. However, there is an intrinsic axial length scale 8 as-
sociated with the sample stacking phenomena, which arises
due to the balance between electromigration and diffusive
fluxes,

0 a%c

2 ¢E)~DZE,
“ax(c ) 0x2

1)
where ¢ denotes the analyte concentration, E is the elec-
tric field, x is the axial coordinate, and w and D de-
note the electrophoretic mobility and diffusivity of the
analyte, respectively. Because the analyte migrates in
the high-conductivity zone, the relevant scale for elec-
tric field in Eq. (1) is the local electric field in the
high-conductivity zone, denoted by Ey. If the length of the
low-conductivity sample zone is significantly large compared
with the length of the high-conductivity zone, then the elec-
tric field in the sample zone E; is almost equal to the av-
erage electric field applied in the channel, thatis, E; ~ E. In
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such cases, the electric field in the high-conductivity zone can
be approximated as Ey ~ E /ybecause continuity of current
dictates that oy Ey = o E;. Here, oy and oy are the conduc-
tivities of high- and low-conductivity zones and y = oy /0oy
Next, using Eq. (1) we can obtain the intrinsic length scale 8
as,

SE L2 v=1 2)

Note that the diffusivity is related with the electrophoretic mo-
bility by the Nernst-Einstein relation D = pwkT/(ze), where
z is the valance number and kT/e = 25.7mV is the thermal
voltage at temperature T = 298 K.Therefore, the length scale
d can alternatively be interpreted as the ratio of thermal volt-
age to the local electric field in the high-conductivity zone.

The intrinsic time scale 7¢ for sample stacking can be
defined using the length scale 3 as,

62
== . (3)

This time scale can be interpreted as the time scale for the
analyte to diffuse over length 8. Due to the balance of elec-
tromigration and diffusive fluxes, 75 also corresponds to the
time taken for electromigration across the length 8. The time
scale for diffusion of the analyte over the channel width is
74 = w?/ D, and the time to move the distance w by electromi-
gration is Te,, = wy /(i E). Besides 14, we have another diffu-
sion time scale T, = w?/ Dy, corresponding to the diffusion
of the conductivity field. For a binary electrolyte, the effective
diffusivity is given by D, = D, D_(z —z_)/(z. D, — z_D_),
where ziand D. denote the valence and diffusivity of an-
ions and cations of background electrolyte, respectively. Typ-
ically, the diffusivities of analytes and background electrolyte
species are of the same order of magnitude and so it the
case of 14 and T,,. To obtain the timescale corresponding
to nonuniform EOF, we note that the mean EOF velocity in
the channel is peor E, where ot is the electroosmotic mo-
bility of the channel surface and E is the average electric
field. The mismatch in local and mean EOF is highest in
the high conductivity zone (et E(y — 1)/7y) and this drives
a strong pressure-driven flow in the high-conductivity zone,
which causes sample dispersion. Therefore, the characteristic
time scale for convective dispersion due to nonuniform EOF
can be taken as Teor = WY /(Reof E(Y — 1)). We note that the
coupling of electric field and conductivity gradients can lead
to electroviscous flow, which has an associated electroviscous
time scale [28, 29]. Here, we neglect the electroviscous time
scale because the dispersion of analyte peak due to electro-
viscous flow is usually negligible compared with that due to
nonuniform EOF [21]. Based on the various length and time
scales, we now describe the dynamics of FASS in two limits:
(i) when axial diffusion dominates convective dispersion and
(ii) when convective dispersion dominates axial diffusion.

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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2.3 Diffusion-dominated regime

The relative importance of diffusion and convection can
be described using the Peclet number Pe, which is de-
fined as the ratio of diffusion and convection time scales,
Pe = 74/Teof = (Y — 1)peor Ew/(y D). From the Taylor dis-
persion analysis, it is known that convective dispersion ap-
pears only above Peclet numbers of order 10 [30]. Therefore,
at low Peclet numbers, the effect of EOF on peak concentra-
tion and width can be ignored. In this diffusion-dominated
regime, the only effect of EOF is to convect the stacked an-
alyte zone downstream. That is, when convective dispersion
can be neglected the stacking process can be considered to
be essentially 1D along the channel axis. Therefore, the dy-
namics of FASS depends only on the intrinsic length scale 3
(defined by Eq. (2)) and not on the channel width w. Simi-
larly, the time scales that depend on w are not relevant in the
diffusion-dominated regime and the only relevant time scale
is 7, as defined in Eq. (3). Denoting the peak concentration
by cmayx and the FWHM as £, we can write

s _ (£ D) L_ (E D .
= ,V,D . 578 = v ) (4)

where t is the time and ¢ is the initial analyte concentration.
In these dimensionless relations, the parameter D,/ Dis fixed
by choice of electrolyte chemistry and the sample analyte. In
practice, the desired concentration enhancement is obtained
by varying the conductivity ratio y and electric field. The effect
of electric field on peak concentration and width is accounted
for by 15 and 8.

The exact functional dependence of dimensionless peak
concentration and width can be determined only from nu-
merical simulations or experiments. However, we can make
further simplifications to Eq. (4) by noting that for a given
D,/ D, the temporal growth rate of peak concentration and
width is primarily governed by the time scale 7, which al-
ready accounts for the conductivity ratio y. The only other
effect of conductivity ratio y is to increase the preconcentra-
tion level when nonuniform EOF is negligible. Therefore, we
can simplify Eq. (4) for a fixed value of D,/ D as

= S/,

In practice, due to limited channel length available for
preconcentration on a microfluidic device, it is important to
consider the peak concentration and width as a function of
the axial location of the stacked peak x. The stacked peak
primarily migrates due to EOF x & .o Et, that is, t/7 =
xp2 E/(eofy? D). Here, we have neglected the migration of
peak maxima due to electromigration as the electrophoretic
velocity of the analyte in high-conductivity zone (wE/vy) is
small. Therefore, Eq. (5) can be written in terms of peak
location x as

Cmax/CO_l_ IJ“ZE Z—B M‘ZE 6
'Y_]- _f p‘eof'\lsz ' _“‘Eg p“eof’ysz ()

As f is a monotonically increasing function, this equa-
tion shows that at a given axial peak location x the

Cmax/CO

l
— s=gt/7). 5)
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preconcentration efficiency is higher at the higher electric
field. On the other hand, the peak width ¢ at a given location
x shows a weak dependence on the electric field, as Eq. (6)
shows that higher value of the function g athigh E is negated
by the factor 1/ E. Therefore, increasing the electric field in
diffusion-dominated regime yields higher preconcentration
at a fixed channel location without any significant change in
the peak width.

2.4 Convection-dominated regime

At high electric fields, nonuniform EOF leads to severe con-
vective dispersion of the stacked peak. This regime corre-
sponds to large Peclet number (y — 1)peos Ew/(y D) > 1.
At short times(t <« w?/ D), convective dispersion establishes
strong transverse concentration gradients. Subsequently,
over times scales of order, Ty = w?/ D, the transverse concen-
tration gradients diminish due to molecular diffusion along
the channel width. In on-chip FASS, typically the preconcen-
tration time is so short that the long-time Taylor dispersion
regime (t >> w?/ D) is never established. Therefore, here we
focus only on the short time limit characterized by strong
transverse concentration gradients. While the concentration
of stacked analyte varies significantly in the transverse di-
rection, we are interested in the area-averaged concentration.
This is because the detection methods in electrophoresis such
as fluorescence, UV, and conductivity detection give signals
that depend on the average concentrations within the detec-
tion region [23].

In the convection-dominated regime, the relevant length
scale is the channel width w because of strong transverse con-
centration gradients. The important time scale in this regime
iS Teof = WY /(Meot E(y — 1)) corresponding to nonuniform
EOF, which is responsible for the dispersion of stacked ana-
Iyte peak. From the dimensional analysis, we can write that

Cmax _f( t Td E Teof 'Y)
Co Teof Teof Thg Tem (7)

=f(‘ Pe,D—D“,L,V),

Teof ” Weof

where ¢,y is the maximum area-averaged concentration of
the stacked peak. Similarly, the FWHM of area-averaged con-
centration ¢ can be described in dimensionless form as

£ t D,
—=g(— P, =, —.v). (8)
w Teof D Meeof

Again, in these equations D,/ D is governed by the choice
of background electrolyte and the analyte. Similarly, the ratio
of electrophoretic mobility to electroosmotic mobility ./ peof
cannot be varied during the experiment as it depends on
the choice of background electrolyte and microchannel sub-
strate. In addition, we may neglect the dependence of Peclet
number Pe in Egs. (7) and (8). This is because, as pointed
out by Barenblatt [31], in dimensional analysis if a certain
dimensionless parameter is significantly large or small com-
pared with unity, it may be assumed to be nonessential. In
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our case, Pe > 1 and its absolute value may not affect the
dynamics of FASS in the short-time regime. Lastly, we can
also exclude additional dependence of dimensionless concen-
tration and peak width on the conductivity ratio v, because
its effect is already accounted for in the time scale for EOF
Teof- This assumption can also be justified by noting that
in FASS, the analyte stacked per unit cross-sectional area is
wErcot &~ wEcot. Because the stacking of analyte causes the
peak concentration and peak width to grow, cimaf ~ pEcot.
In the convection-dominated regime at short times, the peak
width ¢ is governed by convective dispersion due to nonuni-
form EOF and hence the peak concentration also depends on
the time scale of nonuniform EOF. Other than generating the
nonuniform EOF, there is no additional dependence of peak
concentration and width on the conductivity ratio y. There-
fore, for fixed values of D,/D and p/peor, We can simplify
Egs. (7) and (8) to

Conax = f(t/Teof)v

Co

] o)

For practical conductivity ratios used in FASS, vy ~
O(10), the time scale for nonuniform EOF T =
WY /(Meof E(y — 1)) can be approximated as Teor & W/ (Meof E)-
Therefore, t /7. ~ x/w, where x is the axial location of the
stacked analyte peak. Interestingly, this suggests that in the
presence of strong EOF, the peak concentration and width
at a fixed location in the microchannel are independent of
the conductivity ratio. For the same reason, to obtain high
preconcentration in on-chip FASS, it is necessary to suppress
the EOF so that stacking takes place in the low Peclet number
regime described in Section 2.3.

2.5 Numerical simulations

To confirm the scaling behavior in diffusion- and convection-
dominated regimes, we performed 2D simulations of FASS
using the COMSOL Multiphysics software (COMSOL AB,
Stockholm, Sweden). We performed simulations of FASS in
a cross-shaped microfluidic channel having same channel
lengths and widths as those of the microchannel used in our
experiments (Fig. 3). Initially, at t = 0 s, a sharp conductivity
gradient was generated between high- and low-conductivity
electrolytes, with a conductivity ratioy = 4.5. An anionic an-
alyte, with . = —30 x 10~ m?/V/s, was initially mixed in
the low-conductivity zone at a concentration of 1 wM. Ini-
tially, the mixture of analyte and low-conductivity electrolyte
filled the main channel. When external electric field pointing
from high- to low-conductivity zone is applied, the anionic
analyte stacks at the conductivity gradient, while EOF causes
high-conductivity electrolyte to displace the low-conductivity
electrolyte. A detailed description of the governing equations,
boundary and initial conditions, and simulation methodology
has been provided in the Supporting Information.

We performed 2D simulations on-chip FASS for vary-
ing Peclet numbers ranging from P.=1 to 20. Figure 2A
and its inset show the variation of dimensionless peak
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Figure 2. Temporal evolution of peak concenentration cnax and
peak width ¢ obtained from 2D simulations for varying Peclet
number, Pe = 1-20. (A) The dimensionless peak concentrations at
low Peclet numbers (Pe=1, 2, 4, and 5) collapse on a single curve
when plotted versus dimensionless time t/7s, that is, for diffusion-
dominated regime. Inset of (A) shows that FWHM at low Peclet
numbers also agrees with the theoretical scaling given by Eq.
(5) for diffusion-dominated regime. (B) The dimensionless peak
concentrations at higher Peclet numbers (Pe = 15 and 20) col-
lapse on a single curve when plotted against dimensionless time
t/Teof COrresponding to convection-dominated regime. Inset of (B)
shows that FWHM at higher Peclet numbers also agrees with the
theoretical scaling for convection-dominated regime, given by
Eq. (9).

concentration ¢y, /co and FWHM £/8 versus dimension-
less time /7, based on the scaling for diffusion-dominated
regime. On the other hand, Fig. 2B and its inset show the
variation of dimensionless peak concentration cpmay/co and
FWHM ¢/w versus dimensionless time t/Te.r, based on
the scaling for convection-dominated regime. As shown in
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Fig. 2A, atlow Pecletnumbers (Pe=1, 2, 4, and 5), simulation
data for peak concentration and FWHM collapse on a single
curve when plotted using the dimensionless quantities corre-
sponding to the diffusion-dominated regime, confirming the
scaling behavior described in Eq. (5). Similarly for high Peclet
numbers (Pe = 15 and 20), the simulation data collapse when
plotted using the dimensionless quantities corresponding to
the convection-dominated regime (Fig. 2B), confirming the
theoretical scaling given by Eq. (9). The data for Pe = 10 ap-
pears to agree with scaling behavior for both diffusion- and
convection-dominated regimes, albeit with some deviations.
This suggests that for Pe = 10, both diffusive and convec-
tive effects are relevant and hence it marks the transition be-
tween diffusion- and convection-dominated regimes. Besides
these 2D simulations, in the Supporting Information, we also
provide 1D simulations of FASS using SPRESSO (Stanford
Public Release Electophoretic Separation Solver) simulation
tool [32—34] for the case when EOF is absent. These 1D simu-
lations also confirm the scaling behavior predicted by Eq. (5)
for diffusion-dominated regime. In particular, these 1D simu-
lations clearly show that, in the diffusion-dominated regime,
the preconcentration efficiency and FWHM do not depend
on the conductivity gradient, as given by Eq. (5).

3 Experiments

We performed a series of on-chip FASS experiments to
validate the scaling behavior for the convection-dominated
regime, as described in Section 2.4. To validate the scaling
for diffusion-dominated regime, as described in Section 2.3,
we have used published experimental data of Bharadwaj and
Santiago [21], who performed similar on-chip FASS experi-
ments but with suppressed EOF.

3.1 Materials and methods

Experiments were conducted in a standard cross-shaped,
glass microchannel (Micronit, The Netherlands), as shown
schematically in Fig. 3A. The microchannels connecting the
north (N), south (S), and west (W) reservoirs to the junc-
tion were 5 mm long, and the main channel connecting the
junction to the east E reservoir was 35 mm long. All the chan-
nels were isotropically etched with a D-shaped cross-section
of 50 pm width and 20 pm depth. The experiments were
performed in two steps: (i) injection to establish a conduc-
tivity gradient and (ii) FASS for sample preconcentration.
Figure 3A shows the first step in which the E reservoir was
filled with the low-conductivity sample electrolyte consist-
ing of background electrolyte species and the analyte. The N
and W reservoirs were filled with the high-conductivity elec-
trolyte. Thereafter, vacuum was applied at the south reservoir
to generate a sharp conductivity gradient at the junction, as
shown schematically in Fig. 3A. Once the initial conductivity
gradient was established, an axial electric field was applied
between W and E reservoirs by applying potential difference

www.electrophoresis-journal.com
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Figure 3. (A) Schematic showing the injection protocol for on-
chip FASS experiment in a cross-shaped microchannel. (B) Rep-
resentative CCD images for y=4.5 at various times showing
sample stacking and dispersion due to nonuniform EOF. (C) Area-
averaged analyte concentration with time. Here, cnhaxrepresents
the maximum concentration, and FWHM (¢) represents the peak
width at half of the stacked peak above the initial concentration,
c= .

on the platinum electrodes dipped in these reservoirs, using a
high voltage power supply (Ionics, India; maximum 5 kV and
10 mA). Upon application of electric field, the vacuum is re-
leased, and this leads to stacking of the analyte in the channel
connecting the junction and E reservoir. We note that due to
the very high hydraulic resistance of the main channel, small
mismatch in liquid’s level in the reservoirs do not lead to any
significant pressure-driven flow in the main channel.

For all our experiments, the high-conductivity electrolyte
consisted of 30 mM sodium hydroxide and 100 mM MOPS
(measured conductivity oy = 0.193 S/m and pH 6.8). For
one set of experiments corresponding to y = 4.5, the low-
conductivity electrolyte consisted of 6 mM sodium hydroxide
and 30 mM MOPS (measured conductivity oy = 4.3 x 1072
S/mand pH 6.6). Another set of experiments were performed
with y = 8.8, for which the low-conductivity electrolyte con-
sisted of 3 mM sodium hydroxide and 10 mM MOPS (mea-
sured conductivity oy = 2.2 x 1072 S/m and pH 6.8). The
high- and low-conductivity electrolyte solutions were pre-
pared by diluting 1 M stock solution each of MOPS (Sigma
Aldrich, USA) and sodium hydroxide (CDH, India) solution
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using Millipore deionized water. The analyte was 30 uM flu-
orescein anion of sodium fluorescein salt (CDH, India).

We observed the stacking process using an inverted
epifluorescence microscope (Nikon Eclipse Ti-U, Japan)
equipped with a mercury arc lamp, 4x objective (Plan Fluor,
WD = 17.2 mm, NA = 0.13), and Nikon B2-A filter set (420-
495 nm band pass excitation filter and 510 nm longpass bar-
rier filter). The time resolved images were captured using a
14-bit, 1092 x 1040 pixel array CCD camera (PCO pixelfly;
PCO AG, Germany) with an exposure time of 10 ms and
frame rate of 27 fps. Prior to data analysis, we corrected all
the CCD images of the stacked fluorophore for systematic
errors by subtracting a dark-field image and normalizing the
resulting data with a flat-field image. We also performed a se-
ries of experiments to calibrate the fluorescence intensity with
respect to the fluorescein concentration. These calibration ex-
periments showed that the fluorescence intensity is directly
proportional to the sample concentration for the range of
fluorescein concentrations expected during our FASS experi-
ments. The maximum concentration and FWHM of the peak
were calculated after averaging the instantaneous snapshots
over the channel width, as shown in Fig. 3B and C.

4 Results and discussion
4.1 Diffusion-dominated regime

First, we validate the scaling behavior described by Eq. (5)
for low Peclet numbers with time-resolved, on-chip FASS
experiments of Bharadwaj and Santiago [21]. The experi-
mental method of Bharadwaj and Santiago was similar to
ours, described in Section 4, except that EOF in their experi-
ments was suppressed significantly by treating the wet-etched
glass microchannel (width 50 pm and depth 20 pm) with
poly(ethylene oxide). In these experiments, the background
electrolyte was sodium HEPES and the analyte was bodipy
dye (. = —19 x 107°m?/V/s). Here, we analyze the experi-
mental data for conductivity ratio y = 9, for varying electric
fields E ~ E; =188, 294, and 588 V/cm. Due to EOF sup-
pression, the measured EOF mobility in these experiments
was 0.3 x 107 m?/V/s, which is two orders of magnitude
smaller than that of the untreated glass surface. Therefore,
the maximum Peclet number in these set of experiments cor-
responding to the electric field of 588 V/cm was 1.6, which
is an order of magnitude smaller than the Peclet number
required for appreciable convective dispersion.

Figure 4 shows the experimentally measured dimension-
less peak concentration cp.y/co versus dimensional time ¢
for varying electric field values. The growth of peak concen-
tration with time is faster at higher electric fields. When the
same experimental data of dimensionless peak concentration
Cmax/Co is plotted versus dimensionless time t/75, as shown
in the inset of Fig. 4, the data collapse on a single curve. This
validates the scaling behavior described by Eq. (5). That is,
the stacking dynamics in FASS experiments with suppressed
EOF are governed by the stacking time scale ;. We note that
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Figure 4. Variation of peak concentration versus time in on-chip
FASS experiments of Bhardwaj and Santiago [21]. These exper-
iments were performed for v =9 and by suppressing EOF The
inset shows that all data collapse on a single curve when plotted
using dimensionless variables (cnax/c versus t/Ts) .

slight deviation of experimental data at E =588 V/cm from
the experiments at lower values of electric field might be due
to the dispersive effects of Joule heating and 3D nature of
flow near the channel junction, which become important at
higher electric fields.

4.2 Convection-dominated regime

Next, we validate the scaling behavior described by Eq. (9)
for high Peclet number regime, where convective disper-
sion dominates. In these experiments, EOF was not sup-
pressed and this resulted in the significant dispersion of an-
alyte peak due to nonuniform EOF, as shown in Fig. 3B.
We estimated the EOF mobility using the migration speed
of the analyte peak, as the peak migrates primarily due to
strong EOF. The EOF mobility in these set of experiments
was 57 x 107 m?/V/s. Figure 5 shows experimentally mea-
sured peak concentrations and peak widths for conductivity
ratios y = 4.5 and 8.8 and electric field values of E = 50,
75, and 125 V/cm. Therefore, the minimum Peclet number
for these experiments, corresponding to the electric field of
50V/cmandy = 4.5, was 12 (taking diffusivity of fluorescein
D =9 x 1071 m?/s [35]). In Fig. 5, three realizations of each
experiment are shown, and the data show good repeatability
of experiments. As shown in the inset of Fig. 5A, the sample
stacking is faster at higher electric fields for both conductivity
ratios. When the same data for the temporal evolution of peak
concentration is plotted using dimensionless variables, that
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Figure 5. Experimental validation of scaling behavior for peak
concentration ¢na,x and FWHM ¢ in the convection-dominated
regime. Insets of (A) and (B) show the effect of the electric field
and the conductivity ratio y on the measured peak concentra-
tion and FWHM, respectively. The growth of peak concentration
and width is faster at higher electric field, but it does not show
significant dependence on conductivity ratio. (A and B) The data
for varying electric field and conductivity ratios collapse on sin-
gle curve when plotted using dimensionless variables given in
Eq. (9).

1S, Cmax/Co VEISUS t/Teof, the experimental data collapse on to
a single curve. Moreover, the variation of ¢,y /co Versus t/Teof
fory = 4.5 and 8.8 for varying electric fields (Pe = 12, 18, and
30 for v = 4.5and Pe = 14, 21, and 35 fory = 8.8) is almost
identical. Similarly, when the data for FWHM versus time
(shown in Fig. 5B) are plotted using dimensionless variables,
that is, £/w versus t/Tef, all experimental data at varying
electric field and conductivity ratio fall on a single curve.
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This validates the theoretical scaling behavior described by
Eq. (9) when the convective dispersion is dominant. That is,
the stacking dynamics of FASS in the presence of strong EOF
and for short times is governed solely by the time scale for
nonuniform EOF 7.

5 Concluding remarks

We have presented a scaling analysis of the dynamics of on-
chip FASS and validated it with a large set of time-resolved
experiments of sample stacking for varying electric field val-
ues, conductivity gradients, and EOF mobility. First, we de-
scribed the ideal dynamics of FASS, which is observed when
EOF is suppressed, and axial diffusion dominates broadening
of the stacked peak. In this low Peclet number regime, the
intrinsic time scale 7, = y2D/(n? E?) governs the transient
growth of peak concentration and width. Based on this scal-
ing argument, we showed that an increase in the electric field
in diffusion-dominated regime yields maximum concentra-
tion enhancement v in a shorter time and smaller distance
traveled by the stacked peak.

When EOF is not suppressed, the mismatch in local elec-
troosmotic slip velocity in high- and low-conductivity zones
leads to a nonuniform flow that causes unwanted convective
dispersion of the stacked analyte. In on-chip FASS, where
preconcentration time is often short, slow molecular diffu-
sion is unable to diminish transverse concentration gradi-
ents generated by the nonuniform flow. Therefore, unlike
in conventional capillary electrophoresis where analysis time
is large, the Taylor dispersion regime is not attained in on-
chip FASS. We have shown that in this high Peclet num-
ber, convection-dominated regime, the dynamics of stacking
is governed solely by the time scale for nonuniform EOF,
Teof = WY/ (Meof E(y — 1)). As a consequence of this scaling
behavior, even though higher electric fields lead to faster
stacking, the peak concentration for a fixed axial location of
the stacked peak is independent of electric field. Moreover, in-
creasing the conductivity ratio does not improve the stacking
at a fixed peak location.

We have presented a detailed validation of scaling be-
havior in diffusion- and convection-dominated regimes us-
ing time-resolved data of peak concentration and width from
numerical simulations and experiments of on-chip FASS.
The scaling behavior described in this work suggests that to
achieve large concentration enhancement in on-chip FASS,
the convection-dominated regime must be avoided. That is,
experimental conditions should be chosen either to ensure
low Peclet number or by increasing the channel length and
analysis time to ensure that the Taylor dispersion regime is
achieved. However, we note that in many practical applica-
tions, such as large volume sample stacking [36], EOF is used
as a means to couple FASS with electrophoretic separation.
In such cases, convective dispersion of the stacked analyte is
unavoidable. Therefore, the scaling behavior described here
for both low and high Peclet number regimes is of practical
significance.
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