In egn (3), the second term in parentheses indicates the e ects
of electroosmotic transport on current and is brie"y derived in
Appendix I. Schochet al *® modeled the total conductance of a
nanochannel as the sum of a bulk conductance term (as in
egn (2)) and a surface conductance term (as in egn (3) but
without the advective current component) and found a good
“t to experimental data. Following this approach, and neglecting
the advective current contribution, we can take the ratio of
egn (2) to the leading term of eqn (3) to obtain a good
indication of the relative importance of bulk conductance,
Gpuik, to surface conductanceGs:

Gouk  Fhzg

: p
Gs S &

Eqn (4) is an inverse Dukhin number for a symmetric electro-
lyte, and is equal to the more general parameter used by Mani
et al.* and Zangle et al2 in descriptions of CP. This scaling
has also been noted by Kimet al® for microchannel...
nanochannel CP and Lyklem&’ for CP around a spherical
particle.

Importantly, CP depends primarily on the Dukhin number,
and not the ratio of channel height to the Debye length,
h/l ¢.2** We note Nl 4 is often quoted as a key parameter in
the determination and characterization of CP, but we “nd this
parameter is in fact not nearly as useful ashzg/s, which
relates the number of ions in the bulk to the number of ions

Fig. 1 Schematic of channels with (a) non-overlapped electrical
double layers (EDLs) and (b) overlapped EDLs. In channels with
EDLs of “nite thickness (b), there can be a much greater concentration
of positive ions than negative ions. If the EDLs are overlapped, then
the potential at the center of a channel does not fall to zero. In a
channel with non-overlapped EDLs (a), the electric potential caused
by the wall charge falls to zero at the center of the channel. However,
the total number of counter-ions to the wall charge(positive ions
for negatively charged walls) can still be much greater than the
concentration of co-ions whenFhzgys, (wherec is bulk concentration,

h is channel heighth, F is Faradayss constant ands is surface charge
density) is signi“cantly smaller than unity. Fhzg/s is similar to an
inverse Dukhin number, describing the number of ions in the center of
the channel relative to the number of ions associated with the EDLs.
We note that strong CP e ects have been demonstrated in literature
for systems with non-overlapped EDLs andFhzg/s { 1.2° Figure
adapted with permission from Karnik et al®? Copyright 2005
American Chemical Society.

associated with EDLs. Furthermore, we note that overlapped
EDLs (h/l 4 of order unity or less) are often cited as a
requirement of (or as being correlated with) CP:81419-21p
this is simply not true. From simple Boltzmann distribution
arguments, EDL mobile counter ion density scales as,
exp( zeZkT) where z is the zeta potential andc, is the bulk
concentration far from the wall.2**8 For typical glass or silica
surfaces, with zeta potentials of roughly 100 mV, this implies
near-wall counter ion densities can be order 50-fold higher
than the bulk. Therefore, as shown in Fig. 1, such systems can
have values ofFhzg/s signi“cantly smaller than unity even for
h/l 4 values of 10 or more. For example, strong CP e ects have
been reported forh/l 4 values of greater than 10G°

3. Concentration polarization models and
experiments

CP has been studied extensively in the context of colloitis®®
and membranes!®-“*3n early work on membrane CP, Block
and Kitchener*° studied nanoporous materials and speculated
on the role of water dissociation in the low-concentration
depletion regions. In a seminal CP contribution, Dukhin and
Shilov®® presented a simpli“ed description of CP based on a
model with very thin EDLs that carry current due to surface
conduction. Their model showed that CP occurs when electric
“eld lines cross from net neutral, bulk solution, into electrical
double layers. More recent work has shown that electrokinetic
instabilities can cause systems with nanoporous membranes to
have higher (seoverlimitinges) conductance than the limit
dictated by ion diusion.*® Tallarek and coworkers have
examined CP in beds of porous beads and glass monolitti&2”
See the review by Htizel and Tallarek** for more information
on CP around nanoporous membranes, packed beds, and
glass monoliths.

In micro”uidic systems, Puet al.”* showed the “rst reported
visualization of CP near nanochannels and presented a
qualitative model describing CP. Major themes of research
on micro”uidic...nano”uidic interfaces since this work have been
the study of recirculation zones and the e ects of CP on the
concentration of ionic species. We will brie”y introduce this
research in sections 3.1 and 3.2, before going into much greater
detail on CP e ects on ion concentration in sections 4, 5 and 6.

|.l4

3.1 Recirculation e ects

Recirculation near micro”uidic...nano"uidic interfaces has
been noted in several studi€s1%4%46and at least three
di erent physical origins of this recirculation have been noted.
Park et al*® presented an analytical model suggesting two
di erent mechanisms for the formation of vortices at a gradual
microchannel to nanochannel constriction. Though this model
neglects the eects of CP on the background electrolyte
concentration, it does capture two possible mechanisms for
vortex generation at a microchannel...nanochannel interface.
First, surface conductance causes the ratio of ionic current to
bulk "ow to vary with changes in the channel cross-sectional
area. Second, the e ects of “nite EDLs cause the electro-
osmotic "ow (EOF) velocity pro“le to be non-uniform across

a microchannel...nanochannel interface. Both of these e ects
create internal pressure gradients. The analysis of Pas al.
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Table 1 De“nition of symbols used

Symbol Description Units (SI) Symbol Description Units (SI)
I Current Cs'? F Faradayes constant C mol*
w Channel width m h Channel height m
Zi Valence of species " G Concentration of species mol m °
ybulk Bulk velocity ms? n Mobility of species i mmolN s ?
E Electric “eld NC 1 G Conductance per length éN st
Co Counter-ion concentration outside mol m 3 S Surface charge density Ccm?
of EDLs
z Fluid viscosity Nsm 2 lq Debye length m
z Zeta potential NmcC e Elementary charge C
k Boltzmannes constant NmK? T Temperature K
yeen Electrophoretic velocity ms? Nres Nanoscale reference length m
Q Flowrate per unit width 2t yshock Shock velocity ms?
e Solution permittivity C?N 'm? _ Electric potential Nmc?
ue Total species drift velocity ms? vint Velocity of an interface ms?
r Reservoir region subscript » d Depletion region subscript »
ra Anode side reservoir region subscript " rc Cathode side reservoir region N
subscript
e Enrichment region subscript N n Nanochannel subscript N
1 Background electrolyte counter-ion » 2 Background electrolyte co-ion "
species subscript species subscript
i Analyte species subscript » h, Nanochannel height normalized by "
nanoscale reference length
n, Electrophoretic mobility of species 2 Cor Reservoir concentration
nondimensionalized by nanochannel nondimensionalized by wall charge
electroosmotic mobility and channel size
I* Nondimensional current » Pe Peclet number based on channel "
height,
Pe= U h/D
Sir Area-averaged stacking ratio of N fir Flux of analyte species in regionr N

cationic analytei, from region n to
regionr

electric “eld vary locally due to CP. For these zones the theory
of Mani et al'* can be employed to predict the relative
strength of the electrophoretic to bulk velocities in each region
of the micro-nanochannel system. Equating this ratio to unity
yields the critical mobility in each zone in terms of key system
parameters (channel height ratios, Dukhin number, and non-
dimensional mobility of the co-in in the BGE). We defer the
details of the analysis to Appendix Ill and present the results
of critical mobilities in each zone in Fig. 7.

We again stress that the changes in ®t across each of the
four interfaces in Fig. 7 indicate the existence and degree of a
stacking or focusing situation due to local changes in electric
“elds and bulk "ow velocities. For example, a decrease in the
magnitude of n,°™ from region e to rc indicates slowing of
anions as they move across the enrichment shogkw This
change of velocity is due to a change in electric “eld which,
in turn, is caused by the concentration di erence across this
interface. (Note that since "uid mass is conserved, the bulk
"ow velocities on either side of the enrichment (or depletion)
region shock in a constant area microchannel are the same, so
a change inn, ® re”ects a change in local electric “eld.) This

wwrirst, consider an analyte species with;,, greater than both values
of n;°*. Such an ion moves quickly upstream toward the interface, as
n crt is low in the downstream region. When this species crosses into
the upstream region, it slows down, since it®, is now closer to the
local n,®™ (at n, ¥an,°™ the total species velocny would be zero). This
change in totaI velouty from a high to low value will cause local
stacking, but not focusing. Similarly, an ion advecting downstream
with n, less than both values ofn,®" will also change from high
veIOC|ty to low velocity when n. oit g p o Therefore, a

i;upstream i;downstream* o
species with very lown; will also stack under these conditions.

can lead to the case where an ion is transported downstream in
one region relative to an interface (wheren,;o n, ety and
upstream in the next region relative to an interface (where
n, 4 n,°™), hence focusing or stacking at the interface. Fig. 7 is
therefore a general framework for predicting both stacking
and focusing behavior in these systems.

The results for critical values ofn; are plotted in Fig. 8.
Note that the critical value of n; in the depletion region (regiond)
relative to either the depletion shock or the microchannel...
nanochannel interface depends on the nondimensional depletion
region height, h,. Over the domain ofc,, h, and n, represented
in Fig. 8 and for the minimum reported value of hy/h,, of 20,2
n g”t 0:05. This critical value is lower than any computedh,
based on the literature surveyed here. In practice, this means
that the electric “eld in the depletion region is high enough
that all reported anionic species travel upstream faster than
the depletion shock, with both USPYUPY® > 1 and
UgPlyybulk 5 1 yshoekyybulk 5nd; therefore, we do not plot
values ofn,§™ in Fig. 8. Table 1.

We illustrate the utility of Fig. 8 by considering an example
case: a data point from Zangleet al.'*° at c,,h, ¥ 0:3 and
n, ¥4 1:06: In this case, experimental conditions (including the
speci“c background electrolyte or bu er used) determinecy, h,
and n,. We plot a point at these coordinates as shown in
Fig. 7. Since the point is below the thick solid line, the model
predicts propagating CP with large enrichment and depletion
regions (a point above the line indicates non-propagating CP).
We then either computen, &, n, Sitand n, & from the results in

e e

Fig. 7 or read their values from then C”‘, nSt and n St

contours of Fig. 8 to establish stacking or focusnng situations.
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analytes to have a very high electrophoretic velocity here.
Therefore, for all practical anions we know of in systems with
typical microchannel heights ¢,.h; 1), analyte ions will
move upstream inside the depletion region (against the
direction of bulk "ow) faster than the depletion region shock
velocity. Plecis et al® termed this regime anode cathode
gradient focusing (ACGF).

Analytes which do not meet the focusing condition can still
stack on the depletion shock as long as; "o n, . For all CP
cases examined here, this condition is met, and stacking at the
depletion shock interface should occur. Physically, this
condition means that anionic analyte ions traveling towards
the depletion shock through the depletion region will slow
down once they reach the shock, causing an increase in
concentration.

The depletion shock is a strong shock and, therefore, has
large changes in concentration over very short distances (see
Fig. 3). These large concentration gradients in the background
electrolyte create high electric “eld gradients. These “eld
gradients, in turn, are very suitable for focusing of analytes
to very high concentrations. We will discuss applications of
focusing on a depletion shock in the last section of this review.

In an experimenf® with the same buer and channel
conditions as Zangle et al.’® we noted focusing on the
depletion shock, as predicted by theory. Zhouet al.?® also
noted focusing on the depletion shock, as expected by theory.

6.3 Depletion side microchannel...nanochannel interface

In the previous section we showed that anions can focus on the
moving boundary of the depletion shock. Next, we will
examine possible anion behaviors at the depletion-side micro-
channel...nanochannel interface. According to the theory
presented in Fig. 7 and Fig. 8, focusing or stacking at the
depletion side microchannel...nanochannel interface should not
be possible if CP propagates. This is because the concentration
in the depletion region is very low, therefore the electric “eld is
very high, and co-ionic species travel very quickly upstream in
this region. This corresponds to very low values oﬁi;f,"t in the
analytical theory outlined above. This focusing or stacking
location corresponds to the anode stacking (AS) regime of
Pleciset al.’

As indicated schematically in Fig. 2, in cases where CP does
not propagate, focusing or stacking is possible at this interface
if n.™o n, ™. Focusing will occur if ;™o n; o n.°™. Stacking
will occur if n;&™o n,¢™ and n; is either larger or smaller than
the critical mobilities in the nanochannel and the reservoir.

A conference paper by Plecigt al.?° presents visualizations
of depletion side preconcentration of an analyte. The channel
layout consisted of a very wide microchannel connected to a
much narrower nanochannel. The visualizations show an
increase in "uorescence intensity very close to the depletion
side nanochannel interface (in contrast to the model described
here which predicts stacking on the depletion shock). We
hypothesize that their geometry (which is di cult to analyze
with our model) may result in a propagating CP case where
stacking of the analyte appears to be very similar to focusing
on the depletion side interface. We will analyze the e ects of
strong in-plane changes of channel geometry (as in this Plecis

et al.2® work) in a future paper. To the best of our knowledge,
focusing or stacking at the depletion side interface has not
been demonstrated experimentally in a device with constant
(in-plane) width channels and propagating CP.

6.4 Enrichment side microchannel...nanochannel interface

In this section we consider the enrichment side micro-
channel...nanochannel interface. The analysis above shows that
focusing or stacking can occur at this interface with either
propagating or non-propagating CP. We are not aware of any
observations of an increase in analyte concentration at the
enrichment side nanochannel interface in non-propagating
CP. Pleciset al.” termed focusing or stacking at the enrichment
side nanochannel interface as cathode stacking (CS).

When CP propagates, an analyte species focuses on the
enrichment side nanochannel interface if its mobility is too low
to travel against bulk "ow inside the nanochannel, but high
enough to travel against bulk "ow in the enrichment region.
This condition can be written as:n,$™o n, 0 n,&™, or, since the
critical analyte nondimensional mobility inside the nano-
channel is always unity, we can write the condition for
focusing on the enrichment side nanochannel interface as

n<o no 1 aop
For non-propagating CP there is no appreciable length of the
enrichment region (any increase in background electrolyte
concentration due to CP will be very localized). Therefore,
we only need to consider the behavior of anions in the
reservoir region. The condition for focusing at the enrichment
side nanochannel interface for non-propagating CP is

n<Mo no 1 aip
Finally, for propagating CP, stacking is possible at this inter-
face if analyte ions have a higher electrophoretic velocity in the
enrichment region than in the nanochannel. Therefore the
stacking condition is

noto 1 a2p
The stacking condition for non-propagating CP is
nMo 1 asp

Pu et al.»* show behavior consistent with either focusing at the
enrichment side nanochannel interface or stacking at an
enrichment shock. The ambiguity is because, in the last
time-series images reported, the regions of increased analyte
concentration appear to be moving slightly away from the
microchannel...nanochannel interface, though they have not
propagated very far (see Fig. 6(f)...(j)). For all reported experi-
mental cases our model predicts focusing at the enrichment
side interface. Better comparison to experiments would require
longer time series data. In related work, Dattaet all®
show results consistent with focusing on the enrichment side
nanochannel interface and in agreement with our model.
Schoch, et al.*® also report focusing at the enrichment side
nanochannel interface (Fig. 9), however, for their reported
conditions, our model predicts either stacking on the enrichment
side nanochannel interface or stacking on a propagating
enrichment shock. This discrepancy may be due to the low
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Fig. 9 Visualization of green "uorescent protein (GFP) focusing at the enrichment side nanochannel interface. The model presented here predicts
that this analyte should focus on a propagating enrichment shock, not at this interface. We hypothesize the discrepancy may be due to the low “eld

values used or to our uncertainty in GFP mobility at these conditions. Reprinted with permission from Schockt a

IlG

Fig. 10 Results from Hlushkou et al.?? showing stacking of an anionic species on an enrichment shock. (a) shows the channel before a potential
was applied. At 960 s after the voltage was applied (b), an enriched "uorescent sample zone has formed and moved away from the interface
between the microchannel and the anionic, nanoporous HEMA hydrogel. These dynamics are characteristic of co-ionic species stacking on an
enrichment region shock. Theory (both the theory presented here and that of Hlushkoat al.?? and Dhopeshwarkar et al?}) suggests that this
occurs when the "uorescent species electrophoretic velocity is equal to the bulk velocity at the CP enrichment shock (in the lab frame). Reprinted
with permission from Hlushkou et al.?? Copyright 2008 Royal Society of Chemistry.

applied potential in this experiment (10 V or less). A low
applied electric “eld (and low Peclet number) may prevent
the enrichment shock from propagating far enough to
overcome diusion in the vicinity of the pore. Another
possible reason for this discrepancy may be our uncertainty
in the mobility of GFP (we roughly estimated its mobility
as1l 10 °m?V 's %).57we also note that this Schoch paper
discusses an increase of "uorescence concentration over time
at a higher ionic strength. At this higher ionic strength, our
model also predicts stacking at the enrichment side interface.

6.5 Enrichment shock

Here, we consider the “nal interface shown in Fig. 7, the
enrichment shock. The model presented in section 6.2 predicts
that anionic species can stack at the interface between the
enrichment region and the reservoir region during propagating
CP. This behavior is accurately described as stacking because
in a frame of reference moving with the enrichment shock, the
anionic total species velocity does not change its sign across
the shock®” Physically, the enrichment shock propagates at
the bulk velocity,>**so in a frame moving with the enrichment
shock, the only component of the species velocity is due to
electrophoresis. The electrophoretic velocity is always nega-
tive, and therefore, does not cross zero at the shock front. It is
possible, however, for anions to have a net inward velocity
(towards the enrichment shock) in the lab frame.

When CP propagates, analytes move inwards on either side
of the enrichment shock if their mobility is low enough to
travel in the direction of bulk "ow inside the enrichment
region but high enough to travel against bulk "ow in the
reservoir region. This condition can be written as:
no no ™. Analytes which do not meet this condition

I;rc . .
can still stack on the enrichment shock providedy &'o ;.

I;re

If this second condition is met, analyte ions traveling across
the shock will slow down in the enrichment region, causing an
increase in concentration.

Enrichment shock stacking was described analytically by
Zangle et al.’® and computationally by Plecis et al.,’ who
called this type of stacking cathodic counter gradient focusing,
or CCGF. Zangle et al. presented results for two speci“c bu er
cases in terms of a Dukhin number and the nondimensional
mobility of the focusing species and correctly predicted the
observed stacking behavior. The latter paper also presented
experiments in which the enrichment region shock was used to
stack and separate ions on the basis of their electrophoretic
mobilities. This is possible because, in propagating CP, the
enrichment shock is a weak shock™* which creates an order
100 mm long® region with gradients in concentration and
electric “eld. In contrast, the strong shock of the depletion
region shock is typically much shorter (roughly on the order of
the microchannel width), and, therefore, not typically appro-
priate for separation. The length of the enrichment shock is
typically large compared to the B 10 mm peak widths of
focused species; and so species visibly separftelo date,
we have not been able to (and have not seen in published
work) signi“‘cant separation resolution achieved using
enrichment shocks. We hypothesize that the relatively low
ratio of electric “elds across these interfaces simply yield low
peak capacity; further, preconcentration is limited to order
100 .10,22

Papers by Hlushkou et al.“= and Dhopeshwarkar et a
each presented an enrichment region stacking scheme along
with a supporting computational model. A sample experimen-
tal result is shown in Fig. 10. As summarized in Table 2, these
experimental results agreed well with the prediction of enrich-
ment shock stacking.
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