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ABSTRACT: Electrokinetic separation techniques in microfluidics are a powerful analytical chemistry tool,
although an inherent limitation of microfluidics is their low sample throughput. In this article we report a free-
flow variant of an electrokinetic focusing method, namely ion concentration polarization focusing (ICPF).
The analytes flow continuously through the system via pressure driven flow while they separate and
concentrate perpendicularly to the flow by ICPF. We demonstrate free flow ion concentration polarization
focusing (FF-ICPF) in two operating modes, namely peak and plateau modes. Additionally, we showed the
separation resolution could be improved by the use of an electrophoretic spacer. We report a concentration
factor of 10 in human blood plasma in continuous flow at a flow rate of 15 μL min−1.

Lab-on-chip (LOC) systems provide an appealing platform
for electrophoretic separations due to their high controll-

ability of fluid flow and electric field at the micrometer scale. A
subclass of electrophoretic separation methods combines
separation and focusing such as electric field gradient focusing,1

isoelectric focusing2,3 (IEF), and isotachophoresis4,5 (ITP).
Also, ion concentration polarization focusing (ICPF) belongs to
this special class of techniques. In contrast to other techniques of
the same class (e.g., ITP and IEF) ICPF does not require any
sample preparation or specific electrolytes that can prove to be a
tedious process.
Wang et al.6 specifically introduced ICPF as a method capable

of achieving focusing. They demonstrated extremely high
concentration factors in the order of millions. Later Quist et
al.7 also demonstrated separation of anionic analytes in a similar
system. Since its introduction, additional research has been
performed with this technique7−12 including applications with
human blood plasma.13−15 Though ICPF offers a very powerful
analytical tool, an inherent disadvantage of miniaturizing any
separation technique in LOC systems is the low throughput of
sample. Additionally, in many cases the separated analytes are
effectively trapped in chip, thereby prohibiting any downstream
analysis such as by mass spectrometry.
In order to overcome this limitation, a “free flow” variant of a

separation method can be used. The term “free flow” refers to
methods where the separation direction is perpendicular to the
flow direction allowing continuous high-throughput separation
and extraction. Several electrophoretic separation methods have
been adapted and demonstrated to free flow variants16,17

including focusing techniques such as ITP18 and IEF,19,20 as
reviewed by Kohlheyer et al.21 Attempts to extract preconcen-
trated analytes have also been reported, but the use of Quake
valves22 or magnetically actuated valves23 makes the extraction

noncontinuous and low throughput (i.e., flow rates in the nL
min−1 range24). Continuous nonselective low throughput
extraction was also demonstrated in ICPF.25−27 ICPF has
been used in high throughput applications for separation
particles (1 μL min−1),28 bacterial lysis (>1 mL min−1),29 and
desalination (<20 μL min−1).30 The required flow rate
(throughput) in microfluidics ranges widely based on the
specific application. In sample preparation applications high
throughput is needed; for example in the separation of
circulating tumor cells flow rates in the range of 100 μL min−1

are required.31,32 For the purification of ionic radioisotopes used
for medical imaging flow rates ranging between 300 and 1000 μL
min−133 have been demonstrated. When it comes to the
detection of low abundance analytes such as DNA and proteins,
however, the required flow rates are much lower, ranging from 1
μL min−1 to 2.5 μL min−1.34−36 For electrokinetic free flow
variants flow rates up to 20 μL min−137 have been reported but
that included the flow of the sample and the flow of the buffers
that are required in such techniques. In addition, the throughput
is determined by the sensitivity of the detection method and the
concentration of the analyte of interest present in the sample.38

In this article we propose a setup for continuous high
throughput concentration and separation of anionic analytes
based on free flow ICPF (FF-ICPF).

Received: October 4, 2019
Accepted: March 20, 2020
Published: March 20, 2020

Articlepubs.acs.org/ac

© 2020 American Chemical Society
4866

https://dx.doi.org/10.1021/acs.analchem.9b04526
Anal. Chem. 2020, 92, 4866−4874

This is an open access article published under a Creative Commons Non-Commercial No
Derivative Works (CC-BY-NC-ND) Attribution License, which permits copying and
redistribution of the article, and creation of adaptations, all for non-commercial purposes.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Vasileios+A.+Papadimitriou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Loes+I.+Segerink"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jan+C.+T.+Eijkel"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.analchem.9b04526&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.9b04526?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.9b04526?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.9b04526?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.9b04526?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.9b04526?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/ancham/92/7?ref=pdf
https://pubs.acs.org/toc/ancham/92/7?ref=pdf
https://pubs.acs.org/toc/ancham/92/7?ref=pdf
https://pubs.acs.org/toc/ancham/92/7?ref=pdf
pubs.acs.org/ac?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acs.analchem.9b04526?ref=pdf
https://pubs.acs.org/ac?ref=pdf
https://pubs.acs.org/ac?ref=pdf
http://pubs.acs.org/page/policy/authorchoice/index.html
http://pubs.acs.org/page/policy/authorchoice_ccbyncnd_termsofuse.html


■ THEORY

A schematic of the FF-ICPF process is shown in Figure 1. The
microfluidic device consists of a chamber where the separation
takes place, which is connected via a Nafion patterned region to
a microchannel. An electric field is applied in the y direction and
a pressure-driven flow (PDF) perpendicular to the electric field
(x direction, Figure 1). We will first give a short description of
ICPF in order to understand the dynamics of our system. ICPF
is a concentration and separation method of ionic species based
on their differential migration in an electric field gradient. In
ICPF the electric field gradient is created via a constant electric
potential across a background electrolyte concentration
gradient. The concentration gradient is thereby created via the
phenomenon of ion concentration polarization (ICP).39When a
potential is applied across a cation perm-selective membrane,
the biggest fraction of the current is carried by the cations. The
flux imbalance between cations and anions through the perm-
selective region removes anions from the anodic side resulting in
a zone with low concentration of all species known as the
depletion zone. Such a cation perm-selective zone can be a
nanochannel39 or a cation perm-selective polymer (e.g.,
Nafion11).
The requirement of a constant current density in all regions

(due to charge conservation) dictates that the application of a
constant potential across the separation chamber will result in a
high electric field in the depletion zone (low conductivity), a low

electric field in the bulk region (high conductivity) and an
electric field gradient in between. The fluxes of ions are
described via the Nernst−Planck equation as the sum of the
diffusive, convective and electrophoretic flux. If we neglect
diffusion for simplicity, we can write the total flux of analyte ion i,
Ji [mol m−2 s−1] as follows:

= +J J Ji i i,conv ,eph (1)

= +v C v CJi i i iconv ,eph (2)

Here Ji,conv and Ji,eph are the convective and electrophoretic
fluxes, vconv [m s−1] is the linear convective bulk velocity, and
vi,eph [m s−1] and Ci [mol m−3] are the electrophoretic velocity
and concentration of species i, respectively.
We are now going to investigate the velocity contributions

separately in the x- and y directions (see Figure 1).
Convection. The convective velocity is a combination of a

PDF and electroosmotic flow (EOF). The PDF is applied via
two syringe pumps; one is pushing liquid through the inlet and
the other is sucking liquid from the outlet with the same flow
rate. The use of two syringe pumps in combination with the high
hydraulic resistance of the channels connected to the chamber in
the vertical direction ensures a uniform horizontal PDF (vconv,x =
constant). The equivalent hydraulic resistance of all the vertical
channels is approximately 5 times higher than the total
resistance of the chamber in the x direction.
The electroosmotic velocity follows the electric field

according to the Helmholtz-Smoluchowski equation:

εε ζ
η

=v EEOF
0

(3)

Here η [kg m−1 s−1] is the viscosity of the liquid, ζ [V] is the zeta
potential, ε and ε0 [F m−1] are the relative and vacuum
permittivity and E [V m−1] is the electric field. A high positive
potential is applied to the top reservoir (Figure 1) and the
bottom reservoirs are grounded. The high electric resistance (12
times higher) of the channel array connecting the left- and right-
hand reservoirs to the chamber (in the horizontal direction in
Figure 1) ensures that only a small fraction of the current will
flow through them. Hence, we assume that the electric field
direction points along the y direction from top to bottom in the
separation chamber (Ex = 0)). The electric field is not uniform
along the y direction due to the depletion zone that forms as
described above. As a result, as described by eq 3, the
electroosmotic velocity in the y direction is not uniform. Due
to the incompressibility of aqueous electrolytes and because of
mass conservation, a negative pressure is induced at the location
of the electric field gradient.24 The hereby induced PDF creates
a constant and uniform flow in the y direction (vconv,x =
constant). EOF-induced pressures have been previously
reported at electric field gradients40−42 or in channels with
nonuniform zeta potential.43 In reality the total convective flow
due to the electric field in ICPF is enhanced and higher than the
EOF as demonstrated by Kim et al.8 It is worth mentioning that
the Nafion membrane does not hydrodynamically close the
system, since it does not completely block the channel. The
Nafionmembrane thus resembles the one in the system reported
by Ko et al.,11 where they demonstrated ICPF in a microchannel
where only the bottom was patterned with a strip of Nafion.
Despite the convective flow on top of the Nafion, the cationic
flux through the Nafion was much higher than in the bulk and
sufficient to create the ICP phenomenon.11

Figure 1. (a) Design of the device and a typical actuation scheme. (b)
Schematic of operation principle of FF-ICPF. The sample enters and
flows across the separation chamber by PDF (main contribution to
vconv(x)) and an E-field is applied perpendicular to the flow (in contrast
to simple ICPF where the E-field and flow have the same direction). (c)
The focusing mechanism of ICPF in the y direction. An electric field
gradient is created due to the ion depletion zone. The analytes focus at
the y position where the EOF (main contribution to vconv(y)) and
electrophoretic flow (veph(y)) are equal and opposite. A different
analyte with a different electrophoretic mobility requires a different
electric field to acquire the same veph(y) hence it will focus at a different
position in the E-field gradient (present between depletion zone and
bulk solution).
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Electroconvective vortices are formed close to an ion selective
membrane when they are operated in the overlimiting current
regime.44 These vortices are growing in size as the potential
increases and eventually result in fluidic instabilities (chaotic
depletion zone patterns).45−48 Such fluidic instabilities can
disrupt the ICPF process. In our system no chaotic depletion
zone patterns (i.e., no disruption of the focusing process) were
noticed for potentials up to 700 V. In addition, the Nafion-filled
small microchannels resemble the approach of Kim et al.,49 who
report the reduction of electroconvective vortices by the use of
“microfins”.
Analyte Electrophoresis. Anions will migrate in the

direction opposite to the electric field and the electrophoretic
velocity v(i,eph) of anioni scales linearly with the electric field

μ=v Ei i,eph (4)

where μi [m
2 s−1 V−1] is the electrophoretic mobility of species i.

As described earlier we assume no electric field in the x direction
and, hence, no electrophoresis in that direction.
Analyte Focusing.We first summarize the velocities in the x

and y directions for an anionic species i

= + = +v v v v v vx i x x i y i y y i, ,conv , ,eph , ,conv , ,eph (5)

μ

= = =

=

v v v

v E

constant, 0, constant,x x i y

y i i y

,conv , ,eph ,conv

, ,eph (6)

An anion will be transported in the x direction with a constant
velocity in the separation chamber, as is used for the continuous
extraction of the focused analytes. The focusing of the analytes
occurs in the y direction. In the y direction the velocity of the
anion is the sum of a constant convective velocity and an
opposite, electric field-dependent electrophoretic velocity. As
the field is nonuniform in the y direction, the total velocity
depends on the location in the electric field gradient. If the anion
is far away from the depletion zone (the buffer zone in Figure 1)
the electric field is low and vy,conv is the dominant contribution,
moving the anion toward the depletion zone. If the anion is in
the depletion zone where the electric field is the highest,
electrophoresis dominates and migrates the anion upward
toward the buffer zone. At some location in the electric field
gradient between bulk and depletion zone, the y contributions of
convective and electrophoretic velocities are equal and opposite
resulting in a zero net y direction velocity and hence focusing of
the anion. A different anion with a different electrophoretic
mobility requires a different electric field to acquire a zero net
velocity and, hence, will focus at a different location in the
electric field gradient.
Operation Modes. In many focusing techniques, such as

ITP7,50 two distinct operation modes can be found, namely peak
mode and plateau mode. In peak mode the analytes are in very
low concentration compared to the background electrolyte so
we assume that they do not contribute to the local conductivity
of the solution. Hence the analytes do not affect the local electric
field and the concentration process. This is the most common
operation mode of focusing methods where the main goal is the
concentration of low abundance species. In peak mode the
analytes are concentrating and forming a Gaussian concen-
tration profile (in the separation direction). The concentration
profile of analytes in separation sciences is a long and well
investigated topic.51−53 As described in previous work24 the
variance (σi

2 [m2])) of the Gaussian profile of a species i is given
by

σ =
V

z
i

i
E

y

2 T
d

d
y

(7)

where VT [V] is the thermal potential ((VT = kbT/e with T [K]
the temperature, kb [J K

−1] Boltzmann’s constant, and e [C] the
elementary charge), zi is the valence of the species i, and dEy/dx
[V m−2] is the electric field gradient between the bulk and
depletion zone in the y direction. We assume that the electric
field gradient is constant. In addition, the separation resolution
Rs for two species can be calculated as

σ σ
=

+
R

d
2( )

x
s

1 2 (8a)

= ·
−

+

μ μ( )
( )

R
v

V2

y

E

y z z

s
,conv

d

d T

1 1

1 1y

1 2

1 2 (8b)

Here σ1 [m] and σ2 [m] are the standard deviations of the
analyte Gaussian peaks and dx [m] is the distance between the
peaks (i.e., the difference of the mean value). In eq 8b the first
term is dependent on the applied potential and device geometry
and the second term is dependent on the analyte properties.
In contrast, if the concentrated analyte approaches the

background electrolyte concentration, its contribution to the
conductivity and electric field can no longer be neglected. In this
case the analyte is in plateaumode. As indicated by the name, the
analyte will concentrate until a maximum concentration is
reached and a plateau is formed in the concentration profile
which will then widen over time. The constant concentration of
the plateau locally creates a constant electric field. A known
analyte in plateaumode (of which the electrophoretic mobility is
between two analytes of interest) can be used as an
electrophoretic spacer to push these two analytes apart and
thereby improving their separation resolution. Electrophoretic
spacers have been reported before in various focusing
techniques,5,50,51 including ICPF.12,54

In standard ICPF, there is a continuous supply of analytes
toward their focusing location. Therefore, an extremely high
concentration factor can be achieved until the analyte reaches
plateau mode. Quist et al.12 report concentration factors up to
107 using ICPF, and recently concentration factors in the order
of billions were reported.14 The theoretical limit of enrichment
in peak mode was expressed by Ouyang et al.,41 who showed it
depends on the mobilities of the analytes and the background
electrolyte co-ion as well as on the Peclet number of the system.
In FF-ICPF there is no continuous supply of analyte in the
separation direction, hence the maximum concentration is
limited by the length of the chamber in the y direction. As the
analytes move along the chamber (in the x direction), they are
getting “squeezed” down to either a Gaussian profile in peak
mode or a plateau in the plateau mode. When the analytes reach
peak mode, the maximum concentration can be calculated by
the ratio of the chamber width (W [m]) compared to the
standard deviation of the Gaussian peak.

σ π
=C

W
C

2i
max,peak bulk

(9)

given that the area (CA [m−2]) under a Gaussian peak equals
σ π=C C 2iA max,peak . In the case of plateau mode, the plateau

concentration can be calculated from the Kohlrausch regulation
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function (KRF).55 The KRF is a conservation law (conservation
function) that is derived by the continuity equations describing
the electromigration in an electric field. The KRF is mainly used
in electrophoresis which enables the calculations of the adjusted
concentration of constituents.56 The KRF requires the KRF
value (eq 10) to be constant over time in all regions (bulk,
depletion zone, and any plateau mode zones).

∑
μ

=y
z C y t

KRF( )
( , )

i

i i

i (10)

Throughput.The throughput of the device is determined by
the volumetric flow rate (Qs [m

3 s−1)) of the sample. If we
assume that the PDF applied by the syringe pump is the only
contribution for flow in the x direction (i.e., throughput), the
time tx [s], it takes for an analyte to cross the length of chamber
(Lx [m]) may be written as

=t
L L h

Qx
x y

s (11)

whereLy [m] is the length of the chamber in the y direction and h
[m] is the height of the chamber. tx is also the time that the
analytes are able to “interact” with the depletion zone and focus.
Compared to previous works26,27 where only a local depletion
zone exists in a microchannel, the interaction time in our device
is much longer allowing higher throughput. In order for the
analytes to separate, they need to travel to their focusing
position. If we take the worst case where the focusing position is
at the bottom of the chamber adjacent to the Nafion membrane
and an analyte is at the top of the chamber, it needs to travel the
entire length of the chamber in the y direction (Ly). If for
simplicity we assume that the only contribution to vconv,y [m s−1]
is the electroosmotic flow using eq 3, we can calculate the time
(ty [s]) that an analyte needs to travel through the chamber in
the y direction.

η

εε ζ
=

Ε
t

L
y

y

y0 (12)

In reality tywill be smaller since an enhanced convective flow has
been reported in ICPF8,41 due to a secondary induced EOF in
the depletion zone. In all cases, ty should be smaller than tx when
focusing is to take place. If we equate the two, we can derive a
relation between the two means of actuation (by PDF and
electric field) needed to satisfy the condition of proper focusing:

εε ζ
η

=Q
L h

Ex
ys

0

(13)

Once again assuming that there are no effects due to ICPF
influencing the electric field, we can state Ey = V/Ly whereV [V]
is the applied potential across the chamber, and we obtain

εε ζ
η

=Q
L h

L
Vx

y
s

0

(14)

In this simplified scaling law, the applied potential is linearly
related to the throughput for a specific device. When it comes to
device design parameters, the larger Lx and h, the higher the
throughput for a specific potential, since these parameters
increase tx. In contrast, the larger Ly, the lower the throughput
because of the increase in ty. As mentioned before, eq 14 is a
simplified scaling law in order to understand how the different
actuation and geometric parameters affect the throughput rather

than a precise calculation of the throughput. There also is a limit
to its applicability, (i) there is a maximum applied electric field
before Joule heating will disrupt the process; (ii) since the
Nafion is patterned via capillary forces there is a maximum Ly for
the capillary filling. For longer chambers a different method for
the patterning of the ion selective membrane must be used (e.g.,
a stamping method for planar Nafion membranes has been
widely reported57); (iii) the Nafion is currently patterned on the
bottom of the chip and the depletion zone must extend to the
whole height of the chamber for the functionality of ICPF, hence
the height of the chamber is also limited. In addition, an
increased chamber height may increase the impact of the
electroconvective vortices in the depletion zone and the overall
stability of the system. In the Supporting Information (SI), we
furthermore calculate the effect of electric power on the stability
of the system. A high electric power can affect the stability in two
ways: in the form of heat and in the form of changes in pH due to
electrochemical reactions in the reservoirs.

■ EXPERIMENTAL SECTION
In order to characterize our proposed method, microfluidic
chips were fabricated out of polydimethylsiloxane (PDMS,
DOWSIL 184 Silicone Elastomer kit; 1:10 cross-linker to
polymer ratio). A mold was used for standard soft lithography58

of the PDMS chips, which were bonded on standard microscopy
glass slides after 45 s of O2 plasma treatment (in a FemtoScience
Cute device). The mold was made out of a silicon wafer and 35
μm (height of the chamber h) of MicroChem SU-8 2050
negative photoresist which was patterned using a photo-
lithography mask (Figure 1a). The size of the separation
chamber was 4 mm (Lx) by 2 mm (Ly). There are 50 small
channels in each side of the chamber. The width and length of
the horizontal channels are 5 and 550 μm, respectively, while the
vertical ones are 10 and 750 μm. The supplier’s instructions were
followed for the exposure and development of the photoresist.
A small amount (approximately 5 μL) of Nafion perfluori-

nated resin solution (20 wt %, Sigma-Aldrich) was introduced to
one of the reservoirs (marked with yellow in Figure 1). The
Nafion solution was filled and patterned via capillary forces.9,59

Nafion was dried at 60 °C for 30 min to form a solid
permselective polymer. Nafion resin solution experiences
significant shrinkage during the drying process due to solvent
evaporation. The shrinkage causes the solid Nafion to detach
from the channel walls creating gaps which allow hydrodynamic
flow around the solid Nafion.
An O2 plasma treatment preceded the testing of each chip to

ensure high hydrophilicity of the PDMS walls to avoid any
bubble formation during the filling process. The anodic and
cathodic reservoirs of the microfluidic chip were filled with a
buffer solution (dilutions of phosphate buffered saline (PBS)
(Sigma-Aldrich)). The inlet and outlet reservoirs were
connected to a NEMESIS syringe pump (two 4605 dosing
units, Cetoni Gmbh). Platinum wires (Alfa Aesar 0.01 in. in
diameter) were introduced to the anodic and cathodic reservoirs
and connected to a Keithley 2410 source meter power supply.
For the fluorescent microscopy, an Olympus IX51 was used and
images/videos were captured with a FLIR Grasshopper3 color
camera. The syringe pump and power supply were operated via
neMESYS UI (Cetoni Gmbh) and an in-house made LabVIEW
program, respectively. The results were analyzed with ImageJ
(V. 1.51) and Matlab (R2016a).
As sample, PBS dilutions or human blood plasma spiked with

fluorescent anionic markers were used. Whole human blood
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(with 3.2% sodium acetate) was provided by the Experimental
Centre for Technical Medicine (ECTM, Technical Medical
Centre, University of Twente). The whole blood was
centrifuged (within 4 h after donation) for 15 min at 500g in
an Allegra X-12R Centrifuge (Beckman Coulter), and the blood
plasma was extracted, aliquoted, and stored at−80 °C. As model
anion analytes BODIPY 492/515 Disulfonate (BDP; Invitro-
gen), Alexa Fluor 647 Carboxylic Acid, tris(triethylammonium)
(AF647; Invitrogen) salt, fluorescein sodium salt (Sigma-
Aldrich), and Cascade Blue hydrazide trisodium salt (CB;
Invitrogen) were chosen.

■ RESULTS AND DISCUSSION
Peak Mode. In peak mode the analytes are in very low

concentration compared to the background electrolyte so their
contribution to the conductivity can be neglected, and they will
form a Gaussian concentration peak during the focusing. We
prepared our model sample of 70 μM BDP, AF647 and CB in
0.1×PBS. Our model analytes are approximately 3 orders of
magnitude lower in concentration than the dominant ions (15.7
mMNa+, 14.0 mM Cl−, 1.0 mMHPO4

2− and 0.2 mMH2PO4
−)

in 0.1×PBS. Our sample was flowed through the chip with a flow
rate of 5 μL min−1 and a potential of 200 V was applied.
Fluorescent microscopy images were taken after approximately
3 min as shown in Figure 2. A depletion zone was formed on the
anodic side of the Nafion, and the analytes were focused at the
region between bulk and depletion zone as they flowed from left
to right due to the PDF and from top to bottom due to EOF. As

shown in Figure 2c, the analytes formed focused streams with a
Gaussian concentration profile in the y direction. The added
analyte CB has the highest electrophoretic mobility, followed by
BDP and AF647.60 This means that AF647, with the lowest
mobility, focused at a region of higher E-field (closer to the
depletion zone) compared to BDP and CB. Similarly, the CB
with the highest mobility focused at a lower E-field compared to
BDP. Despite the high concentration of the focused analytes, a
clear overlap of the three focused streams can be seen (Figure
2c). Due to the very high electric field gradients in the ICPF, an
inherent disadvantage of the method is the poor resolution in
peak mode (eq 8a). In the example shown in Figure 2c, the
separation resolution between AF647 (red) and CB (blue) is
0.26 (σAF647 = 27 μm, σCB = 29 μm and distance between peaks
was 30 μm as calculate from Figure 2c).

Plateau Mode. In order to demonstrate the plateau mode,
0.1×PBS was spiked with 1 mM of CB, AF647, and BDP. In this
solution the analytes have approximately a 10 times lower
concentration than the background electrolyte. As shown in
Figure 3, once the analytes concentrate to their maximum
allowed concentrations (eq 10), they form wide plateaus instead
of Gaussian concentration profiles.

Figure 2. (a) Fluorescent microscopy image of FF-ICPF in 0.1xPBS.
Focused streams of CB, BDP andAF647 can be seen (5 μLmin−1 at 200
V). Nafion is marked with the yellow box. (b) Close-up fluorescent
microscopy image of the extracted streams. (c) Normalized
fluorescence intensity profiles of CB, BDP, and AF647 (along the
yellow line of image b with y = 0 at the Nafion membrane), the
maximum intensity is approximately 17 times higher than the bulk
intensity for all three dyes. The fluorescent intensity is normalized
independently for each color. Note: The contrast and color balance of
microscopy images a and b have been altered for better visibility. The
fluorescent intensity profiles have been extracted from the original
images (which can be found in the SI, Figure ESI1).

Figure 3. (a) Fluorescent microscopy image of FF-ICPF in 0.1×PBS.
Focused streams of CB, BDP andAF647 can be seen (5 μLmin−1 at 200
V). Nafion is marked with the yellow box. (b) Close-up fluorescent
microscopy image of the extracted streams. (c) Normalized
fluorescence intensity profiles of CB, BDP and AF647 (along the
yellow line of image b with y = 0 at the Nafion membrane), the
maximum intensity is approximately 4−5 times higher than the bulk
intensity for all three dyes. Nevertheless, because of the high starting
concentration of the fluorescent dyes the fluorescent intensity is no
longer linearly related to concentration of the analyte due to self-
quenching. The analytes create plateaus instead of Gaussian peaks. The
fluorescent intensity is normalized independently for each color. Note:
the contrast and color balance of microscopy images a and b has been
altered for better visibility. The fluorescent intensity profiles have been
extracted from the original images (which can be found in the SI, Figure
ESI2).
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In Figure 3 two different plateaus of blue can be seen. This can
be attributed to another species being present between the blue
and the green analyte. As the phosphates (HPO4

2− and
H2PO4

−) are present in sufficiently high concentration to act
as spacers, we need to calculate the mobilities of all of the species
to see whether they can be functioning as spacer. For this
purpose, we used the Einstein−Smoluchowski equation of
diffusion, using diffusion coefficients that were either found in
the literature or calculated by the formula given by Evans et al.61

With the phosphates (HPO4
2− and H2PO4

−), electrophoretic
mobilities of 5.874 × 10−8 and 3.711× 10−8 m2 V−1 s−1 were
found, respectively.62 Accounting for their concentrations at pH
7.4 in PBS, the effective mobility of the phosphate couple is
5.544× 10−8 m2 V−1 s−1. Calculated by the samemethod, in PBS
(pH 7.4) themobility of cascade blue CB3− is 4.32× 10−8 m2 V−1

s−1. This means that at pH 7.4 the phosphates will be leading the
CB and will not act as a spacer. In addition, if phosphate would
have an intermediate mobility between CB and BDP it would act
as a spacer also in the peak mode shown in Figure 2, which was
not observed.
Two ionic subspecies of CB could also cause the two plateaus.

CB has a pKa at 7.3,
63 so when a small pH gradient exists in the

chip, both CB3− and CB2− will be present. AF647 is an acidic
salt, and the addition of 1mM in 0.1×PBS is expected to result in
a sample pH of approximately 6.9, causing a pH difference
between the buffer in the anodic reservoir (0.1×PBS, pH 7.4)
and the sample (pH 6.9). The more mobile CB3− could then
form the right-hand peak in Figure 3c, with the second and less
bright band of blue corresponding to the “slower” CB2− (3.382
× 10−8 m2 V−1 s−1).
We could experimentally attempt a local quantification of pH,

but this would not be trivial. Typical pH quantification methods
use the different charge state of reporter (fluorescent or
colorimetric) molecules at various pH. Different charge states
however result in different electrophoretic mobilities which will
result in different focusing location; hence, the spatial
information on the pH is lost. In addition, since our method is
also concentrating the analytes (including pH reporter
molecules) the determination of pH based on the fluorescent/
color intensity is not trivial. Moreover, the influence of processes
in the depletion zone itself on the local pH cannot be neglected.
To our current knowledge, two reported works investigated the
pH in the depletion zone in ICPF namely Mogi et al.64 and Kim
et al.65 and both of them reported a reduction of pH at the
anodic side of a cation exchange membrane such as Nafion.
In Figure 4 the evolution of the focusing process can be seen.

The analytes move with a constant velocity along the x direction
due to the PDF. Once the analytes enter the separation chamber,
they will start moving in the y direction toward their focusing
location by a combination of convective flow (EOF) opposed by
electrophoresis (Figure 4i. As the analytes flow in the x direction,
they are moving continuously toward their focusing location
(Figure 4i−iii). Once they form their plateaus the concentration
profiles remain constant until they get extracted (Figure
4iii,iv,vi). A video of the process can be found in the SI.
Electrophoretic Spacers. Analytes which are focused in

their plateau mode can be used as electrophoretic spacers to
improve the resolution of analytes in peak mode. In Figure 5, CB
and AF647 (spiked in 70 μM to the bulk solution) are in peak
mode, and BDP (spiked in 1 mM to the bulk solution) is in
plateau mode. Since the electrophoretic mobility of BDP lies in
between AF647 and CB, it acts as a spacer, improving the
separation resolution of the two analytes of interest (in this case

AF647 and CB). In this case the separation resolution between
AF647 (red) andCB (blue) is 1.96 (σAF647 = 46 μm, σCB = 36 μm
and the distance between peaks was 323 μm as calculated from
Figure 5c) compared to a resolution of 0.26 in peak mode. A
higher starting concentration of BDP will result in a wider
plateau further increasing the separation resolution.

Concentration Rate and Extraction Position. Both the
concentration of the focused analytes and the extraction position
of the streams can be tuned by the applied potential and flow rate

Figure 4. Evolution of concentration profiles along the x direction. The
profile projected on the y−z plane corresponds at the location just
before the extraction channels (y = 300 μm).

Figure 5. (a) Fluorescent microscopy image of FF-ICPF in 0.1×PBS.
Focused streams of CB, BDP andAF647 can be seen (5 μLmin−1 at 200
V). Nafion is marked with the yellow box. (b) Close-up fluorescent
microscopy image of the extracted streams. (c) Normalized
fluorescence intensity profiles of CB, BDP and AF647 (along the
yellow line of image b with y = 0 at the Nafion membrane. BDP in
plateau mode acts as an electrophoretic spacer between the CB and
AF647. The fluorescent intensity is normalized independently for each
color. Note: The contrast and color balance of microscopy images a and
b has been altered for better visibility. The fluorescent intensity profiles
have been extracted from the original images (which can be found in the
SI, Figure ESI3).
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of the sample. We characterized the influence of both using
undiluted human blood plasma spiked with a fluorescent analyte
(100 μM BDP). The results are shown in Figure 6 and a video
can be found in the SI. Since the analytes focus at the position in
the electric field gradient where the convective and electro-
phoretic velocities cancel in the y direction and where an electric
field gradient exists between the depletion zone and the bulk, we
can control the extraction location of our focused streams of
analytes in the y direction by controlling the size of the depletion
zone. The higher the applied potential the wider the depletion
zone and the further away from theNafion the analytes will focus
(Figure 6c). In addition, the depletion zone grows over distance
(x direction) as the liquid flows from left to right. A faster flow
rate allows less time for the depletion zone to grow, and
therefore, the analytes will focus closer to the Nafion membrane
(Figure 6c). Finally, the analytes are brought to their focusing
location by the convective flow in the y direction. The dominant
contribution of convective flow in that direction is EOF. The
higher the EOF, the more analytes are brought to the focusing
location and the higher the concentration factor (Figure 6b). A
higher flow rate (in the x direction) reduces the time that the
analytes spend in the separation chamber, resulting in a lower
amount of analyte reaching the focusing location and a lower
concentration factor. As we mentioned, the maximum
concentration factor is furthermore dependent on the operation
mode.
Due to the high conductivity of blood plasma, compared to

the previous experiments in 0.1×PBS, a lower electric power
(and hence throughput) could be applied before Joule heating
disrupted the process. In addition, a vast number of analytes
(a.o. proteins) is present in blood plasma with concentrations
varying widely (albumin in the range of g L−1 and some
regulatory proteins in the ng L−1 range); hence, some analytes
will appear in plateau mode and many in peak mode. The
reported extraction position is representative for the specific
analyte. A different analyte with different mobility could be at a
very different location due to analytes in plateau mode acting as
spacers, nevertheless the location of all analytes will be shifted
depending on the size of the depletion zone. The selected
fluorescent analyte (BDP) is a lipophilic nonfixable polar tracer,
and hence no covalent bonding to proteins is expected. If
protein/BDP complexes were present we would expect them to
appear as separate bands.

As shown in Figure 6, we obtained a stable separation and
focusing of BDP in nondilute human blood plasma at a
throughput (15 μLmin−1) at 120 V. A higher flow rate of 200 μL
min−1 at 500 V could be achieved, while still maintaining
separation and focusing but only in 10× dilute blood plasma to
minimize Joule heating because of its lower electric conductivity.
Nevertheless, after approximately 1 min the formation of
bubbles could be seen in the thin channels where the current
density is the highest. We believe that these bubbles were the
result of local heating that reduces the solubility of gas in water.
We expect that a higher stable throughput can be achieved with
the use of active cooling of the device. The system was also
tested for stability over a period of 20 min with no significant
change in the focusing location in 0.1×PBS at 150 V. The
stability time was limited by the size and buffer capacity of the
reservoirs were the electrodes are emerged and Berzina et al.13

demonstrated ICPF in blood plasma stable for hours were the
depletion zone prevented the biofouling of the Nafion
membrane.

■ CONCLUSIONS AND OUTLOOK

We have demonstrated the feasibility of the continuous
separation and concentration of anionic analytes via free flow
ion concentration polarization focusing (FF-ICPF). The two
different operation modes, namely peak and plateau mode, of
the technique were investigated and demonstrated. In addition,
analytes with known electrophoretic mobility in plateau mode
could be used as electrophoretic spacers in order to improve the
separation resolution, by a factor of 7.5 (resolution increased
from 0.26 to 1.96). Finally, we investigated the tunability of the
extraction location and concentration rate by the applied electric
potential and the sample (human blood plasma) flow rate.
As a reflection we can compare our proposed method to the

more popular free flow zone electrophoresis (FFZE). On the
one hand FFZE requires a much easier fabrication process
without the need for ion selective membranes and provides a
much simpler physical system with a superior separation
resolution that does not require electrophoretic spacers. In
contrast, a flow focusing of the sample is required before
entering the separation chamber, which makes its operation
more cumbersome. More importantly, the separated streams are
prone to diffusion which reduces their concentration. On the
other hand, ICPF provides a simultaneous separation and

Figure 6. (a) Fluorescent microscopy image of FF-ICPF of undiluted human blood plasma (5 μL min−1 at 120 V). A highly concentrated stream of
BDP can be seen to form. (b) Concentration factor versus potential for two flow rates. Each point (*) corresponds to a different measurement of the
same experiment at a different time over a duration of 100 s to demonstrate the stability of the system. The lines show a linear fit with R2 of 0.9999 and
0.9934 and a slope of 0.0697 and 0.0337 V−1 for 5 and 10 μLmin−1, respectively. (c) Extraction position as distance fromNafionmembrane (le in panel
a) versus flow rate for different applied potentials. As extraction position the location of the maximum intensity of BDP was chosen. Each point (*)
corresponds to a separate experiment with the same device and the lines connect the average values. For a flow rate of 1 μL min−1, the extraction
positions of 60 and 90 V were outside the observation window.

Analytical Chemistry pubs.acs.org/ac Article

https://dx.doi.org/10.1021/acs.analchem.9b04526
Anal. Chem. 2020, 92, 4866−4874

4872

http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b04526/suppl_file/ac9b04526_si_002.avi
https://pubs.acs.org/doi/10.1021/acs.analchem.9b04526?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.9b04526?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.9b04526?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.9b04526?fig=fig6&ref=pdf
pubs.acs.org/ac?ref=pdf
https://dx.doi.org/10.1021/acs.analchem.9b04526?ref=pdf


concentration with no need for buffers or flow focusing at the
cost of separation resolution.
We believe that FF-ICPF can be a promising candidate for

sample preparation of biological samples. With the use of more
heat conductive substrates or active cooling even higher
throughputs can be achieved making it suitable for a wide
variety of applications.
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