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Continuous micellar electrokinetic focusing of
neutral species driven by ion concentration
polarization†

Beatrise Berzina and Robbyn K. Anand *

Ion concentration polarization (ICP) has been broadly applied to accomplish electrokinetic focusing of

charged species. However, ICP-based extraction and enrichment of uncharged (neutral) compounds, im-

portant for pharmaceutical, biological, and environmental applications, has not yet been reported. Here,

we report the ICP-based continuous extraction of two neutral compounds from aqueous solution, by their

partition into an ionic micellar phase. Our initial results show that the efficiency of the extraction increases

with the concentration of the surfactant comprising the micellar phase, reaching 98 ± 2%, and drops pre-

cipitously when the concentration of the target compound exceeds the capacity of the micelles. As a key

feature relevant to the practical application of this method, we show that focusing occurs even an order of

magnitude below the critical micelle concentration through the local enrichment and assembly of surfac-

tants into micelles, thus minimizing their consumption. To underscore the relevance of this approach to

water purification, this method is applied to the extraction of pyrene, a model for polyaromatic hydrocar-

bons. This approach provides access to a broad range of strategies for selective separation that have been

developed in micellar electrokinetic chromatography.

1. Introduction

Here, we report the continuous extraction of neutral (un-
charged) compounds from aqueous solution using an electro-
kinetic process driven by ion concentration polarization (ICP).
This outcome is achieved by the partition of these neutral
compounds into an ionic micellar phase, thus conferring
them with charge. The results of this study are important for
two reasons. First, this approach provides access to a wide ar-
ray of strategies that have been developed in the mature field
of micellar electrokinetic chromatography (MEKC) for selec-
tive separations. Second, we show that focusing occurs even
an order of magnitude below the critical micelle concentra-
tion (CMC) through the local enrichment and assembly of
surfactants into micelles.

ICP is the simultaneous enrichment and depletion of ions
at opposing ends of an ion permselective membrane1 or bi-
polar electrode2,3 when an electric field is applied across it.
An ion selective membrane may be comprised of charged
nanopores or nanochannels that electrostatically exclude co-
ions. For example, the pores of a cation selective membrane
(e.g., Nafion®) are lined with negatively charged moieties and

therefore exclude anions. When a voltage is applied across
the membrane, cations are selectively transported through,
while anions migrate towards the anodic driving electrode,
resulting in the formation of an ion depletion zone (IDZ) in
the anodic compartment. The low ionic conductivity of the
IDZ leads to a strong (>10-fold) local enhancement of the
electric field and the formation of concentration and electric
field gradients at the IDZ boundary. The non-linear migration
of ions in these gradients results in further exclusion of
charged species from entering the IDZ – a feature that has
been leveraged for focusing and continuous separation of
charged species.4

ICP has had a major impact in several areas of application
including desalination,5–7 enrichment and separation of trace
analytes3,8,9 and bioparticles,8,10 cellular dielectrophoresis,11

regeneration of sensing substrates,12 and mobility shift as-
says for bioanalysis.13 Most relevant to the current work is
the ability of ICP to continuously separate charged species
from an aqueous solution in a branched, flow-through micro-
fluidic device (Scheme 1a) – a feature that has been employed
for desalination5–7 and for the removal of excess fluid from
blood plasma.14 While ICP has proven to be a versatile ap-
proach for enriching and separating charged species, neutral
compounds are unaffected by the electric field, thereby limit-
ing its application. This limitation is of particular concern
for ICP-based water purification, which requires the removal
of uncharged contaminants, and for evaluating the purity of
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food and pharmaceutical products, where the enrichment of
uncharged compounds prior to analysis may be crucial.

Our previously published results indicate that ICP-based
separation of neutral species is feasible – we observed electro-
static redirection of an uncharged fluorophore in blood
plasma, which we attributed to intermolecular interaction of
the dye with charged compounds native to blood.14 Here, we
leverage this phenomenon to address the need for separation
and enrichment of neutral species by their partition into an
ionic micellar phase (Scheme 1b).

The addition of ionic surfactants above the CMC has
proven to be an effective technique for electrokinetic separa-
tion of neutral compounds in capillary electrophoresis.15–18

In MEKC, micelles act as a pseudostationary phase, into
which analytes partition based on their affinity for the func-
tional groups comprising the core (e.g., through hydrophobic
or pi–pi interactions). In this scenario, compounds that are
not ionic under experimental conditions can be incorporated
into the micelle and then electrophoretically separated by vir-
tue of the charge on the micelles. MEKC techniques leverage
anionic, cationic, and non-ionic surfactants, mixed micelles,
and additives, such as organic solvents, ionic liquids, and
cyclodextrin, to tightly control guest–host interactions. These
strategies accomplish electrokinetic separation of compounds
that differ in size, hydrophobicity, charge, and conformation
– even distinguishing enantiomers. Most relevant to the work
reported here is that MEKC has been utilized for sample
preconcentration by field-induced sample stacking and
sweeping.16

For example, Palmer et al. reported a method for stacking
neutral analytes in micellar capillary electrophoresis.19 By
using a background electrolyte (BGE) less conductive than
the sample matrix, they achieved field amplification within
the BGE, resulting in stacking of the charged micelles. The
stacked micelles complex with neutral analytes efficiently
and concentrate them locally thus achieving higher sensitiv-
ity. This approach was shown to be particularly relevant for
separation of nitroaromatic and nitroamine explosives pres-
ent in seawater. In comparison to MEKC, longer injection
times in conjunction with stacking, lead to improved detec-
tion limits to sub mg L−1 levels of these compounds. However
the resolution in comparison to MEKC, is decreased.20

Here, we demonstrate that in combination with ICP, mi-
celles permit electrokinetic focusing of two uncharged spe-
cies that partition into the micellar phase, thus leading to
their continuous extraction from a flowing solution. We
quantify the dependence of the efficiency of this extraction
on the input concentration of the surfactant and analyte, the
flow rate, and the applied voltage. Critical to the practical ap-
plication of this method, we have demonstrated neutral ana-
lyte extraction at input concentrations of surfactants below
the CMC through their local enrichment and assembly into
micelles at the IDZ boundary. Collectively, these results dem-
onstrate the capabilities of a new technique for enrichment
of neutral targets – continuous micellar electrokinetic focus-
ing (CMEKF).

2. Materials and methods
2.1. Chemicals

Texas Red and CellTracker Green BODIPY dye were obtained
from Molecular Probes (Eugene, OR). Sodium dodecylsulfate
(SDS), Nafion® perfluorinated resin (20 wt% solution in
lower aliphatic alcohols) and Pluronic F-108 (poly(ethylene
glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol))
were purchased from Sigma-Aldrich, (St. Louis, MO). Sodium
cholate (SC) and pyrene were purchased from Alfa Aesar (Haver-
hill, MA). Platinum electrodes (99.95%) were purchased from
Strem Chemicals (Newburyport, MD). All solutions were made
with reagent grade chemicals (Fisher Scientific, Waltham,
MA) and diluted with double deionized water (18.2 MΩ cm,
Sartorius Arium Pro, Göttingen, Germany) before use. Spent
dialysate (from hemodialysis) was obtained from Mary Greely
Hospital (Ames, IA) and used without additional purification.

2.2. Device fabrication

The PDMS/glass devices were fabricated using standard soft
lithography techniques.21 Briefly, channel molds were pat-
terned using negative photoresist (SU-8 2050, Microchem
Corp., Westborough, MD) on a Si substrate.
PolyĲdimethylsiloxane) (PDMS) (Sylgard 184 elastomer kit,
Dow Corning Corp., Midland, MI) was used for microfluidic
device fabrication. Nafion® was used as an ion permselective
material. A permselective membrane was incorporated into
the device employing a mechanical incision/self-sealing

Scheme 1

Lab on a ChipPaper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
M

ay
 2

01
9.

 D
ow

nl
oa

de
d 

on
 1

2/
5/

20
25

 7
:3

9:
29

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9lc00327d


Lab Chip, 2019, 19, 2233–2240 | 2235This journal is © The Royal Society of Chemistry 2019

method.7 Briefly, using a scalpel, an incision (∼2 mm deep)
was made across the lower branch (Scheme 1) of the micro-
channel approximately 300 μm downstream of the branching
junction. A 10 μL droplet of the Nafion® precursor solution
was pipetted at one end of the incision, which was gently op-
ened by bending the PDMS monolith to allow the Nafion®
solution to wick into it. The Nafion® was then cured in an
oven at 95 °C for 10 min, and then any excess Nafion® re-
moved by repeatedly adhering residue-free tape to the PDMS
surface. The PDMS layer and glass slide were then treated in
an air plasma (PDC-001, Harrick Plasma, Ithaca, NY) for 60 s
and finally bonded together. A more detailed description of
the device fabrication and dimensions are included in the
ESI.† Immediately after bonding, all microfluidic devices were
rinsed with deionized water and coated by filling the chan-
nels with Pluronic solution and incubating at 4.0 °C for at
least 18 h. The Pluronic coating was used to suppress electro-
osmotic flow. The microfluidic devices were then rinsed with
20.0 mM surfactant solution (SDS or SC) in 10.0 mM phos-
phate buffer (pH 7.4) for one hour prior to use to ensure uni-
form wall charge regardless of the surfactant concentration
employed in the experiment.

2.3. Electrokinetic separation experiments

Prior to ICP experiments, each device was rinsed with 10.0
mM phosphate buffer solution for 15 min to remove excess
surfactant. The rinsing solution was then replaced with the
sample solution. A driving voltage was applied across the
nanojunction using a DC power supply (HY3005D, Mastech
and DIGI360, Electro Industries, Westbury, NY) connected to
Pt electrode wires positioned in the main (V+) and auxiliary
(Gnd) channel reservoirs (Scheme 1). The concentration, and
volume of solution and voltages employed for individual ex-
periments are indicated in the Results and discussion section
and in the ESI.†

2.4. Fluorescence measurements

All fluorescence measurements were performed using an
Eclipse Ti-S inverted fluorescence microscope (Nikon Indus-
tries, New York, NY) equipped with a digital camera (Orca
Flash 4.0, Hamamatsu Corp., Bridgewater, NJ). All images
were processed using NIS-Elements 4.6 software (Nikon).
Fluorescence measurements used for quantitative compari-
son of species concentrations were background subtracted.

3. Results and discussion
3.1. Response of neutral species to ICP in the absence of
surfactants

We first characterized the behavior of charged and neutral
species in ICP-based separation in the absence of surfactant.
Fig. 1 shows the behavior of charged (red) and neutral
(green) fluorophores near the ion permselective membrane
(dashed line) in a sodium phosphate buffer solution (10.0
mM, pH 7.4) as it is flowed (left to right) into a branched

microfluidic channel. An IDZ formed immediately upon ap-
plication of a 60.0 V driving voltage (V+) versus ground ap-
plied in the auxiliary channel (not shown), and as a result,
charged species, represented by Texas Red, were re-directed
into the upper branch (Fig. 1a), while a neutral species
(BODIPY) was unaffected (Fig. 1b). These results clearly dem-
onstrate that neutral species are not repelled by the IDZ in
the absence of surfactant.

3.2. Surfactant influence on the extraction of neutral
compounds by ICP

Next, we investigated the impact of a surfactant present at
several distinct concentrations (Fig. 2). It was anticipated that
increasing surfactant concentration above the CMC would re-
sult in neutral species repulsion from the IDZ and into the
upper branch. Fig. 2a is a series of fluorescence micrographs
that shows the enrichment and extraction of an uncharged
dye (BODIPY, at an initial concentration of 50 μM) as a func-
tion of the concentration of the anionic surfactant, sodium
dodecyl sulfate (SDS), under an applied voltage of 60.0 V.

Extraction efficiency is a commonly used measure in ICP
studies to describe the degree of exclusion of a target com-
pound from the IDZ under an applied voltage and is defined
here as the percent decrease in background subtracted fluo-
rescence intensity in the lower microfluidic branch down-
stream of the membrane. Extraction efficiencies above 95%
were achieved at an input SDS concentration of 10.0 mM
(Fig. 2b). We further observed that modest extraction (about
50%) is achieved at an SDS concentration of 2.5 mM – about
half of the CMC (4.53 ± 0.03 mM, see ESI†). These results are
significant because they highlight the utility of micelles for
electrokinetic focusing of neutral species and demonstrate
that onset of extraction occurs below the CMC. This latter
outcome is attributed to local enrichment of the surfactant
near the IDZ boundary.

Next, fixing the SDS concentration at 10.0 mM, we further
investigated the dependence of extraction efficiency on flow
rate and applied voltage. After establishing each flow rate,
the voltage was decreased from 100.0 V in 10.0 V increments
at 1 min intervals (detailed procedure in ESI†). Fig. 2c dem-
onstrates that extraction efficiency is insensitive to flow rate

Fig. 1 Fluorescence micrographs showing the location of (a) Texas
red (1.0 μM) and (b) BODIPY (50 μM) dyes, which are representative of
charged and neutral species, respectively, during ICP in 10.0 mM
phosphate buffer (pH 7.4); V+ = 60.0 V.
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over the range tested (50–70 nL min−1) and increases mono-
tonically with applied voltage to a maximum of 90–95% at
100.0 V. However, by increasing the time interval between
voltages from 1 min to 10 min, the extraction efficiency fur-
ther increased to 94 ± 2% at voltages as low as 60.0 V (at 60
nL min−1) (Fig. S4†). This result is important because it indi-
cates a delay in increased extraction efficiency in response to
an increase in electric field strength – a delay which is attrib-
uted here to the time required for a higher concentration of
SDS micelles to be established upstream of the IDZ bound-
ary. This phenomenon was further investigated and is further
addressed in section 3.4.

3.3. Influence of neutral species concentration on extraction
efficiency

To ensure high extraction efficiency, the concentration of the
micelles must be sufficiently high to avoid saturation with
the neutral guest. Fig. 3 shows the extraction of an uncharged
dye present at three distinct concentrations, each in 10.0 mM
SDS. In the case that the concentration of this neutral species
is lower than or similar to that of the micelles, the extraction
efficiency is as high as 95% (Fig. 3a and c). The concentra-
tion of micelles can be estimated by dividing the surfactant
concentration by the aggregation number, which is the num-

ber of surfactant molecules per assembled micelle. This value
depends sensitively on ionic strength and is on the order of
60–70 for SDS. Therefore, neglecting free surfactant mole-
cules, 10 mM SDS corresponds to a maximum of approxi-
mately 0.15 mM micelles. The actual micelle concentration
near the IDZ is likely higher, due to its gradual electrokinetic
enrichment. When BODIPY concentration surpasses the mi-
celle concentration, the neutral species saturate the micelles,
resulting in a sharp decrease in extraction efficiency
(Fig. 3b and c). Fig. 3c shows extraction efficiency as a func-
tion of neutral species concentration. These results clearly
demonstrate the limitation of CMEKF at high guest–host ra-
tios and follow the previous finding in MEKC that the capac-
ity of the extraction is directly proportional to the micelle
concentration and the solubilization number.16

3.4. Local formation of micelles by enrichment of surfactant

The results of Fig. 2 indicate that neutral compounds can be
extracted in the presence of surfactant concentrations as low
as half of the CMC. Based on these results, we hypothesized
that the surfactant is locally enriched to an extent dependent
upon the branching geometry at the microfluidic junction –

enriching approximately 2-fold at a 1 : 1 branch. This estimate
assumes that the flow rate in both branches is equal and that

Fig. 2 (a) Fluorescence micrographs showing the location of neutral species (BODIPY, 50 μM input) in solutions having distinct SDS
concentrations under an applied voltage of 60.0 V. (b) Extraction efficiencies obtained under the same conditions as in (a) (n = 3). (c) Extraction
efficiency as a function of flow rate and applied voltage in 10.0 mM SDS (n = 3). Images employed to calculate efficiency obtained 1 min after the
application of each voltage.
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the IDZ is completely contained in the lower branch. To test
this hypothesis, the extraction of the uncharged tracer dye
(BODIPY) was quantified in devices having a range of chan-
nel width ratios between the upper and lower branches (Fig.
S2†). Fig. 4 shows neutral species extraction in the presence
of only 1.0 mM SDS (well below the CMC) in three devices
with distinct ratios of upper branch to lower branch width
(1 : 9, 1 : 4, and 1 : 1, respectively) as a function of time (experi-
mental details, ESI†). In the high channel width ratio devices,
extraction efficiencies above 90% were observed 20 min after
applying the driving voltage (Fig. 4a and b). In contrast, only
modest local enrichment and extraction of neutral species oc-
curred in the 1 : 1 ratio device (Fig. 4c). These results demon-
strate that by using high channel width ratio devices, surfac-
tant present at an input concentration well below the CMC
exhibits an ability to encapsulate and extract BODIPY to an
increasing degree over time. This behavior is attributed to
gradual accumulation of SDS upstream of the IDZ boundary
and the local formation of guest–host pairs (Fig. S6†). Using
this strategy, extraction was achieved at as low as a full order
of magnitude below the CMC (0.5 mM SDS, Fig. S5†). These
results are significant because they indicate that CMEKS can
be made effective at low concentrations of surfactant, thus re-
ducing its consumption.

Physical and chemical properties of surfactants are of
great importance to their ability to bind compounds to be an-
alyzed or separated. To test an alternative surfactant for mi-
celle formation, we chose to use the environmentally benign
bile salt, sodium cholate (SC). SC has been used as an addi-

tive to enhance the solubilization of hydrophobic compounds
in pharmaceuticals,22 to bind polyaromatic hydrocarbons
(PAHs) for water and soil purification,23,24 and to discrimi-
nate analytes in MEKC.25,26 Due to a relatively flat-shaped hy-
droxy-substituted steroid portion, and a side-chain with a car-
boxyl group structure, SC has also proven to be suited for
enantiomer separation by MEKC.26–28 In contrast to SDS, SC
has a wide range of reported CMC values and its aggregation
number (4–16) is strongly dependent on surfactant concen-
tration (10–60 mM).23 Typical concentrations of SC employed
for separation range from 25 mM to 100 mM.26,27 Addition-
ally, the solubilization of organic compounds increases with
cholate concentration up to 60.0 mM.23 Here, we employ a
branched microchannel with a 1 : 9 width ratio to demon-
strate local enrichment of 3.0 mM SC to a concentration
above the CMC,23,25 at which it can bind a target compound.
Fig. 5a is a fluorescence micrograph showing the continuous
extraction of BODIPY from a flowing solution at t = 45 min
after initiating the driving voltage for the separation. Fig. 5b
is a plot of the extraction efficiency (percent of BODIPY re-
pelled from the lower branch) over time. The increase in ex-
traction efficiency over time is attributed to gradual accumu-
lation of SC just upstream of the IDZ. Under these
conditions, up to 60% extraction was observed (at t = 45
min). An improved extraction efficiency (65%) was obtained
by increasing the driving voltage to 80.0 V (Fig. S8†). However
the increased driving voltage is known to increase linear and
angular velocity of vortex flow in the IDZ, causing solution

Fig. 3 Fluorescence micrographs showing the extraction of a neutral
dye (BODIPY) at two distinct concentrations (a) 0.50 and (b) 5.0 mM,
each in 10.0 mM SDS (10.0 mM phosphate buffer). Micrographs were
obtained 5 min after applying 60.0 V. Flow rate, 60 nL min−1; (c)
extraction efficiency as a function of BODIPY dye concentration for
the conditions employed in (a and b) (n = 3).

Fig. 4 Fluorescence micrographs showing continuous extraction of
BODIPY (initial concentration, 50 μM) in the presence of 1.0 mM SDS in
(a) 1 : 9, and (b) 1 : 4 channel width ratio devices in 10.0 mM phosphate
buffer solution. Images obtained 20 min after applying 60.0 V. Flow
rate, 60 nL min−1; (c) extraction efficiency shown for 1 : 9 (black), 1 : 4
(red), and 1 : 1 (blue) ratio branches (n = 3).
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mixing, thus disrupting the IDZ boundary.29 This phenome-
non is likely contributing to the limited extraction efficiency.

In comparison to SDS, the lower extraction efficiency can
be explained by the lower mobility of SC micelles leading to
poorer repulsion at the IDZ.30–32 Additionally, several physical
and chemical parameters such as polarity and the ability to
donate or accept hydrogen bonds influences the solvation
properties of surfactants, and thus will ultimately impact the
neutral species extraction efficiency by ICP.31,32

PAHs found in soil and water pose a serious threat to hu-
man health and to water-dwelling species. Remediation of
PAHs can be accomplished by micellar solubilization.33 Here,
we demonstrate that CMEKF with SC micelles can be
employed to both solubilize and continuously extract PAHs
from aqueous solution into a concentrated waste stream. It
has been reported that the average solubilization number in-
creases with the aggregation number of SC, and therefore,
the local concentration of SC is critical to this application.
For example, pyrene – employed here as a model PAH – has a
solubilization number of 0.059 to 0.18 (pyrene molecules per

micelle) for SC aggregation numbers of 8.6 and 16, respec-
tively.23 Fig. 6a–c show the solubilization and simultaneous
extraction of two neutral compounds (pyrene and BODIPY)
from an aqueous solution in the presence of 40.0 mM SC. At
early timepoints after applying the driving voltage (Fig. 6a, t =
30 s), bright fluorescent aggregates of pyrene were observed
in the flowing solution. Pyrene solubility increased over a pe-
riod of five minutes (Fig. 6c) as indicated by homogenization
of the solution. The extraction efficiency for pyrene achieved
at 5 min reached 95%, which may be improved by employing
surfactants (or mixed surfactants) that yield a higher parti-
tion coefficient for this model PAH.30 Fig. 6d–f show the loca-
tion of BODIPY dye at the same timepoints as in Fig. 6a–c.
BODIPY was added to the sample mixture to verify IDZ for-
mation and local enrichment of the surfactant. Further, once
the applied voltage was removed, solution with pyrene aggre-
gates and BODIPY again filled the main channel (Fig. S10†).
These results are important because they indicate that the
reported approach may prove to be a useful route to enhance
ICP-based water purification. Additionally, the increased solu-
bilization of pyrene over time supports our earlier conclusion
that surfactants are locally enriched upstream of the IDZ
boundary.

An important point is that many of the strategies currently
under investigation to increase the volumetric throughput of
ICP-based desalination can be used in conjunction with
CMEKF.5,33 We investigated the ability of CMEKF to proceed
in a more complex matrix (spent dialysate) employing a
larger channel for increased throughput and microfins to
suppress vortex flow patterns.33 The spent dialysate is saline
solution (pH 9.15, 13.9 mS cm−2), with added glucose (122
mg dL−1) and uremic toxins (e.g., urea, creatinine, small pro-
teins, indoles, phenols, aliphatic amines) dialyzed from a pa-
tient during hemodialysis. Fig. S11a–d† demonstrate the ex-
traction of fluorescently tagged bovine serum albumin

Fig. 5 (a) Fluorescence micrograph showing extraction of BODIPY
(initial concentration, 50 μM) in the presence of 3.0 mM SC in 10.0 mM
phosphate buffer. Flow rate, 60 nL min−1; V+ = 60.0 V. (b) Plot of
extraction efficiency obtained under these conditions as a function
time (voltage applied at t = 0; n = 3).

Fig. 6 Fluorescence micrographs showing the continuous focusing and solvation of neutral species (a–c) pyrene (blue, 150 μM input
concentration) and (d–f) BODIPY (green, 50 μM input concentration) in the presence of 40.0 mM SC in 10.0 mM phosphate buffer (pH 7.4). Flow
rate, 60 nL min−1. V+ = 60.0 V.

Lab on a ChipPaper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
M

ay
 2

01
9.

 D
ow

nl
oa

de
d 

on
 1

2/
5/

20
25

 7
:3

9:
29

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9lc00327d


Lab Chip, 2019, 19, 2233–2240 | 2239This journal is © The Royal Society of Chemistry 2019

(negatively charged) and uncharged species (BODIPY) in the
presence and absence of SDS (10 mM) in undiluted spent di-
alysate under an applied voltage of 120.0 V. These results
demonstrate the extraction of albumin from spent dialysate
in the absence of the surfactant (Fig. S11a,† 89%), while the
neutral species is unaffected by the electric field (Fig. S11b†).
After adding surfactant above the CMC to the sample, both
charged species and neutral species were repelled into the
upper branch with 87 and 85% efficiency, respectively (Fig.
S11c and d†). These results indicate, that CMEKF can be used
in more complex matrices.

4. Conclusions

In summary, we have shown that continuous electrokinetic
separation of a neutral species from an aqueous buffer solu-
tion can be achieved using charged micelles in combination
with ICP. Importantly, 98 ± 2% extraction efficiency can be
achieved (in a device with a 1 : 1 branching ratio) while using
SDS concentrations above the CMC. In addition, we demon-
strated that high micelle concentration ensures high extrac-
tion efficiencies until the micelles become saturated and can
accept no further neutral species as guests. A key feature of
this approach is that the enrichment of surfactant near to
the IDZ allows for local micelle formation, and thus, neutral
species extraction can be achieved using low input surfactant
concentrations. We have further demonstrated the solubiliza-
tion and continuous removal of pyrene, a model PAH, from a
flowing aqueous solution. Additionally, we have demon-
strated that CMEKF can be used in more complex sample
matrices like spent dialysate. Based on these results, we
anticipate that CMEKF will prove to be a useful method for
removal of neutral contaminants during ICP-based purifica-
tion of water.

Our future work in this area is focused on analytical appli-
cations of micelles used in conjunction with ICP. In analyti-
cal applications, the specificity of certain micelles to bind
targeted compounds can be leveraged to tailor separations.
Note that when two neutral solutes are present, if one has a
significantly higher micelle-water partition coefficient (Kmw =
[solute]micelle/[solute]water), then it will be selectively focused
and enriched. Kmw is a highly sensitive indicator of molecular
structure and varies over a wide range. For example, Kmw for
a series of aliphatic alcohols in SDS increases by an order of
magnitude for every two methylene units added (2.4, 18.3,
and 193.9 for ethanol, butanol, and hexanol). Common beta
blockers atenolol and propranolol have widely differing Kmw

for SDS micelles of 389 and 19 055. Indeed, micellar phases
that are much more selective than SDS have been devised for
specific systems.28,34 Therefore, we anticipate that continuous
and selective electrokinetic separation of one or more neutral
compounds from a mixture by CMEKF is attainable. In our
ongoing studies, we are developing such selective separations
by CMEKF and further leveraging a non-branching device35

to achieve ‘static’ electrokinetic focusing of uncharged com-
pounds into discrete bands.
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