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1. Introduction

Membrane-free electroextraction using aqueous
two-phase system

C. D. M. Campos™®, J. K. Park®, P. Neuzil*, J. A. F. da Silva" and A.
Manz*

In this paper we report on a method of continuous electroextraction of
amino acids as model sample using caseinate/poly(ethylene-glycol) - PEG -
two phase system in a microchip able to separate compounds based on their
differences in electrophoretic mobility and solvent affinity. Fundamentally, the
phase boundary replaces a physical membrane, suppressing the diffusion.
When external potential is applied, the molecules selectively cross this barrier.
The selectivity of the amino acids extraction is the result of their
electrochemical properties and applied voltage. We applied this method in
amino acids extraction and the results suggest the possibility of high levels of
purification by controlling the electric field strength across the liquid barrier. It
is a promising method for complex sample separation as well as for the
purification of individual compounds.

and poly(ethylene-glycol), above critical concentration and the

A micro total analysis system (UTAS) is a sample-to-answer
device, i. e. it automatically performs all the steps necessary for an
analysis within a single microfluidic device. The sample preparation
and its handling are included in practically all analyses, profoundly
influencing the time required and the quality of the results'. This
process becomes more demanding for complex matrices such as food,
tissue, biological fluids, or environmental samplesz. A number of
attempts have been carried out to integrate sample preparation using
microfluidics. Nevertheless, even after many years of development it
is still one of the most cumbersome challenges to be addressed
towards a practical uTAS>*,

Sample preparation steps depend on the nature of the matrix to be
processed. Typically, the objective is the isolation of one or a few
compounds from a complex mixture’. Conventionally, the sample is
precipitated, filtered, distilled, dialysated or extracted®®. However,
most of these traditional processes cannot be directly implemented in
microfluidic platforms, demanding adaptation®.

One of the techniques successfully employed in microscale is
liquid-liquid-phase extraction (LLPE). LLPE technique is commonly
used with water-organic solvent immiscible systems. Nevertheless
aqueous two phase systems (ATPS) are also suitable and potentially
more efficient for most LLPE applications'®.

Firstly reported in the 19" century!! but introduced as a separation
tool only some decades ago'?>, ATPS occur because water solution
containing incompatible hydrophilic components such as caseinate

temperature tends to split into two different phases with interfacial
tension typically being very low. Each of the phases will be enriched
with one of the compounds'*'*. As a consequence, different molecules
will present distinct affinities for the phases due to their characteristic
composition, resulting in its uneven distribution". Similarly to
traditional water-oil extraction methods, the ATPS principle is also
based on the natural partitioning of the target molecules between these
two phases.

Compared to other separation and purification methods, extraction
using ATPS has many advantages. These include low cost, continuous
operation, compatibility =~ with  polymeric  materials,  high
biocompatibility and being environment friendly'®. It has been used
for extraction and purification of several components'’ ™" such as
biomolecules'®.

Aqueous two phase systems have been used in the microchip
extraction of some biomolecules™®?%. However, in microfluidic
systems the small Reynolds number makes turbulent flow practically
impossible and the two fluids injected into a channel will flow
parallel. As a consequence, the only possible mass transport among
them is diffusion at the liquids interface until the equilibrium is
obtained’ and the natural partition might not be sufficient to achieve
the desired purification, especially for complex matrices such as
biological fluids and food products.

The application of electric field normal to the boundary can
increase the efficiency of the process by promoting the selective
electromigration of the components® 2,
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The main difference of the design presented here in comparison to
other chips presented in literature is the use of collector channels,
better described in the “Concept” section. The external electric field is
applied across these channels, and the extraction takes place in a small
region. Additionally, the use of these channels make possible an
additional separation level. So we call this process a two-level
separation. Not only the partition between donor and acceptor phase,
but also the separation between the fastest molecules, collected by the
collector channels and the intermediary molecules, present in the
acceptor phase collected parallel to the donor.

2. Concept

The electroextraction process is shown in Figure 1. In the absence
of an external electric field, the molecules will diffuse between the
donor and acceptor phase according to the affinities (Figure 1b). In the
presence of an external electric field, the charged compounds will
migrate either along or against the field, depending on their charge.
By setting the external electric field below the threshold value the
molecules get stuck at the phase boundary due to the interfacial
tension between the phases. They will remain in the phase that they
have a higher affinity for (Figure 1c). Once the field strength gets
above the threshold, the molecules will be able to cross the boundary
and to migrate from the donor phase to the parallel acceptor phase
(Figure 1d). This threshold value is a function of the electrochemical
properties of the compounds. Both the distribution constant (K4) and
the electrophoretic mobility influence the separation.

Figure 1. Principle of ATPS electroextraction. a) Initial conditions, b)
Diffusion without electric field, ¢) Electric field below the threshold and d)
Electric fields above the threshold.

The system then performs an electroextraction process26 with the
phase interface replacing a physical membrane. The absence of
diaphragm simplifies the microfluidic chip fabrication. Additionally,
electric field controlled transport also allows one to find the best
conditions and for the extraction of target compounds.

As mentioned before, the main difference of the design presented here
in comparison to other chips presented in literature is the use of
collector channels. This role is performed by the channels 1 and 5
(Figure 2), placed perpendicularly to the flow. The external electric
field is applied across these channels, and the extraction takes place in
the region indicated by the dotted square in Figure 2. The mechanism
of the separation is showed in the details as a function of the applied
potential in

Figure 3.

Figure 2. Photograph of the chip used in the extraction with the three
streams in different colors. The donor phase is introduced at input 3 and
embedded by laminar flow between the acceptor phase from inputs 2 and 4. An
additional acceptor phase is introduced by the inputs 1 and 5. These inputs are
also used to apply an external electric field and remove the faster molecules
from the main flow acting as collector channels. The region indicated by the
dotted line is where the extraction takes place. Sample collection was done in
the output.

When no potential is applied, the ions remains in the donor phase,
centralized by the parallel laminar flow (

Figure 3a). When electric fields smaller than the threshold are used, the
ions migrate but get stuck in the phase boundary. Sample stream is
narrow (or focused) and decentralized (

Figure 3b). When the threshold is reached, some ions cross the
boundary. The part with higher electrophoretic mobility migrates into
the collector channel and is removed from the main flow. This results
in a second level of separation (

Figure 3c).

One way of influencing the mobility, and thus the separation
efficiency, is the modification of the background electrolyte pH. We
have calculated the mobilities as function of pH (Figure 4) for lysine,
tryptophan and glutamic acid. Effective separation can be obtained
when the pH range from 4.5 to 11, but pH values lower than 7 are
prohibitive due to the gelation of caseinate donor phase”. If the
compounds of interest could not be separated using basic pH, other
polymers can be evaluated as acceptor phase. The evaluation of
different phases is not the scope of this work.

Additionally, it is expected that highly conductive electrolytes
increase the incidence of air bubbles and flow instabilities in the
system. Mobility of the amino acids is supposed to get lower
electrolytes with lower conductivity, thus making separation less
effective so intermediary values of conductivity should be used.

The other parameter that may affect the results are the flow rates
used. The presents an schematic of the theoretical movement of an ion
in the extraction space (Figure 5). The variable d; is the displacement
caused by fluidic motion, d, is the electrophoretic displacement, x is
the minimum distance that the ion should be displaced to be trapped
by the collector channel and w is the channel width.

Figure 3. Schematic representation of the effect of the field in the flow when a)
no electric field b) an electric field below the threshold and c) an electric field
above the threshold is applied.

Figure 4. Calculated values of effective mobilities of the amino acids as a
function of pH.

Figure 5. Schematic of the ion movement on the region of the
applied electric field. The distances can be used to estimate the
acceptor flow rate necessary to trap the target compound.

The minimum value of residence time (t;) to promote the second
level of separation can be calculated according to the equation 1,
where v; is the velocity of the ion perpendicular to the flow, p its
mobility and E is the applied electric field.

v, = HE = x/1,; M

The residence time can be used in the set of equations 2 to
determinate the flow rates (1), in which v; is the flow linear velocity
and A, is the channel cross-section area.

Page 2 of 14



Page 3 of 14

Lab on a Chip

ARTICLE

RSC Advances

RSCPublishing

tr:w/vf;

— 7 . 2
v, =ulA;

Substituting 7, in equations 2 and rearranging them results in
equation 3. Solving the equation to the chip and field parameters
presented in this paper and the mobility of glutamic acid in pH 10, it is
possible to conclude that the flow rate should be between 0.2 to 0.3
uL min™. In this calculation the EOF was not included.

. WA uE
i = &)
X

3. Experimental

3.1. Chemicals

All chemicals are from Sigma Aldrich GmbH (Germany),
unless other information is provided. The acceptor phase for the
extraction was 10 % (m/V) caseinate solution prepared by
dissolving sodium caseinate in 50 mM tetraborate buffer (pH 8-
10). The donor phase was 6 % (m/V) poly(ethylene-glycol)
(PEG) (MW 6000 Da) also dissolved in the same tetraborate
buffer solution. Fluorescein-labelled glutamic acid (AppliChem
GmbH, Germany) and lysine were used for some measurements.
Food dyes (E133, E110 — Funfood4you GmbH, Germany) were
also mixed in the donor phase for visualization purposes.

3.2. Experimental set-up

An optical microscope image of the chip used in the experiments
is presented in Figure 2. Polycarbonate microchips were supplied by
Mikrofluidic ChipShop GmbH (Germany). The chips were chosen due
to their configuration, with 5 inputs and a single output, making the
use of the external channels as collectors possible. Each channel had a
width and depth of 70 pm each. In our experiments, the external (red)
and intermediate flow (white) carried the acceptor phase, both with a
flow rates of 0.5 uL min™'. The internal flow (blue) was the donor
phase with a flow rate of 0.3 pL min™'. This value is close to the one
calculated using equation 3.

The electrodes were positioned in the connections of inputs 1 and
5, with all the other inputs floating. The external electric field was
applied by a HVS448 high voltage sequencer (Labsmith Inc. USA).

First of all, an experiment was conducted to demonstrate that the
membrane-like behavior of the interface occurs only when two
different phases are used. To demonstrate this, a test was conducted
using PEG as donor and acceptor phase.

Following this, we tried to demonstrate the possibility of using
collector channels to improve the separation. The experiment setup
could be modified to collect separately the donor and acceptor phases.
The concentration of each amino acid present in the output flow was
measured using HPLC (Agilent GmbH, Germany). The values are
expressed as fractions of the value obtained without an external field
for illustration purposes.

Finally, we present a possibility of improving separation by the
labeling of the amino acids. FITC reaction was used to modify the
final charge and mass of the amino acids, inducing some changes in
its electrophoretic behavior.

4. Results and discussion
4.1. Influence of the background electrolyte properties
As expected, the best results were obtained between pH 9.0 and
10.0, so the highest pH was chosen to the tests. Also the pH change as
well as the buffer composition may result in different electroosmotic
flow values. It could favor or be an obstacle to trapping the molecules
in the collector channels.

4.2. The role of phase differences

As mentioned in the experimental set-up description, the first
experiment was conducted using PEG as donor and acceptor phase. In
such conditions, the two different phases formed due to the laminar
flow are identical.

The recoveries observed in the output can be seen in Figure 6. The
recovery observed with the applied field of 5.9 kV.m™ is lower than
40 %. It indicates that the extraction also occurs also at low electric
fields. The electrophoretic migration of the ions across the phase
boundary and through the collector channel is not avoided by the
phase boundary and thus the recovery is very low.

Figure 6. Recovery of glutamic acid and lysine in the output stream, after
extraction, for different electric fields using PEG as donor and acceptor phase.

With the replacement of the PEG-acceptor phase by caseinate
solution, an ATPS was formed, and a different behavior was observed.
The recoveries obtained in this second experiment are presented in
Figure 7.

Figure 7. Recovery of glutamic acid and lysine in the output stream, after
extraction, for different electric fields. PEG-caseinate two phase system

In this circumstance, the phase boundary acted as a virtual membrane,
promoting the selective diffusion of molecules according to the
electric field strength. Practically no diffusion was observed across the
phase boundary without an external electric field (as described in

Figure 3a). The application of electric potential in inputs 1 and 5,
resulted in an external electric field with a strength of 7.4 kV m™" and
caused the movement of amino acids inside the donor phase, based on

their mobility. Nevertheless, the field strength has not caused the
amino acid migration across the phase boundary (similarly to what is

described in Figure 3b) and the recoveries were close to those

observed with no electric field. Finally, with an applied electric field

strength of 14.7 kV m’' or higher, the molecules with a higher

mobility were able to cross the phase boundary. Once they reached the
acceptor phase they migrated according to the applied potential (

Figure 3c). Because the phase boundary behaves as a selective
membrane and the ability to cross the barrier is related to the
physicochemical properties of the molecule, the amount of amino
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acids present in the output flow is inversely proportional to their
mobility. The recovery of glutamic acid and tryptophan was 70+4.1 %
while the lysine value was slightly lower (47+4.2 %).

This leads to the conclusion that the use of two different phases as
donors and acceptors results in membrane-like behavior of the phase
boundary, and that there is a threshold in the electric field for the
migration of molecules across it. Once the threshold is achieved, the
amount of molecules that migrate seems to be proportional to the
applied potential.

These results indicate that the use of a two-level separation
process represents an option for parallel selection of multiple target
compounds. However, changes in the extraction media properties such
as pH, conductivity etc. can increase the differences in mobilities
between some of the compounds in the sample. The technique can
also be used for sample clean-up by removing undesirable
components from the complex matrix.

4.3. Improvement of selectivity by amino acid
functionalization

Fluorescein isothiocyanate (FITC) labelling was used to increase
the difference in mobilities. The lysine functionalized with two
molecules of FITC was expected to present a much higher mobility
compared to glutamic acid, according to the charge vs. pH curve we
obtained by theoretical analysis (Figure 8). The charge is one of the
main influences in the mobility, so the charge vs, pH curve is a good
indicative of the differences in mobility resulting from the
functionalization.

Figure 8. Charge vs. pH estimatives for labelled lysine and glutamic acid.

It was confirmed by the low values of recoveries (Figure 9). The
recoveries of both amino acids were similar either without an external
electric field or with a field with the strength of 7.4 kV m™". The ratio
between glutamic acid and lysine after extraction at 14 7 kV.m™' was
87 % higher than when no field is used. With a field strength of 22.1
kV.m" almost complete purification was achieved. However, with
these conditions half of the glutamic acid was lost, because Part of the
glutamic acid molecules are also able to migrate through the border
under high electric fields, and due to this is trapped in the collector
channel. The system also exhibited several instabilities, such as
bubble formation and excessive Joule heating resulting from the high
magnitude of the electric current. These represent obstacles for hours-
long application.

Figure 9. Recovery of the FITC labelled amino acids in the output stream
as a function of the electric field strength.

5. Conclusion

In this paper we demonstrated the possibility of using ATPS for
electroextraction of amino acids in a two-level process. We verified
that the mobility has a strong influence on the migration behavior as
well as the selectivity. These promising results open the way toward
selective extraction and separation by controlling the external electric
field as well as the mobility of the amino acids.
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Figure 2. Photograph of the chip used in the extraction with the three streams in different colors. The donor
phase is introduced at input 3 and embedded by laminar flow between the acceptor phase from inputs 2 and
4. An additional acceptor phase is introduced by the inputs 1 and 5. These inputs are also used to apply an
external electric field and remove the faster molecules from the main flow acting as collector channels. The
region indicated by the dotted line is where the extraction takes place. Sample collection was done in the
output.
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Figure 5. Schematic of the ion movement on the region of the applied electric field. The distances can be
used to estimate the acceptor flow rate necessary to trap the target compound.
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