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Optically active compounds are widely used as active pharmaceutical ingredients
(APIs) or as precursors in drug manufacturing. Therefore, the pharmaceutical industry
places strong emphasis on the production of optically pure and enantiomerically
enriched compounds. Traditionally, these are obtained through asymmetric synthesis
or chromatographic methods, which are often time-consuming, expensive, and
unsuitable for continuous operation. Alternatives include enantioselective enzymatic
reactions catalyzed by lipases in packed-bed reactors or the separation of enantiomers
from racemic mixtures using orthogonal techniques.

Microfluidic technologies and orthogonal separation methods, particularly free-flow
electrophoresis (FFE), represent promising approaches for continuous separations.
FFE enables fractionation of electrically charged compounds based on differences in
electrophoretic mobility. However, its broader application is still limited by lower
separation efficiency compared to conventional techniques such as chromatography.
Further development therefore requires a deeper understanding of transport
phenomena, including interactions between analytes, electrolyte components, and the
applied electric field.

In this work, we focused on the separation of mandelic acid enantiomers using a chiral
selector dissolved in the electrolyte. A positively charged B-cyclodextrin derivative was
used, which preferentially binds to one enantiomer and alters its electrophoretic
mobility. Partial enantiomer separation was experimentally demonstrated, indicating
the potential of FFE for continuous separation of optically active compounds.

Building on these results, we further develop a concept employing superparamagnetic
iron oxide nanoparticles (SPIONs) as mobile carriers of chiral selectors. The
nanoparticle surface can be chemically modified to control both ligand attachment and
surface charge. Functionalized particles are deflected in the electric field to intersect
the racemic stream, enabling selective binding of one enantiomer and its diversion into
a different trajectory, while the other continues unaffected. This controlled trajectory
crossing represents a promising strategy to enhance the efficiency of continuous
enantioseparation in FFE systems.
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Lateral free-flow electrophoresis (FFE) is a potentially powerful technique for the continuous separation of en-
antiomers. However, the use of FFE is not yet widespread due to its generally lower reliability compared to
conventional discontinuous techniques. A key step toward the potential expansion of FFE is a thorough under-
standing of the fundamental transport mechanisms, particularly the interactions of the separated analytes with
other electrolyte components and the applied electric field. To investigate these interactions, we selected a model
system comprising mandelic acid and a p-cyclodextrin derivative as the chiral selector. The selector was chosen
based on an extensive preliminary study using capillary electrophoresis, which identified it as the most effective
for enantioselective binding. Using mathematical models of an orthogonal FFE device, we show a parametric
window where the enantiomers of mandelic acid are separable. We revealed the crucial effect of the concen-
tration of a carrier electrolyte on the separation properties of the FFE device. If the concentration of mandelic
acid is higher than that of the carrier electrolyte, we observe significant deviations from an ideal behavior
predicted by a simple trajectory analysis. Good agreement of the results of experiments and mathematical
modeling allowed us to explain this behavior based on understanding the transport fundamentals that are similar
to those we observe in system at ion-exchange membranes. Our findings are generalizable to all selector-analyte
pairs in which at least one molecule is present in the ionic form, and may thus contribute to the development of
continuous separation methods for enantiomers.

1. Introduction focusing [8], isotachophoresis [9], electrochromatography [10].

The principle of free-flow electrophoresis (FFE) is based on the

Most low molecular weight drugs are optically active compounds
[11, which are, however, often used in the form of racemates. A typical
example is ibuprofen, where (S)-ibuprofen exhibits anti-inflammatory
effects, while (R)-ibuprofen is inactive [2] and contributes to the over-
all burden on the body after drug administration. Active pharmaceutical
ingredients as well as various proteins become synthesized continuously
in milli- and micro-scale chemical factories [3-5]. Continuous separa-
tion of enantiomers from racemic mixtures is therefore crucial for the
fully continuous production of a single enantiomer. Applicable contin-
uous separation techniques include, for example, membrane processes
with immobilized chiral selectors [6] or orthogonal electroseparation
techniques. These include free-flow electrophoresis (FFE) [7], isoelectric
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orthogonal arrangement of the velocity and electric fields within the
separation chamber. A solution containing the chemicals to be separated
is continuously introduced into the carrier electrolyte. These chemicals
are transported by the flowing electrolyte while simultaneously being
forced by an electric field applied in a perpendicular direction [11].
Based on the different electrophoretic mobilities of the components, the
individual chemicals can be deflected from the main flow direction of
the electrolyte, forming distinct concentration trajectories. Fractions of
the carrier electrolyte containing different amounts of separated com-
ponents can then be continuously collected from the outlets. Since en-
antiomers in a racemic mixture possess identical electrophoretic
mobilities, the conventional FFE method must be modified. A chiral
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selector, which preferentially binds to one of the enantiomers, can be
introduced into the system along with the racemic mixture. The result-
ing enantiomer - selector complex exhibits a different electrophoretic
mobility due to changes in the molecular weight [9] or net charge [7].
Instead of a soluble selector, a chiral selector immobilized on a sta-
tionary phase may be in the orthogonal electrochromatography [12] or
in other potentially continuous electrochromatography techniques [13].
The FFE method has already been applied for the separation of enan-
tiomers of piperoxan [7], dansyl phenylalanine [14], methadone [9],
tryptophan [8,15], methylphenidate [16], and terbutaline [17] from
racemic mixtures. As chiral selectors, charged [7,16,17] or uncharged
B-cyclodextrins [9,14] were most commonly employed, along with
a-cyclodextrin [15] and human serum albumin [8]. In the majority of
the conducted studies, only relatively low enantiomeric excess was
achieved [7-9]. Almost complete enantiomeric separation was observed
solely when using the Octopus FFE system [14,17].

Compared to other continuous and semi-continuous enantiosepara-
tion techniques such as preferential crystallization [18], membrane-
based resolution [19], and true moving bed (TMB) chromatography
and simulated moving bed (SMB) chromatography [20], FFE offers a
unique advantage in its ability to operate without a solid stationary
phase and to separate analytes based on dynamic changes in electro-
phoretic mobility induced by chiral selectors. While membrane and
chromatographic methods often rely on immobilized selectors and
require complex regeneration protocols, FFE enables selector reuse and
real-time adjustment of separation conditions, making it a promising
alternative for integration into continuous production systems [21].

In industrial practice, enantiomer separation is typically carried out
using TMB and SMB chromatography methods, for which scale-up has
been successfully carried out. However, these methods require complex
equipment, usually consisting of multiple columns, along with sophis-
ticated systems for controlling the inlet and outlet streams of the mobile
phase. Systems enabling the movement of the stationary phase are also
necessary in some cases [20]. Although TMB and SMB chromatography
are continuous processes, they do not operate under steady-state con-
ditions. In contrast, FFE generally operates continuously under steady-
state conditions when carefully implemented. The apparatus consists
of a single module, and control is required only for the electrolyte flow,
applied electric current, and temperature [22]. Nevertheless, current
FFE systems, which are typically designed as microfluidic or millifluidic
devices, are not suitable for the production of larger product quantities.
A potential solution could be a massive parallelization of FFE — the
numbering-up approach [23,24]. Prior to this, a thorough understand-
ing of the coupled transport and reaction phenomena occurring in FFE
systems is necessary.

Challenges associated with the use of FFE include the parabolic flow
profile, potential flow irregularities due to improper pressure and flow
control, and the coupling with electrode compartments, different elec-
trolytic conductivities of a sample and carrier electrolyte, release of the
Joule heat [21,25] etc. Another limiting factor is the relatively low level
of understanding of the chemical and multiphysical couplings of the
separation process. The transport of all chemical components is influ-
enced by the combined effects of the applied pressure and electric fields.
The electric field directly affects the movement of all ions within the
separation chamber and the adjacent electrode reservoirs. The migration
of individual ions with different electrophoretic mobilities is not inde-
pendent but constrained by the requirement of approximate local elec-
troneutrality [26,27]. The present chemical substances may also
undergo dissociation reactions and exist in multiple ionic forms
depending on the local pH value. To date, mathematical models of FFE
[28,29] or other orthogonally operating devices [12,30,31] have been
developed only to a limited extent. Analyte trajectories can be approx-
imately predicted based on the estimation of characteristic velocities
associated with pressure driven convection and electromigration trans-
port [12,28,30]. More advanced models account for the electrostatic
interactions among ions present in the carrier electrolyte and sample,
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incorporating the local electroneutrality condition and the electric
charge balance. Zheng et al. [29] applied such a model to a FFE device
with a recycle loop to predict the spatial distribution of concentration
and electric conductivity. Yoo et al. [31] used a similar model to
investigate free flow isoelectric focusing for protein separation. How-
ever, the application of the full Poisson-Nernst-Planck-Navier-Stokes
concept [32] remains highly challenging due to the a priori unknown
distribution of free electric charge in the system.

We aimed to investigate in detail the behavior of separated enan-
tiomers in an FFE device under varying carrier electrolyte concentra-
tions and different applied electric currents. Our study includes
experimental measurements using a lab-made FFE apparatus, as well as
the derivation and numerical analysis of a mathematical model of FFE.
The investigated system consisted of a mixture of mandelic acid (MA)
enantiomers in the presence of a chiral selector based on p-cyclodextrin,
whose ability to selectively bind one of the mandelic acid enantiomers
was also examined using capillary electrophoresis. The core part of the
work involves the comparison of experimental results and model pre-
dictions focused on the distribution of mandelic acid under various FFE
regimes. The mathematical model is based on the application of mo-
mentum, mass, component, and electric charge balances, coupled with
the local electroneutrality condition. Based on this comparison, it was
possible to identify suitable conditions for effective enantiomer sepa-
ration and to explain otherwise difficult-to-predict behavior of the sep-
aration system. Experimental verification of the enantioseparation
capability of the fabricated device confirmed that continuous enan-
tiomer separation is feasible.

2. Experimental
2.1. Materials and chemicals

In capillary electrophoresis experiments, we tested the following
chiral selectors: 6-monodeoxy-6-monoamino-p-cyclodextrin hydrochlo-
ride (MMBCD) (CycloLab Ltd., Hungary), (2-hydroxy-3,N,N,N-tri-
methyl-amino)propyl-8-CD (APBCD) (CycloLab Ltd., Hungary, degree of
substitution 3.2), (2-hydroxypropyl)-p-CD (HPBCD) (Sigma-Aldrich,
Japan, degree of substitution 0.6), heptakis(6-Amino-6-Deoxy)-p-CD
(ADBCD) (CycloLab Ltd., Hungary), -CD (BCD) (Sigma-Aldrich, Japan),
carboxymethyl-y-CD (CMGCD) (AraChem, Netherland, degree of sub-
stitution 3.2), carboxymethyl-p-CD (CMBCD) (CycloLab Ltd., Hungary,
degree of substitution 4.3).

The other used chemicals are: formic acid, ortho-phosphoric acid
(50 %, Sigma-Aldrich, Czech Republic), acetic acid (99 % Sigma-
Aldrich, Czech Republic), thiourea (99 % Sigma-Aldrich, Czech Re-
public), ultrapure water (Milli-Q grade, Millipore, France), 1 M sodium
hydroxide (Tripur, Merck, Germany), hydrochloric acid (30 %, Supra-
pur, Merck, Germany), PBS buffer (Sigma-Aldrich, P38135), sodium
dihydrogen phosphate dihydrate (Penta, 13472-35-0), sodium dibasic
phosphate dihydrate (Fluka, 71645), racemic mandelic acid (Sigma-
Aldrich, M2101) and an azo-tracer dye trypan blue (Sigma-Aldrich,
T6146).

For the fabrication of the FFE device we used PMMA (polymethyl
methacrylate) sheets, Tygon tubings with internal diameter of 1.22 mm,
a 23-pm-thick cellulose membrane Membra-Cel MD34 (14-kDa-MWCO),
3D printing UV resin Flexible-X (Liqcreate), UV curable acrylate glue
Acrifix 192 (Evonik) and low viscosity Acrifix 117 (Evonik).

2.2. Fabrication of FFE device

The FFE device shown in Fig. 1(a) and (b) was fabricated from
several PMMA plates supplemented with various functional compo-
nents. Electrolyte was continuously introduced through a series of inlets
(A) located at one end of the separation chamber (B). The remaining
inlet for the sample (C) was positioned centrally in the middle of
channel, upstream of the electrolyte inlets. The liquid exited the
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Fig. 1. Schema (a) and photo (b) of the FFE device: (A) the inlets of the carrier
electrolyte, (B) the separation chamber. (C) The sample inlet. (D) The electro-
lyte outlets. (E) The top and bottom PMMA plates (walls) of the separation
chamber. (F) The insert between the PMMA plates. (G) The PMMA blocks with
holes. (H) Tygon tubing. (I) The electrode reservoirs. (J) The cellulose mem-
branes. (K) The rubber gaskets. (L) Screws.

chamber through an array of outlets (D) situated on the opposite side of
the device. The separation chamber (B) is characterized by its length Lg,
width Wg, and depth d, and the separation distance of two adjacent
outputs Ax, see Table 1. We fabricated two separation chambers with
the depths of d; and d;, for different types of experiments. The separation
chamber consisted of the top and bottom 4-mm-thick PMMA plates (E),
each 4-mm-thick, 100-mm-long and 30-mm-wide, separated by inserts
(F) of the thickness d; or d,. These plates were glued together with
PMMA blocks (G) with holes for threads. A set of holes with the diameter
of 1.20 mm diameter was drilled in the upper PMMA plate to provide the
inlet and outlet ports for a carrier electrolyte and sample. We glued 10-
mm-long Tygon tubing (H) to each opening to complete the inlet and
outlet ports. To conductively separate the electrolytes in the separation
chamber and in the electrode reservoirs (I), we used two 80-mm-long
and 6-mm-wide cellulose membranes (J). Each electrode reservoir
with internal dimensions of 75 mm x 9 mm x 9 mm was milled into a
10-mm-thick PMMA block. The FFE device was sealed using 1-mm-thick
3D-printed rubber gaskets (K) placed between the cellulose membrane
(J) and the electrode reservoir (K). To prevent leakage fluid from the
separation chamber, the device was tightly assembled by M4 screws (L).

We have developed a self-regulating liquid-level system to ensure
uniform electrolyte flow through the separation chamber (not shown in
Fig. 1). The system is based on five reservoirs, each connected to an

Table 1
The main geometrical characteristics of the separation chamber.
Parameter Value Description
Lr 70 mm Length of the separation chamber
Wr 30 mm Width of the separation chamber
d; 1 mm Depth of the separation chamber
dy 250 pm Depth of the separation chamber
Ax 6 mm Separation distance of two adjacent outputs

Separation and Purification Technology 380 (2026) 135468

outlet and open to the atmosphere, allowing for automatic equalization
of the electrolyte levels due to the hydrostatic pressure. Without this
self-regulating system, the liquid would preferentially exit through the
outlet with the lowest hydrodynamic resistance causing an uneven flow
distribution across the separation chamber.

2.3. Capillary electrophoresis

We used the capillary electrophoresis (CE) method to identify a
proper chiral selector and separation conditions for the MA enantiomers.
CE was performed with an Agilent CE instrument 7100 (Agilent 3D
HPCE, Waldbronn, Germany) equipped with a UV-Vis diode-array de-
tector. A bare fused-silica capillary of 375 pm/75 pm od/id and 58.5 cm/
50 cm total/effective length was purchased from Polymicro Technolo-
gies (Phoenix, AZ, USA).

A new fused-silica capillary was first rinsed with 1 M NaOH for 30
min, then with water for 30 min. Between runs, the capillary was rinsed
first with 100 mM NaOH for 2 min, then with water for 2 min, and finally
with the running buffer again for 2 min under 99.4 kPa. Analytes were
hydrodynamically injected into the capillary at a pressure of 5 kPa for 5
s. Separations were performed at 20 kV (anode at the injection capillary
end) with a voltage ramp time of 12 s. Detection using flow cell was
carried out at 207 nm with the bandwidth of 4 nm. The capillary was
thermostated at 25 °C. 50 mM buffers under a chosen pH was used as a
background electrolyte (BGE).

The calculation of the apparent stability constants for MA-MMBCD
complex is based on determining the migration times and effective
mobilities at various concentrations of the chiral selector. MA enantio-
mers were separated using different concentrations of MMBCD. 2 mM
thiourea was used as a marker for electroosmotic flow in these experi-
ments. The separations were conducted at concentrations of MMBCD
ranging from 0 mM to 16 mM. The observed migration times were used
to calculate the apparent stability constants as described in [33].

2.4. Separation experiments

A carrier electrolyte was introduced through four inlets, while the
sample solution was delivered via a dedicated sample inlet, as illustrated
in Fig. 1. In the first set of experiments, we examined the capability of
the FFE device to direct MA to a selected outlet under varying opera-
tional conditions, specifically different applied electric currents and
carrier buffer concentrations. For this purpose, racemic MA dissolved in
the carrier electrolyte was introduced through the sample inlet. The flow
rate of the carrier electrolyte V was set to 200 uL min~! per inlet, while
the sample flow rate Vs was set to 20 pL min~!. The depth of the sep-
aration chamber was d; = 1 mm in this set of experiments.

Enantioseparation experiments in the presence of a chiral selector
were conducted using an FFE device with a reduced separation chamber
depth of d; = 250 pm. This modification allowed operation under con-
ditions of lower Joule heat generation and decreased chiral selector
consumption. The flow rates of the carrier electrolyte Vg and the sample
Vs were adjusted to 100 pL min~! and 10 pL min~?, respectively. The
sample consisted of a solution containing both MA and MMBCD as the
chiral selector, each at a concentration of 10 mM prepared in the carrier
electrolyte. The carrier electrolyte was introduced through the four in-
lets without any chiral selector. Two different carrier electrolytes were
used, 0.1 x PBS buffer and Sorensen buffer, to study the influence of pH
on the separation performance of the FFE device. The concentration of
the Sorensen buffer was adjusted so that its electrolytic conductivity
matched that of 0.1 x PBS, i.e., approximately 1.3 mS cm ™.

We found that Joule heating in the FFE device adversely affected the
stability of the MA-MMBCD complex due to the disruption of non-
covalent bonds. Thermodynamic studies of BCD complexes with MA
and other aromatic enantiomers have shown negative values of both
Gibbs free energy and enthalpy, indicating that the binding is
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spontaneous and exothermic [34]. Consequently, according to the van’t
Hoff relationship, the stability association constants decrease with
increasing temperature. To address this issue, the FFE device was placed
on an aluminium block cooled from below by a STONECOLD Peltier cell
(TEM Electronic Components, 40 mm x 40 mm). The Peltier cell was
powered by an external source under the following conditions: current
1.5A-1.6 A and voltage 3.0 V- 3.5 V. The temperature at the interface
between the aluminium block and the bottom plate of the FFE device
was monitored and maintained at 15 °C, while the temperature at the
top of the device did not exceed 25 °C during the separation
experiments.

2.5. Chemical analysis

The total concentration of racemic MA in samples taken from the FFE
device outputs was determined using a Tecan Infinite M200 spectro-
photometer. Measurements were conducted with a quartz microplate
(730-009-44, Hellma Analytics), utilizing 200 pL of each sample.
Absorbance was recorded at 210 nm.

The concentration of MA enantiomers was determined by an Agilent
1260 HPLC system with a UV-Vis detector at a wavelength of 200 nm
[35]. Enantiomer separation was achieved using a Nucleosil Chiral-1
column from Macherey-Nagel at a temperature of 50 °C. A 0.5 mM
aqueous solution of copper (II) sulphate was introduced into the column

as a mobile phase at a flow rate of 1 mL min'.

3. Mathematical model

Aqueous PBS electrolyte is a complex mixture containing sodium,
chloride, potassium, hydrogen phosphate, dihydrogen phosphate, hy-
droxyl and hydrogen ions coupled by dissociation equilibria and the
local electroneutrality. Moreover, both mandelic acid enantiomers can
appear in protonated and deprotonated forms. For the purpose of the
mathematical model, we introduce these simplifications: (i) pH value is
constant and equal to 7.4, (ii) the PBS electrolyte is represented only by
sodium cation (C) and chloride anion (A), (iii) mandelic acid enantio-
mers are present only as anions (pK, = 3.41). These simplifications are
approximately satisfied when the mandelic acid concentration is com-
parable or lower than the PBS concentration.

The selected chiral selector BCD binds both enantiomers; however,
with a higher stability constant to RMA (presented in Section 4.3). This
means that both enantiomers are present in the sample in both free and
bound forms. However, in the mathematical model, we assume ideal
behavior, i.e., RMA is completely bound to BCD and is referred to as
DMA in the following text. Conversely, SMA does not bind to BCD at all
and is referred to as FMA.

3.1. Steady state governing equations

Because we assume the local electroneutrality in the separation
chamber, we can decouple governing equations for the momentum
transfer and the other equations describing the distributions of electric
potential and ion concentrations. The velocity (v) and pressure (p) fields
in an aqueous electrolyte are described by the Navier-Stokes and con-
tinuity equations

pveVv=-Vp+uV?v, Vev=0, (@)
where the symbols p and y are the electrolyte density and viscosity,
respectively. The gravity term is not considered due to horizontal
orientation of the model domain (Fig. 2). As boundary conditions, we set
particular flow rates with corresponding laminar velocity profiles at the
sample and electrolyte inlets, a reference zero pressure at all outlets, and
zero velocity vector on the other boundaries.

The steady-state concentration fields of ions (c;) are given by solving
the molar balances
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Fig. 2. Geometry of the model domain with labeled boundaries. Impermeable
walls of the separation chamber among the inlets and outlets are unlabeled.
Dimensions of the domain are identical to the experimental separa-
tion chamber.

Ve (VCi — Dchi — ZiDiFCiV(/I/(RTT) ) = O,l = FIV[A7 ]:)IVIA7 A7 C (2)

The three terms in Eq. (2) represent the convection, diffusion and
electromigration fluxes of the ions in diluted electrolytes [36], respec-
tively. The symbols D;, 2;, F, Ry, T, and ¢ are the ion diffusivity, the ion
charge number, the Faraday constant, the molar gas constant, temper-
ature, and electric potential. A linear combination of the molar balances
Eq. (2) results in the local balance of electric charge that in a steady state
reads

V eFY #(vei—DiVei — zDiFe;Vp/(RyT) ) = 0,i = FMA, DMA, A, C

3

We do not assume the existence of free electric charge as it happens
at interfaces with bound electric charge [32]. Instead of one molar
balance, Eq. (2), for one ion, we use the local electroneutrality condition
[26].

FY zci =0,i=FMA,DMA,A,C 4)
i
Eq. (2) for all ions except one, Eq. (3), and Eq. (4) form a set of

linearly independent equations that we numerically solve to determine
the fields of ion concentrations and electric potential.
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We consider the reference zero electric potential on the catholyte
membrane. A particular electric potential is set to the anolyte mem-
brane. All other boundaries are treated as electric insulators. At all
electrolyte inlets, zero concentrations of FMA and DMA and a specific
non-zero concentration of A are considered. The same concentration of
A is also considered at the sample inlet, along with the chosen concen-
trations of FMA and DMA. The concentration of C is always calculated
based on the condition of electroneutrality, Eq. (4). At all outlets, as well
as on the anolyte and catholyte membranes, the continuity of convective
and electromigration fluxes of all ions is considered, which is equivalent
to the existence of a zero normal derivative of the concentrations of all
ions at these boundaries. Zero fluxes of all ions are set to all impermeable
walls.

3.2. Numerical analysis

We used Comsol Multiphysics software equipped with a CFD module
to solve the model Egs. (1)-(4). We first calculated steady state fields of
velocity and pressure solving Eq. (1) in the CFD module. We then fixed
these fields and solved Egs. (2)-(4) to obtain steady state distributions of
ion concentrations and electric potential for selected values of electric
potential on the anolyte membrane. We formulated Egs. (2)-(4) using
their general forms [37].

Sharp edges at the inlets and outlets of the computational domain
were rounded with an arc with a radius of 0.1 mm. We discretized the
domain into a mesh of approximately 311 thousand triangular elements
with a maximum edge length of 0.15 mm. The maximum edge length of
boundary elements at the inlets and outlets was set to 0.1 mm. The
model equations were solved using MUMPS stationary solver [38,39]
with relative tolerance 0.001.

Parameter values used in numerical simulations are summarized in
Table 2. The diffusivity of BCD-SMA complex (DMA) was assumed to be
equal to diffusivity of BCD-ibuprofen complex in water [40].

4. Results and discussion
4.1. Flow distribution in FFE device

For correct operation of FFE in a steady state, it is necessary to
provide symmetric and stable laminar flow of electrolyte [25]. In our
system, the inlet flow rates are precisely controlled by the syringe
pumps. Even distribution of flow rates at the outputs is guaranteed by
the hydrostatic pressure control at the outputs. The steady state trajec-
tory of a tracer trypan blue (TB) in FFE without any applied electric field
is shown in Fig. 3a. The trajectory was stable and straight as expected
and anions of MB exit through the central output.

Another problem related to FFE devices is focusing of an analyte to a
particular output. A concentration trajectory should be as narrow as
possible, not too affected by the Taylor dispersion [42]. The width of the
trajectory can be influenced by the flow rates of the sample Vg and the

Table 2
Model parameters.
Parameter Value Description
Dp 2.0 x 10°° m%~! Diffusivity of chloride anions [36]
Dc 1.33 x 10 ° m% ! Diffusivity of sodium cations [36]
Dryia 8.6 x 1071 m?%! diffusivity of FMA [41]
Dpma 3.3 x 1070 m?%! diffusivity of DMA [40]
F 96,485 C mol~* The Faraday constant
Ry 8.314 Jmol 'K ! Molar gas constant
T 298 K Temperature
ZA -1 Charge number of chloride anions
2c 1 Charge number of sodium cations
ZFMA -1 Charge number of FMA
ZDMA -1 Charge number of DMA
M 0.891 mPa s Viscosity
p 997 kg m Density
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electrolyte Vg at each inlet. We found that a concentration trajectory of
appropriate width is achieved with the total electrolyte flow rate (4Vg)
approximately 40 times greater than that of the sample (Vs), Fig. 3a. A
higher ratio leads to significant sample dilution, while a lower ratio
results in a too wide trajectory. Theoretical flow and velocity distribu-
tions for these conditions are shown in Fig. 3b. One can see that all
streamlines emerging from the sample inlet end at the middle FFE outlet.

The ability of the designed device to address the trajectory toward a
non-central outlet using an electric field is demonstrated in Fig. 3(c). At
pH 7.4, TB ions carry an electric charge of minus 4 and their trajectories
are deflected toward the anode in the presence of an electric field. At the
selected electric current, the TB ions exit through the second outlet from
the left.

4.2. FFE of racemic mixture

A proper setting both electrolyte flow rate and applied electric cur-
rent represents another challenge related to FFE devices. A good esti-
mate of electric current that is necessary for addressing a concentration
trajectory to a particular outlet of any FFE device results from the
consideration that the residence time of sample tx must be approxi-
mately equal to the electromigration time of an enantiomer in the
orthogonal direction tg

Ly _ Ax

R=——"——"—""5

- - g = (5)

(Vs + 4Vg)/(Wrd) Ug
where the symbols L, d, Wg, Ax are the geometrical characteristics of
the FFE separator, see Table 1. The electromigration velocity of an
enantiomer ug reads

u _ZMADM_AFiC
F T RTo

(6)

with the electric current density and electrolytic conductivity calculated
according to

. 1
o= 0= F? / (RTT)Z:Z?Dic,- )

where the symbols I, d, and Ly are the applied electric current, the
thickness and length of separation chamber (Lgd is the cross-sectional
area perpendicular to the direction of electric current flow), respec-
tively. In the sum for electrolytic conductivity, the charge numbers,
diffusivities, and concentrations of all ions present in the electrolyte
must be included [36].

Combining Egs. (5)-(7) we obtain an explicit expression for electric
current that ensures the deflection of the concentration trajectory of the
enantiomer to the desired output

(Vs + 4VE)AXFEZI-2D,'C1'
i

I= (€)]

ZvaDuva Wr

To study the effects of the electric current on the distribution of MA
at the FFE device outputs, we define a quantity f, as the fraction of MA
leaving n-th output relative to the total input of MA. For the sum of these
fractions, we can write a simple inequality

5
0<> fa<1 ©
n=1

If the sum is less than 1 then certain fraction of the introduced MA
escapes through the anolyte or catholyte membrane into the electrode
reservoirs.

Using Eq. (8), it is possible to estimate the predominant output of the
FFE device for MA at a given supporting electrolyte concentration and a
specified electric current value. For example, 19.1 mA is estimated to
efficiently deflect the concentration trajectory of MA in 0.1 x PBS to the
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Fig. 3. (a) Steady state trajectory of TB in FFE device, I = 0 A. (b) Streamlines and velocity magnitude in FFE device predicted by the mathematical model, d = 1 mm,
Vs =20 pL min~?!, Vg = 200 pL min~t. (¢) Steady state trajectory of TB in FFE device I = 7.5 mA., Sorensen buffer pH = 7.4.

first output from the center. This estimated is in good agreement with
our experimental observations and the results of the mathematical
model as it can be seen in Fig. 4(b).

In Figs. 4 (a)-(c), the experimentally determined distribution of MA
in the individual outputs of the FFE device at various applied electric
current values and supporting electrolyte concentrations is represented
by black lines and symbols. The predictions of the mathematical model
described in Section 3.1 are shown by red lines.

For the selected electric currents ranging from 40 mA to 80 mA at the
highest supporting electrolyte concentration of 1 x PBS, a qualitative
and quantitative agreement was achieved, as shown in Fig. 4(a). We
therefore assume that the concentration trajectories of MA calculated
using the mathematical model, Fig. 4(d), reflect the real behavior of the
FFE device. The concentration trajectories are narrow, exhibiting only
minor lateral dispersion, and trajectory broadening is noticeable only at
the device outlets, which is caused by the distortion of the velocity field,
see Fig. 3(b). In agreement with the approximate relation given by Eq.
(8), high electric current values are required to achieve significant
deflection of the trajectory from the straight flow direction. At 80 mA,
MA leaves through outlets 2 and 3 (the third outlet being central), in an
approximately 1:1 ratio. However, the necessity of applying high elec-
tric currents brings disadvantages such as intense electrode reactions
including gas formation and temperature elevation due to Joule heating.

Good agreement between the results of the mathematical model and
the experimental data was also achieved for lower concentrations of the
supporting electrolyte, 0.1 x PBS and 0.01 x PBS, as shown in Figs. 4(b)

and 4(c). However, to experimentally achieve similar MA distributions
at the device outlets, higher electric currents had to be applied than
those predicted by the mathematical model. For example, to address the
majority of MA through the outlet 2 at a supporting electrolyte con-
centration of 0.1 x PBS, an electric current of 30 mA was required
experimentally, while the model predicts a sufficient value of 20 mA.
Even larger relative differences between the predicted and experimen-
tally applied currents are observed for a supporting electrolyte con-
centration of 0.01 x PBS.

This discrepancy is attributed to the use of a highly concentrated
buffer (10 x PBS) in the electrode reservoirs during the experiment,
which was intended to concentrate the majority of the electric potential
drop within the separation chamber. Consequently, ion concentration in
the separation chamber increased due to electromigration and diffusive
transport from the electrode reservoirs. Nevertheless, the mathematical
model is still able to qualitatively predict the behavior of the experi-
mental device.

A decreasing concentration of the supporting electrolyte leads to a
reduction of the electric current required to deflect the concentration
trajectory toward outlet 2 or 1. As a result, electrode reactions as well as
potential heating of the FFE system due to Joule heating are suppressed.
However, as shown in Figs. 4(e) and (f), a lower supporting electrolyte
concentration leads to significant lateral dispersion of MA. In particular,
at a supporting electrolyte concentration of 0.01 x PBS, it is no longer
possible to focus the MA trajectory into a single outlet. In an extreme
case, MA even escapes into the electrode reservoir. Operating the FFE
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Fig. 4. Effects of the carrier buffer concentration (a) 1 x PBS. (b) 0.1 x PBS. (c) 0.01 x PBS and applied electric current on distribution of MA at the outlets of FFE
device, experimental results (black), theoretical predictions (red). Steady state concentration field of MA in FFE under different electric currents and buffer con-
centrations (d) 1 x PBS, (e) 0.1 x PBS, (f) 0.01 x PBS. Profiles of model variables were further analyzed along the cross-sections marked by white dashed lines in

panels (d)-(f). The other parameters are: d; = 1 mm, Vs =20 pL min’l, Vi = 200 pL min’l, cfﬁA =10 mM. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)

device under such conditions therefore offers only limited potential for
the effective separation of chemicals with different electrophoretic
mobilities. The origin of the lateral dispersion is discussed below.

In Fig. 5, we plotted distributions of selected model variables in
spatial cuts through the two-dimensional domain as depicted by dashed
white lines in Fig. 4. In addition to the concentrations of individual ionic
species and the electric potential, two auxiliary variables were plotted in
the graphs: the ionic strength, s, and the x-component of the electric
field, E,, which are defined by the following relationships

s= Ziz?ci/Z,Ex = 6¢/6x (10)

By comparing Figs. 4 and 5, it can be observed that local changes in
the total ionic strength of the electrolyte occur in the region where the
MA anion is present. In Fig. 5, a local decrease of the ionic strength,
referred to as an ion-depleted zone, can always be seen, followed by a
gradual increase in ionic strength, known as an ion-enriched zone
[32,43-46]. These depleted and enriched zones are indicated by color
lines in Fig. 5. The depleted zone is always located closer to the anode,
while the enriched zone lies nearer to the cathode. The overall width of
the region exhibiting local changes in ionic strength increases with
decreasing concentration of the supporting electrolyte.

Fig. 5 further shows that the total ionic strength is always equal to
the concentration of the cation and simultaneously to the sum of the
concentrations of the anion of the supporting electrolyte and the MA
anion, as follows from Egs. (4) and (10). In the ion-depleted and ion-
enriched zones, significant changes in the electric field occur. For the
highest concentration of the supporting electrolyte (1 x PBS), the
electric potential profile is nearly linear, and the electric field is locally
intensified or weakened by only a few percent. In contrast, for the lowest
electrolyte concentration (0.01 x PBS), distinct changes appear in the
otherwise monotonic electric potential distribution, leading to electric

field fluctuations in the order of several kV m 1. In the depleted zone,
the electric field is always the strongest, while in the enriched zone it is
the weakest, ensuring continuity of ion fluxes and electric current be-
tween the respective zones.

The observed phenomenon is very similar to the formation of ion-
depleted and ion-enriched regions near cation-exchange membranes
[47]. These membranes contain fixed negative charges, which hinder
the passage of anions while allowing cations to pass freely through the
membrane. As a result, anions migrating in the direction from the
cathode toward the membrane accumulate in front of it, forming an
enriched electrolyte layer [32,48]. The cation concentration also in-
creases in the enriched region, as required by the condition of local
electroneutrality, see Eq. (4). On the side of the cation-exchange mem-
brane facing the anode, a depleted zone is formed [49]. This occurs
because anions are both repelled by the fixed negative charge within the
membrane and migrate toward the anode due to the applied electric
field. The cation concentration also decreases in the depleted region in
order to maintain the electroneutrality condition.

The principle underlying the formation of ion-depleted and ion-
enriched regions in the studied FFE device is analogous to that
observed in systems with cation-exchange membranes, with the differ-
ence that instead of a fixed negative charge, MA anions are present. For a
hypothetical analyte with diffusivity approaching zero, the behavior of
the FFE system would be identical to that of a system incorporating a
cation-exchange membrane. Here, MA anions exhibit diffusivity
approximately one order of magnitude lower than that of the other ions
in the system (Table 2). The region containing MA ions behaves similarly
to a cation-exchange membrane by partially hindering the transport of
anions with higher mobility. This effect becomes more pronounced as
the concentration of MA ions increases relative to the concentration of
the anions in the supporting electrolyte. The formation and expansion of
the depleted zone leads to lateral dispersion, as illustrated in Fig. 4,
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Fig. 5. Spatial profiles of the ion concentrations and ionic strength (a, c, e) and spatial profiles of the electric potential and the x-component of electric field, E, (b, d,
f) along the cuts in Fig. 4 highlighted by the white dashed lines. (a, b) 1 x PBS, I = 80 mA, (c, d) 0.1 x PBS,I = 20 mA, (e, f) 0.01 x PBS, I = 3 mA. The spatial extent
of the ion depleted and ion enriched zones observed along the cuts are indicated at top of plot boxes by color lines.

which makes difficult the effective separation of MA ions from the
mixture.

Our results indicate that the minimum concentration of the sup-
porting electrolyte should be at least equal to the concentration of the
separated analyte. This condition is approximately satisfied with the 0.1
x PBS buffer, as shown in Figs. 4 and 5. While higher concentrations of
the supporting electrolyte result in intense electrode reactions, lower
concentrations lead to undesirable dispersion. For this reason, experi-
ments focused on the separation of MA enantiomers were conducted in
0.1 x PBS buffer.

Our mathematical model shows good agreement with the experi-
mental results obtained. In addition, it allows prediction of the effects of
ion enriched and ion depleted zones on the separation performance of
FFE devices and provides a clear demonstration of the fundamental
mechanism responsible for the formation of these zones. Nevertheless,
in many cases the model requires further extensions in order to be more
generally applicable to chiral separations in the orthogonal FFT system.

Such extensions include, for example, incorporation of an energy
balance, since Joule heating, electrolyte flow, and the material

properties of the FFT device influence the temperature distribution
within the system. It may also be advantageous to include material
balances for all ionic species present in the electrolyte, as ions with
different mobilities mutually interact through electrostatic forces [36],
leading to the development of enriched and depleted zones. When a
buffer is used as the carrier electrolyte, it is appropriate to include
balances for all dissociated and undissociated components, including
hydrogen and hydroxyl ions, either under the assumption of instanta-
neous dissociation equilibrium [26] or by accounting for finite dissoci-
ation kinetics [50]. Furthermore, it is advisable to incorporate the
experimentally determined stability (association) constant for a specific
equilibrium complex of the separated enantiomer with a chosen chiral
selector [51]. In that case, the model must also include balances for the
chiral selector itself, its two complexes with the enantiomers, and the
two free enantiomers.

4.3. Screening of chiral selectors

Based on our previous experience [52], initial analyses were
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performed at a concentration of 10 mM p-cyclodextrins in a 50 mM
phosphate buffer at pH of either 2.5 or 7.0 (adjusted to appropriate pH
with 1 M NaOH or 35 % HCI). The resolution of enantioseparations Rg
reads

tn2 — tm1

Rs = 585w, + wo)

(€8]

where t;;; and ty, are migration times for the first and second migration
peak and W; and W, are peak widths at their half heights. The best
enantioseparation was achieved by using MMBCD with a permanent
positive electric charge that supports the electrostatic interaction with
dissociated MA enantiomers. Additionally, we achieved a resolution less
than one for MA enantiomers using ADBCD. The other tested cyclo-
dextrins (APBCD, HPBCD, BCD, CMBCD, CMGCD) were unable to
chirally separate MA enantiomers under the chosen conditions.

We investigated the effect of BGE pH value on the separation per-
formance in the next step. Racemic MA at a concentration of 1 mM was
separated across a pH range of 2.5 to 7.0. The BGE always consisted of
50 mM buffer and 10 mM MMBCD. Different buffers were used to ach-
ieve selected pH values: (i) formate buffer for pH 3.5, (ii) acetate buffer
for pH 4.75, and (iii) phosphate buffers for pH 2.5 and 5.9-7.0. The best
resolution was achieved with a 50 mM phosphate buffer at pH 6.3 as it is
summarized in Table 3. In all these experiments, the RMA and SMA were
used in the ratio of 3:7 to identify the first migrating enantiomer. We
found that the first migrated enantiomer is RMA under pH = 6.3 (Fig. 6).
The calculated apparent stability constants at pH 6.3 for the complexes
of RMA and SMA with MMBCD are 49 + 4 M~! and 40 + 4 M,
respectively. Although the difference is modest, it is sufficient to achieve
a resolution significantly greater than one in capillary electrophoresis.

4.4. Enantiomer separation in FFE device

To verify the enantioseparation capabilities, we fabricated a modi-
fied FFE device. The depth of the separation chamber was reduced to
250 pm, and the flow rates of both the carrier electrolyte and the sample
were decreased, as describe in Section 2.4. These modifications led to a
reduced consumption of the chiral selector and decreased the amount of
Joule heating generated by the electric current, which was set to 8.5 mA
in all enantioseparation experiments. Instead of the 0.1 x PBS buffer, the
Sorensen buffer of the same ionic strength was used as the carrier
electrolyte. The pH of the carrier electrolyte was adjusted to 6.0, 6.5,
and 7.0 by changing the buffer composition, targeting values near pH
6.3, at which the best resolution was achieved in CE experiments (see
Table 3).

Prior the separation experiments, the FFT device was evaluated by
visualizing TB trajectories. This test verified that no significant defor-
mation of the trajectories or lateral diffusion occurred and that the
applied electric field was able to direct the dye into the designated
channel. Only FFT devices that passed this verification were subse-
quently employed in the experiments.

An electric current of 8.5 mA at the given flow rate through the
separation chamber enabled the sample to be split into two adjacent
outlets, labeled 2 and 3 in Fig. 7. Figs. 7(a)-(c) show the concentrations
of SMA, RMA, and the total MA concentration at the device outlets,
respectively, after reaching steady state conditions. Under the selected

Table 3

Resolution of MA enantiomers. U is the applied voltage. Positive voltage cor-
responds to the cathode at the detector end, while negative voltage indicates the
anode at the detector end.

pH 250 350 475 590  6.30 6.45 7.00

U [kV] -20 —20 -20 -20 +20 +20 +20

Rs 2.3 2.2 3.6 3.2 5.7 5.5 4.2

First migrating SMA SMA SMA SMA RMA RMA RMA
enantiomer

10
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Fig. 6. Electropherogram of analyzed mixtures of MA enantiomers (RMA:SMA
= 3:7); dependences of absorbance at 207 nm on electromigration time; 50 mM
phosphate buffer with 10 mM MMBCD; pH = 6.3; U = 20 kV; detection at 207
nm; fused-silica capillary with the total/effective lengths of 58.5 cm / 50.0 cm,
capillary i.d. 75 pm; temperature 25 °C.

electric current, approximately twice the amount of mandelic acid exits
through port 2 compared to port 3. No presence of MA enantiomers was
detected at port 4 or the outermost outlet ports 1 and 5. The concen-
tration profiles of both enantiomers are qualitatively similar.

To assess the separation efficiency of the FFE device, we define the
enantiomeric ratio

T'sjp = CSMA/CRMA7 (12)
where cgya and cgma denote the concentrations of the MA enantiomers
at the FFE device outlets. The results in Fig. 7(d) indicate that outlet 2,
located closer to the anode (Fig. 3(c)), contains a mixture enriched with
the SMA enantiomer. This is because SMA has a lower affinity toward
the chiral selector MMBCD and therefore exhibits higher mobility in the
electric field. Conversely, the RMA enantiomer more readily forms a
complex with the positively charged chiral selector. Due to the zero net
charge and high molecular weight of this complex, the electrophoretic
mobility of RMA effectively decreases, causing it to remain preferen-
tially in the central outlet 3.

The enantiomeric ratio does not deviate significantly from unity in
either of these outlets, which is attributed to the small difference in the
stability constants between the chiral selector and the MA enantiomers.
High enantiomeric excesses were not achieved even in some previous
studies focused on separation using FFE [7,8,15]. High enantiomeric
excess in certain output fractions was primarily obtained using the
experimental Octopus system [14,17]. Our results demonstrate that the
stability constants between MMBCD and the MA enantiomers plays a
crucial role in achieving effective separation, underscoring the impor-
tance of selecting an appropriate chiral selector.

Fig. 7(d) shows that the error bars for measurements at outlets 2 and
3 do not overlap for any of the tested pH values. The ability of the device
to partially separate MA enantiomers is therefore statistically signifi-
cant: the enantiomeric ratio at outlet 2 is always greater than 1.0, and at
outlet 3 always less than 1.0. The deviation of rg/g from 1.0 at outlet 2 is
smaller in the absolute value than the deviation at outlet 3, because
approximately twice the amount of MA exits through outlet 2 compared
to outlet 3.

To achieve higher rg/r values, a more selective chiral selector or a
different affinity pair would need to be used. For example, a quinine-
based chiral selector for the protected amino acid dinitrobenzoyl-tert-
leucine achieves an enantioseparation factor (i.e., the ratio of stability
constants of the two enantiomers) as high as 88.5 [53]. Another example
involves cyclodextrin-based chiral selectors used for the separation of
tapentadol stereoisomers, where this ratio reaches values around 10
[54]. In our study, this ratio is only 1.225.

Our study confirms that the use of a highly selective chiral selector is
essential for achieving effective separation in an FFE device. It also
provides important insights into how the separation conditions should
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Fig. 7. Distributions of the concentrations of MA enantiomers at the outlets of FFE device: (a) SMA concentration. (b) RMA concentration. (¢) The total concentration
of MA. (d) Enantiomeric ratio. The distributions are slightly offset from each other to clearly display the measurement means and error bars. Carrier electrolyte:

Sorensen buffer with selected pH values, I = 8.5 mA. The other parameters are: d,= 250 pm, Vs =10 pL min~!, Vg = 100 pL min "}, C}CIA =10 mM.

be optimized, particularly with regard to the carrier electrolyte
concentration.

5. Conclusions

This study demonstrates that lateral FFE, when combined with a
carefully selected chiral selector, can serve as a viable method for
continuous enantiomer separation. We revealed that the transport
behavior of enantiomers in FFE is strongly influenced by the concen-
tration of the carrier electrolyte and the nature of electrostatic in-
teractions within the system.

A key outcome of this work is the identification of ion-depleted and
ion-enriched zones around the enantiomeric concentration trajectories,
which are analogous to phenomena observed near ion-exchange mem-
branes. These zones significantly affect the lateral dispersion of analytes
and must be considered when designing effective separation protocols.
Importantly, we found that favored separation conditions are achieved
when the carrier electrolyte concentration is comparable to that of the
analyte, balancing the need for sufficient electric field strength with
minimal dispersion.

The positively charged MMBCD was selected as the chiral selector
based on an extensive screening study using capillary electrophoresis.
This analysis not only confirmed the preferential binding of RMA but
also provided quantitative insight into the stability constants of the
enantiomer-selector complexes. These findings were instrumental in
guiding the design of the FFE experiments.

Although the enantiomeric ratio achieved in the FFE device was
moderate, the separation was statistically significant and reproducible.
The results confirm that continuous enantiomer separation is feasible.
Further improvement could be achieved either by identifying a more
selective chiral selectors through extensive screening or by refining
operational parameters. More specific selectors could be designed and
synthesized for a particular application, but this approach is time-
consuming. In this study, we therefore limited ourselves to screening

10
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commercially available chiral selectors that provide at least limited
separation capabilities at an acceptable cost.

We believe that our findings will contribute to the development of
FFE methods and their broader application, particularly for the contin-
uous production of enantiomers. In principle, FFE separation can be
integrated as a module directly downstream of a chemical reactor or
bioreactor to enable continuous enantiomer synthesis along with their
separation. A modular reactor-FFE system could serve as a viable
alternative to previously developed and tested systems such as
bioreactor-membrane separator [35,55] or bioreactor-extraction unit
[56,57] configurations.
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