Received 00th January 20xx,
Accepted 00th January 20xx

DOI: 10.1039/x0xx00000x

Predicting the retention time of microparticles in electrokinetic
migration

Alaleh Vaghef-Koodehi,? Victor H. Perez-Gonzalez,*® and Blanca H. Lapizco-Encinas*?

Insulator based electrokinetic (iEK) devices have emerged as powerful tools for analyzing both nano- and microparticles due
to their simplicity, robustness, and ability to integrate linear and nonlinear electrokinetic (EK) effects into a single platform.
Recent studies emphasize the importance of nonlinear electrophoresis (EPn.) in particle analysis, for performing separations
based on size, shape, and charge differences. Despite these advancements, the development of an empirical equation for
predicting particle retention times in iEK-based systems that incorporates EPn. remains limited. This study presents a method
for predicting particle retention time in iEK systems in scenarios where the linear EK regime allows for particles migration,
while also incorporating EPn. and accounting for particle characteristics, applied electric fields, and microdevice features.
Experiments were conducted using eight reference microparticles, grouped into four pairs with similar sizes (3.6 um to 11.7
um) but distinct zeta potentials (~-20 mV and ~-30 mV), across three distinct iEK microdevices: one with asymmetrical oval-
diamond posts, one with symmetrical oval posts, and one postless design. Experimental retention times (tz.) were
measured at applied voltages ranging from 400 V to 1450 V. Using the collected ¢ty . data, three empirical equations were
developed to describe particle velocity, incorporating both linear and nonlinear velocities. Validation with two control
particles demonstrated prediction errors below 24% in all devices. These findings underscore the potential of the empirical

equations in predicting particle behavior in iEK systems.

Introduction

Various conventional techniques such as capillary
electrophoresis (CE) and chromatography are accessible for the
analysis of nano-sized bioparticles, yet there is a scarcity of
equally effective methods for analyzing micron-sized particles,
such as microorganisms.! Microfluidic systems have proven
successful in investigating both nano- and micro- particles.—3
Within the realm of microfluidics, electrokinetic (EK) techniques
play a significant role in analyzing particles. Specifically,
insulator based EK (iEK) systems have garnered attention
recently due to their simplicity, robustness, and unique ability
to merge linear and nonlinear EK effects within a single
microfluidic device.*> In these systems, insulating structures
integrated into microchannels modify the distribution of the
externally generated electric field, leading to the creation of
zones with higher electric field intensity that enable nonlinear
EK effects therein, whereas only linear EK effects dictate particle
dynamics in the remaining zones. The utilization of iEK devices
has facilitated the separation of complex samples,
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encompassing bioparticles ranging from macromolecules to
mammalian cells.6-10

Numerous research groups have utilized iEK systems to
analyze particles and cells based on differences in size and/or
charge.1-13 Nevertheless, previous studies overlooked the
inclusion of nonlinear electrophoresis (EPn.), also referred to as
EP of the second kind, necessitating the use of empirically-
determined correction factors to reconcile experimental and
predicted outcomes.

Recent reports revealed the importance of EPy. in iEK
systems.?>17 Employing EPn. allows separations by exploiting
shape and size differences, which are not possible with
traditional methods, such as linear electrophoresis (EP,).181°
Several recent studies by our group?°-28 have integrated
COMSOL Multiphysics simulations and experimental validation
to predict and confirm particle and cells retention times (tg) in
iEK systems. The charge-based separation of almost similar
polystyrene analytes??, the binary separation of cells21.22
tertiary separation of particles?* under DC voltages, the
utilization of different input voltages to transition between
linear and nonlinear electrokinetic regimes?3, and EK separation
experiments employing DC-biased AC voltages?’ highlight the
importance of EPy in particle analysis. These efforts feature the
criticality of accurately predicting the time it takes a given
particle type to migrate through the microchannel, known as
particle retention time, to optimize performance and expand
the applicability of iEK systems.

Building on the understanding of the importance of EPyy, a
practical approach to further enhance the efficiency of iEK
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systems is to develop empirical equations for predicting particle
retention time. Such empirical equations enable rapid
estimation of system behavior, conserving both time and
For instance, the Van Deemter equation in
chromatography employs factors such as diffusion and mass
transfer kinetics to relate the variance per unit length of a
separation column to the linear mobile phase velocity?°.

This study presents a novel approach to predicting particle
retention time, based on key factors such as particle
characteristics, applied voltages, and microdevice design
features. Eight distinct types of microparticles, grouped into
four pairs, were investigated to evaluate the proposed model's
applicability. Each pair consisted of particles with nearly
identical sizes ranging from 3.6 um to 11.7 um but differing zeta
potentials, approximately -20 mV and -30 mV. The experiments
were performed using three distinct microdevice
configurations: two devices with insulating posts—one
featuring asymmetrical posts and the other with symmetrical
posts—and a postless device serving as a control. Particle
velocities and retention times were systematically measured at
eight applied DC voltages, ranging from 400 V to 1450 V. Within
this range, a linear regime allows particles to move through the
channel without being trapped by the non-negligible effects of
EPnL present during the experiments as demonstrated by our
previous studies.?3

The experimental retention time data was used to derive
three empirical correlation equations that describe particle
velocity as a function of both linear and nonlinear EK velocity
components for each device. These equations offer insights into
the dynamics of particle migration under varying electric field
conditions. To validate the proposed model, two control
particles were tested across the three devices. The three
empirical equations produced retention time predictions with
errors remaining below 24%, underscoring the effectiveness of
the proposed approach for rapidly predicting particle behavior
in electrokinetic systems. Notably, while other studies3? have
required correction factors larger than 100 to account for all
phenomena present in similar systems (i.e., correcting
prediction errors greater than 10,000%), our model achieved
satisfactory predictions without such extensive corrections,
making the 24% error particularly encouraging. These
correlations can become valuable tools in the design of new
separation processes, advancing microfluidic applications in
biomedical and analytical research.

resources.

Theory

Electrokinetic phenomena are categorized based on their
reliance on the electric field, as linear and nonlinear. The linear
EK phenomena considered in this study are electroosmosis (EO)
and linear electrophoresis (EP.). The velocities expressions of
these phenomena are stated below:3431

Vgo = UpoE = — @E (1)
— E — szP E

VepL = tgp B =0 (2)

Vex = Veo + Vep = UekE (3)
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where v is velocity, u stands for mobility, €, and n define the
permittivity and viscosity of the suspending medium,
respectively, { is the zeta potential for either the channel wall
or the microparticle, and E is the electric field with magnitude
E and direction dg. While the presence of nonlinear
electroosmosis (EOn.) is acknowledged, it is considered
negligible in this study due to the extremely small electrical
double layer (EDL) thickness of 14 nm on the surface of the
PDMS devices. Instead, the focus is on nonlinear EK
phenomena, specifically dielectrophoresis (DEP) and nonlinear
electrophoresis (EPn). One significant advantage of EPy.
compared to EP is its capability to discriminate based on the
size or shape of the target analytes, thereby enabling
separations that are not attainable with EP_ alone.1®1° The
velocity equations for EPy. and DEP are as follows:3:4:31

VJS’),NL = ﬂgﬂ),NLE ag “
moderate field regime which occurs at f < 1, arbitrary Du, and
Pe <1

3/2 3/2 ~
VIE“P/,N)L = ﬂJ(EP/,N)LE 324, (5)

strong field regime which occursat § > 1, Du << 1,and Pe > 1

réem
Vpep = HpppVE? = ”S—nRe[ emIVE? (6)
where 1, signifies the particle radius; Re[fcv] shows the real part
of the Clausius-Mossotti factor, which defines particle
3) (3/2)

polarization in a given suspending medium; ugp ;. and Ugp Ny Are
the mobilities of the EPy. velocity for the models with E3 and
E3/2 dependencies, respectively; f is dimensionless applied
field strength coefficient; Du is Dukhin number; and Pe is Peclet
number. The defining expressions for these numbers can be
found in the supplementary information (SI) document. It is
worth mentioning that while Eq. 4 and Eq. 5 do not explicitly
illustrate size or shape dependence, the influence of these
parameters on nonlinear electrophoretic mobility, /lg;),m, has
been demonstrated in the literature.32-34 Considering these four
EK phenomena, the overall particle velocity (vp) becomes:

Vp = Vgg + Vpgp + V;Err;?NL = upkE+ ppppVE? + #E’L),NLE"ﬁE (7

The overall particle velocity in the iEK microchannel (Fig. 1)
is determined by EK phenomena illustrated in Fig. 1a in the
postless device and Fig. 1b in post devices for negatively
charged particles. Given that the DEP force in our system is
negligible16.17.3135 gnd the 3/2 condition is either not met or
occurs only in negligibly small regions based on the applied
voltage (as detailed in Table S1), the equation can be simplified
as follows:

3 3 ~
Vp = Vgg + Vép),NL = gk E+ Hép),NLE3aE )]
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Table 1. Characteristics of the microparticles used in this study.

Particle ID Diameter {ps Upp X108 E for ug{m B for ug{m Pe for ug{m uﬁ;’},)’,\,Lxlo'18

(um) (mV) (m2V-is?) estimation (V/cm) estimation estimation (m?v-3s?)
P1 3.6+0.1 -19.1+3.2 -1.5+0.2 350 3.3 0.8 -2.1+£0.3
P2 41+0.3 -34.1+25 -2.6+0.1 250 2.8 1.1 -3.1+0.3
P3 5.8+0.2 -20.5+2.2 -1.6+0.2 150 1.1 0.2 -25.3+25
P4 5.7+0.2 -34.2+33 -2.7+0.1 150 2.2 0.9 -16.1+1.1
P5 7.4+0.3 -21.1+1.6 -1.6+0.1 100 1.9 0.5 -253+23
P6 7.6+0.2 -26.7+1.8 -2.1+0.2 100 1.9 0.6 -16.4+1.7
P7 11.7+0.2 -23.8+1.1 -1.9+0.8 100 2.9 0.9 -23.2+1.6
P8 10.5+0.3 -27.81+4.6 -2.2+0.3 100 2.7 0.9 -19.8+1.1
P9 3.6+0.1 -20.7+2.7 -1.6+0.2 300 2.4 1.2 -20.5+3.0
P10 7.4+0.3 -31.7+1.8 -25+0.1 100 1.9 0.7 -7.3+0.6

§ The values for the {p and ugp ; were estimated at 8 values between 0.2 and 0.9.
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Fig. 1 lllustration of the three device designs employed in this study. Schematic
representation of (a) a postless microchannel, (b) a microchannel with asymmetrical
posts (Postl device), (c) a microchannel with symmetrical posts (Post2 device) with
reservoirs, depicting the channel dimensions, and the interrogation window used for
fluorescence measurements. The labels A-D refer to the four electrodes (see Table 2).
The EK forces (EO, EP,, EPy,, and DEP) acting on the negatively charged particles in the
microchannels are also shown in the figure inset in (a) and (b). Because the DEP force is
negligible in magnitude when compared to the other EK forces, it is shown as DEP~0 in
(b). The insets below the channels in (b) and (c) provide an illustration of the effective
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length (Lgyy) the length of one horizontal gap between posts (Lg;) and the length of one
post (Lp1) for the post devices. The second inset in (a) illustrates where retention time
data is obtained in an electropherogram.

Experimental
Suspending medium and microparticles

This study utilized eight distinct types of polystyrene
microparticles as reference particles (P1 to P8, as detailed in
Table 1) sourced from Magsphere (Pasadena, CA, USA) and
Spherotech (Lake Forest, IL, USA) with sizes ranging from 3.6 um
to 11.7 um to develop the empirical equations. The particles
were grouped into four pairs, each consisting of microparticles
of nearly identical size but differing zeta potentials,
approximately -20 mV and -30 mV. Additionally, two particles,
referred to as control particles, were used to validate the
empirical equations. One particle had a smaller size of 3.6 um
(particle P9), and the other had a larger size of 7.4 um (particle
P10). Both particles had characteristics within the range defined
bythe reference particles. The characteristics of particles P9 and
P10 are detailed in Table 1. The concentration of particles
ranged from ~2 X 10° to ~2 x 108 beads/ml. The sample
concentration was kept consistent across both particle tracking
velocimetry (PTV) and EK migration experiments; however,
larger sample volumes were required for the EK migration
experiments to aid in the visualization of eluting particles.

The suspending media was a buffer solution of K;HPO,4
(Solon, Ohio, USA) at a 0.2 mM concentration, with the addition
of 0.05% (v/v) of Tween 20 (Solon, Ohio, USA) to prevent
particle sticking. The media had a conductivity of 41 + 3.0 uS/cm
with a pH of 7.2 £ 0.5, which produced a wall zeta potential ({y/)
of-60.1+3.7 mVand ugp of 4.7 £0.3 x 108 m2V-1s'las measured
with current monitoring.

Table 2. Voltage conditions used for EK sample injection.
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Run Applied voltage (V) in each
Device Step time reservoir
(s) A B C D
Postless & Loading 10 1500 100 0 1000
Postl Gating 2 1500 2500 1500 0
Post2 Loading 10 800 100 0 1000
Gating 2 1500 2500 1500 0
Injection I3 200 v, 200 0

- The values of t vary depending on applied voltage (100 s to 300 s).

- The values of ¥/, vary depending on applied voltage (400 V: 150 V: 1450 V).

Microdevices and equipment

Standard cast-molding techniques were employed to create
the T-channel devices used in this study.3® Fig. 1a-1c represent
the three microchannel designs, with a depth of 40 um, used in
this study; depicting insulating posts and channel dimensions,
and the location of the fluorescence interrogation window. The
labels A-D refer to the four electrodes (Table 2). The insulating
posts were chosen to include one asymmetrical (Postl,
Oval200-Diamond60-VS20-HS100) and one symmetrical (Post2,
Oval276-VS35-HS75) design, as these are among the most
commonly used shapes in iEK migration experiments and
produce distinct electric field patterns.2327 The design names
are structured to comprise the shape of the
asymmetric/symmetric posts along with their specific
horizontal lengths, followed by the vertical spacing (VS) and
horizontal spacing (HS) values. In addition to both device
designs featuring different post geometries, the shorter arm of
Post2 further modifies the electric field intensity in comparison
to Postl, allowing for a meaningful comparison of retention
times between the two. A postless device was selected as a
reference to enable direct comparison with devices containing
posts. To minimize the impact of PDMS aging on {y, all
microdevices used in this study were 1-2 days old.3” The
effective length (Lgsy) is fixed at approximately 2.5 cm, with
post devices selected accordingly for retention time
comparison, and the postless design includes a distance-
marking feature above the channel to visually indicate the 2.5
cm endpoint during video recording. All experiments were
recorded employing either of two inverted microscopes, a Zeiss
Axiovert 40 CFL and a Leica DMi8. The Zeiss Axiovert 40 CFL
microscope was used for the EK migration experiments, while
both the Zeiss Axiovert 40 CFL and Leica DMi8 microscopes
were used for the PTV experiments. A LabSmith high-voltage
power supply (model HVS6000D) was used to apply the voltage
sequences to the microchannels.

Experimental procedure

4| J. Name., 2012, 00, 1-3

Experimental work was carried out in two parts: (1) PTV
experiments were conducted a 1-cm long postless channel to
characterize the particles as reported in Table 1. (2)
Electrokinetic migration experiments were performed to obtain
the retention time of particles (ty o) within the effective length
of microchannels. For all experiments, the microchannels were
pre-filled with the suspending medium and allowed to
equilibrate for at least 12 hours to ensure stable electroosmotic
flow. Low-voltage PTV experiments, using applied voltages
ranging from 25 to 75 V, were performed to obtain values for
Hgp 1, Which were then used to determine {p. These low voltage
magnitudes were selected to ensure that Pe and g remained much
smaller than 1, maintaining a linear relationship with E. High-voltage
PTV experiments were carried out at higher voltages to collect
nonlinear electrophoretic data (MI(?BB,NL) to satisfy moderate condition
where Pe < 1, arbitrary Du, and § < 1. Table 1 presents the values
of B and Pe used for estimating linear and nonlinear mobilities.
Although these are not the exact values required, they represent the
closest available approximations. A detailed description of the PTV
experiments can be found in our previous reports.34383° To obtain tg ,,
electrokinetic migration experiments were performed employing a
three-step EK sample injection process: loading, gating, and
injection. The applied voltages in the injection step range from 400 V
to 1450 V with an increment of 150 V (see Table 2). The voltage range
was set between 400 V, the minimum required for EK injection, and
1450 V, the maximum at which particles can migrate within the
channel while being affected (but not trapped) by EPy, effects. The
run time refers to the duration of each voltage step; the duration of
the injection step was determined by the time required for the
particles to elute from the post array. Large liquid reservoirs (~3-4
mL) were employed to decrease pressure-driven backflow. A 1-6 pL
suspension of microparticles was introduced into reservoir A (shown
in Fig. 1) using a pipette, followed by the placement of platinum wire
electrodes into each of the four reservoirs. These experiments are
thoroughly described in our earlier publications.2921 The EK injection
experiments were conducted at least three times for each particle at
each voltage to ensure reproducibility. The fluorescence signal from
each eluting particle peak was captured at the interrogation window
shown in Fig. 1. EK migration videos were recorded and analyzed
using Imagel, which processed the videos based on fluorescence
intensity. The fluorescence intensity for each EK migration video was
quantified using the first frame of the interrogation window as a
threshold. To ensure consistency, intensity values were normalized
relative to the highest recorded intensity. The second inset in Fig. 1a
represents an electropherogram generated from fluorescence
analysis at the interrogation window, illustrating the tg .in a single
elution peak. tg e, along with the standard deviations from these
repetitions, are presented in Tables $2-54 for different voltages and
across three microfluidic devices.

Data fitting

The “Isqnonlin” function in MATLAB R2024a was used to fit
the experimental retention time data to the proposed model.
This function optimizes the parameters by minimizing the sum
of squared residuals between the predicted and observed
values. Its flexibility in handling bounds and constraints made it
particularly suitable for accurately modeling the nonlinear
relationships in the system. Since the retention time of particles
is determined by their overall velocity, which is the summation
of the vgg and vé?NL, the equation for particle retention time
can be expressed based on particles’ linear (ugg ) and nonlinear
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(#é?,m) mobilities as shown in Eq. 8. Mobility is a key parameter
in the proposed model because it effectively captures the
system's physical behavior and is relatively straightforward to
characterize, as demonstrated by a recent report.*? The average
of electric fields (E4,4) along a cutline (Fig. S2) was calculated
using COMSOL Multiphysics and employed in the fitting process.
This approach was chosen because of our observations of
particles primarily migrating and aligning along the cutline
rather than across the entire volume. In COMSOL, the Average
tool computes the average electric field by integrating the field
values over the length of the line and dividing by the total
length. Table S7 presents the E,,,4 values across the cutlines for
all devices. Detailed information about the computational
modeling is provided in the Supporting Information (Figs S1-S2
and Tables S5-S6). In this study, the experimental retention
time data (tg ), as reported in Tables $2-S4, were individually
fitted for the postless, Postl, and Post2 devices to derive three
distinct equations for the predicted retention time of particles
(trp). For the postless device, Eq. 8 was reformulated as
follows:

3 .
Vp = Ay gk Eavg + 42 #fgﬁ,m E}vqQE ©)
tp = = Lerr (10)

3)
vp A1 gk EavgtAz Bpp i Edvg

where tp is the retention time of particles in the migration
channel, vp = Lgsf/tg, Lg sy denotes the effective length of the
migration channel and is shown in Fig. 1a. A; represents the
coefficient for the linear electrokinetic term (vgp ), while A;
corresponds to the coefficient for the VISD),NL term. The
coefficients of A; and A, represent a weight for the
overestimation or underestimation associated with the linear
and nonlinear regimes and should always remain positive to
preserve the physical meaning of both terms. E,,4 is the
average of the electric field in L calculated by COMSOL,
reported in Table S7.

Similarly, the equation can be adapted for post devices by
accounting for the average electric field in the presence of the
insulating posts:

_ Ls LP
Vp = Ay Uk (_LEff Egvgrs + ey Eqvg,p) +

(3) L 3 -~
Ay HepNL ﬁ (EAVg,Lp ag) (11)
Lesp =Ls+ Ly (11a)
Ls=(N:+1) (Ls1) (11b)
Ly, = (No) (Lp1) (11c)
Lefr
tr = 12
K Aq KEK (#}S‘f EAvg,Ls"’% EAvg,Lp)+A2 ﬂgi)’,NL L:.%(Ezvg,Lp) ( )

where Lgsr represents the length of the post array, L, is the
length of one horizontal gap between posts, L, is the length of
one post, N, is the number of columns in the post array. For
Post1 device N, = 71 and for Post2 device N, = 75. The ratios of
L¢/Lggs and L,/Lgsr act as weights, guiding the equation to
accurately represent the distribution of the electric fields. For
post devices, Lgys, Lg1, and Ly, are illustrated in Fig. 1b-1c. Egp,g
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is the average of electric field in Lg, and E,,,4 15, is the average of
electric field in L, which are reported in Table S7 .

Results and discussion

The experimental retention time of particles

This study developed empirical equations using eight types
of polystyrene microparticles (P1 to P8, as shown in Table 1) to
predict the retention time in microfluidic devices, with
experiments conducted on three microdevice types (shown in
Fig. 1a-1c). The retention times of the particles, together with
their standard deviations from repeated measurements, are
provided in Tables S2-S4 for various voltages and three different
microfluidic devices. Fig. 2a-2h presents the experimental
retention time of the microparticles in the three microfluidic
devices, represented by markers with error bars. The model-
predicted retention times are shown as solid lines,
demonstrating a reasonable agreement with the experimental
data. Across all devices, the relative error between tg . and tg,,
remains below 30% for all particles. A descending trend is
observed for all particles across all devices as the applied
voltage increases, except for a slight increase at higher voltages
(reported in Tables S2-S4).

The retention time of particles is influenced by a
combination of linear and nonlinear effects. As detailed in
Tables S2-S4, at lower voltages (400-700 V), where linear forces
are more pronounced, the retention time decreases noticeably
with increasing voltage, as expected. As the voltage increases to
the mid-range (700-1000 V), the retention time decreases at a
lower rate, and in some case retention time increases at the
higher voltages (1000-1200 V), suggesting that EPy. effects
counteract linear forces. Eventually, an increase in retention
time is observed, likely due to the growing influence of
nonlinear forces which are becoming comparable to linear
effects. This trend, which is more obvious in Postl device,
underscores the complex interaction between linear and
nonlinear phenomena at varying voltage The
performance of post devices in terms of producing longer
retention times, considering EPy, is expected to become more
significant at higher voltages, as demonstrated in our previous
work.2> However, due to concerns about particle trapping for
larger particles, the voltage was not increased to that level.

levels.
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Fig. 2 (a-h) Experimental retention times (tg ., markers) and model predictions (tg ,
solid lines) for reference particles P1-P8 as a function of applied voltage (400 V to 1450
V) for three device configurations: Postl (Oval200-Diamond60-VS20-HS100), Post2
(Oval276-VS35-HS75), and postless. The retention times decrease consistently with
increasing voltage across all devices, with variations between device types. Error bars
represent the standard deviations from repetitions at each voltage, indicating the
reliability of the measurements.

The results revealed that, in general, the Postl device
(Oval200-Diamond60-VS20-HS100) produced longer retention
times compared to the other two devices. Additionally, the
Post2 device (Oval276-VS35-HS100) generally resulted in longer
retention times than the postless device, although not to the
extent of the Postl device. On average, the Postl device
extended retention times by ~40% (95% Cl: 20% to 60%)
compared to the postless device, while the Post2 device
demonstrated a ~20% increase (95% Cl: 3% to 37%) in retention
times relative to the postless configuration. These observations
can be explained by electric field distributions and the
magnitude of EPy. within the devices. In the postless device, the
electric field distribution is uniform, which limits the emergence
of EPn. compared to post devices. In postless device, particles
can move more quickly toward the outlet, resulting in shorter
tgre- In contrast, insulating features intensify the magnitude of
the electric fields at certain regions of the channel, enabling the
simultaneous utilization of both linear and nonlinear
electrokinetic phenomena within the post device, making the
particle move slower toward the outlet and obtain longer tg ..
Furthermore, asymmetrical insulating posts (Postl device)
more effectively amplify the effects of EPn. on particles exposed

6 | J. Name., 2012, 00, 1-3

to the electric field compared to symmetrical posts (Post2
device), as evident in the plots and consistent with the
literature.14.36
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Fig. 3 Predicted electrokinetic velocities | vgk | and the nonlinear velocity term (|v,5~:2,)'NL|),
for particles P1-P4 as a function of applied voltage, derived from empirical equations for
three device configurations: Postl (Oval200-Diamond60-VS20-HS100), Post2 (Oval276-
VS35-HS75), and postless. (a, ¢, e, g) Plots of |vgx| vs. Voltage for particles P1, P2, P3,
and P4. (b, d, f, h) Plots of |v§,)'NL| vs. Voltage for the same particles. The absolute
values of predicted vg,)'NLwere plotted to aid visualization, since all /zg,)’mvalues are

negative for all particles in this study. The results highlight the differences in vgx and

vg,)'NLacross devices and demonstrate how particle size and zeta potential influence the

trends.

Development of empirical equations for
predicting particle retention time

The experimental retention times of particles (tg.) across
various devices and applied voltage ranges were utilized to develop
an empirical equation for predicting particle retention time (tg ;)
based on linear and nonlinear velocities. The equation for the
postless device was fitted using the format specified in Eq. 10, while
the equations for the Post devices adhered to the format outlined in
Eq. 12. The solver determined the equation parameters using tg . as
the response variable in the postless device. This resulted in
coefficients A; = 1.31 and A, = 1.32, corresponding to the
contribution of vgp ; and Vgp Ny, respectively. Itisimportant to note
that Lg sy must be provided in meters and E,,4 in volts per meter
(V/m) for these equations to function correctly. For the postless
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device, given that Lgsr = 0.025 m, the resulting equation is as
follows:

0.025

= o)
131 pgk Eavg+ 132 43 vy Edvg

(13)

tR,p

For the Postl device, the solver estimated the equation
parameters by using tg . obtained from Post1 device as the response
variable. Knowing that Lgsr=0.025, Lg/Lgsp =03, and
Lp/LEff = 0.7, this process yielded coefficients A; = 0.63 and A, =
0.32, which correct the estimation of linear electrokinetic effects and
nonlinear phenomena, respectively. The equation derived for the
Post1 device is expressed as follows:

_ 0.025
" 063 gk (03 Eavgs+ 0.7 Eavg i)+ 032 puGp y, (0.7 3
63 Ugk (0.3 Eavg,Lst 0.7 Eavg,Lp 32 Ugp N \O-7 Edvg,Lp

trp (14)

In the Post2 device given that Lgsr = 0.026, LS/LEff = 0.2, and
Lp/LEff = 0.8, the model estimated the equation parameters by
employing tg . obtained from Post2 device as the response variable.
This process yielded coefficients A; =0.83 and A, =0.22. For the Post2
device, the resulting equation can be represented as:

0.026

0.83 pgx (02 Eapgrst 0.8 Eapgrp)+ 022 Hin 1 (0.8 Ej,,g,Lp)

(15)

trp

Fig. 3 illustrates predicted |vgx| and |vb(~i,),NL| for particles P1 to
P4 derived from empirical equations for Postl, Post2, and postless
devices. The absolute values of the predicted VS;,)'NL were plotted for

better visualization, as all ug’m values are negative for all particles
in this study. For particles P1 to P4, it is evident that |vgg| is lowest
in the postless device, with Postl and Post2 showing almost equal
values, although Post2 is slightly higher than Post1. This trend can be
attributed to the combined influence of the electric fields E4y4 1 and
Eppg,.p Which contribute to a higher overall magnitude in the Post2
device compared to Postl, as detailed in Table S7. This indicates
that the linear terms in the equations are device-dependent,
with the postless device featuring nonintensified electric fields
generating lower |vgx| magnitudes. For all particles, it is apparent
that the magnitude of |vb(~i,),NL| is the highest for Post1 device, and
lowest for postless device. In the postless device, the uniform electric
field distribution ensures a constant electric field throughout the
entire migration channel at any applied voltage. In contrast, in Post
devices, the presence of insulating features alters the electric field
distribution, creating regions of higher field intensity. These localized
high-intensity areas give rise to nonlinear electrokinetic phenomena,
such as EPn.. As reported in Table S7, E,,,g 15, in the Postl device is
higher in magnitude compared to the Post2 device, while the
postless device exhibits the lowest E4,,; among all the devices. The
differences in the electric field distribution between the Post devices
arise from variations in the insulating post dimensions, the vertical
spacing (VS) between the insulating posts, the horizontal spacing
(HS) between the posts, and length of the arms as reported in our
previous studies.2*27 In this case, the Postl device, with a vertical
spacing (VS) of 20 um, intensifies the local electric field in the
constrictions, while the Post2 device, with a VS of 35 um and shorter
arms, exhibits a less concentrated electric field in L, regions. The

This journal is © The Royal Society of Chemistry 20xx

same trends for vgg and |vb(~i,),NL| are observed for particles P5 to P8
shown in Fig. S3. These observations are consistent with previous
reports from our group on improving iEK device design.2427
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Fig. 4 Box and Whisker plots representing relative error (RE) between tg, and tg, of
the reference particles (P1-P8) across all applied voltages. Errors below 30% are
considered acceptable. (a) postless device, (b) Postl device and (c) Post2 device. All
particles across three devices show RE below 30%.

The average value for the weighting coefficient A;, which
corresponds to linear EK phenomena, in all three equations is 0.9 +
0.3. This indicates that the corresponding variable or term
contributes almost directly and proportionally to the outcome
without requiring significant scaling or adjustment. This consistency
demonstrates that the relationship between the variable and the
response is neither excessively amplified nor diminished.

The main contributing factor to the observed A; value is the use
of experimental linear mobilities (ugp ;, and pgp), which are derived
under specific conditions where 8 <« 1 and have very small
magnitudes. These conditions ensure reliable and consistent
experimental measurements of linear electrokinetic mobilities. The
A; value close to 1 supports the validity of the experimental
methodology and indicates that the electrokinetic term does not
require further adjustment to reflect reality accurately.

The weighting coefficient A;, which corresponds to nonlinear
electrokinetic phenomena, is 1.32 for the postless device. This
suggests that the uniform electric field distribution minimizes the
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impact of nonlinear effects, as the term requires little adjustment to
the governing equation. In contrast, for the Post1 and Post2 devices,
A2 drops significantly to 0.32 and 0.22, respectively. These lower
values indicate that the original equations substantially overestimate
nonlinear contributions in the presence of posts. Assuming that EPn.
primarily occurs in the regions between the posts (constrictions)
where the electric field changes across the cutline, this observation
can be attributed to the way that the electric field is calculated along
the L, region. In this region, the electric field distribution is non-
uniform. Since it is not feasible to use the electric field for each
individual point, averaging the electric field values along the cutline
(Eavg,ip) might affect the resolution of the calculations. In fact, there
are points with maximum (or minimum) electric field values that are
diminished (or increased) by averaging, thereby affecting their
contribution to the overall nonlinear effect.

A further explanation for the observed A; value is the condition
of elevated electric field values required to satisfy the cubic
dependence necessary for experimentally calculating ug,)’NL.
Compared to linear electrokinetic mobilities, ,uS,NL is more
challenging to determine and may be more prone to variability under
these conditions. The results from the fitting process highlight that
while the linear term remains dominant, the nonlinear term plays a

role in determining the overall result.

Box and Whisker plots showing the relative error (RE) between
tre and tg pfor the reference particles under all applied voltages are
provided in Fig. 4. The plot illustrates the relative error RE of
reference particles (P1 to P8) across three device configurations:
postless (Fig. 4a), Post1 (Fig. 4b), and Post2 (Fig. 4c). The boxplots
display the median (central line), interquartile range (IQR; box
bounds: 25th to 75th percentiles), and whiskers (extending to 1.5x
IQR or min/max values). Outliers are shown as individual points.
Errors below 30% are considered acceptable, signifying good
agreement between experimental and predicted values. The 30%
error threshold was chosen based on previous studies demonstrating
that successful separations were achieved even when the
discrepancy between predicted and experimental data reached
approximately 30%.2° Additionally, the literature!43° shows that
large correction factors are often applied to improve the agreement
between experimental and predicted results, which inevitably
increases the error beyond 30%, suggesting that this threshold is a
reasonable benchmark for our study. Across all three configurations,
most particles exhibit RE values within this acceptable range,
demonstrating the reliable performance of the empirical equations
for predicting particle retention times.

The R2 for the derived equations (Egs. 13-15) was approximately
0.8, which can be attributed to several factors. The main contributing
factor to the observed R? is the way electric fields are incorporated
into the solver. To simplify the model, average electric field values
are used. However, the non-uniform nature of the electric field in
post devices, complicates precise calculations. By averaging the
electric field along the cutline, the method neglects extreme
values—both maximum and minimum—masking their contribution
to the overall influence. This oversimplification makes it difficult to
determine electric field values with high accuracy.

8 | J. Name., 2012, 00, 1-3

Another factor affecting the R? value is the absence of an
analytical model that accurately describes the experimental domain
lying between the cubic model (where nonlinear velocity exhibits a
cubic dependence on the electric field) and the 3/2 model (where
nonlinear velocity follows a 3/2 dependence on the electric field).
This gap in theoretical representation may contribute to the
imperfect fit, as the existing models fail to fully capture the
underlying physical or mathematical relationships governing the
system. Despite these challenges, the derived equations remain
consistent with the underlying physics of the system and provide an
appropriate tool for predicting the retention time of particles in iEK
systems.

Comparison of predicted and experimental
results for control particles

To validate the empirical equations, two control particles (P9 and
P10) were selected based on their characteristics, which align with
the reference particles in terms of size, zeta potential, and mobilities
as detailed in Table 1. These particles were introduced into the
microchannels using the EK injection method described in the
previous section and tested across three device configurations—
postless, Postl, and Post2—under four applied voltages (400 V, 700
V, 1000 V, 1300 V, and 1450 V). The retention times for these
particles were predicted using the derived empirical equations (Eqgs.
13-15) and compared to experimental results to assess the accuracy
of the model. The experimental retention times (tg.), including
standard deviations over three repetitions, and predicted retention
times (tg) for the control particles are presented in Tables S8-59.
Additionally, the percentage errors between the experimental and
predicted values are provided in Tables S8-S10.

Fig. 5 illustrates the comparison between tg, and tg. for
particles P9 and P10 across the three device configurations and the
applied voltages. In all cases, the retention times decreased as the
applied voltage increased, reflecting the expected behavior of the
system. For the postless device, the deviations between
experimental and predicted retention times were below 23% for
both P9 and P10 across all applied voltages, indicating a consistent
performance of the empirical equation in a uniform electric field. For
the Postl and Post2 devices, the deviations were below 24%
demonstrating the empirical equation's ability to effectively capture
localized nonlinear effects of the electric field in this device.

Overall, the results demonstrate the reliability and accuracy of
the empirical equations in predicting retention times under varying
conditions. The relatively low deviations (below 24% in all cases)
indicate that the equations fairly capture key factors influencing
retention time, including both linear and nonlinear electrokinetic
phenomena. Additionally, the trends observed in Fig. 5 align with the
theoretical expectations, further supporting the validity of the
model. These findings confirm the empirical equations' potential for
fairly predicting particle retention times across different
microchannel designs and operational conditions.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 1 Comparison of the predicted retention time (tg 5, solid lines) and experimental
retention time (ty ., markers) as a function of applied voltage for control particles P9 (3.6
um, {p = —20.7 mV) and P10 (7.4 pm, {p = —31.7 mV) across distinct three device
configurations: (a) Postless, (b) Post1 (Oval200-Diamond60-VS20-HS100), and (c) Post2
(Oval276-VS35-HS75). Results are presented for four applied voltages (400 V, 700 V,
1000 V, 1300 V, and 1450 V). Confidence interval plots are included for the predicted
retention time values.

Conclusions

This study introduces a method for predicting particle retention
time, accounting for both linear and nonlinear phenomena. The
method combines particle characteristics, applied voltages, and
microdevice design features. Using the collected experimental data,
a set of empirical equations was developed to comprehensively
describe the velocity of microparticles. These equations accounted
for both electrokinetic and nonlinear velocity components, providing
a reliable mathematical framework for predicting particle behavior
under varying operational conditions. However, it is important to
note that the model has limitations and is only applicable for
predicting the retention time of particles within the provided range
of particle characteristics. To validate the accuracy and reliability of
the derived equations, two distinct control particles were tested
across multiple device configurations. The validation results
demonstrated good predictive capability, with prediction errors
consistently remaining below 24% for all tested devices. This level of
accuracy highlights the effectiveness of the empirical models in
capturing the complex interplay of forces driving particle motion in
electrokinetic systems. Potential strategies to further improve
accuracy include refining the predictive model with advanced
machine learning techniques and expanding the calibration dataset
to capture broader experimental variability. Additionally, optimizing

This journal is © The Royal Society of Chemistry 20xx

input parameters or reducing measurement noise in retention time
data and mobilities could enhance precision beyond the current 20%
error threshold.

These results underscore the potential of the proposed empirical
equations in iEK systems for efficient prediction of particle behavior.
To more thoroughly evaluate the nonlinear electrokinetic regime,
future studies could focus on smaller particles that allow the use of
higher electric fields without particle trapping, enabling a deeper
exploration of the nonlinear velocity contribution. The method
presented here offers significant advantages for advanced analytical
applications, including enhanced accuracy, reduced processing time,
and adaptability to diverse experimental conditions. By providing a
reliable framework for modeling particle retention times, this study
contributes to the advancement of microfluidic technologies,
particularly in fields such as biomedical diagnostics, environmental
monitoring, and chemical analysis, where precise control of particle
behavior is critical.
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