%)
©
=
LL
G
O
)
.2
7
>
L
o

Multifactorial analysis of ion
concentration polarization for microfluidic
preconcentrating applications using
response surface method

Cite as: Phys. Fluids 32, 072012 (2020); https://doi.org/10.1063/5.0010698
Submitted: 13 April 2020 . Accepted: 09 July 2020 . Published Online: 31 July 2020

Majid Gholinejad "', Ali Jabari Moghadam "%/, Seyed Ali Mousavi Shaegh "“/, and Amir K. Miri

) & @

View Online Export Citation CrossMark

]

AN

ARTICLES YOU MAY BE INTERESTED IN

Effects of gravity and surface tension on steady microbubble propagation in asymmetric
bifurcating airways
Physics of Fluids 32, 072105 (2020); https://doi.org/10.1063/5.0012796

The translational and rotational motions of a cylindrical particle in a granular shear flow
inside a split bottom Couette cell
Physics of Fluids 32, 073310 (2020); https://doi.org/10.1063/5.0015175

Scaling relations in shear electroconvective vortices
Physics of Fluids 32, 072009 (2020); https://doi.org/10.1063/5.0015117

>z

Sign up for topic alerts

New articles delivered to your inbox

Phys. Fluids 32, 072012 (2020); https://doi.org/10.1063/5.0010698 32, 072012

© 2020 Author(s).


https://images.scitation.org/redirect.spark?MID=176720&plid=1167512&setID=405127&channelID=0&CID=390544&banID=519902572&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=1f3035dd9c646c4b12aea2366796557c421312ce&location=
https://doi.org/10.1063/5.0010698
https://doi.org/10.1063/5.0010698
https://aip.scitation.org/author/Gholinejad%2C+Majid
http://orcid.org/0000-0001-8523-2641
https://aip.scitation.org/author/Jabari+Moghadam%2C+Ali
http://orcid.org/0000-0002-3838-3807
https://aip.scitation.org/author/Mousavi+Shaegh%2C+Seyed+Ali
http://orcid.org/0000-0001-8770-3267
https://aip.scitation.org/author/Miri%2C+Amir+K
https://doi.org/10.1063/5.0010698
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0010698
http://crossmark.crossref.org/dialog/?doi=10.1063%2F5.0010698&domain=aip.scitation.org&date_stamp=2020-07-31
https://aip.scitation.org/doi/10.1063/5.0012796
https://aip.scitation.org/doi/10.1063/5.0012796
https://doi.org/10.1063/5.0012796
https://aip.scitation.org/doi/10.1063/5.0015175
https://aip.scitation.org/doi/10.1063/5.0015175
https://doi.org/10.1063/5.0015175
https://aip.scitation.org/doi/10.1063/5.0015117
https://doi.org/10.1063/5.0015117

scitation.org/journal/phf

Physics of Fluids ARTICLE

Multifactorial analysis of ion concentration
polarization for microfluidic preconcentrating
applications using response surface method

Cite as: Phys. Fluids 32, 072012 (2020); doi: 10.1063/5.0010698
Submitted: 13 April 2020 + Accepted: 9 July 2020
Published Online: 31 July 2020

@

Majid Gholinejad,**“ ") Ali Jabari Moghadam,'® (" Seyed Ali Mousavi Shaegh,”**? "=/ and Amir K. Miri*®

AFFILIATIONS

TFaculty of Mechanical Engineering, Shahrood University of Technology, P.O. Box 361, Shahrood, Iran

20rthopedic Research Center, Mashhad University of Medical Sciences, Mashhad, Iran

*Clinical Research Unit, Chaem Hospital, Mashhad University of Medical Sciences, P.O. Box 91735451, Mashhad, Iran

“Microfluidics and Medical Microsystems Laboratory, BuAli Research Institute, Mashhad University of Medical Sciences,
P.O. Box 9196773117, Mashhad, Iran

SBiofabrication Lab, Department of Mechanical Engineering, Rowan University, Glassboro, New Jersey 08028, USA

5School of Medical Engineering, Science, and Health, Rowan University, Camden, New Jersey 08103, USA

2 Authors to whom correspondence should be addressed: Alijabari@shahroodut.ac.ir and Mousavisha@mums.ac.ir

ABSTRACT

Ton concentration polarization (ICP) in a microfluidic device requires a precise balance of forces on charged molecules to achieve high
concentrating efficiency. It is, thus, of considerable interest to study the impact of all governing parameters on ICP performance. Experimental
study of the ICP multifactorial phenomenon seems impractical and costly. We report a systematic approach to understand the impacts of
governing parameters on the ICP phenomenon using a robust numerical model established in COMSOL Multiphysics®. We varied the buffer
concentration, applied voltage, and microchannel length to study their impacts on the ICP phenomenon. Then, we developed a statistical
model via the response surface method (RSM) for the numerical results to study the direct and interactive effects of the mentioned parameters
on ICP optimization. It was found that the buffer concentration (Cy,g) plays a key role in the enrichment factor (EF); however, simultaneous
impacts of the applied voltage and channel length must be considered as well to enhance EF. For low buffer concentrations, Cp, g < 0.1 mM,
the ionic conductivity was found to be independent of Cy,p,, while for high buffer concentrations, Cp,gr > 1 mM, the ionic conductivity was
directly linked to Cp,g,. In addition, the RSM-based model prediction for a certain buffer concentration (~1 mM) highlighted that an electric
field of 20 V/cm-30 V/cm is suitable for the initial design of experiments in ICP microdevices.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0010698

. INTRODUCTION

Ion concentration polarization (ICP) has been applied in
micro- and nanofluidic devices to concentrate charged analytes
in microchannels, a simple, functional approach for diagnostics,
biosensing, desalination, and power generation.”” When a charged
surface in a microchannel is exposed to an electrolyte solution, coun-
terions of the electrolyte are absorbed onto the charged surface,
forming an electrical double layer (EDL).” The charged ions in a
microchannel can move under the influence of a tangential electric

field (E;) and cause the motion of the bulk solution (i.e., electroos-
motic flow). When nanochannels are created between microchan-
nels, ionic transport is dominated by the surface charge, which
results in the creation of ion selectivity, allowing the passage of
counterions with overlapping EDL. In this way, ion selectivity of
nanochannels induces a strong normal electric field (En) and this
affects the ion concentration gradient at the interface of nano-
and microchannels (Fig. 1). The presence of nanochannels with
charged surfaces in a microchannel leads to ICP under an electric
field. The ICP device results in enrichment and depletion zones in
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FIG. 1. Schematics of ICP-based device. Vy: high voltage, Vi: ground voltage, V, :
low voltage, E;: tangential electric field, and E,: normal electric field.

adjacent microchannels. The nanochannels could be created
through either nanofabrication methods or implementation of a
nanoporous membrane in a microchannel.

ICP devices have been mainly developed for desalination,*’
micro-mixing,”” ionic diodes,”” and biomedical applications.'’ Sev-
eral microfluid-based methods have been used for preconcentrat-
ing charged analytes, such as DNA or protein including isoelectric
focusing,ll electrophoresis,ll affinity-based extraction,”” and other
methods'*"” for disease diagnosis. The conventional methods for
preconcentrating molecules require large sample volume and have
high costs. Hence, many microfluidic devices have been developed
to preconcentrate DNA and proteins at low concentrations.'*'’
Among them, the ICP method is receiving interest due to its simple
design and high enrichment factor (EF) (over 10%-fold)."* %

To concentrate charged molecules at a certain position in a
microchannel, a balance of electroosmotic, electrophoretic, and ion
depletion repulsion forces should be achieved.”’ Thus, governing
parameters such as buffer concentration, applied voltage, and geom-
etry design should be controlled. The preconcentration efficiency
of a device can be described using the enrichment factor (EF), i.e.,
the ratio of the final and initial concentrations for the enriched
analyte.

Gao et al.”” demonstrated that for a buffer concentration (Tris—
HCI) within the range of 10 mM-60 mM, the fluorescence intensity
of fluorescein sodium increased for the buffer concentrations of up
to 50 mM. For higher buffer concentrations, the fluorescence inten-
sity reached a plateau and remained constant. Thus, there should
be an optimum buffer concentration value that maximizes the EF.
Yuan et al.”’ investigated the effect of bulk solution and voltage
on the preconcentration rate and found that the optimal value of
KCl concentration (for 107°M fluorescein tracer) was close to 10
mM. They stated that for a certain microchannel length, the precon-
centration plug disappears as the voltage exceeds 200 V. The result
revealed that the deployment of a proper voltage difference through
the microchannel is essential to observe analyte preconcentration
with a sufficient enrichment factor.

In addition to experimental studies, many numerical stud-
ies have been carried out to characterize the ion concentration

ARTICLE scitation.org/journal/phf

.. . C . 24,25 2
polarization phenomenon for various applications.”"*” Wang et al.”’

found that the increase in voltage, which enhances electrophore-
sis force, improves the enrichment factor. However, a balance
between the electrophoretic forces and repulsive forces, induced by
charged nanochannels, should be achieved to maximize the enrich-
ment factor. In addition to the balance of the mentioned forces on
charged analytes, Ouyang et al.”” found that the anion concentra-
tion in the buffer solution restricts the increase in the enrichment
factor to maintain electroneutrality. Jia and Kim’*? studied the
effects of voltage and buffer concentration on particle accumula-
tion in single and V-shaped microchannels. A decrease in the buffer
concentration and an increase in voltage enhance the enrichment
factor.

Ionic conductivity, which characterizes the performance of an
ICP-based device, is mainly determined by the ionic concentration
of the buffer solution and the concentration of charged analytes.
The ionic conductivity affects the overall motion of charged ions
via diffusion, convection, and electro-migration, under an electric
field. Hence, the conductivity could be influenced by the channel
characteristics (surface charge and dimensions), applied voltage, and
bulk solution behavior. Kim et al.”’ measured the ionic conduc-
tivity of a microchannel with and without a Nafion® nanoporous
membrane, concluding that ionic conductivity increased with the
increment of buffer concentration. However, the ionic conductivity
of the microchannel with an incorporated Nafion membrane is sta-
ble after a threshold of buffer concentration (Cy,gr > 10 mM). Also,
Kamcev et al.’' studied the effect of salt concentration on an ion
exchange membrane for desalination application and found that at
high salt concentrations (>0.3M), ionic conductivity enhanced with
an increase in the salt concentration. The polyelectrolyte-modified
nanopore ionic conductivity was found to be larger at a low buffer
concentration (Cy,r = 1 mM) and high voltage (VV = 1000 mV)
than for a case with a medium concentration (Cp,gpr = 50 mM)
and low voltage (VV = 200 mV).”” The ionic conductivity increased
with voltage increment when the buffer concentration is medium
(10 mM < Cpypr < 100 mM). These results revealed that the inter-
action between the voltage and buffer concentration played a critical
role in the overall conductance of micro-/nano-systems, regardless
of their geometrical features.

A number of studies have been devoted to analyze the accumu-
lation of charged molecules. In addition, such studies only investi-
gated the individual effects of parameters such as voltage and buffer
concentration, and their combined effects on the device perfor-
mance were not considered. Better understanding of the ICP phe-
nomenon in a microdevice necessitates studying the interactions of
all governing parameters. This study was mainly devoted to perform
a multifactorial analysis to investigate the effects of buffer concen-
tration, voltage, and microchannel length and their interactions on
the enrichment factor and ionic conductivity in an ICP microsys-
tem. The response surface method (RSM) was employed to study
the interactions of the governing parameters.

The precision of RSM model predictions was examined
through the analysis of variance (ANOVA). The ANOVA was able
to determine the significance of each parameter and its contribution
to the enrichment factor and ionic conductivity. The results showed
that the buffer concentration had a significant impact on the enrich-
ment factor, while the role of geometry and voltage was important
for ionic conductivity. The RSM model could provide a practical
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FIG. 2. Geometrical model and boundary conditions for numerical simulation.

approach to design and optimize the performance of ICP-based
microdevices for preconcentrating molecules.

Il. COMPUTATIONAL DOMAIN AND BOUNDARY
CONDITIONS

Figure 2 shows a typical geometry of the ICP-based device stud-
ied here. The two side chambers have the dimensions of 50 x 50 ym?.
The microchannel is located in the midsection of the geometry
between the two chambers with a height of 4 ym (2h = 4 ym), and
its non-dimensional length varies between 30 and 90 (L,/h: 30-90).
The walls of the microchannel had a negative surface charge den-
sity of 5 mC/m?, and a negatively charged ion-selective membrane
was considered to be embedded in the middle of the microchannel
(Lw2) with a length of 2 ym (L, = 2 ym). HCl is the buffer solu-
tion, and negatively charged DNA molecules are considered as the
target molecule (see Table I for the parameters). Over the surface
of the membrane, fluxes of negative ions (Cl”) and negative DNA

TABLE I. Values of constant parameters used in this study.

molecules were considered to be zero. The charge of the membrane
was assumed to be —2 mM; thus, the concentration of positive ions
(H") was considered to be 2 mM.*** The dimensionless buffer con-
centration of HCI varied from 0.01 to 10 (Cy,/Co: 0.01-10), and
a voltage difference (AV = Vy — V) was applied to the system in
which voltage on the left border (V) was higher than that on the
right chamber (V1). Thus, a tangential electric field was generated
and the electroosmotic force could drive the bulk solution through
the microchannel. The dimensionless voltage (AV/V'r) ranged from
5 to 30 (thermal voltage V = 25.8 mV). In addition, voltage on the
membrane’s surface (V,,) was set to generate cross-membrane volt-
age [Vem=(Vu + V)2 - Vm].l 42735 Normal electric field was then
generated, and only cations (H") could pass through the membrane.
The cross-membrane voltage (V) could affect the enrichment fac-
tor until it reached its maximum value. To compare the results in
fixed operating conditions and to ensure that the maximum enrich-
ment factor was achieved, the value of V,,/Vt = 40 was set for the
simulations (Fig. 3).

24,28,29,35,36

Expression Parameter Value Unit
Diffusion coefficient of H* Dy 9.36 x 10~ m?s7!
Diffusion coefficient of Cl ™ Dgj- 2.03x10° m?s !
Diffusion coefficient of DNA molecule Dpna 1.51 x 1010 m?s !
Thermal voltage Vr 0.0258 \%
Microchannel surface charge o —0.005 Cm™?
Reference concentration Co 1 mM
DNA concentration Csp 10t mM
Viscosity u 0.001 Pas
Microchannel width 2h 4 pm
Density P 1000 kgm~?
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FIG. 3. Variation of the enrichment factor through the microchannel for differ-
ent cross-membrane voltages at the channel centerline for Lyvh = 84.32, AV/VT

=10.07, Cpyer/Co = 2.03 derived from COMSOL® simulation.

lll. GOVERNING EQUATIONS

The Navier-Stokes equations were solved in the computational
domain to obtain the flow-field variables,”"**

p(U-V)U = -Vp+uv°U - ppV 0, (1)

where y is the dynamic viscosity. The last term of Eq. (1) peV@ is
due to the external electric potential of the system that represents the
density of net charge inside the solution. To calculate the net charge
density, the following equation is used:”’

PE =F Zi ZiCi. (2)

Distribution of concentration for different species of ions and DNA
molecules in electrolyte solution is obtained by solving the Nernst—
Planck equation,™

V-J; =0, J; = —(D;VC; + zi(DiF/RT)C; VD) + UC;, (3)

where C;, D;, zi, and J; are the concentration, diffusion coeffi-
cient, ionic valence, and fluxes of ion species i, respectively. Trans-
port of positive buffer ions (H") is obtained by i = 1, transport
of negative buffer ions is obtained by i = 2 (Cl"), and the motion
of negatively charged molecules (DNA molecules) is obtained by
i = 3. The parameter T represents temperature in the standard state
(298 K), and F and R represent the Faraday number and the ideal gas
constant, respectively.”

The Poisson equation was applied to relate ionic concentration
to the electric potential, which is expressed as follows:”’

V@ = —pr/eoer. (4)

The above coupled equations were numerically solved.

scitation.org/journal/phf

To evaluate the results, the enrichment factor and ionic con-
ductivity (G) have been used. The enrichment factor is defined as the
ratio of the final DNA molecule concentration to its initial concen-
tration (C3/Csyp). For calculating conductivity, the section with the
highest value of ionic conductivity was determined for each case and
then the integral of conductivity along the width of the microchannel
was calculated in that section,”

3
G=1/VV = fF(ZzJ,.)-nds/vv. (5)
s \io1

IV. GRID INDEPENDENCE STUDY AND VALIDATIONS

Figure 4 shows the solution domain and grid distribution used
for the numerical simulation. Due to the geometrical symmetry,
the lower half of the system was analyzed to reduce computational
cost. Distribution of the grid was selected to be finer in the vicin-
ity of the surfaces for considering the boundary layer around the
microchannel walls with charged surface. The extreme changes in
target molecule accumulation occur around the membrane’s sur-
face. By examining grid sizes of 20 x 200, 30 x 300, 40 x 400, and
50 x 500 for microchannel length, it was found that for higher grid
sizes of 40 x 400, the enrichment factor and ionic conductivity val-
ues converged. The grid size of 40 x 400 was considered for our
computational simulations.

Since there is no 3D simulation in the literature that could
be employed for validation purposes, the results of the model were
compared with those of Gong et al,” Lietal,” and Ouyang et al”’
Figures 5(a) and 5(b) reveal that there is good agreement between the
present study and the previously reported ones in terms of distribu-
tion of electric potential and sample concentration distribution. In
addition, in Fig. S1, the contour of DNA concentration distribution
in our model was compared with the experimental and numerical
studies of Ouyang et al.”’

V. RESPONSE SURFACE METHOD (RSM)

Response surface method (RSM) is an effective method to
study several parameters simultaneously and with least possible test
designs. We used RSM to study the effects of the buffer concen-
tration, voltage, and microchannel length on the enrichment factor
and conductivity. The ranges of the parameters with their levels [low
(-1), mean (0), and high (+1) levels] are defined in Table II. Each of
the parameters could affect the response (dependent variable), and
RSM was a powerful tool to find an appropriate correlation between
them. This model could be written as follows:

3 3 3
Y =0+ 2/31')(1' + Zﬁii}(i)(i + Zﬁzj)(i)(p (6)
pry s s

where Y is the dependent variable [enrichment factor and conduc-
tivity (G) in this study], o is the intercept, f3; is the linear regression
coefficient of ith factor, B;; is the quadratic regression coefficient of
ith factor, and f3;; is the interaction of the ith and jth parameters.

To find proper values of o, i, Bii, and fj; for solving Eq. (6), a
central composite design (CCD) with 20 runs was utilized to cover
the range of the parameters. The statistical analysis was carried out
by the design of experiment software to relate the effects of the
parameters on variables using quadratic model. Table IIT illustrates
the parameters with obtained results from the simulations.
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The equations for the enrichment factor and ionic conductiv-
ity (G) using quadratic model in terms of parameters (30 < A < 90,
5 < B <30, 0.01 < C < 10) could be expressed in the following form:

EF = 73288.06 — 144.83A — 1636.86B — 12512.35C + 12.21AB
—0.65AC — 0.65AC — 99.3BC — 0.19A% + 21.22B% + 951.09C7,

(7)

G=7864%x10""+1.662x 10 A + 1.695 x 10 °B +2.531 x 10"°C

+4.438 x 10 8 AB - 7.355 x 10 *AC + 1.05 x 10 °BC

—1.422 x 10 °A% +5.949 x 10" °B* - 1.38 x 10 °C?, (8)

(@)
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zoomed area around the nanoporous membrane.

A. Analysis of variance (ANOVA)

The qualities of the fitted results obtained from the RSM
[Egs. (7) and (8)] were analyzed through ANOVA for finding
inter-relations among the governing parameters. We used sum of
squares, degree of freedom (DOF), mean squares, F-value, and p-
value (Tables I'V and V). The statistical significance of the numerical
data was determined by the F-value, which had more precision for
F-values higher than one. F-values of 69.18 and 8.59 for the enrich-
ment factor and ionic conductivity implied that our models were
meaningful. P-values less than 0.05 indicated that the model terms
were significant. For instance, the buffer concentration (C), squares
of the buffer concentration (C?), and the interaction between length
and voltage (AB) were significant terms for the enrichment factor.

(b)

1000
B Ouyang et al. [27] (K')
r . Present study (Analyte )
B Ouyang et al. [27] (Analyte)
800~ Present study (CI)
I Ouyang et al. [27] (CI)
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= 600~ ;
= -
L I
a -
: L
S 400(-
o
2 L
=)
S L
200
0 e e e e e

40 80 100 120
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FIG. 5. Comparison between the present study and the studies of Li et al.”> and Ouyang et al.”’: (a) electric field distribution (Vem = 4V1)* and (b) concentration distribution

of KCl solution and analyte in V¢m = 30Vy at the microchannel centerline.”’
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TABLE II. Levels of input parameters.
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Parameter ranges

Parameters (non-dimensional) Symbol Low (—1) Mean (0) High (+1)
Microchannel length A:Ly/h 30 60 90
Voltage difference B:AV/Vry 5 17.5 30
Buffer concentration C: Cpufter! Co 0.01 5.005 10

R* and Ridj values for both cases were close to 1, indicating the
correspondence of the predicted values to the actual values of the
simulations. Adeq Precision compared the range of predicted values
to average prediction error, and the desirable ratio was achieved for
values greater than 4. Adeq Precision of 28.606 and 11.079 implied

that our models could be used for design purpose.

VI. RESULTS

Figures 6(a) and 6(b) show variations of the enrichment factor
with respect to the buffer concentration and dimensionless length
of the microchannel for high (AV/V = 30) and low (AV/V = 5)
voltages, respectively. The highest enrichment factor was observed
for the low buffer concentration in both cases, while the increase in
the buffer concentration led to the reduction in the enrichment fac-
tor.”” For a specific microchannel length, the trend of enrichment
factor values changed around Cy,g,/Co = 7. Upon a further increase

in the buffer concentration (after Cp,gr/Co = 7), the enrichment fac-
tor was preserved. This can be attributed to the limited counterions
(H") passing through the nanoporous membrane. The quantity of
counterions, determined by net surface charges of the nanoporous
membrane, was assumed to be constant in the nanoporous mem-
brane (Cy+ 2 mM). Thus, an increase in the buffer con-
centration allowed more DNA molecules to be replaced with
buffer anions (Cl™). Such replacements lead to higher enrichment
factors.

An enrichment factor value of around 1 was observed for high
buffer concentrations at high voltages for a short microchannel or
at low voltage for a long microchannel. This means that the accu-
mulation of DNA molecules could not be accomplished for these
design ranges. The reason for this was the balance of forces on DNA
molecules. If low voltages were applied along a long microchannel,
weak electroosmotic and electrophoretic forces were not sufficient
to withstand the repulsion of DNA molecules at the nanoporous
membrane. On the other hand, in a short microchannel with high

TABLE Il Proposed runs for the input parameters by the design of experiment software and the obtained results from

simulations.

Run Lin/h AVIVr Chufrer/ Co EF Max conductance (S)
1 60 17.50 5.00 8817.12 9.67x10°
2 42.16 10.07 2.03 31041.7 1.60x 10°
3 77.84 21.00 2.03 34396.33 1.80x 107 °
4 77.84 24.93 7.98 8817.12 1.33x10°°
5 60 17.50 5.00 8817.12 9.67x10°
6 42.16 10.07 7.98 10291.03 1.57x 107
7 60 5.00 5.00 8747.27 1.10x 10°®
8 77.84 10.07 7.98 4597.92 7.13x10°
9 77.84 10.07 2.03 29049.73 1.65%x 107°
10 60 17.50 5.00 8817.12 9.67x10°
11 42.16 21.93 7.98 10774.52 1.86x 10~
12 90 17.50 5.00 6123.43 6.64x10"°
13 42.16 24.93 2.03 31059.86 1.60x 10°
14 60 17.50 5.00 8817.12 9.67x10°
15 30 17.50 5.00 7036.48 1.05x 10~
16 60 30.00 5.00 10291.03 1.35x 1078
17 60 17.50 5.00 8817.12 9.67x10°
18 60 17.50 0.01 50320.25 3.47x10°
19 60 17.50 5.00 8817.12 9.67x10°
20 60 17.50 10.00 5073.98 1.14x 1078
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TABLE IV. ANOVA results for the enrichment factor.
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Source Sum of squares DOF Mean squares  F-value p-value
Model 2.99 x 10° 9 332 x 10° 69.18 <0.0001
A 4305058 1 4305058 0.78 0.3994
B 2604081 1 2604081 0.47 0.5088
C 2.03 x 10° 1 203x10°  369.16 <0.0001
AB 48834513 1 48834513 88.88 <0.0001
AC 27793.8 1 27793.8 0.0005 0.9449
BC 22356726 1 22356726 4.06 0.0746
A? 906 025.6 1 906 025.6 0.16 0.6943
B? 12271345 1 12271345 223 0.1695
c? 8.64 x 10° 1 8.64 x 10° 156.99 <0.0001
Residual 49508319 9 5500924

Lack of fit 49508319 4 12377080

Pure error 0 5 0

Total 3.03 x 10° 18

R*=09837 R;=09674 Adeq Precision = 28.606 A:Ly/h B:AV/Vy  C: Chuger/ Co

voltage, strong electroosmotic flow and electrophoretic forces were
dominated. In such cases, the forces on DNA molecules were
unbalanced and practically no accumulation of particles could be
accomplished.

Figures 7(a) and 7(b) show the effects of voltage and non-
dimensional microchannel length on the enrichment factor for
dimensionless buffer concentrations of 1 and 10. The highest enrich-
ment factor occurred in a case where both voltage and length of
the microchannel had higher values (Ln/h > 60 and AV/V ¢ > 20).
However, in experimental studies, excessive voltage could not be
applied to the system due to the effect of the Joule heating as well
as the change in molecule characteristic properties.” To overcome
this limit, by changing the length and voltage, similar values for the

TABLE V. ANOVA for the ion conductivity.

enrichment factor could be obtained at a fixed buffer concentra-
tion. For example, at Chufrer/Co = 1, for L,u/h = 55 and AV/V 7 =5,
the enrichment factor was similar to the case with L,,/h = 90 and
AV/Vr 2 15. In this way, for a specific enrichment factor, few
sets of working conditions (voltage and channel length) could be
considered for the device design.

Figures 8(a) and 8(b) show the effects of voltage and concen-
tration on the enrichment factor for L,,/h = 30 and 90, respectively.
The increase in the buffer concentration results in the decrease in the
enrichment factor. However, with voltage enhancement, the enrich-
ment factor did not increase. It could be concluded that among these
two parameters, the effect of the buffer concentration was domi-
nant. A comparison of Fig. 8(a) with Fig. 8(b) reveals that shorter

Source Sum of squares DOF Mean squares  F-value p-value
Model 1.25 x 1071 9 139 x 107 1° 8.59 <0.0001
A 1.56 x 10~V 1 1.56 x 10~V 0.10 0.8239
B 222x 107" 1 222x 1071 15.30 <0.0001
C 1.5x 1071 1 1.5x 1072 10.36 0.0831
AB 284x10° " 1 284 x10 1 19.61 <0.0001
AC 9.11 x1071¢ 1 9.11x 107 1° 6.29 0.1265
BC 1.85x 107 1° 1 1.85x 10~ 12.81 <0.0001
A? 244 x 107V 1 244 x 107V 0.16 0.7815
B2 2.65x 10716 1 2.65x 10716 1.82 0.376
C? 6.42x 10716 1 6.42 x 10°1° 4.43 0.1869
Residual 1.74x 10" 6 2.89 x 107 1€

Lack of fit 1.74 x 1071 1 1.74 x 107%°

Pure error 0 5 0

Total 142 x 101 15

R*=08780 R;=07051  Adeq Precision = 11.079 A: Ly/h B:AV/Vy  C: Chuger/Co
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FIG. 6. Variations of the enrichment factor based on the concentration and dimensionless length of the microchannel for (a) AV/Vr =5 and (b) AV/V 1 = 30.

lengths (L,,/h = 30) have a larger region with the enrichment factor
of 1 [dark blue part in top right of Fig. 8(a)], meaning that channels
with short length are more susceptible to fail preconcentrating an
analyte.

An electric field value proposed by ANOVA is given to Table VI
for a fixed buffer concentration (Cy,g,/Co = 1). The proposed length
and voltage through optimization were suggested in a way that
the applied electric field remained in a confined range (20 V/cm-
30 V/cm). This finding is in a good agreement with the reported
experimental studies. For example, Kim et al.”’ demonstrated an
applicable device to preconcentrate 10™* mM FITC-labeled BSA
protein in 1 mM PBS buffer, which had the exact values of molecules
and buffer concentration in our simulation. They used 25 V/cm
as optimal electric field to avoid Joule heating and maximize the
enrichment factor. Our finding is in agreement with their reported
electric field. In another research, Chang and Yang,”® who used
graphene oxide-Nafion (GO-Nafion) to increase the enrichment

25.00 —

20.00 —

AV /Vy

1000 5=

5.00

T
60.00

L,/h

factor, observed the maximum amount of enrichment factor for flu-
orescein using an electric field of 20 V/cm. In addition, Kim et al.®’
employed an electric field of 33.33 V/cm for preconcentration of red
blood cell (RBC) out of diluted human whole blood using buffer
concentrations from 0.1 mM to 36.5 mM.

In the following section, the effects of the parameters on ionic
conductivity are studied. Figures 9(a) and 9(b) show the ionic con-
ductivity contour based on the non-dimensional concentration and
microchannel length for low and high voltages, respectively. For
short microchannel length, the ionic conductivity was enhanced
with buffer concentration. In this case, a shorter microchannel leads
to a lower space charge density and the ionic conductivity is domi-
nated by the buffer concentration behavior. On the other hand, the
buffer concentration had less effect on the ionic conductivity for
higher microchannel length (higher surface charge) and no signif-
icant enhancement in conductivity was observed. It could be con-
cluded that for small microchannel length, ionic conductivity was

(b)

AV/V,

75.00

90.00

60.00
L,/h

FIG. 7. Variations of the enrichment factor based on the dimensionless voltage and length of the microchannel: (@) Cyyser/Co = 1 and (b) Cpyer/Co = 10.
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FIG. 8. Variations of the enrichment factor based on the concentration and voltage: (a) Ln/h = 30 and (b) Ln/h = 90.

almost independent of low buffer concentration (Cpypr/Co << 1),
which was in agreement with previously reported studies.”*

The effects of concentration and voltage on conductivity for
short and long microchannel lengths are shown in Figs. 10(a) and
10(b). With the increment of applied voltage for long microchan-
nel length (L,,/h = 90), the ionic conductivity increased. This trend
was in agreement with the results of Yeh et al.”” They found that at
a low ionic concentration (Cpygr < 1 mM), an increase in voltage
could enhance the ionic conductivity in ICP-based devices. The rea-
son behind this feature relies on the fact that for higher voltages that
induce stronger electroosmotic flow, space charge density (pg) was
more effective on the ionic conductivity compared to the effect of the
buffer concentration on ionic conductivity.ji) On the other hand, for
short microchannel lengths, voltage plays a more effective role than
buffer concentration, and the highest conductivity was achieved at
low voltages.

By examining the interactions of voltage and microchannel
length in Figs. 11(a) and 11(b), it could be concluded that the
highest ionic conductivity was achieved for high voltage in a long
microchannel (or vice versa). It was observed that by choosing an
appropriate microchannel geometry and proper voltage, the conduc-
tivity could be significantly enhanced.

The optimized model (E=24 V/cm) was employed to pre-
dict the conductivity of a device comprised of a nanojunction in
a microchannel, and the predictions were compared with the lit-
erature’”*""* (Fig. 12). The findings revealed that conductivity did
not change at low buffer concentrations. In this range, the channel
geometry, i.e., the length, height, or surface charge of a channel, and
the applied voltage were dominant parameters on ionic conductivity.
On the other hand, the conductivity in high buffer concentrations
(Cpuger > 1 mM) was mainly governed by the buffer concentra-
tion. For a given channel, the conductivity increased with the buffer

TABLE VI. Suggested length and voltage at a certain buffer concentration to achieve the maximum enrichment factor, EFmax.

Run L/h AVIVrp Crufrer/ Co EFmax Electric field (V/cm)
Number Suggested Suggested Defined Predicted Calculated
1 81.605 26.65 1.00 54 642.08 21.06

2 71.21 25.49 1.00 50864.18 23.09

3 81.625 21.19 1.00 47685.13 18.74

4 73.98 21.18 1.00 46 887.00 18.47

5 31.78 11.62 1.00 43394.33 23.58

6 59.97 26.80 1.00 49 409.42 28.82

7 40.6 11.37 1.00 42 888.09 18.06

8 44.8 10.12 1.00 42779.24 19.58

9 58.375 25.06 1.00 47598.43 27.69

10 31.88 15.18 1.00 42004.53 30.71

11 54.43 29.54 1.00 50054.59 31.00

12 56.19 19.55 1.00 43878.77 22.44
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FIG. 9. Variations of conductivity based on the concentration and dimensionless length of the microchannel for (a) AV/Vr =5 and (b) AV/Vt = 30.
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FIG. 10. Variations of conductivity based on the buffer concentration and voltage for (a) Lm/h = 30 and (b) L»/h = 90.
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FIG. 11. Variations of conductivity based on the dimensionless voltage and length of the microchannel for (a) Cpyser/Co = 1 and (b) Cpyuser/Co = 10.
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FIG. 12. Comparison of the result of the present study at an electric field of
24 Viem with the results of Ma et al.,** Taghipoor et al.,"" Wang et al.* and
Duan and Majumdar.*®

concentrations due to an increase in convection for both negative
and positive ions in buffer solution and diminishes the influence
of channel characteristics. In this case, the conductivity enhanced
linearly as the buffer concentration increased.

Vil. CONCLUSION

Preconcentration of charged molecules using ICP devices
requires interplay between electroosmotic forces, electrophoretic
forces, and repulsion forces at the vicinity of nanochannels. These
forces could be affected by various parameters including buffer con-
centration, applied voltage, and device geometry. The RSM analysis
revealed the effects of the governing parameters and their interac-
tions on the enrichment factor and ionic conductivity. It is a practi-
cal approach to analyze the importance of the interactions between
the applied voltage and the microchannel length for the enrichment
factor and ionic conductivity in ICP-based devices. The effect of the
buffer concentration on the enrichment factor was dominant com-
pared to the other parameters. In addition, the ionic conductivity
was not affected considerably by the increment of the buffer con-
centration up to 0.1 mM (Cp,pr < 0.1 mM). On the other hand,
the device geometry (length and height of a microchannel) and
the applied voltage could significantly influence ionic conductivity,
which was also shown through experimental and analytical stud-
ies.””"" Some experimental studies have reported that an inappro-
priate geometry design and voltage difference could decrease the
enrichment factor and preconcentration molecule accumulation.”
To achieve a proper enrichment factor, based on RSM optimization,
an electric field of 20 V/cm-30 V/cm was suggested as an initial
operating value to improve preconcentration efficiency of charged
molecules for a certain buffer concentration (~1 mM) in ICP-based
devices.

ARTICLE scitation.org/journal/phf

SUPPLEMENTARY MATERIAL

See Fig. S1 in the supplementary material for a comparison
of the contour of DNA concentration distribution in our model
compared to experimental and numerical studies of Ouyang et al.”’
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