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With the support from contributors and the help from peer reviewers, the Special Issue on
Micro/Nano-Chip Electrokinetics (Volume III) published fourteen regular research articles and one
review article. Based on the involved electrokinetic phenomena, these papers can be classified into the
following six groups as summarized below.

(1) Organs-on-a-chip (1 paper). The review on organs-on-a-chip [1] reviewed the principles,
fabrication techniques, and recent progress of organs-on-chip, which aims to achieve a complete
functionality including the inclusion of specific conditions for the organ or tissue such as
pressure, flow rate, pH, osmotic pressure, nutrient content, toxins presence, among other
properties. Electrokinetic phenomena, such as electroosmotic pumps, can be applied to the
organs-on-chip applications.

(2) Newtonian Electroosmotic Flow (EOF) (3 papers). EOF has been widely used to pump fluids in
micro/nanofluidic applications. Khan and Dutta [2] derived an analytical solution of time-periodic
EOF through a microtube with heterogeneous distribution of zeta potential. Ye et al. [3] developed
a low-voltage high flow rate 3D EOF pump, which achieved a flow rate of 5.69 nL/min at a driving
voltage of 2 V. Li et al. [4] numerically simulated EOF and ionic mass transport in a microchannel
with an ion exchange membrane (IEM), and investigated the performance of seawater desalination
of the system. Newtonian fluid was considered in these studies.

(3) Non-Newtonian Electroosmotic Flow (EOF) (3 papers). Choi et al. [5] derived an analytical
solution of EOF of power-law fluid in a slit microchannel with different zeta potentials at the
top and bottom walls. Chen et al. [6] simulated EOF of viscoelastic Linear Phan-Thien-Tanner
(LPTT) fluid in a microchannel under various conditions, and found out that EOF of viscoelastic
fluid was higher than that of Newtonian fluid under the same conditions. Mei and Qian [7] also
numerically simulated EOF of LPTT fluid through a nano-slit connecting two reservoirs on both
sides, and significant enhancements of both flow rate and ionic conductance were observed for
viscoelastic fluid compared to Newtonian fluid.

(4) Induced-Charge Electroosmosis (ICEO) (3 papers). Du et al. [8] developed a unique concept
of multifrequency induced-charge electroosmosis (MICEO) on ideally polarizable surfaces of
a series of parallelly-placed metal strips. The proposed MICEO combines the transverse AC
electroosmotic vortex flow and the axial traveling-wave electroosmotic pump motion under
external dual-Fourier-mode AC electric fields. Jiang et al. [9] used ICEO in 3D composite electrode
layouts to concentrate particles. Du et al. [10] utilized the ICEO flow controlled by AC field-effect
transistor to generate secondary flow for mixing enhancement.

(5) Electrohydrodynamics (EHD) (2 papers). Qian etal. [11] proposed a simple and easily implemented
method for achieving tunable-focus liquid lenses. By corona discharge in the air, electro-pressure
with a magnitude of 10 Pa was generated at the interface between liquid silicone and air, and
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the resulting electro-pressure was utilized to tune liquid-lens. Liu and Liu [12] numerically
investigated the EHD phenomena of sessile droplets on hydrophobic surfaces under non-uniform
electric fields using the phase field method. They analyzed the dynamic behaviors of the
electro-driven deformation and motion of water droplets in the oil phase.

(6) Dielectrophoresis (DEP) (3 papers). Islam et al. [13] characterized the DEP response of Candida
albicans, Candida tropicalis and Candida parapsilosis using 3D carbon microelectrodes. Pefia et al. [14]
demonstrated the first time use of insulator-based dielectrophoresis (iDEP) to study bacteriophages,
possibly the most abundant and genetically diverse biological entities on earth. Yin et al. [15]
integrated DEP and microstructure filtration to achieve multi-stage particle and cell separation.

We appreciate the contributors who submitted their articles to this Special Issue. We would like to
thank many reviewers for taking time and effort to review manuscripts submitted to this Special Issue.
We also acknowledge many assistant editors from Micromachines Editorial Office, and we could not
have the third volume without their help and support. The first, second, and third volumes of the
Special Issue on Micro/Nano-Chip Electrokinetics can be accessed through the following links:

Volume I

https://www.mdpi.com/journal/micromachines/special_issues/micro_nano_chip_electrokinetics

Volume II

https://www.mdpi.com/journal/micromachines/special_issues/micro_nano_chip_
electrokinetics_v2

Volume III

https://www.mdpi.com/journal/micromachines/special_issues/micro_nano_chip_
electrokinetics_v3

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: In recent years, ever-increasing scientific knowledge and modern high-tech advancements
in micro- and nano-scales fabrication technologies have impacted significantly on various scientific
fields. A micro-level approach so-called “microfluidic technology” has rapidly evolved as a powerful
tool for numerous applications with special reference to bioengineering and biomedical engineering
research. Therefore, a transformative effect has been felt, for instance, in biological sample handling,
analyte sensing cell-based assay, tissue engineering, molecular diagnostics, and drug screening, etc.
Besides such huge multi-functional potentialities, microfluidic technology also offers the opportunity
to mimic different organs to address the complexity of animal-based testing models effectively.
The combination of fluid physics along with three-dimensional (3-D) cell compartmentalization has
sustained popularity as organ-on-a-chip. In this context, simple humanoid model systems which
are important for a wide range of research fields rely on the development of a microfluidic system.
The basic idea is to provide an artificial testing subject that resembles the human body in every aspect.
For instance, drug testing in the pharma industry is crucial to assure proper function. Development
of microfluidic-based technology bridges the gap between in vitro and in vivo models offering
new approaches to research in medicine, biology, and pharmacology, among others. This is also
because microfluidic-based 3-D niche has enormous potential to accommodate cells/tissues to create a
physiologically relevant environment, thus, bridge/fill in the gap between extensively studied animal
models and human-based clinical trials. This review highlights principles, fabrication techniques,
and recent progress of organs-on-chip research. Herein, we also point out some opportunities for
microfluidic technology in the future research which is still infancy to accurately design, address and
mimic the in vivo niche.

Keywords: organ-on-a-chip; biosensors; biomedical; microfluidics; in vivo models; applications

1. Introduction

In 1990, Manz et al. [1] coined the term “miniaturized total chemical analysis systems (LTAS)”
for performing small-volume related reactions. Later, pTAS also encompassed other areas of
biology and chemistry. With ever-increasing scientific knowledge and technology advancement,

Micromachines 2018, 9, 536; d0i:10.3390/mi9100536 5 www.mdpi.com/journal /micromachines
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a broader term—so-called “microfluidics”—came into existence and is now often used in addition
to uTAS [2]. Microfluidics has been defined as a science and technology which deals with the
behavior, precise control and manipulation of fluids through micro-channels. Generally, the fluids
are geometrically constrained to a small (1077 to 1078 litters) amount using channels with tens to
hundreds of micrometers in dimensions [3]. In microfluidics, the “Lab-on-a-Chip” is an adaptation
from microchips to miniaturize laboratory experiments. Following that, other applications appear,
and new organs-on-a-chip concept has become very popular among researchers around the globe.
This concept developed quickly because its applications to biology and medicine provide tools that
are portable, cost-effective, reduce time and can also provide better mimicking of environment
for cells. In general, organs-on-a-chip allows the performance of in vitro experiments with more
controlled parameters. Although the domain of the device, other equipment is required, such as
pumps, incubators, microscopes, and specific target experiment tools. The handling equipment needed
for microfluidic devices make it a laboratory tool that cannot leave laboratory facilities. The significant
advances in microfluidics began with research about physics and involved handling very low sample
volumes, typically a volume range from microliters to femtoliters. For example, the comparison of bulk
flow at microscale is remarkable. For instance, turbulent flow only exists in macroscales, and laminar
flow is dominant in microscale (see Figure 1), subject to the Reynolds number. The Reynolds number
is a critical dimensionless quantity in fluid mechanics used to predict flow patterns in different fluid
flow situations as shown in Figure 1. Reynolds number is the ratio of internal force to viscous force.
The internal forces tend to move the particles away from the layer, whereas, viscous forces tend to
keep the layers moving smoothly one over the other. At low Reynolds numbers, i.e., smaller than 500,
viscous forces dominate, and the flow tends to be laminar (sheet-like) [4]. A series of parallel layers
can represent laminar flows without any mixing between them. While, at high Reynolds numbers,
i.e., larger than 2000, turbulent forces dominate that results in differences in the fluid’s speed and
direction, thus, the flow is fully turbulent [4]. Under these conditions, there are lateral and vertical
exchanges between the liquid veins which may sometimes intersect or even move counter to the
overall direction of the flow (eddy currents).

Figure 1. Schematic representation of flow lines in microscale and macroscale. Flow lines follow
straight paths in microscale with a parabolic profile; contrary to macroscale, flow lines follow crossing
paths with no defined pattern.

Laminar flow, diffusion, fluidic resistance, surface area to volume ratio and surface tension
are among the main physical parameters. These parameters change as a consequence of small
scales that require a new understanding of the physical and chemical phenomena. Bulk conditions,
namely mesoscale and macroscale, are different from microscale, for instance (detailed information
on the phenomena related are presented elsewhere [1-3]). Herein, we discuss the microfluidics
and its application as a versatile tool to construct an organs-on-a-chip module which in turn
mimics its counterpart inside the body. The first part of the review focuses on the manufacturing
techniques along with the material used to fabricate microfluidic devices/systems. Following that,
electrokinetic phenomena with a detailed description of the electrokinetic theory and its role in the
applications towards microfluidics are discussed. The last half of the review mainly focuses on
different organs-on-a-chip, and describes the most relevant research in the past few years. The last
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part highlights the current state-of-the-art whole human-on-chip model. Towards the end, we provide
concluding remarks and comment on future perspectives.

2. Microfluidics Techniques

In the beginning, microfluidics was implemented by industrial processes such as gas
chromatography and printing machines to handle small volumes to perform fast analysis with high
precision [3]. Later, lithography from microelectronics was adapted to construct devices with medical
potentialities using various types of biocompatible materials. Verpoorte and De Rooij [2] reviewed
developments that have emerged from the increasing interaction between the microelectromechanical
systems (MEMS) and microfluidics worlds. The incorporation of MEMS techniques to fluidic device
fabrication using photo-sensible polymers allows producing molds by shading patterns with UV
light. This mold is then used to cast the pattern using a biocompatible polymer. The principal
characteristics of polydimethylsiloxane (PDMS) are transparency, flexibility, biocompatible, gas
permeable, etc. Through the high attention attracted towards microfluidics in the last two decades
led to the development of novel fabrication processes and the use of other materials [5-9]. Despite
the significant involvement of physics, the integration of other research areas such as chemistry,
biology, and medicine to labs-on-a-chip confronted researchers with new problems which made them
develop new microfluidic platforms [8]. Replica molding, along with procedures such as micro-contact
printing, casting, injection molding, and embossing, encompass the techniques for manipulating
elastomeric structures [10,11]. Some of the first approaches have used micro-contact printing, replica
molding, micro-transfer molding, micro-molding in the capillary, solvent assisted micro-molding,
phase-shifting edge lithography, nano-transfer printing, decal transfer lithography, and nano-skiving.
Since most techniques use polymeric or organic matter known by physics as soft matter, all together
these techniques are known as soft-lithography [9]. Soft-lithography is a rapid prototyping technique
applied to generate micro and nanostructures. Generally, a low-cost polymer is used to build the
desired pattern.

Advantages and Challenges: Traditional vs. Microfluidic Cell Culture Approach

Cell culture refers to the cell growth and maintenance of influencing parameters in a controlled
environment. In cell related experimental biological research at large, and cell culture technology,
in particular, in vitro cell culture models are considered the backbone of the field [12]. Based on
literature evidence, several traditional approaches, i.e., (1) culture in the flasks, (2) culture in the
dishes and (3) well-plates, etc. have been developed and have gone through heuristic optimization.
The modern cell culture techniques such as microfluidics-based cell culture approach offer unique
potentialities to culture, maintain, and analyze the cultures in a more sophisticated manner at
micro-level. These interactions are not easily replicated or controlled in the traditional cell culture
formats [13]. As compared to the traditional cell culture methods, microfluidics-based cell culture
approach reveals a clear understanding of an interplay between cell culture parameters and the
microenvironmental elements which traditional cell culture methods fails to demonstrate on their
own. Furthermore, it is also believed that the controlled operational conditions at microenvironmental
level by microfluidic approach will further accelerate and advance the cell culture technology [14].
With a variety of cost and resource benefits such as reduced consumption of reagents, smaller volume,
and reduced contamination risk, microfluidics-based cell culture offers a unique platform for efficient
high throughput experimentation [13]. The microfluidics-based cell culture approach has several
advantages over traditional or macroscopic cell culture. However, both suffer from some considerable
challenges. Figure 2 illustrates a comparative overview of significant advantages and challenges of
microfluidics-based cell culture approach vs traditional /macroscopic cell culture [12].
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Figure 2. Overview of the advantages and challenges of both macroscopic and microfluidic cell culture.
Reproduced from Halldorsson et al. [12], with permission from Elsevier.

3. Three-Dimensional (3-D) Printed Microfluidics

Owing to key scientific advancements, three-dimensional (3-D) (bio)-printing technology has
drawn significant research interests. As compared to other microfluidic approaches such as
soft-lithography (as discussed above), 3-D printing technology has simplified the fabrication process of
microfluidic devices to a single step [15]. As mentioned earlier, facile sample preparation and handling,
separation of liquids, detection and fluid manipulation, or indeed the device fabrication itself are some
of the key functions of microfluidic technology [9,15]. A detailed description of each specific function
from fabrication to implementation can be found in a paper by Ahmed et al. [9]. Additionally, 3-D
printing technology also has numerous other considerable advantages over conventional fabrication
of microfluidic devices. For instance, the capability to incorporate multi-(bio)-materials such as
living cells and growth factors, aligned embedding of tissue scaffold with controlled porosity, highly
defined device generation with high resolution, defined pore structure and distribution into the
device, etc. [15,16]. The historical perspective and potential impact of 3-D printing technology on
biotechnology and the chemical sciences, both, have been well covered and reviewed by Gross et al. [16],
thus are not the focus of current work. From the industrial and commercial markets perspectives, so
far, different 3-D printing techniques have been introduced. For instance, stereolithography (SLA),
Digital Micromirror Device-based Projection Printing (DMD-PP), Fused Deposition Method (FDM),
Two-photon-polymerisation (2PP), inkjet printing, Electron Beam Melting (EBM) or bio-printers,
etc. have been exploited to develop microfluidic devices using photocurable resin, photopolymers,
thermoplastic polymers, or materials-based hydrogels as their starting materials [15]. However, among
these 3-D printing methods, SLA and extrusion-based system dominate the current market [17].
More detailed information on SLA, DMD-PP. FDM, 2PP, EBM, and bio-printers can be found in a paper
by Ho et al. [15]. In summary, 3-D printing technology has an enormous potential to revolutionize
the way we print/engineer devices with particular reference to bio-printing, and also perceive the
challenges of experimental designs, and fabrication of engineered 3-D biological tissues with particular
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reference to biological studies where spatial control of samples or cells is critical to integrate into 3-D
printed microfluidic devices.

4. Potential Materials and Fabrication Techniques

Among potential materials, PDMS, polymethylmethacrylate (PMMA), polycarbonate (PC),
polystyrene (PS), polyvinyl chloride (PVC), polyimide (PI), and the family of cyclic olefin polymers
have been widely used in microfluidics [9,18-20]. The overall characteristics have made them
successful in laboratories around the world. Undoubtedly, the unique characteristics of PDMS allow
the generation of the precise micro-channels network to develop a microfluidic device [9]. It is essential
to be aware that potential candidate materials (See Table 1) are continuously developed and open new
possibilities which need to be explored in microfluidic applications.

Table 1. Potential materials used in microfluidics.

Material Relevant Property Proposed Application Reference
. Biocompatibility, versatile control . . .
Collagen (Chitosan) of structure and chemistry Bio-sensing, film assembly [21,22]
Biocompatibility, mechanically - . o
Silkworm (Bombyx mori)  robust, flexibility, high mechanical Fabrication of microfluidic [23,24]
channel
modulus, and toughness
Lox cytotoxicity, bl odegradabﬂ.lty, Cell culture, sensors,
Agarose hydrogel mechanical stability at low solid [25-27]
. and actuators
fractions
Ease of fabrication with maximum High precision assay, super
Teflon A . clean tools, valves, and pumps [28]
chemical resistance S
fabrication
Making of the master mold,
Acrylonitrile Butadiene High resolution, excellent surface microfluidics interface (MI), [29-34]
Styrene (ABS) finish pathogen detection, biological
assay
Photocurable Very high resolution with small Biology observation of cell [35,36]
resin/polymer features growth o
ABS, polycarbonate, Cheap material, ease of support ~ Pathogen detection of bacteria
polyphenylsulfone, . [37,38]
removal and viruses
elastomers
Fast build speed, multi-material
Polyamide printing, very durable and Making of the master mold [39,40]
high-temperature stable material
Self-regulating valves,
microlens arrays, drug release
Hydrogels Swelling and contraction, act as systems, b11t1d1ng of antigens [29,41,42]
sensors and actuators and proteins and glucose.
Flow sensors pH regulators,
flooding cooling devices.
Polyurethane-methacrylate .Econorm.cal to manu.fadure’ High-aspect-ratio
biocompatible, nontoxic, strong H [43]
(PUMA) - i microstructures
electroosmotic mobility
R.elahve‘zly mexpensive, available Microfluidic valves, Channel
Polyethylene glycols in a wide variety of molecular .
. . . L. cover to improve the [44,45]
(PEGs) weights, biocompatible, negligible . AR
. microfluidic lifetime
cytotoxicity
Polyhydroxyalkanoates Biocompatibility, tunable Microfilm barrier for vapor [46]

(PHAs)

biodegradability

and oxygen
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Table 1. Cont.

Material Relevant Property Proposed Application Reference
Gelatin methacrylate Photopolymerizable, porous Mechan1§ tic vascular and
valvular biology cell support [47,48]
(gel-MA) membrane .
matrix
Polylactic acid (PLA) and . . Porous scaffold for cell culture
Polyglycolic acid (PGA) Tunable biodegradation with better adhesion (491
Biocompatibility, design
Poly(polyol sebacate) adaptability, mechanical 3-D microfluidic system, (50]
(PPS) compliance, low cytotoxicity, Microbioreactor
degradability
Poly(ethylene glycol) BlOCOl’}’Ipa“t ibility, . . . .
. neovascularization potential, Tissue engineering,
diacrylate (PEGDA) and . . . . LS
. multi-material fabrication regenerative medicine, [51]
gelatin methacryloyl o . . . .
capability at a high spatial and bio-sensing
(GelMA) .
resolution
Poly(methyl Favorable mechanical and thermal Genomic analvsis 52]
methacrylate) resistance, chemical compatibility ¥
Styrene Ethylene Biocompatibility, Rheological Fabrication of comp lexand
Butylene Styrene (SEBS) characteristics more sophisticated (531
microfluidic networks (uFNs)
Electrical surface properties, . .
Styrene Ethylene stable and relatively high zeta Mlc.md.evmes f.or . [54]
Butylene Styrene (SEBS) . . Electrokinetic Applications
potential magnitude
Reduced drug absorption, Optical
Styrene Ethylene transmittance, Mechanical Cell culture [55]

Butylene Styrene (SEBS) performance

From the fabrication viewpoint, several methods have been developed and exploited to
construct microfluidic systems. Among them, the (1) hot embossing and (2) injection molding
methods are considered two major ones. The first (hot embossing) is very similar to thermal
nanoimprint lithography (NIL) and characteristically used to fabricate microfluidic-based products and
lab-on-a-chip components. It is a low-cost and flexible fabrication method with unique potentialities
to build nanoimprint patterns with high-aspect-ratio microstructures. However, in the injection
molding method, the microfluidic device is produced by injecting molten material into a mold
where it cools and hardens subject to the mold configuration [56]. A range of materials that include
metals, glasses, elastomers, thermoplastic and thermo-setting-based polymers have been used to
fabricate micro-channels. Generally, the materials with relatively low viscosity in the solution form are
preferred because, during injection, they can lead to good contact with the mold resulting in distinct
features [57]. Furthermore, injection-based molding methods have also been used, with an advantage,
to construct or fabricate plastic based microfluidic channels using PMMA and PC type materials [58].
However, each fabrication method has specific limitations with regard to the properties of the
material. For example, in case of above-mentioned major fabrication methods, i.e., hot embossing and
injection molding, the characteristics like materials melting temperature, glass transition temperature,
and thermal expansion coefficient are considered most influential for a successful fabrication [57].
These parameters are not only crucial for successful manufacturing but also play a vital role in the
sealing process where materials are thermally bonded, e.g., in hot embossing method.

5. Electrokinetic Phenomena: Theory and Microfluidic Applications

Electrokinetic effects occur in the presence of an interfacial double layer of charges.
The phenomena appear when an external force produce a tangential motion of fluid, liquid
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electrolytes, with respect to an adjacent charged surface. Classically, the electric force used to drive
fluid flow, and particle motion [59]. For microfluidic technology, it is fundamental to pump and
mix fluids, electrokinetic offers an option to avoid mechanical pumps with electro-osmosis [60].
Additionally, separation of phases or heterogeneous solutions can be done with electrophoresis
and dielectrophoresis [61,62]. A principles representation of the main electrokinetic phenomena is
presented in Figure 3.
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Figure 3. A schematic representation of electrokinetic phenomena. (A) electro-osmosis, (B) electrophoresis,
(C) dielectrophoresis, and (D) electrothermal in alternate current.

Electro-osmosis (Figure 3A) is used to move and mix fluid charged in electrolytic solutions with
specific microfluidic designs as presented in the work of Bazant and Squires. The parallel slip flow 1,
due to the electric field EH is given by the Herlmholtz-Smoluchowski equation,

124
w:—;ﬁ

In terms of permittivity € and viscosity 5 of the fluid, and the zeta potential { which can be
constant or non-uniform. The result in an aqueous solution gives a speed of 70 um/s with an electrical
field of 100 V/cm and zeta potential of 10 mV [63].

For electrophoresis (Figure 3B), the mechanism is the same as electro-osmosis. However,
the objective is to move small particles with an electrical charge. As a consequence, different sized
and electrical charged particles are displaced at a different speed and can be separated. Lapizco’s
group was able to segregate three different microorganisms with microns” diameter variations in a
microfluidic device [64]. Another application in microfluidic is the use of Janus particles of different
sizes to mix fluids thanks to the electrophoretic phenomena [65].

Dielectrophoresis (Figure 3C) is a phenomenon driven by polarized particles with or without
electrical charge immerse in a non-uniform electric field. The electric field can be applied in alternate
current and direct current. This method is widely used for dielectrophoretic analysis of macromolecules,
viruses, submicron particulates and recently to separate particles with a different shape, size,
and dielectric properties [62]. Polarizability of particles expressed with the Clausius—-Mossotti factor
estimated with the particle ¢}, and suspension media ¢;, complex permittivity, e* = e — (jo/w),
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fem = m,

where ¢ and w are the conductivity and angular frequency of the potential. Dielectrophoresis can be
positive or negative and it depends of the coefficient expressed before. In case of low frequency
of alternate current and direct current, the factor is approximately to the same equation using
switching the complex permittivity with the real conductivities. Force and velocity imposed by
the dielectrophoretic effect is described by the equations:

Fpep = 27T8m72fCMVEz,
and,

738*
vpep = ppepVE* = gr;m Re[fcm]VE?,

where, jipgp is the mobility, 77 is the suspension viscosity and VE? is the electric field gradient used
to separate trap and isolate particles [64]. Other electrokinetic phenomena is the electrothermal
(Figure 3D), which is a consequence of the Joule heating effect. Electrolytes with conductivities
bigger than 0.2 S/m exposed to non-uniform alternate current electric field generates temperature,
permittivity and conductivity gradients. The result of the formed gradients induces a force f,;, this
electro thermal force is calculated by the following equation:

(fer) = =05 <E - E) E—E 4 05/ERVe|,
o 1+ (wT)

€

where w and 7 are the frequency and the relaxation time [66].

Electrokinetic phenomena in microfluidics potentize achievement of higher milestones in
lab-on-a-chip, point-of-care and organs-on-a-chip. A review focused on mixing through electrokinetics
microfluidics summarizes extensive research and designs. The most significant advantages are
miniaturized and straightforward design, no vibration and fatigue, integration with other microfluidic
devices, low hydrodynamic dispersion, high speed and efficiency [67]. Microvalve is one of the
applications of electrokinetics solved by using a Janus particle and electro-osmosis to control the flow
in different channels presented in Li’s work [68]. Very recently, Shaegh et al. [69] developed a novel
rapid prototyping method to fabricate microfluidic chips from thermoplastic materials with embedded
microvalves using laser ablation and thermal fusion bonding. A CO;,-assisted laser micromachining
method was employed to engrave and cut PMMA sheets, together with thermoplastic polyurethane
(TPU) film. Aiming to generate a gas-actuated microvalve, the authors have used an unfocused
CO; laser beam to fabricate semi-circular fluid channels. Likewise, in another recent study [70],
the whole-thermoplastic microfluidic functional elements, including a pneumatic (gas-actuated)
normally closed microvalve, a micro-check valve, and a pneumatic dual-phase micropump have
been fabricated for lab-on-a-chip applications [70]. Analytical microfluidics in the fields of protein,
DNA, bacteria and virus and cells uses electrokinetics to sort, separate, concentrate and fix them for
their analysis [71]. More details about alternate current electrokinetics microfluidic designs and theory
applied to physiological fluids can be found in Reference [72].

In microfluidics, fluids or fluids-based sample pumping is an essential function for biological fluid
handling for lab-on-a-chip and uTAS applications [73,74]. However, subject to a specific application,
microscale pumping needs vary over a broader range with certain specifications. For instance,
fluids or fluids-based sample pumping from low-power mode to high-power, low-flow-rate to
high-flow-rate, and/or low-pressure-flow to high-pressure-flow, etc. To fulfill these demanding
requisites for a given application, a variety of fluid driving pumps have been developed and
roughly classified into two categories, i.e., (1) mechanical micropumps with moving parts, and (2)
non-mechanical micropumps without moving parts [73]. Both categories have been further
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sub-classified subject to various actuation principles. For instance, the mechanical micropumps can be
sub-divided and mainly include (i) piezoelectric, (ii) pneumatic, (iii) thermopneumatic, (iv) electrostatic,
(v) electromagnetic and (vi) bimetallic SMA micropumps, among others. Non-mechanical micropumps
can be sub-divided and mainly include (i) electrokinetic, (ii) electroosmotic, (iii) magnetohydrodynamic
(MHD), (iv) electrochemical, (v) acoustic-wave and surface tension and (vi) capillary micropumps,
among others [73,75]. A detailed overview and working mode of the above-categorized micropumps
has been comprehensively achieved [73,75], thus these are not the focus of the current research.

6. Microfluidic: Lab-on-a-Chip

Use of microfluidics on lab-on-a-chip (LOC) is inherent in the handling of very low volumes.
Lab-on-a-chip was used mostly for analysis and biochemical detections, but recently it is aimed at
diagnostics. Progress towards a portable diagnostic system is becoming possible as new advances
in technologies evolve. As mentioned above, alongside microfluidic systems it is necessary to create
integrated pumps, electrodes, valves, electrical fields, and microelectronics. Other examples of
applications for lab-on-a-chip are for molecular biology, proteomics, cell biology, among others.
A recent study focused on flow cytometry [76] addresses the main problems related to LOC
microsystems that require other components to provide independent functionality to achieve
point-of-care (POC) chips. They implemented a cytometer that identifies and classifies cells
with an electromagnetic field. The chip includes electrodes in channels that separate the cell by
dielectrophoresis. However, other components are still needed to achieve the desired goal. Similar to
the flow cytometer, a lab-on-a-chip designed to perform a liquid biopsy is presented in Reference [77].

7. Microfluidic: Organ-on-a-Chip

Organs-on-a-chip aim to reproduce the function of biological organs or tissues as realistic models.
Cells are grown inside the chambers and channels to generate tissues or complete organs to emulate
its biology, and integrative physiology [78]. Achieving a complete functionality involves the inclusion
of specific conditions for the organ or tissue such as pressure, flow rate, pH, osmotic pressure, nutrient
content, toxins presence, among other properties. Through LOC it has been possible to reproduce
several organs-on-a-chip (OoC). Outstanding research to perform in vitro models of cardiovascular,
respiratory, nervous, digestive, endocrine and integumentary systems are mentioned in this summary.
A general set-up representation of OoC is shown in Figure 4.
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Figure 4. The process to produce different OoCs is in principle the same, taking into account the
application. First, the design must address the properties to emulate and measure. Second, different
cells must be incubated into the device. Third, cellular growth, differentiation and function are
established in order for the chip to operate like an organ. Fourth, data is obtained through chemical
and physical testing.
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7.1. Lung-on-a-Chip

Hubh et al. [79] constructed a biomimetic microsystem that reconstitutes the critical functional
alveolar—capillary interface of the human lung, which is the fundamental functional unit of the living
lung. As a proof of principle for a biomimetic microsystems approach, authors have engineered a
multifunctional microdevice that reproduces key structural, functional, and mechanical properties
of the human alveolar—capillary interface. It was based on a microfluidic system containing two
closely apposed micro-channels separated by a thin (10 pm), porous, flexible membrane made of
PDMS. The achieved system allowed visualization and characterization of inflammatory processes
and response to bacteria [79]. Recently, a bioinspired lung-on-a-chip was capable of reproducing
parenchyma by the construction of a thin alveolar barrier in respiratory dynamics. The primary
objective to reproduce a lung is to growth epithelial and endothelial cells in cyclic stress that mimics
the respiration diaphragm movement of an in vivo model. A bronchial epithelial human cell line from
a patient was used, leading to a demonstration of how mechanical stress affects the epithelial barrier
permeability. Additionally, there was an improvement of the cell culture in the dynamical model
compared to a static one [80].

Including a hydrogel micro-layer in the lung-on-a-chip allowed the growth of smooth muscle
cells and their interaction with epithelial cells. The combination of type 1 collagen and Matrigel for the
hydrogel production was favorable to epithelial cell adhesion. Young’s group was able to incorporate
the smooth muscle cells with epithelial cells to evaluate chronic lung diseases [81]. Platforms have
been developed to mimic physiological barriers in different systems; a recent review focuses on that
matter with microfluidics [82]. Clinical tests for specific diseases can be reproduced with high accuracy
in the biochemical reaction chains. A therapeutic model for intravascular thrombosis was set up
recently in lung alveolus by Ingber’s group [83]. The model helps to access different drugs; specifically,
this group tested antagonist to protease-activated receptor-1 leading to the dissection of complex
responses towards antithrombotic drug development.

7.2. Liver-on-a-Chip

The liver, with its high metabolic activity, is crucial to life. Its tissue is highly regenerative but
suffers major damage from chronic diseases and viral infections. In order to investigate hepatocytes
interactions, a microfluidic device was designed to grow hepatic cell cultures in a three-dimensional
fashion. This liver-on-a-chip was able to sustain monocultures and co-cultures of hepatocytes and
hepatic stellate cells to study its interaction with and without flow [84]. Several other studies are
mentioned in the recent review [85] where the liver-on-a-chip applications perform drug analysis,
toxicity and screening, pathophysiology and human physiology.

Monitoring metabolic function is an issue to the current in vivo models that only resemble the final
result. Therefore, the integration of microfluidics systems like organ and sensors offers an advantage
to follow the steps in a biological process. The liver and sensor coupling in the work of Bavli et al. [86]
have led to the tracking of the adaptation to mitochondrial dysfunction. The sensor was designed
to observe changes in glucose and lactate. Another micro-engineered liver chip was developed to
test drug toxicity. The work focused on reconstructing 3-D cellular structure to represent the hepatic
sinusoid. The hepatocyte culture was prolonged until 4 weeks and allowed screening cytotoxicity of
new drugs [87].

7.3. Kidney-on-a-Chip

The kidney is one of the most complex organs to mimic since the integration of several tissues with
the correct environmental characteristics is highly difficult. The kidney is formed by glomerular cells,
proximal tubule cells, a loop of Henle cells, thick ascending limb cells, distal tubule cells, collecting
duct cells, interstitial kidney cells, and renal endothelial cells. However, with four different tissue
cells co-cultured in an organization that facilitates their function along with their physicochemical
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conditions, the kidney can be mimicked. The four tissue types are glomerular, proximal and distal
tubule, and collecting duct. One of the most recent studies succeeds in generating a OoC model
with glomerular function by using human induced pluripotent stem (hiPS) cells into podocytes
and generating glomerular basement-membrane collagen to reproduce tissue-tissue interaction with
human glomerular endothelial cells. As a result, they were able to produce an in vitro model to
glomerular filtration wall physiology and replicate pharmacologically induced podocyte injury and
albuminuria as it occurs in patients [88]. Similar work was done to reproduce the proximal kidney
tube for drug and nephrotoxicity probes [89]. Recently, Wilmer et al. [90] reviewed significant aspects
of a kidney-on-a-chip development technology for drug-induced nephrotoxicity screening that are
crucial for improving the early prediction of drug-induced kidney injury (DIKI).

7.4. Gut-on-a-Chip

Human in vitro models usually fail to represent human gut physiology because of the lack
of its natural mechanical microenvironment. The normal gut conditions consist of fluid flow in a
complex dynamic caused by its cyclic peristaltic motion. A recent study was able to develop a human
gut-on-a-chip with Caco-2 intestinal epithelial cells in flexible microfluidic channels that reproduced the
fluidic dynamics and its peristaltic movement. With the described conditions they were able to produce
undulating epithelium columns with polarized Caco-2 cells and multiple differentiated intestinal cell
types. This work was able to reproduce enteroendocrine cells, Paneth cells, and differentiated Goblet
cells that secrete large amounts of mucus found in living small intestine [91,92]. Subsequent work by
the same group followed the intestinal inflammation produced by bacterial overgrowth. The project let
them to study pathophysiology over a time lapse of weeks, which is an outstanding model for several
medical applications [93].

Exposure to ionizing gamma radiation through treatment leads to intestinal hemorrhage, sepsis,
and death [94]. The radiation of cells from murine models to test damage and measure reactive oxygen
species is used to test the properties of the drugs. The gut-on-a-chip application for modeling gamma
radiation injury provides an alternative to in vitro testing, and prevents loss of junction continuity and
demonstrates similar results [95].

The replication of the coxsackievirus B (CVB1) virus infection is another application of the
gut-on-a-chip model. The CVB1 virus causes myocarditis, infects the pancreas and liver, and produces
severe problems for neonatal cases [96]. Studies in this field with cells from human lines are a pressing
issue, since the use of the human chip to mimic the microenvironment in the dynamic system allows
the successfully testing of a polarized infection. The work of Villenave et al. shows how this model
can be used for other enterovirus test and the relevance for complex systems to establish better than
static cell cultures [97].

7.5. Skin-on-a-Chip

The biggest human organ is the skin, which protects the entire body from external conditions.
This is one of the most accessible cells for several stress factors causing several reactions. Experiments
to test almost every imaginable condition have a great impact on the use of in vitro and in vivo models
models, and some of these are not efficient in humans. To reduce animal use and better approach the
impact on human skin it is important to provide a better alternative. Skin-on-a-chip is becoming the
main in vitro model. An example is a model with epidermal, dermal and endothelial layers developed
to reproduce inflammation and edema treated with dexamethasone as a drug testing model [98]
(similar work was presented in Reference [99]). The skin is more complex than a general division of
epidermis and dermis. Wrinkles are one of the phenomena that happen over time and through external
stress. Ultraviolet light, chemicals, physical stimuli, and other processes cause wrinkles. Recent work
was able to reproduce wrinkled skin-on-a-chip with the use of magnetic stretching. This work can help
to test products for cosmetics and pharmaceutics with a more realistic approximation [100]. The work
done by Sriram et al. offers a full-thickness skin chip with novel fibrin-based dermal matrix support

15



Micromachines 2018, 9, 536

for 3-D culture. Additionally, they surpassed problems like inconsistent seeding, epithelial damage,
and contraction of the dermal matrix [101].

7.6. Brain-on-a-Chip

Human brain function and genetics are very different from animal models. Animal models only
provide a basic knowledge of the brain, comparing the human brain/neuronal diseases are not equal,
and human models are not an option. A series of research efforts have been directed on producing
brain-on-a-chip devices to reproduce fundamental interactions and test applications. Basic research has
focused on the principles that command brain formation with high complexity and interconnectivity
with other organs. Applications of brain cell function and interaction with drugs for pharmacological
proposals to attack degenerative diseases.

The first example is a multilayer device where pluripotent human cells were grown to mimic
the central neuron system and incorporate the blood-brain barrier. The complete system was
used to analyze the cellular interaction between human fetal neural progenitor cells and the
mature model. Then, a chemotactic gradient was included significant for neurodevelopmental
studies, neurotoxicology, neuroregeneration, and neuro-oncology research [102]. In the second
work, an Alzheimer’s disease in vitro model was reproduced on a chip. The group was able
to grow neurospheroids with flow control. Changes in flow led to complex neural network
and neural differentiation. Then, amyloid-f3 toxic effects and treatment were recorded with and
without flow. The conclusion was that dynamic conditions provided a better development of the
neurospheroids [103]. Similarly, another group was able to generate a multiregional brain-on-a-chip
implementing in vivo characteristics. Their chip can develop a particular disease model, evaluating
direct electrode signals from specific brain region cells and the network activity [104].

7.7. Heart-on-a-Chip

Cardiovascular in vitro models usually generate a monolayer tissue culture under static conditions
and inside a considerable geometry. With the standard considerations already discussed, the tissue
grows with random cell orientation, no flow conditions, and in a flat layer resulting in different
physiology than the in vivo conditions. At the beginning of heart-on-a-chip, similar conditions were
used but the physiology was improved step-by-step as mentioned in Reference [105]. One of the
newest works is a platform where micro-engineered cardiac tissues (WECTs) was created to support a
three-dimensional beating tissue from human cardiomyocytes. The mechanical and electrical response
showed a high coupling response. During culture, the platform provided mechanical stimuli which
resulted in better cell maturation and increased the mechanical and electrical coupling. The device was
also used to test several concentrations of isoprenaline [106]. The influence of perfusion condition and
microsystem geometry helps to develop cell proliferation with high alignment and morphology [107].

A mussel-inspired 3-D chip was developed thought engineered nanomaterials to test cardiac
contractility. The materials used were gelatin as extracellular matrix and titanium oxide and silver
nanoparticles. The device can measure in vitro contractile effects by cardiotoxicity of nanoparticles
that affect calcium signal to sarcomere [108]. Cardiomyocytes clusters in spheroid geometry are part
of an experiment for drug testing in a microfluidic device. The work demonstrates the potential to
do studies in the long-term by applying compound concentrations. A 48 hour test was used as a
non-invasive assay for quality control in pharmacological applications [109]. In this way, preclinical
tests may be used for testing drug efficacy and safety. Kamei et al. built an Integrated Heart/Cancer
on a-Chip (iHCC) using human cells. The microfluidic device included micropump and pneumatic
valves to reproduce heart dynamics and test the anti-cancer drug doxorubicin (DXR) [110].

8. Human-on-a-Chip

Human-on-a-chip refers to an in vitro model of mimicking either normal or pathological whole
human physiology within a microfluidic system that has high measurement accessibility and control
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(Figure 5). Biomedical and pharmaceutical sectors will greatly benefit from multi-organ-on-a-chip and
ultimately human-on-a-chip models, in terms of drug development and testing, the reliability of results,
overall cost-effective ratio and working efficacy, etc. As discussed earlier, multi-organ-on-a-chip and
ultimately human-on-a-chip models are promising alternatives to the animal-based testing model
which have been a debating issue for a long time. Another considerable advantage is a low-throughput
screening along with a high content screening at a small scale which is often not economical and
sustainable on a macroscopic level [111]. Moreover, microfluidics-based chip technology is currently
in a mature state and offers exceptional control over culture conditions along with other conditions,
i.e., spatial homogeneity, chemical gradients, time-dependent biochemical stimulations, and substrate
mechanical properties, etc. [111-114].
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Figure 5. Organs-sensors-on-a-chip microfluidic representation.

Research is underway around the globe to study the next level of complexity to get insight into
the interplay between tissues physically separated in vivo but the circulation-mediated interaction of
which could be important for their mutual functionality. Therefore, it is most requisite to construct
novel microfluidic designs where tissues must be able to perform the function required to support the
other tissues. In order to succeed first, the single organ tissue has been studied separately, and now
multi-organ-on-a-chip research has begun with successful results. First by pairs, such as liver-fibroblast,
gut-liver, and liver-pancreas, and subsequently by incorporating more organs with an integration
factor that includes single and recirculation perfusions, since organ systems communicate by secreting
chemical factors and vesicles [115]. Despite the current advancement in technology, some critical
challenges for the integration of all the organs in a chip still need to be addressed. For instance,
biological challenges include appropriate organ scaling, vascularization of tissues, the inclusion
of immune components, the creation of a universal media, induced pluripotent stem cells (iPSCs)
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sourcing, and consideration of circadian and other cycles on cells, etc. Likewise, technical challenges
include connection of platforms to maintain sterility and avoid bubbles, drug adsorption and binding
to PDMS, flow rate differences between platforms, and creating ideal oxygenation and nutrient levels
for different organs, etc.

Despite the challenges mentioned above, this growing field of multi-organ-on-a-chip will also help
human health care programs around the world [116]. A four-organ-chip system that enables maintain
high cell viability and discrete physiological tissue architecture over the entire co-culture period was
designed to support absorption, distribution, metabolism, and excretion (ADME). The profiling of
substances, along with repeated dose systemic toxicity testing of drug candidates, demonstrates the
integrity and functionality of the intestine and the biological barriers of the kidney at a physiologically
relevant organ scale. The arrangement enables physiological absorption, first path metabolism in the
liver tissue, secondary metabolism and finally excretion through the kidney model and evaluation of
pharmacokinetic and pharmacodynamics [117]. A recent review focused on the design parameters to
develop a physiologically based pharmacokinetic (PBPK) model used with pharmacodynamics for
drug development. This review establishes the basic parametric equations set to represent the human
physiology of the human-on-a-chip and considers the critical parameters to be satisfied, along with its
limitations [118].

9. Concluding Remarks and Future Perspectives

In conclusion, herein we summarize the recent progress in the development of microfluidic-based
systems including LOC and multi-organs-on-a-chip. A plethora of microfluidic-based systems has
been developed in the past few years with an ultimate aim to facilitate the predictive in vitro and
in vivo models. Moreover, comparative to traditional cell culture methods, i.e., (1) culture in flasks,
(2) culture in dishes and (3) well-plates, etc. microfluidics-based cell culture approach reveals a clear
understanding of an interplay between cell culture parameters and the microenvironmental elements
which traditional cell culture methods fail to demonstrate on their own. The versatile multifunctional
features of microfluidics—such as precise control over microenvironmental elements—opens up
new avenues not only for tissue engineering areas but also for next-generation drug testing sectors.
Furthermore, the notable capability of microfluidics to biomimetic the micron-scale structures along
with fluidic manipulation under microenvironment demonstrates it to be a powerful tool to engineer
products with multifunctional applications.

One of the most significant targets for research tools development is the human-on-a-chip to
replace animal models in research test and pharmaceutical industry. The human-on-a-chip tool offers
the opportunities for growth through the incorporation of more tissues with proper function and
without external aid. For this proposal, a completely independent system requires that all tissue can
adequately provide its physiological function. First, it is needed to sustain cell viability for an extended
time. The communication between tissues must offer a similar approach to the in vivo capacity, and not
just by the microfluidic channels. For that, a high quantity of cell types must be developed, as shown by
some of the presented works, where up to four cell types were grown from stem cells with the correct
order and shape. Moreover, a proportional tissue, organ, volume, and whole mass must be sustained
to provide a normal scaled human physiology. In our opinion, a new trend would be to incorporate
electrochemical biosensors in a human-on-a-chip platform to merge tools (Figure 5). This approach
would add a new layer in research studies, allowing innovative experiments on processes such as cancer
behavior, congenital diseases, brain function, tissue development, and differentiation. As well as the
correct physiology implementations, it is important to consider the design from a physics point of view;
for example the inclusion of relevant parameters in the flow system and the biochemical equations.
It is necessary to recognize the limitations of these in vitro models through their intrinsic value and
exploit their benefits. Current research has been able to get closer to the idea of human-on-a-chip [119],
and besides the mainstream of research for drug design and physiology, other novel applications are
possible, including sensors development towards the detection of toxins, drugs, and hormones [120].
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Through building a human reproductive tract it became possible to demonstrate that the biophysical
environment helps sperm to reach the ovule. The cancer model is another critical issue, where an
implementation of a human-on-a-chip has let researchers study metastasis, tumor growth, and its
physiology. In summary, to fully elucidate and appreciate the potential of human-on-a-chip models
as strategic measuring tools to test clinical trials on chips, correlations must be established between
human in vitro measurements and traditional in vivo parameters. This will also act as a bridge
between conventional cell cultures and new standardized clinical trial procedures without using
animal-based models.
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Abstract: Time-periodic electroosmotic flow (EOF) with heterogeneous surface charges on channel
walls can potentially be used to mix species or reagent molecules in microfluidic devices. Although
significant research efforts have been placed to understand different aspects of EOF, its role in the
mixing process is still poorly understood, especially for non-homogeneous surface charge cases.
In this work, dynamic aspects of EOF in a cylindrical capillary are analyzed for heterogeneous
surface charges. Closed form analytical solutions for time-periodic EOF are obtained by solving
the Navier-Stokes equation. An analytical expression of induced pressure is also obtained from the
velocity field solution. The results show that several vortices can be formed inside the microchannel
with sinusoidal surface charge distribution. These vortices change their pattern and direction as the
electric field change its strength and direction with time. In addition, the structure and strength of
the vorticity depend on the frequency of the external electric field and the size of the channel. As
the electric field frequency or channel diameter increases, vortices are shifted towards the channel
surface and the perturbed flow region becomes smaller, which is not desired for effective mixing.
Moreover, the number of vorticities depends on the periodicity of the surface charge.

Keywords: time-periodic electroosmotic flow; heterogeneous surface charge; cylindrical
microchannel; stream function; micro-mixing

1. Introduction

Lab-on-a-chip microfluidic devices are utilized for numerous applications such as DNA sequencing,
synthesis, crystallization, polymerization, and drug discovery. These applications require a number
of unit operations such as pumping [1], mixing [2], etc. Among various functionalities, mixing
in microfluidic devices is very challenging due to (ultra-low Reynolds number) creeping flow [3].
The quick mixing of species is key to reducing analysis time in a microfluidic device for its widespread
application in the biomedical field [4]. To date, several mixing strategies have been proposed for
microfluidic systems with different degrees of successes (see reviews [5-7]). Based on the methods
used to achieve mixing, micromixers are generally classified as being passive or active. In passive
micromixers, the mixing process depends entirely on diffusion; meanwhile, in active micromixers, the
mixing process is accelerated by an external disturbance [6,8]. Although the passive mixing offers some
benefits such as no external power requirements, it is not very effective in microfluidic devices because
of the diffusion-based very slow mixing process. Active mixing has the potential to eliminate the
inherent drawbacks of slow mixing using an acoustic, magnetic, or electrokinetic forcing [9]. Among
various active micromixers (see reviews [2,5]), electrokinetic-based micromixers are preferred owing
to their numerous advantages including ease of fabrication, no moving parts, ease of control, high
reliability and repeatability, and quiet operation.
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Electroosmotic mixing can be enhanced with an alternating electric field. Alternating electric
field-based time-periodic electroosmotic flow (EOF) has been extensively studied with uniform surface
charges for various types of channels such as parallel plate [10], circular [11], rectangular [12], and
annulus [13] channels, etc. Oddy et al. [14] found that the rapid stretching and folding of fluid
interfaces, induced by an alternating electric field, are able to stir fluid streams at a very low Reynolds
number (Re < 1). Glasgow et al. [15] found that better mixing can be achieved in a Tjunction channel
with two out-of-phase alternating electric fields. The out-of-phase alternating electric field induces the
oscillation of the fluid interface at the junction of the two inlet channels, which increases the contact
surface area between the two fluid streams for significantly better mixing efficiency [16]. However, the
alternating electric field-based EOF fails to take advantage of the vortex to enhance the mixing due to
the unidirectional flow at any particular time.

The use of a nonhomogeneous channel surface is another way to improve electroosmotic mixing
performance. The effects of a heterogeneous surface charge have also been extensively studied in
direct current (DC) EOF. For example, Ajdari [17] theoretically showed that a surface with a sinusoidal
charge can create vorticities within the bulk flow. Vortices formation within the bulk flow was
also shown by Horiuchi et al. [18] for a step change in the surface charge in a DC EOF. Through a
numerical investigation, Erickson and Li [19] showed that surface heterogeneity increases the mixing
efficiency and reduces the required mixing length. Qian and Bau [20] presented a theoretical study of
electroosmotic flows driven by a uniform electric field in a two-dimensional conduit with non-uniform
surface potential distribution.

In microfluidic devices, surface heterogeneity can be introduced intentionally through
micromanufacturing technology, such as microcontact printing or rapid prototyping. For instance,
Biddiss et al. [4] manufactured several micromixers with heterogenous surface charge configurations
by rapid prototyping for the quick mixing of species. Their analysis showed that heterogeneously
charged micromixers significantly improve the mixing efficiency as compared to homogeneously
charged micromixers. Strook et al. [21] also used microcontact printing to vary the surface charge
in directions parallel and perpendicular to the applied electric field. They found that surface charge
variation in the parallel direction generates recirculating flow, while surface charge variation in the
perpendicular direction creates multidirectional flow. Electrokinetic characteristics of a microchannel
surface can also be modulated through the dynamic or static coating of proteins, DNA, colloids, and/or
nanosized particles on the surface. For example, Norde and Rouwendal [22] studied the change of
surface charge by the protein adsorption on a glass surface. Wei et al. [23] generated non-uniform zeta
potential distribution by periodically attaching DNA molecules in the microfluidic channel surface
for increased DNA-DNA hybridization. The aforementioned studies showed that DC EOF with a
heterogeneous surface charge can increase the mixing efficiency while reducing the mixing length by
creating vorticity. However, a DC EOF fails to take advantages offered by an alternating electric field.

Thus, the primary focus of this work is to further increase the efficiency of electroosmotic mixing
by introducing an alternating electric field in a heterogeneously charged channel. Through a numerical
investigation, Lee et al. [24] demonstrated various kinds of flow circulation in a circular slit with
time-periodic EOF for non-uniform zeta potential distribution along the microchannel walls. Luo [25]
numerically investigated the transient electroosmotic flow induced by an alternating electric field
with patch-wise surface heterogeneities in a planner microchannel. Tang et al. [26] studied the
pulsating electroosmotic flow in a planar microchannel with non-uniform surface charges by the lattice
Boltzmann method. These simulation results showed that time-periodic EOF with a heterogeneous
surface can combine the advantages of the alternating electric field and the heterogeneous surface
charge. However, no generalized analytical model exists for time-periodic EOF with non-uniform zeta
potential in cylindrical systems. An analytical solution could help to find the optimum micromixer
design. Motivated by the growing interest in time-periodic EOF as a reliable non-mechanical strategy
to mix species in microfluidic devices, in this paper, a theoretical approach is presented. Specifically,
we studied a time-periodic EOF field in a cylindrical microchannel with heterogeneous surface charge
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distribution. A closed-form analytical solution was obtained for the time-periodic electroosmotic flow
velocity by solving the Navier-Stokes equations. In addition, an expression for pressure distribution
was also obtained for time-periodic electroosmotic flow.

2. Mathematical Model

2.1. Governing Equations for Time-Periodic EOF in a Cylindrical Microchannel

Figure 1 shows a schematic for time-periodic EOF in a cylindrical microchannel, where an
alternating electric field is applied along the channel length. For generality, the model was developed
such that the surface zeta potential can take any periodic distribution (e.g., sinusoidal, square) along
the length of the channel, but there is no variation in zeta potential along the circumferential direction.

Eosm((f?/’”//

BE ey

Figure 1. Schematic of a cylindrical microchannel with an associated polar coordinate system.

The application of a time-periodic external electric field results in a net body force on the free ions
within the electric double layer (EDL), inducing a time-periodic bulk fluid motion. The motion of the
fluid inside the channel can be governed by the incompressible Navier-Stokes equation [10]:

—

WV (2 N> oLz
P EJr(v.v)v = —VP+ uV2V + p,E (M

where p and p are the density and viscosity of the fluid, respectively; P is the pressure; p. is the
charge density; and E is the applied electric field. The applied electric field can be expressed as

E = E,2 = Egsin(wt)2, where 2 is the unit vector in the axial (z) direction and Ej is the reference
electric field. In addition, the mass conservation equation can be expressed as:
P iy ( \7) -0 @
of Pr)=
In general, for an incompressible fluid, density is assumed to be a constant. Thus, for the
axisymmetric flow scenario (vg = 0) presented here, the mass conservation equation can be reduced to:

10 00,

;E/(VZJ;') + E =0. (3)
where v, and v, are the velocity components in the radial and axial direction, respectively. For the
axisymmetric case, the radial and axial velocity can be related to the stream function, ¢’ as follows:
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2.2. Analysis of Time-Periodic EOF in a Cylindrical Microchannel

Our next objective is to simplify the Navier-Stokes equations. In most microfluidic applications,
the buffer solutions have a concentration of the order of mM, which results in a very thin EDL. The
bulk fluid flow outside of the EDL region can be modeled by dropping the electroosmotic body force,

peE, and by introducing a Helmholtz-Smoluchowski slip boundary condition at the channel wall [24]:

el(z) E
u

Viery = — ©®)
where ¢ is the permittivity and {(z) is the surface potential distribution along the length of the conduit.
This slip boundary condition was originally developed for steady-state EOF, but it can still be used for
time-periodic EOF because the applied electric field frequency (10> ~ 10° Hz ) is less than the charge
relaxation frequency (106 ~ 108 Hz) [27]. Moreover, the Helmholtz-Smoluchowski formulation-based
slip boundary condition is widely used for nonhomogeneous surface charges as well as time-periodic
EOF analysis [3,24,28-30]. Thus by dropping the body force, the component form of equations of
motion are:

%—FU%—&-U% ——3—P+ 2 li(w) +@ (6a)
PO "o T ) T T TG [ T o | @

Do o O\ 0P 1000 Po. )
P ot O or Uz dz | oz # ror rar 022 |

Here, the 0-component of the momentum equation is discarded due to axisymmetric flow, as
there is no driving force in the O-direction. In general, the advection effects are negligible in EOF due to
the low Reynolds number [31,32]. For example, if water (p = 1000 kg'-m~3 and p = 0.001 kg-m~1s71)
flows through a 100 um diameter cylindrical microchannel with an axial velocity of 1 mm-s~}, the
resulting Reynolds number would be Re = 0.1. Thus, by dropping the advective term, eliminating P
between Equation (6), and introducing the stream function ¢, we get:

10
(D—ga)w =0 @)
where 9 is the kinetic viscosity and D denotes the following operator:
P 19 P
P=or vor a2 ®

The commutative properties of operators D and D — %% lead us to separate the stream function,
Y, into two parts [32,33] as ¥ = U1 + 12, where U satisfies the equation

Dy1 =0 ©)
and ¢, satisfies
D - 19y, = 0 (10)
sar )2 =0

Considering periodic boundary conditions in the upstream (z = 0) and downstream (z = L)
regions, we assume wave-like solutions of elliptic Equations (9) and (10), which can be given as:

1P1 — Z Pin (r)eik,,zeiwt’ (11a)
n=-—oo

Py = Z (PZ/”(r)eik,,zeia)t. (11b)
n=-co
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Here, ¢1,, and ¢ , are eigenfunctions, w is the temporal angular frequency, and k;, is the eigenvalue
for the spatially periodic process. Thus, Equation (11) provides a general solution for axially periodic
boundary conditions [32,33]. The values of k,, can be given as 2rn /L, where 1 is an integer and L is
the length of the microfluidic conduit. The eigenfunctions ¢y ,, and ¢, , are solutions of the following
differential equations:

d“p1,  1dpi,

a? 7 odr kiprn =0, (122)
a2 1d

Pon > D2 - l%‘i’Z,n =0, (12b)

a2 7 dr

satisfying the boundary conditions at the tube wall. In Equation (12b), 2 = k3 + iw/9. The general
solutions of Equation (12a,b) can be obtained as

q)l,n = r[Al,nll (knr) + Bl,nKl (knr)]/ (13a)

¢2,n = V[Az,nll (lnr) + BZ,nKl (lnl’)}, (13b)

respectively, where I (r) and K (r) are modified Bessel functions of the first and second kind of order
1; A1, Ao, Biy, Bo,y are coefficients. Thus, the stream function, ¢, can be given as follows:

P =Y r[Avuli (ar) + By (ka) + Aguly (Inr) + B (1)) 2", (14)

n=-—00

From the stream function solution (Equation (14)), the radial and axial velocity components can
be obtained using Equation (4):

Uy = Z [A1nl1 (kur) + By,uKy (knt) 4 Az Ty (In7) + Bo,u Ky (Lir)] ikneikﬂzeiwt, (15a)

n=-—0oo

= Y [kaAvulo(kar) + knBy Ko (ka) = InAz ulo(nr) + 1B, Ko(lur)] €%, (15b)
n=-oo

Our next objective is to find coefficients for velocity distribution. The velocity components
vy and v, must be finite everywhere. This condition requires that the velocity components do not
contain the function Kj(k,r); hence, By, = By, = 0. At the channel wall (r = ry = d/2), the
boundary conditions for radial and axial velocity become no penetration to the wall (v, = 0) and
Helmholtz-Smoluchowski slip velocity (v, = —el(z)Eoe™! /), respectively. The first boundary
condition requires that Ay , = —A1,,[1 (kuro) /11 (Iy10). Using the second Helmholtz-Smoluchowski
boundary condition and applying complex Fourier analysis, one can find the remaining coefficient

_ eEoly (Inrp)
wl=knlo(knro)I1 (Luro) +1ny (knro) o (

radial and axial velocity can be given as

using the equation A; ,, = o)) f U(z)e"*2dz. Thus, the final forms of

oy L (kuro) L ikz ot
o = n;m AM|11 (knr) — o) L (L) | ke et (16a)
v, = Z Al ~kalo(kar) + I hkaro) || bizeio, (16b)
n=—co L (Iuro)

respectively. The imaginary part of these equations provides flow velocity corresponds to the

external electric field, E = Egsin(wt) = I m(Eoei“’t), which we considered throughout the paper. Even
though Equation (16) provides the analytical solution for time-periodic electroosmotic flow in a
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heterogeneously charged circular shaped channel, it cannot be used for time-periodic electroosmotic
flow in a homogeneously charged channel since we started our analysis for a general solution
(Equation (11)) with periodicity in the axial (z) direction. Thus, to obtain time-periodic electroosmotic
velocity in a homogenously charged microchannel, one has to drop the z-dependency in the general
solution and governing equations (Equation (6)) and follow the method described in this work.

3. Results and Discussion

In this section, results are provided for a sinusoidal surface charge distribution, although the
general solution presented in the aforementioned section can be applied for any periodic surface charge
distribution along the tube. The sinusoidal surface charge distribution can be given as:

C(z) = Cosin(gz) 17)

where ( is the amplitude (reference) of the surface charge and g is the angular frequency of the
surface charge distribution. With this charge distribution, the coefficient for Equation (16) can be found
as follows:

eEoly (Iyro) Co [ {ikn sin(qL) 4 g cos(qL) e *k — g

Ay = - =2
Y T i kndo (karo) T (Inr0) + Inly (knr0)Io(lnro)] L K2 - g

(18)

Throughout this section, unless otherwise stated, the value of g is considered as 27t/L, which
corresponds to a single period in the surface charge distribution as shown in Figure 2.
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Figure 2. Schematic of the zeta potential distribution with a single period.
3.1. Velocity Profiles at Various Nondimensional Times

Figure 3 illustrates the velocity vector at different nondimensional times for a sinusoidal zeta
potential distribution along the channel surface with a reference potential of —100 mV. When the zeta
potential is changed along the channel wall, the driving force in electroosmotic flow is also changed.
Consequently, a non-uniform flow field is developed along the channel (Figure 3). At wt = 7/2,
the electric field is positive. Thus, the fluids near the walls move in the positive x-direction in the
left half of the channel, since the zeta potential is negative in the left half. In contrast, due to the
positive surface charge in the right half of the channel, the fluids near the walls move in the negative
x-direction. These two opposite directional flows create two counter-rotating vortices in the upper
part (0 < r/rg < 1) of the channel (Figure 3a). In fact, two counter-rotating vortices are formed at
any angle 0 because of the axisymmetric conditions. In other words, for a single period of surface
potential, two oppositely rotating vortices (each one extending one half of the total length) are formed
within the tube. So, if the tube is filled with two fluids in such a way that each fluid fills the entire
cross-section and one-fourth length of the channel in an alternative patch, this design will have strong
potential to enhance the mixing efficiency. Figure 3b shows the vector plot of the flow field at a
nondimensional time, wt = 37/4. This yields similar results to the previous case (Figure 3a) due to
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the similar conditions; however, the magnitude of the velocity components at the surface is reduced
because of the reduced strength of the electric field. At wt = 7, the slip velocity at the wall reaches
zero due to the no applied electric field (Figure 3c). However, bulk fluid motion is still observed at the
center part of the tube due to the phase lag between fluids in the electric double layer and bulk fluids.
The phase lag occurs due to the finite time requirement for momentum diffusion from the surface to
the center line of the tube. This out-of-phase behavior is clearly visible at time wt = 57/4 (Figure 3d),
where velocity is negligible at the centerline of the channel but slip velocity at the channel surface is
moderate. The centerline velocity approaches zero at wt = 1.267 and 2.267t. Based on these results,
one can calculate the time lag as ~0.267 or 81.25 ps for an applied electric field frequency of 1.6 kHz.

When the electric field changes its direction, the velocity vector also switches its course (Figure 3d,e).
For example, the distribution of velocity vectors at nondimensional time wt = 37/2 appears to be
opposite that at wt = /2 (Figure 3e vs. Figure 3a). It has been found that in EOF, the net flow and its
direction depend on the overall strength of the zeta potential:

L GAL;

1

= Tan 19

where (; and AL; are the zeta potential and channel length at the i-th section, respectively [24]. Since
the considered sinusoidal zeta potential has an overall strength of zero, the net flow in the current
scenario is zero at any time.
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Figure 3. The normalized velocity,?; = V/ups (vector plot), and its magnitude, v+ = ‘V /ups (contour

plot), with sinusoidal zeta potential distribution at various nondimensional times: (a) wt = 7/2,
(b) wt = 3m/4, (c) wt = 7, (d) wt = 51/4, and (e) wt = 31/2. The vector plot shows the direction of
fluid motion whereas the contour plot shows the magnitude of the velocity. Here, uys = —eCEg/u,
Eyp = 10kV/m, { = =100 mV, rp = 50 um, L = 5 cm, g = 2n/L, f = 1.6 kHz (O = 25). Fluid
properties are taken for water at 20 °C.
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3.2. Effect of Nondimensional Frequency

Previous works have shown that both electric field frequency and channel height have a similar
effect on electroosmotic vortices [3]. Thus, it is wise to combine these two parameters to obtain a
nondimensional frequency as Q) = (ur(z)/ 9. This nondimensional frequency represents the ratio of
the diffusion time scale, taiff = rg/ 9, to the period of the external electric field, t, = 1/w [34]. The
nondimensional frequency increases if either applied electric field frequency increases or the size of
the tube increases.

The effect of nondimensional frequencies is shown in Figure 4 for the sinusoidal zeta potential
distribution case presented in Figure 3. Velocity vectors are presented for four different nondimensional
frequencies: (a) Q) = 2.5, (b) (O = 25, (c) 2 = 125, and (d) (3 = 250 at wt = 7/2. For a 100 um diameter
tube, these normalized frequencies correspond to f = 0.16, 1.6, 8and 16 kHz. As the nondimensional
frequency increases, the pattern of the flow field changes significantly (Figure 4). At a low value of
Q (e.g., 2.5), the diffusion time scale is on the same order of magnitude of the external electric field
period. As a result, the flow has enough time to propagate from the surface to the center of the channel,
resulting in large vortices which extend from the surface to the center region of the tube (Figure 4a).
However, as () increases from 2.5 to 25, these vortices are slightly shifted toward the surface and the
bulk fluid velocity diminishes slightly (Figure 4b). When () increases from 25 to 125, the vortices
are mainly confined to near the surface and the bulk fluid motion reduces significantly, as shown in
Figure 4c. At a very high value of () (250 or higher), the bulk fluids are virtually motionless, despite
the very fast oscillating flow occurring near the channel surface (Figure 4d). Thus, it is obvious from
Figure 4 that the perturbed flow regime becomes smaller at higher nondimensional frequencies. The
effect of nondimensional frequency on the flow field can be represented by damped viscous waves
traveling away from the wall.

zIr,

Figure 4. The normalized velocity,;* = {/) /ups (vector plot) and its magnitude, v+ = ‘\_}'/ uys (contour
plot) with a sinusoidal zeta potential distribution for various nondimensional frequencies: (a) () = 2.5
(f =160Hz), (b) @ = 25 (f = 1.6kHz), (c) Q = 125 (f = 8kHz), and (d) Q@ = 250 (f = 16kHz) at
wt = 11/2. All other conditions are the same as those in Figure 3.

3.3. Effect of Surface Potential

Next, we studied the effect of surface potential distribution in the flow profile. As shown in
Figure 5, the number of vortices formed within the channel can be controlled by the periodicity of the
surface zeta potential distribution. With a half period (§ = 71/L), alarge vortex is formed within the tube
(Figure 5a), while with two periods (g = 47 /L), four smaller vortices (each one extending one-fourth of
the total length) are formed within the length of the tube (Figure 5b). Thus, a reduction in the surface
potential periodicity reduces the number of vortices but extends the size of the vortices. Even though
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both scenarios (Figure 5a,b) provide an opportunity to enhance mixing through vortex formation, the
higher periodicity case (Figure 5b) may be better for effective mixing because more vortices may yield a
shorter mixing length. However, one has to be mindful about the sample loading to realize any positive
outcome. For instance, in the case of half periodicity (Figure 5a), each mixing constituent needs to be
loaded in each half of the channel. For example, fluid 1 should be loaded at length 0 <z <L/2 and
fluid 2 should be loaded at length L/2 < z < L. In contrast, in the case of double periodicity (Figure 5b),
each mixing constituent needs to be loaded at one-eighth of the channel length in an alternative
patch. For example, fluid 1 should be loaded at 0 <z <L/8,L/4 <z <3L/8,L/2<z<5L/8 and
3L/4 < z < 7L/8, whereas fluid 2 should be loaded at L/8 <z < L/4,3L/8 <z<L/2,5L/8 <z<3L/4,
and 7L/8 < z < L for effective mixing. Thus, our analytical results show that one can precisely control
the flow field to achieve the desired level of mixing by modifying the zeta potential patterning on the
tube surface.
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Figure 5. The normalized velocity, 7 = V /ups (vector plot), and its magnitude, v+ = ‘V’/ s (contour

plot), with a sinusoidal zeta potential distribution with (a) k = ©/L and (b) k = 47t/L. Results are
presented for wt = 11/2. All other conditions are the same as those in Figure 3.

3.4. Pressure Distribution

Although no external pressure was imposed for our proposed micromixer, pressure can be
induced inside the channel to ensure the constant flow rate between different regions with different
zeta potentials on the wall. This induced pressure can be quantified from the velocity profile. An
analytical expression for pressure can be obtained from the modified Navier-Stokes equations. For
instance, in the absence of an advection term, one can replace the axial velocity, i.e., the z-directional
velocity component (Equation (16b)), in the z-component of the Navier-Stokes equation (Equation (6b))
to obtain the z-directional pressure gradient:

I (knrO)
I (anO)

3—123 = Z Al,n[ipa)knlg(k,,r) + (yl?, - ylnkﬁ - ipwln) Io(l,,r)] efkuzgiet, (20)

n=-—o0o
The pressure distribution along the tube can be obtained by integrating with respect to z as follows:

=)

pP= Z Aip [ipa)knlg(knr) + (‘ul‘z — k% - ipa)ln)

Nn=—00

I (knro)
I (Iuro)

ikn

Io(lnr)] kieik"zei“’t + Py(r,t) (21)
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where P; is an integration factor, which can be a fixed value or a function of  and t. Now, by
manipulating Equations (6a), (16a), and (21), we obtain:

(9P1 o - . l% . 2 l% . .3 Il(knrO)
7 = Z A]’n|:( pa)ky,Jrl‘uE 21‘uknln+pwa+z‘ukn m

n=-—o0

I (l,,r)] eknz it (22)

The aforementioned equation indicates that dP; /dr might be a function of z, r, and t. However,
following numerical evaluation with a sinusoidal surface charge distribution (Equation (17)) and

applied electric field, E = Epsin(wt) = Im(EOeiwt), it is found that dP; /dr is zero in space and time
(data not shown). Thus, the integration of Equation (22) will yield Py equal to a constant. Since we
are not seeking the absolute pressure, we can neglect that constant, and quantify the gauge pressure
distribution from Equation (21):

=S}

. . I (kyro 1 .
P(r,t) = Z Alrn[lpwknlg(knr) + (,ulf, — pl k2~ 1pmln)%lo(lnr)] Eelknzezwt_ (23)

n=—00
The distribution of pressure at various nondimensional times is shown in Figure 6. From this
figure, it can be seen that the pressure varies mainly in the axial direction. The reason behind this is
discussed shortly. Since the flow field varies with time, the induced pressure also varies accordingly.
For any particular time, for instance, wt = 7t/2 (Figure 6a), an adverse (positive) pressure gradient is
observed in the left half of the channel, while a favorable (negative) pressure gradient is formed in the
right half of the channel. This induced positive pressure gradient tends to suppress electroosmotic
flow, resulting in a mixed electroosmotic and pressure-driven flow, as shown in Figure 3a. This kind of
velocity profile has also been obtained in an experimental study [35]. As the electric field direction
switches, the flow field changes and, as a consequence, the pressure distribution is also switched, as
shown in Figure 6b.
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Figure 6. Distribution of normalized gauge pressure, P+ = Prg/uuysg, at different nondimensional
times: (a) wt = /2 and (b) wt = 371/2. All other conditions are the same as those in Figure 3.

The axial variation of pressure is shown in Figure 7a for various nondimensional times, where
pressure is obtained at the centerline of the tube. As seen from Figure 7a, for a sinusoidal variation of
the zeta potential, the axial variation of pressure is also sinusoidal. However, there is a phase lag of
90° between the pressure distribution and zeta potential distribution. Thus, for a sine distribution of
the zeta potential, the axial variation of induced pressure is cosine. At wt = 1/2, an adverse pressure
gradient is observed in the left half of the channel, whereas a favorable pressure gradient is observed
in the right half of the channel. As the electric field changes, the pattern of pressure variation in the
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axial direction also changes. For example, in contrast to wt = 7/2, at wt = 31/2 a favorable pressure
gradient is observed in the left half of the channel while an adverse pressure gradient is observed in the
right half of the channel. It should be noted that in this work, a pressure gradient was also observed in
the radial direction, however, the variation was very small in comparison to the axial variation and,
hence, it was not captured in the pressure contour plot (Figure 6). The radial directional variation
of pressure is shown in Figure 7b by line plot for various nondimensional times, where pressure is
obtained along the radial direction of the channel at the axial location z /7y = 500 (z = L/2). Since the
radial variation of pressure is very small, instead of gauge pressure, its change from the center point
(r/ro =0, z/rg=>500)is plotted in Figure 7b. This figure shows that the radial variation of pressure
is several orders magnitude lower than that of the axial variation due to the low radial velocity. As the
electric field changes direction, the pattern of pressure variation in the radial direction is also changed.
For example, at wt = 1/2, the pressure variation in the radial direction follows a concave parabolic
curve; whereas at wt = 37/2 the pressure variation in the radial direction becomes a convex parabolic
curve (Figure 7b).
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Figure 7. Distribution of gauge pressure, P+ = Pry/ uuys, at various nondimensional times: (a) Variation
along the axial direction at r/ry = 0 and (b) along the radial direction at z/ry = 500, where AP+ =
Px—Px(r/rp = 0). All other conditions are same as those in Figure 3.

4. Conclusions

Motivated by the growing interest in electroosmosis as a reliable non-mechanical strategy
to control fluid motion and mix species in microfluidic devices, we analytically studied the
time-periodic electroosmotic flow in cylindrical microchannels with a heterogeneous surface charge
distribution. The analytical solution was derived by solving a simplified Navier-Stokes equation
with Helmholtz-Smoluchowski slip boundary conditions at the wall. Although the derived analytical
solution is valid for any periodic surface charge distribution, only the sinusoidal surface charge case
was analyzed in this paper. The induced pressure field was also obtained from the velocity profiles.
The results show that several vortices are formed inside the microchannel with a sinusoidal surface
charge. These vortices change their pattern and direction as the external electric field changes with
time. In addition, the dominance of the vorticity depends on the frequency of the external electric
field and the size of the channel. As the electric field frequency or channel diameter increases, vortices
are shifted towards the channel surface and the perturbed flow regions become smaller. Unlike the
homogenous surface charge case, velocity variation in the radial direction was also observed in this
paper. The results also show that the number of vorticities can be changed easily by changing the
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periodicity of the surface charge. Thus, the flow field can be precisely controlled with a specific surface
pattern, which will provide the desired mixing efficiency.
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Abstract: A low voltage 3D parallel electroosmotic flow (EOF) pump composed of two electrode
layers and a fluid layer is proposed in this work. The fluid layer contains twenty parallel fluid
channels and is set at the middle of the two electrode layers. The distance between fluid and electrode
channels was controlled to be under 45 um, to reduce the driving voltage. Room temperature liquid
metal was directly injected into the electrode channels by syringe to form non-contact electrodes.
Deionized (DI) water with fluorescent particles was used to test the pumping performance of this
EOF pump. According to the experimental results, a flow rate of 5.69 nL/min was reached at a
driving voltage of 2 V. The size of this pump is small, and it shows a great potential for implanted
applications. This structure could be easily expanded for more parallel fluid channels and larger
flow rate.

Keywords: multi-layer structure; electroosmotic flow (EOF) pump; parallel fluid channels; liquid
metal electrodes

1. Introduction

Micropumps are one of the essential components in microfluidics systems [1]. The applications
of micropumps include biological analysis [2—4], drug delivery [5], and micro-mixers [6]. For all
these applications, micropumps are required to have wide range of flow rates, stable flow and
biocompatibility. Electroosmotic flow (EOF) pumps have drawn much attention in recent years.
They have the ability to generate constant flows, precisely control of flow rate, and can be easily
integrated into lab-on-a-chip system because they have no moving parts [7]. Thus, they could offer a
great solution to liquid delivery in microfluidics.

According to fluid channel type, EOF pumps can be divided into two categories: porous channel
pumps and direct channel pumps. Porous channel EOF pumps could generate high flow rates at
a relatively low voltage [8-10]. In some designs, particles with a diameter of a few microns are
added into capillaries to form the fluid channel [8]. Also, both the porous membrane [9] and porous
monolith [10] are used as fluid channels, and the flow rate of several mL/min would reach under
100 V. The fabrication process of these pumps is complicated, and pore diameter limits the sample size
in the fluid. Cells and large particles are unable to go through these kinds of channels. This greatly
limits their usage in biological analysis. On the other hand, direct channel EOF pumps have nothing
blocking the channel, and could expand the usage of the pumps. One kind of direct channel EOF
pump uses capillary as fluid channels [11]. Voltage as high as several thousand volts is applied
directly on both sides of the capillary. The flow rate would reach several pL/min. As micro fabrication
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develops, materials such as polydimethylsiloxane (PDMS) and polymethyl methacrylate (PMMA) are
used to fabricate EOF pumps [12]. Solid electrodes are integrated in PDMS, and directly contact the
microfluidic channel. Compared to single channel EOF pumps, parallel fluid channels could enhance
the flow rate. With 10 parallel channels, flow rate would be increased compared to single channel
pumps [13]. The electrodes in most of these pumps contact the fluid directly while pumping, and this
would cause contamination to the fluid samples. Strong electrophoresis would happen with contact
electrodes. Moreover, while working, bubbles and Joule heat would be a limitation of flow rates [14]
and applications to these pumps.

To improve the bubble and joule heat problems in direct channel EOF pumps, and to reduce
electrophoresis, several solutions are proposed: alternative current (AC) EOF pumps [15,16], bubbleless
electrodes EOF pumps [17] and non-contact EOF pumps [1,18]. AC EOF pumps use asymmetric
electrodes. Bubbleless electrodes such as vinylized fused silica capillary electrodes require high cost
and complicated fabrication process. Non-contact EOF pumps, whose electrodes are not in direct
contact with fluid channel, are ideal for EOF pumps. Room temperature liquid metal (gallium-base
alloy) is used as electrodes and this EOF pump is able to generate fluid flow at a voltage less than
2 V [1]. Later, solid gallium metal electrodes were also used in non-contact EOF pumps in a similar
pump structure, and the lowest pumping voltage is 650 V [18]. However, the flow rates of these pumps
are relatively low, only several nanoliters per minute. In these 2-dementional designs, there could be
only one or two fluid pumping channels. It is very difficult to increase the flow rate by using parallel
fluid channel without increasing the pump size too much. To increase the flow rate, 3-dementional
structure EOF micropump could be considered.

In this work, a low voltage three-dimensional non-contact EOF pump with new 3D structure is
proposed. The pump is made of PDMS, and gallium-based alloy is used to form electrodes. This type
of alloy is in liquid form in room temperature, and can be injected into channels directly by syringe.
This alloy is also widely used as micro-electrode [19], biomaterial [20] and 3D printing material [21].
The structure and fabrication process of this pump is introduced below in detail. Then, we describe its
performance, which we tested using deionized (DI) water with fluorescent particles for flow tracing.
Experiment results are shown and discussed at the end of this paper.

2. Materials and Methods

2.1. Design of 3-Dimentional Non-Contact EOF Pump

Figure 1a,b shows the schematic of this stereoscopic pump. It contains 5 layers, including three
channel layers and two thin membrane layers. The three channel layers contain two electrode layers
and one fluid layer. The fluid layer lies in the middle of two electrode layers. Between the fluid layer
and both electrode layers there are two thin membrane layers. These two thin membrane layers make
the electrode not in direct contact with working fluid.
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Figure 1. Schematic of the electroosmotic flow (EOF) pump. (a) Layer view; (b) combination view;
(c) optical photograph of 3-demintional EOF pumps.

All three channel layers were designed separately. Each of the two electrode layers contains
two symmetric electrode channels. For the convenience of injecting liquid metal, electrode channels
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were designed in a U shape, with one injection inlet and outlet. The width of those channels is
400 pum, consistently. The distance between electrodes on the same layer is 8000 pm. Fluid channels
are set perpendicular to the electrodes. In this work, we use 20 parallel channels as fluid channels.
All 20 channels share the same inlet and outlet. The width of these fluid channels is 116 um each,
and the gap between the adjacent channels is 50 um. The length of fluid channel is 10,500 um. Moreover,
in order to reduce the driving voltage of the pump, the membrane layers are made as thin as possible.
Due to different fabrication process, the bottom thin membrane is 16pm thick, and top membrane is
43 um thick. The dimension schematic of this pump is shown in Figure 2.

(a) —]
(b) Fluid channel
Electrode width "
400 pm luid channel gap
. Fluid channel
Electrode interval length 10500 um
8000 UM
Fluid channel
width 100 um
1

z

e

Figure 2. Schematic of the dimensions of EOF pump. (a) Electrode channel (top view) (b) fluid channel
(top view).

While working, a voltage is applied between two electrodes on both top and bottom electrode
layers, as shown in Figure 3. Because the U shapes of the electrode, there are two long parallel
electrodes on both sides of fluid channels. Thus, there is a uniform electronic field along the fluid
channels. Electroosmotic flow would then be generated in response to the electrode field.
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Figure 3. Working principle.

With the design including parallel fluid channels that are not in the same layer as the electrode
channels, the number of fluid channels could be easily expanded if needed. Flow rate can be
increased by making more parallel fluid channels. The distance between fluid channels and electrode
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channels is controlled to be under 45 pm, and this lowers the driving voltage applied to the pump.
Non-contact electrode design would prevent the bubble generation due to the electrode corrosion,
and increase the stability and lifetime for this pump. Also, sample contamination would be prevented
for biological applications.

2.2. Fabrication Process

The material of the chip is PDMS, and the electrode material is gallium-based alloy
(Gagelngg 55n135). The first step of making this pump is to prepare patterned or empty PDMS. All the
channels are made by standard soft photolithography. Both top and bottom electrode layers are made
by directly pouring PDMS on patterned silicon wafers. In the real fabrication process we found it
difficult to make the PDMS membrane exactly as thin as the channel height. So, we combined the top
thin membrane layer with fluid channel layer in fabrication process. This combined layer is made
by spinning PDMS on a silicon wafer with fluid channel pattern at 1000 RPM, to form a 74 um thick
membrane. With 31 um high channels, the membrane above fluid channel is 43 um thick. The bottom
thin membrane layer is made in the same way, except an empty silicon wafer is used and the speed is
3000 RPM, resulting in a 16 pm thick membrane. The four layers are then baked on the hot plate to
solidify PDMS.

The second step is to remove PDMS and to bond each layer. In this step, we found it hard to
remove a thin PDMS membrane from a silicon wafer without damaging it. Our solution is to bond
a thick PDMS block on a thin membrane and remove the two layers together. In this case, we first
bond the thick top electrode layer to fluid channel layer and remove the two layers together. Then,
first two layers are bonded to the bottom thin membrane layer, and finally to the bottom electrode
layer. The bonding process used oxygen plasma treatment. It is worth mentioning that the electrode
channels of the top and bottom layers should be aligned preciously to guarantee the homogeneity of
electric fields in the fluid channel. An align machine (Wenhao, Suzhou, China) was used to do the
alignment. There are two aligning platforms in the machine. Two PDMS layers were stuck on these
two platforms respectively and made the alignment under a microscope. Then these two platforms
were taken off from the machine together with the PDMS layers and put into the plasma cleaner
(Yanzhao Technology, Tangshan, China) to make the plasma treatment. Finally, the platforms were
taken out quickly and put back to the align machine to make the final bonding of the two PDMS layers.

After finishing the four-layer structure, gallium-based alloy is injected into the electrode channels
to form electrodes. Copper lines are used to connect electrode with power source. Package adhesive
sealant is used to seal the copper wire and liquid metal, to fasten the connection. Figure 1c shows an
optical photograph of the EOF pump. The fabrication process of this pump is simple and low-cost.

2.3. Experiment

The performance of this high flow rate 3-D EOF pump was tested in experiments. The working
fluid was deionized (DI) water. Fluorescent particles with 0.52 pm diameter were added into the
DI water by 1:10000 to test the flow rate. The fluorescent particles were 1% solid Red Fluorescent
Polymer Microspheres from Fluoro-Max™ (Thermo Scientific, Waltham, MA, USA). The excitation
maxima of this particle is 542 nm, and the emission maxima is 612 nm. Zeiss Observer.Z1 microscope
(Oberkochen, Germany) and X-cite Series 120Q (Excelitas Technologies, Waltham, MA, USA) laser
source were used to observe particle movement. In the experiment, we used a large droplet to cover
both the inlet and the outlet of the fluid channel. After putting a large droplet on the inlet and the
outlet, the pressure-driven flow was balanced quickly in just several seconds. In each experiment,
before applying voltage we made sure all the fluorescent particles were stagnant in the microchannel.
Thus, pressure-driven flow can be neglected, and the fluid flow we observed was only EOF.
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3. Results and Discussion

While measuring electroosmotic flow (EOF) velocity with fluorescent particles, electrophoresis
(EPH) velocity needs to be considered. According to Ref. [22], measured velocity can be calculated by
following equation:

Umeaure = Ueof 1 Ueph T+ Upressure (@)

Ueph = Meph x E (2

where ey is the flow velocity of EOF, uepy, is the flow velocity of EPH, upressure is velocity of
pressure-driven flow, Mepp, is EPH mobility, and E is electric field strength. In this experiment,
pressure-driven flow can be neglected. In order to estimate Mcph, an EPH experiment was performed.
The same particles with same concentration was used in this electrophoresis experiment. DI water
with particles filled a large, round PDMS reservoir (r = 0.8 cm, & = 0.5 cm). Two platinum electrodes
were put respectively at each end of the diameter of the reservoir. The diameter of the Pt electrode was
0.5 mm, so the distance between two electrodes was 0.7 cm. A 10 V voltage was added between the
two electrodes. Particles moved towards and finally gathered at the positive electrode, proving that the
particles are negatively charged. During the experiments, 10 particles moving directly from cathode
to anode were chosen to estimate M. Experimental results showed that Mep, = —5.49 pm cm /V's
according to Equation (2).

In order to get the electric field strength in the experiment, an electric field simulation of this pump
was performed with commercial software Comsol 5.2 (COMSOL Inc., Stockholm, Sweden). One fluid
channel, two pairs of electrodes and a PDMS block are set in the model. All geometric parameters
used in the simulation model are the parameters we measured in the real pump, as shown in Figure 4.
The dielectric constant of PDMS we used (SYLGARD 184 Silicone Elastomer Kit, Dow Corning,
MI, USA) was found on Dow Corning’s official website (https://consumer.dow.com/) with a value
of 2.72. The dielectric constant of water and liquid metal are set according to well-known values.
Thus, the electric field strength in the fluid channel is simulated. For the driving voltage of 10V,
the simulated electric field strength was 0.205 V/cm at the point where we measured flow rate and
velocity with fluorescent particles. Then, at 10V, Ueph is calculated to be —6.753 x 10~2 mm /min based
on Equation (2). According to the experiment results, #meaure at 10 V is 3.60 x 10! mm/min. So,
Ugof 15 4.28 x 10~ mm /min based on Equation (1). The ratio of EOF velocity and measured velocity is
1.188. This result will be used in the following experiment result calculation.
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Figure 4. Side view of real pump chip dimensions. Layer 1: top electrode layer (electrode channel not
shown here); layer 2: top membrane layer; layer 3: fluid channel layer; layer 4: bottom thin membrane
layer; layer 5: bottom electrode layer (electrode channel not shown).

Figure 5 shows the sequential images of fluorescent particle movements of EOF. The applied
voltage between electrodes is 10 V in this figure. Figure 5b—d show particle status at different time.
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Those particles with the same letters A~E marked in each figure are the same particles at different
times. The times in Figure 5b—d are 0 s, 5 s and 10 s, respectively. In the real calculation process,
we calculated 15 particles at different voltages with each 5 channels (60 particles in all, 3 particles in
every channel), and the average velocity of all these particles are used as the fluid velocity.

o—
Fluid channel

G;p

Figure 5. Sequential images of fluorescent particle movements of EOF. (a) Image instruction; (b) particle
status at 0 s; (c) particle status at 5 s; (d) particle status at 10 s.

Flow rate was then calculated with fluid channel width 116 um, height 31 um and channel number
20. Results are shown in Figure 6, and actual channel dimensions are shown in Figure 6. In Figure 6a,
the flow rate of 2 V to 80 V is shown, and flow rate from 2 V to 10 V is magnified and shown in
Figure 6b. The flow rate is 5.69 nL/min at 2 V, and 248.18 nL./min at 80 V. The lowest driving voltage
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Figure 6. Flow rate at different voltage. (a) flow rate from 2 V to 80 V; (b) flow rate from 2 V to 10 V;
(c) comparison of this work with Gao’s work [1] with similar dimensions; (d) size of this pump.

The results show a linear trend between the flow rate and voltage. The error source might be the
choice of particles during calculation. In electroosmotic flow, fluid velocity is higher near the solid
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edge, and lower in the middle of the channel. We tried to choose these 3 fluorescent particles in every
channel as evenly as possible, however errors might exist.

During the early stage of this experiment, a 30 pm-thick top membrane was tested, and the
membrane was too easy to tear while removing the pattern from its base, because of the existence of the
fluid channel. So, we chose a 43 pm-thick top membrane instead. Thinner top and bottom membranes
might make a higher electric field in the fluid channel with the same voltage, but are hard to make into
a successful pump. Also, even two membranes are with different thickness, the homogeneity of the
electric field in fluid channels would stay the same.

Placing electrodes on both sides of the fluid channels can increase the electric field strength and
uniformity. To verify the merit of this structure, another experiment was performed with only one
electrode layer, with the same design parameters and the same data calculation process. Results
show that at 10 V, one electrode structure has a fluid velocity of 0.053 mm/min, which is only 1/8
of the velocity of the two electrode-layer structures. Thus, two-layer design makes the pumping
more efficient.

Compared with 2-dimentional single channel EOF pumps [1], the flow rate of this pump has
apparently increased. Gao previously designed a 2-D structure in 2014 [1]. With similar design
parameters and material, the flow velocity of Gao’s pump is 1.32 mm/min at 50 V. In this work,
this result is 2.18 mm/min. It is certain that, even though the flow velocity of these two pumps are
similar, the flow rate of this pump is more than 100 times higher than in Gao’s design [1], due to
fluid channel dimension and number. What’s more, in Gao’s design, the pump volume is 0.9 cm?
(1.5cm x 3 cm x 2 mm). To get a similar flow rate by parallel connection 100 of that pump, the volume
would be 90 cm3. The size of pump in this work is only 2 cm? (2 cm x 2 cm x 0.5 cm), about 1/50 of
that size.

The largest advantages of this pump are its high flow rate and low pumping voltage. By making
a thin membrane between fluid channels and electrodes, the pumping voltage can be as low as 2 'V,
pretty low in noncontact electrode EOF pumps. By using parallel fluid channel design, flow rate is
significantly increased. Also, this is an expandable structure. For some former EOF pumps [10,13,18],
to increase flow rate by doubling fluid channel number, the whole pump volume is also doubled.
For this pump, all fluid channels share the same pairs of electrodes, and to expand the fluid channel
number from 20 to 40, only a 15% volume increase is needed. In the contact electrode structure,
the fabrication process is always complicated, and expensive electrode material, like platinum, is used.
In this noncontact design, room temperature liquid metal is cheap, and can be injected into channels
to form electrodes, greatly simplifying the fabrication process. Noncontact electrodes also prevent
sample contamination problems, joule heat problems, and strong electrophoresis, and prolong the
pump’s lifespan.

There are still limitations to this pump. Even though the flow rate has been increased over
100 times, it is still not enough. To get a 5 mL/min flow rate, 2000 V voltage is needed. To increase the
flow rate, a shorter distance between electrodes on the same layer could be used.

4. Conclusions

In this study, we proposed and tested a new 3-dimentioanl low voltage EOF pump. A five-layer
structure is fabricated in this pump, including one fluid channel layer, two electrode channel layers
and two thin membranes between them. The fluid channel layer contains 20 parallel fluid channels,
lying in the middle of the two electrode layers. The distance between fluid channels and both electrode
channels is under 45 um (43 um and 16 pm). Room temperature liquid gallium-based allay was used
as the electrodes. A fluid flow rate of 248.18 nL/min was achieved at 80 V, and the lowest driving
voltage is 2 V. In the future, more work would be done to lower the driving voltage and apply it in
biological analysis and drug delivery systems.
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Abstract: The problem of water shortage needs to be solved urgently. The membrane-embedded
microchannel structure based on the ion concentration polarization (ICP) desalination effect
is a potential portable desalination device with low energy consumption and high efficiency.
The electroosmotic flow in the microchannel of the cation exchange membrane and the desalination
effect of the system are numerically analyzed. The results show that when the horizontal electric field
intensity is 2 kV/m and the transmembrane voltage is 400 mV, the desalting efficiency reaches 97.3%.
When the electric field strength increases to 20 kV/m, the desalination efficiency is reduced by 2%.
In terms of fluid motion, under the action of the transmembrane voltage, two reverse eddy currents
are formed on the surface of the membrane due to the opposite electric field and pressure difference
on both sides of the membrane, forming a pumping effect. The electromotive force in the channel
exhibits significant pressure-flow characteristics with a slip boundary at a speed approximately six
times that of a non-membrane microchannel.

Keywords: cross-membrane voltage; ion concentration polarization; desalination effect; pump effect;
eddy current

1. Introduction

In 1809, Reuss [1] first discovered the electroosmotic flow (EOF) phenomenon in an experiment.
In the late 19th century, Helmholt [2] first introduced the concept of the electrical double layer (EDL),
which links the electric field, fluid flow, and ion concentration to describe the formation mechanism
of the EOF in detail. When the ion concentration in the Debye layer is constant, the fluid velocity
of the EOF is linearly related to the applied horizontal electric field. When the applied electric field
destroys the equilibrium condition inside the Debye layer, the ion concentration in the layer changes
to cause an uneven zeta potential, causing a nonlinear electroosmotic slip near the interface of the
micro-nano channel [3]. These complex unbalanced electrokinetic phenomena are important in the field
of biomolecules or charged particle separation and enrichment [4-6]. In particular, the development of
new micro-nanofluid systems capable of changing the electrolyte concentration in the EDL has once
again caused researchers’ scientific interest in unbalanced EOF.

When an ion exchange membrane (IEM) can only absorb or pass a specific polar ion, these polar
ions (such as cations) are subjected to a tangential electric field to reach the nanochannel (or membrane)
and be absorbed. Due to the electric field force and the electrostatic repulsion of the ions themselves,
the ions of the opposite polarity are far away from the nanochannel, resulting in a lower concentration of
the ion depletion region, which greatly reduces the conductivity. On the other side of the nanochannel,
a very high concentration of ions is formed. Therefore, ions diffuse from a high concentration region
to a low concentration region near nanochannels, forming an ion concentration polarization (ICP)
effect [7,8]. When the vertical electric field is strong, an extended space charge layer (ESC) is produced
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between the solid surface and the diffusion layer [9,10]. Under the action of the horizontal electric
field, the net charge in the ESC will drive the liquid to flow along the wall, and this flow is similar to
the electroosmosis of the first kind (EOF1), formed by the action of a horizontal electric field on the
double layer. Therefore, it is called the second kind (EOF2) [11]. However, for the charge of these two
electroosmotic flows, the charge of the ESC is at least 10 times that in the electric double layer [12,13].
In recent years, researchers have developed EOF2 on ion exchange membranes or electrode surfaces
and developed unstable nonlinear eddy currents in theories [14,15], experiments [16,17], and numerical
simulations [18-23]. The phenomena of ICP and the formation mechanism of EOF2 are discussed in
detail [24]. EOF2 has also been successfully applied to fluid or particle drives. Mishchuk et al. [25]
placed ion exchange microspheres in microchannels and successfully designed the second type of
the electroosmotic micropump, which greatly increased the flow rate. Kivanc et al. [26] realized
the second kind of the electroosmotic micropump using a porous silicon skeleton structure as a
substrate and analyzed the influence of the substrate area and thickness on the flow rate. At the
same time, using ICP and EOF2 phenomena, Han’s research team [27] used the nanochannels in
microchannels to achieve efficient desalination of seawater. Several studies involving space charge
models and related applications in ion-exchanged porous membranes have also attracted much
attention. Sherwood et al. [28] analyzed a theoretical model of electroosmotic flow considering end
effects. Yang et al. [29] developed a multi-component space charge transport model for an IEM using
cylindrical pores of variable radius/charge density. Szymczyk et al. [30] also studied the pressure-driven
ion transport of nanochannels with an inhomogenrous charge distribution. Moya [31] analyzed the
electrochemical impedance of an IEM in two counterion ternary electrolyte solutions. Ahualli et al. [32]
studied the equilibrium kinetics of the energy production of ion exchange membranes and battery
capacitors. Deng et al. [33] experimentally confirmed that impact electrodialysis as a new method for
water desalination and that other electrochemical separation is feasible.

At present, the research on the embedded microchannel system is mainly based on the experimental
observation of the tracer particles. However, direct experimental monitoring of critical parameters
(such as ion concentration) is still unrealistic, which hampers an accurate understanding of the
microchannel system, and the accurate description must rely on numerical simulation. However,
the impact that transmembrane voltage and horizontal voltage exert on desalination characteristics
and pump efficiency has also not been studied. Based on the ideal ion exchange hypothesis (that is,
only one ion is allowed to pass through the membrane surface), this study numerically simulated
the dynamic characteristics of the micro-channel electric system embedded with a cation exchange
membrane (CEM), and the influence of the horizontal electric field on the desalination effect and pump
effect are analyzed. Below, Section 2 gives the system description, governing equations, and boundary
conditions. The numerical results are given in Section 3.

2. Methods

2.1. System Setup

Figure 1 shows a schematic of a two-dimensional (2D) model, which is a microchannel embedded
with an IEM in the middle of both top and bottom walls. The left boundary was connected to the
reservoir, which was filled with NaCl solution. The microchannel walls were negatively charged
and the surface charge density was set as 0_, so the channel wall would adsorb cations and induce
an EDL, resulting in more cations than anions in the channel. An externally axial electric field was
imposed, inducing an EOF because of the Coulomb force and fluid drag. If the potential (V) at the left
boundary is higher than that at the right boundary (Vy), the EOF flows from left to right. Therefore,
the left and right boundaries were set as the inlet and outlet of the fluid, respectively. The lengths
Ly, of the IEM (L,, << L, the thickness was neglected) were assumed to permit passage of Na* only,
and the surface potential of the membrane was set as V;,,. For convenience of analysis, cross-membrane
voltage Vo = (Vi + Vr)/2 -V, was defined, representing the difference between the potential at
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the middle of the channel without the membrane and the potential actually applied on the membrane.
Larger V., generated a more obvious ICP phenomenon.
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Figure 1. Schematic diagram of the microchannel model embedded with an ion exchange membrane (IEM).

2.2. Governing Equations and Boundary Conditions

In this study, the symmetric electrolyte NaCl solution was chosen. The governing equations of
the EOF multi-physics coupling field included the Poisson-Nernst-Planck (PNP) equation and the
improved Stokes equation. According to electrodynamics, in the diffusion layer the potential generated
by the net charge satisfied the classical electrostatic Poisson equation:

n
—soerZ(P = pe = F Z ZiCi @
i=1
where ¢ and ¢ are the absolute permittivity constant of the vacuum and the relative dielectric constant
of the fluid, respectively; ¢ is the electric potential within the solution; F is the Faraday constant; ¢; and
z; are the ionic concentration and the valence of ions, respectively; and 7 is the number of ion species.
Y.!_ | Fzici is the net charge density p,, which is the sum of all ions in the fluid.
According to ion transfer theory, ions in solution are affected by an electric field, flow field,
and concentration field to form ion migration. Ion flux N; includes the ion convective flu