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Abstract

Electroosmotic flow (EOF) is an electric-field-induced fluid flow that has numerous micro-
/nanofluidic applications, ranging from pumping to chemical and biomedical analyses. Nanoscale
networks/structures are often integrated in microchannels for a broad range of applications, such as
electrophoretic separation of biomolecules, high reaction efficiency catalytic microreactors, and
enhancement of heat transfer and sensing. Their introduction has been known to reduce EOF.
Hitherto, a proper study on the effect of nanostructures orientation on EOF in a microfluidic
channel is yet to be carried out. In this investigation, we present a novel fabrication method for
nanostructure designs that possess maximum orientation difference, i.e. parallel versus
perpendicular indented nanolines, to examine the effect of nanostructures orientation on EOF. It
consists of four phases: fabrication of silicon master, creation of mold insert via electroplating,
injection molding with cyclic olefin copolymer (COC), and thermal bonding and integration of
practical inlet/outlet ports. The effect of nanostructures orientation on EOF was studied
experimentally by current monitoring method. The experimental results show that nanolines which
are perpendicular to the microchannel reduce the EOF velocity significantly (approximately 20%).
This flow velocity reduction is due to the distortion of local electric field by the perpendicular
nanolines at the nanostructured surface as demonstrated by finite element simulation. In contrast,
nanolines which are parallel to the microchannel have no effect on EOF, as it can be deduced that
the parallel nanolines do not distort the local electric field. The outcomes of this investigation
contribute to the precise control of EOF in lab-on-chip devices, and fundamental understanding of
EOF in devices which utilize nanostructured surfaces for chemical and biological analyses.
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1. Introduction

Electroosmotic flow (EOF) is an electric-field-induced fluid flow that arises from an
electrokinetic phenomenon, whereby surface charge is spontaneously formed on a solid surface upon
contact with an aqueous solution. Typically, a negatively charged surface is developed when common
materials such as glass or polydimethylsiloxane (PDMS) are employed for the fabrication of the micro-
/nanosized channels, which attracts positive ions and repels negative ions in the electrolyte solution,
resulting in a thin layer of net positive charges (nanometer thickness) known as electrical double layer
(EDL). When an electric field is applied parallel to the solid surface, the positively charged EDL
experiences a body force that drives its motion in the direction of the electric field. The movement of
EDL is transferred to the bulk of the fluid through viscous effect, thereby generating a plug-like flow for
which the EOF velocity is given by the Helmholtz-Smoluchowski slip velocity equation:
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where ¢, is the permittivity of free space, & is the relative permittivity of liquid, {'is the zeta potential, E is
the electric field and p is the viscosity of fluid. This is only applicable if the EDL is thin compared to the
size of the channel, which can be calculated by the Debye length (for a symmetric electrolyte):
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where k;, is the Boltzmann constant, T is the temperature, z is the absolute charge number of the main
constituent ionic species, e is the electron charge, N, is the Avogadro constant and ¢, is the concentration
of electrolyte solution.

EOF has been exploited in various applications such as separation of chemical species/particles
[1, 2], pumping of fluid [3, 4], mixing of analytes [5, 6], bioparticles trapping and preconcentration [7, 8].
However, EOF is not desirable in certain applications. For example, EOF generates a counterflow
opposite to the electrophoresis migration of negatively charged samples, e.g. DNA and sodium dodecyl
sulfate (SDS) denatured proteins, which degrades the resolution of electrophoretic separation [9]. The
suppression of EOF is conventionally accomplished through the coating of water-soluble polymers [10],
e.g. acidified poly(ethylene oxide) (PEO) [11]. Nanoscale networks/structures are often integrated within
microchannels for a broad range of applications, such as electrophoretic separation of biomolecules [12,
13], high reaction efficiency catalytic microreactors [14, 15], and enhancement of heat transfer [16, 17]
and sensing [18, 19]. Despite the investigations of EOF reduction due to nanostructured surfaces in
microchannels [20-23], a proper study on the orientation effect of nanostructures is yet to be conducted.

Yasui et al [20] fabricated microchannels with two different types of nanopillars
arrangements, i.e. the square and tilted array patterns. Both configurations had no observable EOF
velocity difference between them, but both reduced EOF significantly as compared to the smooth
channel. This lack of EOF velocity difference between the two configurations could well due to their
insignificant orientation difference. For a rigorous investigation on the effect of nanostructures
orientation on EOF, the nanostructure designs in microchannels should demonstrate a significant
orientation difference. To maximize the orientation difference, a novel method for the fabrication of

2



microchannels with arrays of parallel and perpendicular indented nanolines is developed. The micro-
and nanostructures produced are of good regularity, cover a relatively large area and can be mass-
produced. Despite the availability of various micro-/nanofabrication techniques, most of them do not
satisfy the aforementioned criteria.

Traditional methods to produce micro-/nanostructured devices include micro-electro-mechanical
system (MEMS) fabrication technologies [12, 24] and rapid prototyping techniques, such as micromilling
[25, 26], laser micromachining [27, 28] and PDMS soft lithography [29, 30]. Although these methods are
well-established with their own advantages, they suffer from certain drawbacks. The main benefits of
micromilling and laser micromachining are the high repeatability, flexibility and cost efficiency [31, 32],
but their resolutions are limited at micrometer level. Although PDMS soft lithography is popular for its
low material costs, fast prototyping and optical transparency [33, 34], the filling of high viscosity PDMS
into nanoscale features on the master mold remains a challenge [35-37]. MEMS technologies, such as
lithography and wet/dry etching, allow the fabrication of nanoscale patterns along with microscale
structures on silicon (Si) or glass platform [38, 39], but the complexity of the process lowers the
throughput and increases the cost, especially for single-use microfluidic devices.

Ideally, the manufacturing of micro-/nanostructured devices for practical research and
applications should fulfill the following requirements: (i) ease of mass production, (ii) low material costs,
(iii) high flexibility, (iv) high replication accuracy and (v) good controllability of micro-/nanoscale
patterns. Polymer-based replication methods, such as hot embossing (subset of nanoimprint lithography
(NIL)) [40-42] and injection molding [43-45], are compatible with the requirements of low material costs
and high replication accuracy. Among these methods, injection molding is more suitable for mass
production due to the short cycle times. However, conventional injection molding tools are expensive and
time consuming to fabricate. Furthermore, the machining of the molding tools is challenging for
nanoscale features. To overcome these shortcomings, MEMS technologies can be employed for the
fabrication of masters for injection molding.

Many cleanroom-based techniques have been reported for the creation of mold insert [46,
47]. The most commonly used technique is LIGA (LIthographie, Galvanoformung, Abformung,
which means Lithography, Electroplating, Molding in German) [48, 49]. This technique may be
categorized into two main types, namely X-ray LIGA and UV LIGA, that utilize highly collimated
synchrotron X-rays and ultraviolet light respectively. Although X-ray LIGA enables the production
of high aspect ratio structures, the process is complicated and requires an expensive synchrotron
facility. In contrast, UV LIGA is cheaper and more accessible due to the use of inexpensive UV light
source and less sophisticated chromium mask, but it creates relatively low aspect ratio structures.
Despite the employment of versatile polymer photoresist, LIGA faces technical difficulties when
multilevel structuring and nano-range precision molds are needed. DEEMO (Dry Etching,
Electroplating, MOIding) [50] substitutes the X-ray lithography step of LIGA with dry etching,
which makes it possible to produce structures of feature sizes from nanometers to micrometers.
However, multilevel structuring involving both micro- and nanoscale still remains a challenge for
DEEMO, as the dry etching process might destroy the regularity of nanoscale patterns.

In this investigation, a novel fabrication process is developed, namely a hybrid LIGA-DEEMO
process for the fabrication of microchannels with large-area arrays of parallel and perpendicular indented



nanolines. These two fundamentally different technologies were combined to exploit the strengths of both
methodologies. To ensure good regularity and controllability over the nanoscale patterns, deep UV
(DUV) lithography [51, 52] was adopted instead of the conventional electron beam lithography (EBL)
[53, 54], as EBL is costly and time consuming for large-area structuring. This process allows the
fabrication of nanostructures having significant orientation difference, namely parallel and perpendicular
indented nanolines. Both types of structures were fabricated via injection molding of cyclic olefin
copolymer (COC) and sealed by thermal bonding. The orientation effect of nanostructures (parallel versus
perpendicular indented nanolines) on EOF in a microfluidic channel was examined experimentally by
current monitoring technique, and numerically by finite element simulations.

2. Fabrication methods
2.1. Microchannel design with different nanostructured surfaces

Figure 1(a) shows the exploded view of the entire micro-/nanofluidic device. The injection
molded COC chip has dimensions of 75 mm x 25 mm x 1 mm, which is similar to that of a standard
microscope slide. The molded chip was sealed via thermal bonding with a thin COC foil (thickness of
approximately 100 pum) to provide enclosure for the open microchannel, as well as address the
requirement of short working distance for high magnification microscopy experiments. Practical
inlet/outlet ports were also integrated to the system through the use of female luer lock couplers for easy
fluidic access.

(a) Female (b) Top view
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Figure 1. (a) Exploded view of micro-/nanofluidic device. (b) Schematic diagram of microchannels with
different nanostructured surfaces (not drawn to scale). Atomic force microscope (AFM) images of (c)
parallel and (d) perpendicular indented nanolines on the bottom walls of the respective microchannels.



Design of the microchannels with different nanostructures is represented by the schematic
diagram as shown in figure 1(b). The rectangular microchannel has width of 100 um and length of 4.8 +
0.1 cm, with large-area arrays of parallel/perpendicular indented nanolines (period of 397.6 + 4.3 nm, line
width of 184.6 + 10.7 nm and depth of 93.4 £ 85 nm) on the bottom wall of the channel.
Characterizations of the parallel and perpendicular indented nanolines inside the respective microchannels
were performed with the aid of an atomic force microscope (AFM, Park NX20). Figure 1(c) to 1(d) show
the AFM images of the different nanostructured surfaces. A smooth microchannel without any
nanostructure (roughness arithmetic mean value Ra = 55 £ 0.6 nm) was also fabricated via the
conventional DEEMO process (refer to Supplementary Data for more details) to serve as a comparison to
the microchannels with nanostructures. The heights of the microchannels with parallel/perpendicular
indented nanolines are 3.96 + 0.09 um, and the height of the smooth microchannel is 32.4 £ 0.6 um, as
measured by a Dektak-XT stylus surface profiler. The smooth channel serves as a benchmark for the
measurement of zeta potential and EOF velocity without nanostructured surface. The additional channel
height allows ease of fabrication but does not affect the flow velocity as EOF generates the same flow
velocity regardless of cross section area [55, 56].

2.2. Hybrid LIGA-DEEMO process for the fabrication of master structures on silicon wafers

Fabrication of Si masters for microchannels with large-area arrays of parallel and perpendicular
indented nanolines involves a two-step lithography process (see figure 2): (i) DUV lithography for the
production of nanolines and (ii) standard UV lithography for the construction of microchannel. The DUV
lithography process started with hexamethyldisilazane (HMDS) deposition on the silicon wafers to
remove native oxide. This is followed by spin coating of bottom anti-reflective coating (BARC)
(DUV42P, Nissan Chemical) and then 350 nm thick positive resist (M230Y, JSR Micro). Subsequently,
the wafers were prebaked at 90 °C for 130 s. Four exposures were performed using Canon FPA-3000
EX4 stepper (KrF laser as light source, wavelength of 248 nm) with dose of 24 mJ/cm? to stitch (accuracy
of 3o (standard deviations) = 35 nm) the parallel/perpendicular line grating (period of 400 nm, line width
of 200 nm and grating area of 100 um x 1.25 cm) to form the bottom surface of the microchannel (base
area of 100 um x 5cm). After the exposures and post baking at 130 °C for 1 min, the wafers were puddled
in the developer (MF CD-26 developer, Rohm and Haas Electronic Materials LLC) for 1 min. To reveal
the Si surface, BARC layer in the developed structures was removed by pure oxygen plasma. The wafers
were then exposed to C,Fg/SFs plasma (75/38 sccm) reactive ion etching (RIE) in STS Pegasus system
(coil/platen power = 800/40 W, pressure = 4 mtorr, temperature = -20 °C and t = 110 s.). Thereafter, the
remaining DUV resist and BARC were stripped in TePla 300 plasma asher for 10 min with flow rate of
O, at 400 sscm, N, at 70 sscm, pressure of 1 mbar and power of 1000 W. The etched parallel and
perpendicular nanolines have period of 399.8 + 5.3 nm, line width of 176.2 + 4.1 nm and depth of 94.0 +
3.8 nm, as characterized by Park NX20 AFM.

A second lithography step (standard UV lithography process) was performed for the construction
of the microchannel. The etched Si wafers were vacuum baked at 90 °C for 5 min, followed by HMDS
priming for 5 min (YES-310TA-E vapor prime oven, Yield Engineering System) to promote adhesion of
the photoresist. A 4.2 um thick layer of positive resist (AZ 5214E, MicroChemicals) was spin coated on
the wafers using a SSE Maximus 804 cluster system. The spin speed was first set at 725 rpm for 1 min,
followed by 3500 rpm for 10 s. Subsequently, prebaking was conducted at 95 °C for 90 s in 1 mm
proximity. A chrome mask was used to define the flow channel pattern (width of 100 pm and length of 5



cm). The desired microchannel pattern was aligned with the etched parallel/perpendicular nanolines
through the alignment marks (created during DUV process), and transferred onto the wafers using Karl
Sliss MAG/BAG contact aligner (350 W Hg lamp with i-line filter as light source, exposure wavelength of
365 nm) in hard contact mode with exposure dose of 140 mJ/cm? After that, the exposed wafers were
immersed in developer (AZ 351B, MicroChemicals) for 1 min. The developed microchannels have width
of 100 um and height of 4.2 um, as measured by Dektak-XT stylus profiler.

B e [ELLA

1. Spin coating of BARC 2. DUV exposure and 3. Removal of BARC
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Figure 2. Schematics of hybrid LIGA-DEEMO fabrication process for microchannels with large-area
arrays of parallel and perpendicular indented nanolines.

2.3. Creation of mold inserts via electroplating

To carry out injection molding, a metal mold insert is fabricated because silicon is too brittle for
the injection molding process. Hence, negative mold inserts were fabricated by electroplating nickel (Ni)
onto the Si wafers produced previously (refer to section 2.2). Mold inserts produced in this manner can
withstand several thousand cycles, which are ideally suited for mass production settings. For
electroplating to proceed, the surface being deposited on must be conductive. As such, a seed layer of
approximately 85 nm nickel/vanadium (Ni/V, 93/7 wt%) was sputtered onto the Si wafers (Custom
system, Kurt J. Lesker). The vanadium serves to inhibit oxidation of nickel, which would otherwise
interfere with the electroplating process. Then, the sputtered wafers were left in the nickel bath
(Microform 200, Technotrans) for approximately 6 h to electroplate shims of 350 um thickness
(maximum current of 3.5 A and charge of 18.1 Ah). The Ni shims were loosely attached to the Si masters,
and thus they can be easily removed from the wafers. Resist transferred from the Si masters to the Ni
shims were stripped in TePla 300 plasma asher for 20 min with flow rate of O, at 400 sscm, N, at 70

6



sscm, pressure of 1 mbar and power of 1000 W. Before the injection molding process, the negative Ni
mold inserts were coated with perfluorodecyltrichlorosilane (FDTS) monolayer (MVD100E, Applied
Microstructures) to function as anti-stiction layer.

2.4. Injection molding with cyclic olefin copolymer

Replicas of the master structures were injection molded in an Engel Victory 80/45 Tech hydraulic
injection molder equipped with an Engel ERC 13/1-F pick up robot. The negative Ni mold inserts were
fitted into the molding tool of the machine, which is custom designed to produce polymer chips with the
dimensions of a standard microscope slide (refer to section 2.1). Parts were injection molded in TOPAS
5013L-10 COC from Topas Advanced Polymers GmbH. Due to the relatively high glass transition
temperature of 135 °C, TOPAS 5013L-10 COC is well-suited for experiments at elevated temperatures,
e.g. melting of double-stranded DNA for separation into two single strands (also known as DNA
denaturation) [57] and polymerase chain reaction (PCR) amplification of DNA in COC microfluidic
devices [58]. Furthermore, it has high flowability that should facilitate the filling of nanoscale cavities on
the mold inserts. A variotherm process was employed for the injection molding, with melt temperature of
270 °C, mold temperature of 130 °C, injection pressure of 950 bar, injection speed of 40 mm/s, holding
pressure of 400 bar for 10 s and demolding temperature of 95 °C, which resulted in a overall cycle time of
about 2 to 4 min. High replication quality of the molded micro- and nanostructures was observed from the
characterizations of injection molded COC chips and Si masters through the use of Dektak-XT stylus
profiler and Park NX20 AFM (refer to section 2.1 and 2.2).

2.5. Thermal bonding and integration of practical inlet/outlet ports

The injection molded chips were sealed to 101.6 pm thick extruded TOPAS COC foils of the
same grade by thermal bonding (Specac Atlas manual hydraulic press with heated platens). Entrance and
exit holes were punched on the COC foil (approximately 5 cm apart), and aligned with the open
microchannel on the molded chip (see figure 1(a)). To ensure uniform pressure across the chip surface,
the molded chip and the foil were sandwiched between two thin PDMS layers (approximately 3 mm thick
for each layer) for compensating slight non-uniformities in flatness. A piston force of 0.25 kN was
applied for 10 min with temperature of 128 °C to bond the chip to the foil.

Practical inlet and outlet ports were integrated to the devices via the use of white nylon female
luer lock couplers (Cole-Parmer) to connect the microchannels to external flow or air pressure control
(see figure 1(a)). UV adhesive, Dymax 215-CTH-LV-UR-SC exhibits excellent adhesion between the
nylon coupler and COC chip. However, the UV adhesive often flows and clogs the inlet and outlet of the
microchannel when it is applied directly to the chip due to its low viscosity. To overcome this, the luer
lock couplers were first attached to the inlet and outlet with Pro-Spec epoxy steel adhesive (mixing ratio
1:1 and set time of 4 min), which restricts the flow of the UV adhesive into the microchannel. An UV
flood curing system (UVF600, Technodigm) was employed to cure the UV adhesive for 8 min. The blue
color of the UV adhesive turns colorless when it is fully cured. Subsequently, the device was left under
normal room conditions for 24 h so that the adhesive can reach its full strength.

3. Experimental details

3.1. Current monitoring experiment



Current monitoring experiments [59-62] (see figure 3(a)) were conducted to investigate the
orientation effect of nanostructures (parallel versus perpendicular indented nanolines) in microchannel on
EOF. EOF of two fluids with dissimilar ionic species [63, 64] or large concentration difference [65, 66]
induces pH change and exhibits hysteretic behavior, whereby the flow rate/velocity is directional-
dependent, i.e. the flow rate/velocity for fluid A displacing fluid B is different from fluid B displacing
fluid A. Furthermore, electrolysis at the electrodes generates hydronium (H;O") and hydroxide (OH") ions
will alter the pH in the reservoirs [67]. Several precautions have been implemented in the experiments to
ensure negligible pH change in the reservoirs. Sodium bicarbonate (NaHCO;) buffered solution (Sigma-
Aldrich) was employed to keep the pH constant throughout the experiments. Large-volume reservoirs
(200 pL) were used to significantly dilute the concentrations of H;O" and OH" ions produced at the
electrodes from electrolysis. The large reservoirs also ensure negligible liquid level change, thereby
minimizing the back pressure generated [68]. The short experimental time (less than 2 min) and small
electric current (0.0392-1.57 pA) as a result of the small microchannel cross section (400/3200 pm?) and
low conductivity solution, limit the production of H;O" and OH" [69]. pH indicator strips (Merck 109535)
were employed to measure the pH of the solution in the reservoirs before and after the experiments. The
pH change was found to be negligible.

(a) (b)

High voltage power supply
(H) )

Picoammeter

Female <=. 0.33
luer lock ZE
reservoirs &2
£032
o/
Microchannel 0.31 |
Displacement |
Nanostructured surface 03 time. 7, W
0.95/4.75 mM Injection 1/5mM 0 30 60 90 120 150
NaHCO; molded chip NaHCO; Time (s)

Figure 3. (a) Schematic diagram of experimental setup for current monitoring method. (b) Current-time
curve for EOF displacement of 1 mM NaHCO; with 0.95 mM NaHCOs in smooth microchannel.

0.95 mM, 1 mM, 4.75 mM and 5 mM concentrations of NaHCO; were prepared. The measured
conductivities (IONCheck 65, Radiometer Analytical) for the solutions are 88.4 + 0.2 pS/cm, 93.8 + 0.3
uS/cm, 437.4 + 0.5 puS/cm and 466.6 £ 0.2 uS/cm respectively. The measured pH (FEP20, Mettler
Toledo) for the solutions are 7.74 = 0.02, 7.90 £ 0.02, 8.41 + 0.01 and 8.69 % 0.01 respectively. The
microchannels were flushed with NaHCO; for 10 min through the inlet port at 20 psi (L00DM Syringe
Pump, Teledyne Isco), with the outlet port exposed to the atmosphere. Thereafter, white nylon male luer
plug (Cole-Parmer) was secured on the outlet port to stop the flow, and to maintain a constant pressure of
20 psi in the microchannel for another 10 min. This is to facilitate the filling of the nanostructures. In
addition, the microchannels were flushed with NaHCO; by EOF for 15 min, to ensure that the
nanostructures are completely filled. The microchannel and reservoir connecting to the cathode were
filled with 1/5 mM NaHCOs, while reservoir connecting to the anode was filled with 0.95/4.75 mM
NaHCO; (95% of residing solution) (see figure 3(a)). Electric potential of 500 V (CZE1000R, Spellman)
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was applied across the reservoirs to induce EOF. The resultant current change was monitored by a
picoammeter (Keithley 6458) in series to the channel. The time for the current to reach a steady value, i.e.
displacement time, was determined from the current-time curve (see figure 3(b)). The average EOF
velocity can subsequently be determined by dividing the length of channel with the displacement time:

v =£, (3)

avg td
where L is the length of microchannel and ty is the displacement time.

Effect of Joule heating, which causes EOF to deviate from its normal plug-like velocity flow
profile, is insignificant as the conductivities of the solutions employed were low [70]. A conservative
estimate of Joule heating can be calculated from the energy balance between energy generation Eg4 and
energy storage AEg in the liquid [71]. For the chosen experimental parameters, the worst case scenario
has an estimated temperature rise of 0.7 °C, which is negligible.

3.2. Numerical simulation

Numerical simulations were conducted on steady-state EOF for 1 mM NaHCO; through finite
element method (FEM). The simulations were based on Poisson-Nernst-Planck (PNP) model with
modified boundary conditions [63-65]. The simulations were implemented on COMSOL Multiphysics
software. 2-D simulations were performed to investigate the effect of perpendicular indented nanolines on
EOF in the microchannel, in comparison to a smooth microchannel. The simulation domains and
boundary conditions are shown in figure 4. The simulation model was meshed with triangular elements.
The size of the elements at the wall boundaries was set to 1-2.5 nm, and the size of each adjacent element
further from the wall increased by 1.05 times. The applied potential, electrostatic potential and ion
concentrations were discretized with second order elements, while the pressure and velocity were
discretized with linear elements. Convergence test was performed with higher number of elements and the
numerical error is found to be negligible for this mesh selection. The convergence criterion was based on
relative tolerance of less than 0.001 between subsequent iterations.

Perpendicular
indented nanolines

185 nm

fe—3] S
400 nm —noVe=0 -nVy =E
4 um (32 pm for —n,|:—DJVC! —u, cV(d+y)+uc, } =0 u=0
Inlet  smooth channel) Smooth surface Outlet
¢=0292V y p=0V
nVy =0 nVy =0
L — e —Zey o —z.ey
G = Cn SXP| —/ 28 um* Nanostructured surface € =€) SXP| —/
k1 g k,1
p=0 noVg=0 Vy=—ro p=0

£,
m.[f]),VC, 7rrwc“_V(¢+u/)+uc’J =0 wu=0

Figure 4. Numerical simulation domains and boundary conditions.
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The numerical simulations were performed by solving the Laplace equation (equation 4), Poisson
equation (equation 5) and Nernst-Planck equation (equation 6) simultaneously with the Navier-Stokes and
continuity equations (equations 7 and 8) to obtain the fluid flow field. The governing equations are:

V.(oVg)=0, @

vy=- ©)
%W.[—DNQ Uy GV (g +v) |=-uve, (6)
P2 =-Vp+ vut p,[-V9], %
v.u=0, ©))

where ¢ is the applied electric field, o = F) zjunCi is the solution conductivity, F is the Faraday constant,
zi is the charge number, c; is the concentration, D; is the diffusion coefficient, un is the ionic mobility of
ionic species, y is the wall electrostatic potential, p. = F) ciz; is the net charge density, u is the fluid
velocity, p is the fluid density and p is the pressure. The symbols and values of parameters used in the
numerical simulations are given in table 1.

Table 1. Symbols and values of parameters employed in numerical simulations. lonic mobility of a ion
species is calculated through the formula (z,DiF)/(RT).

Parameters Symbol (Unit) Value
Permittivity of free space g (C.VImT) 8.85x 10"
Relative permittivity & 80

Viscosity of water u (kg.m™.s™) 8.90 x 10™
Density of water p (kg.m?) 1000
Faraday constant F (C.mol™) 96485

Gas constant R (J.mol™.K™ 8.314
Boltzmann constant k, (M?.kg.s%.K™) 1.381x 10%
Temperature T(K) 298
Electron charge e (C) 1.602 x 10"
Avogadro constant N, (mol™) 6.022 x 10%
Solution concentration Co (Mol.m™) 1

Surface charge density S (C.m?) -9.86 x 10°
Diffusion coefficient of Na* Dna” (M?s™) 1.334 x 10°
Diffusion coefficient of HCO;  Dycos (M*.s™) 1.105 x 10°
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lonic mobility of Na* Unna) (M2V71s?) 5194 x10°

lonic mobility of HCO5 Ungicosy (M2V1s™)  -7.919 x 107
lonic charge number of Na* Ina +1
lonic charge number of HCO3™  Zycos” -1

4, Results and discussion

The displacement times of 1 mM NaHCO; in microchannels with large-area arrays of parallel and
perpendicular indented nanolines were measured with current monitoring method, in comparison to a
smooth microchannel (see figure 5(a)). The measured displacement times of 1mM NaHCO; for
microchannels with parallel and perpendicular indented nanolines are 66.5 + 3.6 s and 83.5 £ 9.0 s
respectively, and for smooth microchannel is 66.7 + 2.7 s.

The experiments were repeated for 5 mM NaHCO;. Increasing the concentration of NaHCO; by 5
times decreases the Debye length from approximately 10 nm to 4 nm respectively for 1 mM and 5 mM
NaHCO; (as calculated by equation 2). The measured displacement times of 5 mM NaHCO; for
microchannels with parallel and perpendicular indented nanolines are 73.5 = 4.4 s and 93.8 + 6.7 s
respectively, and for smooth microchannel is 73.2 £ 2.5 s. The experimental results for 5 mM NaHCO;
(see figure 5(a)) shows a similar trend in flow rate reduction as observed for 1 mM NaHCO;.

For microchannel with perpendicular indented nanolines, the displacement time is increased by
approximately 25%. According to equation 3, the result reveals that EOF velocity is lowered by the
introduction of nanostructured surface in the microchannel. This observation agrees with the existing
literatures [20-23] which suggest that nanostructured surface significantly reduces EOF. However,
negligible difference in the flow velocity is observed for the microchannel with parallel indented
nanolines.

For pressure driven flow, the fluid flow velocity is determined by the hydraulic resistance which
is inversely proportional to the cross sectional area of the channel. A channel with larger cross section
yields a low hydraulic resistance and thus a higher flow velocity. However, this concept is not applicable
to EOF. EOF produces the same flow velocity regardless of cross section area [55, 56]. Therefore, the
difference in cross sectional area for smooth microchannel and microchannel with perpendicular
nanolines is not the cause for the observed flow velocity difference.

EOF velocity is dependent on the electric field, permittivity and viscosity of the liquid, and the
zeta potential developed at the channel wall (as indicated by equation 1). Zeta potential, a measure of the
surface properties, is an important parameter that dictates the direction and velocity of EOF. The nominal
“material” zeta potential is the same in both smooth and nanostructured microchannels since they are
fabricated from the same material. The “effective” zeta potential concept is proposed here to encompass
both the effect of nanostructures and the zeta potential of the virgin material to describe the EOF
discrepancy between the smooth and nanostructured channels.

Since the thickness of EDL is thin compared to the micro-/nanostructures of the injection molded
COC chips (refer to section 2.1), the effective zeta potential which includes the chemical properties and
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the topography of the surface can be derived by substituting the average EOF velocity from equation 3
into equation 1, and expressed as:

b =L )

The introduction of an effective zeta potential exemplifies the strong correlation between the EOF
velocity and the surface topography. Magnitude of effective zeta potentials of 1 mM and 5 mM NaHCO;
in microchannels with parallel and perpendicular indented nanolines are shown in figure 5(b), as
compared to the smooth microchannel. The effective zeta potentials of 1 mM NaHCO; for microchannels
with parallel and perpendicular indented nanolines are 87.3 £ 4.5 mV and 70.1 + 7.8 mV respectively, and
for smooth microchannel is 87.0 + 3.5 mV. The effective zeta potentials of 5 mM NaHCO; for
microchannels with parallel and perpendicular indented nanolines are 79.0 £ 4.9 mV and 62.0 + 4.5 mV
respectively, and for smooth microchannel is 79.2 + 2.9 mV. It can be observed that the magnitude of
effective zeta potential (and thus EOF velocity) is reduced significantly (approximately 20%) for
microchannel with perpendicular indented nanolines. In contrast, there is negligible difference in effective
zeta potential between the smooth microchannel and the microchannel with parallel indented nanolines.

(a) (b)
105 —4— |lmM NaHCO+ 2 105 B |mM NaHCO;
—&—5mM NaHCO, 7T é B 5mM NaHCO;
95 = 95
= -
Z o5 i
g ¥ 2 35
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£ 65 S
:j Z 65
= 55 "
z g .
= 45 ; 55
2
35 = 45
A= .
Smooth Parallel Perpendicular :E¢ Smooth Parallel Perpendicular
indented indented = indented indented
nanolines nanolines = nanolines nanolines
Microchannel surface Microchannel surface

Figure 5. (a) Displacement times and (b) magnitude of effective zeta potentials for microchannels with
large-area arrays of parallel and perpendicular indented nanolines, in comparison to smooth
microchannel, for 1 mM and 5 mM NaHCOs.

Our investigation demonstrates for the first time that the orientation of nanostructures, and not
just the presence of nanostructures, is an important factor which affects EOF behavior. EOF originates
from the interaction between the EDL and the applied electric field. The nanostructures distort the local
electric field at the wall, and thus affect the effective zeta potential and the flow velocity. For the
microchannel with parallel nanolines, it can be deduced that the electric field is not distorted by the
parallel nanolines as they are in the same direction as the electric field. Thus, the flow velocity is the same
as the smooth microchannel, which agrees with the experimental observations. For the microchannel with
perpendicular nanolines, finite element simulation indicates that the perpendicular nanolines distort the
electric field which follows the contour of the nanostructures (see figure 6(a)), and reduce the average
electric field along the surface from 104 V/cm to 73.3 V/cm. This reduces the fluid flow velocity across
the entire microchannel as electroosmotic flow is driven by the electric field at the surface (see figure
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6(b)). The simulation predicts that the average fluid velocity for 1 mM NaHCOs is decreased from 7.23 x
10" m/s to 6.33 x 10™ m/s. This prediction agrees well with the observed velocity reduction of (7.21 +
0.29) x 10 m/s to (5.81 + 0.65) x 10™ m/s in the experiments.

(a) EOF direction EOF direction
—_—D _—

Smooth microchannel Micr och.annel v.v1th
140 perpendicular lines

120

160

100

60
40

Magnitude of electric field (V/cm)

20

(b)

Magnitude of flow velocity (x 10 m/s)

Figure 6. Simulated (a) electric field lines and (b) fluid flow velocity profile for smooth microchannel,
and microchannel with perpendicular indented nanolines, for 1 mM NaHCOs.

The orientation of the nanostructures dictate the distortion of the local electric field, and thus the
effective zeta potential. Yasui et al [20] fabricated microchannels with two different types of nanopillars
arrangements, i.e. the square and tilted array patterns. Both nanopillar configurations had no observable
EOF velocity difference between them, but both reduced EOF significantly as compared to a smooth
channel. This lack of EOF velocity difference between the two configurations could well due to their
insignificant orientation difference. However, nanolines are significantly different from nanopillars
because the arrangement of nanolines determines the degree of EOF suppression. We have demonstrated
the two extremes, the perpendicular nanolines distort the electric field significantly, and in contrast the
parallel nanolines do not distort the electric field at all. As such, the parallel nanolines do not affect EOF,
while the perpendicular nanolines reduce EOF significantly.

5. Conclusion

In this investigation, we presented a fabrication method for nanostructure designs in
microchannels that possess maximum orientation difference, i.e. parallel versus perpendicular indented
nanolines, to examine the orientation effect of nanostructures on EOF. The fabrication process can be
divided into four phases: fabrication of master structures on Si wafers, creation of mold inserts via
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electroplating, injection molding with COC, and thermal bonding and integration of practical inlet/outlet
ports. The novel feature of this fabrication method is the demonstration of hybrid LIGA-DEEMO process
for the fabrication of microchannels with large-area arrays of parallel and perpendicular indented
nanolines, which exploits the strengths of these two fundamentally different technologies to ensure good
regularity and controllability over the nanoscale patterns.

This fabrication method allows the fabrication of nanostructures with significant orientation
difference. This facilitates the investigation of the orientation effect of nanostructures on EOF by the
current monitoring technique. The “effective” zeta potential concept is proposed here to encompass both
the effect of nanostructures and the zeta potential of the virgin material to describe the EOF discrepancy
between the smooth and nanostructured channels. The experimental results show a significant reduction
in the effective zeta potential (and thus EOF velocity) with the introduction of perpendicular indented
nanolines in a microchannel. In contrast, negligible difference was observed on effective zeta potential
between a smooth microchannel and a microchannel with parallel indented nanolines. EOF originates
from the interaction between EDL and the applied electric field. The nanostructures distort the local
electric field at the wall as shown by the numerical results, with the distortion of the electric field a
function of nanostructures orientation. Thus, the nanostructures orientation has a direct bearing on the
effective zeta potential and flow velocity. The outcomes of this investigation will enhance the
fundamental understanding of EOF behavior and have implications on the precise EOF control in devices
utilizing nanostructured surfaces for chemical and biological analyses.
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Fabrication of smooth microchannel
The smooth microchannel was fabricated via the conventional DEEMO (Dry Etching,
Electroplating, MOIding) process as shown in figure S1, and the detailed process parameters are

presented in table S1.
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Figure S1. Schematics of DEEMO fabrication process for smooth microchannel.

Table S1. Process parameters of DEEMO fabrication process for smooth microchannel.

Process Parameters for smooth microchannel

Spin coating of HMDS priming.

photoresist on Si 2 um AZ MiR 701 positive resist, spin-off 30 s at 2600
rpm.

Prebaking: 90 °C for 1 min.

Photolithography 350 W Hg lamp with i-line filter as light source, 365 nm
wavelength.

WI/A =7 mW/cm?; t =25,

Post exposure bake: 110 °C for 1 min, then puddled in
TMAMH developer for 1 min.

Deep reactive ion Passivation>>Etch: C,Fg>>SF¢/O, = 150>>275/15 sccm;

etching (DRIE) Coil/Platen power = 2000/0>>2500/35 W; Pressure =
20>>26 mtorr; t = 1>>2.2 s; Cycles = 75; Temperature =
0 °C.

19



Resist stripping

0,/N, = 400/70 sccm; Pressure = 1 mbar; Power = 1000
W; t = 10 min.

Electroplating

Sputtering of 85 nm Ni/V seed layer (93/7 wt%).
Electroplating Ni shim of 350 um thickness: Maximum
current =3.5 A; Charge =18.1 Ah; t=6 h.

KOH etching

25 wt% KOH: Temperature = 80 °C; t=8 h.

Injection molding

Mold temperature = 90 °C; Melt temperature = 270 °C;
Injection pressure = 950 + 25 bar; Injection velocity = 37
mm/s; Holding pressure = 600 + 25 bar for 3 s; cooling
time = 30 s; Pre-drying (Permanent) = 90 °C; Cycle time
=30sto 1 min.
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