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Abstract

In the field of microfluidics, it is possible to facilitate liquid transport through
micro-sized holes with large slip lengths by lowering the friction at the interface
between the flow and the inner surface of the holes. In this paper, we discuss the use of
non-equilibrium atmospheric-pressure plasma to modify the surface wettability of
micro-sized holes in glass substrates that are similar to those used as flow channels in
glass microfiltration devices. In our experiments, liquid transport flows were driven by
internal Laplace pressure differences based on the surface tensions of droplets placed on

the front and back sides of the tested substrates.



I. INTRODUCTION

In recent years, microfluidic devices have received significant attention in a number

of technological fields, including those involving single cell trapping and analysis [1-4].

Using newly developed techniques, it has now become possible to deal with

metabolomics [5] and cancer biology [6] at the single cell level. Indeed, one of the most

significant new developments achieved in the field of cancer biology utilizes single cell

trapping technology to detect very low concentrations of circulating tumor cells (CTCs)

buried in the background of millions of normal hematopoietic cells [7-10]. This

technology facilitates improved trapping of single cells on biochips so that they can be

applied to one of several analysis techniques [11].

In microfluidic devices, cell-trapping motions are typically controlled by the

application of electric fields, magnetic fields, or centrifugal force [12-14]. However,

since these may stimulate or impose environmental stress on the captured cells [5], an

alternative, minimally invasive cell trapping method is needed.

Since the diameters of the targeted cells ranges from 10 to 30 microns, using

substrates equipped with holes that are smaller than the target cells can provide a

function that allows single cells to be trapped individually. While technologies based on

single cell filtration have previously been suggested, it has also been pointed out that



exacting microfluidic control would be essential to the development of a minimally
invasive cell capture method [11, 15-17]. One simple microfluidic device mechanism
utilizes a suspension fluid to transport the cells and traps single cells on substrates
equipped with micro-sized holes [18, 19]. More specifically, the cell trapping function
is provided by a liquid transport traveling through the micro-sized holes combined with
a microfluidic control for dispersing the cells [20]. Thus, the behavior of liquid transport
through the micro-sized holes is of particular importance [15].

At the micro- and nano-length scales, the flow of liquids such as water and blood
depends on the length scale of the flow. Assuming a Poiseuille-type flow, defined as an
incompressible Newtonian fluid in a laminar flow through a long x-direction cylindrical
tube, the flow velocity v, at the centerline of an infinite cylindrical tube yields:

we=f (-2 [0 +%] ®
where h is the radius of the cylindrical tube, u is the viscosity, (— j—i) is the pressure
drop, and B is the extrapolation or slip length [21]. The first term in the 1 —

2
(%) bracket is the standard solution for the pressure-driven Stokes flow, where the flow

velocities are very slow in a cylindrical tube with no slip, while the second term, %

represents an additional velocity associated with the boundary condition, in this case,

the fluid friction resistance [22]. As h decreases, the second term can become significant



and dominate at the micro-scale. Hydrophobic surfaces have frequently been reported as

exhibiting large slip lengths, i.e. low flow resistance [23-26]. Conversely, there are a

few reports stating that hydrophilic surfaces provide low flow resistance, because water

droplets are known to spread rapidly on super-hydrophilic flat surfaces [27]. In one such

report, Joseph and Tabeling showed that the use of a smooth hydrophilic surface

resulted in both large flow velocities and slip lengths in a 10 ym x 100 pm

microchannel [28]. However, to the best of our knowledge, no consensus has yet been

reached on the relationship between hydrodynamic resistance and wettability.

It has previously been reported that surface wettability is particularly affected by the

cleanliness of the flat surface glass substrates, for example, due to the absence or

presence of organic contaminants [29-32]. With this point in mind, we also note that the

use of non-equilibrium atmospheric pressure plasma (NEAPP) to clean such substrates

provides numerous advantages. For example, several types of materials are compatible

with NEAPP cleaning owing to the low temperature, high throughput, and large

processing area of the method [33-36]. Additionally, the absence of a vacuum system

helps to reduce equipment costs. The NEAPP process also has the potential for

application to the specific structure of a local surface, such as the interior of

high-aspect-ratio, micro-sized holes, in order to control wettability.



In this paper, we demonstrate the utilization of wettability control by means of

NEAPP treatments applied to the interiors of high-aspect-ratio, micro-sized holes in

order to stabilize liquid transport through them. We also report on the development of a

method for evaluating the plasma treatment of hole interiors and our analysis of liquid

transport rates through these holes. The use of NEAPP treatments has made it possible

to achieve fast liquid transports that are driven by droplet internal pressure differences.

I1. EXPERIMENTAL

A. Materials

We used alkali-free glass substrates with thicknesses of 150 or 200 um (AN-100,

Asahi Glass Co., Ltd.). Open micro-sized, high-aspect-ratio holes were fabricated by the

thermal etching method using a femtosecond ultraviolet (UV) laser. Figure 1 shows (a)

top-view and (b) bottom-view images of the sample taken by an optical microscope, as

well as a (c) cross-sectional image taken by a scanning electron microscope (SEM).

Two sample types were prepared. One sample type containing a 40 x 40 array of holes

was fabricated with a pitch of 50 um on 150-um-thick substrates. The top holes were

approximately 14 um in size while the bottom holes were approximately 4 um. The

other sample type contained a 10 x 10 array of holes with a pitch of 200 um on

200-um-thick substrates. In this sample type, the sizes for the top holes ranged from 13



to 23 um, while those of the bottom holes ranged from 3 to 6 um. After fabrication, the
samples were cleaned and stored under ambient atmospheric conditions without clean
air circulation.

B. Nonequilibrium atmospheric pressure plasma treatments

Figure 1(d) shows a schematic diagram of the NEAPP equipment used in our study
[33]. The plasma is excited by a high-voltage alternating current (AC) power supply
that provides a half peak voltage of 7 kV.p for a sinusoidal waveform with a frequency
of 60 Hz. Argon (Ar) gas was supplied at a flow rate of 3 standard liters per minute
(SLM). For cooling, nitrogen (N2) gas was supplied to the two electrodes of the
apparatus at a flow rate of 5 SLM. The plasma characteristics were as follows: plasma
density, ~2x10* cm™: O atom density, ~5x10' cm™; and gas temperature, ~1800 K.
These characteristics were analyzed by vacuum ultraviolet absorption (VUVAS) and
optical emission spectroscopy, as previously reported [33].

The glass substrate was set on an experimental stage with a gap of approximately 11
mm from the surface of the stage to the substrate bottom. The top of the glass surface
was separated from the plasma head by a distance of 10 mm. Under these conditions, a
plasma flare consisting of a curtain of excited plasma approximately 20 mm wide and

10 mm long, was emitted from the head. Thus, the end of the plasma flare was in direct



contact with the hole regions fabricated on the glass surface. Note that the hole
morphologies were not changed by the treatment because no etching of glass had taken
place. The changes in wettability were primarily due to chemical oxidation reactions
[31].
C. Evaluation of liquid transport

Contact angle measurements of water droplets on the tested glass substrates were
then carried out using a computerized contact angle measuring system (DSA100, Kriiss
GmbH, Germany). Figure 2(a) shows a typical image of a measurement taken after
dropping approximately 1 ul of water on the horizontal plane of a glass surface. When
the volume of liquid is very small, it can be assumed that the resulting droplet will be
shaped like a segment of a sphere and that the droplet volume, V, can be expressed by
[37]

V=mr} G — cosO + %cos39>,
where rq is the droplet radius and 6 is the contact angle, as is schematically shown in Fig.
2(b). According to the Laplace equation given by [38], a spherical droplet of radius rq
and surface tension v is surrounded by the external medium with a pressure P,

Pr=2y/rq . (2)

Under atmospheric pressure P, the internal pressure of droplet Py is expressed by



Py = P, + 2y/rq . As the droplet radius decreases, the internal pressure of the droplet

increases [39].

Figure 2(c) schematically depicts the liquid transport that results from a difference in

pressure P, — P, between two droplets, where P, is the pressure of the top droplet and

Py, is the pressure of the bottom droplet. Liquid transport through the holes is enhanced

as the internal pressure of the droplet on the front surface becomes larger than the

internal pressure of droplet on the back surface.

Prior to the liquid transport stage, an approximately 2 ul water droplet is applied to

the back surface of the substrate, where it spreads to cover the entire target area of the

hydrophilic glass surface. Capillary action causes the liquid to penetrate into all of the

open micro-sized holes. Next, the glass substrate is carefully turned around and a water

droplet with a volume of approximately 1 ul is applied to the front surface of the

substrate. Because the internal pressure of the front surface droplet is larger than that of

the back surface droplet, the pressure difference causes water to flow from the front side

to the back side of the substrate through the holes. Internal pressure of the water droplet

is hydrostatically applied with uniform capillary-action among them whole.

Liquid transportation rates were then evaluated based on temporal reductions in the

droplet volumes on the front surface, which were estimated by Eq. 2 using parameters ryq



and 6. The temporal behavior was fitted to a quadratic function, V = At? + Bt + V,
where Vj is an initial volume and A and B are parameters. The initial rate of droplet

volume reduction was given by the coefficient B.

I1l. RESULTS AND DISCUSSION

Figure 3(a) shows the temporal changes to the water volume on the front surface of
the sample after the droplet was applied. In the case of a flat glass surface without holes,
the droplet volume decreased gradually as time elapsed at the measured volume
reduction rate of approximately 1.3 nl/s. This corresponded well with the estimated
value (approximately 1.5 nl/s) of the evaporation rate of water from based on the
contact length Ic of a droplet on a flat glass surface (Fig. 2(b)) [37]. We note that the
identical plasma irradiation for 10 s at minimum provides super-hydrophilic surfaces,
when a flat glass substrate without holes.

In the case of using an unclean (before plasma treatment) glass substrate with holes,
the volume reduction rate was approximately 1.3 nl/s (Fig. 3(b)). This means that the
reduction in droplet volume was due to evaporation alone. Therefore, when an unclean
substrate was used, super-hydrophilicity was not present (contact angle of
approximately 40°) and the liquid did not transport through the holes, possibly due to

contamination occurring on the inner surface of the open holes just after fabrication.

10



Regardless of the hole density of both 10x10 and 40%40, the initial hydrophobic surface

prevented to transport through the holes from front to back.

Next, the effects of plasma treatment on the interior of holes for substrate samples

back surfaces which had been treated by one-sided plasma irradiation for 10, 60, and

180 s were examined. Figure 3(b) shows the reduction rates resulting from different

plasma irradiation durations. In samples irradiated with a NEAPP of Ar for 10 s, a rate

of 2.1 nl/s was observed, while a rate of 3.0 nl/s was observed for 60 s, and 5.2 nl/s was

observed for 180 s. As the plasma irradiation durations increased, the rates of reduction

in the water volume increased, as shown in Fig. 3(a). This indicates that plasma

treatment enhanced the liquid transport through the holes from the front side of the

sample to its back side.

Table 1 lists the contact angles and pressure differences between droplets on the front

surface and back surfaces of the samples. The back surface contact angle before plasma

treatment was approximately 40°. The slight variations in the contact angles among the

samples were believed to be caused by surface contaminants. After plasma treatment for

10 s, the contact angle of the back surface decreased to approximately 2°, thereby

indicating the presence of super-hydrophilicity. The contact angles were almost same

when the plasma irradiation time was increased to 60 and 180 s. Estimated pressure

11



differences between droplets on the front and back surfaces were calculated using Eq. 2.

Before the plasma treatment, the pressure difference was 1.6 kPa. For the sample treated

by plasma irradiation for 10 s, the pressure difference became more than four times

larger, 6.9 kPa. Those pressure differences remained relatively constant as the plasma

irradiation time increased from 10 to 180 s, thereby indicating that 10 s is sufficient for

the substrate surface treatment.

As listed in Table 1, although the wettability and the pressure differences were almost

the same, plasma irradiation for durations of more than 10 s led to faster liquid transport

rates. This could be interpreted as indicating that the liquid transport enhancement was

the result of higher hydrophilicity surface states within the hole. It has been previously

noted that the surface state affects the velocity of the fluid-solid interface [40, 41]. In

our study, we are particularly interested in the phenomenon whereby

super-hydrophilicity enhances liquid transport through micron-sized holes.

When the hole diameters were changed, the liquid transport rates were found to be

different as well. Figure 4 shows that when different diameter holes were fabricated and

examined on 10 x 10 hole 200-um-thick (red filled circles) substrates irradiated with

plasma for 180 s, the larger hole diameters resulted in faster liquid transport rates. Given

that the estimated pressure differences were approximately 10 kPa, this agrees with the

12



Hagen-Poiseuille law, which states that flow velocities are proportional to the fourth

power of a tube radius [21]. The data were well fitted by the quartic function of

diameters as indicated a solid line in Fig. 4.

We observed that faster liquid transport could be achieved by hydrophilic treatment

of NEAPP (Fig. 3(a)). In their experiments, Tretheway and Meinhart reported a

measured slip length of approximately 1 um on hydrophobic surfaces, and slip lengths

of zero on hydrophilic surfaces [22]. Voronov et al. argued that, based on molecular

dynamics simulations, higher hydrophobicity alone did not change the slip lengths.

However, when higher hydrophobicity was combined with smoother surfaces, larger

slip lengths would appear [42]. In contrast, our results indicate that super-hydrophilic

surfaces provide larger liquid transport rates due to lower friction and larger slip lengths.

In the literatures, Sakai et al showed a highly hydrophilic TiO, surface reduced the fluid

friction [43]. This report supports our experimental results where, in actual micro-scaled

situations, surface wettability was found to contribute significantly to liquid transport

flow rates. For flow enhancement, the NEAPP treatments of the hole interior were

found to effectively enhance the flow transport caused by pressure differences generated

by internal Laplace droplet pressures.

Finally, considering the flow integration through each hole, the water pressure

13



gradient, and the inverse proportionality to the hole depth, the observed liquid transport

should also be proportional to the number of holes and inversely proportional to the

substrate thickness. When the three parameters consisting of the number of holes (1600

over 100), the glass substrate thickness (150 over 200 pum), and pressure gradient (7

over 10 kPa) were normalized, the liquid transport rate was estimated to be as

normalized line as indicated with dashed line in Fig. 4. The liquid transport rates

coincides with theoretical values after the four parameters (number of holes, averaged

hole diameters, hole lengths, and pressure gradient) were normalized. Nevertheless, it is

indisputable that the flow velocity distribution inside the holes may be affected by inner

surface wettability, since the interior morphology of each sample may be different. Thus,

the interior of the holes may have an impact on the flow velocity. Unfortunately, we

have not yet been able to reach a satisfactory solution for this problem and further

investigations will be required to resolve the issue.

1VV. CONCLUSION

We demonstrated that the application of non-equilibrium atmospheric pressure

(NEAPP) processes to the interiors of high-aspect-ratio, micro-sized holes facilitated the

stability of liquid transportation through those holes. After plasma treatment, liquid

transport rates through the holes from the front to back sides of the experimental

14



substrates were significantly enhanced due modifications to the back surface contact

angle from 40° to 4° due to the presence of super-hydrophilicity. The droplet pressure

difference between the front and back surfaces increased more than 4-fold, 6.9 kPa. As

the plasma irradiation durations increased, liquid transport rates through the holes from

the front to the back side of the substrate became faster. This is believed to be the result

of plasma irradiation modifications to hole interior surfaces that allow more slippage in

slip boundary conditions, thus enhancing liquid transport. The results of our

experiments show that the use of NEAPP processes can modify the chemical states of

substrate surfaces, thereby enhancing liquid transport through the interiors of

micro-sized holes.
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TABLE 1. Estimated parameters and obtained data from the liquid transport
experiments of the samples prepared by different plasma irradiation durations for 0, 10,
60, and 180 s.

Hole Plasma Droplet Pressure
Holes, . o Contact ) ] Transport rate
) diameter irradiation . radius difference,
thickness . . angle [ ] ab . [nl/s]
[mm] duration [s] [mm] = Pt—Pb [kPa]
~14 [ ~4 0 37.3/382 19/24 1.6 ~0
40x40,  _14/~4 10 359/44  20/38 6.9 0.8
150um - 14/ -4 60 405/41  1.9/39 7.28 ~1.7
~14/~4 180 38.9/5.1 1.9/34 7.23 ~3.9
~13/~3 180 48.0/4.5 1.4/37 10 ~0.1
10x10,
~18/~5 180 48.4/4.2 1.5/36 9.3 ~2.0
200um
~23/~6 180 545/4.3 1.2/40 11.76 ~3.8

% Data were separately obtained on top and bottom surfaces; (top / bottom).
® Droplets volume on top and bottom surfaces are ~1 ul and ~2 pl, respectively.
°Py is the droplet pressure on top and Py, is the droplet pressure on bottom surfaces.
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Figure captions

Figure 1:

Figure 2:

Figure 3:

Figure 4:

Optical microscopy images of (a) top surface and (b) bottom surface of glass

substrate with holes. (c) Cross-sectional scanning electron microscopy

(SEM) image of a glass substrate with high-aspect-ratio, micro-sized holes.

(d) Schematic illustration of non-equilibrium atmospheric pressure plasma

excited by a 7 kVo.p AC power supply at a frequency of 60 Hz.

Liquid transportation evaluation method. (a) Contact angle image of a

droplet. (b) Schematic illustration of analyzing droplet volumes V from

contact angle 4, radius of droplet rq, and contact length I; (i.e., the length of

the liquid-solid interface). (c) Schematic illustration of liquid transportation

method using the pressure differential between two droplets.

(@) Temporal volume changes of a droplet on the surface fabricated 40 x 40

holes before and after 10, 60, and 180 s of plasma irradiation. The temporal

behavior was fitted by a quadratic function.

(b) Reduction rate of volume of droplets on a surface fabricated with a 40 x

40 array of holes before and after the plasma irradiation for 10, 60, and 180 s.

The dotted line shows the evaporation rate of a water droplet (1 ul) on a flat

glass surface.

Liquid transportation rates for different hole diameters after 180 s of plasma
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irradiation using glass substrates fabricated with a 10 x 10 array of holes (red
filled circles) and 40 x 40 holes (blue filled squares). Data were fitted by a
quartic function (solid line). Dashed line draws the quartic line normalizing
for the data of 40 x 40 holes (blue filled squares) with 1600 holes, 150 um

thickness, and 7 kPa pressure.
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