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Abstract

This paper reports a simple yet effective droplet manipulation approach that can displace
aqueous droplets over a long distance within the working plane. Repeated patterns with surface
gradient wettability were created on a super-hydrophobic surface by laser irradiation. Aqueous
droplets as small as 2 ul are moved on the patterns over a long distance under in-plane
symmetric cyclic vibration. Typical droplet manipulation actions including droplet movement
along a pre-determined trajectory, droplet mixing, and selective movement of multiple droplets
were successfully demonstrated. Biochemical detection using this approach was demonstrated
via a bicinchoninic acid (BCA) assay. This approach allows for long-distance droplet
movement and simultaneous manipulation of multiple droplets without sacrificing the
manipulation efficiency or increasing the cross-contamination risk. The device can be
fabricated outside cleanrooms and operated without special equipment. It provides a solid
technical basis for developing the next generation of affordable open channel microfluidic

devices for various applications.
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Introduction

In the past two decades, microfluidics that allows for biochemical reactions with minute sample
consumptions has been employed broadly in various fields'- 2. Different from the conventional
closed-channel microfluidics with continuous flow, droplet-based microfluidics has received
extraordinary attention due to reduced biomolecule adsorption and low risk of cross-
contamination®®. In droplet-based microfluidics (also known as digital microfluidics), liquid
droplets with various chemicals can be isolated from or mixed with each other on demand.
Each droplet with microliters in volume can serve as an individual microreactor. The stand-
alone droplet reservoirs make it possible to implement high-throughput examinations with
reduced reagent consumption and small device footprint”> 8. Among multitudinous droplet-
based microfluidics designs, open-channel microfluidics has several distinct advantages. It is
free from the reliance on excessive driving fluids and complicated pumping units. The entire
working surface can be utilized to host a large number of droplet moving trajectories. Also, the

leaking issue in closed-channel microfluidics is no longer a concern.

In open-channel microfluidics, liquid droplets can be manipulated by various physical means.
Electrowetting-on-dielectric (EWOD) is a popular technique for droplet actuation®, where
droplet motion is induced by creating a wettability difference between the front and the rear
edges of a droplet by the electrowetting effect. Typical microfluidic functions including linear
droplet translocation, merging, and mixing were successfully demonstrated'?-!3. Nonetheless,
EWOD is limited by possible electrical breakdown!#. A droplet with high ionic concentration
can significantly decrease the breakdown voltage and cause irreversible failure of EWOD
chips'> 16, Dielectrowetting has been recently reported to completely eliminate the direct
contact between the ionic droplet and electrodes!’. Non-electrical droplet manipulation

approaches have also been developed!®*. Among numerous non-electrical stimulation
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approaches, mechanical means with relatively simple setup and high process flexibility exhibit
a promising potential?>?7. Droplet can be driven by applying asymmetric in-plane vibration®>
28 dynamically tilting the working substrate?’, or deforming the local surface?*. Droplet can
also be moved towards the more wettable area on a surface with anisotropic wettability, either
spontaneously?® or with the help of mechanical agitation3%-32. In addition, the droplet can
translocate under vertical vibration along an anisotropic ratchet conveyor that consists of
periodic asymmetric textures or alternating hydrophilic and hydrophobic arcs33-33. Once the
vertical vibration is applied, the contact line of the droplet oscillates. The contact line
experiences an asymmetric drive force toward one direction during the de-wetting process,
which allows the droplet to slide. Although these mechanical stimulation approaches are
intriguing, broad adoption of these approaches is hindered by several limitations. In particular,
the manipulation using asymmetric vibration can only manipulate droplets within a narrow size
range at the same time?. It is challenging to move multiple droplets of different sizes
simultaneously or selectively moving some droplets while keeping others of the same size
stationary. In the approaches using anisotropic wettability, the wettability gradient must be
sufficiently large to overcome the contact angle hysteresis under mechanical interferences. This,
however, limits the traveling distance3!-32. In the approaches that use vertical vibration to move
droplets on asymmetric surface textures, the droplets may be subject to the off-contact from
the substrate?, especially when a high frequency is used to manipulate small droplets. The
hydrophilic surface in the arcs raises the risks of undesired satellite droplets formation and

surface contamination?’.

In this study, an alternative mechanical stimulation approach for open-channel digital
microfluidics is presented. Repeated patterns with gradient surface wettability are printed on a

super-hydrophobic working substrate by laser engraving. The patterns are arranged head-to-

4
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tail into a linear cascade (Fig. 1a). The surface wettability gradient in each pattern aligns along
the longitudinal axis of the pattern. Different from previous studies where a droplet on a
gradient wettability surface moves towards the more hydrophilic side under mechanical
agitation, the droplet in this approach moves towards the more hydrophobic part of the same
pattern, across the pattern boundary, and reaches the more hydrophilic part of the next pattern.
This is due to the head-to-tail arrangement of the repeated patterns, which sets a sharp
difference of wettability gradient at the two edges of the droplet. Continuous vibration leads to
a large droplet displacement. This approach allows droplets to move over a long distance not
limited by the pattern length. Since the droplet moving threshold varies with both the pattern
width and the droplet volume, selective droplet movement is possible. All the areas on the
working substrate are within the hydrophobic regime where the static contact angle is greater
than 125°. The risks of undesired satellite droplets formation and cross-contamination are thus

reduced.

Materials and Methods

Working principle

A 2D model was established to investigate the droplet motion (Fig. 1a). Assuming the gradient
of the surface wettability is sufficiently high, the droplet dispensed on the pattern can move
spontaneously to the more hydrophilic edge of the pattern due to the contact angle hysteresis.
Once the in-plane vibration is applied, the droplet is subject to the inertial force induced by
vibration and the drag force from contact angle hysteresis. The inertial force can be expressed
as Finere = MAo(21f)?sin2mft, where m is the droplet mass, 4, is the vibration amplitude
which is constant in this study, and f'is the vibration frequency. It is seen that Fj,,, increases
with the vibration frequency f. Under a small f, F,.,, cannot overcome the contact angle
hysteresis so that the droplet keeps stationary. Once f exceeds a certain threshold (at point M

5
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in Fig. 1b&c), F},.,, overcomes contact angle hysteresis. The droplet starts to accelerate, as

described by:

d*x
Finere —yCw(cos 8, — cosf,) = m_ s (1).

The second term on the left of Eqn. 1 yCw(cos 8, — cos8,) refers to the drag force, where y
is the surface tension of water/air interface, C is a shape-correction coefficient related to the
geometry of the contact line between the droplet and the substrate, w is the pattern width, &
refers to the dynamic contact angles, and the subscripts a and r refer to the advancing edge and
the receding edge of the droplet, respectively. Assuming both the leading edge and the trailing
edge are semi-circular, C is approximated as ~1.57. Here, the viscous dissipation near the rim
of the contact lines and that in bulk as well as the energy dissipation due to pinning/de-pinning
of the contact lines are neglected. This is because they are at least one order of magnitude lower
than the energy loss due to contact angle hysteresis. A detailed estimation is provided in Section

1 in electronic supplementary information (ESI).

For analysis simplicity, the moving directions and the dynamic contact angles at both edges of
the droplet are defined. The direction towards positive contact angle gradient (pointing from
the more hydrophilic edge of a pattern to the more hydrophobic edge of the same pattern) is
defined as the forward direction (the right direction in Fig. 1a). The opposite direction is
defined as the backward direction. Assuming that the dynamic contact angle within a pattern

changes linearly along the longitudinal axis of the pattern, the advancing angle of a droplet
within the pattern can be expressed as 8,(x) = O4pn; + %(Ha,pho — 04, phi), where L is the length

of a pattern, the subscript phi refers to the more hydrophilic edge of the pattern, and the

subscript pho refers to the more hydrophobic edge of the same pattern. Similarly, the receding

angle can be expressed as 0,(x) = 0, pp; + %(Hr,pho — 6y, phi)-
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When the substrate moves to the left with a frequency exceeding a certain threshold, the droplet

accelerates towards the forward direction:

Oy pho — Orphi pho — Ba,phi d?x

y 0,
Finert —wa[cos (Hr‘phl— + I x) — cos(@a,ph,— + I (x + d))] =m_ (2),

where x is the position of the receding edge, and d is the distance between the advancing edge
and receding edge. The droplet displacement within 0 <t < T/2 (as illustrated by the dark

grey area in Fig. 1b&c) can be derived by solving Eqn. 2 with the conditions of x=0 @ t=0

d 1, o .
and d% =0@t=0,whereT = 7ls the vibration period.

After T/2 (point N in Fig. 1b&ec), the inertial force points to the backward direction (Fjpert

< 0), while the drag force still points to the backward direction until the droplet velocity ceases

to zero. If the droplet velocity can reach zero at the moment of 7)) before the completion of a

full period (Ty < T), the displacement of the droplet within g <t < Ty (the light grey area in

Fig. 1b&c) can be derived by solving Eqn. 2 using the values of X(g) and %(g) determined

from the first half period. If the droplet displacement at 7)) (point O) is smaller than the pattern
length L (as in Fig. 1b), the droplet moves towards the backward direction after 7)) and is not
able to reach the next pattern (Fig. 1b). If the droplet displacement at 7} equals or is greater
than L, the droplet reaches the next pattern. After 7)), the drag force points to the forward
direction. Since the advancing edge of the droplet now sits at the more hydrophobic edge of
the previous pattern while the receding edges sits at the more hydrophilic side of the current
pattern, the drag force is much greater than that in the first half period. If the drag force is
sufficiently large to prevent the droplet from returning to the previous pattern, the droplet can
be displaced by a pattern length within one cycle (Fig. 1¢). The minimal vibration frequency
that meets this condition is denoted as f,,;,. If the inertial force towards the backward direction

7
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is greater than the high drag force while the droplet resides at the more hydrophilic edge of the

current pattern:

Br,pha - Sr,phi

Finert > ]/CW[COS (GT,phi + I d) — cos(Ga,pho)] (3),

the droplet can return to the previous pattern. The minimal frequency associated with this
condition is denoted as f,,,,. Beyond this frequency, the droplet may move across the pattern
boundaries along both forward and backward directions, resulting in random motions.
Therefore, f,.. is the maximally allowed frequency for controlled unidirectional droplet
movement. It should be noted that if the driving frequency continues to increase to an extremely
large value, the droplet may exhibit vibrations on the surface with a small amplitude. This is

because the damping effect caused by viscosity dissipation become predominant.

Based on the model, the range of vibration frequency that can cause controlled unidirectional
droplet displacement on the repeated patterns with gradient wettability was determined. Given
the material, physical and geometric parameters of droplets and the substrate in this study, the
frequency that can displace a 20 wL droplet over a pattern is calculated as 8.9~18.2 Hz. With
continuous vibration under a frequency within the range, long-distance droplet movement can

be achieved.

The droplet motion can be better understood through an analogy to the motion of a solid sphere
on a substrate with repeated saw-toothed topography (Fig. 1d), where the surface wettability
gradient is in analogy to the slope of each saw-toothed pattern; the high wettability barrier at
the pattern boundary is in analogy to height difference at the boundary of two adjacent saw-
toothed patterns; and the surface energy of the gradient wettability substrate is in analogy to
the potential energy of the solid sphere. The in-plane vibration applies an inertial force on the

sphere towards opposite lateral directions. The minimal inertial force that can move the sphere

8
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on the slope wall is lower than that can have the sphere climb over the vertical wall at the
pattern boundary. As a result, the droplet moves towards the forward direction if frequency
reaches a certain threshold (right in Fig. 1d). Similar as in the droplet motion, the sphere can
travel the distance of a pattern length in each cycle. Long-distance traveling can be achieved

by continuous vibration.

Substrate preparation

A PDMS (Sylgard 184, Dow Corning, MI) substrate was fabricated by mixing a base pre-
polymer and a curing agent at the weight ratio of 10:1. The pre-polymer solution was then
degassed in vacuum for 30 min and dispensed on a petri dish surface to achieve a 2 mm thick
PDMS layer. The solution was cured on a hot plate at 65°C for 2 hours. A super-hydrophobic
layer (Rust-Oleum NeverWet, IL, USA) was spun on the PDMS substrate at 6000 rpm. The
substrate was placed in a ventilation cabinet for 3 hours for solvent evaporation and cut into

rectangular pieces (70 mm % 30 mm) before use.

Laser irradiation

The gradient surface wettability was created on the PDMS substrate using laser irradiation with
spatially varied laser dose (25 W, VSL2.30, Universal Laser Systems, AZ) (Fig. 2a). The laser
was operating in air. The change of surface hydrophobicity is due to the laser induced change
of both surface topography and surface chemistry (Section 2 in ESI). The laser dose was
changed by altering three operating parameters (Gray Scale (GS), Raster Intensity (R/) and the
engraving cycles (n)) as elaborated in a previous report®. Briefly, GS and RI allow independent
control of the laser power in temporal and spatial domains, and » determines the total laser
dose. Other operating parameters, including the laser spot size (~127 um), the lateral traveling
speed of the laser head (0.2629 m/s), the laser repetition rate (5000 Hz), and the spatial

9
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resolution (500 ppi (point per inch)), were kept constant throughout the experiments. The
surface pattern consists of linear cascades of rectangular areas. Each area is 4 mmx2.5 mm
unless otherwise noted. The gradient is along the long edge of the rectangles. The pattern width
was designed to ensure the droplets to be used in this study (with the volume of 104L to 60uL)

can always cover the entire pattern width.

To move the droplet along desired directions, the surface wettability should be within an
appropriate range. If the surface is too hydrophilic, the droplet may stick on the substrate
despite of high vibration frequency. If the surface is too hydrophobic, the droplet may move
out of the pattern. After trial experiments, the operating parameters of RI=-40%, and n=4 were
used. GS equals 10% at the more hydrophobic edge and 18% at the more hydrophilic edge.

After the treatments, the substrate was air blown and visually examined.

Surface wettability measurements

Three homogeneous substrates were prepared with constant GS values: 10%, 14%, and 18%.
For all the three substrates, RI=-40% and n=4. The surface wettability of these substrates thus
can represent the three different regions of a pattern with gradient surface wettability. In
particular, the substrate with G§S=10% represents the more hydrophobic edge within a pattern,
the substrate with GS=18% represents the more hydrophilic edge within the same pattern, and
the substrate with GS=14% represents the pattern center. Surface wettabilities of the substrates
were measured by dispensing a 10 uL water droplet and performing contact angle

measurements using a contact angle goniometer.

The anisotropic wettability was examined by tilting the substrates with gradient surface

wettability along the transverse axis of the pattern and examining the minimal tilting angle that

10
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can move a 20 uL droplet. The tilting angle increased from 0° with the increment of 1°. The

stage was held still for 3 sec after each increment.

Droplet manipulation tests

After laser irradiation, the substrate was mounted on a customized stage and connected to a
commercial vortex mixer (Maxi Mix II, Thermo Fisher Scientific, MA, USA). The stage
translated the rotation motion generated by the vortex mixer into linear sinusoidal motion with
the constant amplitude of ~4 mm. The frequency can be adjusted from 1 to 50 Hz. After a
droplet was dispensed on the substrate, the motion of the droplet was recorded using a high-
speed camera at 300 fps (Exilim Pro EX-F1, CASIO, Tokyo, Japan). Aqueous food color

(Kroger, OH, USA) were added to the droplet at 5% v/v for better visualization.

Protein concentration measurements

The bicinchoninic acid (BCA) working reagent was prepared by mixing reagent A4 and the
reagent B of Pierce BCA protein assay kit (Thermo Fisher Scientific, MA, USA) with a
volumetric ratio of 50:1. The albumin stock solution provided by the kit was diluted by DI
water to obtain the albumin solutions of different concentrations. These solutions were used to
build a standard curve for albumin concentration quantification. After the reaction between
albumin and BCA, the protein concentration was measured spectrophotometrically at 562 nm
using a microplate reader (BioTek, VT, USA). A BCA assay following the standard protocol

in a 96-well plate was performed as a control.

Statistical analysis
Student #-test was used to examine whether there were significant differences in the minimal
sliding angles between different tiling directions and in the BCA reactions with different

11
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protein concentrations. For the contact angle analysis, each group consisted of six
measurements. For the sliding angle analysis, each group consisted of nine measurements. For
the BCA assays, three samples in each group were characterized. The impact of the repeated
water immersion on surface wettability was analyzed using one-way ANOVA. Statistical
analyses were performed using JMP 11.0 (SAS®, NC, USA). p < 0.05 (%) is considered

significant and p < 0.01 (**) is considered highly significant.

Results and Discussion

Characterization of Gradient Wettability

The static contact angle measurements show that the surface wettability increases with GS (Fig.
2b). The static contact angle is 152.5+2.8° under GS=10%; 137.2 + 1.8° under GS=14%; and
125.7 + 3.4° under GS=18%. The static contact angle of an unmodified super-hydrophobic
substrate is ~165°. It confirms that laser irradiation with spatially variable laser power can

create gradient surface wettability.

The entire surface was kept within the hydrophobic regime with the static water contact
angle >125°. This helped to reduce surface fouling and cross-contamination, a critical concern
for biochemical assays. To validate this, a 10 gL droplet stained with 0.1% rhodamine B (Sigma
Aldrich, MO, USA) was dispensed on the working surfaces treated by varied laser parameters.
After 10 sec, the droplet was removed and the surfaces were examined by fluorescence
microscopy. The results showed that the surface treated with GS=18%, RI=-40%, and n=4
(representing the most hydrophilic areas in the patterns) had significantly lower fluorescence

intensity compared to the surfaces with smaller static water contact angles (Section 3 in ESI).

The sustainability of surface wettability in aqueous medium and in air were examined. Three

12

Page 12 of 31



Page 13 of 31

Lab on a Chip

groups of samples were prepared to represent the more hydrophilic edge (GS=18%) and the
more hydrophobic edge (GS=10%). RI=-40% and n=4 for all the samples. The samples were
immersed in water and withdrew from water for up to 1000 times to have the waterline pass
the surfaces repeatedly. Static water contact angle was examined after the tests. One-way
ANOVA (with the confidence level of 95%) showed that the time of repeated water immersion
does not cause significant difference in the contact angle for all the samples. The water contact
angle of the samples exposed for about two years in air was measured and compared to as-
prepared samples treated with the same parameters. No significant difference of surface

wettability was detected (Section 4 in ESI).

The surface with gradient wettability exhibits anisotropic minimal sliding angles (Fig. 2¢): the
minimal sliding angle for the droplet to move towards the forward direction is 36.71 + 3.1°,
while that towards the backward direction is 53.29 + 3.7°. The minimal sliding angles along
the opposite directions are significantly different from each other. For comparison, the minimal
sliding angle of the droplet on the non-irradiated super-hydrophobic substrate is 2.75 £ 0.5°.
This suggests that the minimal inertial forces that can displace the droplets along the opposite
directions are different, which makes it possible to induce unidirectional droplet motion using

symmetric in-plane vibration.

Long-distance droplet translocation

Long-distance droplet translocation was demonstrated. A 20 gL droplet was dispensed at the
distal end of the repeated patterns (Fig. 3a and Movie 1). The vibration frequency ramped up
from 1 Hz. At a low frequency, the droplet vibrated but did not displace on the surface. Once
the vibration frequency exceeded ~8 Hz, the droplets moved towards the forward direction and
reached the pattern edge within one cycle. In other words, the droplet traveled the distance that

13
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equals to pattern length within a cycle. With the vibration amplitude 4,=4 mm and the vibration
frequency /=10 Hz, the droplet traveled over a distance of 16 mm within 400 ms, corresponding
to the traveling speed of ~40 mm/s (Movie 2). For comparison, a droplet dispensed within the
area with homogenous laser irradiation dose (GS=18 %, RI=-40%, and n=4) vibrated around

the original spot and did not exhibit a net displacement upon continuous cyclic vibration.

Long-distance droplet motion along a pre-determined two-dimensional trajectory was also
demonstrated. The traveling path as illustrated in Fig. 3b was patterned on the substrate, which
consisted of four linear cascades of repeated patterns with gradient surface wettability that
connected head-to-tail to each other into a square shape. Each cascade is 16 mm long. A 20 uL
droplet was dispensed to a corner of the path (Corner 1). Upon the vibration at ~9 Hz along the
longitudinal direction of the first cascade, the droplet moved towards Corner 2. Subsequent
cyclic vibrations along the transverse and longitudinal directions further moved the droplet to

Corner 3, Corner 4, and eventually back to Corner 1 (Movie 3).

Moving a droplet along an arbitrary patterned path using circular agitation is also possible.
This was done by mounting the substrate directly on the vortex mixer without using the
customized stage. To prevent the droplets from moving off the patterns, a higher
hydrophobicity barrier between the untreated areas and the more hydrophobic edge of the
patterns (GS=14%, RI=-40%, and n=4) was built. The more hydrophilic edge of the patterns
was kept the same as above (GS=10%, RI=-40%, and n=4). A 20 pL droplet was dispensed on
a cascade of patterns (4 mm x 1.5 mm). A circular agitation of ~400 rpm was applied. The
droplet travelled over the distance of 16 mm within 0.7 sec without transverse movement off

the patterns (Movie 4).

14
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Droplet mixing

Mixing of two droplets is an essential function of open channel microfluidics and is used
extensively for biochemical analysis!® 26 27, In this study, droplet mixing was performed by
aligning two linear cascades of gradient surface wettability patterns with each other while
having their more hydrophobic edges meet in a central square area (4mm *x 4 mm) (Fig. 3¢).
The square area was engraved with GS=25%. Two 20 pL droplets stained with different colors
(blue and yellow) were dispensed at the distal ends of the two opposite cascades. They were
28 mm apart from each other. Once the in-plane vibration of 10 Hz was applied, both droplets
moved towards the square area at the center and met with each other within ~300 ms (Movie
5). The in-plane vibration not only brought the two droplets together but also enhanced the
droplet mixing efficiency. The color of the mixed droplet became homogeneous within 2.5 sec,
corresponding to 25 vibration cycles. It, however, took more than 30 sec to thoroughly mix

two droplets of the same volumes without vibration (Fig. 3d).

Selective movement of multiple droplets with different volumes
The second term on the left of Eqn. 1 can be expressed using Taylor series expansion. The

acceleration associated with the drag force can be expressed as:

yCw(cos 8, — cos8,)

w 1 w
=ky + kawV' 3 + ka5 4),

m

where ki = 1.340%6, ky, = 0.017;/%2 and k3 = 0.059%. k;, k; and k; are the coefficients

determined by experimentally measured dynamic contact angles, p is the droplet density, and
V' is the droplet volume. It is seen that the acceleration associated with the drag force varies
with the droplet volume and the pattern width (Fig. 4a). In particular, the acceleration increases
with the pattern width, and decreases with the increase of the droplet volume. With a given

volume, a larger inertial force is required to move a droplet on a wider pattern. As a
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consequence, the minimal frequency that can accelerate the droplet on a wider pattern is higher.
Similarly, with a given pattern width, a smaller inertial force, and therefore a lower minimal
frequency, is required to move a larger droplet. The changes of minimally required frequency
with the droplet volume and the pattern geometries were experimentally validated (Table 1).
For the smallest droplet we used in this study (about 2 L), the driving frequency needed to be
at 42Hz or higher to move the droplet on a cascade of 4mm x 2.5mm patterns. The minimal

driving frequency dropped to 11Hz when the patterns changed to 3.5mm x 1.5mm.

Because the minimally required frequency to accelerate the droplet varies with the pattern
width and the droplet volume, selective droplet manipulation is possible by placing droplets of
the same volumes on gradient wettability patterns of different widths or placing droplets of
different volumes on gradient wettability patterns of the same widths. An experiment was
performed to demonstrate both cases. Two cascades of linear patterns with gradient surface
wettability were connected head-to-tail. The patterns in the first cascade are 4 mm x 2.5 mm in
dimension, and the patterns in the second cascade are 4 mm x 3 mm in dimension. The total
lengths of the first and the second cascades are 12 mm and 8 mm, respectively. The more
hydrophobic end of the second cascade was connected to a square (4mm % 4mm) that had been
irradiated by a laser with GS=25 % (Fig. 4b). A 20 xL droplet was dispensed on the more
hydrophilic end of the first cascade, and another 20 xL droplet was dispensed on the more
hydrophilic end of the second cascade. Upon 10 Hz cyclic vibration, the droplet on the first
cascade moved towards the forward direction, while the droplet on the second cascade kept
stationary. Once the moving droplet reached the second cascade and met with the stationary
droplet, the merged droplet gained the volume of 40 wL. The merged droplet then moved

further towards the forward direction and eventually reached the square on the right.

16
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Selective manipulation of an array of droplets on the same substrate was also demonstrated
(Movie 6). Three droplet traveling paths were patterned on the substrate (Fig. 4¢). The first
path consisted of a linear cascade made up of rectangular patterns. Each pattern is 4mm X
2.5mm in dimension and has gradient surface wettability as above described. The length of the
first cascade is 12 mm. The second path consisted of two linear cascades made up of rectangular
patterns. The patterns in the first cascade are 4mm x 2.5mm and the patterns in the second
cascade are 4mm x 3mm. The length of the first cascade is 12 mm, and the length of the second
cascade is 8 mm. The third path consisted of three linear cascades made up of rectangular
patterns. The patterns in the first cascade are 4mm % 2.5mm, the patterns in the second cascade
are 4mm x 3mm, and the patterns in the third cascade are 4mm % 3.5mm. The lengths of the
first, second, and the third cascades are 12 mm, 8 mm, and 8 mm, respectively. The more
hydrophobic ends of all the three paths were connected to a square (4 mmx> 4 mm) that had
been irradiated by a laser with GS=25 %. Six 20 uL droplets were dispensed within the three
paths as shown in Fig. 4d, where the droplets resided in the area with the pattern width of 2.5
mm, 3 mm, and 3.5 mm were stained with yellow, blue and red colors, respectively. Upon 10
Hz cyclic vibration, yellow droplets first moved towards the forward direction. The droplets in
the second and the third paths met with the blue droplets. The merged droplets (40 xL) then
moved further towards the forward direction. The merged droplet in the third path further met
with the red droplet. After merging, the resulting droplet gained 60 L in volume. The 60 xL
droplet did not exhibit a large displacement upon 10 Hz vibration. This is probably because the
frequency is well above the appropriate range (fi,.x) so that the viscosity dissipation induced
damping effect becomes predominant. The 60 xL droplet can be moved by lowering the
frequency to ~5Hz. Finally, all the droplets were collected in the squares on the right (Fig. 4e).

The time-lapse movement of the droplets in the third path is shown in Fig. 4f.

17
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Protein concentration measurement

The efficacy of this droplet manipulation approach for biochemical analysis was demonstrated
through the measurement of albumin concentration in a sample solution. Five droplet paths
were patterned on the PDMS substrate. Each path consists of two rectangular areas with
gradient surface wettability. Similar as in the above experiments, each rectangular area is 4mm
x 2.5mm, and the GS within each area ranged from 10 % to 18 %. The length of each path is §
mm. The more hydrophobic ends of all the paths were connected to squares that were 4 mm %
4 mm each and engraved with GS=25% (Fig. Sa). Among the five paths, three were used to
provide the calibration curve (refers to the calibration paths), one served as a control (refers to
the control path), and the rest one was used to host the reaction of the sample with an unknown
protein concentration (refers to the measurement path). A 10uL droplet with albumin
concentration of 0, 250, 500, and 1000 pg/mL was dispensed within the squares of the control
path and the three calibration paths, respectively, and dried. A 2 xL droplet with an unknown
albumin concentration was dispensed on the square of the measurement path. A 20 xL droplets
of BCA working reagent was dispensed to the more hydrophilic end of each path. Upon 10Hz
vibration, the BCA droplets moved to the squares within 2 sec. The substrate was continuously
vibrated to allow thorough mixing of the BCA reagents and albumin. The substrate was kept
at 37 °C. As the BCA droplets reacted with albumin, the droplets changed their colors. The
albumin concentration in the measurement path was determined by measuring the light
absorbance at 562 nm and compared with those in the control and calibration paths. The volume
difference between the measurement path and the control/calibration paths were compensated
using the Beer-Lambert law. In particular, a standard calibration curve with a high regression
coefficient > 0.987 was obtained (Fig. Sb). The albumin concentration of the merged droplet

in the measurement path was calculated as 236 + 5.9 pg/mL (the red dot). The albumin
18
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concentration of the original 2 xL droplet was calculated as 2360 + 59 ug/mL. The difference
between the measurement using the droplet-based assay and that by the standard BCA assay

(232 + 10.5 pug/mL) was within the measurement error.

The droplet-based analysis used 20 gL BCA reagents in each path, which was significantly
lower than those in a standard BCA assay performed using 96-well plates (200 L in each
well)*®. The reaction time was also significantly reduced. In the droplet-based analysis, the
light absorbance reached 95 % of its maximum within 10 min, while it took more than 30 min
for a standard BCA assay to reach the same (Fig. Sc). The faster reaction time was also
observed for measurements performed at the room temperature (25°C), where the droplet-
based analysis achieved 95 % of maximal light absorbance within 20 min (blue line in Fig. 5d),
while the standard BCA assay needed more than 120 min to reach the same (red line in Fig.
5d). The droplet-based analysis without post-mixing vibration was also performed at the room
temperature, which reached 95% light absorbance less than 90 min (green line in Fig. 5d).
Collectively, the reaction time reduction is believed due to both the small sample volume and

the continuous in-plane vibration.

The minimally detectable concentration of droplet-based analysis was investigated by
measuring highly diluted albumin solutions with the concentration down to 0.625 ug/mL. The
result shows that using 20 L BCA droplets and 2 pL sample droplets, the minimally detectable
protein concentration was 5 ug/mL (blue line in Fig. 5e). This is similar to the minimally

detectable protein concentration of standard BCA assays (red line in Fig. Se and 3°).

Conclusion

In this paper, we report an approach to move droplets on an open surface by arranging repeated
19
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patterns with gradient surface wettability and applying symmetric in-plane vibration. The
surface wettability ranged from 152.5 +2.8° to 125.7 & 3.4° within one pattern by decomposing
a super-hydrophobic coating using laser irradiation of varied doses. Due to the gradient surface
wettability and the head-to-tail arrangement of repeated patterns, the minimal vibration
frequencies that can move a droplet towards opposite directions are different. An analytical
model was developed to investigate the droplet motion. The vibration frequency range that can
displace the droplets was determined. The model also reveals that the minimal frequency that
can move the droplets is a function of the droplet volume and the pattern width. This makes it
possible to move selected droplets while keeping others stationary. Using a vortex mixer that
is commonly accessible in biochemical laboratories, symmetric in-plane vibration was
generated. Long-distance droplet movement along a pre-determined trajectory, droplet mixing,
and selective manipulation of multiple droplets were implemented. The protein concentration
measurement shows that this approach has the comparable measurement accuracy with
conventional BCA assays, but has a faster reaction rate, and reduced reagent consumption. This
approach provides a new scheme to perform the droplet-based experiments and analyses with
little surface fouling. The controlled droplet manipulation with low technical barrier and easy
operation is expected to broaden the applications of open microfluidics for applications in

biochemistry, pharmacology, and microbiology.
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Figure 1. Droplet manipulation principle. (a) Schematic of the droplet motion on a gradient
wettability surface under in-plane vibration; (b) The calculated displacement of a 20 L droplet
under 8 Hz vibration. The droplet is not able to reach the next pattern within one vibration cycle;
(c) The calculated displacement of a 20 gL droplet under 8.87 Hz vibration. The droplet
exhibits a total displacement equaling to the pattern length (4 mm) within one vibration cycle;

and (d) Schematic of a rigid sphere moving on repeated saw-toothed patterns for analogy.
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Figure 2. Fabrication of surface patterns with gradient wettability. (a) The super-
hydrophobic layer was irradiated by a laser engraver with spatially varying power. (b) Contact
angle measurements on a laser irradiated surface using a 10 gL droplet. (¢c) The anisotropic
minimal sliding angle towards the forward and the backward directions. The control group

refers to the minimal sliding angle measurement on a super-hydrophobic surface not subject to

laser irradiation.
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Figure 3. Long distance droplet movement. (a) Long-distance droplet translocation on a
linear pattern cascade (Movie 2). (b) Droplet motion along a pre-determined two-dimensional
trajectory (Movie 3). (c) Droplet mixing by moving two droplets toward opposite directions,

and (d) Droplet mixing without vibration (Movie 5).
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Figure 4. Selective droplet manipulation. (a) The effects of the droplet volume and the

yCw(cos 0, — cos@,)

pattern width on the acceleration associated with the contact angle hysteresis ( -

(b) Selective manipulation of two droplets on linear patterns. The pattern widths of the left and
the right segments were 2.5 mm and 3 mm, respectively. (c-f) Selective manipulation of an
array of droplets on the same substrate (Movie 6): (c) the pattern design; (d&e) the droplet
positions before and after manipulation; and (f) the time-lapse images of droplets in the third

path.
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Figure 5. Droplet-based protein measurements. (a) Schematic of the device and the
measurement procedure. Multiple calibration paths, the measurement path and the control path
were arranged in parallel. (b) The light absorbance of the droplets: The blue diamonds denote
the measurements from the calibration path; the yellow circle denotes the measurement from
the control path; and the red circle denotes the measurement of the unknown sample. (c&d)
Comparison of the reaction rates between the droplet-based measurement and a standard BCA
assay in a 96-well plate. (c) was obtained at 37°C and (d) was obtained at the room temperature.
The reaction rate using the device without vibration was examined as a control group in (d).

(e) Comparison of the minimally measurable albumin concentrations by the two methods.

28



Page 29 of 31 Lab on a Chip

Tables

Minimal Vibration Frequency (Hz)

CxW)| 4mmXx25mm | 4mmx*x3mm | 4 mm X 3.5 mm

Table 1: The relationship of minimal vibration frequency with droplet volume and pattern

width.
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