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ABSTRACT

A switchable surface using a liquid crystal and polymer composite film (LCPCF) based on phase separation
between liquid crystals (LC) and polymers after photopolymerization is developed recently. The wettability of
LCPCF is electrically tunable because of the orientation of liquid crystal directors anchored among the
polymer grains under an in-planed electric field. A water droplet on the top of LCPCF can be manipulated
under an inhomogeneous electric field on the LCPCF owning to the wettability gradient. The dynamics of a
droplet of human sperms on the LCPCF is demonstrated as well. Three motions of sperm droplets are
observed: the droplet collapse and the droplet stretch,. We found that the dynamics, concentrations, and
activities of spermatozoa, affect the motions of a sperm droplet. The potential applications of LCPCF are
polarizer-free displays, liquid lenses, and the microfluidic device in assisted reproductive technology (ART)

Keywords: liquid crystal, polymeric film, droplet manipulation,.biosensing

1. INTRODUCTION

Switchable surfaces based on self-assembled monolayers (SAMs) can switch wettability of surfaces by changing the
conformation of molecules under external stimuli.[1-3] By properly controlling the distribution of wettability of the
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switchable surfaces, a droplet on the surfaces can be driven toward the most wettable region because of the imbalance of
the surface tension forces on the opposite sides of the droplet edge.[4-6] However, in the most of cases a drop of water
refuses to move toward more hydrophilic region because the weak chemical gradient can not overcome the hysteresis.
Many methods are published for manipulating droplets by obtaining gradient surfaces, such as thermal induced
gradient,[7,8] vapor-phase diffusion,[9, 10] electrochemical method,[11] photoresponsive surface,[12] and
photodegradation method.[13] Droplet manipulation has many applications, such as microfluidic devices, polarizer-free
displays, and automobile windshields.[14, 15] Recently, we developed a different switchable surface, a liquid crystal and
polymer composite film (LCPCF), by phase separation between liquid crystals (LC) and polymers after the
photopolymerization.[16, 17] The wettability of LCPCF is electrically tunable because of the orientation of liquid crystal
directors anchored among the polymer grains. In this paper, a droplet manipulation on LCPCF is demonstrated by an
electrically controlled wettability gradient of LCPCF resulted from the spatially reorientation of liquid crystal molecules.
The averaged translation velocity is around 1.17 mm/s. Furthermore, the LCPCF can be used to drive a sperm droplet for
potential application of microfluidic devices. We also found the dynamics of spermatozoa affects the motion of semen
droplet.

2. SAMPLE PREPARATION AND OPERATING PRINCIPLES

The structure of LCPCF and operating principles of a droplet manipulation of LCPCF are illustrated in Fig. 1(a) and
(b). The structure consists of a LCPCF on a patterned ITO (indium tin oxide) glass substrate to provide in-plane electric
fields. The ITO electrodes on the glass substrate were etched with interdigitated chevron patterns. The angle of the
zigzag 1TO stripes is 150°. The width and gap of the electrode stripes are 4 um and 14 pm, respectively. To fabricate the
LCPCF,[16] we mixed a nematic LC mixture E7 (Merck) and a liquid crystalline monomer (4-(3-
Acryloyloxypropyloxy)-benzoic acid 2-methyl-1, 4-phenylene ester) at 70:30 wt % ratios. The mixtures were then filled
into an empty cell with a gap of 12 um which consists of a glass substrate as a top substrate and a patterned ITO glass
substrate as a bottom substrate. The top substrate of the cell was overcoated with a thin polyimide (PI) layer and then
mechanically buffed at the direction of 20° with respect to the electrode stripes. After filling, the cell was exposed to a
UV light with intensity 7 = 10 mW/cm?® for ~30 min at 70 °C. After phase separation and photo-polymerization, the top
glass substrate was peeled off by a thermal releases process. A solidified LCPCF was obtained with 12 um thickness and
30 nm root-mean-squared roughness, as depicted in Fig. 1(a). The magnification of the LCPCF surface including
polymer grains and liquid crystals among polymer grains in Fig. 1(a) is exaggeratedly illustrated in Fig. 1(b). At V=0,
the LC directors are aligned along y-direction, parallel to the rubbing direction of the PI layer. Under an applied AC
voltage (f'= 1 kHz), LC directors are reoriented along the electric fields. The LCPCF is more hydrophobic at 0 V
because the phenyl planes of LC molecules are more parallel to the surface of the LCPCF (x-y plane). On the contrary,
the LCPCF is more hydrophilic at high AC voltage because of the field-induced uneven tilts of the terminal groups of
LC molecules near the edges of the fringe electric fields on the LCPCF surface. Moreover, the hydrophile of the LCPCF
is electrically tunable by changing the magnitude of the AC voltage. In order to manipulate a droplet, the two regions of
the interdigitated chevron electrodes were patterned identically, as shown in Figs. 2(b), 2(c), and 2(d) . The droplet on
LCPCF can be driven by an imbalanced Young’s force,[5,9] which arises from wettability gradient of LCPCF induced
by orientation of LC molecules under a periodically applied inhomogeneous electric field, as shown in Fig. 2(a). The
contact angles on both sides of the droplet are the same at V=0. The contact angle on the left is smaller when we apply
AC electric field in the left region of electrodes because the left region of LCPCF is more hydrophilic. The droplet is
then driven toward more hydrophilic region.
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Fig. 1. (a)Schematic structure and (b) operating principles of LCPCF.
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Fig.2. (a)Schematic droplet manipulation on wettability controllable LCPCF in side view. The droplet manipulation on LCPCF in top
view when (b)the voltage is off, (c)the voltage is applied on the left electrode region, and (d) the voltage is applied on the middle
electrode region.

3. EXPERIMENTAL RESULTS

Fig. 3 shows the image of scanning emission microscopy of the surface of LCPCF after we removed the LC by
hexane. The surface also shows elongated aggregation of polymer grains along the rubbing direction and void holes for
LC molecules. The LCPCF surface replicates the rubbing patterns after peeling off the top glass substrate which was
coated with a polyimide layer. The size of LC domains is around 100-200 nm. The root-mean-square (RMS) roughness
of the film surfaces was measured to be ~30 nm by an atomic force microscope (AFM) (Dimension 3100, Digital
Instruments) at tapping mode at the room temperature (~23°C) in air.
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Fig. 3 The SEM image of LCPCF. The arrow indicates the rubbing direction before peeling off the top substrate.

To observe a droplet movement on the LCPCF under inhomogeneous in-plane electric fields, we recorded the
dynamics of the droplet and measured contact angles of the droplet with time. A 3 ul drop of the de-ionized water was
deposited on the LCPCF. We applied 250 Vs squared pulses (f = 1 kHz) to the left region of electrodes only for the
time duration of 600 ms. Figure 4 (a) and (b) show the measured results. In Fig. 4(a), the droplet moved like a caterpillar
with time when we applied a periodic electric field in the left region of electrodes. The reason why we used periodically
electric fields is mainly to overcome the hysteresis of the surface and then make the droplet moved forward. The
translation distance of the center of mass of the droplet is around 0.7 mm in 0.6 sec. As a result, the averaged velocity is
around 1.17 mm/sec. The droplet stops till the center of mass of the droplet is in the middle of two electrode regions. The
water contact angle as a function of time is shown in Fig. 4(b). We did measurements 6 times and averaged the results.
The water contact angle changes periodically with applied electric fields. The water contact angle on the left is smaller
than the one on the right because the left region of LCPCF is more hydrophilic resulting from the orientation of LC
molecules. When we turned on the voltage at 0.9 sec, the contact angle difference between left (~61°) and right (~73°) of
the droplet was around 12°. The droplet started to accelerate and then slowed down with the reduction of the contact
angle difference between the left and the right contact angles. The droplet tends to be in more hydrophilic region and
then moves from the right to the left.
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Fig. 4. (a) The photos of water droplet manipulation at 0.1, 0.9 and 1.3 sec. (b) The water contact angle as a function of time under a
squared pulsed voltage (250 V ) with 600 ms time duration
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The droplet moves when the contact angle on the right is greater than the angle on the left. As a result, the Laplace
pressure is greater at right edge than at the left edge. The droplet motion occurs from a higher to a lower pressure; thus,
the droplet moves from the right to the left. The driving force of the droplet per unit length (F,) can be expressed by the
variation of surface energy (U) in a small distance (dx).[5]

dU =-F, -dx (1)

where dU can be expressed as the surface tension difference between the left and the right of the droplet:

dU =[(74 _7SV)1eﬁ (Vs _7SV)rigm]'dx )

where ) represents the surface tension (i.e., energy per unit surface) of the interface, and S, L, and V indicate the phases
of the solid, liquid and vapor. From Egs. (1) and (2), the driving force per unit length is

F,=—(yg — 7/SV)1eﬁ + (Vo — 7SV)n'gh; 3)

Assumed that €., and Qleﬁ stand for the local contact angles on the right and on the left of the droplet which satisfy

right
Young’s equation, Eqn. (3) can be represented as

Fo=7w (Cos(gright) - COS(Hleﬁ ) )

The contact angle is larger on left than on right. Therefore, the droplet moves towards left. We can adjust the electric
fields to reorient LC molecules and further control the distribution of spatial wettability of the LCPCF. As a result, the
motion of a droplet can then be manipulated. The droplet movement also depends on the viscous resistance force
resulting from the interface between liquid and solid.

To observe the motion of a semen droplet on LCPCF, we replaced water droplets by the semen samples donated by 34
males between 26 and 45 years old. The image of semen is shown in Fig. 5. We did the same experiment for
manipulating a semen droplet of 1.5 pL. Instead of droplet translation, two motions of semen droplets were observed:
collapse and back-and-forth stretch. Here, collapse of a droplet means the contact angle changes immediately when we
turn on the voltage and then the contact angle does not recover when we turn off the voltage. And back-and-forth stretch
of a droplet means the contact angles of a droplet changes periodically with pulsed voltages, but the droplet stay in the
same location. Semen droplets cannot do the translation motion because of their high viscosity. As a result, the
imbalanced force of the semen droplet can not move the semen droplet forward. We observed the motion of semen
droplet on LCPCF and compared the parameters of standard semen analysis, such as concentration, motility which is the
ratio of motile spermatozoa (or sperm) to total sperm number, grade I defined as the percentage of spermatozoa moving
in circles, grade II defined as the percentage of spermatozoa swimming in a forward direction, and morphology which
indicates the percentage of normal sperm heads. According to World Health Organization (WHO) guidelines, a standard
sperm analysis is performed for measuring the parameters of spermatozoa.[18, 19] The concentration, motility, grade I,
and grade II were counted by Makler counting chamber (Irvine Scientific). Spermac stain method (sps250, FertiPro) was
used for assessing sperm morphology. Table 1 is listed the results of the motility, morphology, grade I, and grade I,
semen concentration for the collapse and the stretch of semen droplets. The droplet stretches back and forth only when
the semen concentration is larger than 100 million/mL, morphology is larger than 15 %, motility is larger than 50%,
grade I is less than 30%, and grade II is larger than 30%. Otherwise, the semen droplet collapses. A man with semen of
higher concentration, and higher motility, will have a better chance to get conception. The low grade I and high grade II
of semen which means more motile spermatozoa that move in a straight line with good speed are preferred to natural
conception. The high morphology of semen which means fewer abnormal spermatozoa can lower the likelihood of
infertility. Therefore, the stretch or collapse of a semen drop serves the purpose of probing the quality of spermatozoa.
The stretch of a semen drop shows the better quality of semen than the collapsing one for human reproduction. The
reason why sperm droplet stretch is because seminal plasma flows which is induced by wettability gradient. The weak or
immobile spermatozoa are brought by the flow of semen plasma; however, the motile and strong enough spermatozoa
swim against the flow of semen plasma. As a result, spermatozoa that swim opposite to the flow direction drag the semen
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drop back. Therefore, the semen droplet stretches back and forth with applied pulsed voltage in the left region. The high
concentration, high motility, better morphology, low grade I, and high grade II representing more spermatozoa can swim
upstream against the flow current of seminal plasma induced by the wettability gradient of LCPCF. The semen droplet
collapse is not only because of flush of the seminal plasma induced by the wettability gradient, but also because of the
attraction and traps of weak or immobile spermatozoa by the field of liquid crystals and weak fringing electric fields on
the surface of LCPCF. The surface of LCPCF is then re-modified. Therefore, the switchable properties of LCPCF are
invalid by the cover of the spermatozoa.

Fig. 5. (a)The image of sperms.

Semen drop Stretch | Collapse
Concentration, M/mL >100 <100
Motility, % >50 <50
Morphology,% >15 <15
Grade |, % <30 >30
Grade ll, % >30 <30

Table 1 The stretch and collapse of sperm droplets depend on sperm parameters.

4. CONCLUSION

In conclusion, we demonstrated the motions of a semen droplet on a switchable LCPCF surface. The better quality
of spermatozoa results in back-and-forth stretches of a semen drop on LCPCF; otherwise, collapse of semen drops. In
fact, fertilization is involved many complicated sperm-oocyte process, not decided by sperm quality only. However,
good sperm quality is still a significant factor for fertility potential. Here, the experimental results indicate the great
potential of LCPCF for a sperm tester of sperm quality. Other potential applications of LCPCFs are polarizer-free
displays, liquid lenses, and the microfluidic device in assisted reproductive technology.
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