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ENGINEERING

Photopyroelectric microfluidics

Wei Li1'2, Xin Tang"z*, Ligiu Wang1'2*

Precision manipulation of various liquids is essential in many fields. Unlike solid objects, fluids are intrinsically
divisible, enriching their fundamental operations with merging, dispensing, and splitting on top of moving. Fluids
are sticky as well, calling for their lossless manipulation to prevent mass loss and contamination. We present photo-
pyroelectric microfluidics that meetall the requirements. In response to the irradiation from even one single
beam of light, our platform creates a unique wavy dielectrophoretic force field that is remarkably capable of per-
forming desired loss-free (loss being 0.5% of existing one) manipulation of droplets of surface tension from 18.9 to
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98.0 mN m™" and volume from 1 nl to 1000 pl, functioning as a “magic” wetting-proof hand to navigate, fuse,
pinch, and cleave fluids on demand, enabling cargo carriers with droplet wheels and upgrading the limit of max-

imum concentration of deliverable protein by 4000-fold.

INTRODUCTION

Manipulating buffers and organic solvents on surfaces is fundamen-
tal for many biological and/or chemical operations and thus critical
in various thermal, optical, and medical applications (1-9). For any
of these, it is necessary to design a platform that enables locally ad-
dressable fluids to be navigated with a low loss rate and partitioned
and merged in a readily controlled manner (10). Light outperforms
the others, mainly owing to its contactless nature, high spatial and
temporal precision, and mature ray controllability promised by geo-
metric optics, and thus culminates the most well-known optical tweezer
for trapping and dislodging of micro-objects (11-14). Unlike solids,
fluids span a wide spectrum of surface tensions and are intrinsically
divisible, which demands an effective technique for their manipulation
that could work for various fluids and perform merging, dispensing,
and splitting in addition to navigating. It has been a long-standing
challenge to reconcile the convenience of light and stringent demands
required for liquid manipulations.

Several approaches have been exploited for photo-manipulation
of liquids. They leverage the energy conversion of photoelectric,
photochemical, photothermal, and photomechanical type associated
with optoelectrowetting devices, light-responsive molecules, thermo-
capillary effect, and photodeformation of liquid crystal polymers,
respectively, to materialize precise navigating and merging of fluids
(15-24). However, those methods fail to split and manipulate fluids
in a loss-free manner. Because of the residues, cycled washes/cleanings
become necessary in processing liquids laden with different reagents,
seriously increasing the time and cost involved. Moreover, most of
them work only for a very narrow range of liquids and normally fail
to perform for fluids with a low surface tension such as oils, alco-
hols, and other organic solvents because of the incompatibility be-
tween system configurations and liquid properties and the strong
pinning forces caused by the preferential wetting. To date, the loss-
free manipulation of such low-surface tension liquids has remained
challenging because of associated issues like easy spreading and in-
creased contact angle hysteresis.

Here, we present a previously unidentified approach by simply
stacking three homogeneous layers—a photothermal film (graphene-
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doped polymer), a pyroelectric crystal (lithium niobate wafer), and a
superomniphobic surface (silica nanosphere network)—that work in
concert to enable loss-free operations of even ultralow—surface tension
fluids with a single beam of light. The photothermal film is composed
of graphene-polymer composite, which senses the light stimuli and
responses by generating the localized and uneven thermogenesis.
Consequently, the pyroelectric crystal converts the heat into extra
electric charges, forming a wavy dielectrophoretic force profile that
can trap, dispense, and split fluids. The superomniphobic surface
interfaces fluids in a frictionless manner via maintaining an ultrast-
able Cassie state and preventing liquid residues. With a single beam
of light serving as the stimuli, our technique can remarkably perform
all four fundamental operations (movement, merging, dispensing,
and splitting) of various liquids (surface tension from 18.9 to
98.0 mN m™'; maneuverable fluid volume from 0.001 to 1000 ul) in
a well-controlled and loss-free manner (liquid or reagent loss being
only 0.5% of that associated with conventional techniques), without
the need of complicated electrodes and high-voltage circuits. Our
approach has, thus, great potential in substantially advancing vast
fields, microassays, medical diagnosis, and droplet-enabled manu-
facturing and engineering, to name a few.

RESULTS

Design of photopyroelectric microfluidics

Our platform is readily fabricated by closely sandwiching a thin pyro-
electric crystal (lithium niobate wafer) between a superomniphobic
thin film (silica nanosphere network) and a photothermal thin film
(graphene-doped polymer) (Fig. 1, A to E). For the top superomni-
phobic layer, we use a nanoscale fractal network fabricated via sin-
tering hollow silica spheres covering with fluorinated surfactants for
super-repellency (Fig. 1C and figs. S1 and S2) (25, 26). On such sur-
face, even silicone oil (18.9 mN m™") exhibits a contact angle 6 of
151°. For the bottom layer, we homogenize the graphene nanoplate-
lets with polydimethylsiloxane (PDMS) and then cure the polymer
to form a uniform composite film (Fig. 1E).

As a beam of near-infrared (NIR) light irradiates from the top,
the translucent superomniphobic surface and pyroelectric wafer be-
come a transparent window, allowing the NIR to readily reach the
underlying composite polymer film (Fig. 1B and fig. S3). The strong
photothermal effect of graphene nanoplatelets produces spatially un-
even localized temperature rise. Through interfacial heat transfer,
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Fig. 1. Design of photopyroelectric microfluidics. (A) Schematic of the trilayered photopyroelectric platform consisting of the superomniphobic surface (silica nano-
sphere network), pyroelectric crystal (lithium niobate), and photothermal film (graphene-doped polymer) where droplets are controlled by a near-infrared (NIR) light.
(B) Schematics showing the mechanism of photopyroelectric microfluidics. As light irradiates, the photothermal film composed of graphene nanoplatelets produces heat
because of photothermal effect. Through heat transfer, the temperature within the pyroelectric crystal rises, prompting surface free charges, which drives the droplet into
motion through dielectrophoretic force. (C) Scanning electron microscopy (SEM) cross-sectional image of the superomniphobic surface. Inset is the image of a 5-ul sili-
cone oil residing on the surface with a contact angle of 151°. (D) As the temperature increases, the spontaneous polarization of pyroelectric crystal decreases, giving rise
to extra surface free charges. (E) Cross-sectional SEM and energy-dispersive x-ray spectroscopy images of the graphene-polymer composite film, showing homogeneously
dispersed graphene. (F) Sequential images showing a continuous manipulation of a 5-ul silicone oil using a 785-nm laser. Laser is turned on at 0 s, unless otherwise specified.
(G) Chronophotographs showing a continuous manipulation of an ethanol droplet. (H) Chronophotographs showing a continuous manipulation of an n-heptane droplet.
(1) Chronophotographs showing a continuous manipulation of a glycerol droplet. Photo credit: Wei Li, The University of Hong Kong.

the pyroelectric crystal is subsequently heated. As a result, the spon- Our technique has proven to be effective for a wide spectrum of
taneous polarization within the crystal is reduced, lowering the liquids (surface tension from 18.9 to 98.0 mN m™"). As shown in
bound surface charges and giving rise to extra surface free charges.  Fig. 1 (F to I), the motions of different organic liquids such as sili-
Droplets atop the superomniphobic surface can then be driven to-  cone oil, alkanes (n-heptane), and alcohols (ethanol and glycerol) can
ward the irradiated spot by dielectrophoretic force (see note S1 for  be readily guided by an NIR light beam (movie S1). Such platform
detailed design guidelines). works as a channel-free and open-space fluidic processor, without
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any electrodes or micropatterning needed in its counterpart tech-
niques (such as digital microfluidics), which requires high-voltage
circuits and multistep microfabrications in clean rooms (27, 28).

Loss-free fluid interfacing and sensitive light sensing
Numerous inverted microstructures cap the fractal network of su-
peromniphobic surfaces (Fig. 2B) and provide additional supports
to suspend diverse liquids such as water, silicone oil (PDMS), ethanol,
n-heptane, acetone, dimethylformamide (DMF), dichloromethane
(DCM), and ethyl acetate in Cassie states (Fig. 2A). Fluids with sur-
face tension spanning from 18.9 to 98.0 mN m™" have large contact
angle (150° to 170°) and low roll-off angle (<5°) on the prepared
superomniphobic surfaces (Fig. 2C, fig. S4, and table S1). Moreover,
the surface is chemical resistant to corrosive acids and bases, in-
cluding concentrated HNOj3, H,SO4, and KOH, and can maintain a
stable Cassie state atop it, making it suitable for chemical fluidic
processing.

By measuring the critical roll-off angles, we can calculate the lat-
eral adhesive force acting on the droplet through its balance with
the on-plane gravitational force F, = mg sin O] - o, Where m, g, and
Oroll-off denote the mass of droplet, gravitational acceleration, and
roll-off angles, respectively. As shown in Fig. 2D, the lateral adhe-
sive force is inversely proportional to the surface tension. To verify
such counterintuitive negative linear correlation, we compare with
those in other reported works such as in (29) in Fig. 2D, showing
agreement with our work. Such phenomenon may originate from
the fact that although the surface tension decreases, more micro-
scopic liquid/solid contacts develop and thus yield the increased lat-
eral adhesive force.

The mobility of fluids on the surface is further verified by liber-
ating an n-heptane (20.1 mN m™') droplet from a height of ~3 cm
(Fig. 2G and movie S2). After four rebounds, the n-heptane lastly
rests on the surface. Even the ejected tiny satellite droplet can re-
bound on the surface as well, showing the high mobility of fluids on
the surface.

Although the mobility implies ready motion, it cannot guarantee
that the loss of liquid or reagent is small. To probe the liquid reten-
tion, we perform fluorescence imaging using Nile red (1.0 mg ml™")
in silicone oil as the test fluid. Another two commonly used liquid-
repellent surfaces, polytetrafluoroethylene (PTFE) film and slippery
liquid infused porous surface (SLIPs), are used for comparisons
(30, 31). A test droplet is allowed to roll off or slide on the three
types of surfaces tilting at an angle of 5°. As shown in Fig. 2E, obvi-
ous liquid residues are observed on the PTFE film, and its surface is
contaminated by pollutants in ambient environments. Although no
liquid residue is left on the SLIPs, obvious reagent traces are detected.
In sharp contrast, no residue can be probed on our prepared super-
omniphobic surface essentially. A careful examination shows that
on the superomniphobic surface, the fluorescence intensity and frac-
tion area are only 0.6 and 0.5% of those on the PTFE surface (Fig. 2F),
implying a nearly loss-free contact with the fluids.

Then, we examine the light-sensing component of the system.
As a beam of 785-nm laser irradiates, the temperature peaks at the
laser spot center and decays toward its surroundings as shown by
the infrared thermal imaging (Fig. 2H). As light illuminates at a
power of 400 mW, the temperature of 5 weight % (wt %) graphene
composite film rapidly ramps to 40°C in 5 s, a level enough to drive
droplets into motions (Fig. 2I). Thereby, we use a 5 wt % graphene
composite film to sense the light. The impact of laser power on the
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thermogenesis is also examined (Fig. 2]). The temperature rise de-
pends linearly on the power, which is consistent with the theoretical
analysis using a semi-infinite body heat transfer model (see note S2
for details). Therefore, our technique converts irradiated light spot
into a sharply bulged temperature profile, interacts with fluids in
a frictionless and loss-free manner, and works for a wide variety
of fluids.

Droplet dynamics on photopyroelectric platform

To understand the actuation mechanism of the photopyroelectric
platform, we examine the motion behavior of a 5-ul water droplet
initially placed at a position ~13 mm away from the light spot center
(Fig. 3A). After the laser is turned on, the droplet is attracted toward
the illumination in a damping oscillation manner (movie S3). The
droplet initially accelerates toward the laser and rapidly brakes and
reverses its direction once it reaches the light spot’s edge. Such de-
caying oscillation lasts for four cycles, after which the droplet is trapped
at the position ~2 mm away from the laser spot center, a position
slightly offset from the laser spot center.

To detail the manipulation and unravel the underlying physics,
we performed a numerical simulation to study the droplet dynamics
(see note S3 for details). Temperature distribution in pyroelectric
crystal is first simulated using a finite-element method by consider-
ing the light-triggered thermogenesis as the source term in the heat
conduction equation (Fig. 3B). The surface charge density ¢ in the
crystal varies linearly with the temperature rise as ¢ = P.AT, where
P. and AT denote the pyroelectric coefficient and change of tem-
perature, respectively (32). The electric field strength E is then sim-
ulated by applying a charge density boundary condition of ¢ on the
lithium niobate wafer surface (Fig. 3C).

The dielectrophoretic force Fg on the droplet from the nonuniform
electric field can be approximated as follows (33)

Fg = 4nro’keo(E- V)E 1)

where 7 is the radius of the droplet, k is the Clausius-Mossotti
factor (k = (e — €9)/(e + 2gy)), and € and € are the permittivity of
air and droplets, respectively. Equation 1 is derived under the as-
sumption that the dipole is small compared with the scale of non-
uniformities of electric field. We use it to correlate Fg, with E at the
droplet mass center as the first-order approximation. In a two-
dimensional configuration, we only consider the dielectrophoretic
force in the r direction and neglect the field strength variation in
the z direction for simplicity. The lateral dielectrophoretic force
thus reads

OE; (2)

FE = 4757’0 k80 5,

where E, is the r-component of electric field strength. Thereby, the
dlelectrophoretlc force Fg, is mainly determined by the variation of
a_ — along the r-direction.

On the basis of the simulation results, the E, %% changes rapidly
and reverses its sign at the edge of the laser spot (Flg 3D). The drop-
let will then experience attraction when it is far away from the laser
spot, but repulsion once moved into the irradiated region and be
lastly immobilized at the edge of the laser spot, the position where
the potential energy is the lowest (fig. S5). We simply assume that
the dielectrophoretic force acts at the droplet’s center of mass, which
is ~1 mm above the pyroelectric crystal surface. Therefore, the E—
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Fig. 2. Characterization of the fluid interfacing and light sensing. (A) Image of droplets of water, ethanol, acetone, dichloromethane (DCM), silicone oil (PDMS), n-heptane,
dimethylformamide (DMF), and ethyl acetate residing atop the translucent superomniphobic surface. (B) SEM image showing the fractal network of the superomniphobic
surface. Inset shows the typical inverted structures. (C) Super-repellency toward various liquids. (D) Adhesive force is inversely proportional to the surface tension. Error
bars denote SD of three independent measurements. (E) Liquid residue detected on diverse omniphobic surfaces by fluorescence imaging. (F) Fluorescence intensity and
area fraction of the images in (E), showing the remarkably reduced liquid loss on the superomniphobic (SOP) surface. Error bars denote SD of three independent measure-
ments. (G) Sequential images showing an n-heptane droplet (ro~ T mm, We ~ 20) bounces on the surface, exhibiting low adhesion toward organic liquids. Time interval
between each snapshot is ~4 ms. (H) Infrared thermal imaging and the plot showing the temperature distribution on photothermal film upon 400-mW laser irradiation.
(1) Thermal response of graphene-PDMS composite films with varying contents of graphene nanoplatelets to 400-mW laser irradiation. Blue and red shaded regions de-
note off and on states, respectively, of the 785-nm laser. (J) Thermal response of PDMS film containing 5 wt % graphene nanoplatelets to laser power. The solid lines are
from theoretical analysis (see note S2 for details). Photo credit: Wei Li, The University of Hong Kong.

is extracted from such position to calculate the dielectrophoretic force. Upon irradiation, the temperature gradient on the superomni-
The general profile of Eraa}i' is similar for different extracting posi-  phobic surface is so weak that the force caused by the thermocapil-
tions, but its magnitude increases as the position approaches the plat-  lary effect is two orders of magnitude lower than the dielectrophoretic
form surface (fig. S6). The acceleration is then calculated on the basis  force; thereby, we neglect the thermocapillary effect here (fig. S7; see
of the numerical results using the equation as follows note S4 for details). To verify the simulation, we experimentally de-

termine the acceleration of a 5-ul water droplet during the damping

oscillation by recording its motion trajectory. As shown in Fig. 3E, the

Fg,—F, = ma (3)  calculated acceleration agrees well with the measured one, confirming
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Fig. 3. Droplet dynamics on photopyroelectric platform. (A) Typical decaying oscillation of a 5-ul water droplet using a 400-mW NIR laser irradiation. After four oscil-
lations, the droplet is immobilized at the edge of the laser spot. The red dashed line denotes the position of the laser spot center. Laser is turned on at ~—40 s. (B) Tem-
perature mapping within the pyroelectric crystal through numerical study. (C) Plot of the electric field strength lines (left) and electric potential (right) obtained using the
finite-element method. (D) Mapping of E(dE,/dr) surrounding the heated pyroelectric crystal. The laser beam irradiates on the region of 0 <r <1 mm. LN, lithium niobate.
(E) Spatial profile of E,(E,/dr) and droplet acceleration. Green solid line represents the simulated E,(9E,/dr) along the extracted line shown in (D); blue solid line represents
the theoretical E(OE,/dr) with the point-charge assumption (see note S5); red line and orange dots represent the calculated and measured droplet accelerations, respectively;
and blue and purple dots, respectively, denote the positions where dispense and split happens. The laser beam irradiates on the region of =1 mm < r < 0. The measured
accelerations are averaged values of five frames in 5 ms, and the error bars denote the SD of the average. (F) The radius of fluids’ trapping domain is in proportion to the
product of surface tension and Clausius-Mossotti factor. Error bars denote SD of three independent measurements. The results are obtained after laser irradiates for ~40 s.
Photo credit: Wei Li, The University of Hong Kong.

the wavy force profile experienced by the moving droplets. The max-  types, we confirm this relationship in Fig. 3F. Therefore, the higher
imum dielectrophoretic force for the tested liquids is calculated to be  relative permittivity and surface tension the liquid has, the easier
~10 pN, a value large enough to overcome the lateral adhesive forces  the droplet can be moved.
from the superomniphobic surface.

The above derivation details the variation of actuation as the Fluidic operations
droplet is proximate to the laser irradiation. When the dropletis far ~ With our photopyroelectric platform, we can perform various flu-
away from the laser spot, the analysis can be further simplified to  idic operations using a single beam of laser light (Fig. 4A). As shown
determine the onset condition of droplet motion (see note S5 for  in Fig. 4B and movie S4, the wavy dielectrophoretic force profile
details). With such condition, the surface charges can be approxi- (similar to a distorted sine wave) can unexpectedly trap and move
mated to be a point charge, whose field strength is described by the ~ droplets with a volume as low as 0.001 pl, which is two orders of
Coulomb’s law, (E - V )E =< r>P%, where P denotes the laser power. magnitude lower than that of its electric counterparts (such as digi-
As shown in Fig. 3E, the analytical Er%, denoted by the blue line,  tal microfluidics; table S2). A 200-ul liquid puddle can be losslessly
agrees well with the simulated one when a droplet is more than  handled on the platform as well. Such a broad volume range of flu-
5 mm away from the laser spot. Thus, the dielectrophoretic force ids can facilitate the further miniaturization of various biomedical
reads Fg o kr >P. The further away the droplets, thereby, the longer ~ systems. However, there is a maximum laser-moving velocity be-
irradiation time is required to actuate it. On the onset of droplet’s ~yond which the droplet cannot keep up with the laser movement.
motion, the dielectrophoretic force balances the lateral adhesive force. ~ As shown in Fig. 4C, the faster the laser moves, the shorter time the
As the adhesive force varies inversely with the surface tension y, we  platform is irradiated, thus leading to a lower local temperature. By
can obtain the maximum radius rax of trapping domain, the max-  increasing the laser power, such a maximum laser speed can be in-
imum initial distance from the laser spot where droplet can be actu-  creased. The motion control on the platform enables the merging of
ated by a laser illumination, as 75, o ky P> By varying the liquid ~ droplets naturally as shown in Fig. 4D and movie S5.
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Fig. 4. Fluidic operations. (A) Schematics showing four fundamental fluidic operations, including navigate, merge, split, and dispense. (B) Guided motions of a 0.001-pl
silicone oil and 200-ul water droplets, showing the broad controllable volume range. (C) Infrared thermal imaging showing the temperature distribution within pyroelectric
crystal along the direction of moving laser spot. (D) Sequential images showing the merge between two isolated water droplets. (E) Sequential images showing the split
of an ethanol droplet upon a centered prolonged irradiation. Laser is turned on at ~—2 s. (F) Sequential images showing the dispenses of liquid portions from a silicone
oil droplet through offset prolonged irradiation. Photo credit: Wei Li, The University of Hong Kong.

The droplet can be split and even dispensed with one single beam
of laser light through prolonged laser irradiations (~5 s). As shown
in Fig. 4E and movie S6, the laser spot is positioned at the center
of a droplet. After 5-s irradiation, the wavy dielectrophoretic force
profile enables a diverging force in the opposite direction (denoted
by the purple dot in Fig. 3E). The droplet is then stretched gradual-
ly, forming two separating lobes. Once the force is strong enough to
overcome the surface tension, the droplet undergoes fission, giving
rise to two portions apart from each other. Similarly, as shown in
Fig. 4F, by simply offsetting the laser, the droplet is positioned in
the local trapping spot (denoted by the blue dot in Fig. 3E). Longer

Li et al., Sci. Adv. 2020; 6 : eabc1693 16 September 2020

irradiation creates an opposite but slightly different force pair. Such
forces prompt the ejection of a smaller liquid portion from the liquid
reservoir. Such light-mediated liquid split and dispense have not been
reported before. Thereby, the photopyroelectric platform fully ex-
ploits the divisible nature of liquid and provides a full landscape of
fluidic operation in a well-controlled manner.

Versatility and biocompatibility

Because of the extremely low friction, a droplet on the superomni-
phobic surfaces is normally susceptible to slight unevenness, which
could lead to failure of reliable droplet control. Our platform exhibits,
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however, a strong navigating force that can enable the droplet to
even ascend uphill (34). As shown in Fig. 5A and movie S7, the drop-
let is elongated by the attractive force as it approaches the surface.
Upon its detachment, the droplet rapidly rolls uphill at a velocity
>150 mm s~ After a typical damping oscillation, the droplet is im-
mobilized near the light spot at 0.280 s. Similarly, a second droplet
is released and then ascends the slope, merging with the first one

and is trapped by the light irradiation. Moreover, as the platform is
placed vertically, the droplet can even ascend upward, defying the
gravity (Fig. 5B and movie S8).

Our superior technique for precision manipulation of various
liquids at the micro-/nanoliter scale enables the deployment of
millimeter-scale cargo carriers that are of fundamental importance
in many fields (3). As shown in Fig. 5C and movie S9, a cargo carrier

Free from protein absorption—induced pinning

Fig. 5. Versatility and biomolecule compatibility. (A

) Sequential images showing droplets ascend uphill on the platform tilted at 6°. Laser is turned on at ~—2 s.

(B) Chronophotograph showing the droplet’s climbing of the vertical wall. (C) Chronophotograph showing a photo-controlled cargo carrier with four droplet wheels
carrying a solid cargo. White dashed circle denotes the driving droplet. (D) Chronophotograph showing the lossless manipulation of a 20 mg ml™" FITC-BSA droplet on
the photopyroelectric microfluidics platform, enhancing the maximum concentration of deliverable protein by 4000-fold. (E) Sequential images showing the detection
of glycine using the fundamental fluidic operations on the platform. Photo credit: Wei Li, The University of Hong Kong.
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with four liquid wheels can be actively and remotely photo-controlled
on the platform. A single beam of light can readily steer, actuate,
and brake the carrier. The carrier undergoes guided transport at a
velocity as high as 1.0 mm s ™", Such a light-driven cargo carrier can
work as robots with soft feet for on-demand transportations of tiny
solid objects required in many fields.

Our technique effectively circumvents the long-standing protein
absorption challenge encountered in digital microfluidics as well via
remarkably upgrading the limit of maximum concentration of de-
liverable protein by 4000-fold. The high actuation voltages (~100 V)
needed in conventional digital microfluidics yield the adsorption of
biomolecules onto device surfaces. Such undesired biofouling dis-
torts the assay fidelity and weathers overall performances due to its
hindering of the liquids’ motions. Without extra additives, the max-
imum concentration of bovine serum albumin (BSA) in conventional
digital microfluidics is, for example, limited to only 0.005 mg ml™*
(31). Here, we demonstrate that solutions of concentrated fluores-
cein isothiocyanate (FITC)-BSA (20 mg ml™) in 10 mM tris-HCI
buffer can be easily manipulated on our photopyroelectric micro-
fluidics platform (Fig. 5D and movie S10). The confocal image of
the liquid trail (after three cycles of transportation) on our platform
probes no detectable protein residue (fig. S8), confirming the prac-
tical utility and validity of the platform in biological/chemical pro-
cessing. The fabrication of such a versatile platform is beautifully
simple without any need for microfabrication or electrodes.

Using our photopyroelectric microfluidics platform, we then dem-
onstrate the loss-free detection of amino acid, which involves manip-
ulation of biomolecules (glycine) and low-surface tension liquids
(ethanol solutions). As shown in Fig. 5E, a small portion of the probing
solution (2% ninhydrin in ethanol) is first dispensed from its reser-
voir droplet. Then, the analyte droplet (10% glycine in water) is nav-
igated toward the probing one, inducing coalescence and triggering
colorimetric reaction (35, 36). The merged droplet gradually turns
purple, confirming the existence of amino acid. Thus, our platform
can accommodate liquids spanning a wide spectrum of surface ten-
sions, showing its great potential in analytical chemistries, medical
diagnosis, and biomedical assays.

DISCUSSION

A unique wavy dielectrophoretic force field is induced in response to
the light stimuli by a three-layer surface and enables a full landscape of
fluidic manipulations in a well-controlled, loss-free manner: moving,
merging, dispensing, and splitting. This force field can be readily mod-
ified by superimposing multiple light irradiations for a much richer
fluidic operation and droplet patterning. Together with its universality
over a wide range of fluid types and volumes, the technique works as a
precision wetting-proof liquid tweezer to maneuver fluids on demand,
thus being of considerable significance both for biological/chemical
fluidic processing where buffers, organic liquids, and even corrosive
fluids participate in multistep and repeated reactions, and for fluidic
engineering and manufacturing where precision patterning, printing,
and building of multicompartment droplets are needed.

MATERIALS AND METHODS

Chemicals

1H,1H,2H,2H-perfluorodecyltrichlorosilane (PFDTS) (97%) was pur-
chased from Gelest. Tetraethyl orthosilicate (=99%), cyclohexane

Li et al., Sci. Adv. 2020; 6 : eabc1693 16 September 2020

(=99%), 1,2-dichloroethane (=99%), n-octanol (=99%), acetic acid
(=99%), toluene (=99.5%), n-decanol (99%), benzyl ether (99%),
glycerol (=99.5%), and FITC-BSA were purchased from Sigma-
Aldrich. Tris(hydroxymethyl)aminomethane (>99.0%) was purchased
from Tokyo Chemical Industry Corporation. Ammonium hydroxide
(28 to 30% in water), hydrochloric acid (37% in water), and DCM
(99.6%) were purchased from Acros. Ninhydrin (ACS reagent), gly-
cine (99.5%), Nile red (97.5%), and N,N-dimethylformamide (99.9%)
were purchased from J&K Scientific. Silicone oil (0.65 mPa-s) and
Sylgard 184 silicone elastomer kit were purchased from Dow Corning.
n-Heptane (99%), n-octane (>99%), n-decane (>99%), n-dodecane
(>99%), n-hexadecane (98%), n-butanol (=99.7%), ethyl acetate
(99%), dimethyl carbonate (>98%), and ethylene glycol (>99%) were
purchased from Aladdin Industrial Corporation. Dimethyl sulfoxide
(>99.98%) was purchased from Thermo Fisher Scientific. Isopropyl
alcohol (IPA) (=99.8%) and acetone (=99.5%) were purchased
from RCI Labscan Limited. Ethanol (absolute) was purchased from
VWR International. Deionized water was produced by a deionized
water system (DINEC, Hong Kong).

Fabrication of superomniphobic surfaces

The superomniphobic surface was prepared by modifying a previ-
ously reported superamphiphobic surface based on candle soot (25).
The glass slides (Deckglaser glass coverslips and Luoyang Tengjing
Glass Co. Ltd.) were first coated with candle soot and then placed in
a desiccator together with 1 ml of tetraethoxysilane and 1 ml of am-
monia hydroxide. The desiccator was closed, and the vacuum was
maintained for 18 hours. Then, the carbon soot core was removed
by annealing at 550°C for 3 hours in an oven. The annealed samples
were treated with air plasma for 5 min using a plasma cleaner (Harrick,
PDC-002-HP) at high power (45 W). Instead of 1H,1H,2H,2H-
perfluorooctyltrichlorosilane (PFOTS) used in the literature (25), the
samples were deposited with PFDTS (100 pl) in vacuum for 2 hours
to decrease its surface energy. The samples were then super-repellent
to ultralow-surface tension oils, such as silicone oil and n-heptane,
but completely wetted by alcohols like ethanol, IPA, and n-butanol
because of the strong interaction between alcohols and the unreacted
silanol groups on PFDTS. To render the samples superomniphobic,
they were then heated at 130°C for 30 min to remove the unreacted
PEDTS and promote film restructuring, followed by heat treatment
at 310°C for 15 min to promote condensation and lateral cross-linking
of silanol groups (37, 38).

Fabrication of photothermal film

Graphene nanoplatelets (6 to 8 nm thick and 5 pm wide; J&K Scien-
tific) were first dispersed in PDMS precursor containing 10 wt %
curing agent (Sylgard 184 silicone elastomer kit, Dow Corning) by
ultrasonic dispersion. The mixture was then spin coated onto a lithium
niobate wafer (z-cut, 0.5 mm thick) at 1000 rpm for 20 s, followed
by curing at 50°C for 1 hour.

Contact angle measurement

The measurements of static contact angles, advancing and receding
angles, were conducted using a contact angle measuring system
(DataPhysics, OCA 25). Contact angle measurements were imple-
mented by advancing and receding a small droplet of liquid (~5 pl)
onto the surface using a 1-ml syringe (Hamilton) equipped with a
0.23-mm-outer diameter dosing needle. Fluorocoating agent SFCOAT
(AGC Seimi Chemical) was used to render the needle surface to be
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omniphobic. The roll-off angles were measured by tilting a stage
until the droplet (~5 pl) started to roll off the surface. Averages from
at least three independent measurements are used. The surface ten-
sions of the probe liquids were evaluated using a force tensiometer
(DataPhysics, DCAT 25) by the Wilhelmy plate method.

Microscopy

The photothermal film and superomniphobic surface were imaged
using a Hitachi S4800 scanning electron microscope. Energy-dispersive
x-ray scattering was used to obtain the elemental mapping of vari-
ous elements in photothermal film. The core-shell structure of the
superomniphobic surface was observed using a transmission elec-
tron microscope (Philips, CM100). The roughness of superom-
niphobic surface was determined by a laser profilometer (Bruker,
ContourGT-K1).

Liquid residue detection

The 10-pl probe liquid [Nile red (1 mg ml™) in silicone oil] was
released to allow rolling or sliding on the tested surfaces (the super-
omniphobic surface, SLIPs, and PTFE) tilting at 5°. The droplets’
traces were observed by fluorescence imaging using an inverted flu-
orescence microscope (Nikon Eclipse, TS100) equipped with a high-
speed camera (Phantom, M110). The fluorescence of Nile red was
excited by a 520-nm light source.

Droplet continuous manipulation

To continuously guide the droplet’s motion, a 785-nm laser (Shanghai
Laser & Optics Century, IRM785RMA-300FC) was fixed on a pre-
cise motion control platform (Aerotech, PlanarDL) to control the
droplet’s moving velocity.

Infrared thermal imaging
The light-triggered thermogenesis of the photothermal film was de-
termined using an infrared thermal camera (Fluke, Ti40).

Transparency

The transparency of the superomniphobic surface was measured
using a spectrophotometer (PerkinElmer, Lambda 35) in the 400- to
800-nm range at a scanning rate of 10 nms .

High-speed imaging
High-speed videos were obtained using a Phantom M110 camera.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/38/eabc1693/DC1
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