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Photocontrollable Flexible Microtubes

Light-Directed Liquid Manipulation in
Microtubes

Bo Xu, Chongyu Zhu, Lang Qin, Jia Wei, and Yanlei Yu*

Flexible microfluidic systems have potential in wearable and implantable
medical applications. Directional liquid transportation in these systems
typically requires mechanical pumps, gas tanks, and magnetic actuators.
Herein, an alternative strategy is presented for light-directed liquid
manipulation in flexible bilayer microtubes, which are composed of a
commercially available supporting layer and the photodeformable layer of a
newly designed azobenzene-containing linear liquid crystal copolymer. Upon
moderate visible light irradiation, various liquid slugs confined in the flexible
microtubes are driven in the preset direction over a long distance due to
photodeformation-induced asymmetric capillary forces. Several light-driven
prototypes of parallel array, closed-loop channel, and multiple micropump are
established by the flexible bilayer microtubes to achieve liquid manipulation.
Furthermore, an example of a wearable device attached to a finger for light-
directed liquid motion is demonstrated in different gestures. These unique
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Flexible Bilayer

Stimuli-responsive deformable mate-
rials are able to change their shapes in
response to external stimuli so that they
have shown potentials for liquid manipu-
lation in microsystems.!®-13] Photorespon-
sive azobenzene-containing liquid crystal
polymers (LCPs) are of particular interest
because light, compared to other stimuli,
has unique advantages of local, temporal,
precise, and remote control.1*1% Azo
LCPs produced fast, anisotropic, tunable
and reversible photodeformation such
as contraction,['”18 bending,™! oscilla-
tion, 2%l walking,1*'-%3 twisting,**?°! and
waving.?%l In our previous work, we have
fabricated a single layer microtube by
azo linear liquid crystal polymer (LLCP)

photocontrollable flexible microtubes offer a novel concept of wearable

microfluidics.

Flexible microfluidics provide a versatile toolbox for efficient,
accurate, controllable, and high-throughput analytical measure-
ments, which has potential applications ranging from wearable
electronic devices for convenient digital lifestyle to biomed-
ical devices that make conformal interfaces with the skin and
internal organs.!! Currently, the fabrication of the channels in
flexible microfluidics suffers from complex processes evolving
cleanroom-based photolithography or molding techniques to
pattern microscale features on a planar substrate.??] Lim and
coworkers have shown that flexible microtube is an alternative
modular component that can be easily assembled into various
microfluidic devices.*! This approach offers a feasible way for
scaling up the production of flexible microfluidic systems.
However, directional liquid transport in these flexible micro-
tubes normally requires auxiliary control devices such as pumps
and valves. Simplification of the existing microfluidic system is
urgently required and still remains great challenges.l~7)
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and present a conceptually novel way to
propel liquids by asymmetric capillary
force arising from photoinduced defor-
mation of the microtube from a cylinder-
like to cone-like geometry.?”] This
strategy for photocontrolled liquid manipulation is expected
to simplify microfluidics.

Herein, we report a follow-up strategy to propel various lig-
uids by light toward the predetermined direction in a bilayer
flexible microtube, which is capable of being changed into
arbitrary shapes (trajectories). The photocontrollable flexible
microtube (PFM) possesses a bilayer structure, including an
outer flexible supporting layer and an inner photodeformable
LLCP layer. The photoinduced reorientation of the azobenzene
mesogens in the LLCP layer triggers the geometric change of
the PFM and generates the asymmetric capillary force. Further-
more, several light-driven prototypes of parallel array, closed-
loop channel and multiple micropump were established by the
PFMs to achieve the liquid manipulation, demonstrating the
potential applications in the fields of wearable microfluidics.

To overcome the resistance from the supporting layer, the
LLCP layer requires robust mechanical properties and excel-
lent deformability, transforming the microscopic structural
change of mesogens to the macroscopic deformation of the
bilayer. Thus, a newly designed azo-LLCP (polycyclooctene
with azobenzene and biphenyl side chains at 1:2 ratio, PABBP,
M, = 3.0 x 10° g mol™}, D = 1.67) combining the photorespon-
sive azobenzene and biphenyl moieties was synthesized by
ring-opening metathesis polymerization (Figure 1a; Figure S1,
Supporting Information). The flexible backbone and long spacer
of the copolymer PABBP provided enough free volume for the
coassembly of the azobenzene and biphenyl mesogens, which
have the similar molecular size. The results of 2D wide-angle
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Figure 1. Design and characterization of PABBP copolymer and PFM. a) Chemical structure of the PABBP copolymer. b) 2D wide-angle X-ray diffraction
pattern of the PABBP film. The X-ray beam was applied to the side of the film and parallel to the plane of the film. c) lllustration of the mesogen
alignment in the PABBP film. d) Schematic representation of the bilayer structure of the PFM. e) Photograph of a knotted PFM showing good flexibility.
The scale bar is 2 mm. f) Cross-section image of the PFM. The outer and inner diameters of the EVA microtube are =600 and =400 um, respectively.
The EVA layer is =100 um thick and the PABBP layer is =25 um thick. The scale bar is 100 um. g) Photographs of the light-directed motion of an
isopropanol slug climbing over a slope of 11° incline in a curved PFM. The intensity of the 470 nm point light was 120 mW cm™2. The scale bar is 2 mm.

X-ray diffraction demonstrate that two kinds of the mesogens in
the drop casting film spontaneously coassemble into a smectic
C phase with the tilted angle of 65° in the lamellar layers after
annealing at 60 °C (Figure 1b,c).

The tensile tests show that the drop casting film has robust
mechanical property with 240 + 25 MPa elastic modulus, which is
ascribed to the ordered lamellar structure (Figure S2, Supporting
Information). The incorporation of biphenyl mesogens increases
the light penetration depth in the PABBP layer to enhance its
photodeformability due to the cooperative effect of the two meso-
gens.B% Upon local irradiation of 470 nm light with the intensity
of 120 mW cm™, the single layer PABBP microtube generated
an expansion because of the alignment change caused by the
Weigert effect.?®! The exposed surface of the PABBP microtube
was displaced toward the light at a maximum distance of 38 um,
which is two times larger than that of the azo-homopolymer
microtube previously reported (Figures S3-S6 and Movie S1,
Supporting Information).?”! The excellent photodeformability,
self-assemble ability and moderate modulus make PABBP suit-
able to serve as the deformable layer to construct the bilayer PFM.
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The commercially available ethylene-vinyl acetate (EVA)
copolymer microtube (The outer and inner diameters are
=600 and =400 um, respectively, Supporting Information) was
chosen as the supporting layer to assemble the PFM for its
good flexibility and comparable modulus (=70 MPa). The 1.5 m
long bilayer PFM was then obtained through the inner surface
coating of the EVA microtube with the 5 wt% dichloromethane
solution of PABBP (Figure 1d; Figure S7, Supporting Informa-
tion). The self-assemble ability of the mesogens in PABBP is of
great benefit to the fabrication of the PFM without additional
alignment steps such as surface anchoring 2% stretching, 2231
or photoalignment.*

Thanks to the good flexibility and mechanical properties of
the EVA layer, one PFM can be knotted or hang a 200 g weight
without damage (Figure le; Figure S7, Supporting Informa-
tion). The cross-section of the PFM shows that the =100 um
thick EVA layer and the =25 um thick PABBP layer are well
composited, which is favorable to transport the deformation of
the PABBP layer to the supporting EVA layer (Figure 1f). We
used the 470 nm light spot (the illumination area was =0.2 mm?
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and the intensity was 120 mW cm™) to irradiate one end of the
isopropanol slug confined in the PFM, driving the slug to move
away from the light spot. Therefore, the slug was manipulated
to move in a controllable direction and even climb over a slope
of 11° incline at the speed of 0.4 mm s! (Figure 1g; Movies S2
and S3, Supporting Information). This experiment reveals that
liquid transport performance is preserved under curved condition.

The photocontrolled asymmetric deformation of the PFM
was clearly observed by a super resolution microscope. The
exposed surface of the PFM was displaced toward the light by
15 um upon local irradiation of the unpolarized 470 nm light
with the intensity of 120 mW cm™ (Figure S8, Supporting
Information). The regional change in the PFM geometry from
cylinder to conical structure was induced by the asymmetric
expansion of the PABBP layer along the long axis of the micro-
tube, creating the asymmetric capillary force to propel the
liquid slug (Figure 2a).1”]

The moving speed of the confined liquid slugs gradu-
ally increased as the intensity of the 470 nm light increased
(Figure 2b). Typically, wetting liquid with low viscosity was
effectively propelled in the PFM with a fast moving speed. For
example, both silicone oil and isopropanol were well wetted in
the PFMs; however, the moving speed of isopropanol was faster
than that of silicon oil at the same light intensity due to its lower
viscosity. In the case of partially wetting liquids, such as water,
the wettability of the inner surface was greatly enhanced by a

a
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hydrophilic composite gel layer;!?’] therefore, water was success-
fully propelled in the PFM owing to the decrease of the contact
angle from 94.5° to 9.2° (Figure S9, Supporting Information).
When immersed in isopropanol, the PFM delivered the air bub-
bles upon 470 nm light (120 mW cm™) at the moving speed of
70 um s7! according to the same mechanism (Figure S10 and
Movie S4, Supporting Information). Therefore, the PFMs are in
theory able to propel any liquid with a suitable coating layer to
change its wettability, showing advantage over other photocon-
trolled prototypes which only propel some specific fluids.334

Having established that light exerts precise control of liquid
transportation, we prepared a parallel array of six PFMs to dem-
onstrate their systematic performance (Figure 2c). Separate
control of multiple liquid slugs was achieved by using point
light sources and liquid manipulation in a single PFM had no
influence on the others, showing more precise control than that
in the magnetic tubular microactuators recently reported.’*’!
For example, the liquid slug in the second PFM was propelled
to the left, while liquid slug in the fifth PFM moved to the
right. Moreover, the liquid slugs in six PEMs were simultane-
ously propelled to the left when exposed to the line light and
finally aligned along the direction of the line light (Movies S5
and S6, Supporting Information). The precise control of the
liquid motion in parallel array reveals the possible integration
of the PFMs to facilitate the assembly and miniaturization of
the microfluidics.

2.0
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—e— Silicone oil
—a— Water (inner surface modified)
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Figure 2. Mechanism of light-directed liquid transport. a) Schematic showing the transport mechanism of a liquid slug in the PFM upon 470 nm light
irradiation. b) The plot of the moving speeds of three kinds of liquid slugs in the PFM or the wettability-modified PFM at different light intensities.
¢) Manipulation of isopropanol slugs in the PFM array by a point or line light with the intensity of 120 mW cm™2. The scale bar is 5 mm.
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Figure 3. Photographs of the PFMs with different shapes and flexible actuators fabricated by the PFMs. a) Photographs of knot, coil, closed-loop
actuator, and pumping system fabricated by the PFMs.The scale bars are 2 mm. b) Photographs of the closed-loop actuator fabricated of PFMs by
end-to-end connection. 3 mL isopropanol is preloaded into the reactor. The light spot with an intensity of 120 mW cm~2 was located at the end of the
confined slug. c) Photographs of a photocontrollable pump which was composed of two parallel PFMs. The intensity of the 470 nm line light irradiated

on the active slugs was 120 mW cm~2. The scale bars in (b,c) are 5 mm.

The PFM was facilely programmed into various shapes
including knotted, spiral, and loop structures resulting from
good flexibility (Figure 3a). Furthermore, the supporting EVA
layer provides elasticity for tight connection between PFM
themselves or other microtubes. A closed-loop microfluidic
actuator was created with an airtight joint through the simple
end-to-end connection of one PFM (Figure 3b; Movie S7,
Supporting Information). Upon irradiation of 470 nm light,
the inner isopropanol slug was propelled counterclockwise in
the closed-loop actuator, where the liquid motion was hard to
be driven by the conventional syringe pumps. This experiment
reveals that the closed-looped PFM actuator is ideal for imple-
menting biological reactions and analysis as it prevents solvent
evaporation and contamination from the external environment.

Besides manipulating the inner liquids confined in the
PFMs, the PFMs were also used as micropumps to drive the
liquids in the external system. A “Y”-shaped glass capillary
was incorporated with two PFMs and one nonresponsive
microtube to serve as a pumping system. The preloaded 3 uL
isopropanol slug in each PFM acted as the “liquid piston”
and the 1 pL isopropanol in the nonresponsive microtube
played the role of the “driven cargo” (Figure 3c; Movie S8, Sup-
porting Information). The “liquid pistons” were driven by the
asymmetric capillary forces arising from photodeformation
of the PFMs, outputting positive or negative pressure to the
nonresponsive microtube, where the “driven cargo” moved
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forward or backward respectively. Compared to the reported
thermal-responsive micropump fabricated by contractile
microspheres of LCPs,!'!l this photocontrollable micropump
demonstrates more precise and instantaneous actuation, and
consequently shows superiority in constructing flexible micro-
fluidics with high integration levels.

An example of liquid motion on fingers was demonstrated
to explore the potential application of the PFM in wearable sys-
tems. The PFM that was attached to the index finger changed its
trajectory accompanied with the different gestures (Figure 4a;
Movie S9, Supporting Information). Under the 470 nm light
with the intensity of 80 mW cm2, the liquid slug was manipu-
lated away from or close to the fingertip in both straight and
curved states (Figure 4b; Movie S9, Supporting Information).
This feature is ascribed to the bilayer structure of the PFM,
which is capable of being changed into arbitrary 3D shapes
(trajectories) and preserves photodeformability to propel the
inner liquids. Compared to high energy UV light, the 470 nm
light is harmless to human body when biomedical application
is taken into consideration; hence the PFM is suitable for
building wearable and implantable microfluidic components.

It is well known that bilayer actuators suffer from delami-
nation of the two layers after long-term repeating actuation
in response to external stimuli, resulting in a decreased
lifetime.l*®l Wu and coworkers reported that a scratch on the azo
polymer film was healed, which is based on UV light to trigger

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. A wearable PFM showing liquid transport upon 470 nm irradiation light and self-healable property of the PABBP inner layer. a) Photographs
of a PFM attached on the index finger. b) Photocontrolled transport of an isopropanol slug in the PFM upon the irradiation of 470 nm line light
(80 mW cm™). c) Photoinduced self-healing of the PABBP inner layer. Inset: illustration of self-healing. The scale bar is 500 um.

photofluidization.’*% As the glass transition temperature (Ty)
of PABBP with cis-azobenzene was about 28 °C (Figure S16,
Supporting Information), while the trans-azobenzene polymer
has a T, of 57 °C, the photofluidization mechanism could be
applied to achieve the light-induced healing of the delaminated
bilayer PFM made of PABBP. To demonstrate this, a delami-
nated bilayer PFM was prepared and repaired with the aid of
UV and blue light irradiation. Upon the UV light irradiation
(365 nm, intensity of 100 mW cm™2) within 1 min, the damaged
PABBP layer reattached to the supporting layer. A further blue
light irradiation for 15 s allows the cis-to-trans isomerization of
the azobenzene moieties and recovered the light-directed liquid
propulsion of the repaired PFM (Figure 4c; Movie S10, Sup-
porting Information), offering the PFMs with a longer lifetime.
During the healing process, it was found that the tempera-
ture of the PABBP layer rise to around 40 °C, suggesting the
photothermal effect of PABBP in combined with its T, decrease
contributes the success of the self-healing process.

In summary, we have reported a simple strategy to fabricate
the visible-light-powered bilayer PFMs by coating the EVA
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supporting layer with novel PABBP photodeformable layer.
One single PFM was able to transform into arbitrary shapes,
including knot, helix, and serpentine. Upon 470 nm light,
various liquid slugs in the PFMs were manipulated due to
photodeformation-induced asymmetry capillary force. The
unique PFMs were excellent candidates to simplify the complex
flexible microfluidic systems. Several light-driven prototypes of
parallel array, closed-loop channel and multiple micropumps
were established by the PFMs to demonstrate systematic con-
trol and micropumping system. Furthermore, the photoinduced
self-healing property of the PFMs enhanced their reliability in
wearable and integrated microfluidic systems. We anticipate that
these PFMs will find use in microelectromechanical systems
(MEMS) and lab-on-a-chip settings as the photocontrollable
components and liquid manipulation tools.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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