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Water scarcity plagues two-thirds of the global population. Interestingly, researchers have found that

spider silk exhibits excellent water-collection ability owing to its unique structure and chemical com-

ponents. Based on this characteristic, numerous bioinspired fibers have been fabricated for water collec-

tion. Herein, we review the water-collection process for spider silk and recent vital advances in bioinspired

fibriform materials, focusing on the water-collection mechanisms of spindle-knot fibers, which exhibit

directional droplet transport, hanging mechanism and hanging ability. Also, we evaluated their water-col-
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1. Introduction

Freshwater scarcity is regarded as a global systemic risk and
two-thirds of the global population suffer from water shortage.
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lection abilities on a micro- and macro-scale, which gave a better view for the design of bioinspired
water-collection materials. These advances enable the significant use of bioinspired fibers in water collec-
tion, which may be applied in several other fields, such as directional transport, tissue engineering, oil—

For arid areas, this issue may even put an entire country in an
extremely vulnerable position."”” Water, as the indispensable
element for organisms, has become an increasing demand to
meet all aspects of human society, including daily use, irriga-
tion and industry.? As one of the available water resources, fog
has drawn increasing attention in the water-collection field,
especially in arid and hemi-arid zones. Fog collection is a
modern method for acquiring freshwater, which has been
studied for its feasibility and sustainability.* This technology
is simple and energy-saving, but has the disadvantages of
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being seasonal, localized and unsustainable.® In regions that
are foggy but have scarce water, it is possible to set up appar-
atus to effectively gather water since devices are becoming
more advanced.” !

Due to the requirement of environmental adaptability, a
handful of fauna and flora have evolved to adapt in arid
environments, such as spider silk, cactus, and Namib beetle.
One of the intriguing features of spider silk is its ability to
collect water from humid air. When tiny water drops condense,
the puff rebuilds its morphology to shrink into opaque bumps
and ultimately forms periodic spindle-knots. As condensation
continues, the droplets grow in size and move to the nearest
spindle-knots."” Similarly, cacti collect water due to their
unique spine with conical shape. Spine clusters and trichomes
are distributed on the cactus surface, and each spine contains
barbs and gradient grooves. These three parts play different
roles in the process of fog collection, enabling fog water to
deposit, grow, transfer and preserve."> Namib beetles collect
water from humid wind on their back, which has alternating
hydrophobic and hydrophilic regions. The water deposited on
their back can coalesce onto their hydrophilic peak, and each
droplet grows to reach a critical size. When the size of the dro-
plets crosses a critical value, the capillary force of the attached
area is overcome and the droplets detach and roll down the
back of the beetle and move to its mouth.'* Besides these two,
many other examples have been explored, including Bermuda
grass,” Syntrichia caninervis,'® Cotula fallax,"” Salsola crassa,'®
Eremopyrum orientable'® in the past few years.>® These organ-
isms are endowed with distinct features, which help them
adapt to arid environments.

Based on these unique natural organisms, researchers have
developed numerous bioinspired materials to address the
current water shortage conundrum. Our group has been
devoted to the field of water collection, exploring the mecha-
nisms of water-collection and creating intelligent materials
with efficient water-collection ability.>'>> Herein, we review
how spider silk possesses a special mechanism for water con-
densation, transport and coalescence, demonstrating that
bioinspired microfibers have wide application prospect. We
focus on the water-collection mechanisms of spindle-knot
microfibers, and evaluate their water-collection abilities on a
microscopic and macroscopic scale. This review will help to
understand the ingenious structure of microfibers and design
of novel materials to address water scarcity. Moreover, the
design of bioinspired microfibers can be extended to other in
fields such as tissue engineering,*® oil-water separation®” and
biosensors.>®

2. Water collection on spider silk

Spider silk is characterized by its diverse chemistry, structure
and functions. This extraordinary material has prompted
researchers to explore their potential applications owning
to their excellent mechanical strength and structural
properties.> > Some spiders can spin multiple high perform-
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ance fibers, which contain high strength dragline silk and
elastic silk.*® The phenomenon of water collection on spider
silk can be seen everywhere, and the drops tend to coalesce on
the intersections.

The secret of water harvesting on spider silk has been
revealed, where the water-collection phenomenon emerged evi-
dently in cribellate spider silk. Differently from the ecribellate
spider, the cribellate spider has cribellum made of many
spigots, which can extrude a bunch of nanofibers. Cribellate
spiders can spin two types of fibers, pseudoflagelliform silk
and periodic puffs made of cribellate nanofibrils.***
Researchers have studied the water-collection ability of the cri-
bellate spider Uloborus walckenaerius, and explored the water-
collection mechanisms of the spider silk.">***” As shown in
Fig. 1a, the spider silk is made of two main-axis fibers and
regular puffs. When the dry spider silk is placed in a fog atmo-
sphere, the silk transforms its shape to become slender, which
is shown in Fig. 1b. Water coating plasticizes the silk and
endows additional elasticity from the surface tension of the
liquid.*®*?° The spider silk achieves wet-rebuilding and its
structure is totally reversible.** The wetting process is shown
in Fig. 1c-h."* As tiny water droplets condense on the silk, the
puffs shrink gradually and finally transform into spindle-
knots. Interestingly, as condensation continues, the water dro-
plets ceaselessly grow and are directionally transported toward
the spindle-knots. Then these drops start to coalesce with each
other and eventually form bigger drops. As illustrated in

Spindle-knot  Joint

Spindle-knot

Fig.1 (a) Low-magnification environmental SEM image of periodic
puffs and the joints surrounding two main-axis fibers. (b) Environmental
SEM images of periodic spindle-knots linking slender joints. The apex
angle of the spindle-knots (24) is about 19°. (c) Dry spider silk with four
semitransparent puffs. In mist, a few tiny water drops (indicated by
arrows) first condense on the puffs. (d—f) Puffs shrink to opaque bumps
with water condensing and form spindle-knots linked by joints. (f—h)
Directional water collection on the wet-rebuilt multi-structural spider
silk. (i) Spindle-knot is randomly interweaved by nanofibrils. (j) Image of
a joint, which is composed of nanofibrils aligned relatively parallel to the
silk axis.*? (Copyright 2010, Nature).
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Fig. 1h, the drops hang on one spindle-knot and double
spindle-knots.

To understand the water drop transport to the spindle
knots, images of the spindle-knot and joint were taken, as
shown in Fig. 1i and j, respectively.'> The image of spindle-
knot presents random nanofibers with a rough surface mor-
phology, which induces a high surface energy. In contrast, the
image of the joint shows that the nanofibers are arranged
orderly with an axial arrangement, which endows the surface
with low surface energy. Hence, the surface morphology
creates a surface energy gradient along the joint to the
spindle-knot. This gradient drives the water droplet to move
towards a more wettable region with a high surface energy. In
addition, another force gives rise to spontaneous water trans-
port, which comes from the conical shape of the spindle-knot.
The conical geometry creates a difference in Laplace pressure.
The drop on the conical-shaped spindle-knot reduces the
surface and moves to a low surface energy. Then the drop is
transported from the joint with a large curvature to the
spindle-knot with a small curvature. Therefore, the driving
forces originate from the surface energy gradient and differ-
ence in Laplace pressure, which can induce water droplet
transport from the joint to the spindle-knot.

3. The approaches for bioinspired
fibers

3.1 Electrodynamic method

Electrospinning is a special fiber manufacturing process for
more than 50 types of polymers, including biopolymers, water-
soluble polymers, organosoluble polymers, and molten poly-
mers.” The fiber diameter ranges from tens of nanometers to
hundreds of micrometers. The ultrathin structure mainly
depends on the working mechanism of electrospinning. A
schematic illustration of the electrospinning setup is shown in
Fig. 2a.*> The polymer solution in a syringe is fed through the
spinneret at a controllable rate under the action of a pump. As
the high voltage discharges, the drop at the nozzle is electri-
fied and distorted in a conical shape, which is known as a
Taylor cone. When the strength of the electric field crosses a
threshold value, the electrostatic force overcomes the surface
tension, resulting in liquid ejection from the nozzle. The
liquid jet undergoes a stretching process under the sustained
electrostatic force and forms an ultrathin and continuous fiber
after the solvent evaporates.

In previous research, PEO fibers with beads were obtained
via electrospinning and the mechanism for the formation of
the beads was revealed.*>** The solution viscosity, jet, net
charge density and surface tension of solution are the main
factors that affect the morphology of the fibers. The thinner
the fibers, the closer the distance between the beads and the
smaller the diameter of the beads. A higher viscosity tended to
form fibers without beads and a higher net charge density
helped to form thinner fibers. The formation of the beads was
ascribed to the surface tension driving the liquid film to break
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Fig. 2 (a) Schematic illustration of the basic setup for electrospinning.
The insets show a drawing of the electrified Taylor cone and a typical
SEM image of the nonwoven mat of poly(vinyl pyrrolidone) (PVP) nanofi-
bers deposited on the collector.*? (Copyright 2004, Wiley-VCH). (b)
Schematic illustration of the setup and process for the preparation of
necklace-like chains.*® (Copyright 2010, American Chemical Society). (c)
Illustration of the formation of the humped-fiber. The nanofragments
on the fiber condense water drops, which subsequently coalesce and
self-assemble into microhumps on the fiber.*® (Copyright 2014, Royal
Society of Chemistry). (d) Illustration of combined electrospinning and
electrospraying approaches.>* (Copyright 2011, Wiley-VCH).

up, thereby an increase in surface tension favors the formation
of beads. Rayleigh instability involves fluid breaking up into
tiny droplets with a lower surface area. By using the Rayleigh
instability principle, bead-shaped microfibers with varying
compositions and structural properties can be designed.*’

However, in the research on spindle-knot microfibers,
electrospinning has become a major technique combining
electrospray, wet-assembly, coaxial electrospinning. A one-step
method to prepare necklace-like structures via electrospinning
was achieved.’®™*® Poly(vinyl alcohol) (PVA) is suitable as
polymer matrix due to its hydrophilicity and excellent mechan-
ical properties. As shown in Fig. 2b, a PVA solution containing
SiO, nanoparticles was extruded by a DC high-voltage genera-
tor and formed necklace-like fibers. The nanoparticles with
relatively small diameters aggregated into clusters, and the
large nanoparticles tended to regularly align one by one. The
necklace-like fibers were relatively easy to fabricate and suit-
able for the application of water collection. Although the fibers
were prepared with regular beaded structures, the fiber surface
with one polymer matrix may hamper dropwise transport.

As a different method to fabricate spindle-knots, nanofrag-
ments/nanoparticles were applied to fabricate beads via the
wet-assembly method, which exhibited a good performance.
Microhump fibers were successfully fabricated via electro-
spinning self-assembly

and water coalescence-induced
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methods.*® A PVDF solution was fed through a movable needle
and pumped out by the electrospinning equipment. Then the
as-produced fibers were fixed away from the foil to capture
fragments, which were also produced during the electro-
spinning process. As illustrated in Fig. 2c, when the fibers with
nanofragments were put into a continuous steam, tiny water
drops started to condense to cover the fragments on the micro-
fibers. With condensation continuing, the tiny drops grew in
size and coalesced with each other. Hence, coalescence drove
the fragments to assemble into clusters. The clusters were
small and close initially, but became larger and dispersed at
the end. When the steam was cut off and the water evaporated
completely, humps were formed along the fibers. Similarly,
titanium tetrachloride (TiCl,)-hydrolyzed particles were also be
applied for the fabrication of beads via wet-assembly.>® When
PMMA fiber was exposed to smoke containing modified Ti
nanoparticles, these particles arbitrarily deposited around the
fibers. Then the fibers were transferred in a humid atmo-
sphere and the wet-assembly phenomenon occurred. After de-
hydration treatment, beads containing the Ti nanoparticles
were distributed on the fiber.

Coaxial electrospinning is a versatile method for multiple
applications, which has been used for the fabrication of
spindle-knot fibers. The coaxial electrospinning method is a
combination technique, in which the inner fluid is wrapped by
sheath flow. As shown in Fig. 2d, two metallic needles are
fixed coaxially to produce two fluids in the same direction.
The dynamic mechanism is the same as conventional electro-
spinning, which caused by a high-voltage generator. The inner
fluid with high viscosity and outer fluid with low viscosity are
initially extruded and combined. Poly(ethylene glycol) (PEG)
solution as the outer fluid and polystyrene (PS) solution as the
inner fluid form a suitable combination. The inner polymer
with a low surface-free energy can mitigate the viscous drag
force, and the outer polymer with a higher surface-free energy
tends to break up and transform into a spindle-knot shape.
However, the limitation of PEG is that it water-soluble and
could swell and shrink in different humidity; thus, the sustain-
ability of PEG fibers is largely reduced. Hence, poly(methyl
methacrylate) (PMMA) is used as an outer fluid for the for-
mation of beads.’* The morphology of the fibers can be regu-
lated by tuning the flow rate and concentration of the inner
and outer fluids. When the flow rate of the outer fluid is
3.0 mL h™" and the corresponding flow rate of the inner fluid
is 0.5 mL h™', regular beads appear. Poly(N-isopropyl-
acrylamide) (PNIPAM) is also used to fabricate beads due to its
hydrophilic nature.>® The PVDF is chosen as a core fluid due
to its hydrophobic feature and mechanical stability.
Additionally, a cross-linker is added to enhance its stability at
hydrophobic-hydrophilic interface. The alternating regions on
the fibers create a surface energy gradient, which promotes
water drop transport.

Co-electrospinning can be used to construct a liquid core
encapsulated in polymer fibers. Differently from the bilayer
melting phase, the liquid core is hardly shaped on the spin-
neret. An approach was proposed to encapsulate a liquid core

This journal is © The Royal Society of Chemistry 2019
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in solid fibers, which resulted in beaded microfibers, and a
hydrophobic fluid was efficiently encapsulated inside the
beads.”**®> A low oil/melt interfacial tension value and high
viscosity of the outer fluid are vital to shape and maintain the
compound cone in a steady state. In contrast, for high inter-
facial tension and low viscosity, the viscous drag force exerted
by the melt is unable to overcome the cohesive force of the
surface tension, causing the oil meniscus to remain quasi-
spherical, and no oil separates from the meniscus. The outer
liquid was poly(vinyl pyrrolidone) (PVP) and inner liquid was
oil, with the flow rates of 0.4 and 0.04 mL h™", respectively.
Under these conditions, both the compound cone and emitted
current appeared in the steady state.

In a study on the macroscopic patterns of electrospun
fibers, nanoimprint lithography applied to fiber meshes aimed
to create physically deformed patterns, which could result in
multiple physical properties.’® The fibers were modified by the
transfer of promising topographies. The surface wettability
and structure could be regulated. Thus, abundant possibilities
for spatially controlling surface properties can be envisioned.

3.2 Dip-coating method

Widely used in coating, the dip-coating method has attracted a
significant interest in the fabrication of spindle-knot fibers. Its
method and mechanism are relatively facile and simple com-
pared with other methods. A schematic illustration of the dip-
coating method is shown in Fig. 3a.”” Before the immersion
process, both a regular fiber and polymer solution are pre-
pared as precursors. Then the fibers are immersed in the
polymer solution and horizontally drawn from the tank after a
period of time. The drawing velocity can be tuned to acquire a
moderate polymer solution by a machine. Hence, the fiber will
be coated by a cylindrical polymer film. Immediately, the
polymer film breaks up and transfers into tiny drops attached
around the fibers due to Rayleigh instability. After the solvent
evaporates, the tiny drops are solidified and form a spindle-
knot shape. Specifically, this method is to fabricate hetero-
structured fibers by imprinting another polymer matrix on the
uniform fibers, spontaneously converting them into spindle-
knot fibers.

Understanding the factors affecting the geometric mor-
phology is vital to fabricate promising spindle-knot fibers. The
drawing velocity, concentration/viscosity and surface tension
of the polymer solution are crucial to achieve periodic spindle-
knots with different sizes.>® A series of fibers was fabricated to
explore the relationship between the spindle-knot morphology
versus different concentrations of polymer solution and
drawing-out velocities. The optical images of the obtained
fibers are shown in Fig. 3b. For a low concentration, there was
not enough solution to draw out around the fiber to induce
Rayleigh break-up, causing the thin polymer film to be stable
on the surface.’ In this case, high velocity was critical to allow
the solution to detach from the reservoir and induce the
appearance of drops. However, for the highly viscous solution,
the polymer film was thick and hardly broke up into drops,
causing the fiber surface to dry before the appearance of
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Fig. 3 (a) Scheme for the fabrication of bioinspired fibers with a hump
structure. A nylon fiber was soaked in a PMMA solution in DMF at an
appropriate concentration.®” (Copyright 2011, Wiley-VCH). (b) Optical
images of BASs fabricated under different conditions by drawing the
nylon fibers out of the PMMA/DMF solution. Statistical data for the (c)
width and (d) height of the spindle-knots on the BASs fabricated under
different solution concentrations (5%, 6%, and 7%) and drawing vel-
ocities (100, 125, 150, 175, and 200 mm min~%).5% (Copyright 2011,
Wiley-VCH). (e) SEM images of the polymer bead-on-string fibers fabri-
cated after different reaction times. Scale bar is 10 pm. (f) SEM images of
porous polymer beads fabricated under different RHs. Scale bar is
10 pm.®2 (Copyright 2013, Royal Society of Chemistry).

drops. In a given formula, the film thickness is decided by the
capillary number (C,), which can be presented as: C, = V/y.*°
Although the solution viscosity () and drawing velocity (V) are
positive in the coating process, surface tension (y) may slightly
decrease the C, value because the change in surface tension
is insensitive, while the viscosity increases significantly.
Moreover, the size of the spindle-knots varies with the solution
concentration and drawing velocity. At a constant velocity,
both the height and width increase with the solution concen-
tration, but the size changes irregularly with the velocity at a
given concentration. As shown in Fig. 3c and d, the size signifi-
cantly increased initially and then decreased with the drawing
velocity. Hence, a suitable spindle-knot fiber can be fabricated
by adjusting these three parameters.

Further, bioinspired fibers with different topographies can
be constructed, including rough and porous structures. Fibers
with rough/smooth spindle-knots were fabricated by tuning
the solvent ratio in the reservoir and drying atmosphere.®’ A
series of fibers with different porous morphologies was fabri-
cated by controlling the reaction degree of the polymer solu-
tion.®® As shown in Fig. 3e, fibers with smooth, less and homo-
geneous porous, and gradient porous and dented microstruc-
tures were obtained as the time for the polymer reaction
increased. A porous structure makes the fiber surface more
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wettable, which is similar to that of wet spider silk. When the
fibers are drawn from the reservoir and placed in humid atmo-
sphere, water drops will deposit on the spindle-knot surface.
After evaporation and solidification, the porous morphology is
imprinted on the surface. Fig. 3f exhibits the spindle-knots
with a smooth, homogeneous porous, wavy footprint mor-
phology at incremental relative humidity.

The dip-coating method is suitable to coat diverse polymers
on uniform fibers, which aims to construct spindle-knot fibers
with a heterogeneous structure. For example, a series of raw
fibers was immersed in four polymer solutions to fabricate
different fibers with both smooth and rough knots.®" Fibers
with rough PMMA knots were prepared by immersing nylon
fibers in a PMMA/(DMF + ethanol) solution with a weight ratio
of 7:100: 1, in which the ethanol was conducive to construct a
rough surface by drawing it out at a velocity of 200 mm s
The fibers with rough PMMA knots were placed in a DMF
atmosphere at 50 °C for 2 h, which converted the rough
surface into a smooth surface. Similarly, poly(vinyl acetate)
(PVAc), polystyrene (PS), and poly(vinylidene fluoride) (PVDF)
could also be coated on the knots.

Based on the Rayleigh instability, the polymer film could be
divided into multi-level spindle-knots. The bioinspired fibers
with a hierarchical structure induced continuous gradients of
surface-free energy and Laplace pressure differences.”® As
shown in Fig. 4a, a uniform nylon fiber was drawn out from a
PVDF solution and the polymer film immediately broke into
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Fig. 4 (a) Optical images of fabrication processes of bio-inspired
spindle-knotted fiber obtained by high-speed CCD camera.®® (b)
Scheme for the fabrication of bio-inspired fibers with multi-gradient and
multi-scale spindle knots. A carbon fiber was soaked in a PYDF-DMF
solution.®* (Copyright 2012, Royal Society of Chemistry). (c) Optical
images showing that the cylindrical PVDF film breaks into gradient
polymer droplets beginning from top to bottom.®® (Copyright 2013,
Nature). (d) Optical microscopy images of the spindle knots on the fiber
surface with different stretching ratios.®” (Copyright 2015, Wiley-VCH).
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multi-size drops, coating the fiber. After the drying process,
spindle-knots were formed coaxially. The main spindle-knots
had a height of 75 pm and width of 200 pm. Second-level
spindle-knots were formed between the large knots and third-
level spindle-knots formed around the bigger knots. Similarly,
the template method was also suitable for fabricating fibers
with multi-gradient and multi-scale spindle-knots.®* As shown
in Fig. 4b, after first forming the spindle-knots, the as-pre-
pared fiber was then immersed in epoxy resin solution and
drawn out. The resin polymer was both coated on the spindle-
knots and formed smaller spindle-knots on the smooth
regions. The satellite spindle-knots exhibited excellent ability
to coalesce drops, and their shape was conducive to prolong-
ing the three-phase contact lines, which enhanced their ability
to hang a bigger drop. The same method was applied to coat
graphene on the surface of spindle-knots.®® The multilayered
graphene structure could induce a change in wettability upon
laser etching, arising from the increased roughness extent. To
obtain fibers with multi-gradient and multi-scale spindle-
knots, carbon fibers with PDMS spindle-knots were immersed
in the graphene oxide solution and drawn out at a certain rate.
After chemical reduction, the reduced graphene was success-
fully coated on the fiber surface. The directional motion of
water drops could be regulated effectively by controlling the
wettability of graphene surface.

Similar to multi-level spindle-knots, a bioinspired fiber
with gradient spindle-knots was prepared by the tilt dip-
coating method.®® The fiber was drawn out from the reservoir
at a tilt angle to a horizontal line. As shown in Fig. 4c, the
polymer film was coated with a gradient thickness due to
gravity and then broke up into gradient drops. Further, these
drops transformed into spindle-knots with their size decreas-
ing gradually. Nevertheless, for water collection with these gra-
dient spindle-knots, water drops tended to coalesce towards
the bigger spindle-knots, which was attributed to the release
of energy liberation, achieving directional movement in a long
distance.

Elastic nylon fibers are commonly adopted as raw materials
to fabricate bioinspired fibers via the dip-coating method.
Their water-hanging ability and water-collection ability were
discussed via dynamic regulation.®” In the same way, elastic
bioinspired fibers were prepared by immersing a nylon fiber in
a polydimethylsiloxane (PDMS) solution. The fibers could be
stretched by applying certain tensile force. The optical images
of the elastic fibers with different stretching ratios are shown
in Fig. 4d. When the stretching ratio changed from 0% to
180%, the height, length and periodicity of the spindle-knot
were transformed from 90 to 75 pm, 240 pm to 500 pm, and
510 to 1380 pm, respectively. The elastic fiber could moderate
the water-collection ability by exerting a large tension, which
resulted from the change in the three-phase contact line.
Compared with nylon fibers, an enhanced water-collection per-
formance was presented using raw silkworm silk.®® The hydro-
philic fibroin of the silkworm silk combined well with the bio-
compatibility of PVDF, and thus the spindle-knots were more
strongly imprinted on the silkworm silk. In addition, the
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mechanical properties of bioinspired silkworm silk are much
better than that of natural silkworm silk, which prevented the
contact line from decreasing. Hence, the bioinspired spindle-
knots could hang bigger water drops.

3.3 Microfluidic method

The microfluidic fabrication method via a microfluidic plat-
form has been considered as a new tool to create continuous
microscale polymeric structures in small quantities. A hydro-
dynamic fabrication technique using a microfluidic device was
introduced to create continuous alginate fibers.®>”° The appar-
atus is fabricated by incorporating a glass pipette into a pre-
formed hole in a PDMS substrate, as shown in Fig. 5a. The
photopolymerizable sample fluid and non-polymerizable
sheath fluid are introduced into the two input ports and com-
bined at the outlet of the inner pipette. A coaxial sheath flow
around the sample flow is formed at the staggered position of
both flows. Using the same fabrication principle, microtubes
and multilayer microfibers can be fabricated using similar
apparatus, as shown in Fig. 5b. The core fluid, sample fluid
and sheath fluid are individually introduced to produce a core/
sample/sheath flow construct. Afterwards, a microfluidic mode
consisting of a digital, programmable flow control is intro-
duced to continuously generate microfibers with regulable
morphologies and chemical features, as shown in Fig. 5¢.”" By
switching the flow through a digital control scheme, a microfi-
ber with different chemical compositions along its length can
be obtained, which can even load gas bubbles, and live cells
can be spatiotemporally coded. As shown in Fig. 5d, two alter-
nating flows are controlled to generate microfibers with spaced
spindle-knots. To mimic the porous structure of natural silk, a
flow containing alginate solution and salt at a high flow rate is
injected to construct spindle-knots. As shown in Fig. 5e, the
porous structure is generated by salt dissolution and it creates
a gradient surface energy for water transport.

Therefore, with preparation technology, microfluidics is ver-
satile in many fields, such as oil absorption’> and cell
culture.”>””®> This method has been developed enormously.
The fabrication of spindle-knots via microfluidics has been
realized to be critical for the fabrication of bioinspired microfi-
bers. As shown in Fig. 5f, a coaxial capillary microfluidic tech-
nique was developed for designing promising spindle-knot
microfibers.”® The inner alginate solution was spun and
injected into a calcium-tagged middle pregel phase, which
acted as a flow sheath to coat the spun microfiber. Diffusion of
the calcium ions from the sheath fluid into the alginate fluid
facilitated gelation. The sheath solution was then emulsified
by an immiscible outer oil fluid, and consequently trans-
formed into spindle-knots around the inner fiber, which could
be polymerized by ultraviolet irradiation. Then a hetero-struc-
tured gel fiber was continuously formed at the fluid outlet. By
employing the same co-flow method, a sheath fluid containing
graphene oxide and N-isopropylacrylamide pregel solution was
transformed into drops by ionic gelation and emulsification.””
The near-infrared absorption of graphene oxide and thermally
responsive shape transition of the N-isopropylacrylamide
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Fig. 5 (a) Basic apparatus for the fabrication of microfibers. (b) By adding an additional stage, the apparatus is capable of producing microtubes.®
(Copyright 2004, Royal Society of Chemistry). (c) Conceptual description of the process of generating coded fibers. (d) Schematic of a digital control
scheme for the generation of artificial spindle-knots and joints by means of topography modulation and nanoporous structure coding. (e) Schematic
of a fiber with a different surface energy and water-collection mechanism.”* (Copyright 2011, Nature). (f) Capillary microfluidic system for the fabri-
cation of spindle-knotted microfibers. The detailed images show the successive steps of microfiber joint spinning, fluid coating, and knot emulsifica-
tion. (g) Real-time microscopic images of the microfluidic generation process of the spindle-knotted microfibers with tunable spacing and size of

the spindle knots. The scale bar is 500 pm.”® (Copyright 2016, Wiley-VCH).

endowed the gel fibers with photothermally responsive water-
collection ability.

The form of the spindle knot formed via emulsification
could be distinguished as two types, core liquid used as the
knot and sheath liquid used as the knot. The oil core, emulsi-
fied by an immiscible continuous fluid, was wrapped by the
outer fiber, which exhibited a homogeneous feature on the
surface.”® However, when the sheath liquid was used as the
knot, the generated fiber presented a heterogeneous feature on
the surface.”® The behavior of one immiscible fluid turning
into another leads to the formation of drops arising from the
break-up of Rayleigh instability. Surface tension and shear
force interact with the flow, which causes the interruption of

15454 | Nanoscale, 2019, 11, 15448-15463

the flow and the shaping of the drops.”®*° The morphology of
the microfibers obtained via microfluidics can be affected by
the flow rate of both fluids, interfacial tension and even device
geometry. As shown in Fig. 5g, the size and interval of the
spindle knots are highly controllable by adjusting the flow
rates of the streams.”® Furthermore, these controllable per-
formances favor the understanding of the relationship
between water-collection ability and structure.

As a natural linear polysaccharide, alginate has been widely
employed in the fabrication of microfibers, especially exhibit-
ing the property of gelation in the microfluidic method.
Alginate solution can spontaneously solidify via the addition
of Ca®" ions, and thus alginate has an advantage as the
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polymer matrix in microfluidics.®’ As shown in Fig. 6a, the
preparation of calcium alginate fibers can be carried out using
a coaxial microfluidic device.®” The liquid paraffin as the dis-
persed phase is injected into sodium alginate microflow.
When the terminal of the fluid is in contact with the CacCl,
solution, the effluent is instantly crosslinked to form calcium
alginate fibers. In the formation of spindle-knots, the oil fluid
is easily emulsified by the sheath fluid to form monodispersed
drops because the oil-aqueous interfacial tension seeks to
minimize the interfacial area due to the thermodynamic prin-
ciple of minimum interfacial energy. Then a flexible microfiber
with tunable magnetic spindle-knots for controlled 3D assem-
bly is introduced.”® The oil mixture containing magnetic Fe;0,
nanoparticles is injected in the alginate flow for the fabrica-
tion of bioinspired microfibers with magnetic spindle-knots,
which is shown in Fig. 6b. After solvent evaporation and de-
hydration, the microfiber shape is converted into a spindle-
shaped microfiber. The microfibers can be properly manipu-
lated for controllably moving, patterning and assembling
under different magnetic fields, which creates opportunities
for the fabrication of 3D scaffolds with complex network
constructs.

a Microfluidic Chip™ .

/X

View Article Online
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The formation of spindle-knots is dependent on the hetero-
geneous core, which is coated on or dispersed in the continu-
ous flow. Not only an oil core but also gas can be dispersed in
aqueous solution for the fabrication of spindle-knots. A well-
controlled bioinspired microfiber with cavity knots was fabri-
cated via a gas-in-water microfluidic method.**** Differently
from oil cores, the gas-in-water microfluidics adopts nitrogen
or air as the dispersed phase to generate bubbles under the
impact of the shear of the aqueous flow. The gas bubbles can
be well-distributed in the alginate fiber, and the interval of
bubbles can be controlled by the pressure of the gas phase.
The surface morphology of the alginate microfiber is associ-
ated with the cavity-knot and joint, as exhibited in Fig. 6¢c and
d, respectively. The cavity-knot is dehydrated faster than the
joint part, which creates a gradient crack density with incre-
mental surface energy, thus favoring water transport along the
joint to the knot.

Cribellate spiders employ a simple one-step dry-spinning
method to extrude two types of fibers. Multi-microchannels
furnish a spinnable inner fluid and sticky outer fluid.*'
Inspired by the natural spinning process, a bioinspired artifi-
cial microfiber by one-step dry-spinning method (a multi-
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Fig. 6 (a) Schematic diagram of the experimental process for the preparation of fibers with spindle-knots.?? (Copyright 2015, Royal Society of

Chemistry). (b) Schematic illustration of the microfluidic fabrication of

calcium alginate microfibers with controllable magnetic spindle-knots.”®

(Copyright 2015, American Chemical Society). (c) SEM images showing the dehydrated cavity-microfiber. (d) SEM image showing the hollow cavity
of the knot.®® (Copyright 2017, Nature). (e) Multichannel microfluidic system (left) consisting of core flow and sheath flow, and the illustration on the

right shows an enlarged biomimetic tapering channel. (f) Morphologies
dope and silk sericin solution as the sheath-spinning dope.®® (Copyright 2

This journal is © The Royal Society of Chemistry 2019

of fibers spun using regenerated silk fibroin solution as the core-spinning
017, Wiley-VCH).
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channel microfluidic chip) was invented.®” In the microfluidic
system, the microfluidic channel is divided into two wide
straight channels and a gradually narrowing channel, as
shown in Fig. 6e. An aqueous solution of regenerated silk
fibroin is used as the core fluid in the main channel, while a
silk sericin solution is used as the sheath flow in the outer
channel. Since the flow rate of regenerated silk fibroin solution
is equal to that of silk sericin, the composite fiber emerges
with a core-sheath morphology. The surface morphologies of
the core fiber and adhesive hemisphere are shown in Fig. 6f,
presenting a fibrillar structure similar to natural silk, and the
asymmetrical hemisphere appears on one side of the fiber due
to the difference in both flow rates. The microfluidic method
has great advantages in the fabrication of abundant fibers,
and thus it is also deeply applied for the fabrication of
spindle-knot microfibers. The generated microfibers are con-
tinuous, and the shape of the spindle-knot is facilely
regulable.

3.4 Fluid-coating method

In contrast to the dip-coating method, the fluid-coating
method has the advantage of continuity, which makes it poss-
ible to fabricate bioinspired microfibers on a large scale. A
fluid-coating device is shown in Fig. 7a.%° A nylon fiber is hori-
zontally passed through a reservoir of PMMA solution and
fixed in the capillary tube. The motor at the other end is used
to drag the microfiber at an even velocity. The dynamic menis-
cus of the solution appears and wraps around the fiber when
the motor opens. Then the polymer solution is detached from
the reservoir and coated around the raw fibers. Immediately,

»
.

‘1

0
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—

Polymer solution

Main-fiber

Gradient in thickness of polymer film
‘ Rayleigh i

Break up into gradient-size polymer droplets

Fig. 7 (a) Schematic illustration of the fluid-coating method used for
the large-scale fabrication of bioinspired fibers.8® (Copyright 2011,
Wiley-VCH). (b) Illustration of the unidirectional gradient-step spindle-
knots formed on a fiber. (c) Optical images of GSF with different gradi-
ent modes: unidirectional decreasing size; unidirectional increasing size;
middle symmetric size; and two-side symmetric size, which were fabri-
cated via the velocity-changeable drawing-out coating technique.®®
(Copyright 2014, Royal Society of Chemistry).
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the liquid film is broken and assembled to form a polymer
drop with a spindle-knot shape arising from Rayleigh instabil-
ity. Then the solvent evaporates in such a short time that the
long and continuous spindle-knot fiber can be collected
directly.

In addition, the formation of the spindle-knots can be tuned
by altering the solution parameters and the fiber-drawing
velocities.**® When the drawing velocity is higher than the
critical velocity, microfibers with periodic spindle-knots can be
realized. At a drawing velocity below the critical velocity, the
microfiber is uniformly coated with a thin polymer film. The
critical velocity increases with a decrease in the solution concen-
tration because more polymer solution is drawn out to aggre-
gate into a thicker film when the motor velocity increases. The
fluid-coating method is relatively facile, and the process is con-
tinuous. It is suitable for the preparation of large-scale and con-
tinuous bioinspired microfibers. Nevertheless, its stability and
controllability need to be further study.

As mentioned above, similarly to the tilt dip-coating method,
the fluid-coating method can achieve the spontaneous direc-
tional transport of water droplets over a long distance on the
microfibers by changing the drawing velocity.*® When the fiber
is drawn from the polymer reservoir at a changing velocity with
an acceleration at a limited distance, a conical film covers the
uniform fiber, as shown in Fig. 7b. Then the liquid film
immediately transforms into a convex—-concave shape, sub-
sequently becoming periodic polymer drops with a gradient
height. Droplet-target transport can be modulated by fabricating
gradient spindle-knots with various gradient modes, including
middle and two-side symmetric gradient modes, which are
shown in Fig. 7c. It is easier to realize droplet-target transport
on fibers using the fluid-coating method.

4. Water collection mechanisms
4.1 Laplace pressure difference

For directional liquid transport, a water drop can be driven by
shape, chemical and thermal gradients. Specifically, in the
natural water collection process, water condenses on the silk
and transports from the joint part to the spindle-knot part,
which is shown in Fig. 8a. When the drop attaches on the
fiber, the surface tension of water will generate Laplace
pressure under the interface. If the shape of the droplet is not
uniformly spherical, the Laplace pressure of each part of the
surface will be very different. Therefore, there is discrepancy in
the Laplace pressure on the spindle-knot and joint due to their
different curvature radii. In various parts of the water drop, the
Laplace pressure can be described as:

_Zr

Py z

where, y is the surface tension of water and R is the curvature
radius. At the two opposite sides of the drop, the Laplace
pressure of the water drop on the joint is larger than that on
the spindle-knot, which is due to the small curvature radius of
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Fig. 8 (a) Mechanism of directional water collection on wet-rebuilt
spider silk.!? (Copyright 2010, Nature). (b) Stable TCL on artificial
humped fiber during the growth of a hanging drop. High magnification
image focusing on the solid/liquid contact region for the humped fiber.
Scale bar, 200 pm. Also shown is a sketch of the profile of the wetted
region on the humped fiber from the side view. (c) Illustration of the
“slope” effect and “curvature” effect.>” (Copyright 2011, Wiley-VCH).

the surface on the side of joint and large curvature radius of
the surface on the side of the spindle-knot. The asymmetric
Laplace pressure causes the drop to transport to the side with
a lower Laplace pressure. Hence, the conical shape will gene-
rate a pressure difference, which induces the water to move to
the spindle-knot. The difference in Laplace pressure is
described as follows:">*

4]
AP = —[ Lzsin adz

r (T+R0)
where, 7 is the local radius, r; and r, are the radii of the knot
at the two opposite sides of the drop, R, is the radius of the
drop, a is the half-apex angle of the conical knot and dz is the
integrated variable of the spindle-knot radius. Thus, the
driving force exerted by the pressure difference will enable the
water drop to achieve directional transport.

4.2 Surface-free energy gradient

The difference in Laplace pressure depends on the curvature
gradient, while the surface-free energy difference depends on
the composition or roughness gradient. The gradient of
surface-free energy is another motivation to induce the droplet
to move towards the more wettable region. The chemical com-
position and surface roughness are usually related to the wett-
ability. A hydrophobic chemical composition corresponds to a
hydrophobic surface with a low surface energy. In contrast, a
hydrophilic chemical composition corresponds to a hydro-
philic surface with a high surface energy. In the case of a
hydrophilic fiber with a wettability gradient, the part with high
surface roughness is more hydrophilic than the part with low
surface roughness, and thus the part with high surface rough-
ness has higher surface energy than the part with low surface

This journal is © The Royal Society of Chemistry 2019
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roughness. Hence, an increase in surface roughness will gene-
rate a gradient surface energy. The surface wettability can be
described by Wenzel’s equation:

cos Oy, =1 cos 0

where, 6,, and 6 are the apparent and intrinsic contact angles,
respectively, and r is the roughness factor (r > 1), which is
defined as the ratio of the actual area to the projected area on
a rough surface. The roughness makes the hydrophilic surface
more wettable and the hydrophobic surface less wettable. For
hydrophilic spider silk, the joint is less rough and less hydro-
philic, whereas the spindle knot is rougher and more hydro-
philic. Specifically, the spindle-knot has a higher surface-free
energy than the joint. The gradient surface-free energy along
the joint to the knot generates a driving force, which is

described as follows:'*°

Lic
F= J y(cos 05 — cos 6g)d!
I
where, y is the surface tension of water, 6, and 6y are the
advancing and receding contact angles of the water drop on
the spindle-knot, respectively, as shown in Fig. 8a, and d! is
the integrating variable of the length along the joint (L;) to the
spindle-knot (L ). For natural spider silk, the gradient surface-
free energy is produced by the gradient surface roughness,
while the difference in the surface-free energy related to artifi-
cial silk can be achieved by altering the component. Hence,
the roughness/component gradient contributes to driving the
drop to move towards the spindle-knot.

4.3 Hysteresis resistance

Although the difference in Laplace pressure and the gradient
surface-free energy are particularly remarkable in water drop
motion, the hysteresis resistance always obstructs the move-
ment of drops, especially in small drops with micrometer
sizes. Since tiny drops coalesce with each other until their dia-
meter exceeds the threshold size, the capillary force is predo-
minant and the big drop begins to move.'>°" Hysteresis resis-
tance is correspondingly obvious in wettable regions, and thus
it is facile to drive the drop away from the joint, and a large
hysteresis resistance makes it difficult to drive the drop away
on the spindle-knot. In addition, the hysteresis resistance
induces the drop to pin on the surface, causing the drop to
move towards the spindle-knot when coalescence occurs.®">

4.4 Directional transport

For a water drop with a size less than the capillary length, the
gravity is almost negligible. The directional transport can be
ascribed to the cooperation of three main forces:*"?
(1) Laplace force due to the curvature gradient:

- 1 1)\ sina 4 [R)\®
] —— — 7| —
L Vwater R,] R'K RK _ RJ 3 2

n 1 1)\ sina B
- 6Ywater R'_] R'K RK_RJ 0
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where, y is the surface tension of water, Ry and Ry are the local
radii of the spindle-knot at the two opposite sides of the drop,
corresponding to the curvature radii of the contact lines (R
and R'g), respectively, a is the semi-apex angle of the conical
shape, and R, is the radius of the coalesced bigger drop; (2)
wetting force due to surface-free energy gradient:

Fw =~ TRy Ywater(COS Ok — cos 0y)

where, 0 and 6 are the static contact angles at the spindle-
knot and joint, respectively; and (3) hysteresis force due to
contact angle hysteresis:

Fu = TRoYwater[(€OS O — c0S O3x) — (cos Oy — cos Oy)]

where, 0., 0., 6y and 6, are the receding and advancing
contact angles at the spindle-knot and joint, respectively.
Consequently, for a hydrophilic spindle-knot, the total force of
the water drop can be described as:

Fiotal ~ FL + Fw — Fy

When Fioa > 0, the drop is driven towards the knot, and
when Fioa < 0, the drop remains static. If the spindle-knot is
less hydrophilic than the joint, the total force of the water can
be expressed as:

Fiotal ~ FL — Fw — Fy

In this case, if Fyoa) > 0, the drop is driven towards the knot,
but if Fioa < 0, the drop is driven away from the knot. Thus,
for natural and artificial silks, when the driving force arising
from the Laplace pressure difference and surface-free energy
gradient overcomes the maximal hysteresis force, the drop can
move spontaneously.

4.5 Hanging mechanism

Large water drops can hang on thin fibers with knots more
stable than that without knots, which is ascribed to the
intense adhesion by the geometric feature of spindle-knots. In
the collection process, the water drop tends to hang between
two knots and grows to reach a critical size. As shown in
Fig. 8b, the three-phase contact line (TCL) does not shrink
apparently, and the total axial length of the contact region
remains almost constant. The adhesion ability of the humps
can be revealed by considering two distinct effects, the “slope”
effect and “curvature” effect.”” As shown in Fig. 8c, if the
contact line attempts to contract from location “A” to “B”
along the surface, the receding contact angle 0, will decrease
from 6, + « to 6,9, where 6, is the true receding angle and «a is
the semi-apex-angle of the hump. For a critical hanging drop,
this process needs a large liquid surface distortion to activate
the dewetting event. Thereby, the slope variation gives a higher
barrier to inhibit the TCL from receding. If the contact line
attempts to move from location “B” to “C”, the curvature
radius of the liquid at the solid/liquid interface will decrease
from H/2 to D/2. The Laplace pressure will increase during this
process due to the surface tension of the liquid, generating an
energy threshold and the recession of the contact line is conse-
quently hindered. The “slope” and “curvature” effects can
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ensure the relative stability of the TCL and provide sufficient
capillary force to hang a big drop water.

4.6 The length of the three-phase contact line

To evaluate the hanging ability of bioinspired fibers, the three-
phase contact line (TCL) is used to explore the water-collection
behaviors and critical volume of a hanging water drop. When
tiny water drops move toward the spindle-knot due to capillary
force, they coalesce with each other to reach a big size and the
water drop will transform into a hanging drop on the fiber.
Under a continuous fog flow, the hanging drop is still growing.
Meanwhile, the water drop needs to provide enough capillary
force to equilibrate gravity. At the top of the contact area
between the drop and spindle-knot, which is shown in Fig. 9a,
the liquid film begins to break up with an increase in the
length of the TCL. Eventually, the volume of the drop becomes
large enough that it reaches a critical state and tends to depart
from the spindle-knot, and the length of the TCL cannot
increase any further. At this moment, the length of the TCL is
discussed to evaluate the drop volume at the critical state.
Water drops hanging on a fiber usually present two styles,
single spindle-knot collection and two spindle-knot collection,
as shown in Fig. 9a and b, respectively. These two styles are
significant in evaluating the critical volume of a hanging drop
because different spindle-knotted fibers have distinct TCL
styles. When a water drop tends to depart from one single
knot, the TCL is composed of one half-ellipse and two lines, as
shown in Fig. 9a. The length of TCL can be estimated as:**

L~ {1/2]2nb+4(a—Db)] +2b} +2(m —a) =2m +nb

where, 2a and 2b denote as the length and height of the
spindle-knot, respectively, and m is the contact length between
the fiber and the drop. When a water drop tends to depart
between two spindle-knots, the TCL is composed of two half-
ellipses and two lines, as shown in Fig. 9b. Then the length of
the TCL can be estimated as:**

L~{1/2[2nb; + 4(ay — b1)] + 2b1}
+{1/2[27by + 4(ay — by)] + 2b,}
+ Z(m —ay — Clz) =2m+ Tt(b1 + bz)

where, 2a; and 2a, and 2b; and 2b, denote the length and
height of the two spindle-knots, respectively. In the case of
multi-scale spindle-knots with small spindle-knots as a bridge
to settle the water drop, the length of the TCL increases evi-
dently, as shown in Fig. 9c. Similarly, the length of the TCL
can be written as:**

LzZern(bl +b2)+2(7§-2)(b3+b4+b5+b6+b7)

where, 2b3, 2b,, 2bs, 2bs and 2D, are the height of the small
spindle-knots. Ideally, if the water drop is collected on two or
more identical neighboring spindle-knots, as shown in Fig. 9d,
the length of the TCL can be expressed as:*?

L=2(n—1)m+2b(nt —n — 2n+4)

where, n is the number of multiple identical spindle-knots (1 > 2).
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(a) Illustration of water collection on one spindle knot of a bioinspired fiber. (b) Illustration of water collection on two spindle knots of a

bioinspired fiber.’* (Copyright 2012, American Chemical Society). (c) Illustration of solid—liquid lines when a water drop detaches from the surface of
two large spindle knots.®* (Copyright 2012, Royal Society of Chemistry). (d) Schematic diagram of the TCL for a water droplet detaching from N

spindle knots of a cavity-microfiber.®®
VCH).

4.7 Hanging ability

When the drop increases to a critical volume, its hanging
ability can be interpreted as a balance between capillary force
and the gravity of the drop. A criterion was derived to gauge
the drop volume by examining the interplay of surface force
and gravity. The component force of surface force in the verti-
cal direction can be expressed as:**

Fc =yLcos@sina

where, 7 is the surface tension of water, L is the length of the
TCL, 0 is the apparent contact angle on the fiber surface and a
is the off-axis angle. The gravity of the drop can be easily
understood as Fg = pgv, where p and v are the density and
volume of the drop, respectively, and g is the gravity accelera-
tion. Equating the component force of surface force and the
gravity, Fc = Fg, the volume of the drop is related to the appar-
ent contact angle, the length of TCL and the off-axis angle as
follows:?*%°

cos 6
r L
rg

V=

naoa

When the drop exactly departs from the fiber, sin a is very
close to 1. If we do not consider the effect of sina, the
maximal volume of drop can be simplified as:**°°

cos 60
4 L
rg

=
For different hanging models, the lengths of the TCL can

be described as above. If we take the length of the TCL in the
function, we can get the specific maximal volume.
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(Copyright 2017 Nature). (e) Force analysis of the water drop on two adjacent fibers.°® (Copyright 2016, Wiley-

4.8 Intersectional configuration

Natural water-collection phenomena depend on the contri-
bution from both the water-collection behaviors of a single
fiber and the interplay between fibers. As shown in Fig. 9e, for
a drop on two fibers, the resultant force on the vertical direc-
tion of the fibers is 0. The only driving force arises from the
liquid—gas interfacial tension on the two opposite of the drop.
The difference on the two ends makes the drop move towards
the crossing site. The driving force can be described as:**%®

F = 20y 4l[cos(0 — a) — cos(0 + )]

where, 014 is the liquid-gas interfacial tension of the drop, [ is
the length of the contact line between the drop and the fiber, 0
is the apparent contact angle on the fiber and « is the half
angle between two adjacent fibers. The constant difference of
interfacial tension drives the drop to move along the fibers
until it is deposited in the crossing site. Considering that the
shape of the water drop is almost ellipsoid with one long
radius and two equal short radii, the final location of the drop
where the driving force equals to 0 can be described as:*®

3V\i1
r=(—|)-
an ) a

where r is the distance between the water drop and the inter-
section of two fibers and V is the volume of the water drop. It
is worth noting that the driving force leads to the drop moving
away from the knots when the coalesced drop moves to the
intersection.
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5. Water collection ability

In nature, spider silk has the ability to collect water owing to
its distinctive structure. The structure of its spindle-knot over-
comes the water hysteresis resistance and achieves directional
water transport and coalescence.’®'°® Consequently, water dro-
plets can condense on its fiber, and the macroscopic water-col-
lection effect can be observed by the integration of these
fibers. Recently, researchers have developed several methods
to fabricate spindle-knot fibers inspired natural silks and
investigated their performances. Here, we discuss the factors
affecting the water collection in bioinspired spider silks and
their water collection abilities in detail for a better view of the
development of water collection materials. In further studies,
the growth of water droplets on a single fiber was
discussed.’®'®* As shown in Fig. 10a, the chosen knot was
~41.9 pm in height and ~128.2 pm in width. At a low fog flow
(~25 em s7Y), the spindle knot collected ~0.83 nL water within
~7.2 s, which was almost 15 times its volume and the water
collection rate was ~6.92 nL min~" per knot. At the middle
(~75 ecm s7') and high (~100 cm s™') fog flows, the spindle-
knot collected ~0.8 nL water within only 3 s and 2 s, which are
equivalent to ~16 nL min~' and ~24 nL min ™' per knot,
respectively. To clarify the water-collection ability of the
spindle-knot, four fibers with different sizes were investigated.
When the average volumes of the spindle-knots were 0 nL,
0.03 nL, 0.08 nL and 0.12 nL, the collection velocity increased
with the size at a fog flow of ~75 cm s™". As shown in Fig. 10b,
the fiber with 0.12 nL spindle-knots collected almost 35 nL
water at 12 s and the water collection rate reached 43.75 nL

Tow fog flow
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Fig. 10 (a) Water collection ability of a typical spindle-knot (~41.9 um
in height and ~128.2 ym in width) under low (~25 cm s7%), middle
(~75 cm s7Y), and high (~100 cm s™) fog flow velocities. (b) Water col-
lection ability of bioinspired artificial spider silks is compared under a
fog flow with a velocity of ~75 cm 5158 (Copyright 2011, Wiley-VCH).
(c) Amount of water collected by the membrane increased versus spray
time. (d) Comparison of collection efficiency between PLLA membrane
and PVA membrane.®® (Copyright 2016, Wiley-VCH).
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min~" per knot. This indicates that microfibers with larger
spindle-knots are significant in water-collection.

Besides the diversity induced by size factor, water-collection
ability is also corelated with wettability, structure, topography
and external factors. The wettability of spindle-knots and
joints can be designed by applying different polymer materials,
while smooth and rough structures can be tuned in the solvent
atmosphere.®® In recent research, a smooth hydrophilic
surface presented a high water-nucleation density and high
coalescence rate compared with a smooth hydrophobic
surface.'®® However, there is another situation, the discrepancy
in wettability arising from roughness. In a superhydrophobic
fiber, the surface presents a higher water-nucleation density
and higher shedding rate than the hydrophilic surface.
Besides, the water drops tend to pin on the hydrophilic
surface.’® In the first case, the high coalescence rate orig-
inates from the clamshell shape of the drops, giving rise to a
%% In the second case, the higher
nucleation density on the superhydrophobic fiber may arise
from its large nucleation area. Natural silk exhibits
hydrophilic spindle-knots and less hydrophilic joints, which
create a surface energy gradient and difference in Laplace
pressure. Both high nucleation density and high coalescence
rate have important roles in water-collection. Thus, the surface
wettability and structure are significant for water-collection
efficiency.

For a single fiber, it is beneficial to study and discuss its
structure and properties. Extending single fibers to two-dimen-
sion membranes will induce macro-characteristics and inter-
play among fibers. In a recent study, a multi-scale structured
membrane composed of hydrophobic poly-i-lactic acid (PLLA)
fibers with a radiate distribution was reported.”® The mor-
phology of the micrometer-sized bead exhibited nanoscale
roughness, which magnified the difference in Laplace
pressure. Besides, the macroscopic effect could be magnified
by arranging the fiber to form an orderly distribution. Thus,
the membrane could achieve highly efficient water-collection
ability by integrating millimeter-, micrometer- and nanometer-
scale structures. In order to evaluate the macroscopic water-
capture capacity of the fibrous membrane, it was deposited
under an ultrasonic humidifier at 60 cm™ s* fog velocity.
Introducing the intersectional configuration, micro-water
drops were deposited on the beaded fibers and then trans-
ported to the center of the membrane. The relationship
between the capacity of collected water and the spray time is
shown in Fig. 10c. The maximum value of captured water was
0.39 g and the average water collection rate was 195 uL min™".
Compared with the hydrophilic PVA membrane, the hydro-
phobic PLLA membrane exhibits a high water collection
efficiency, as showed in Fig. 10d. This phenomenon originates
from the low adhesion effect of drops, causing a high water-
shedding rate. The intersectional configuration makes the
surface hydrophobicity dominate in the water-collection
process. Thus, the evaluation of microscopic and macroscopic
water-collection abilities is beneficial for constructing
advanced water-collection materials and devices.

large area coverage.
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6. Conclusions

Herein, we reviewed the natural spider silk and the recent pro-
gress on bioinspired fibers for water-collection application.
The silk from the Uloborus walckenaerius spider exhibits excel-
lent water collection performances due to its wet-rebuilding
features. The regenerated structure composed of spindle-knots
and joints induces the spontaneous transport of droplets,
which arises from the surface energy gradient and difference
in Laplace pressure. Based on this characteristic, bioinspired
fibers have been fabricated via the electrodynamic method,
dip-coating method, microfluidic method and fluid-coating
method. The electrodynamic method has been developed into
a major technique to combine wet-assembly and coaxial
electrospinning, which can integrate diverse materials for the
construction of hetero-structured fibers. The dip-coating
method is a facile strategy to generate spindle-knot fibers due
to the Rayleigh instability principle, but this method has the
disadvantage of discontinuity. Multilayer and digitally tunable
structures can be designed by the microfluidic method and
both the microfluidic and fluid-coating methods can fabricate
large-scale and continuous fibers, enable exertion in practical
application.

Besides, we focused on the water-collection mechanisms
and evaluation of water-collection ability. The directional
transport of droplets on spindle-knots arises from the coexist-
ing effect of surface energy gradient, difference in Laplace
pressure and hysteresis resistance. In addition, the “slope”
effect and “curvature” effect generate a high energy barrier to
effectively prevent the TCL from receding, while the estimation
of the TCL length is a strategy to calculate the maximum
volume of hanging drops. Macroscopically, the intersectional
configuration facilitates the transport of droplets towards the
crossing sites among fibers. However, the abilities of conden-
sation, coalescence and shedding are corelated with size, wett-
ability, structure, topography and external factors.
Furthermore, evaluation of water-collection ability on the
microscopic and macroscopic scales facilitates the design of
water-collection materials and devices with high performance.
The exploration of the mechanisms of water collection and the
fabrication of bioinspired fibers will help researchers to make
progress in water collection, tissue engineering, oil-water sep-
aration and biosensors.
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