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Surfaces Inspired by the Nepenthes Peristome for
Unidirectional Liquid Transport

Pengfei Zhang, Liwen Zhang, Huawei Chen,*

The slippery peristome of the pitcher plant Nepenthes has attracted much
attention due to its unique function for preying on insects. Recent findings on
the peristome surface of Nepenthes alata demonstrate a fast and continuous
unidirectional liquid transport, which is enabled by the combination of a
pinning effect at the sharp edges and a capillary rise in the wedge, deriving
from the multiscale structure, which provides inspiration for designing and
fabricating functional surfaces for unidirectional liquid transport. Develop-
ments in the fabrication methods of peristome-inspired surfaces and control
methods for liquid transport are summarized. Both potential applications in
the fields of microfluidic devices, biomedicine, and mechanical engineering

and directions for further research in the future are discussed.

1. Introduction

Many natural systems have evolved into functional surfaces to
achieve water transport for survival,'"1% for example, the back
of desert beetles,!!l shorebird beaks,®! spider silk,”! and cactus
spines.lf Without energy input, these biological surfaces can
harness the movement of water through their unique struc-
tural features and chemical composition,''~3] which gives
inspiration for designing and fabricating functional surfaces
and materials with wide applications in fields including anti-
fogging and fog-collection,* 1% microfluidic devices,!'-2!!
lubrication,?23 and liquid transport.?*2’] One-dimensional
materials for unidirectional liquid transport, inspired by spider
silk and cactus spines, have attracted major research interest
in the last few years.®28 The developed fabrication and func-
tionalization methods make great contribution to their practical
applications.?-33] However, the diversity and development of
two-dimensional surfaces for liquid transport have gradually
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encountered  bottlenecks.B3  Liquid

transport on surfaces with chemical pat-
terns or gradients, inspired by desert
beetles etc., is confined to a small ampli-
tude with a slow moving speed.3+40-42
The design and fabrication of functional
surfaces with fast and continuous liquid
transport ability has received increasing
attention.

The  carnivorous  pitcher  plant,
Nepenthes, can capture insects to meet
their fundamental nutrient needs through
their peristome.*3* The peristome can
be completely wetted by water and then
form a slippery liquid film, which induces
insects to “aquaplane” on it.**! This gives
inspiration for designing well-known slippery surfaces.*o->1
Recently, it was found that the liquid-film formation was
caused by continuous water transport on the peristome.l' The
multiscale surface structure of the peristome can optimize and
enhance capillary rise along the spreading direction, and results
in fast water transport. In the reverse direction, however, water
flow is pinned in place by the sharp edges. Herein, we will
briefly review the progress in studies on surfaces inspired by
the Nepenthes peristome, mainly introducing the developed fab-
rication methods, control over the unidirectional liquid trans-
port, and their potential applications.

2. Unidirectional Water Transport on the
Peristome of Nepenthes alata

The slippery peristome of Nepenthes (Figure 1a), completely
wetted by water, has been considered as the source of the insect-
capture function. However, the question of how the water flows
and then forms a uniform liquid film on the peristome has
long been neglected. A recent study demonstrated that there is
a unidirectional water-transport process after a water droplet is
dropped on the peristome surface.'” The unidirectional trans-
port enables the droplet to form a uniform liquid film, which
contributes to the slippery function. This unique fluid flow is
caused by the multiscale structure. There is a two-order hier-
archy of parallel microgrooves, with about ten second-order
microgrooves scattering along the first-order microgrooves
(Figure 1b,c). Along the second-order microgrooves, there are
many anisotropic overlapping and arch-shaped microcavities,
with the tops of the arches pointing toward the outer side. The
microcavity is closed and has a sharp arc-shaped edge (approxi-
mately 2° to 8°). Besides, the sides of each microcavity form
a gradient wedge angle (approximately 90° at the bottom of

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED

ADVANCED
MATERIALS

SCIENCE NEWS

www.advancedsciencenews.com

Outer side

Inner side

www.advmat.de

Outer side

=

Figure 1. a) Optical images of a pitcher of Nepenthes alata (left) and its cross-section (right). b,c) SEM image of the peristome surface and its magni-
fied image showing two-order microgrooves and periodic duck-billed microcavities scattering along the second-order microgroove. The arrow in (b)
shows the direction toward the inner side. d) Three-dimensional illustration of the water-transport process. A strong water rise induced by the gradient
wedge of the overlapping microcavities results in continuous water transport toward the outer side. Water pinning at the sharp edge prevents water
flowing toward the inner side. Reproduced with permission.['%l Copyright 2016, Nature Publishing Group.

the microcavity to roughly 28° at the top). In conjunction with
the superhydrophilicity, which itself has no power to drive the
liquid flow unidirectionally but is necessary, these structural
features result in unidirectional water transport.

The unidirectional transport can be explained from two
aspects, that is, toward the inner side and toward the outer side.
Because of the sharp edge of the microcavity, according to the
Gibbs' inequality,® the water spreading toward the inner side
tends to be pinned at the edge. Toward the outer side, contin-
uous water transport is generated by the overlapped filling of the
microcavities. For water filling in a specific single microcavity, an
enhanced capillary rise, a gradient Taylor rise,’>** induced by
the gradient wedge corner of the microcavity, contributes to the
fast liquid flow.>>8 The water firstly quickly spreads along the
wedge, then pushes out the air, and finally converges at the front
of the microcavity. The overall continuous unidirectional water
transport is illustrated in Figure 1d. Water pinning at the sharp
edge prevents wetting from proceeding toward the inner side.
Sequential filling of each microcavity achieves continuous water
transport.

The highlights of this unique liquid transport movement are
not only its unidirectional transport on the superhydrophilic
surface, but also its utilization of the gradient Taylor rise to
form fast transport, with a speed that is much greater than that
reported in a previous study.**l Inspired by these results, func-
tional surfaces with the same structures as the peristome or

Adv. Mater. 2017, 29, 1702995

1702995 (2 of 7)

peristome-mimetic structures can be designed and fabricated to
achieve fast unidirectional liquid transport.

3. Fabrication of Peristome-Inspired Surfaces

3.1. Replica Molding Method

To fabricate a surface with the same structural features as the
natural peristome is a short-cut to achieving fast and continuous
unidirectional liquid transport. The replica molding method
is an ideal choice.’” Directly using the natural peristome as a
template, an artificial poly(dimethylsiloxane) (PDMS) peristome
can be obtained by two steps of replication (Figure 2a).) The
artificial peristome has multiscale and three-dimensional struc-
tures of two-order microgrooves and overlapping microcavities,
just like the natural peristome (Figure 2b,c). Fast, continuous,
unidirectional liquid transport is successfully reproduced on the
PDMS peristome when the liquid completely wets the surface.
It is worth noting that a freezing process to decrease the surface
stickiness of the casting material of PDMS should be performed
before peeling the negative replica off the natural template; other-
wise, the protruding structures on the negative replica would have
severe deformation, which can result in the loss of the structural
features. The major limitations of the replica molding method
are the small size and curved shape of the final formed surface.
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Figure 2. a) Schematic of replica molding method. b,c) SEM image of an artificial peristome surface by replica molding and its cross-section view.
Reproduced with permission.!®% Copyright 2017, American Chemical Society. d) Schematic of stereolithography method. e,f) SEM image of peristome-
mimetic surface by stereolithography and its cross-section view. Reproduced with permission.ll Copyright 2016, Wiley-VCH. g) Schematic of the photo-
lithography method. h,i) SEM image of peristome-mimetic surface by photolithography and its cross-section view. Reproduced with permission.[s3l

Copyright 2017, Royal Society of Chemistry.

Although its structure is the most ideal, the surface cannot be
adjusted, which greatly limits the potential applications.

3.2. Stereolithography Method

To widen the application fields of peristome-mimetic surfaces,
it is crucial to fabricate complicated three-dimensional struc-
tures on a large-area surface with an arbitrary shape on demand.
Recently developed high-resolution stereolithography makes it
possible (Figure 2d).[) By extracting the structural parameters of
the peristome structure, its three-dimensional data model is built.
After inputting the data into the Stereolithography instrument, a
biomimetic surface with a similar morphology to the peristome
can be fabricated directly, as shown in Figure 2ef. By changing
surface energy of the biomimetic surface, liquids with different
surface tensions and viscosities show unidirectional transport on
the surface. This fabricated structure is bigger than that on the
natural peristome and is favorable to be used for investigating the
liquid-wetting mechanism on the structure by X-ray microscopy.
In addition, three-dimensional materials with peristome-mimetic
structures can be fabricated using this method, and this provides
a new way of expanding its application areas such as microfluidic
devices, high-resolution printing, and so on.

3.3. Photolithography Method

In fact, unidirectional water transport is mainly determined by
the overlapping microcavities, together with the second-order
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microgrooves. It is also possible to achieve unidirectional
liquid transport by fabricating simplified structures. We pro-
posed a two-step UV photolithography method to fabricate the
biomimetic surface with an inclined pit array along the micro-
grooves (Figure 2g).[263 First, an inclined pit array is fabricated
by adjusting the UV source with an inclined incident angle
through the arc patterns on the mask. Second, overlaid micro-
grooves with the same width as the pit array are fabricated by
a second photolithography (Figure 2h). The prepared pit has an
arc-shaped edge, which favors liquid pinning. The inclined side
surface forms a wedge corner with the bottom surface of the
pit and contributes to water spreading (Figure 2i). Thus, these
anisotropic structures produce asymmetric liquid wetting and
can harness the liquid to spread unidirectionally. Due to the
controllability and high precision of this method, the prepared
surface shows a great application potential in the field of micro-
fluidic devices.

4. Control of Unidirectional Liquid Transport on
Peristome-Inspired Surface

4.1. Intrinsic Wettability

It is worth noting that unidirectional liquid transport can be
achieved by fabricating peristome-inspired surfaces using dif-
ferent methods, but how to control the liquid flow is also cru-
cial for practical applications. The relationship between the
unidirectional liquid transport and the surface wettability has
been revealed by adjusting surface energy and liquid surface
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Figure 3. a) Final states of water spreading on PDMS peristomes with different surface energies (corresponding to the different intrinsic contact
angles marked below), which shows that the water-spreading ability decreases with increasing intrinsic contact angle. Reproduced with permission.[6%
Copyright 2017, American Chemical Society. The black arrow in (a) indicates the direction toward the outer side of the peristome. b) The final states
of spreading of liquid ethanol on peristome-mimetic surfaces with different arc edge curvatures. Unidirectional liquid spreading occurs on a surface
with an ellipse arc edge, and the spreading distance increases with the increase of the semi-major axis. Reproduced with permission.l®3l Copyright

2017, Royal Society of Chemistry.

tension.l% Artificial PDMS peristomes with different surface
energies, corresponding to different intrinsic contact angles,
are obtained by changing storage time in air after O,-plasma
treatment. Water-spreading experiments demonstrate that the
unidirectional transport ability decreases with the decrease
of surface energy (Figure 3a). Liquids with different surface
tensions are obtained by choosing different ethanol aqueous
solutions, and spreading experiments show that the unidirec-
tional transport ability increases with the decrease of the sur-
face tension. From the perspective of intrinsic wettability, these
two experiments show the same result, that the unidirectional
liquid-transport ability decreases with the increase of intrinsic
contact angle, and they also have a similar threshold for uni-
directional liquid transport, i.e., an intrinsic contact angle of
62-65°, approximately corresponding to the newly defined
critical angle of 65°.4% These findings are also found for
other Nepenthes-inspired surfaces.®” For example, on the per-
istome-mimetic surface fabricated by stereolithography, liquid
ethanol and FC-72, which have intrinsic contact angles below
62-65° on a PDMS surface, show unidirectional liquid trans-
port. Ethylene glycol, however, with an intrinsic contact angle
of about 73° on a PDMS surface, does not show unidirectional
transport. Thus, by tuning the intrinsic wettability of liquids on
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peristome-inspired surfaces, unidirectional liquid transport can
be controlled.

4.2. Adjusting Structures

For a fixed surface with specific intrinsic wettability, adjusting
the structures is another method to control the liquid trans-
port. By investigating liquid spreading on the inclined pit
arrays in the microgrooves, it was found that two structure
parameters of arc edge curvature and wedge angle greatly
impact the liquid transport.%’] As shown in Figure 3b, for a
specific wedge angle of 50°, nearly no unidirectional liquid
transport occurs with the straight edge (S) and circle arc edge
(C); however, unidirectional liquid transport occurs with the
ellipse arc edge (E). In addition, the unidirectional liquid
transport ability increases with the increase of curvature. For
a specific ellipse arc with a semi-major axis length of 190 pm
(E190), the unidirectional liquid transport decreases with the
increase of wedge angle, and liquid spreading toward the rear
direction tends to be more and more evident when the wedge
angle increases to above 70°. Therefore, it is concluded that
the speed and distance of the unidirectional liquid transport
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Figure 4. Schematics of potential applications of peristome-inspired surfaces. a) Channels with peristome-mimetic structures can be used for long-
distance liquid transport, with potential in agricultural drip irrigation. b) Tubes with a peristome-mimetic inner surface make nonpowered delivery of
microdrugs possible. c¢) Controllable unidirectional liquid transport of peristome-inspired surfaces may achieve self-lubrication, with wide applications
in mechanical engineering, such as the self-lubrication of cutting tools. d) Peristome-mimetic structures with anisotropic liquid flow may find applica-

tions in microfluidics.

can be controlled by changing the inclined pit structure in the
microgrooves.

5. Applications of Peristome-Inspired Surfaces

Previous studies of surfaces inspired by the Nepenthes peri-
stome have mainly focused on structure fabrication and the
control method. The mentioned applications were based on
the straightforward unidirectional liquid-transport ability of the
prepared surfaces. For example, peristome-mimetic surfaces
were fabricated on a three-dimensional elevated spiral, and
then the surface could transport the liquid upward.l!] These
results demonstrate that peirstome-inspired surfaces have the
potential for liquid transport on an inclined surface. For further
applications, the surfaces have the potential to transport water
for agricultural drip irrigation over a long distance (Figure 4a).
If peristome-inspired structures are prepared on the inner wall
of a tube, the tube will have the potential to transport liquid
in a closed environment, implying applications in biomedicine
such as in nonpowered delivery of microdrugs (Figure 4b).l%!
Besides, because the liquid-transport ability can be controlled by
manipulating the surface wettability, smart peristome-inspired
surfaces can be prepared by constructing stimulus-responsive
materials on the surfaces.’%%7:8] This will result in a control-
lable liquid flow on the surface, showing wide applications in
mechanical engineering, including in controllable self-lubrica-
tion (Figure 4c), and heat or mass transfer.’”! In addition, one
of the important applications of peristome-mimetic structures
could be in microfluidics,”" and the unidirectional liquid trans-
port on the biomimetic structure in channels could be used
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for smart and controllable microfluidic devices (Figure 4d), for
example, the lab-on-a-chip. The developed preparation and con-
trol method have constructed the platform for further research
in applications, and its huge potential should be delivered in
the near future.

6. Conclusions and Outlook

Here, we give a brief overview of the recent progress in the
field of Nepenthes-peristome-inspired surfaces for unidirec-
tional liquid transport. The finding of continuous water trans-
port forming a slippery liquid film on the peristome surface
of Nepenthes alata gives a new way to design two-dimensional
surfaces to achieve fast unidirectional liquid transport. The
multiscale structure of the peristome can be fabricated by sev-
eral methods including replica molding, Stereolithography, and
photolithography. By manipulating the wettability between the
liquid and the surface and by changing the structure param-
eters, the unidirectional liquid transport can be successfully
controlled. These recently developed fabrication and control
methods for surfaces inspired by the Nepenthes peristome will
have wider applications in the fields of microfluidic devices,
biomedicine, mechanical engineering, and agriculture.

In addition, spontaneous liquid unidirectional transport
makes it possible to achieve the dynamic formation and control
of a sliding liquid layer, known as slippery surfaces, which are
well-developed in recent years, and constructs a bridge between
the liquid transport and the slippery surfaces. As a result, this
new strategy will be able to be applied to a wide range of inter-
faces between liquids and solid materials in the future. With
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the help of the enormous development of smart-responsive
interfacial materials, researchers nowadays have greater oppor-
tunities to devise drop-motion-manipulation systems with
smart-responsive properties. We envision that the future of
liquid-unidirectional-motion systems will be promoted to a
direction with biocompatible, smart, features integrated with
multiple functions.
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