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7.1   Introduction
in this chapter, we review the fabrication and application of patterned super-
hydrophobic surfaces developed in recent years. We focus on how the prop-
erties and functionalities arising from patterns of superhydrophobicity 
combined with other surface properties, such as superhydrophilicity, on a 
substrate can be utilized for a range of diverse and interesting applications. 
the typical methods for creating uniform superhydrophobic surfaces are not 
always applicable for creating surfaces with patterns of wettability due to the 
complexity arising from the need to spatially impart different chemistry or 
morphology in specific locations on the surface.

the development of surfaces with patterns of wettability is being actively 
explored and various practical applications have already been realized, often 
through inspiration from nature, with the potential for many more. nature 
has designed surfaces with patterns of varying wettability that are import-
ant, for example, for the survival of insects and plants. desert beetles have 
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both wettable and non-wettable regions on their backs. they collect water 
from fog by nucleation on the non-waxy hydrophilic peaks until the water 
droplet grows to a critical size and then rolls down the waxy hydrophobic 
bumps.1 Many groups have fabricated patterned superhydrophobic surfaces 
to try to mimic the beetle’s ability to capture water from humid air.2–6 the 
carnivorous Nepenthes pitcher plant also has regions of hydrophilicity and 
hydrophobicity to help it capture its prey.7 the unique slippery, liquid, and 
self-restoring nature of the inside surface of the Nepenthes pitcher plant has 
inspired a relatively new class of surfaces termed slippery liquid-infused 
porous surfaces (SlipS) that have already been developed for diverse applica-
tions such as anti-biofouling and anti-icing.8

these examples of wettable, non-wettable, and patterned surfaces that 
occur in nature can inspire new surface designs for real-world applications. 
in this chapter, we focus on some of the practical advantages that arise from 
the difference in wettability between wettable and non-wettable regions  
patterned on a surface: (a) wettability patterns can form surface tension- 
confined microchannels; (B) superhydrophobic regions in a Cassie–Baxter 
state can control bioadhesion on surfaces; (C) discontinuous dewetting can 
passively dispense aqueous solutions into wettable regions surrounded by a 
non-wettable background; (d) the shape and positioning of liquid droplets, 
particles, or microchips can be easily controlled; and (e) droplets of liquid 
can be efficiently collected by directing the flow of droplets. recent methods 
for creating surfaces with patterns of wettability and their specific applica-
tions are discussed.

7.2   Fabrication of Surfaces with Patterned 
Wettability

a variety of methods are available to fabricate or tune the chemistry and mor-
phology of surfaces to produce various wettability characteristics. however, 
creating surfaces patterned with combinations of extreme wetting proper-
ties, such as superhydrophilicity and superhydrophobicity, that are robust, 
stable, and relatively easy to fabricate is still challenging and being actively 
explored. in this section, we present some of the methods used to create sur-
faces with patterned wettability.

7.2.1   UV Light Irradiation
takai and coworkers fabricated patterned surfaces by exposing superhy-
drophobic surfaces to Uv light to transform the treated regions to super-
hydrophilic.9 Superhydrophobic films were deposited on glass plates or Si 
wafers by microwave plasma-enhanced chemical vapour deposition (Cvd) 
of a trimethylmethoxysilane and ar gas mixture. then, Uv light with a wave-
length of 172 nm was irradiated on the substrate for 30 min through a pho-
tomask to decompose the methyl groups to create superhydrophilic regions. 
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the process resulted in an irregular surface topography composed of granu-
lar particles and nanoscale pores on the order of a few hundred nanometers 
in diameter, which contributed to the superhydrophobicity. the static (θst), 
advancing (θadv), and receding (θrec) water contact angles of the superhydro-
phobic surface were 155°, 157°, and 153°, respectively. the θst of the superhy-
drophilic surface was 0°.

7.2.2   Phase Separation and UVO Irradiation
Mano and coworkers used a phase separation method to transform smooth 
hydrophobic polystyrene (pS) surfaces to rough superhydrophobic sur-
faces, followed by Uv/ozone (UvO) irradiation to create superhydrophilic 
patterns on the surface.10–13 the detailed procedure described here is from 
Oliveira et al.11 a solution of pS (70 mg ml−1) in tetrahydrofuran (thF) was 
prepared, and then ethanol (100% v/v) was added to the pS/thF solution at 
a ratio of 1.35 : 2 (v/v). a few drops of this mixture were applied to smooth 
pS surfaces of 0.25 mm thickness for 5 s, after which the excess mixture 
was removed and the substrate immersed in ethanol. the substrates were 
dried at room temperature, and the resulting random nano- and micro-
structures created an average surface roughness of 13 µm and transformed 
the surface to superhydrophobic. the rough pS surfaces had a θst of 151°. 
to create superhydrophilic–superhydrophobic patterned surfaces, the 
rough superhydrophobic pS surfaces were modified by UvO irradiation 
through a hollowed mask for 18 min to create superhydrophilic regions 
with a θst of 0°.

7.2.3   Hydrophilic–Superhydrophobic Black Silicon Patterned 
Surfaces

Chang and coworkers used single-side-polished silicon wafers as sub-
strates to fabricate patterned hydrophilic–superhydrophobic surfaces.14 
First, 700 nm of silicon dioxide (silica) hard mask material was deposited 
onto the silicon wafer using plasma-enhanced Cvd, and then standard 
photolithography with positive tone resist was used to spin and pattern 
a photoresist (aZ5214e) on top of the silica layer. the photoresist served 
as a mask for the hydrophilic sites while the unmasked silica was etched 
in buffered hydrofluoric acid, and then the photoresist was removed in an 
acetone bath. next, black silicon was formed by the method of cryogenic 
inductively coupled plasma (SF6/O2) reactive ion etching and consisted of 
a random array of vertical nanospikes that contribute to the antireflective 
properties of black silicon.15 lastly, a thin layer (∼50 nm) of a low surface 
energy fluoropolymer was deposited using ChF3 in a reactive ion etcher, 
and was then lifted off from the hydrophilic sites in buffered hydrofluoric 
acid. this method resulted in hydrophilic sites patterned on a superhydro-
phobic black silicon surface.
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7.2.4   UV-Initiated Free Radical Polymerization and 
Photografting

polymer substrates are advantageous because of the diversity in chemical 
composition, surface and bulk properties, and processing techniques that 
are possible.16,17 photoinitiated polymerization and grafting allows precise 
control over where porous polymers, or monoliths, are formed and where 
surface modification takes place by irradiating specific locations with Uv or 
visible light.

Methods based on Uv-initiated free radical polymerization and surface 
grafting have been used to create superhydrophilic and superhydrophobic  
porous polymer films using different monomers and porogen ratios to control 
the bulk chemistry, morphology, and porosity.18–27 the polymerization mix-
tures contained monovinyl and divinyl monomers, initiator, and a mixture 
of porogens that were required to generate porosity and surface roughness. 
the porous structures and globules introduced both micro- and nanoscale 
roughness to the material and could be easily tuned, without changing the 
chemistry, by changing the porogens while keeping the monomer content 
the same in the polymerization mixture.

levkin et al. introduced a method to produce superhydrophobic porous 
polymer films based on Uv- and thermo-initiated polymerization of alkyl 
methacrylates.18 han et al. and Zahner et al. polymerized a thin film of micro-
porous (1–4 µm pore size) superhydrophobic or nanoporous (100–200 nm 
pore size) hydrophobic butyl methacrylate crosslinked with ethylene dimeth-
acrylate (BMa-edMa) and then modified it with a hydrophilic monomer by 
Uv-initiated photografting through a photomask to create superhydrophilic 
micropatterns.19,20 positively charged, negatively charged, or neutral func-
tionality could be introduced into the superhydrophilic micropatterns.20 it 
is important to note that photografting occurred through the whole thick-
ness of the porous polymer matrix resulting in the formation of three-dimen-
sional, superhydrophilic, surface tension-confined microchannels.

auad et al. used the attributes of this BMa-edMa polymer film (the porous 
structure and the whole-thickness modification) to develop a simple method 
to rapidly create multiple superhydrophilic–superhydrophobic patterned 
substrates from a single template.24 each time adhesive tape was pressed 
onto the surface of a 125 µm thick BMa-edMa polymer film and then peeled 
off, a thin layer of the patterned polymer was transferred to the tape and 
could be used as a patterned substrate. this method allowed up to 12 copies 
to be produced from one polymer film, thereby saving significant time and 
expense in creating patterned substrates.

as an alternative approach to making superhydrophilic–superhydrophobic 
patterned polymer surfaces, Geyer et al., Ueda et al., and efremov et al. first 
prepared 12.5 µm thin, nanoporous, superhydrophilic poly(2-hydroxyethyl 
methacrylate-co-ethylene dimethacrylate) (heMa-edMa) polymer films 
by Uv-initiated free radical polymerization, which were then modified 
with 2,2,3,3,3-pentafluoropropyl methacrylate (pFpMa) by Uv-initiated 
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photografting through a quartz photomask to create superhydrophobic 
micropatterns with defined geometries (Figure 7.1).21–23,25,27 this method is 
fast, flexible with respect to the monomers that can be used, and enables 
large areas to be patterned at once.

7.2.5   Surface Patterning Via Thiol-yne Click Chemistry
photoinitiated click reactions have also been actively investigated for creat-
ing patterned surfaces due to their excellent spatial and temporal control 
over photochemical processes. thiol-yne reactions are particularly advanta-
geous because they can proceed efficiently and rapidly at room temperature 
and in the presence of oxygen or water, they do not require expensive or toxic 
catalysts, and they are compatible with a wide range of functional groups.

patton and coworkers used thiol-yne chemistry in conjunction with 
Uv lithography to create hydrophilic–hydrophobic patterned surfaces.28 
poly(propargyl methacrylate) brushes with “yne” functionalities were 

Figure 7.1    (a) Schematic of the fabrication of a superhydrophilic porous polymer 
film on a glass substrate by Uv-initiated free radical polymerization. (b) 
Schematic of the fabrication of a superhydrophobic grid-like pattern 
on the superhydrophilic surface by Uv-initiated photografting. adapted 
with permission from John Wiley and Sons ref. 21. Copyright © 2011 
Wiley-vCh verlag Gmbh & Co. kGaa, Weinheim.
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produced via surface-initiated photopolymerization and subsequently func-
tionalized with commercially available thiols.

Feng et al. also demonstrated the use of Uv-induced sequential thiol-yne 
click chemistry, but as an extremely fast and initiator-free approach to 
create superhydrophilic–superhydrophobic micropatterns (Figure 7.2).29 
Since the thiol-yne reaction could also be performed at room tempera-
ture in water, this method was able to produce surfaces patterned with 
peptides as well as a variety of reactive functional groups containing a ter-
minal thiol (e.g. Oh, nh2, or COOh). First, a 12.5 µm thin, porous (50% 
porosity, 80–250 nm pores) polymer layer of poly(2-hydroxyethyl methac-
rylate-co-ethylene dimethacrylate) (heMa-edMa) was prepared on a glass 
substrate.21 Second, the heMa-edMa layer was modified with 4-pentynoic 
acid through a standard esterification procedure to create an intermedi-
ate, reactive alkyne surface. the resulting porous polymer bearing alkyne 
groups was then functionalized via thiol-yne click reactions initiated by 
irradiation with 260 nm Uv light (12 mW cm−2) at room temperature to 
transform the surface to either superhydrophobic or superhydrophilic, 
depending on whether hydrophobic or hydrophilic thiols were used. the 
reaction proceeded extremely fast, requiring only 0.5 s of Uv irradiation 
in the presence of an initiator (2,2-dimethoxy-2-phenylacetophenone) and 
only 5 s without any initiator; no reaction occurred without Uv light. Func-
tionalization of the alkyne surface with cysteamine transformed the hydro-
phobic alkyne polymer (θst = 124°) into a superhydrophilic surface (θst = 
4.4°), whereas modification with 1-dodecanethiol or 1H,1H,2H,2H-perfluo-
rodecanethiol resulted in a superhydrophobic surface with θadv, θst, and θrec 
measured to be 171°, 169°, and 162° or 173°, 170°, and 164°, respectively. 
the porous structure of the heMa-edMa polymer layer resulted in a rough 
surface, which was proved to be an important feature for fabricating the 
superhydrophilic or superhydrophobic surfaces.

to create a surface with patterned wettability, the reactive alkyne surface 
was first modified with 5% (v/v) 1H,1H,2H,2H-perfluorodecanethiol in ace-
tone in specific areas by irradiation with Uv light through a photomask. after 
rinsing the substrate with acetone, the remaining non-irradiated, unmodi-
fied, reactive alkyne groups were subject to a thiol-yne reaction with 15 wt% 
cysteamine hydrochloride in an ethanol–water solution (1 : 1) without the 
need for a photomask during Uv irradiation. this resulted in a surface pat-
terned with both superhydrophilic and superhydrophobic properties, and 
pattern sizes as small as 10 µm could be produced.

Simply substituting the thiols with those of other functionalities during 
the sequential thiol-yne reactions can produce surfaces patterned with dif-
ferent chemistries. Since functionalization of the alkyne surface could be 
performed without an initiator in either apolar or polar solvents, including 
water, this allowed compatibility of the method with thiol-containing biomol-
ecules, such as proteins or peptides. this was demonstrated by patterning a 
peptide containing a terminal cysteine residue (fluorescein-β-ala-GGGGC) 
on the reactive alkyne-functionalized surface.
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Figure 7.2    Fabrication of superhydrophilic–superhydrophobic patterns via  
thiol-yne photo–click reactions. (a) Schematic representation of the 
thiol-yne photo–click reaction for creating superhydrophobic–super-
hydrophilic micropatterns using an alkyne-modified porous polymer 
layer as a substrate. Optical images of (b) superhydrophilic–superhy-
drophobic patterns filled with dye–water solutions; superhydrophobic 
gap between the two rings is 100 µm. (c) Superhydrophilic regions (light 
areas) separated by superhydrophobic gaps (dark areas) of different 
widths. (d) droplet-Microarrays formed by dipping the superhydropho-
bic–superhydrophilic arrays with different geometries into water. Wet-
ted parts become transparent (dark). Scale bars are 1 mm. reproduced 
with permission from John Wiley and Sons ref. 29 Copyright © 2014 
Wiley-vCh verlag Gmbh & Co. kGaa, Weinheim.
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7.2.6   Surface Functionalization Via Thiol-ene Reaction
li et al. introduced a surface modification method based on creating a supe-
rhydrophobic surface with reactive vinyl groups functionalized with either 
molecules bearing thiol groups through a Uv-triggered thiol-ene reaction 
or with molecules bearing disulfide groups through a Uv-triggered disul-
fide-ene reaction.30 they hypothesized that disulfides could react with 
alkenes in a similar way that thiols react with alkenes under Uv light since 
sulfenyl radicals can be produced from disulfides upon Uv irradiation. First, 
trichlorovinylsilane was polycondensed on a glass substrate to create thin, 
transparent, porous silicone nanofilaments (∼30–50 nm in diameter) bearing 
reactive vinyl groups that formed a photoactive, inscribable, non-wettable, 
and transparent surface (paintS). although no fluoro-containing function-
alities were present, the paintS was superhydrophobic with θst = 166° and 
a water contact angle hysteresis of ∼2°. high surface roughness of the sili-
cone filaments as well as the porosity of the bulk nanofilament film probably 
contributed to the superhydrophobicity. this method allowed paintS to be 
easily fabricated on 3d glass objects of complex shapes, such as the inside of 
a glass vial and the convex side of a watch glass, without compromising their 
transparency.

Both the thiol-ene and disulfide-ene reactions were used to modify paintS 
to create superhydrophobic–hydrophilic patterned surfaces. to demonstrate 
modification using the thiol-ene reaction, a paintS-coated glass slide was 
wetted with a 10% (v/v) cysteamine in ethanol solution and irradiated with 
260 nm Uv light (∼9 mW cm−2) for 15 s. this transformed the superhydro-
phobic paintS into a highly hydrophilic surface possessing a θst of ∼6°. if the 
Uv irradiation was done through a photomask, only the irradiated regions 
on the paintS became highly hydrophilic. the non-irradiated regions still 
possessed reactive vinyl groups that were then modified through another thi-
ol-ene reaction using 1H,1H,2H,2H-perfluorodecanethiol to create a superhy-
drophobic–hydrophilic patterned surface.

For modification through the disulfide-ene reaction, the paintS was wet-
ted with a 10% (v/v) 3,3-dithiodipropionic acid in ethanol solution and irra-
diated with 260 nm Uv light for 3 min. again, the superhydrophobic paintS 
was transformed into a highly hydrophilic surface with a θst of ∼5.1°. if a pho-
tomask covered the paintS during Uv irradiation, then a highly hydrophilic 
micropattern was formed on the superhydrophobic paintS.

7.2.7   Surface Functionalization Via UV-Induced  
Tetrazole–Thiol Reaction

Feng et al. introduced a versatile Uv-induced, tetrazole–thiol reaction that 
can be used for rapid catalyst-free polymer–polymer conjugation, efficient 
surface functionalization and patterning, and the functionalization of (bio)
molecules bearing periphery thiol groups.31 the method is based on 1,3- 
dipolar nucleophilic addition of thiols to tetrazoles, which when induced by 
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Uv light allows the reaction to proceed rapidly at room temperature with-
out a catalyst, with high yields, and in both polar protic and aprotic sol-
vents. Superhydrophobic–hydrophilic micropatterns were created using this 
method by sequentially modifying a tetrazole-functionalized porous polymer 
surface with hydrophobic and hydrophilic thiols.

First, a 12.5 µm thin, hydrophilic porous polymer film composed of 
poly(2-hydroxyethyl methacrylate-co-ethylene dimethacrylate) (heMa-
edMa) was created on a glass substrate.21 Second, esterification of the 
hydroxyl groups on the heMa-edMa surface by 4-(2-phenyl-2H-tetrazol-5-yl)
benzoic acid was carried out to transform the hydrophilic heMa-edMa sur-
face (θst = 5°) into a hydrophobic tetrazole surface (θst = 115°). then, sequen-
tial modifications of the tetrazole surface through Uv-induced tetrazole–thiol 
reactions were used to create patterns of wettability on the surface. the sur-
face was site-selectively modified with a 20% (v/v) 1H,1H,2H,2H-perfluoro-
decanethiol in ethyl acetate solution by irradiation with 260 nm Uv light (5 
mW cm−2) through a photomask for 2 min, and then subsequently modi-
fied with a 20 wt% cysteamine hydrochloride in 1 : 1 ethanol–water solution 
under Uv irradiation without a photomask. regions of the surface modified 
with 1H,1H,2H,2H-perfluorodecanethiol exhibited superhydrophobicity with 
θst, θadv, and θrec as high as 167°, 170°, and 161°, respectively, whereas regions 
modified with cysteamine hydrochloride transformed the hydrophobic tetra-
zole surface to hydrophilic (θst = 22°). patterns with feature sizes as small as 
10 µm were feasible using this method.

7.2.8   Surface Modification Through Polydopamine
in recent years, a novel, relatively simple, and versatile method for surface 
modification inspired by the adhesive ability of mussels has been actively 
researched and developed since it was first introduced by Messersmith, 
lee and coworkers.32 Small molecules containing catecholamine func-
tional groups, such as dopamine, are used as structural mimics of 3,4-dihy-
droxy-l-phenylalanine, a critical molecule found in adhesive proteins 
produced by mussels, and in situ oxidative polymerization of dopamine into 
a thin layer of polydopamine (pda) is used to coat and subsequently immo-
bilize molecules on surfaces.33,34 pda can be coated onto a wide variety of  
substrates such as ceramics, glass, metals, oxides, polymers, and silica. Sur-
faces can be functionalized in one step by simply coating the surface with 
a mixture of dopamine and the molecules to be immobilized at alkaline 
ph.35–38 polymerization of dopamine can also be controlled by exposure to 
Uv light, even in acidic and neutral conditions, which also allows micropat-
terns of polydopamine to be created.39 Further insight into applications of 
pda is provided in several in-depth reviews.40,41

lee and coworkers used oxidative self-polymerization of dopamine to 
transform superhydrophobic to hydrophilic surfaces, and created patterned 
surfaces by partially exposing the surface to a dopamine solution for 18 h 
through micromoulded capillaries.42 the superhydrophobic surfaces were 
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created by coating anodic aluminium oxide (aaO) membranes with fluo-
rosilane by gas-phase deposition. When the superhydrophobic aaO surfaces 
were immersed in a dopamine solution for 18 h, the surfaces changed from 
superhydrophobic to hydrophilic with a decrease in θst from 158.5 ± 2.8° to 
37.3 ± 2.6°. to fabricate superhydrophobic–hydrophilic patterned surfaces, 
an alkaline dopamine solution (2 mg ml−1) was injected into the microchan-
nels and incubated for 18 h to create hydrophilic line patterns 50 µm wide.

Wang and coworkers introduced a mask-free method for creating well- 
defined, superhydrophilic micropatterns on a superhydrophobic surface 
based on the use of a piezoelectric-based inkjet printer to dispense picolitre 
drops of dopamine solution directly onto the superhydrophobic surface, 
followed by in situ polymerization of dopamine to pda.43 the dopamine solu-
tion was optimized to achieve a Wenzel wetting state to maximize interaction 
between the dopamine and rough superhydrophobic surface, while also hav-
ing a high contact angle to precisely control the deposition of the droplet of 
dopamine solution on the superhydrophobic surface. in addition, to allow 
enough time for the oxidative self-polymerization of dopamine to take place, 
the surface tension as well as the vapour pressure of the aqueous dopamine 
droplets was reduced by adding water-miscible solvents with low surface ten-
sion (e.g. ethanol) or low vapour pressure (e.g. ethylene glycol) to induce a 
transition from a Cassie to a Wenzel wetting state and to prolong the time 
available for polymerization before evaporation of the droplet.

the superhydrophobic substrates were fabricated by spin-coating silica 
nanoparticles and pS granules (1–2 mm, MW 350 000) onto precleaned glass 
slides, calcination to fuse the silica nanoparticles together, and then coating 
with a semifluorinated silane of 1H,1H,2H,2H-perfluorooctyltriethoxysilane 
by Cvd. the superhydrophobic surface exhibited θst of approximately 157° 
and a sliding angle of <1°. to create the superhydrophilic micropatterns on 
the superhydrophobic surface, the printer cartridge was filled with a freshly 
prepared dopamine solution (5.0 mg ml−1) in a mixture of water, ethanol, and 
ethylene glycol (1 : 1: 1, v/v/v), and then the inkjet printer dispensed 10 pl 
droplets of the dopamine solution in predesigned patterns onto the super-
hydrophobic substrate at room temperature. the substrate was then stored 
in a sealed chamber at 50 °C for 36 h to allow the dopamine to polymer-
ize. the thickness of the pda coating was ∼45 nm and exhibited a θst of 0°. 
the smallest achievable feature size of the printed pattern was ∼50 µm. the 
pda patterns were stable for at least 1 year under ambient conditions, and 
could withstand flushing with water as well as with organic solvents such as  
acetone and ethanol.

7.2.9   Superomniphobic–Superomniphilic Patterned Surfaces
tuteja and coworkers developed superomniphobic–superomniphilic  
patterned surfaces that were compatible with aqueous as well as non-aqueous, 
low surface tension liquids such as oil and alcohol.44 Superomniphobic  
surfaces are characterized as both superhydrophobic and superoleophobic, 
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and similarly superomniphilic surfaces are characterized as both superhy-
drophilic and superoleophilic. Superomniphobic surfaces were fabricated 
by electrospinning solutions of 50 wt% 1H,1H,2H,2H-heptadecafluorodecyl 
polyhedral oligomeric silsequioxane (fluorodecyl pOSS) and poly(methyl 
methacrylate) (pMMa). Superomniphobicity was achieved due to the highly 
porous, re-entrant, bead morphology of the electrospun surfaces and the low 
surface energy of the fluorodecyl pOSS–pMMa blend. With both water and 
heptane, the surfaces exhibited θadv = 162° and low contact angle hysteresis 
Δθ = 2°. Superomniphilic surfaces (θadv = θrec ≈ 0° for water and heptane) were 
obtained by exposing the superomniphobic surfaces to O2 plasma, which 
most likely led to oxygen enrichment and simultaneous degradation of the 
fluorinated end groups in fluorodecyl pOSS. exposing the superomniphobic 
surface to O2 plasma treatment through a photomask resulted in patterned 
surfaces with superomniphilic regions on a superomniphobic background.

7.2.10   Amine-Reactive Modification of Superhydrophobic 
Polymers

lynn and coworkers presented a rapid and simple modification method based 
on printing an amine-containing “ink” on a superhydrophobic polymer layer 
to form superhydrophilic patterns.45 the amine groups in the ink covalently 
attached to the amine-reactive azlactone groups of the superhydrophobic 
polymer, which was fabricated by layer-by-layer assembly of poly(ethylene-
imine) (pei) and poly(2-vinyl-4,4-dimethylazlactone) (pvdMa). azlactone 
groups can rapidly react with primary amines through ring–opening reac-
tions in the absence of catalysts and without the generation of by-products. 
the superhydrophobic pei/pvdMa multilayers were modified through the 
whole thickness of the multilayer by d-glucamine (hydrophilic amine) and 
subsequently by n-decylamine (hydrophobic amine). First, a poly(dimethylsi-
loxane) (pdMS) stamp was used to contact print superhydrophilic glucamine 
spots (∼300 µm2) onto the pei/pvdMa substrates, and then the substrates 
were immersed in a decylamine solution for 1 h to render the non-reacted 
azlactone groups superhydrophobic and non-wettable. Superhydrophilic 
patterns could also be directly drawn on the surface using a homemade  
glucamine-ink pen or a glucamine-soaked thread.

7.2.11   Patterns of Reversible Wettability
the methods described so far for creating surfaces with patterns of wetta-
bility are basically irreversible. Creating patterned surfaces that can easily 
revert back to their unmodified state is useful for applications constantly 
requiring many templates or changes in design patterns, such as lithography.

Fujishima and coworkers made superhydrophilic–superhydrophobic  
patterned substrates using a mask-free method, which were ultimately used for 
offset printing.46 a rough, anodized al plate was coated with tiO2, modified 
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with octadecylphosphonic acid (Odp) self-assembled monolayers (SaMs) (θst 
≈ 154°), and patterned with Uv light-resistant ink by inkjet printing, which 
acted as a photomask. the surface was irradiated with Uv light to photocata-
lytically decompose the Odp SaMs not covered by ink and render the regions 
superhydrophilic. after the ink was removed by washing with water, a super-
hydrophilic–superhydrophobic patterned substrate was obtained. the whole 
substrate could be rendered superhydrophilic again by simply irradiating the 
surface with Uv light for 5 h. the whole process could be repeated again from 
the Odp modification to generate another patterned surface.

Chi and coworkers also demonstrated that patterns of wettability on a 
superhydrophobic surface could be alternately generated and then erased 
when using an alcohol-based ink.47 additionally, the superhydrophobic 
regions could be reversibly adjusted between a sticky or sliding behaviour 
of droplets on the surface. an electrochemical anodizing process was used 
to fabricate a surface composed of vertically aligned and uniformly dis-
tributed tiO2 nanotubes of 100 nm outer diameter and 400 nm length. 
Water on the tiO2 nanotube array (tna) film rapidly spread and wetted the  
surface, but after modification with 1H,1H,2H,2H-perfluorooctyltriethox-
ysilane the surface became superhydrophobic (θst = 160°) with water droplets 
exhibiting a spherical shape and low adhesion to the surface. a pen 
or inkjet printer was used to dispense a smooth layer of the waterproof,  
alcohol-based ink (surface tension in the range of 20–32 mn m−1) on the 
surface of the superhydrophobic tna. the smoothness of the hydrophilic 
ink layer reduced the surface roughness and increased the solid–liquid 
contact area, resulting in enhanced water adhesion and hydrophilicity  
(θst ≈ 82°) on the inked regions.

Superhydrophobic–superhydrophilic patterns were fabricated by taking 
advantage of the photocatalytic property of tiO2 and the ability of the ink to 
act as a photomask to shield the underlying surface from Uv light. First, a 
hydrophilic ink pattern was drawn with a pen on the superhydrophobic tna 
film. then the surface was irradiated with Uv light, during which the fluo-
roalkyl groups not protected by ink were decomposed by the tiO2 film and 
resulted in a wettability change from superhydrophobic to superhydrophilic. 
after removing the ink layer by rinsing the surface with a methanol solution, 
the superhydrophobic tna surface had superhydrophilic micropatterns. 
larger and complex ink patterns can be achieved by using an inkjet printer 
to dispense ink on the superhydrophobic tna surface.

to adjust the superhydrophobic surface from a sliding Cassie–Baxter state 
to a sticky Wenzel state, a micro-sized ink layer was created on the superhy-
drophobic tna surface. droplets were pinned on ink dots on the superhydro-
phobic tna surface even at a tilt angle of 90° or 180°. to revert back to the 
sliding state, the alcohol-based ink was removed from the surface by simply 
washing the surface in a methanol solution for 30 s. Water droplets rolled off 
the recovered superhydrophobic tna surface when the substrate was tilted 
>10°. this quick and reversible adhesion switching on the superhydrophobic 
tna surface could be repeated many times by printing then erasing the ink.
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li et al. presented a rapid and simple method of printing an “ink”, a phos-
pholipid in ethanol solution, onto a thin, microporous, superhydrophobic 
polymer layer to create superhydrophilic spots within a superhydrophobic 
background.48 the ink was simply dispensed on the surface and then dried 
under ambient conditions. the method is compatible with various printing 
technologies such as contact printers, dip-pen nanolithography, and inkjet 
printers to make high-density arrays or intricate patterns of superhydro-
philic spots. Chemicals that were added to the solution of phospholipid ink 
printed onto the superhydrophobic surface resulted in arrays of superhy-
drophilic spots prefilled with chemicals. this allows easy multiplexing and 
patterning of deposited substances.49

liu and coworkers used an atmospheric-pressure plasma jet (appJ) to 
create superhydrophilic patterns on various superhydrophobic metal surfaces 
by decreasing the hydrophobic fluorine-containing functional groups and 
increasing the hydrophilic oxygen-containing functional groups on the 
appJ-treated regions.50 the appJ (∼4 mm in diameter) was generated by bare 
electrode discharge without the need for expensive vacuum equipment. the 
superhydrophobic substrates were fabricated by first electrochemically treat-
ing polished metal plates (e.g. aluminium, copper, titanium, or zinc) to create 
roughness on the surface, and then immersing the substrates in a 1 wt% 
fluoroalkylsilane (C6F13C2h4Si(OCh2Ch3)3, FaS) in ethanol solution to fluori-
nate the surface and lower the surface free energy. Masks were used to selec-
tively expose the superhydrophobic metal substrates to the appJ to create 
superhydrophilic patterns such that the θst decreased from 159° to <5° after 
45 s of exposure. appJ treatment did not significantly affect the surface mor-
phology. the superhydrophobicity of the surface could be recovered simply 
by immersing the substrate in the FaS–ethanol solution again for 2 min, and 
this reversible wettability transition could be repeated for at least five cycles.

7.3   Applications of Patterned Superhydrophobic 
Surfaces

in this section, we present a diverse range of applications that take advantage 
of the unique wetting properties of surfaces with patterned wettability. in 
general, these patterned surfaces are designed with wetting and non-wetting 
regions to control the deposition, flow, or position of liquids on surfaces, or 
alternatively to create bioadhesive and non-bioadhesive regions.51

7.3.1   Open Microfluidic Channels
Microfluidic devices are able to manipulate minute volumes of samples and 
thus can be used to carry out miniaturized chemical reactions and biolog-
ical assays. however, external components such as pumps and valves are 
usually needed and add complexity to the platform. as an alternative to 
these microfluidic devices, the use of surface tension-confined microfluidic 
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(StCM) devices based on the principle of surface tension to passively con-
trol the movement of liquids, instead of pumps, is being actively developed 
for a variety of applications.52 StCM devices transport small volumes of liq-
uid along tracks that exhibit a higher surface energy compared to the back-
ground region through the use of surface tension gradients, capillary force, 
gravitational force, and pressure differences, without the need for pumps 
or physical walls along the tracks. For example, aqueous solutions can be 
transported along high surface energy, hydrophilic 2d channels while the 
surrounding hydrophobic regions act as virtual walls that contain the liquid 
along the hydrophilic path.

Fréchet and coworkers photopatterned a superhydrophilic channel in a 
superhydrophobic, porous polymer layer and used the channel to separate 
peptides of different isoelectric point and hydrophobicity by 2d thin layer 
chromatography.19 the separated peptides were identified by desorption 
electrospray ionization mass spectroscopy directly from the polymer surface, 
which was possible due to the open nature of the device. there is great 
potential for open microfluidic devices used in conjunction with a variety 
of detector systems in the field of miniaturized separation and diagnostics.

hancock et al. used surfaces with patterns of wettability to passively 
generate gradients of chemicals or particles.53,54 hydrophobic boundar-
ies were created on a hydrophilic glass slide simply by using tape to mask 
the desired hydrophilic pattern and applying a hydrophobic spray to the 
background. When a solution was dispensed at one end of a hydrophilic 
stripe or more complex shape, the difference in curvature pressure gener-
ated a flow and created a concentration gradient by convection along the 
hydrophilic region as the hydrophobic boundaries contained the flow. han-
cock et al. used the hydrophilic–hydrophobic patterns to also create gradi-
ents of solutes, cells, and microspheres encapsulated in 3d hydrogels by  
photocrosslinking prepolymeric solutions in the hydrophilic stripes.55,56 
lin and coworkers also created 3d hydrogels using complex, geometric  
hydrophilic–hydrophobic patterns, which were subsequently used as 
moulds to form pdMS channels.57

efremov et al. used surfaces patterned with arrays of hydrophilic spots 
surrounded by hydrophobic barriers to quickly generate various customized 
liquid structures on the same substrate without the need for complex equip-
ment.27 the method, termed “digital liquid patterning”, was inspired by 
the working principle of a digital scoreboard. Similar to lighting up specific 
bulbs to form a pattern on the scoreboard, specific hydrophilic spots were 
filled with aqueous solutions to form a pattern of drops among the array of 
hydrophilic spots. the individual drops in adjacent hydrophilic spots could 
also be made to coalesce across the hydrophobic barrier using a pipette tip 
to create continuous liquid patterns or channels. this method was also used 
to create hydrogel structures as well as patterns and gradients of silica micro-
particles and cells within the surface tension-confined liquid channels. an 
advantage of this maskless method is that the desired liquid pattern can be 
changed on demand simply by manual pipetting.
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lee and coworkers used StCM channels to create a gravity-driven micro-
fluidic device to move and mix droplets.58 the 2d channels were formed by 
micropatterning lines of hydrophilic polydopamine (pda) (60 µm wide, 200–
300 nm thick) on nanostructured, superhydrophobic, aaO surfaces. Gravity 
caused water droplets to move along the patterned pda microlines when the 
patterned surface was tilted downwards by 5°. to promote the mixing of two 
droplets, Y-shaped pda microlines with a square micropatch (200 µm wide) 
of pda at the intersection were patterned on the superhydrophobic aaO sub-
strate. the first water droplet (10 µl) rolling down one arm of the Y-pattern 
was captured on the micropatch due to surface tension, but after the second 
water droplet (10 µl) was released down the other arm of the Y-pattern and 
mixed with the first droplet, the coalesced droplets continued to move down-
wards. the balance between the gravitational force and the surface tension 
applied to the droplets on the pda micropatch was enough to capture the 
first droplet, but not enough to hold both droplets after mixing. the capabil-
ity of this mixing device was further demonstrated by using it to synthesize 
gold nanoparticles. thus, open StCM devices have proved to be a relatively 
simple tool to control the movement of droplets on surfaces and can be  
utilized as chemical microreactors.

7.3.2   Cell Patterning and Cell Microarrays
in this section, we discuss how patterns of wettability can be used to control 
the adhesion of proteins, cells, bacteria, and microorganisms on surfaces. 
Often, a non-wettable background is used to confine solutions within the 
wettable regions on a surface. Similarly, a background exhibiting a superhy-
drophobic Cassie–Baxter state is able to confine cells within the hydrophilic 
regions due to the inability of cells to adhere firmly to the surface because of 
the limited cell–surface contact area and reduced protein adsorption.

Superhydrophobic surfaces exhibiting the Cassie–Baxter state effectively 
trap air in the surface asperities, preventing the penetration of aqueous solu-
tions.59,60 Cell–surface interactions are influenced by proteins present on the 
surface and those that adsorb onto the surface from the culture medium, 
followed by deposition of the cell’s own extracellular matrix (eCM). Since 
only a small fraction of the superhydrophobic surface contacts the culture 
medium, this likely reduces the number of sites available for protein adsorp-
tion and deposition of the cell’s own eCM as well as subsequent focal adhe-
sions.61 even at these limited points of contact between the culture medium 
and the superhydrophobic surface, adsorbed proteins such as fibronectin 
can demonstrate alterations of the domain conformations involved in cell 
adhesion, and reorganization or exchange of the adsorbed proteins with 
those deposited by the cells can be significantly inhibited on superhydro-
phobic surfaces.61,62 these events would further discourage cell adhesion on 
superhydrophobic surfaces.

takai and coworkers demonstrated that the design of superhydrophilic–
superhydrophobic patterns can influence cell adhesion and morphology, as 
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well as eCM production.9 Mouse embryonic fibroblast (3t3) cells sponta-
neously recognized and migrated towards the superhydrophilic regions after 
being seeded on the patterned surface, and immediately adhered there and 
grew to confluence after 24 h. Maintenance of the cells within an array of 
superhydrophilic spots depended on the distance between the spots. at inter-
spot distances of 150 µm, confluent cells in the superhydrophilic spots began 
to make contact with cells in adjacent spots. at longer inter-spot distances 
of 400 µm, no physical cell–cell contact occurred between cells in adjacent 
spots. in contrast, cells required 24–72 h after seeding to adhere to the supe-
rhydrophobic background. this difference in cell adhesion behaviour was 
attributed to the difference in protein adsorption on the superhydrophilic 
versus superhydrophobic regions. Since proteins adsorbed less efficiently on 
the superhydrophobic regions, the cells needed time to produce their own 
eCM to form a protein layer suitable for adhesion.

Mano and coworkers studied cell adhesion and proliferation on rough 
versus smooth hydrophobic and hydrophilic pS surfaces.11 human primary 
osteosarcoma cells (SaOs-2) adhered more on the smooth hydrophilic and 
rough superhydrophilic pS surfaces, and did not significantly attach or  
proliferate on either the smooth hydrophobic or rough superhydrophobic 
pS surfaces even after 6 days of culture. in contrast, mouse lung fibroblast 
cells (l929) reached confluence on both hydrophobic surfaces after 6 days of  
culture, which was attributed to the ability of fibroblasts to proliferate 
quickly, and specifically to the greater ability of l929 cells (compared to other 
cell types) to proliferate even in unfavourable culture conditions. enhanced 
initial cell adhesion on the rough superhydrophilic versus smooth hydro-
philic surface was attributed to the surface roughness, which increased the  
surface area available for cell–surface contacts and promoted more expo-
sure of oxygen-rich chemical groups on the surface that can bind cells and  
support high cell adhesion. When superhydrophobic substrates patterned 
with superhydrophilic squares (1 mm side length) were immersed and  
cultured in medium containing SaOs-2 cells for 6 days, the superhydrophilic 
regions became densely populated with cells while only a few cells occupied 
the superhydrophobic background.

Further examples are available where superhydrophobicity is used to confine 
cells within (super)hydrophilic patterns on a surface. Chi and coworkers 
found that 3t3 cells cultured on a superhydrophobic tiO2 nanotube array 
surface patterned with hydrophilic ink regions preferentially immobilized 
on the ink-covered hydrophilic regions and were confined in the ink patterns 
by the surrounding superhydrophobic region.47 Feng et al. used Uv-induced, 
sequential thiol-yne click chemistry to create superhydrophilic–superhydro-
phobic micropatterns.29 human cervical adenocarcinoma cells (hela-GFp) 
adhered well to the superhydrophilic microspots, and less than 1% of the 
cells occupied the superhydrophobic regions separating the microspots after 
2 days of culture. li et al. created superhydrophobic–hydrophilic micropat-
terns on a surface composed of a thin layer of silicone nanofilaments.30 they 
demonstrated cell patterning on these surfaces and reported that 94% of 
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the human embryonic kidney cells (hek 293) cultured on the surface after 
24 h were confined within the hydrophilic squares and only 6% of the cells 
occupied the superhydrophobic barriers. Feng et al. created superhydropho-
bic–hydrophilic micropatterns by sequentially modifying a tetrazole-func-
tionalized porous polymer surface with hydrophobic and hydrophilic 
thiols.31 rat mammary carcinoma cells (Mtly) cultured on the patterned sur-
faces adhered well to the hydrophilic areas, but the superhydrophobic barri-
ers demonstrated efficient cell repellency.

efremov et al. cultured multiple cell types separately in microreservoirs 
formed within hydrophilic patterns on a superhydrophobic, nanoporous 
polymer substrate.23 they demonstrated that hydrophilic–superhydropho-
bic patterned surfaces facilitated cell patterning as well as the study of cell–
cell signalling processes in vitro. in this case, two different cell populations 
were initially seeded in adjacent microreservoirs and subsequently cultured 
in shared medium after adhesion of the cells to the surface, and then the 
cross-talk between the two cell populations via Wnt signalling molecules was 
monitored and analysed.

the unique properties arising from patterns of superhydrophilicity and 
superhydrophobicity on a surface also offer advantages in the field of cell 
microarrays. Cell microarrays have become a valuable tool for high-through-
put screening due to their miniaturized format and the economical use of 
precious cells, reagents, and consumables compared with conventional 
microtitre plates. For example, reverse cell transfection microarrays have 
been developed and implemented for genetic screening to discover the role 
of genes in cellular processes or to identify drug targets.63–72 typically, oli-
gonucleotides and transfection reagents are mixed with eCM components 
that promote cell adhesion, and then printed onto a surface. Cells are then 
seeded over the whole surface to ultimately form clusters of transfected cells 
within a background of non-transfected cells, or the background is passiv-
ated such that the cells mainly adhere to the spots of interest. instead of pas-
sivating the background with surface coatings such as poly(ethylene glycol) 
(peG) or albumin to prevent cell adhesion, superhydrophobicity can be used 
to control the patterning of liquids and cells on microarray surfaces.73–78

Superhydrophilic–superhydrophobic patterned surfaces offer several 
advantages over the conventional non-patterned glass slides that are often 
used for cell microarrays: higher spot density due to confinement by the 
superhydrophobic barriers of both the printed solutions and cells within the 
superhydrophilic spots; and low variation in the spot size and resulting con-
centration of the printed samples on the surface (independent of the prop-
erties of the aqueous solution or surface) due to confinement of the printed 
solutions by the superhydrophobic barriers. typical layouts for cell microar-
rays have spot diameters in the range of 200–500 µm printed at a pitch of 
500–1500 µm.66,77,79–81

Geyer et al. fabricated densely packed, superhydrophilic squares (335 µm 
side length) separated by narrow (60 µm wide), superhydrophobic barriers 
on a nanoporous polymer substrate to create a cell microarray with a sixfold 
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higher spot density compared with a non-patterned glass slide.21 aqueous 
solutions dispensed in individual superhydrophilic squares completely 
wetted the squares, but were completely contained by the watertight supe-
rhydrophobic barriers. Mtly, hek 293, and mouse hepatoma (hepa) cells 
all preferentially adhered and grew to confluence on the superhydrophilic 
squares. the superhydrophobic barriers prevented cell proliferation on the 
barriers and cell migration between adjacent spots, which was attributed 
to reduced cell–surface contact due to air being trapped inside and on the 
surface of the rough, nanoporous, superhydrophobic barriers exhibiting the 
Cassie–Baxter state. this notion was further demonstrated by showing that 
almost no cell pattern formed when the superhydrophobic barriers were tran-
sitioned from the dry Cassie–Baxter to the wetted Wenzel state. the patterned 
substrates were used for reverse cell transfection experiments by dispens-
ing a plasmid dna transfection mixture onto the superhydrophilic squares 
before cell seeding. in principle, superhydrophilic–superhydrophobic  
patterned substrates can be used for cell screening with a variety of bioactive 
molecules.

although surface chemistry can be used to control cell adhesion, its effec-
tiveness can be highly dependent on the cell type and the composition of 
the culture medium as the original chemical pattern is obscured over time 
with adsorbed proteins. Mano and coworkers found that less protein was 
adsorbed on rough superhydrophobic surfaces, independent of the underly-
ing surface chemistry, and attributed this to the Cassie–Baxter effect.82 this 
also resulted in a lower affinity of cells to the rough superhydrophobic sur-
faces. thus, superhydrophobicity can be used as a more general approach 
for controlling protein and cell adhesion since liquid–surface interactions 
are minimized, and using superhydrophobic barriers to confine cells can be 
an interesting and effective alternative to using physical barriers for applica-
tions such as cell patterning, cell microarrays, and lab-on-a-chip or diagnostic  
devices.

7.3.3   Cell or Chemical Screening in Arrays of Liquid or 
Hydrogel Droplets

Cell microarray technology is usually limited to screening adherent cells in 
a 2d format, and, depending on the diffusion rate of the components of the 
printed solutions or the factors secreted by the cells, neighbouring spots can 
cross-contaminate each other by diffusion of chemicals through the shared 
culture medium. Cell screening platforms are being developed to address 
these issues, such as the use of surfaces with patterned wettability to encap-
sulate chemicals and cells in individual droplets or hydrogels arrayed on the 
surface. these droplet arrays enable screening of adherent as well as non-ad-
herent cells with chemical stimuli in a 2d or 3d microenvironment.

Mano and coworkers deposited droplets of cell suspension in hydrophilic 
spots patterned on a rough, superhydrophobic pS substrate and cultured the 
cells in the isolated droplets.12 aqueous solutions were confined within the 



Chapter 7200

square (super)hydrophilic spots (1 mm side length) due to the large differ-
ence in surface tension compared with the superhydrophobic background. 
hydrophilic spots were individually coated with different concentrations 
of human serum albumin and human plasma fibronectin, and then a 10 µl 
droplet of cell suspension was manually dispensed onto each hydrophilic 
spot and cultured for 4 h. in general, more cells were detected on the spots 
with higher amounts of human plasma fibronectin, which is cell adhesive 
due to the presence of integrin binding domains, whereas albumin is a pas-
sivating protein.

Mano and coworkers also performed a combinatorial screen of the chem-
ical composition and cytocompatibility of 3d hydrogels in an array format 
on hydrophilic–superhydrophobic patterned substrates.13 the hydrophilic 
squares (2 mm side length) were separated by 0.5 mm on a superhydropho-
bic pS surface. Chitosan, collagen, or hyaluronic acid was combined with 
alginate at different ratios to create 24 combinations of alginate-based poly-
mers. the pre-polymer solutions were mixed with cells and then dispensed 
as droplets on the hydrophilic squares using a micropipette. CaCl2 was added 
to the droplets to ionically crosslink the polymers to form hydrogels, and 
then the substrate was immersed in culture medium. Fibroblasts (l929) or 
pre-osteoblasts (MC3t3-e1) were cultured in the hydrogels for 24 h, and both 
non-destructive (live/dead cell staining and image analysis) and destructive 
(proliferation assay and dsdna quantification) methods were used to anal-
yse the cytocompatibility of the hydrogels. this platform demonstrates the 
potential of surfaces with patterned wettability to create hydrogel arrays to 
study cell–material or cell–molecule interactions in 3d microenvironments.

arrays of droplets or hydrogels are typically formed by manual pipetting, 
but this considerably limits the scale of spots that can be made in practice, 
and should be replaced by a technology more suitable for high-throughput 
screening. Chatelain and coworkers developed the “dropChip” microarray to 
perform multiplexed cell-based assays in isolated droplets in a high-through-
put manner.83 the dropChip featured up to 100 nl droplets on hydrophilic 
spots of bare glass (500 µm diameter, 1 mm spot pitch) surrounded by a 
hydrophobic perfluoro-octylsilane background. a piezoelectric-controlled 
spotting device was used to precisely dispense droplets of cells, drugs, and 
nucleic acids onto the dropChip. the spots can be assayed in parallel simply 
by dipping the slide in solutions such as those for fixing or staining cells.

Ueda et al. used the concept of discontinuous dewetting on a superhydro-
philic–superhydrophobic patterned surface to create high-density arrays 
of aqueous droplets or hydrogels encapsulating cells, without the need to 
manually pipette each droplet or use automated equipment.22 the simple 
method relies on the large difference in wettability between the superhy-
drophilic and superhydrophobic regions to passively dispense thousands 
of isolated droplets in the superhydrophilic spots, referred to as a droplet- 
Microarray. during discontinuous dewetting, the trailing edge of an aque-
ous solution moving along the patterned surface becomes pinned at the 
borders between the superhydrophilic and superhydrophobic regions due 



201Patterned Superhydrophobic Surfaces

to a sudden and extreme change in θrec, until the liquid film thins and finally 
breaks to form a droplet in each superhydrophilic spot.84–87 the volume of 
the individually formed droplets ranged from 700 pl to 3 µl depending on the 
size and geometry of the superhydrophilic spots as well as on the surface ten-
sion of the solution. the droplet-Microarray can be an alternative to growing 
suspension cells in microwells or in a hanging drop. Furthermore, discontin-
uous dewetting was used to create crosslinked maleimide–polyvinyl alcohol 
hydrogel micropads encapsulating cells that were immobilized within the 
superhydrophilic spots. after the array of hydrogels is formed, the substrate 
can be immersed in shared culture medium or droplets of medium can be 
formed in each superhydrophilic spot to isolate each hydrogel. When hydro-
gels encapsulating cells were incubated individually on superhydrophilic 
spots pre-printed with increasing amounts of doxorubicin, a cancer drug, a 
concentration-dependent effect on cell viability was observed. this demon-
strated that chemicals printed and dried in the superhydrophilic spots were 
able to diffuse into the isolated hydrogels without cross-contaminating the 
adjacent spots. the patterned substrates could also be compatible with other 
published methods for forming hydrogels, such as dispensing a hydrogel 
precursor solution that crosslinks upon Uv irradiation or forming alginate 
hydrogels by ionic crosslinking with the addition of calcium chloride.13,88,89

to address the challenge of simultaneously adding substances to each indi-
vidual droplet on a droplet-Microarray, popova et al. developed a “droplet–
array (da) sandwich chip” that involved sandwiching a droplet-Microarray 
with a substrate printed with substances in a matching array format.90 the 
sandwich method is applicable for high-throughput, cell-based screenings 
with the possibility of (1) one-step seeding of adherent or non-adherent cells 
in individual droplets and culturing for at least 24 h, (2) simultaneous addi-
tion of substances into individual droplets without cross-contamination, (3) 
chemically treating or transfecting cells in droplets, and (4) low consump-
tion of reagents and cells. the da slide consisted of an array of superhydro-
philic, nanoporous 2-hydroxyethyl methacrylate-co-ethylene dimethacrylate 
(heMa-edMa) spots (1 mm diameter) on a superhydrophobic background 
(Figure 7.3). discontinuous dewetting was used to form an array of isolated 
microdroplets (60 nl) encapsulating cells by sliding a cell suspension down 
a tilted patterned substrate. a library microarray (lMa) slide was prepared 
by printing drugs or transfection mixtures onto a bare glass slide using a 
non-contact, ultralow volume dispenser in an array format corresponding to 
the pattern of the da slide. Simultaneous addition of substances into each 
individual droplet was achieved by precisely aligning and sandwiching the 
da slide with the lMa slide. the printed chemicals and transfection mix-
tures dissolved and diffused into the individual droplets, after which the 
lMa was removed and the da was cultured in medium.

When hela and hek293 cells were cultured in droplets for 24 h, both 
cell types showed a typical spread morphology with viability rates of 96% 
and 98%, respectively. the sandwiching approach was used for the parallel 
addition of different amounts of the drug doxorubicin printed onto a lMa 
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Figure 7.3    (a) Schematic of a droplet–array (da) slide and images of droplets 
formed on a superhydrophobic–superhydrophilic pattern. (b) Snap-
shots of the process of discontinuous dewetting leading to the forma-
tion of an array of microdroplets. (c) Schematic of the workflow for 
cell-based screenings using the da sandwich chip. library microarray 
(lMa) slide is prepared by printing substances of interest on a glass 
slide (Step 1). da slide is prepared by seeding cells using discontinu-
ous dewetting (Step 1). For parallel addition of a library into individual 
droplets, the lMa slide is aligned and sandwiched with the da slide 
containing cells (Step 2). after the substances are transferred into the 
droplets, the lMa slide is removed and the da slide is placed into a 
cell culture incubator (Step 3). (d) Fluorescence microscopy images of 
a da slide containing hela cells 18 h after treatment with doxorubicin. 
doxorubicin shows red fluorescence (left). Calcein-stained hela cells 
on the same da slide (middle). Overlay of the images (right). adapted 
with permission from John Wiley and Sons ref. 90. Copyright © 2015 
Wiley-vCh verlag Gmbh & Co. kGaa, Weinheim.
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hydrophobic glass slide to a da slide with microdroplets containing live 
hela cells. the cells in droplets sandwiched with the spots on a lMa printed 
with 25 ng of doxorubicin had few live cells, as indicated by Calcein staining 
at 18 h of culture post sandwiching (Figure 7.3). the sandwich method was 
also used to perform parallel gene overexpression in hek293 cells seeded on 
a da slide by sandwiching with a lMa slide arrayed with dried transfection 
mixtures. hek293 cells showed a transfection efficiency of ∼20%.

So far, substrates with patterns of wettability have shown potential for per-
forming more sophisticated cell screenings than 2d cell screening platforms. 
although small pattern sizes allow high-density arrays to be achieved, the 
limitations of working with very small droplet volumes for culturing cells 
are preventing droplet evaporation and nutrient starvation, especially during 
long culture times. another important issue to address is how to exchange 
the solution in droplets, especially for those containing non-adherent cells, 
for processes such as medium exchange or performing assays. in princi-
ple, hydrogels can be functionalized or incorporated with eCM proteins, 
signalling molecules, or chemicals to enable sophisticated cell screenings 
in a 3d microenvironment. Culturing cells in 3d microenvironments, such 
as hydrogels, versus 2d cell culture gives the opportunity to study cells in 
an environment that more accurately resembles the in vivo situation.88,91 in 
addition, the physical properties of hydrogels such as stiffness and degrad-
ability can be tuned.92 even plasmids can be incorporated into the hydrogels 
for transfection in 3d.93 high-throughput screening of cells in 3d systems is 
an important tool that can provide valuable information, but the methods 
are still being established.

arrays of droplets on hydrophilic–hydrophobic patterned surfaces can 
also be used for the synthesis and quantitative analysis of chemicals in a 
high-throughput manner. Balakirev and coworkers used nanodroplets posi-
tioned on a micropatterned surface to synthesize and profile new enzyme 
inhibitors of the nS3/4a serine protease of the hepatitis C virus (hCv), which 
plays an essential role in the maturation and immune evasion of hCv.94 nan-
odroplets were printed onto hydrophilic spots (500 µm diameter) patterned 
on a hydrophobic surface. potent inhibitors of the nS3/4a protease were 
identified within a set of 200 hydrazides and 20 100 distinct dihydrazones 
synthesized inside the nanodroplets.

Balakirev and coworkers also used droplets on the hydrophilic–hydropho-
bic patterned surfaces for the synthesis and screening of 1600 unique flu-
orophores with a drug-like scaffold that could act as bioimaging probes.95 
the crucial role of the amidine structure for fluorescence was discovered. 
these examples demonstrate that droplets on patterned surfaces can be an 
extremely useful tool for creating combinatorial libraries and miniaturizing 
drug or molecular discovery efforts.

tuteja and coworkers used superomniphobic–superomniphilic patterned 
surfaces such that arrays of droplets with both aqueous or non-aqueous solu-
tions could be formed.44 When the patterned surface was dipped in heptane, 
the extreme wettability contrast of the patterned surface caused heptane to 
selectively wet the superomniphilic regions and resulted in the self-assembly 
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of heptane droplets within these regions. these droplets of organic liq-
uids have the potential to serve as microchannels or microreactors for liq-
uid-phase reactions in the future.

Similarly, Feng et al. used discontinuous dewetting on patterned surfaces 
to create high-density arrays of microdroplets of organic liquids with sur-
face tensions as low as 18.4 mn m−1.96 low surface tension organic liquids 
wetted and formed droplets in the cysteamine micropatterns fabricated on a 
chloro(dimethyl)vinylsilane-coated flat glass surface, but did not wet the sur-
rounding 1H,1H,2H,2H-perfluorodecanethiol-modified areas. this approach 
was further used for the formation of homogeneous arrays of hydrophobic 
nanoparticles, polymer micropads of controlled shapes, and polymer micro-
lens arrays. to demonstrate the potential for performing miniaturized and 
parallel high-throughput chemical reactions in organic solvents without 
multiple pipetting steps, a library microarray (lMa) slide printed with two 
different dyes was sandwiched on top of a slide with an array of 1-butanol 
microdroplets. this led to the dissolution of the chemicals in the individ-
ual microdroplets without cross-contamination between adjacent droplets. 
in addition, water–oil interfaces in microdroplets were formed by sandwich-
ing an oil microdroplet array with an aqueous microdroplet array formed 
on a superhydrophobic–superhydrophilic pattern, which could enable min-
iaturized parallel liquid–liquid microextractions or heterophasic organic 
reactions.

7.3.4   Positioning or Sorting Particles
Fan and Stebe evaporated particle suspensions on lyophobic surfaces pat-
terned with lyophilic regions to position and sort particles by size.97 as the 
solution evaporates, the contact line recedes and fills the lyophilic features 
with discrete droplets by way of discontinuous dewetting. Sorting occurs 
by creating droplets on the lyophilic features with dimensions larger than 
the particles of interest and smaller than those to be excluded. For exam-
ple, 210 nm amidine-functionalized pS particles could be separated from a 
suspension also containing 810 nm particles by evaporating the suspension 
on a surface patterned with 1 µm-wide stripes of wettable COOh-terminated 
SaMs surrounded by non-wettable Ch3-terminated SaMs on a gold-coated 
surface. in another example, a solution containing 900 nm and 5.46 µm pS 
particles functionalized with streptavidin and bound to biotinylated dye bio-
tin-4-fluorescein or alexa-fluor 594 biocytin, respectively, was evaporated on 
a surface patterned with 5 µm and 25 µm square lyophilic patches. all of the 
lyophilic spots contained the smaller 900 nm particles that fluoresced green, 
while only the 25 µm squares contained the larger 5.46 µm particles and flu-
oresced red. particles could also be deposited and sorted by dip-coating the 
patterned surface in a solution. this method is applicable for sorting any 
particles that can be suspended in a solvent and the ability to create pat-
terned lyophilic and lyophobic regions, and thus maybe be useful for creat-
ing arrays for biosensors and in microphotonics.
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vermant and coworkers used a langmuir–Blodgett deposition technique to 
assemble micrometre-sized, sulfate-modified pS particles (2.9 µm diameter, 
9.7 µC cm−2 surface charge density) from an oil–water interface onto a hydro-
phobic silicon substrate patterned with hydrophilic regions.98 decane–water 
was used as the fluid–fluid interface to enhance dipolar repulsion of colloids 
to form a highly ordered and stable monolayer at the interface during lang-
muir–Blodgett deposition, which resulted in planar colloidal clusters on the 
hydrophilic regions where the cluster size depended on the pattern size. par-
ticles were deposited onto square hydrophilic spots (side length = 7.5 µm or 
5 µm, spacing = 5 µm or 6 µm, respectively) using the langmuir–Blodgett 
technique and resulted in an average cluster size of 12.74 and 6.25 particles 
per cluster, respectively, with low dispersity in size. improving self-assembly 
of the colloids into more complex forms by increasing the geometric com-
plexity of the hydrophilic pattern should be further studied.

tuteja and coworkers used superomniphobic–superomniphilic patterned 
surfaces for the wettability-driven self-assembly of microparticles and poly-
mers from both aqueous solutions and liquids with low surface tension 
(e.g. heptane).44 When the patterned surface was dipped in an aqueous or 
organic solution, the extreme wettability contrast of the patterned surface 
caused the solution to selectively wet the superomniphilic spots and resulted 
in the self-assembly of droplets within these spots. dispersions of Uv fluo-
rescent green microspheres in water or Uv fluorescent red microspheres in 
heptane became confined within the superomniphilic regions when sprayed 
onto patterned surfaces, demonstrating the compatibility of the surfaces 
with both high and low surface tension liquids. Such precise control over the 
site-selective, self-assembly of particles and films can be useful for fabricat-
ing electronic and optical devices, patterning cells, or forming well-defined 
thin films and nanostructures.

patterning nanorods, nanowires, and nanotubes with good control of their 
assembly and alignments is also of great interest as building blocks in nano-
electronics and photonics.99 again, a general approach is to use surfaces with 
patterns of contrasting wettability to selectively deposit and align the nano-
materials based on the interactions between the solvent and the patterned 
surface.51

Bao and coworkers controlled the assembly and alignment of palla-
dium nanorods (250 nm diameter, 6 µm length) by depositing palladium 
nanorod suspensions on surfaces patterned with hydrophobic (1-hexadec-
anethiol-functionalized gold, θst ≈ 98°) and hydrophilic (bare gold, θst ≈ 64°) 
regions.100 after the nanorods were allowed to settle for 10 min, the excess 
suspension was removed from the substrate using a pipette resulting in small, 
discrete droplets of the nanorod suspension on the hydrophilic regions. 
nanorods could be aligned in hydrophilic regions with widths less than the 
length of the nanorods by dip-coating the patterned substrate in a nanorod 
suspension and evaporating the droplets. Using superhydrophilic–superhy-
drophobic patterned surfaces instead would result in a higher contrast in 
wettability between the two regions and could allow finer pattern designs 
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and more precise arrangement of the nanorods, as well as more options in 
terms of suspension medium and particle properties. Zhang and coworkers 
implemented a similar approach by using SiO2 substrates with patterns of 
wettability to grow or deposit arrays of organic nanowires.101

Bao and coworkers demonstrated selective deposition of organic semi-
conducting crystals onto and between source and drain electrodes to create 
arrays of single-crystal organic field-effect transistors.102 despite their high 
performance, integrating single crystals into electronic devices is challeng-
ing to mass-produce because the single crystals are usually handpicked and 
placed onto the device substrate, and thus nearly impossible to fabricate 
devices using submicrometre-sized organic crystals. the method presented 
by Bao and coworkers was based on solvent wetting and dewetting to assem-
ble organic semiconducting crystals of 5,5′-bis(4-tert-butylphenyl)-2,2′-bithio-
phene (tpttpt) directly onto transistor source–drain electrodes. a suspension 
of tpttpt was allowed to settle on the hydrophilic electrodes for 10 min and 
then the excess solution was removed from the hydrophobic dielectric layer 
with a pipette, leaving behind small, discrete droplets of tpttpt suspension 
on the electrodes due to discontinuous dewetting. Field-effect transistor 
behaviour was observed with tpttpt crystals, but further work is needed to 
improve the crystal quality and optimize the assembly conditions and contact 
between the dielectric/semiconductor and electrode/semiconductor.

So far, we have presented how surfaces with wettability patterns could be 
used to create 1d/2d structures. Song and coworkers were able to use hydro-
philic–hydrophobic patterned surfaces to create 3d microstructures.103 they 
controlled pinning of a droplet containing nanoparticles at the three-phase 
contact line (tCl) by tuning the surface energy difference at the interface of 
hydrophilic and hydrophobic regions as well as the properties of the solution, 
and promoted asymmetric dewetting to manipulate the droplet morphology 
(Figure 7.4). For liquid droplets containing nanoparticles, the tCl slides 
along a surface with low surface energy in a centripetal direction, leading to 
a dome-like deposition. On a surface with high surface energy, tCl pinning 
usually occurs and results in a ring-like deposition. 3d colloidal crystals were 
deposited from a microdroplet onto specially designed hydrophilic pinning 
patterns fabricated by introducing hydrophilic pinning points (θst = 58.3° ± 
1.5°) onto a homogeneous hydrophobic surface (θst = 109.4° ± 1.1°). a mono-
disperse solution of poly(styrene-methyl methacrylate-acrylic acid) nanopar-
ticles (mean diameter = 210 nm) was printed with a commercial inkjet printer 
so that each droplet covered three hydrophilic pinning points arranged in 
a triangle. the nanoparticles moved along with the asymmetrically shrink-
ing tCl of the droplets to form 3d triangle-shaped microcolloidal crystals. 
When the tCl was pinned on the hydrophilic points, capillary flow from 
the hydrophobic to the hydrophilic regions drove the nanoparticles to the 
hydrophilic regions and they settled along the curved surface of the droplet. 
however, the tCl on the hydrophobic background retracted inward but was 
restrained by the pinning points and resulted in triangular droplet morphol-
ogies. this method can be further developed for creating 3d microstructures 
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Figure 7.4    (a–d) Schematic of the formation of 3d microcolloidal crystal  
patterns. (a) a hydrophobic silicon wafer with patterned hydrophilic 
pinning spots (green) is used as the substrate. (b) inkjet printing is used 
to dispense an array of droplets containing nanoparticles at designed 
locations. (c) an array of triangular droplets is formed by hydrophilic 
pattern-induced asymmetric dewetting. (d) arrayed 3d microcolloidal  
crystals with controllable morphology are achieved. (e–i) typical  
morphology of the 3d microcolloidal crystals. (e) SeM image of arrayed 
microcolloidal crystals. Scale bar is 200 µm. (f) top-view SeM image 
of a compactly assembled microcolloidal crystal structure. inset: Side-
view SeM image of the microcolloidal crystal. Scale bars are 20 µm. (g) 
Schematic of the mechanism of nanoparticle assembly on the hydro-
philic region. (h–i) SeM images of the hydrophobic and hydrophilic 
regions shown in (f). Scale bars are 10 µm. adapted with permission 
from John Wiley and Sons ref. 103 Copyright © 2015 Wiley-vCh verlag 
Gmbh & Co. kGaa, Weinheim.
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with other functional materials, such as quantum dots and metal nanoparti-
cles, to achieve suitable defect-free structures for various applications.

7.3.5   Self-Assembly of Microchips
Capillary-driven self-alignment of droplets is a common technique used in 
microassembly technologies, where the surface tension of a liquid aligns 
microchips to patterns on the substrate. Zhou and coworkers developed an 
oleophilic–oleophobic patterned surface and demonstrated the self-align-
ment of SU-8 (an epoxy-based negative photoresist) microchips using droplets 
of adhesive (delo 18507) in ambient air environment.104 Gold patterns were 
used to create the oleophilic receptor sites, and a topographical microstruc-
ture of porous ormocer functionalized with a fluorinated trichlorosilane was 
fabricated for the surrounding oleophobic area. the adhesive had a static con-
tact angle of 53° on the oleophilic area, 119° on the oleophobic area, and 47° 
on the SU-8 chip. Self-assembly of a microchip was demonstrated by moving 
an SU-8 chip (200 µm × 200 µm × 50 µm) towards a droplet of adhesive (0.5–1.5 
nl) dispensed onto a gold receptor site (200 µm × 200 µm), releasing the chip, 
and then allowing the capillary force to self-align the chip according to the gold 
pattern (Figure 7.5a–d). Zhou and coworkers later demonstrated self-assembly 
of microchips, but using hydrophobic receptor sites (silica functionalized with 
fluoropolymer) patterned on a superhydrophobic surface (nanostructured 
black silicon surface functionalized with fluoropolymer) and a water droplet 
as the self-alignment medium.105

Zhou and coworkers further demonstrated that capillary self-transport 
and self-alignment of microchips could still be achieved without requiring 
any initial overlap between the microchips and the receptor sites.14 in this 
case, the surface consisted of hydrophilic silicon receptor sites surrounded 
by superhydrophobic black silicon coated with a fluoropolymer, and micro-
scopic rain (droplets of 1–5 µm diameter) was used as the medium for cap-
illary self-transport. When a sufficient amount of water droplets rained on 
the surface, the droplets between the chip and the hydrophilic receptor site 
grew until a meniscus was established between the chip and the receptor 
site. this meniscus and the water film on the receptor site coalesced, and the 
meniscus then reduced its total surface energy by pulling the chip towards 
and aligning with the hydrophilic receptor site (Figure 7.5e–j). this method 
of applying microscopic rain on hydrophilic–superhydrophobic patterned 
surfaces greatly improved the capability, reliability, and error tolerance of 
the chip self-assembly process.

7.3.6   Lithographic Printing
lithographic printing uses a chemically patterned surface with anisotropic 
wetting such that hydrophobic areas accept ink and hydrophilic areas repel 
ink for reprography. When the plate is introduced to an ink and water mix-
ture, the ink adheres to the hydrophobic graphic areas to be printed while 
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the water cleans the hydrophilic background. this flat plate can be used 
directly, or it can be offset by transferring the graphic onto a flexible sheet 
(e.g. rubber) to enable much longer and more detailed print runs. Surfaces 
with sharply contrasting patterns of hydrophobicity and hydrophilicity are 
crucial for forming high-resolution images when using printing techniques 
based on wetting and non-wetting regions.

Fujishima and coworkers used superhydrophilic–superhydrophobic pat-
terned substrates for offset printing by wetting the superhydrophilic regions 

Figure 7.5    (a–d) Schematic of droplet self-alignment. (a) a droplet of liquid is 
dispensed on a pattern. (b) a chip approaches a pattern with a pre-
defined releasing bias. (c) the droplet wets the chip, and a meniscus 
is formed between the chip and the pattern. (d) the chip is released 
and the capillary force aligns the chip to the pattern. adapted with per-
mission from B. Chang, et al., Sci. Rep., 2015, 5, 14966.104 Copyright 
© 2011 aip publishing llC. (e–j) Schematic of capillary self-transport 
using microscopic rain. (e) a chip (red) is placed outside a receptor site 
(green) with the same shape and size. (f) Microscopic rain is delivered 
onto the assembly site and water droplets accumulate on the hydro-
philic receptor site and superhydrophobic substrate. (g) a water menis-
cus is formed between the chip and the receptor site. (h–j) the chip is 
dragged towards the receptor site and finally aligned with the receptor 
site. adapted with permission ref. 14. Copyright © 2015 nature publish-
ing Group.
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with water and allowing the water-insoluble ink to coat only the superhydro-
phobic graphic regions.46 Colour printing at a resolution of 133 lines per inch 
was achieved. after the print run was complete, the hydrophobic regions 
could be photocatalytically decomposed by irradiation with Uv light to 
obtain the original superhydrophilic surface for re-patterning with another 
graphic. a single superhydrophilic–superhydrophobic patterned plate was 
also able to print 40 000 copies per hour with a web press, demonstrating the 
robustness of the substrate.

Jiang and coworkers developed a superhydrophobic, photoconductive, 
aligned ZnO nanorod-array surface that could undergo a controlled transi-
tion of the patterned wettability via a photoelectric cooperative wetting pro-
cess.106 electrowetting was activated in the direction parallel to the nanorods 
due to the capillary effect only where the surface was illuminated by white 
light. the nanorod-array surface was used for liquid reprography by first 
applying a water-soluble ink such that it exhibited the Cassie–Baxter state on 
the superhydrophobic surface, and then white light was illuminated on the 
surface through a photomask to transition the wettability of the ink to the 
Wenzel state in the desired graphic pattern. after the excess ink was removed 
from the surface, the ink pattern was then easily transferred to hydrophilic 
paper to print the reprographic image.

7.3.7   Patterning Textiles
liu and coworkers treated cotton fabric to create hydrophilic and hydropho-
bic patterns and demonstrated their use as stamps.107 Cotton fibres were 
coated with poly(dimethylsiloxane)-block-poly[2-(cinnamoyloxy)ethyl acry-
late] (pdMS-b-pCea) micelles with the assumption that the pdMS block 
would migrate to the polymer–air interface to reduce the surface tension 
of the coating and the pCea block would wrap around the fibre to form an 
underlying layer. photolysing the cotton fibres with Uv light through a photo-
mask crosslinked the pCea layer around the fibres in the unmasked regions 
to create a superhydrophobic Cassie–Baxter surface, and then the fibres were 
rinsed with a solvent to remove the coating from the non-crosslinked regions 
to regenerate the hydrophilic cotton fibres. this resulted in hydrophilic–
superhydrophobic patterned cotton fabrics, which were then attached to the 
base of a funnel to create stamps for ink printing. Water-based solutions of 
ink in the funnel permeated the hydrophilic regions, but were blocked by the 
superhydrophobic regions, so the pattern could be stamped onto a receiving 
substrate. the pattern was also printed onto cardboard, paper, wood, and 
aluminium foil.

pan and coworkers used a different method to create a micropatterned 
superhydrophobic textile (MSt), and demonstrated its potential use for 
sweat removal.108 Surface tension-induced pressure gradients produced by 
extreme differences in wettability as well as capillarity facilitate interfacial 
microfluidic transport along the fibrous MSt. patterns of hydrophilic yarns 
were stitched onto a superhydrophobic textile coated with a thin layer of 
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fluoropolymer microparticles to create a MSt. high rates of sweat removal 
along the hydrophilic yarns were achieved while also maintaining dryness 
and high gas permittivity through the superhydrophobic textile. a micro-
stitched pattern with five inlets (1 mm diameter) connected by hydrophilic 
yarn to one outlet (6 mm diameter) was designed for efficient sweat removal 
by laplace pressure gradients generated by the curved surface of droplets. 
this microfluidic transport mechanism on MSt is sustainable even during 
heavy perspiration conditions in humid weather because sweat is contin-
uously transported to the exterior surface and removed by rolling off the 
superhydrophobic textile. the applications of this interfacial microfluidic 
transport by MSt can be extended to other needs for biofluidic transport, 
for example removal of urine or collection and drainage of wound exudates.

7.3.8   Patterning Slippery Lubricant-Infused Porous Surfaces
aizenberg and coworkers recently introduced SlipS as a water-immiscible 
fluid, liquid-repellent, durable, defect-free, self-healing interface formed by 
locking a perfluorinated lubricant within a porous hydrophobic structure.8 
the principle of SlipS is different from superhydrophobic Cassie–Baxter sur-
faces in that a fluid–fluid interface between a lubricant and an immiscible 
liquid is relied upon liquid repellency due to elimination of pinning points 
and low sliding angles. Since then, there has been much interest in the devel-
opment of SlipS for a wide variety applications ranging from anti-biofouling 
and anti-marine fouling to anti-icing.109–112

Many studies on preventing cell adhesion have relied on trapping an air 
layer within and on top of porous, superhydrophobic surfaces so that liquid 
on the surface is in the Cassie–Baxter state. however, the cell-repellent prop-
erties can diminish after long culture times as the cells grow to confluence 
and proteins eventually cover the superhydrophobic surface. despite a lot of 
research activity in this field, surfaces possessing a combination of (a) effi-
cient cell repellency, (b) long-term stability, and (c) ability to be patterned are 
still very rare. Ueda and levkin introduced a newer concept based on SlipS 
for patterning cell-repellent regions, which have proven to be more effi-
cient than conventional cell-repellent coatings such as peG-functionalized  
surfaces.25 they developed a method to selectively and precisely pattern 
SlipS (hydrophobic liquid) on porous superhydrophilic–superhydrophobic 
patterned surfaces to efficiently prevent cell adhesion and create cell microar-
rays.25 First, a nanoporous polymer surface with superhydrophilic spots sep-
arated by superhydrophobic barriers was wetted with water to form droplets 
in the superhydrophilic spots by discontinuous dewetting (Figure 7.6).22 Sec-
ond, a thin layer of hydrophobic liquid (krytox® Gpl 103) was spread over 
the surface including over the water droplets, but the hydrophobic liquid 
only penetrated the superhydrophobic barriers. third, the hydrophobic liq-
uid layer was washed off the superhydrophilic spots, but it did not wash away 
from the superhydrophobic barriers and formed a stable micropattern on 
the polymer surface. the hydrophobic liquid barriers confined adherent cell 
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Figure 7.6    (a) Schematic of a superhydrophilic nanoporous polymer surface 
with superhydrophobic moieties. Step 1: when the superhydrophilic– 
superhydrophobic patterned substrate is immersed in water, the supe-
rhydrophilic areas become easily wetted while the superhydrophobic 
areas remain dry. When the substrate is pulled out of water, only the 
superhydrophilic areas remain filled with water and distinct droplets 
are formed. Step 2: a thin layer of hydrophobic liquid is applied over 
the water droplets, but infuses only the non-wetted superhydrophobic 
areas. Step 3: the surface is rinsed with water to wash off the unstable 
hydrophobic liquid layer covering the water droplets. the hydrophobic 
liquid infused in the superhydrophobic areas remains stable, resulting 
in the formation of a hydrophobic liquid pattern. Step 4: cells cultured 
on hydrophobic liquid patterns adhere to the superhydrophilic areas, 
but are easily removed from the hydrophobic liquid barriers by weak 
shear forces. (b–d) Water droplets in superhydrophilic spots separated 
by 100 µm hydrophobic liquid barriers for different array pattern geom-
etries: (b) 1 mm side length square, (c) 1 mm diameter circle, and (d) 
1 mm side length triangle. (e) hek 293 cells cultured on a hydropho-
bic liquid micropattern (500 µm side length square, 100 µm barrier). 
Brightfield and dapi channel (blue) images are shown. reproduced 
with permission from John Wiley and Sons ref. 25. Copyright © 2013 
Wiley-vCh verlag Gmbh & Co. kGaa, Weinheim.
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types within the superhydrophilic spots, even when the cell population grew 
to a high density and virtually no cells migrated across the hydrophobic liq-
uid barrier (see Figure 7.6). the few cells that were present on the hydropho-
bic liquid barriers after 7 days of culture displayed a rounder morphology 
compared with cells on the superhydrophilic spots and were easily removed 
by shear forces when gently washing the substrate. this suggested that the 
cells did not readily adhere and grow on the hydrophobic liquid, but no cyto-
toxic effects were observed. the slippery, water-immiscible, and self-healing 
nature of the stable hydrophobic liquid layer formed on the porous surfaces 
most likely attributed to the cell-resistant behaviour due to the inability of 
the cells to become anchored to the liquid interface.8,109 the hydrophobic liq-
uid micropatterns were stable and demonstrated long-term repellent prop-
erties against eukaryotic cells, which surpassed that of a peG-functionalized 
surface.

vogel et al. also later demonstrated that krytox® 100 lubricant could be 
patterned on a substrate and could be used to spatially confine a variety of 
fluids, including low surface tension liquids or biological fluids.113

lee and coworkers developed a micro-omnifluidic (µ-OF) system based on 
a phenomenon called microchannel induction that spontaneously occurs 
when droplets of solvents are applied on omniphilic micropatterned regions 
of a SlipS.114 photolithography was used to create 2d omniphilic paths on 
rough fluorinated surfaces, and then the substrates were infused with lubri-
cant. the µ-OF system was compatible with all solvents tested that had a 
surface tension greater than that of the lubricant used (here, Fluorinert™ 
FC-70, 17.1 mn m−1) and all solvents that were also able to repel the infused 
lubricant and settle on the omniphilic micropatterns. Gravity triggered the 
controlled movement of droplets, which were guided by the induced 2d 
omniphilic microchannels. the µ-OF system was also designed for mixing 
droplets using a Y-shaped omniphilic pattern (60 µm line width) with a large 
omniphilic square patch (200 µm side length) at the Y-junction for droplet 
mixing. this µ-OF device does not require a pump and is compatible with 
almost any solvent. although poly(dimethylsiloxane) (pdMS) microchan-
nels are widely used, one critical issue is the incompatibility of pdMS with 
organic solvents. thus, the µ-OF system has potential to be used for microflu-
idic channels when working with organic solvents or other harsh chemicals.

Manna and lynn designed SlipS by infusing silicone oil into nanoporous, 
hydrophobic polymer multilayers fabricated by reactive or covalent layer-by-
layer assembly.115 the reactivity of the azlactone-functionalized multilayers 
provided a means to tune the surface and bulk wetting behaviours by treat-
ment with amine-functionalized molecules. the multilayers were chemically 
patterned with hydrophilic d-glucamine followed by functionalization of 
the background with 1-decylamine, and then infused with oil. Sticky regions 
devoid of oil were obtained that could stop the sliding of aqueous liquids, 
extract samples of liquid, and control the trajectories of sliding droplets. 
these SlipS-coated surfaces patterned with sticky patches captured droplets 
from aqueous dye solutions by dip-coating. if the droplets are large enough 
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compared with the spacing between sticky patches, then the velocity and tra-
jectory of the droplets can be controlled.

Since SlipS have also demonstrated to be effective against fouling from 
bacteria, marine organisms, and ice, patterned SlipS could be useful for 
applications, for example, in the medical, marine, and transportation indus-
tries to design sophisticated anti-fouling surfaces.109–112

7.3.9   Fog Collection
Jiang and coworkers combined both wettability and shape gradients for 
more efficient water collection compared with simple circle-shaped wettabil-
ity patterns or uniform superhydrophilic or superhydrophobic surfaces.116 
Star-shaped wettability patterns were designed to integrate surface energy 
gradients and laplace pressure gradients to quickly drive tiny water drop-
lets towards more wettable regions (Figure 7.7). reducing the pattern size 
further improved the water collection efficiency. highly porous superhydro-
philic surfaces (∼19.2 µm thick, θst ≈ 0°) were fabricated by spin-coating a 
tiO2 slurry onto a bare glass substrate, and then superhydrophobic surfaces 
(θst > 150°) could be fabricated by treating the superhydrophilic surface with 
heptadecafluorodecyl-trimethoxysilane (FaS). Superhydrophilic patterns (θst 
< 5°) in the shape of circles or 4-, 5-, 6-, and 8-pointed stars were created 
by exposure of FaS-modified superhydrophobic surface to Uv light (365 nm, 
∼25 mW cm−2) for 60 min through a photomask to photocatalytically decom-
pose the FaS monolayer in the exposed regions.

the water collection properties from a flow of fog generated by a humid-
ifier (relative humidity >95%) were tested on four kinds of surfaces: uni-
formly superhydrophilic, uniformly superhydrophobic, circle-patterned, 
and eight-pointed star-patterned. droplets spread immediately when 
captured on the uniformly superhydrophilic surfaces, whereas droplets 
maintained a spherical shape and frequently coalesced with neighbour-
ing droplets on the uniformly superhydrophobic surfaces. On the circular 
patterns, droplets were mostly collected and easily coalesced on the outer 
superhydrophobic region and then were driven inward to the wettable cir-
cular region by the gradient in surface energy. actually capturing the water 
droplets from the air is a crucial step for efficient water collection, thus an 
eight-pointed star-shaped pattern was designed to capture tiny water drop-
lets, quickly let them coalesce into larger droplets before they evaporate, 
and transport them to a reservoir. On the eight-pointed star-shaped pat-
terned surface, droplets were initially captured everywhere on the surface 
but were then driven by the gradient in surface energy from the outer supe-
rhydrophobic region to the superhydrophilic star pattern to form larger 
droplets. Furthermore, the tips of the star generated a laplace pressure 
gradient due to the shape gradient and further enhanced the directional 
movement of water droplets. Surfaces with the star-shaped pattern were 
more efficient at collecting water than the circular patterns (2.11 vs. 2.78 
g cm−2 h−1). these experiments indicate that gradients in surface energy 



Figure 7.7    Schematic of the fabrication of surfaces with different wettabilities. (a) 
Superhydrophilic surface composed of tiO2 nanoparticles, where fog 
droplets spread. (b) Superhydrophobic surface modified with heptade-
cafluorodecyl-trimethoxysilane (FaS) showing a non-wetting property 
to fog droplets. (c) Bioinspired gradient surface with a star-shaped 
wettability pattern fabricated by illuminating the FaS-modified film 
through a photomask with Uv light. the fog droplets are collected 
directionally towards the star-shaped region, which is more wettable. 
(d–g) Water collection from fog on surfaces with various wettability 
features. (d) On a uniformly superhydrophilic surface, water droplets 
spread over surface. (e) On a uniformly superhydrophobic surface, indi-
vidual water droplets coalesce randomly (e.g. droplet 1 + 2 + 3 to 4). 
(f, g) On surfaces with patterns of wettability, tiny water droplets are 
collected directionally toward the more wettable region (indicated by 
the arrows). the water collecting processes are continuous because 
new droplets appear immediately after the previous ones move away, 
which enhances the fog-collecting efficiency. adapted with permission 
from John Wiley and Sons ref. 116. Copyright © 2014 Wiley-vCh verlag 
Gmbh & Co. kGaa, Weinheim.
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and shape as well as the size of the superhydrophilic patterns influence 
the water collection efficiency. Surfaces patterned with similar but smaller 
shapes were more efficient at collecting water than those with a larger pat-
tern because the laplace pressure gradient is highly sensitive to the length 
scale.

Wang and coworkers used superhydrophilic–superhydrophobic micro-
patterned surfaces to demonstrate enhanced efficiency of water collection 
from fog compared with uniform superhydrophilic and superhydropho-
bic surfaces.43 the patterned surfaces were fabricated by inkjet printing a 
dopamine solution in a designated pattern onto a superhydrophobic sur-
face, followed by in situ dopamine polymerization to create superhydro-
philic regions. For the water collection experiments, the substrates were 
placed on a thermoelectric cooling module to maintain the substrates at 
∼4 °C, which is lower than the dew point of 20 °C, and a simulated flow 
of fog (∼10 cm s−1) was generated by a humidifier. the temperature and 
relative humidity were approximately 22 °C and 90–95%, respectively. the 
substrates were vertically oriented and the water collected by the surfaces 
drained by gravity into containers underneath the substrates. the weight of 
water collected was measured after 1 h for five different substrates: a supe-
rhydrophilic glass substrate with θst < 5°; a superhydrophobic glass sub-
strate; and pda-patterned superhydrophobic substrates with pattern sizes/
separations of either 200 µm/400 µm, 200 µm/1000 µm, or 500 µm/1000 
µm. the superhydrophilic surface had the lowest water collection effi-
ciency (∼14.9 mg cm−2 h−1) among the five different substrates. the super-
hydrophobic surface reached a water collection efficiency of ∼30.0 mg cm−2 
h−1; however, all three pda-patterned superhydrophobic surfaces demon-
strated even more enhanced water collection efficiency ranging from ∼33.2 
to 61.8 mg cm−2 h−1, with the 500 µm/1000 µm pattern design achieving the 
highest efficiency.

On the superhydrophilic surface, film-wise condensation occurred in 
that the condensed water droplets immediately spread on the surface and 
formed a thin water film. On the superhydrophobic surface, tiny spherical 
water droplets condensed on the surface and gradually merged into larger 
droplets until reaching a threshold and rolling off the vertical surface. 
Self-clearing of the droplets from the superhydrophobic surface allowed 
continuous nucleation and growth of new droplets, resulting in more effi-
cient collection of water. On the pda-patterned superhydrophobic surfaces, 
condensation of tiny water droplets occurred initially on the superhydro-
phobic regions, but then the droplets preferentially moved towards the 
pda-modified superhydrophilic regions due to the difference in wettabil-
ity and subsequently coalesced into bigger droplets in these regions until 
reaching a threshold and rolling off the surface. the superhydrophilic–
superhydrophobic patterned surfaces were seemingly more efficient at col-
lecting water from fog due to the simultaneous enhancement of droplet 
nucleation on the superhydrophilic regions along with droplet removal on 
the superhydrophobic regions.
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7.3.10   Heat Transfer During Boiling
tuteja and coworkers developed superomniphobic–superomniphilic pat-
terned surfaces to improve the heat transfer for more efficient boiling with 
both aqueous and non-aqueous liquids with low surface tension (e.g. oil, 
alcohol).44 Surfaces with low surface energy are not easily wetted by boiling 
liquid and exhibit a high boiling heat transfer coefficient because they facil-
itate bubble nucleation. Superomniphobic surfaces yield high heat transfer 
coefficient values even for low surface tension, heat transfer liquids. When 
the critical heat flux is reached during boiling, the rate of bubble nucleation 
increases until finally the bubbles coalesce to form a continuous vapour 
film between the heated surface and the boiling liquid. this vapour film has 
a high thermal resistance and acts as a barrier to heat transfer. patterned 
superomniphobic–superomniphilic surfaces increase the heat transfer coef-
ficient and critical heat flux even more since the superomniphobic regions 
promote high nucleation rates, while the superomniphilic regions help to 
prevent the formation of a continuous vapour film. heptane preferentially 
condensed within patterned superomniphilic regions and methanol prefer-
entially boiled on patterned superomniphobic regions.

7.4   Conclusions
research involving surfaces patterned with extreme differences in wettability 
is actively progressing. a variety of different techniques to produce patterned 
surfaces have already been developed, but there is still room to improve 
the robustness, stability, and ease of fabrication and modification of such  
surfaces. More importantly, novel and practical applications of patterned sur-
faces are still being developed. in this chapter, we have introduced some of 
the applications that have been utilized for patterned surfaces: StCM devices 
for separation or liquid control applications; using superhydrophobic regions 
in the Cassie–Baxter state to control protein and cell adhesion as well as cell 
migration; creating ultrahigh-density cell or droplet arrays; controlling the 
shape and positioning of liquid droplets or microparticles; patterning ink 
for lithographic printing; patterning hydrophobic lubricants for highly effi-
cient cell repellency; efficient water collection and droplet transport in low 
moisture conditions; and improved nucleation of bubbles and heat transfer 
during boiling.

Since the adhesion of molecules and cells was well controlled by patterns 
of superhydrophobicity in the Cassie–Baxter state, it is an interesting alter-
native to using physical barriers for applications such as cell patterning, cell 
screening using microarrays, performing bioassays, controlling the adhesion 
of biomolecules and cells in complex 2d or 3d architectures, tissue engineer-
ing, bioimplants, or performing high-throughput combinatorial chemical 
screens. Using layers of air trapped on the surface is a more general method 
for controlling protein and cell adhesion since interactions with the surface 
are minimized and seem to be mostly independent of the protein structure 
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or chemical composition. in addition, protein and cell repellence would not 
rely on serum-free or serum-depleted conditions.

Culturing cells in arrays of droplets or hydrogels opens up the possibili-
ties of screening non-adherent cells and cells in 3d microenvironments. in 
addition to demonstrating the cell-repellent properties of superhydropho-
bic surfaces, we showed that hydrophobic lubricant surfaces also possess 
excellent and long-term cell-repellent properties. the concept of hydro-
phobic lubricant-infused porous surfaces for anti-biofouling applications 
has recently been introduced, but the mechanism of cell repellency has not 
been confirmed and should be explored in detail. this information could 
lead to the better design of non-fouling surfaces. in the near future, sur-
faces with patterns of wettability will be further implemented to advance 
the performance and potential of existing or new technologies.
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