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An approach for the fabrication of functional polymer surface coatings is introduced, where micro-scale
structure and surface functionality are obtained by means of self-assembly mechanisms. We illustrate
two main applications of micro-patterned polymer surfaces obtained through dewetting of bilayers of
thin polymer films. By tuning the physical and chemical properties of the polymer bilayers, micro-
patterned surface coatings could be produced that have applications both for the selective attachment
and patterning of proteins and cells, with potential applications as biomaterials, and for the collection
of water from the atmosphere. In all cases, the aim is to achieve functional coatings using approaches that
are simple to realize, use low cost materials and are potentially scalable.

� 2017 Elsevier Inc. All rights reserved.
1. Introduction surfaces, including micro-contact printing, photolithography, and
The formation of patterns on surfaces is a concept that finds
application in numerous fields of science and technology: from
microfluidics to biosensing, from the study of surface wettability
to the design of energy-efficient materials. Several
well-established methods exist to induce functional patterns on
patterned plasma deposition. In an attempt to address some of
the shortcomings of these techniques, namely high cost and little
flexibility, an alternative class of patterning approaches has been
developed in the last few decades, all relying on entirely sponta-
neous processes. For example, solutions of polymers (or polymer-
izable moieties) can be induced to form ordered surface patterns
by controlling the evaporation rate and the solution viscosity. An
intuitive example is the ‘coffee ring’ pattern, where material is
deposited in concentric rings as a droplet evaporates. The approach
has been developed to such an extent that arrays of hexagonally-
packed dots or of parallel lines can be readily fabricated, by tuning
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the type of solvent, type of polymer, polymer’s molecular weight
and temperature [1]. A second notable example of spontaneous
patterning involves the use of so-called ‘breath figures’. Put simply,
breath figures are formed when a cold, hydrophobic surface is
exposed to water vapor. Water condenses on the surface in small
droplets, as it cannot form a film on it. The droplets grow in time,
and spontaneously arrange in a variety of patterns. If breath figures
are formed on thin films of polymer solutions, they will emboss
their pattern into the liquid film. By controlling the relative rate
of solvent evaporation to droplet growth and coalescence, mono-
layers of hexagonally-packed pores of similar sizes can be achieved
[2]. A third example of spontaneous patterning technique,
advanced by the Neto group, is the dewetting of thin liquid films
[3–13]. This Feature article focuses on the work published in the
Neto group concerning thin film dewetting of polymer bilayers,
in particular for the fabrication of functional patterns in two appli-
cations: protein and cell patterning, and atmospheric water cap-
ture. The different fields of these two applications illustrate the
wide scope of dewetting as a patterning method, and provides sug-
gestions of other areas that might benefit from this approach.

Dewetting is the mechanism by which an unstable thin liquid
film breaks up and retracts from a substrate on which it has been
deposited. The forces that lead to dewetting in thin liquid films are
intermolecular in nature, and therefore the majority of dewetting
work focuses on thin films, with thickness on the order of
100 nm. An extensive literature exists on the fundamental under-
standing of wetting and spreading generally [14–22], and on the
dewetting of thin polymer films more specifically [23–32].

The dewetting of thin polymer films is a remarkable tool to
study the fundamental properties of the phenomenon, as the
dynamics of dewetting can be tuned by tuning the viscosity of
the polymers: temperature or exposure to appropriate solvents
can be used to bring the polymers above their glass transition tem-
perature, Tg, and allows studying them as they dewet in real time.
Slowly flowing films allow the fabrication and optimization of pat-
terns in a more straightforward way than, for example, films of
simple liquids of low viscosity or stiff (e.g. metal) films. In addition,
polymers offer a high variety of chemical functionality and
mechanical properties, which account for their huge spread in
materials science and in modern society.

Techniques such as spin coating, dip coating or spraying can be
used to apply a non-wetting polymer film onto a substrate. The
prepared film is therefore metastable or unstable, and, if taken
above the Tg of the polymer, it will start to dewet until it reaches
its equilibrium state, which is a series of isolated droplets with a
finite Young contact angle (Fig. 1). The most commonly observed
dewetting mechanism is heterogeneous nucleation, whereby holes
appear at random locations in the film (Fig. 1(a)), their diameter
grows with time (Fig. 1(b)), until the holes start to impinge on
neighboring ones. Nucleation within the polymer film is due to
the presence of chemical defects and/or dust [26], as well as resid-
ual stresses in the polymer due to the preparation method [33–35],
Fig. 1. Optical micrographs illustrating the main stages of dewetting of a thin polystyren
(a) Holes nucleate at random locations in the film, (b) holes grow and start to coalesce w
isolated droplets on the substrate.
and leads to a random distribution of holes. For very thin films
(typically around 5 nm), a mechanism called spinodal dewetting
can be observed that leads to a correlated pattern of holes, result-
ing from thermal fluctuations of the film’s surface [36]. The poly-
mer that has dewetted typically accumulates in a rim
surrounding the hole, and the rim’s shape and growth profile can
be used to derive important viscoelastic and flow details of the sys-
tem [30,37–39]. The rims of neighboring holes merge into cylin-
ders of liquid, which finally break up by Plateau-Rayleigh
instability into isolated droplets, usually placed along the lines of
polygonal shapes created by the advancing rims (Fig. 1(c)).

In some circumstances, the Plateau-Rayleigh instability can be
observed throughout the dewetting process and prior to the final
stage, through the occurrence of viscous fingering inside the holes,
and then the final pattern of droplets can be much denser and uni-
form across the substrate [40]. The occurrence of viscous fingering
has been strongly related to a large liquid slip at the interface
between the polymer melt and the substrate [11,41]. It has been
argued that interfacial slip can be deduced by the morphological
appearance of unstable hole rims and dewetted droplets formed
by Rayleigh–Plateau instability [42], and the magnitude of slip
depends on chain molecular weight. As expected, the specific
chemical nature of the surface affects the magnitude of slip. In
yet unpublished work, we have observed that the length of viscous
fingers is strongly related to the molecular weight of the polymer
[43]. This effect is qualitatively depicted in Fig. 2.

Dewetting dynamics, i.e. the study of the growth of nucleated
holes as a function of time, is typically studied in the early stages
of thin film dewetting (i.e. prior to hole coalescence) via time-
lapse optical microscopy. The dynamics of dewetted hole growth
has also been considered from a theoretical perspective by numer-
ous research groups with distinct ‘regimes’ characterised by a dif-
ferent time dependence of the velocity of the dewetting front [44–
51]. In the case of dewetting from a high-viscosity, solid substrate,
the dewetting velocity is constant (i.e. hole growth is linear with
time) and is a function of the surface tension and viscosity of the
polymer, as well as the equilibrium contact angle the polymer
makes with the underlying substrate. For the dewetting of very
low viscosity polymers on solid substrates, viscous dissipation
can be neglected and the dewetting velocity can be shown to have
a e�0.5 dependence, where e is the film thickness. Dewetting from
low viscosity (liquid-like) substrates, a potentially important con-
sideration in polymer bilayer systems, is usually characterized by
a non-linear growth (typically radius / t2/3) of nucleated holes
due to viscous dissipation at the bilayer interface [46]. In the case
of liquid–liquid systems, the dewetting velocity has a 2/3 power
law dependence on the bottom layer thickness and a �1/3 power
law dependence on the top (dewetting) layer [49]. Dewetting sys-
tems often exhibit both of these regimes (i.e. linear and non-linear
growth) during the course of an individual experiment [50–52],
due to changes in the dominant mode of energy dissipation at
the interface.
e film (PS, 110 nm thick) on a hydrophobized silicon substrate by thermal annealing.
ith neighboring holes and producing cylinders of liquid, which (c) further decay into



Fig. 2. Optical micrographs of the dewetting morphologies obtained in PS films retracting of hydrophobized silicon substrates, as a function of increasing PS molecular
weight. The molecular weight is (a) PS 5.61 KDa, (b) 10.3 KDa, (c) 65 KDa, and (d) 125 KDa. Adapted from Ref. [43].
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Interesting phenomena can occur in dewetting liquid systems.
For example, a bilayer of liquid films can exhibit ‘layer inversion’,
a rearrangement of the layer distribution due to the interplay of
different viscosities and intermolecular forces in the system (we
discuss this topic in Section 1.3). In some cases, dewetting can be
observed in a single film of the same material. This phenomenon
is referred to as ‘autophobic dewetting’, and occurs when a film
of a certain material undergoes dewetting from a layer of identical
molecules, somehow bound to the underlying substrate. For exam-
ple, certain polymer films can dewet from polymer brushes of the
same chemical composition attached to the underlying substrate
[53,54]. Finally, certain amphiphilic molecules can transition from
wetting a substrate to dewetting from it depending on the fine bal-
ance between their interactions with the substrate or with them-
selves. In these systems, a molecularly-thick layer could wet a
substrate, but dewet if more layers of the same material are
stacked onto the first, opening up applications molecular recogni-
tion on a surface [55].

1.1. Features of patterning by dewetting

Some of the positive features of thin polymer film dewetting for
the fabrication of surface patterns are:

(i) simplicity; the pattern formation method is simple and does
not require any specialized equipment, relying on the spon-
taneous retraction of the polymer film upon thermal or sol-
vent annealing; in order to obtain reproducible results in a
research laboratory, the substrate and the polymer solution
need to be clean from contamination, both chemical and
particulate;

(ii) versatility; the patterns that are formed by dewetting of
polymer bilayers lead to both chemical and topographical
patterns; there is no restriction on the choice of synthetic
polymers used to fabricate the bilayers, so tailored contrast
can be achieved between the background and the pattern
(wettability, mechanical, conductive, functional); with our
recent work, we have shown that even stable films can be
made to dewet upon exposure to mixtures of vapors of good
and poor solvents; [11,12] the size of the produced patterns
(holes or droplets) can be easily varied between a few hun-
dred nanometers and a few hundred micrometers, by vary-
ing film thickness or dewetting time;

(iii) scalability; thin polymer films can be applied to both large
and 3D substrates, and this means that many substrates
can be patterned by dewetting, including for example pros-
thetics, catheters, large plastic sheets and other devices; in a
research laboratory coating may be fabricated via spin-
coating, whereas dip-coating and spraying would facilitate
the creation of larger patterned substrates;

(iv) easy control over pattern dimension and distribution; in clean
conditions, the dewetted holes nucleate all at the same time,
so are produced in a narrow size range (typical size variation
between 1 and 10%), and the final dewetted pattern of dro-
plets has reproducible size (variation up to 10%) and distri-
bution density; the density of nucleated holes increases
with increasing polymer molecular weight, attributed to a
greater level of internal stress within higher molecular
weight films during the coating process; [35]

(v) low cost; the polymers that can be used to produce func-
tional patterns are many, low cost and easily (often commer-
cially) available. Furthermore, the equipment required is
relatively basic, which makes the patterning accessible to a
wide range of users, including non-experts in polymers
and wetting. Our very rough cost estimate for patterning
small substrates in a research laboratory is around USD
0.10 per sample for dewetting, compared to USD 0.50 per
sample for photolithography, mainly due to the higher cost
of equipment in the latter case.

The rich variety of possible applications and the ease of use of
dewetting will be discussed throughout this paper, and additional
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advantages specific to the use will be highlighted. On the other
hand, patterning by dewetting has three main disadvantages com-
pared to other patterning techniques: (1) the smallest feature size
(droplet or hole) that can be produced is in the range of hundreds
of nanometers, well below the capabilities of photolithography or
micro-contact printing; (2) in the absence of pre-patterning,
dewetting is rather limited in the number of possible shapes or
order that can be produced; (3) it is necessary to work with thin
films (of the order a few tens to a few hundred nm) in order to
obtain a pattern in a timely manner, which limits stability to
scratches from sharp objects.

Some of the limitations that are intrinsic to dewetting have
been addressed in the literature, and the result is that thin film
dewetting is even more widely applicable as a patterning platform.
In the following Sections, the introduction of solvent annealing and
pre-patterning of the substrates is discussed as important steps
towards widening the scope of application of polymer dewetting.
1.2. Experimental considerations in the design of micro-patterned
surfaces via dewetting

There are some disadvantages or technical challenges in the use
of dewetted bilayers, which should be taken into consideration in
surface design (see Fig. 3). In order to prepare the initial bilayer
via a technique such as spin coating, the top layer must be soluble
in a non-solvent for the bottom underlayer. This is to avoid poly-
mer mixing and dissolution of the bottom layer during deposition
of the top layer, and while this sounds straightforward, judicious
choice of solvents is important. In our work using polystyrene
(PS) as an underlayer, we typically spin-coat our top layer from
ethanol or acetonitrile to avoid underlayer dissolution. We also
generally restrict our studies to polymers that are glassy at room
temperature (i.e. they have a high glass transition temperature,
Tg); this enables one to take advantage of the mechanism of dewet-
ting only occurring above room temperature, where polymer
chains have sufficient mobility. From a synthetic perspective this
restricts our choice of polymers typically to styrenics, certain
methacrylates, poly(N-vinylpyrrolidone) and members of the
poly(vinylpyridine) family; [56] recently we have also explored
Fig. 3. Schematic overview of polymer bilayer dew
the possibility of preparing hydrophobic base layer polymers with
high Tg via the copolymerization of a fluorinated monomer
(2,3,4,5,6-pentafluorostyrene) with N-phenylmaleimide to incor-
porate chain-stiffening groups such as heterocycles into the poly-
mer backbone [57].

An additional consideration in the design of polymer bilayer
films to generate micro-patterned substrates is the relative molec-
ular weights of each layer, as this can result in different final sur-
face morphologies than the desired surface of isolated polymer
droplets. If thermal annealing of the bilayer is performed above
the Tg of both polymers, the melt state viscosity g0 (and its power
law dependence on polymer molecular weight [58–60], g0 / M3.5)
becomes of critical importance, as a liquid–liquid dewetting
regime can potentially arise. In such a case the polymer underlayer
is equivalent to a deformable substrate; this is further complicated
by layer inversion, discussed in Section 1.3.
1.3. Layer inversion in polymer bilayers

The Neto group has pioneered the use of patterns generate by
the dewetting of polymer bilayers. The choice of polymer bilayers
as a platform for pattern formation was brought about by the great
versatility and ease of preparation: polymers are available in
almost infinite chemical variety, and most of them can be spun
or dip-coated into smooth coatings on solid substrates. The dewet-
ting of polymer bilayers enables the formation of polymer patterns
of varied chemistry and material properties.

However, the dewetting of polymer bilayers by thermal anneal-
ing at a temperature above both polymers’ Tg, often brings about an
undesired side-effect, called layer inversion, as depicted in Fig. 4.
When the bottom polymer layer has a lower surface tension than
the top layer, it will migrate to the film/air interface and partially
coat the top polymer layer during the dewetting process. Layer
inversion can be easily confirmed based on the morphological fea-
tures of the dewetted patterns, mostly that the dewetted droplets
are no longer isolated from each other, but still connected by a
cylinder, as shown in Fig. 4(d). In more quantitative experiments,
the top layer can be dissolved in a selective solvent, and the
etting for the creation of patterned surfaces.



Fig. 4. Optical micrograph of the dewetting of a poly(4-vinylpyridine) (P4VP) film (43 nm) on top of a PS film (96 nm) upon thermal annealing at 180 �C; the time stamps
indicate increasing time of annealing (scale bar = 50 lm). Insets: AFM cross-sections of the same samples before and after selective dissolution of the top P4VP with ethanol,
the dashed line indicating the topography of the bottom PS film imaged after dissolution of the top P4VP.

Fig. 5. A dewetted pattern obtained by solvent annealing of an 800 nm thick PS film
on top of a plain silicon substrate. The average PS droplet size visible by eye is
around 80 mm. Reprinted with permission from Ref. [12]. Copyright 2016 American
Chemical Society.
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exposed topography can be imaged by atomic force microscopy
(AFM), as shown in the insets in Fig. 4(b) and (d).

The competition between film dewetting and layer inversion
was explored by the Neto group through the dewetting of poly
(4-vinylpyridine) (P4VP) from PS where the molecular weight of
each layer was varied [4]. When a ‘liquid-on-solid’ dewetting
regime was employed (low molecular weight P4VP on top of high
molecular weight PS), complete dewetting of the P4VP film into
isolated droplets was achieved upon thermal annealing. In con-
trast, liquid–liquid dewetting systems (i.e. the bottom layer has a
lower melt viscosity than the top layer) demonstrated a cessation
in hole growth prior to coalescence, in addition to other observed
phenomena (jagged and irregular hole profiles, as well as local
variability in the thickness of the unperturbed P4VP film). A non-
constant hole growth profile was also observed in liquid–liquid
cases, as predicted from modelling of liquid–liquid dewetting
[49]. The arrested hole growth prior to full dewetting was attribu-
ted to layer inversion due to the higher mobility of the PS under-
layer in the melt state and exposed domains due to hole
nucleation in the top P4VP layer. This was confirmed via selectively
dissolving the top P4VP layer in ethanol followed by tapping mode
AFM. A competitive model describing these two processes was put
forward, comparing the predicted reptation time for the PS used to
the shear rate of the dewetting front [61], which was in good
agreement with observations. In order to reach fully dewetted pat-
terns of P4VP droplets on top of the PS film, the rate of dewetting
needed to be significantly greater than the rate of polymer migra-
tion via reptation.

1.4. Effect of solvent vapor annealing on polymer film dewetting

The majority of the work published on polymer film dewetting
involves films of thickness around or below 100 nm, as the driving
forces that are exploited for dewetting are mostly intermolecular
in range, and can act only over relatively thin films (van der Waals
forces, electrostatic forces, hydrogen bonding) [36,45,62–64]. Very
thick films do not dewet via thermal annealing. However, in recent
work, the Neto group has demonstrated that films thicker than
600 nm can be readily dewetted, if the annealing mechanism is
changed from thermal annealing to solvent annealing [11,12].
The main motivation behind this work was to produce polymer
droplets onto substrates with size ranging from a few hundred
nanometers to a few hundred micrometers, with narrow size dis-
tribution in each case, and without altering the substrate proper-
ties. This aim was successfully achieved by employing the effect
of replacing thermal annealing with solvent annealing, using a
mixture of vapors of good and poor solvents to anneal the polymer
films.

In our first paper studying solvent annealing, the dynamics and
morphology of dewetting of PS films on silicon substrates were
investigated upon the exposure to vapor mixtures of toluene, a
good solvent for PS, and ethanol, a non-solvent for PS [11]. Adding
a small amount of ethanol vapor to the saturated toluene vapor
resulted in a dramatic increase in dewetting rate of the PS films,
an increase in the contact angle of PS droplets and hole rims on
the substrate, and extensive fingering leading to droplet shedding.
The increase in dewetting rate upon addition of a non-solvent for
the polymer was initially puzzling, but was soon revealed to be
due to the collapse of polymer chains, an effect that had been pre-
dicted in theoretical studies [65,66], but measured in few experi-
ments [67–69]. Our experiments confirmed the theoretical
prediction that in the presence of a mixture of a good solvent
and a non-solvent the PS chains collapse into a globule conforma-
tion, which leads to a greatly reduced viscosity. At the same time
the experiments revealed clear signs of a large interfacial slip,
which, combined with the large increase in contact angle of the
PS on the substrate, pointed to the presence of a thin film of etha-
nol adsorbed on the silicon oxide substrate. The value of slip length
obtained in the presence of ethanol vapor was of the same order as
the values obtained for PS on hydrophobized silicon [48]. The
mechanisms of chain collapse and interfacial slip within the same
experiment could not be decoupled, and this remains a question
that needs addressing. The direct and practical consequence of
the large increase in the driving forces for dewetting was that
much thicker films (up to 800 nm thick) could be dewetted than
in dewetting experiments relying only on van der Waals forces,
and therefore very large polymer droplets could be created, as
shown in Fig. 5 and discussed in Section 3.2.

In our second paper the solvent annealing approach was
expanded to bilayers of thin polymer films. A top film of P4VP film
was cast on a bottom PS film on silicon substrates, and the bilayer
was exposed to vapors of binary and ternary mixtures of ethanol,
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acetone and water, respectively a good solvent, a poor solvent and
a non-solvent for P4VP. This paper confirmed the dramatic increase
in dewetting rate upon adding poor solvents, established that the
driving force for dewetting is stronger the poorer the quality of
the solvent for the polymer film, and identified the individual roles
of the three solvent vapors in the mixture. Ethanol, as a good sol-
vent for P4VP, acts as the plasticizer, which enables the P4VP to
flow by lowering the film viscosity (acetone, as a poor solvent,
has a similar effect but to a lesser extent). Water, as a non-
solvent for P4VP, drives the dewetting faster, by inducing the col-
lapse of the P4VP chains and dramatically reducing the polymer
viscosity (acetone, as a better solvent than water, has a similar
effect but to a lesser extent). Finally, acetone, as a poor solvent
for P4VP but a good solvent for PS, preferentially adsorbs to the
PS substrate, inducing a lubricated flow of the P4VP on the PS.
An added benefit observed was that the layer-inversion of the
P4VP film with the bottom PS film, an effect associated with
annealing bilayers due to the lower surface tension of PS [4], was
prevented by tailoring solvent vapor annealing conditions.

The practical consequence of these studies was that topograph-
ical and chemical patterns, consisting of hydrophilic P4VP bumps
on hydrophobic PS background, were fabricated, with a bump
diameter and height tunable within almost two orders of magni-
tude (1–80 lm and 40–9000 nm, respectively), and with a distri-
bution density tunable by 5 orders of magnitude. These patterns
were used effectively as platforms for the capture of atmospheric
water, as described in Section 3 below.
1.5. Inducing ordered dewetting through micro-contact printing and
templating

One of the perceived limitations of polymer film dewetting as a
patterning approach is the inability to create a pattern with spatial
order and controlled droplet size. However, numerous studies have
shown that dewetting can be well controlled using numerous stim-
uli, which lead to ordered and highly reproducible surface patterns.
A recent review has covered several of these approaches [70]. Here
two approaches that were explored by the Neto group will be dis-
cussed, the first involving the use of stamps in micro-contact print-
ing, and the second involving sacrificial colloidal templates. In the
first of these publications [71], a polydimethylsiloxane (PDMS)
stamp was used to hydrophobize silicon wafers (coating themwith
a monolayer of octadecyltrichlorosilane, OTS) along a square array
pattern, followed by subsequent spin-coating of PS on top of the
pattern. Interestingly, although PS films cannot be directly spin-
coated over OTS-coated silicon wafers, as the contact angle of the
PS solution is too high, the films can be directly spin-coated on
the patterned OTS layer, as the contact angle hysteresis of the solu-
Fig. 6. Ordered patterns obtained by dewetting of polystyrene films on pre-patterned
resulting from low-temperature (70 �C) annealing. (b) Final dewetting pattern resulting f
Copyright 2012 American Chemical Society.
tion contact lines allows for a uniform film to be deposited. This
work demonstrated that ordered dewetting patterns can be
obtained by pre-stamping the substrate with ordered chemical
monolayers; the type of patterns that can be formed are either
channels in the PS film (at early stages of dewetting), or ordered
arrays of PS droplets (in final stages of dewetting) (see Fig. 6). A
partial bleeding out of the silane layer was seen as responsible
for the complete dewetting of the films, including on parts that
were not coated in OTS.

In the second publication, colloidal crystals, made up of a single
sized silica colloid suspension or a mixture of two sizes, were used
as sacrificial templates to guide the controlled nucleation of holes
within the top P4VP film of a polymer bilayer [10]. In this study,
the location on the film at which holes nucleate and grow was
determined by the position of micro-scale colloidal particles, com-
pacted into close-packed arrays. The colloidal particles could sink
into the top P4VP film by pre-annealing, and then washed away,
creating an indented, ordered array of holes on the P4VP surface.
Although the pattern of nucleated holes at the indentation stage
was highly ordered and matched well the pattern of the colloidal
crystal, the order of the pattern was gradually lost as the holes
grew, and the final positions of holes at the point of coalescence
with neighboring holes was regular but no longer ordered
(Fig. 7). As the bilayer was thermally annealed to induce the
growth of the nucleated holes, layer inversion in the bilayer had
to be delayed or prevented.
2. Applications of dewetting in protein and cell patterning

Many types of tissue cells require both chemical and mechani-
cal cues from their surroundings to proliferate and differentiate,
and they may undergo apoptosis (programmed death) in their
absence. When culturing cells in vitro, it is necessary to provide
optimal adhesion conditions on the culturing plate. The interaction
of a cell with its surroundings in vivo is often mediated by a scaf-
fold of proteins (the extra cellular matrix, ECM) that can provide
specific chemical cues (in the form of specific sequences of amino
acid residues) and mechanical stiffness [72]. The three-
dimensional ECM can be simulated in two dimensions by coating
a flat surface with a patterned layer of ECM proteins specific to
the type of cells that are cultured [73].

ECM proteins can be patterned onto a surface to provide iso-
lated domains that are adhesive to cells, usually embedded in a
film that is cell-repellent. Patterns with features of size comparable
to the cell size have important applications in biomedicine and tis-
sue engineering [74]. For example, cell studies on models such as
tumor spheroids require control over the size of the cell colony,
i.e. the number of cells attached to a specific site on a surface
silicon substrates above the Tg of the polymer. (a) Intermediate dewetting pattern
rom high-temperature (100 �C) annealing. Reprinted with permission from Ref. [71].



Fig. 7. AFM micrographs of (a) a single-particle colloidal crystal assembled on a P4VP/PS bilayer. (b)–(d) AFM micrographs of the same area of a micropatterned P4VP/PS
bilayer after (b) colloidal imprinting at 80 �C for 1 min, and (c)–(d) annealing at 190–210 �C for increasing times. The same area was imaged in situ in parts (b–d). Cross
sections of the AFM topography images are shown below each image. Reprinted with permission from Ref. [10]. Copyright 2015 Wiley.
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[75]. In different instances, attachment and confinement of a single
cell on a surface is required [74]. Both these scenarios are possible
on patterns of adhesive domains with lateral dimensions in the
tens of micrometers. In the growth of tissues in vitro, it is some-
times required to control the density of individual cells onto a sur-
face, which can be achieved by tuning the density of adhesive sites
[76]. More complex tissues often require the growth of co-cultures
of multiple cell types, where the degree of homotypic (same cell)
and heterotypic (different cells) contact is key [77,78].

Patterning of surfaces by dewetting of polymer bilayers is par-
ticularly suitable to the examples described above. The round holes
produced upon dewetting of a thin film expose the underlying sur-
face. The top (dewetted) film and the bottom film (exposed inside
the holes) can be chosen to interact very differently with proteins
and cells. For example, if the bottom film is protein adhesive and
the top film is protein repellent, the resulting pattern will promote
adhesion of ECM proteins, and subsequently cells, exclusively
inside the holes [3]. The ability to easily control the diameter of
the holes and their density on a surface allows the confinement
of cell clusters of controlled size (from single cell upwards) with
tunable inter-cluster distance. Using customizable polymer chem-
istry, the patterns of holes can be further modified to promote
adhesion of a second type of cell after adhesion of the initial clus-
ters, to produce co-cultures with tailored contact.
2.1. Polymer bilayers and protein patterning

Protein adhesion onto a surface is of paramount importance in
the interaction of biological and non-biological matter. Cells attach
to surfaces and to each other via layers of proteins and other
macromolecules. Strongly adsorbed proteins can change their
native conformation by exposing their hydrophobic domains to
hydrophobic surfaces, or their charged domains to charged sur-
faces, or dehydrate [79]. Certain conformations of adsorbed pro-
teins on a surface can promote cell attachment, and elicit healthy
growth or an uncontrolled inflammatory response. Therefore, coat-
ings for biomedical applications require control over the conforma-
tion of adsorbed proteins. When patterning of cells onto a surface
is required, localized seeding of proteins is an excellent strategy.
Polystyrene (PS) is one of the most commonly used substrates
for the adhesion of several physiologically-relevant proteins. In
the work of the Neto group thin PS films were used as a base layer
onto which a dewettable layer was cast. Proteins bind to PS via
hydrophobic interactions, and some of our studies suggest that
most adsorbed proteins retain their ability to promote healthy cell
growth (see Sections 2.2 and 2.3). Moderate contrast in protein
adhesion was achieved when poly(methyl methacrylate) (PMMA)
or poly(N-vinyl pyrrolidone) (PNVP) were dewetted from PS [3,7].
Both PMMA and PNVP are moderately hydrophilic polymers (rela-
tive to PS), and their ability to trap a thin layer of water on their
surface is the likely cause of their moderate non-fouling properties
(relative to PS) [80]. PNVP performs better than PMMA as it is more
hydrophilic (contact angle with water is 16� on PNVP, and 75� on
PMMA). Fabricating a PNVP coating, however, requires an addi-
tional step as the PNVP is water-soluble. We discovered that heat
treatment caused cross-linking of PNVP: [81] complete cross-
linking of thin films at 200 �C for 30 min; partial cross-linking at
lower temperatures. Hence a careful choice of annealing tempera-
ture of PNVP/PS bi-layers produced dewetted patterns with cross-
linked, water-insoluble PNVP, suitable for protein adhesion
studies.

The data in Fig. 8 exemplifies the contrast in protein adhesion
obtainable using a simple pattern of dewetted PNVP on top of flat
PS. Collagen I was incubated onto the patterns, and attached pref-
erentially onto the PS domains, inside the dewetted holes. This is
obvious from the fluorescence micrograph in Fig. 8(b), where the
proteins were tagged with fluorescein isothiocyanate (FITC). The
contrast in protein adhesion is also visible by comparing AFM
images of the PS surface (Fig. 8(c)) and the PNVP surface (Fig. 8
(d)) after incubation with the collagen I solution (10 lg/mL). This
low concentration is sufficient to drive endothelial cell attachment
(see Section 2.3), hence the PNVP/PS system has potential applica-
tions in tissue engineering. Higher concentrations of collagen I
would lead to attachment onto PNVP as well, however we found
that PNVP was exceptionally repellent to fibrinogen and
immunoglobulin G, up to 1 mg/mL in concentration [81]. Our
results highlight the complexity of the protein-surface interaction,
and how different proteins can behave very differently when con-
tacting a surface. Protein fouling is hence not universal, but rather
specific to the type of protein, and should be tested for specific
applications [82].
2.2. Patterning of grafted polymer layers

The contrast of protein adhesion in dewetted patterns can be
dramatically improved by selective post-modification of the



Fig. 8. Adsorption of collagen I onto PNVP/PS dewetted patterns. (a) Bright field and (b) fluorescence optical micrographs of FITC-tagged collagen I onto a dewetted pattern.
The green fluorescent protein is only visible inside the dewetted holes. AFM micrographs of (c) PS domains inside the dewetted holes and (d) PNVP layer outside the holes.
Collagen I is visible on the PS surface as elongated, worm-like aggregates, while it cannot be detected on the surface of PNVP. Adapted from Ref. [7] with permission of The
Royal Society of Chemistry. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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coating. The approach in the Neto group has involved grafting
protein-repellent polymer layers, i.e. by tethering polymer chains
with a functional terminus onto a surface by various methods.
When the chains are densely-packed, they are forced to extend
away from the substrate, in a ‘‘polymer brush” conformation, dic-
tated by the balance between the steric hindrance from neighbor-
ing chains and the elastic recoil of the chains. The mechanical
properties of polymer brushes depend strongly on their solvation
state [83]. In biomedical applications, polymer brushes are usually
hydrophilic, and swell in water-based biological media. Such swol-
len brushes become elastic layers dense enough to prevent protein
permeation and elastic enough for large bodies such as cells to
bounce off [84]. Most importantly, by trapping water they prevent
the very first step of irreversible protein (and subsequent cell)
adhesion, which includes the partial dehydration and denaturation
of the protein and its intimate interaction with the substrate (by
Van der Waals and electrostatic forces) [80].

Grafting of polymer chains can be obtained by physisorption
(where the tethering group adsorbs to the substrate) or by
chemisorption (where the tethering group bonds chemically with
the substrate). Chemisorbed brushes are more stable than physi-
sorbed ones to immersion, shear and temperature variation, and
can be produced by ‘‘grafting-to” or ‘‘grafting-from” approaches.
In the following, we will describe examples of each to produce pat-
terned brushes in combination with dewetting.

The grafting-from approach is often referred to as ‘‘surface-
initiated polymerization”, and it requires the immobilization of
polymerization initiators onto the substrate, from which polymer
chains can be grown by monomer addition [85]. Densely-packed
grafted layers can be achieved by controlling the density of the ini-
tiator on the surface. To grow a polymer brush with controlled
thickness and mechanical properties, the dispersity of the polymer
chain lengths must be minimized. Various approaches to the rever-
sible deactivation radical polymerization of vinyl monomers are
available, one of which is atom transfer radical polymerization
(ATRP) [86]. In this technique, a radical initiator (typically a halo-
genated ester) initiates the growth of a polymer chain in the pres-
ence of a transition metal (typically copper) catalyst. The careful
control of the rate of association and dissociation of the carbon-
halogen bond at the growing end of the chain, allows exquisite
control over the chain length distribution. The reactive halogen
group at the end of each growing chain allows post-modification
of the surface of the polymer brush. In our approach, surface-
initiated ATRP was combined with patterning by dewetting, to pro-
duce surfaces with protein-adhesive domains in a highly protein-
repellent background [6]. We employed a particular variation of
ATRP, named activators generated by electron transfer (AGET-
ATRP) [86]. The standout advantage of this variation is the use of
a mild reducing agent, such as ascorbic acid, to establish the opti-
mal ratio between the oxidized and reduced forms of the copper
catalyst, which is paramount to the control over the polymeriza-
tion. The added advantage is that the reaction can potentially be
carried out in the presence of oxygen, which usually inhibits
radical-based process, but is instead scavenged by the reducing
agent. Overall, AGET ATRP is a robust approach to grafting of poly-
mer brushes.

As seen in the scheme in Fig. 9, the system was based on a
bilayer of polymer thin films. Protein-adhesive PS was used as
the bottom layer. A film of a custom-made polymer, containing
in its structure the ATRP initiator 2-bromopropanoate, was



Fig. 9. Patterning of polymer brush by dewetting. The polymer thin film bilayer (a) is patterned by dewetting (b); non-fouling polymer chains are either grown from the top
layer (grafting-from, c) or pre-synthesized and then tethered to the top layer (grafting-to, d); the grafting does not affect the pattern (e); the patterned polymer brush allows
protein and cell attachment only on the domains where the bottom layer is exposed (f).
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subsequently deposited on top of the PS. This polymer, from here
on referred to as the ‘‘macroinitiator”, was based on a poly(methyl
methacrylate) backbone, which easily dewets from PS. After
dewetting was used to achieve the desired pattern in the macroini-
tiator bilayer, a hydrophilic brush of poly[poly(ethylene glycol)
methyl ether methacrylate] (polyPEGMA) was grafted from the
macroinitiator film using AGET-ATRP [8]. The initiator was dis-
tributed homogenously across the thickness of the film, and some
monomer could access deeply-buried initiators and begin the
growth of buried chains. The result was a strongly intermixed layer
of macroinitiator and brush, topped by the pure brush. The simul-
taneous brush growth and interpenetration of macroinitiator and
Fig. 10. Protein adhesion onto a dewetted poly(PEGMA) brush, grafted from a macroinit
BSA adsorbed onto the patterned brush. BSA adsorbs only in the adhesive holes, where t
AFM image of a single dewetted hole after exposure to BSA: the protein could be detecte
on the outer polyPEGMA brush, which remained smooth.
brush chains produced a non-linear increase of the brush. Never-
theless, the brush thickness in our system was precisely control-
lable [6].

Poly(PEGMA) brushes grafted from our custom-made macroini-
tiator could be grown up to �70 nm thick, and exhibited excellent
protein and cell repellent properties [6]. Above this thickness
delamination from the substrate started to occur. Shown in Fig. 9
(e) are optical micrographs of a dewetted macroinitiator film onto
PS, before and after grafting of poly(PEGMA), showing no alteration
of the pattern. The outstanding contrast in protein adhesion
achievable with patterned brushes can be observed in Fig. 10.
Bovine serum albumin (BSA), tagged with the green florescent
iator layer. (A) Bright field and (B) fluorescence optical micrographs of FITC-tagged
he base polystyrene layer was exposed, and not on the poly(PEGMA) brush. (C) 3D
d only inside the dewetted hole by the high surface roughness of the area, while not



Fig. 11. Quartz crystal microbalance frequency shift (3rd harmonic) during the
adsorption of BSA on tested polymer coatings. Stage (A) is when the injection of the
BSA solution in PBS occurs (2 mg mL�1); Stage (B) is when the rinsing with PBS
occurs. The mass of the BSA adsorbed on each surface after rinsing is indicated in
the legend. Reprinted with permission from Ref. [9]. Copyright 2014 American
Chemical Society.
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dye FITC, was deposited onto a patterned poly(PEGMA) brush.
Despite the high concentration of the protein solution (1 mg/mL),
no protein adhesion was detected on the polymer brush (areas out-
side the dewetted holes), while a strong fluorescent signal from
adsorbed proteins could be seen inside the dewetted holes
(Fig. 10(a) and (b)). AFM confirmed the presence of a layer of
adsorbed protein inside the holes, detectable from its high rough-
ness, but not on the surrounding polymer brush, which appeared
smooth (Fig. 10(c)). This is an outstanding improvement over sim-
pler systems (such as dewetted PMMA or PNVP, see Section 2.1),
where moderate adhesion contrast was possible only for protein
concentrations in the tens of lg/mL.

In the grafting-to approach for the fabrication of tethered poly-
mer layers, pre-synthesized polymer chains, bearing a tethering
group, are made to attach to a surface [9]. Grafting-to benefits from
using polymers that can have extremely-well controlled length
distribution, and does not require advanced polymer synthesis,
making it a more accessible technique than grafting-from. A disad-
vantage of this technique lies in the fact that the polymer chains
tend to deposit on the surface in their most stable (un-stretched)
conformation, producing grafted layers with lower chain density
than the grafting-from approach. An additional limitation is that
the choice of tethering groups for effective grafting is somewhat
limited. In our work, we exploited the reaction of an epoxide with
a primary amine [9]. As shown in the scheme in Fig. 9(b), the sys-
tem was based on a bilayer of PS and poly(lactic-co-glycolic acid)
(PLGA). PLGA was chosen as it can be used as a safe degradable
coating in physiological conditions, but has a short lifetime (of
the order of several hours). PLGA films dewetted easily from PS
when annealed above 120 �C, producing the expected pattern of
uncorrelated circular holes. The PLGA film was then reacted by
either aminolysis (with ethylenediamine) or hydrolysis (with
sodium hydroxide) to introduce primary amine or hydroxide
groups on the surface of the film. Poly(ethylene glycol) (PEG) bear-
ing terminal epoxide groups was finally grafted to the amine or
hydroxide groups. To maximize the density of grafted chains, the
grafting was performed under cloud-point (CP) conditions,
whereby the volume of the polymer chains is reduced by reducing
their solubility (in our work by using 0.1 M phosphate buffer at pH
7, containing 0.8 M Na2SO4). The PEGylated surface grafted under
CP conditions exhibited good protein resistance: fluorescence
microscopy highlighted a contrast in the amount of FITC-tagged
BSA adsorbed on the dewetted PEG brush, with more protein inside
the holes. Quartz crystal microbalance confirmed that almost
twenty times more protein adsorbed on PS compared to PLGA
CP-grafted with PEG, as shown in Fig. 11 (by comparison room
temperature grafting, RT, was less efficient). Interestingly, the
grafted PEG layer drastically reduced the hydrolysis of PLGA. Our
grafting approach slowed down the degradation of PLGA remark-
ably, providing both antifouling properties and tuning of the
biodegradation rate of the coating.

2.3. Selective attachment and patterning of cells

As discussed in Section 2.1, ECM proteins surround cells in a tis-
sue, provide important cues that direct cell–cell interaction and
contribute to the regulation of cell growth, specialization, multipli-
cation and death, which all together maintain the normal behavior
of the tissue. By patterning the appropriate ECM protein onto a sur-
face, one can obtain a seed layer suitable for the subsequent selec-
tive attachment of cells. In our work, for example, we employed
vitronectin to promote the adhesion of mouse fibroblasts, and type
I collagen to pattern human umbilical vein endothelial cells. Both
type of cells can interact with the seed layer of ECM proteins via
specialized receptors on their outer membranes, called integrins,
which can be thought as the cell’s tactile probes to explore a sur-
face [87]. If ECM proteins that have exposed cell-binding domains
are present on the surface, the integrins will bind to them, and cre-
ate tension in the cell’s ‘‘skeleton” (a framework composed of the
structural protein actin). Such mechanical input is transduced in
chemical inputs within the cell, which ultimately determine its
behavior [88]. Often tissue cells require spreading in order to sur-
vive. Cells that remain rounded once in contact with a surface
undergo apoptosis. We studied the attachment of mouse fibrob-
lasts onto a patterned polyPEGMA brush, and observed that cells
could effectively attach inside the vitronectin-coated holes, but
not on the non-fouling polymer brush around them (Fig. 12(a))
[6]. Cells spreading within the holes would depend strongly on
the space available: one or two cells in wide 40 lm holes - com-
pared to the size of a single rounded cell, approx. 15 lm - would
spread to attempt to cover the entire vitronectin surface, while
multiple cells would crowd together to maximize contact with
both the underlying vitronectin and the neighboring cells (Fig. 12
(a)). In patterns with large adhesive domains, cells had an almost
100% survival rate after 24 h, as determined by selectively staining
live cells in green and dead cells in red (Fig. 12(b)). Interestingly,
when the diameter of the holes was reduced to a size comparable
to that of the rounded cells (20 lm), cell attachment inside the
holes was no longer observed, as the adhesive domains available
where too small for even minimal spreading of the fibroblasts.
Only few cells could attach effectively, by bridging between two
adjacent holes (see arrow in Fig. 12(c)).

As discussed in Section 2.1, cell attachment is not only influ-
enced by the size of the adhesive domains, but also by the config-
uration of the seed protein layer. In PNVP dewetted patterns on top
of PS, we investigated the relationship between the conformation
of Collagen I on the surface and cell attachment [7]. As discussed
in Section 2.1, PNVP/PS patterns provide some contrast in protein
adhesion. We found that such contrast could be enhanced by treat-
ing the patterns with air plasma: the PS holes became more
protein-adhesive, while the PNVP background became more
protein-repellent. Interestingly, the conformation of the collagen
adsorbed on the PS changed dramatically upon plasma treatment,
from isolated aggregates to even ‘‘mats”. The difference in collagen
I conformation is evident in Fig. 13. On pristine PS (Fig. 13(a)), AFM
reveals worm-like aggregates. On plasma-treated PS, AFM shows
instead a much more homogeneous distribution of thinner fibrils



Fig. 12. Optical micrographs of mouse fibroblasts attached to dewetted polyPEGMA brushes. (a) Pattern with 40 lm dewetted holes, into which the cells could effectively
attach. (b) Live-dead staining with calcein (green, live cells) and ethidium homodimer (red, dead cells): after 24 h virtually all cells observed exhibit green fluorescence. (c)
Pattern with 20 lm dewetted holes, into which the cells could not attach and spread, unless bridging between two adjacent holes (red arrow). As a guide to the eye, one
dewetted hole in each micrograph was highlighted in dashed red circles. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

Fig. 13. Adsorption of collagen I onto PS. AFM images of collagen I onto (a) pristine PS and (b) plasma-treated PS. The conformation of collagen I changes from aggregates to a
flat ‘‘mat”. (c) Bright field optical micrograph of human endothelial cells attached onto a plasma-treated PNVP/PS dewetted pattern, after pre-seeding with collagen I. The cells
remaining onto the surface after rinsing were bound into the dewetted holes, where the flat mats of collagen I were present. Figure (a) was adapted from Ref. [7] with
permission of The Royal Society of Chemistry.
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(Fig. 13(b)). The ‘‘mat” conformation provided the best substrate
for the attachment of human endothelial cells, and this corre-
sponds to common knowledge that tissue culture plates consist
of plasma-treated PS. Human endothelial cells were found to
attach within the protein-coated domains, and showed spreading,
which is indicative of good interaction with the surface and of good
viability (Fig. 13(c)). The rate of attachment was lower than that of
fibroblasts in Fig. 12. As for fibroblasts, the size of the dewetted
holes appeared to affect cell adhesion: larger holes provided more
space for the human endothelial cells to attach [7].
3. Applications of dewetting in atmospheric water capture

A second application of patterning by dewetting that the Neto
group has explored extensively over the past few years is atmo-
spheric water capture. In light of increased occurrence of droughts,
an increasing global population and growing demands on natural
resources, alternative methods of water collection have received
increasing attention in recent times [89]. A particularly novel
approach to guaranteeing a sustainable water supply is the concept
of atmospheric water harvesting – namely, taking advantage of
sources of water in the air around us (e.g. humidity, fog, mist)
and collecting this water via condensation on a surface, ideally
with a low energetic footprint [90]. The not-for-profit organization
FogQuest has implemented this concept in various communities
throughout South and Central America (Guatemala, Chile), Asia
(Nepal) as well as Africa (Morocco, Eritrea and Ethiopia) [91]. Their
approach relies on the use of a high surface-area polyethylene or
polypropylene mesh erected as sheets (usually 6 m high by 10 m
long), typically in mountainous regions where prevailing weather
patterns rely on regular foggy weather. Average collection volumes
of 200 litres of water per day from a single mesh are typical – this
impressive figure is of particular value for remote and rural com-
munities where established approaches to water distribution are
not possible.

In 2001, Parker and Lawrence reported the mechanism by
which the Namib desert beetle could survive in one of the driest
parts of Southern Africa [92]. The beetle in question is Physosterna
cripribes, shown in Fig. 14; in nearly all publications since 2001



Table 1
Summary of methods to replicate the surface structure of the Physosterna beetle.

Method Reference(s)

Dewetting of polymer films (thermal or
solvent annealing)

Thickett et al. [5]
Wong et al. [100]
Al-Khayat et al. [13]

Manual deposition onto superhydrophobic surfaces Zhai et al. [103]
Plasma-chemical treatment Dorrer et al. [104]

Garrod et al. [105]
Lithography Lee et al. [106]
Computer-aided Design Ghosh et al. [107]
Chemical Vapor Deposition Kim et al. [108]
Hexagonal ‘cactus inspired’ cone arrays Ju et al. [109]
3D Printing Zhang et al. [110]
Janus-materials Cao et al. [111,112]
Patterned 1D fibres Hou et al. [113]
Hydrophobized metal nanowires Wen et al. [114]
Surface-modification of various meshes

(metal and polymeric)
Zhu et al. [115]
Rajaram et al. [116]
Wang et al. [117]

Metallic foams Ji et al. [118]

Fig. 14. Physosterna Cripribes (� Tracy Robb/CC BY-SA 3.0/GFDL).
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(including our own) this beetle has been wrongly identified as
Stenocara dentata or Stenocara gracilipes [93,94]. Physosterna relies
on atmospheric dropwise condensation on its exoskeleton, which
consists of a series of hydrophilic raised ‘bumps’ that are randomly
distributed on a waxy background. The bumps are typically
500 lm in diameter with a separation of 500–1500 lm, whereas
the waxy background was shown to exhibit a microstructure of
flattened hemispheres (10 lm diameter) arranged in a hexagonal
array, yielding a superhydrophobic structure. The hydrophilic
domains represent nucleation points where water can preferen-
tially condense on the surface (due to the lower barrier for droplet
nucleation on hydrophilic relative to hydrophobic substrates) [95–
98], however a growing droplet of water is constrained by the size
of the hydrophilic spot on which it sits. As a consequence, ‘pinned’
water droplets will ultimately detach from the Physosterna
exoskeleton when gravitational force becomes sufficiently large
to overcome the capillary forces holding the droplet in place. This
mechanism ensures that Physosterna obtains water to drink when
exposed to fog (which consists of a dispersion of micrometre-
sized water droplets in air), with the appropriate balance of size
and density of hydrophilic domains to minimize re-evaporation
to the atmosphere. This combination of surface chemistry and
topography with respect to water-harvesting was demonstrated
in simple experiments using hydrophilic (water contact angle
�20�) glass beads of 0.6 mm diameter embedded into a wax sub-
strate (water contact angle �110�); regular (and random) arrays
of beads collected twice the volume of water than from flat glass
and flat wax surfaces when exposed to a mist of water at 22 �C
[92].

The identification of the water-collection mechanism of Physos-
terna has subsequently set in motion a significant body of research
in the area of biomimetic surface design, towards the creation of
synthetic analogues in the laboratory. Examples of some of the var-
ied approaches towards the creation of surface coatings that pro-
mote drop-wise condensation in a manner similar to that seen in
nature are summarized in Table 1. The design rules are relatively
straightforward: a (super)hydrophobic base layer, with raised
hydrophilic domains distributed across the surface (in the
micrometre to millimetre size range) [99]. Such surfaces can be
readily achieved via the dewetting of polymer bilayers, where a
hydrophilic top layer dewets from a hydrophobic underlayer, as
has been demonstrated by the Neto group [5,13,100]. We believe
that the dewetting approach realizes several technical advantages
compared to other approaches listed in Table 1, the main ones
being simplicity and scalability. In addition, the rise in functional
polymeric materials via ‘living’ polymerization techniques [101],
in addition to post-polymerization modification [102], we believe
offers additional scope and utility to the dewetting process for
the continual realization of new micro-patterned substrates.
3.1. Atmospheric water collection studies on dewetted surfaces via
thermal annealing

When optimized for the creation of isolated poly(4-
vynylpyridine) (P4VP) domains on a background of polystyrene
(PS), micropatterned substrates prepared via thermal annealing
and dewetting proved to be efficient dropwise condensers for
atmospheric water [5]. The approach adopted in the Neto group
was to study condensation directly from humidified air (RH rang-
ing from 50 to 80%), as opposed to exposing surfaces to a pre-
formed fog or mist (RH � 100%). Time-lapse optical microscopy
of patterned surfaces on a Peltier cooling plate (cooled at a temper-
ature DT = 10 K below the dew point under ambient conditions, i.e.
no moving air) was used to verify the drop-wise condensation
mechanism. Condensation takes place on all surfaces, with small
rounded water droplets on the hydrophobic PS and large flattened
droplets on the hydrophilic P4VP; on the dewetted surfaces, water
droplets nucleated preferably on the hydrophilic P4VP domains
rather than on the PS background (Fig. 15). Water droplets were
shown to grow in volume upon continual exposure to humid air,
often coalescing with neighboring water droplets and being pinned
by several P4VP domains at a time (Fig. 15(C)). Droplet coalescence
was due to the very small P4VP domain size (typically 7–12 lm)
formed via thermal annealing, approximately two orders of magni-
tude smaller than that seen on the Physosterna beetle. The ability to
tune hydrophilic domain size is addressed in further detail later in
this Section, however dewetted substrates do indeed display drop-
wise condensing behavior.

Macroscopic studies related to the rate of water condensation
and droplet detachment also demonstrated a benefit of preparing
micro-patterned substrates with respect to their flat counterparts.
Upon exposure to a flow of humid air mimicking a wind speed of
�10 km h�1, patterned surfaces cooled 10 K below the dew point
could collect �3.4 L m�2 h�1, representing a nearly 40% increase
in condensation efficiency with respect to a flat hydrophilic P4VP
film. The critical volume for droplet detachment Vcrit from a tilted
substrate was measured to be �15 lL for the P4VP/PS micro-
patterned surfaces, whereas water droplets did not detach from a
flat P4VP surface until well over 35 lL in volume.



Fig. 15. Optical micrographs highlighting condensation of water on (a) flat PS; (b) flat P4VP and (c) dewetted PV4 P on PS polymer films prepared via thermal annealing at
200 �C for 5 min. Images were taken after 5 min of cooling 10 K below the dew point on a Peltier plate. In panel (c), nucleated water droplets can be seen on individual P4VP
domains or pinned across multiple P4VP sites. All scale bars = 100 lm.
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The static water contact angle for the dewetted surfaces was
similar to the background PS phase (PS = 91�, dewetted sub-
strate = 90�), whereas the dynamic contact angle behavior was
intermediate between that of PS and P4VP. Importantly, the con-
tact angle hysteresis of the dewetted substrate was 10� lower than
the flat P4VP film (from �33� to �23�), a property that aids water
droplet detachment at smaller volumes [119]. Analogous to Phy-
sosterna, rapid water droplet detachment frees up the surface for
further condensation, increasing the rate of condensation overall.

Our initial work in this area was performed with commercial
polymer standards, typically prepared via anionic polymerization.
The rise of reversible deactivation radical polymerization (RDRP)
techniques over the past two decades has revolutionized the ability
to prepare polymers with low dispersity and targeted average
molecular weight, using non-stringent reaction conditions com-
pared to anionic methods. Techniques such as reversible addition
fragmentation chain-transfer (RAFT) [120–122], atom transfer rad-
ical polymerization (ATRP) [123] and nitroxide-mediated radical
polymerization (NMP) [124] enable the controlled polymerization
of most common classes of monomers; the resulting polymers
carry an active chain end that allows for subsequent chain growth
and (potentially) the formation of block copolymers in a controlled
fashion. RDRP techniques also enable the creation of controlled
polymer brush surfaces, as outlined in Section 2.2. Given the influ-
ence of polymer molecular weight on melt viscosity and hole
nucleation density discussed earlier, the ability to target a defined
polymer molecular weight with low dispersity is ideal for both fun-
damental and applied dewetting research. RDRP-based techniques
therefore offer a simple route to controlling microstructure
composition.

We have recently utilized RAFT polymerization for the design of
a hydrophilic, water-insoluble polymer, poly(2-hydroxypropyl
methacrylate) (PHPMA), used for the first time for the creation of
water-condensing surfaces [100]. PHPMA is one of the most suit-
able polymers for the hydrophilic ‘top’ layer of a bilayer system
for thin film dewetting, given its physical properties: it is glassy
at room temperature (Tg � 84–103 �C [100,125]), is moderately
hydrophilic (equilibrium contact angle �57� for high molecular
weight samples) and is immiscible with hydrophobic polymers
such as PS. Three PHPMA samples of low dispersity (Ð < 1.3) and
varying molecular weight (Mn ranging from 9.6 to 80 kDa) were
prepared in order to examine the role of molecular weight in the
dewetting of PHPMA/PS bilayers prepared via spin coating. High-
lighting the importance of molecular weight, the 9.6 kDa PHPMA
sample exhibited spontaneous partial dewetting (known as ‘spin
dewetting’ [126,127]) upon spin-coating on top of a PS thin film.
The low molecular weight of this polymer coupled with its casting
as a thin film (�35 nm) has the effect of drastically reducing the
effective Tg [128], in this case lowering the Tg of PHPMA below
room temperature and hence promoting the spontaneous dewet-
ting process. Higher molecular weight PHPMA samples produced
stable bilayer films when cast on top of PS; thermal annealing of
these bilayers at temperatures greater than 130 �C yielded dewet-
ted substrates via heterogeneous nucleation that could proceed to
a completely dewetted surface. Once more, significant molecular
weight effects on dewetted surface morphology were seen – there
was a near 5-fold increase in hydrophilic ‘bump’ density for 80 kDa
PHPMA substrates compared to 18 kDa PHPMA, in line with previ-
ous reports [35]. The 80 kDa PHPMA sample also demonstrated a
combination of PHPMA droplets connected via interconnected
cylindrical domains, whereas the lower molecular weight could
form fully isolated droplets (Fig. 16). In a manner analogous to
our previously reported P4VP/PS substrates, these coatings were
efficient drop-wise condensing surfaces when cooled and exposed
to humid air (55% RH, cooled DT = 2 K below the dew point) with a
significant reduction in contact angle hysteresis with respect to flat
hydrophilic PHPMA films.
3.2. Effect of pattern size on water capture efficiency

Thermal annealing of polymer bilayers to induce dewetting suf-
fers from an inherent limitation with respect to the pattern size
(hydrophilic bump height and diameter) and density for the design
of surfaces for water condensation studies. Thermally annealed
polymer bilayers typically produce hydrophilic patterns where
the bump diameter is of the order of 7–12 lm with bump heights
no greater than 2 lm, due to the low thickness of the films (typi-
cally around or below 100 nm), and the obtainable droplet density
is similarly limited.



Fig. 16. Influence of PHPMA molecular weight on surface morphology via thermal annealing: 3D AFM topographical images of (a) 18 kDa PHPMA on PS and (b) 80 kDa
PHPMA on PS. The higher molecular weight PHPMA film consists of interconnected domains and cylinders of polymer. Both images have lateral dimensions of
30 lm � 30 lm; in panel (a) the height is 1000 nm, in panel (b) the height is 750 nm.
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To overcome these limitations, the Neto group has recently
turned to solvent vapor annealing in order to achieve surface pat-
terns of vastly different size and density for water collection stud-
ies, as mentioned in Section 1.4 [11,12]. The polymer bilayers were
exposed to a saturated mixture of solvent vapor in a closed system
at a fixed temperature. From a surface preparation perspective, this
enabled the design of fully dewetted P4VP droplets on a PS back-
ground with essentially no layer inversion or interconnected cylin-
drical domains, which are typical features of thermally annealed
bilayers. Using optimized solvent vapor annealing conditions for
P4VP/PS bilayers (70:30 w/w acetone–water as annealing solvent),
dewetted P4VP droplets with an average diameter ranging
from < 1 lm through to over 80 lm have been successfully pre-
pared (Fig. 17) [12]. Coupled to this size increase, the average
height of isolated P4VP droplets varied from 44 nm through to
10 lm, with the droplet density varying by over four orders of
magnitude. This was achieved by simply altering the initial P4VP
film thickness (from 7 nm for the smallest droplets prepared,
through to 820 nm for the largest droplets; the PS underlayer
was �110 nm thick in all cases). Further demonstrating the utility
of the dewetting concept, these films were prepared by dip-coating
onto either flat copper sheets or 10 mm diameter copper tubing,
highlighting the ability to pattern non-planar substrates. Flat
hydrophilic, flat hydrophobic and patterned substrates were then
studied with respect to surface coverage (and volume) of con-
densed water at different cooling levels below the dew point
(2 K � DT � 5 K). Due to the low water contact angle of flat P4VP
films, these surfaces always had greater surface water coverage
than flat hydrophobic films, regardless of the level of cooling. How-
ever, if the level of cooling was too high (DT = 5 K, 85%RH), all sur-
faces (flat and patterned) behaved comparably due to the similar
macroscopic wettability of the substrates and similar energetic
barriers to water nucleation [13].

The importance of both surface cooling and pattern size was
evaluated. Similar to the experiments discussed above, if there
was plenty of water in the atmosphere surrounding the surfaces
(high cooling or high humidity), all substrates collected essentially
the same amount of water. The influence of pattern size was most
influential when the barrier for nucleation was high, for example
when the surface was only slightly cooled below atmospheric tem-
perature (cooling DT = 3 K, at 95%RH); the ‘macro-pattern’ (with
P4VP domains �80 lm diameter) collected the most water of
any patterned surface (14.5 ± 1.1 mL m�2 h�1 across a 6 h period),
and was 57% more effective than a flat hydrophobic PS coating.
The size of the hydrophilic domains in the macro-pattern was crit-
ical in supporting growth of nucleated water droplets until detach-
ment; condensation on surfaces with smaller patterned features
resulted in coalescence of neighboring water droplets, resulting
in greater contact line pinning. A higher level of cooling naturally
increased the overall water condensation rate on all surfaces,



Fig. 17. Preparation of polymeric patterns of different sizes via solvent annealing of P4VP (of varying film thickness) from a PS underlayer. The annealing solvent was a 70:30
acetone:water w/w mixture in all cases. Left to right: Optical micrographs of (a) ‘‘macro” patterns and (b) ‘‘micro” patterns (scale bar = 200 lm in both cases); c) AFM
topography image of a ‘‘nano” pattern.
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however the benefit of any patterning was lost when the amount
of water present was high. Importantly, low levels of cooling can
be easily achieved under passive conditions, i.e. upon radiative
cooling of surfaces at night time [129]; this demonstrates the abil-
ity to facilitate enhanced drop-wise condensation using surfaces
prepared by solvent annealing.

4. Conclusions and outlook

The requirement for chemically and/or topographically hetero-
geneous surfaces is ubiquitous in many technology industries,
including (but not limited to) medical devices, custom coatings
for pipes and vessels in chemical plants, optics, paints, research
laboratories, and microelectronics. The techniques developed to
fabricate such heterogeneous surfaces are many and varied, and
the choice of the appropriate one depends on four main require-
ments: cost, scalability, feature resolution and pattern geometry
(or order). For example, photolithography can achieve high resolu-
tion and lateral order in a pattern, but it is relatively expensive and
limited in scale. It is ideal for the microelectronics industry, but
poorly suited for large area outdoor coatings. Patterning by dewet-
ting instead, is a remarkable solution in applications where low
cost and scalability are the main requirements. Such applications
include biomedical devices and water capture devices, which we
have discussed in detail in this Article.

As discussed in Section 1.1, some of the limitations of using
dewetting for patterning have been recently addressed. Order
can be induced in the patterns by the use of pre-patterning strate-
gies, for example by self-assembling a monolayer of particles on
top of a polymer film, and embossing the film by careful annealing.
Work is still in progress to develop more and better pre-patterning
methods based on self-assembly, which can retain the advantages
of low-cost, scalability and simplicity. In terms of pattern dimen-
sions, progress has been made on extending the range of feature
diameter and height in dewetted patterns. The solvent annealing
approach has allowed to pattern coatings as thick as a fewmicrom-
eters, instead of a couple of hundred nanometers. Thicker coatings
are more mechanically stable, improving the potential for practical
applications. Maintaining a narrow dispersity in the range of lat-
eral dimensions (width of the features), is more complex and effec-
tive strategies are still under investigation.

The future of research on patterning by dewetting is particu-
larly exciting, thanks to the potential developments of this tech-
nique related to its dual nature. On one hand, patterning by
dewetting is low cost and can be developed using simple facilities;
furthermore, thanks to the large body of fundamental and applied
work published by various academic groups, including the Neto
group, it can be used simply as a tool, not requiring in-depth
knowledge of intermolecular forces or thin film dynamics. This
implies that further applications can be developed anywhere in
the world, including countries where specialized and technical
facilities are hard to access. On the other hand, patterning by
dewetting can reach a high level of sophistication, as described
in some of the examples in this Article. Recent advances in polymer
synthesis and in colloid self-assembly have immediate benefits for
patterning by dewetting, such as fine control of surface chemistry
and mechanical properties (for example with polymer brushes or
tailored polymers in the top layer), and control over the pattern
geometry, without sacrificing the low cost and scalability of the
technique.

In conclusion, patterning by dewetting is a remarkable example
of how fundamental understanding of physical phenomena can
lead to useful technology, especially when it is approached with
a multidisciplinary mindset.
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