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Abstract

The affinity of macroscopic solid surfaces or dispersed nano- and bioparticles towards
liquids plays a key role in many areas from fluid transport to interactions of the cells with phase
boundaries. Forces between solid interfaces in water become especially important when the
surface texture or particles are in the colloidal size range. Although, solid-liquid interactions
are still prioritized subjects of materials science and therefore are extensively studied, the
related literature still lacks in conclusive approaches, which involve as much information on
fundamental aspects as on recent experimental findings related to influencing the wetting and
other wetting-related properties and applications of different surfaces.

The aim of this review is to fill this gap by shedding light on the mechanism-of-action
and design principles of different, state-of-the-art functional macroscopic surfaces, ranging
from self-cleaning, photoreactive or antimicrobial coatings to emulsion separation membranes,
as these surfaces are gaining distinguished attention during the ongoing global environmental
and epidemic crises.

As there are increasing numbers of examples for stimulus-responsive surfaces and their
interactions with liquids in the literature, as well, this overview also covers different external
stimulus-responsive systems, regarding their mechanistic principles and application

possibilities.
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1. Introduction

It cannot be questioned, that the interactions of solids and liquids are ubiquitous and
fundamental to the actual shape of our world, and all living organisms in it, even including us,
humans. Basically, the interactions of different organic molecules and the abundant water made
all known forms of life possible.

In biological systems, the most abundant water acts as a medium and a metabolite, which
practically determines which functions the different organic molecules could take, based on
their interactions towards water [1]. For example, the 3D-structure and overall function of
proteins is influenced by the interactions among the amino-acid sidechains and the polar,
aqueous medium [2], while certain amphiphilic or hydrophobic molecules (e.g. phospholipids,
lipids) are inherently suitable for forming a self-assembled water-repellent barrier to contain all
necessary life functions in a living cell and to provide its integrity [3,4].

While these molecular interactions determine how life works on a sub-microscopic scale,
they also affect macroscopic and microscopic properties, enough to think about how the
capillary phenomena promotes water and nutrient transport in plants or blood circulation in
animals [5].

In the case of designing synthetic materials, which are intended to interact with liquids
(even in the presence of biomolecules), the same interactions should be taken into consideration
to achieve a desired functionality.

The wetting of solid surfaces by liquids is a well-developed and formulated area of
interfacial science and of high importance [6-10]. Despite the solid theoretical background of
this field, some functional applications are still limited, while others are being discovered (or
rediscovered) for emerging problems, such as environmental remediation [11,12], power saving
[13] or healthcare issues [14,15].

As today’s literature is rich in functional surfaces, such as antimicrobial- or self-cleaning
coatings, it is becoming more and more vital to understand their mechanism-in-action and
application possibilities to create more advanced solutions and to improve existing ones.

In the light of this, in the beginning of this review, a generalizing approach is used to
present the main influencing factors on the wetting of solid surfaces, that is followed by the
introduction of different functional surfaces and how wetting properties affect their
performance in scenarios, like coating, decontamination, oil-water separation, and even
interactions with bio(macro)molecules and living cells. As the most important and abundant

liquid in our environment is water, — non-surprisingly — most literature examples are tailored



around influencing the water-wettability of surfaces, therefore these approaches are prioritized

in this review, as well.

2. Factors influencing the wetting of solid surfaces

2.1. General quantification of wettability

The affinity of macroscopic solid surfaces towards liquids is practically quantified by the
contact angle (®) [7], which is the angle between the macroscopic plain of the solid surface and
the tangential of the contour line of the liquid drop, drawn towards the three-phase (solid, liquid
and gas/vapour) connection point. As Fig. 1 a) shows, the affinities towards liquids can be
categorized according to contact angle values. The ® value can range from 0 to 180°, which
means in case ®-s, smaller than the intermediate 90°, the surface is considered well wetted by
the liquid (lyophilic, e.g., hydrophilic), while over 90°, the surface is non-well-wetted
(lyophobic, e.g., hydrophobic). In the case of extreme spreading of the liquid (® < 10°), the
surface is called superlyophilic (e.g., superhydrophilic), while in the case of extremely low
spreading (® > 150°), the surface is superlyophobic (e.g., superhydrophobic).

The value of ® is dependent on the magnitude of free energies (or interfacial tensions) at
the interface of the connecting phases. This relation in the case of a plain solid surface,
energetically homogenous, non-reactive phases and mechanical equilibrium (static system) is
described by Young’s equation, which is represented by Fig. 1 b): YSG - YSL - YLG = cOS®

(Eq. 1) While the interfacial tension between the solid- and gas-phases (or surface free
energy, ysG) contributes to the spreading of the liquid drop and the increase of S/L-contact area,
it is counteracted by the S/L-interfacial tension (ysp). The (static equilibrium) ® value is defined
by their relation towards L/G-interfacial tension (yrc). The static ® is usually measured via the
conventional sessile-drop technique [16-18].

However, usually in a non-equilibrium state, so ® can take different values in a range
between characteristic upper- and lower limits (depending on the drop deposition circumstances
and the evaporation) at a certain temperature, which limits respectively are the advancing- (®4a)
and receding contact angle values (®r) (Fig. 1 ¢)) . These are the so-called dynamic contact
angles and can be studied upon the movement of liquids at S/L-interfaces [19-21]. ®a is mainly
correlated to the strength of cohesion within the liquid phase, while Or is associated with the
strength of S/L-adhesion. Their difference (Br-04) is noted as contact angle hysteresis, which
can also be an indicator of surface wettability [22]. A common determination technique is the
Wilhelmy-method [23], while dynamic contact angles can also be determined e.g., via carefully
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increasing or decreasing the droplet volume in a conventional sessile drop experimental setup
[16].

Another common quantification value of wetting is the sliding angle (s.a.) [24], which is
the angle for a macroscopically plain surface to be tilted at to make the contacting liquid moving
downwards by its own weight (Fig. 1 ¢)). In the case of superlyophobic surfaces, this angle is
usually denoted as roll-off angle (r.0.a.), as the liquid does not spread on the surface upon
contact [25]. The more wettable surfaces have higher sliding angles, meaning it requires more
contribution from gravitational force (Fg is proportional to sin s.a.) to counteract the force of
S/L-adhesion. During rolling, the ®4 can be observed at the front end of the moving drop, while
Or at the rear end, therefore the determination of dynamic contact angles is also possible by

capturing images of sliding droplets [26] (Fig. 1 ¢)).
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Figure 1. Different wetting characteristics of smooth solid surfaces, categorized according to
contact angle values a) visual representation of the Young-equation b) and representation of

the sliding angle c)

The wetting of solids is generally described by the above parameters, which can be traced
back to three main factors (or group of factors): the surface texture (rough, smooth etc. surfaces)
[27], the surface chemistry (starting materials, functional groups at the S/L-interface) [28] and
external stimuli (such as light, temperature, magnetic field etc.) [29]. Besides wetting
characteristics, the first two factors influence other physical- and chemical properties, such as
responsivity to external stimuli, or antimicrobial- and photocatalytic effect, as well: these

together can define the overall surface functionality in S/L-systems.



2.2. The role of surface texture

2.2.1. Classification of surface texture

The application of the previously presented (Fig. 1 b)) formalism of contact angle
determination is limited by the assumption that the wetted solid surface is perfectly flat, which
rarely occurs in real-life scenarios. The macroscopic- (curvature) and microscopic- or
submicroscopic texture (roughness) can influence the wetting properties: while in the case of
macroscopic inhomogenities, the magnitude of L/S-contact area influences the overall force of
adhesion between solid and liquid, in the case of (sub)microscopic irregularities, the wetting is
also driven by capillary action [28]. The distortions from Young’s equation in the wetting of
rough surfaces is usually explained by two main wetting models: in the case of Wenzel-type
surfaces [30], the liquid fills the available space between surface protrusions, leading to
increased contact area and adhesion, while in the case of Cassie-Baxter-type surfaces [31], the
surface irragularities are not penetrated by the liquid. As a third wetting state, the so-called
impregnating Cassie-state is usually acknowledged: these surfaces behave similarly to Cassie-
Baxter surfaces (similar c.a. and s.a. values) towards droplets, although, the liquid fills surface
texture, as well [32]. However, in practical scenarios, these models are mostly inaccurate due
to the possible multiscale roughness (e.g. hierarchical micro- and nanoroughness) or
irregularities, therefore these initial modes of wetting were put into question and were enhanced

over the years [33], besides new concepts of liquid-phobicity were created [32] (Fig. 2).
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Figure 2. Schematic representation of nine wetting scenarios for a surface with hierarchical
roughness [32] a) Photographs and SEM images of a natural (lotus leaf) and a biomimetic

artificial superhydrophobic surfaces [34] b)

A common example is the rose petal — lotus leaf comparison [32]. Both are inherently
hydrophobic and have hierarchical roughness, however, the water can penetrate the

microgrooves between surface protrusions of rose petals, leading to higher contact area,



adhesion, and s.a. values, while the rough texture of lotus leaf is impenetrable to water (Cassie-
state), which results in lower contact area (0.6% of the solid surface), adhesion and s.a. values.
Transitions between the modes of liquid-phobicity are also possible [35], as in the case of
certain surfaces, the liquid partially penetrates surface protrusions, indicating e.g., the so-called
metastable Cassie-characteristics [36]. Beside rose petal and Cassie significant wetting state
Depending on the position of the three-phase contact line (or TPCL) other rose petal-like
intermediate wetting-regimes also exist in cases when the liquid phase can only enter one scale
(micro- or nano-) of the surface texture [37] (Fig. 2).

However, it is important to note, that at S/L/Air systems practically water is the only
liquid to show such behaviour, thanks to its relatively high surface tension (72 mN/m at 25 °C),
while in the case of S/L/L-interfaces, other liquids (e.g. oil droplets on an underwater
oleophobic surface, under water [37,38]) can display similar characteristics, as well.

Despite Wenzel- and Cassie-Baxter models are becoming outdated, they still referred to
present the fundamental aspects of wetting. The depiction of the two models can be seen in Fig.
2. As in these cases, the macroscopically observable cantact angle is non-identical to the Young-
contact angle (®), it is usually denoted as apparent contact angle (®app). While the Wenzel-
model ( Oapp =1 X cOSO (Eq. 2)) only adds a roughness-factor (r) to the Young-
equation, the Cassie-Baxter model ( Oupp =1 X X cos® + -1 (Eq. 3))
introduces the fraction of wetted solid surface area (f). It is important to note, that at full
fractional wetting (f=1), this equation transforms into the Wenzel-equation (Eq. 2).

The r roughness factor can be determined via measuring contact angles on smooth and
roughened surfaces of the same solid or in case it is not possible, by laser scanning confocal
microscopy [39] or by profilometric methods [40]. The first protocol also allows the
determination of the roughness-dependent wetting characteristics, via the the Wenzel-Cassie-
Baxter phase diagram diagram [41,42], in which the cosine values of ® and ®,, are compared.
In conclusion, upon creating rough surfaces with extreme liquid-repellent character, the Cassie-
type behaviour is preferred as it provides the lowest possible adhesion and contact angle

hysteresis [32].

2.2.2. Utilization and elaboration of surface texture

As in the example of lotus leaf and rose petal from the previous chapter, the first attempts
to understand the role of surface roughness began with studying the superhydrophobic surfaces
(©>150°) in nature, which became available after the appearance of electron microscopy

[43,44]. Researchers found out, that the extreme wetting behaviour is the result of dual-scale
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micro- and nanoroughness. In the case of lotus leaf, the microstructures are protrusions of the
plant epidermis, while the nanostructures are vax crystals, excreted by the leaf. While rose
petals also have similar surface texture, the spatial arrangement and shape of its protrusions
allows the penetration of water into the microstructure.

The function of superhydrophobicity in nature is to provide self-cleaning character: as the
water droplets roll off the surface, they also wash away contaminants. Non-surprisingly, this
phenomenon inspired various manmade solutions to enhance surfaces with self-cleaning
property [45,46].

As it was mentioned before, roughness also increases surface area. On the other hand, the
actual S/L contact area and therefore the adhesion is highly influenced by the surface structure
and the ability of the liquid to penetrate it. As a result of this, surface roughness can amplify
the initial wetting character of a surface towards a liquid, however, it can also increase adhesion
as it is shown by the natural example of the gecko skin [47,48].

The desired surface roughness can be elaborated via both additive- (bottom-up) and
destructive (top-down) techniques. The available bottom-up techniques include spray-coating
[49], spin-coating [50], solvent-precipitation [51], film-casting [52], chemical vapor deposition
[53], physical deposition [54], electrochemical deposition [55], hydrothermal [56], or
templating methods [57], in-situ polymerization [58], or even 3D-printing [59] while top-down
approaches utilize chemical- [60] and laser-/plasma-etching [61,62]. Despite top-down
techniques in general offer better controllability over surface roughness with higher
reproducibility, bottom-up approaches are still more popular as they are cheaper, easier to
apply, and offer higher scalability. Although, the advanced examples of rough surfaces for
wetting-related functional applications are composites (consisting of a matrix-/support- and one
or more roughening filler materials) [63,64], monolithic systems also can be prepared by top-
down techniques [65], filtrate deposition [51], foam-sintering [66] or templating methods [67].

The main weak point of a roughened surface is the vulnerability of the texture to
mechanical damage. This can be overcome by the right choice of durable raw materials (e.g.,
metals [65], brittle inorganics [68]) or by utilizing self-healing behaviour to regain the damaged
roughness [69-72].

The self-healing character can be achieved via incorporating a ,,repairing agent” in the
matrix material, which could be e.g. a reactive monomer, that renews the surface polymer layer
upon damage [73] or by other external stimuli, such as temperature [74].

Another crucial disadvantage of rough hydrophobic surfaces is their capability to droplet

pinning as a result of mechanical damage or faulty preparation [75]. The pinned droplets can
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then act as condensation seeds, which limits the overall applicability in such scenarios as anti-
fouling, anti-corrosion or anti-icing. To overcome this hindrance, one may choose to prepare
so-called slippery liquid-infused porous surfaces (or SLIPS), which contain a lubricating liquid
in their surface structure [75]. This lubricant have to be chemically inert and be immiscible with
the test liquid, while it spreads on the solids and wets it with higher affinity than the test liquid.
To achieve this, for example, pairing silicones with silicone oils are preferred, which both show
phobic character towards water [76]. Besides SLIPS in general may provide increased anti-
icing [77,78], anti-corrosion [78] or anti-fouling performances [76], the slippery liquid reduces
drag and friction [79], provide self-healing ability [80], low contact angle hysteresis [81] and

can contribute to the uniform evaporation of test liquids [82].

2.3. The role of surface chemistry

2.3.1. Physicochemical interactions

As it was discussed before, surface roughness can amplify the inherent -phobic or -philic
interactions towards liquids, however, the origin of these interactions lies within the chemical
composition of a surface, and the liquid, as well.

According to the Young equation (Fig. 1 b), Eq. 1), the wettability of a solid surface by
a liquid depends on the relation of interfacial tensions, which are influenced by the overall
chemical and physical interactions at the surface. These interactions are mostly governed by
the hydrogen-bonding and the van der Waals forces, which are the following, in the order of
increasing magnitude: London-type dispersive interaction, induced dipole-dipole interaction,
dipole-dipole interaction and charge-dipole interaction. In the case of a given liquid, the
dominant interaction is determined by the surface functionalities. In general, the apolar surface
groups (in the absence of considerable dipole moment or dipole moment-inducing capability)
contribute to the dominance of the two weaker interactions, leading to lower surface free energy
(ysG) and higher contact angles, while in the case of polar surfaces the stronger hydrogen
bonding, dipole-dipole or dipole-induced dipole interactions can dominate, leading to higher
surface free energy and lower contact angles [83].

On the other hand, the yLg value of a liquid depends mostly on the same interactions in
the bulk phase, as well [84]. For instance, water has yr.g of 72 mN/m at 25 °C due to the stronger
dipole-dipole interactions and hydrogen bonds between water molecules, while apolar organic
liquids, such as diethyl ether has lower surface tension (20.1 mN/m at 25 °C). An extreme

example is mercury, having an exceptionally high yLc 0f 485.5 mN/m at 25 °C due to the strong
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metallic bonds in the bulk liquid, which results in the well-known non-wetting characteristics
of the liquid metal. In the case of ionic liquids [85] and magnetic fluids [86], electromagnetic
interactions can also affect spreading on different surfaces. To reduce yLg and ysL values of
liquids and therefore to increase wettability, one can apply surfactant materials [87], which
provide increased spreading.

The mentioned decrease of ysi. values is achieved through surfactant adsorption on solids,
which is influenced by surface chemistry [88]. As charged surfaces tend to adsorb species with
the opposite charge, and they are difficult to remove due to electrostatic interactions, surfactants
are commonly used to neutralize surface charge and promote hydrophobic- & oleophilic
character [89]. However, in the case of multilayer adsorption the surface becomes charged again
[90]. On the contrary, neutral surfaces tend to become charged because of the adsorption of
ionic surfactants from aqueous phase (weaker physisorption) [91]. In this instance, multilayer
adsorption is not preferred as the charged functional groups repel each other. Besides
surfactants, the yst values are tunable through the adsorption of many other chemical species,
including polymers, biopolymers, or ions [92].

The presence of reactive surface functionalities also influences wettability. Oxygene-
deficient materials, such as UV-treated TiO, may promote the dissociative chemisorption of

water, leading to superhydrophilic behaviour [93].

2.3.2. Approaches towards surface free energy

In the case of liquids, the yi values are easy to obtain directly via tensiometric methods,
however, the interfacial energies at the boundaries of solid surfaces are more implicit quantities.
The several existing determination methods of ysg values are based on contact angle or adhesion
force measurements [94]. As the surface free energy can get contribution from many interaction
types, there is no universally applicable approach: the existing models utilize different
parameters to suit different needs. For example, the Zisman method [95] is simple and quick,
while the surface free energy term in its equation is single component and can only deal with
dispersive interactions, therefore the successful application is practically restricted to
hydrophobic (low surface energy) polymer surfaces and provides a so-called critical surface
tension value that is similar but not equal to the actual ysg. On the contrary, there are two-
component methods to deal with polar (or non-dispersive) interactions beside dispersive forces,
such as the Owens-Wendt-Rabel & Kaelble [96], or Wu methods [97], but these usually require

more contact angle measurements.
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The main drawback of the widespread models is their inability to deal with surface
roughness and its effect on wettability. To overcome this limitation, e.g. the model of E.
Chibowsky can be applied, which is based on contact angle hysteresis [98], according to the
(Eq. 4), where the

total surface free energy of a solid (") can be determined knowing the respective advancing-

following equation: 5= y; % (1 + c0s®ady)* / (2 + c0SOrec + cOSOady)

(®adv) and receding contact angles (Orc) of a probe liquid with known surface tension (yi). The

most popular determination methods of surface free energy are displayed in Table 1.

Model Information Mlmmmfl no-. Application Related
of liquids references
Zisman Critical §urface 2 Non-polar solids [95,99]
tension
Disperse parts of
Fowkes surface free 2 Non-polar [100,101]
systems
energy
Extended Disperse, polar Specific questions
Fowkes and hydrogen
3 of surface [102-104]
(Owens- parts of surface roperties
Wendt) free energy prop
OWRK DISperfal’j‘tr;d polar 2 universal [96,102,105,106]
Wul . Disperse and polar 2 (at least 1 low energy
(harmonic parts of surface . [79,97]
polar liquid) systems
mean) free energy
Wu2 Disperse and polar
(}%eometrhlc parts of surface 2 (at 1§as15 1 high energy [107]
armonic polar liquid) systems
free energy
mean)
Acid-Base Disperse, acid and . :
Theory base parts of Specific questions
(Good-van P 3 of surface [108,109]
surface free .
Oss- ener properties
Chaudhury) &Y
Disperse and polar .
Schultz parts of surface 20521; lsals; ;) erg;gh (;r sl?e\ivns [110,111]
free energy P 4 EY 8y
qud and surface free 1 Low energy (112,113]
Girifalco energy systems
Equation of surface free
State ener 1 universal [101,114,115]
(Neumann) gy
Chibowsky |  Surface free 1 universal [73,98]
energy

Table 1. Popular surface free energy determination methods and their scope of application




2.4. The role of external stimuli

2.4.1. The significance of stimulus-responsivity

Besides the role of surface chemistry and roughness in wetting scenarios is well-
emphasized in the literature, less attention is paid to the effect of external stimuli in this context,
however, the so-called stimulus-responsive materials have been attracting increased attention
at other fields [116,117].

The stimulus-responsivity is the ability of a system to alter its physical and/or chemical
properties upon exposure to external influence, e.g. temperature- and pH-change, light or
magnetic field, ionic strength etc. This feature — non-surprisingly — is dependent on the surface
chemistry and can lead to the development of intelligent materials. The significance of this
scientific field has already been acknowledged by giving the Nobel Prize in chemistry to
Sauvage, Stoddart, and Feringa back in 2016 ,for the design and synthesis of molecular
machines”.

There are examples for stimulus-responsive materials even in our everyday life: enough
to mention liquid crystal displays (LCD) and windows with adjustable transmittance [118,119].
Moreover, numerous drug formulations exploit stimulus-responsivity in order to achieve the
controlled release of different active pharmaceutical ingredients (APIs) in a specific target
organ and/or at a specific rate [120]. Most examples are pH- or thermoresponsive release
systems, where the release is controlled by the pH- or temperature regulated swelling of the
drug carrier [121], however, cases of magnetic field-responsivity are also known, which
property could be elaborated through the addition of different magnetic particles, such as
magnetite (Fe3O4) or maghemite (FexOs) [122]. Stimulus-responsivity also opened new
perspectives at the field of analytics, where the responsivity serves as a core mechanism in
sensing physical quantities, such as pH and temperature [ 123] and at microfluidics, where these
surfaces are used as miniaturized actuators to create and maintain fluid motion via mechanical
response or via the altered surface wetting characteristics [124,125].

While in the case of 3D systems, there are approaches to influence properties such as
swelling degree, bulk density, shape, size [126], optical properties or degree of dispersion, in
the case of 2D materials, surface properties are the subject of stimuli-responsiveness. These
include surface functionality, charge excess and roughness [127,128]: manipulating these by
external stimuli leads to the reversible change of wetting properties [129-131].

In the followings, the most popular surface-types with stimuli-responsive character are

presented, grouped according to the affecting stimuli.

14



2.4.2. Photoresponsivity

A well-known case of photoresponsive wetting behaviour belongs to the initially slightly
hydrophilic and oleophilic TiO,, that becomes amphiphilic (upon UV-illumination. This
transition is achieved as the UV-illumination creates oxygen-vacancies (conversion of Ti*' sites
to Ti*") on the surface, which promotes the dissociative chemisorption of water and therefore
increased water adhesion [93]. As this water sorption takes place (even in humid atmosphere),
the wetting character slowly returns to its original state. This property of TiO2 is mainly utilized
in antifogging systems [132], however, in such cases, the reversibility of the wetting character
is an issue that is needed to be overcome. Recently, fruitful studies were conducted towards
superhydrophilic TiO2 without the need of UV-activation [133].

The photoresponsive wetting character in most cases of recent publications is attributed
to the presence of the so-called photoswitches, which are molecules with double-bonds, capable
of reversible cis-trans isomerization upon near-UV- or VIS irradiation [134,135]. As these cis-
trans isomer pairs have different configurations and dipole moments, the free energy of the
interfacial layer changes through isomerization (different functionalities are present at the S/L-
phase boundary). The photoswitches can be utilized in various scenarios, such as light-
controlled catalytic processes [136] or drug delivery [137], adsorption [138], or even
supramolecular [139] and particle assemblies [140]. Applying periodic isomerization cycles,
rotary motion is also achievable: due to this possibility, these compounds are also called
molecular machines.

The aromatic diazo compounds (e.g. azobenzene) are popular photoswitches due to the
achievable broad contact angle ranges and decent chemical stability [141]. As these molecules
have conjugated electron system (colourful compounds), the wavelengths required for the
isomerization and wetting transitions usually fall within the visible range.

The most common ways of photoswitch immobilization are forming disulfide bonds (e.g.
on gold substrates [141]) or using polypodal linker groups [142].

However, there are drawbacks to overcome related to photoswitch-decorated surfaces, for
example, the possible photodegradation [143] and the difficulties in achieving a surface
coverage or complete control, sufficient for considerable wetting transitions. The preparation
of photoswitch-decorated surfaces is usually an at least two-step process: at first, the elaboration
of the base or substrate, then the subsequent binding of the photoswitches takes place [141]. It

is also important to note, that the operation of such surfaces requires (near)ymonochromatic light
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sources, however, a crucial drawback of the application of such photoresponsive surfaces is the

multistep preparation procedure.

2.4.3. Thermoresponsivity

Wetting itself is dependent on the relation of interfacial tensions, which themselves are
inherently temperature-dependent quantities, the changes in temperature only have a minimal
effect on the observable ® values. The so-called thermoresponsive systems undergo physical-
and/or chemical changes upon increasing or decreasing their temperature [144,145]. The
termoresponsive character implies that these wetting alterations exceed the temperature-
dependency of y in magnitude.

A common way to elaborate thermoresponsive wetting characteristics is the application
of poly(N-isopropyl acrylamide) (pNIPAAm). The pNIPAAm polymer chains are miscible
with water at room temperature, but these systems undergo phase separation over ~32 °C due
to entropy-driven precipitation (intramolecular hydrogen bonds become dominant) [146]. This
lower critical solution temperature (LCST) can be tuned to fulfil the requirements of scenarios
by adjusting the molecular mass and its dispersity or by copolymerization of NIPAAm with
other monomers. The application of pNIPAAm offers versatility as its chains can be bound and
grafted to different substrates, such as silicon [147], glass [122], or polymers [148], while their
mass can have monodispersed distribution if living polymerization methods, such as atomic
transfer radical polymerization (ATRP) or Reversible addition—fragmentation chain-transfer
(RAFT) are applied [148,149]. This monodispersity is essential to provide the narrowest
possible temperature-range for the solution-dissolution processes, while the copolymerization
or endcapping with other monomers can tune LCST values, as well [149].

The thermoresponsive feature of pNIPAAm is utilized in many ways: one can find
pNIPAAm-based drug release systems [150] and analytical applications [151], but there are
pNIPA Am-utilizing approaches at the field of catalysis, as well [152,153]. Thermoresponsive
polymers can also be utilized in carrying out catalytic reactions, as enablers of thermal
separation of modified catalysts from reaction mixtures [154].

Jia and their co-workers coated photoreactive Cu,0 nanoparticles coated with pNIPAAm
molecules, which gave the particles thermoresponsive photocatalytic behaviour during methyl-
orange photodegradation experiments [155]. According to the proposed mechanism, not only

the wetting of the coated particles is influenced, but the diffusion of the degradable model
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pollutant towards the catalyst surface also becomes hindered over the LCST, which can
influence the reaction rates, as well.

Despite the topic of thermoresponsive photocatalytic particles is somewhat covered in the
literature, there are less examples for macroscopic thermopresponsive photocatalytic surfaces.
In one of our previous works [156], such coatings were prepared on pNIPAAm-grafted PDMS
basis, with temperature- and composition-dependent wetting and photoreactivity. The visible
light-photoreactivity of the surfaces could be attributed to the 15 wt.% Ag-TiO2 photocatalyst
nanoparticle content and was also proven to be temperature-responsive in the 25-50 °C
temperature range and visible light-photoreactivity (blue LED-light, A= 405 nm) at the S/L-
interface during methylene-blue (MB) degradation tests (Fig. 3 A). This behaviour can clearly
be attribute to the temperature-induced changes in wettability (achieved contact angles ranged
from 50.7 to 108.9°). As it was determined applying the theory of Chibowsky [98], the surface
free energy of the pNIPAAM-decorated coatings was significantly lower over the LCST
(switched from 42.12 mJ/m? to 8.22 mJ/m? upon heating up from 25 °C to 50 °C), while the
free energy of the ungrafted coatings remained similar upon increasing the temperature (from

7.54 mJ/m? to 4.71 mJ/m? (Fig. 3 B).
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Figure 3. Schematic representation of the wetting and photocatalytic efficiency of
pNIPAAM-grafted Ag-TiO2/PDMS composite coatings; methylene-blue (co= 6.25 uM)
relative concentration vs. illumination time (A=405 nm) A and the calculated surface free
energy values of the composites as a function of temperature and grafting NIPAAm monomer

concentration B [156]

The pNIPAAm-containing surfaces with thermoresponsive wetting can also be used for
cell attachment-detachment purposes: the adhesion is preferred over the LCST, while at lower
temperatures the decoiled surface-soluble polymer chains hinder cell adhesion by their sterical
hindrance [144].

Although, pNIPAAm dominates the field, other considerable, but still less popular
thermoresponsive polymers with LCST are Pluronics, elastin-like polypeptides (ELP) and
poly(N-vinylcaprolactam) (PNVCL) are also applied in medical-related scenarios [144]. It is
also worth to mention, that zwitterionic polymer-water systems with upper critical solution
temperatures (UCST) also exist, however, their relevance is even lower due to the difficulties
of their application in physiological conditions [144,157].

Overall, the utilization of thermoresponsive wetting property is preferable and
extensively studied at the scale of colloidal- and nano systems, while there are less examples
with this property from among macroscopic surfaces. As these wetting transitions are affected

by heat transfer, in the case of macroscopic surfaces, the difficulties of implementing a heating-
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cooling cycle (insufficient heating- and/or cooling power, thermal conductivity, volume of the
overall system, convection etc.) may result in delayed response, which means limited
capabilities and reversibility [158,159]. The application of these surfaces may be limited by the

high cost of raw materials (e.g., NIPAAm monomer, living polymerization catalysts), as well.

2.4.4. Magnetoresponsivity

Although, many magnetic surfaces with superhydrophobic properties (® > 150°) are
known, including magnetic sponges for water-oil separation [160] and coatings for
electromagnetic shielding [161], magnetic field-induced wettability transitions are still less
studied than systems with other responsivities. While liquid manipulation by magnetic field is
achievable through dispersing particulate magnetic materials in the liquid itself [162], the
enhancement of solid surfaces with magnetic fillers is a more advantageous alternative as in
this case the properties of the wetting liquid remain unchanged.

The so-called magnetorheological elastomers offer altered mechanical properties and are
deformable in the presence of external magnetic field. Lee et al. [163] and Sorokin et al. [164]
dispersed iron microparticles in doctor blade-casted poly(dimethylsiloxane) (PDMS) films. The
incorporated particles then align in the direction of the external magnetic force-field lines to
form needle-like surface texture, resulting in increased roughness and hydrophobicity. As these
surfaces mostly consist of uncured PDMS or contain high amounts of plasticizer to achieve
broad wettability ranges, their application is limited due to their sticky and plastic character. A
different type of magnetic coatings utilizes magnetic strains or pillars to alter wetting conditions
[165]. These strains can be prepared via dispersing magnetic particles (e.g., magnetite, iron,
etc.) in uncured polymer matrices, and the following exposure of the composite to an external
magnetic field. Depending on the field-strength and direction, latter results in the formation of
elongated magnetic polymer strains. These strains can be bent or stiffened by adjusting the
direction and strength of the magnetic field, which therefore alters the surface structure and the
wetting properties real-time.

In the paper of Yang et al., the magnetic pillars of carbonyl iron and PDMS were
presented: these systems were elaborated during magnetic field-assisted spray-coating [166].
When no magnetic field was present, the pillars had random orientation and could be bent by
the impacting water droplets, increasing the S/L contact surface and adhesion, resulting in
decreased contact angles. However, when a magnetic field is introduced perpendicularly to the

substrate surface, the pillars stiffened and pinned the drops, which meant decreased contact area
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and adhesion, therefore seemingly more hydrophobic character. Due to stimulus-responsivity,
these coatings can even be applied as liquid manipulation tools: by the help of a magnet, the
water droplets can be picked up and released, that makes lossless liquid transportation and
handling achievable. In a previous study of our research group [167], we enhanced such systems
with another, photocatalytic functionality through the addition of Ag-TiO» photocatalyst
nanoparticles: as a result, besides the tuneable wetting properties (©=57-164°) the
photocatalytic efficiency at S/L-interface (methylene-blue decomposition, ALep=405 nm) was
proven to be adjustable by the external magnetic field, as well. Besides the tuneable
photocatalytic activity, the catalyst-roughened photocatalytic pillars were capable of droplet
catch and release (Fig. 4)
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Figure 4. CCD images of water droplet catch and release from a superhydrophobic surface by
magnetic pillar coatings with 16.7 wt.% Ag-TiO: content (top) and SEM images of the
magnetic pillars with 0 and 16.7 wt.% nominal Ag-TiO; content) (bottom) [167]

The application of these magnetoresponsive systems may be preferred as they are capable
of spontaneous response, the ingredients are relatively cheap, and they are easy-to-prepare as
spray-coating or film casting are scalable and quick techniques. However, the vulnerability of
the polymer strains and the many affecting factors (e.g. density, height, thickness of the pillars)
may limit their application, alongside the fact that these coatings are macroscopically three-

dimensional structures.
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2.4.5. Electroresponsivity

The application of electric field for wettability alteration is generally limited to the
utilization of the electrowetting-phenomenon. During electrowetting, the contact angle of a
liquid on a solid is decreased through charge polarization: the attraction of the liquid to the
oppositely charged surface results in the overcompensation of the interfacial tension, which
leads to lower contact angles and increased wetting [168,169].

Most novel approaches towards electrowetting belong to the group of EWOD-surfaces
(ElectroWetting On Dielectrics) [170] which utilize a conductive lower layer (e.g., metals),
covered by an insulating upper layer (e.g., PTFE [171]) to inhibit charge recombination. With
the oppositely charged liquid, this system practically acts as a charge-condenser. As these
surfaces are electrically controlled, their response is fast, which promotes the reversibility of
switching between different wetting states. As in EWOD-systems, both oppositely charged
electrodes can be placed under an insulating layer, the use of electrowetting phenomenon
became a viable alternative of actuation in microfluidic channels made of initially insulating
materials, such as PDMS [172].

As the curvature of the wetting liquid droplets change upon being introduced to external
electric field, the electrowetting can be utilized in the creation of tuneable liquid microlenses
[173] and pixels [174], as well.

There are examples for combining electrowetting and slippery surfaces, which can lead
to more uniform droplet spreading and evaporation [82], while in the case of rough surfaces,
electrowetting can lead to transitions between wetting states (e.g. Cassie-Baxter-to-Wenzel

transition) [175].

2.4.6. pH-responsive wetting

As it was mentioned before, wetting in general is not only influenced by the properties of
solids but the chemistry of the liquid, as well. A surface therefore can be called respondent to
the properties of liquid, if the occurring wettability changes overcompensate the differences
between interfacial tensions. This can be achieved through implementing changes in surface
chemistry. An obvious and simple mean of this is the utilization of weak electrolyte functional
groups, such as amino- (especially tertiary amino-) or carboxyl-groups, which can bear electric

charge, depending on the pH of the liquid phase [176, 177]. As net surface charge increases
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affinity towards polar and polarizable solvents, the protonated and deprotonated surface species
offer different wettability conditions.

To achieve such transitions, polyelectrolites, such as amino-functionalized polyacrylates [178]
or proteins are excellent candidates [179].

pH-responsive surfaces have already made their way towards their application in oil-
water separation scenarios [178,180]. The copolymer-amino-functionalized silica composite
(spray)coated filter papers of Jiang et al. [180] with pH-responsive wetting were able to achieve
both superhydrophilic and superhydrophobic character (®: 0-160°) below and above pH=7
thanks to the amino groups of the 2-(Dimethylamino) ethyl methacrylate (DMAEMA)
monomer. The samples were capable of reversible transitions upon pH change and of keeping
the obtained wetting character after the removal of the bulk liquid phase. The modified filters
were applied in oil-water separation with high efficiency, where the contact angle was
proportional, and the separation efficiency was inversely proportional to the roughening agent
(silica) loading.

A similar approach is made by Chi et al. [181], however, they applied 2-Vynilpiridine
(2VP) as pH-responsive monomer, fluorinate hydrophobic silica as roughening agent and the
coating was applied to polyester fabric by dip-coating. At pH=10, the coating showed
omniphobic character, however, the superhydrophobic behaviour turned to superhydrophilic at
pH=1, making o-v separation possible. The surfaces turned out to be anti-oil-fouling, while the
superhydrophilic-superoleophobic state was also proven to be hygroscopic and
anti-static.

pH-responsivity can also be utilized in antibacterial applications, as negative surface
charge (above pH=7) promotes bacterial adhesion. Song et al. prepared dodecanethiol and 11-
mercaptoundecanoic acid functionalized silver-covered copper mesh [182], which possessed
superhydrophobicity and low bacterial adhesion at pH=7, while showing decreased
hydrophobicity, better adhesivity and antimicrobial activity (due to the presenting silver
content) at pH=9. These surfaces were effective against both Gram-positive (S. aureus) and
Gram-negative (E. coli) bacteria.

As one can see, pH-responsivity is mainly linked to the presence of weak electrolyte
functional groups, which are abundant in nature. Biomolecules such as proteins can exhibit pH-
responsive wetting, as well. In the light of this, Liu et al. prepared films of amphoteric and
amphiphilic soy protein microfibrils on different substrates and examined the release rate of the

incorporated methylene-blue (MB) at different pH values [179]. Their study concluded that the
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cumulative release of the cationic dye is higher at lower pH value, indicating the effect of

sidechain protonation on intermolecular electrostatic interactions.

2.4.7. Mechanoresponsivity

Another promising way of wettability regulation is the utilization of mechanical stimuli

to alter surface texture [183]. In most of the literature examples of this feature, elastomeric
matrix materials, such as PDMS [184,185] are applied to promote reversible transitions. To
produce uniform response, these surfaces possess highly ordered structure, which can be
elaborated via destructive methods, such as photo- or plasma etching [186].
PDMS surfaces with micrometric or sub-micrometric waviness are common examples: Zhao et
al. prepared wavy, fluorosilylated PDMS surfaces, which achieved reversible wetting
transitions against water in the ®=138°-120° range (0-100 % stress ration) with excellent
reversibility [187].

However, as mechanical strains may cause cracks and irreversible deformations in these
surfaces, the pool of starting materials is somewhat limited. Rhee et al. demonstrated the
differences between an elastic, fluorinated, wavy PDMS surface and an oxygen plasma-treated
PDMS layer with brittle SiOx-like surface layer. Latter was found out to be prone to cracking,
resulting in decreased contact angle range and reduced capability for reversible operation upon
anisotropic stretching [186].

Overall, the main disadvantage of these surfaces is their need for microfabrication
equipment, however, the roughness-influenced wetting transitions can only be achieved
through mechanical responsivity. Parra-Barranco et al. deposited TiO2 on PDMS. The resulting
surfaces with hierarchical roughness were responsive to stretching and bending, being able to
turn on and off rose petal-like behaviour and regulate the roll-off of water and diiodomethane
[186].

There are bright examples for mechanical responsivity among the slippery liquid-infused
surfaces (or SLIPS), in case of which the lubricant can be reversibly pumped in and out of a
porous surface through applying mechanical stimuli [ 188]. As the coverage of the S/L-interface

by lubricant influences contact area and adhesion, it regulates wettability, as well.
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2.4.8. Multistimulus- responsivity

While each of the presented external stimuli are eligible to offer wetting-related
functionalities on their own, their combinations towards more sophisticated systems is trending
among materials scientists [189-192]. The elaboration of responsiveness to two stimuli is the
most common [193], however, there are increasing numbers of surfaces responsible to three
different stimuli [194]. Although, a significant portion of the related literature approaches
multistimulus-responsive systems as shape-changing 3D objects, such as hydrogels [195,196]
with controllable swelling, drug-release systems [197] or mechanical actuators [198,199],
studies focused on wettability alteration of macroscopic systems are also numeorus
[193,198,199].

In these scenarios, both the surface chemistry and the surface morphology can be the
subject of stimuli-responsiveness. In such an example for light-and temperature-responsive
surfaces, donor acceptor Stenhouse adduct (DASA) photoswitch-functionalized hydroxypropyl
cellulose nanoparticle films were capable of light-induced hydrophilization [193]. The elevated
temperature were then able to melt the surface structure, irreversibly leading to a smoother but
moderately hydrophobic character.

As an example for solely surface morphology-controlled wettability transitions, in the
study of Wang et al. [199] the authors prepared self-assembled micropillars of PDMS and
carbonyl iron in external magnetic field. As the pillar-decorated composites were then subjected
to magnetic field and mechanical strain, the angle of inclination of the pillars and the distance
between them could be changed, respectively, which led to the changes in apparent contact
angle of hexadecane droplets in the 150-38° contact angle range.

In an another approach, Zhang et al. [200] prepared surfaces on the basis of pH-responsive
poly(2-(diisopropylamino)ethyl methacrylate (PDPAEMA)-modified temperature-triggered
shape memory polymer (SMP), being capable of superhydrophilic-superhydrophobic
transitions.

However, the solely surface chemistry-dependent approaches towards multistimulus-
responsive wetting can only achieve smaller contact angle ranges. Alkan et al. created
temperature- (polyethilene glycol based copolymer), redox-state (ferrocene-moieties) and pH-
dependent (amino-groups) wetting character for electrocatalytic purposes [194]. The contact
angles on the modified surfaces were found out to be in the 48-81° range, depending on the

conditions.
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Another example for fully surface chemistry-dependent wetting (and triple stimuli-
responsiveness) is the work of Zhou et al. [190] the authors achieved contact angle transitions
in the hydrophilic regime with the magnitude of ~10° with the prepared temperature-, pH- and
fructose concentration-dependent biointerfaces. The authors also found correlation between the
wetting properties and the adhesion of ovalbumin model protein and bacterial and mammal
cells to the surfaces, which later were enchanced with antimicrobial functionalities (quaterner
ammonium groups) to create a hold-release cycle of antimicrobial operation.

Despite wetting character is an obvious and easy-to-study physical property of stimuli-

responsive macroscopic surfaces, it is still overlooked in many published works.

3. Wetting-related applications of functional surfaces

3.1. Self-cleaning surfaces

3.1.1. Utilization of extreme wetting characters

As it was discussed in previous chapters, the lotus leaves possess self-cleaning behaviour
thanks to their inherently hydrophobic character and hierarchical surface roughness [44,45]. As
nature already achieved its best, most scientific approaches try to mimic, improve and utilize
this texture [201-203]. These biomimetic superhydrophobic surfaces made their way towards
commercial application as wallpaints or antifouling coatings [204], but superhydrophobic
surfaces have increasing usage in anti-corrosion [205] or anti-icing [206] scenarios, as well.

Although, the self-cleaning behaviour of superhydrophobic surfaces is more well-known,
superhydrophilic surfaces are also considered to be self-cleaning [207,208], as water usually
has higher affinity to the surface than contaminants, being able to practically wash them away.
The elaboration of such surfaces is based on similar principles: as surface roughness introduces
increased contact area to inherently hydrophilic surfaces, the adhesion between the solid and
water increases, while the contact angle decreases. As superhydrophilic character promotes
uniform spreading of water, such surfaces are also applied in antifogging scenarios [209], where
they provide increased optical transmittance in humid conditions (swimming glasses, mirrors

etc.).
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3.1.2. Photoreactive surfaces

As the global environmental problems urge the development of greener, chemical-less
means of environmental remediation, semiconductor photocatalysts and their composites
gained increased attention. These materials are capable of generating reactive, oxidative
radicals (such as ‘'OH, O>~ or ‘'OOH" in aqueous media) upon illumination [210]. The formed
radicals are then responsible for the decomposition of organic species [51,73,211], even
complete oxidation (or mineralization) is possible. At the S/L-interface, the effectivity of
photocatalytic surfaces against specific compounds depends on several factors, such as
temperature, wavelength and intensity of the incident light, the affinity of the solid surface
towards the liquid medium and its contaminants is also crucial [212,213]. The most important
and most studied medium in this context is water, in which the formed reactive radicals
generally have very short lifetime (up to a few us half-life) available to oxidize contaminants.
This means, that the adsorption of the oxidizable species, and the wetting of the surface by the
medium — which influences the radical formation rate itself - are both critical parameters.

The ability of pohotocatalysts to decompose contamination implies, that the self-cleaning
character of surfaces can be enhanced through the addition of photocatalyst materials. In the
case of superphilic/-phobic characters, the aimed surface roughness can be elaborated by
applying inorganic photocatalyst particles as roughening agents [73,211].

To achieve this feature, in our previous studies [73,211] we prepared spray-coated
composite coatings of a hydrophobic fluoropolymer (poly(perfluorodecyl-acrylate) or
pPFDACc), a hydrophilic polyacrylate (poly(2-hydroxyethyl acrylate) or pHEA) and visible-
light active plasmonic Ag-TiO2 photocatalyst nanoparticles (dprim =50 nm). The wettability and
photoreactivity of the prepared coatings were proven to be adjustable by both the nanoparticle
loading (roughening agent) and the matrix composition (fluoropolymer : polyacrylate mass :
mass ratio). In the case of both polymers, the extreme wetting characters were achieved at 80
wt.% photocatalyst loading (Fig. 5 A and B).. At this nanoparticle content, changing the ratio
of the matrix polymers could result in wide range of wettability, from superhydrophilic (©@=0°)
to superhydrophobic (0=150.9°) (Fig. 5 B). Non surprisingly, as it was calculated applying the
theory of Chibowsky [98], the surface free energy values of the initial smooth polymer films
were changed upon roughening, resulting in increased (in the case of the polyacrylate) and
decreased (in the case of the fluoropolymer) values (Fig. 5 B). These wetting and surface free
energy alterations also resulted in composition-dependent photoreactivity. As Fig. 6 shows, the

coating more hydrophilic composition produced higher concentrations of reactive radicals

27



[214] at the S/L interface upon UV-illumination, while the more hydrophobic coatings were
proven to me more effective in decomposing EtOH (g) at the S/G-interface upon visible light-

illumination (ALep=405 nm).
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Figure 5. Measured ®-values on Ag-TiO2/pPFDAc hybrid layers as a function of Ag-TiO»
content (the dashed line is a guide to the eyes) [73] and SEM images of the prepared smooth
pPFDAC fluoropolymer layer (top) and the 80 wt% Ag-TiO: containing pPFDACc thin layers
with different magnifications (bottom) [211] A measured apparent static initial water contact

angles on pure polyacrylate thin films and Ag-TiO; photocatalyst-roughened polyacrylate
hybrid layers (r-) as a function of the hydrophobic pPFDAc content of the copolymer matrix

(T =2540.5 °C) [211] beside the determined total apparent surface free energy (y*wot) values of
initial (smooth) and roughened (r-) polyacrylate thin layers [211] B
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Figure 6. Evolution of ROS on roughened (r-) pPPFDAc and pHEA hybrid layers upon blue
LED illumination (A = 405 nm), the measured maximum H>O,-equivalent radical
concentrations as a function of the pPFDAc content of the polymer matrix A [214] and
characterization of EtOH (g) (co=0.36 mM) decomposition on Ag-TiO»/polyarcrylate hybrid
layers under LED light illumination (A = 405 nm) as the function of illumination time (the

legends refer to the composition of the polymer matrix) [211]

There are examples for monolythic photocatalytic surfaces with extreme wetting, such as
roughened semiconductor polymer surfaces, as well. In our previous study [51], hierarchically
structured, semiconductor polymer poly(3-hexyltiophene) (P3HT) surfaces were prepared
through solvent-precipitation and filtrate deposition to achieve superhydrophobicity and visible
light-photoreactivity. The roughness and wettability (©=100-150°) of the prepared surfaces was
proven to be adjustable by changing the ratio of solvents (toluene and dimethyl formamide) and
the time of sonication. Although, a similar monolythic surface does not require particulate
inorganic semiconductor materials, more examples of composite surfaces can be found in the
literature. As it was represented by our previously presented works, semiconductor
photocatalyst particles (eg. ZnO, TiO;) are preferably immobilized in different polymer
matrices, such as fluoropolymers [73,211,214,215], PDMS (both leading to hydrophobic or
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superhydrophobic character) [73,216,217], or even hydrophilic polyacrylates to achieve
superhydrophilicity [211]. To reach the optimal wetting character, one must consider the
inherently hydrophilic nature of semiconductor oxides and their possible surface coverage by
the matrix material, as e.g. in the case of superhydrophobic surfaces, even a few percent surface
coverage with the binding (matrix) material can lead to superhydrophobic behaviour [73,218].
As this surface coverage — and the roughness, as well — mostly depend on the matrix : filler
ratio and the preparation technique, the proper selection of these two is crucial. Among
preparation techniques, spray- [73,211,214-218] or spin-coating [219] and casting methods
(e.g. doctor blade) [216,220] are the most worthy to mention, however one can choose to apply
microfabrication techniques [221] or templating methods [222], as well.

As wettability is in close relation with the adsorption affinity of the surface towards the
different photocatalytic substrates and the medium, the photocatalytic activity can be fine-tuned
by setting the wettability [73,211]. It is also proven, that hydrophilic surfaces in general produce
reactive radicals in higher concentrations, while the wettability can also affect the
photocatalytic activity at not just S/L but at the S/G interfaces, as well. The alredy mentioned
UV-photoinduced superhydrophilicity of TiO> can influence photoreactivity, as well. On TiO>
surfaces exposed to air (S/G interface), this superhydrophilicity facilitates the adsorption of a
thin water layer (S/G/L interface), which contributes to the complete oxidation (mineralization)
of hydrophilic volatile organic compounds (VOCs) [223].

In the case of photoreactive composite surfaces, it should also be taken into consideration,
that the immobilization of photocatalyst particles results in lower reactive surface area, which
should be taken into account when considering overall photocatalytic effectivity. If the
immobilizing matrix also consists of decomposable material(s), the wettability and
photoreactivity of these surfaces may change overtime, which can lead to the diminishing of
extreme-wetting character, as well [218,224]. This diminish can be overcome by enhancing the
surface with self-healing character or by the right choice of durable matrix materials.

In our previous study [73] we applied dodecyl-trichlorosilane-infused PDMS/silicone oil
oleogel matrices in photocatalytic coatings to render them self-healing. Our coatings were
proven to be superhydrophobic at 25 wt.% Ag-TiO; photocatalyst content, while they were able
to regain their superhydrophobicity multiple times after the complete removal of the upper
coating layer.

Photoreactivity (and wetting) can also be regulated by external stimuli: pNIPAAm-based
temperature-responsive macroscopic surfaces [216] and particles or megnetoresponsive

systems [217] are both available to prepare. In our previous studies we enhanced
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thermoresponsive pNIPAAm-grafted PDMS caotings and Fe/PDMS composite grass coatings
with visible light-active Ag-TiO: photocatalyst nanoparticles. Besides stimulus-responsive
wetting, the resulting systems showed stimulus-responsive photocatalytic activity at the S/L
interface, as well.

As the overall outcome of photocatalytic reactions is influenced by the temperature and
the wavelength and/or intensity of the incident light, the effects of these factors should be
studied independently aside the stimulus-responsive character.

Although, this chapter entirely focused on photocatalysis, the same principles apply for

other catalytic surfaces, as their activity at S/L-interfaces may be dependent on their

affinity towards the liquid medium and the catalytic substrates, as well [225].

3.1.3. Antimicrobial surfaces

Besides getting rid of harmful organic compounds, the neutralization of pathogen
microorganisms is also of high priority. Recently, the spreading of antibiotics-resistant bacteria
is causing an increasing number of healthcare problems, such as untreateble nosocomial
infections, therefore the emphasis is getting to be put on preventive measures. A viable route
of infection prevention is the application of different antimicrobial surfaces, which can
eliminate pathogens and inhibit their multiplication [226-228].

The antimicrobial effect of these surfaces can be achieved in multiple ways. A general
classification scheme distinguishes anti-adhesive, contact-active and biocide-releasing (organic
biocide or metal ions) surfaces [229-232]. All three types are affected by wetting properties in
terms of effectivity.

The anti-adhesive antimicrobial surfaces usually possess superhydrophobic character,
which comes in pair with low surface energy [233]. This hinders the adsorption of proteins,
therefore the adsorption of microbial cells, as well. The preferred materials for the elaboration
of such surfaces are fluoropolymers and other fluorinated species [234], while the provision of
adequate surface roughness is also crucial [235,236]. On the other hand, zwitterionic (and
therefore more hydrophilic) polymer surfaces are also effective as these are capable of
preventing the specific adsorption of cellular proteins [237].

Moreover, these surfaces can also belong to the group of contact-active surfaces as
positive surface charge (e.g. from quaternary ammonium groups [238] or poly(guanidines)

[239]) promotes the desintegration of phospholipide membranes of the attached cells [240].
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As anti-adhesive surfaces are meant to repel microbes, contact-active surfaces are meant
to utilize the opposite scenario, therefore the higher surface energy and increased wettability
are essential for their functional operation. Contact-active antimicrobial character is mostly
elaborated by applying raw materials such as cationic polymers (with amino or quaternary
ammonium groups) [238-240], by binding antimicrobial peptides [241] to surfaces. The
adhesivity towards bacteria is generally a pH-dependent parameter, which is well observable in
the case of inorganic oxides, such as TiO».

In a previous publication of our research group [235], bacterial attachment (Gram— E.
coli, and P. aeruginosa; Gram+ methicillin-resistant S. aureus (MRSA)) to TiO2 and plasmonic
Ag-TiO2 photocatalyst nanoparticles and their aggregates were investigated during surface
charge titrations. As the charge titration curves of Fig. 7 show, at pH= 4.5 (below point-of-zero-
charge, which is around pH=5.2) the photocatalyst particles possess net positive charge, while
the bacteria are negatively charged. Knowing the specific surface charge of both the bacteria
and the particles, upon the titration of the bacterial suspension with the nanoparticle suspension,
the adhered amounts of bacteria could also be determined. In our latest cooperative study [242],
the examined photocatalysts, immobilized in polyacrylate matrix showed virucidal character
against alfaherpesvirus upon visible light-illumination, as well, which projects the applicability

of these surfaces against other high-risk patthogenes, such as coronaviruses.
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Figure 7. Determination of the specific surface charge values for TiO2 A, for E. coli bacteria
B and the amount of the adhered TiO: on the surface of E. coli at the electrostatic charge

compensation point C. In all cases the pH was 4.5 and the standard error is 2.0%. [235]
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The already described photoreactive surfaces [51,73,167,217,218] can fall into the
category of biocide-releasing, surfaces, as well, due to their ability to produce reactive oxidative
radicals. Moreover, bacteriotoxic metal ions (e.g. Ag*, Cu**) may leach from metal-containing
plasmonic photocatalyts (such as Ag-TiO»), contributing to the elimination of Gram-positive
and —negative bacteria [243-245]. Other biocide-releasing surfaces can consist of Lewis-acid
metal oxides, such as MoO3; or WO3, which can exert their activity through in-situ generation
of H30" from moisture [246-248]. The rate of biocide-release from biocide-releasing surfaces
is non-surprisingly dependent on the L/S contact area, which is a function of wettability.

While surface roughness is crucial in the provision of adequate wetting and bacterial
adhesion, it should also be taken into consideration that — except in the case of contact-active
surfaces — a surface preferrably should be rendered unable to exert retention on bacterial
detachment. In general, smooth surfaces show the least retention, while surfaces with
macroscopic and/or microscopic trenches have larger available space for bacterial adhesion
[230,249]. Because of this, surfaces with hierarchical- or nanoroughness are preferred as they

offer the least possible contact area.

3.2. Oil-water separation

Although, photocatalytic surfaces and membranes are effective to neutralize oily
contaminants at lower concentrations (up to a few hundred or thousand mg/1), the removal of
higher oil content from oil-water systems still remain a challenging task [250]. Beside the
ability to minimize the harmful environmental impact of oils [251], the o/w-separation
technologies have distinguished importance in the petrol industry, as well [252].

As most of the mineral oil reserves are depleting, the oil recovery requires so-called
enhanced oil recovery (EOR) technologies, which in their most effective approaches means the
injection of aqueous solutions of surfactants and/or polymers to mobilize the remaining oil
content of reservoirs [253]. This results in the formation of stable emulsions, which are difficult
to separate: the industrial o/w-emulsion separation is usually carried out by direct chemical
means (salting out), which results in increased environmental impact [254]. In the last few
years, a broad variety of functional porous surfaces (membranes and sieves) were tested and

applied in o-w-separation [252,255]. Some of them even made their way to industrial
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application, but mainly in water treatment, restricted to scenarios where the oily- and aqueous
phases do not form stable dispersions and where the oil content is low.

Stable dispersions (emulsions) usually contain surfactants in higher concentrations, which
counteracts the mechanism-of-action of separation surfaces. The physical o-w-separation via
porous bodies is generally driven by the different wettability (different yrc and ysr) of the
surface towards the two phases: the wetting phase can pass through the porous media and
accumulate at the other side, while the non-wetting phase suffers retention [252]. As surfactants
reduce interfacial tension, this driving force diminishes with their increasing concentration
[256]. Another influencing factors on the effectivity of separation are the drop size of the
dispersed phase and the pore diameter. If the porous medium is expected to exert retention on
the dispersed phase, the pore diameters should be lower than the drop diameter, otherwise no
retention occurs. As the presence of surfactants may reduce drop size (even below d<1 pm) by
providing higher degree of dispersion, and may contribute to membrane fouling through
adsorption [257,258], as well, they have triple effect on the separation efficiency.

Regarding wetting characters, the porous o-w-separation systems have three main types:
superhydrophobic (oleophilic & permeable to oil) [259], superhydrophilic (underwater
oleobhobic & permeable to water) [260] and amphyphilic (underwater oleophobic or under oil
hydrophobic & permeable to both phases depending on the wetting media) [261]. A special
subgroup of the latter are the so-called Janus-membranes, which are bifunctional as both of
their sides have different wetting characters [262].

Examples for superhydrophobic separation systems utilize the inherent wetting properties
materials such as hydrophobized (mostly fluorinated) silica nanoparticles [263], alginates
[264], poly(phenylene sulfide) (PFS) [265], carbon nanotubes and PDMS [266], while the
wetting character of superhydrophilic systems can be attributed to for example cthitosan
[267,268], poly(vinyl alcohol) (PVA) [269], cellulose derivatives [270], polydopamine [63],
silica [270], alumina [271] or titania [272] particles and graphene oxide [63]. Regarding the
preparation of amphyphilic membranes, responsive materials such as pNIPAAm and NIPAAm
copolymers are quite popular [273], while Janus membranes are usually prepared through the
one-side oxidative treatment of originally hydrophobic membranes [262].

Although, the membranes themselves have inherent roughness, originated from theit
porous nature, the provision of further surface micro- and nanostructures is practically
unavoidable in order to create the desired extreme wetting character. Similarly to the surfaces

of previously mentioned fields of applications, the roughness can be a result of particulate
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material content [250,272], or the preparation methods, such as solvent-precipitation [263],
hydrothermal treatment [274] or chemical deposition [55].

In general, surfactantless o-w-mixtures are easier-to-separate even via surfaces with
broader pores, like modified sieves [55,275], while the separation of emulsions (with lower
drop sizes) require membranes with narrower pores [276].

A trending membrane material is poly(vinilydene difluoride) (PVDF) [263,277], which
is chemically stable, possess excellent heat resistance (up to 375 °C) and tensile strength and
hydrophobic character. However, the practical application of PVDF-based membranes is still
limited by the high cost of the raw material.

The emulsion separation efficiency can be enhanced by for example the elaboration of
surface charge, which promotes the adsorption of oppositely charged surfactant molecules and
the solubilized oil (and therefore promotes coalescence), or by prewetting the membranes with
one of the phases.

In an example, Li et al. [278] deposited cationic polidomamine-based copolymer on the
inner surface of polypropilene membrane tubes to form a hydrophilic layer. Both inner and
outer sides of prepared Janus-type membranes were then prewetted with ageous and organic
phases respectively. The resulting systems were able to separate anionic surfactant-stabilized
emulsions during continous flow operation as the charged inner layer of the tubes directed the
oppositely charged oily solubilizates towards the hydrophobic outer layer.

As in the case of all other membranes or porous systems, the o-w-separating surfaces can
suffer fouling, as well. In the case of charged surfaces, one must consider the charge of the
stabilizing surfactants, as they promote fouling on surfaces with the opposite charge. The
fouling can be hindered by minimizing adhesion and/or by enhancing the surfaces with self-
cleaning charater. Latter can be created by the addition of photocatalyst to the system, which
can act as roughening agent to promote extreme wettability, as well. Wang et al. prepared TiO2
containing poly(acrylnitrile) based composite membranes for O/W separation [279]. The TiO;
content in this instance was applied to photodegrade foulants and therefore to increase
membrane lifetime.

Emulsion separation at a smaller scale can also be performed applying microfluidic
systems [280-282], however, these process emulsions at a very low capacity and therefore
restricted to everyday laboratory applications.

Despite the many successfull laboratory scenarios, most of the published separation

systems cannot pass through the expenditure barrier of industrial applications, therefore
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attempts exploiting cheaper raw materials and preparation techniques will be prioritized in the

near future.

3.3. Microfluidics and liquid manipulation

As miniaturisation is ganining ground in nanotechnology, analytics (Lab-on-a-chip or
LOC) [283], emulsification [284] or demulsification [280-282], flow chemistry [285] and other
applications, the implementation of manipulating extremely small liquid volumes becomes
more and more important.

Considering the dimensions of microfluidic channels, wettability-driven capillary
interactions have crucial contribution to the overall liquid flow and can define a flow character,
as well [286,287]. The most common, easy-to-process raw materials are silicones [288,289],
especially PDMS [288], polyacrilates [284] and cellulose [290,291]. It is a common practice to
hydrophilize the inherently hydrophobic silicone surfaces via oxidative treatment, however,
these surfaces slowly transform back to hydrophobic overtime as the diffusion of lower
molecular weight silicone species towards the interface proceeds [288].

Recently, the cellulose- or paper-based microfluidic systems gained increased attention
as a result of their cheapness (does not require special preparation conditions, such as cleanroom
etc.) [290-292]. As these systems are disposable, they already made their way towards
healthcare applications as test kits (e.g. commercial pregnancy tests) [293,294]. The paper itself
is porous and hydrophilic, thanks to the -OH group containing fibrous cellulose content, which
provides excellent water-wettability and therefore being capable of liquid transport, solely
based on capillarity. Thanks to the presence of —OH groups, paper is easy-to-functionalize, e.g.
through silanization [290] or plasma deposition [291] to obtain microchannels with varied
wettabilities. Li et al. modified paper through fluorosilanization and subsequent oxygen plasma
treatment [290]. Depending on the time of plasma treatment, all four possible modes of oil- and
watter wettability could be achieved (omniphobic, omniphilic, hydrophobic & oleophilic and
hydrophilic and oleophilic).

In microfluidics, channel wettability has a key role in handling nonmiscible liquids (e.g.
o-w-systems), as the right choice of wetting pattern can not just direct, but even mix or separate
the liquid components.

To direct liquid flows autonomously, one can elaborate a wetting gradient pattern along

the channel, such as in Shchedrina et al.’s study [295]. The researchers prepared gradient
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wetting on stainless steel surfaces, solely by influencing microstructure via nanosecond laser
pulses.

Minnel et al. created 3D-printed polyacrylate microchannels with patterned wettability
and applied them to prepare o/w and w/o emulsions, and even double emulsions [284] (Fig. 8).
Wu et al. applied plasma coating, patterning and etching to prepare polymer microchannels
with patterned wettability on various substrates. The resulting channel systems were able to
direct, mix and separate flows of water and oil [281]. Recently, other materials such as graphene

oxide or PDMS were applied for wettability patterning, as well [282].

oil / water / oil

hydrophobic =hydrophilic=--hydrophobic

Top view

Figure 8. Schematic of a double emulsion device made via printing from two different
materials with individual wettability. By manufacturing a surface pattern that is hydrophobic—
hydrophilic—hydrophobic, O/W/O double emulsions can be formed inside the planar
microchannels. In the lower row, a bright-field microscopy image of both junctions is shown.
The hydrophobic material is colored in light-yellow and the hydrophilic material in reddish.
The successful formation of double emulsions is followed inside the tubing of the outflow
port (bottom right: Bright-field microscopy image of two double emulsion droplets). The
scale bar denotes 300 um. [284]
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As it was mentioned before, the different stimulus-responsive surfaces with tunable
wetting offer viable alternatives for flow actuation at the sub-mm scale and for droplet
manipulation (merging, transportation), as well. Among all possible stimuli, electrowetting
applications are superior and the most widespread, thanks to the excellent miniaturizeability
and fast response [296-299]. Moreover, applying photoconductor & semiconductor materials,
light-controlled optoelectrowetting microfluidic devices are also implementable. Recently, Loo
et al. prepared such devices, capable of quick droplet manipulation with light intensity- and
frequency-dependent operation speed [296]. An another interesting concept utilizes azobenzene
photoswitch-modified liquid crystal polymer surfaces to create propagating surface waves, that
are capable of driving liquid flow. In the study of De Jong et al. the authors describe the
theoretical basis of such systems and their capability to create and maintain peristaltic flow,

liquid slug transport, and free-standing droplet transport [298].

3.4. Analytical applications

Although, most of the presented microfluidic surfaces can be applied for liquid flow
generation in miniaturized analytical systems, the operation of sensing elements can also be
based on or be affected by wetting properties [300,301].

The most popular, low detection limit wetting-based approach towards sensing and liquid
analysis is the application of modified quartz crystal microbalances (QCM) [302-306]. The
QCM sensing itself is based on detecting the changes in the resonance frequency of a quartz
crystal. Upon coming in contact with liquid droplets, the resonance frequency will highly be
influenced by the S/L-contact area, which is proportional to the wettability. As dissolved
chemical species affect interfacial tensions, the rate and/or extent of spreading can be correlated
with their concentration. Applying this principle, even the analysis of multicomponent
biological samples, such as urine is possible. For this purpose, Esmeryan and Chaushev
prepared soot-coated QCMs, which were able to distinguish human urine samples with different
pH, protein, urea and uric acid contents [306].

Hu et al utilized superhydrophobic surfaces in creating triboelectric nanogenerator drop
sensors, which can be applied in healthcare environment to monitor infusion speed [307].

It was shown earlier, that surfaces with patterned wettability can be utilized in
microfluidic liquid manipulation, however, they may make sensing elements, as well. He et al.

prepared superhydrophobic adhesive tapes through the deposition of fluoroalkylsilanized silica
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particles [308]. The authors then etched suprheydrophilic spots to the surface via oxygen plasma
treatment in which they immobilized a colorimetric indicator: the resulting patterned surfaces
were then able to collect droplets of aqueous, heavy metal ion-containing (Cr(VI), Cu( II) and
Ni( II)) solutions. As the ions competed the indicator for binding sites, the color intensity-
change of the droplet could be correlated with their concentrations.

In aqueous medium, sensing elements are usually exposed to chemical changes
(corrosion, dissolution etc.), adsorption of unwanted chemical species and the adhesion of
microorganisms (fouling), which all can influence their operation [309]. To overcome these
effects, sensing elements can also be made superhydrophobic [309]. Lin et al. prepared Cassie-
Baxter-type superhydrophobic strain sensors [310]. As the authors presented in their
manuscript, the wetting character contributed to the sensor durability and antiadhesivity
towards bacteria in aqueous environment.

In the case of oxygen sensors, the oxygen consumption of the adhered bacteria can lead
to false measurements. To surpass this issue, Melnikov et al. modified oxygen biosensors with
low bacterial adhesion applying fluorosurfactant-modified nanodiamonds as roughening agent
[311].

It is a common practice to render electrochemical sensors hydrophilic by applying
suitable polymers, such as poly(ethylene glycol) (PEG) in order to prevent fouling with
hydrophobic organics in aqueous media. This can be achieved both via physical- (coating) and
chemical modifications (grafting) [309].

The operation of a sensing element can be based on stimulus-responsive wetting, as well.
In an example, Gao et al. prepared pH-responsive superwettable surfaces on the basis of
organosilane-modified ((3-[2-(2-amino ethylamino) ethylamino] propyl trimethoxy silane
(AEPTMS) and octyl trimethoxy silane (OTMS)) [312]. Due to superhydrophobic-
superhydrophilic transitions, pH, urea, and glucose were specifically detected just by naked-
eye. From the glucose oxidase catalyzed reaction, the pH of the examined solution was
decreased by the produced gluconic acid. So, upon the growing concentration of glucose, the
value of water contact angle was decreased. This system allowed non-invasive diagnosis of
diabetes in urine and saliva on by visible water contact angle variations (Fig. 9).

It is also possible to apply slippery sufaces for sensing purposes. The oil-swollen
organogels of Gao et al. were capable of achieving sliding speeds and sliding angles based on

the length of DNA strain, contained in a water droplet [313].
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In conclusion, wettability can be utilized many ways in analytical scenarios, and due to
its vast influence over the outcome of the sensing process, it should be taken into consideration

upon developing new methods and devices, as well.
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Figure 9. Working principle of the switching of the pH-responsive superwetting surface
properties is shown, where a CA of water droplet decreased to ~0° at pH 1 and increased to
161.4° + 6.2° at pH 13. A Wetting states of droplets with different concentrations of glucose

within the linear range. B Corresponding to hydrophobicity, and those from patients with

diabetes decreased to nearly 50°, indicating the hydrophilicity of the surface. C Non-invasive
detection of saliva and urine obtained from nine patients with diabetes and six normal people
illustrating that the CA can be employed to distinguish between samples of people with
diabetes and normal people. D [301]

3.5. Moisture collection

As we have seen in the case of microfluidic systems, the application of surfaces with
wettability gradients or patterned wettability [314] are highly preferred in creating, controlling
and maintaining liquid flow. An another popular field of application is moisture (dew or fog)
collection, where these patterned surfaces have dual functionality: the lyophilic surface domains
act as seeds of condensation and provide area for drop coalescence, while the presence of
lyophobic or superlyophobic domains promotes directed drop-rolloff after the sum of
gravitational and mechanical forces on the droplets overcompensates adhesion [315]. In a case
when a droplet is only influenced by downward gravitational pull on a flat surface, the following
equation applies upon the initiation of droplet movement: m X g x sina = yLG X (cos®r

—cos®xp) X w (Eq. 5), in which m is the droplet mass, g is the gravitational acceleration,

40



o is the angle of the inclination of the surface, yrg, ®r and @4 respectively are the surface
tension, the advancing and the receding contact angles of the liquid, while w stands for the
width of the droplet. As this equation shows, surfaces with lower contact angle hysteresis
generally offer increased renewability [315], as smaller droplets can roll off and form again
during continuous condensation, however, real life scenarios are more complex. Among the
other influencing factors, the most noteworthy are the heat transfer [316], the area-to-area ratio
of lyophobic and lyophilic domains and their patterns [317], the surface roughness [318,319],
besides the macroscopic shape of the moisture collecting surface is also crucial [320]. The speed
of condensation is generally higher (due to drop growth-facilitating aerodynamical conditions)
on macroscopic edges or fibers [321-323], therefore the most popular commercial moisture
collection systems utilize different nets or meshes as condensation surfaces [324,325]. Another
crucial parameter is the liquid transportation capability [315]. The driving force (F) of liquid
transportation on a wettability-patterned harvesting surface is described by this equation:

F =1v1L6 % (cos®; — cos0>) (Eq. 6), where ©; and O are the contact angles of
two neighbouring wetting domains. Several scenarios utilize Laplace pressure gradient to
facilitate liquid transportation, by applying conical- or cylindrical-shaped channels [317], as
well.

The preferred low contact angle hysteresis is achievable both by elaborating rough
superlyophobic domains [314,318,319], or by applying slippery surfaces (as biomimetic models
of pitcher plants) [326,327], however, in this case the collected liquid may get contaminated
with the lubricant. The more emphasized superlyophobicity (like in the case of lotus leaves)
can lead to decreased drop sizes, which thanks to the higher surface area-to-volume ratio results
in faster evaporation, therefore in lower collection efficiency [328,329]. However, the more
lyophilic surfaces promote coalescence and adhesion, besides improving film-forming
capability, as well, which latter can also lead to increased heat transfer and faster evaporation
in some cases [328]. Taking these considerations into account, the proper patterning of surface
wettability becomes even more important in reaching an optimally high liquid collection
efficiency.

Aside the principles, practical moisture collection research is solely focused on water
(especially Atmospheric Water Harvesting, or AWH), as clean water in some areas of the world
are inaccessible by any other means [330]. Despite the importance of this field and the high
number of studies, it is difficult to objectively compare the water collection efficiencies of
different surfaces to each other, as harvesting (fogging or dewing) and other experimental

conditions and surface parameters (such as relative humidity, temperature, air flow rates,
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inclination, shape etc.) can vary. Therefore, to comply with the rest of this review, in the
followings, the influence of different wettability conditions will be discussed through a few
literature examples.

Nioras et al. studied the water collection ability of different plain and plasma-etched
rough, and hydrophobized plexiglass surfaces. Their study concludes, that the increased time
of plasma treatment (and therefore the oncreased roughness) and the concomittant
hydrophobization results in increased hydrophobicity, decreased contact angle hysteresis and
increased collection efficiency both under fogging and dewing conditions [316].

Seo and coworkers compared the water collecting efficiency of different modified and
slippery liquid-infused copper tube surfaces [320]. The authors came to the conclusion, that the
water collection efficiency could be increased by decreasing the viscosity of the silicone oil
lubricant, In this study the authors also point out the main difference between the dew and fog
collecting scenarios: in the case of foggy conditions, the droplet collection on the surface is
mainly the result of the droplets’ collisions with the surface, regardless of its wettability, while
in the case of dew harvest, the overall wettability matters more as primary condensation seeds
are vital.

Bai et al. used fluoroalkylsilanes (FAS) to hydrophobize superhydrophilic spin-coated
TiO> particle coatings, then applied UV-photolytography to produce different superhydrophilic
patterns on them [317] (Fig. 10). According to their results, the star-shaped patterns - especially
the 5-pointed star patterns - collected more water than circle-shaped patterns, thanks to the
Laplace pressure difference. However, upon increasing the number of branches in the star
pattern, the hydrophilic domains may overlap, leading to higher adhesion and therefore less

efficient droplet transport.
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Figure 10. Schematic illustration of the fabrication process of bioinspired surfaces with star-
shaped wettability patterns. a) Superhydrophilic surface composed of TiO> nanoparticles,
where fog droplets spread (the bottom). b) Superhydrophobic surface modified with FAS
showing non-wetting property to fog droplets (the bottom). ¢) Bioinspired gradient surface
with a star-shaped wettability pattern. It is realized by illuminating the FAS-modified film

under UV light with a photomask. The fog droplets would be collected directionally toward

the star-shape region, which is more wettable (the bottom). [317]

Nature also inspires water collection surface research [331], as there are several — mainly
desert — species (e.g. Namib desert grass (Stipagrostis sabulicola) and cactus (Opuntia
microdasys) with unique fog or dew collecting capabilities. For example, the surfaces of
Ghurera and Bushan mimicked the fog harvesting mechanism of the Namid desert beetle
(Stenocara gracilipes) [328]: in their study, hydrophilic domains on hydrophobized silica
micro- (d=10 pum) and nanoparticle (d=7 nm) coatings were elaborated via UV-photolitography.
According to the authors’ findings, the nanoparticle coatings provided more efficient water
collection, thanks to the larger overall condensation surface area.

As the presented examples show, the research area of liquid collection is already well-
developed, however, there are a few limitations ahead of the literature examples to overcome
in order to become applicable in real life scenarios. These limitations include the vulnerability
and foulability of rough surfaces, beside the fact, that some popular raw materials (such as

fluorinated species and lubricants) may cause contamination.
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4. Conclusions

As the presented examples show, the utilization of different surface wetting characters is
widespread and more and more sophisticated functional systems and their applications are
gaining ground, especially at the field of microfluidics and analytics. The existing functional
surfaces may offer new and sustainable solutions to emerging healthcare or environmental
problems, however, there are still many limitations left to overcome, including the vulnerability
of rough structures, or cost-efficiency and scalability issues, which are interesting subjects of
future research.

Regarding the scalability issues, as well, the application of chemical and especially the
physical deposition methods in the elaboration of functional surfaces may lead to
inhomogenous and/or irregularly patterned distribution of surface functionalities and therefore
non-uniform wetting and wetting-related properties. These surfaces also subjected to the
desorption of the functionalizing agents. Therefore, this aspect must be dealt with when
conducting related research, including both the preparative and the respective analytical
scenarios.

Although, the field of liquid manipulation and microfluidics are rapidly developing, these
considerations are of even higher importance when we deal with smaller overall S/L contact
areas. This not surprisingly implies the superiority of microfabrication techniques over common
chemical and physical preparation methods (both additive and destructive), which is on the
other hand leads to the above mentioned production scaling issues.

Another concerns may rise from the toxicity of raw materials, applied in best available
techniques of functional surface elaboration. For example, although, the low surface free energy
superhydrophobic surfaces are preferably achieved through the applications of different
fluorinated polymers, these and their by- and decomposition products may cause environmental
and healthcare issues due to their persistency. Therefore, their feasible substition in functional
surfaces is also of high importance. This consideration especially applies to antimicrobial or
other healthcare applications, where the harmfullness towards humans and other advanced
lifeforms should be minimized. This can be achieved by lowering the use of biocidal agents
(e.g. organic biocides or noble metal cations) and raw materials (e.g. cationic polymers) besides
putting the emphasis on the elaboration of anti-adhesive character. The generation of reactive
oxidative radicals via photocatalyst content may have bigger perspectives, as these systems

offer antimicrobial scenarios with lesser impact on the environment and human health as these
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radicals have low lifetime and therefore the biocidal effect is practically surface-localized both
at the S/L and at the S/G interfaces, as well.

Regarding the oil-water separation surfaces, the separation of surfactantless mixtures is
well manageable with the best available technologies, however, - despite the proposed industrial
benefits are tempting - the development of economical systems, being capable of handling
surfactant-containing emulsions on a larger scale still means a challenge.

As the full potential in this field of materials science is yet-to-be-exploited, the
development and utilization of surfaces with wetting-related functionalities will inevitably
reach further milestones with the constant development of microfabrication techniques
(especially 3D-printing), with the more and more sophisticated approaches towards stimulus-
responsiveness and as researches address the main, mentioned drawbacks of the existing

systems.
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Table 1. Popular surface free energy determination methods and their scope of application
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Figure captions

Figure 1. Different wetting characteristics of smooth solid surfaces, categorized according to
contact angle values a) visual representation of the Young-equation b) and representation of

the sliding angle c)

Figure 2. Schematic representation of nine wetting scenarios for a surface with hierarchical
roughness [32] a) SEM images of a natural [34] b) ¢) and a biomimetic artificial

superhydrophobic surface [34] d) e)

Figure 3. Schematic representation of the wetting and photocatalytic efficiency of pNIPAAM-
grafted Ag-TiO/PDMS composite coatings; methylene-blue (co= 6.25 uM) relative
concentration vs. illumination time (A=405 nm) A and the calculated surface free energy values

of the composites as a function of temperature and grafting NIPAAm monomer concentration

B [156]

Figure 4. CCD images of water droplet catch and release from a superhydrophobic surface by
magnetic pillar coatings with 16.7 wt.% Ag-TiO> content (top) and SEM images of the magnetic
pillars with 0 and 16.7 wt.% nominal Ag-TiO> content) (bottom) [167]

Figure 5. Measured ®-values on Ag-TiO2/pPFDAc hybrid layers as a function of Ag-TiO»
content (the dashed line is a guide to the eyes) [73] and SEM images of the prepared smooth
pPFDACc fluoropolymer layer (top) and the 80 wt% Ag-TiO2 containing pPFDAc thin layers
with different magnifications (bottom) [211] A measured apparent static initial water contact
angles on pure polyacrylate thin films and Ag-TiO> photocatalyst-roughened polyacrylate
hybrid layers (r-) as a function of the hydrophobic pPFDAc content of the copolymer matrix (T
= 2540.5 °C) [211] beside the determined total apparent surface free energy (y°wot) values of
initial (smooth) and roughened (r-) polyacrylate thin layers [211] B

Figure 6. Evolution of ROS on roughened (r-) pPFDAc and pHEA hybrid layers upon blue
LED illumination (A = 405 nm), the measured maximum H>Oz-equivalent radical
concentrations as a function of the pPFDAc content of the polymer matrix A [214] and

characterization of EtOH (g) (co=0.36 mM) decomposition on Ag-TiO»/polyarcrylate hybrid
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layers under LED light illumination (A = 405 nm) as the function of illumination time (the

legends refer to the composition of the polymer matrix) [211]

Figure 7. Determination of the specific surface charge values for TiO2 A, for E. coli bacteria
B and the amount of the adhered TiO> on the surface of E. coli at the electrostatic charge

compensation point C. In all cases the pH was 4.5 and the standard error is 2.0%. [235]

Figure 8. Schematic of a double emulsion device made via printing from two different materials
with individual wettability. By manufacturing a surface pattern that is hydrophobic—
hydrophilic—hydrophobic, O/W/O double emulsions can be formed inside the planar
microchannels. In the lower row, a bright-field microscopy image of both junctions is shown.
The hydrophobic material is colored in light-yellow and the hydrophilic material in reddish.
The successful formation of double emulsions is followed inside the tubing of the outflow port
(bottom right: Bright-field microscopy image of two double emulsion droplets). The scale bar

denotes 300 pm. [284]

Figure 9. Working principle of the switching of the pH-responsive superwetting surface
properties is shown, where a CA of water droplet decreased to ~0° at pH 1 and increased to
161.4° + 6.2° at pH 13. A Wetting states of droplets with different concentrations of glucose
within the linear range. B Corresponding to hydrophobicity, and those from patients with
diabetes decreased to nearly 50°, indicating the hydrophilicity of the surface. C Non-invasive
detection of saliva and urine obtained from nine patients with diabetes and six normal people
illustrating that the CA can be employed to distinguish between samples of people with diabetes
and normal people. D [301]
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Figure 10. Schematic illustration of the fabrication process of bioinspired surfaces with star-
shaped wettability patterns. a) Superhydrophilic surface composed of TiO: nanoparticles,
where fog droplets spread (the bottom). b) Superhydrophobic surface modified with FAS
showing non-wetting property to fog droplets (the bottom). ¢) Bioinspired gradient surface with
a star-shaped wettability pattern. It is realized by illuminating the FAS-modified film under UV
light with a photomask. The fog droplets would be collected directionally toward the star-shape

region, which is more wettable (the bottom). [317]
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