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Abstract

Properties, behaviors, and applications of soft materials
depend decisively on the characteristics of their surfaces.
Physical features and chemical functionality of the soft
surfaces control their interactions with the surroundings
thereby deciding their responses to various surface
phenomena. A gradient of such surface features i.e., a
gradual directional change in a chemical or physical
characteristic across a surface will result in a gradual
change in the response of the surface to its surroundings
in the same direction. The resolution and stability of
large-scale surface gradients with controlled directionality
enable their applications in the fields of microfluidics,
sensing, optics, and biology. Wettability gradients are
prominent classes of gradients which are constituted by
gradual increase or decrease of hydrophobicity/
hydrophilicity across a surface. This short review will
summarize the advancements in the preparation,
properties, and applications of wettability gradients on
soft surfaces. Qualitative description of the fabrication
processes, properties, and practical applications of the
gradients are included along with our views about the
future prospects of these systems.
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1. Introduction

During the past few decades, various new methods were
developed for furnishing the surfaces of materials with appropriate
chemical and physical properties [1]. Properties and applications of
soft surfaces depend significantly on the characteristics of their
surfaces. Physical and chemical properties of a uniform surface
show spatial uniformity whereas gradient surfaces possess
properties which gradually change over a given distance. Gradients
are observed ubiquitously in natural systems such as carnivorous
plants like the Venus flytrap. Artificial methods to create gradients
on surfaces can generally be divided into two groups: direct
deposition and post-deposition treatment methods. In the direct
deposition methods, gradients are built up on a substrate by
gradually depositing the materials by natural or artificial methods.
In the post-deposition methods, desorption or controlled removal
of coated materials from a substrate is used to create the gradients
[2]. Gradient surfaces can be classified on the basis of
dimensionality, time dependency, length scale, composition,
functionality, and directionality. Gradients of various types exhibit
different physicochemical nature and functionality [3]. Based on
the fundamental characteristics, gradients are classified as physical
and chemical gradients (Figure 1). Chemical gradients (wettability
gradients, in most cases) on soft surfaces can be prepared by
increasing or decreasing the concentration of a surface bound
species gradually across the surface. Morphological gradients
(physical gradients) are obtained by altering specific morphological
features across the soft surfaces in incremental or decremental
fashion [4].

The ability of a liquid to maintain close contact with a solid surface
is usually referred to as the wettability and it is determined by
adhesive and cohesive forces in operation. For hydrophilic
surfaces, the degree of wettability (of water) is high and for
hydrophobic surfaces it is low.
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Figure 1: Schematic representation of the classification and characteristics of surface
gradients

Among various types of gradients, wettability gradients have been
attracting attention from various disciplines of materials research.
Surface wettability can be changed by the surface physical and
chemical properties. Gradients are created by the gradual variation
of hydrophobicity/hydrophilicity across a surface. Generally,
surface chemical gradients are fabricated by gradual removal or
addition of a material on a substrate [8]. Chemical gradients
facilitate the directed motion of liquid droplets on substrate surface
and this phenomenon is responsible for directing several physical
and biological processes. Wettability gradients can also be created
by changing the physical features of the surface such as roughness,
flatness etc. Surface chemical and physical gradients with
controlled wettability and directionality provide new pathways for
the development of materials and methods related to surface
microfluidic devices, cell adhesion, protein adsorption, and
engineered surfaces for fluid handling potentially applicable to bio-
analytical procedures [10].

Gradients are obtained using natural as well as artificial
phenomena and processes. Among the various methods for the
creation of gradients, bio-inspired preparation of special wettable
surfaces caught the attention of researches from various fields and
is a fast-growing field [10].Self-cleaning property of lotus leaves,
the superior water-walking ability of water striders, the directional
adhesion of butterfly wings, the antifogging functionality of
mosquito eyes, the antireflection of superhydrophobic cicada
wings, the water collection of the Namib Desert beetle and spider
silk, and the submarine self-cleaning ability of fish scale are some of
the peculiar biological systems that exhibit special wettable
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surfaces. These surfaces find applications in the field of patterned
wettability, superhydrophobic surfaces and integrated devices [5-
7,9]. Several research groups had investigated the possibilities of
preparing gradients on soft surfaces. An important initial work was
published by Chaudhury and Whitesides, using vapor diffusion
and distance-dependent exposure of a polished Si wafer to vapours
of decyltrichlorosilane [11].This strategy of creating chemical
gradients was used on different types of surfaces in the following
years.A variety of physical, chemical and physicochemical
strategies were demonstrated for the fabrication of wettability
gradients on soft surfaces, which are based on plasma, UVO,
diffusion, photolithography, photo-degradation, and several other
methods. The existing methods for the preparation of wettability
gradients are based on complex and expensive procedures. Hence,
there is a demand for simple and inexpensive methods for the
fabrication of surface wettability gradients and active research is
happening in this area. This short review will briefly summarize
the recent developments and future prospects of chemical as well
as physical wettability gradients of soft surfaces.

2. Observation and characterization of wettability gradients

Wettability gradients can be qualitatively and quantitatively
observed and analysed using various techniques such as contact
angle measurements, X-ray photo electron spectroscopy, Atomic
force microscopy, micro droplet density, polarization modulation
etc. Measurement of wettability is usually done using the direct
visualization of the shape of a droplet (mostly aqueous droplet) on
the gradient surface. Spectroscopic techniques and other
sophisticated techniques are used for the detailed analysis of the
composition and morphology of the gradients (Table 1).
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Table 1: Analytical techniques used for the characterization of surface
gradients

Technique Property measured Inference

Contact Angle  Contact Angle Wettability

XPS Number of electrons Surface chemical
emitted per unit time composition

AFM Measures local Topographical data

properties such as
height, friction,
magnetism with a

probe
Microdroplet Density Wettability
Density
Polarization Frequency Interaction between
Modulation polarized IR light and the

molecular dipoles

2.1 Contact angle measurements

Contact angle is the angle between the tangential to the liquid
surface and the solid surface at a point where a liquid vapor
interface meets a solid surface. Contact angle determines the solids
wettability with a particular liquid (Figure 2). Measuring contact
angle helps in determining the wettability and surface energy of
solid surfaces. It is also used to determine the work of adhesion for
different liquids [12, 13]. Contact angle quantifies the wettability of
a solid surface by the liquid according to the Young's equation.

Yic

+ >
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Figure 2: Water droplet on a surface. The resulting surface interfacial tensions yi, yscand ys.
are related to contact angle © through Young's equation.
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yic Cos© = ysg - ysL 1)

Equation (1) represents Young's equation for a water droplet on a
surface where yic is the surface tension of the liquid that acts
tangential to the drop surface, yscis the surface tension of the liquid
that acts along the solid surface, ys. is the solid-liquid interfacial
energy and O is the contact angle. If the wettability of the surface is
not uniform across the surface or if there is a gradient of wettability
present on the surface, the contact angles measured at two ends of
the same droplets will not be the same. The droplet edge present on
more hydrophilic region will show a lower value for contact angle
and the droplet edge present on the less hydrophilic region will
show a higher contact angle. This difference in contact angle can be
used as a tool for the detection of wettability gradients.

2.2 X- Ray photoelectron spectroscopy (XPS)

This technique is used for the compositional analysis of surfaces. It
makes use of photo electric effect to determine the surface chemical
composition of the sample surface. X-rays emitted from the anode
material which is usually Mg or Al will initiate the photoelectric
effect [14]. If the energy of the incoming photons is large enough to
overcome the work function of the material, electrons will be
emitted from the atomic shells which then travel to the analyzer.
The analyzer detects the number of electrons emitted per minute
with a particular kinetic energy (Exn) which gives an energy
spectrum. This Eui, is then converted into binding energy Ep using
the equation,

Eg = hY - Ekin - (I) (2)

Based on the binding energy of electrons measured, each peak can
be assigned to electrons from a particular orbital of a specific atom.
Relative intensity of the peaks can be correlated to the abundance
of that particular atom or element on the surface. If the gradient on
the surface is created by varying concentration of a surface-bound
species, site specific XPS measurements or XPS mapping would
give a direct evidence for the existence of the gradient.

2.3 Atomic force microscopy

Atomic force microscopy helps in the topographical surface study
of materials in atomic level resolution. This set up consists of a
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cantilever which is fitted with a sharp tip at the end. This sharp tip
scans over the surface of the sample. The movement of the
cantilever is from the lateral and normal forces that acti upon it.
The reflection of a laser beam from the back of the cantilever
determines the deflection which is detected by a position sensitive
photo diode. The deflection depends on the distance between the
tip and the surface. A scan of the tip over the entire surface will
give the 3D morphology of the surface. There are two modes of
AFM operations: tapping mode and contact mode. Strong repulsive
force close to the surface is used in contact mode. Van der Waals
forces at a distance of 10 to 100 nm from the surface are utilized in
tapping mode measurement. AFM can be used for friction force
measurement and for the study of biological specimens. AFM is
used for the analysis of morphological gradients constituted of
varying physical features on surfaces [15-18].

2.4 Micro droplet density- semi quantitative technique

The soft surfaces when allowed to cool down in humid
environment condense water vapour to water droplets. This
condensation figures can be determined by measuring the density
of the water microdroplet at a specific time after the first droplet
nucleates on the surface. The condensation figures differ based on
wettability, roughness and contamination. Water condenses more
on surfaces that are hydrophilic, rough and contaminated than
surfaces that are hydrophobic, smooth and clean. Even surfaces
with higher hydrophilicity differ in the microdroplet density
because of non-uniformity in the submicron range [20]. Surfaces
with a wettability gradient will show a gradual variation in the
number and size of water droplets across their lengths.

2.5 Polarization modulation- infrared reflection adsorption
spectroscopy

This technique is used to study chemical bonds and its orientation
on surfaces. It makes use of the interaction between polarized IR
light and the molecular dipoles. Depending upon the atoms
involved and the nature of vibrations involved, the chemical bonds
at the surface of the adsorbate absorb the IR light at a certain
frequency. It is a non-destructive and highly sensitive technique.
But the characterization is limited to the IRrange [19].Site-specific
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measurements using this technique provides a direct indication of
chemical wettability gradients on surfaces.

3. Wettability gradients from chemical gradients

Nature of functional groups present on the soft surfaces determines
their wettability. Presence of hydrophilic functional groups such as
polyelectrolytes and polar moieties increases the wettability while
nonpolar functional groups present on the surfaces decreases the
wettability. A gradual increase or decrease of the concentration of
polar or nonpolar functional groups on the surface facilitates the
formation of wettability gradients. Surface modification of the soft
surfaces towards the formation of wettability gradients can be
realized through appropriate chemical treatments. Functional
groups inherently present on the surfaces can interact with other
functional groups during chemical treatment and can alter the
surface chemical properties of the soft material.

3.1 Preparation of surface chemical gradients

Wettability gradients can be created on soft surfaces by changing
the chemical composition of a surface in a particular direction
(Table 2). These gradients can be created mainly through two
ways: (i) by modifying the outermost layer of the material using
electrochemical treatment (ii) by chemically transforming the outer
surface using high energy radiations, and (iii) by applying a
suitable surface coating [10].

3.1.1 Electrochemically generated wettability gradients.

Surface gradients in which physicochemical properties are fixed
during the time of creation are termed as static surface gradients
whereas those which can alter the properties are regarded as
dynamic gradients. Electrochemical gradient fabrication
techniques can be used for creating both static and dynamic surface
gradients, which are useful for cell-adhesion studies. These
techniques are versatile and highly compatible with various kinds
of solvent systems.
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Table 2: Experimental methods for the creation of surface chemical
gradients

Method Experimental Strategy

Diffusion Through controlled vapor deposition on the surface

Electrochemical = Through polyatomic ion deposition by applying

method potential between the electrodes

Plasma Surface etching through treatment highly ionized gas
treatment

Immersion Controlled immersion and withdrawal of a substrate

Technique to a solution with variable velocity

Differential Applying variable amount of thermal energy during

thermal thermal curing

treatment

Abbott and co-workers fabricated electrochemical gradients by
making use of surface pressure and they used these surfaces for the
controlled motion of liquids on millimeter scales [21]. Hanley and
Fuoco successfully manufactured chemical gradient surfaces on
poly(methyl methacrylate) surface using poly atomic ion
deposition method. These surfaces exhibit a gradient of wettability
between 10° to 120° [22]. Reversible and controlled movement of
droplets on a wettability surface by applying electrochemical
potential was studied by Tada and Yamada [23]. This method is
useful for the transportation of small droplets on a surface within
small spaces. Berggren and colleagues studied controlled water
movement on poly aniline surface with a static wettability gradient
created by in-plane potential gradient [24]. Droplet manipulation
on wettable gradient surface was also studied by Zheng and his co-
workers. They used electro-deposition method for the fabrication of
variously shaped wettable gradients on conductive substrates like
copper and aluminium [25]. Feng and his colleagues developed
radial wettability gradients on the surface of a graphite plate by
simple one-step anodic oxidation process and these gradients find
application in the field of microfluidic devices and biotechnology
[26].
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3.1.2 Surface chemical gradients through diffusion methods.

Diffusion methods for creating surface wettability gradients are of
different types; in the form of vapor diffusion, solvent diffusion
and matrix diffusion. The pioneering work in the field of surface
wettability gradients was done by Chaudhury and Whitesides.
They used vapor diffusion methods for the creation of gradients on
the surface of silicon wafer using decyltricholrosilane [11]. This
method is used by Zhao and Beysen for conducting the droplet
growth studies on a heterogenous silicon wafer surface. Solvent
diffusion method for the creation of surface density gradients using
octadecyldimethylsilyl chains (C18) on silica was also reported in
literature. These surfaces exhibited a contact angle varying between
12° to 105°. The vapour diffusion method was extensively used by
various groups to create wettability gradient surfaces usable for the
fabrication of grafted brushes on to polymer surfaces, force
measurements of water droplet on these surfaces, studies regarding
the effect of grafting densities of polymer chains and, for droplet
manipulation studies. Genzer’s group presented several variations
of vapor diffusion-based methods for the formation of gradients on
surfaces and they used these surfaces as templates for the
controlled assembly of materials and for controlled movement of
droplets. Yang and co-workers used these methods for the
formation of wettability gradients to study the spontaneous
transport and coalescence of droplets. Diffusion by means of a
matrix method was used for the generation of molecular gradients,
fibronectin gradients [27-37].

3.1.3 Surface chemical gradients through plasma treatment

Plasma treatment is a surface modification technique which uses
highly ionized gas to etch the surface. Plasma treatment can modify
surfaces for improved bonding, wetting characteristics, in order to
establish hydrophobic and hydrophilic properties etc. Radio
frequency plasma discharge method was used for the fabrication of
continuous wettability gradients on different polymer surfaces, to
study the interaction of different types of cells and its reproduction
rate on these surfaces. Vasilev’s group used oxygen plasma method
to produce pH tunable wettability gradients whereas the role of
surface wettability on osteoblast response was studied by Schwartz
group. Gradients of poly(butylene terephthalate) on fibrous
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material with controllable pore size was fabricated by researchers
at Donghua University and this method overcomes the inherent
disadvantage of the method of centrifugation. Shielded gas plasma
was also used for the preparation of gradient surfaces on
polyethylene surface and it has application in protein adsorption
[38-44].

3.1.4 Surface chemical gradients through immersion technique

Nicholas Spencer’s group developed simple methods for the
formation of surface chemical and morphological gradients using
controlled slow immersion of substrates into solutions [1,45].
Superwettability is an exceptional phenomenon of wetting surfaces
in which contact angle reaches high values; such kind of surfaces
can be fabricated using an immersion technique. A superwettability
gradient surface obtained contact angle varying from 30° to 150° by
slowly immersing a gold substrate into a solution containing lipoic
acid derivatives. Another method was reported by Chen and Zhu
in which these surfaces were developed by the electroless
displacement of zinc coated carbon steel by nickel ions using
chemical immersion technique[46,47].Various other methods like
corona discharge [48-50], irradiation and replacement [51],
differential ~ thermal treatment [52,53], printing [54,55],
degrafting[56], laser fabrication [57], physically controlled
polymerisation [58,59] etc are also used for the fabrication of
surface chemical gradients.

3.2 Properties and applications of surface chemical gradients

Based on the characteristic features, chemical gradients have
various types of applications such as protein adsorption, cell
adhesion, microfluidics, DNA barcoding etc. (Figure 3).

Microfluidics Protein
Adsorption

DNA Smart
Barcoding Devices

Figure 3: Applications of surface chemical gradients
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3.2.1 Protein adsorption

Non-specific protein adsorption on surfaces with different
wettability and polymer chain density plays an important role in
biomedical field for the creation of biocompatible implant surfaces
to resist foreign body response. In the case of biosensors, specific
protein adsorption is required. Depending on the type of protein
and adsorption condition, its behaviour of adsorption vary for the
same kind of wettability gradient. The adsorption of fibrinogen and
immunoglobulin was reduced when albumin was present in the
solution due to the difference in adsorption kinetics between the
proteins [44,56,52].

3.2.2 Cell adhesion

Cell adhesion finds a significant role in many of the biomedical
applications. Adhesion and proliferation of cells on surfaces
depend upon surface properties like wettability, roughness etc.
Different type of wettability gradients are used for cell adhesion
studies [46].

3.2.3 Microfluidics

Microfluidics is basically the manipulation of liquids at the
microscale. The directional transportation of droplets is of great
importance in microfluidic devices, for that it requires external
energy. Wettability gradients present on the the devices provides
this external energy input that drive the liquids on a microscale [60-
62].

3.2.4. DNA barcoding

Surface wettability gradients were used for the alignment and
elongation of double stranded DNA for a wide variety of genomic
investigations. Unlike common methods where the sample is
withdrawn from the surface slowly, here it is spontaneously moved
from hydrophobic to hydrophilic end [63].

Other applications of surface chemical gradients include drug
discovery [64], tissue engineering, oil- water separation [66], Smart
devices [65], liquid transportation [56] etc.
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4. Wettability gradients from morphological gradients

Over last few decades, various approaches have been used for the
fabrication of different kinds of morphological gradients by
modifying the surface roughness, shape, size and length.
Morphological gradients are created by changing the physical
dimensions of certain surface features gradually across the surface.

4.1 Preparation of morphological gradients

Several physical and chemical processes are used for the creation of
morphological gradients on soft surfaces (Table 3)

Table 3: Experimental methods for the creation of physical gradients on
surfaces

Method Experimental Strategy

Laser etching simple one step process for the creation of rough

method surfaces

Dip coating Adsorption of negatively charged silica particles
on to positively charged surfaces

Electrochemical The pore size of the substrate can be changed by

etching adjusting the concentration of the electrolyte and

current density

Chemical Polishing the surface using suitable chemical
polishing reagents
Lithography Process of printing from a plane surface

4.1.1 Laser etching method

Laser etching is a simple one step process for the creation of rough
surfaces. Hierarchical micro and nano structures on a silica surface
were fabricated by various researches using this method and those
surfaces exhibited a change of contact angle from hydrophilic to
superhydrophobic[57,65].

4.1.2 Dip coating procedure

This method is based on the adsorption of negatively charged silica
particles onto positively charged surfaces. The adsorption of silica
particles is a type of kinetically controlled process and thus a
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nanoparticle density gradient can be created by a simple dip
coating process [68].

4.1.3 Electrochemical etching

In this process, silicon is used as anode because of its pore size. The
pore size can be changed by adjusting the concentration of the
electrolyte and current density. By selecting appropriate electrodes,
current density gradient along the substrate can be achieved
leading to porosity gradient in the silicon. Another approach to
obtain porosity gradient in silicon is by placing unpolished sides of
two silicon wafers facing each other. When voltage is applied
between the wafers the current density decreases from the edges to
the centre, thus making the pores of different diameters ranging
from 20nm to 3nm from the edge to the centre [10].

4.1.4 Chemical polishing

Herein the morphological gradients are fabricated by gradually
polishing the surface. There are two steps in this process. The first
step is the particle erosion followed by the chemical polishing.
Aluminium is the most suitable material for this process. But it
cannot be used as a general procedure. Therefore replicas of this
material can be formed. Negative impressions are created using
poly vinyl siloxane replica material. An epoxy positive is casted
from the negative creating a replica roughness gradient. These
replicas can be made functional by coating them with metal oxides.
The morphological gradients created by these techniques have a
wide range of applications especially in the biomedical fields and
for studying wetting phenomenon [10].

4.1.5 Lithography

Lithography is an extensively used method for the fabrication of
morphological gradients. Depending upon the amount of photon
energy needed in different locations during exposure we can use
variety of lithographic techniques such as photolithography,
capillary force lithography etc [67] to create protrusions and dips
on surfaces.
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4.2 Properties and applications of morphological gradients

Water Protein
harvesting adsorption
Cell
adhasion Self cleaning
‘Wettability Heat
effects transfer

Figure 4: Applications of physical or morphological gradients

4.2.1 Protein adsorption

During the past few years protein adsorption on gradient surfaces
has become an interesting field of research. Major studies are
conducted based on the adsorption of albumin and fibrinogen
proteins. Research studies have found that the adsorption of
albumin and fibrinogen proteins increased to half amount with the
increase in the roughness of titanium roughness gradient [69].
Morphological gradients on titanium surfaces have more affinity
towards high molecular weight fibronectin proteins than
fibrinogen. Rechendorff's group reported that the amount of
fibrinogen increased due to the increasing of RMS roughness [70].
Protein adsorption test were conducted to determine the amount
that get adsorbed on the surface. In case of multiple protein system,
high mobility proteins get adsorped on the surface first. Then it
was replaced by proteins with large surface affinity [71]. Specific
and non-specific protein adsorption on surfaces with different
wettability and roughness play an important role in biomedical
applications but it is not studied extensively because the porosity
gradients are difficult to characterize due to the change in the
thickness of the porous layer and the pore size [72, 73].

4.2.2 Cell adhesion

Different types of wettable gradient surfaces are used for the study
of cellular adhesion. Cell growth and attachment is highly
influenced by the surface roughness of the biological specimen.
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Cell adhesion on a particular surface depends upon the presence of
certain kind of proteins, hence protein density gradients are also
prepared and tested. A variety of cells including fibroblast,
osteoblast and endothelial cells are used for adhesion studies on
various surface having nanoscale morphological gradients. Dalby’s
group reported that there is an increase in the cellular adhesion and
osteoblastic differentiation with increase in nanoscale disorder [74].
Other applications include heat transfer, self-cleaning and water
harvesting etc [10].

5. Conclusions and outlook

Gradients of properties on soft surfaces offer greater functionality
and applications of soft materials. Periodic variation of surface
properties can provide directionally tuned responses of the
surfaces, which are pertinent to applications in various areas such
as materials science, analytical science, sensing, coating,
construction, biomedical devices, microfluidics and many more.
Versatile methods and strategies providing rational control of
directionality and functionality have been reported in the literature
for the creation of chemical as well as physical gradients on soft
surfaces. Recent advances in the analysis and characterization of
soft surfaces has enhanced the understanding of the formation and
the physicochemical responses of wettability gradients on soft
surfaces.  Processes leading to the formation of wettability
gradients on soft surfaces are being further investigated for better
resolution, stability, and scalability. Future development in this
area is expected to enable the diversification and effectuation of the
applications in these materials.
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