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Smart functional polymers have gained huge amount of interest in recent times due to their innumerable

applications in the areas including sensors, actuators, switchable wettability, bio-medical and

environmental applications. Numerous intensive research has been carried out to develop smart functional

polymers using stimuli responsive polymeric moieties. This review article encapsulates recent

developments in the area of smart functional polymers with a focus on various (physical, chemical and

biological) stimuli responsive systems and their applications. Furthermore, this review also provides

useful insights and in-depth analysis on the feasibility of utilizing stimuli responsive polymeric materials /

composites in anti-fouling and water harvesting applications which holds tremendous potential to create a

sustainable environment.

1. Introduction

Many living creatures in nature have perfected the art of
responding to various adverse external stimuli. Few naturally
existing stimuli responsive creatures include the leaves of
Mimosa pudica (collapses immediately when touched), Venus
flytrap (closes fast enough to catch its prey), sea cucumbers
(changes their stiffness in face of danger), chameleons (changes
colours according to the nature of the environment) and
sunflower (follows the movement of sun) etc.'” Researchers
studied these naturally existing beings and discovered that the
responsive nature is primarily due to the presence of bio-
macromolecules or biopolymers such as proteins and collagens
etc. For example, in sea cucumbers, the secreted chemical
triggers the interaction of collagen nanofibers present inside the
dermis layer which helps to reinforce the soft matrix and thereby
increase the stiffness of the dermis membrane.” Inspired by such
naturally existing materials, researchers have concentrated their
efforts to design synthetic functional responsive polymers and
polymer composites that are useful for various scientific and
industrial applications. Over the past few years, several polymers
and polymeric composites responding to stimuli such as light,
temperature, pH etc. have been developed by making use of
interactions between polymer moieties and by implementing
erudite synthesis methodologies.'”> A wide range of responsive
polymers including bulk solids, thin films, gels, nanofibers etc.
have been effectively fabricated. They demonstrate great
potential in industrial applications such as coatings, sensors,
actuators, electronic devices etc. and also in bio-medical
applications including drug delivery, gene delivery, imaging and
diagnosis.

This review article orbits around the recent developments in
the area of smart functional polymers primarily focussing on
different (physical, chemical and biological) stimuli responsive
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systems and their potential applications. Some unique
applications of the responsive polymers, specifically in the areas
of anti-fouling and water harvesting are also highlighted. We
believe that by employing stimuli responsive polymeric
materials/composites in environmental remediation applications
such as anti-fouling and water harvesting applications may assist
in creating a sustainable environment.

2. Smart Polymers

Polymers that possess the ability to respond to external stimuli
are referred to as smart polymers or stimuli responsive polymers.’
These polymers can respond to stimuli in several ways by altering
colour, light transmitting abilities, conductivity, shape, wettability
etc.*® The degree of response of such polymers can be trigged
and controlled by the intensity of applied stimuli. Researchers
have developed many responsive polymers/surfaces and
employed various stimuli such as temperature, intensity of light,
humidity, pH, electric/magnetic fields and also combination of
stimuli to induce and control changes in the physical/chemical
properties of the polymers thereby making them smart, functional
and highly suitable for numerous household and industrial
applications.” Stimuli responsive polymers can be broadly
classified as (i) single-stimulus and (ii) multi-stimuli responsive
polymers as exemplified in Fig. 1.

This journal is © The Royal Society of Chemistry [year]
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Fig. 1 Classification of Stimuli Responsive Polymers

2.1. Single stimulus-responsive polymers

Stimuli that induce changes in the polymer can be further
s classified into three categories: physical, chemical and biological
stimuli.® Polymers respond to physical stimuli (light, temperature,
magnetic and electrical) due to the modification of chain
dynamics (i.e. the energy level of the polymer/solvent system)
(Fig. 2).? On the other hand, chemical stimuli modulate molecular
interactions between polymer and solvent molecules or between
polymer chains to induce changes in the polymer (Fig. 3)."°
Biological stimuli correspond to the actual functioning of the
molecules such as enzymatic reactions and receptor recognition
etc.!!

15 2.1.1. Physical Stimuli

2.1.1.1 Temperature as a stimulus

Among all the existing physical stimuli, temperature stimulus has
attracted a great deal of attention because this stimulus can be
easily applied and monitored externally.'”'* Thermo-responsive
polymer systems exhibit a critical solution temperature at which
the polymer system undergoes a phase change within a small
temperature range. This phenomenon is due to the disruption of
intra and intermolecular interactions resulting in the expansion or
»s contraction of polymer chains. A typical thermo-responsive
polymeric solution possesses an upper critical temperature
(UCST) above which one phase of the polymer exists and below
which phase separation can be noticed. On the contrary,
polymeric solutions that remain monophasic below a specific
temperature and turn into bi-phasic above that temperature are
generally considered to possess lower solution
temperature (LCST). Based on the mechanism and end group
chemistry, several thermo-responsive polymer systems have been
reported: (a) poly(N-alkyl substituted acrylamides), e.g. poly(N-
isopropylacrylamide) with an LCST of 32 °C '>'® and (b) poly
(N-vinylalkylamides), e.g. poly(N-vinylcaprolactam), with an
LCST of about 32-35 °C."” Other copolymers such as poly(L-
lactic acid)-poly(ethylene glycol)-poly(L-lactic acid) (PLLA-
PEG-PLLA) triblock copolymers,'® and poly(ethylene oxide)-
poly(propylene oxide)-poly (ethylene oxide) (PEO-PPO-PEO)
copolymers have also been investigated for their thermo-
responsive activities.'
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2.1.1.2. Light as a stimulus

Light as a stimulus offers numerous flexibilities including
so instantaneous application, high accuracy with tunable exposure
wave-length control and it also enables the control of long distant
applications by the use of fiber optic cables. Light stimulus
beginning with hard ultra-violet to infra-red allows diversity in
application which may not be offered by other stimuli.
ss Furthermore, light can be applied directly on the polymer surface
to trigger a response.”’! In light responsive polymers, the impact
created by exposure to light induces photoisomerization and/or
photochromism,”*** which renders light as a highly versatile
stimuli. Highly investigated photo-responsive polymers include
(transcis isomerization), spiropyran (spiro to
merocyanine form), spirooxazine (spiro to merocyanine form)
and fulgide (photochromic behaviour) derivatives.>*° Recently
developed photosensitive block copolymer micelles have also
attracted lot of attention.’'

s azobenzene

65
2.1.1.3. Magnetic / electric signals as a stimulus

Electrical stimulus can precisely control the response of polymers
via the magnitude of the current, duration of an electrical pulse
70 and intervals between the pulses. Electrically responsive
polymers are typically conducting polymers that can transform
their shape (swell, shrink or bend) when subjected to an electric
field.*> Commonly explored electrically responsive polymers
include polythiophene (PT) and sulphonated-polystyrene
(PSS). 334
Polymer composites that respond to changes in magnetic fields
are referred to as magnetically active polymer composites. These
polymer composites are made of elastomers or gels filled with
small magnetic particles. Typical fillers include metal particles,
so iron (IIT) oxide particles, ferromagnetic particles, NdFeB particles
and nickel powders. Materials that are widely explored for
developing the polymer matrix are poly(p-dioxanone)- poly(e-
caprolactone) copolymer, cross-linking oligo (g-caprolactone)
dimethacrylate/butyl acrylate, and grafting polymer poly(e-
ss caprolactone) diisocyanatoethyl methacrylate (PCLDIMA) and
poly(ethylene  glycol) = mono-methylether-monomethacrylate
(PEGMA). >
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Fig. 2 Selective important polymers exhibiting physical stimuli
90 responsive properties.
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2.1.2. Chemical Stimuli
s 2.1.2.1. pH as a stimulus

pH responsive polymers consist of moieties that can donate or
accept protons when there is an environmental change in pH.*'**
Any change in pH initiates ionic interactions leading to the
o collapse or expansion of polymer chains in aqueous solution,
induced by the electrostatic repulsion of the charges that are
generated in this process.** Typical pH responsive materials
include polyacids and polybases. Polyacids such as poly(acrylic
acid) (pKa around 5) donates its protons and swells under basic
s conditions, while polybases such as poly(N,N-dimethyl
aminoethyl methacrylate) accepts protons under acidic conditions
and expands due to coulomb repulsion.* Highly investigated pH
responsive polymers include chitosan,*® albumin,”’ gelatin,*®
poly(acrylic acid) (PAAc)/chitosan IPN,* poly(methacrylic acid-
g-ethylene glycol) [P(MAA-g-EG)],® poly(ethylene imine)
(PED),”! poly(N,N-diakylamino ethylmethacrylates)
(PDAAEMA), and poly(lysine) (PL).>™

S

2.1.2.2. Redox as a stimulus

5
Redox stimulus occurs due to the change in oxidation state of
redox sensitive groups. Such stimulus can be mostly seen in
inorganic chemistry particularly with transition metals. However,
several organic compounds such as dithienylethenes,™* ferrocene

o or disulfides **°® also responds to redox sensitivity. Furthermore,
acid  liable  moieties present in  polyanhydrides,’’
poly(lactic/glycolic) acid®® induces redox responsiveness due to
their instability in reducing environment. Redox responsive
polymer like poly(NiPAAm-co-Ru(bpy)3) can produce a

s chemical wave due to the periodic redox change of Ru(bpy)3 into
an oxidized state of lighter color. Such redox reaction results in
the alteration of hydrophobic and hydrophilic properties of the
polymer chain (by swelling/de-swelling the polymer).*’

0 2.1.2.3. Solvent as a stimulus

Solvent responsive polymeric systems can be synthesized from
deformed polymers as solvent molecules cause swelling of the
polymeric materials and increases the flexibility of the
s macromolecular polymer chains. Surfaces with switchable
properties can be obtained by switching the conformation of
surface grafted polymer chains. Structural transition of brushes
by solvent treatment involves the preparation of patterned
molecular brushes. Several polymers including poly(methyl
methacrylate) (PMMA) and polystyrene (PS) patterns are
synthesized and their responsiveness with different solvents are
studied. It is found that the conformational transition of the
synthesized polymer brushes largely depends on the quality of the
solvent.®® For example, Chen et al. 6061 studied the deformation
s of PMMA line patterned brushes with different solvents. They
found that the degree of deformation of the PMMA brushes can
be varied when treated with different solvents. Fig. 4 shows the
schematic illustration of the reversible behaviour of PMMA
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brushes when immersed with water and THF (Tetrahydrofuran)
resulting in brush and mushroom like regimes, respectively.

Chemical stimuli responsive functional groups

carboxylic acid disulphide nitroxide
(0}
R .
I s HN—0
2N N TUNR
R/ OH

Fig. 3 Selective important functional groups exhibiting chemical stimuli
responsive properties.

Several other polymers such as poly-(ethylene glycol) (PEG),
poly(butyl acrylate) and poly(2-dimethylaminoethyl
methacrylate) have also been explored to fabricate solvent
responsive polymers. Deformation of polymer brushes on solvent
treatment has opened up many new possibilities in surface
engineering concepts.>%

Patterned PMMA Brush

S

Water immersion THF immersion |
/

d d
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K ] K 4 —\

Fig. 4 Schematic illustrations of reversible poly(methyl methacrylate)
(PMMA) brush treated with good and poor solvents.*’

2.1.3. Biological Stimuli

2.1.3.1. Glucose responsive

Glucose responsive polymers are widely explored due to their
potential applications in drug delivery (insulin delivery).**
Glucose responsive polymers are synthesized by conjugating
glucose oxidase (GOx) with a pH responsive polymer. When
such polymer comes in contact with glucose, GOx oxidizes
glucose to gluconic acid which causes a change in pH of the
environment. In response to the pH change, the pH responsive
polymer shows a volume transition. This drastic change in the
polymer is regulated by the body’s glucose level which in turn
affects the enzyme activity. Currently, there is huge amount of
interest devoted in this area to develop sensitive, bio-degradable
glucose responsive polymers.

2.1.3.2. Enzyme responsive

Naturally occurring bacteria located in the colon region secretes
special enzymes such as azoreductase and glycosidases which are
capable of degrading various polysaccharides including pectin,
chitosan, dextrin etc.%” These bacterial enzymes generally
destroy the polymer system completely. Henceforth, a typical
enzyme responsive polymer system does not require any external

This journal is © The Royal Society of Chemistry [year]
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trigger for its decomposition. Because of this mechanism, enzyme
responsive polymers attract great deal of attention in biological
applications. Nonetheless, a major challenge the researchers face
in employing these polymer systems is the difficulty of precisely
controlling the initial response time.**%’

2.2. Dual stimuli-responsive polymers
2.2.1. Thermo and light responsive polymers

In the year 1988, Kungwatchakun et al.”® reported the first dual
responsive polymeric system (polymers that responds to both
thermal and light stimuli). In this work, thermo responsive
copolymers are synthesized by polymerization of NIPAM (N-
isopropylacrylamide) with an acrylamide monomer (N-(4-
phenylazophenyl)acrylamide). Photochromic azobenzene
moieties are introduced into the aqueous solution of PNIPAAM
and the phase separation temperature of the solution is controlled
and monitored by the intensity of light. During this process, a
shift from 21 °C to 27 °C in phase separation temperature is seen
after UV light irradiation. This reversible change in LCST is
attributed to the change of dipole moment from 0 to 3 debye due
to the trans-to-cis isomerization of the chromophoric moieties of
azobenzene. The initial phase transition temperature of 21 °C is
re-obtained by exposure to visible light. Based on this ground-
breaking study, numerous studies focused their attention on using
functionalized azobenzene moieties to develop dual responsive
polymer systems.”'

2.2.2. Thermo and pH responsive polymers

Polymeric systems that are responsive to both temperature and
pH have attracted great deal of attention in the field of drug
delivery, as both the entities are subjected to change inside the
30 cancer tissue. These changes can be utilized to trigger
autonomous response.” ' The functional moieties that are
capable of forming ionic groups by dissociation or association
upon protonation are incorporated into the backbone chain of the
LCST polymer (Examples: carboxylic acids and tertiary amines).
Furthermore, certain  homopolymers such as poly(2-
(dimethylamino) ethyl methacrylate) (PDMAEMA) exhibit pH
and thermo responsive behaviour. PDMAEMA exhibits a cloud
point in the range of 50 °C in neutral aqueous solution.”®
Nonetheless, cloud points gets shifted to higher values with
increasing pH due to the protonation of amino functionality
thereby representing dual responsive behaviour.

2.3. Multi stimuli-responsive polymers

The success of dual responsive polymers encouraged researchers
to investigate and develop polymeric systems that can respond to
triple stimuli. The addition of another stimulus with the dual
responsive polymeric systems can improve the precision of the
response. Furthermore, the presence of additional stimuli can also
enhance the switching windows or switching conditions due to
the increased level of polymer complexities.

2.3.1. Thermo, light and pH responsive polymers

Tang et al.” synthesized polymeric system that responds to

temperature, light and pH wusing azobenzene terminated
PDMAEMA polymer via Atom-transfer radical-polymerization
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(ATRP) (Fig. 5). They demonstrated that the LCST

ss characteristic of the developed polymeric system can be altered

by changing the pH value. For example, when pH = 4, no LCST
is seen due to an increased polarity caused by the protonation of
dimethylamino functionality. Decreasing the proton concentration
i.e. increasing the pH, caused deprotonation of dimethyl amino
group which resulted in the reduction of LCST to about 68 °C
when pH = 7 and to 30 °C when pH = 11. Under UV light
irradiation, the trans-to-cis photoisomerization of the azobenzene
moiety resulted in a higher LCST. Nonetheless, it is recovered
under visible light irradiation. This process is shown to be
completely reversible. Based on this work, several other studies
were conducted to investigate the effect of azobenzene moieties
located at the chain end of stimuli responsive polymers. The
results of these studies suggest that the amount of azobenzene is
proportional to the difference in LCST before and after
irradiation **%!

Recently, several other polymeric systems including
PNIPAAM with spirobenzopyran, hyper-branched
polyethylenimine with isobutyramide groups and copolymeric
systems prepared using N-hydroxymethylacrylamide (NHMA),
NIPAM and 2-diazo-1,2-naphthoquinone-5-
sulfonylmethylacrylamide (DNQ) have also been investigated to
produce triple responsive polymeric material systems.*

o
o\/\ Br
o n
N
Ny o (<]
OCH,CHy

Light responsive

N
P
Thermo responsive
PH responsive

Fig. 5 PDMAEMA polymer end-functionalized with azobenzene, which
can be stimulated by light, temperature and change of the pH value.”

2.3.2. Thermo, light and redox responsive polymers

Various classes of triple responsive (thermo, light and redox)
polymeric systems are synthesized by employing different redox
active moieties. Theato ef al®® synthesized triple responsive
polymeric system using PNIPAAM copolymers containing 4-
amino-2,2,6,6-tetramethylpiperidine-1-oxyl (amino-TEMPO) and
amino functionalized azobenzene moieties linked by an amide
bond of the polymer backbone. The TEMPO moiety can be
reduced by ascorbic acid, which is a mild reducing agent and can
be re-oxidized by an oxidizing agent such as red prussiate.
During the reduction process, the TEMPO moiety is reduced to
the corresponding hydroxylamine. This results in a balance shift
between hydrophilic/hydrophobic  states, moving towards
increased hydrophilicity thereby leading to an increase in LCST.
In order to stimulate the azobenzene chromophore, the polymeric
system is irradiated with UV light. This process resulted in
further increase of LCST. Although there is no difference in the
final values of LCST irrespective of the sequence of applied
stimuli to the two responsive groups, the intermediate values of

100 LCST are seen to depend on the sequence of stimulation. When

the azobenzene is stimulated first, the impact caused by
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azobenzene moiety is about 60% stronger compared to an already
reduced copolymer. This is due to the increasing polarity
influence of the isomerized azobenzene in hydrophobic
copolymer state compared to the influence of the isomerization
existing within the already hydrophilic copolymer. Because of the
stability of each state along with the reversibility phenomenon,
this polymeric system is considered as a potential candidate for
logic gate operations.

Though there are several other dual and multi stimuli
responsive polymeric systems such as thermo-redox systems,
environmental, pH and temperature responsive systems™** etc.,
the review within its scope has highlighted only the most widely
used dual/multi stimuli systems.

3. Domain Specific Applications

Stimuli responsive polymers find their applications in numerous
areas including sensors, actuators, biomedical and environmental
applications. In this review article, we highlight few seminal
applications of stimuli responsive polymeric systems in which
most research activities are focused in.

3.1. Sensors

Sensors are primarily used to sense and provide information
when there is a change in either physical, chemical or biological
changes in an environment. The sensed information is then used
to trigger the necessary actions. Few examples include
monitoring toxic gasses and vapours in the working environment;
constant check on the contaminants level in the industrial
effluents etc. Thus novel developments in sensors technology will
play a seminal role in maintaining a sustainable environment. As
stimuli receptive polymers can sense and respond to the minor
physical/chemical/biological changes, interest among the
researchers has shifted to tailor make polymeric sensors. These
sensors can address the needs of today’s industrial demands to
establish a sustainable environment.

3.1.1. Optical Sensors

Chen et al® developed two-dimensional periodic concave
grating (2DPCG) of tethered poly(N-isopropylacrylamide)
(PNIPAAM). The fabricated array structures (200 nm on Si
substrate) can be created and removed reversibly by changing the
temperature (between 25 and 40° C). This leads to substantial
changes in the effective refractive index (n.y), resulting in the
colour change from blue to red. The colour change can be
observed by the naked eye at an incident angle of 10°-20°. These
types of polymeric system can be potentially used in temperature
responsive optical devices. Many other materials including
poly(methyl —methacrylate) (PMMA),*”  polymerized (2-
dimethylaminoethyl methacrylate) (PDMAEMA),® photonic
crystals®™® etc. have also been explored in recent years to
fabricate effective optical sensors.

3.1.2. Chemical Sensors

El-Ragehy ef al.,”' fabricated and investigated the electrochemical
response characteristics of poly(vinyl chloride) (PVC) membrane
sensors to determine the presence of fluphenazine hydrochloride
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and nortriptyline hydrochloride. This technique is based on the
formation of ion-pair between the two cations and sodium
tetraphenylborate (NaTPB) or tetrakis (4-chlorophenyl) borate
(KtpCIPB). Liu e al.” developed a novel poly(vinyl) chloride
(PVC) membrane electrode based on pethidine-phosphotung state
ion association as the electroactive material. This is used for
determining pethidine hydrochloride drug in injections and
tablets.

Stimuli responsive polymer surfaces can be used as a triggered
“catch and release” surface for the fabrication of nanomaterials.
Comrie et al.”* employed this property to fabricate polymer-metal
micro objects. They achieved this by incorporating hydrophobic
functional group into poly(glycidyl methacrylate) (PGMA)
brushes as a means of creating a robust, etch resistant film on
chromium substrate. This amalgamation of resistance to etching
and ease of subsequent lift-off enabled the fabrication of hybrid
planar polymer-metal objects. These types of responsive
polymeric systems can be employed in areas such as drug
delivery, biomimetic systems, MEMS (microelectromechanical
systems) and NEMS (nanoelectromechanical systems).

In addition to PVC and PGMA, other polymeric materials such
as PMMA®, PNIPAAM® have also been investigated to produce
chemical sensors.

3.2. Actuators

Recently, researchers have employed stimuli responsive polymers
to fabricate self-oscillating systems which can generate periodic
mechanical energy from the chemical energy (Belousov—
Zhabotinsky reaction). Such self-oscillating systems can be
widely used in pulse generators, chemical pacemakers, actuators
and micro-pumps.”® Yoshida et al.”’ developed polymeric gels
which can undergo peristaltic motion without the application of
external stimuli. These unique polymeric gels are fabricated by
co-polymerizing N-isopropylacrylamide (thermo responsive
polymer), with ruthenium tris(2,20-bipyridine) [Ru(bpy)3] as the
catalyst for the BZ reaction. Maeda et al®® fabricated self-
oscillating gel actuators with gradient structures. In this work, the
pendulum motion is created by fixing one end of the gel as shown
in Fig. 6. Aizenberg et al. *'® produced thin hydrogel film
actuators with high aspect ratio rods incorporated within them.
The expansion and collapse of the thin hydrogel layers affected
the orientation of the incorporated rods. These films can be
employed in designing surfaces with reverse and conventional
switching behaviour.

Jager et al."®" fabricated micro-actuators based on polypyrrole-
gold bilayers to enable large movement of structures attached to
these actuators. They can be of great interest for the manipulation
of biological objects such as single cells. Recently, Pedrosa and
co-workers employed polypyrrole to fabricate polypyrrole-gold
nanofingers which can effectively act as nano-actuators.'®

3.3. Bio-medical applications

3.3.1. Diagnosis

Polymeric systems that can respond to specific biomolecules and
also to changes in temperature, pH etc. can be highly useful in the
detection of diseases that are caused by the imbalance in the
chemicals or variations of physical/biological variables in the
environment. Henceforth, great efforts have been made in recent

This journal is © The Royal Society of Chemistry [year]
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times to employ stimuli responsive polymeric systems in the field
of disease diagnosis and biosensors.
Uchiyama et al.'®'% employed PNIPAAM to detect the
presence of benzofurazan and observed a clear reversible
s response to temperature cycles associated with PNIPAAM chain
conformational changes and the polarity sensitivity of
benzofurazan moieties. This behaviour is exemplified in Fig. 7
which clearly shows the change in the fluorescence intensity of
the polymer at different temperatures. Several material systems
10 including poly(2-vinylpyridine) (P2VP), diblock copolymers of
poly(ethylene glycol) and poly(sulfadimethoxine) (PEG-PSDM)
have also been explored for the fabrication of nano-biosensors in
recent times.'%1%

Imm

15 Fig. 6 Images of the repeated bending and stretching motion of the
poly[NIPAAm-co-Ru(bpy)3-co-AMPS] gel strip (R10-A3) in the mixture
solution of the BZ substrates; First, the whole gel strip was in
homogeneous reduced state; Second, the gel strip is in a locally oxidized
state when the chemical wave propagates in the gel from one edge to the
20 other edge (1 — 4); Finally, the whole gel strip change reduced state, and
was bending (5 — 6).%

3.3.2. Imaging

Stimuli responsive polymeric systems can be employed in

»s imaging technique for the detection of diseased/damaged tissues.
The damaged tissues show a moderately elevated temperature and
pH when compared to normal healthy tissues. Stimuli responsive
polymers can be used to sense this small temperature and pH
differences to detect the diseased tissues.

» Lee et al'® explored pluronic triblock copolymers
[poly(ethylene  oxide)-poly(propylene  oxide)-poly(ethylene
oxide) (PEO-PPO-PEO)] end-capped with a cyanine dye (Cy5.5)
for imaging diseased tissues. Pluronic block copolymers responds

to temperature stimulus via change in their supramolecular

35 interactions. During heat treatment, polymer chains develop from
a dissolved state to a micellar aggregation state. They found that
the transition from dissolved chains to micelles is accompanied
by fluorescence quenching of the Cy5.5 dye. These structures can
be used as near infrared (NIR) thermo probes for imaging

40 diseased/damaged tissues. In addition to block copolymers,
poly(amidoamine) (PAMAM) dendrimers, peroxalate polymers
embedded with fluorescent dye etc. have also been investigated
for their potential use in imaging techniques.'®'!?
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a5 Fig. 7 A Fluorescent polymer sensor for temperature.'®®

In addition to the above mentioned biomedical applications,
stimuli responsive polymers have also been predominantly
explored in the area of drug delivery systems including protein
and enzyme delivery,'!'"!® gene delivery''*'% etc.
so  Thermo-responsive therapeutic grippers are widely used in

drug delivery applications'*®. Biopsy is another area which can

make use of responsive polymers. Recently, Gultepe et al.'”

fabricated thermally responsive untethered microtools (u

grippers) which can effectively replace the conventional biopsy
ss forceps. Furthermore, research work have also been conducted on

employing stimuli responsive polymers for other medical
applications such as regenerative medicine, smart surfaces for
tissue engineering, fabrication of biological interfaces, injectable
implants'*®'# etc. Table 1 summarizes the classes of polymer
0 systems that are used for various stimuli responsive applications.

65
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Table 1: Various Stimuli Responsive Polymers and their applications

S.No Types of Responsive Applications
Stimuli polymers/co-
polymers
PNIPAAM,
1 Physical PDMAEMA,
PEGMA, Sensors,
PCLDIMA, Actuators,
azobenzene, Switchable
spiropyran wettability,
Self-Healing,
Anti-fouling
2 Chemical Chitosan,
albumin, gelatin
PDAAEMA,
PAAc, PEI
Chitosan, Diagnosis,
3 Biological polycaprolactone, Imaging,
PLA, Drug
PLGA Delivery,
Bio-
interface,
Biopsy
Studies

4. A new-route towards sustainable environment

In today’s world environmental contamination is increasing
drastically due to urbanization, increased industrial effluence and
constant change in the life style of people. As a result of this,
there is a substantial increase in global warming causing ad-hoc
changes in the climatic conditions throughout the world.
According to the recent report from NASA, the rate of increase of
earth temperature has nearly doubled in the last 50 years."*® In
current scenario, providing clean air to breathe and pure drinking
water for the world population itself poses immense challenge.'"’
Nonetheless, the advent of new-age smart, functional polymeric
materials has given enormous hope, scope and opportunities to
establish a sustainable environment. Though, the stimuli
responsive polymeric materials may not provide solution for all
the environmental issues, they can still address vital issues like

30

w
&

40

93
S

o
a

reduction of sewage fouling, seawater fouling, fouling caused by
industrial effluents and automobile exhaust etc.

Furthermore, the ability of stimuli responsive polymeric
materials to absorb moisture from the humid environment and
release pure water on application of suitable stimuli has made
them a potential candidate to address the growing demand for the
supply of pure water in the humid geographical locations. Due to
their diversified abilities, researchers believe that stimuli
responsive polymeric materials can provide much needed remedy
to the growing demands of today’s environment. Henceforth,
many research groups have focused their attention on developing
polymeric systems for anti-fouling and water harvesting
applications. The following two sections of the review article
highlights some seminal research work that has been reported so
far in the literature that employs stimuli responsive polymeric
materials for anti-fouling and water harvesting applications.

4.1. Water harvesting

The very idea of harvesting water from the moist environment
has been derived from nature. This behaviour of extracting water
from humid air is first observed in a special type of desert beetle
known as Stenocara (The tenebrionid beetle, Fig. 8a). This insect
possesses a tailor made covering on its body for collecting water
from early morning fog.'*® The beetle tilts its body forward into
the direction of blowing winds and makes use of its tailor made
carapace to extract water from air. It is believed that the large
droplet of water is deposited on its carapace due to the insect’s
bumpy surface (near-random array of bumps 0.5-1.5 mm apart,
each about 0.5 mm in diameter, Fig. 8b) which consist of
alternating hydrophobic (waxy region) and hydrophilic (non-
waxy) regions. The water harvesting system functions by
‘growing’ droplets on the hydrophilic seeding points of the peaks.
The water present in the fog/moisture settles on these hydrophilic
peaks gets accumulated to from large droplets of water. The
water striking the hydrophobic slopes bounces towards

hydrophilic region and gets collected.

Fig. 8 The water-capturing surface of the fused over-wings (elytra) of the
desert beetle Stenocara. a) Adult female, dorsal view; peaks and troughs
are evident on the surface of the elytra; b) A ‘bump’ on the elytra, stained
with Red O for 15 min and then with 60% isopropanol for 10 min, a
procedure that tests for waxes. Depressed areas of the otherwise black
elytra are stained positively (waxy, colored), whereas the peaks of the
bumps remain unstained (wax-free; black).'**

In addition to dessert beetles, Zheng et al.'*’ investigated and
reported that spider silk also possesses the ability to extract water
from moist air. Water harvesting ability of cribellate ‘Uloborus
walckenaerius’ spider’s silk is attributed to the unique fiber
structure that it attains after it comes in contact with moisture.
The ‘wet-rebuilt’ fibers are characterized by periodic spindle-
knots made of random nanofibrils and separated by joints made

This journal is © The Royal Society of Chemistry [year]
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of aligned nanofibrils (Fig. 9). These unique structural features
result in a surface energy gradient between the spindle-knots and
the joints and also in a difference in Laplace pressure, with both
factors acting together to achieve continuous condensation and
directional collection of water drops around spindle-knots. In this
way, the spider silk harvest water from the humid air.

Inspired by these water harvesting strategies perfected by
nature, over the past decade, researchers have investigated
techniques to mimic the biological approach with the help of ) .
10 synthetic materials to develop an efficient water harvesting it ‘ ol e . 28°C

systems that are capable of extracting water from foggy/moist i '

environment. Recently, Yang et al.">® employed “grafting form” ; l ;

approach to fabricate sponge-like cotton fabric using poly(N- WWW

isopropylacrylamide), PNIPAAM, brushes which has the ability ‘ ; A ’ . _ : ‘

15 to autonomously collect and release water from humid 32°c : 34c Va5l
atmosphere (Fig. 10). In this polymeric system, the collection and
release of water from fog/moisture is triggered and controlled by S
. . - . . 35 temperature changes. OM sequential images of the PNIPAAM-cotton as
applied temperature. The mechanism behind this phenomenon is the temperature rises from 16-36 °C under controlled atmosphere (96%

attributed to the structural changes of temperature responsive humidity). Arrows indicate water droplets absorbed by the fiber.'*’
20 PNIPAAM combined with the high surface roughness of the

synthesized fabric. This mechanism is also responsible for
reversible switching between two extreme wettability states
(superhydrophilicity/superhydrophobicity) (see Fig. 11). Lot of
research work is being carried out in this area using various
stimuli responsive polymeric systems. 15

o

Fig. 10 Water collection/release by the PNIPAAM-cotton fiber upon

@ 1 c)<LCST

)
o

Two main-axis fibres

40 Fig. 11 (a) water collection (superhydrophilic state) by hydrogen bonding
between PNIPAAM; b) water release (superhydrophobic state) by the
formation of PNIPAAM intermolecular bonds.'*

4.2. Anti-fouling

Currently, anti-fouling is another critical environmental
4s application in which stimuli responsive polymers are widely
explored. In particular, poly(N-isopropylacrylamide)
(PNIPAAM) is most widely studied environmentally sensitive
polymer for anti-fouling applications."”*'®®* Lopez er al'*®
Turmo Gort. Authors would like to convey special thanks to Ferran investigated the stimuli responsive wettability of PNIPAAM for

Turmo Gort for the photograph); (b) Low magnification environmental %0 antl-fouhng‘ app l.lcatlons (foullng-rélease .surfa(fes). T.hey
30 SEM image of periodic puffs and joints surrounding two main-axis fibers; employed dip coating approach to fabricate anti-fouling coatings
(c) Magnified image of puff composed of countless nanofibrils.'*’ on glass substrates. PNIPAAM-coated glass slides were subjected

to incubation (18 hr) in artificial sea water containing the marine
bacterium Halomonas marina or in natural bay water at a
ss temperature above the LCST. The samples were then rinsed with
artificial seawater (4° C) to induce fouling release properties. The
authors report that 95% of the fouling bacterial cells that had
attached to the PNIPAAM surfaces were removed effectively.
Lopez and co-workers'”’ also studied the anti-fouling abilities of
0 surfaces fabricated from PNIPAAM-PS (polystyrene) tethered
surfaces. Furthermore, the same research group prepared anti-
fouling films on gold surfaces by in situ polymerization of
NIPAAM on initiator modified self-assembled monolayers
(SAM) (Fig. 12)."*® From the attachment and detachment studies,

o . —
2 " 200 nm

Fig. 9 Photograph of Uloborus walckenaerius (Photo Credit: Ferran

8 | Journal Name, [year], [vol], oo—oo This journal is © The Royal Society of Chemistry [year]
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it is seen that more than 90% of cells released from PNIPAAM
functionalized SAM surface.

CH, NH.
HN_ L7 CHy

) P, N
/\/\/\/\/\/\C'OH Y ?/CIHN’ (): SNH
‘u) NH, ’ CH,

2

WRK ABAH
- H,C=CH
g i ? n R & ¢-0
AN NP e g -C |
oot ety o
o "a ' CcH cH
cf, “cH
65°C, 3hrl NIPAAM
P
c
S/\N\/\/\/\C’N\c/éw
é 3 XM
HN

s Fig. 12 Schematic representation of the process of in situ polymerization
of NIPAAM on initiator-derivatized SAMs. 2,2 " -azobis(2-
amidopropane) hydrochloride (ABAH) is used as a free-radical initiator;
NIPAAM = N —isopropylacrylamide.'**

10 In addition to PNIPAAM, poly(ethylene oxide) PEO is also
explored for anti-fouling properties. Recently, Minko ez al.'®*
proposed a novel coating approach with 3D grafted polymer
structure for rendering a surface with long-lasting antifouling
properties (Fig. 13).

a)

pEObusn | Surface grafting

Network, %g’
N
\ ¢

Fouling
’&
‘QJ L
)
g e

Self-healing
antifouling surface

1

degradation

Replacement
of the detached chains
Fig. 13 Schematic illustration of the PEO-grafted P2VP network films: a)
the grafting of PEO to the surface of a P2VP film and b) 3D polymer
grafting on the surface and inside of a P2VP film. The self-healing aspect
of the antifouling property is due to the rearrangement of internally
grafted polymers to the interface (marked as dark blue chains).'®*

15

20

The proposed coating with the 3D grafting consisting of
polymeric chains grafted both to the surface and inside the host
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material possesses the ability to retain the anti-fouling effect even
when substantial fraction of the grafted polymers are degraded
and detached. The self-healing mechanism of the proposed
structure refers to the replacement of the detached or damaged
polymeric chains by segments of the chains stored inside the film
in proximity to the interface. A number of segments of the stored
grafted chains relocate from the film's interior driven by an
emerging gradient in a chemical potential, and an antifouling
effect in the exposed area can thus be recovered by itself. The
authors claim that the pH-responsive poly(2-vinylpyridine) films
with the 3D grafting of poly(ethylene oxide) in physiological
conditions (pH 7.4 and 37 °C) demonstrated a 4-fold increase in
longevity of antifouling behaviour than the material with the
surface grafted polymer. Furthermore, it was observed that, the
3D grafted responsive films retain their pH responsive properties.

5. Conclusions and Future Outlook

In the recent past, stimuli responsive polymers/polymeric
composites have attracted great deal of attention due to their
innumerable applications including sensors, actuators, switchable
wettability, drug delivery, imaging, diagnosis, self-healing
coatings and also in miniaturized electronic devices. The rapid
development in this filed is due to (1) comprehensive
understanding of the responsive polymeric moieties interaction;
(2) development of new erudite synthesising approaches; (3)
fabrication of polymeric systems which can be controlled by
employing more than one stimuli and (4) nanoscale fabrication of
stimuli responsive surfaces etc. Future studies can focus on
doping stimuli responsive polymeric materials with metal oxide
and noble metal nano-particles. Incorporation of these dopants
into the polymeric matrix may result in interesting properties.

In yet another example, stimuli responsive polymers can
potentially play a major role for development in the field of
information technology. The concept of orthogonal and
independent addressing of the responsive group may result in
achieving parallel writing of information. Furthermore, a
dramatic increase in memory density may also be possible in
future. These objectives can be achieved by the development of
new polymer chemistries and also by the precise control of
several stimuli responsive groups. Medical application is another
field, which is expected to be impacted by the developments in
stimuli responsive polymers. Though abundant research has been
carried out in employing stimuli responsive polymers in various
medical applications including diagnostic equipment, therapeutic
treatments, tissue regeneration etc., application of stimuli
responsive materials at nanometre scale is still an emerging area
which will benefit greatly from extensive studies on bio-
disposability, bio-distribution, toxicity etc. Another area that is
gaining huge amount of interest is the development of CO,
responsive polymers. Certain CO, responsive polymers can
reversibly capture CO, from air resulting in the reduction of
greenhouse effect. However, further extensive studies are needed
to address the existing challenges in the area of CO, responsive
polymers including the development of facile synthetic
approaches, exploring the behaviour of CO, responsive polymers
by modifying the physical properties such as shape and size etc.

Recently, numerous studies have explored the feasibility of
employing stimuli responsive polymeric materials in anti-fouling

This journal is © The Royal Society of Chemistry [year]
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and water harvesting applications. In future, commercial success
of stimuli responsive materials in anti-fouling and water
harvesting applications may lead to establishing a sustainable
environment. Above all, we believe that fabrication of cost
effective and highly efficient stimuli responsive materials for
household, industrial, medicinal and environmental applications
may require successful collaboration among researchers from
different fields, so that in near future, stimuli responsive materials
may pave the way for a better tomorrow.
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