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ABSTRACT

Smart polymers are materials that respond to small external stimuli. These are also referred as stimuli responsive materials
or intelligent materials. Smart polymers that can exhibit stimuli-sensitive properties are becoming important in many
commercial applications. These polymers can change shape, strength and pore size based on external factors such as
temperature, pH and stress. The stimuli include salt, UV irradiation, temperature, pH, magnetic or electric field, ionic
factors etc. Smart polymers are very promising applicants in drug delivery, tissue engineering, cell culture, gene carriers,
textile engineering, oil recovery, radioactive wastage and protein purification. The study is focused on the entire features
of smart polymers and their most recent and relevant applications. Water soluble polymers with tunable lower critical
solution temperature (LCST) are of increasing interest for biological applications such as cell patterning, smart drug release,

DNA sequencing etc.
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INTRODUCTION

A molecule of high relative molecular mass, the structure
of which essentially comprises the multiple repetitions of
units derived, actually or conceptually, from molecules of
low relative molecular mass act as a polymer. Scientific
developments have led to the commercialization of
polymers that respond dramatically to small external
stimuli. Stimuli-responsive materials, sometimes referred
to as “smart” or “intelligent” materials, prepared from
thermo-responsive, light responsive or pH-sensitive
polymer systems have gained widespread interest in the
material science and engineering communities, proving to
be especially lucrative for the high technology markets. In
particular, smart polymers have already opened new
frontiers in medical diagnostics, pharmaceuticals implants
and therapies and other sectors are poised to follow suit?.
Smart polymers are biocompatible, strong, resilient,
flexible, and easy to sharpen and color. They keep the
drug’s stability and are easy to manufacture, good nutrient
carriers to the cells, easily charged using adhesion ligands
and is possible to inject them in vitro as liquid to create a
gel with the body temperature?. Polymers are a popular
choice for the design of drug delivery carriers. The use of
polymer therapeutics has evolved into a broad discipline,
employing a wide range of architectures either at the
macroscale (gels and hydrogels) or nanoscale (polymer-
drug conjugates, polymeric micelles, nanogels and cross-
linked particles, polyplexes for DNA delivery, etc.). In
recent years, smart polymer/gels that experience reversible
phase transitions to external stimuli have attracted special
attention. These polymers/gels undergo reversible volume
change in response to a small variation in solution
conditions (external stimuli), such as temperature , pH, and
solvent composition. Stimuli responsive polymers mimic

biological systems in a crude way where an external
stimulus (e.g. change in pH or temperature) results in a
change in properties.**3

By introduction of functional groups, polymers can be
designed to selectively swell and shrink, thereby changing
mass and elasticity, as a function of analyte concentration.
The ion exchange properties of conducting polymers are of
special interest for potentiometri- sensor development.
Conducting polymers are ideally suited for sensor
applications because they not only exhibit high
conductivity and electroactivity but they could also be used
as a general matrix and can be further modified with other
compounds in order to change selectivity. Compared to
conductive polymers, nonconductive polymers usually
have a high selective response and a high impedance,
which is important for eliminating interference by other
electroactive species.’+18

Stimuli-responsive polymers are an interesting class of
materials that undergo relatively large and abrupt, physical
or chemical changes by the external stimulus, such as
temperature, pH, ionic strength or light. Such polymers
have been extensively studied for their wide range of
applications in controlled/targeted drug delivery, chemical
and biological sensors, catalysis carries, Pickering
emulsions etc. In recent years, polymer-bio molecule
conjugates which under the influence of a given external
stimulus can self-assemble and form micelles or
nanoparticles have attracted considerable interest as a
result of their widespread utility in various applications of
medicine, biotechnology and nanotechnology. Generally,
the polymer biomolecule conjugates have been prepared
according to two approaches: first, post-polymerization
conjugation of functionalized polymer chains to
biomolecules through covalent bindings. Such post-
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polymerization conjugation approach has often involved
multiple steps including synthesis, chemical modification,
purification, and conjugation.%-4!

The modification of natural polymers is a promising
method for the preparation of new materials. Graft co-
polymerization of vinyl monomers onto natural polymers
is an efficient approach to achieve these materials. Super
absorbing resins were first developed with a view to
utilizing agricultural materials, and are typed by the hy-
drolyzed corn starch-g-poly(acrylonitrile), H-SPAN. Since
then, starches from different resources as well as other
polysaccharides, for example, cellulose, hydroxye- thyl
cellulose, agar, sodium alginate and guar gum were graft
copolymerized to achieve water absorbing polymers.*3-48
Polymer based drug carriers can be broadly classified into
one of the following categories: nanoparticles, nanogels,
micelles, hydrogels and electrospun nanofibers, each with
certain advantages and disadvantages®.

Advantages of smart polymers

Smart polymers are non-thrombogenic, biocompatible,
strong, flexible, tough, easy to color & mould, increase
patient compliance, maintain stability of the drug, and
maintain drug level in

therapeutic window, easy to manufacture, used for blood
contacting application, they are good transport of nutrients
to cells and products from cell, may be easily modified
with cell adhesion ligands, they can be injected in vivo as
a liquid that gels at body temperature. But there are some
problems of these polymers like they can be hard to handle,
they are usually mechanically weak, they are also difficult
to load with drugs and cells and crosslink in vitro as a
prefabricated matrix, they may be difficult to sterilize.5-52
Physical forms of stimuli-responsive polymers
Stimuli-responsive polymers have been utilized in various
forms as follows;

Cross-linked (permanently) hydrogels

Reversible hydrogels

Micelles

Modified interfaces

Conjugated solutions

Hydrogels are formed with a three-dimensional (3D)
network of polymer chains, where some parts are solvated
by water molecules but the other parts are chemically or
physically linked with each other. This structure gives the
interesting property that they swell, but do not dissolve in
aqueous environment. Therefore, hydrogels can come
from a cross-linked network of hydrophilic polymers in
water as the meaning of the prefix ‘hydro’ is ‘aqueous’ and
they maintain their 3D structure after absorbing large
amounts water and swelling. Based on these cross-linked
networks of hydrogels, the dimensions of stimuli-
responsive hydrogels could be dramatically changed by an
alternative change of hydrophobicity and hydrophilicity in
the molecular structure of the swollen polymer chains .
This type of hydrogel has a crosslinked network structure
containing the stimuliresponsive component in the
polymer chains, which causes dramatic
swelling/deswelling according to the change in stimuli.5*
54

Micelles

The combination of hydrophilic, hydrophobic and charged
groupings on single polymer chains, coupled with the
ability to interchange these properties via temperature or
pH switching has given rise to materials with elaborate
solution structures that strongly resemble biological
entities.  Poly(alkylene  oxide)s combined  with
poly(styrene) and poly(4-vinylpyridine) forms

permanent nanoparticles in water arising from the
selforganisation of the amphiphilic AB diblock copolymer
into responsive micelles, described as Shell Cross Linked
(SCL) particles.>”%8 Surfactants play a major role in many
processes of interest in both fundamental and applied
science. The construction of colloidal sized clusters in
solutions is one of the most important uniqueness of
surfactants which is termed as micelles. These micelles
possess particular significance in pharmaceutical field
because of their capability to increase the solubility of
sparingly soluble substances in water. Formation of
micelles takes place when surfactant molecules are
dissolved in water at concentrations above the critical
micelle  concentration (CMC).*® Critical micelle
concentration (CMC) is defined as the concentration of
surfactants above which micelles form and almost all
additional surfactants added to the system go to micelles®.
Micelles consist of amphiphiles or surface-active agents
i.e. surfactants, which have two different parts: a
hydrophilic headpart and a hydrophobic tail part.®* The
radius of a spherical micelle is almost same as the length
of a fully extended surfactant monomer i.e. 1-3 nm and
thus, micelle lie in the colloidal range®® Micelles are
unstable or labile colloidal clusters, formed when the
several individual surfactant monomers are aggregated by
noncovalent bond. Therefore, micelles may be spherical,
cylindrical, or planar (discs or bilayers) as shown in figure
1. The shape and size of micelles can be controlled by
changing the surfactant chemical structure as well as by
varying solution conditions such as temperature,
composition of surfactant, concentration of surfactants,
ionic strength and pH.%

Classification of smart polymers

o pH sensitive smart polymers

e Temperature sensitive smart polymers

o Polymers with dual stimuli-responsiveness

Phase sensitive smart polymers

o Light sensitive smart polymers

pH sensitive smart polymers

In the human body we can see remarkable changes of pH
that can be used to direct therapeutic agents to a specific
body area, tissue or cell compartment. These conditions
make the pH sensitive polymers the ideal pharmaceutical
systems to the specific delivery of therapeutic agents. The
ionic pH sensitive polymers have as main feature the fact
that they are able to accept or release protons in response
to pH changes These polymers contains in their structure
acid groups (carboxylic or sulphonic) or basic groups
(ammonium salts).5

In other words, pH sensitive polymers are polyelectrolytes
that have in their structure acid or basic groups that can
accept or release protons in response to pH changes in the
surrounding environment.”> Many pH-sensitive drug
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delivery systems have been developed including cis-
aconityl amide linkages, hydrazone, oxime, acetal/ ketal,
or other groups like trityl, N-ethoxybenzylimidazoles and
amino groups.®4¢” The mildly acidic pH in tumor tissues
(pH B 6.5-7.2) and inflammatory tissues as well as in the
endosomal intracellular compartments (pH B 4.5-6.5) may
trigger drug release from pH sensitive delivery vehicles
upon their arrival at the targeted disease sites. Many pH-
sensitive drug delivery systems have been developed
including cis-aconityl amide linkages, hydrazone, oxime,
acetal/ ketal, or other groups like trityl, N-
ethoxybenzylimidazoles and imino groups.%-"

Among different types of stimuli, pH is one of the most
frequently used triggers for drug release. The conventional
pH-responsive carriers are based on significant variation
of pH values in different organs, such as stomach (pH~ 2)
and intestinal tract (pH~ 7). For example, Eudragit S100
coated citrus pectin nanoparticles (E-CPNs) were prepared
for the colon specific targeting of 5-Fluorouracil (5-FU).”*
7

Examples of pH-responsive polymers

Some of this kind of polymers are already on the market:
Eudragit L® and Eudragit S® from ROhm Pharma GmBH
(with methacrylic acid and metylmetacrylate in their
composition),

CMEC (a cellulose derivative) from Freund Sangyo Co.,
CAP by Wako Pure Chemicals Ltd., HP-50 and ASM by
Shin-Etsu Chemical Co., Ltd. Other pH-responsive
polymers in marketed formulations are: SQZ GelTM
(chitosane and PEG — diltiazem hydrocloride tablets) and
Cervidil® (polyoxyethylene and urethane — vaginal gel
with dinoprostone (natural prostaglandine E2).7®
Temperature responsive polymers

The temperature of the human body is 37°C under normal
conditions. Under certain pathological conditions or in the
presence of pyrogens, the body temperature deviates from
normal. This change in temperature can be utilized as a
stimulus for the delivery of drugs from thermo responsive
delivery systems. Thermo responsive drug delivery
systems have also been of focus in cancer therapeutics. In
thermo responsive systems, many polymers have been
utilized which are thermo sensitive. Such polymers when
introduced in the formulation in solution form, enable it to
undergo a reversible, temperature induced gel-sol
transition upon heating or cooling of the solution. This
reversible gel-sol transition is associated with the LCST
(Lower Critical Solution Temperature) of the thermo
sensitive polymers. Below this temperature, the solution is
homogeneous, the polymer chains are swollen and the
polymer exists in water soluble form. At this stage, water
and hydrophilic moieties of the polymer are bound to each
other. This prevents interactions of the polymer chains and
intrapolymer association. Above this temperature, a phase
transition takes place. At this stage, the hydrogen bonds
between the water molecules and the hydrophilic moieties
are disrupted, water is expelled from the polymer chains
which lead to their contraction and subsequently they
shrink. Hydrophobic interactions among the polymer
chains persist and lead to the aggregation or precipitation
of the polymer.®® Polymers sensitive to temperature

changes are the most studied class of environmentally
sensitive polymers as they have potential applications in
the biomedical field® . This type of systems exhibit a
critical solution temperature (typically in water) at which
the phase of polymer and solution is changed in
accordance with their composition. Those systems
exhibiting one phase above certain temperature and phase
separation below it, possess an upper critical solution
temperature (UCST). On the other hand, polymer solutions
that appear as monophasic below a specific temperature
and biphasic above it, generally exhibit the so-called lower
critical solution temperature (LCST). These represent the
type of polymers with most number of applications®
example is poly(N-isopropylacrylamide) (PNIPAAmM) that
presents a LCST at 32°C in water solution.®

Below that temperature the polymer is soluble as the
hydrophilic interactions, due to hydrogen bonding, are
predominant, whereas a phase separation occurs above the
LCST (cloud point) due to predomination of hydrophobic
interactions. Other type of temperature sensitivity is based
on the intermolecular association as in the case of
Pluronics or Poloxamers (PEOQ-PPO-PEQ)®.

where hydrophobic associations of PPO blocks lead to the
formation of micelle structures above critical micelle
temperature (CMT).

Temperature is the most widely used stimulus in
environmentally responsive polymer systems. The change
of temperature is not only relatively easy to control, but
also easily applicable both in vitro and in vivo. For
example, temperature-responsive dishes can be utilized as
a cell sheet manipulation techniques in vitro®° and
temperature-responsive hydrogels or micelles containing
drug can be applied in vivo.*% One of the unique
properties of temperature-responsive polymers is the
presence of a critical solution temperature. Critical
solution temperature is the temperature at which the phase
of polymer and solution (or the other polymer) is
discontinuously changed according to their composition. If
the polymer solution (mostly water) has one phase below
a specific temperature, which depends on the polymer
concentration, and are phase-separated above this
temperature, these polymers generally have a lower critical
solution temperature (LCST), the lowest temperature of
the phase separation curve on concentration—-temperature
diagram. Otherwise, it is called a higher critical solution
temperature (HCST) or upper critical solution temperature
(UCST). However, most applications are related to
LCSThased polymer systems.%

Expansion of concepts of stimuli-responsiveness

It is possible to obtain polymeric structures sensitive to
both temperature and pH, by the simple combination of
ionisable and hydrophobic (inverse thermosensitive)
functional groups. It has mainly been achieved by the
copolymerization of monomers bearing these functional
groups, combining thermosensitive polymers with
polyelectrolytes (SIPN, IPN) or by the development of
new monomers that respond simultaneously to both
stimuli.2921%7 The design of stimuli responsive polymers in
relatively a new and emerging area with infinite
possibilities that need to be explored. The wide range of
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potential applications in biomedical fields such as in drug
delivery, tissue engineering, surface activation, sensors,
actuators etc. is only scratching the surface. Polymers that
respond to single stimuli like temperature or pH alone are
unlikely to find widespread applications. There is a need
to fabricate materials that are truly smart with fine control
over molecular weight, composition, and block
architecture, incorporating multiple functionality within
the polymer structures. The design of hybrid polymers that
marry synthetic and biological features is the future of
smart polymers for future biomedical applications.1%
Double-responsive systems and micelles with stimuli-
responsive behaviour A series of double-responsive
system, some of which assemble into micelles, have been
reported. Double- or multi-responsive systems can be
distinguished generally based on the polymer architecture.
Random copolymers are used to tailor the transition point
depending on two independent parameters, e.g. pH and
temperature. In contrast block copolymer tend to self-
assemble reversibly and form micelles depending on the
environmental conditions. The micelles are then either
stabilised through strong non-covalent interaction (e.g.
ionic) or fixed through subsequent crosslinking. In both
cases one is receiving a nano-object, which can be utilised
as a micellar responsive drug delivery system, but it can
also mimic biological entities like e.g. vesicles .Armes et
al. produced shell crosslinked micelles by polyelectrolyte
complexation by ATRP polymerization. The controlled
polymerisation technique leads to uniform di- and triblock
copolymers, which assemble into micelles with pH
dependent size: 25-30 nm in acidic solution and 35-50 nm
in alkali solution.02.103

Phase sensitive smart polymers

Phase sensitive smart polymers can be used to develop
biocompatible formulations for controlled delivery of
proteins in a conformation ally stable and biologically
active form. These smart polymeric systems have many
advantages over other systems such as ease of
manufacture, less stressful manufacturing conditions for
sensitive drug molecules, and high loading capacity.*!12
In this approach a water insoluble biodegradable polymer
such as poly(D,L-lactide) and poly(D,L-lactide-co-
glycoide) dissolve in pharmaceutically accepted solvent to
which a drug is added forming a solution or suspension.
After injecting the formulation into the body the water
miscible organic solvent dissipates and water penetrates
into the organic phase. This causes the phase separation
and precipitation of the polymer forming a depot at the site
of injection,04-105

Organic solvents used include hydrophobic solvents (such
as triacetin, ethyl acetate and benzylbenzoate) and
hydrophobic solvents (such as N-methyl -2-pyrrolidone,
tetraglycol). Major application of phase sensitive smart
polymer lies in lysozyme release, controlled release of
several proteins and using of emulsifying agents in phase
sensitive formulations to increase the stability of drug.''®
Light-sensitive smart polymer

Light-responsive systems represent a way to trigger drug
release at the desired target by external light illumination.
Photo sensitive carriers can achieve the on-off drug release

event because the nanostructure may open or close when
stimulated by either a one-time or repeatable light
irradiation. However, considering the limitation of light
wavelength for practical therapy, light penetration depth
currently restrains the non-invasive applications for deep
tissues.!®  Light-sensitive hydrogels have potential
applications in developing optical switches, display units,
and opthalmic drug delivery devices. Since the light
stimulus can be imposed instantly and delivered in specific
amounts with high accuracy, light-sensitive hydrogels may
possess special advantages over others. For example, the
sensitivity of temperature-sensitive hydrogels is rate
limited by thermal diffusion, while pH-sensitive hydrogels
can be limited by hydrogen ion diffusion. The capacity for
instantaneous delivery of the sol-gel stimulus makes the
development of light-sensitive hydrogels important for
various applications in both engineering and biochemical
fields. Light-sensitive hydrogels can be separated into UV-
sensitive and visible light-sensitive hydrogels. Unlike UV
light, visible light is readily available, inexpensive, safe,
clean and easily manipulated.%” Light is a particularly
attractive source of energy for use in controlling material
properties in time and space because its intensity and
wavelength can be easily controlled through the use of
filters. Most of light-responsive chemical moieties are
responsive in the UV spectral range, which is generally not
limited in an in vitro environment. The light-responsive
polymers are of great interest because of the non-invasive
and high spatiotemporal resolution character of light. In
general, light-responsive polymers have light sensitive
moiety such as azobenzene and 2-nitrobenzyl groups as
side groups or chain ends in the polymer backbone. Having
been studied for more than 70 years, the azobenzene
chromophore continues to present new and unique optical
effects. Azobenzene groups are known to undergo a
reversible isomerization from trans- to cis-state upon
irradiation without generating side-products even with
innumerable  isomerization  cycles, making this
isomerization one of the cleanest photoreactions'®. This
isomerization also leads to extremely large changes in
conformation and size. Thus, the light-responsive
polymers are often used as biomaterials for drug delivery,
the development of bio-friendly methods for light-
controlled  patterning  oftwo-dimensional  cellular
substrates and three dimensional gels.1%110

Polymers of natural origin

Gellan (composed of glucose and B-D-glucuronic acid and
a-L-rhamnose), gelatin (protein obtained from the collagen
hydrolysis), amylopectin, amylose and agarose are some
biopolymers that also exhibit temperature sensitivity by
different gelation mechanisms that lead to the formation of
helix conformations by physical crosslinks. These
polymers are sol at high temperatures and become gel at
lower by formation of aggregation of double helices that
act as crosslinking knots.'!! The polysaccharide gellan and
derivatives as gellan benzyl ester, attain these
conformations by hydrogen bonding in aqueous media.**?
In the case of gelatine, gels are formed in aqueous solution
when lowering the temperature that promotes the
formation of gel networks due to the change from random
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to triple helix conformation.!’® The low stability of
gelatines under physiological conditions has promoted
their conjugation with other polymers such as chitosan
being stable at temperatures of up to 50°¢.*4

Other stimuli-sensitive

The identification and determination of various
biologically relevant substances' concentrations are of
great importance for biomedical applications. For this
purpose, the use of hydrogels sensitive to analytes may be
helpful, if they function under physiologically relevant
temperatures, pH, and ionic strength. Different kinds of
gels responding to external fields have been proposed,
especially to be used in externally regulated systems to
deliver drugs.?

Magnetic sensitive smart polymers

Magnetic drug delivery systems possess three main
advantages: a) visualization of drug delivery vehicles, b)
ability to control and guide the movement of drug carriers
through magnetic fields and c) thermal heating which has
been used to control drug release or produce tissue
ablation. Magnetic drug carriers like magnetite, cobalt,
ferrite and carbonyl iron are mainly used and they are
biocompatible, non-toxic and non-immunogenic!®®.
Magnetic nanoparticles have also been encapsulated
within liposomes. Polyelectrolyte coated- liposomes were
highly stable as they showed no significant membrane
disruption or leakage of encapsulated contents in the
presence of detergent Triton TX-100.116

Phase sensitive smart polymers

Phase sensitive smart polymers are mainly used to prepare
biocompatible formulations of proteins for controlled
delivery in biologically active and confarmationally stable
form. The phase sensitive injectable polymeric systems
have many advantages over the conventional system such
as ease of manufacturing conditions for sensitive drug
molecules and high drug loading capacity. In this approach
a water insoluble biodegradable polymer such as
poly(D,L-lactide) and poly(D,L-lactide-co-glycoide)
dissolve in pharmaceutically accepted solvent to which a
drug is added forming a solution or suspension. After
injecting the formulation into the body the water miscible
organic solvent dissipates and water penetrates into the
organic phase. This causes the phase separation and
precipitation of the polymer forming a depot at the site of
injection,117-118

Multi stimuli responsive polymers

Polymers can also exhibit responsive behavior to multiple
stimuli and numerous dual stimuli responsive systems
have been studied. Combinations of light and temperature,
temperature and pH, light and electric field have been
reported. There are reports on triple stimuli responsive
polymers that respond to light, heat and pH. Multistimuli
responsive polymeric materials can be obtained by the
incorporation of different functional groups which are
responding to different stimuli.

Glucose-responsive polymer

A glucose responsive polymer system for insulin
controlled release has been intensively investigated due to
a huge biomedical market potential. When the
concentration of glucose in the blood becomes high due to

improper control of metabolism by the hormone insulin, a
patient suffering diabetes mellitus usually needs a supply
of insulin administrated via periodic injection. However,
blood glucose levels cannot be maintained in the normal
range by this treatment. The glucose responsive hydrogel
system can provide self-regulating insulin release in
response to the concentration of glucose in the blood,
which can control the concentration of insulin within a
normal range. One strategy for this purpose is based on pH
responsive polymer hydrogels, with entrapped glucose
oxidase, catalase and insulin. As an example, N,N-
dimethyl aminoethyl methacrylate (DMAEMA), a weak
cationic moiety, was introduced into copolymer hydrogels
. The hydrogels were obtained by copolymerization of 2-
hydroxyethyl —methacrylate and DMAEMA, and
immobilization of glucose oxidase and catalase. When
excessive glucose diffuses into the hydrogels, glucose
oxidase catalyzes the glucose conversion to gluconic acid.
The gluconicacid lowers the pH within the hydrogel
network and protonates the tertiary amine groups of
DMAEMA, resulting in the swelling of the hydrogels due
to increased electrostatic repulsion force. The swollen
hydrogels results in an increased network mesh size and
consequent increased release of insulin from the matrix.
The incorporated catalase reconverts hydrogen peroxide to
oxygen, which is required for glucose oxidization, and
reduces the hydrogen peroxide inhibition of glucose
oxidase.!®

Redox-responsive

Redox responsive stimuli have gained great attention for
disease therapy and widely used in intracellular DDSs!®-
121 - The redox potential in microenvironments is
multivariate in different tissues, which can be exploited to
design redox-sensitive delivery systems. The design and
fabrication of nanoparticles responsive to Glutathione
(GSH) can be a promising approach for targeting drug
Delivery.1?

The GSH reduction is a well-known redox system within
cancer cells. On one hand, concentrations of GSH in blood
and normal extracellular matrices are reported to be 2-20
uM, at the same time GSH levels within cancer cell ranges
from 2 to 10 mM, which is 100- to 500- fold higher than
the normal ranges.!?3

Such significant difference in GSH level between cancer
and normal cell has made redox responsive delivery
systems to be an attractive strategy to design the DDSs for
targeting specific tumor intracellular sites. On the other
hand, by utilizing the high accumulation of reactive
oxygen species (ROS) in some disease tissues, ROS-
response DDS is also an effective mechanism to finely
control the targeted drug release. It has been reported the
mucosal ROS concentrations in inflammatory tissues and
colon cancer were 10- to 100- fold higher than that of
normal tissues.'?®

Application of Smart Polymers

Agriculture and Agribusiness

Polymeric materials are used in and on soil to improve
aeration, provide mulch, and promote plant growth and
health.
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Figure 2: Structure of polymeric micelle.

Medicine

Many biomaterials, especially heart valve replacements
and blood vessels, are made of polymers like Dacron,
Teflon and polyurethane.

Consumer Science

Plastic containers of all shapes and sizes are light weight
and economically less expensive than the more traditional
containers. Clothing, floor coverings, garbage disposal
bags, and packaging are other polymer applications.
Industry

Automobile parts, windshields for fighter planes, pipes,
tanks, packing materials, insulation, wood substitutes,
adhesives, matrix for composites, and elastomers are all
polymer applications used in the industrial market.

Sports

Playground equipment, various balls, golf clubs,
swimming pools, and protective helmets are often
produced from polymers.

pH-sensitive polymers have been wused in several
biomedical applications, the most important being their use
as drug and gene delivery systems, and glucose sensors.
Between all the systems described in the literature, we
report in this section the most attractive examples reported
in the last years.

Smart drug delivery systems

The application of smart polymers for drug delivery shows
great promise due to modulated or pulsating drug release
pattern to mimic the biological demand. Another important
thing is that these operate fully automatically, without the
need of additional sensors, transducers, switches or pumps.

Stimuli  occurring externally of internally include
temperature, electric current, pH etc. When an enzyme is
immobilized in smart hydrogels the product of enzymatic
reaction could themselves trigger the gel’s phase
transition. It would then be possible to translate the
chemical signal (e.g presence of substrate), into the
environment signal (e.g pH change) and then into the
mechanical signal (shrinking or swelling) of smart gel.
This effect of swelling or shrinking of smart polymer beads
in response to small change in pH or temperature can be
used successfully to control drug release, because diffusion
of the drug out of beads depends upon the gel state. These
smart polymers become viscous and cling to the surface in
a bioadhesive form therefore providing an effective way to
administer drugs, either topically or mucosae, over long
timescales by dissolving them in solution, which contains
hydrophobic regions. Through this technique, efficiency
and cost effectiveness is increased.

Most extensive efforts in this area have been made for
developing insulin release system in response to high
glucose levels.’? In an early approach, entrapped insulin
was released from copolymers of allylglucose crosslinked
with Concanavalin A. In later designs, glucose oxidase has
been used to generate H+ (in response to the presence of
glucose) and hence exploit pH —sensitive hydrogels. One
common worry in all such cases is the slow response time.
Thus, use of superporous hydrogels with fast swelling-
deswelling kinetics is a step in the right direction?.

A pH responsive hydrogel composed of polymethacrylic
acid grafted with polyethylene glycol has been evaluated
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Table 1: pH values from several tissues and cells
compartments
Tissue / Cell compartment  pH

Blood 7.4-7.5
Stomach 1.0-3.0
Duodenum 4.8-8.2
Colon 7.0-7.5
Lysosome 45-5.0
Golgi complex 6.4
Tumor-Extracellular 6.2-7.2
medium

in vitro for calcitonin delivery*?® This poly- peptide is a
therapeutic agent for bone diseases like Paget’s disease,
hypercalcemia and osteoporosis. As the pH increased
during the passage from stomach to upper small intestine,
the ionized pendant carboxyl groups caused electrostatic
repulsion, the network swelled and the hormone was
released. The release behavior showed that movement of
polymer chains was a key factor that controlled the solute
transport.

In the figure lines that indicate the toxic and minimum
effective levels of the drug are colored red and green,
respectively. The desirable—controlled drug release is
colored blue while, shown in grey, two cases of
problematic drug release indicate drug release ending too
soon or, on some occasions, being below the minimum
effective level or higher than the toxic level. Note that it is
desirable, after a small initial amount of time, that the
released drug concentration is constant and between the
toxic and the minimum effective level .?°

pH varies along the gastrointestinal tract (GIT) between 2
(stomach) and 10 (colon). This condition makes pH-
sensitive polymers ideal for colon specific drug delivery.
The most common approach utilizes enteric polymers that
resist degradation in acidic environment and release drug
in alkaline media due to the formation of salt. There are
several examples of these kind of polymers already
commercialized, i.e. Eudragit L, Eudragit S from Réhm
Pharma GmBH (based on methacrylic acic and methyl
methacrylate) or CMEC from Freund Sangyo Co., Ltd;
CAP from Wako Pure Chemicals Ltd.; HP-50 and ASM
from Shin-Etsu Chemical Co., Ltd. (derived from
cellulose). A large number of polysaccharides such as
amylose, guar gum, pectin, chitosan, inulin, cyclodextrin,
chondroitin sulphate, dextran and locust beam gum, have
been also investigated for colon specific drug release. 3013t
Gene Delivery

Gene therapy aims at the treatment of many genetic
diseases as it is a technique for correcting defective genes
that are responsible for these genetic diseases. Specifically,
the delivery of the appropriate, therapeutic gene (DNA)
into the cells that will replace, repair or regulate the
defective gene that causes the disease is a vital step for
gene therapy. DNA, however, is a negatively charged,
hydrophilic molecule; thus its delivery into the nucleus of
the cell which requires it to pass through the also
negatively charged and hydrophobic cell membrane is not
feasible. Consequently, gene delivery carriers (also called
vectors or vehicles) have been developed. Nature’s way to

carry genes is viruses and these were the first carriers used
for gene delivery. However viruses have many
disadvantages, the most severe of which is the immune
response that they can cause and this is why non-viral
carriers have been developed . Many of these are polymer-
based because polymers are cheaper and safer than viruses
and also easier to tailor compared to other gene delivery
carriers like liposomes,132-138

When using a polymeric carrier, the main steps of gene
delivery (Figure 3), also called transfection, involve the:
(1) DNA and polymer complexation; (2) addition of
DNA/polymer complex (sometimes also called polyplex)
onto cells for a period of time commonly called the
transfection time; (3) removal of complex from the cells;
(4) incubation time that is when the cells are left to
incubate for a time period until results are observed.
Complexation is usually performed at room temperature
whilst the incubation and transfection periods are at 37 °C
(body temperature that the cells need to be in order to
survive). Interestingly, thermo responsive polymers have
been used to enhance the transfection efficiency by
changing the temperature either during the complexation
and/or during the incubation or transfection period. These
studies are discussed below.

Tissue engineering

Tissue engineering is about delivering of appropriate cells
for repair/or development of new tissues by use of
scaffolds.3%4° Smart hydrogels constitute promising
materials for such scaffolds for two reasons. Firstly, their
interior environment is aqueous. Secondly, they can
release the cells at the appropriate place in response to a
suitable stimulus. Soluble pH and temperature-responsive
polymers that overcome transition at physiological
condition (370 C and/or physiological pH) have been
proposed as minimally invasive injectable systems. The
soluble systems may be easily injected, however they
precipitate or gel in situ forming an implant of scaffold
useful for tissue engineering. 41143

The ability of Poly-N-Isopropylacrylamide and it’s
copolymers to exhibit hydrophilic /hydrophobic nature has
attracted many researchers to create surfaces for cell
culture systems'#4145 Various groups work on cell culture
carrier with or without the option of immobilizing
bioactive molecules and subsequently releasing them. This
technique may be applied e.g in the transplantation of
retinal pigment epithelial cell sheets, which can be
recovered without any defects.146

Microfluidics and biomimetic actuators

Developing microfluidic systems for biological and
chemical applications has been a major challenge and a
fully functional valve is the key component in microfluidic
systems. Conventional microactuators require external
power for operation and are relatively complex assemblies.
The use of responsive smart polymeric materials to
regulate flow eliminates the need for external power,
external control and complex fabrication schemes makes
them to be incorporated within the microfluidics channel
and shrink or swell in response to external stimuli which
in turn cause opening or closing of channels, respectively.
The monolithic plugs PNiPAAm crosslinked with 5%

IJCPR, Volume 8, Issue 3, May- June 2017

Page 304



Gore et al. / Smart Polymers and...

F'y ,
- « . Problematic drug release
l." \- /,,
= \ 4 M
= 4 e Toxic level
2 p
= |1 Y .
2 E P A W Desirable —
— -~ / ! ,
2 8 :_":," ooy Controlled Release
= 1l A \ - .
s |F \ \ Minimum effective
o | W . \ .
F* \ \ level
*
f b “ o N
L
Time
Figure 4: Released drug concentration over time.
cationic
polymer
DNA

DNA-polymer
complex

transfected cell

Figure 5: The main steps of gene delivery using a cationic polymer: (1) DNA complexation (2) complex traversing
the cell membrane to the cytoplasm (3) DNA release into the cytoplasm and (4) DNA transfer into nucleus.

methylenebisacrylamide have been prepared by
photoinitiated polymerization within the channel of a
microfluidic device which can be used as valve for
switching, distribution, metering and sealing of a PCR
reactor chamberMany attempts have been made to
mimic the efficient conversion of chemical energy into
mechanical energy in living organisms. The biomimetic
actuators could be used in future ‘soft’ machines that are
designed using more biological than mechanical
principles. They can also be used as a very useful tool in
picking up very tiny little objects in the aqueous solution
as biomimetic actuators can withstand very hostile
environments. A device based on pH sensitive smart
polymer disks of polymethacrylic acid-triethylene glycol
dimethacrylate (PMAA-EG) has been used to regulate
drug release by deforming a membrane which then
occludes an orifice thus preventing drug release. An
electronegative interpenetrating network (IPN) developed
of PVA and PNiPAAm has been researched for its
swelling ratio and bearing behavior under electric fields in
aqueous NaCl solution for its application in biomimetic
sensors and actuators, which demonstrate rapid response
under the influence of external electric field. The triggered
control of interfacial properties provided by immobilized
smart polymer at the solid water interface has applications
in designing of micro fluidics bioanalytical devices as they
provide actuation pressure required for both valving and
dispensing functions in micro dispensing device.47-14

CONCLUSION

Smart polymers have emerged with great potential and
enabled the development of various types of drug delivery
systems that are biologically inspired. The effects of these
developments will at some point be so vast that they will
probably affect virtually all fields of science and
technology. It should be pointed out that these drug-
delivery systems are still in the developmental stage and
much research will have to be conducted for such systems
to become practical clinical alternatives- One particularly
important aspect of smart polymer networks is the
response time. Quantitative predictions of absolute time
scales are a big challenge for numerical methods. Many
macroscopic models are restricted to stationary or steady-
state systems. Macroscopic numerical studies of network
dynamics are based on parameters like diffusion constants
that have to be taken from molecular simulations or
experiments. This shows, once more, the necessity of
numerical studies on various levels of detail and of
multiscale studies that combine these methods.
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