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Now a day, a variety of synthetic polymers are synthesized by researchers in some useful manner to several variations in pH, temperature, |
electric, magnetic fields or other parameters. These polymers are named as stimuli-responsive, environmental-sensitive or smart polymers. |
These smart polymers are polyelectrolytes in nature and contain acidic/basic groups. They accept or sometimes release proton, in retort to
pH change of the environment. The smart pH responsive polymers are manufactured by controlled radical polymerization methods. The |
smart pH responsive polymeric systems exhibit intelligent behaviour and therefore find numerous uses such as in personal care, delivery |
of drugs, oil exploration, coating of different objects in industry and water remediation efc. These smart polymers show an intense |
variation in physical and chemical properties with change in environmental conditions. These behaviours are used for developing several |
smart drug delivery systems. They deliver the drugs like, tumor drugs, anticancer drugs and antiviral drugs or anti-inflammatory drugs to |
minimize their toxic effect. Currently, the smart pH responsive polymers are being developed for various biomedical applications and
especially for pH targeting nanomedicine. I
|
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INTRODUCTION

The pH responsive polymers are one of the smart polymers
(stimuli responsive polymer). On small variation in environ-
ment, the property of smart polymer changes reversibly either
chemically or physically. These polymers may respond to
various types of stimuli such as, temperature, pH, electrical
field, light intensity, magnetic field and biological molecules
etc. The stimuli produce great responses in the smart polymers
as collapse, swelling, solution-to-gel transitions, which depend
on the chains physical state [1]. There are many types of smart
polymers, some of them are: (a) Temperature-responsive polymers
(e.g., poly(vinylether)s [2], poly(2-oxazoline)s [3], poly(phos-
phoester)s [4], poloxamer, poly(N-alkylacrylamide), cellulose,
poly(N-vinylcaprolactam), xyloglucan and chitosan); (b) pH
responsive polymers (e.g., poly(acrylic acid), poly(N-dimethyl-
aminoethyl methacrylate), poly(methacrylic acid), poly(N-
diethylaminoethyl methacrylate), poly(ethyl pyrrolidine
methacrylate), polysulfonamides [5], poly(vinylpyridine) and
poly(vinylimidazole)s); (c) Photosensitive-responsive polymers
(e.g., azobenzenes, spiropyran, diaryl ethane, coumarin, pyrenyl-
methyl and o-nitrobenzyl); (d) Magnetic field responsive
polymers (e.g., in cross-linked form poly(/N-isopropylacryl-
amide) and poly(vinyl alcohol) hydrogels); () Enzyme-respon-

sive polymers (e.g., chitosan, cyclodextrin and amylase); (f)
Electric field responsive polymers (e.g., chitosan, hyaluronic
acid, methacrylic acid, polypyrrole, polyaniline, polyethylene,
poly(ethyloxazoline), polythiophene and sulphonated poly-
styrene); (g) Ultrasound responsive polymers (e.g., ethylene-
vinylacetate); (h) Glutathione responsive polymers (e.g., disulfide-
labled methacrylate polymer block and poly (ethylene oxide)
polymer block (PEO block).

A polyelectrolyte contains weak acidic either basic group
in their structure and they may accept and release protons in
response to the pH changes of the environments is called pH
sensitive polymer or pH responsive polymer. A polyelectrolyte
is a large molecule, when polyelectrolyte dissolved in water
or ionizing solvents then it can dissociate to give polymeric
ions. They are ionized in a suitable solvent that expands the
system by the repulsion between the polymer chains charges.
If the ionization of the polyelectrolyte or non-ionized poly-
electrolyte is prevented by solvents, then the dissolved chains
are in a compact and folded state form. Now, if the solvent
unionized in an imperfect solvent, then polyelectrolyte chains
are hydrophobic, they are collapsed into globules and preci-
pitated from solutions. In a polyelectrolyte, the acidic or basic
group is ionized as monoacids (acidic groups) or monobasic
(basic groups). However, the total ionization of these system
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is tougher because of electrostatic effects exerted by another
close to ionized group, which makes apparent dissociation
constant (Ka) dissimilar from that of the corresponding mono-
acid either monobasic. Chain conformation, solubility, confi-
guration and volume are some of the physical property of pH-
responsive polymers, which could be modified by using the
charges along the polymer backbone. When the polymer along
with charge the backbone generated and the electrostatic
repulsion increases the polymer’s hydrodynamic volume [6].
A conversion between tightly coiled and expanded state is
affected by different conditions, which modify electrostatic
repulsion, type of counter ions, pH and ionic strength. The
conversion has been described by converting the osmotic pre-
ssure applied by mobile counter ions that neutralizes charges
of networks [7,8]. The reversible phase conversion arises at
different range of pH, which can be normally modulated by
two procedures. First is determining the ionizable part with a
pKa fulfilling the desired range of pH. Consequently, the
genuine selection between polyacids or polybasic would be
supposed for many useful applications. Second is assimilating
hydrophobic parts to the polymer backbone (mainly commanding
their amount, distribution and natures) [9]. The hydrophobic
interactions dominate and then the electrostatic force of repulsion
disappears within the polymer matrix and ionizable groups
turned into neutral or non-ionized groups. In a neutral state
and more accused phase conversion, a hydrophobic component
can provide compact conformation [10]. The swelling (or
expanding) and pH-sensitiveness of polymer can be regulated
by using co-monomers, such as methyl methacrylate, maleic
anhydride and 2- hydroxyethyl methacrylate [ 11-14]. Dissimilar
co-monomers contribute unlike polymer chain’s hydropho-
bicity, showing various pH-responsive behaviours.

General properties: The polymers, which are pH-respon-
sive contain acidic or basic group (in pendant form), in response
to the pH of environment that can accept either donate protons.
Atlow pH, polyacid pH-responsive polymers were unswollen,
so, the groups with acidic character will be unionized or
protonated. An anionic or negatively charged polymer will
expand in volume or swell by increasing the pH. In polybasic
pH-responsive polymers, while decreasing the pH, the basic
group’s ionization will increase. The example of pH-sensitive
polymers having the anionic groups are polysulfonamide
(derivatives of p-aminobenzene sulfonamide) and poly(car-
boxylic acid) such as poly(acrylic acid) (PAA) and poly(metha-
crylic acid) (PMA) [5]. These weak acids have pKa whose
value varies from 3-11, which depends on electron eliminating
nature of the substituent on the nitrogen atom. The carboxylic
groups are protonated and hydrophobic interaction governed
at low pH that leads to volume withdrawal of the polymer,
which has carboxyl (-COOH) groups. When pH is high, the
carboxylate ions are formed due to dissociation of the carboxyl
groups and resulting to have charge density high in the polymers
that causing it to swell or expand. A weak polyacid polymer’s
chain configuration is the function of pKa.

Chitosan, poly(N,N-dialkyl aminoethyl methacrylates),
poly(ethylenimine) (PEI) and poly(L-lysine) (PLL) are the
examples of cationic groups that are pH-responsive polymers.
In comparison with the alkali-swellable carboxyl (-COOH)

group, these polyelectrolytes are acid swellable groups. The
polybasic group is protonated under acidic condition and
increases the repulsions between internal charge and neighbou-
ring protonated polybasic group. This repulsion of charges
leads to an expansion in the overall dimensions of the polymer
that contains the polybasic group. The polybasic groups are
less ionized at higher pH; the repulsion of charges is decreases
and increases polymer-polymer interaction. It shows decrease
in the polymer’s net hydrodynamic diameter. The above-
mentioned characteristics of the polymer are used to obtain
hydrogels of pH-responsive polymers, which are widely utilized
as carriers in the drug delivery systems [15]. Generally, anionic
pH-responsive polymer is polyacrylic acid and its derivatives.
These systems contain anionically charged components at pH
above their pKa range. They can attract positively charged
healing agents [16,17]. Some of the hydrogels are prepared
by Peppas and his co-workers that exhibits special pH-sensitive
characteristic as in poly(methacrylic acid-g-ethylene glycol)
P(MAAg-EG) that loaded with insulin, whereby interpolymer
complexes are formed in acidic environment and separated in
to neutral or basic medium [18]. The nano-devices, which are
polymeric can be designed for drug delivery of anticancer
agents, in which by controlling the pH the release of drugs
can be activated. The activation of pH can be done by including
pH-responsive components to the polymers chemical structure
that destabilize the self-assembled polymeric aggregate or by
chemical conjugation of pH-responsible linkage between polymer
and drug. These conditions are useful in targeted drug delivery
[19].

Natural pH responsive polymer: Numerous synthetic
biodegradable polymers have been synthesized applications
of biomedical fields, due to their good biocompatibility and
amplitude in nature and they are easily modified by simple
chemistry [20]. The polymers which formed by different part
of living cells, carbohydrates, proteins and nucleic acid is called
biopolymers. The biopolymers are widely used in the pharma-
ceutical fields and polymers like dextran, alginate, chitosan,
hyaluronic acid and pullulan is common in drug delivery areas.
The three important biopolymers employed as pH-responsive
polymer is as follows:

Alginate: It has large-molecular weight, unbranched struc-
ture and having binary copolymer of (1-4) glycosidically linked
between 3-D-mannuronic acid and o.-L-glucuronic acid mono-
mers. In the presence of divalent cations, the acidic contents
allow the alginic acid to undergo mild either spontaneous
gelling (i.e., pH dependent). The biopolymer alginate is widely
used as a device in delivery of drugs, in which drug release
rate will be varied by various drug-polymer interactions and
by chemical immobilization of the drug to the backbone of
polymer that used reactive carboxylate groups [21]. The protein
delivery system based on alginate gels has been undertaken to
develop by using hydrophobically modified alginates [22]. The
surface of alginate is negatively charged and forms a polyanion-
polycation complex by adding positively charged polymer to
the alginate solution that will increase the overall stability of
the microcapsules [23]. Alginate-based gels have some limita-
tions as less degradability and less cell adhesion. In gastric
environment at low pH, alginate shrinks and the enclosed drug



Vol. 30, No. 4 (2018)

An Overview on Smart pH Responsive Polymers 713

is not liberated. For example, insulin can be loaded by lipo-
somes that are called lipoinsulin system and the lipoinsulin
system can be entrapped in the alginate system. The structure
and conformation of insulin will preserve by aqueous interior
of the liposome. To the absorption across biological barriers,
the lipid exterior may help to improve. In diabetic rats to reduce
blood glucose level, oral administrations of lipoinsulin-loaded
with alginate-chitosan capsules were made [24,25].

Chitosan: It is a polysaccharide having cationic amino
group. It is a copolymer of glucosamine and N-acetylglucos-
amine that is natural in origin. This biopolymer is synthesized
by the alkaline medium and partial deacetylation of chitin that
is found in the cell walls of fungi and exoskeleton of crusta-
ceans. To increase drug transportation across the nasal, buccal
mucosa and intestinal was reported [26]. The scaffolds based
on chitosan are used in tissue engineering. Firstly, this bio-
polymer is obtained as interconnected-porous structures by
lyophilizing and freezing a solution of chitosan [27]. The other
process is ‘internal bubbling process’ in which calcium
carbonate (CaCO:s) is added to a solution of chitosan to generate
gels (i.e., chitosan-CaCOs) in certain shape by using worthy
mold [28]. The natural polymer chitosan having cationic nature
that allow for pH-dependent electrostatic interactions between
proteoglycans and anionic glycosaminoglycans, which dispersed
broadly all over the body and negatively charged species [29].
The important biopolymer chitosan has antibacterial property
due to which it has been blended with other polymers [30],
also used in the field of wound healing [31]. The polymer
accelerates simple wound covering to sophisticated artificial
skin matrice applications and fast dermal regeneration [32].

Hyaluronic acid: It is a polysaccharide that is linear and
anionic, which is made up of a repeated disaccharide that is
monomers of (1-3)- and (1-4)-linked -D-glucuronic acid and
N-acetyl B-D-glucosamine. It is non-sulfated glycosamino-
glycans (GAG). This polymer is useful in the stabilization and
organization of the extracellular matrix (ECM), cell diffe-
rentiation and proliferation [33]. It plays an important role in
wound repairing, inflammation and morphogenesis [34-36].
It is used in tissue engineering applications ((nerve regenera-
tion). In combination with collagen hyaluronic acid has been
used to form SIPN i.e., semi-interpenetrating network and
endothelial cells attachment that was performed within micro-
fluidic channels that form blood vessels. The semi-interpene-
trating network (SIPN) is used for enabling fibroblast and
chondrocyte encapsulation and proliferation [37].

Different methods for the preparation of pH-responsive
polymers: A pH-responsive polymer is synthesized by conven-
tional methods and by controlled radical polymerization methods
[38,39]. The most popular route for preparing synthetic vinyl-
based polymer (microgel systems) is emulsion polymerization
[40-42]. Many groups are generally synthesized through free
radical polymerization method [43]. The controlled polymeri-
zation methods are nitroxide-mediated polymerization (NMP),
atom transfer radical polymerization (ATRP) and reversible
addition-fragmentation chain transfer (RAFT) that was used
to synthesize many pH-responsive polymers [44,45]. Different
methods are explained below:

Emulsion polymerization: The emulsion polymerization
has been used in radical chain polymerization technique to

form narrow particle size latex distributions. The polymeri-
zation contains monomers, water, water-soluble initiators and
surfactants (i.e., emulsifiers). The main drawback of this method
is the use of surfactants that’s needed to be removed at the
ends of the polymerization reactions. The surfactant’s removal
is done by desorption or dialysis method, that leads to floccu-
lation or coagulation of the latexes. The surfactant-free emulsion
polymerization is an alternative process of this [42]. This poly-
merization is of two types:

Mini emulsion polymerization: Monomers mixture,
initiators, co-stabilizers, surfactants and water are present in
this polymerization. They are severely stabilized and required
high-shear to reach steady states [46]. The interfacial tension
of this polymerization is greater than zero [47]. With the help
of different co-stabilizers and initiator combinations, resour-
ceful particles have been developed [48].

Micro emulsion polymerization: For preparing nano
sized polymer particles, it is an effective and new approach. It
differs from emulsion by the kinetics of polymerization. The
average number of chains per particle and the particle size are
lesser in this method [49]. The water-soluble initiators are
added to the thermodynamic stable micro emulsion aqueous
phase, which has swollen micelle. From this thermodynamic
and spontaneous state, the polymerization has been started. The
kinetics and the other properties of the particles are influenced
by types and amounts of initiators, surfactants and monomers
and the reaction temperature [50]. There are many significance
of polymer latexes that are acquired by this technique. The
profitable use of this method has been confined due to dilute
polymer formation and the ratio of surfactant to large monomers.

Group transfer polymerization (GTP): This polymeri-
zation is most suitable for methacrylate’s. In this technique,
propagation involves reaction of a terminal silyl ketene acetal
with a monomer by Michael addition. It is common to use 1-
methoxy-1-(trimethylsiloxy)-2-methylpro-1-ene (MTS) as initiator
and carboxylic (-COOH) acid salt as catalyst in group transfer
polymerization. This process is used to obtain branched statis-
tical copolymers by copolymerizing N, N-dimethylaminoethyl-
methacrylate (DMAEMA) or N,N-diethylamino ethyl methacry-
late (DEAEMA) with ethylene glycol dimethacrylate (EGDMA)
at 20 °C in tetrahydrofuran (THF) [51]. This method allows to
good control over the molecular weight distribution and the
primary chain lengths. The cross-linked homopolymer net-
works of N,N-dimethylaminoethylmethacrylate (DMAEMA)
have been synthesized which have different molecular weights
[52].

Controlled radical polymerization (CRP): At the past
time, different types of pH-responsive polymers are used to
synthesize by free radical polymerization [53]. But the free
radical polymerization has several drawbacks as narrow control
over composition of the resulting polymers i.e., homo- or co-
and the polymerization process, lower potential to obtain three-
dimensional and branched structures, broad molecular weight
distribution and less versatility in the type of consolidated
functional groups. After the evolution of this polymerization
technique, it accelerates the development of polymer composi-
tion with narrow distribution of molecular weight, customized
structures and versatile functional groups that is successful in
various applications. This technique includes NMP, ATRP,
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Fig. 1. Mechanism of nitroxide-mediated polymerization (NMP) technique
RAFT techniques, that are used to synthesize various pH- . act
responsive polymers [44,54]. These are as follows: R X+ Mt/L ‘k——; R+ X——MtL
Nitroxide-mediated polymerization (NMP) technique: deact
This technique used several nitroxide groups that cap the end M
(by areversible termination reaction) of the growing polymer K,

chains that ensure all polymer chains have equal growth and
termination reactions are suppressed. The technique used
alkoxyamines as an initiator as well as end-capping groups
that give control over initiating radical concentrations. With
the cleavage of alkoxyamine by heating process the reaction
starts that give radical which is as initiator (Fig. 1). Before
recombination takes place, monomer unit reacts with initiating
radical. In nitroxide-mediated polymerization, the reaction has
been carried out at greater than 100 °C temperatures. Recently,
atlower temperature (< 100 °C) the reaction carried out in aqueous
media has been given [55]. It is important to note that it synthe-
size block copolymers by combining this technique with other
techniques [56].

Atom transfer radical polymerization (ATRP) tech-
nique: It is a powerful controlled radical polymerization (CRP)
method that allow for the controlled polymerization under
mild conditions of various acrylic and vinyl monomers [57].
Matyjeszewski coined the term “atom transfer radical poly-
merization” in which he described well-controlled polymer
structures with narrow molecular weight distributions using
metal catalysts in combination with aromatic ligands [57]. This
system consists of an alkyl halide as initiator and a transition
metal as catalyst (in the lower oxidation state), in which copper
is the most commonly studied metal [58]. In this process,
the transfer of a halogen atom takes place from the dormant
polymer chain to a metal catalyst that gives an active chain
end, which add monomer units to the polymer chain through
the propagation step (Fig. 2). A catalyst contains transition
metal, which has different oxidation states (two oxidation
states) that separated by one electron step and a halogen atom
(commonly bromine or chlorine), the halogen migrates rapidly
between the catalyst and the growing polymer chains [56].
The limitation of this technique is the reaction in equality to
different ionic groups and carboxylic acid, which reacts with
the catalyst and retards the equilibrium. Higher molecular
weight polymers are generally synthesized by this technique.
The advantage of atom transfers radical polymerization method
is that the resulting polymer keeps the halogen component in
the growing chain end, that allows reactivation of the chain
end and further it used as a macroinitiator for second reaction
polymerization. By using this polymerization, polymers can
be obtained with controlled molar masses and small polydis-
persity [59]. Several block co-polymers of polyethylene glycol,
iso-butylacrylate, t-butylmethacrylate, propyl methacrylate
and n-butylacrylate are prepared by ATRP method [60]. The
example of pH-responsive polymer prepared by this method

Fig. 2. Mechanism of atom transfer radical polymerization (ATRP) technique

is poly(acrylic acid) and Pluronic P85 block copolymers
(P8SPAA) [61].

Reversible addition-fragmentation chain transfer
(RAFT) techniques: The well-defined macromolecular
architectures are synthesized by this method, which have low
polydispersity index [62,63]. The controlled character of this
polymerization is achieving through the reversible chain transfer
that reduces the number of radicals and occurrence of termina-
tion reactions [64]. The main components are a monomer, a
radical initiator and a chain transfer (RAFT) agent for this
technique. This technique contains RAFT reagent that takes
place in RAFT mechanism. The transfer constant of the reagent
is determined by the nature of the Z, X and R groups, where the
activity of the transfer constant is modified by Z, is a group that
is proved to be the most effective reagents in RAFT polymeri-
zation [65]. The thiocarbonylthio compounds were used in this
process, in which X is sulfur. The polymerization is reinitiated
by leaving group i.e., R which is a free radical. With the cleavage
of the initiator [for example, azobisisobutyronitrile (AIBN)],
the mechanism of polymerization starts to obtain reactive free
radicals that reacts with monomers to form polymer chain (Fig.
3). Now the RAFT agent reacts with growing chain that followed
by fragmentation and released radical leaving group. The
molecular weight of the resulting polymer and its distribution
is determined by the ratio of monomer to RAFT agent. This
technique involves formation of radical-radical termination
reactions, free radical intermediates and dead polymers. This
polymerization is used to keep the polymer active and func-
tional, the thiocarbonylthio group is reactivated and used to
build different types of block, star-shaped, or more complex
polymers with different architectures [66-68]. Reducible poly-
(N,N-dimethylamino ethyl methacrylate (PDMAEMAs) were
incorporated by this technique and it is used as carriers of
therapeutic nucleic acids [69,70].

Different architectures of pH-responsive polymers: The
pH responsive polymer has several polymeric architectures,
as homopolymers [71], block copolymers [72,73], hydrogels
(HGs), microgels [74,75], micro- and nanoparticles [76] and
polymer brushes [77].

Applications: In living system as in animals, birds, human
body etc. we can see pH variations in gastrointestinal tract,
some tissues, tumor cells and sub-cellular parts etc. The change
in polymer conformation is exhibited by variations to charge
state, solubility and surface wettability. These special features
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Fig. 3. Mechanism of reversible addition-fragmentation chain transfer (RAFT) polymerization

of this intelligent polymer system, which make them useful in
various areas, such as life sciences, biotechnology, controlled
drug delivery, chromatography, gene delivery systems, glucose
sensors, chemical industry, personal care, industrial coatings,
oil exploration, water remediation, efc. [78-83]. Drug delivery,
biosensors and gene carriers are important applications, which
are explained below:

Drug delivery: This responsive polymer has a large
platform for drug delivery, because our body shows maximum
pH variations as in gastrointestinal tract that can be 2 pH
in stomach, 8.2 pH in lower duodenum and 7 pH in colon. By
changing the pH, it is possible to create micro carriers. In
stomach, at low pH the micro carriers are stable and release
their material due to formation of salts under neutral or alkaline
conditions and resist degradation in acidic condition. This
condition is also ideal for delivery of drug in colon. There are
various examples of pH responsive polymers that are commer-
cialized as Eudragit S®, Eudragit L°® from Evonik Rohm GmbH
(based on methacrylic acid 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). For colon drug release, many polysaccharides
are discovered such as pectin, amylose, guar gum, inulin, locust
beam gum cyclodextrin, dextran, chitosan and chondroitin
sulfate. The synthesis of hollow nanocontainers i.e., pH-res-
ponsive are inspired by particles of virus are reported [84].
A supramolecular structure forms by the synthetic polymer
that are more sensitive to environment’s signal and able to
respond by changing in pH environment and activated as
drug delivery carrier. Bellomo and his co-workers prepared a
synthetic utricle with a high degree of control over architectures
that is made of block copolymers i.e., amphiphilic block co-
polypeptides [85]. By the phase volume transition, the drug
release systems are driven. For drug delivery application,

B-cyclodextrin microgels are prepared and driven by inclusion
effects are reported by Huang and his co-workers [86]. A new
inorganic/organic composite capsules were synthesized and
characterized and by a pH-responsive polyelectrolyte, the
inorganic particles are joined together as building blocks [87].
The polyelectrolyte capsules are used in drugs for controlled
release. As mechanically stable microreactors, the composite
inorganic/organic capsules are applied for enzymatic reaction
and their synthesis employing gas phase reagents, in catalytic
microcontainers that is in hollow form. In the capsule the
inorganic parts, provide synergistic curing effects, as in the
application of bone repairing hydroxyapatite-containing
capsules. They have ability to preserve the controlled release
property and initial spherical shapes upon drying, so, it is used
as protective solid microcontainers [88]. The block copolymer
of pH-responsive polymers can form nanoparticles in aqueous
medium by changing the environment such as, polymeric
micelles, vesicles or hollow nanospheres. In the form of a semi-
interpenetrating network (SIPN), polycationic hydrogels are
used in the stomach for drug delivery. In stomach under acidic
conditions, the semi-interpenetrating network of cross-linked
chitosan and polyethyleneglycol shows more swelling [89].
For the treatment of Helicobacter pylori in the stomach and
for localized delivery of antibiotics, such as amoxicillin and
metronidazole, this type of hydrogel is ideal [90]. The poly-
(acrylic acid) and poly(methacrylic acid)’s hydrogels may be
used to develop formulations that release drugs in a pH environ-
ment i.e., neutral pH environment [91].

Biosensors: The applications of pH-responsive polymer
as biosensor are important. Some important applications of
these polymers are the fabrication of insulin delivery systems
for the diabetic patient’s treatment [92]. The enzyme insulin
is commonly used in glucose sensing. The glucose responsive
polymer provides self-regulating insulin (in response to glucose
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amounts in the blood) controls the insulin amounts at normal
range. Glucoseoxidase, catalase and insulin entrapped on pH-
responsive hydrogels were used for this purpose [93]. The
polyacid for example, gluconic acid exhibited to be a useful
glucose release system, based on sensitive polymers [94]. The
derivatives of p-aminobenzene sulfonamide containing glucose-
responsive hydrogel was manufactured by copolymerization
of N,N—dimethylacrylamide, sulfadimethoxine monomers and
sucrose particles, the copolymer was used as a porogen [95].
By increasing the fraction of the acrylic acid in the poly(acrylic
acid-co-iso octyl acrylate) copolymer that increases the sensi-
tivity of mass-changing pH-responsive hydrogel [96]. A mass-
changing hydrogel film made up of UV photosensitive resin
is also given [97]. The output of hydrogels is detected due to
changes in colour by humans [98]. On the polymer chain, the
glycopolymer contains concentrated saccharide groups, that
consist strong interactions with lectins, lectin is a protein of
plants, bearing high affinity for specific sugar residues [99].
A poly(ethyleneoxide)-block-poly(2-glucosyloxyethyl
acrylate) (PEO-b-PGEA) was designed for micellar structure
i.e., glucose responsive, this block polymer may disrupt the
micellar structure and release entrapped insulin when the
concentration of glucose is high in blood. This deblock copolymer
was manufactured by ATRP macroinitiator with a methoxy-
end-capped poly(ethylene oxide) [ 100]. The copolymer poly(/N-
isopropylacrylamide-co-butylmethacrlate-co-acrylic acid) is
synthesized to prepare insulin releasing beads while loading
in aqueous solution [101]. By adding an intermediate step where
an analyte is converted to pH sensitive hydrogel, a pH can be
extended greatly as sensors, for this, example is given as in sensor
that is hydrogel-based Pco, in which CO, gas forms carbonic
acid in water, that resulting pH changes and indirectly volume
of the pH-sensitive hydrogels [102].

Gene carriers: It is also an important application of pH
responsive polymer. Free DNA has negative charge and large
at physiological conditions. It is difficult to incorporate naked
DNA into the cells. The two important classes are liposomes
and polycations that are used in chemical gene delivery methods
where in charge balanced nanoparticles, DNA condensed and
that are carried into cell compartments [ 103]. From fibroblasts,
induced pluripotent stem cells (IPSC) is prepared and this is
given by Lim and his co-workers, using magnetic nanoparticles
(MNP)-based transfection method, which occupy cationic
biodegradable polymer i.e., poly(ethylenimine) (PEI)-coated
superparamagnetic nanoparticle [104]. This magnet-based
nanotransfection is a good method for generation of exogenous
DNA-free and virus-free induced pluripotent stem cells that
is necessary in the field of regenerative medicine and in clinical
applications. The polymeric micelles as nanocarriers for drug
and gene transportation is reported [ 105] that is based on conju-
gated doxorubicin (DOX)- block copolymer i.e., poly(ethylene
glycol)-poly(aspartamehydrazinedoxorubicin) [PEG-p(Asp-
Hid-dox)]. At physiological pH, the sensitive polymer preserves
the genes and drugs, below 6.0 pH released the drugs. In the
new intracellular delivery system development, anionic poly-
electrolytes have been used by membrane destabilizing mecha-
nisms [106]. On external stimulations, these polymers are
interacting with phospholipid membranes and acidified the

surrounding medium. This policy was utilized to improve
cytoplasmic delivery of DNA and protein biomolecules, that
enters in the cells and organelles (in acidic) through endocytosis
method [107]. Hoffman and his co-workers were reported new
delivery systems that bring biomolecule to intracellular targets
[108,109]. Many strategies for the treatment of ischemic diseases
through clinical trials has been reviewed that employing non-
viral gene therapy [110]. A comb-type polybasic DNA carrier
was given as pH-responsive in nature [111] that consist poly(L-
lisine) as side chains and poly(N,N-diethylamino ethyl metha-
crylate) as backbone. The other policy to increase transfection
efficiency is complexation of liposomes with pH-responsive
polymers [112]. The polymer having hydrophobic groups are
designed to be attach to liposomes that improves the ability
of complexes of liposome to damage the lipid bilayer with
its stable serum [113], for example, the sensitive polymer (a
copolymer of N-isopropylacrylamide, N-glycidylacrylamide
and N-octadecylacrylamide) is combine with a large unilame-
llar (having single lamella) noisome (i.e., non-ionic surfactant
vesicle), bilayer consists of polyoxyethylene-3-stearyl ether
(POE-SE) surfactant that linked with cholesterol, rather than
liposome (given in Patent EP 1069910 A1).In several studies,
it is seen that by using a double emulsion technique, plasmid
DNA was loaded into biodegradable particles [114,115].

Conclusion

The use of pH-sensitive polymers in drug delivery areas
or technologies are not individually focus on medical or biolo-
gical advantages but try to consider the economic characteristics
of the developed materials. There are many important points
on which one can work such as; designing multi stimuli res-
ponsive material, oral delivery of insulin and on drug delivery
systems. Some of the dual stimuli-responsive materials are
reported, for example, pH-magneto-responsive polymers and
pH-thermo-responsive polymers. These materials will give rise
to various technologies that combine different property, increasing
the specificity and ability of cell targeting, drug delivery and cell
responsiveness.
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