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7
Polysaccharide-based stimuli-

sensitive graft copolymers for drug 

delivery

Raghavendra V. Kulkarni⁎, Syed Z. Inamdar⁎, Kusal K. Das†  

and Mallanagouda S. Biradar†

⁎BLDEA’s SSM College of Pharmacy and Research Centre, BLDE University Campus, 

Vijayapur, India, †Shri. B. M. Patil Medical College, Hospital and Research Centre, BLDE 

(Deemed to be University), Vijayapur, India

7.1  Introduction

Compounds which contain more than 10 monosaccharide units are called polysaccha-

rides. Generally, these are represented by the formula Cx(H2O)y where x represents a 

number ranging from 200 to 2500, since the repeating units include six carbon mono-

saccharides present in the polymer backbone, hence they can also be generally denoted 

as (C6H10O5)n where 40 ≤ n ≤ 3000. A polymeric carbohydrate molecule containing 

lengthy chains of monosaccharide joined together by a glycosidic link and which on 

hydrolysis yields mono and oligosaccharides termed as polysaccharides. Their struc-

ture varies from linear to an extremely branched manner. With slight modification in 

the repeating units, they are often heterogeneous and have distinctive properties based 

on the structure resulting out of monosaccharide building blocks as amorphous or crys-

talline compound [1, 2]. The classification of polysaccharides is depicted in Fig. 7.1.

Use of polysaccharides overcame the disadvantages of using synthetic polymers in 

the field of drug delivery [3]. The renewable resources like selected strains of micro-

bial culture, algal and plant kingdoms, recombinant DNA techniques etc. have made 

polysaccharides readily available and in abundant form with greater range of compo-

sitions, distinctive properties limiting their imitation in the laboratory, and with the 

ease of production, renders them cost effective compare to synthetic polymers. The 

recent scientific developments in polysaccharidic hydrogel networks have contributed 

significantly to this unique material in the development of numerous drug delivery 

approaches, not only for its greater versatility but also in being used as matrices to 

encapsulate living cells, as bio-friendly scaffolds for tissue engineering and a poly-

mer for controlled release of proteins. An huge number of polysaccharides have been 

studied for the development of drug delivery systems; attention was focused on the 

most recent studies and utilization related to such systems. The intricate structure of 

polysaccharides attributes to their versatility and variability which is not evident in 

other polymer classes in terms of chemical derivatizations and extensive applications.

Natural polysaccharides are used in pharmaceutical fields as controlled release car-

riers for drugs to achieve an optimized concentration, for prolonging the release time, 



156 Polysaccharide Carriers for Drug Delivery

the enhancement of drug activity, and diminishing of side effects [4]. Polysaccharides, 

when compared to synthetic polymers, are biodegradable, nontoxic, economic, and 

easily available in nature and their structure can be altered for custom-made drug de-

livery [5]. Many polysaccharides including sodium alginate [6–10], chitosan [11–15], 

guar gum [16–18], xanthan gum [19–22], pectin [23, 24], and gellan gum [25, 26] 

are being utilized either in combination or alone with their indigenous or customized 

forms to enable controlled release of drugs.

7.2  Grafting reaction

Grafting reaction is a technique wherein the different blocks connect to the main chain 

of a host polymer as side chains with genuine features which are different from the 

main chain features (Fig. 7.2). Graft copolymerization acts as a tool for researchers to 

Fig. 7.1 Classification of polysaccharides.

Fig. 7.2 Schematic representation of graft copolymer.
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add desired characteristics on the backbones of native polysaccharides for specialty 

applications. It is a method to hybridize both natural and synthetic polymers and assist 

in the elemental study of structure-property understanding. Grafting is used to modify 

the characteristics of host polymers like solubility, glass transition temperature, per-

meation capability, reactivity, and elasticity as per the need [27–29]. In recent years, 

modification of natural polysaccharides through graft copolymerization has gained 

much importance [30–35].

7.3  Principle of grafting reaction

The copolymer generally consists of replicating units of two diverse monomers. Such 

copolymers are categorized as random copolymers, alternate copolymers, block co-

polymers, and graft copolymers. In random copolymers, repeating units are randomly 

positioned; in alternate copolymers, they are in an ordered form, while in the block copo-

lymers, monomers are positioned at terminals; in graft copolymers, the monomer chains 

are positioned at varied sites on host polymers [36]. Having reactive functional groups on 

the structure of the host polymer is an essential parameter for the grafting reaction [37].

7.4  Different types of grafting techniques

The principle involved in graft copolymerization is the generation of free radicals 

on functional groups on the host polymer and, further, polymerization of monomers 

onto free radical sites brings graft copolymerization. Numerous methods have been 

explored and reported for the synthesis of graft copolymers [38, 39].

7.4.1  Chemical method

This method involves chemical initiators to produce active sites or free-radicals on the 

host polymer. Redox initiators such as Lewis acids, strong bases, and metal carbonyls 

are being used as initiators. An array of free radical initiators and redox schemes viz 

dibenzoyl peroxide, Azobis(isobutyronitrile), ceric ammonium nitrate, potassium per-

sulphate, and potassium permanganate were utilized to graft the vinyl monomers on 

polymer backbones [40–43]. Atom transfer radical polymerization is a contemporary 

method to breed free radical sites on quiescent chains. The method involves capping 

of halogen atoms onto dormant sites to be transferred to metal complexes in lower 

states in a reversible manner. The schematic synthetic pathway for free radical graft 

copolymerization is shown in Fig. 7.3.

7.4.2  Microwave radiation-induced grafting

A greater extent of control can be achieved on the number and length of grafted chains 

with the approach of radiation induced grafting. The method is most convenient for 

graft copolymerization, but must be done in a precise manner to select the appropriate 
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dose and rate. The active sites or free radicals for the reaction are created when electro-

magnetic radiation is passing through the host polymer structure. The yield obtained 

from the radiation technique maintains the highest purity since it is free from contam-

ination. Depending upon the penetration ability of radiation, it facilitates to perform 

the reaction at different depths of backbone and the molecular weight of the product 

can be modified in case of radiation-induced grafting. Hence, the radiation technique 

is preferred because of its unique features [44, 45].

Microwave radiation is a unique energy source for grafting; they can quickly pass 

the energy into the reaction mixture homogeneously which leads to quick reaction of 

(I) (II)
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Fig. 7.3 Schematic synthetic pathway for free radical based graft copolymerization.
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reactants in the mixture [46]. Microwave irradiation gives high yields, avoids toxic 

solvents, and reduces the reaction time for grafting. The polysaccharide copolymers 

synthesized by microwave radiation methods exhibit better properties for commercial 

applications when compared to those prepared by conventional methods [47]. The 

schematic synthetic pathway for microwave-assisted graft copolymerization is shown 

in Fig. 7.4 and the comparative advantages of grafting reaction using microwaves and 

conventional methods are given in Table 7.1.
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Fig. 7.4 Schematic synthetic pathway for microwave-assisted graft copolymerization.

Conventional method Microwave-assisted method

A mandatory requirement of inert 

atmosphere

Can be carried out in atmospheric conditions

Reaction initiators need to be used Reaction can be carried out without initiator

Longer duration for reaction to be 

complete

Shorter duration, in a few minutes reaction 

will be complete

It is a wet reaction either in solution or 

suspension form

Reaction can be performed in a dry medium

Chances of lower grafting efficiency Possibilities of higher grafting efficiency

Chances of formation of homopolymer are 

greater

Homopolymer formation is restricted

Table 7.1 Comparison of conventional and microwave-assisted methods of grafting
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7.4.3  Enzymatic grafting

In this method, an enzyme induces a chemical grafting on the host polymer, which 

requires specific surface alteration and mild reaction conditions to obtain a polymer 

backbone with a nondestructive transformation to attract its attention. The grafting of 

natural polysaccharides by enzymatic method has been explored for wider industrial 

applications. The aqueous solubility of chitosan in basic environment can be achieved 

through grafting a hydrophilic compound chlorogenic chitosan acid onto chitosan in 

the presence of a tyrosinase enzyme which bring about conversion of phenolic sub-

strate into o-quinone, which further reacts with the amino group of chitosan to produce 

graft copolymer [48].

7.4.4  Plasma-initiated grafting

Increasing attention has been garnered for polymer surface modification by the plasma 

polymerization approach. Plasma conditions accomplished during slow discharge give 

equivalent possibilities as that of ionizing radiations [49, 50]. The main sequences in 

plasma-initiated grafting are electron-induced excitation and ionization followed by 

dissociation. Macromolecular radicals initiate the process of graft copolymerization 

through the accelerated electrons which have sufficient energy to bring on cleavage 

of the chemical bonds of polymers [51]. Plasma-initiated grafting can be performed 

by utilizing polymerizing gases and precursors like fluorocarbons, hydrocarbons and 

silicone-containing monomers. Inert gas like helium or argon, if implied as a carrier 

gas, can play a significant role in plasma-surface interactions [52].

7.5  Polysaccharides in drug delivery

Polysaccharide-based controlled drug delivery systems are becoming popular because 

of the following advantages: they can maintain the concentration within the therapeu-

tic range over a desired period of time with a single dose, target drugs to particular or-

gans, reduce the follow-up care and increase patient comfort. Though, these controlled 

release systems have advantages over the traditional drug delivery systems, they are 

not responsive to the altering physiological environment in the body; hence novel 

drug delivery systems are required that can respond to alteration in the physiological 

environment and accordingly modify the drug release patterns. Consequently, an opti-

mization of drug delivery need is warranted for self-regulated mechanisms. Trying to 

understand the concept of chronopharmacology and variations in disease symptoms 

has realized the importance of drug delivery systems which mimic the symptomatic 

requirement of disease. According to the recent findings, the time of treatment is also 

an important factor in delivering drugs into the body. These considerations have taken 

into focus the view of researchers towards the advancement in stimuli responsive drug 

delivery wherein the requisite quantity of drug is delivered at a specific time to the 

preferred site in the body [53].
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7.6  Stimuli-sensitive polysaccharides in drug delivery

Advancement and improvement in polymer science has developed newer polymers/

copolymers for controlled delivery of medicines. A novel such improvement is stimuli- 

sensitive polymer or smart polymer which has a characteristic physiochemical  

responsive property to environmental signals and an array of triggering stimuli, such as  

temperature, ultrasound, light, electricity, pH, ionic strength, enzymes, glucose 

etc., can be applied. These signals can be unnaturally provided through "external" 

sources or "internal" atmosphere provided by certain pathophysiological conditions. 

Remarkable features of smart polymers include tunable sensitivity and flexibility. 

Several monomers have specific sensitivity to certain stimuli. A customized monomer 

or homopolymer that will respond to a particular signal or a copolymer responding 

to multiple stimuli can be adapted. Tuning of polymer sensitivity to a given stimuli 

within a restricted range was only possible due to polymer resourcefulness and their 

combination methods. These advantages make smart polymer deliver drugs in an ac-

curate and programmable manner [54].

“Intelligent” or “smart” polysaccharides respond to an array of internal or exter-

nal stimuli in a distinctive manner with theatrical changes observed in their swelling 

pattern, network configuration, and mechanical strength or permeability. Such poly-

saccharides can be effectively used to develop stimuli sensitive drug delivery sys-

tems. The utility of smart polysaccharides can release the required amount of drug 

at an appropriate time and at a defined place in the body upon stimuli application. 

Moreover, these can be effectively used to mimic in vivo pulsatile release of numerous 

endogenous hormones. Various stimulus-generating devices are available to produce 

an external stimulus whereas an internal stimulus is produced within the body to ex-

hibit the desired drug release [55].

7.7  Stimuli-sensitive polysaccharide hydrogels

Hydrogels constitute three-dimensional polymer networks which undergo swelling 

without dissolving in water. Wichterle and Lim pioneered the development of hy-

drophilic polymer networks for biological use by utilizing hydrogels as biomaterials 

[56]. An array of biocompatible products have been developed by diverse physical and 

chemical cross-linking methods using polysaccharide hydrogels viz; drug delivery 

systems, implants, surgical sutures, artificial organs, hemodialysis membranes, and 

soft contact lenses. Upon application of stimuli, stimuli-sensitive hydrogels undergo 

volume changes (Fig. 7.5.). Hydrogels are rubbery in nature since they absorb large 

quantity of water and thus are similar to muscles and they are biocompatible. This 

makes sure that when hydrogels are inserted subcutaneously into the body as implants, 

minimum mechanical irritation to the surrounding tissues is produced.

A hydrogel can be synthesized by polymerization of monomers simultaneously 

or linear polymers cross-linkage and cross-linking with polyfunctional monomers. 

Naturally occurring polymers or polymers from synthetic or semisynthetic origin with 
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functional groups like hydroxyl, amine, amide, ether, carboxylate, and sulfonate can 

be used for the synthesis of hydrogels. The cross-linking of linear polymers provides 

a link between linear chains which leads to the formation of a three-dimensional net-

work structure. Regular covalent bonds (chemical cross-linking) or hydrogen bonds 

(physical cross-linking) can be used for cross-linking. While, a physically cross-linked 

hydrogel could be melted to a liquid and again cooled back to solid reversibly, a chem-

ically cross-linked hydrogel can neither be melted nor dissolved in a solvent. The 

hydrogel networks exhibit viscoelastic and/or elastic behavior, once the cross-links 

between different polymers chains are introduced. Enzymatic or chemical and more 

often hydrolysis techniques are employed under normal physiological conditions to 

break down the labile bonds which are frequently introduced into the polymer to pre-

pare biodegradable hydrogels [57].

7.8  Electrically-sensitive polysaccharides

Electrically responsive polymers are polyelectrolytes carrying cations or anions on 

their backbone. The required amount of drug “on-demand” from nanoparticles and 

implants can be released by such polymers. The electrically responsive polymers also 

show response to pH as they contain greater concentrations of ionizable functional 

groups. The polymers so far studied include polyanions, polycations, and amphoteric 

polyelectrolytes. The natural polysaccharides, such as chondroitin sulphate, hyal-

uronic acid, agarose, xanthan gum, alginates etc., have been investigated [58].

7.8.1  Mechanism of drug release

The drug release behavior from electrically responsive polymers under the electrical 

stimulus can be controlled by several events such as electrodiffusion, electroosmotic, 

or electrophoretic, and electrostatic partitioning of charged drugs into the polymer 

matrix. Three challenging forces such as rubber elasticity, polymer-polymer affinity 

and ionic pressure play an important role during drug release. These three forces are 

collectively known as osmotic pressure. The change in balance of these forces leads 

the polymer to undergo volume change. The osmotic pressure of the polymer matrix is 

identical to that of the adjacent aqueous solution at equilibrium. The counterion of the 

polyion (H+) moves in the direction of the negative electrode (cathode) while the poly-

ions are static when an electric stimulus is applied on the negatively charged polymer 

External/internal stimulus

Swollen hydrogel Swollen hydrogelCollapsed hydrogel

External/internal stimulus

Fig. 7.5 Volume changes of hydrogels in response to external/internal stimulus.
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in an aqueous solution. Also, free ions in the adjacent solution go in the direction of 

their counter electrodes and enter the polymer network. Thus the osmotic pressure of 

the polymer near a positive electrode (anode) increases and becomes greater than the 

osmotic pressure near the negative electrode [58]. Therefore, the osmotic pressure dif-

ference builds up within the polymer matrix and acts as a driving force for the release 

of drugs. (A schematic image is shown in Fig. 7.6.)

Recently, a polysaccharide-based electrically responsive poly(acrylamide)-grafted- 

sodium alginate copolymer was synthesized and studied in its application as a trans-

dermal drug delivery system. The study revealed that the swollen graft copolymer 

hydrogel underwent shrinking when an electric stimulus was applied. (A schematic 

image is shown in Fig. 7.7.) It was noticed that an enhanced drug release was seen 

when the electric stimulus was applied and, further, that the drug release was increased 

with an increase in electric current density. The synthesized copolymer demonstrated 

“on and off” a pulsated drug release when the electric stimulus was switched “on and 

off” respectively. The histopathology study confirmed that the applied electric stimu-

lus altered the structural and cellular integrity of the stratum corneum which could be 

reversible [59].

The same authors synthesized another polysaccharide-based electro-responsive 

poly(acrylamide)-grafted-xanthan gum hydrogel for an electro-responsive transder-

mal delivery of ketoprofen by free radical polymerization in the nitrogen ambiance 

followed by alkaline hydrolysis. A de-swelling of hydrogel in the electrically charged 

environs of the electrode was observed when a swollen hydrogel was positioned be-

tween two electrodes. The membrane moderated transdermal delivery system was 

fabricated utilizing ketoprofen loaded hydrogel as the reservoir and cross-linked films 

Anode (+)

OH–

OH–

H+

H+

H+

H+

H+

H+

OH–

OH–

Polysaccharide

matrix

OH–

Cathode (–)

Fig. 7.6 Schematic drug release mechanism from electrically-sensitive polysaccharides.
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of poly (vinyl alcohol) as rate controlling membranes. The drug permeation study 

was performed using an excised abdominal rat skin as the biological barrier. The per-

meation of the drug was greatly enhanced in the electrically stimulated environment 

against passive diffusion and was directly reliant on the strength of the electric current 

and the density of the rate controlling membrane. When the electric stimulus was put 

“on” or “off,” it was observed that the drug released in a pulsated manner. The electric 

stimulus bought alteration in the structure of the stratum corneum and its cells, which 

was demonstrated by a skin histopathology study. Thus synthesized graft copolymer 

hydrogel can be effectively used to provide drug release on demand actuated by an 

electric signal [60].

7.9  pH-sensitive polysaccharides

A very significant parameter that needs to be considered while formulating an oral 

drug delivery system is gastrointestinal (GI) tract physiology. The GI tract runs into 

the varied environment of different pH compared to more subtle change in pH ranges 

among other body tissues. The pH varies between 7.4 and 5.4 for chronic wounds 

and cancer tissue is acidic in nature extra-cellularly. The same applies to the diverse 

cellular compartments in the body. This property can be utilized to direct a response 

to a certain tissue or cellular compartment’s changes in pH that occur within the body. 

In response to external stimulus, local pH varies, which can be utilized for modulating 

drug release [61].

A pH-sensitive polymer or polyelectrolyte comprising weak acidic or basic func-

tional groups tends to release or accept protons in accordance with the variations in 

surrounding pH. The acidic or basic functional groups on polyelectrolytes endure 

ionization similar to that of monoacids or monobases. The electrostatic repulsion 
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Fig. 7.7 Schematic image of polysaccharide collapse in response to electrical stimulus.
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bought by a charged polymer backbone greatly enhances the hydrodynamic volume 

of the polymer. Any surrounding environment viz pH, ionic strength, and type of 

 counter-ions which tend to vary in terms of electrostatic repulsion will amend this 

transition between de-swelling and swelling state. This switching from collapsed to 

swollen state has been explicated by alteration in the osmotic pressure put forth by 

mobile counterions neutralizing the network charges [62].

Gene and drug delivery systems are the most sought after biomedical application 

areas where pH sensitive polymers are being used. A variety of polysaccharides viz; 

dextran, inulin, amylose, guar gum, pectin, chitosan, chondroitin sulphate, and locust 

beam gum have been explored for pH-sensitive drug release and more often utilize the 

enteric polymer approach which avoids degradation of the acidic medium and releases 

the drug in alkaline surroundings of the GI tract owing to salt formation and variation 

in the pH.

7.9.1  Swelling mechanism of pH-sensitive polysaccharides

The three parameters—namely, hydrophilicity of polymer, the static charges on the 

polymer, and the counterions within the matrix—which are responsible for swelling/

de-swelling of polysaccharides are together termed as “osmotic pressure.” Swelling of 

the polysaccharide matrix usually occurs in three stages [63, 64]:

(a) Diffusion of water molecules into network.

(b) Loosening the polymer network due to hydration.

(c) Expansion of the network due to polymer chain relaxation.

According to the theory of Flory and Rehner, the swelling of polysaccharides occurs 

because of polymer chains’ elasticity and the compatibility of polymer chains with 

water. The swelling of ionic polysaccharides can be controlled by two parameters [65]:

(a) Properties of the network, such as: cross-link density, ionic charge and hydrophilicity, 

hydrophobicity.

(b) Properties of fluid medium, such as: ionic strength, pH, and counterion strength.

Thus the pH of the surrounding medium relative to respective pKa and pKb values of 

the pendant groups describe the swelling of polysaccharides with acidic or basic pen-

dant groups. For the anionic matrix (with ]COOH groups), if the medium pH is more 

than the pKa of acidic groups of polymers, there occurs ionization of acidic groups 

of the polymer matrix resulting in the formation of set negative charges (]COO−) on 

the polymer backbone and the positive charges (H+) are mobile in the fluid medium. 

Hence, there exists an electrostatic repulsion between the polymer chains leading to 

the swelling of the matrix and at the same time de-swelling occurs if pH is less than 

the pKa. (A schematic image is shown in Fig. 7.8.) While in the case of a cationic 

polysaccharide network (with ]NH2 groups), if the pH of the medium is less than 

the pKb of basic functional groups, ionization occurs that results in the formation of 

positive charges on the polymer backbone and negative charges are movable in the 

fluid medium; as a result there will be an electrostatic repulsion between the polymer 

chains leading swelling of matrix and de-swelling occurs if the pH is greater than the 

pKb [66, 67].
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Recently, Dharela et al., have investigated the swelling behavior of guar gum-based 

hydrogels at varied temperature and pH and salt sensitivity was explored using 0.9% 

NaCl solution. The hydrogel was prepared by grafting guar gum with acrylic acid using 

the gamma radiation method. The study revealed rapid swelling and stimuli- sensitiveness 

at the technologically significant pH or temperature. The hydrogel prepared is simple to 

produce, biocompatible, biodegradable, and economical. They are technologically sig-

nificant with a vast potential in the drug delivery and separation processes [68].

Different ratios of guar gum and acrylamide were used to synthesize 

 polyacrylamide-g-guar gum graft copolymer and then they were hydrolyzed to in-

troduce carboxylic functional groups. Using the graft copolymer and hydrolyzed 

graft copolymers, the diltiazem-loaded tablets were prepared using the wet granu-

lation method. A simulated gastric and intestinal environment was set to study the 

in  vitro drug release which continued up to 8 and 12 h respectively for both graft 

and hydrolyzed copolymers. A dissolution-controlled type of drug release was found 

to be associated with unhydrolyzed copolymer and with hydrolyzed copolymer, ini-

tially swelling-controlled mechanism in 0.1 N HCl solution and later found to be 

 dissolution-controlled in pH 7.4, showing the evidence of pH-sensitivity and thus is of 

potential to deliver drugs at the intestinal stage [69].

In another study, an enhanced film forming features and gelling characteristics was 

explored when the pectin-polyacrylamide graft copolymer was cross-linked with var-

ied proportions of glutaraldehyde. The pH-dependent release of salicylic acid was 

noticed due to pH-dependent swelling of the cross-linked hydrogels [70].

Novel pH-sensitive polysaccharide-based polyacrylamide-grafted-sodium alginate 

particles were developed for controlled ketoprofen delivery by ionotropic gelation and 

the covalent cross-linking method. The prepared graft copolymer revealed advanced 

pH-sensitive behavior by releasing the drug in pH 1.2 solution in a sluggish but steady 

manner in comparison to buffer solution of pH 7.4. This was due to the fact that in 

alkaline conditions, swelling of the copolymer tends to be on the higher side. The 

glutaraldehyde cross-linked graft copolymer particles have demonstrated acceptable 

Fig. 7.8 Swelling mechanism of pH-sensitive polysaccharides.
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in vitro drug release of 12% and 74% after 2 and 8 h of dissolution studies. The graft 

copolymer particles were successful in impeding drug release in the stomach and 

thereby protected the GI tract from any untoward effects such as mucosal erosion of 

the stomach, ulcer formation, and hemorrhage by virtue of entrapment of the drug in 

these pH-sensitive graft copolymer particles. This was quite evident through stomach 

histopathology investigation of albino rats [71].

Following the same procedure, other polysaccharide-based carboxymethylcellu-

lose-(polyacrylamide-grafted-sodium alginate) interpenetrating network particles 

were prepared for the delivery of ketoprofen to the intestine. The particles which con-

tain only ionic cross-links have developed erosion against particles containing both 

ionic and covalent cross-links. When the pH of the medium was changed from acidic 

to alkaline, the swelling of particles and drug release was significantly increased. 

The release of drug followed the case II mechanism in an acidic environment and the 

anomalous mechanism in an alkaline dissolution medium [72].

They further investigated preparation of pH sensitive interpenetrating network hy-

drogel beads utilizing polyacrylamide-g-xanthan gum and carboxymethyl cellulose 

sodium loaded with an antiinflammatory drug, ketoprofen. An electron microscopic 

study reveals that a porous matrix structure is acquired in the alkaline pH, and in 

acidic pH the beads acquire a nonporous matrix structure. As the pH varied between 

1.2 and 7.4, an enhanced drug release and swelling was observed and it was assumed 

that ionization of carboxyl functional group of the hydrogel occurs at higher pH values 

that tend to augment osmotic pressure of beads resulting in greater swelling and drug 

release [73].

In a similar manner, pH-sensitive ketoprofen-loaded hydrolyzed  polyacrylamide- 

g-xanthan microbeads were formulated by an ionotropic gelation technique using alu-

minum chloride. The drug release pattern from pristine xanthan beads was greater and 

almost discharged the drug completely in 5 h as compared to beads prepared using 

graft copolymer, where release was much slower and a maximum of 92.6% was re-

leased after 8 h. The graft copolymer beads were successful in impeding release of drug 

in the stomach and thereby protected the stomach from any untoward effects such as 

ulcer formation, hemorrhages, and gastric erosion by virtue of entrapment of drug in 

 polyacrylamide-g-xanthan gum beads, which was evident through stomach histopa-

thology investigation of albino rats [74].

pH-sensitive graft copolymers of N-octyl-N-(2-carboxyl-cyclohexamethenyl) chi-

tosan were synthesized and characterization was carried out using FTIR, 1H-NMR and 

elemental analysis. The critical micelle concentration of modified chitosan was deter-

mined using fluorescence spectroscopy and was found to be between 11 to 72 g/mL.  

A drug loading was found to be between 30.47% and 48.10% and entrapment effi-

ciency was between 42.22% and 59.24%, Further, the pH-sensitivity and drug release 

pattern demonstrated that at normal physiological pH of 7.4, micelles remain plausi-

bly stable and tend to be very sensitive in a mild acidic environment of pH 5.5. Thus 

a potential antitumor drug delivery system for cancer chemotherapy can be possible 

with grafted chitosan micelles [75].

Newer approaches have been reported by employing poly (NIPAAm)/chitosan 

nanoparticles with pH-sensitive distinctiveness to target the tumors. The drug release 
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pattern of the graft copolymer was studied. The encapsulation efficiency of 85.7% 

and loading efficiency of 9.6% was reported. The collective drug release pattern was 

profoundly improved below pH 6.8 and reduced swiftly above pH 6.9. The drug re-

lease was enhanced in the vicinity of the tumor against the normal condition, where 

the release tends to be slower as evident through MIT assay and fluorescence micro-

scopic study. There was a profound tumor regression effect seen and a complete tumor 

regression observed was more than 50% of treated mice. The study also reveals that a 

diminutive reduction in the body weight and enhanced life expectancy in the tumor- 

afflicted mice administered with drug loaded nanoparticles was observed. Thus these 

carriers might be an excellent antitumor drug delivery system [76].

The nifedipine loaded pH-sensitive microspheres were developed using sodium 

alginate-g-poly(itaconic acid). The resultant graft copolymer microspheres demon-

strated pH-responsive characteristics. At pH 1.2 solution, the drug release pattern for 

the grafted microsphere was found to be slow compared to that of pH 7.4 buffer solu-

tion. It was evident that the increased concentration of drug, graft copolymer, and 

cross-linking agent has retarded drug release from the microspheres, whereas an in-

crease in graft yield tends to enhance drug release [77].

Further, pH-sensitive semiinterpenetrating network microspheres of chitosan and 

acrylamide-g-hydroxyethylcellulose were developed using glutaraldehyde as a cross-

linker (GA) by the emulsion cross-linking method. An effective encapsulation of di-

clofenac sodium into microspheres was carried out using a varied ratio of polymers. 

The drug encapsulation was found to be 83% and the mean particle size was in the 

range of 188–310 μm. The diffusion coefficients of microspheres for water transporta-

tion were determined by means of an empirical equation. A buffer solution of pH 1.2 

and 7.4 were employed to study the in vitro drug release [78].

Recently, pH-sensitive microspheres were prepared using partially hydrolyzed 

 polyacrylamide-graft-gum karaya by spray dried method containing an anticancer 

drug, capecitabine for colon-specific drug delivery. The pH-sensitive graft copolymer 

was developed and characterized successfully using free radical polymerization fol-

lowed by alkaline hydrolysis. The prepared microspheres were of the desired spheri-

cal nature with the drug entrapment efficiency ranging from 77.30% to 88.74%. The 

graft copolymer shows substantial pH-sensitivity as demonstrated by pulsatile swelling 

characteristics. The in vitro assessment of drug release for the microspheres prepared 

using ungrafted karaya gum were not competent to hold back the release of drug in the 

environment of the stomach and intestine within the first 5 h, whereas the microspheres 

prepared by means of pH-sensitive graft copolymer having cross-links were able to 

retard the release of drug considerably within the first 5 h, and able to release a greater 

amount of drug in a controlled fashion up to 24 h. The cross-linking technique utilizing 

glutaraldehyde was evident to demonstrate the slow release of drug in the upper GI 

tract and later delivered the maximum quantity of drug in the lower part of the intestine 

specifically at colon level. A swift and enhanced drug release was evident in rat caecal 

content medium owing to colonic bacterial action on the graft copolymer [79].

The colon targeted tablets of salbutamol sulphate were prepared utilizing the 

graft copolymers of starch-g-polymethylmethacrylate and acetylated starch-g- 

polymethylmethacrylate. Drug release from these tablets was pH-dependent and there 
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was a decreased drug release pattern in an acidic environment as compared to alkaline 

pH. In comparison to pristine starch and acetylated starch tablets, the pharmacoki-

netic parameters of graft copolymer tablets have demonstrated noteworthy decrease in 

Cmax with an enhanced tmax. The gastro-intestinal transit of the tablets was examined 

by gamma scintigraphy in healthy rabbits. In the stomach condition, the radioactive 

tracer release was very small from the labeled tablets, but it increased when the tablets 

reached the large intestine [80].

In another report, polyacrylamide-g-carboxymethylcellulose sodium pH-sensitive 

spray dried microspheres were developed to deliver an anticancer drug—capecit-

abine—to the colon. The swelling study indicated that the grafted copolymer has con-

siderable pH-sensitive behavior. (A schematic image is shown in Fig. 7.9). The in vitro 

drug release pattern of microspheres developed using ungrafted carboxymethylcellu-

lose sodium failed to impede drug release in the stomach and small intestine; but those 

developed using pH-sensitive grafted copolymer were efficient to target the drug to 

the colon since they reduced release of drug in the upper part of the GIT. Surprisingly, 

rapid boost in release of drug release was observed in the caecal contents of rats owing 

to the colonic bacterial effect [81].

Graft copolymer hydrogels of chitosan and acrylic acid were synthesized utilizing 

N,N′-methylene-bis-(acrylamide) cross-linker for colon-targeted drug delivery. The 

swelling pattern in buffer solutions of different pH and colonic enzymatic degradabil-

ity were analyzed. The hydrogels showed excellent pH-sensitivity and avoided drug 

release in stomach pH. The gels were degraded by colonic enzymes and a direct cor-

relation between the degradation of the matrix and the swelling of gels was observed; 

this triggered drug release in the colon [82].

A recent study was reported where a chitosan was grafted with polymethacrylic 

acid and the matrix was integrated with graphene oxide to develop graft copolymer. 

This drug delivery tool was efficient to establish drug loading capacity of 93.8% and 

encapsulation proficiency of 78.6% for doxorubicin. The drug release pattern indi-

cated pH-responsive characteristics. The study reveals that graft copolymer formula-

tions offered a larger drug release at pH 4 and a small amount of drug release at pH 

7.4. A 48-h study by MTT assay on MCF7 breast cancer cells showed cytotoxicity 

Fig. 7.9 Schematic pH-responsive pulsatile swelling of polysaccharide-based microspheres.
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of the developed formulations, which revealed a greater toxicity of free drug against 

the developed formulations. Therefore, the developed drug delivery tool could be of 

significant use to optimize or minimize the adverse effects of doxorubicin to improve 

efficacy during therapeutic payload alterations [83].

7.10  Temperature sensitive polysaccharides

Temperature responsive polymers, a class of environmental sensitive polymers, have 

been extensively explored owing to their highly promising relevance in the biomed-

ical field. Temperature responsive polymers display a critical solution temperature. 

At this juncture, the polymer phase and the solution are separated according to their 

composition. Upper critical solution temperature (UCST) is usually demonstrated by 

certain polymers as they show one phase above a certain temperature and a phase 

separation below that temperature. Whereas, lower critical solution temperature 

(LCST) is usually shown by certain polymer solutions as they tend to appear mono-

phasic below a particular temperature and biphasic above it. An example of poly(N- 

isopropylacrylamide) at temperature of 32°C in water appears to exhibit LCST and 

the polymer tends to get soluble because of hydrogen bonding below that temperature. 

A phase separation precipitates owing to predomination of hydrophobic interaction 

above LCST i.e., cloud point [84].

When a polymer solution endures phase separation at a given critical temperature 

from a single phase (isotropic state) to two phases (anisotropic state) it is termed 

LCST. The hydrogen bonding between water and polymer tends to be the cause for 

polymer solubility below LCST. A hydrophobic reaction ensues if the temperature 

is raised above LCST; these hydrophobic interactions dictate the precipitation of the 

polymers. The integration of hydrophilic or hydrophobic groups can alter the LCST of 

polymers in water solutions. The polymer tends to be in an expanded state and swell 

at equilibrium hydration degree below the transition temperature and de-swells and 

tends to be in a collapsed state above the transition temperature [85]. The mechanism 

is usually reversible and can be implied to demonstrate a pulsatile mannerism of the 

polymer to act as an “on-off” system whenever the stimuli are applied or removed (see 

Fig. 7.10).

A controlled release drug delivery tool for 5-fluorouracil was developed by means 

of thermo-sensitive ionically cross-linked hollow nanospheres from self-assembly 

of chitosan-graft-poly(N-isopropylacrylamide) copolymer. At a temperature above 

LCST, integration of graft copolymer as core-shell micelles was aggregated by col-

lapsed poly(N-isopropylacrylamide) as the core and chitosan as the shell. Altering 

the environmental temperature and varying the pH resulted in the manipulation of 

the size of hollow spheres. These hollow spheres demonstrated abundance of inter-

nal cavities which enhanced the drug loading efficiency as a result of polymer-drug 

interactions. At a temperature above LCST, a paid drug release pattern was observed 

for 5- fluorouracil nanoparticles, possibly due to obliteration of polymer-drug inter-

actions and particle size reduction. The pH alteration and diminutive ionic strength 
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 disintegrated the  hollow sphere structure leading to a greater release of the drug. The 

developed hallow nanoparticles with environment responsive characteristics have 

greater potential to be employed in smart drug delivery [86].

An effort was made to develop temperature-sensitive pullulan-grafted-poly(N- 

isopropylacrylamide-co-acrylamide) copolymer-based microspheres. The graft copoly-

mer microspheres were more hydrophilic as compared to those prepared from ungrafted 

pullulan. The thermo-sensitivity of carboxylated microspheres depends on the number 

and the ionization form of carboxylic groups. Both microspheres acquire a phase transi-

tion in isotonic phosphate buffer of pH 7.4 and near human body temperature. Lysozyme 

drug loading and release patterns were investigated from these microspheres [87].

The turn of the 21st century witnessed a curiosity to develop devices and biomate-

rials for the delivery of bioactive compounds under external control stimuli. One such 

study investigates the development of temperature-sensitive beads of indomethacin 

for colonic delivery. Under microwave radiation, a graft copolymer of sodium alginate 

and N-isopropylacrylamide was synthesized and thoroughly characterized. This study 

reveals the reduced drug release from the beads if the ratio of graft polymer/drug and 

cross-linking degree were increased. The study also showed that the beads possess 

temperature-responsiveness, as the drug release pattern tends to be enhanced at a tem-

perature of 37°C as compared to 25°C [88].

Reversible addition fragmentation chain transfer (RAFT) polymerization of N-

isopropylacrylamide with tosylic acid-chitosan complex was employed to develop 

thermo-sensitive chitosan graft copolymers. A controlled polymerization reaction was 

carried out where chitosan amino group was deprotected using 15% Tris solution, al-

dehyde vanillin and amino group of chitosan-g-PNIPAM copolymer were conjugated 

through schiff base bond having a loading efficiency of 77.6 mg/g, which can control 

the drug release with temperature-responsiveness. These characteristics endorse the 

chitosan graft copolymer as a “smart” drug delivery system [89].

Polymers with temperature responsiveness have been explored as smart drug deliv-

ery tools. The chitosan-graft-poly(N-isopropylacrylamide) copolymer was made into 

Fig. 7.10 Schematic image of drug release from temperature-sensitive polysaccharides.



172 Polysaccharide Carriers for Drug Delivery

nanofibers through electro-spinning using poly(ethylene oxide). The prepared hyrogel 

nanofibers were investigated for drug release behavior in varied temperature and cy-

totoxic evaluation by MIT technique using L929 cell lines. The study reveals that the 

hydrogel nanofibers acquire a temperature-dependent phase transition and LCST at 

32°C in aqueous solutions. Altering of environmental temperature can adjust the drug 

release rate. Further, hydrogel nanofibers were found to have appropriate cytocom-

patibility indicating the significance of these nanofibers as smart material for drug 

delivery and tissue engineering [90].

A study was carried out to develop thermo-sensitive chitosan-g-poly(N- 

isopropylacrylamide) copolymeric nanoparticles with high drug loading efficiency to de-

liver the oxaliplatin at the target tumor site. A surfactant-free dispersion copolymerization 

technique was employed to prepare graft copolymer. This study reveals that the increase 

in concentration of chitosan resulted in increased percent drug loading and also enhanced 

release of drug at above LSCT and slower drug release at below LSCT. This demonstrates 

the thermo-sensitivity characteristics of synthesized copolymer in drug delivery [91].

7.11  Conclusions

The need-based supply of medicines to the body (chronotherapy) is said to be expen-

sive initially, but it will be cost effective in the near future. Administration of drugs at 

the required amount, at the required time, and at the requited site in the body reduces 

the systemic side effects, dosage, and enhances therapeutic efficacy and patient com-

fort. The stimuli-sensitive polymers play a vital role in chronotherapy and they can be 

prepared by grafting reaction to blend in some desired characteristics on the backbone 

of the host polymer, which in turn offer many applications in drug delivery. The liter-

ature survey has witnessed that there is increased research activity on the synthesis of 

stimuli-sensitive polymers as carriers for “smart or intelligent” drug delivery systems 

to treat diseases that follow a circadian pattern of symptom appearance and show 

timely variation in pathophysiology, symptom intensity, and lethal events.

Regardless of the fact that stimuli-sensitive polymers have wide applications in 

drug delivery, there are still challenges for the development of effective drug delivery 

systems which can work properly in the preferred manner under the acidic and basic 

environment of the body by maintaining the mechanical strength and integrity of dos-

age forms. Hence, there is an urgent need of a multidisciplinary research approach 

and combined efforts from biomedical, pharmaceutical, and polymer scientists to get 

effective drug delivery systems onto the market.
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