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This review describes about hydrogels and its ifleaons along with the synthesis, properties of
biopolymer-dextrin based crosslinked hydrogels igotential application in controlled drug deliye
Modified dextrin based crosslinked hydrogels exhilmique characteristics in terms of mechanical
properties, stimuli-responsive behaviour and dreigase characteristics. Herein, at first, an caitlg

10 given about the hydrogels and its classificatiaasious biopolymer based hydrogels and their syitthe
procedures. Secondly, significance of biopolymextide for developing hydrogels, requirements of
modification, dextrin based various hydrogels depet in authors’ laboratory have been discussed.
Finally, the importance of crosslinked hydrogelddimg delivery applications and dextrin based vaio
hydrogels used in sustained drug delivery studyehaeen explored, which confirm that future clinical

15 applications of these materials in

1. Introduction

In recent times, hydrogels have drawn significatterdion
because of their various applications in the phasutical and

biomedical fields:® Remarkable efforts have been made to

20 develop novel hydrogels with combined features swash
tuneable chemical and 3-dimensional physical sire¢t*®
desired mechanical properti€s* high water absorption ability,
biodegradability and biocompatibility!® all of which are
indispensable for biomedical applicationg’

25 In addition, biopolymers/modified biopolymers basstimuli-
responsive hydrogels are widely used as drugs ecathat
improve drug release characteristics®? The use of natural
biopolymers over synthetic polymers for controltidg release
applications has

30 inexpensive, easy availability, non-cytotoxic ariddegradable

nature?® However, they are having certain shortcomings like

microbial contamination, uncontrolled rate of hatitsn, and fall
in viscosity during storage eté.By grafting/crosslinking of
synthetic polymer chains on natural polymer backbam the
s presence of external crosslinkers, it is envisageddevelop
hydrogels/crosslinked hydrogels having improvedatiristics,
that may be applicable as sustained drug releasgixrfia
Polymers synthesised from natural or synthetic ceihaving
hydroxyl, amine, amide, ether, and sulfonate graopgbeir side
40 chains are used for developing chemically crosstinkydrogels,
and might be suitable for both hydrophilic and lorobic drug
molecules’
For oral administration of drug delivery, safe, toic
biocompatible, biodegradable matrices are essénfalt in
4s contrast to drug delivery requirements like bekbigravailability
of drugs, good biocompatibility between the drugl &ydrogel,
non-cytotoxic nature of the gel and sufficient drstgbility in

the biomedicald apharmaceutical

increased markedly because ofr thei

fields are feasible.

tablet formulations, chemically crosslinked hydrsgare less
studied. From drug delivery perspective, covalegtiysslinked
so hydrogels are interesting because of its uniqueacieristics like
reducing burst release effects and prolonged drelgase
behaviour.
Various modified biopolymer based hydrogels haveenbe
developed and reported. However, we for the firshet
ss developed chemically crosslinked stimulus respansiydrogels
based on modified biopolymer-dextrin and their ptité
application in the field of controlled drug deliyefThis review
thus aims to provide an in-depth knowledge of usimodified
biopolymers based hydrogels, dextrin based chelyical
eo crosslinked hydrogels for controlled drug releaggliaations.
.Here, we mainly focus on dextrin based chemicalbsslinked
hydrogels, proposed mechanism for their synthedetailed
characteristics which includes surface morphologytoxicity
study, biodegradability and finally their applicati as potential
6s matrices for sustained release of various modeyginrvitro.
The release kinetics and mechanism have also bedored.
This review is organized in the following way: wenemence
with the brief overview of hydrogels and its cldissitions,
biopolymer based hydrogels, various proceduredégelopment
70 of hydrogels. Afterwards, the significance of bigpoer-dextrin
for developing hydrogels, requirements of modifimat and
dextrin based various hydrogels, which were dewopn
authors’ laboratory. In the next section, we présenidea about
controlled drug delivery and the importance of slioked
7s hydrogels in drug delivery application. Finally, weave
explained in details about the release study ofehdcugs (such
as ciprofloxacin, ornidazole) using synthesized ifieedi dextrin
based crosslinked hydrogels. In addition, we algolozed the
advantages of dextrin based hydrogels over othmpobymeric
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hydrogels reported in the literature. There are several reports sgnthetic polyme based hydrogel
matrices used for controlled/sustained drug delive
2. Polymeric hydrogels applications®’" Lalloo at el. was reported on poly (ethylene

w0 glycol) hydrogelfor controlled delivery of the camptothec.®®
Dadsetanet al. used oligo(poly(ethylene glycol) fumarat

. . . . . 251 26
1894 when it was depicted aloal gel of inorganic sal. hydrogel forthe delivery of doxorubic.>® Controlled delivery of
s In 1958, crosslinked PVA hydrogelas develope in presence of recombinant hirudin based on therr-sensitive Pluronic

. . . 6 . . .
gamma irradiatioR® In 1960, Wichterle and Limwere first to F127(PF127) hydrogel waisvestigated b Liu et al® PAE-

introduce  hydrogels on  poly (HEMA)as wate-swollen 9s PCL-PEG-PCL-PAE pentablock copolymer hydrogel as

; ot ; 27
cro;sllnkled ne:]wgrks hf'(l?r r(]:oQta(ilt Ienaﬁpllgatlﬁr (Fig. I'l).k sustainednsulin delivery system was evaluated by Huet al®®
Hydrogels are hydrophilighysically or chemically crosslinke Sustained release of paclitaxel by (pNIF-PEG-pNIPAmM)

10 three-dimensional natural or synthetolymeric network, hydrogel was investigated byraaf et al®® Delivery of

W_hiCh_ are C‘?‘pit;'ezgo imbibing largamounts of water ¢ Ketoprofen and spironolactordgrugs from PEG-PLGA-PEG
b'0|_09'_ca| ﬂ_u'ds_' ’ Hydrogels also.have a.degree Pf 100 triblock copolymerichydrogel was described by Jeoet al®
fl.ex@;!llty which is resembled V:th"aturﬁ‘l tlssueowmgbto thglr Wang et al. describedthe controlled release paclitaxel from
sngnl 'Caf“ wgter content. Theiexcellent water .a. sorption poly(lactic acid)/(methoxyl @ly(ethylene glycol)/itaconic aci
15 efficacy is mainly because of the presencéyafrophilic groups based hydrogéft Camptothecin release from PLGA—PEG—
like _Ok';'l’ _CONH;‘ —CONb, Z;]d —SEH in thedpdolymgrlc PLGA triblock copolymers hydrogel wideveloped by Yet al
network:” Due to the presence tfiese groups and domains - 62 vy et al describedcontrolled release oanticancer drug
the network, the polymers are thiwgdrated to different degre doxorubicin from NPOD-PEG/CD hydrogel€® Riboflavin

(sometimes, _more than 90% W‘“)epe”d'”_g ogz_tge nature of t release was studied using P\étar PDMAEMA based hydroc
= aqueous environment and polyneemposition by Wu et al® Yu et al also described Avastin release fr

crosslinked PEG hydrog&. Pindolol, Quinine and Timolc
110 maleate release from RADA 16 peptide hydrogel vwedsated by
1% The sustained release dextran-fluorescent

According to literature, the name ‘hydrogel’ wasftiappeared i

In 1958: Crosslinked - i
PVA hydrogel in Briuglia et a

LrescrceOliRamms isothiocyanate (FITC) from MPEC-PCL-MPEG triblock

radiation

copolymeric hydrogel was investigated by Wat al®’” PEOz-

In 1960: Wichtcrle PCL-PEOz triblock hydrogel wa used as controlled drug

and Lim were first

In 1894: Hydrogel . . . .
has been appeared pedteden | s delivery matrix for Bevacizumalas studied by Wangt al®
. T |l VA yArege: P . ..
first time in literature B fersoft hmse” Cavalieri et al. described doxorubicin release from P-PMA
application based hydrogé® Wieduwild et a. investigated the release of

ATIlI- F drug from peptide hydrog”® Dexamethasone acetate
release from hyper branched polyester hydrogel stadied by
120 Zhang et al™* The sustained release of model protein «
(bovine serum albumin) using P-a-cyclodextrin based
hydrogel was described by Met al’? Release study of
methylene blue and bovine serum albumin fi
NIPAm/Dextran/HEMA based hydrogel was studied byahiget
s al.”® Nugent et al. used PVA/poly(acrylic acid) hydrogefor
Hydrogels are commonly considered as highly biocatibfe,  theophyline delivery! Poly(organophosphazene) hydrowas
owing to the high water content and@to the physiochemic ~ used as controlled delivery of Fl-dextran and human serum
2s similarity with the native extracellular matri%.In spite of their ~ albumin by Kanget al’”® Mishraet al. reported on PEG-PVL~
high water absorbing ability, hydrogels swedpidly instead of PEG copolymers hydrogel for sustained release
dissolved in the aqueous mediutmecause of the presence 130 dexamethason@. Babu et al. described on poly(HEM-co-
crosslinker in the hydrogel networkhese crosslirs are mainly ~ MMA) based hydrogel for controlled release of cijpl.”’
of two types: (i) physical (entanglementsaoystallites), anc(ii)
a0 chemical (tie-points and junction€)*? The crosslinks may
remain in the polymer network in forms oévalentattachment, ~ Hydrogels are broadiglassified into two categorie
hydrogen bonding, van der Waalsteiractions or physical Permanent or chemical geThese gels form stable covalen
entanglement® crosslinked network€ They attain an equilibrium swelling ste
Besides, hydrogels demonstrasithse transition with change s Which depends on the polymester interactios as well as on
s external conditions such as H*temperatur,”® light**electric  crosslink density?
field,*” magnetic field® and are known as tisnuli-responsive” or 10 Reversible or physical geThesenetwork: are held together by
“smart” gels?®®! These smart gels exhibitimerou outstanding molecular entanglements, ioniateractiors, hydrogen bonding
characteristis like defined morphology, high porositflexible ~ ©or hydrophobic iteractions. In physically crclinked gels,
dimensions and the ability of their networo absorb large dissolution is preventediue to physical interactionbetween
wamount of water.These properties make them promis different polymer chain& The interactions are reversible, ¢

candidates for controlled drug releagmlication.>>>* 105 can be interrupted by changipbysical conditions or applicatic
of stress?

First
generation
hydrogels

Fig. 1 Important events of hydrogel reses

2.1. Classification of polymeric hydrogels
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Page 3 of 34

RSC Advances

Hydrogels can also be classified e basis of variol features
(Fig. 2  such as the nature dfide group, method of
physical structuremechanice and structural

preparation,

characters, and responsiveness to stifnili2% 3 3742 8084

Nature of side groups
(neutral or ionic)

/’f Methods of preparations
/ (homo- or co-polymer)
Mechanical and structural
characters
(affine or phantom)

Hydrogel ¢
Physical structure

\ _ (amarphous, semicrystalline,
N\ 1 hydrogen bonded,
\ supermolecular and
! hydrocollodial)

Responsiveness to stimuli

1 (pH, temperature, ionic strength
etc.)

Fig. 2 Classifications opolymerichydrogel

However, the hydrogels mainly usedhbiomedica applications
have been synthesized from polymersnatural or synthetic

origins % 8588

10 2.2. Biopolymer based hydrogels

The utilization of biopolymers, as materialis not new. For
example cellulose has been used frequently to providecture
for plants. Chitin is used as thexoskeleton of crawfish a
shrimps. Collagen has been utilizést mechanical support
Recently, these
materials possess a great dealsinificance as materials f
biomedical applications owing to thefirette biocompatibility
and low disposal expens&s® Besidesthe chemic: structures
of these materials assist for the synthedisdvancecmodified
multidisciplinar
applications. The degratiian properties of natural polymers ir
physiological metabolites make them potential cdatdis as dru

1s connective tissues, andksin spider's web<&®

20 materials which would be useful in

delivery matrices or regenerative medicine.

e iy

n DJ\
Chitosan Hyaluronan

Tf wt‘\:w
NH,

1,6 Imkage
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1.4 llnkage

Dextrin Cellulose
HO.SO
COOH
""" m TK;A/
HO. HO-
OH OH OH Hg
Chondroitin sulfate Pullulan

Sterculia gum Alginate

25 Fig. 3 Chemical structure of differepolysaccharide

30 Among the biopolymers, polysaccharides have sesteemed
characteristics, like notoxicity, water solubility or higt
capability for swelling induce by simple chemicabdifications,
which make them suitabfer biomedical application$.%% 93%5
Polysacharides are obtained from numerous sources iimgji
seaweeds, plants, fungi, bacteria, insects, creatamimals an

ss even humang%°

Chemically, polysaccharidesontair large carbohydrates which

are formed by only one typaf repeating monosacclide or by

two or more differentnonomeric unitsPolysaccharides can also
be classified as nopelyelectrolites and polyelectrolites, whi
are either positively or negatively char.!® The typical
examples of polysaccharidesas biopolymers are chitosan,
eo hyaluronan, agar, dextran, dextrin, celluloschondroitin
sulphate, pullulansterculia gum, alginate etFig. 3.1 % The
conformation of the polysacchar chains depend on various
factors like pH, ionicstrength of the mediu, temperature and
the concentration of certain molect (such as lecitins)®®
es Polysaccharides usuallespondto the external stimuli, which
makes them attractive gmotential candidate f sustained drug
release applications. In additiocsome polysaccharidalso have
unique features such as thpyovide nanocarriers with surface
properties that contrahe interaction with blood, mucosa and
ntarget cells during absorptio and biodistributio® By
biomimicking the surface of eukaryotic cells, baiteand
viruses, polysaccharides cassis the recognition and binding to
desirable surfaceswhile scaping from opsonization and
complement activatioff> 1%

es However, polysacchariddsave some limitations like microbial
contamination, uncontrolled rate ofhydration, and drop in
viscosity on storing. Fortunately, several straediav already
been developed and reportem overcome these drawbacks
suitable chemical mofication, which includes

70 grafting/crosslinking of synthetic polyme chains onto their
backboné" ® These modified biopolyme form a 3-dimensional,
crosslinked, hydrophilic network which can absatgé amoun
of water when remain in contact with agueous medamin
biological fluids without showing solubilityThese materials are

75 considered to be hydrogeds biomaterics based hydrogels.

The era of biomaterials based hydrogels started98C, when
ss Wichterle and Lim wadirst developed poly (HEMA) base
copolymer for contact lensmplication®’ Later, various hydrogel
materiab were developed and reported usirdifferent
techniquesThe early methods of synthesis were focused ol
development and stcture determination, bilater, the attention

90 was shifted towards the applicability chydrogels in various
fields. The 3-dimesional polymeric networks at swollen st
interact with the active compounds through covaletgractions
or through Hbonding or ionic interactions. Biopolymer ba:
hydrogels possess all the properties of synthetimterparts a

os well as being inherdly renewable, abundant in nature, nontc
biodegradable, and relatively cheap. In additibesé hydrogel
possess a high content of functional groups, whrehutilized ir
crosslinking with additional functional crosslinkeand can b
bioconjugatedwith cell targeting materia’®” The chemical

100 and/or physical crosslinkare responsible fohe insoluble nature
of grafted/crosslinkechydrogels. It is also easy to tune the
physicochemical properties of cfted/crosslinked hydrogels,

5!

a
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which aresensitive towards various stimuli pres in our body
like pH, ionic strength, temperature &t&'* Such hydrogels ai
called smart polymers. Thus, use of thesadified biopolyme
based hydrogels, spedifilly for drug delivery applications

s advantageous than that of neatysaccharide. This is because
the drug release behaviour of these hydrogetsonly depends

on the extent of crosslinking but also warious other factor:
including better swelling characteristiceestricted dissolutio
characteristics, pH of the release media imteracion between
10 drugs and hydrogefs.

Therefore, the distinct feature of the
polysaccharides/biopolymers make gbe hydrogelsto be
efficient in various applications such as biomedical appbcest
agriculturalapplications and industrial applicatic (Fig. 4).

« Coutings

« Drug delivery

= Wound dressing

= lmplantable devices
* Bioscnsors

Biomedical
applications

Applications
of « Water stornge granules
. EYUECHUTTEIE . onirolled release of
Polysaccharide o ontrolled release o
¥ based applications pesticides
hydrogels

+ Food industic

+ Electrophoresis

+ Corrosion inhibitor
« Wastewurer treatiment
= Chromatography

« Cosmetic industry

Industrial

applications

15
Fig. 4 Applications of polysaccharide based hydra in various fields

2.2.1. Applications of polysaccharide based hydrogels in
variousfields
2.2.1.1. Biomedical applications
20 Polysaccharides basdd/drogels have been utilid in various
biomedical applications because of their non-toxicity,
biocompatibility, suitable performance towardsin-vivo
transplantation, capability to fabricate intm ampl range of
morphologies, structural similarity to mahl materials an
2s degradation by enzymé¥
Among different biomedical applicationbydrogel based dr.
delivery systems have beconmmajor area ofinterest and
achieved success at the industrial lefélere are several repo
on hydrogels including modified biopolymeric hydets base:
0 0n agar, chitosan, dextran, carrageenan, gelagiiang gum,
konjac glucomanan, locust bean gum, cyclodextrimrggum,
stereculis gum etc. for drug delivery applioas**14
Usha Raniet al. reported on thesynthesis and applications
polyacrylamide grafted agar based hydrogel as aimédr
ss controlled release of 5-ASA? Cyclodextrin-agar hydrogels fc
ciprofloxacin delivery was studied by Fernandet al'*
Kulkarni et al. synthesized pHesponsive interpenetratil
network hydrogel beads of polyacrylamide graftedameenar
(PAAmM-g-CG) and sodium alginate for targeting Ketoprofel
w0 the intestine'® Hydrogel based oil encapsulation for contro
releag of curcumin by using a ternary system of chitp&app:-
carrageenan, and carboxymethylcellulose sodium sas
described by Nakagawet al'® Hezavehet al designed kappa-
carrageenaiased hydrogel for controlled rele application-*’

Gelatin—carrgeenan hydrogels for quercetin delivery \
designed by Vargheseet al'® The controlled delivery
formulations of caffeine in alginate hydrogel beamtsnbinec
0 With pectin, carrageenan, chitosan and pum was described by
Cvitanovic et all'® Kappaearrageenan/polyvinyl alcoh
crosslinked hydrogels was formulated using gengsira nature
and nontoxic crosslinker to achieve a controlletage off-
Carotené? Sustained delivery of latanoprost by thermoseres
s chitosan—gelatin-based  hydrel for controling ocula
hypertension was reported by Cheet al'** Chitosan—gold
hybrid hydrogel and its application for di delivery was
described by Cheet d.'?
Synthesis of oxidized glycerol monoole-chitosan polymer and
its hydrogel formatin for sustained release of trimetazid
10s hydrochloride was reported by Zharet al?® Penget al.
described chitosan/glycerophosphate disodium thermosens
hydrogels for the sustained delivery of venlafa
hydrochloride'**  Genipincrosslinked catéhol-chitosan
mucoadhesive hydrogels for buccal drug delivery dagictec
1o by Xu et al’®® A magnetic chitosan hydrogel for sustained
prolonged delivery oBacillus Calmettee Guérin in the treatm
of bladder cancer was reported by Zheet al'®® van Dijk-
Wolthuis et al'?” reported dextran hydrogels, which we
prepared by radical polymerization of aqueous gwigt of

us glycidyl methacrylatederivatized dextran (d-MA),
hydroxyethyl methacrylatderivatized dextran (d-HEMA),
and HEMA-oligolactataederivatized dextran (d-lactate

HEMA), using potassium peroxydisulfate i N, N, N ,N-
tetramethylethylenediamine (TEMED) as the initigtinysterr
120 for controlled drug release application. Releaseatheristics o
salmon calcitonin frm dextran hydrogels for col-specific
delivery was reported by Baseet al'® In-vivo controlled
release of cisplatin from biodegradable gelatin rbgel was
performed by Konishiat al*?® In-vivo anti-tumour effect of dual
s release of cisplatin and @amycin from biodegradable gela
hydrogel was developed by Konishet al*®® Gaowa et al.
reported gelatin based biodegradable hydroge in-vivo
controlled release of antitmour activity!** Synthesis of
polymethacrylamide-graftegellan gun (PMaa-g-GG) for
130 controlled drug delivery application was reported Niandi et
al.*® Chitosan/polyy-glutamic acid nanoparticl incorporated
into pHsensitive hydrogels were developed as an effic
carrier for amoxicillin deliven.**® Cyclodextrin mediated
controlled release of Naproxen from -sensitive
135 chitosan/poly(inyl alcohol) hydrogels for colon targe delivery
was described by Dast al’** The use ¢ pH-sensitive cationic
guar gum/poly (acrylic acid) polyelectrolyte hydetsy for
controlled drugdelivery application was described by Hueet
al.*® Synthesis of acryloyl guar gum and its hydrogelariats
o for use in the slow release o-DOPA and L-tyrosine was
reported by Thakuret al’® Thermoresponsive magnetic
nanoparticle — aminated guarnglnydrogel system for sustain
release of doxorubicin hydrochloride was describgdurali et
al.® Chen et al. explained the synthesis and properties
14s degradable hydrogels of konjac glucomanan grafteylie acid
for colon-specific drug delivery &-ASA.**® Liu et al described
the synthesis and characteristics of -sensitive semi-
interpenetrating polymenetwork hydrogels based on kon
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glucomannan and poly (aspartic acid) fiewvitro drug delivery
of 5-Fluorouracit* Ibuprofen release fronhe pH- and electro-
response cellulose nanofiber/sodium alginate hybsidrogels
was described by Zhersg al**°Optimal response surface des
of Gum tragacanthased poly[(acrylic aci-co-acrylamide] IPN
hydrogel for the controlled release of antihypeste@ drug
losartan potassium was reported Baruch et al'** Photo
thermally enhanced drug release framtarrageenan hydroge
reinforced with multiwalled carbon nanotubes was describe
Estradaet al'*?
Wound dressing is one of thmost significar biomedical
applications of the polysaccharides based hydr. The
adhesive natur@ntifungal/antibacterial activity and permeabi
to oxygen make the hydrogels suitable for the tneat of
wounds and burn8? Chitosan and its derivative based hydrot
have been widely used as wound dressing mat’*
Alginate/asiaticosidebased hydrogels have been studiec
wound dressing material by Sikareepaisaral.*** Balakrishnan
et al reported periodi@lginate crosslinked hydrogel as wot
dressing agerf® Singh et al. synthesized sterculia gu
crosslinked PVARVP hydrogel through radiation crosslinki
method for the delivery of antimicrobial agent he twvounds'*®
Poly (vinyl alcohol)alginate physically crosslinked hydrog
membranes for wound dressing applications has tegrrted by
Kamounet al**’
2.2.1.2. Agriculture Applications
Storage of water in industrial field ishallenging. Hydrogel
have been usually used as water storagerials in agriculture
field.*2 Cellulose based hydrogels atee potential materials |
absorb and retain water. Sannino and Coworkers rtext
cellulose based hydrogelfor agricultural purpos!*® The
sodium alginateylutaraldehyde crosslinked hydrogel has &
investigated as matrix for natural liquid pesticideem see
0il.}*° Starch-alginatelay composite was used for the releas
a fungicide thirant>® Microsphere of sodium alginate /sta
crosslinked with C& has been used as controlled release m
for the release of pesticide chlorpuri'® Starch/ethylene
glycol-co-methacrylic acid hydrogel was designed for congd
release of pesticides like fluometuron, thiophanti®phanatt
methyl, and trifluralin'>?
2.2.1.3. Industrial Applications
Polysaccharide basedydrogels have wide range of indust
applications. n the food industry, pectin is used as gelling
thickening reagent. The inclusion of pectin in-like products
4s achieves the desired firmnesglaaiters the texture of the . For
these reasons, pectin has been used in foods, tosmanc
environmental applications to modify the releasefrafjrance
compounds and enhandetperception of flavou,'>3%
Heavy metal ionadsorption is an important application
so polysacchariddased hydrogels. Psyllium husk and acrylic i
based crosslinked hydrogel was used for removpiragion, ant
enrichment of hazardous metal ions from aqueoustisn/*®
Cellulose and its deriviaes such as hydroxypropyl cellulo:
cyanoethyl cellulose, hydroxyethyl cellulose, hyainadexy
ss cellulose, cellulose phosphate with acrylamide &N, N-
methylene bisacrylamide based hydragale studied for sorptic
of Fé" CU/" and Cf* ions! Polacrylic acid and sodiur
alginate based hydrogel has been used for thetitsoof C1%,

o

40

Cc®", and Nf* ions!®® Hydrogel based on chitosan, maltodex
so and gum arabic has been employed as adsorbentenfmving
Cd?* from aqueous solutiorts® Calcium alginate hydrogel beads
containing vineyard pruning waste has been used dige
removal’®® Agarose based hydrogel has been utilized
stacking electrophorest&! Cellulosic hydrogels ‘ere used for
ss chromatographic support® Chitosan based hydrogelsave
been used as corrosion inhib.**®* Water soluble and
biodegradable Pectin-graftedlpacrylamide and Peck-grafted
polyacrylic &id hydrogel as corrosion inhibitor on Mild Steel
3.5% NaCl Media was described by Geethanet al'®*

9 Polyacrylamide grafted with Okra mucilage has beesied a:
corrosion inhibitor for mild steel in 0.M H,SO, by Mukherjee
et al'® Polyacrylamide grafted guar gum (-g-PAM) has been
tested as potential green inhibitor against coorosif mild stee
in 1 M HCI by Royet al®® Polysaccharides are also usec

o5 thickeners, bioadhesives, stabilizers, probiotig] gelling agent
in food and cosmetic industrié¥:**° Radiation synthesis of eco-
friendly water reducing sulfonated starch/acrylaidahydrocel
designed for cement indust.

80 2.2.2. Classifications of polysaccharide based hydrogels
Polysaccharide based hydrogels can be classifiegtie@basis o
method of preparationtypes of monoms involved and ionic

ss chargesKig. 5.1

ications of

A ride based
hydrogels

Methods of Types of
synthesis monomers

Tonic charges
- Neutral
hydrogel

E I0nic hydrogel

[l Ampholytic
hydrogel

Fig. 5 Classifications of polysaccharide based hydrc

Homopolymer
hydrogel

B Copolymer

i vdrogel hydrogel

Interpenetrating|
network

hydrogel

85

On the basis of method of preparation, hydrogetsmainly
of two types: (i) Psically crosslinked hydrogels,(ii)
90 Chemically crosslinked hydroge
2.2.2.1. Physically crosdlinked hydrogels
100 These are reversible and unstable hydrogels ichvbolymeric
units are connected to each other by secondarye fark
interactions such as hydrogen bonding, ionic orrogtobic
interactions. The stability of these hydrogels alepends on the
external conditions and may obstruct by changingrenment
105 Or by application of stress. These hydrogels hawke wange o
biomedical applicationbecause (the absence of any external
crosslinkers. There are several reports on phygicrosslinked
hydrogels used in biomedical applications like hkenof
starch/carboxymethyl cellulose, gelatine/agar,odain/glycerc-
110 2-phosphate hydrogets'*™

2.2.2.2. Chemically crosdinked hydrogels

This journal is © The Royal Society of Chemistry [year]
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Because of the presence of various functional grolils
hydroxyl, amine, carboxylic acid groups in the poéric
backbone, it can covalently connect with the ciokst and
form chemically crosslinked hydrogels. These arevirsible in
nature and stable due to the covalent attachmemieba the
crosslinker and the polymer. Crosslinking may odmywarious
mechanisms such as condensation, addition andanaktion.

2.2.2.6. Neutral hydrogel
eo When neutral polysaccharides covalently crosslinkeih
neutral polysaccharides and/or neutral monomeriits ulike
acrylamide, N-vinyl pyrollidone, hydroxyalkyl mettrglate etc.
to form three dimensional polymeric networks thka hetwork
is called neutral hydrogel. These gels are irrébkrsand can
es absorb water without dissolution. These hydroge&manstrate

Because of stable network, which arises from covalen temperature sensitive swelling-deswelling behatfdr.

attachment, these types of hydrogels attain egqjifib swelling
that depends on the polymer-solvent interactionsvels as on
crosslinking density. Polysaccharides like starchd aits

guar gum, hyaluronan etc. was chemically crosstinkégth
crosslinker in the presence of initiator or radiai to form
chemically crosslinked hydrog&f® 17®

2.2.2.3. Homopolymer hydrogels

When a single species act as building block inrteevork and
form three dimensional polymeric network by crassing, then
the hydrogel is considered as homopolymer hydrogéle
crosslinking may occur in the presence of crosslingr with
polymer molecules itself. Cellulose can form hydtode
urea/NaOH solution in presence of epichlorohydri

pH sensitive N-succinyl chitosan grafted polyacnyide
hydrogel for oral insulin delivery was
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reported by

Mukhopadhyayet al'®” Chenget al. described the sustained
derivatives, cellulose, dextrin, dextran, chitosagar, alginate, 7 delivery of latanoprost by thermosensitive chiteggaiatin-based

hydrogel for controlling ocular hypertensitii.Biodegradability
and swelling capacity of kaolin based chitosan-g=RIA
nanocomposite hydrogel was described by Pradétaral®
Thermoresponsive  chitosan—agarose hydrogel for

7s regeneration was reported by Migued al’®® Carboxymethyl
cellulose-g-poly(2-(dimethylamino) ethyl methactglahydrogel
as adsorbent for dye removal was reported by Sakstnza'®!
PVA/gelatin hydrogel beads and adsorption mechaniesm
advanced Pb(Il) removal was depicted by ki@l

B 2.2.2.7. lonic hydrogels

crosslinkert”” Whereas, irradiation of polysaccharide solutions lonic hydrogels are two types: (a) cationic, and &mionic.

can also form hydrogels in absence of gelating tadgemddition,
polysaccharides such as chitin, chitosan, againatky xanthan,
guar gum, hyaluronan etc. can form homopolymerirbgels in
presence of high energy radiatid%.

2.2.2.4. Copolymer hydrogel

When two or more polysaccharide units or one paigisaride
and one synthetic polymer took part in hydrogehtfation (out
of which one is hydrophilic), form 3-dimensional lpoeric

network. This is considered as copolymer hydrogehe

arrangements of copolymer hydrogels may be likeowem block
or alternate with respect to main polymeric netwoithe

properties of these hydrogels depend on differentlgnation of
polymeric units as well as on the arrangements aymeric

network®’®- 18

2.2.2.5. Interpenetrating network hydrogel

Interpenetrating polymer networks (IPNs) are cioksd

When ionic polysaccharide covalently crosslinkedhweach
other or synthetic/ionic polymers to form 3-D poksric
network, then it is called ionic hydrogels.
ss The only naturally existing cationic polysaccharidechitosan,
which is obtained from the partial alkaline dealmign of
chitin!®®* 1% The amine groups is responsible for p
responsiveness of chitosan and also enhanced twffior
mammalian cell components as well as
9 characteristics. Besides, these groups also prowflimity
towards oppositely charged drugs and reactivitycfaisslinking
or grafting modificationg®® 1%*
Again, condensing agents lik@-glycerophosphate,
calcium phosphate, or tripolyphosphate can formicelly
os crosslinked hydrogefs®*7
The swelling of the cationic hydrogels is dependenpH of the
aqueous medium, which determines the extent obdiaton of

polymerg®tin which at least one polymer network is synthesize the ionic chains. At acidic pH, cationic hydrogstow excellent

or crosslinked independently in the presence obther, without

swelling because their chain dissociation is faedun low pH.

any covalent bonds between th&hSynergistic effect was 100 Anionic polysaccharides extracted from seaweedgn@te, agar,

observed as the properties of both the polymersiwed, which
can reduce the limitations of natural as well astlsgtic
polymers.On the basis of synthesis, IPNs are of two typ&sa(
sequential IPN in which one network is swollen @otymerized

carrageenan) and plant cell walls (pectin) and atesd (Qgum
arabic) have been used in the food industry askehiag or
gelling agents. At basic pH, anionic hydrogels dlisste more
and show significant swelling than that of neusalution. The

in the presence of the other, and (b) simultandé®d in which 105 sensitivity of alginate towards pH and calcium idasmainly

both of the network precursors are synthesizetteasame time
by independent routes.

If only one component of the assembly is crosslihleaving the
other in a linear form, the system is termed asi4Bi. The

because of the different relative positions of theboxylic acid

skin

H-

microbicide

citrate,

groups in each block® Alginate also offers large number of

potential of derivatization for biomedical applicats!®® Agar or
agar-agar is obtained from red algae or seaweedsanidely

significant point during the fabrication of IPNs tke mutual 110 used as component of foods and microbial cultresause of its
performance as thickener and stabilizer. Agar hieterogeneous

miscibility of the interpenetrating polymers. Gealbyr, polymers
do not mix well with each other, resulting in theage separation
of the resultant blent?® ' However, crosslinking provides an
easy route for mixing the two components to formldFor a

mixture of agaropectin and agarose, where agaropast
modified with acidic side-groups, such as sulpleatd pyruvate
and agarose has neutral charge and possesses ¢oages®

variety of applications®® us Due to this structural conformation it can formimmydrogel.

The use of agar as drug delivery matrix is stilitejuecent and
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mostly limited to physical blends with other polgsharides?®*

204 pectin and gurrarabic are branched heteropolysacchar
having carboxylic acid groups and can form ionic hydrog
These can be fouhin the cell wall of plants in the form of fri

s acid, simple salt, ester or aminatpdlysaccharide. Pectin
suitable for colon delivery of drugs because of stdective
digestion by the micrélora present in colonBacteroids ovatys
and its resistarte to proteases and amylases of the u
gastrointestinal tracf™> 2°Carrageenanr carrageen are linear

10 polysaccharidesontaining variable density sulphated groups.
They are extracted from red seaweeds and commieetiahs
kappa &, 1 sulphatggroup per dimer), iota,(2 sulphate groups
per dimer) and lambda. (3 sulphateyroups per dimer). Only tt
first two varieties can form stable physical geladak-

15 carrageenan hydrogels show pldrd temperatu-responsive
behaviour®*

Wang et al. developed Hree ionic starc-based polymers,
namely a cationic starch (8tarch), an anionic starch -Starch)
and a zwitter ionic starch (Z-Starchip etherification reactiol

20 for the prevention of nonspecific protein adsom.?°’ Heparin is
a highly sulphatedglycosaminoglycan and has the higt
negative charge density of any known biological enale. It is
widely used as an injectable anticoaguld&gcently it is gaining
interest as component of growth factor deliverytesys>°® 2%°

25 Chondroitin sulphate is a liae polysaccharide based on 3) —
B — N — acetyl - D- galactosamine and4})- B - glucuronic acid
presenting sulphates hydroxyl and carboxylic aci
functionalities. It can be found attached to prgtgcans in
connective tissuenatrices with structural functionalities or a:

30 receptor on cell or basement membranes. Mainljiag beel
used as component of scaffolds for cartilage repaitissue
engineering*° Nanocomposites hydrogel of calcium alginate
carboxymethyl-cellulose-goly (acrylic acid)/attapulgite fc
controlled release of ibuprofen was also repc®'!

35 2.2.2.8. Ampholytic hydrogels

When polymeric hydrogels having ddmensional networ

It is essential to modify thproperties of a polymer with tail-
made specificationswvhich are essent for target applications.
There are various waye modify the properties of polymers like
blending, grafting/crosslinkingand curing. ‘Blending’ is tt

75 physical mixture of two or mo polymers to get the required
properties. ‘Grafting’ is a method wherein monomers .
covalently bonded onto the polymer chai ‘Chemical
crosslinking’ is a methodwhere monomers are covalently
bonded onto thgolymer chai in presence of crosslinker. In

so curing, the polymerizatiorof an oligomer mixture forms
coating which adheres the substrate by ptical forces’?! The
schematic presentation of the polymer modifices is
represented ifig. 6

Blending: ‘ ' '
*» *Ww
Polymer 1 Polymer 2 Polymers blend
Grafting: X X
/\/\/\ + X A —
Polymer Monomer
—g-CFo“lmkm : Graft copolymer
4+ CL  e—) L
—~ CL
Polymer Crosslinker )
. Crosslinked Polymer
ving: .
Curing: «— Laverof Y
/\/\/\ Py =_— AAYA
Polymer Monomer

Cured Polvimer

Fig. 6 Schematic neresentation of the methofor polymer modification

Although polysaccharides have several advantagest
ss polysaccharide itself is nosufficient for recent industrial
requirementsThus it is essential to modify the biopolymers
the advancement of their application in biomedicedearch

contains both cationic and anionic maget are considered as particularlyin drug delivery applicationOne of the easiest and

ampholytic hydrogels. Cationic/anionic polysaccharides ¢
covalently attach with oppositely chargsgnthetic polymer to

s form ampholytic hydrogel. At adefinite pH, modified
polysaccharides can also behave liampholytic hydrogel
Zwitter ionic starch (ZStarch) hydrogel via etherificatic
reactions for the prevention of nonspecific proteitisorptior
was developed by ware al?*2

s 3. General proceduresfor development of
polymeric hydrogels

Hydrogels open a new pathwé&yr the advncement of various
applications includingtissue engineeri,?** 24 cell based
biosensors?® coatings’*® drug delivery® packers in oil and ge
so recovery’*” and cell transplantatiétf and so o.
They arecomposed of hydrophilic polymer chaiwhich can be
either natural or synthetf¢? The structuraintegrity of hydrogels
depends on crosslinksetween the polymer chains, by cherr
bonds and physical interactionBesides,as the biomedical

efficient ways for modificatins ofnatural polysaccharides is the

9 “grafting” of syntheic polymel chains onto the polysaccharide
backbone, followed bYchemical crosslinking” using an exterr
crosslinker. This modificatiorprovides chemically crosslinked
hydrogels which are havingnmense application in biomedic
field with desired properties.

s 3.1. Blending

Polymer blend represents very important fito assist in the

100 development of new lowest products with better performar

in comparison with the nepolymersBlends and composites are
extending the employmenf polymers from renewable resoul
into new value-added produéfs.They are significant also from
ecological and economical viewpo For example, municipal

10s commingled plastic waste, composed of various iroibis

polymers can be recycled byixing in molten state, and so it ¢
be transformed to the material, which would sattbfy relevan
application?”® The properties of natural polymers can

significantly advanced by blending with synthetmymers. The

ss applications of hydrogels are increasisg,considerable efforts ,,, objedive for developing a novel blend of two or mordymeers

have been made to develop new hydraystemsfrom a variety
of synthetic and natural materiafS.

is not to change the properties of the componematstidally, but
to capitalize on the maximum feasible performanicehe blend

This journal is © The Royal Society of Chemistry [year]
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In the 1970s and 1980s, several blends of starth wérious
polydefins were developed. However, these blends wert
biodegradable, and thus the advantage of usingdegradabli
polysaccharide was losGince most of natural polymers ¢
s water soluble, water has been used as a solvespermior
medium and plasticizer for blending purpé&e.
3.1.1 Mé€lt processed blends
Arvanitoyanniset al.reported on biodegradable blends base
gelatinized starch and ltdanspolyisoprene (gutta perchby
wothermal pressing for food packaging or biomedic
applications® Carvalho et al. prepared the blend
thermoplastic starch/natural rubber polymer usiagural latex
and cornstarch at 150% Kokini et al reported protein/starc
blend??” Matveev et al. studied protein/polysaccharide ble
15 considering inter-macronhecular hydrogen and dip—dipole
interactions’?® Warth et al. developed starch/cellulose acet
blends??®
3.1.2 Aqueous blends
Several natural polymers cannot be melt processed, €
20 because they degrade on or before melting (sofgenkor this
reason, aqueous blending is the preferred techpdtmgnodify

the polymer$®® Pereira et al. reported o biodegradable

hydrogels, based oncornstarch/cellulose acetate bler

produced by free-radical polymerization with methy
2s methacrylate and/or acrylic acid monorfi&r Espigareset al.

developed partially biodegradable acrylic bone acgmbased o

cornstarch/cellulose acetate blends d4mne cemen.?®

Arvanitoyannis and Biliaderiseported on aqueous blends

methyl celluloseand soluble starch, plasticized with glycerol
a0 sugarsprepared by casting or by extrusion and hot prge*®

lkadaet al. studied various poly(lactic acidlends to improv:

their thermal properties’ A stereocomple>was formed from

enantiomeric PLAs, poly(lactic acid) (PLLA) and poly(-
lactide) (i.e. poly(Dlactic acid) (PDLA)) due to the stro
ss interactions btween PLLA and PDLA chai.?®* Zhanget al
reported that poly(3ydroxybutyrate)/poly(lactic acid) blen
prepared by casting a film from a common sol at room
temperaturé>® Suyatmaet al. reported on biodegradable fil
blends of chitosan with PLA by solution mixing and fi

40 casting?®

3.2 Grafting
Grafting methods
I‘ 1 ~ 1 I 1
) (‘.'t"'“?""i'l . qt'f"{t'rl'f Photochemical P llii"ﬂi"d Enzymatic
initiated by initiated by raftin radiation rafti
chemical means radiation 8 s induced grafting
method grafting
| |Free-radical "
grafting Free-radical
grafting
Grafting
[ through living Tonic grafting
polymerization

Tonic grafting

Fig. 7 Schematic presentation of the methods of gre

Several methodg={g. 7) have been used for the developmer

graft copolymeric hydrogels afifferent monomers on polymer
so backbone. These techniques include chemical, fadi
photochemical, plasmiaduced and enzymatic grafti
techniques®
s0 3.2.1. Grafting initiated by chemical means
Graft copolymerizatiortan be performed by two main proces:
i.e. free radical and ionic. Besidagafting can also be done
ss atom transferadical polymerization (ATRF
3.2.1.1. Free-radical grafting
e In free radical grafting technique, an initiatorsfi generate
radicalson polysaccharide backbc, which further react with
monomer to form the graft copolymers. Generallye free
radicals are generatday indirect or direct methoc A probable
mechanism of grafting in presence of a radicalidtot is as
es follows:
I, - 2I°

I*+M-IM*
[* + Polym — OH — Polym — 0°® + IH
IMM* + Polym — OH - Polym — 0* + IMMH
Polym — 0®* + nM — Polym — O — My,
IMM® +nM - IM—M,, — H
Polym — O — My +1* - Polym — 0 — M,, — I
Polym — O — My, + IMM* - Polym — 0 — M4, — I

An example of indirect method for free radicals darction is
redox reaction using M/H,O,, persulphate?’-24

Fe?* + H,0, — Fe3* + OH™ + OH*
Fe?* + 5,03~ — Fe3* 50,%~ +S03°

Again SQ *, OH can also directly reacwith the polymer
es backbondo generate the free radical specie

SO;* + Polymer — OH —» HSO, + Polymer — O°

OH* + Polymer — OH — H,0 + Polymer — O°*
65
Misra et al. described that OHs more reactive than &% during
grafting of vinylicmonomers onto wool/cellulo@*°
70 Similarly, organic hydro peroxidepersulphates, **, CU#* etc.
along with a reducing agent like sodium bisulphiteosulphate
or Ag" are also used in free radical graftmethod.

S,0%™ + HSO3 — S0%~ + S0Z* + HSO03
Polymer + SO;° — Polymer® + HSO;
SO;* + H,0 - HSO; + OH*
HSO3 + H,0 — H,SO3; + OH*

Bajpai et al reported peroxydisulpheascorbic acid initiated
graft copolymerization usingg catalys. >* In this reaction the
production of sulphate ion radicals act as chainriers?*?
Besides, tertiary butyhydroperoxide-Fe* system can also
go initiate the radical polymerisation as parallel lwiEenton’s
reagent (F&/H,0,). As a result, -butoxy radicals are formed

8 | Journal Name, [year], [vol], 00—00
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from one electron transfer betweer-butyl-hydroperoxide
(TBHP) and F&. The resulting butoyy radical basically
abstracts hydrogen from monomer/polymer/water toeggte
corresponding radical speciés.

s Transition metals ions like ¢& Cr*, V', Cd™ can also
generate free radical sites on a polymeric backimonelirect
oxidation. The redox gential of the metal ions is the drivil
force in determining the grafting efficiency. Metahs with low
oxidation potential have better grafting efficienttyan that o

10 higher oxidation state. It is assumed that theti@agrocees
through the formation of a metal igmslymer chelate complex i
intermediaté***°Senet al. has been synthesized C-g-PAM
using ceric ammonium nitrate as initiafof.

Ce** + Polymer — OH — Chelate complex
Chelate complex — Polymer — 0°+ Ce3* + H*
Polymer — O* + M — Polymer — OM* — Polymer — OMM*

MnO; was also used for the formation of grcopolymers
15 through radical polymerization. Her®nO; produces M via
Mn** in presences of acid solutionighly reactive Mi®* ions
initiate the graft copolymerizatioand homopolymerizatior®®?
Tsubokawaet al. described the polymemtion of azo groups
incorporated  organic pigments like quinacridor
20 Diketopyrrolopyrrole, anthraquinone etc. with vinylonomers
through radical mechanisfr
Chemical pre-treatment (e.gozonation, diazotizatiol
xanthation) of the polymer moiety may also prodfree-radical
sites, which can offer sites for graftifif 2%
25 3.2.1.2. Grafting through living polymerizati
‘Living Polymerization’ technique offers a greattential for
grafting reactions. Szwagt al. depids that a ‘living polymer’ it
that whichretains their ability to propagate for a long tiued
grow to a desired maximum size while their degrefe
=0 termination or chain transfer is still negligib®® Controlled
freeradical polymerizations combine characteristics hafth
conventional freegadical and ionic polymerizations.
conventional fregadical polymerization, termination occl
through coupling or disproportionation reacti, which led to
3s broad molecular weight distribution. Whiiging polymerization
provides living polymers with regulated moleculagights anc
low polydispersity?®6-272
Controlled freeradical polymerization may be effective throt
ATRP. ATRP of styrene and various methacrylates feen
a0 reported, using various catalytic systefis?” In that method,
inactive chains are capped by halogen atoms, whioh
reversibly transferred to metal complexes in theelooxidation
state. This creates the shbiwved growing radicals an
complexs in the higher oxidation state. ATRP reactions iye
s proceed through the activation—-deactivation dynami
equilibrium process.

M,~X + Cu(l)/2L M + Cu(lX/2L

Where, M-X is the polymeric halide and CuX/2L is (I) (X =

Cl /Br and L = 2, 2' bipyridine or a 4' disubstituted 2, 2'
so bipyridine).

The copper (I) complex acts as a reversible halagem transfe

agent between the active and inactive polymer & (Scheme
1). The kinetically optimum ratio of ligands to copg® halide
for thesepolymerization is found to be 2:1, which indicatkat
the coordinated copper (l) contains two bipyridigands?’®

0

——0oH | 9 ——o)l\é
—C!I —C—Br Br
Br
:
Bromo compound o]
1o K
Br
Polysaccharide Macroinitiator
A
=/

Monomer, Catalyst

o/

A

o}

LA,

A

Graft copolymer
Scheme 1 Schematicepresentation of ATF reaction

Multidentate amine based ligands such as tetraregt@yiamine
(TMEDA), N,N,N',N,N“pentmethyl diethylene triamir
(PMDETA), (tris-2aminoethyl) amine (TREN) are also usec
the copper mediated ATRP of styrene, methyl acrykmbel
s methyl methacrylaté’® 2’7 Grafting from polymers includin
poly (vinyl chloride) (PVC), polisobutene, polyethylene, and
ethylene-co-vinyl acetate polymer through ATRP has be
reported in various literatur®’®?? Sonmezet al. reported
acrylamide grafting by ATRP using-chlorosulfonamide/CuBr
os catalyst® Sakaguchi and Shimada deed the grafting of
polystyrene on a polypropylene backbone in preseofce-
irradiation in air with 2, 2, 6, -tetramethyl-1-piperidinoxyl
(TEMPO)?** Janata et al reported the design of
multifunctional ATRP macroinitiator for the preration of graft
100 copolymer®®® Carlmark et al has reporte surface grafting by
controlled radical polymerization using -bromoisobutyryl
bromide by reaction with the hydroxyl groups on fitter paper.
Then, grafting is achieved by immersing the modif@per intc
a readbn mixture containing methyl acrylate, Cu(l)Br, t2-
105 (dimethyl amino) ethyl amine (Ns-TREN), sacrificial initiator
and ethyl acetat€®® Mishra et al. reported grafting of 4-
aminoantipyrine from guar gum through graft ATRP ng:
Cu(l)Br / 2, 2-bipyrig/l as initiator?®” Wanget d. Developed
ethyl cellulose-grafPDEAEMA copolymer through ATRP fc
1o drug (rifampicin) release applicatic® In this reaction, pyridine
was used as base for the first step and CuBr/bppitator 8
Huanget al. described poly (methacrylic ac-grafted chitosan
microsphere via surface initiated ATRP techniquedd(ll) ions
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removal from aqueous solution. In the first stepredction, 2-
bromoisobutyryl bromide was used for the synthesis
macroinitiator by TEA as base. Then grafting of isod
methacrylate was performed with CuBr, CuBnd PMDTEA as
s catalyst®®

3.2.1.3. lonic grafting

In this method, grafting is performed by ionic apgeh. Alkali
metal suspensions in a Lewis base liquid, organaliieet
compounds and sodium naphthalenide are usefutiois. Alkyl

10 aluminium (RAI) and the halide form of polymer (PCI) combine

to form carbonium ions in the polymer chain, which
responsible for copolymerization. The reactiondat cationic
and anionic polymerization mechanism. Cationic gataBF;
can also be used*

15 Cationic mechanism

PCl + RsAl > P*R,AICI
A* + M > AM* — M - Graft copolymer

Sodium—ammonia or the methoxide of alkali metalsnfo the

alkoxide of polymer FO~Na*), which reacts with monomer to

produce the graft copolymer.
Anionic mechanism:

P —OH + NaOR - PO~Na' + ROH
PO~ +M — POM™ — M - Graft copolymer

20 3.2.2. Grafting initiated by irradiation technique
3.2.2.1. Free-radical grafting
The irradiation of polymers creates free radicalsough
homolytic fission. In the radiation technique, fhresence of an
initiator is not necessary rather the medium. Tiugadiation is

s performed in open air, peroxides may be generatedthe
polymer backbone. While lifetime of the free radicdepends on
the nature of the polymer moiety. Grafting usuédliges place in
three different ways: (a) pre-irradiation (b) pedation and (c)
mutual irradiation techniqu&gheme p?*

30 In pre-irradiation grafting method, at first, thelymer backbone
is irradiated in vacuum or in an inert gas to fdmee radicals.
Then, the irradiated polymer is treated with thenomer, in
liquid or vapour state or in a suitable solv&fi£®*

In peroxidation grafting process, high-energwadiation is

3s applied to the polymer molecule in the presencairobér oxygen
to form hydroperoxides or diperoxides. Radiatiomsgd on the
basis of nature of the polymeric backbone and thediation
conditions, resulting formation of a stable percocgmpound.
After that, it is treated with the monomer at higltemperature

40 when the peroxides undergo decomposition to radipacies.
This initiates the grafting process. The advantzgiis method
is the formation of intermediate peroxy productattican be
stored for long period for grafting. On the othemt, in the
mutual irradiation method, the polymer and the nmers are

ssirradiated simultaneously to form free radicals amshsequent
addition?*>*! The advantage of the pre-irradiation method
that the process is relatively free from homopolyfmemation
because the monomers are not irradiated. But, th&aire
disadvantage of the pre-irradiation method is gmisef the base

so polymer due to its direct irradiation, which carsuk in the
development of block copolymers.

(a) Pre-irradiation grafting method:

Radiation . .
P—p + M—» P—M

(b) Peroxidation grafting method:

P—0O* +*O—H 2P—-0°
Ml lM
P—0O—M P—0O—M

(c) Mutual irradiation grafting method:

P oM Radiation P*+ M »P—M"

Scheme 2 Schematic representation for grafting throughdiation

55 method

3.2.2.2. lonic grafting
lonic grafting can also proceed via ions formatiompresence of
high-energy irradiation. lonic grafting may be eofot different
types: cationic or anionic. The polymer is irradato produce
0 the polymeric ion, and afterwards reacted with i@nomer to
form the graft copolymer. The advantage of thedagiafting is
of high reaction rate.
The cationic grafting mechanism can also proceedutih the
formation of monomer radical cation, which thennfiera dimer.
es Charge localization in the dimer occurs in such & tmat the
dimer radical cation then reacts with the radicahfed by the
irradiation of the polymet®?
Similarly in anionic grafting mechanism, an aniamuols the
grafting, acting as the initiator. Kitamugi al. and Mazziet al.
70 applied proton beams as ionizing radiation to prepanidoxime
type adsorbents on PE film using acrylonitffig.*** The H-
atoms liberated from chemically active sites ofypmdr film
irradiated by the ion beam; which basically reastth carbon
radicals, C=C bonds, C-C bonds and crosslinking ten fire
75 graft-polymer.
3.2.3. Photochemical grafting
Because of the presence of chromophores in polyrobam, it
can absorb light. As a result, molecule goes texited state
is and dissociate into reactive free-radicals, whiaftidtes the
so grafting process. Sometimes, the absorption oft lidbes not
form free-radicals through bond rupture. Then #etion can be
promoted by the addition of photosensitizers, benzoin ethyl
ether, dyes (Na-2, 7 anthraquinone sulphonate taded azo
dye), aromatic ketones (benzophenone, xanthone)etal ions
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UO,*". Thus the photochemical grafting process can pade
two ways: with or without a sensitiz&,
Generally, when sensitizer is not involved in tleaation, the
generated free radicals of polymeric backbone reattt the

s monomer fre radical to form the graft copolym On the
contrary when sensitizer is involvedfarms free radica. These
free radicalan undergo diffusion so that they abstH-atoms
from the polymer This results the formation cradical sites,
which are required for graftin®

10 3.2.4. Plasmaradiation induced grafting
Recently, the plasma radiation induced polymerizatieethoc
has gained increasing significance. This methodcgms
through the similar mechanistic way as with ionig
radiation®®” %t involves electrorinduced excitation, ionizatic

15 and dissociation. Thus, the accelerated electrams the plasm:
having adequate energgleave the chemical bonds in 1
polymeric structure This results the formation cpolymeric
radicals, which consegutly initiate graft copolymerizatic
3.2.5. Enzymatic grafting

20 Enzymes are also used in grafting technology. is itiethod at
enzyme initiates the chemical/efeochemical graftin
reaction®®® For example;tyrosinase can convert phenol ii
reactive oguinone, which undergoes consequent-enzymatic
reaction with chitosan. Cosniat al reported the enzymat

25 grafting on a poly (dicarbazol-hydroxysuccinimide) filn®°

3.3. Method of crossinking

Both physical and chemical crosslinking meth (Fig. 8 have
been used to prepare hydrogeits.chemically crosslinked gel
covalent bonds are present between different palyshains ol

o with an external crosslinking agent and polymer eunoles
Whereas, in pysically crosslinked gels, polymer chains
bounded by physical interactioffs.

By ionic
interaction
By
crystallization

Crystallization in
homopolymer systems

- Crystallization by
Physically Ry -

sterco-complex
formation

crosslinked
hydrogel

By amphiphilic

block and graft
olvmer

Block and graft
copolymer
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Fig. 8 Schematic representation of methods of crosslit

35 3.3.1. Physically crosslinked hydrogels
3.3.1.1. Crosdlinking by ionic interactions

Physically crosslinked hydrogels can Ideveloped by ionic

interactions. Alginate is an example afpolymer that can t
crosslinked by ionic interactions. Alginate is alysaccharide
40 with mannuronic andglucuronic acid residues and can
crosslinked by calcium ior$2 Crosslinking can be performed

4s room temperature and physiological pH. Consequeatfjinate
gels are usually used as mces for encapsulation of living
cellsand for release of protei**
The gels can be destabilized by extion of the Ca-ions from
the gel by a chelating agent. The ionotropic hydteglegrad:
eo under physiological conditions. The degradatione was
increased by incorporatintyydrolysi«-sensitive glycinato groups
in the polymer™ Polycations canalso be crosslinked with
anions. For example, chitos@ased hydrogels were obtained
crosslinking with glycerophosphate disodium s&'° It was
es Observed that below room temperature, chitosartisokiremair
liquid in this salt solution, but it fored gel when heated. With
increasing degree of deacetyla), sol-gel transition temperature
declined Histological evaluations exposed that the gel
deliver active protein (BP)inducing bone and cartilage
70 formation®’

The presence of ionic groups in the polynchains is not
essentialto form hydrogel by ionic interactions. For exam]
s0 Watanabeet al. described ddxar forms hydrogel in the presence
of potassium ion3® They pointed out that it forms
microstructure ashe ionic radius of the potassium ifits into
the cage formad by six oxygen atoms of glucoseits of three
polymer chaing®® On the other hand, dextran/potassium ge
ss unstable in water and consequently is lesdable for drug
delivery applications. Carrageenan also coled variable
portion of sulphategroups which can form gel witpotassium
ions, but also exhibitsgelation under sefree conditions.
However, gelsobtained in presence of metallic ions w

s considerably stronger than thof under salt-free conditior’s®
Besides, anionicgymers can crosslinked with metallic ions
form hydrogels. lonically crosslinked chitosan togkls were
formed by complex formation between chitosan andtrde
sulphate or polyphosphoric  aci®*® Doxorubicin  was

9s encapsulated in nanoparticles ois chitosan hydrogels. These
particles act as controlled drug delivery matrixdhypwing no-
cytoxicity and minimal burst relea:
3.3.1.2. Crosslinking by crystallization

90 Aqueous solution of polyinyl alcohol) forms gel at rooi
temperature with low mechanical strengBesides, aqueous
solutions of PVA form highly elastic gel througheBe«-thawing
process?! The properties of the gel depend on the molec
weight of PVA, PVAconcentration, teperature and time of

os freezing and the number of freezing cycles. Genfation was
attributed to the development of PVA crystalliteieh act a:
physical crosslinking in the polymer netwc?! The synthesized
optimized gel werstable upto 6 months at °C3?> BSA loaded
PVA gels were obtained by dissolving the proteirthie aqueou

100 PVA solution through Freezisawing cycle?

It was verified that with the addition of alginate the PVA

o5 solution before freeztrawing, the mechanical strength of ttel
was increased drasticallwhich was related with the reles
behaviour of the model drig*
3.3.1.3. Crosdinking by amphiphilic block and graft
copolymers
Amphiphilic block and graft copolymers can form hggels
through selfassembly in water, whe the hydrophobic segments
of the polymers are aggregated. Amphiphilic diblaokolymes
form micelles, larellar phases, e®?® Physically crosslinked

105 hydrogels are usually obtaindtbm multiblock copolymers or

This journal is © The Royal Society of Chemistry [year]
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graft copolymers. e0 3.3.1.5. Crosslinking by protein interactions

The biodegradability of poly (glycolic acid) and eth Tirrell and Cappello first established a new clagsydrogels
biocompatibility of poly (ethylene glycol) offered design block ~ Using protein engineering in materials chemistigeseci?'>* *>°
copolymer based hydrogels for drug delivery appitices. For The main benefit of these hydrogels are the sequehpeptides.
example, PEG-PLGA based triblock polymers were hbpesl This characteristic helps to control the physicatl &hemical
and reported®3® The thermo-reversible gels were formed at properties by the proper design of the genetic dodgynthetic
low concentrations in water via micelle formatidrhe critical ~ DNA sequence®*

gel concentration and gel-to-sol transition tempee (i.e.  With the help of genetic engineering, Cappello ansl ¢o-
UCST) depend on the molecular weight as well as tm t workers developed sequential block copolymers whightain
composition of the blocks. The PEG-PLGA-PEG block silk-like as well as elastine-like blocks. The dike segments
copolymers also exhibits LCST, which make them eiitra for 7 were associated through hydrogen bonding to forta beands
drug delivery applications, since the polymers rienia liquid or sheet$>® 3%°*They undergo an irreversible sol to gel transition
state at room temperature and gel state at bodyeterure®?’ with time in physiological conditions owing to ctgBization of
Triblock copolymers with PEG and lactides were prep by  the silk-like domains. The rate of gelation andsmeuent drug
ring opening polymerization (ROP) for the releaseB&fA and  release depends on various factors like concenrapolymer
fibrinogen®2°3% Contrary to BSA, fibrinogen showed almosts cOmposition, and temperature. The drug releasedegiends on
linear release rate. This indicates a reservoig delivery system  the water content of the gels and the moleculaghtei of the
and incompatibility of the protein with the aqued®EG phase.  incorporated species and follows first-order reldasetics.

Kissel et al. described the synthesis, characteristics of Some natural proteins havinghelices (coiled coils) structure
microspheres of triblock and star-branched blogbotymers for ~ were characterized by a hydrophilic and a hydrophphrt due
protein delivery Systerfi*-338 s to the repeating unit of amino acids with differgotarities. The
Multiblock copolymers of PEG and PLGA were prepatgd  proteins undergo conformational transition in reme to
polycondensation of dicarboxylated PLA and PEG3*Graft ~ temperature and pH.

copolymers of PEG and PLA were developed for protei Tirell and co-workers genetically engineered a peptide which
releasé** Multiblock copolymers of PEG and poly (butylene is called ‘leucine zipper’, also demonstrated thbove
terephthalate) were investigated by Feijen and ckeve®? sscharacteristicS?® The hydrogel formed by the coiled-coil
Anirudhanet al. developed a novel composite hydrogel, namely interactions slowly make a viscous solution withcreasing
maleated cyclodextrin-grafted-silylated montmoriite ~ temperature and pH (above 8.8opecek and co-workers used
(MACD-g-MPTMS/MMT) for colon specific tetracycline  coiled-coil forming natural and engineered proteins as
hydrochloride (TCH) delivery*® Anirudhanet al also reported ~ crosslinkers for poly [N-(2-hydroxypropyl) methatagnide] **”

a novel pH switchable gelatin based hydrogel viaftgry o >°° The proteins were connected with one end of thgrpel
method for the controlled delivery of the anti candrug 5-  backbone through metal complexes between histittige and
fluorouracil®** Boruah et al. described the preparation of a Mmetal-chelating ligands on the polyniaf.

biocompatible nanocomposite hydrogel based on CMTA4 3.3.2. Chemically crossinked hydrogels

and organo-MMT nanoclay by using methylene bis{aonjde o ] o

(MBA) as a crosslinker and potassium persulfate (KRSan  3-3-2.1. Crosslinking by radical polymerization _
initiator through radical graft polymerization faelease of ° Chemically crosslinked gels can be synthesized mjicad
vitamin B12%° Kajjari et al. described acrylamide-grafted-guar POlymerization of low molecular weight monomers the
gum (pAAm-g-GG) blended with chitosan (CS) hydrogei  Presence of crosslinking agen&cheme 3

ciprofloxacin  delivery**® A Stimuli-responsive  bacterial I, - 2
cellulose-g-poly-(acrylic acid) hydrogels were istigated as an Initiator Radical form
oral delivery system for proteins by Ahmetal3*’ R
3.3.1.4. Crosslinking by hydrogen bonds Li‘ /R " .
The complex was prepared using poly (acrylic acigdly /C=C\ —®» M C—C—R + H
(methacrylic acid) with poly (ethylene glycol) amdainly the R H R
hydrogen bonding interactions between the oxygethefpoly Monomer PO
(ethylene glycol) and the carboxylic group of péigethacrylic Crosslinker
acid) predominates3*® While for poly (methacrylic acid),
hydrophobic interactions also play a rdt& Hydrogen bonding 2 R
interactions were also observed in poly (methacrgcid-g- A’ /\/ ,HJJJ
ethylene glycolf*® 3%° The hydrogen bonds are only formed CWC\
when the carboxylic acid groups get protonateds ®uiggests r“’J \ _QOWC/R
that the swelling of these gels is strongly depahda the pH. /C)< K
Using the concept of hydrogen bonding of the dowitdands in
DNA, Nagahareet al. was designed a hydrogel system in which Crosslinked hydrogel
crosslinking was established by hybridization. Ttusweloped Scheme 3 Mechanism for synthesis of crosslinked hydrogesuigh
oligodeoxyribonucleotides and polil( N-dimethylacrylamide- 100 radical polymerization
co-N-acryolyloxysuccinimide) based hydrogels at moo . ) . )

351 Wichterle and Lim first described poly (2-hydroxyet

temperature, which were dissociated at higher teatpe
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methacrylate) based chemically crosslinked hydrogseing e covalently connected with complementary group® &k amine-
ethylene glycol as crosslinkér. carboxylic acid or an isocyanate OH/NH reaction bgrSchiff
Using this technique, various hydrogel systems werebase formation.

synthesized®® The hydrogel's features, mainly the swelling can 3.3.2.2.1. Crosslinking with aldehydes

s be controlled using the amount of crosslinker. Mege, stimuli ~ Polymers containing hydroxyl groups, like poly (yiralcohol)
responsive materials can be obtained by the additbe.g. e Was crosslinked using glutaraldehytde.**!In drastic conditions
methacrylic acid as pH-sensitve ¢éfs or N-  like low pH, high temperature and in presence oérminer
isopropylacrylamide as temperature responsive gels. (methanol), they form hydrogel. Besides, amine-pesmwere
Additionally, by radical polymerization of mixturesf vinylic ~ crosslinked with the similar reagent under mild ditions by

1o monomers, chemically crosslinked hydrogels can ate  forming Schiff Scheme 3t
obtained. 70 This was observed previously during the preparatioin

Hovgaardet al reported dextran crosslinked with diisocyanate crosslinked proteins (e.g. albumifi? gelatin*** ***and amine

hydrogel through radical polymerization for colopesific ~ containing polysaccharide¥). Crosslinking of gelatin using

delivery of hydrocortison&®? Edmanet al described dextran- polyaldehydes obtained by partial oxidation of demtwas
15 glycidylacrylate based hydrogel by radical polyraation using ~ developed for the application of wound treatnihit.

N, N, N, N'-Tetramethylenediamine and ammoniurv

peroxydisulphate as initiator all N'- methylene bisacrylamide oH  oH

as crosslinket®® ***\Water-soluble polymers other than dextran, e N GO (P

namely  albumif® hydroxyethyl  starci®*3®®  poly-
20 aspartamidé®®-3" poly (vinyl alcohol}’? and hyaluronic acif® o O

were also derivatized with methacrylic groups udimg process \-\\ /‘/J

~——NH;
developed by Edmagt al Synthesis of methacrylated dextran ”

Crosslinker
using glycidylmethacrylate and catalyzed by N4-( N- H
dimethylamino) pyridine was described gn Dijk-Wolthuiset
-5 al 37 \—w \'(”J

Methacrylate groups were also introduced into dexinolecule

using methacryloyl chlorid&> 37® methacrylic anhydrid&’’ Crosslinked hydmgel
bromoacetyl bromide and sodium acryl¥feBesides, hydrogels Scheme 4 Mechanism of crosslinking by chemical reaction of
were also prepared by introducing methacrylic gsoirpmono- complementary groups

2 and di-saccharides using enzymes as catiy&!The synthesis
was carried out in anhydrous pyridine and the petslobtained
were of high yield (75%). In contrast to chemicaéthods,
enzymatic synthesis also results in a very gootbsetgctivity.
Hubbell and co-workers developed macromers havingolg

35 (ethylene glycol) central block, extended with ofigers of a
hydroxy acid and terminated with acrylate groups. rBglical
polymerization of the acrylate groups of the maceorhydrogel
was formed. Radicals were produced after exposutévidight

The in-vitro andin-vivo biocompatibility of dextran dialdehyde
s crosslinked hydrogels was asses$éd.Poly (aldehyde
guluronate) was used to develop hydrogel by cnasslg with

adipic acid dihydrazid&® Herein, daunomycin was covalently
connected with the gel during hydrogel formatiormubomycin
was released from 2 days to 6 weeks due to hydsolyb
ss crosslinking linkagé® Aleuronic acid hydrogel films were
developed with adipic dihydrazide followed by ciladsng with
poly (ethylene glycol)-propiondialdehyde. These rogrls were

O.f an aqueous solution of the macromer.a.n.d in pq‘esef 2,2 enzymatically degradable and used as matricehécaontrolled
40 dimethoxy-2-phenylacetophenone photo-initiator aligsd in N- release of antibacterial and anti-inflammatory dfifgs

vinylpyrrolidone solvent® The UV-curable PEG-PLA-acrylate ;, 335 2 2. Crosslinking by addition reactions
gels were used as matrices for protein deliVety®>van Dijk-  \water soluble polymers can be converted into hyelogsing
Wolthuis et al synthesized dextran derivatives by introducing f,nctional crosslinking agents through addition ctims.
hydrolytically sensitive groups to a dextran baakio The Polysaccharides can be crosslinked with 1, 6-
4 hydrolysable groups are either a carbonate est@eitHEMA hexamethylenediisocyandt®, divinylsulfone?®? or 1, 6
ora combinatigsré of carbonate ester and lactic goadips (Dex- o, hexanedibromid&” The properties of these hydrogels can be
lactate-HEMA): . modified by the changing the concentration of toéymer and
Dextran-based hydrogels were also developed viaidieed  the amount of crosslinking agent. Organic solvemis more
polymerization technique by Zhareg al. Dextran was modified  preferable for this type of crosslinking reactioman that of
sowith acryloyl chloridé®” or allyl isocyanaté®® The dextran  water. because water can also react with the By agent.
derivatives were dissolved in DMF with a poly (DJdctic acid) ,, Besides as the crosslinking agents are very tohics either the
diacrylate macromer (PDLLAM). These gels were iiggéed  gels were extracted or crosslinkers were removetitamedical
as matrices for the release of albumin. Its releee® dependent applicationg’% 403
on the gel composition and was expressed by a ¢@tidh of  Recently, Hubbell and co-workers developed a degteda
s diffusion and degradation of the matffX. crosslinked hydrogel by reaction of PEG-dithiol WIiPEG-
3;?32-251 Crosslinking by chemical reaction of complementary . acryiate for delivery of albumiff* Gel formation occurred at
group room temperature and physiological pH. The hydmgeére

Water-soluble polymers containing -OH, -COOH, -NHgrs . . . . .
are used for the formation of hydrogels. Polymesn de degraded in physiological conditions because ohgfttrolysis of

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00-00 | 13
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the ester bonds in the network within 5-25 d&s.
3.3.2.2.3. Crosslinking by condensation reactions
Condensation reactions between hydroxyl or aminespy with
carboxylic acids or derivatives are commonly fornpedyesters
s or polyamides, which can also be utilized for tlyatkesis of
hydrogels. Feijen and co-workers described the gregjpn of
gelatin hydrogels using 1-Ethyl-3-(3-dimethylaminopyl)
carbodiimide / N-hydroxysuccinimide (EDC/NHS) mix¢gr The
hydrogels were synthesized for the release of acihial
10 proteins?®
alginate and PEG-diamines using EDC. The mechapicglerty
was modified by the amount of PEG-diamine and tlodeoular
weight of PEG'®®

45 of water molecules generates hydroxyl radicals ctvltan react
with polymer chains and form a macroradi¢4fs.These
macroradicals on different chains connect with eatfer to
form crosslinked hydrogel by covalent bonding. Radia
induced hydrogel formation reaction is generallyfaened in

so inert atmosphere (of nitrogen or argon), becausegénerated
macroradicals can react with oxygen in the propagaitep. In
presence of high energy irradiation, poly (vinydatiol)*** poly

(ethylene glycof***® and poly (acrylic acid}’ were

Mooney et al developed covalently crosslinked crosslinked to form hydrogels. Thermo sensitive rogel was

ss Synthesized and reported by irradiation of aquesmistions of

poly (methyl vinyl ether}& 49

The advantage of hydrogel formation using radiatfmuced

Cresceziet al. synthesized polysaccharide hydrogels using thecrosslinking method is based on the fact that phizess can be

1s Passerini and Ugi condensation reactidsheme 5407 48

Passerini condensation:

R'——COOH )k
R"——CHO — R R‘"
R"——NC

a-(acryloxy) amlde
Ugi condensation:

R'——COOH
R"——CHO
—_— R Rw
R"——NC
R™ NH, R.m

a-(acylamino) amlde

Scheme 5 Passerini and Ugi condensation reactions

In the Passerini condensation reaction, a carbomxadid and an
aldehyde or ketone are condensed with an isocydaigeoduce
20 o-(acryloxy) amide. On the contrary, in the Ugi densation an
amine is added to a carboxylic acid and an aldelyydieetone

mixture yielding o-(acylamino) amide. The reaction can be

carried out in water at slightly acidic conditiomdaat room
temperature. Passerini condensation creates esbeidet
25 crosslinked hydrogels, which are generally degrad@mbient
temperature and pH 9.5. While synthesized gels fthenUgi
condensation contain amide crosslinking were stablger the
above conditions.
Yui et al developed PEG-hydrogel
30 hydrolyzable polyrotaxane. This hydrogel has editgkages,
which was degraded by the hydrolysis of this bdre hydrogel
was developed to be used as scaffolds for the ezgton of soft
tissue?®
3.3.2.3. Crosdlinking by high energy irradiation
35 High energy irradiation, in particular gamma anection beam
are used to polymerize unsaturated compounds. Taerw
soluble polymers which have vinyl groups can forydrogels in
presence of high energy irradiatici$.Hydrogels can also be
synthesized by radiation-induced polymerization aufryloyl-
a0 proline methyl ester and a suitable crosslifk&Besides, high
energy irradiations also produce crosslinked watduble

crosslinked by a

carried out in water medium under mild conditionr®om
e0 temperature and physiological pH). Moreover, thiézation of

crosslinkers (which are normally toxic) is also ialeal.

Biologically active materials are generally loadeftera their

preparation because the radicals formed duringliaten may

damage the materials.

65 3.3.2.4. Crosslinking using enzymes

Sperinde et al. synthesized PEG-based hydrogels using an

enzyme'®® PEG was modified with glutaminyl groups (PEG-Q
420 Then, trans-glutaminase was added to the aquemdusoss
of PEG-Q and poly (lysine-co-phenylalanine) to form
70 hydrogel*® The enzyme catalyzed the reaction betweenythe
carboxamide groumf the PEG-Q and theg-amine group of
lysine to produce an amide linkage between the rpefg*?°
Westhauset al. developed a triggered hydrogel containing
mixture of Ca-loaded liposomes, fibrinogen and a @peddent
transglutaminas& This mixture formed gel rapidly when heated
to 378 °C. On heating, the liposomes were destabilend Ca-
ions were released in the surrounding fluid and k&meously
activate the enzyme.

3.4. Methods of curing

7

a

o The curing process for developing the advanced mety
composites is based on thermal curing, in which dkien or
autoclave is widely used. According to the curingchmnism,
the curing technologies can be categorized as tradiguring
and thermal curing?®

3.4.1. Radiation curing

Radiation curing is based on the bond breaking dfat@®n
sensitive polymers in presence of high energy elawgnetic
radiation such as accelerated electron b&if§ gamma ray
and x-ray,**® *?yltraviolet curing.*** **' The radiation curing
offers some distinctive technological advantagempmared to
thermal curing, including improved resin stabilithandling
flexibility, fast curing speed, energy efficienaydaso on.

3.4.2. Thermal curing

Thermal curing is the most popular curing method gfolymer
composites. Recently, various thermal heating psmsesfor
thermal curing has been used, including infraredsel,
microwave, hot shoe, hot gas, flame, oven, induactidtrasonic,
resistance heating and etc. Based on heating msahan
radiation curing can be classified as- radiatioating (infrared,

85

90

95

polymers without additional vinyl groups. Irradi of aqueous 4 Jaser and microwavéj?“%” convection and conduction heating

solutions of polymers can also form radicals on flodymer
chain by homolytic scission of C—H bonds. Moreovadiolysis

(hot gas, flame, oven, and hot sht®)**°induction heating®
ultrasonic heatind®® resistance heatifitf*** and thermal
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additive-based heatirf§**4®

4. Conventional Drug Ddlivery Systems (CDDS)
and Controlled Drug Ddivery Systems (CRDDS)

T Toxic level

— L3 i — MSC
’ L G o—ii. % Zero order
controlled
relegse

Sustained
release

3 MEC
*...Repeated doses

Plasma drug concentration

~ Single dose of
-~
=~ ~ _ coaventional
tecrmulation

Desired time of action

s Fig. 9 A Schematic diagram foconventional andcontrolled drug
delivery. (MSC =Maximum Safe Concentration, MEC Minimum
Effective Concentration).

4.1. Conventional Drug Delivery System

Drug delivery systemdeveloped for oral delivery are genere
10 through conventional delivery systems. These aee system:
which are designed for immediate release of s for rapid
absorptiorf*® **°FromFig. 9, it is obviousthat the conventional
dosage does not maintain the requididg concentration in
plasma foran extended period of time. The short duratio
15 action is because of the inability of conventiodasag form to
control temporal delivery.
The conventional dosage forms suctcagsule, tablets e have
some drawbacks like drugs with shdrali-life need frequent
administration, which increases tlpeobability of missing th
20drug doses. This lead$o poor patient complianceThe
unavoidable fluctuations dhe drug concentratic in the blood
may lead to under medication or oveedication as the stea
state concentration values fall or rise beyond therapeutic
range. The overdosing results thBuctuaton of drug
25 concentrations, which causeslverse effects particularly of
drug with minute therapeutic indeka order to overcome tt
shortcomings otonventional drug delivery systems, contro
drug delivery systems were desigrthédt revolutonized the drug
release system amdfer several therapeutic bene.***

30 4.2. Controlled Release Drug Delivery Systems (CRDDS):

A controlled drug delivery system is typice designed to deliver
the drug at a controlled rate. Safied effective bloodevels are
maintained for a period as longtag system continues to deliy
the drug. This predetermined ratedsfig release ibased on the
s desired  therapeutic concentration and the  drug's
pharmacokinetics. Besides localized the drug action by sial
placement to the targeted c&fl.
CRDDS overcomes patient compliances, reduce or alie
local side effects, minimize or eliminate systerside effects
40 reduce drug accumulation with chronic dosing. $oaiimproves
efficiency in treatment, reduced tfiectuation in drug level, an

enhanced the bioavailability of drugThe average cost of

treatment over an extended periof time may be less. It

enhanced therapeutic benefits and red the side effects. The

time required for health careas also reduce®

4.2.1. Oral Controlled Drug Delivery Systems:

Oral controlled drug delivery systerrprovide constant oral

delivery of drugs atexpected and reproducible kinetics fc

programmed period during the course of transport. It also
ss delivered thalrug to a specific targeted region in the Gl tfac

either a local or systemic actiéts.

[453,454]

AN

Vaginal
[464, 465]

Injectables
(Subcuta-
neous)
[458]

Intra-
uterine
[461]

Fig. 10 Common modes of drug delive

s5 4.2.1.1.Challenges of oral mode of drug deliv
Among the various modes of drug deliveFig. 10,%%%¢" the
70 oral mode is the most convenient one. Howevet,teg curren
knowledge on mechanism of drug absorption, trarssid
microenvironment of human gastrointestinal tracinisomplete
and poorly understood. The physiology of the gastestinal
tract is beset with constraints like chemical degradafiorihe
75 stomach, gastric emptying, intestinal motility, rasal surface
area, specific absorption sites and metabolic diedgi@n during
passage through mucosa and subsequently the Tikeranimal
models(e.g. beagle dog) used during the design phadeediral
controlled release products have different anatamiand
so physiological aspects (specially, the marked diffiee in transi
time and pH in various parts of gastrointestinact) relative to
human subject¥?
The most prominent among these challenges is thsh
so environment of the stomach, where enzymatic degi@adaf
many drugs like the polypeptides (e.g. insulin)eskplace
Further, certain drugs like the salicylates can algen the
stomad lining, leading to gastric ulcer. The only sodutito
these problems is to enclose the drug in a matax protects i
ss during passage through the harsh environment ofstbmack
and should release the drirg the lower gastrointestinal tra
This gatric bypass can be achieved through the folloy
strategies:
80 4.2.1.1.1.Delayed release formulatic In this case, the matrix
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releasedthe drug after a time delay. This time delay car
adjusted to cover the gastric region transit tiflee matrix in
this case essentially consists of crosslingetymer:. Here the
extent of crosslinking controls the time delay.

54.2.1.1.2.pH triggered drug releasepH of stomach is acidir
while that of lower gastrointestinal tract is nalfalkaline. This
difference n pH can act as a trigger for drug release intc
lower gastrointestinal tract (bypassing the gastrégion).
Evidently, this involves a drug delivery matrix whi does na

w0 significantly release the drug in acidic pH (of reach) anc
releases it at a noh faster rate in the neutral/alkaline pH
lower gastrointestinal tract).
4.2.1.1.3Drug release from matrix degradable by colonic i
flora: The drug can be enclosed in a matrix that isaffected

15 (and can protect the drug) by the stomach envient, but
undergoes biodegradation by colonic micro floravidbsly, the
drug remains protected during the gastric traned as the
matrix gets degraded in the colonic region, théamed drug get
released for subsequent absorption.

20 4.2.1.2 Classificaon of Oral Controlled Drug Delivery Syste:
The classification of oral controlled drug delivesystems it
shown inFig. 11

Oral Controlled
Drug Delivery
Systems

Diffusion and
Dissolution
Controlled
Svstems

Dissolution
Controlled
Systems

Diffusion
Cantrolled
Svstems

|

Matrix Fncapsulation |
Reservolr Matrix Dissolution Dissolution
u Devices Devices Controlled Controlled
Systems | Syslems

Fig. 11 Classification of oral controlled drug delivery tam:

25 4.2.1.2.1. Diffusion Controlled Systems:
4.2.1.2.1.1. Reservoir Devices:

Reservoir systems are hollow devices in which amr core of
the drug is surrounded kgy polymer membrane. In this devi
the drug core is encapsulated in a polyn membrane. Drug
30 diffusion through the membrane rigte limiting ani controls the
overall drug release rate.gaturated concentration of drug ins
the reservoir is essential to maintain a constant cotnagor
gradient across the membrane. The drug transpochanésn
through the membrane is usually a solutifiifiusion mechanism.
3s Drug transport occurs first by dissolution the drug in the
membrane on one side followed by diffus through the
membrane and desorption from the o side of the
membrané®> *®®The drug release rate is dependent on the
of polymer. High molecular weight compounds are diffico
40 deliver through the device.
4.2.1.2.1.2. Matrix Devices It consists of drug dispersed
homogeneously on a matrix surfack. matrix (or monolith)
device is easy to formulate and gives a higheial release rate
than a reservoir device and can be made to rek#taaenearly

constant rateHigh molecule weight compounds are delive

through the devices.

4.2.1.2.2Dissolution controlled systel

Sustainedelease of the oral products empoly the cution as

the rate limiting step. In this system, the drugtipkes cal be

coated with material of varying thickness or bypeising then
ss in a polymer matrix.

4.2.1.2.2.1.Matrix Dissolution Controlled Syste It is also

called as monoliths. The drugdsspersed in media such as b
s0o Wax, carnauba wax, castor @hd so or which controls drug

dissolution by controlling the penetration of disgion fluid into

matrix. This can be controlled by altering the i of the

tablet matrix.

4.2.1.2.2.2Encapsulation Dissolution Controlled Sys:

This method involves the coating of particles argres of drug

with slow dissolving materialParticles, seeds or granules

be coated by microencapsulaticThere are several ways for

coating. A common method is to coat the seeds thi¢ghdrug
o followed by a coat of slow dissolving materials such

carbohydrate sugar, cellulose, polyethylene glyqalymeric

material and wax.

4.2.1.2.3. Diffusion and Dissdlan Controlled Syste

The main feature of this systentlt the drug is enclosed witt

partially soluble membraneln this system, he drugs were
7s homogenously dispersed in a matrHowever, the drug is

released from these system is eitthrough swelling controlled

mechanism or by hydrolysis or enzymatic att The drug

release from this type of matrix follo zero order kinetics.

5. Polymeric hydrogels as matrices for drug
delivery

A smart polymeric drug delivery system must overeoail the
restrictions and drawbacks of conventional therapeutients
os and should hold the characteristic properties otibgradability
biocompatibility, as well as nc-toxicity.*®® Recent
advancements in polymer science have led to thelolgment o
biopolymers based various hydrogels for hiomec
applications. Biopolymers are generally of two typestural anc
100 Synthetic polymers. They have a strong backborenaafficient
factor of drug delivery. Foexample, forcolonic drug delivery
systems, polymers should efficiently release theydn the color
and should notelease at the stome or small intestine due to
degradation. For instance, guar gum, HPMC, dexttanhave
105 proven to be best suited for colonic delivery as its yenatic
degradation occurs via the hydrolytic cleavage bfcasidic
bonds*° Consequently the individual properties of polymees
vital for their use for specific gans. The synthetic
biodegradable pgimers have showed an immense role for t
110 USe in drug delivery devices.

9s 5.1. Application of various hydrogels in controlled drug
delivery

Controlled drug deliverysystens considered as advanced
materials which improve the fundamental area inmgdical
field for human health care. Thedelivery systerr offer various
advantages over conventiondfug delivery systen. These
15 include improved efficacyreducer toxicity, improved patient
compliance and convenience along with the releéthe drug at
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a specific rate with sgial manner within the body accomplish
the specific therapeutic requirementHydrogels, among tt
different controlled-releasesystems developed so far, h:
particular properties such aapability to mimic many physic
s properties of tissuebjocompatibility potential responsiveness
small environmentathanges (e.g.temperature, pH, and i
concentration)and their ability to store functional chemicals i
nanoparticles. These characteristicake ther to be potentially
considered as one of the ideal future contrirelease systems.
10 The hydrogel-based drutdelivery systems argenerally of two
types: (i) time-controlled systems ang §timuli-induced release
system$’ 472 The stimuliinduced release syste are also
referred to as  ‘stimulsensitive’,  ‘stimul-responsive’,
‘environment-sensitive’, ‘environmen-responsive’, or
15 ‘responsive’ hydrogel systems. Respigashydrogel systems a
designed to deliver the dru@s response to variable condition
so that it can fulfil thephysiological requirements at the accu
time and suitable pladé® There are several reports on hydrog
including modified biopolymeric hydrogels based agar,
20 chitosan, dextran, carrageenan, gelatin, gellan , glkonjac
glucomanan, locust bean gum, cyd#atrin, guar gum, sterecu
gum etc. for drug delivery applicatiohs*

5.2. Release mechanism from hydrogel matrices

The drug releasmechanism from hydrogels mainly classified
s as: (i) diffusion-controlled, (ii) swellingontrolled, and (iii)
chemicallyeontrolled. According to Fick'first law of diffusion,
the diffusioneontrolled release is mostly applicable mechar
to explain the drug release from hydrodéfsThe drug diffusion
from the hydrogel matrix is mainly dependent on tinesh size
a0 Within the matrix of the gel’®which is influenced by numerot
factors such as the degree of crosslinking, chdmtcacture of
the monomers as well as intensity tife external stimuli
Besides, mechanical strength, degradability, difitsi and
other physical properties of a hydrogel network @also
s dependent on its mesh sfZ&*"®Typical mesh sizes reported
biomedical hydrogels are in the range 100 nm (in their
swollen state}’® " which are much larger than most sI-
molecule drugs. Therefore, diffusion of these drugsnot
significantly retarded in swollen state. For the eBing-
40 controlled mechanism, diffusion of the drug is fficantly faster
than hydrogel swelling. Here swelling is considetedbe the
controlling factor for the release behaviér*"®
Besides, chemicallgontrolled release is determined by chem
reactions, which took place within the hydrogel nixat The
4s reactiongnclude polymeric chain cleavage through hydrolytit
enzymatic degradation, or reversible/irreversitdaction. This
is occurred between the polymer network and the reteasug.
In addition, under certain circumstances, the sarfar bulk
erosion ofhydrogels or the binding equilibrium among the ¢
so binding moieties within the hydrogels are two diffiet
mechanisms which also coalled the rate of drug relea*’* #°

6. Dextrin, a potential biopolymer

Although developments of various biopolync hydrogels based 10

on agar, chitosan, dextran, carrageenan, gelaghang gum,
ss konjac glucomanan, locust bean gum, guar gum, ctisegum
etc. have already been developed and reported iéonealical

applications by different research gro****? put the

75 development of modified dextrin baschemically crosslinked
hydrogels as oral administration for controlled drug rele
applications were reported for the first time byr @roup*®
Dextrin islow molecular weighisaccharine polymer, produced
by acid anddr enzymatic partial hydrolysis of sta or glycogen.

g0 It consists ofa-(1— 4)-D-glucose units of amylose and th-
(1—4) and a-(1—4, 6)-Dglucose unit of amylopectin with
lower polymerizatiorf®* They contain only less than 58-(1—
6) links, therefore show minimal branchinFig. 12.%%2 It has
same general formula as sthrch, bt smaller and less complex.

ss The degree ofhydrolysis is expreed in “dextrose equivalent”
(DE) which is a measure dhe total reducing pow.*8 484
Dextrin with the same DE can exh different characteristics in
hygroscopicity, fermentability, viscosi sweetness, stability,
gelation, solubility, and bioavailability, whi may be because of

o the different structural featuré.

OH OH
e] o O oH
HO 0 o] o
HO OH
OH OH HO
1, 4 linkage Dextrin 1, 6 linkage

75
Fig. 12 Chemical structure of dexti

Dextrin is aninexpensive raw material, generally regarde
safe (GRASY® It is a widely used marial with a variety of
applications such as adhesives, fc, textiles and cosmeti¢&!
o5 In biomedical applications, dextrin still relatively unfamiliar
than other polysaccharidedt is biocompatible and ne-
immunogenic material, degradalin-vivo by a-amylases and its
molecular weight ensures renal elimination avoiditigsue
accumulationbecause of the repeated administra®® “¢7 |n
100 Spite ofits limited number of recent biomedical applicasy
49 the numerous advantage$ dextrir ensure its use in the
biomedical field. Thus the solubility in water, presence
hydroxyl groups, mcompatibility and degradabili give
immense prospectivi® dextrinfor the design and fabrication of
105 hydrogels. The proven clinical tolerability and proficiel
absorptiondue to degradation by amyla*** “*?also provide
sufficient worth to dextrin itiomedical application:
The surface morphology of dextrwas investigated using SEM
woand FESEM analysesAfter complete drying, dextrinwas
sputtereoated with gold, and the surface morpholocwere
analyzed by SEM (Model: -8400N, HITACHI, Japan) and
FESEM (Supra 55, Zeiss, Germany) analyses. FSEM (Fig.
139 and FESEM Fig. 130 analyse, it is obvious that dextrin
105 has fine oval shaped granular morphol:

488-

- |58

Fig. 13 Images of dextrin (a) SENXMagnification 1.50

k, scale bar =
um) and (b)FESEM(Magnification 756 X, scale bar = jifh).
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Hreczuk-Hirstet al and Molinoset al. described théH-NMR aggregates in water, stable (over 2 months) natiolear with a
spectrum of dextrin in ED. It was observed that the peaks narrow size distributiof®® A diameter of about 20 nm was
betweens 4.0 andd 3.4 ppm are assigned to protons at positionsdetermined by DLS and AFM. The cmc value, aroun@DD.
2, 3, 4,5 and 6, whereas the pea& at4 ppm is attributed to the 45 g/dL, was determined using pyrene as a fluorespesibe and

s glucose anomeric proton. The spectrum also shoveedadl peak  confirmed by DLS'®
atd 5.3 ppm corresponding to the anomeric proton spording

(o]
to a-1, 6 linkages (< 5% of the total dextriif: 4% {o ! o
o_—
6.1. Dextrin based various hydrogels Ho o o], OH
Abo-Shoshaet al. reported polyacrylic acid/dextrin (PAA/D) 7 DMSO / TEA ’h’w S o-
w0 adduct which was prepared by free radical polyration of Dextrin-VA e o= "
highly concentrated, partially neutralized acrylicid using +
Na,S,04/Na,S,05 redox systenf® Rheological properties of 7% HE~ A S S VN

aqueous solutions of these adduct, including Naxalg (Alg)
showed non-Newtonian, shear-thinning, thixotropiehdwior.
15 Within the range of shear rate studied, the appatisnosities of
adducts were also measuféd.
There are also few reports on dextrin-adducts fomedical
applications For examp|e Carvalhet al. reported on the Again, the inﬂuence Of the degree Of SubStitutt[m the Self'
synthesis of hydrogels obtained by free radicaymetization of ~ assembly process of a hydrophobized dextrin polyrdere
2 dextrin-VA (Scheme J§ with different degrees of substitution Was evaluated by Goncalves al**’ Size distribution was also
and monomer concentration in wat&f. These hydrogels were evaluated by dynamic light scattering and transiomsglectron

. Dextrin-VA-SC (dexCyg)
1-hexadecanethiol

Scheme 7 Schematic representation of the synthesis of DexC

(Reproduced with permission from Ref. 496, Copyrig®07, American
s0 Chemical Society.)
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developed as scaffold materials for bioactive make@and cell
delivery, tissue engineering and a variety of othmmmedical

bl ﬁ\\;

Dextrin
Dextrin-VA

Vlrlyl aq:rylate

DMSO0, 72h, 50°C
Acetaldehyde

Free radical l APS, TEMED
polymerization

25 Hydrogel network

Scheme 6 Dextrin-VA synthesis and formation of the hydrogetworks
(Reproduced with permission from Ref. 495, Copyigh07, Elsevier
Ltd.)

The hydrogels were characterized using the solitestC
30 CP/MAS nuclear magnetic resonance (NMR) spectralyaisal
The NMR spectrum of dextrin-VA hydrogel (containiegoss-
linked acrylate groups) demonstrated that the caibr@sonance
was broadened and shifted from 167 ppm in dexténty 175

ss microscopy which showed that the particles wereespél
having a diameter of about 20 nm. The size of asffembled
hydrogel nanoparticles was assessed as a fundtibisgg also.
Goncalvest al. pointed out that the nanoparticles size was only
slightly influenced by D& or polymer concentration. The

60 Nanoparticles were stable in the presence of urdaatdifferent
pH and ionic strengtf?’

A novel superabsorbent nanocomposite was egizbd
through intercalation polymerization of partiallyeutralized
acrylic acid, gelatinized dextrin, and an organigAtmorillonite

es powder usingN, N-methylene bisacrylamide as a crosslinker,
Span-60 as a dispersant, and ammonium persulfgéehter with
sodium sulphite as a type of mixed redox initidf8fThe blood
compatibility of the composite was primarily measift®®
Dextrin-vinylacrylate hydrogels were prepared bydical

70 polymerization of aqueous solutions of vinylacrglatVA)-
derivatized dextrin for the controlled release abagtive
molecules’®®
The degree of acrylate substitution (DS) was datexch by
proton nuclear resonance spectroscdpyNMR) in D,O. They

75 also prepared dextrin-VA/amyloglucosidase (AMG) togkls
using different amounts of enzyme solution (dilutedlO U/mL
in phosphate buffer) to the dextrin-VA solutiti.SEM analysis
of three dimensional hydrogel slabs revealed a lhigiorous
structure’® Hydrogels with lower DS (10% and 20%) exhibit

s irregular pores, in the size range 20+if8.**° It was observed
that DS alter the pore morphology by up to DS 7@&reby
obtained a material with much lower porosity. Hoe DS 70%, a
smooth surface was observed by SEM and large paed,

ppm in the hydroget® The broadening reveals the heterogeneity consequently interconnectivity, were no longer olsa*°

s of crosslinked VA environments and the low fieldfishesults
from the chemical changes taking place around tmbonyl
groups upon the crosslinking procé%s.

Goncalveset al. used the dextrin derivatives (Dextrin-VA) for

the preparation of self-assembled hydrogel
40 (Dextrin-VA-SC),
substitution with hexadecanethidb¢heme ¥*°® DexC16 self-

nanimbest

ss The protein (bovine serum albumin) diffusion cagéfnts on the
hydrogels were analysed using the lag-time anafysighe
release nature revealed that it depends on thesdiify on the
crosslinking density. The release of BSAg, 14 from dextrin-
VA hydrogels, in the presence of amyloglucosidass wainly

dexGe by controlling the degree of o dependent on the diffusion and on the degradatioetiks. The

protein release can be tailored from days to mohthsarying
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the degree of substitutiéi®

A 100
Dnugo 9s9
_ 80 - . f" X1 A Hydrogel w/ 800 1. AMG
1< <
< oo g% x %X O Hydrogel w/ 400 uL AMG
% 60
3 g o °° € Hydrogel w/ 200 1L AMG
g 10 o o, X X Hydrogel w/ 40 pL. AMG
k| oo ©  xX X Hydrogel w/o AMG
E ot ¥
E T
X
0
0 5 10 15 20 25
Time (days)
B 100

B
B

B

s s B
= A LA o
P a o 5]

7 60 aA® Ao °o
= a D'é ° L
B °

2 A _gQo e @

< n9s0¢

AR T N1 o x
.—;;‘ 5%%09 xx,

T
¥

0 X
0 5 10 15 20 25
Time (days)
C 100
= 80
2
TE 60 abat
Z aat
z a0 ass 64
.-E‘- ab
g ap a
£ abb oO0ogo ©F04
S 20 oo o
ob <
| BSBEBD BB SH S5 5B H B RA|
0 5 10 15 20 25

Time (days)
Fig. 14 Cumulative release of BSA @L) from dextrir-VA hydrogels,
DS 20 (A), 40 (B) and 70 (C). The data points arerages of at lea
s three repeats that deviated less tB&# of the total amount of otein in
the hydrogels (Reproduced wittpermission from Ref. 499, Copyri
2008, Elsevier)

Garcieet al studiedthe structural changes of dextowing
to grafting of vinyl acrylate (VA)$cheme ).>%°

a o
o o
45
Ho OH ™ B &
o TS
o N,
Ho 0, oH

—
Gelation
o

0
H
)

OH
0.
o

0, — 0, o
Dextrin e o Enzymatic method .
DMS0, 50°C ooy
Dextrin-VA
i +
\A o
o
Vinyl acrylate —
Acetaldehyde

PR
e DMO{..
oG~ il
o
el
10 Dexirin-VA Hydrogel
Scheme 8 Schematic representation of: @)nthesis of dextr-VA and

hydrogel networks and (b) hydrogel crdimks. (Reproduced with
permission from Ref. 500, Copyright 2Q@sevie)

The degrees of VA substitution (DS) and polymerizati@®P)
1s were quantified up to 40%VAy FTIR intensity measuremer

and partial least squares (PLS)/FTIR, the lattendpai faste and
25 less error-prone methodn addition, the solid stat**C cross
polarization and magic angle spinning (CP/M showed high
carbon content for hydrogelnd mproved PLS/NMR models
were achieved for DS and DP determina®® Besides, a
correlation FTIR/NMR studyuggeste that ring conformations
s are significantly affected in hydrogels, comparea neat
dextrin3%
Wannachaiyasitet al. synthesized dextr—zidovudine (AZT)
conjugate designed as a sustained release prodrdgTo for
parenteral administratiorf Thereleasen-vitro of free AZT and
succinoylated AZT was explored in buffer soluticatspH 5.5
and 7.4 and in human plasma. AZT and succinoyl®&&d
release from the conjugate was 1.4% (pH 5.5), 41(jiP67.4)
and 78.4% in human plasma after 2< as reported by
Wannachaiyasiet al.>! Release was complete in human pla
45 after 48 h. A pharmacokinetic study in rats follagiintravenou:
administration of the conjugate showed prolongesmi level:
of AZT compared to free AZ¥ This study imply the potential
of the dextrinAZT conjugate as a new intravenous prepare
of AZT.>*

A new class of degradable dex-based hydrogels
(dextrinHEMA) was developed by Carvalhet al®®? The
hydroxyethyl methacrylate ester (HEMA) hydroxyl gps were
activated withN, N-carbonyldiimidazole (CDI), followed h
coupling between dextrin and the produced derigdtimateria
which was polymerized in aqueous solution to forr
hydrogels®> A comparative study of the stability of the dex-
HEMA hydrogels and dextriminyl acrylate has been perform
and it was observedhat only the first one is effective
hydrolyzed under physiological conditions. Rheologtudy
suggested that physicalrstturing is less pronounced wh
es dextrin is modified with methacrylate side gro®®? The

biocompatibility results revealed that the dextrydrogels hawv
negligible cell toxicity, irrespective of the hydyel type (HEMA
and VA)>*? Assembled the bioccpatibility and the ability to
tailor the release profilest, was concluded that hydrogel would
70 be a promising candidate for controlled releasdiegtjpn >
Treetharnmathurait al.reported a new biodegradal polymer—
protein conjugates of dextrimd trypsinwith improved stability
es properties® The dextrin Il4rypsin conjugate was more sta
than the other conjugates and native trypsin atealiperature
between 30 and 70°C, and also exhibited improvednitii
stability in the autolysis assayt 40 °C3* The dextrin ll—trypsin
conjugate underlines thpotential of higher molecular weig
7o dextrin 1l for protein conjugatic in the context of protein
masking with subsequerggeneration of activity (PUMF).>%

Silva et al depicted a comprehensive structural

characterization of several commercial dextrinsictvlwvere user

70t0 produce oxidized dextrin hydrogels reticulatedhwadipic
acid dihydrazidé®! The cytotoxicity of thecrosslinking agent
was evaluated and compared with fof glutaraldehydé&®!

The development of hydrogel networks based on ag
75 (Aga) and chitosan using oxidized dextrins as low cytimiibk

crosslinking agents was described by G¢-Mascaraqueet
al.>** Spectroscopidhermal and swelling analysrevealed good
compatibility of the components of the hydrogels, with
absence ofphase separation of the two polysaccharide

4

o

5!

a

6

=}
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Aga/Ch proportions of 50:50 and 25:78 Viscoelastic analysi
illustrated a constant storage modulus indepenakefiequeny,
typical of gels, for all materials, and indicatéatt their stiffnes:
was strongly ifluenced by the degree of oxidation of
s crosslinker.The overall results showed that by adjusting tha
content and varying the degree of oxidation of ¢rmsslirker it
was possible to obtain IPN polymer networks of jitglsgels ol
Aga and chemical gels of crosslinked Ch, or thati-IPN
networks formed between the crosslinked Ch and
10 polysaccharidesHg. 15.

Fig. 15 The chemical structure of chitosametwork obtained b
crosslinking with oxidised Dextrin. (Reproducwith permission from
Ref. 504, Copyright 2013, Elsevier Ltd.)

15 Finally, biological assays explained that cell aibe anc
proliferation was dependent on an array of propsrif the
hydragels that should be analysed in order to choosarticplar
material for tissue engineering purpod¥s.

A novel biodegradable, narytotoxic, chemically crosslinke:

20 porous hydrogel was developed in authors’ laboyatgrgrafting
poly (hydroxyethyl mehacrylate) in presence N, N-methylene
bisacrylamide (MBA) crosslinker through free radi
polymerization technique, which finds potential Bgation as
matrix for controlled release of colonic drug, aittic.* We also

25 propose that this polymerization reaction is Mid-type
addition Scheme @ We synthesized dextrin based hydrogel:
two techniques: (i) addition di, N-methylene bisacrylamide .
crosslinker to radical form of dextrin grafted polgr Reaction-
I, Scheme § and (ii) addition of crosslinker on radical forof

30 dextrin, after that monomer was addéeéctior-1l, Scheme 1)
The two different types of synthetic techniquesngigantly
affect the gel strength and accordingly releaséepatwasalso
changed.

We explained in details on the synthesis and cheriaation of ¢

s novel hydogel based on dextrin and p(HEMA) and its
application as matriXor delivery of colonic drug as well :
antibiotic (for colonic drug ernidazole and for antibic -
ciprofloxacin)* ® We also proposed that the hydrogel \
developed through the schematieps as shown Reaction - f

40 After modification, the physical and chemical profes were
also investigated in details.

SEM analyses showed that the granudppearance of dextr
was distorted after crosslinkingnd the morphology of tl
hydrogel became poroufig. 16.* ® The incorporation of pol

4s (HEMA) and crosknker onto dextrin backbone affects 1

crosslinkingratio as well as the structure of the hydr.
Reaction-I:
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55 Scheme 10 Probable mechanism of the formation of dextrin b:
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This leads to a change imicrostructure of dextr/pHEMA
hydrogel. Due to several interconnected pores in the hydr
water molecules can easily spread and hence dfie rate of
swelling. It wasalso expected that these porre the regions of

65 water permeation and interaction sites of extt stimuli like pH,
temperature, ionic strength étc.
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53 3 . i,
Fig. 16 SEM images of (a) dextrin an) Dxt/p(HEMA) 5 hydrogel.
(Reproduced from Redl, Copyright 2013, Royal Society of Chemis

The E-SEM image of &xt/pHEMA 5 in swollen stateFig.17),

s indicates that because of its excellent swellingratteristics, th
higher amount of water was retained in the hydragelcture
which results larger pore size after lyophilizat®

Date :12 Dec 2013
Time :13:32:01

EHT = 10.00 kv Signal A= SE1

CRNN(CU)
Mag= 500K X

Fig. 17 E-SEM image of ®@xt/pHEMA hydrogel (Reproduct with
permissiorfrom Ref. 6, Copyright 2014, Elsev.)

WD = 80mm

10

The stimuli responsive behavior of Dxt/p(HEMA) hgdel was
investigated by measuring the equilibrium swelliago at pH
1.2, 6.8 and 7.4 buffer sdlons at 37 °C. It was observed t
dextrin showeda declining trend of swelling with time whi
1s indicatesits solubility in aqueous solution. The hydrogehated
its equilibrium swelling at- 5 h Fig. 18.% It was also obvious
that c-Dxt/pHEMA demonstrate a faster swelling rate. T
observation can be explained on the basis of thsepice of pol
(HEMA) and MBA in the hydrogel structure, which emtec
20 the hydrophilicity of the network and facilitatdsethydration a
well as expansion of theetwork. In addition to that, the porc
morphology of the hydrogel also enhanced tiffusion of water
into the hydrogel network.As obvious fromFig. 18 that the
hydrogel showed pH dependent swelling behaviouis fiay be
25 because at acidic pH (i.eHpL.2), the hydrophilic groups prest
in the hydrogel network got protonated which himdirthe
formation of Hbonding with water. However, at pH 7.4, all
hydrophilic groups remain free and thus able tan more H-
bonding with the media. This results higlserelling?
30 The cell viability study suggested that the hydtotge nor-
cytotoxic against HaCaT cell linés.
The cDxt/pHEMA hydrogel was also used as oral route
administration for ciprofloxacin hydrochloride dedy.®
Biodegradation study showed that the hydrogel isldgoadable
sin nature. FTIR, X® along with solid state U-VIS-NIR
analyses explain the good compaithibetween the drug and t
hydrogel matrix The viscoelastic behavior of-Dxt/p(HEMA)
hydrogel wasinvestigated through measuremen rheological
parameters. The non-Newtoniashear thinning behavioof
w0 hydrogel was observédThe shear thinnir behavior of the

hydrogel wasattributed to the breakdown of - crosslinked
network of the p(HEMAJrosslirked to dextrirf.

250

—a— Dextrin (pH-1.2)
—e— Dextrin (pH-6.8)
—&— Dextrin (pH-7.4)
—w— c-Dxt/pHEMA (pH-6.8)|
—4— c-Dxt/pHEMA (pH-1.2)
—»— c-Dxt/pHEMA (pH-7.4)
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Fig. 18 Swelling characteristic of dextrin and various toghls at pH 1.:
and pH 7.4 (results represented are mean + = 3). (Reproduced from
Ref. 4,Copyright 2013, Royal Society of Chemis)

Further, the gel strength oflxt/p(HEMA) was studied via
s0o amplitude sweep oscillatomneasurementlt was observed that
both G' and G"are independe of frequency, which is the
characteristics feature of gel struct®® At all shear stress, G'
was higher than G" (G'/G" = 2.41), sugesting elastic nature of
the hydrogel. Besides, it was also seert beyond critical stress
es value ¢ = ~1000 Pa), both G' and (were declined to a lower
value Fig. 193, which suggests the ow behavior of the
hydrogel®® c-Dxt/p(HEMA) also showed tenerature dependent
swelling and deswelling behaviour which suggestriheersible
nature of the gel. Moreover the swelling and dekmgkinetics
70 were also studiedsing Voigt mode* ©
Thus the distinct features, such as soft tissuebi#haviournon-
cytoxicity, biodegradability, pH and temperaturepeleden
es swelling characteristics makeDxt/p(HEMA) hydrogel an ideal
candidate for sustained drug release applica
Our group also developed a new class of biodegte
70 crosslinked hydrogel, coisting of hydrophobic poly (lacti
acid) (PLA) and hydrophilic dextrin -Dxt/pLA) in presence of
crosslinkeN, N*-methylene bisacrylamide (MB/® The reaction
was carried out via free radical polymerizationht@que as
proposed irReaction-lI(Scheme 1).
By variation of reaction parameters, a series afrbgels were
prepared and the optimized grade was selected @mdkis o
75 higher % crosslinking efficiency and lower % eduilum
swelling®
The rheological features of@xt/pLA 3 hydrogel (1 wt%)was
studied in PBS media (pH 7.4) after reaching theilibgum
swelling (6 h),using Bohlin Gemir-2 rheometer (Malvern, UK).
8s The storage modulus (G") and loss modulus (G"-Dxt/pLA 3
were evaluated to measure the gel strength, at a cd
frequency of 0.5 Hz and different shear stressimgnfjom 0 to
400 Pa using parallel plate geometry, with a fite@al gap of 50(
um. FromFig. 19h it has been observed that at all shear str’
s was observedo be higher than " (G/G'= ~ 1.21) which
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suggeststhe elastic nature of the hydrogel. has also been
observedthat beyond critical stress value, bott’ and @&
declined sharply to a lower value, which suggests the 1
behaviour of the hydrogéf® This is also known as yield stre
s (o) of the hydrogel. It has bedaund that the yield stress o-
Dxt/pLA hydrogel is ~ 250 PaF{g.19h. Higher is the yielc
stress value stronger will be the gdbwever, the gel strength
c-Dxt/pLA is lower compared to Bxt/pHEMA (Fig.19

1.0x10°

c-Dxt/p(HEMA) hydrogel  (a)

TN

c-Dxt/pLA hydrogel

(b)
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©
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Fig. 19 variation of G' and G" vs. shear stres$a) c-Dxt/p(HEMA)
hydrogel, and (b) ®&xt/pLA hydroge

10

The hydrogel also showed pH rensive swelling
characteristics.The acute oral toxicity study of dextrin and p
based hydrogel was executed using five nulliporcamsd

1s nonpregnant weeks old female mice (Swiss albino str It
was observed that there was no mortality foundiwithe study
period of 14 days after dosing, confirming the -toxic nature of
the hydrogef.

0.50
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=}
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3
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/
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20 Fig. 20 Cell viability study of cBxt/pLA hydrogel usin HaCaT cell line.

Cell viability and proliferation study of Bxt/pLA hydroge was
performed using HaCaT cell line and MTT assay at°@7
Briefly, the powdered samples were made into pellets
assessing cell viability and proliferation. The lg&l were
25 sterilized using 70% alcohol and UV followed by Wiag with
sterilized PBS, pH 7.4. HaCaT cell lingCCS, Pune) wer
cultured in 5% C@atmosphere at 37 °C (Heracell 150i, Ther
USA) in DMEM (Himedia) supplemented with 10% foe
bovine serum, 1%ntibiotics, 3.7% sodium bicarbonate, and
30 L-glutamine (all Himedia). The cells were harvestehf tissue
culture flasks using 0.25% trypsin in 1 mM EDTA (h#dia)
and plated onto pellets. To seed similar cell dgnstell

suspension was counted usioguntess (Invitrogen, USA). 4
4s cells were plated on both samples and wells ofudissulture
plate (TCP). For cell proliferation MTT -(4, 5-dimethylthiazol-
2-yl)-2, 5diphenyl tetrazolium bromide] assay of the adhe
HaCaT cells on the pellets was mined after 1, 3 and 5 days.
After predetermined time intervals, culture mediumas
so discarded, washed thoroughly with PBS and incubatid 5
mg/mL MTT solution (Sigma, US) at 37 °C for 4 h. 1
insoluble formazan crystals formed were allowedligsolve in
dimethyl sulfoxide and absorbance was read i-well plates at
570 nm on a microplate reader (RMS Instrumentsa)t
Cell attachment, viability and proliferation indieatcellular
compatibility towards a material. MMT reduction agsvas use:
65 t0 deiermine cell viability after 1, 3, 5 dayFig. 20. The c-
Dxt/pLA 3 hydrogel as well as tissue culture plafECP)
maintained viable population of HaCaT cells throughthe
study period Fig. 203. However,compared to 3 day of cell
seeding, the hydrogeshowed significantly higher viability the
70 TCP. Thus, the synthesized material is not toxidfa€aT cells
The absorbance values were further converted ® oétcell
proliferation using a standard curve. After 5 dagis, no. of cells
on c-Dxt/pLA 3 hyrogel and TCP were 7.33 + 0.68 x* and
3.21 + 0.19 x 1f) respectively Fig. 20t). This may be because
75 hydrogel being hydrophilic in nature, swells to rforthree
dimensional structure that provide more surfaca &we cells tc
attach and proliferate veineas cell proliferation is restricted
two dimensional surface like TC* Being biodegradable and
non-cytotoxic as well as the stimuli responsive behawb c-
so Dxt/pLA, this hydrogel was also found to be an decg matrix
for controlled drug release.

65 6.2. Drug delivery study using synthesized crosdinked
hydr ogel based on modified dextrin

We have used the synthesized crosslinked hydregefsatrice:

g0 for oral route administratits in controlled drug deliveryWe
investigated thein-vitro drug delivery study through tablet
formulations using two different types of drugs:nidazole
colon specific drug and ciprofloxa- antibiotic. The interactions
between the drugs and the hydro (Fig. 21andFig. 22 were

s confirmed through FTIR analysis, XRD analysis and-VIS-
NIR studies.Excellent compatibity was observed between
drugs and the hydrogels synthesised in authorsrébry*® The
drug release mechanism and release kinetics wesrnudaed
usingvarious mathematical mode*® The diffusion coefficients

9 values of drugs from tablet formulation were deieed by
Fick's law. Finally, we also investigated the distgbility study
upto 3 month4:®

80 6.2.1. Drug loading method
Some most commonly usedkmiques for drug loading a

85 6.2.1.1 Solvent swelling techniq: The matrix can be left to
swell in the highly concentrated drug solution. ekitards, the
solvent was removed by suitable physical treatmént.
evaporation§®®
6.2.1.2 Supercritical fligd techniqu: Supercritical fluids are
dense as liquids but have viscosity as low asdhgas. In this
techniquea solution of the drug in a supercritical fluid igaand
efficiently swells the matrix. fie solvent (supercritical fluid) we

os then easilyemoved by decreasing the pressure (leaving thg
behind, in the matrix)®" 58

22 | Journal Name, [year], [vol], 00—00
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6.2.1.3 Direct compression methdd this method, the drug

grounded and mixed with the matrix and a bindea idefinite

proportion,

Afterwards, they were compressed into tablets unkigh
s pressure (2-3 tons/@r°51t
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Fig. 21 Probable interaction betweerDot/p(HEMA) and (a) ornidazole

(b) ciprofloxacin. (Reproduced from Ref. Copyright 2013, Roye

Society of Chemistry and Reproduced wpermission fromref. 6,
10 copyright 2014, Elsevier)
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’ H-bonding
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o| cHy
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in presence of a volatile st like ethanol.

15 Fig. 22 Probable interaction betweel-Dxt/pLA and (a) ciprofloxacin
and (b) ornidazole. (Reproduceith permission from Ref. 5, Copyright
2013, Wiley Periodicals, Inc.)

6.2.2. In-vitro drug release study
Evaluation of amount of drug release from solidl atasage
formulations (e.g. tablets) is an established padh controllec
25 drug release study. The rationale for conductingydtissolutior
tests is based on the fatttat the drug should be released
gastrointestinal tract. Being a critical part of girformulation
development, all aspects oh-vitro’ drug dissolution studies
have been extensively standardized by USP guide>'?
In fact, dissolution testing basically a specific form of
30 solubility testing. However, it differs from thetém by the fac
that here the measurements are taken multiple timesally
below saturation and at physiological temperat@i °C). While
solubility is measured at a sie point i.e. at the point of
saturation and usually at 20°C, if otherwise merait
Drug dissolution testing for oral mode formulatiowere
40 performed in various buffer solutions, correspogdimthe pH o
different regions of the gastrointestinal tr. The tests were
conducted in paddle type standard USP drug dissoluate tes
apparatusKig. 23, in 900 mLof the buffer solution maintaine
at the physiological temperature of °C (using isothermal bath).
4s The spindle rotation wasnaintained betwen 50 -150 rpm.
Aliguots were withdrawn at equal intervals of t. Drug content
was assayed and was graphically expressed as @tagsd

profile (% cumulative drug release vs. tim
6.2.2.1. Evaluation of drug release kirics and drug release
mechanism

so0 To investigate the release kinetics and mechanfsdnuas from

modified dextrin basedcrosslinked hydrogels developed in
authors’ laboratorythe release data were analyzed using
order®2first order>'* Korsmeye-Peppas:® Higuchi>*® Hixson-
Crowell®” and Kopcha mode®® Since, no single model

ss successfully predicts the release kinetics as wasllreleas
mechanism of drug from a hydrogel matrix; vari
mathematical models werased to explain the experimen
observations duringrdg releas:

60 rpm rotation

Paddlc

Digsolution mcdia
maintained at 37°C

Tablet under dissolution

Isothermal bath

Fig. 23 Schematic diagram of a drug solution test apparatus (paddle
type).

6.2.2.2.Erosion rate determinatic
During drug release, some tablets partially disintegi which
also affect the rate of drug rele.*® The degree of erosion (D)
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was calculated using eq.(bDased on the difference between
initial dry weight of the tablet (\} and the dry weight of tF
tablet (W) at time t, considering the initial amount of drinc
tablet (W; ) and fraction of drug (M M,,) release at time

Wi-Wq-Wa(1-Mt
D (O(0) = L Wao Wl )

6.2.2.3. Stability study
We further investigated the efficacy of the develdydrogel
as carriers for drugs like ciprofloxacin/ornidazateainly to find
out the compatibility in accelerated conditions.eThtability
1 study was performed upto 3 monthmder the influence ¢
various environmental factoli&e temperature, humidity e>*°
For this process, a tablet was packed in a glagk lzmd place:
in the humidity chamber where the temperature vegs &t 40 A
2 °C and relative humidity (RH) was maintained at 7%%
15 throughout the study period.
6.2.3. Release study using developed hydrogels
For all the synthesized crosslinked hydrogels, thidets were
prepared using the direct compression method uiigmg of
matrix, 500 mg of drug and 50 mg of binder. Afteiximg and
20 sieving (20 meshes), tablets of 1 g each were pedpay
compression in a tablet makingachine at a pressure 0-3
t/em?.*°
In-vitro ornidazole release study was performed fro-
Dxt/p(HEMA) and dextrin, under a constant rotatafr60 rpm ai
25 37 £ 0.5 °C Fig. 24a) The amount of drug release was meas
with the help of UWVisible spectrophotometer (Shimad.
Japan; Model - UV 1800}t was observed tha-Dxt/p(HEMA)
showed more sustained release 68-7% release after 18
characteristics ig. 243 than that of dextri* This can be
30 attributed on the basis of the chemical structdréyarogel as
well as the equilibrium swelling ratio. The highewelling ratio
of hydrogels creates a larger surface area fougloh of the dru
from the insile of the hydrogel to the environm¢*

pH-1.2
pH-6.8

pH-T.4

Ornidazole I (a) Ciprofloxacin I (b)

pH-12 PH-T.4

223
o

@
=3

% cumulative drug release
-
o

[¥]
(=]

—=— Dextrin —s— Dextrin
—e— c-Dxt/pHEMA/ +— ¢c-Dxt/pHEMA

0 130240 330 480 500 730 840 9501080 0150240 380 450 600 730 840 9801030
Time (min) Time (min)
35 Fig. 24 Drug release profiles from dextrin anc-Dxt/p(HEMA)
hydrogels (a) ornidazole, and (b) ciprofloxacins®es represented he
+ SD (n = 3) (Reproduced from Ref.@opyright 2013, Royal Society
Chemistry and Reproduced with permission fiRef. 6, Copyright 201«
Elsevier)

40 Also, the presence of poly (HEMA) as well MBA in thednggel
structure enhanced the hydrophilicity of the nekycwhich
offers more functional grouges well as hight surface area. This
provides the release of the enclosed drug in a reastainec

way? It was also pointed out that the interaction betwé®e
hydrogel and ornidazole mainly physical interaction as shoy
60 in Fig. 21a.The in-vitro release of ornidazole from hydro¢
followed first order kinetic and n+Fickian diffusion
mechanisnf. The drug stability study confirmed that ~ 9i
ornidazole remain stable in the hydrogel upto 3 tms* The
dextrin and poly (HEMA) based hydrogel alshowed excellent
es release characteristics for antibi-ciprofloxacin  (33.75%
release after 18 h)Fig. 24h.° It was also observed throu
various characterizations that mainly physical rextéors
predominate between ciprofloxacin i hydrogel in tablet
formulation €ig. 218.° Besides, -Dxt/pHEMA demonstrated
70 excellent potential as ciprofloxacin carrier till Bonths, a
~98.5% drug was stable.
Considering the above characteristics ¢-Dxt/p(HEMA)
es hydrogel such as stimuli responsive behaviour, dxoadable
nature, noreytotoxic character, compatibility with drugs ug«
months, and most importantly the controlled reldasfeaviour; it
is obviots that this hydrogel is an excellent alternativedaal
drugs (ciprofloxacin, ornidazole) carrie
Dextrin/poly (lactic acid) (®xt/pLA) based hydrogel was al:
used as controlled drug delivery maf® It was obvious that c-
Dxt/pLA showed excellent stained release behaviour that 1
of neat dextrin Fig. 25.° In addition, the drug release behan
ss Of C-Dxt/pLA was compared with hydroxypropyl mett
cellulose (HPMC), which is an usual matrix for sustd releas:
applications. It was apparent thabgt/pLA demonstrated much
better sustained release characteristics thanah&PMC for
both ciprofloxacin Eig. 253 and ornidazole Fig. 258 drugs®
90 Besides, dxt/pLA also exhibited physical interactions w
both the drugs (as shown firig. 22).° This observation indicates
that the presence of hydrophilidrophobic segments, and
crosslinker moiety in the network structure contiteé swelling
ratio. This helps the release of the enclosed drug in r
os Sustained way. Finally, drug stability study firmed the
efficacy of cDxt/pLA as proficient carrier for ciprofloxacin ai
ornidazole.

MODEL DRUG: CIPROFLOXACIN (a) MODEL DRUG: ORNIDAZOLE (b)

1004
pH-1.2 PH-7.4

@
=]
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% Cumulative drug release
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Fig. 25 Ciprofloxacin release studies from (a) dextrir-Dxt/pLA
hydrogel and HPMC and ornidazole release stud@s ib) dextrin, -
Dxt/pLA hydrogel and HPMCResults represented here + SI = 3).

90 (Reproduced with permissiofrom Ref. 5, Copyright 2013, Wile
Periodicals, Inc.)

6. 3. Comparison of dextrin based hydrogelswith
s Other hydrogel
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Dextrin based hydrogels are the potential and rposinising

hydrogels for drug delivery application in compared many
others polysaccharide based hydrogels. This isuseca

(i) In contrast to the other polysaccharides lilextdan, agar,
carrageenan, chitosan, gelatin, gellan gum, hygnopyl

methyl cellulose, locust bean gum, xanthan gum, lapegtin,

glycogen etc., dextrin is more cheaper materialusThthe
average cost of the treatment would be less wheatridébased
hydrogels would use in drug delivery applicatiomsnpared to
other polysaccharides based hydrogels.

(i) Owing to its inherent non-cytotoxicity and liegradable
nature, which are essential requirements for dredjvety

application, dextrin based hydrogels probably &léta
alternatives as drug release matrices.

(iii) Dextrin is completely soluble in water and [B®, while

chitosan is insoluble in water. Thus, compared hitosan,

dextrin is an easier alternative for modificatioithadifferent of

substituted groups in aqueous/organic media.

(iv) Because of the presence of primary and secgrugaroxyl

groups in the dextrin backbone, it is ideal for fbemation of
hydrogels through free radical polymerization tégha with

high grafting and crosslinking efficiency than that others
polysaccharides like hyaluronan, chondroitin sulphalginate,
chitosan etc. This dense hydrogels structure hattre erosion
phenomena during the extended drug delivery.

(v) From the developed modified dextrin based ddedjvery

systems, it was observed that during drug relethee rate of
erosion was very less. This characteristic of theliffed dextrin

based hydrogels make it suitable for controlledeasé
applications.

(vi) In spite of the development of various drudivdery systems,
like carboxymethyl chitosan hydrogel, hydrogel Ishsen

sterculia gum—polyHEMA—polyacrylic acid, hydrogekrived

from sterculia gum and poly (vinyl pyrrolidone), ME, and

ethyl cellulose for ornidazole delivery; dextrinsed hydrogels
(i.e. c-Dxt/pHEMA and c-Dxt/pLA) developed in owaboratory
released ornidazole as well as ciprofloxacin in encontrolled

o

way. For example, Singtet al®? reported that ~65% of

ornidazole drug was released from sterculia-cl-{ptBMA-co-
AAc) hydrogel in 5 h, Vaghaniet al®! reported ~100%
ornidazole was released in 12 h from the carboxigghehitosan

40

hydrogel system. Patedt al>?? studied the ornidazole release

from HPMC based coated system, which released thg dr
65% in 12 h and the stability of drug loaded tabfggr 2 months
for 12 h is ~74-78% and for 24 h is ~96-98% at 4P&/75 +
5% RH. On the other hand, dextrin based hydrogdls &-
Dxt/pHEMA hydrogel released ~ 68.7 % even after iilén
colonic region than that of earlier reports, whishthe most
important prerequisite, as fast release of ornigartay lead to
severe side effects. Also % of drug stability usitAgxt/pHEMA
hydrogel as carrier for ornidazole is ~ 96 % uptan@nths,
which is quite promising and restricts the degraatf drug in

45

stomach regiofi.Besides, c-Dxt/pLA hydrogel released ~65.2% : ; . 8
uonanogels derived from chemically crosslinked dextbased

ornidazole 18 h with ~98% stability uptol month.

(vii) In recent years, several drug delivery systehave also
been developed for ciprofloxacin release whichudes HPMC
(K100M)/xanthan gum tablet formulatiG® Poloxamer-graft-
hyaluronic acid hydrogéf* HPMC/poly(vinyl alcohol)

microspheré®  Sterculia-cl-poly  (MAAm)  hydrogei*®
s0 carboxymethyl locust bean gum (CMLBG)’ chitosan/(PAAM-
g-GG) hydrogef® HPMC (K15M)/sodium alginate tablet
formulation®®® calcium phosphate/chitosan hydrog@l, Such
systems deliver the drug in different fashion. Feotample,
Mostafavi et al. reported ~65-90% ciprofloxacin release from

s HPMC (K100M), xanthan Gum, NaCMC, crospovidone in 12
h52% Cho et al. reported that ~90% ciprofloxacin drug was
released from Poloxamer-graft-hyaluronic acid hgetafter 20
h3%* YerriSwamy et al. reported ~60% ciprofloxacin was
released from HPMC/poly(vinyl alcohol) microspheneld h%%

70 Singh et al. reported ~50% ciprofloxacin was released from
Sterculia-cl-poly (MAAm) hydrogel after 5 $° Kaity et al.
reported ~70% drug was released from sodium carbeiyyl
locust bean gum (CMLBG) after 12°H, Kajjari et al. reported
~50-60% ciprofloxacin was released from differemadgps of

75 chitosan/(PAAmM-g-GG) hydrogel at 12 5%, Tadros et al.
reported ~50% ciprofloxacin has been released fidRMC
(K15M)/Sodium alginate based tablet formulattétyardecchia
et al. reported ~40% ciprofloxacin was released from ioatc
phosphate/chitosan hydrogel after $hWhereas, c-Dxt/pLA

so released ~50.7% ciprofloxacin after 18h with ~9%o5stability
upto 1 month. c-Dxt/pHEMA hydrogel released ~33.75%
ciprofloxacin in 18 hwith ~98.5% stability up to 3 montHs.
(viii) Again, the drug release from various dextrivased
hydrogels generally followed first order and nokrn

gs diffusion mechanism (with negligible amount of eooseffect)
which also supports the hydrogel systems as idedtices for
controlled drug release application.

7. Summary

Biopolymer based hydrogels possess some unique niege
90 such as biodegradability, non-cytotoxicity, excellewater
absorption capability which make them superior ddete for
biomedical applications. Chemically crosslinked patymer
based hydrogels, because of their excellent geilisgashowed
unique characteristics towards controlled releaspli@tions.
o5 Various synthetic strategies including free radalymerization
technique were explored to develop chemically dimesd
hydrogels.
Out of several polysaccharides/biopolymers, dexsrione of the
most important polymers which can be used in bicoadield

100 OWing to its biocompatible and non-immunogenic natu

Although compared to other polysaccharides, dexisinless
studied in biomedical applications, but more relgerdextrin
based chemically crosslinked hydrogels have beeeldged and
reported for controlled release application. Howewtill it is

105 essential to finely tune the properties of dextrised chemically

crosslinked hydrogels foiin-vivo applications. Additionally,
modified dextrin based hollow nanogels are requitedbe
developed, which might be potential candidate foti-eancer
drug delivery. In this perspective, development tafllow

hydrogel will be investigated and studied in nedurfe.
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