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ABSTRACT

This review taghlighss the impoctance of cress-lmkmg with chotosan. Dematsaten af chviossn leads te the cross-linkeng of chitesan withost charging sis
fuslazeepial skelion smcbare. Cross-linkicg apezis s Brcadh dovided min v cstcporics 2o Physcsl and chenneal cross-lokieg; v the buais of mberection
weath clitoaan. The vanous caoia-lealing apeors weed dor the pregadatio of cietssas nuorokpheses ol s mechamsas of croas-haking kave alse been d2geribed
Thiz aracle also reviewed the imﬂ.il:#m of crom-licksng agenis and the novel applicaicos of crom-finked choicsan magnx

Kayworids: Chilmin, Cing-linking saeas

INTRODUCTION

Chitosan, a nanwal lineas lopolyvaminosaccharsde is obtained
by alkabing dencetviation of chitin, which is the second
abundant polysaccharide sext to cellulese!. If 1= & weak base
A s tsoluble i water snd of gae selveits, howeves, 11 s
soluble e dilute aquesos scidic solution (pH = 6.3), which
can comsert the ghicosamine unats indo o scluble fom B—
WH; . A grest number of chrtosan derivatives have besn
obiained by praftine pew fmctional groups on the chitosan
backbone The chemical mmodifications (guatemdzation,
acvintion, cyvclodexrin, encapsuiation, thiolation etc) afford a
wide range of derivatives with modifisd properties for
specific applications . blomedical and  hectechoological
fields’. Modificatton doss not charge the fundamental
abeelebony of chitosan but brings mew of bnproved properties
fod ep . tocoadbesion snd perimestion eplwscement. The
advantage of chitosan over other polysacchandes 15 that its
chemical stracture allras specific modifications without foo
mgny difflculiies ar C-2 posdion. Specific groups cim be
introdineed o desigs pelymers for selected opplications, The
main resction easly performad myvelving the O-1 position 14
the quaternization of the ammno group or & reaction m which
an aldehydic functson reacts with smano group by reductie
amination. This lafter reaction can be performed in aqueous
solatkon under very mild conditions to obtain randomly
disgtributed substitpents in 58 controlled amaoum along the
clitosan  chnin, This method has besn  proposed  for
infrochaction of different fanctiomal groups on chitosan cross-
linking through 4 reaction between the ndtrile group and the
! . Figure 1 shows somee examples of chemical
denivatization of chatosan.

The cross-linking may be achieved in scidic, neviral, or basic
envirenments depending on the methed applled. Cherdeal
cross-linkang is the most soatgle forwand imedvod 1o prodiuce
parmnant networks vamg covalent Bonding betwesn the
polymer chains. The available amdne and hvdroas] gronps en
chitcsan are active sites capable of forming a mmmber of
linkage, Lm:]'mdmg amide and ester bonding a5 well 2= Schaff
base formation . These networks formed by using small
medecule cress-inkers, pofyvmer—polymer reactions bebwvesn
activiied fupctionnl groups, Cross-linked chitesan are highly
useful in the pharmaceutical field for the formmnmlation of
wanous nov=l dmg delnery syslems hlke mucroespheres,

nanospheres, hydrogels and finedmembranes, The relese of

drisg fram chitosan adcrospheres @8 dependent upon the
molecular weight of chitesan, drug comtend and density of
cross-linking, Variows therapentic agents such s anficancer,
anti-inflasmatary,  antibiodics,  antithrombie  sterosds
prodeds, Asmnd acide smuidiabetic and dnsreties Bave been

imeotporated in eross-linked chitosan mictoaphuian to achiooa
controlled release as well to enhance bwavmlababiby or for

drug targeting to specific areas of the body”.
CROGS LINEING AGENTS
Cross-linking eocurs when & reagent (namely a cross-lnking
agent) mtrodices intermolscular bridges andior cross-links
between polysaccharide macromolecules. The cross-linking
step is 2 well-known ond well-documented reaction, and o
relatively =asy method to prepare pobysaccharide-based
materials.  The eross-linking  agent  can react  with
macromolecules liesr chaine (cross-linking step) andior
itself (polymenzation step) i an afkaline mediom. Cross-
linking drastically redwees sepment mobility i the polyemer
and o msmber of chatns are interconnected by the formanion
of new imer chain linkoges A thees dimensional network is
then formed, I the depres of reticulation iz sufficiantly high,
the matrix of the polymers becomeas msoluble m water (b
swvellable in water) and m organic solvents .
i) Classification of crosi-linking agents: Cross-hinking
agents ape broadly classfied on the basis of interaction of
croess-finkers with chitosan during cross-linking, These are:
) Physical cross-linking
by Chesmacal cross-linking
il Ptl;vdﬂi croas-linkimg: [n recent vears there has been
HcTesse i1 interest in piysical mlmhm The main reason
i¢ that wse of cross-linking agents 15 avoided. In gt
plysacchanides  formed  cross-linking  metwark  with
counterbans af the surface. High counterion concentration
would require loager exposure wnes o achieve comgplete
croes-finking af the p-:]:.-'aau:hrldna. Physisal eroas- Iinhir:ng
oceuered by thermal -:rmw—lmhng nsing citric acid, by nsing
dextran sulfite or phosphoric acids:
b) Chemical cross-linking: Chemical cross-Imking of
polysaccharide is  highly wersatile method with  pood
mechanxal stability, In this cress-linking covalent bonds ars
present berween different polymer chains or between polymer
and crass-linker. Dhring cross-linking countenons diffused
mio the polymesic and cross-linking agent rescts with
polvsacchanides  forming  ather  intermoclecalar o
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Jrﬁnm-:nlw_ﬂm linksiss, Factors wheeh affect chenscal cross-
& mrlu:mmmm {-fnmaa-lul.lmg agertt and cross-
linking time", Chemical cross-linking is carried mst by using
glutaraldeliyde.  formaldehyde, wamlling  pemipin  radsal
polymerization, 1, 6Ghexamethylenedisocyanate or 1, -
hexanadibromuds,
ii} Characteristics, properies amd advanieges of eross-
linking materials
a. Homogpeneous crose-linked materials are eany to prepare
with relatively imeyperdve reagents ad are availsble in a
vanety of structurss with a saristy of properfizs, and also m
numerous  confipumetions, eg gels, particles of wregular
shape or repular beads, membranes, coatings, flow, fibess,
capsules ad sponges,
b They are msoluble in acidic and alkaline mediwms s well
as orgamic solvents. Cross-linksd gels are very stable
hydroghihic polymers, They become more resistand o shear,
high temperanure ad low pH compared to thewr parent
polysaccharide,
. After cross-linkang, they maimiain their properhies, onginal
characteristics (except the crystallinity) and strength in scidic
and Imasie solutioiss. These characteristics are unporiant foo an
adsorben so that 5t can be wed m a lowe pH environment.
Furthermoore, ihe swalluie twhavier of the beads in
wistewater can be optinmzed
d. Cross-linking redoces the pmourt of the crystalline
domairs i the polysaccharide and can them chenge the
crystallme natme of the saw palymes. This pasameder
significantly influsncss the sarption propertiss becaess it may
comrtrol the accessibdliny to sorption sites
e, Crostinked beads also hmee other ndvaninges such 2
faster kinetics, increasad sass of aperntion’ and interesting
diffission properties. Due to the hydroplilic nature of their
crosi-linking umits, materials possess a8 remaskably high
swelling copacity in water, and consequently their networks
are sufficiently expanded as 0 allow a fast diffision process
for the pllutanis,
f Evwen though cross-linked pobvsaccharidas have  good
sorption  properies, thewr adsorplion capactties can he
improved by the grafting of vanous funchional o
the polvmer network er the polvmer backbone™. Thi
ineresses tlhe density of sorption sibes. Tle presence of new
fumctional groups on the surface of the beads results m m
inereass of surface polanty and hwdeophilicity asd this
enhances the sorption of pelar sorbates and tmproves the
sorphinn selectivity for the iarges palintmi,
i) Imyportamce and examples of varions cress-linkdng
agents: MWon  cress-hnked  cldtesan  mderospheres  were
unsuitable for the purpese of sustainedcontrolled refzassd
formndatbons & compared o cross-lmked  chitosan
microspheres, which showed better resulis'!, Mi e al,
prepased an injectable-chitosn based dalivery . svstern with
low estotectcity. The chifesan mdcrospheres with  small
particle size, low crystallimity and good sphericity were
prepared by o spray=drying method followed by cross-linking
with & sseturally ocowring cross-liakug agent {genipin). The
resnfts of the sudy demwonsirated that the genbpdn cross-
lirked chitosan microspheres had a superior biocompatibility
aiwd @ slower degeadation rate than the glutaraldahide-crosa-
linked chitosan microspheres. Tt wms conchided that the
genipin-cross-linked chitosan nucrospheres may be & switable
polymeric carrier for long-acting inpectable drup delivery™*
Therefors cross-linking agents has m::mpnnmmml:
pharmaceutical fizld. The various cross-linking agents vsed
fioa the cross-lnking of chutossn have been g ven i table 1.

v} Relative cemparison of cross-linking agemts: Roy et al,
pespared mefanamic acid chitoenn microspheres both by
thermal and ghetaraldzhyde cross-linked. method. and found
that high lewvel ﬂamﬂnfﬁg}wahm&iﬂ
glutaraldehyds  oross-linking  method™, Kumbar o al
compared. chitesan  macrospheres  of  diclofenoe  sodnun
containing different cross-lindang agents. Le gltaraldebrde,
sulfiric aced and physically by hest trestmes,  and
damenatrotad that among theee differa croas-linkers fasaat
deg pelease was foused G0 beat trested microspheres and
slowest  im the ghetaraldebyde  cross-linked  chitosan
microspheres’ ', Goncalves e ol, preparsd  cross-linked
clitesan mocrospheres for the controlled relense of sodiwm
diclofens: wsing epdchlochvdein = an altemstive o cross-
linking agemts thot react with the amine groups of chitosan,
For the sake of companison, glutoraldehyde wos used as
cris-linker. The effects of the crose-linking agents on
clitosan mocrospheres were evaluated in relation to swelling,
hydrolysis, porosity, cross-linking,  diclofenac  sodium
impregnation, and comsequently the release rafe of sodnum
diclofznac, The chitosan microspheres cross-linksd with
epdchlorhiydrin or glutaraldebiide beliaved i different ways
with regnrd to varous aspects. swch as the degree of swelling,
gied the amoent of diog imgregnated, and cormequenty
released”.  Similarly comparisen of  eripelyphosphare,
formaldehyde and ghtaraldehyde were made by prepanng
chifosan micrespheres, B was found that % encapsuolation
efficiency; % erosion, % swelling surface moephology and
drizg relesss mote of microspheres were comrolled by adding
different cross-linking agents ™,

Abrew et nl. compared two types of cress.linker, caloium tons
o penipim, by preparing slginate-chitosan microspherss
wming novel WO emdsion mefbod. Gemwpin was more
effective & cross-limker than Ca™ e alpmate-chibosan
migroparticles™. Jam et al. developed novel mucoadhesive
chitcean microspheres to explors the possibilities of non
mvasive  delpvery  of  msulm by crmss-linking  wath
ghitaraldehyds  and  citree scid  asd  found  that  the
glintaraldehyde  cross-linked mum&jﬂim showed  better
rechaction ﬂfhlund ghicose Jevel than citnc acid eross-linksd
misrospherest, Tsai of al prepared tripolyphosphate/genipin
ED—ﬂ-ﬂH—Ihlk-Hi chitosan besds i different pH solutdons and
apjalead fior s2lective sdsorption of phstic acld from sovbean
whey selution. In the TPPgenipin co-cross=linked process,
the co-cross-linlang degree of chitosan beads was decrensed
with mcressed solofion pH walue, In soudic solation, the
mnechanseal peoperties of co-croslipked beads and cross-
lirking degree extibit pegative cormelation™.

A movel injectable=chitosan=based delivery systzm with low
cytoloxicity  was  fabricated by usmg  genipin  and
glutmaldehyde as cross-lmking agents. Histedogeeal study of
the gemipin-cross-linked chitoss  microsplieras  Ejected
mtrarsenlarly into the skefetal wscle of a 31 pwsdel
showed & less mlammatory resction than its gletaraldehydes
crossslinked counferparts, The results demonstrated that the
genipin-cross-linked chitosa microspheres have a superios
wocompatibilay and a slower depradation rate than e
glutmraldefyde-cross-linked chitcesan microsphierss,
Accerdingly, the genipm-crems-linked chutosan i plaraes
may be a suitnhle polymenc carmer for lng-aching mgectabls
drug delivery”. Beppu o al. indicated through the study that
both  chitpsan—TPP-papain = and  chitesan—GLU-papain
microparticles can sucoess fially be used far svstems that am
ot & comtrolkad rd:u.';r of papain with pl:n'rmtn] use in the
béomedical area®®
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MECHANISM OF CROSS LINKEING

The cross-linking reactiom 18 mainly imfluenced by the =ize
and type of ooss-linker and the funchonal groups of
clitogan. Smaller the molecular size of the cross-linker, the
faster the cross-linking reaction, since its diffiesion 15 easter,
Deepending on the nature of the cross=linker, the mmn
interactiohs formang the networke are covalest of iomc
bands®'. Covalently cross-linked hydrogels present the cross-
lirking depres s the mnn parameter inflosncing important
properties such sy rechanical strength, swelling and dnag
refease. Such gels penerally exhibit pH-sensitive swelling apd
drug release by diffision through their porous structurs™
Therefore, hydrogzels based on covalently @md iomcally eross-
laked chitosan can be conssdered as pood candidaies for the
oral delivery of drsgs™.

Concern over the dismtesratiom of chitcsan microgasticles
has lad to their modification by cross=hnking to make a nmd
palymer for use a5 a core matenal in confrolled dmig release
research”. Ko et al. reported the wsé of complexation
betwesn polyanion tripolyphosphate and cationic chitosan by
electrostatic  forces resolting o oa more  homogensows
stivctire dise 1o e oewe  homogesweous  cooss-linkisg
pena.

The mechanism of gross-linking of chotosan with different
cross-linkers luas bevn deseribed beloas

i} Ghutaraldehyde and epichlorobydrin cross-linking: The
cross-linkzng Wfonctional swents vsed to boxd diffesent
reaction siftes in the chitosan. The alielyade groups of the
gluaraldehiyde form cevalent imine bonds with the  amino
groups of chitosan, due to the resonance estaldished with
adjacent double sthylenic bonds via o Schif r=action (Fiaure
2) while epichlorohydrin finks throngh the carhon atoms,
resalting o dee ing of the epoxade ring &nd the removal
of a chlosine atom™ (Figure 3).

ii} Cenipin cross-linking; The cross-linking  resciion
mechmizms for chitesan with genipin ore  differemt at
different pH valwes. Under acidic mid pevtral comcdibions, a
nuchesphilic attack by the mnine groups of dhifesan on the
oefiine carbon gtom st ©-3 eceurs, followed by opening r.he
dibydropyren nng and attecked by the secondery emino
group on the newly formed 2ldehydo group, In other words,
peaipit a0fs 35 & dibldebrede but its condensation products are
much more stable compared to ghnardldelyde™. I the
prohect, st chains of comlensed genipin act o éross-
linking bridges.

Under hasic conditons, the nng-opsning reaction of gempn
ocenrs via a auclecphilic attsek by hydroscyl ioms 60 aqueons
solufrens to fortn infermediate  aldebyde groups. whech
subsequently undergo aldol condensation.  The  terminal

aldeh}'de_gwpsmm! polvmertzed pentpin undergo a Schlfl
reaction with the amino groups on chitosan o form cross-

livked netoorks. Therefore, the pH condition playe an
immportant roale in influencing e cross-linking  resdtions.
Figure 4 represents the cross<linking mechanism of gemipn
with chitosan.

iil) TPP cross-linking: Tt scts by incressing the pH and ionic
strengily of the solution, formdng a gel and promoting jome
intsruction between the amine groups of chitosan amd the
andonde grovps of TRP™,

iv] Vanillin cress-linking: Cross-linking of wemallin cccured
via Schiff base reaction,

v) Sulpboric add and heating crocs-Boldng: Cross-linkieg
of chitesan with sulphunc acid and by heating bas besn
shown in figure 5,

DETERMINATION DEGREE OF CROS5- LINEING
The groes-linking degres of chitasin beads can be deteromined
by minhydnm sssay, which can determine the percentage of
free amano groups in cross-linked chitosan beads™ The
mnhydrm solution preparsd 2= follows: Solution A: 1,05 g
cutric acid, 10 ml (1 M} NaOH, and 0.4 g SnCly2H:0
tnixedl, then de-temized water added until 25 ml, Selution B:
I ¢ minkyydrn disselved m 25 ml ethylene glycol menometbiod
ather. Sohstions A snd B then mixed and stirred for 43 min
ad then stored in 8 desk bottle For the asay the
micrespheres Ivophilized for 24 b and then weighed. A 1.5
mg lvophilized sample was hexted to 100 T in water bath
with 1 el ninhydrin sohuticn for 20 min. The solution then
cosled dowa o room teosperamre, diluted with 5 mL 30%
isopropanc], ad then the optical abserbance of the solution
rend with UV spectrophometar. The nmount of free amno
goaps i the test sample, after heabing with ninbypdnn, s
peogortions to the aptical absorbance of the solution The
conceniration medsured s divided by sample weight, and
rmalfrplisd by the mample malscular weight to obtam the mole
NHymole sample. Every sompls was tested three times. The
degres of cross-Huking of sangee s e caleulated following
the equntion:

Crosslinking degrea (3§) = ““i X 100

Where, x is the mole of free anmne groups of non crosss
linked chifosan beads, and v 15 the mole of free amino groups
of cross-linked chitossn beads™.

DMPLICATION OR EFFECT OF CROS5 LINKING

i) Drug releass: Dmog releass from chitosan-hased particulate
systemys  depeml:  upon the  extent of - cross-linking,
morphology, size ond denmity of the pamiculate system,
phyvsicochemical properties of the dreg sy well s the
presence of adjuvasts, [hemw et al. observed tes cemetidame-
foaded chitosam mocrospheres have shown burst effect m the
early steges of dissolubion, Errm:a.mn;g i cross-hinking
denaity can prevent the burst relesse’’. Gemta et al. prepared
clitosan wdcrosphieres by wsng glotsrabdelinade soluions at
concetration higher than 2% by the eralsion’s:paration
tnethad,  The michospheres  obdsdined were of  good
morphelogcal charactenstics, sphencal shape end smooth
surface, Tt was concloded that suitable drug releass rate can
be clbtained with the loewest elwaraldehyde areomst (7 or
15%) and the concentration of glutnralkishyde solution higher
then 10% decreased the microsphers sizes™, Jamesla et al.
prepared  progestarome looded chitosan  mucrospheres by
emmision ooss-lmking method 1ming ghataraldehyde ps a
cross-linking agest and demonstrated that the extent of dng
release had a remarkable dependence on the eross-linking
density of the mcrospherss. Highly cross-linked spheres
released anly 35% of the oworporated stercdd in 40 days
compared o T0% from spberes Hebtly cross linked™. Desad
et al concluded thit the % encopsulition efficiency, %a
aroqom, Yo gwelling, surfece morphology snd drsg telesae
rate of the spray dned chitosan micmsphers=s could be
peoperly controlled by sddmg different cross-lmkmg agents
into the chitosan soluton*!.

ii} Stability: A fow stadies have reportsd the mstability of
chitcsan micrespherss {prepared by precipitation) in acidie
medium. Kreuber el ol. prepared chitosan microspheres by
sodium sulfate precipitation but the ncid ctabshity of the
microapheres was found to be poor'®. Funher, Berthold et al.
made &n extersive investigation inte e acid siability of the
microspherss  apd  observed  that  cross-lokimg  with
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alhtaraldelivde can incieass dee same, The acid instebility of
the microspherses can by enplained by the montacboring
process of the microspheres. The addition of sadmum sulfae
to aeetic acul sohsion of chitosan leads to poorly solubde
chitesan derrvatives by jonic newtrafization of the posttively
charged smimo groups, On addition of the ackl (mcrzassd
protos  copcentration) the eaquilibrium {s shifted towands
solubiltzation of chitosan md microspheres dissolve® .

1) Movel application of cross linleed didiosan matrix

New applications of chitesan miatrix lave been appearsd in
the last few years, Alhough mot moch information can be
found with regard to these applications we hove tried to
ugidate e loowledpe o the relatiorship betvesn
physicochendeal properties and functica,

Tmprinted Chitosan-Based Mairixes

Molecularly rmprimted polymer {MIP) represents o new class
of matermls that heve arhificmlly crested receptor stnachares.
This potential technology 35 a method for making selective
bindieg sites in syathetic polymers by osing & molecular

tamplate, M have steric and cheimical memory tooand the
tamplate snd henes could be wsad to eebind it

Az can be seen mn table 2, chitecan imprinted matrixzes have
bewen prepared with different pusposes by uwsing different
chitosan samples™®. Tn general. samples with DD = 90%
ond wide rangs of Mw have been used to prepars chitosan
moprinted imaterials, As far as we kmow, these s only ane
paper studying the effect of chitvsan Mw (92, 47 and 29 kDa)
on the rebindimg properties of molecelar imprinted chitosan
matrives"™. Tn this case, the sample with 47 ¥Da achieved the
bhest rebindmig copacities,

it 15 well knovm that the number of recogmition sites i MIPs
mcreases with netwerk densaty. The eross-lidoing density is
mnflveesd by varsous parameters betne fivoared by hdgh DD
ad Mw. Since crysiallinity and suwfoce ares comtroel the
nccessibility of the free ammo groups to the chemuenl
renaents, these pammeters are sxpected to have an impact on
the behavieur of the matrises,

—
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