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ABSTRACT

Molecularly Imprinted Polymers (MIPs) which consist of sites of specific
molecular arrangement into an otherwise uniform polymeric matrix are highly
capable of Specific Molecular Recognition (SMR). SMR isafundamental

requirement of living systems on which some of the most diverse and (DDS);
important biological functions rely. Due to this capability these polymers Specific molecular
have found extensive applicationsin various fields such as chemical sepa- recognition (SMR);

Soft contact lenses;
Intelligent drug release.

rations, biosensing, analytical chemistry, drug discovery and drug deliv-
ery. Initially the brief historical landmarks in the development of these
MIPs along with a few methods of their synthesis have been reviewed.
Further, the characteristics of MIPs, which make them promising toolsfor
drug delivery systems, have been discussed. Different approaches for the
design of drug delivery systems along with examples of some established
embodiments such asthe delivery of Timolol through contact |lenses made
from MIP hydrogels have been cited. Finally exciting future prospects
such as ‘intelligent drug release’ and ‘magic bullet’ drug targeting have
been discussed along with a possibility of development of drug delivery
systems to combat dreaded diseases like diabetes and cancer.

© 2007 Trade ScienceInc. - INDIA

INTRODUCTION

Molecular imprintingisameansof introducing Sites
of specificmolecular arrangement into an otherwise uni-
form polymeric matrix. The processof preparingamo-
lecularly imprinted materia involvesthreemain steps
namely, themixing or binding of oneor several (func-
tiona) monomerswith thetemplate moleculein asuit-

ablesolvent or dispersion liquid; the polymeri zation of
monomersinthe presenceof across-linker to prepare
apolymer network in which thefunctional monomers
becomefixed around the template and theremoval of
thetemplatefromthesolid. (Figurel)

Thisresultsin the production of a macroporous
polymer capable of specific molecular recognition
(SMR)“, SMRisafundamenta requirement of living
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Figurel: Schematic generalization of themolecular imprinting process

systemsonwhich processes asdiverseasneurd trans-
mittance, respiration, immunedefence, cdllular differ-
entiation and nutritionrely. Thus, molecular imprinting
isoneof themost promising methodsof harnessingand
mimickingbiologica functionsy. Molecularly Imprinted
Polymers(MIPs) , which contain binding Stescomple-
mentary to that of the template molecul e, can be pro-
grammed to recognize alarge variety of target struc-
tureswith antibody-likeaffinitiesand sdectivities. These
properties along with the ease of preparation and ro-
bustnessof theseartificid receptorshavebeen harnessed
inthe areas of chemical separationd’®¥, solid phase
extraction®”, sensing®, asscreeningtoolsindrug dis-
covery® andindrug ddivery systems.

A brief history of molecularly imprinted polymers

Molecular imprinting goesback to theearly 1930s
when anumber of silicagelswere prepared in pres-
ence of asolvent additive, theresulting silicademon-
strated preferential binding capacity for that solvent.
Later in 1949 when silicagelshad been prepared inthe
presence of ‘patterning” dyes*!, it was observed that
after removal of thedyesthesilicawould rebind the
same dye in preference to the others. Thefirst MIP
whichwasreportedin 1972 wassynthes zed using what
isnow termed asthe ‘covalent approach’ mainly to pre-
parean organic MIP capabl e of discriminating between
the enantiomers of glyceric acid. The second major
break through occurred in 19812 when an organic
MIP was prepared using essentially non-covalent in-
teractions, which wastermed asthe ‘noncovalent ap-
proach’ as opposed to the covalent approach. This ap-
proachisconsideredto havetriggered theexplosionin
molecular imprinting that occurredinthe1990s. Anin-
termediate approach wasreported in 1995, which
relied on cova ent interactions during polymerization
stagebut noncovaent interactionsduring rebinding. The
noncoval ent approach has been morefavouredinthe
recent yearsfor the preparation of MIPsasmolecular

recognition materials, since MIPs made by thisroute
have morefavourablebinding and reeasekinetics. The
monomers, which arewell establishedinthenon-cova:
lent approach, have been previoudy used in the syn-
thesisof biomaterid sand their physiological properties
areaready known,

Roleof polymersin drugdeivery systems

Drug delivery systemsarerequired whenever an
administered therapeuti c agent needsto be protected
against metabolic attack, or when thereare absorption
barriersor dosagelimitations. Theidea delivery ve-
hiclewill ensurethat thedrugisreleased at theright
site, intheright dose and for therequired time. It will
al so be biocompatible or biodegradable such that the
delivery systemistransformed into non-toxic fragments
that areeliminated harmlessly from thebody. Theim-
portanceof thisfield of reseerchisgrowing asever more
complex drugs and biopharmaceuticalsare being de-
veloped, many of which cannot be administered with-
out acontrolled dosage system.

Polymeric materialshave been used for sometime
asdrug ddivery systems, most widely asimplantable
materials. Inthese systemsthe drugisdispersed within
apolymer matrix designed to rel ease the therapeutic
agent over aprolonged period of timeor under certain
physologicd conditions. Delayedrel easedevicesof this
type havetheadvantageof increasingtheresidencetime
of adrug within apatient, ensuring better compliance
with most dosagerequirements, or inthe case of those
compoundsthat have anarrow therapeutic window,
maintai ning the concentration bel ow level swhere po-
tential harmful sdeeffectsbecomeprevaent. Thesm-
plest polymeric delivery systemsarethosewherethe
drug isdispersed randomly within the polymer matrix
and rel eased asaconsequence of erosion of thecarrier
invivo.Although smpleto prepare, thesematerid shave
the disadvantage that the drug can be released sud-
denly through breakdown of the matrix past acritica
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threshold, leading to potentialy serious consequences
for thepatient if thedrugisharmful in high concentra-
tions. To overcomethis problem many drug delivery
systems have been devel oped that aredegraded ina
more even manner when in contact with physiological
fluids. Thismatrix breakdown can beaccomplished by
using acarrier polymer that erodesonly at itssurface
and by ensuring that the drug is dispersed evenly
throughout the matrix. In thisway ad ow steady release
profile can be obtained keeping the drug at the right
concentration in order to be effective. However, there
aredtill anumber of problemswithmany polymericdrug
ddivery systemsthat havelimited their practica appli-
cation. A particular issueisto effect feedback-controlled
release, i.e. themaintenance of atherapeuticleve of a
drug within both, thedrug reservoir and thetarget site.
Thisrequiresadrug delivery sysemwith molecular rec-
ognition properties, suchthat itisableto bind and re-
lease only very specific molecular speciesunder condi-
tionswhereequilibrium concentrationsmay becritical.
Thus, Madlecularlyimprinted polymers(MIPs) havebeen
afocusof research asaconsequenceof their molecular
recognition propertiescombined with facilesynthesig2.

Rationale for imprinted polymer drug delivery
systems

For applicationsof MIPsindrug ddlivery systems
thereareanumber of speciaized requirementsre ating
to imprinted polymer preparation.

Generally MIPs rely upon a high degree of
crosdinkinginorder tofix thegpatia orientation of func-
tiona groups, whichisgenerdly thought to berequired
for theimprinted material sto retainitsmolecular rec-
ognition properties. However, imprinted polymer gels,
which arenot quiteasdensaly crosdinked, arerequired
for gpplicationindrug ddivery sysems. Many hydrogels,
which are synthesized with water soluble monomers,
may display achangeintheir swelling behaviour under
theinfluence of an externa stimuluswhich can bedue
to achangeintemperature, pH, ionic strength, solvent
quality, presenceor absence of chemica species, elec-
tricfiddsandirradiationwith UV or visiblelight.

Owingtotheir crosslinked polymeric naturethey
inherently act as drug reservoirs for low molecular
we ght species. Thus, they can potentidly optimizedrug
release rates and residence times. A range of physical
gtatesof theMIPswith respect to swelling canbereadily
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achieved. Both these parameters can be collectively
optimized for specifically desired drug release profiles.
For eg. Animprinted hydrogel can bedesigned which
collgpsesto protect itstherapeutic payl oad through the
gastro-intestinal tract but expandsto rdeasethedrugin
thesmdll intestine or the colon.

Themodulation of drug releasefroman imprinted
polymer by afeedback control mechanism canalsobe
cons dered, such asinsulin release when blood glucose
level risesabove aminimum threshold levd, or release
of adrugwhentheimprinted polymer encountersaspe-
cifictarget agent, such asaprotein or cell surfacere-
ceptor. Onefurther potential advantage of imprinted
polymersasdrug delivery devicesisthat, inthe case
where aracemic mixture of adrug isused, they can
selectively rel easethemore effective enantiomert'?,

Approachesfor the design of drug delivery sys-
tems based on M1 Ps

Efficient drug delivery systems(DDS) should pro-
videadesired rate of delivery of thetherapeutic dose,
at the most appropriate placein the body, in order to
prolong theduration of pharmacol ogica actionandre-
ducetheadverseeffects, minimizethedosng frequency
and enhance patient compliance. To control the mo-
ment at which delivery should begin and thedrug re-
leaserate, threefollowing approaches havebeenre-
ported® (@) rate-programmed drug ddlivery whichin-
volvesdrug diffusionfrom the system hastofollow a
specificrateprofile; (b) activation-modul ated drug de-
livery, wherethereeaseisactivated by somephysicd,
chemical or biochemical processes; and (c) feedback-
regulated drug ddivery inwhichtherateof drug release
isregulated by the concentration of atriggering agent,
such asabiochemica substance, concentration of which
isitself dependent onthedrug concentrationin the body.
Whenthetriggering agent isaboveacertainlevel, the
releaseisactivated. Thisinducesadecreaseinthelevel
of thetriggering agent and, finally, thedrug releaseis
stopped. The sensor embedded in the DDS tries to
imitate therecognition role of enzymes, membranere-
ceptorsand antibodiesin living organismsfor regula
tion of chemical reactionsand for maintenance of the
homeostati c equilibrium4,

1. Rate-programmed drugdelivery

Rate-programmed drug ddivery encompassesalarge
amount of approachessuch astheuseof classical im-
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printed particlesasDDSexci pients, imprinting polymers
inwater asDDSwhichfurther includesimprinting pro-
teins, peptidesand cyd odextrinsand using weekly cross-
linked M I Psprepared without solventsasdrug delivery
soft contact lenses, which havebeendiscussed | ater. Clas-
scd imprinted parti clescan beused asDDSexcipients
by the two following meansi.e. the use of MIPs pre-
pared in organic solventswith ahigh cross-linker pro-
portion, asbaseexcipientsfor controlled releasedevices
of drugswith anarrow therapeuticindex and the use of
MIPsasenantiosd ectiverdeaseexcipients.

Classical imprinted particlesasDDSexcipients

MIPspreparedinorganic solventswithahigh cross-
linker proportion, ascommonly designed for analytica
purposes, have been proposed as base excipientsfor
controlled releasedevicesof drugswithanarrow thera-
peuticindex. Thesedrugs present asmall difference
between the minimum concentration to be activeand
theconcentration at whichthesde-effectsadviseaganst
their use. Therefore, they haveto beadministeredina
deviceableto control their release precisaly, asneeded,
for examplefor theantiasthmatic drug theophyllind?.
Norell et a.* prepared, in chloroform, non-covalent
theophyllineimprinted particles (65um) with aview to
oral administration, using the method proposed by
Vlatakiset d.BY. Theophylline-reloaded particleswere
ableto sustaindrugreleasein pH 7.0 phosphate buffer
for severa hours, especially those loaded with low
amountsof theophylline(0.1-2.0mg/g) (Figure3). The
increasein release rate observed at greater |oadings
was attributed to apartia drug adsorptionto non-spe-
cific binding pointsto which it wasweakly attached.
Thishypothesisa so explainsthat reference (non-im-
printed) systemsshowed dightly faster release.

To avoid the decreasein interaction intensity be-
tween the MIPs and the ligands in water and to en-
hancetheir performance as sustaining rel ease excipi-
entsof transderma DDS, Allender et a.1*>* proposed
preventing water from associating with theimprinted
binding site by embedding theMIP and thedrugwithin
asecondary polymer matrix made of acommercially
available non-polar transdermal adhesive. The adhe-
sive material-freely diffusiblefor drug molecules but
relatively hydrophobic-was ableto create an environ-
ment within which selective binding could occur. The
transdermal deviceswereprepared dispersing propra-
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Figure 2 : Srategies used to place binding or catalytic
functional groupsat defined positionsin imprinted sites
of network polymers.
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Figure 3 : Theophylline Release profilesin phosphate
buffer pH 7 fromimprinted polymer sloaded with differ ent
amountsof drugs

nolol (19.1mg) and imprinted or non-imprinted poly-
mer (100, 300, and 500mg) in chloroform, and then mix-
ing with the self-curing acrylic co-polymer adhesive.
Theviscousdispersonswereleft to cureovernight and
then cut in 1cm diameter discs containing 0.5mg pro-
pranolol. Drug diffusion studies carried out in water:
ethanol (50:50) mixture showed that the devices con-
taining MIPswere ableto substantially decreasethe
rel easerate, compared to the non-imprinted ones(Figure
4). Thelower diffusion rate of propranolol from de-
vices prepared with MIPsindicatesthat the specific
binding characteristic of these systemscan providea
useful meansof sustainingthe ddlivery profile.

Imprinting of peptidesand proteins

Relatively low molecular weight compounds are
generdly used astemplatesinmolecular imprinting. The
synthesisof MIPssdl ectiveto macromoleculessuch as
proteinsismainly hindered by stericand thermodynamic
reasons. Bulky protein cannot easily movein and out
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Figure4: Influence of polymer content and imprinting
effect on propanolol rdeasefrom 1ecmdiameter discscon-
gituted by M IPsand Non-MPl's
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Figure5: Schematic drawing of theimprinting process of
apeptideusingtheepitopeapproach

hrough the mesh of apolymer network®! | although
thismay be overcome by synthesising macroporous
MIPS®! or creating surface imprinting using metal
(Cu?)-ligand monomers. Ontheother hand, theuse
of largenon-rigid templates, such aspolypeptidesand
proteins, yieldslesswell-defined recognition sites®.
These considerations|ed Rachkov and Minoura®! to
create protein-imprinted polymers using a short
peptide(epitope) that representsonly apart of thelarge
protein as a template. The MIPs are intended to
recognise such aportion of amino acidsinany protein,

Macromolecules « —

astheantibodies recognise specific sequencesin mac-
romol ecular antigens. For example, asequenceof four
amino acids(Tyr-Pro-Leu-Gly) can be chosen asthe
template of oxytocin(Cys-Tyr-l1le-GIn-Asn-Cys-Pro-
Leu-Gly-NH2) using methacrylic acid asthefunctiona
monomer, EGDMA asthe cross-linker(monomer to
crosslinker ratiosranged from 1:30t0 1:7.5), and water
acetonitrilemixture asthe polymerisation medium. The
imprinted macroporous polymer efficiently recognised
both the template and the whol e protein, evenin pH
6.5 agueous medium.

Thehigh sdlectivity and affinity of these M IPsfor
peptides and proteins make them potentia ly useful for
the development of DDSwith ahigh loading capacity
and ableto control the release of thesemacromol ecules
in an adequate physiological environment molecular
antigens. For exampl e, asequenceof four amino acids
(Tyr-Pro-Leu-Gly) can be chosen asthe template of
oxytocin (Cys-Tyr-lle-GIn-Asn-Cys-Pro-Leu-Gly-
NH2) using methacrylic acid asthefunctiona mono-
mer, EGDMA asthe cross-linker (monomer to cross-
linker ratios ranged from 1:30 to 1:7.5), and water—
acetonitrilemixtureasthe polymerisation medium (Fig-
ure’5). Theimprinted macroporous polymer efficiently
recognised both the template and thewhole protein,
eveninpH 6.5 aqueous medium. The high selectivity
and affinity of these MIPsfor peptides and proteins
make them potentially useful for the devel opment of
DDSwith ahigh loading capacity and ableto control
the rel ease of these macromoleculesin an adequate
physiologicd environment.

2.Activation modulated drugdelivery

Thisapproach basi cally |eadsto the development
of DDSinwhichthereleaseoccursasaresponseto a
changeinthe conditionsof theenvironment, which af-
fectsthebinding of the drug directly(competitive bind-
ing or hydrolysisof thebounds) or through achangein
the swelling state of the polymer(volumephasetrang -
tioninduced by aexternd stimulus).

Competitivebinding

Anactivation-modul ated delivery may beachieved
withanimprinted gel that releasesthe drug because of
thecompetitivebinding to the polymer of another sub-
stanceinthe solution. Thenetwork includesanon-im-
print drug and, when theimprint moleculeappearsinthe
surrounding medium, the network bindsit and releases
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thedrug. If the concentration of theimprint substance
decreases, therel ease stops. A system of these charac-
teristicsableto rel easetestosterone a arate depending
on the concentration of hydrocortisoneinthe medium
was described by Sreenivasan®?. HEMA (1g) cross-
linked with EGDM A (4g) and imprinted for hydrocorti-
sone (100mg) inchloroform (6-8ml) absorbed, after re-
moving theimprint, acond derableamount of testoster-
one (175ug/100 mg MIP versus 36ug/100mg control
polymer). Thereleaseof theloaded drug to the aqueous
medium was cong derably enhanced in the presence of
thetemplate mol ecul e(hydrocortisone) Other competi-
tivebinding experiments, in agqueousenvironment between
bupivacaineand other local anaesthetic drugs*?, and
between theophyllineand other methylxantines(caffeine,
theobromine) and 17--estradiol and very closestruc-
turdly related sterols(17-o-estradiol, 17-o-ethyny
lestradiol )Y -have shown the ease with which anon-
imprint gpeciebound toimprinted polymer particlesmay
be replaced by thetemplatemolecule.

Hydrolytically-induced drugrelease

A particularly useful gpproachto modulatedrug de-
livery consstsof creeting erodiblesystemsfromwhich
thedrug cannot berd eased unlessthe polymer degrades
or polymer-drug bondsare broken. Theexternal con-
ditionsthat can induce these processes are, usually,
extremephysiologica pH or thecata ytic activity of cer-
tain enzymes. For example, drugsthat are unstable un-
der thegastric conditionsmay besdlectively rleasedin
the colon by preparing DDSwith polymersthat serveas
substrates of theenzymesof thisintestind region or that
degradeat dightly dkaline pH environments. In other
cases, therate of hydrolysis of thedrug linkageto the
polymer network control stherel easerate. Ester bonds
usudly need dkainepHsmuch stronger (pH 10-11) than
thosefoundinthephysiologica environment to bebro-
ken. Additionally, the presence of e ectron donating
groupsinthedrug molecul e (p-metoxy or p-amino) con-
siderably suppressestherate of hydrolysis*?. To en-
hance the hydrolysis of polymer-drug ester or amide
bondsunder mild pH conditions, Karmakar et d ¥ pro-
posedincorporating imidazolegroups (nucleophilic cata:
lyst) near the drug linkage usingamolecular imprinting
technique. Thehydrogels, designed for therelease of p-
amino benzoic acid, were prepared dissolvingHEMA,
N-vinylimidazole(NVIm) and ethacryloylethyl p-
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aminobenzoate(PAP) in methanol .Imprinted hydrogels
wereonly obtained when PAPand NVImwere previ-
oudy mixed together with Co?* ions. Themetdlicions
bring together both monomersforming aco-ordination
complex.Polymerisation of suchacomplex and subse-
quent remova of the metal ionwould lead to polymers
having thelabilebond and imidazol el ocated in contigu-
ouspositionson thesamechain. In ethanol—phosphate
buffer pH 8 medium, there ease of p-amino benzoicacid
from theimprinted system (PAP-1) was considerably
essier (first order rate constant 39.8x10-3 per day) than
fromtheother two gels(PAP-2: 8.1x10-3 per day; PAP-
3: 6.1x10-3 per day) and even faster than from PAP-3
gelsin0.01N NaOH(pH 11). Thecross-linkingwases-
sentia for thecatalytic activity of thehydrogel; there-
leaseratesfrom|linear imprinted and non-imprinted poly-
mersbangsamilar.

3. Feedback regulated DDS

Frequently, thelevelsof some physiologica sub-
stances are used as direct indicators of the degree of
dysfunction of acertain organ. Theavailability of sys-
tems capable of selective recognition of these sub-
stancesis an essential step to create feedback-regu-
lated DD S ableto modulate drug releaseasafunction
of thelevel of these substancesin the body!?!.

Most work carried out until now hasbeen focused
on glucose-regulated insulin delivery systems, using
nonimprinted systems. However, sincerecently, the ob-
taining of glucose-imprinting hasbeentacklingtheissue
from quitedifferent approaches. Theprevaenceof dia-
betesin developed countriesis quite considerabl 4.
Therefore, fromapractica point of view, Smple meth-
ods of quantifying blood glucose concentration arere-
quired and, consequently, some MIPs have been de-
sgned assensorsinthisfidd. Arnold et d ! devel oped
aglucose sensing device based on methyl-d-glucoside
imprinted polymer, applying metal co-ordination, that
exhibitsachangein pH proportiond totheglucosecon-
centration of itsenvironment. Thisprocedurewas|ater
improved by Striegler*6474l for enhancing glucosebind-
inga 5.5<pH<7.5. New functiond monomerssuchaq4-
(N-vinylbenzyl)diethylenetriamine) copper(11)] diformeate
or [(diethylenetriamine) copper(Il)] dinitrate, which can
form 1.1 complexeswith carbohydratesin thisrange of
pH, were synthes sed. Although the ligand-Cu2+—glu-
cosegpparent binding constant islower at physiologica
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conditions(pH 7.4) than at thepH usad for polymerisation
(12.4), theimprinted systemsweretill much moreeffi-
cient than thecontrol onesand showed ahigh selectivity
over other 1,2-cis-diols, namely mannose and gal ac-
tosg*. Adequateimprinted networkseven alowed se-
lectivediscrimination of a-and B-glycosidic linkagesof
cellobioseand matosg®. Findly, toraisetheoverdl load-
ing amount of carbohydrates, cross-linkersand mono-
mersthat may establish hydrogenbondinginteractions
weredsoincluded. Asthematrix polarity increased, the
polymer preferencefor thelargeand polar disaccharide
lactosed sorose, in detriment of thelesspolar monosac-
charideglucosg®?. Thus, depending onthespecific car-
bohydrate to be recognised, it maybe practical to use
polar or non-polar cross-linking monomers. In this
way!“% demonstrated thefeasibility of hydrogen bond-
inginteractions between carbohydratesand methacrylic
monomers, to produce high affinity binding polymer net-
works. These sensorsmay serveasabasisfor the ob-
taining of glucose-responsve DDS.

Recognition and r elease mechanisms

Thefirst reportsof imprinted polymersthat afforded
asustained rel ease mechanismwere by Norell et a .14,
Polymersimprinted withtheophylling, amethyl xanthine
used inthetrestment of asthma, wereeva uated for con-
trolled releasein agueousbuffer. Theophyllinehasanar-
row therapeutic window(30-100ug) and concentrations
higher than 110ug arelikely to betoxic. Theophylline
imprinted polymerswere prepared by the non-covalent
techniqueusingmethacrylicacdd(MAA) asthefunctiond
monomer and ethyleneglycol dimethecrylate(EGDMA)
asthecross-linker. These polymerswere shownto be
ableto differentiate between themethyl xanthinestheo-
phyllineand caffeinewhen the polymer was packed into
an HPLC column. Therdeasekineticsof theophylline
weredetermined in phosphate buffer at pH 7 from poly-
mersloaded with theophyllinea concentrationsvarying
from 0.1 to 50mg of theophylline/gdry polymer. Those
polymerswiththelowest theophyllineloading (2.0and
0.1mg/g) displayed the dowest release characterigtics.
Thevariationinthereease profile can beattributed to
the heterogeneity of therecognitionSites.

Thedifferenceinthedistribution of bindingsitesin
theimprinted and nonimprinted polymerscaninfluence
how abound drug isreleased from imprinted as op-
posed to nonimprinted polymer particles. Puoci™ has
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used preci pitation polymerizationto generate polymers
cagpableof controlled delivery of the pro-drug sulfasaa
zineused intreatment of diseasesof thecolon suchas
Crohn’s disease, irritable bowel syndrome and ulcer-
ativecolitis. These polymerswere designed to beused
for ord adminigtration of thedrug, andtore eesesulfasda
zineinthe colon sdlectively. Thereforethe pro-drug
needed to remain bound tto the polymer under thehighly
acidic conditionsfound in the stomach but releaseits
|oad under themoreneutral/akaineenvironmentinthe
largeintestine. The polymer matrix wasmadeswellable
by copolymerisng MAA asthefunctiona monomerin
a79:21 moleratio with EGDMA asthe cross-linker.
Thisrelaively highleve of ionisablemonomer alowed
the polymer spheresto swell under changesin physi-
ologica conditionsfromacid to neutra, asthe carboxyl
groupswere deprotonated. Under acidic conditions,
both the non-imprinted and the imprinted polymers
showed asmall rel ease of sulfasa azine, with thenon-
imprinted polymer releasing 20% of itsload compared
to theimprinted polymer which lost 5% of the bound
drug. When thepH wasraised t0 6.8, thenon-imprinted
polymer released therest of itsdrug load within 2h,
whereastheimprinted polymer had only rel eased 80%
of thebound sulfasalazinein theremaining assay time.
Thisbehaviour demonstratesthat the drug was either
bound to carboxylic acid groupsin the polymer matrix
or that thematrix itself remained lessswollenat agiven
pH than thenon-imprinted polymer. At low pH theacid
groupswereprotonated and bound to sulfasd azine, but
asthepH wasraised these acid groupsdissociated and
could nolonger take partintemplate bindingor inre-
taining carboxylic acid H-bond cross-linksin the ma-
trix. Thus, method of controlled rel ease by imprinted
polymersispromising and providesauseful dternative
to other strategies for colonic administration of
sulfasdazineand and ogues.

The preci pitation polymerization strategy described
aboveisoneway to avoid theintroduction of potentialy
toxicorganicsolventsinimprinted drug delivery devices,
another isnot tousean organic solvent at al. Thishas
been demongtrated with the synthesisof MIPsusingthe
hydrophilic monomers (2-hydroxyethyl) methacrylate
(HEMA), MAA and EGDMA.. Theuseof thesemono-
merswasthefirg illustration thet theinteractionsbetween
monomersin the polymer backbone and template can
have aninfluenceover therel ease of adrug compound.
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Asthesemonomersareliquidsand thetemplatewill dis-
solvedirectly inthemonomer mixture, thereisno needfor
asolvent, whichisnormdly requiredinmolecular imprint-
ing, inorder for templateszed cavitiestobeformedinthe
imprinted polymer. Inaddition, asalow cross-linking den-
Sty wasused, theimprinted polymersobtai ned were soft
and opticdly clear, makingthemided asasoft contact
lens dosage form*¢l, which could be used directly asa
drug delivery deviceon the surface of theeye. Imprinted
polymer lensesovercomemany of the problemsassoci-
atedwithtraditiond ocular drugddivery suchastherapid
clearancethrough tearsand blinking and can of coursebe
used for Sght correction aswell asthesustained ddivery
of adrug. Furthermore, thelensddivery deviceoffersthe
possibility of extended useduring theday followed by drug
rdoadinga night. Thefird examplesof thesepalymer lenses
werematerial simprinted with the B-blocker S-timolal,
which can beused for thetrestment of glaucoma. Severd
monomersusedinthemanufactureof soft contact lenses
wereevduatedinorder toinvestigatetheinfluenceof mi-
croenvironment upon timolol uptakeand releasg. Al
thepolymersfollowed the Langmuir isothermfor timolol
adsorptionfromthesolution.

SKCq
T 1+KCy

where A is the amount of sorbed timolol, S is the maximum
capacity, K isthe affinity constant, K isthe overall affinity and
Ceq isthe concentration of freetimolol in solution.

Polymersbased upon DEAA exhibited thelowest
affinity for timolol whileHEMA based lenseshad the
highest affinity. The polymers displaying the greatest
imprinting effect were those composed of DEAA or
MMA-DMAA copolymers. This can be explained in
termsof greater capacity of HEM A to hydrogen bond
with timolol. Together withMAA, HEMA-rich poly-
mers can form amicroenvironment to enhancethein-
teractionsof drugwith matrix intheimprinted polymer.
The backbonemonomersal soinfluenced thedrug re-
lease profileof theimprinted contact lenses. Themore
hydrophilic lenses prepared with SMA-DMAA and
MMA-DMAA as the backbone monomer, rel eased
their entire drug load within 3h, whilethose prepared
with HEMA maintained drug rel ease over an 8-h pe-
riod. Thiswas probably dueto the greater uptake of
water by those polymerscontaining SMA-DMAA and
MMA-DMAA, which dlowed thedrug to diffuse out
of theimprinted lensesmore quickly. Aninvivo study

= Microreview

by Hiratani et a. *¥compared thereleaseinto and resi-
dencetimeinthetearsof abino rabbits, fromimprinted
and non-imprinted soft contact lensesand topical ap-
plication of timolol solution intheform of eyedrops.
Thelenseswere prepared from EGDMA, DEAA and
MAA as this monomer combination displayed the
gregter imprinting effect. Theimprinted lenseswereable
tomaintaintimolol releaseover a3-h period, compared
to the 90min sustained timol ol ddlivery for thenon-im-
printed lenses. Thegreater duration of timolol release
for theimprinted lenses was again due to the higher
cgpacity of these compared to the non-imprinted lenses.
Both displayed amaximum timol ol rel easebetween 12
and 13min followed by mono exponentia decay of
timol ol concentration. Timolol gpplied directly asdrops
wasflushed out of theeyewithin 1h of gpplication, irre-
spectiveof theinitial concentration. Boththeimprinted
and non-imprinted lensesbestowed agreater bioavalla
bility of timolol inthetear fluid compared to eyedrops
of similar total drug load. Thiswas of course because
the drug has to diffuse out of the lens matrix before
encountering thetear film and flushed out of theeye.
Thegregter duration of timolol releasefor theimprinted
polymer over the non-imprinted lenswasreported to be
aconsaquenceof thegreater binding capacity for timol ol
by theimprinted lens. Theimprinted soft contact lenses
areanillustration of the potentia utility of imprinted
hydrogel sasdrug ddlivery devices. Thehighwater con-
tent of hydrogelsai dsin biocompatibility andwill notin-
duce any immunogenic responsg®*?; however, asthe
crosslink density isgeneraly much lower than usually
encountered in molecular imprinting, thedesign of the
polymer network needsto be carefully considered®-22,

Futureprospects

Significant future opportunitiesfor theuseof MIPs
lieintheareaof drug delivery, in particular ‘intelligent
drug release’ and ‘magic bullet’ drug targeting, as to the
potential of molecular imprinting.

Intdligent drug releasereferstotherdease, inapre-
dictableway, of atherapeutic agent in responseto spe-
cific stimuli such asthe presence of another molecule,
whilst drug targetingis best exemplified by the ‘magic
bullet” approach where a drug conjugated to a targeting
vector, such asan antibody or apeptide, interactswith
specifictesof interactions. A good exampleof thismight
beacdl surface epitope. In both of these areas molecu-
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Figure7: Targeted drugdelivery usingamolecularly im-
printed carrier.

larimprinting hasvery red potentid. For ingtance, intelli-
gent controlled rel ease coul d be achieved by the com-
petitivedisplacement of adrug by astructurdly related
crossreactant. Thistype of direct displacement isprob-
ably thesmplest way of generating areleaseprofilein
response to asecond analyte but other alosteric-like
phenomenaaredso plausble(Figure6).

Using MIPstotarget drug ddivery isalso anexcit-
ing concept (Figure 7). The drug coupled either co-
valently or non-covalently to the MIP, would bere-
|eased when the MIP bindstoitstarget on the surface
of acell. Thisconcept could be extended so that the
binding of theMIPtothecdl surfacewould bring about
internalization of the M IP-drug complex and subse-
quent drug release.

Todate, temperature- and pH-responsiveimprinted
polymershavegenerdly relied upon strongionicinterac-
tionsbetween functiond monomersandthetemplate. The
introduction of multiple hydrogen bondsor the use of
hydrophobicinteractionsbetween the polymer backbone
andthetemplatewouldlead toimprinted polymerswhich
might deliver agreater variety of therapeutic agents. The
ability of animprinted polymer to beableto recognize
sugars, for example, would be highly advantageousin
thetreatment of diabetes. Anincreasinglevd of glucose

Macromolecules « —

intheblood could be used asatrigger for animprinted
polymer containingareservoir of insulin.

Star-shaped and linear PEGsin combination with
MIPsoffer the potential of delivering adrugto apar-
ticular stethrough afurther routéd®, Many cellular rec-
ognition process aremediated by polyvaent interac-
tionsat surfaces?! and thusthe compl exation behaviour
of PEG gel sbearing pendant saccharide groups? might
potentially provides ameans by which animprinted
microge partidemodified withamultivaent polymer a
itssurface might betargeted to atarget cell. Therecog-
nition capability of the hybrid imprinted microgel sur-
facewouldthen enableit adhereto atarget suchasa
cancer cdl, and subsequently releaseahigh loca con-
centration of the thergpeutic agent.

CONCLUSION

The presence of drug reservoirsin amatrix that
have adefined affinity asaresult of themolecular im-
printing process pavestheway for finecontrol of thera-
peuti c rel ease, while the use of responsive co-mono-
mersin the backbone matrix allows for external or
biomimetic regulation of drug levelsin away not pos-
siblein conventiona systems. The ability to engineer
binding sitesand material morphology inarelatively
smpleand controlled fashion isoneof themost signifi-
cant advantages of thistechnology whichwill inturn
influencebinding and releasekineticswhichisacrucia
factor indrug delivery. Synthetic methodsfor the prepa-
ration of imprinted polymersarebeing refined to give
much better control of macromolecular architecture
leading to matriceswith more predictable recognition
and release properties. Theadvancesin making MIPs
intheform of spherical particlesand filmswould be of
crucia significanceinwider useof MIPsintheareaof
drug ddlivery systems. The combination of thesefac-
torssuggeststhat molecularly imprinted polymerswill
be both better defined and will have properties of real
vaueinthebiomedical field, leadingtoapromisngfu-
turefor these materid sasdrug delivery devices.
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