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(BPMs): an outer polymetric matrix and an inner polymeric matrix, both of which contain at least one pharmaceutically active agent
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device and a method of treatment are also described.
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& DRUG DELIVERY DEVICE

FIELD OF THE INVENTION

This invention relates fo an implaniabls device for the in sity delivery of one or mare ghammaceuticatly

active agents for acute and chronic managament of inflammation andfor infection,

BACKGROUND TO THE INVENTION

O the basis of date fomn surveys in 55 countries, the World Health Crganization has estimated that
there are approvimataly 1671 milfon peopde i the world with vistal impairments and 37 million bling
people. Ths periinence of reating inlraoculsr pathologies before bilndness manifests is apparent.

in thelr hvestigations, Herrero-Vanrell and Refojo (2001) and Dl Amo and Urlll (2008) have polled
to inflammatory posterior segment ocular {vitresrstingly disorders as the foremest perpstrators. of
visual impairment and ullimately blindness. Ensuring delivery of the indicated bicactive 1o the
posterior segment of the eye is fundamental for the effectual reatment of internal aye stuciurs
disorders, MHowsver, drug defivery to the posterior segment & parlicularly chalienging due o the

anatomical and vascular barriers o both iocal and systamic access.

As emphasised by Yasukawea and co-workers {2008), progress in the fleld of ccular drug dedivery is
delayed when problems of drug avaliabiity to the posterior segment are encountersd. Furthermore,
Havssleln of al {2006} relterated that indirect bloaciive pathways (topical, systamic or perincuian to
e vitreous suffer from the disadvantage of poor penetration of the Biophysiclogical blood-aoular
barsiers, necessitating direct intravilreal drug delivery for successiil management of poslerior
sagrment disorders. latravitresl injection of drug, and sustained drig celivery systerns fabricated fom
polvrners (biodegradable or non-bivdegradable) for delivery via injection or imiplantation, targat the

posterior segment.

Bagause there may be significant damage fo retinal and uveal Hesues, Rao {1880 noted that visual

prognoesis is most critical where severe infraccular inflammation s a presenting feature; the process is

¥
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witiated by T- and B-lymphooyles, but augmented and maintained by polyrmorphonuciear feukooytes
{FMNs} and macrophages. Chemical mediators, such as arachidonic acid metabolifes, proteoiytic
gnzymes and oxygen melabolites are responsible for the fissue damags evident in oouler
inflammiatory conditions such as uvsitis {infactious or non-infectious). The emerging focus on reactive
oxygen melabolites {oxygen fres radicals) released by FMNs and macrophages during the initiad
phase of inflammation was highlighted by Rao (1980). Champagne {2001) specified the fopical and
systemic use of corlicosteroids and nonstercidal aniinflammatory drugs (NBAIDs) for the
management of adnexal, comeal and intraccular mflammation. Corticosterold supprassion of
inflammation and cicatrisation is reiterated by Holokamp st al (2005} attained in part by their inhibition
of inflammatory cytokines. intravitreal coicostercids {e.g. dexamathasone, fuocinoione acelonide,
triamainotone} are purported {0 resull in improvements in patients with many chronis, inflammatory
and profiferative intraccular diseases (Hasssleln ef al., 2008, Reichie &t al, 2005) such as macuiar
pedema secondary to Glabetes (Jonas gnd Sofker, 2001}, pseudophakia (Jonas et al, 2003}, central
refingl vain occlusion (Park ef al,, 2003) and wveitls {Young et a1, 2001); as well as in the prevention
of profiferative vitreorslinopathy {(Jonas 8t al, 2000} NSAIDs (eg furbiprofen, keratolag,
acalylsalicylic acid) are being used with increasing frequency, with axploration of further applications
{Champagne, 2001)

Posterior  segment  pathologias  futher sncompass  intaocular  infections, eg.  bacterial
endophthalmilis, which can ocour post-aperatively, post-traumatically or via bacterial metesiasis from
an endogenous side. The clinical presentation of endopmhaimiiis varies from mild inflammation to
complete loss of vision or loss of the sye {Callegan et al, 2007). Callegan and co-workers (2007)
referrad o axperimental evidence, demonstrating the necessity w0 im’tiais freaiment with intravitreal
antibiotics in a timely mannar. Vancomyeln, aminogiycosides, cephalosporing or tha promising fourt

gensration fucroguinciones, are often used empirically, with corticostercids as an adjunct fo fimit the

bystander damags caused by infraccufar inflamraation.

Despite these advances, the pharmacological management of these severs ocular pathologies is stil
& major hurdie:. There s wséespmad procedural accurrence {Reichie of al, 2005) of elevaled
infragouiar pressure and cata mragre:ﬁ:oq {(Roth et al, 2003). Gther risks, panticularly associated

&

with intravitreal infection of codicostercids, inchude endophthaimitis 1

Joshleght et all, 2003), reting!
S

detachment {lonas et al, 2003), hemiceniral vein occlusion (Gilles al, 2{04), prevetinal
haemorrhage {Jonas et al, 2001}, pseudohypopyen (Jonas &t al, 2001} and vitreous haemorthage
{Moshfeghi et al, 2003). Furthermore, the combination of antibictic and corticosteroid in the
Iherapeutic management of endophthaimilis is stilt controversial due 1o corticostercid-raiated affects
{Callegan ot al, 2008). Research has been implicit in conveying that controfied polymeric drug
delivery syslems are essential for realising a superiative pharmaceutical intervention, Where efective
bivactives are available for intraccular dissase treatment. Such systems aftain 'controfied’ levals of

orug, for bicavaiabilly oplimisation and side effect minimization {Ligéro Fiatho et al, 2008).

P
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However, available intraccular implants for high-doss sustained corticosteraid delivery suffered from a
notably high complication rate during clinical Irials conducted by Hoiskamp et 8l (2008}

Relised™ (fluocinolone 0.08mg intravitreal impiant, Bausch and Lomb, ing) is the first FDA approved
intravitreatl implant for the freatment of chronic posterior norvindectious wveitis. It is g sterlle impland
that releases fluccintione inflially at a rate of 0.8 micragrams pev day lo the posteriar ssgmant of the
eye, decreasing over the month o 0.3-04 micrograms per day over aporoximaiely 30 months.
Because there is confinucus releass of antibinflammalory drug, lisspective of the pressnce or
absence of inflammation, there is an enhenced propensity for the occurrence of side effects, such as
cataract development, intraccular prassure slevation, procedural complications and eye pain. This
would be minimized from the proposed systam which provides enhanced diug release when exposed
o an inflammelory stimulus comparad to when the implant is sublected o nommal intraocular

conditions

There is thersfors a nesd for 2 means of delivering drugs which overcomes 2t loast some of the

problems highlighted above.

SUBMMARY OF THE INVENTION

Actording fo 2 first embodiment of the invention, there is provided an implantabis device for the in sity
delivery of one o mare pharmacsutically active agents io.a human or animal, the device comprising:

an cuter polymeric malix formed from at least one inflammation-sansitive polymer and
comprising at least one pharmaceutically active agent, wherein the polymer s cross-linked so as {o
refain the pharmaceutically aclive agent within ths polymeric malix under normal physiological
conditions but undergoes a conformational change when inflammation is present so &3 o release the
pharmacsutical composition; and

an inner polymerie malrix formed fom a8t least ong infiammation-sensilive polymer and
somprising & least one pharmaceutically active agent, wherain the polymer is crossinked 50 as o
raslain the pharmacsutically aclive sgent within the polymeric matix under normal physiologicst
conditions but undergoes § conformational change when inflammation s present 50 a3 1o release the
pharmaceutical compasition;

wherein the inner and culer polymernic matrices are formed so that, when inflammatlion is
prasent, the pharmaceutically active agent within the inner polymeric matrix is released at a slower

rate than the pharmacsutically active agent within the outer polymeric matriy.

The ouler polvimeric malrix may provide fasi o inlermediale releass of the pharmaceutically active
agent for the therapeutic management of Infection andfor prefiminary inflammation, and the mner
poiymaric matrix may provide siower releass of the pharmacautically active agent than the ouler

polymerie matrix for chronic responsive management of inflammation.
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The inner polymeric matix may be chemically modifed by cross-linking o provide a siower reisase
rate of the pharmacsutically active agent than the culer polymeric matrix.

The device may be bindegradable.

The polymer of the inper polymeric malrix may be a cationic low-molecuiar weight carbohydrate
polymer, such as chilosan,

The polymer of the owter polymeric matrx may be an anionic polymer, such as hysiuronic acid, or a

mixture of anionie palymers.

The polymers of the inner and outer polymerns matrices may be sroded by free radicals released from

achvated leukocyles.during acute and chvonic intracculer inflammiatary reactions.

The polymaric matrices may be cross-inked with glteraldehyde and may be futher cross-inked
{double-crossyinked) amploving carbodiimide coupling chemistry.

The ouler polymeric malix may further comprise alginate, polygalechuronate, methylcetiviose
{polyacetals), poly (ethylens} oxide andior poly {acrvlic ackd). The ralie of aigingte: hyalwroniz acid
may be abowl 1851 The ratio of sighate poly {acnylic ackd) in the outer polymeric matrix may be
about 41

The ratio of chitosan io the ghitesaldehyde crogs-linking agant in the inner polymearie malrdy may be

abowt 71

The pharmaceutically active agent of the outsr polymeric matrix may be an antibiotie, such as
ciprofioxacin or other fluoroquinciones {e.g. moxifioxacin, gatiffoxacin, levofloxacin}, or other sultable
antiviotive or antifungal agenis {e.g vancomycin, amikacin, gentamicl, tobyamyols, ceftazidime,

Amphotericin B} or may be an antiinfammatory agent

The pharmaceutically activa ggent of the lnner polymeric mabrix may be an ant-inflammatory agent

{sleroidal o non-steroidal).

The anti-inflammatory agent may be the nor-steroidal agany, indomathad
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The pharmaceutically active agent in the Inner polymeric matrly may be within or on nanoparticlas,
The nanoparticles may be formed from poly{e-caproiacione), chifosan and phospholipids, and may be
iy the form of nancbubbies. The nanoparticles may possess the inherant potantial fo penmneate ooular

barriers of interest such as He blood-ratinal barier (BRB).

The dawice may have at least ong gperiure for suling the implant 10 g site in the body.

The device may be an ivtraccular device for implantation or insertion into the eve, praferably into the
postarior segment of the eye (af the pars plena) or sub-Tenon, or inrascleratly or on the solera
Alternatively, the device may be for use in preventing or trealing inflammatory or infeclious condifions
Hhroughout the body, such as HIVIAIDS, influenza, arhdills, lupus, Sbromyalgis, venile rheumatoid
arthritis, osteomystitis or septic {infectious) arthrilis. t may alse be applied in the management of
chronic pain associated with cancer. H may therefore be implanted in reglons other than the eys.

ina preferred example:
the polymer with which the suter polymeric matrix is formed & hyaluronic agid;
the pharmacetfically active agent inn the outer polymetic mabriy & anantibictis;
the polymer with which the laner polymene malrix is formed is chitosan,;
the pharmaceutically agent in the inner polymerc matix is an anti-inflammalory agent; and

the anti-inflammalory agent is entrapped n or on nano-pariicies,

Agoording to 2 second embodiment of the invention, there s provided a method of manufaciuring a
device as described above, the mathod comprising the steps of

forming  nanoparticles  from  polvic-caprolactone),  chitosan, phospholipids  and &
pharmaceutically active agsnt

forming an inner polymenic malix fom the panoparticles and a polymer which erodes when
sxposed o inflammation,

forming en outer polymeric matrix from & pharmaceutically active agent and & polymer which
arodes when exposed o inflammation, wherein the ouler polymeric malrix s designed 1o ergde al &
faster rate than the Inner polymeric malrix when @posed o inflammation, and 80 W release the
pharmaceutically active agent from the owter polymeric migtrix at & faster rale than tha fnner polymeric
rnairix;

placing the inher polymernic matrix in an inner portion of a mould;

facing the ouler polymeric matri in an outer portion of the mowld;

'YJ

drying Hhe matrices fo form 3 solid device which is sultable Ry implantation; and
optionally creating aperiures in the devics o enable  fo be sutured 10 a sile In the bady.



15

€3
<

3
pes]

WO 2012/070027 PCT/IB2011/055328

According 1o & third embodiment of the invention, there Is providad a method of trealing nfection

fﬁ

andfoy inflammation in & uman or animal, the method comprising inserting or implanting & devica a
described above into the human or animal &t a site {o be treated, whersin:

an ouler golymeric matix of the device releases, in the presence of inflammation, a
therapeutically effective amount of an antibiolic W traat the infaction and prefiminaty inflammation;
and

an inner polymaric-matriy of the device releases a therapsutically sffective amount of an
anti-inflammatory agent at @ slower rafe than the oufer polymeric malrix o treal @ chronic

inflammatory condition.

BRIEF DESCRIPTION OF THE FIGURES

Figure 1 shows the proposed configuration of an implant device soccouding o fe invention
possessing 2 ‘fried egg’ appearance with inclusion of cptional aperiures, created smpioying & isser or

tabletting press; {a) font view, (I} laleral view

Figurs 8 shows & sonstructed multiiayer percepiren nabwark, An artificial neural network is an
interconnscled group of nodes, akin o the vast network of neurons in the buman brain,

Figure 3: shows pholographic images depicting (8} simultaneous origination of bloresponsive
polymetic matrices (BPMs of the device acoording to the invention, and (&} the final device and

resuitant dismeter.

Figure 4 shows axemplary graphical depictions of the correlation between the WAC and MDT
of the device under nommal and inflammatory conditions representing: (a) high covrsiation under
nflammatory condions {(Formulation 10), (b} high cormrelation under normal conditions (Formulation

2063, and (o) high corvelation under normal and inflammatory conditions (Formuiation 24,

Figure &: shows drug ralegss profifes for formudations 1€ {af) {80 < 003042 for

indomethacin and 3D < x0.08607 for ciprofioxasin in all cases).

Figure 8 shows drug release profiles of formulations 7-12 (8D < £0.03042 for indomethacin

and 80 < £3.05807 for ciprofioxacin in all cases

P

Fligure 72 shows drug release profifes for formulations 13,14, 18-18, 20 (8D < 2003042 for
indomethacis and S0 < 23 05807 for ciprofioxacin i all cases).

£y

Figure & shows drug release profiles for formulations 24, 22, 2427 (80 < x0.03042 for

indomethack and 30 < 20 .08807 for ciprofioxacin in all cases).
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Flgure & shows normalized ransitional textural profiles for formulations -6 (8.0 < £8.08112
in aff cages).
Figure 1& shows normafized ransitional textural profiles for formulations 7412 (8.0, < £0.08112

iy sl cases)

Figurs #1: shows normalized rahsitional eduiat profifes for formudgtions 13, 1418448, 208
<£3.08112 In all cases).

Flgure 12: shows normalized ransitional texdural profiles for formulations 21, 28, 3427 (80 <
£ H112 i 2l dazeas).

Figure 13; shows sxempiary residual picts for MDT N, MDT UF, and WAC N

Figure f4: shows response surface plots for the significant responses (8} MDT N, (BYMDTIF,
YA MBT L

Figure 1§ shows response surface plots for the significant responsss {a} A WAT N (b} A WACF

Figure 18: shows interaction plotsfor {a) MDT I N, (b} MDT I F and {c} changs in MDT |

Figurs 17: shiows inferaction plols {data means} for {3} change In WAD (N}, {b) change in WAC
{F}, and {¢} change in resilience (F}.

Figure 18: shows ogtimization piofs dsiinaating factor zellings and desirability values ¥or an

Figure & shows a graphical depiction of the training performed on Newonsolutions ™,
Figurs 20: shoes a graphical depiclion of the comelation belween the desired and the aclual

network output for A MDT | of sach formutation.
Figurs 21: shows & typicat bar chart graph depicting the sensitivity coefficients {zensitivily about
the mean) of sach vanabls implicated in the manufacture of the device against the AMDT | following

the primary training.

Figurs 22; shows FTIR spectra of the drug, polymers, iinids, and the resultant nancbublie.
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Figure 33: shows progressive deposition of the polysaccharide coatl on the lipo-chitosan-PCL
nanobubbles at 32x magnification: {a) the uncoatad chitosen<PCL nanobubbles, with Bime the coating
emanaiad in the slucidation of fuxzy microsinicives as viewead gt (b} 12 hours @nd {1 24 hours,

Figure & shows SEMs depicting that artefacts of the nanobubbles (pores previously oocupiad
by the nanobubbles) can be visualised {4450y magnificationg.

Figure 25 shows compuistional data depioting: (8} polymer strands ordering. under axiemal
influgnce; A} polymer strands in soiutinn with recognizable molecular sites; B} initial ordering around
axis {aken as slarl up point only) with surfaciant's addition o the mediuny, £, D, £ & F) further
ordering and 2 complete thres-dimensional, 360 ordering orientation of the polymer strands. (b)
Orientation progression for Sa. {¢) Polymer shands orderning under external influsnes: A} polymer
strands In solution with recognizable molecular sites; B) nitial ordering around axis {taken as stat up
paint only) with surfaciant’s addition to the medium; €, O, § & F} further ordering and & compiste

three-dimensional, 360 ordering orientation of the polymer strands.

Figure 26&: shows FTIR specta of ihe native polymers, pre-crosaiinked gel implicalesd in

formation of the outer BPM, and the crosslinked BPM.

The invention provides an implantable device Tor the i sit defivery of one or more phamaceudically
active agents o a human or animal. The device comprises two differential relegss blorsdponsive
polymenic matrices (BPMs) an cuter polymetric matrix and an innsy polymeric malriy, both of which
sontain at least one pharmacsutically aclive agent or drug, typically an antibictic and an ant-
inflanunatory agent, respectively. In response o inflammation, the pharmacsutically aclive agenis are
releasad, but at differsnt rates: the rale of drug release Tom the inner polymeric matix is fower than
the rate of drug release from the ouler polymeric malrix. A number of inflammatory diseases are
chrovie and hence regulre prolonged drug therapy. The outer polymerds matlix s designed for
intermediate drug release for the therapeutie management of the infection and/gr the preliminary
inflammatory reaction, while the lnner polymerc malrix is designed for chronic responsive

managemant of the ensuing inflammatory condition.

The invention will be describad below with reference to treating infection and inRammastion &1 the sys.
Howsver, it will be apparent 10 a person skilled in the arl that the devics can aiso be implanied o
insertad into other regions of the body. For example, the devive could be used o treat inflammatory
andfor infectious afflictions ranging from HIV/ AIDS and influenza to artivilis, lipus and fbromyalgia,

The device could also be of conaiderable value for a number of Inflammatory and infectious disorders
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that affect the body's muscuioskalstal system, inclding uvenils rhoumatold arthrills, osleomyelitis

and septic {infectious) arthrilis.

The sclera s the gutermuost coal of the aye, covering the postenior portion of the globe. The sxtamal
surface of the scleral shail is coverad by an episcleral vascular coat, by Tenon's capsule, and by the
conjunctiva. The fendons of the six exiraccular muscles insert into the superficlal scleral collagen
fibres, NMumernus blood vessals plerce the sclera through emissaria to supply as well ag drain the
choreld, oifiary body, optic nerve, and iris. Insids the sclerat shell) the vascular choroid nounishes the
outer ralinag by a capifiary system in the choriosapiiiars. Bruch's membrane and the refingl pigment
gpithalium {(RPE) are situated between the outer reting and the choriocapilians; thelr tght junctions
pravide an ouler bamier Debween the reting and the shorold. The multifunctiona! RPE s implicated in

vitamin A metabolism, phagooviosis of the rod cuter segments, and muiltiple transport procsssses.

The neurosensory reting, the most axlensively investigated struchive of the eyw, i5 & i, ransparent,
highly organized struclure of neurong, ghial cells, and blood vessels. Notably, the unique organisation
and biochemistry of the photoreceptors is a supert mode! system for énvesiigaﬁng signai transduction
machanisms. The waalth of information about rhodopsin has made € an excellent model for the G
profein—coupled signat ransduction.

The gglic nerve I8 a mysiinated nerve conduciing the relinal ouiput 1o the contral nervous systeny, itis
composed of 1} an intraccular perdon, which is visible as the 1.5 mm optic disk in the reting; 2) an
intracrbial porliory;, 3} an infracanslticular postion; and 4} an htracranial portion. The nerve is
enshaathed in meningas continucus with the brain (Henderer and Rapuano}.

The following facts are thus of significance with regard {o the general anatomy!
s The cornes is continuous with the sclera, which in twn I8 continuous with the dura.
= The chorold, a highly vasaular, highly pigmented laver between the sclera and the rating, is
contfinuous with the ciliary hody and the s,
s The pigment epithelium is a single oall layer thick, and comes from the outer layer of tha

original oplic cup.

Approvdmately 80% of the eye's volume is the vilreous, which is 3 clesr madinm oontaining collagan
fype §, hyaluronic acid, proteogiveans, and & varisly of macromoleculss including glucose, ascorbic
acid, aming acids, and a number of inorganic salts. The overall composition exemplifies & delicate,
fransparent gel composed of & highly hydrated double nelwork of prolein fivlls and charged

polysaccharide chains, By weight, vilreous is ~85% waler and 0.9% salls. The remaining 0.1% is
divided belwesn protain and polysaccharide somponents. Most of the protein is found In o
assochaied with 10-20nm helerotypic coliagen fitils composed of a small coliagen typs VX core
wrapped in a thick layer of collagen type i (T8% of the bl by mass). The exterior of each filwl is

decovated with covalently bonded collagen iype X and other givooproteins. Collagen IX contains four
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shott, coffed noncotlagencus domaing separated by three fiple-hsiical collagennus domaing, Two of
the collagenous domaing ars aligned with, and crosslinksd o, the axis of the fibrils, but the third strut
ke collagenous domaln ds stevically forced fo project out from the fibrit by a hepavitesulfale
giveosaminoglycan {GAG) chain that is covalantly bondad o the adiscent, hinge-like noncollagenous
domain. The network of collagen Bbrils has besn presumed resgonsible for the mechanical properties
of the viveous bacause of the badbearing capacily of collagen and because the vitrenus doss not
fulty coliapse with the snzymatic removal of hyaleronan. It has been suggested that hyaluronan (HA}
polysaccharide chains play a pessive role in the vilreous by filling the space belwesn the Blrls to
prevent exiensive aggregation. Litersture indicstes that the wvitreous shrinks after removal of
hvaluronan, and morphologically the collagen network ‘telaxes’ from having relatively straight to

signtficantly curved fibvils.

in the case of severe infradculer inflammation, there may be significant damage o refinal and uveal
tissues. The process is inligted by T and B-lymphocyles, bul augmented and maintained by
polymorphonuciear leukocytes (PMNs) and maorophages. Chemical medialors, such as grachidonic
acid metaboites, proleaiytic enzymes, and axygen melabolitas are responsible for the iissus damage

avident in osuler inflammatory conditions, such as uveills {infechious or non-infectous}.

With sperific reference io the vitreous, inflammatory diseases of various asliclogiss produce
opacification, fiquefaction, and shrinkage. Addiional changss include cellular profiferation and
transformation sading o fitvosis in cases of prolonged inflammation. In some eyes the fibrosis is
primary cortical while in others # is exiensive. Those inflammations with outpouring of a Suld exudate
isad o datachment of the vilreous From the posterior eye and extensive shrinkage. in such eyes the
vitrenus becomas heavily organized and opaque in the central eys behind the leng, pbscuring the
visw of the posterior fundus. In young syes virec-ratinal adhesions often form &t the siles of
inflammation, leading o traction on the rating and cifiary body; retinal {sars may resul fom the
fraction. Exudate in many inflaramatory vitrea! inflammations tends {o collect at the vitreous base
whare # organizes into socar Hssue. The scaris formed by the reting and ciflary body, but there are
also fibrasis-produced monocytes that become transformed into fibroblasts (Hogan, 1878},

it is thersfors not surprising that drug delivery to the postarior segment is parlinuanly challenging dus
to the anatomical and vascular barriers ta both local and systemic access,

The device of the present wention can respond o inflammalory molecules; such as the
abovementioned chemizal mediators, or condifions created within the eye inherent of the infection
andfor inflammatory response, hat contribule fo the pathology of infracoular diseasss such 88
postarior uveitis fwhich may have an infactious zeliclogy} and endophthalmitis by effecting polymeric

grosion with resultant drug dissolution and releass
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in one embodiment of the device, there & provided & mult-component system incorporating two
differential release bicrespensive polymernic malrices {(BPMs), an antibiotic and an anti-inflammatory
agentdeaded nanosystem (NS} {Figure 1), The puler BPR was designed for fast i termediate drug
refease for the therapeutic management of preliminary inflammation and concurrent infection. The
inner orosslinked corg malidy, Incorpomating an indomethacin-ioaded nancsystem, was chemically
modified o release the nanosystem at a slower rate (delaved release) than the ouler malrix for
chronic responsive management of the ensuing inflammatory condition. The differential release BPMs
were simuttaneously originated from polymers susceptible to Tee radical degradation employing the
concept of interpenairating network formation in the presance of n sultable crosstinking agent.

The BPMs srode and relgase the antinfammatory agent and antibiclie in response o an
nflammationralated stimulus, such as the bhighly reactive knlermadistes including OF, M0,
chioramings and hydroonyt {OHD) racficals that ars released from activatad leukogytes both in vitr and
during acule and chronic inkaccular inflammetory reactions it vive, Thus, release of the ant-
nflammatory agent from the bioresponsive device will be individualised and synchranised cirectly with
the needs of the patient as the level of anti-inflammatory agent relsased from the device will correlate
with the jevsl of inflammation experienced by that palient on a particular day. i is anticipated that
refease of the inflammation reducing agent in this manney could minimise adverse reactions refatad to

the agent

Several design griteda for the devics ware devised. Thesa includa:

{i} polymer blodegradability and biocompatibliity as inhevent properties of both the mabix
piatforms and nanosystem, with minimal propensity o induce inflammation, or uveal or relinal toxicity
upon implasiation, and sterilisability;

{#) the capability to act iv & bloresponsive manner {8.g respond o inflammation o other
ssmpc:sed stimulus &t the implantation site}, and fo maintain the drug concentration above therapeutic

evels in the vitreous cavity for the duration of the infectiony and the infammatory state, and

(i) easy insartion of the implant device o the desired site {(8.g. vireous cavily) and

accepiable size with respect o the anatomy.

The outer BPM can be formed from one or more anfonic biopolymers, such as hyalwronix adid, that
undergo biclogically observed free radical degradation (s inflammation-responsive degradation}.
Howaver, thalr rapid degradation {which is also obsarved in the présence of enzymes such as

<%

hyaluronidase) preciudes the isolated use of the native polymer for drug delivery. The BPMs can

o

therefore alse incorporate alginate, polygalactivonats, or mathyiceliulose (poivacstals), or poly
fathylene} oxide, or poly {acrviic acids) that are susceptible to free radical induced degradation. Buch
polymers are conjoined by ether and acetal (Le. glycosidic linkages). Thelr monomers are linked
wholly or mainly by -C-0-C- bonds and are polysthers or polyacelals. The ratio of aliginate: hyaluronie
acid is typically about 161, and the ratio of alginate: poly {acrylic acid) is typicaly about 411, The
proposed mechanism s basad on a known dispropontionation of sther free radicals, which is inducad
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by bydroxyt radicals {in periodate solutions). Scission of the polymeric chaing could oocur solely by
ethertype  disproportionation, or by ghwol cieavage Tolowing réng;s opening  caused by
disproportionation involving the ring oxygen atom. The susceptibility of glyouronans o penodate
degradation might be in part due o the known sase of formation of free radicals fom alpha-hydroxy
acids by abstraction of H-3 followsd by ring ppening and giyeol fission by periodate (Scott and Tigwall,

1973).

The inner {or core) BPM can be formed from cationic low-molecular-weight carbohydrates with which
hydroxy! radicals react by abstraction of carbon-bonded hydrogens. Such polymers include, but are
not fimited fo, chitosan. Hydroxy! radicals react with jow-moleoular-weight carbohydrates by
abstraction of carbon-bonded hydrogens, while the reactivily of H gloms s mora than an order of
magnitude lower.- Due 1o & different reaction geomelry presant in chitesan, the rate constants of the
reactions of OH radicals with polymers are lower than for the low-molecular-weight analogues. They
depend on the molecutar weight and conformation of the macromolecules and, fo @ cerlain extent,

also on thelr conventration.

The inner and ouler BPMs can be exposed o chemical crosslinking processes o increase matix
inferconnectivity and  siréngth. Malvices can be chemically orossiinked with gluteraldehyde.

Carbodiimide coupling can also be instituted o increass the interconnactivity of the mairix. This can

gt

be accomplished in the presence of hydroxysuccimide and N N-dicycichexylcarbodiimide {BCC
smploying aluminiem chiovide {AIChL) a8 a catelyst for the interpolymeric coupling reaction (Friedet-
Crafts anyiation). The ratio of chitosan to the gluteraldebyde cross-linking agent in the inner polymeric

matrix is typically about 711

The BPMs as described in more detail in the examples below were formulated o mesl the folowing
design criterig:

() minimal erosion and drug release undsd in vito conditions simulating & normal physiciogical
niraccular state;

(§ enhanced srosion under i vitro conditions simulating a pathologica! inflammatory infraocular
state craated in the presence of hydroxy! radicats generated via the Fenton reaction. A steadily rapid
modutated erosion of the outer BPM is necessitated for management of the initial infection and acute
inflammatory responss;

(i the inner {cove) BPM should display modulated inflammstion-responsive erosion at a rate
sfower than that of the outer layer

{iv} minimal sweliabiity, exprassad as water absorption capatity.

Significantly, the anticipated system can be nanc-enabled, comprising crosslinked bloresponsive
polymeric matrices (BPMs) bncorporating an antibiotic and fixated with a unfformly interspersed
nancsystem (NS}, such as nanospherss, nanccapsules, nano/microbubbles, nanotubes  or

nanofibres, as drug reservoits for inflammatory fissue fargating within the core BPM. The use of

P
vl
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nanctechnology-based drug delivery systeris prolongs exposure of the drug by controlled releass for
improved therapsutic sfficacy. Nanosytems, when injected inte the vitreous, have the propensity fo
miigrate through the reting! layers and lend to accumulate in the relinal pigment epithelium (RPE) celis
{Bourges st al, 20031 Thus, infiamed dssues can be specifically targeted. When releasad within the
vitreous from the implant, Sahoo of al, (2008) reported that nancsyiams did not induce inflammatory
reactions in the refinal tissue, nor was the oprganisstion of the surrounding ocular {issuss
compromisad. The potenfial of 3 dispersion of solid nancsystems o dramatically improvs a delivery
platform's thermal and mechanical integrity was noted by Balazs and Budon (2004;. Furthermors,
these systems demonsirate the Intrinsic potential o serve as targetsd, bloresponsivef seif-regulated

delbvery systems (Li et al 2005}

The nanosysiam can be a polymericallv-enhanced lipoid nencsysteny. The applicant has shown that
such a manosyient has the iollowing advaniages
(&) incorporation of poorly water-soluble drugs, which is largsly independent of the liposome

r;g'

dlayver physicachemical propertias,

{b) prolonged iifelime attributed o the polymeric componean

{c} tissue distribution, which will be largely lipid dose independent, such that therapeutic dose
escalation produces increasing drug effects with minimat changes in phasmacokinetics; and

{d) the facilitation of the addition of fgands or other functionalities t© the polymer surface fayer
through chemical moedifications.
Gas can alse be introduced info the nanosysiem to creale nancbubbles, which possess a reducad
density and a purportedly enhanced propensity to migrate though the ocudar tssuss upon release

from the inner BPM,

The pharmaceutically active agent or drug of the outer polymeric matrix is typically an antibiotic, such

as ciprofioxacin or other fluoroquinolones {eg. moxifloxacin, gatifioxacin, levolloxadin), or other
suilable antibiotics or antifunga! agents {eg vancomycin, amikacih, gentamiclh, tobramycin,
ceftaridime, Amphotericin B} or can be an anti-infammatory agent. The outer polymeric matnix could
even includs two pharmeacsutically aclive agents, 8.g. an antibiotic and an antidnflammatlory agent.
The pharmaceutically active agent of the inner polvmeric matix is ypically a steroidal or nonesteroidal

anti-inflammatory 8gent, such as the non-sleroidal agent, indomethacin.

Lipa-nanobubbles were thus developed which incorporated poly{e-caprolactons} {?‘C‘s,,, having an
affinity for inflamed Hissue and possessing the potential to penstrate ocular barrisrs {e.g. the BRB) by
an sndocytic process, and the mucoadhesive chitosan. The positively charged chittsan is also an
orular harier permasgtion-enhancer and additonally prevents nanosystem degradation caused by the
adsorption of lysozyme and reducss opsonization and complement activation. Phospholipids werg

also Incorporated in the nanosystem {o enhance distribution within the nflarmed Hesues
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The device can be implanted either intrasclerally, sub-Tenon, on the sclera, or on the pars plana. The
davica can contain one oF mors apsilures fo facilifale suturing at the preferred implantalion site,
specifically with reference (o the pars plana implantation site. The aperiures can be created by esing
& high-powered {aser or cusiom designed tabistting equipment {&.g. a punch set). The aperiwre{s) can
De shaped s0 that when the polymeric malvix degrades, the surface arsa of the bipdegradable portion

of the matrix remains relativaly constant. The apsriure!s) can be centrally or marginally placed,

The invention will now be described in more detsl! with reference o the foliowing non-iimiting
examples which describe an implanishle intraccular device for providing inflammation-responsive

delivery of an ant-inflammatory agent and antibictic for the treatment of poslerior segmen
¥ 3 s

o

inflammatory disorders. In the exampies, indomethacin is used as only one possitie exampia of the

anti-inflammatory agent and ciorofioxacin is used gs-ah axample of the antibiotic.

Examples

Synthesis of lipo-chilosan-polyit-caprolactons} nanchubbles

Poly{s-caprolacione) {PCLY 20mg) and an ant-infammatory sgent, indomsthachy (20mg), were
dgissolved I Sl acetons. Phospholipids, disteroyl phophatidyicholine (20myg)  and  disteroyi
phosphatidyiethanciamine (Smg), were aptionally included i the drug-polymer solytion. Chitosan {ow
molecudar weight) (4mg) was dissolved in 18mi 0.05M HCL Twean® 80 (0.01mL) was included as g
surfactant for bubble generalion. The chitosan solution was slowly added o the phospholipid-PCL-
indomethacin solution with sonication for 1 minute under g headspace of alr o cregles gas-filled
nanobubbles ~ gas entrapped within & nanngel shell (20 kHz sonicator, VibraCell, Sonics and
Materials, Inc, Danbury, CT, UBA} The organic solvent was subsequently evaporaied with gentle
stirring for 3 hours, The interaction between the carboxyl or hydroxyl groups of the anionic PCL and
the amine groups of chitosan formed Immediate polvionic nanogels. Thergafier chitosan {madium
molecular weight} {800mg) was dissolved in the nanchubble suspension o effect further coating of
the formed nanogels 0 a mucoadhesive polysaccharide coating. The siabilty of the formed
nancbubbles was maintained trough Freszing at ~70°C prigr ©© incorporation as the core of the
device. Gas-filled nanchbubbles wers oreated through subseguent sonication for 1 mingte under a

headspace of airn

Formslation of the blorespongive polymeric matrices

For the intermediate release cuter BPM, a 4% sodium alginate-1% polyacryiic acd (Carbopol 974;-
3% hydroxysuccimide-0.28% hyaluronic acld (HAM2 5% gluteraldehyde-0.25% ciproffoxacin agqueous
sofution was prepared, instifluling carbadiimide coupiing chemistry o increase the interconnectivity of
the matrix. M N -digyclohexyicarbodiimide {DCC), which is cOmmonly used as a coupling agent, was

employved to faciliale coupling between the HA and alginale, and the poivacrdic acid, DT (3D0mg)

14
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was dissolved in sthana! and disporsed within the polymeric solution. The ratio of slginate: hyaluronie
acid was abaut 18:1, and the ralio of alginate: poly (acrvlic acid) was about €1

For the inner (core) BPM, the chifosan solution incorporating the ipo-chitosan-PCL nanobubbles was
grepared as described above. The anionic polymerdrug sciution (0.3mL) was distribuled to plastic
mouids containing 0.05mbL of an acidifisd 3% AlC solution, where the AICH serves a8 a catalyst for
the interpolymeric coupling reaction (Friedel-Crafts acylation). The cationic polymer solution (0.1mb)
was added fo the centre ¢of the mould, Diffusionsd devslopment of two separale inferpenetrating
networks, and simuitansous curing of the chifosan core and outer malrix, was alfowad o cccur over

12 houwrs

The final implants were allowed 1o dry for 48 hours undear reduced prassurs at 25'C. Once drisd, ane
of more apertures may optionally be created smgioyving, for example, 8 high-poweared laser systemor
a specially designaed punch set

Experimental design for the bhioresponsive polymeric matrices For selection of pertinent
yvaviables ingaciing the formudation process

Pratiminary investigations were underiaken for the ideniification of critical formmsatory components
and their upper and iower desirable lavels. The fixed ratio presence of alginate: poly acrylic acid was
found to be integral for establishment of the outer matrx. The specified ratio of chilosan o the
gluteraldehyde crossiinking agent {(~7:1) alse proved essential for the formalion of a robust inney

matrix,

Factors were seiecied that would ulimately impact on the responses displayed by the prefiminary
system. Optimization of the intraccudar implant was conducted by constructing and analysing a fours
factor, threadevel (3"} Box-Behnken statistical design on VINITAR®, (V15, Minitab, USA) es depicted
in Table 1.

Table 11 Factors and levels of independent varlablss generated by the 3* Box-Behnken

Dasign
Formulation Hyaluronic Acid  Hydroxysuccimide DOC {Yewivy AICY (Yowivy
{Swiv (i)

025 3 g 8

0.5 4 & &
3 35 4 8 8
4 0.28 3 8 5
§ .25 3 4 B
§ Q.00 2 g 8
7 028 3 3 4
8 3 g 4

G.00
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) 025 2 8 8
18 .25 4 & 4
1 0.50 2 & &
12 .28 2 8 8
i3 (.00 3 4 &
14 .50 3 & 8
18 (.28 3 & &
18 g.00 4 B &
7 8.80 3 & 4
18 0.25 4 4 &
18 .25 2 4 §
i .25 2 8 4
24 0.00 3 8 8
22 0.00 3 8 &
23 038 3 & 8
24 0.56 3 8 8
RES 0258 4 8 8§
P 0.50 3 4 &
7 0.25 3 4 4
Evaluation of the in vifro bloresponsive drug release behaviour from the experimental design-

derived biovesponsive polymeris matrices
In the selection of inflammation as 2 stimulus, the in vitro degradation of the crosslinked BPMs by
varying levels of chemical inflammatory medistors {(hydroxyt radicals) generated via the Fenlon

reaction (Eguation 1) was examined:

Fa™ + ROy — Fe™ + OFp + O {Equation 1)
A modificd closed-compariment USP 31 dissolution testing apparatus was used. Each accurately

waighed device {separately loaded with indomethacin in the core BPM or ciprofioxacin in the outer

by

BPM; was efther sxposed to nomal conditions (N} Tollowing immersion in 4ml SWVH {comprising

;\U\

phosphate-bufferad  saline with 0.03% Y, nyaluronic acid, 37°C) at physiclogical pH (7.4}, or
pathological inflammatory conditions {F} in dmb SVH containing 0.05M Fentor's reagent. Briefly, sach
acourately weighed BPM was placed in SVH which contained 1ml 0.1M Fe80,. Complax formation
hetwaen Fe®* and the polymeric chains comprising the BPM was initiated and permitted 1o procesd

or 1 hour after which 1mi 01M Ha0Os was added, thus generating 100umot of hydroxyl radicals. This

o

fell within the range of hydroxyl radicals reportedly generaled during pathological inflammatory states
(Yiu et al, 1982). The drug release was thus reported al normal physiclogical and pathelogicat

ey
&
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conditions fo enable assessment of an inflammation responsive mode of degradation would be
facilitated.

The samples were placed in closad vials and placed in an oscillating laboratory incubator {Labcon@

FSIE-SPO 8-35, Califoria, USA), sel {0 28 rpm. Balansing withdrawa! of samples was underiaken at
3,7, 14, 21 and 28 davs. Al sligucts withdrawn were subiecied fo filtration (D22um PVDF, Milipore
Corporation, Bedford, MA, USA} and appropriately diluted prior 1o specirophotomeiric analysis atthe
e fof indomethacin (318nm) and ciprofloxacin (278nm) i SVH. The componential polymeric
absorbance of the device, fogether with the influsnce of the Fenlon's reagent on the absorbance
readings at the respective wavelengths ware aken inlo acoount Al analyses were condustsd in
triplicate {n=3). A modeb-independent approach was used {0 compare the dissolution data or both the
gy and cuter BPM for glprofioxacih and idomethacin release, For this purpoge & mean dissoiution
time at 28 days {(MDT) was calculated for sach formulation, defined as the sum of diferent reisase
fraction perinds oblained for dissolution studies endured in SVH, divided by the initial loading dose
{Pillay and Fassihi, 1¥88} as sxempiified in Equation 2:

[Equation 2]

& M 18 the Faction of dos® released in time w6 + £ and & corrasponds 1o the loading

dose and & maximum MDT refers to the fasfest drug release achievable (Govender et gl 2005).

nvestination of the {ransitional micromschanical behaviowr asnd Suid uptake of the
experimental design-derived intrascular implants

All 27 formulations {containing both ciprofioxacin and indomethacin) were exposad to both normal (N}
and pathological {F) testing conditions as described for in vilre drug relegse evaluation. At each ime
point {0, 3, 7 14, 21, and 28 days) the implant was removed from the simulated physiclogical fuid,
excess Hquid blofted with filter paper, and the water absomtion capacily and fextural altributes
gvaluated by triglioate. The hydraled implant was weighed at each time poit 1o assess the swollen
weight, a8 an indication of the waler absorption capacity (WAL as foliows:

WAL (%) = —b;’v\i %100 [Equation 3}
o

where W, is the swolien waight and Wy is the dry weight of the respective BPM.

The physicomechanical properties were asseased through textural profiling of the device using @
calibrated Texture Analyser {TA XT.plus Texture Anaiyser, Stable Microsystems”™, Surrey, UK) Sitted
with & Skg load cell was employed for determination of the mialri hardness (Nfmm, caiGisialed as the
gradient of the force-displacement profile during the compression phase} and deformation energy
(Nam o J, calculated as the area under the force-displacement curve, AUC) of unhydrated BPMs and

the bipadhesive matix, using a8 Zmm flat-tipped steel probe, and mavtrix resifience of unhydrated and

Jesb
)
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SWH-hydrated BPMs and the bicadhesive matrly, using a 30mm oylindrical steel probe. The sellings

for analysis are highlighled in Table 2.

Table 2:  Textural perameters for determination of matrix hardness, deformation snergy and

wmalriy restience

Parameter fatrix hardness and Matrix resiionce sefiings

deformation energy settings

Pre-test spead 1.00 mmis 1.00 mmvs
Testspesad 200 mmis 2.00 mimfs

Post-test apesd 0.0 mmfs 100 mmis
Targst mode Forcs 10 % siral
Target fores (.98067 N -
Trigger typs Aute {fores} Auto {fores)
Trigger foree 0.04803 N G.04603 N

Load call 5 kg Sy

Optimization of the formulatory Compongnts
Following generation of the polynomial equations relating the dependent and independent variables,
the formutation procass was optimised under constrained condiions for the measured responses,
which were:
s MDT of indomethacin at 28 days under normal and pathological conditions (MUT | Nand F,
respectively)
s MOT of ciprofioxacin at 28 days under nosmal and pathological conditions (MDT T Nand ¥

respectively)

s {hange /7 difference in the MDT of indomethacin Siom normal 1o pathological conditions {4
METH

s Change / difference in the MDT of ciprofloxacin from normat 1o pathological conditions {4
MBT C}

«  Rate of change in waler absorption capacity under normal and pathological conditions {&
WAD N and AWAC F, respectively)

s Overall rale of change in nommalised textural properties Le. averaged rale of change in
resifience, hardness and deformation enargy under normal pathological conditions {4 Testural
proparties N and F, respactively)

«  Rate of change in each lexiural altribute (resifience, hardnass, and deformation energy} under
wormal and pethological conditions {4 Resilfence N and F, A4 Hardness N and F, &

Deformation Energy Mand F}

Simultaneous equation solving for optimization ¢of the formulation process was performed o ablain the

iovels of independent variables, which would exemplify the biorasponsive capabilities of the device



10

15

40

WO 2012/070027 PCT/IB2011/055328

Le maximization of the AMDT, and minimization of the WACQ, such that the device would release

»

negligible drug under no conditions byt release incregsed levals of drug on exposure o an

misssmmat@ry ss‘.émuius, and sweil minimally on exposure 10 the physicicgical fluids of the aye.

Concurrent optimization by ANN for statistical validation

Concurrent optimization was conducted by smploying the feedback Muliifaver Perception (MLP)
neural network fo train the empiteal Input A MDT | data with static back propagation. Figure 2
Hustrates the ty;:aéz:a% consiruction of the MLP network. The input dala {obtained from the comparative

crug release estigations undsr normal and pathological condiions) were trained. The main
advantage of these networks is that they can approximats any inputiouiputl map.

A genetic algorithm with 3 Sigmoid Axan {ransfer function and Conjugated CGradiont leaming rufe was
empioyed for the hidden nputl and culput layers. A maximum of 10,000 epochs were wun on
NeuroSolutions Version 5.0 {NeuroDimension ing, Gainsville, Florda) for ensuring optimal training of

w

dats

Kinelic analysls of drug releass from the optimum formulation

To analyze the v vifro release daia of the optimuim formulation verlous kinstic models were usad
describe the release kinetics. The zere order rate squation {(Equation 4) describes the systems where
the drug relsase rate is independent of &5 conceniration (Hadiiicannou st &f, 18831 The first order
equation (Equation &) describas the releass from a system where rolease rate is conceniration
dependent {Bourne, 2002). Higuchi (1883} described the release of drugs Fom an inscluble malrix as
a sauare root of tme dependent process based on Fickian diffusion {(Equation 8). The Hixson-Crowel
cuba root law (Equation 7} describes the relegse from systems where there i3 a changs in surfacs

arsa and diameter of particles or tablets {(Hixson and Crowel, 1831},

O = ot iEquation 4

whare, Ky is the zero-order rate constant expressed in units of concentration/time and t is the time,
LogC= Logly - &k /2303 {Equstion B}

whare, Gp is the intlial concentration of drug and Kis the fivst order constant.
G= KR [Equation §)

where, K is the constant reflecting the design variables of the system

143

QP O = Ko b {Eguation 71
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where, O is the amount of drug released in time {, Qg is the initial amount of the drug in ablet and Kue
i5 the rate constant for Hixson-Crowel rate sgustion,

The following plots were made: cumudaiive % drug release vs Bme (zero order kinelic moded); fog
cumdaiive of % drug remaining vs. fme (first order kinstic moded), cumulative 9 drug release vs,
square root of fime (higuchi model) fog cdmulative % drug roelsase vs fog time (korsmayer model) and

cube root of dhvg % remeaining i matel vs. e (hbsor-crowell cubs rond lawl.

Mechaniem of drug relesse
Korsmeyer 2t al {1683) derived a simple relationship which described drug releass from a polymeric
system {Equation 8). To postulats the mechanism of drug velease, the drug release data {generally

fess than 60%) was fitted in Korsmever-Peppas model
{t e = KE [Equation 8}

where M/ M. 5 fraction of diug released at fme § K iz the rale constant and n is ths refease
exponent. The o value s used o characterize different refease mechanisms as for cylindrical shaped
matrices, which may be n=0.45 for Fickian diffusion, 045 < n < §.88 for anomalous {hon-Fickian)

diffusion, n=0.89 for case-i ranaport, and o > $.8% for Super case-i ransport

Companential physicochemical syahsation of the devige

Scanning electron microscopy on Hpo-chitosan-POL sanobubbles
Surface morphology of drisd nanobubbles incorporated within the core BPM was evalualed on &
JEQL 840 SEM (JEOCL, Japan) to view the overall and in-depth surface architecture to qualitatively

shicidate faciors such as shaps, size, and degres of aggregation.

Zeta potential and size analysis of ehilesan-PCL nanogels

Nanohubble stabiiity was evaluated via zeta potential valus delermination - a high absolute zela
potertial value indicating & high electric chargs on the NS surface. Zeta polential was measured
smploving & Zetasizer Nano Z8 (Malver instruments Lid UK). Size analysis was undertaken using
musitimodal analysis af a scattsding angle of 90° and femperaturs of 25°C. The hydrogynamic particie
size will be calculated as the value of 2-average size = S The width of the size distribution is

indicated by the polydispersity index {Pi}.

Fourler-transform nfraved analysis of the device

The vibrational melscular ransitions of the nanobubbiss incorporated within the inner crosslinked
gorg, and the outer malrix in comparison with the native system components wers characterized for
the aftainment of imporiant microstructural information vig their Fourler-ransform infrered (FTIR)

spactra, recorded on a PerkinBimer® Spectrum 100 Series fitted with a universsl ATR Folarization

Envy
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Accessory (PerkinElmer L., Beaconsfield, UK} Spectra were recorded over the range 40828y
' with a resolution of domy and 32 accumulations.

Resulls

The simultanesus formation of the mulorossliinked BPMs culminating I the final device In
polyethylens moulds of approprdate curvature is highlighted in Figure 3, as well as the diameter of the
dvied implant. There was dramatic shrinkage of the hydrogels implicated in implant brmation dus to s
potentially high degres of crosslinking with resuliant enhanced infercormantivily of e compunent
polymers,

-

The drug release profles generated for the expérbrentaliy-derved formulations altest ©© the
bioresponsive potential of the implants, as in general, & higher degree of drug release was achieved
when implants were sxposed to pathological conditions (hydroxy! radicals generated by Fenlon's
reaction). In vitrg levels of ciprofioxacin atiabhed wers ahove fhe MiCs, of common pathogens for
ciprefioasin (> 0.8ug/mi., refer ¢ Table 3) being >2ug/mil and > 10ug/mi in ail cases, under normal
and pathologicatl congitions, respectively. Intragcuiar levels achieved following topical application of
ciprofioxaciy was demonsirated by Yagol et sl {2007). Foliowing infection with an intravitreal
inoculum of Staphviococcus acrsus In New Jesfand Albino Rabbits, the sWficacy of topical
ciprofioxacin was evaluated 24 b afler the inoculation, and comparsd fo fopical application in normal
gyes. in the nopmal and flamed eyes, mean aguecus concentrations of ciprofioxaciny ware 2,18 and
365 ug/ml. Mean vitrgsous concentrations of ciprofioxacin were 0.08 and .32 pg/mi, in nomal and
inflamed syes, respectively. This highlights the potantial of this system fo deliver adaguate drug fevels

intraocularly.

Table 3: MGy of comnmon scular pathogens for ciprofioxacsin

2087}

Bacterial Specias MiCe {ugiml}
Escharichia onli $.02,0.083
Enterobacter £5.208
Hebsialla £.288

Profeus 0267
Psaudomonas 0.56;, 0.826
Haemophitus influenzse ¢.074
Staphviaeocous aursus 057, 0728

Staphylococcus epidermidis §.25, 3375

Sireplooocous pyogenss §.782
Propionibecierium sories 8.35
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 Serratia .12

*Cases whers fwo valugs are quoted indicate differenves in results obtained by investigators

Various degrees of bioresponsiveness ware altained for the experimentally-derived devices, with
AMDT of Indomethacin ranging from 8-32.808. For ciprofioxsgin the AMDT ranged from 5.108-25.956
Diverse correlatory relationships were derived betwasn the MUT and WAC of the formulations under
normal and inflammatory conditions (Figure 4, Table 4} an indication of the differding types and
gagrees of crosslinking sttained through veration of the formulatory: components, The measured
esponsas for all experimantaliy-derived formulations are provided in Table 5. Drug release profiles
clearly Nighlight that for the majority of formulations, there was enhanced release of bolhr
indomethacin and ciprofioxacis fom the matrices when exposed o inflammatary conditions {Figures
5-8). There was g strong posiive corrslation batwaen the MDT of both indomsinacin and ciprofioxacin
with the WAC of the devics, The transitions in the texiurs! groperties of the formudations with time are

depicted in Figurss 812

Table 4:  The relatipnshiy between the mean dissolution time and Huld imbibermant of
formulations

Formulation Correlation cosfficient (K7} for MDT vs. WAC

indomethacln | Ciprofoxacin (8} Indomethacin (F)  Ciproffoxacin (F)
(&}

gisss 01782 T 02364 10,2608
2 0.7647 07721 -0.8961 -0.9025
3 0.7621 55714 014731 £3.1904
4 0.2688 0.1215 8.3018 0,341

0.8883 38760 -0.2587 ~0.8753
G. 7845 03,7582 -5.6888 -0.6832
(.7844 6.7803 -§.4481 04647
8 Q7778 §.7001 -0.7547 G704
g §.600% 05487 ~(.6043 5 8F0E
10 (4672 5.4080 -G.9603 -0.9614
13 0.7370 0.7124 0.4827 .5478
12 1819 Q2328 -G.8202 ~0.8733
8

[ LR #]

i

13 £.3681 03748 ~1.8385 -0.8378
14 0.7523 0.7887 {1958 -{3.1938
15 §.2688 81215 ~3.3015 -3.3418

§ {.8972 $.8958 -0.4870 -01.5G24
17 G.7184% 57148 RERTEE -0.5278

18 g.7918 0.5968 ~5.1808 (13238
18 §.7850 03,7568 ~0.7033 05822
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20 £.8243 {9368 -3.2354 {12423
21 £.9061 0.8060 -3.6416 <0.6604
22 56045 (.5868 -5.1132 -0.1204
23 0.2688 41215 -0.3015 -3.3418
24 $.8378 g7g18 -6.9787 0.89487
25 0.8018 {.8187 - 5378 -0.5481

nY
ts

o
@
i

&g 48887 ~3.8913 -D. 887G
7 £5.5568 -3.3867 -3.3881

)
i
&
g
&y
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Response supface analvsis of the Sox-Bohnken Desigs

Factors having notable ov sigrificant sffects on investigated responses have been furthar elaboratad
on to highlight the intricate relationship between the formuiatory components of the resultant
exparimentaly-derived formulations. The MOTI N, MOV IF, A MBT L A WAC N, and A WAC F as

measured responses for the sexparimentally synthesized formulations were includad in the slatistics!

oy

design for identification of & formulation with an optimal biorasponsive potantial.

Residual analysia {run order, predictad valuas) for the significant responses of the response surface
design data (Figure 13) generally showed random scaffer ie. no tends, indicating none of the
underlying assumptions of the mulliple regrassion analysis were grossly viclated., However, some
fanning and an outlity was obiseyved for MDT | M {Figure 13a}, indicative of & degree of nonconstant
variance, The normal probabiiity plols of the residuals foll orea sitraight line indicating the dals to .

normally distributed with no evidence of unidentified variables.

Trhe residuals and standardised residuals indicated that the majority of cases were adeguately fitfed
by the response surface model. Gook’s distance was inlerpreted an overall measure of the combined
impact of each observation on the fitted values and considers whether an observation is unusual with
respect o both x- and y-valugs, Unusual cbservations generated by the model were minimall The
significance of the ratic of mean square vaviation due o regression and resdusl enor was lested
using ANOVA. The theoretical (predicted) values and observed {experimental) values wers in Tairly
ciose agreement for MDT | N (R°=0 8518}, MOT | ¥ (R%=0.8368), A MDT 1 {R%=0.8030), A WAC N
(RP=0,8478), & WAC F (R'=0.7237), respectively, thus indicating the applicabiity of the regression

modets and ysefuiness of responae surface piots.

Tt
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The Pearson correlation coefficient (R and R.adjusted) represents the proportion of variation in the
response hatl is explained by the model The R* and R:’ﬂaﬁﬁu&%ted valuss for the MDT IN, MDTIF A
MDY L AWAD N, A WAL F modsels were satisfactory.

The signficance of inear and higher-order inleraction terms is depicted by the pvaluesin Table 8.

Table §:  Estimafed p-values for the measuwred responses

e

Verm {Shwiv) pvalue

MOT N MDY IF ARDT! AWACN AWAC AResilience

“ti
“*

HA 0.488¢ 8.183 0.232 8.601 $5.078 0328
NHS 0.336 0,888 0447 §.023 £.852 0.047
DCo 3.461 Q75 0.541 3.588 £8.821 0.406
AICIR {812 .16 4088 3.454 0720 0.282
HAMHA .883 0780 0.658 {.02% 0,347 0.782
MHS'NHS 0014 .20 Q77 Q007 0.471 3113
AICT*RI0Y G392 £.903 0.188 .910 {.448 5. 588
HAMSNKS 0.203 £.400 .80 0.293 0.371 {.388
HADCC 3,853 0,983 {.05¢ §.18% 0.575 $.487
HASAICIZ (1929 0.398 0253 0.408 0213 g.880
NHS'DCC (768 {382 G328 3.308 0.6568 4877
NHS"AICL §.048 3.058 {.803 0.06G {.068 §.200

f fabricating 2 bloresponsive device, ¥ is imperative that these features ars impliclly accentuated via
the drug release behaviour. A low MDT for the drugs from the BPMs is favoured when the implant 8
sxposed to normal physiological conditions: The interaction between NHS and AICY bad & significant
sffect on the MDT of indomethacin {p=0.048) (Figure $4a). With DOC sewving as the activalor,
activeting the HA towards amide formation with slgingte, NHS as ihe reagent, and AlCh as the
catalyst: a stoichiomeiric ratio of these components is required for optimal Crosslinking. Crossiinking is
pest promoted at lower concentrations of NHE and AlDEL (Figure 18a). An snhanced degres of
crossiinking within the outer BPM, forms an intact structure around the inner BPM, relarding sweiling
and subsaquent erosion of both the inner and outer BFMs and subsequent nanosysism release.

& similar result was ssen for the MOT of indomethacis when exposad to inflammalory condilions, The
interaction Detween NHS and AICH had a notable effect on the MUT of indomethacin {(p=0.058)
(Figure 144}, Crosslinking of the outer BPM was optimal at fower concantrations of NHS and AICH
{Figure 18b). An snhanced degrée of crosslinking within the ouler BPM, forms an intact shructurs
around the inner BPM, retarding swelling and subseguent erosion of both the inner and cuter BPMs

and subsequent nanosysteam release.

25
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A large difference in the MDT of the drug from the device i preferable as the aim is o achieve is
systern which is inherently bloresponsive, releasing more drug when exposed to pathological
conditions. AlGL had a noleble effect {p=0.085) on A MBT of indomethacin from nomwsl fo
pathological condifions {(Figure t4c). The difsrence in MDT was highest at median lavels of the
catalvst (Figurs 18¢). The potential of the calelyst o promofe inlermolecular and interpolymeric
crossiiniing was optimal at this level indicating a stoichiometrically sound molar pressnce of the
catalyst in relgtion to the aclivator, reagent, and polymers smployed. The inferaction belween the
inflammation-responsive HA and DCC smanated in @ significant effect on the change in MDT
{p=0.080) (Figwe 14c). The MUT was lowest when sither corespondingly high levels or low levels of
the DCOC sctivators and bioresponsive HA were instiuted (Figure 18c), indicating once again the

dependency of origination of an optimally crosslinkaed BPM on the stoichiometric implemeniation of

SOMponems.

A low WACT s an indication of the degree of crosslinking achieved within the implant and is the most
favourable situation for an implant to be placed within the relatively small and isolsted environment of
the eve 1o avold discomfort as the implant imbibes waler. NMS hed a si gnzf‘c& sffect on the rate of
change in WAC under normal conditions {p=0.023) (Figure 18a). The inlgraction between [NHS] and
the catalyss JAICK] had a notabie effect on the WAD (p=0.080). The WAC was lowest at median levels

of NHS and low levels of AlCY (Figure 172}

As observed undsr normal condifions, the interaction between NHB and AlCh alse had a notable
effact on the WAC cbeerved when sxposad to pathological conditions {p=0.066) (Figure 18b). Here
the imidbement of physiclogical flulds was mited when low [AICH] and high (NHB] were erployed
(Figure 170). Higher AICY concentrations could potentially increase the hydrophilicity of the implant,

and hencs fuid uplake, dus to potential incorporation of the elecirolyte ions info the BPMs.

it s important that the device withstands siresses fo which i s sxposed, hence mainlaining s
rasiience oncs implanted into the eye i avoid fragmentation and polential discomiort. The [NME]
significantly affocted the resiience of the device when exposed fo pathological conditions (p=0.047)

Figure 15¢). The resilience was most favourable at median levels of AICH; (Figurs 17a).

-

Response optimization of the device

Response optimization procedurs {(MINE TAB® V15, Minitab, USA} was used o oblain the optimised
levels of the selected formulatory components. An oplimal formulation was developed following
simulianenus constrained oplimization of MET { N, MDT I F A NDBT §, A WAC N, and A WAL F. The
optimized fevels of the independent variables that would achisve the desired drug refease and fhuid
uptake entrapment propsriies and thelr predicled responses were then determined. The optimised
levals of the independent variables, the goal for the response, the predicled response, y, &t the
current factor setlings, as well as the individual and composite desirabiiiy scores are showa in Figure

feok
o
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18 Based on the siatistical desirability function, it was found that the composite desirabiiities for each

of the formulations was 1.0, The consirained settings utifived ars outlined in Table ¥

Table ¥1 Constrained seffings for responss optimization

FParameter Goal Consiraint
MDT I N Minimise 816
MODTIF Targst 1218

A MOT Maximise &-8
AWADN Minimise 15-20
SWAC F Maxirise =2 5-{-1.5}

The ideal formulation was prepared according to the optimal pradicted seftings. The expenmentally

3

derived values for the responses of the oplimal formudation were in close agresment with the
sradicted values (Table 8), demonsirating the reliabilfy of the optimization procedure in preeiicimg the

LI

bicresponsive behaviour of the device and ascenaining the significance of the effect of KA, NHE,
DOC and AICK favels and their intricste interplay on the fuid uplake behaviour, with disentanglement

of the crosslinked polymernic composite and ultimate drug ralease.

Table &  Experimental and predicted responss valuss for the optimized formulations

Measured Predicted Experimental R ' Desirability
Responss

MOTIN 53584 58212 : ' 1.000

MOTIF 15.000 10.723 1.000

A MDY 58418 51018 0.8674 1.000
SAWATDN 77286 T.B824 1.000
AWACF -1.3825 -1.2735 / 1.000

Concurrent optimization by &AMN for statistical validation

in order to obtaln accuracy and maximum degrse of precision, the training was done twice (s
nrimary and secondary raining). The leveling of the MSE with standard deviation (8D} boundaries for
the fraining runs indicated a sequential improvement of data modeling as deplotad in Figure 18 Table
¢ depiots the average of the MSE vaiues for the three tuns of the primary training, the best network
run out 10,000 epochs, and the overall efficiency and performance of the neural network during the
data training.

s
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Table 8 Neural network indicators chavacterizing the efficiency and performance of dala in
the primary training 2 per NN

Best Network Training Parformance ARDTH
“Epoch # 10000 TUUMSE 3672288768
Minimum MSE £3.005 MNMSE §.080975336
Final MSE 3.008 MAE 1574042771
Min Abs Error 0.00837834
Max Abs Error §.234174834
TR 0958011855

MSE. Mean square emyr

NMSE: Nonnalized mean Squam gy
MAE: Mean absoluls ol

§in Abs Error Minimum abeolule sivor
Max Absg Ervor Maximum absofute ey

Sased on the oblained results, it is ovident that the employed tralning model was efficient
{MBE=(.008). Resulls revealed a satisfactory B for the inpul variables {Rz = {1.88). The performancs
criterion emploved fo assess the closeness and cowelation befween the desived and the actus
network output for A MDT | of each formulation is depicled in Figurs 20, The sensiivily coefficiant of
zach formulatory component (input variables) s depicled in Figure 21. 1t is appare ¢-that sach
vanable considered had a faily high sensitivity against the 4 MDT §. An optimum formulaton based

on each of the proposad formulatory componants is thus desirable.

Kinstic analysis of drug relsase from ths optimugm formudation

Tha kinetic modsls generated were in congruence with the bioresponsive capabilities of the device
embodied by the polvmeric transitions on exposure o normal and pathological Suids. The degree o
which each model describes the sptimun formulation fs represented in Table 10, The releass Kinelics
of both indomathacin and ciprofioxacin under normal conditions wera best exemplified by the Higuohi
modai {R? of 0.0841 and 0.9892, respectivaly) indicating release of drug from the BFMs a8 a square
root of time-dependent process based on Fickian diffusion, The Hixson Crowell cube raot faw was
more applicable to the drog release kinstics of bolh indomethacin and ciprofioxacinunder
inflammatory conditions (R® of 0,986 and 0.98006, respectively). This indicates the observed change
in surface area and diameter of the implants with progressive bioresponsive srosfon of the implants in
the presance of hydroxyt radicals as a function of ime. Furthermorg, the reizase Kinetics atizined for
indomethacin and ciprofioxacin under inflammatory conditions emulate & close Bt with zevo order
release | R of 095858 and 0.9903, respectively) in the presence of constant inflarnmation, which is the
most desirable case for disease Weatment Korssmever and Peppas (Power law) was employed 10
provide 2 prediction of the drug release machanism. Ovly release under inSamwnatory conditions fils
the Himits of this mode!, where n {reprasenting the diffusion exponent) falls between 0.45 and (.88,

which is incicstive of anomalous {(non-Fickian} diffusion.

It
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Table 14: Release parametors of au optinum device

Form Zero order Higuohi Peppas fstorder Hixson
K R R R 5 Ko 8 R kG B By R
i vajue "} 3y
indo (N} 00127 094 04508 098 - £5845 088 -B00B- 084 00002 083
08 41 0490 42 45 51 37
7
indo {F}  0.0407 0988 13737 083 . 14885 088 00002 097 00007 088
58 52 1822 g7 g1 8
4

Cigro 00103 0.97 03594 {08 D465 02448 088  -HDOE- 088 -0.0002
(N 81 52 5 55 05
Cipro 00308 090 10535 097 0451 03648 086 00002 089 -0.0008

Lipo-Chitogan- polyis-caprolacions) nanobubbles

»

s

The inflamed #ssue-targeted nancbubbies displeyed sizes ranging frors 883 o 1880nm (Pdl=0.385)

The zetas pofestial of the nancbubbles (+31.3 fo +36.5mV) attested fo thelr enhanced stability and
sicadhesive capabilities. Fourlertransform infraved spectroscopy studies confirmed the appropriaie
loading of indomathacin into the nancbubbles. Distinctive shifts in the molecular ransitions were
shserved. The band representative of the carbonyt group of PCL was shifted to higher wavenumbers
{from 1728 i natve PCL O 1748 ") as well as & band at 1618om” atiributable to the hydrogen-
monded carbonyl groups with Wydrogen-donating groups {(-OH and -NHg of chitosan (Figure 22},
Figure 23a depicts the chifosan-PCL ranogels. Incorporation of the nanogels inlo the medium
molacular weight-bassd chitosan matrix slaborated progressive coating of the nanogeis {Figures 23b
and ¢). The inflamed Ytssue-targsted systems ulfimately boasied a 'star-like’ appaarance, which, upon
release om the crossiinked cove matrix, could faciitate mucoadhasion of the positively charged
particles onto ihe negatively charged membranes within the sye. Figure 4 depicts the lipa-chitosan-
PCL nanchubblas maintained within the inner BPM composed of chitosan. Hydrolysable iinkages are
astablished petwesn the mabix snd nanobubbles which ultimetely release the nanobubbles on
axposie to dissolution media. The hydrolysis s anticipated to cocur o a greater exient on exposure
to inflammatory mediators {Le hydroxyl radicals) owing o the described responsive behavious of
chitosan. Further ex wvo studies through excised New Zealand Albino rabbit ocular sections, not
orovided herein, have highlighted the pofential of Hie designed nanosystem fo adegualely penetrate
acular barters such as the BRB, for efficient delivery of the therapeuiic load fo the postarior segment

ocutar tiasuss,
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Outer bioresponsive polymeric mateix

The undarlying molecular mechanisms emanating in the formation of the inferpanetrating crossiinked
BPMs with drug involvement is depicted in Figure 25 and the observed chemical ransiions for the
cuter BPM in Figure 268, There is the ultimate presence of two distinct BPMs displaying the highlighted
differential drug release characteristics.

Conclusion

INHST and [AICH] had a significant or notable efect on the MDT of indomethasin under normal and
oathological conditions, respectively {p=0.048; p=0.058). The interaction belween the Infammalion-
responsive {HA] and [DCC] emanated in 8 significant effect on the AMDT of indomethasin {p=0.050}
IAICK] also had a significant impact on the WAC of the device under nosmal condiions { $.0235,
whereas the effact of INHS] was significant when considering the resiifence of the device under
pathological conditions (p=0.047). Subsequent execution of ANN with further training of the data
canfirmed the adeguacy of the design. Analysis of the drug refease kinetics from the optimurm devics
yndsr both normal and pathological conditions was in coherenca with the anlicipaled behaviour of an

ntly bloresponsive devics.

The trug releass pattern obtained fom the device thus differs consideraldy from that reporied for the
market leader, Refisert™, Furthermove, surgical complications ({e.g. choroidal delachmeny,
endophthalmitis, hypotony, retinal detachmert, vitreous hemorrhage, vireous in8s, axacerbation of
intraccular inflammation and wound dehiscence) {Ahn and Moshfeghi, 2008} would be minimized in
the device dus to the biodegradability of the device, avoiding the nead for removal of the device which

is necessitated in non-bicdegradable implants such as Ratisari™.
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A implantable devics for the in situ delivery of one or more pharmacsuytically active agents lo @
human or animal, the device comprising:

an outer polymeric mainix formed from af least ane nflammation-sensitive polymer and
comprising at isast one pharmaceytically active agent, wherein the polymer is crossHlinked 30
as o retain the pharmaceutically active agent within the polymeric matrix under normal
physiclogical conditions but undergoes a conformational change when inflammation is present
20 28 10 release the pharmacsutically active agsnt, and

an mer pciym‘eri{: matrix formed frony &t least one inflammation-sensiive polymes and
comprising at least one pharmaceutically active agent, whereln the polymer is cross-linked so
as o retain the pnarmaceuticaiéy active agent within the polymeric malix under normal
physisiogical conditions but undergoses a conformational change when inflammation is present
50 a8 1o release the pharmaceutically active agent,

wherein the inner and outer polymeric matrices are formed so that, whan inflammation
is present, the pharmaceutically active agsnt within the innar polymeric matrx is released at a

slower rate than the pharmaceutically active agent within the outer polymeric matix.

A devine acoording to claim 1, which is an intraccular device for implantation inio the aye,

A devies accarding fo claim 1 or 2, wharein the ouler polymeric matrix provides fast io
intermediate ralease of the pharmacewtically active agent for the therapsulic management of
infection andlor prefiminary inflammation, and the inner polymeric matix provides slower
release of the pharmaceutically active agent for chronic responsive management of

inflammation.

A device according 1o any one of claims 1 o 3, whersin the inner polymeric matrix is chamically
modified by cross-finking o provide a slower refease rate of the pharmaceutically active agent
than the outer polymeric matrix,

A device according to any ong of claims 1 o 4, which is biodegradable.

A device according to any one of claims { to 5, wharein the polymer of the ey polymeric

matrix is a cationic low-molecular weight carbohydrate polymsr,

A device according to any one of claims 1 {o 8, wherein the polymar of the inner po Hymneric

matriy i chitosan:

& device according 0 any one of claims 1 to 7, whersin the polymer of the outer polymeric

matrix s an anionic polymer or 2 mbdure of anlonic polymers.
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8. A device acoording to any one of claims 1 o 8, wherein the polymer of the outer polymaric
matrix is hyaluronic acid

10, A device acoording o any ons of claims 1 o 9, wherein the polymers of the inner and ouler
polymeric matrices are erodad by free radicals releasad fom activated lsukocyies during acud

and chronic intraccular inflammatory reacticns,

11. A device according to any one of claims 1 to 10, whersin each of the polymsric matices s

gross-inked with gluteraldehyde.

12, A device according o claim 11, wherein sach of the polymernic matrices is double-crossiinksd

employing carbodiimide coupling chemustry.

13, A device according to claim §, whersin the oufer polymeric malrix further comprises aiginate,

polygataciuronate, mathylceliuioss (polyacatals), poly {ethylens) oxide or poly {aonylic acid)

14. A devics according to claim 13, wherein the ratio of aiginate; hyaluronic acid is abowt 1811 and
the ratio of aiginate: poly (aorvlic acid) is about 41,

w8

15 A device according to alaim 11, wherein the ratio of chifosan © the gluteraldehyde grose-linking

agent in the inner polymeric matriis about 711

18, A device according to any one of claims 1 o 15, whersin the pharmaceutically active agent of
g g

the nuter polymeric matrix s an antibictic.

17. A device according o any one of claims 1 to 14, wherein the pharmaceutically active agent of

the ouler polymaeric malrix is an anti-inflammatory agent.

18 A device accorging fo any one of claims 1 fo 17, wharein the pharmaceutioally active agent of

the inney polvmeric matd: iz an ant-inflammatory agent.

19, A device according to any one of claims 1 fo 18, wherein the pharmaceulically active agent in

the inner polymeric mateh iz within or on nanoparticles.
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A device according o claim 18, whersin the nanoparlicles are formed from polyle-

saprofacione), chitosan, phospholipids and the pharmacsutically active agent.

A device according to either of claims 19 or 20, wherein the nanoparticles are nancbubbles.

& device according fo any one of claims 1 fo 29, wherein the antlinflammatory agent is

indomethacn,

A devics according fo any one of claims 1 to 22, wherein the antibictic is ciprofioxacin.

A device according fo any one of dlaims 1 to 22, which defines at least one aperture for

suturing the implant to a site in the body.

A device according fo any one of claims 1 W 24, which is for use in preventing or trealing

inflammatoey or Infectious conditions in the sye.

A device according io claim 1, which is for use ip preventing or saling nflammatory of
infectious conditions selected from the group consisting of HIW/AIDS, influenza, arthritis, lupus,

finromyaigia, juvenile rhaumatold artiiitis, osteomveliis and seplic (infectious) arthriis.

2.

A device geoording to any one of claims 110 28, which comprizsas

an puter polymeric matrix formad from cross-inked hyaiuronic acd and comprising an
antibictic, wherein the culer polymeric matrix is eroded when inflammation s present and
raizgses the antibiotin, and

an wner polymerc mabix formed from crossHinked chbitosan and  comprising
nanapatticles which comprise an anti-inflammatory agent, wherein the inner polymeric malrix is
eroded when inflaramation is prasent and releases the nanoparticles with the ant-inflammatiory
agent;

wharein the ouler and inner polymeric matrces ave prepared s thal the
nharmacsutically active agent within the inner polymeric matrix is released &t & slower rate than

the pharmaceutically active agent within the outer polymeric malrix,

oty

A method of manufactuning a device according to any one of dalms 1 o 27, the methoed
comprising the steps of

forming nanoparticles from  poly(c-caprofactone), chiosan, phospholipids and &
pharmaceutically aclive agent,

forming an inner polymeric matrix from the nanoparticles and a poiymer which erodes
when exposead o inflammation;
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forming an ouler polymaeric metbofrom a pharmaceutically active agent and 2 polymer
which erodes when exposed to infiammation, wheraln the outer polymeric malnx s designad o
erode st a faster rate than the inner polymeric malrix when exposed v inflamimation, and so o
relegse the pharmaceutically active agent from the outer polymeric matrix gt & fasler rate than
e inner polymeric malix;

placing the inner polymeric malnix inan inner portion of & mould;

piacing the ouler polymeric malrix i an outer portion of the mouid;

drying the matrices 1o orm g soiid device which is suitable for implantation; and

optionally creating apertures inthe device o enable ¥ to be sutured 10 a sits in the body.
79, A method of tresting infection anddor inflammation o 8 human or animal, the method
comprising lnserting & device as claimed v any ong of claims 1 1o 27 inlo the human or anima,
wharein:

an ocuter polymeric matix of the device releasss, in the presence of inflammation, &
thevapeutically effective amount of an antibiclic o weat the infecton and prefiminary
inflammation; and

ary inner polymaeric matrix of the device releases a therapeutically sffective amount of an
antinflammatory agent at a slower rate than the ouler polymenc malx ¥ treat a chronic

inflammatory condition.

A method according 1o claim 28, wherein the infection and/or inflammation i inan eye and the
device is insaeriad into the posterior segment (sl the pars plana}, or sub-Tenon, or intrasclerally,

ar on the solera of the eye,
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Outer intermediate-release
BPM (carbodiimide-linked
HA, polyacrylic acid and
alginate with possible
inclusion of polyacrylamide)
incorporating ciprofloxacin

Inner slow-release BPM
(crosslinked chitosan core)

incorporating indomethacin-

loaded lipo-chitosan-PCL
nanobubbles
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