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1. Introduction

Drug delivery plays an iportant role in the developmt of phamaceutical dosas
forms for the aniral health care ustry because often the dti@n of drug release
needs to be extended over days up teesd months. This can be achieved by
incorporation of drugsto polyneric materials to contrbdrug releas at a predefined
and reproducible rate for agbonged period of timm The mgority of veterinary dug
delivery systera are fabricated frormondegradable polyers such as silicone,
polyurethae and etlglene vnylacetate coplymers, which are inexpensive,
bioconpatible, biologcal inert and haveeceived regulatory approval [1]. In recent
years the interest for biodegfable polyrars as veterimg drug delivery systes)
which control and prolong the action of tapeutic agents, has grown ingortance.
The reason being that delivery syssgefmased on biodegrdala polyners do not
require removal fronthe aninals at tle end of the treatent period due to their
degradation into physiologitta occurring conpounds that can be readily excreted
from the body. This provides significant béite such as reduction of anahstress
resulting fromanimal handling and physicaémoval of the delivery system, reduction
of cost in terms of both finanes and tira spent by the end-eis

In veterinary nadicine it is inportant toknow whether the drug release systeam
indentedfor treament oflivestock a for companion aninals, which are & two ngjor
categoies of the aninal health narket. Livestack animals conprise prirarily cattle,
sheep, goats, swine and poultry but also &sld any other aniats which enter the
food chain [2].

Livestock industry compares treatrent costswith benefits resulting frontherapy thus
the pice of the nedicanent has to & as low as posible to allow proitable
management for the farner. On the othethand every visit ofa veterinarian is
associated with costs for the faamand hus a biodegradable ldeery system which
requires oty a one-tine application coupledith increased theraptic effect, will be

of econonc benefit although # cost of such delivery siem nay be higher than
conventional treatent.

The livestock products danmate the animl health market and account of
approxinately 70 % oftotd sales. The renaining 30% are attributed to cgmanion
animal products [3]. Comanion aninals or pets, such as dogs, cats and horses

constitutethe lagest sgment. Othe animals sich as krds, reptiles ad rabbits can
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also be cosidered as conpanion aninals, however, thes species are saiimes
classfied asexotic ammals, which represt only a snall fractionin the conpanion
animal market [4]. The comanion aninal market isquite diferent fom the livestock
animal market. For one, the nuiper ofanimals eligilde for treatnent is snall and the
outlay is directed towar@ single aniral. Secondly, cmpanion aninals are often
considered as part ofdifamly and thearbitrary value of the aniah for the owner
allows prenium veterinary cee. Thus this egment of the aniral health rarket
presents opportunities for research synarged spin-offs fromhuman health with
less consumer safety orietated regulatorggre than tre livestock aniral market [5,
6]. Although hunan and aniral health careindustries she many simlarities, the
diversity of species and breeds, thenge in body ige, regional differences,
differences in the biotransimation rateand other factors ake the developrant of
veterinary drug delivery systammore compicated [2]. Furtherrare, addional
regulatory requiremnts, parcularly for food producing anials do exist. Because
these anirals enter the food chain tissue cess nust be addressed for both the drug
and the polyrar. Thus residual levels of drugtissue play ammportant ole as najor
consuner safety issue and are the basis for withdrawatgjmvhich determes the
earliest tine point after adnmistration for shuchter. In the conpanion aninal market
the owner convenience is responsible far pinoduct acceptancalthough injections
are comron and preferred for livestock arais, oral adnmistraion is preferred for
companion aninals. It should be noted, thatist very challenging for the pet-owner to
administer tablets to the anat especiallyto cats, if taste or odor are repulsive to
them Thus free choice acceptance of aal @osage forms important for product
acceptance. However, inamy cases paréesral application is required to achiev
sufficient trerapetic effect. Thus in copanion aninal medicine it can also be
beneficial to fomulate a drug, e.g. peptides proteins into a lbidegradable delivery
system This would allow to control aniai fertility or to treat diseass like cancein
an advanced amner, which would improve both patient copliance and owner
convenience.

In recen years biodegdable veterinary dg celivery systens such as msrospheres,
implants and in-situ formg implants have been tested in the areaesfrus control
[7], growth pronotion [5], control & ecbparages [8] and vaccinedlvery [9].
Biodegradable polyers, which allow deliverpf a range of biodive neterials with
high bioavailability, have deomstrated the potential or veteginary appliation
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However, presently only few biodegradabieg delivery ystens are commercially
available for veterinary use. Amng othe reasons, the final price of the device
followed by regulatory considerations andaliénges in forralation stability have
limited the developent of such delivery devices.

It is the irtention of this chapter to gie an overview of biodegradable polgrs,
which are ged or tated in the veerinary field. The paper will higlght sone recent
developnents in this area andill look into the future to exarme the directions in
which veterinary parmaceutics is headingExanples of currently available dn
future biodgradable vetering drugdelivay sygems will be preseted and explaired

including intravagiral devices, injectables and implanitalsystens.

2. Biodegradable polymers for veterinary applications

The nost attractive and commonly usedtegradable polyers are polyesters such
as poly(lactic acid) (PLA), poly(laic-co-gycolic aed) (PLGA) and poly(H
caprolactone (PCL) (T&b 1). These raterials are comrarcially available in dferent
conpositions and miecular weights which allows control degradation of the paym
[10, 11].

The termdegradation designae¢he process of polyen chain cleawage which leads to

a loss of molecular weight. Degradatiomduces the subsequent erosion of the
material which is dahed as nass loss ofmaterial ocess of polyer chain cleavage
[12].

For degradable polyens two different ersion nmechanisms have been proposed:
hompgeneous or bulk erosion, and heggneous or surface erosion [13]. The
difference isillustrated in Fig. 1. Bulk-erothg polymers degradelbover their cress-
section beause the penetration of water irto the polyner bulk is &ster tha
degradation of polyer. In suface-eroding polymers, in constadegradtion is faster
than the peetrdaion of water into thebulk. In consequence these pobm® erodes
mainly from its surface. Howeverfor most polyners, erosion hageaturesof both
mechanisms. The erosia mechanisn has consequences for theamanismof drug

release whit has beenlassifed into difusion-, swelling and erosion ontrolled.
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Table 1  Chanical structures of biodegradable polgra

Type General strucure Example
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Figure 1 Schenatic illustration ofsurface erasn and bulk erosion

A biodegradable polyer device nmght releas the drug byall three nechanisrms and
the fastest mchanisn domnates (Fig. 2). Iitase of biodegradable polyesters, which
consist of monomrs connectedo each other bgster bonds, degraitan starts after
penetration of water into the device. Tireakage of ester bonds occurs ranigoria
hydrolytic ester cleavage and leads to the subsequent erosion of the device. The
hydrolysis rate is influenced byatecularweight, copolyner rato, polydispersity and
crystallinity, which can be used toontrol drug release. For ewple, poly(H
caprolactone) which is a high hydrophobic amgstalline polyestedegrades very
slowly compared to amorphous less hydrophobic PLGA. Depending on these
varialles the degradion time varies from several weeksputo yeas and allows tle
release of drugs over thismi period. However, to achie controlled drug release
from polyester based delivery systens difficult because these polars undergo
bulk erosion which changes the polmmatrix and influences drug release. As a
consequence, drug release is controlsdswelling, drug diffusion and polyen
erosion, which is not straightrward to predict]0, 14, 15].

The above rentioned polyesters have owbaracteristic in comon: the hydrolytic
sensitive groups are located in the podyrbackbone. fis feature stimlated the
developnent of a new lkass of biodegradide polyners based on tartaric acid which
contain additionally to estdronds in the backbone, estenveall as kethbonds in the
polymer side chains [16] (Table 1). Tlesso called “plytartrate$ seem to be
promsing due to the wdification in the polymer structur. Early experinents
denonstrate the suitability of descrbed polytartrates for controlled release

applications [17].
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Figure 2 Possible rachanisnof drug release frordegradable polyers

However, until now these polytartrates hanat received ammercial $atus anconly
few information is available bout this polyrer class [18].

Due to the &ct that in general polyestaitegrade over a longer teperiod, which is
disadvantageous when the drug needs teel®ased for only few days or weeks the
interest wasshifted to polyners, whichdegrade faster and allow control of drug
release exclusively by polyanerosion. This leads to the develagmh of poly(ortho
esters) (POE) andree the late 970s, fourfamilies of POE were developed (Table
2). The synthesis of POE and their useamtrolled drug release has recently been
reviewed [19].

The polyners of the first (POE 1) andesond (POE Il) generation of POE are solid
materials whereas the @ymers of the follaving generéions (POE Ill, IV) are smi-
solids. Theyallow the incorpaation of therapeutic agentsor additives by sipie
mixing, avoiding the need for solvents or elad terperatures wich is a significant
advantage wer otter biodegradale polyners. Because ortho ester lmjes are acid-
labile, degradation rate can beodulatedby pH. Lowering the pH at the polym
water interface accelerates tiwgdrolysis rate whereas aimcrease of pH results in a
lower hydrolysis rate [20]. In POE IV th#egradation rate abrtho ester bonds is
controlled by lactic acid units which eargenerated by cleavage of the padym
backbone. e degradation tie of POE can vg from few days to several omths
and therefore these polgms are of inteest for short- and long acting delivery
systens [21, 22].

Another class of biodegradable polgra ae polyanhydrides which were investigate
for drug delivery systemn in the early 1980s and their nier
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Table 2  Chemcal stuctures offour families o poly(ortho estes)

Type General structure of poly(ortho egers)

POE | R =—~(CH)s-
O O—R
[T e Do

POE II J‘F_}QX}QJ‘ R= —60@?

POE Il R, = —CH,
R1><O \ L)
g} Oj\rf R, = —fCHz/4 or —{CH}-

POE IV

XKL XX

R,=—H or —CH,
ard
R,= (CH \— or —(CH\

increased treendously in the recent e [12, 23]. The best characterized
polyanhydrides are p(CPP-SA) and p(FA-SAhe first is a copolymer of sebacic
acid (SA) and 1,3-bis(p-dapxyphenoxy)propane (CPP) wieas the second is a
copolynmer of sebacic and fuaic acid (FA) (Table 1). The advantage of
polyanhydrides can be seen in the fact thay contain the rost reactive functional
group available for degradation. Based teir chencal nature polyanhydrides
degrade very fast at a predictableertor periods of few days up to wiee[23]. Thus
the main applicdion of this polyner clas is in shorterm controlled delivery of

bioactive agents. The degradationteracan be adjusted by hydrophobic and
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hydrophilic conponens in the copolyrar. In contrast to PLA, PLGA and PCL,
polyanhydrides and ®E are thought to wergo surface erosion since they are
asserbled from fast degrading functionajroups. Therefore drug release should be
controlled nainly by polymer erosion. Howeer it seems that slace erosion is a
characteristic that is strongly linked tcetkimension of a device and that, below a

critical size limt, this property is lost [24].

3.  Therapeutic applications of biodegradable polymers
3.1 Biodegradable delivery systems for thecontrol of animal reproduction

There are two different areas ofiraal reproduction control: éisis synchronization

and contraception. Wreas the first is vg important for livestock production and

breeding the latter is of speciaterest in corpanion aninals.

In livestock animals deficient estrus tkction is in nany cases responsible for

infertility and therefore the gor reasonfor manipulating the estrus cycle.h&

difficulties in estrus dettion based aongother things on the short pediof sexual

recepivity where ovulation and senination cartake pace. Therefore, attgsts have

been nade to synclunize eftus to neke £male aninals frtilizade at a

predeterrmed tine schedule. This has sevesdiantagedor the farner as well as the

breeder:

x  reduced time and labaurrerly devoted to strus detetton and to allev more
cost effective implementation of tined insenmation programs

x increased ge of attificial insemnation with fesh, transpoted or frozen seren
to enhence genetic breeding variabilapd pevent communicable disease
resulting fom natural srvice

x  synchronize donor and recipients forlaygo transfer allowing the use of new
assisted reproductive technologies suclswggerovulation, in-vitro fertilization
or cloning

x  allows breeding throughout the year and

x  improving reproductive efficiasy and hence farimg [2].

Poly(Gcaprolactor) (PCL) has ben shown to be suitable foramufacturing of an

intravaginal drug divery sysem for the alivery of progesteroe for egrus cycle

contrd and synchronization in cows [25, 2é8hd sheeps [27]. Cattle were treated for

7 days either with a PCL insert or tharmoercially available, non-degradable silicone
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insert (CICR-B™) bothcontining 10% w/w progesteron&he PCL insert achied
similar average progésrone plasma concentrations gared to the iicone ingrt
over the 7 days insertion period [25].

The incorpaoation of excipiets such as laose, polyethylene oxider various types of
cyclodextrin can be used tmodify progesterone releasein the intraaginal irset
[26]. Anestrus sheeps,hich were treatedith a progesteronesataining PCL insert,
showed elevated plasmprogesterone lel® simlar to those obtained fronthe
commercial silicone sat (CIDR-G™) ove the 14 days insgon period [27].
Recently, a more versatile PCL intravagimadert was deeloped which allows t@
incorporation of a large numer of drugs[28]. This was achieved by using both
extrusion and injection nding technique. Progestare and PCL were cqmoundel
by extrusim to snall pellets which were then inggon nolded into inses.
Additiondly, the surface aea of the in®rt was modified by cdting off certan
sections of forrad insert and replacingith blank PCL. Ovariectoimzed cows were
administered either the optimed PCL inserbr a comnarcial silicone insert (CIDR
B™). To ahieve the samplasna progesteroe levels as the CIDR insert the sod
area of the PCL insert was increasedwdts found that # surface area is eéhorly
significant variable, which effects gdnma progesterone concentration. The
pharnacokinetic values over a 7-day insentiperiod suggest that the opitzad PCL
insert is biequivalent to the comarcial silicon inset. The PCL insert was well
tolerated by the aniats and field studies ka shown that the PCL indecontaining
10 % w/w progesterone to be clinically aad¢ as effective as the coramial product.
In addition to itravagnal inserts biodegradable ionospleres were investajed to
control estrus and ovulation in hors29[30], pigs [31], andattle [32].

In general, poly(D,L-lactle) has been used to produce steroid containing
microspheres by a solvent extraction m®x and currently one foudation is
commercial available for accuratent! of ovulation in nares (Lutarate Plus™).
The mcrospheres for intrauscular injecton (i.m) contain 100 m estradiol and 1250
mg progesterone. In a controlled multitened clinical trih using 135 rares the
proportion of nares displaying a norahestius following treatrent increased fror3
to 87%. The variationof days in estruslecreased whichethonstratedthe clinical
efficacy of this product [29]. In a septgastuly DL-PLA microspheres containgn
100 nyg estradiol were also succeddf tesed in horses [30]. The admistration of

this formulation to pigs resulted in psdopregnancy for greater than 50 days. This

10
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was successfully used to induce estrusdag 59 by apfication of a comrarcial
PGF2. product [31]. For estrusontrol in cattle a cobination of two different
progesterone containing BRLA microspheres was investigated. The observed
plasma progesterone levels were dan to those obserw following intravagna
administration of a commrcial avalable progesterone insert [32].

To achievefertility control in pets vaous biodegradable delivery systenvee
investigated for the application of gonadpin-releasing horone (GnRH) analogs.
PLGA is the nost frequently studied polyenin this field and microparticle [33],
extruded inplants [34, 35] or in-situ fored implants [36, 37] prepared frorarious
types of these polyers containing GnRHanalogs were succeskyu used fo
chenical castration irdogs for 1 to 6 mnth.

Other polyners that were investigated fogproduction control in veterinary field are
polyanhydrides. To induce ovulation andpermation in fish p(FAD-SA)
microspheres containing a gonadotropitleasing horrone (GnRH) analog (D-Al%
Pro'NEt-GnRH) were prepared by a doeblenulsion technique [38]. Two
commercial inportant fshes, the siped bassrad the Atlatic sdmon were treatd
All female fishes oviate eitherwithin 11 days(Stipted bass) o 15 days (Atlantic
salmon) after nicrosphere admistration andvere also effective in eahcing sgrm
production in nale fishes.

However, scaling up comercial microspheres productioto meet the demnds of
animal market is a very copiex processwhich requred costly fcilities, water
systens and equipmnt [5].

A more cost effective delivery system cpaned to microspleres are implants forned
in-situ. The technology based on the f#tat biodegradable polyars like PLGA
spontaneously fon solid depots when a soluti®f the polyner is ifjected into water.
First, the ptymer is disolved in a phanaceutically accdpble sévent such as N-
methyl-2-pyrrolidone (NMP) or benzoyl benzoate. Theteathe solution is med
with the active pharaceutical ingrei@nt and the resulting shution or supension can
be easily injected either subcutanglglor intramuscularly using snall gauge needle
[7, 39].

After injection displacemnt of the carrier withwater in tle tissue luids causes
polymer to precipitate to fon a solid flm or implant (Atrigel technology™). The
drug encapdated within the irplant is tlen released in a confted manner as the
polymer metrix biodegrades with tie Thetimefrane of the release nabe adjuted

11
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using different fomulation variables, dkfly by altering the polyrmar composition and
molecular weight [40]. The Atrigel techlogy™ was reently investigateddr the
controlled release of leuprokdin rats and dogs [36, B7Serumtestosterone and
leuprolide levels shoed no significantdifference in the pharatologic efficacy
conmpared to narketed leuprolideontaining nicrospheres (Lupron Depot Due to
the sinple manufacturing eéchnique this tectology is more cost effective than
marketed microspheres and glant produts and appears prasimg for product
developnent. However, NMP which is often used as solvent for PLGA causes pain
reactions drng the appcation and thereforalternative solvents would be beneficial
for veterinary use [7].

Viscous poly(ortho esters) allow subcuwtans injection andavoid the need for
organic stvents. Recently, a low moleculareight POE, containg 30 % of lactic
acid units in the polyer backbone (POE70LA30) was used for estrus
synchronization in sheep [41]. Fluoroges acetate (F&), a potent synthetic
progestagen, which is used in several nograléable intravaginahserts or sponges,
was added to POE70LA30 (1.5 and 3ww) by mixing. The addition of 20 %
poly(ethylene glycol) increased the symsadlity of the frmulation and the
cumulative releag. Nevethdess, F@\ was releaed slowly ad alrmost constantly ah
only 29 % of incorporated FGA wassleasedn vitro after 14 days. In vivo testing in
sheep is currently in progress to datme the efficacy of thee POE-based

formulation.

3.2 Biodegradable delivery systems for the control of ectoparsites

The contrb of ectoparaiges such as fleadlds, ticks and ntes is of great ifportance
in the ammal health market. In livestock amals infections vith edoparstes leadgo
animal suffering and hence to e.g. gkt loss and reducedilin production which
effects finally the productiwt In conpanion aninals ectparasitescauses e.gskin
diseases which affecta@hwell-teing of the aninals. The research ardkvelopnent
costsfor the discoery d new chertal entities to control parasgan bah lifestock
and conpanion aninals have increasl signifcantly. In paallel advances have been
made in the development of biodegratialirug delivery system[42]. For such
delivery sysens drug substancesheh are Ighly efficient at extreraly low dosages

are ickal canlidates suclas ivernectin, a sefmsynthetic nacrocyclic lactoe [43].
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Ivermectin containing ncrospheres were adited by a solent evapoation techique
using PLGA, copolymer ratio 50:50 and 90; as well as PLA as atrix [44]. The
three formulations wee tesed in Spani® goats andivermectin was releasl at
therapeutic levels about 10-12 weeks fr@ibGA microspheres or in cdomation
with PLA microspheres released for aade 24 weeks. The PLGA 50:50 fiaulation
controlled the ticks for 12 weeks after treatrh In addition, the treaent provided
inhibition of larval horn flies in the anure of treated amals for 10 weeks.

The efficacy of injectable rorosgherescontaining 30 % iverectin for control of
cattle fever ticks was tested usingb&end of PLGA ncrospheres (half 50:50
copolynmer and half 65:35 copolyen) [45]. No engorged ticks were found 4 weeks
after treatrent until the end othe study at week 16. The tre@m elminated ale the
tick population in the pasture where the eattlere held. In adton, treated cattle
gained an average of 35 kgrethan untreated anis [46].

The application of PLGA and PLA yieldeto a long-termdelivery systemfor
ivermectin, which neesl to be anhinisteredless frequetty than comnercial bolus
systens (IVOMEC® SR). Furthermore, thet&b quantity of drug needed to control
ectoparasites is reduce¢hen using mcroparticles insteadf an intrauminal bolws
system

Recently a product based on a biodegridablymer for the prevention of canine
heartwormin dogs was approved and is gable in Australia, the USA (ProHeart™)
[47] and Italy (Guardiai®R Injectale ™) [48].

Moxidectin, an iverractin derivative wa incorporated into PLGAicrospheres and
protection against heartwarinfection was agieved over a period of 6 anths [49,
50] up to 1 year [48].

Poly(D,L-lactide) and PLGA were also tesl for control of cattle grubs usig
methoprene, a juvenile howne mmic, which was formulated into iplantable
pellets or ncrospheres [51]When inje¢ed sibcutaneouy in the ars of infested
cattle the fomulations prevented & energence of adult cattle rgps.
Polycaprolactone was also investigatedrelease agentof methoprene and insect
steroid analogues against ticks [52, 53].

Another polyner that las been tested foontrol of ectoparasites is POE. Ivesgtin
was covalent bonded to the POEomomersduring synthesisand the resulting
crosslinked polyrar mass was finally extrudkto a rod. The rodyhich was indicated
for control of heartworm in dogs, releasedrmectin for as long as 6anths [54].
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3.3 Biodegradable delivery systems for vaccinatia

Prevention of infectiosl diseass is a primary concern ofanimal health. Infectious
diseases cause ecoriomlosses for livestock producers due to the decreased
productivity. On the other side, ithhout a gad vaccination program, cgmanion
animals would suffer many serious infectiod® prevemnloss of aninals vaccinatio

is the nost successful procedure.

A good vaccine delivery systeischaracterized by eontrolled releasef antigen in a
pulsatile nanner over a long timperiod to elinnate or redue the need of subsequent
inoculation and achieves a very effectpretection agaist the intendd disease.
Biodegradale microspheres haveebn widelyinvestigated for vaccine delivg [55,

56, 57, 58]. In literature aralso many reports docuenting the great potential of
biodegradable polyers for theprophylactic control of vetenary pathogens but until
now there are no conercially availalbe veterinary vaccines. Senexanples for
vaccine delivery usingibdegradble polynersthat have been evaluated in veterinary
medicine are given indble 3.

Copolyners of polylactide and polyglycolide esters have been widely used to
produce bidegradake microspheres that aas depot for vaccine anéigs [59, 60].
Microspteres les than D um in dianeter have been reported e phagocytosed by
macrophages whereas larger particles haviereakdown in vivo before they can be
phagocytosed. This was denstrated by injeding mice intrapetoneally
staphylococcal enterotoxi® toxoid containing PLGA merospheres of 1-10urand
20-125pm in diarater or a nxture of both [59]. Thus admistration of a
microspheres mture, which differs inparticle size, caninduce long lasting
immunity. This can also be achieved byngsmicroparticlesof different conposition
and nolecular weight.The concetmation of antigen affects alsodhrateof antigen
release and subsequent induction ohmune response. The higher the
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Table 3 Biodegradale delivery gstens for vaccination

Delivery system
Polymer —- Y yst : Virus/ Baceria Target
Microspheres In-situimplant animal
PLGA [59] Staphylococcus
[60] Ovalbumn antigen M".:e’
swine
Inactivated Pseudoarabies. .
[60] virus (PRV) Swine
[60] Parvovirus Canine
Venezuelan equine
[61] encephalities (VEE) virusHOrse
[62] Parainfuena-3virus Cattle
[63] Salnonellaenteritidis Poultry
[64] Fasciol@gigantia Cattle
[66] Rabiesvirus
[67] Salnonellathyphinurium
[68, 69] Tetanus toxoid

antigen loathg the faster the relsa due tothe presence of ane antigen near &
surface [60].

There are many viral iettions of aimals that require vaccines to induce antibodies.
However, inmany case<ell mediated imnunity is necesary or beneficial tprevent
diseases. kctivated Venezuelan encephigs virus (VEE) has ben encapsulateth
PLGA microspheres @& injectedto mce. Mice, which were vaccinated with
microspheres, were better proted than mee treated with tencapsulated virus. Such
a vaccire may be useful to preveencephbtis for e.g. horses [61]. An exaite for
encapsulatio of a viral vaccine ito PLGA microspheres is the paraindinza-3 rus
This virus is part of the respiratory dase comlex that causs high eonomic losse

in beef cattle in North Aerica. Cattlewhich were treated with PLGA icrospheres
containing parainfluenza-3 virus, showedhiantibody titers for up to 70 days [62].

In another veterinary exafte
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PLGA was encapsulalewith Salmonella eeritidis, a bacterial vaccine [63]. The
microspheres were administered to hdaos preventing infection in chickens by
passive immunity in the yolk. The testednfmlation was dctive in stimulating th
immune systenfor 9 nonth.

The encapdation of Fasciola g@ntica subunit antigen into PLGA mrospheres
denonstraté the easibility of PLGA microspheres for delivering subunit antigens
from intestinal/ system parasites foveterinary inportance ¢4]. Fasciola hepaticis

a worm that damages the liver ah cause the disease liver fluke. The disease
primarily affects cattle and sheep but alsarses; deer, goats, pigs and dogs. This
disease costs faers over US$ 25 Million,yearly [65] with deaths and lost
production, due to reduced weight gainslknproduction and fertility. These very
serious losses could be greatly reducedhsytreatrent of anmals with a suitale
vaccine formulation.

As described previously, PLGA and their hapolymers are suitdle pdymers for tle
in-situ implant technology. In a pilot @eriment the Atrigel™ fomulation,
containing ovalbum (OVA) as antigen wasested in nce and swine. It couldeb
shown, that the in-situ implant effectiyaimmunized swine to produce IgG response
against srdl amounts of enclosed OVAfer a single admmistration. Subsequent
experinents denonstrated that the Atrigel®chnology is also #iable for delivering

of conplex antiges such as inactated psudaabies wrus (PRV) vaccines to swine
[60].

3.4 Biodegradable delivery systems for grovth promotion

Growth promoting irplants using steroids have been used for over 40 years in
livestock production because they improve giovate (+10 to 30%).eéd efficiency

(+5 to 15%) and carcass te®ess (+5 to 8%) [70].

A continuirg goal of livestock indusy is toincrease the quantity diigh-quality lean
tissue. The development of recoimant technology allowed the large-scale
production of sor@otropin and tkir comnercial use to in@ases lean content and to
reduce fat content of meat. Sawtropin ircreases also theilk production in dairy
cows. However, soatotropin as well as ber peptides and proteins loose on activity
when dosed orally and the absorption via this route is poor due to their

physicocherital properties [71]. Thus pareral delivery system for sustained
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release of growth promotingeptides and/or proteins duas soraotropin, growth
hormone releasing factor (GHRF) analogs synthetic growth horone releasing
hormones (GHRH) are continuously undervdi®mpnent in veterinary rdicine.
Biodegradale polymers, especially in the fo of injectable ncrospheres have been
investigated for their capdity of releasinggrowth promoting drug substances to
livestock animals [71, 72, 73, 74]Polyglycolic acid was useid encapsulate porcine
sonatotropin (pST) into nicrospheres. Hower, aninconplete release (lssthan
30% of drug loading) was observed, whifas asgned to the irtsbility of pST
within this formulation [73]. This resilted inthe developrant of nore stédle pepides
and proteins, which stintate the releasef somatotropin, such as GHRF analogs and
rismorelin porcine, a sythetic GHRH. Ply(lactide-co-dycolide), coplymer ratio
85:15, and rismrelin porcine were fonulated into mcrospheres using aadified
solvent evaporation peess, whichreducesthe water stubility of the peptide ad
decreased loss of peptide thgy process [74]. Admistraion of risnordin porcine-
containing nicrospheres to pigs leadedrexdice excretiorof urea nitrogen in urine
and serumwhich indicated that pigsooverted urea into prein and muscle as
response of treatemt. Risnorelin porcine wa delivered at a coistent rate over an
extended period of tiep which denonstratedhat PLGA nicrospheres are gable for
long termdelivery of this peptide. Ith®uld be noted that the duration of activity
depends among other things on the suspn vehicle, wikh is used for
microspheres injection. Anoth@pproach to enhanceogvth perfornance was the
administration of PLGA ncrospheres antaining a GHRF analogu® cattle [72].
Released BRF analogue caused an in@ean serumsormetotropin concentration
over 2 weeks and future studies are necessary to de¢enwhich serumST
concentration is sufficient for growth protmng.

Currently there is no biodegradable fadation for growth proration on the rarket.

A reason therefore is ¢hhigh cost which imecessary to insure product quality and
consistency. A delivery device basesh PLGA for he long-term delivery of
monensin sodiuman antinicrobial agent tgoromote growth prowtion in cattle, is no
longer conmercial availab® (Monensin RDD™)[75]

The use of growth promoting agents s@shhornones and antiforobial agets in
food producing animls is citically assessed in the European Union (EU) and

controlled by regulations froitthe European Commission.
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3.5  Further application of biodegradable polymers in animal health

The various classes of biodagable polyrars, which difer nore or less in their
physicochercal properties and degradatiobehaviour offer the possibilityto
formulate a range of drugs into a biodedglde delivery system Indeed only few
biodegradable delivery systeme.g. antiinfectiva [76, 778, 79], vitanin nutritionals
[80], antiemetica [81] and cystatica [82], are described literatue for animals.
Poly(D,L-lactide) microspheredoaded with either ofloxacin orclarithromycin, both
macrolides, are eanples for tlke potential ofbiodegradble polyners to réease
antibotic drugs in an advanced mamn® anmals [76, 77]. Recently, a novel
biodegradable injectable lg®rmulation for the prolonge release of oxytetracycline
(OTC) was investigated isheep [78]. The gel was obtad by adding a great aomt
of plasticizers to a mture of differentmolecular weight PLGA’s in which OTC (20
% w/w) was dispersed. The plasnconcentation of OTC at or above theimmmum
inhibitory concentration (MIC) was obsed/éor a period of 6 days. However, only 69
% of OTC loading was released after 1ysland further fanulation developrant
will be neessary to ahieve conplete elease ad to derease eadion on inection
site.

Currently tle Atrigel technology™ was succed$fuised to develop a dentaélgor
the treatrent of periodontaldisease in dogs. The tdmoticum doxycycline, a
tetracydine derivde, is eleagd fom the DL-PLA implant which is érmed in situ ér
at least 7 days (HESKRERIOceutic Gel™) [83].

Another example for biodegdalle antibotics are PLGA rnicrospheres containing
cephrath, a R-latam antibidic which was develogmk for cattle. Prelinmary
investigations using dogs showed that dipedic plasna levels of cepradin were
obtained for up to 48 h, although cephradindabort half-li€ time of 71 nin [79].
Poly(lactice-co-glycolide) was alsoused fo the preparatio of a controlled releas
formulation of a vitamin. Microparticles &mled with Vitann B12 can be used to
improve energy and protein atabolismin aninmals. A forrulation has achieved
commercial status and is launched New Zealand (SawtShot™) [80]. The
formulation releases comntiiously the vitamm for a period over ore than 20 days.
Other inteesting pétymers br veternary aplicaion are ijectabe seni-solid

poly(ortho ester). A paper has recently esvedtheir potential in humn as well as
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animal health [22] and one possible plipation for companion ammals is tle
treatrrent of gastrmtestinal disorder (GD) in dogs.

Metoclopranide is a useful agent in treagj and preventing variougpes of voriting,
which is ore chaacteristicof GD. Due to tle short ological halflife it is usually
administered up to four ties daily ordly in order to mintain therapetic
concentration over the hole day [81]. Teaewent fluctuation of plasalevel, which
produces adverse reactions especiallyomgiterm therapy as well as tmprove the
conpliance, a retard formulation for 3-5ydawould be beneficial. This was achieved
using a viscous POE to which the drwgs added by simply ixing. Prelimnary
pharnacokinetic results in dogs showed sustained @asmcentration for up to 30

hours. Furtler development isecessary to pfong the perid of drug release.

4. Conclusion and perspecties of biodegradable polymers for veterinary

application

Biodegradable polyers have proven their gaitial use for the develomnt of nev,
advanced and efficient drug delivery systeffihose are capable of delivering a broad
range of bioactive aterials in a brod range of veterinary applications.

Suitable terapetic agents for wch biodegadable drg delivery systens are
generally those that need to be adisteled over a long period of tiep which are
highly active or have a shdriological half life such as peptides and proteins.

In the last two decad technlmgical advartes have e the production of
biodegradde delivery g/stens more pradtal and econorical. However, until now
only few biodegradable delivery systemave entered the anket on both huran and
veterinary side.

The reasons are obvious: Aitst many drugs such as pedes and proteins are
sensitive to heat, shear forces agamic sdvents. But those are required foost of
the manufacturing proesses of classicalidiegradake dcivery sysens such as
microspheres or iplants. Thus solventde and sparing e&hods are of significant
interest to avoid stability problesnduing manufacturing. Furthermne polyners
which allow the incorpaeation of sensitie and/ or instale drugs by simple ming,
without using heat or solvents suchvescous poly(ortho esters) are prising.
Secondly, several factors such as moistwedification or imeractions between

polymer and drug leads to stability probleduring storage and edse. Last but not
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least the often desired zero-order redegmofile cannot be achieved due to the
combination of diffusion and erosion processén consequencéje drug relase rate
varies over the tim especially in thecase of long-termapplications. Thus, a
predidion of the in ¥vo releasebase on in vtro datais very difficult ard a matter d
concerndue to the tima and cet intensie experiments recessgy to developrant
suitable in utro teg systens.

The nost important step to overcamthis problem is to fully understand the
degradation mchanism of applied polyen in order to allow adusting of release
profile. Although systemttic degadation studies have beparforned especially with
aliphdic pdyesters thedegraddon mechanismof these polyrars is still no
conpletely understood and derds further investigations.

Nevertheless, in the futureamy new theapeutic agents will require parenteral
application and mght benefit fronthe advantages of biodegradable pogns

Currently pronsing biodegradable appations are under investigations for
veterinary applications su@as guided tissue regeneratiooular diseases, single-shot

vaccination, osteoarthritisr fertility contrd.

Aims of this Thesis

The resarch descibed in this thesis wasaimed to investigte a ries of low
molecular weight poly(D,L-lactides) in ord&r obtain infornation about their role in
the degradation process of aliphatic polgeswhich is a conaversial subject in
literature. Since the $ability of these oligoners is discesed as @ical factor in tle
current theory of bulk erosion andeoharistic degradation studies depending on this
issue have not been reported yet it wasanmeof this thesis to address this task.
Another aim of this thesis wa to invefigate the degradan and release
characteristics of a branched tartaaid based polyestepoly(2,3-(1,4-diethyl-co-
2,3-isopropyliden)tartrate)PTA) with respecto its potential use foveterinary drug
delivery systers.

A third aim of the thesisvas to invetigae the possibility to develop different levels
of in vitro-in vivo correlation (IWC) by using mdel-dependent and odel-
independent thods. Due to the fact tharug release fronbiodegradable delivery
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systens occurs by different releaseenhamsms such as diffusion, dissolution and

erosion, IVIVC is still a rgjor problemand a great challenge.

Organization of this thesis

In order to investigate the degradatimechanism and degradation kinetics of low
molecular weight polD,L-lactides) as function of chain length i@hapter 2 the
synthesis and characterizati of a hormologous series ofow molecular weight
poly(D,L-lactides) is described. Accordinig Shih, base-catatgd hydrolysis should
proceed by randoracission machaiism, wheras in acid cataied hydrolysis chain
end scission should be predoant. Sincedegradation causes an increase in the
nunber of carboxylic acid groupshich are thought to autatalyze ester hydrolysis,
degradation rate should Eester at low pH values.

Chapter 3 repots tre incapordion of oligomers into PLGA films in various
concentrations by a solvent castingtinod. Theaim of this chapter is to verify the
autocaalytic effect of oligomers on thedegradation of polyers as reported in
literature. Rurthernore, the inteeg is focused on wrphological changes during
degradation, which could be caused by oligosn

In Chapter 4 a less known polyester $&don tartaic add, PTA is characterized in
order to ivesticate the degradation mrechanism which has not reported yet. The
polymer contains in canast to PLGA oIPLA additioral ester as wi as ketd groups

in the polyner side chain. It is expected that due to this dbainstructure th
hydrophobicity of the polyer is increasednd thus degradation should be delayed
conpared to PLGA. In &et of experirantsthe degradation behavior of PTéplants

is monitored regarding to the bulk asion concept and the arphology of the
degrading implants.

In Chapter 5 the inteest is bcused on theevaluation of drug release frolATA
implants with respgdo the potetial use ofthis polymer for veternary appliatiors.
The influence of PTA degradation and erosie investigated withespect to dug
loading, inplant size and incorporation of excipients. According to Bengsial s
initial drug relese is gpected which idollowed by phase of rather constant drug
release.

Chapter 6 reports the prelimary resits of the developrant of a biodegradable

implant for veteinary se. The aim othis chapter is to asss the in vitroelese
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mechanis of buserelin implants which diffe in drug loading, cating and copoly@r
ratio and finally to determe the pharracokinetic pararaters of three selected
formulations in dogs. By using differentethods such as statisél moment analysis
and deconvioition an attermt will be made todevelop different lesis of correlation.

In the las chapter, theConclusion, the results of this thesise sumrarized and soe

suggestions for future research are presented.
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Hydrolytic degradaton of D,L-lacfc acid oligomers

Abstract

A series of low mlecular weight polyrars of D,L-lactic acid has been synthesized.
The oligoners were caracterizedwith resgd to molecular weigh, glass tansition

temperature and solubility. The numberesage nolecular weight of the oligoers

ranged from 290 to 1320 Da. Oligens with anMn< 800 Da were soluble in buffer
at pH 7.4 but insoluble in water and acidiedium.

Kinetic studies were perfored at pH 1.54.5 and 7.4 using arceelerated in vitro
mononer release test. The average hyytiol rate was dependent onolacular
weight of oligoner, temperature and pH dfe media, with the lowest rate found
around pH 4.5. The activation energy was dependentabecutar weight and ranged
from 47 to 67 kJ ral™,

Chain-end cleavage (“unzipping”) was idéetl as nechanismof hydrolysis in
acidic nmedia whereas randoraster and/or backbiting at the chaindernwere the

possible nechanisnmof hydrolysis in basic edia.

30



Chapter2

1. Introduction

Poly(lactic acid) (PLA) and its copolyemns wth poly(glycolic acid)(PGA) are widely
used for parmaceutical and ilomedical appgtationsbecase they are biodegrabe
and biocorpatible [1]. An inportant attribug of these ptymers is the possiblity to
modulate the degradationteaof a delivery systenby changing e.g. cheoal
conposition (hono- or copolyners of ladc and glycolic ad) or the physical
properties (molecular weight, glass-trdiosi tenperature) and consequently to
contrd the drug release [2]. Thereforegtdegradation ethanismof polyesters has
been a subject in numerous investigati¢®s/]. The results of thesstudies are
sonmewhat controvesial and until row the role oflow molecular weighdegradation
products (oligorars) in the degradation press is not fully undstood. Generally the
hydrolytic degradation 6 polyesters iraqueous rdia proceeds through randaster
bond cleavage in the bulk of the device [4,98, This process isffected by four
principal parareters, nargly rate constat, amount of absorbed water, diffusion
coefficient d chain fragnents within the pofmer natrix and solubility of degradation
products in the surroundingaaium.

The nost comnon explanation for this lerogeneous degradation process is as
follows [10-12] degralation garts with the &sorption of water, bllowed by the
hydrolytic cleavage of ester bonds, whicmeeates chain fragemts with acidic end
groups. This process is characterized by aedeer in ralecular weight, an increase in
the polydispersity P (= M M;) and a lack of polysr mass loss.In the intial
degradation phase the cleavage of ester boodsrs preferentially at the surface of
the devie due to the gradi¢rof absorbed water. After ashort peiod of time this
gradien disappears,because water diffusn is relatively ram in conparison to
polymer-chain degradation. The discovery af faster degradation inside larger
devices greatly changed the understagd of polymer degradation. The
heterogeneous degradation was assigetreaction/diffusion phenomena” which
were identifed to govern polyrar degradtion [12, 13]. These phenama involve
water soluble, low miecular weight de@dation products, which are foeah at the
surface as well as in the inner part of the device. In contrastdb size devices
where soluke oligoners can escapbefore tey are ttally degraded, in laky Sze
devices only soluble oligoens located clas to the surface are teacted whereas

those located insedthe device remn entiappeddue to the aatively small dffusion
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coefficients of oligorers. In consequer the concentration of carboxylic end groups
is higher in the center than at ¢hsurfice andthus increasing th degradation rate.
Therefore, it has been suggested that degradation of large devices leads to a
surface-center differentiation due ttee phenomena described above, also designated
as “autocatalysis”. It is also known thangfrom the radium decrease the relative
acidity of the surface and formn acidty gradient from sudce to center, which
contributes to such fierentiation [12, 14].

It was also postulated that oligens prodaed duing the hydolysis create ansmotic
pressure between the interior of th&ide and the surroundingatium, which can be
explaired as well by the "reactid diffusion phenorenon” [15]. This osmotic
pressue dravs water ito the natrix and the oter layer ats as “emiperneable
membrane”. All effectdead toa faster de@dation in the centerdhn at the surfacdt

is assured that if internal degradatioproducts becomsmall enough to be soluble
(critical molecular weight of oligorar) and the surface bec@spemeable they can
escape, in grallel mass loss is detected. iW increagng polymer chain length wre
bonds have to be cleavedarder to generate water-sbla oligoners, therefore tie
until onset d mass loss incre&s.

Whether bulk or stdiace erosioroccus depend an the fornation velocity of diffusing
oligomers [16]. Recently it has been rejgalthat depeding on device geostry
degradation can shift frobulk to suface eromn [17].

In the literature only scat information is availake on the dtical molecular weight ér
water solulity of oligomers and their dgadation behaviar [18-20] The nunbers
range from1500 Da up to 5000 Da [21-23]. fHuernore, only few reports dealing
with the effect of oligomersvith various nolecular weights on the degradation profile
of polymer devices have been published [20, 24, 25].

The objective of this paper was to syntkedia series of oligo-D,L-lactes with
narrow nolecular weight distribution and tcharacterize them with respect to their
physico-chental properties as uhction of average chain length. To obtain
information about the degradation Kkireti of oligoners the degradation was
monitored using either araccelerated onomer release tésbagd on high
performance liquid chrormatography (HPIC) or nuclear ragnetic resonance
spectroscopy (NMR). The paper gives naformation about oligorer properties

which should be helpful to understhdegradation of polyers.
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2. Materials and methods

2.1 Materials

90 % D,L-lactic acid (LA) in agueas soldion was obtained fronSigma (Gemany).
Tetrahydofuran (THF) in spctrogopic grade, dichlmmethane (DCM and ¢harol
were purchsed fromSDS (Gemany). Deuterated aceten(aceton-g), deuterium
oxide (D,O), deuterochloric acid (DCI, 20 % in,D), acetonitrile-d (ACN-ds), 4-
N,N-dimethyl-

aminopyridine (DMP), phenolphthalein, trifbroacetic aciqTFA), petroleumether
and 0.1 N sodiummethylat solution (NaOCk) were obtained fromMerck

(Germany). All materials usedvere of analytical purity.

2.2 Synthesis of D,L-lactic acid oligomers

Polydispese ladic add oligomers with varying average molecular weights were
synthesized accoirty to [26]. 100 nh of 90 % D,L-lactic acid aqueous solution was
allowed to oncentate ly gentle diillation of water.The rection stated at nomal
pressure and was then changed to reduymedsure after reowal of water. The
tenmperature was slowly increased to redd® T after 3 days. At varigs time points
of polymerization a sample was taken asagalyzed for omber average wiecular

weight (Mn). The synthesis ties ranged betweeh hours and 8 days. The yield of

oligomer production ranged between 56 &8l %. All sanples wee stored in a
desiccator at roortemperature.

2.3 Characterization of oligomers
2.3.1 Endgroup analysis

The quantity of carboxylic group in each aiger was deterimed by titration of the
oligomer solution with 0.1 N NaOC# Each samle was dissolved in DCM and
diluted with ethand (2 % w/ v). Phenolphthalein wasdded and the solutiorwas
titrated with 0.1 N NaOCH The volune of alkali solutiorconsuned for titration was
used to calculate the miber averag nolecular weight of the oligoar by using Eg.
(1) [27]:
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— wW
Y ()
CuV Vo)

where Wis the weight bthe oligomer titated. C is the concentration of the NaQCH

solution. V and b are the volme of the NaOCH solution used dr titration of

oligomer solution and blank, respectively.dréis are the ean of 5 deternmations.

2.3.2 Size exclusion chromatography

The nolecular weights and atecular weightdistributions ofpolydisperse D,L-lactic
acid oligomers were detemed by SEC usg styragel columns (PSSuayd colunm

SDV, PSS SDV 100, 5 ym300 x 7.5 mm, Polyer Standard Service, Mainz,
Germany)[28]. Degassed THF caining 0.1 %(v/ v) trifluoroacetic acid (TFA) was
used as the abile phase at a flow ratef 1 m/ min. An oligorer aliquot vas

dissolved inTHF and filtrated beifre inection. The averag nolecular weight was
deternined reldive to polystyene standads (Polyner Standard Service, Mainz,

Germany) using refractivendex detection at 30 °C.

2.3.3 NMR spectroscopy

For 'H-NMR spectroscopy a polar solvent wagdigor the dissolution of oligoens
as recomrand by Esparteret. al [7]. Sanples were tsdved in acdone-¢ (1 mgy/
ml) and the spectra were recorded odeal spectromter operating at 500 MHz at
roomtemperature (16 scans).

Chemcal shitts (/) were expressed in ppwith the acetoe-d; signal at 2.06 pprasa
reference. e averag degree of @ymerization (ﬁ’n), Mp and the ronomer

content were detenmed from the ratio of integrals of different.-methyl proton
signals (/ 1.2-1.5 pprndescribed in [7].

2.3.4 Differential scanning calorimetry

Measurerents of glas transtion tenperatures (§) were perforred using a
differential scanning caloriater (DSC821, Mettler Toledo, Greifensee, CH). Two
sanples (approx. 7 mg) of each oligemwere heated twi under nitrogen
atmosphere. Therwgrans covering a range 660 °C to 200 °C were recorded at

heating and cooling rate of 10 K/im The second DSC scan run was used for T
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calculation (onset ethod). Calibration otthe systemwas perforred using gallium

and indiumstandards.

2.4 Invitro degradation

From an analytical viewpoint several tedums such as SEC, HPLC, capillaryneo
electrophoresis or ass spectroetry can beused for nonitoring degradation in vitro
[29-32].

In this work degradation waseaasured by # agpearance of lactic acid in the release
medium using HPLC. It should be note,aththe applied test could be used in
combination with e.g. rass spectroscopy for more quantitative deteatmon of
degradation profiles.

The nmonomer release studies were carmed in buffer solutbns at pH 1.5, 4.5 and
7.4. 50 ng of each oligmer (n=5 were placedn aniodine flask cotaining 25 nh of
selected redium and incubated at 65 °C. @lactivation eargies were deterimed by
conducting studies at pAH4 at 70, 80 and 90 °C.

At defined time intervals 2 rhof medium were withdram and replaced by fresh
medium. Samples were frozen until thaudy was conpleted and analyzed for lactic
acid corient by HPLC accoidg to the praedure described in [33]. The following
modifications were applied. Separationswyzerforned on a C 18 column (250 x 4.6
mm 1.D., Machery NadeDiren, Germany) fitted with a guard colum The nobile
phase, phosphate buffer (pH 2.9)swesed with a flow gradient. The UV-VIS detector
(Waters 2470, \aters Qrporation, Milfod, MA) was set at 210 nnThe colunm
tenperaturewas naintained & 35 °C usng a colunm oven (Jet StreamWaters
Corporation, Milford, MA). All samples werstored at 6 °C in the autosampler.
Calibration curves were generated freamown concentrations of D,L-lactic acid in
buffered nedia. The detection limhwas 5 pg/nh.

2.5 Hydrolysismechanism

In accadarce with pevious experirents peformed by the group of Shih et al. 43
35] the hydrolysis mchanismwas investigated using eith&CL or DMP as catalyst.
Each oligoner sanple (approx. 20 mg) was dissolved in N&l; (approx. 1.5 ) in a
volumetric flask (2 nh). Then0.2 m of DCI (1.18 M in BO) or 0.5 nh of DMP
(0.933 M in BO) was added, resgtevely. The fask was fnally filled with ACN-ds.
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The concentration of DCI and DPM inetlieaction nxture was 0.118 M and 0.223
M, respectively. An aliquot (approx. 0.81) of the solution was immediately
transferred to a NMR tube and sealed. Speskere taken as described above over a
24 h period at roontemperature. Cheiwal shifts were expressed in ppm referencing
to the ACN-dsignal at 1.96 ppm

3. Results and discussion

3.1 Characterization

A series of oligo(D,L-lactic acids) we synthesized by direct step-growth
polymerization of D,Lfactic acid without any catalys The oligoners obtained,
designated OLG 1 to 5, appeared cleaslightly yellowish colored and had a liquid,
waxy or solid consistence depending on Ylsesis tine, which varied from4 hours
to 8 days. Yields were found to be between 56 and 83 %.

The oligoners were firstcharacterized byend-group analysis, SEC, DSC atid-
NMR. The obtained wiecular and therat properties are sumarized in Table 1. The
nunber-average wiecular weight range from 290 to 1320 Da according to an
average degree of polynzation from4 to 18. The DSC experiamts showed that all
polydisperse oligoers are amrphous waxe with glass transition teperatures
between -17.2 °C and 27.2 °C. This dependenceyanTmolecular weight is well

known and described e.g. in [36]. Fwetnore, it was observed that; Tncreased

Table 1. Characterization of polydisper®,L-ladic acid oligoners

J— — J— b J— p—
Code DPn"° Mn" Mw Mu/Mn" T,eCF LA (%) atribute

OLG 1 4 290 280 1.3 -17.2 7.7 liquid
OLG 2 5 380 430 1.4 3.5 7.3 viscous
OLG 3 7 540 630 1.6 11.8 4.5 viscous
OLG 4 11 830 960 1.8 15.6 3.5 solid
OLG 5 18 1320 1560 2.3 27.2 2.7 solid

& obtained by H-NMR

b obtained by end-group analysis
¢ obtained by SEC

9 obtained by DSC
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strongly at the beginning gfolycondensation due to theasige in concentration of
the low nolecula weight fraction ad water inthe reaction mxture. In the course of
the rection the nolecular weigh increased whereas & water cotent and the
mononer concentration decrease#i-NMR was used to deterime residual ranorner

in the digomers [7].

The solubility of oligoners which has up tmow not been reported was tested in
various stvents. All oligoners were dund to be soluble in acetone, DCM and THF
but insoluble in petroleurather, denmeralized water and 0.01 N HCI. In phosphate
buffer at pH 7.4 all oligomrs were gluble with the exception of OLG 4nal 5, which
appeared swollen after 48 hours. The différsolubilities in aqueous adia result
from the pk, of lactic acid (pk 3.4) [37]. At neutral pHhe free carboxylic end group
is dissocated and brms a salt, whichs sduble depending on theatecular weight of
the oligoner. If the conceination of hydrogen ions ineases and reaches values
below pH 3 the undissociatedpra lipophilicfree acid function is faned. lonization

of the carboxylic end groupsas necessary for hydrationdasolubility. The ratio of
end-group to oligomr chain length inerases with decreasingotacular weight,
resulting in an incrasedsolubility o oligomer. This ratio reached the highest value in

OLG 1 (Mn 290 Da) and thensallest in OLG 5 Mn 1320 Da) which explains the

obtained differences in solubility.

3.2 Effect of temperature on degradationkinetics of lactic acid oligomers

The degradation experamts with D,L-lacic acid oligomers br detemination of
activation energy were carried out iqugous phosphate solution (pF4) at four
tenperatures (65, 70, 80 and 90 °C).

The degradation of oligoens resulted irfragments with hydroxylic and carboxylic
end groups, which finally degraded toetlmononer lactic acid. The increase of
mononer content in the buffer edium was ued as an indicatofor the exteh of
hydrolysis and was amitored by HPLC. The fraction of oligoners, which has still to
degrade to the anome was expressed asmaining nononer. The percentage of
remaining monongr was plotted against thane on a semlogarithimc scale. Fom

the slope of the plot the hydrolytic cleavage rate constapivas calalated. t was

found that vith increasingDP;, the reaction rate constaredeasedn pallel with a

visually observed decreasesnlulility of oligomer in the nedium. Furthernore, for
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each oligorer ksincreased with ioreasng incubation temperate. Ths tenperatue
dependency of the reactionteais described by the Arenius equation (Eq.(2)) as

follows:

Ea

Ink InA

@)

obs

where ks is the observed reaction rate consta is the frequency factor and,
the activation energy, R is the uaigal gas constant (8.3143 Jouléol*) and T is
the absolte tenperature. Eq. (2) indicates that a graph ofdn %ersus 1T is linear
with a slope of -E R ard an intercept of In A (Fig. 1). The @culatedE, of hydrolysis
for four oligoners ranges from7 to 67 kJ/ ral. The E, obtained for OLG 5 is siitar
to results reported byudn et al. [38jand Makino et al. [6]. However Kkaluesin the
literature \ary over a broad rangeebause oflissimlarities in molecular weights ash
polymer composition [39-41].

It was found that oligoers having shaller average wlecular weights shownsaller
Ea values (47.0, 49.1 and 51.5 kJbIntorresponding to OLG 1, 2 and 3). An
additional explanation could be the higheydrophilicity of OLG 1, 2 and 3 in

conparison to OLG 5, being less capableabkorbing wateiSwelling through water

15
+OLG 1
-2.0 = OLG 2
A0LG3
25 - *OLG5
S 30-
5
-35 -
-4.0 -
[ ]
45 ‘ ‘
2.72E-03 2.82E-03 2.92E-03 3.02E-03

Temperature [1/K]

Figure 1. Arrhenius pbts for the degadation rates of variousD,L-lactic acid oligomers obtained at
four incubaton temperatires €5, 70, 80and 90°C).
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absorption leads to an increasf the tleoretical free volme and chain flexibility

within the natrix thusfacilitating hydrolyss. In consequence lesseggy of activaion
is necessary to cleave ester bonds.

3.3 Effect of pH on degradation kindics and mechanism of hydrolysis

The effect of pH on the hydrolysis rat®onstant of various D,L-lactic acid
oligomers was analyzed by anitoring the reease of lactic acid in the surrounding
medium at 65 °C by HPLC.

The percentage of reaming monomer was pitted against timin a semi-logarithrnc
scale. Fom the tope d the lire the reation rate corstart (kop) was obtained. The
concentratio of mononer in the sarles increasedaccading to pseudo first-order

kinetics for the studied pH values and is eg&arily shown for OLG 2 (Fig. 2).

Ln remaining monomer [%]

Time [days]

Figure 2. Degradaton profile of OLG 2 depending on pH at65 °C

At all three pH valuesnder investigations, i.e. 1.8,5 and 7.4, mnomer release was
fastest fronthe snallest oligoner as expcted. er all oligomers the ronomer release
was slowest at pH 4.5. These results aradoordance with the eshanismof acid/
base catalyzed hydrolysis [6]. The pH prcfilef the experientally deternmed rate
constants for various oligaens are shown in Fig. 3. Around the;plalue of lactic
acid (pk 3.4) the reactio rate of oligorers had reacheddhminimum. This finding is
in accadarce with reslts oltained in amore detailedinvesticgation of the pH
dependency ofds perforned by Dedng et al. [B] and Maniar et al. [18].
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Our reslts regardng E, and the log ks — pH profile provided evidence for the
suitability of employing the in vitro nononer release testo investigate the
degradation kinetics of oligoans as funiion of pH, tenperature and average chain
length. Due to theafct that this tet was based elkesivdy on the detectionf releasd
mononer related mainly to the ternmal ester bonds it provides litad information on

the degradation echanism

Ln kobs

15 3 45 6 7.5

Figure 3.Ln kypspH prdfile of D,L-lactic acidoligomers.

'H-NMR spectroscopy allows direct monitogi of ester bond cleage and is capable
of differentiating exactly between temmal and internal ester bonds.

In Schene 1 the degradation of poly(D,Ld#c ecid) is descrbed. Four different
types of nethine proton (-CH) signals/(4.0-5.2 ppmh were identified (Fig. 4) in
accordane with DeJog et al. [32]. Mdtiplets at 5.2 ppm5.07 ppmand 4.2 ppm
were assigned to theathine protonsignal of internal ester bonds (-&Hester bonds
at the carboxylic chain-end (-CHand ester bonds at thgdroxylic chain end (-CH,
respetively. The methine proton offree latic add (-CH®) appeared as quartet at 4.08
ppm The dbreviation M is used from nown as synonym fothe methine proton
signals. From the signal itensties the pa&k area of each nethine proton as
calcdated & follows.

The fraction of total ester bonds (= fractiof unhydrolyzed ester bonds) at a time

point was obtained from the area ratio of;fMl)/ (M1+Mo+M3+M,). The fractionof
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PLA

Scheme 1

(@)

OH

Lactic acid

M a
M
j\a&L Mj‘l‘h
Ppm
58 56 654 652 60 48 46 4.4 42 40 3.8 3.6 3.4 3.2 3.0 =28 26 2.4 2 20 1.8 1.6 1.4 1.2
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j\,:z "
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sR ®AR ®a4 ®2 A0 AR A& 4aa a7 an aa AR A4 Az  an  ra PR 7a > 7 - " a >
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o e s M
.
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Figure 4.'H-NMR specta taken dter (a) 05 h,(b) 8 h and (c) 24 h of OLG 2 hydrolysis catlyzed ty

0.118 M DCl in ACN-ds.
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free latic acid was céculated fromthe area ratio of M (M;+My+M3+My) and the
fraction of ternmal ester bonds resulted fromy/ (M;+Ma+M3+Mg). During
degradationoccurred a change in theseakeareas. Tdé peak area of internal ester
bonds (M) decreased while those of termal ester bonds (Mand M) and of free
lactic acid (M) increagd. By nonitoring these changet is possible to discrimate
between the mchanisn of hydrolysis, i.e.randomor chain-end cleavage. If the
formation of nononer is proportional to losef ester bonds, chain-end cleavage is the

mode of hydrolysis. If, in contrast, esteond cleavage occurs randgrthe formation

of mononers is not propaional to the loss of ésr bonds. In consequend?Pn
declines faster than by chain-end hydrolysis.

In Fig. 5 the fraction of the four methinegpon signals of various oligoens at the
beginning of experiment is shown. Hhould be mphasized that the initial
conposition obtained in acidic edium was identical to that found under basic
conditions. The areas of M2 and M3 wesielar and ranged from 19 % to 5 %
depending on the oligoens studied. The dction of M4 (monorer) was the greatest
(7.5 %) in the oligorar sanple with the lowest average otecular weight and

decreased with greasig average chain-length to 2 %.

methine protone signal [%0]

Figure 5. Fraction d methine proton signals from various oligomers n ACN-d; obtained at the
begnning of experiment.
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The fractionof M; (internal ester bonds) was thealast in OLG 1 and increased
with raising average atecular weidnt.
In Fig. 6a the ratio of methine proton sitgabtained in acid (0.118 M DCI) after 24

h incubation is shown. The fraction ofyMcreased depending @P, of oligomers
whereas the fraction of Midecreased only slightly. It w&ound that the loss of ester
bonds was independent frothe total estebonds (E) and followed a pseudo-zero
order kinetics (Fig. 6b) as given by E3)

-d[E]/ dt = ¥/ DP, $)

where K is the pseudo-zero ondeate constant and RPis the iritial average degge

of polymerization.

The plot of total ester bonds and mormmontent versus timis exenplarily shown

for OLG 4 in Fig. 6¢. Arexcellent linearity (0.99351R2 d0.9951) over degradation

time was obtained. The lines run ashparalléand the slopes are giar. In contrast,

a plot of total estebbonds and termal eser bonds (sunof M, and M) as function of

time does not show any correlation (Fig. 6c, insert). The zero order degradation data
obtained under acidic conditiofigr various oligorers proe that hydrolysis proceeds

via chainend cleavagg“unzipping”) as descbied by Shih et al. [34].

Using N,N-dinethylamnopyridine (DMP) as basic catalyst another hydrolysis
mechanisn was found. The ratio of &hine proton signals after 24 h incubation is
shown in Fig. 7a. Thedction of M decreased strongly in parallel with an increase of
M, and M; whereas Mincreagd less than wer acidc conditions. In contrast to
results obtained in acidicedia it was found that in alkae media the loss of ester
bonds depends on the total ester bonds and followed a pseudo-first order kinetics (Fig.
7b) which is described in Eq.(4)

d[E)/dt=K E @)

where K is the pseudo-first order rate constant.

Moreover, it looks that the plot of totekter bonds and temal ester bonds versus
time follow the sare profile (Fig. 7c). Howeve due to the fact that at an infinite
degradation tira only the mnomer is leftin the H-NMR spectrumthe anount of

terminal ester bonds should display aximum before they redude zero. Therefore
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plot of total ester bods versus time, (¢c) OLG 4 plot of total ester bnds andmonomer as wellas
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the plot of ternmal ester bonds versus &ntan not be continuously linear or follow
1st order kinetics.

Since it is most likely tht under the appliedonditions cyclic dimers were fomed as
intermediate during hydrolysis [25] which shaavpeak at the sathenical shift as
the nmethine protone signal near the tenal carboxylic acid bonds, the plot ing=7 ¢
conmpares not only the fomation rate of teminal ester bonds bulsothe formation
rate of cyclic lactides with the degrdida rate of total ésr bonds. Te lines run
parallel with sinlar slopeswhich suggest that the hydroigsf oligoners occurs not
by a chain-end cleavag®loreover, it seesithat degradatiounder basic conditi@n
proceeds byackbiting at the chaiends aglescribed by DeJong et al. [25] and not
really randonty as proposed fa.g. poly(lactic acid) [35].

As shown in Fig. 7c, insert the nber oftotal ester bonds decreased faster than the
formation rate of mmnomer which is probaly due to randonester cleavage. However
it can also be explained by the rmtion of cyclic ladides by tle backbitimy
mechanism

As previously nentioned, a random esteteavage leads to faster decline ofDPx
because hywlysis under alkaline conditions irreversible. Under aciit condtions
hydrolysis is reversible and theoe¢ sonewhat slower. Furtherore, chain-end
cleava@ redices the plymer chain lengthstep by step about oneonomer only. In

contras, rardom ester cleavage cutee pdymer chainrandanly i.e. anyhere inthe

chain, thus reducin®Pn evidently. In consequenc®Pn declires faster.

100 < LN 40.118 M DCI
A 0 0.223 M DMP
B a
801 , “aa \
0 A A
— o
S 60 . Y
5 Caoe.
40 DDDD A AA‘AAA
Bopg AA,
DDDDDDDD e Abasa,,
Bo0gpg A A a
20 4 =
O T T T T
0 5 10 15 20 25
Time [hours]

Figure 8. Plot of ab®lute ﬁ’n versus the time as function of catalyst fo OLG 5.
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However, it should be mentioned that thgrelation rate is ghly pH-dependent and

therefore the difference can be asedlako to pH and not only to the mechanism

Fig. 8 shows the decrease &P, versus the tim dependig on the catalyst

exenplarily for OLG 4.

4. Conclusion

To investigate the relationship betweeligomer nolecular weight and polyer
degrad#ion, low molecular weigh oligo(D,L-lactic acid)s of various nolecular

weights (1\7 n 290 to 1320 Da) have been syntlzesi and fully characterized.

The solubility of various polydisperseligomers was determed via diret

measurenents. It was found that the solubility of oligers depends on both pH and

average rolecular weidpt. Polydisgrse éigomers with Mn smalle than 80 Da are

soluble in buffer at pH 7.4 whereas oligen of Mn t 830 Da are insoluble.

The kinetic studies showedaththe hydrolysis rate of lalested oligorers was the
slowest at pH 4.5. The energy of activatramged from47 to 67 kJ/ mol dependjn

on average molecularemght of oligomers.

Fromthe mechanisic study utilizing *H-NMR spectroscopy it could be conducted that
the oligormer degradation schanismis dependent on the pH of the surrounding
medium. Under acidicconditions chain-end cleavage is the mode of action whereas
under basic conditions degradation of oligweoccur via randomster cleavage and/
or backbiting.

Typically, in a nedium of pH 7.4, he pH irside the bulk drops due to the faton

of free carboxylic acid groups which cannot leaait the bulk. In contrast pH at the
surface rerans unchaged because of the ther capacity and the exahge of buffer

in the in vitro nodel. According to the #ory ofbulk degradation, hydrolysis should
be faster in the inner part than a¢ thuface due to the higer concentration of ester
and carboxly bonds reslting in the inner partin a lower pH value (the so-called
“autocatalyic effect”).

Our results clearly deomstrate that hydrolys slows down with decreasing pH values
up to a pH of approximately 4.5 and once the pH is lower than 4.5 hydrolysis speeds
up again.These resultsndicate tlat atleast in the initih degradéion stagethe

degradation was not domieal by the so-called “aotatalyic effect”.
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Results generated in our studdesnonstrate th need to ingstigate otler factors tlan
pH to better understand aegplain the bulk degradath nature of PLAlad PLGA

since pH has proven to play only @aor role.
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Hydrolytic degradaton: Effect of oligomers

Abstract

Oligomers are thoughto accelerate the hyalytic degradation of devces prepared
from poly(lactide-co-glycolide), PLGA, du® their increasediumber of carboxylic
end groups copared to polyrar. To expementally verify this hypothesis, two D,L-
lactic acid oligorers having ralecular weigks close taheircritical limit of solubility
were synthesized and incorporated intd3Lfilms in three concentrations (0, 10 and
30 % w/ w).

All film s were transicent, ratherléxible and iniially amorphous. Vith increasing
oligomer concentration the gts trasition tenperature () and the nelecular weigh

of films decreased prior to erosion.

The degradation studies shdwat intial mass loss and watebsorption are ineasé

in oligomer-containing filns as a function ofiverage mlecular weight and oligoar
concentratio. However, the icorporaton of oligoners does not accelerate the
degradation of fihs. By contrast, oligosr-containing filns show extended lag-phase
until onset of polyrar erosion. This was showto be related to crialization as
observed in parallel. Moreokeit was found that crysi&ation occurs earlier in
oligomer-cantaining films and that thedegee of crystallizdion is related to the
average ralecular weidnt of the oligoner. These findings bring new insight into the
role of oligorers in the degradation procesw can be used ta@ain why erosion in

massive polyner devices occurs frothe center to the dace.
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1. Introduction

Poly(lactide-co-glycolide) (PLGA) is one ofthe most frequently tudied class of
biodegradable polyers, especially for cordlled delivery of peptides [1, 2] and
proteins [3, 4]. The wmor advantage of #se polymers is that they do not require
surgicd removal ater canpletion of drug release.

The degradation of aliphatic polyesters bagn investigated by nwarous authorst |

is generally accepted that PLGA, and tHemopolyners polylactic acid (PLA) ah
polyglycolic acid (PGA) degrade via bulk hydysis of ester bonds [5, 6, 7]. Finally,
their constituent mnomers latic ard glycolic &id are brmed which are elimated
by metabolic pathways [8]. It has been shotkat the degradation rate is affected by
several phgical and chemal factors, such as initial pH, ionic strength and
tenmperature of external edium, copolyner ratio, nolecularweight, eystallinity and
specinen size [9, 10, 11].

However, until now the degradation pess has not been cpletely understood.
From a general point of view, two phenemaare discussed. Firstly, degradation
causes an increase of the rem of carboxylic end groups, which are known to
autocatalyze ester hydrolysis [12, 13, 14].@elly, with increasing degradation #m
the anount of oligoner within the polyner matrix increases rad soluble oligorars
can esape fomthe whole nass of deviceln larger specirans only soluble oligosrs
which are locatectloe to the surface caniffise fromthe natrix before theyare
totally degraded, whereas oligers locatednore inside the m@rix remain entapped
and inceasethe adaity within the metrix. The encapsulated oligars increase th
concentration of ester arwdrboxyl bonds, which results an increased degradation
rate and autocdigsis with respec to theouter part of the spanen. These diffusion-
reaction phenoenona [15, 16, 17] lead ta differentiation beveen surface and
center in larger speciem [/, 9, 18]. Recently ew paraneters have &en identified
which contribute to the bul&rosion process [19, 20].

Although oligoners play an important rée in the complex bulk degradation
mechanis only few authors have studied theifluence on degradian kinetics [21,
22]. However, the mlecular weigh of low molecular weight polyrars studied was
far away fromtheir critical limt of solubiity [23, 24]. Dwe to the factthat this
parangter is inportant with respect to dir effect on polyrar degradation [25, 26]
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only limited information can be obtained fromrevious studies about the role of
oligomers in this process.

For this eason aseies of D,L-lactic acid oligomers were sythesized ard
charaterized with regrd to solublity, degradation rate and deadation rechanisn
[26]. Two oligoners having average olecularweights clee to thér crtical limit of
solubility were selectednd incoporated iio PLGA films in different concentrations
(0, 10 and 30 % w/ w).

The intention of the present study wé&s test the hypothesis that oligers
autocatalyze the degradation process [12,143, If oligomers icrease the polyar
degradé#ion rate the litime of the olgomer-containing PLGA fiins should be shorter
than the lietime oftheoligomer-free PLGA fim.

In consideration ofhe fact that until now crytallization caused by PLGA degradation
has never been investigated asuaction of the oligoner, the nain interest was

focused on this issue.

2.  Experimentals

2.1 Materials

D,L-lactic acid oligoners (OLA) wee synthesized by polycondensation of 90 % D,L-
lactic acid aqueous solution without any cgdtibs described prmwusly [26]. Briefly,

90 % D,Liactic acid aqueous solution waallowed to concentrate by gentle
distillation of water. Theegaction started at noainpressue and was then changed to
reduced pressure after rewal of water. The temeraturewas slowly incresed to
reach 140 °C after 3 ga. The polydisperseligomers obtained had weight aveeag
molecular veights (M) of 1700 Da (OLA-1) and 3200 Da (OLA-2).

Uncapped poly(lactide-co-glycolide) (PLGA), Type ResdmRG 503H, lactide/
glycolide ratio 50:50,Mw 27.4 kDa, was purchased froBoehringer Ingelheim
Ingelheim Germany. All organic solvets were HPLC grade and provided from

Merck, Darnstadt, Gerrany.

2.2 Preparation of films

All film s were prepared by a solvent castingtimd. Briefly, 0, 10 or 30 % w/ w of
OLA-1 or OLA-2 were added tBLGA anddislved in 10 nh acetone. The sdion
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was poured into a Tefl6nmould and the solvé was #lowed to evapratedat 8 T
for 24 hours. The film were then dried under vacu@hroomtemperature to remve
residual solvent until a constanteight was obtained. The resulting fisnhad a
thickness of about 200 - 250 pamd were cuinto disks ofl1-mm dianeter using a
punch. The final weight of fihs was16.4 r 0.96 mg (n = 30).

2.3 Determination of molecular weight

The averag nolecular weight was deteimed by size exclusiochromatography
(SEC) using polystgne standrds (M, 400 to 2.50° Da) (Pdymer Standard
Service, Mainz, Germany) for caliltian. The samples were dissolved in
tetrahydrofuan (THF) and filtered Were injection. THF containing 0.1 %
trifluoracdic acid (TFA) was ued as nobile phase at a flow rate of 1ml/ min. Two
PSS columns, 7.8 x 300 mm, with a pore size of AGand 16 A (Polymer Standard
Service, Mainz, Gerany) connected in seriegere used to sepdeasample fractions
at 30 °C. A differential refractoaer (ERC 7510, Tokyo, Japan) was used for
detection. Bch samle was analyzed imuplicate and data we processed using
Chronstar 4.1 software (SCPA, Stuhr, Geamy).

2.4 Determination of glass transition temperature

Measurerent of glass transitioremperature (J) was perfomed usng a dfferential
scanning caloriter (DSC 821, Mettler Toledo, Greifensee, Switzerland). oTw
sanples (4-7 ng) were heated twice under nitrogen esphere. Therograns
covering a range of -20 °C 00 °C were recorded at adtieg or cooling rate of 10
K/ min. Calibration of the systemas perfomed using gallium and indium standards.
The onset temperaturehich corresponds tthe tenperature at which the signal first
derives from baseline was used to ddwcthe phase tragition and was evaluated
from the second taing run (STAR® software 6.0, Mettler Toledo, Greifensee,

Switzerland).

2.5 X-ray diffraction (XRD)

X-ray diffraction patterns were recordadth an autoratic powder diffactoreter D
5000° (Sierrens, Munich, Germny) using a CuKradiation source (40 kV, 30 mA)
and a nickel filter (1.54 A). The scanning speeas 0.2 degree/ im. The naximum
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scattering angle (32 was 35°. $parate blank pattes were recoded to dow
subtraction of air-scatteringnd sample holder. Sharp peaks or broad halos were
observed in diffraction pattern of ctgfine or anerphous film respectively.
Crystallinty was calculated using DiicPlus 3.8 software (Bruke Rheinstéen

Germany).

2.6 Degradationstudies

Weighed film specimens were placed in preausly weighed glasgials and immersed
in 12 mM phosphate puffer (0.05 M, pH 7céntaining 0.05 % benzalconiuahloride
and 0.1 % sodiunazide). The saptes wereincubated at 37 °C for 4 weeks without
agitation. Six parallel samples were testedeach type of film The buffer solution
was replaced after each galimg time in orde to preveh pH changes due to polymer
degrad#on. At different tine-intewvals, the films were removed, wased threefold
with wate and weighed dér removal of suriacewater. Thesanples were thenned
for at least 48 h in a lyophilizer.

Water absorption andass loss were caltated using the following equations:

Water absorption (%) = 100 (AWq)/ Wy

Mass loss (%) = 100 (WWWg)/ Wo

where W, and Wj represent the nass offilm in wet and drystde, respectively.Wy is
the ilm weight detemined initidly.

SEC and DSC were applied toonitor the degradation of film whereas XRD was
used to deect crydalinity in degaded polyner films.

3. Results and discussion
3.1 Physicochemicatharacteristics of PLGA/OLA films

Using the solvent-casting technique, foliéferent PLGA films were produced. The
properties ofpplied naterials are listed in Table 1.
In orde to darify the mscibility of PLGA and D,L-lactic eid oligomer all ilms were
analyzedoy DSC. The presence of a singlgif all blends confirred that PLGA and
oligo-D,L-lactides are iscible at allthe given cormosition. Mscibility was also
observed at higher oligan concentrationshowever, tie mechanical strertg of

resulting films was insufficient.
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All films were chracterized prior to eroson ard resilis are summarized in Take 2
The acronyns are reflecting the nature of each fimatrix.
The additimm of low molecular weight ofjomers reslied in a decreasof molecular

weight of the filns produced.

Table 1. Characteriscs of neterials used

Code Molecuar weight (kDa) M_w/ M, T4 (°C)
M, M,

OLA-1 17 0.96 18 15.6

OLA-2 3.2 15 21 26.8

PLGA 27.4 16.0 17 44.5

Table 2. Conpositions and chaieristics of producedlFGA films

Code Oligomer  Composition Molecuar Mw/ Ty
(%) VlGIg ht (kEa) M C)

PLGA OLA Mw Mn
Reference None 100 0 247 144 17 44.3

PLGA/OLA-110% OLA-1 90 10 196 5.6 3.5 40.7
PLGA/OLA-130% OLA-1 70 30 16.8 3.3 5.2 34.0
PLGA/OLA-210 % OLA-2 90 10 209 71 2.9 42.6
PLGA/OLA-230% OLA-2 70 30 184 54 3.4 36.5

This results rainly from the mxing of different nolecular weights and less from
degradation caused by inporated oligorars [21].

It was observed that the nbem average mlecular weight Mn) of oligomer-
containng films decreasd nore thanM . This canbe explainedy the fact thatM
depends more on the fraction of low plecuar weight than on the fraction of high
molecular weight.

In parallel the polydispersity index (Pl)cireased in oligoer-containing fims. The
Pl is defined as the ratio dflw to Mn and describes the broadness aflenular

weight distribution within a polysr. FromTable 2 it can beeen that Pl is a function
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of oligomer loading and of the averagelecular weight of oligorar. The higher the

oligomer loading and the loweVl, of oligomer the higher PI of film

3.2 In vitro degradation profiles

The ilms listed in Table 2 ere incubatedin phosphate buffer pH 7.4 at 37 °Cs A
degradation paragters water absorption,ass loss (both gravietrically) and weight
loss (SEQ were nonitored.Morphologicalchanges were eected byDSC and X-ray
diffraction.

3.2.1 Visualexamination

All prepaed films were intially tranducert and elasc depending on average
molecular weight and percege of oligomer in the fim matrix. After one of day
incubation all films were white and no longé&anslucent. \Wh increasing incubation
time the diamater of all films increasediranatically. After freeze-dmng all films

were waxy-like, wavy and brittle.

3.2.2 Water absorption and glass transition temperature

Water absorption was detected frdyaginnng of incubation in buffer (Fig. 1a). The
initial amount of absobed water was a function of average obecular weight ©
oligomer and their grcentage in BGA film. Water absoption of all films increase
steadily with tine because dgadation causes an increas polyner hydrophilicity.
The incorporation of oligoers increases the hydrophilicigf the film due to their
hydroxylic and carboxylic end groups. lmrsequence, oligoen-containing films
absorbed more water thanthe oliganer-free flm.

For PLGA/OLA-1 10 and 30 % the amnt of water absorbed afte8 days was 186
and 240 %, respectively, cgared to 41 % iroligomer-free film as reference (Fig.
la). However, after 5 days water atpgmn was higher in the PLGA/OLA-1 10 %
film than in PLGA/OLA-1 30%film. We assune that with an increasing aount of
oligomer incorporated the leaicly out of OLA-1 increass and cornsquently tle
hydrophilicity of the reraining film decreases.

On the other hand with risg oligoner chain length théydrophilicity of oligoner
decreased due to its increased hanofhydrophobic methyl groups. Thus wre time

is needed talegrade the oligoer in a salble state. In consequence degradation of
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Figure 1. Effect d addtion of oligomers (Q 10 and 30 %) o waterabsorgion of PLGA 50:50 films
during in vitro degradation: (a) for OLA-1 and (b) for OLA-2. Thefive types @ films are peseited in
Table 2

polymers of the samchemcal composition budifferent nolecular weights is slower
for the higher rolecula weight compound [27].

Comparing OLA-1 and OLA-2 thdirst hasa lower average atkecular weight ad
glass transition teperature whereas thetter is nore lipophilic. Therefore initial
water uptake was reduced in fénontaining OLA-2. For PIGA/OLA-2 10 and 30 %
the anount of water absorbed after 3 dayas only 47 and 180 %espectively (Fig.
1b).
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Table 3  Glass transition teperatue of degraded PLGA fils

Tq (°C)
Sample 0d 3d 5d 7d 10d 14d 18d 21d
PLGA 443 407 392 372 351 363 417 455

PLGA/OLA-110% 40.7 39.0 376 353 339 411 462 462
PLGA/OLA-130% 34.2 403 372 346 338 297 444 405
PLGA/OLA-210% 426 385 377 366 356 319 439 391
PLGA/OLA-230% 36.5 39.7 385 380 363 383 417 402

As expected wat absoption of PLGAIOLA-2 films was a function of oligoer
loading over the whole tieperiod.
In parallé to water absgption the glass tarsition tenperature offilms was nonitored

as a function of oligomer ofecular weightand oligoner loading during degradation

(Table 3). It is known that a decrease Mfy leads 6 a decease of 4 which is
attributed toan easier lsin nobility in polymers [L7]. From Table 3 it can beesn
that Ty decreased directly after incubatiorbuiffer with one exception due to polgm
degradation and water absorption [25,. Z8}r PLGA films, containing 30 % OLAL
or OLA-2 an increas of Ty was observed after 3 days. This was caused by diffusion
of a mgjor part of the incgporated oligorars out of tle film. The renaining higher
molecular veight fraction is characterized by a highey & known from literature
[29].

Surprisngly T4 started to increasin all films after 10 or 14 days and reached &alu
greater thnthose in the Enning [30]. In parallel witithe observed treag of Ty
an endotherm peak was detected in thest run of DSC expeament (Fig. 2). This
was assigne to the nelting of crystalline domains forned during degradation [15,
30]. X-ray diffraction was successly usedto confirm this assumtion. All resuts
denonstrated that incorporation of oligens in PLGA film clearly enhanced their
hydrophilicity [31].

3.2.3 Crystallinity

In all films no crysthinity was found at the beginng of degradation studies. The
XRD pattern ofinitial films is exerplary show for PLGA/OLA-2 10 % (Fig. 3a
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Figure 2. DSCthermograns obtained afer 14 days immersion in buffer pH 7.4: (a) RR.GA/OLA-1 10
%, (b) PLGA/OLA-2 10% and (¢) referenee. AU means eeaunits.

The obtained halo pattern is typiclir an amorphous polyanic compound and
confirmed that all films were initially anorphous.

However, after 2 weeks of incubation dginity was deected in 10 % oligorar-
containing filns indicating tlt oligoners contribute tanorphological changes during
degradation. This can be explained by thet that with increasg water conte)
molecule chains in the polyan metrix becone more flexible and rabile enough to
crystallize uwnder suclconditions [29, 32].

It was found that the degree of crystatimwas higher in filng containing OLA%

(MW 1700 Da) instead of OLA-ZMW 3200 Da) (Table 4). Based on this finding we
conclude that the degresf crystallinity at thistime point was depending on the
average rolecular weight of oligmer added With increasing incbation tine
crystdlization occurredalso in reérence and 30 % oligoer-containing fims. The
diffraction pattern of oligomr-free and kigomer-containing filng obtained after 18
days of incubation are shown in Fig. 3b dnd. 3c. Five sharp peaksexe detected
(2 =16.9, 18.9, 21.9, 27.7 and 32.6°) whidmnonstrated the presence of crystallin
domains within all polymer films. As expectedrystallinty was higher in oligorar-
containing filns confirming outhypothesis that oligoers affectdirectly orindirectly
crystallization during degradationdlble 4).
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Figure 3. X-ray diffracion patern obtained for (@) PLGA/OLA-1 10 % before immersion, (b)
referenceard (c) PLGA/OLA-1 10 % after 18 days immersionin buffer pH 7.4.

Unfortunately, after 3 weeks nGray pattern could be obteed due to the very st
amounts of esidual polyner mess.

The results show that the degree of ciiisity in oligomer-containing filns depends
on averag nolecular weight andpercemage of incorpoated oligomer. One can
hypothesize that this finding is related to the differencesjiantl nolecular weight
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Table 4 Crystallinity of degraded PGA films

Crystallinity (%)

Code 0d 10d  14d  18d
Reference 0 0 0 22
PLGA/OLA-1 10 % 0 0 26 28
PLGA/OLA-1 30 % 0 0 0 34
PLGA/OLA-2 10 % 0 0 15 31
PLGA/OLA-2 30 % 0 0 0 20

between the two oligoers. Thes shouldinfluence the chain obility and the
reorgamzaion of chains vithin the film [33].

However, crystallization was only observatllater stags of polymer degradation.
The driving force for such mrphological charge is a cleer packing of polyrar

chains with consequent enhan@smof internolecula attraction [29].
3.2.4Mass loss and molecular wight changes

The Mw of oligomer-free film decreasedvith time (Fig. 4). In cotrad Mw of
oligomer-cantaining film was eitrer undianged (10 % OA) or increased (30 %
OLA) within the first 24 hows. Due to the higher averag®lecular weight of OLA-2
the inceaseof My observed was safier than forOLA-1 containing filns. Beyond
this My of all blends decreased with inasexpected and reael a plateaafter 2
weeks. This can be explamhéy the fact that filrm degading for longer than 10 days
in buffer, were partially insoluble in TH&nd thus excluded fromnalysis. In addition
degradation products, which are alhrenoughto be soluble, diffused out frorhe
film and were also exdlied fromthe analsis. As a consagence no furtheretline of
Mw was observed until the end of the studywidwaer, the best representation of the
molecular veight progression ithe polydispersity index.

As shown in Fig. 5a, the Rtlosed syrhols) of PLGAOLA-1 10 and 30 % decreased
from 3.5 and 4.3 to 2.1 and 2.6, respectiwslthin the first 3 days. In contrast PI of
reference inreagd slightly within these fist dg/s indicding that a sraller molecular
weight fraction was foned.

Mass loss of fills (open syrnols, Fig. 5)was olserved inmediately after incubtion

in buffer.
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Figure 4.Degradaton profiles d oligomer-free and oligomer-aontaining films which are presated in
Table 2.

In general rass loss was higher for filsncontaiining OLA-1 due to itsrealler Muw
and consegently higher sdubility. As expeted intial mass lss inceasedwith
increasing amount of incorporated oligem

The initial mass losses &e 8, 12 an®1 % for reference, PLGA/OLA-1 10 and 30
%, resgctively (Fig.5a). This can éassgned to the release of both residual acetone
and incoporated oliganer. The initid mass Iess observedas vell as the redution of

Pl1, confirmed our assumption that a greatount of low moleclar weight fraction
had lef the flm matrix within 3 days.

No remarkable nass los was ddeded unil the end oftheweek After 10 days rass
loss had reached 22, 24 and 30 % parad to 15, 14 and 21 % after 1 week for
reference, PBGA/OLA-1 10 and 30 %. The PI of these fdrdecreased ioonbination
with alossof My, as show in Hg. 4., indicating tht nost of the lngher nolecular
weight fraction and incorporad digomer were degradednd had grtially left the
film matrix. After 14 days rass loss ofoligomer-free film was accelerated in
conmparison to 18 days found f®LGA/OLA-1 10 and 30 % filra.

In Fig. 5b mass loss and changes in mad@ight distribution oPLGA/OLA-2 10 and
30 % are shown. No differences were folretiveen initial rass Iss of reference and
PLGA/OLA-2 10 % corpared to a slightlyncreased rass bss of PIGA/OLA-2 30

% during the first 5 days. In parallel Pladeased fron2.95 and 3.45 to 2.3 and 2.5
for PLGA/OLA-2 10 and 30 %, respectiveiass lossncreagd after 1 weelfrom
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10 and 17 % to 25 and 32 % after 10ysidor PLGA/OLA-2 10 and 30 %,
respectively, and was rather constamtil day 18. From then on ass loss of
PLGA/OLA-2 10 and30 % was acceleratewhich was alsofound for films
containing OLA-1. At the rd of the study the resiming mass of all filns was less
than 5 %.

In sumnary, for all oligomer-containing filns a polonged lag phase up to the onset of

accelerated \ass loss was observethis obseration leads to the assyation that the
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Figure 5 Effect of addtion of oligomers (Q 10 ard 30 %)on mass Iess (gen synbols) and
polydispesity (closed symbols) of PLGA films: (a) PLGA/OLA-1 and (b) PLGA/OLA-2.
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during of lag phase is inflmeed by oligorers. The extdrto which degradation is
affected depends on batie average olecula weight of the oligoner incorporated

and the amunt of renaining oligoner.

4. Conclusion

The influerte of the agrage molecular weidtt and the cocentration & D,L-lactic
acid oligoners added on the degradatioterand crystallinity of PLGA 50:50 film
was invetigated. The inomporation of polydisperse gioners clearly enhanceddh
hydrophilicity of PLGA film The initid mass loss and ther@unt of water akorbel
were functions of averageatecular weightand concentration of oligoen. For the
sane oligomer initid mass loss ad weter uptake was enhanced i#h increasing
amount of oligoner in the film However,an autocatalytic effct caused by the
increased number of carboxylic end groups @uthe incorporation of oligoars was
not observed.

The degradation studies point to the fwt all initially anorphous polyrar films
changed into swi-crystalline films. Moreove, it was found thabligomers contribute
to such norphological change du@ their properties like low ¢ short chain length,
low Mw and hydrophilicity thatdcilitate crystallization. It was found that the ¢im
until crystallization occurred, as well asthe degree of crgtallization, depends on the
average ralecular weidnt of oligoners addd and their remning concentration in the
film.

During this study no differentiation betwesuarface and center was observed due to
the snall specimen size.However, the findindhat oligoners case drect o indirect
crystallization during degradation of antially amorphous PLGA miaix can be used
to expain the surface/ centedifferentiation in large sgecimen in acordancewith
described diffusion-reaction phenemona. In further studies the influence of
oligomers on degradatiorate and rystdlinity in massive polyner devices vl be
assessedo test thishypothesis.A challengefor the tuture will be to visualize tle
distribution of oligoners incorporad during the degradation process.
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Abstract

In the present study, a less known polyebtesed on tartaric acid was characterized
with respect to itsdegradation mchanisn. Poly@2,3-(1,4-diethyl tartrate)-co-2,3-
isopropyliden tartrate) (PTA) differs froeommonly used biodegdable polyesters,
such as poly(lactides-coygidides) (PLGA) by the presare of additional cleavable
bonds in the polyer side chains

This nodification results in different pgier properties and influences polgm
degradation. The hydrolytic degradation BTA was studied in parallel to PLGA
using disc-shape arices which wereobtained by comression-nolding. The discs
were incubated in pH 7.4 phosphate buffer solution at 37Thé@ degraded saies
were characterized for percentagessIss, water absorption, decay oblecular
weight and change in glassanstion tenperature. The melts denonstrde thd the
degradationof PTA proceedsvia bulk epsion sinilar to PLGA. However, the
degradationof PTA implantsis characteized by a rapl mass loss within a st
period of time appearing after a definiteglphase without reankable nass loss. This

makes the polyrar pronising for pulsatile drug release system
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1. Introduction

Biodegradable polyers have gained iportance in the developamt of @ntrolled
release devices. A number of biodegradapblymers have been synthesized and
evaluded for thdar paertial use as tug deliverysystem Major interest in this ara
has focused on aliphatic polyesters sashpolylactide-co-glycolides (PLGA) and
their honopolymers due to the favorable taxilogy of their degraation products [1].
The degradation of these polgms occursia hydrolytic estebond cleavage, leading
to a decrease in their molecular weight5)2 The nolecular archectue of the
polymer influences awmng other things the in vitro degradation properties which
should be related to the relegzoperties of the polyen
In the present study, the degradation deéss known tartaric acid-based polyester
(polytartrate) was studied. Poly(2,3-(Mdiethyl tartrate)-co-2,3-isopropyliden
tartrate) (PTA) is a branchemblytartrate and was first geribed in 1991 [6, 7]. Early
experinents using this polymr revealed the stability of this naterid for prepaation
of microparticles and its suitaltil for controlled release gfeptides [8, 9]. In contrast
to PLGA having all kdrolytic sensitie ester bonds located in thelypmer man
chain, PTA contains aitionally eser as w# as ket& groups in the polyrar side
chains. Thisaffects the propertiesf @ TA especially tle degradtion veocity which
deternines the type of polyer erosion.

In general, polyrar erosion can belassified into homgeneous obulk erosion and
heterogeneous @urface erosiofl0]. However, it should be entioned that both are
extremes and that the erosioneshanismof a polyner device is often characterized
by a conbination of both.

Surface erding polymers comain e.g. higly labile bonds (polyanhyiie) or acid-
labile bonds (polyorthoesters) their polyrmer main chain, which degrade very fast in
conta¢ with water. Thg the degadation rateon the surface is och faster than #
penetation rate ofwate into the pdymer bulk. In consequence erosion is iied to
the surface and drug releasedegradation controlled [11]This behavior changes if
degradd#ion rate is Bwer than theate of water diffusion into the device. In this case
water penetrates into the bulk and @ef@tion occurs thrgghout the polyrar (pulk
erosion). The resiiing pores andchannelsin the natrix influence the rats of

polymer degradation and drug release [IHjerefore, predicting and controlling the
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release kinetics of drugs frobulk erodng polyrners like PLGA is very difficult and
surface eroihg polymers are preferred.

The aimof this study was tanvestigate the degradationHasior of PTA with respect

to its degradation echanismwhich has not been published before. Since studying
the effect ofdevice size on degradatiortezan provide insight into the degraation
mechanisn of polymer [13, 14] three differ& sizes of PTA disc-shapedatrices
were exarnmed to deternme if primarily surface or bulkerosion occured. The
hydrolytic degradation in pH 7.4 phosphabuffer solution was monitored by
molecular weight decay, ams loss, watemlbsorption, change iglass transition
tenmperature and wnoner release Finally the degradation and echanismof PTA

and PLGA natrices of identical size weliavestigated in a comparative study.

2. Materials and Methods
2.1 Materials

Poly(2,3-(1,4-diethyl tartrate)-co-2,3-isgmyliden tatrate) (PTA) was receivedrom
Aventis R&T, Frankfurt, Gerany. The molecular structure is shown in Fig. 1.
Poly(D,L-lactide-co-glycolide)  (PGA), copolynmer ratio 50:50, Type
Resoner®RG502H waspurchased fronBoehringer Ingelheimingelheim, Gemany.
Tetrahydofuran (THF), triflusoacetic ad (TFA), methylene chloride, acetdnle-ds;
(ACN-d3), and the buffer chmeicals were purchased fronMerck, Darnstadt,

Germany.
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Figure 1. Structureof PTA

2.2 Characterization of polymer
2.2.1'H-NMR

'H-NMR spectra of PTA were recorded anBruker spectroster operating at 500
MHz at roon tenperature (16 scans). 2@ig of polymer was dissolved in ACNsd

filtrated ard transferred into a NMR tube (approx®y 1.8 m) to deternme
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polymer composition. Chraical shifts (/) wereexpressed in pprwith respetto the
ACN-d; signal at 1.96 ppnCH;z-triplet at 1.26 ppmCH;z -singulet at 1.45 ppnCH,
—quadruplet at 4.2 ppn€H-—singulet at 5.05 ppm and Gidingulet at 5.82 ppii5].

2.2.2 Size exclusion chromatography (SEC)

The nolecular weight was determineldy size exclusion chroaography using
twostyragécolumns (PSS guard caton SDV, PSS SDV 10, 5 um PSS SDV linear
M, 10 um 300 x 7.5 mm, Polymer Standa®eérvice, Mainz, Gerany). Degassed
THF contaimng 0.1 % (¥ v) trifluoroacetic aw (TFA) was used as obile phase at a
flow rate of 1 ml/ min. A polyner aliquda (n=3) was dissolved in THE20 ng/ ml)
and filtratedbefore injection. Thaveight average piecular weight MW) and the
nunber average wiecular weight Un) were @lculated réative to pdystyrene
standards (Polyar Stindard Service, Miaz, Gemany) using refractive index
detection (RC 7510, Tokyo, Japan) at 30 °Gadh samle was analyzed in duplicate
and data were processed using ChromSt&rgbftware (SCPA, Stuhr, Geany).

2.2.3 Differential scanning calorimetry (DSC)

Measurerent of glass transitioremperature (J) was perfomed usng a dfferential
scanning calorimter (05C 821, Mettler Toledo, Greifense€H). Two samles (~ 7
mg) of polymer were heated twicendernitrogen atmsphere. Therwgrans covering

a range from — 60 to 200 °C were recorded heating and cooling rate of 10 Kinm
Calibration of the systerwas perforrad usng gallium and indium standards. The
onset terperature which correspds to tle temperaturea which the signa first
derives from baseline was used to ddmcthe phase tragition and was evaluated
from the second taing run (STAR® software 6.0, Mettler Toledo, Greifensee,

Switzerland).

2.3 Preparation of polymer matrices

Disc-shaped mirices wereprepared by copression nolding at roomtenperature
under appropriate pressurdngsa single punch excenteregs (EK 0, Korsch Berlin,
Germany) instrunented with a sain gauge for copression force masurerants
(Catmen® 2.1, Hottinger Baldwin Messtechnik, Bastadt, Gerrany). The polyrar

powder (sized500 um) was compressed using two flat-faced punches of 3, 5 or 7
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mm in diameter. The pader for each diswas weighed on an analytical balance and
manually filled into the die. The cmpaction lad (maximum upper punch presse)
was adjuted such that the sanfiorce was apjed for eachdisc. The thickness of ¢h
discs obtained was 1.57+0.07 mndahe weightvas 14, 40 or 86 g) respectively.

2.4 In vitro degradation

The weighed imlants were placedhto weighed glass ials and12 m phosphate
buffer (0.05 M, pH 7.4 containing 0.05 %nrzalkoniumchloride and 0.1 % sodium
azide) were added. Samples were incubated7 °C without agitation for 4 wke
and occasioally shaken(twice/week) forl5 seconds. After various te¥periods four
implants were rewved, washed with demeralized water and lyophilized. The buffe
solution was replaced after each samplingoider to pregnt pH changes due to
polymer degradation. The degree of pogmuegradation was easured by SEC and
DSC. Mass loss (ML) rad water aborption (WA) were deternmed graimetrically
using the following equations:

(1) ML (%) =200 x (Wo-Wg)/ Wo

(2) WA (%) = 100 x (W,-Wq)/ Wy

where W is theimplant weight detenined initially, W, is the wet wight of implant
and W, the weight of implanatfter lyophilization.

2.5 Monomerrelease

PTA discs (n = 3), 7 mm in diaeter, wereplaced into vials, 6 mphogphate buffer
(0.05 M, pH 7.4 containing 0.05 % benzalkonighloride and 0.1 % sodiumzide)
were added and the vials were sealed withtimping cap. Samples were incubated at
37 °C without agitation as described pomsly. At predeterimed time points the
medium was corpletely remmoved with a synge and transferred into an empty sealed
crimping vial. Fresh redium was added to ¢hsample through the vial septum using a
syringe. The rewved nedium was anajzed for the amunt of nononeric
degradation products. The concentration déttaric acid released the nediumwas
measured by HPLC (Waters 2690,apts Corporation, Milford, M.A.). Separation
was performed on a C18 colar25 x 4 mml.D., Machery Nagel, Duren, Geany)

at 30 °C. Sulfuric acid solution of pH 2.5 wased as mwbile phase at a flow rate of
0.35 n¥/ min [16]. Detection was perfored using a Vdters 2470 programable
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absorbance detector (Waters Corporat Milford, USA) operating at 215 nm
Calibration curves were generated fr&amown concentrations of L-tartaric acid in
release nedium. The detetion limit was 1 pg/ rh The Millenium 32°
chrometography nanage, version 4.0 (Vdters Corporation, Milford, USA) was used
to analye the data.

The concentration of acetone andaetti in the releas medium was analyzed using a
gas chroratography systenequipped with dlame ionization detector attached to a
Headspace sagiter (HP 5890, Hewlett Pack#r Gernany). The temperataes were
selected asoflows: oven temerature 80 °Cinjector tenperature 150 °C and detector
temperature 200 °C. Thehronatograph wa fitted with a 50 nx 0.32 mm i.d. CP-
SIL 5CB colunm coated with 5@n film of statiorary phasgChronpack,Middleburg,
The Netherlands) [17].

2.6 Photomicrography of PTA matrices

The degradation of PTA arices was \sualized using a photo cana (EOS 30,
Canon, Gerrany) adapted with a 70-300 nmiens (Voigtlander, Furth, Geramy) for
macroscopic view. Additicaly lyophilized polymer matrices were investigated
microscopically (Axioplan stereoiaroscopeZeiss, JenaGermany) before and after
degradationPhotograph of the surfacesral cross-sectionsf polymer matrix were

recorded using a digitalieroscope casra (DP 10, Olypus, Hanburg, Germany).

3. Results and discussion
3.1 Polymercharacteristics

The represntative 'H-NMR spectrum of poly(2,3-(1,4diethyl tartate)-co-2,3-
isopropyliden tartrate) is shown in Fig. and the structure of the polgmwas
confirmed by the peak assigrents. The'H-NMR signals of 2,3-isopropylidentartrat
(monorrer 1) were found at 1.45 ppm (-C(G@k) and at 5.05 ppr+CH). The signals

of 1,3-diethyltartrat (mnomer 2) resonated at 1.26 pp(rCH,CHs), at 4.2 ppm(-
CH,CHzs) and 5.82 ppn¢-CH). The molar coosition was deterined by conparing

the methyl signal of nonomer 1 at 1.45 pm and the rathylenesignal of nonomer 2

at 1.26 ppm and calculated as 50 to 50.céissequence of the polycondensation the

series of mnomers isstrictly alternating.
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Figure 2. 'H-NMR specta and structure o poly(2,3-(1,4-diethy! tartrate)-co-2,3-isopropyliden
tartrate) (PR).

The averag nolecular weight of PTA calulated frompolystyrene standards was
found to be 23 kDa. The polyanis anorphousand characterized lkay/glass transition
tenperature of 41.9 °C. The theahpropeties of PTA are sintar to PLGA 50:50 (T
40.5°C). Solubility studies desnstrated tat PTA is soluble e.g. in acetone, THF,
methylene chloride ash acetonitrile but insoluble in water, pdegan ether and
ethanol.

3.2 Invitro degradation
3.2.1Influence of matrix size on in vitro degradation

In order to determe the influence of ntex size on degradation rate, PTA discs of
three different diamters 3, 5 and 7 mmyere exarmed in buffer at pH 7.4.

It was hypohesized that if pte surface ersionoccurs dedationis limited to the
outer surface and degradatitome is directly proportional tdevice size. In contrast,
if bulk erosion occurs degradation is ipgadent fromdevice sze leathg to smilar
degradation rates [18].

The effect & matrix sizeon wate alsorptionandmolecula weight decays shown in
Fig. 3a. Due to the lipophilic eyl and elyl groups in the polyer side chains &

polymer is hydrophobic and hence no water banabsorbed initly. The measured
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water uptake of less than 6 % w/mmediately after incubation in buffegsults from
penetration of water into the pores tbe device. As known the polwn particles
undergo plastic deformation under gmession and the porosity of the atrix
depends on the densification of the poéynparticles decreasy with increasing
conpression force [19]. Since éhmatricesvere conpressed atilgh compactiorioad
below the glass transition tgerature ofthe applied plgmer it is likely that the
implant porosity is only a few percents. By weighting out the esamount of
polymer and applying the santompactionoad a reproducible porosity of discs can
be assured.

The absorption of water increases obviowster 7 days for 3 mrdiscs and after 10
days for 5 and 7 mndiscs. This obsertian can be explairtk by the fact that
hydrolysis occurs within the polyen matrix forming free carboxylic and hydroxylic
end groups which increaseetimydrophilicity ofthe polyner. It was found that the
absorption rate was a function of matrizesircreagng with decreasingnatrix size.
This finding is related to the specificrface d polymer metrices which decreases

with increasing disc diaater.
Although only small anounts of watewere absorbed initially thly of all polymer

matrices decreased linear with g#nwithoutany lag phase and independent frdisc
size. This poves tlat cegradation proceedimnediately after incubtion in buffer.
After 2 weeks theMy of polymer metrices was thnatically decreased to values
below 2000 Da. W assure that during degrdation soluble oligoers were forred
which are able to diffuse out of the polgmmetrix which is already known for PLGA
and PLA natrices] ].

The mess loss profile as functin of netrix size is show in Fig. 3b. The erosion of
PTA discs occurred after a definite lpbase although the molecular weight decay
was observed from the beginning. The onseé tothmass loss increased slightly with
increasing metrix size. However, the rate ofmass loss was silar for all discs of
different size, indicating the predamance of bulk erosion. In generalass loss
occurred in parallel with an increasewater absorption. As seen from Fig. 3b the
molecular weight at thigime point dropped below2000 Da and confirs our
assunption that at this tira degradatiorproducts becam soluble and diffused out of
the polyner netrix into the réeae medium leading to the rass loss of polyrr

matrix. It is interesing to note that PTA airices losta great amunt of their nass
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within a short period of me. The renaining polymer nmess eroded afterwards
conpletely at a slower ta until the end of the study.

Additionally to water upta&, nolecular weidit decayand nass loss, the glas
transition temperaturevas nonitored during degradatio(Fig. ). During tre first
week the glass transiticdenperature decreas slowly independeritom matrix size
due to the decreae in molecular weight.In parallel with an increase of water
absorption and olecular weight decay gldropped fast and rather constantly taadm
values until the end of ¢hstudy. The decrease aof i§ a result of both, absorption of
water and forration of low nolecuar weight degradation products.

3.2.2 Monomerrelease

In order to gain rore information aboutthe degradation of PTA the release of the
final degradation producttartaric acid, acet@n andethanol was mnitored. The
differential release profiles (Fig. 4) show iaitial period of 10 days where only aih
amounts (< 1 ppm of ethanol ad acetonewere released (Fig. 4nsert). Tk
concentratia of tartaic acid in the relase nedium was up to this tim point below
the limit of detection (< 1 pgnhl). The fact that only fewamounts of nonomeric
degradation products wereund initially is attributedto the tine required dr

hydrolysis to produce sufficient amnts of nononers.
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Figure 4.  Invitro degralation of PTA: release of acetone heinol ad L-tartaricacid fromPTA

matrices, 7 rm diameter
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In parallel with anincrease in water gbrption the amunt of tartaric acid, acetone
and ethanol in the releasredium started toaise. The concentration of tartaric acid,
ethanol andacetone increasediosvly on day 13 and 14 but thereafter a agmble
increase of monoeans in the release edium was observed. The highest concentration
of acetone and tartaric acid were foundiay 21. It can e seen that the amant of
ethanol réeased akr defined time intevals was in general higher than those of
acetone with exception of day 21.ckin beassuned that a great aount of the ketal
bonds were already cleaved at thiseiimhereas som diethylester bonds were still
unhydrolyzed. WWen comparing these resultstvihe nass loss profilét can be seen
that the onst time of mass loss correlatewith the onset tira of nonomer release.
Furthernore, the ree of mononer releag was the highésrom day 14 until dy 21

which is in accordance with the raiethe nass loss at this time period.

3.2.3 Photomicrography of polymer matrices

In order to visualize the degradation prezef PTA natrices the discs were observed
and photographed during the degradation study (Fig. 5-7).

Immediately after immersion of polyen matrix in buffer a lot of bubbles were
observedat the device surface which dpeaed rather comietely within 1 week
(Fig. 5 a, b). As seen clearly, the pogmmetrix did not swell until day 10 but
therefter in pardlel with remarkable ircreag d water alorption the shape of th
polymer matrix changed draatically fromaflat disc to a bloged convex device (§.

5c, d). Wthin few days the polyer shellbursted (Fig. 5e) and soluble degradation

Figure 5.  Photomicrogrgohs of the PTA disc during in vitro degradation: &fter (@) 3 days (b) 7
days, (c) 10days, (d 11days,(e)14 days (f) 18 days, (g)21 days and(h) 26 days.
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Figure 6.  Surfacecente differentiation of PTA metrices afterdegradation in buffer pH 7.4. Left
colunmn: cross section dffophilizedsanples, right colum: surfaceof lyophilized samples. Fromtop to
bottom: after 0, 3, 5, 7and 10days.
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products such as oligars and monosers were released into the edium as
evidencedby the nononer release results vith are in accordanceith the onset of
mass loss. The reaming polymer mess cdlapsed, resulting in a round device of
reduced plymer mass, and degradeconpletely until week4 (Fig. 5 £h).

To obtain infomation about internal orphological changes the polgmmatrix was
removed at various tim intenals, lyophilizedard sectiord (Fig. 6). Additiorelly, the
interest was focused on the suoé characteristic of degedimatrix. Prior to ercsion
the natrix surface appeared slightly rough and less porous.

The cross section of the polgmmetrix showsthat the iterral stricture is also deses
and honogenous (Fig. 6 a, b). After 3 daysmersion in bufferpubbles and blisters
not presenat the bemning are vigble on tke surfice of the device (Fig. 6 d). Serof
these bsters becone to holes dting the first week (Fig. 6 f,h) which were then
closed likelyby swellingat day 10. It can bseen that the st@ace is verysnooth and
appeared transluceat this tine point (Fg. 6 k). Interestinglythe cr@s section of
polymer netrix at day 3 shows a transparegiassy coe and a white inanspaen

outer region (Fig. 6 c). Furtheore, it canbe seen that the glassy core contains

Figure 7.  Burst of PTA matrix duing degadation: (8 image of yophilized sarple at day 13 and

magnification of matrix shell (zoam)
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Figure 8.  Photomicrogrgphsof PTA metrix obtained in buffer atday3 (a, ¢ ard after adding 50 R

of a acetoneontainingbuffer soltion on te surfaceof theimplant (b,d)

several air inclusions kereas only few poreare present close to the surface (Fig. 6
c-i).

The differentiation betweesurface and centeebane nmore obvious with increasing
incubation tine. The thicknessf the white polyner layer @écreagd whereashe part

of glassy ptymer insidethe pdymer matrix increased(Fig. 6 c4). Unfortunaely it
was no longer possible to observe the p@ymetrices mcroscopically due to the
burst of device between day 12 and 14. Hmvephotographs of polymer matrix
lacerating during lyophilizatin show internal a glassgwollen polyner mass and a
surrounding thin white shell (Fig. 7).

As shown previously ethanohcetone and tartaric acafe degradation products
whose concentrations raise during degtiatda However, only agone is able to
dissolve the polymr and induce surface aiges as observed during degradation of
polymer netrices (Fig. 8).

Based on all findings &hypothesis that th degradation of PTA discs proceeds as
follows: After immersion of polyner nmetrix in buffer only smll amounts of water
penetate irto the device due to the lovwporosity of the polyrar matix and the
initially hydrophobic chaacter of the polymr. As a consquence of water penetration
into the poes of device hydrolysis is nditmited to thke suface and occurs also in
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polymer bulk. However, the penetration of waiteto device pores strongly affected
by mean pore size and pore size dsition which depends on cagonession force
during natrix preparation [20, 21]. Due tilve inhonogeneity of corpression process
the density distribution in the distaped device is heterogeneous [22-24].
Furthernore, as the polyer has a relatively low glass transition pEratue it is
likely tha particles which were indirect @ntact to theconpressiontool were sintered
as consequence of friction energy ating during compression and ejection of
device [19, 25]. Therefore it @ssuned that afteiplacing the polyrar matrix in buffer
the anount of absorbed water in the centdrthe device is higher than near the
surface. However, alreadynall amounts of wier have a niiceable plasticising effect
leading to a reduction of the glass transitiemperatte of polyrer [26]. This effect
explairs the observationhat alreadyafter 3 days a glassy core was found inside the
PTA discs. Bubbles located within theagby core result fromir enbedded in the
polymer matrix during the comression process.

With increasing degradation tarthe partof glassy polymer region increase®sn
likely due to the ongag hydrolysis tlat caises an increase in acetoand ethaoi
which act as pldizer. In paalel, the nolecular wéght deceases and th
hydrophilicity of polynmer raises due tahe fomation of free hydroxylic and
carboxylic end groups. As consequence the petyis able to absorb water and thus
short polymer chains becanflexible. The resulting swelling of polyer causes the
change in device shape. However, basedhenassumtion that the brder areas of
polymer matrix were sintered due twiction energy duringejection of device
horizortal svelling is more comlicated. Ths could explain the bloating of polymer
matrix. With increasing degradation tenthe arount of snall chain fragnents
increases ad the resliing inner pressure causethe bust d implant shell letween
day 12 and 14. The enclosed soluble degradation produizisedifto the surrounding
medium and nass loss occurs rapidlyThe renaining insoluble polyrer mass
concentrateto reduce its surface arand dgrades ratheconstantly until te end of

the study.

3.2.4 Comparative study: PTA vs. PLGA

The aim of this study was to compare terosion of PTA md PLGA disc-shaped

matrices. One paraeter of interest was the onset of polmnerosion depending on
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polymer use for manufacturing of natrices Due to the ralecular arciiectue of the
PTA it is likely tha matrices nade of PTAwill dif fer in their erosion and degraaan
behavior compared to PLGA. In orderwverify this assurmtion two batches of PTA
and PLGA discs (code 1 and, mm in diameterwere pepared uner the sane
conditions. Since it is known dh heat treatent of polyner netrices effect rore the
release chracterifics than the égradation the idcs were at tenpered 27 @The in
vitro degradation was evaluated separagelyg nass loss was taken as a&asure for
the erosion process.

For PLGA it is widelyacceped that degadation in humid atmmosphere occurs via
random scission of ester linkages whichealocated exclusivgl in the polymer
backbone. In general, the degradation psscinvolves three steppenetration of
water into the device, secondly the hydra@ysf ester bonds in the polmmain
chain leathg to water sluble degradation products and thessi loss of the device
through transport of degradation product® the surrounding edium. Due to the
fact that PA contains also cleavable bonidsthe polyner side chins, degradation is
not limited to the polyrar main chain and ocas also in the side chains of polgm

As a consequence of the hydrophobic abter PTA matrices did not show a
remarkable water absorption until day Mhereas PLGA mtrices started wate
absorption directly after imension in buffer(Fig. 9a). It was found that PTAatmices
absorb lessvater thanPLGA matrices. Futhermore, the swellingbehavior of the

PTA matrix was diferent conpared to PLGA. Wereas thdirst tendedto incresse

Table 1  Molecular weight decay of PTAnd PLGA matrices, 5 mm in diseter,
during incubation irbuffer at pH 7.4

Time Molecuar weight (Mw ) (Da)
(weeks) PTA-1 PTA-2 PLGA-1 PLGA-2
0 23600 23000 10400 11000
1 13400 12950 4900 5300
2 2000 1950 3900 4250
3 1000 1000 3900 4100
4 < 1000 < 1000 4050 3950
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Figure 9.  In vitro degralation of PTA and PLGA discs,5mmin diameter (r@produceability study):
water alsarption (a), nass loss (pandglass trasition temperature (c).
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more in height thain diameter the latter increasexdbviously in dianeter and less in
height.
The degradation of both polyars started wihout any lag phase during the first days

and decreased linear with &nfTable 1). TheMw of PLGA netrix reached a plateau
after 2 week, which wa rdatedto two facts: Fistly, PLGA matrices which degadeal
longer than 10 days in buffer were pdiyiansoluble in THF but only the soluble
portion of degraded atrices could be angted. Secondly, frornthis time point srall
oligomers and ranoners formed during degradation becaenmobile enough to

diffuse out of the polymr matrix and werexcluded from analysis. In consequence,

no further decline 01\_/IW was observed for PLGA matrices.

In contrast, all degraded PTA splies weresoluble in THF andherefore degradation

products withM > 1000 Da could be detected in the phes.

As generally known the atecular weight haso be reduced substially to permit
mass loss through solubilization. Thusasa loss is an index for the content of water-
soluble degradation products.

The mess loss profiles of PTA and PLGAarces are shown in Fig. 9 b. It can be
seen thimass loss oPLGA matrices stded diretly after incubdion in water ad
decreased linear with tenIn contrastno renarkable nass loss was observed for

PTA matrices until daylO. Thereafter aaccelerated ass loss was observed. The
mass of poymer metrix decreased from 98 %t day 10 to 33 % at day 18. (Fig. 9 b).
The renaining polynmer mass degraded ratheonstantly until the end of the study.
Finally, the glass tarsition tenperatue was nonitored as index for polyen
degradation and water absorptioncéin be seen in Fig. 9 c tha &f PLGA discs
increased intially which can be asgned to tb relase oflow molecular weigh
conpounds. Thereaftergldeclined slowly reaching vads near 30 °C after 3 weeks.
A different behavior was obsved for PTA discs. TheyTof PTA discs declined
slowly from the begining until day 10. Theeafter the tas trangtion tenperature
dropped very fast tonsll values (< 5 °¢ This can be assigned to degradation
products lilke acetom and ethanol which act gasticizer. It is also possible tha
oligomeric degradation products whieine characterized by a very lowy dontribute

to the decrease ofyT
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4. Conclusion

Poly(2,3-(1,4-diethyl tartrate)-c®;3-isopropyliden tartrate), a less known
biodegradde pdyester was characterizeith vitro. The degradation of polyen
matrices was investaed in orderto deternme the erosion echanism of ofthis
polymer.

Acetone, ethanol and tartaacid were icentified as fnal degradation products which
proves that degradation occurs parallel in the polymr main chain and in the
polymer side chains. @ing degradatiorthe initially hydrophobic polymr changed
into a hydrophilic one thus water absorptaturs subsequent to polgmhydrolysis.
The results show that undtine tested conditions PTiatrices undergo bulk erosion
rather than surface efos simlar to PLGA matriceswhich were investigated in
parallel.

During degradation aiffierentiation between surface ancenter wasobserved as
described for rassive devices mile of PLGA and PLA. However, it has been shown
that the degradation profile of TR is different to those obtained frorRLGA
matrices. Surprisingly, the degradation®TA metrices was characterized by a phase
of rapid nass loss which appeared aftedefinite lag phase without anyass loss.
This feature rakes this polyrr promsing for pulsatile release and further studies are

necessary to investigate dmejease fromPTA matrices.
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Abstract

In this study a less well known, biodegaste polyester, poly(2,3-(1,4-diethyl
tartrate)-co-2,3-isopropylidetartrate, (PTA) was inves@ged as pulsatile release
agent.

PTA implants, containing the LH-RH aogue buserelin, were prepared by
conpression mlding. The effect of drudoading, inplant size and adixing of
polymers or excipients on drug releasesviavestigated in vitro (pH 7.4, 37 °C).

In vitro studies show amultiphasic release piite charatezed by an initial burg
which is followed by a lag phasehéreafter,in contiast to common polyesters &k
poly(lactide-co-glycolide) (PGA) a great amunt of drug isreleased within a short
period of tine (second burst). The raming drug is released rath constantly until
the polyner is totally degraded. It wafound that the itiml burst increased
concurrently with drug loading in contrast the second bursthich increased with
decreasing drug loading. Furtheara, it coutl be shown that theecond burst can be
modified or supressed by blendinggAwith other polyners or excipients.

Based on our results PTA has been idemtifis pronsing biodegradable polyen for

pulsatile drug release.
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1. Introduction

For meny drugs a pulsatile release systemnee the drug is released in intats is
advantageous and desired. The develpnof such a delivgy systemis of
considerable interest, efgr vaccines and horomes [1-3].

In general vaccines are abmnstered as armnitial injection of antigen followed by
repeated injectis(“booster shoty at leas two or three tires. This isnecesary to
re-expose the immungstemto an antigerand to enhance the extend of ammune
response [4].

However, especially in the emal health industry repeatedimnistration of a drug is
a challenge because ttreatnent of large ofree rangng herds of amals, e.gcattle
or sheep, is both a l@iical and ecoomical prablem. In addition, each admistratian
streses the anirals, which increases theiusceptibility to diseases and causes
adverse isle effects at the injectionde sweh as fibrous reactions. For these reasons a
delivery systenthat releases vaccines invay that a second trea¢mt for the booster
immunization is not required (“single-shotoeine”), offers nurarous benefits and is
therefore highly requested frotie narkets [5].

Based on the knowledge of hasne secretiorthe developrant of a pulsatile release
device for horrones isalso of growing iterest in aniral and huran health. he
release of horones in a pulsatiie amana mimics the physiological pattern of
hormone secretion andan be usd for example in veterinary field for aniah
reproduction and breeding dteecontrol of estrus .

Since estrus is only a short period okis# receptivty in female animals where
ovulation and insemation takes place it idifficult to detect.Thus the pulsatile
release of horwnes could synchronize the estrto nake fenale anmals fertilizalde

at a predetermed tme schedule, Wich is beneficial for livestock producers and for
breeders [6].

In the past, pulsatile drug release in aassrwas achiead with implanted nechanica
punps or non-degradable controlled rekeasystera [3]. At present particulate
delivery systers based on biodegradableolymers, like poly(D,L-lactide-co-
glycolide) (PLGA) or poly@caprolactone) have been istigated as dievery systen
for vaccires and hoemones. A mgle adnmistration of dfferent mcrospheresaused

a pulsatile-like releasergfile. The releas profile is adjustate via nolecular weight,
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polymer type, copolyrar ratio and particle z¢ of applied ntrospheres. Due to their
different degradation ratdrug is released at diffent time points [7-10].

However, microspheres do notlease the booster dose asharp bolus, which is
required epecially for effective immuniz&gion. The nain reasontherefore is the
degradation behavior of poher on which the releaseqfile is based on [11].

The intention of this study was to investig the potential use of poly(2,3-(1,4-diethyl
tartrate)-co-2,3-isopropylidenrteate) (PTA), a copolyeric polytartrate, as pulsatile
release agrt and to @velop a hodegradablémplant whichis able to release veines

or hornones in sharp boluses in twseparate phases. PTA was selected due to its
chenical architecture. In contrast ta.BA the polyner contains not only ester groups
located in polyrar backbone but also ester as well as ketal groups in golgite
chains [12]. Thus degradati can occur concatant or secessivelyin pdymer main
chain and polyrar side chains which fluences tle degradon rate and in

consequence the release bhabtiaof PTA implants.

2. Materials and Methods

2.1 Materials

Poly(2,3-(14-diethyl tartrate)-co-2,3-isopropyliden tdrate) (Figure 1)was received
from Aventis R&T, Frankfurt, Genany. PLGA, copolyrar ratio 50:50 Mw 41 kDa)
and poly(L:-lactic acid) (PLA, Mw 2000 Da) vere purchased fronBoehringer
Ingelheim Ingelheim Germany. Magnesiumstearate, tetrahydrofurane (THF),
trifluoroaceic add (TFA) and all further camcals wee purchasedrom Merck,
Darnstadt, Gerrany. Buserelin acetate, M1350 Da was obtained frormtervet

International, Unterschleil3hejrsemany.

. ,‘4 T . H,C,00C COOC,H;
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Figure 1 Pdy(2,3-(1,4-dethyl tartrate)-o-2,3-isopropylidentartrate)
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2.2 Molecular weight determination

The nolecular weight was deteiimed bysize exclusion chroatography using te
styragel colmns (PSS guard colum¥, PSS SDV 100, pm, PSS SDV linear M,
10 pm, 300 x 7.5 mm, Polyer Standard Service, Mainz, Geany). Dggassed THF
containing 0.1 % (v/ v) trifluoroacetic acidkA) was used as obile phase at a flow
rate of 1 nf min. A polynmer aliquot (n=3 was disstved in THF (20 mg/ ) and
filtrated kefore inection. The weight averagnolecular weidnt (MW) and the nuroer
average rolecular weight Un) were calcuated reldive to polystyene standads
(Polymer Standard Seise, Mainz, Gernmany) using refractive index detection (ERC
7510, Tokyo, Japan) at 30 °C. Eacimpke was analyzed in duplicate and data were
processed using Chr@rar 4. software (SCPA, Stuhr, Geamy).

2.3 Thermalanalysis

Measurerant of glass transitiotemperature () was perfomed ushg a diferential
scanning calorimter (O5C 821, Mettler Toledo, Greifense€H). Two sarples (~ 7
mg) of polymer were heated twicendernitrogen atmsphere. Therwgrans covering

a range from — 60 to 200 °C were recorded heating and cooling rate of 10 Kinm
Calibration of the systerwas perforrad usng gallium and indium standards. The
onset terperature which correspds to tle temperaturea which the signd first
deviates rfom baseline was used tbescibe the phaserarsition and was evahied
from the second lating run (STAR® software 6.0, Mettler Toledo, Greifensee,

Switzerland).

2.4 Preparation of implants

Buserelin acetate and polgmpowder (d500 pm) were trituratedn an agate wortar.
Mixtures with different drug loadings () were conpressed at roontenperature
with appropiate pressure using two cylindal flat-faced pnches of 3or 5 mmin
diameter ona single pach excenter preg&orsch EK 0, Berlin, Germany). lphant
weight was 14 or 40 gy respectively.

The additie-containing implants were pregred in the sammanner using a physical
mixture of PTA and additional cqmund. Thdinal drug polyner mxtures consisted
10 % buserelin by weight.
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2.5 Invitro release

The weighed implants were placethto glass ials and 12 mphosphate puffer (0.05
M, pH 7.4, containing 0.05 % benzalkoniwhoride and 0.1% sodiurazide) were
added. The surfactamwas used to mimizethe adsorption of the peptide on the glass
walls. Samples were incubated at 37 °Qr # weeks without agitation. At defined time
points 8 nh of the release adium werewithdrawn and replaced by fresh buffer.
Sanples were aalyzed for buserelincontent using RP-HPLC. Separation was
performed on a C18 colum, 225 x 4 mmi.d. (Machery Nagel, Duren, Geany) at
42 °C. Themobile phase consisted of aixture of buffer, pH 2.5 (triethylame-
containng phosphoric acid dation) andacetamitrile. The flow rate vas 1 m/ min.
Detection was perfored using a Water2470 programmable abrlkance detector
(Waters Corporation, Milford, 8A) opeating at 216 nm Cdibration curve was
generated fromknown concenations of buserelin acge in nobile phase. The
detedion limit was 1 pg/ rh The Millenium32° chronstography nanager, version
4.0 (Waters Corporation, Milford, USAyas used to analyze the data.

2.6 Invitro degradation

The in vitro degrad#on of pure PTA inplants was studiedndler the sae conditions
as for in vitro releas described above.

The weighed imlants (n=4) were placethto weightedglass vialsand 12 ml
phosphate buffer (0.05 M, pH 7.4 containi@5 % benzalkoniunahloride and 0.1
% sodiumazide) were added. Sahas werencubated at 37 °@ithout agitation for 4
weeks. After various tierperiods fourimplants were reomved, washed with
demineralized water and lyophilized. Thmuffer solution was @aced after each
sanpling in order to prevent pH changdae to polyrer degradation. The degree of
polymer degradation was easured by SEC and DSC. #84aloss (ML and water
absorption (WA) were deteiimed gravinetrically using thedllowing equations:

(1) ML (%) =100 x (Wo-Wg)/ Wo

(2) WA (%) = 100 x (W,-Wq)/ Wy

where W is theimplant weight detenined initially, W, is the wet wight of implant
and W, the weight of implanatfter lyophilization.
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3. Results and discussion

The objective of this warwas to investigte the potential us# poly(2,3-(1,4-diethyl
tartrate)-co-2,3-isopropyliden rtaate) (Fig. 1) as pulsatileclease agent. Iptants
were selected for their ease of manufaogrwithout the needo apply heat or
organic solvents, which ight reduce tla activity of the drug. The size of the
subcutaneous iplant was selected in cln a way that an admistration through a
wide-bore needle is possible.

An important factor in the design of a delry systems the relative drug loading [13-
15]. In order to evaluate the influence arug loading on the leas profile, the in
vitro releasefrom implants with vaious drug loadings (1, 5 and 10 % w/ w) was
studied in buffer pH 7.4 at 37 °C.

Fig. 2 shows the daily and curative releas@rofiles obtained fron3 mm mplants at
three different drug loadings. The multiphaséease prafe is chaaderized by a
initial burst increasing conaently with drug loading, teasing 5 to 25 % of drug
within 24 hours. Theinitial bust can be atiputed to tle immediate réeae of
buserelin entrapped at the phant surlce. With decreasing drugoading tle
probability decreses tlat drug paicles aresituated on or near the $ace thus ta
magnitude of initial burst is saller. After 48 hours the initial burst was tenmated
and a secondary phase occurred, in whidllpaany drug is released (“lag phase”).
This can be explaau by the fact that buselin will be released ainly through water
filled pares and chanite However, due tthe diemical strictureof PTA the polyner

is initially lipophilic and ony less pores formed by |yoer densification during
implant pre@aration are availdb for drug reeas. With increasing ircubation tine the
lipophilic side chains, e.g. diefl tartrate, were cleavelkading to an increase in
polymer hydrophilicity and water absorption.

The fact that intially releagd bugrelin creates also pgs and chands for water
absorption which facilitates hydrag, explainsthe snall differences inthe duratio

of lag phase. Depending on drug loading the lag phase lasted between 9 and 11 days
until the second burst occurred.itiih this third phase of relase profile a great
amount of drug is released as sharp peatk ianvas found that # extent of second
burst (“booster dose”) is rakd to drug loading and ireases with decreasing drug
loading. This can be eplained withthe lower initial bust and the resting higher

remeining drug content in iplants of lower drug loading.
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Figure 2 Differential (a) ard cunulative (b in vitro release bbuserelinfrom PTA implarts, 3nm

in diameter inbuffer atpH 7.4: effect of drug loading.

The liner relationshipbetween iitial and second burst shown in Fig. 3 and allows
the adjustrent of the booster dose. It wéound that the secormlirst occurred after a
dramatic clange of inplant shap. In par#iel with an incea® in water Bsorptionthe
implant shape changed froanflat disc toa bloaded convex device.iihn few days
the polyner shell lacerated and the boostese was releasedpidly within 2-3 days.
Afterwards, the remining polymer nass released the reaming drug rather
constantly at a slow releasse until the end of the study.

Another variable that is known to affedtug release is the prant size [16-18]
Therefore implants of 3 mm and 5 mimdiameter containindlO % w/ w drug were

prepared aththeir in vitro releasedhavior was evaluated (Fig. 4 a, b).

101



PTA-apolymer for pulsatile release syste

80

R?=0.9884
70 x 1%

60 -
50 -

40 4
5%

Initial burst [%)]

30 1
0,
20 | 10 %

10 4

O T T T T T
0 5 10 15 20 25 30

2nd burst [%]

Figure 3 Cumulative invitro releasef buserelin fran PTA implarts, 3mmin diameter irbuffer
(pH 7.4, 37 °C): Effect ofdrug loadng on initial and secand burst

A reduction of inplant dianeter resulted imn increas of initial burst (15 vs. 21 %)
accordng toresults published in literatur [19-21].

However, the overall release profilem@ned unchanged and a second burst was
observed after a defined tarintervall. Itwas found that the degree tife second
burst as well as the amount of drug redehshereafter incread with increasing
implant size.

The drug release profile obtained from PTplants is different to those reported for
PLGA or PLA devices. The drug releasenr theg polymer systems occurs in a
triphasic manner, characterized bgn intial burst, a lag phase where only ain
amounts of drug were released and a plaisaecreased drug rehse due to polymer
erosion. During the polyen erosion phase a great ammt of drug is released rather
constantly over a longer tenperiod. Incontrast PTA implants released a great
amount of drug within few days and the ramng drug is released at a lower release
rate until the end of the study.

The observed second burstyrbe inducedoy polyner degradation. @ verify this
assumption the degradation of placebo PTéplants was evaluated under the same
conditions as for the verunPTA sanples. As generally known, the polyn
molecular nass has to be reduced stadyhally to pemit mass loss though
solubilization [22-24].
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Figure 4 Differential (a) andcumulative (b) in vitro release obuserelin fromPTAimplants, 10 %

drug loading, in buffer (pH 7.4, 37 °C): effect of implantdiameter

From Fig. 5 it can beeen tha the molecular weight decreased irechately after
immersion of mplants. However, neithemass loss nor water absorption were
observed at the beginning. This can be ax@d by the facthat the rather lipophilic
PTA contains hydrolysis labile bonds looth polyner bakbone and polyer sde
chains [25]. During hydrolysis free acfdnctions as well as hydroxyl groups are
formed whid increase the hydrophilicity ofefpolyrmer and therefore facilitate water
absorption. In consequence water absonpand nass loss comence after 7 days.
After 2 weés the nolecular waght of remaining implant was dramiticdly decreased.
This caused a further increase oplant permeability and hydrophilicity resulting in
an accelerated ass loss The inplant nmass dcreased froni8 % at day 14 to 12 % at
day 22 within one week. The r@aming polymer mass was completely degraded until
the end of the onth.
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of PTA placebo inplants (', v, ,) ard 10 % buserein-containing implants ( 3.

The coincidence in degradation and releas#ils (Fig. 5) suggests that the second
burst is nainly caused by polyer degradion. It was observed that bothagss loss
and release of booster dose aced rapidly and in paral with the elevation of
implant shell. Thiscanbe explainedby thefact that during degdation the rolecular
weight decreases whereas the payrhydropliicity raises due to the famation of
hydroxylic and carboxylic endroups. As consequenceat@r absorption increases
and hence short polyan chains becoeflexible which causes the observed change in
polymer shape. Based on the assumption tiatinplant borders are sintered due to
fact that during preparation ohplants pdymer particles whch wete in dired cortact

to the compression tool were exposedftaction energy, the degradation products are
enclosed within the polyer devices [26, 47 With increasing degradation ternthe
amount of sgnall flexible chain fragrents ircreases and the resulting inner pressure
causes th elevation of implant shell.

The lag time before onset of plant buréing will depend on the polymer atecular
weight, the copolyrar ratio of applied PTAthe porosity and the size of theplant.
Indeed, the induction period &TA 3 mmwas about 7 days, whereas it took 10 days
for 5 mm implants (Thesis, Chapter 4).rfh@rmore, the physicochecal properties

of drug will influence thalegradation and finally thelease profile. For hydrophobic
drugs or compounds it is leskdly that they dissolve invater and diffuse out of

device due to their poor solliby. In consequence, less qgs and channels will be
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formed which could ddlitate the ésorptionof water. Thg nore time is neded to
degrade the polyar and the semd burst will accur at a lger time point. In parallel
with increasng nolecular weight ofPTA the tine until implant bursng occurs will
increase.

However, also adming of polymers or exgpients will affect the release rpfile.
Therefore BGA and PLA which differ in ralecular size, hydrophtity and sterical
features were incorpated into PTA irplants (10 % w/ w) and their efect on intial
burst and booster dose was evaluatecherdas PLGA is morph and rather
hydrophilic the latter is crystalline anehore lipophilic than PLGA. Their glas
transtion and nelting tenperatues deend on molecular weight and polyer
conposition.

Based on prelimary test with agregatedlactose as odel substance, which was
released within 24 hours due to its excelleulsibty, it was necessary to select a
lipophilic water insoluble mdel substanceThus nagnesiumstearate (Mg-sterate)
which is commonly ugkas lubricant ira concentration range between 0.1 and 1 %
w/ w was incorporated into the pfant (10 % w w). After incubation ofmplant Mg-
stearate located atehsurface shdd be wahed out toleave poresn the inplant
through which the drug can be released.

Buserelin, which is water-solléowill primarily be releasedhrough water filled pies
and channels and less through a bptlobic polyner nmatrix like PTA [28].
Leachable molecules)ike Mg-dearate, will enhance drug releas from the
hydrophobic ratrix. The results of in vit release are sunanized in Table 1.

The adnxing of Mg-stearate resulted in arcrease of initial burst from 24.0 to 39.5
% as expected and confieh our asunption that a part of Mg-stearate is leached out
and resliing poresincreases g releag. Incontrag the adlition of PLGA leaded to
a simlar initial burd (22.8 vs. 24.0 %).

On the other side, the incorporation thie low nolecular weight lipophilic and
crystalline L-PLA resulted in an st increase of initialburst (24.0 vs. 29.2 %).
Nevertheless, independent on incorporatederals the itial burd wasfollowed by
an extended lag phasetiiday 10.

The release of the booster dose was deperadirigcorporated waterial. It was found
that incorpoation of PLGA decreasl therelease rae duing the second burst, most

probably by swelling due to its higlydirophilicity conpared to PTA.
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Table 1  Drug release of different PTAnplants containing 10 % w/ w buserelin

Drug release [ug]

Implant Initial burst Second burst
day 1 day 11 day 12 day 13 day 14 total
PTA 296 10.7 149.0 107.7 48.6 316.0
PTA/ Mg-stearate 643 9.9 22.8 32.8 41.7 107.2
PTA/PLGA 335 10.6 61.2 106.2 84.8 262.8
PTA/ L-PLA 367 18.9 41.7 49.7 47.9 158.2

In contrast implants containing L-PLA oimMg-stearate did noshow bursting of
implant and no drug was released in a pusatenner. \e assura that pores within
the devce which resit either from leahing out of Mg-stearate or by diffusion of
soluble degadation prodcts of L-PLA pevent the accudtation of PTA degradation

products that are responsilbte the bursting of implant.

4.  Conclusion

In this study poly(2,3-(1,4-diethyl tarteg-co-2,3-isopropyliden tartrate) was
identified as pronsing biodegradablpolymer for pulsatile drug delivery.

The advantage of thipolymer conpared to other pdyestes like PLGA is it's
degradation behavior which results in bungtof implant after a definite tie point.
This allows the release of a great amoundrofiy within a short period of tienafter a
definite lag phase where no drug is releaaed can be used for delivering drugs in a
pulsatile nanner.

The influence of the pst important paramters like drug loading and phant size on
drug release were investigatedthis study. As expectedhitial burst ircreased with
increasing drug loading and decreasinglamt size. All inplants showed a second
burst which was indirect proportional to iailtburst. This allows the adjusémt of
the booster dose.

Moreover, the incorporation of polyars orleachable excipients like Mgtearate can
be used either to odify extent ofsecondary burst and th@me at which inplant
bursting occurs or to mbit this behaviour.

In the future other paragters have to bevestigated suclas nolecular weight or
copolyner ratio for achieving a bursting ahplant at a predefed time point in a
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range of days or weeks. lkeeld, a chllenge will be toachieve a uniforntdrug release
during the bursting of iplant. Neverthelesalternative depot forolations such as
microparticles or in-situ iplants couldbe prepared fronPTA and their release

characteristics could be investigdtas alternatevto inplants.
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Abstract

Here we investigated the possibilty to deyedifferent levels of correlation between
in vitro drug release profiles and invei pharnacokinetic paramters for three
Buserelin implant formulations. The in \dtrand in vivo data were analyzed using
model-independent and model-depend@ethods. Since diffusion, dissolution and
erosion effects influence drug release ioshtases a sipie kinetic nodel is unlikely

to explain the overall in vivoelease behavior. Thus thewiiro drug release curves
were analyzed acoding to the thereticalmodels of Higuchand Korsneyer-Pepjs.
For the brmulation with predonmant diffusion contrdled release lesl A IVIV C
could be established (R?= 0.986). Independ® drug release eohanisma level B
corrdation between thamean in vitro dssolution tine (MDT) and nean in vivo
residence tira (MRT) was obtained with eorrelation coeffiaint of 0.983. Finally,
level C correlation wer@bserved when single ivitro paraneters, e.g. 3o (time
required to release 50% of drug in w@ijtrwhere compared with single in wiv
parangters like AUC. This study suggestsatta level B correlation could be achieved
even when drug releasoccurs bya conbination of diffusion and erosion processes.
More sophiicated in vitro nodels mmicking drug release under in vivo condits

are clearly dsirade for parateral depot formlations.
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1. Introduction

In the past decades seval pareteral depd formulations based on biodegradtab
polymers such as rorospheres and iplantshave becomcommercially available to
improve the efficacy ahprolong actiity of several pptide and protein drugs [1}3
Poly(D,L-lactide) (PLA) and poly(D,L-lacte-co-glycdide) (PLGA) are the st
frequently sed polyners for the peparaton of these biodegradable delivery systems
[4]. It is widely accepted that drug release frdmodegradable delivery system
occurs by a cobined mechanisn of drug diffusion and polyer degradation or
bioerosion [5, 6]. Fetors, including polymer molecular weight, copolyen
conposition, crystallinity, and drug loadingave a profound eftt on drug release
profiles [7-10]. As a resultdrug release frequently ésnot follow a zero orer
kinetic which is desired frordesign perspective.

Different apparatus and ethhods hae been deeloped to establish in vitro/ in vivo
correlations (IVIVC) for biodegradable, pateral dosage fora[11, 12]. However,
only few exanples can be found in literatuwhere an invitro drug nethod accuately
predicts the in vivo release profile forrpateral biodegradabléepot systesi [13].
This denonstraes tle difficulties in establishingVIVC for this clas offormulations
due to the large nuiper of parareters potentlly affecting drug riease in vivo and in
vitro.

To establish IVIVC, atleast three bakes of the samdrug substance should be
available vhich differ in their in vivo aswell in vitro perfornance [14, 15]. In
generd the utilizaion o in vitro dissolution data for predicting in vivo perfoance
requires a réiable method of data trasformation. A comparison between in vitro and
in vivo data is often not @sible site the data descritg in vivo release/ absorption
profiles are not directly accebte. Variousmathematical models and equations have
been destibed in liteture for conversion of masurale pharnacokinetic data to
release/ alwgption charactastics of the drg from the delivery systens for
conmparison with the in vitro release ddt6, 17]. Depending on the method used to
correlate the data, the USP established diffelevels of correlgon, designated as,A
B and C, in decre@asy order of preferezes ad acceptaitity [15]. Level A IVIVC
represents a point-to-poinbrrdation between the in vb absorption profile and the
in vitro release profile. Td in vivo absorption profilds calcuated from plasna-

concentration tira curves using convolatn or deconvolution sethods. However, if a
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level A correlation can not be establishatenpts should be @re to correlate at
level B. Level B correlations are based siatistical nement analgs and conpare
the mean in vitro dssolution tine of the ormulation with ether the nean residnce
time in the body or the ean in vivo dissolution tie of the fomulation. Although a
single pararaer is compared in level B IVC, the nethod is known to be useful for
extended release products.

Less inbrmative is a leve C IVIVC which may be useful for forralation
developnent. This type of correlation peesents a single pui relationship and
conmpares e.g. the timrequired for 50 % drug release in vitro with the area under the
concentratia time curve.

The intenion of this investigation was theanalysis of differentevds of correldion
for three dfferent bialegradabte inplarts by using rodel-dependent (@gner-
Nelson) and radel-independent ethods (sttistical noment analyss). In order to
obtain baches that difer in their in vito perfornance mplants which differ in drug
loading were prepared by cpnession rolding, then coated at different levels and
characterized in vitro with respeto their release schanism

In addition, the relationshipetween releaseenhanismand quality of IVIVC level

was assessed.

2. Materials and methods

2.1 Materials

Poly(D,L-lactide-co-gycolide) (PLGA), Type Resomr® RG 502H, lactide/glycolide
ratio 50:50, molecular weight MW) 17000 Da and poly(L-lactide) {PLA), Type
Resoner® L104, My 2000 Da were purchased fromoehringer Ingelheim
Ingelheim Gernany. Profact Depot 2f) batch C 109, was a gift fromvenis
(Frankfurt, Germany). The serile applicator containdwo identical rods, each

containing 3.3 g buserelin acetate.
Buserelin acetate, M 1350 Da was obtained fronintervet International,

UnterschleiBheimGemany. All further chencals and solvents were purchased from

Merck, Darnstadt, Gerrany.

2.2 Preparation of implants

113



In vitro ard in vivo correlation

The inplants were obtained by compressioalding of mixtures of polyner powder
(d 500 um) and busrelin acetate at variousoncentratios (10% to30%). The
mixtures with drug loadings (DL) of 10, 2hd 30 % w/w were copnessed at 15 kN
using two flat-faced puwhes of 3 mmn diameter on a single punch press (Korsdh E
0, Berlin, Germany) at roomtemperature in ranual nodus. The imlant size was 3
mm x 1.6 mm andmplant weight was approxiately 14 mg. implants for in vivo
studies were placed inals sealed nde vacuun and ganma-irradiated (19.6 kGy)

using a®°Co source (Riisch Sterilizati@ervice, Kernen, Geramy).

2.3  Coating of implants

PLGA implants with a diamter d 3 mm obtained by compression molding were
coated with L-PLA solution (20 % w/vin methylene chlori@ by spray cating
technique. The process was controlled bgrease in weight of the implants after
evapordéon of the solvent. The iglants wee dried for 24 hours at roomntperature
and the final coatinghickness wascalcuated from mass increas. Inmplantsfor in
vivo studies were sterilized by gamanrradiation as described above.

2.4  Invitro release study

The in vitro drug release studies were paried in 14 nt screw capped glass vials.
The inplants were placed into the vials andmensed with 12 rhphoghate puffer
(0.05 M, pH 7.4) containing 0.05 % benzalkanichloride and 0.1% sodiuaride as
antibacterial agents. Saples (n=§ were incubated at 37°C for 4 weeks without
agitation and were only shaken for 5 safpling time. At defined tine points 8 ml
of the releas medium were withdawn and replaced with fresh buffer. The rewed
mediumwas analyzed for amuntof drug released by HPLC.

The releas data wereevaluated by wdel-dependent (cve fitting) and nodel-
independent ®ethods. For mdel-dependentanalysis two theoretical odels
describbng drug releas from polymeric sysems according to Higchi [18] and
Korsmeyer-Peppas were used [19, 20]. Higudescribes drug rease as a diffusion

process based on Fick’s law accogdin the egation:

Q ky 1 0
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where Q is the aount of drugreleased in timt and k is the Higuchi dissolution
constant. According to thisadel, a straighline is expected for the plot of Q versus
the square root of time if drug release from thatrix is based on a diffusion
mechanism

The Korsneyer-Peppas model takes into agnt that drug releaseaohanismoften
deviates fron Fick’s law and follows ananonalous behaviordescribed by the

following ecuation

Mt
k 1"
v )

f

where M is the drug released at #m, M. is the quantity of drugeleagd at infinte
time, k is the kinetic constant and n is the release exponent. The value of n is related
to the gemetrical skape of the delivery ystens and determes the releas
mechanismFor cylindrical devices n isgeial to 0.45 for diffusion-controlled release
whereas n &@ween 0.45and 1.0 inttates aranormalous non-Fickian transport. Drug
release from a porous systemay lead to rn< 0.45 due to the cdomation of diffusion
through the ratrix and partial dffusion through water-filledpores [20]. For
evaluation of release data by the desdib®dels the portion of the release curve
where M/ M- < 0.6 was used only as described in literature [18].
For statisti@l moment analyss the following model-independent in vitro parater
were deternmed: the nean disslution time (MDT), percentage of drug released after
48 h (Dygn) and time for 50 % and 63.2 % ualy release, respectively £, Te320).
The MDT was calculated acabng to the egation:
MpT 2D Cmine )

M f
where ABC is the area between the reteasrve and its asyptote, calculated by éh
trapezoidal rule frontime zero to the last gasured tira point, and M is the tota

amount of dssolved drug at this tiepoint .

2.5 HPLC analysis

To deternme drug loading and in vitro ®, the drug corentratios were obtaied

by direct injection of samples into a HPIsgstem \\Vaters 2690, \&ters Corporation,

115



In vitro ard in vivo correlation

Milford, USA). Sanples were analyzedor buserelin content using RP-HPLC.
Separation was perfoed on a C18 columr(225 x 4 mml.D., Machery Nagel,
Duren, Germany) at 42 °C. The mobile pba consisted of ainxture of phosphoric
acid, triethyamne buffer stution pH 2.5 and acetatnile. The flow rate was l/
min. Detection was perfored usng a Waters 2470 programable absorbare
detector (Waters CorporatioNilford, USA) operating a216 nm Calibration curves
were generated froknown concentrationsf buserelin acetate inahile phase. The
detedion limit was 1 pg/ rh The Millenium32° chronstography ranager, version
4.0 (Waters Corporation, Milford, US) was used to anate the data.

2.6 Invivo release study

The pharmacokinetic study reported here svapproved by the publmoard for aniral
experiments. Mature rele beagle dogs were used for all studies. They were housed in
sin a lab dg colony at the Intervet anahfam according to the principles fo
laboratory aniral care.

Dogs with a weight range of 10.6-15.4 kg were rangiagivided into 3 groups (n =
4) and acclirated for at least 4 days ipr the studies. Rectal tgaratue was
measured before the expeamt. Each dogvas dentified byear tattoos and recew
one of the three forolations: uncoated iptant (batchE), coated imlant ( katch F)
both containing 4.2 mbuserelin or one dfvo identical rods of Profact depot S
containing 3.3 @ buserelin (batch G). Usj aseptic techque and local anatesa
the inplant was admmisteredsubcutaneoly at the laeral part of the neck on tle
right body side of the dog ugj an applicator (Cerestarntervet NL, Boxneer).

At certain time intervals, from4 hous to 35 days approxiately 5 nh of blood
sanples were withdrawn fronthe Vena juglaris, Vena celpalica antetachii or Vena
saphena lateralis and collected in hempaed tubes. The plasnifraction of each
blood sample was separated imediately by centrifugation and stored at —20 °C in
labeled hepanized vids until analyss.

For deternmation of urinary excretion obuserelin dogs &e placed in reabolic
cages at definite timpoints for 12 hours. The urine splies were collected in plastic
tubes and stored at —20 °C until @ssPlagna and urine cocentratios of buserelin
were deternmed by double-antibody ramimmunoassay [21](Aventis, Frankfurt,

Germany).
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2.7 Pharmacokinetic analysis

Pharnacokinetic paramters for buserelin flowing subcutaneous (s.c.) application in
male beagle dogs were detarmad fromtheplasma and urine concentration-terata.
The maximum plasna concentratia (Cna) and the corresponding time () were
obtained directly fronthe individual plasra concentratioatime data. The area of the
first moment of the concentration-tien curves (AUMC) and the area undee th
concentratin-time curve fromtime zero to time t (AUG;) were detanined by the
trapezoidd rule. The arafromtimet to infinity (AUC,.-) was estimtedaccording to
the equ#on:

AUC, , AUC,, C/k

el

where G is the plasra concentration observed at #m, and k is the appardn
elimination rate constant of buserelin obtd fromthe slope of the linear portion of
the cuve by leas square regresion anaysis [22]. The mean residea time of the
drug (MRT)and the aldute bicavailability (B V) of the formulations wre calculated
using the following equations:

Ry AUMC
AUC
A >
Bv (9) AU« (406 ;100

AUC,, dose,

where AUG. and AUG, are the area under the curve afi€. and i.v. admistration,
respectivelyDoseg, and dosg denotes the aount of drugadministered intravenously
and subcutaneously, respectively.

Utilizing the i.v. kinetic paramters obtaind in a prelinnary study [23], the inivo
percen of drug absorbed after s.c. adistration at each timperiod was estiated
by the Wagner-Nelson rehod [17]. Drug araunts are assessed frate constants of
the i.v. two corpartment nodel for each dog and the culive area nder the curg
for each dodollowing sc. adnministration ofthe buserelin implant€alculations wesr
carried out with pharmacokinetic softwa Kinetica 2000, version 3.0 (Innaphase,
Philaddphia, USA). In the corpartmental ft the weighting &ctor was 1/¢ (G, is the
experinental plasna concentration).
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2.8 Statisticalevaluation

Results are expressed agan + SD of fourdogs per group. Da aralysis of the
pharnacokinetic paramters was perfored by Student’s t-test. Differences between
two relaed pararaters were conseted gatigically significant for p values of or les
than 0.05.

2.9 In vitro-in vivo correlation

Three lews, A, B, and C, ofn vitro-in vivo correlation (P 26) were studied.

For Level C IVIVC the single releas paramaters Tsow, Tez2ow, and Dgn were
conpared with the single in vivo paraers AUG.sn MRT and Gha.

In orde to establish Lew B IVIVC the mean in vitro dssdution time was conpared
with the nmean in \vo residence tim. For Level A IVIMC the fraction absorbeith
vivo, generated by the &gner-Nelson rehod, was plotted versus the fraction
released in vitro at the samime. As dternative nethod to denonstrate correlation
the time in vivo for absorption versus the #nmn vitro for release of the samamount

of drug was plotted 24]. If thee is levé A IVIVC, the cuves are dectly
superinposable or can beamle superimosable by using the timscalirg factor and

or the constant offset value [25]:

tin Vivo a b ~tin vitro

where # vivo tin vitro @re tines in vivo and in itro, respetively, a is the lagiime in vivo
andb is the time scale factor. The tienscale d&cor takes into account that in vitro

release and in vivo absorption do abways follav the sare time scales.

3. Results and discussion
3.1 Invitro release study

For a drug incorporated in PLGA-basedtrites, several gssible nechanisrs may
be involved in the release processesigddiffusion from inplants, natrix erosion
resulting from degradation and dissolut@nPLGA polynmer and the combination of
the above two rate processes [26-28]. lremnore it is known that drug loading and
drug particle size distribution deteima the geometry and the topology of pores and

channels \Wich determine drug difision from the hydrophobic arix [29]. Drug
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Figure 1 In vitro drug release fom PLGA discshaped implants: (a) Influenceof drug loading on

burst effect andb) Effectof coating oninitial release afunction of caating thickness.Data are shown
as an aveaget S.D. (n =6).

loading affects dug release bghamging the porosity of the matrix because chaets
are forned as solid drugs dissolvedand réeased Such perciation effects in ratrix-
type controlled delivery systestweae extensvely studied by Leuenberger et al. [30,
31].

The effect of drug loading anitial drug rele of buserelin fromPLGA implants is
shown in Fig. 1a. The drug burst increasegficantly with increasingdrug loadhg
which suggests that buserelvas directly dissolved t@&f contat¢ with buffer and
diffused into the aqueousedium as expected.

In order to reduce the drug burst and éagth to retan drug within the matrix

implants containing 4.2 mg buserelin wegated with low molecular gght L-PLA.
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The coating had a thickae of 35, 100 or 150gi mn? calculatedrom mass increas
(Table 1). e effect of tihee coating levels on drug rake under in vitro conditions
is shown in Fig. 1b. The initialuost deereagd with increasing @iing thickress.
Already at a coating of 35 pg/ mma@57 % rduction of the initid release fom 2.4
mg/d to 1.03 rg/d at peak raximum was observed. B increasing the coating
thickness from35 to 100 pg/ mm?2 the redtion of the drug burst was further
improved by 87 % (from2.4 ng/d to 0.32mg/d relea). Furtler coatingto a
thickness of 150 pg/ mm?2 did not affect druteese any further. However, in contrast
to results rgortedin literatue [32, 33]a lagphase of drugelease caed by PLA
coating during the firsiveek was not found.

This could be explained bthe assunption that afer spray-caating of implants
residus of solvent arestill in the coatirg layer resdting in a flm of increased
pernmeability. The fct that cong and drying was perfored below the glas
transtion temperature fothe coatig polymer contribues tothe pemeability of film.
Thus the drug frontoded inplants is released by diffusion through pores and the
polymer coating film The renaining minimal burst effect has a dllogical conponent
and is benetial because a yher intial release ensuresprompt effect, which care
subsequently aintained for a prolonged ped by a slower but cdimuous release of

buserelin.

Table 1  Kinetic assessent of releaseata far different buserelin inplants

Batch Drug loading Coating Higuchi Korsmeyer-Peppds
(mg) (Mg/mm?)  Slope R2 slope R2
A 42 0 30.91 0.978 0.343 0.982
B 4.2 35 26.46 0.990 0.305 0.993
C 4.2 100 14.28 0.991 0.172 0.990
D 4.2 150 13.07 0.989 0.228 0.991
E 4.2 0 31.28 0.996 0.384 0.997
F 4.2 150 16.75 0.992 0.248 0.999
G~ 3.3 0 19.39 0.995 0.233 0.998

releaseexponét n = 0.45
gammairradiatedwith 19.6 kGy
oneof the wo rodsof Profact Depot 2M®
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In order to deterine if the release athanism of coated implants is governed by
Fickian diffusion, the esults were itted to both the Higuchi and the Korseyer-
Peppas mdel (n=0.45). According to theseodds, a straighline is exgcted foreach
plot if drug release frorthe nretrix is based on a diffusion mechanisim both cases
good correlation coefficients were obtaingaygesting that drug release frahese
implants was condient with a Fickan diffusion nechanisn (Table 1).

For in vivo studies a secondtsd implants (see Table yas prepared, sterilized and
characterized in vitro. ié gamna-irradiationof implants causes dight decrease in
polymer nmolecular weight fronil5.9 kDa to 14.3 kDa [34].

The in vitrodrug releas of these implante/asinvestigated in a coparative stug
using a comercial availade implant (Tablel, batch G). The release profiles are
shown in Fig. 2. The uncoated pfant (bath E) showed a biphasic releagattern,
with an hgh initial burst followed by a dower eleag phas. In corrast, implants of
identical drug loading coatedith 150 pg/mm?2 L-PLA (batch F released the drug
rather constantly. Since the degradatione of coating and rmtrix polymer was
similar to the drug release temo bg phase was observed and a daily release of 40
Hg buserelin was achieved over a period4ofveeks. A longer drug release was
observed from batch G implants. During thstf2 weeks drug release from these rods

was faster than froncoated implants andmore than 69 % ofirug was released in

100{ *E
80
S
o 60 -
) 100 -
55}
Q = 801
[} =
& 40 g 601
% 40 A
['4
20 A
20 0 ‘ ‘ ‘
0 20 40 60
Time [Days]
o T T T T T T
0 5 10 15 20 25 30 35
Time [Days]
Figure 2 In vitro cumulative release profiles for lserelin batches wsed in the pharnacdinetic

study up to 35 days. The insert stows the release pofile of bath G implans for 70 days. Dat are
shown asan average: S.D.(n = 4-6).
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vitro until this time point. However, theretaf drug release rate decreased rapidly and
only small amounts of drug (~ 10 pg/day) wenedeased constantly over 70 days (Fig.
2, insert). The result is related to the longer degradatioadfrpolymer where batch

G implants are basl on. The ftting of these dta to the Korsmeyer-Peppas odel
denonstrated that drug releasvithin thefirst 2 weeks occurs anly by diffusion (n

= 0.45, R2 = 0.998). Rereafter a comination of diffusion and erosion processes
domnated util the end of the study since thelwe of n was lower than 0.45 (n =
0.22, R2=0.997).

3.2 Invivo release study

Based on the in vitro results for developiMiVC three fornulations were seléed

for in vivo evaluation: uncoated prant (B as the &st-rdeasing implant, which was
thought to give the higheshitial plasna levels, coad inplant (F) which was
expected to lead to stherinitial plasnma levels and thuto a prolonged release phase,
and Profact Depot 2f/(G) which was thought to givemall plasma levels after 2
weeks as aierved in itro.

Fig. 3a shows the in vivo plasibuserén concentation-time profles ater iv.
injection of buserelin solution [23]. Theapid decrease in buserelin concentratio
after i.v. adninistrationrefleds thefast dispaition andelimination ofthe drug.The
plasna concentratiortime profiles can belescribed by a two cqrartment nodel

accordng tothe equatio:
C,= A€ '+Be !

where G is the plasra concentration of buserelin at &#nt; A and B are epurical
constants; and and are hybrid rate constants.

The rate costants. ard  were derived fronthe slopes of the decline in plaam
concentration during the initial distributi@nd the ternmal elimination phase. From
the estinated slopes théalf-lifes of . and phase were calculated ag t= 0.693/.

and t,, =0.693/.

The elimnation rde castants of. and phase were found to be 0.162 and 0.012
min?, respetively and the h#-lifes of . and phase wre calcliated as . =
0.693/. andti», = 0.693/. The obtained half-lifes were 4.3im(.-phase) and 56.4

min ( phase). The half-life dfuserelin obtained frorerninal phase is in good
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Figure 3 In vivo releaseprofiles in dogs: (a) Plot of plasma concetration of buserelin vs. ime

after i.v. administration, (b) Plot of plasna buserein concentaton vs. time and (¢ Plot of urine
buserein concentation vs. ime after s.c.administraton d formulation A, B and C. Data are fiown as
an aerge+ S.D. (n =3-4).
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Table 2 Pharnacokinetic palameters Dllowing single i.v. admmistration of

buserelin (5mg/dog)

Paraneter Mean SD.
. (min™) 0.162 0.032
(min™) 0.012 0.001
ty2. (mMin) 4.3 0.6
ty2 (min) 56.4 0.98
Cl (ml/kg/min) 1.7 0.10
Ve (ml/kg) 50.1 2.4
AUC (g xl/min) 139.6 124
Vz (ml/kg) 135.9 7.9
Vss (m/kg) 118.2 5.5
MRT (min) 70.7 2.8

Cl total clearaene

Vc  volume in thecentral ompartment

Vz  appaent volume of distribution during the erminal phase
Vss appaent volume of distribution atsteadystate

agreenent with reported values of 25-8dmj35, 36]. Theshort half-life of buserelin
explains the rapid decline of plaancorcentrations after i.v. admistration. The
pharnacokinetic paramters ae sunmarized inTable 2.

The nmean plasra concentration-tira profilesof buserelin after s.c. admstration of
formulations A, B and C are shown in Fig. 3b.

Since the dly release from tested érmulations is low, the lasnma concentréons of
buserelin are very low cqoared to urinesamples where de to the renal excretio
higher concentrations are ré&d. Thus urine samples wetaken additionally and the
mean urine profiles of investagedformulationsare pldatedin Fig. 3c. Table 3 reports
the mean values of @rmacokinetic panmeters obtained wherthe three studied
formulations were admistered subcutaousy. The results were caltated fom
plasnra and urine data by non-c@artmental analysis [22].

After admnistration of fornulation E, contaiing 4.2 ng drug per inplant, high initial
plasma (Cha 43.1 r 5.6 ng/ nh at 4 hrs) and urine levels & 1018 r 250 ng/ nh at
24 hrs) were observed. Thereafter thasph concentrationdropped rather linear

below 1 ng/ rh By comparison, formiation F of equivalent dose produced only
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Table 3 Mean (x S.D.) pharmacokinetic parameters folluyv.c. administration of buserelin in dogs (n = 4)

Formuldion  Cpad Tora AUC,.° AUC,.° AUC,.. ¢ MRT' BVY
(ng/ml) (h) (ng/mlday) (ng/miday) (ng/miday) (d) (%)

£ 43.1+56 4+0 17.6+4.7 515+ 114 101.9+120 38+14 842+ 17.3
1018 + 250 24+ 0 n.d. n.d. 4262 +752 6.6+06 n.d.”

13.1+3.7 146.4+37 13+0.6 17.7+122° 1062+145 99+15 928+ 17.9

508 + 55 136.8+ 27 n.d” n.d. 4370 +574 11.0+1.0 nd.
G 14.1+83 4+0 82+30 20.6+5.3 79.9+85 15.6 +3.7 73.1+14.3
405+ 103 24+0 n.d. n.d. 3303+197 184+3.7 nd”

obtained from plasma data

wx obtained from urine data

maximum plasmiaurine concentratio

time to acleve maxmum concetration

area under the plasma/ urine concentratiime curve from zero time to 24 hours
area under the plasma/ urine concentratioe-turve from zero time to 4 days
area under the plasma/ urine concentratilm®- curve from zero time to infinity
Mean regdence time

g bioavailability

n.d. notdetermined

glereyd



In vitro ard in vivo correlation

Table 4 ANOVA-test for pharmacokinetic paraeters deternmed from plasra

data of different buserelin jphants

Paraneter Evs. F Fvs.G
Crnax P<0.05 n.s.

Tmax P< 0.05 P<0.05
MRT P<0.05 P< 0.05
AUCo4 P<0.01 P< 0.05
AUCo4 P<0.05 n.s.

AUC,. n.s. P<0.05

n.s. ro statisticallysignificant differences
P-value ndicatd theconparison of values of eat groups obtained by Student s t-test

negligible buserelin plasanand uime levels (< 1 ng/ M) during the first days
increasing with tirm. The peak plasan (Cha 13.1 r 3.7 ng/ nh) and urine
concentratio (Cyx 508.7 r 55 rg/ ml) were snaller than those olined with
formulation E. A statistically significardifference was found between maulation E
and F in both tirma and nagnitude of the geerated peak (p < 0.05). No statistical
difference was found betweethe two formulations in AUgssg indicding a
conparable extent of abgption (Tabe 4).

Formulation G, containing only 3.3 mg drugleased busrelin ratler canstantly afte
an initid burst. The pek plasma (Cnax 14.1 r 8.3 ng/ nh) and urine concentration
(Cmax 405 r 103 ng/ nh) were sinilar to thoseobtained with formlation F. There
were no stasticdly significant diferences between the l@solute pasna and urine
concentratios until day25 (Table 4). Thexater the nean concenéttion level of
formulation G was higher than that oimad from formulation F. The MRTof
formulation G was significantly longer cqrared to fomulation F (15.6 vs 9.9 days, p
< 0.05) (Table 4). However, it should meted tha for formulation G the vale
obtained for MRT is underestated due to theaict that tis formulation is based on a
polymer which degradation tieis longer tan the duration of the in vivo study (see
Fig. 2, insert). In order to estate the anount of drug released frorthe tested
formulationsthe absolute bioavaildity (BV) was calculaed from the AUC ofi.v.
injection aml the adrmistereddose. The adplute bioavéabilities were 84 + 17 %, 93
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+ 18 % and 73 = 14 % for fowlations E, F and G. Theesults indicate that all
incorporateddrug wasreleased awmpletely from formulation E and F whereas in
formulation G a srall amount of dug was stillavailable in the implant at the endfo

the study.

3.3 Invitro in vivo correlation

Level C in vitrain vivo corrdation was investigted br Ts320, Versus MRT, Ga in
vivo versus the percentage of dmadeased in vitro after 48 hours 4g) and between
Ts00o and AUG.14. A good correlation was observed between these ptgsmand
correlation coefficients varied from3¥7 to 0.999 (Table 5). No correlation was
found between ghy, and Gna iN ViVO.

Since leveC correldion represets a singk point corparison and does not reflect the
conplete shape ofhe plasm level profle this type ofcorreldion is nd predictable of
actual in vivo perforrance andis generally only useful aseferene in fornulation
developnent or as a producjuality control reference pcedire. Level BIVIVC was
investigated for MDT in vitro versu$/RT in vivo and a good correlation was
obtained (R? = 0.98).

Table 5 Correldgion coeficients betweenin vitro dissoldion and in vivo

pharnacokinetic paramiers

In vitro paraneter In vivo parangter R2 slope intercept
MDT 2 MRT P 0.983 1.0224 -1.7477
Tes2u © MRT 0.9863 0.9318 -1.888
Ts0% AUCo4p° 0.9993 -2.0299 19.914
Dagh Crmad 0.9774 0.8354 -8.3737

& Meandissdution time

Mean reidence time

Time requredto dislve 63.2% of drug

Time requredto dissolve 50% of drug

Areaunder be serumconcentationtime curvefrom zero time to 4&rs
Percetage ofdrug dissolved after 48 hrs

9 Maximum serum concentration
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Plot of percentage of dose dsorbed in vivo versuspercent releasedn vitro

However, a level A IWC is corsideredto be the nost informative and is thsi

recomnended for regatory puposs. Thereadre, the araunts of drug absorbed after

s.c. admmistration of fornulation F whichwas of interest for further developrant,

was calculated by the Wagner Nelsoetmod using the linedarapezoidal rule.

For testing a level A IVIVC two ethods wee used: (1) the percentage of drug
absorbed up to timt was plotted versusdlamount of drug released in vitro (Fig. 4)
and (2) the tira in vivo for 0-10-20-30-430-60-70-80-90 % absioed was plotted
versus the tira for in vitro release ahesane amounts of drug (Levy plot) (Fig. 5).
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y=0.7772x + 4.0572
R? = 0.9862

Figure 5
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Levy plot obtained from times fa 0-90 % buserein releasedn vitro and &sorbed in
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Visual inspection of the plots suggeatgood correlation of the release profiles.
However, the best correlation coefficiemas obtained when using the Levy plot. The
relationship obtained fromthe Levy plot indicates that # curves are not
superinposable due to the different slo@adan intercepdifferent fram zero. From
the irtercept the lag tire in vivo was estimate to le 4.05 d.

4. Conclusion

The release of buserelfrom three different bidegradabe implants was deteined

in vitro and conpared to the pharatokingic profile using model-independent and
model-dependent &hods.

Level A IVIVC (R2 = 0986) was found for batch Enplants. Drug release from these
implants could be describdxy the Higuchi mdel over theentire release period df
weeks. For implants where drugeleag occurs by a cobmation of diffusion,
dissolution and erosion proages a level B IVVC could be estdished. Due to tle
fact that the developemt ofa suitable release tder biodegradable delivery system
is still a mgjor problemalternative gproacles for prediction of in vivo perforance
are needed. In this study we could dedrate that a corparison of MDT in vitro
versus the MRT in vivo yielded in a ldv@ IVIVC although no sophisticated release
model such as flow-through It@r dialysis bags were used. Moreover, it could be
shown that the inito paraneter Ts320, Can be used instead of MDT in order to
estaltish this level ofcarelation. This nreans thatdr formulation deelopment or as
quality control nethod for clinical sarples anin vitro test nay be sufficient which
monitors drug release untilithtime. By using nodel-independent ethods also a

good correlation between vitro and in vivo paramters was obtained.
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Summary

This thesis dealswith the degradationral release behavior d@liphatic polyesters
with special respécto the infuene@ of oligomers on the degradation rate and the
potential us of these biomterials for tle developrant of veterinary drug delivery
systens.

In Chapter 1 the aninal health care market isintroduced with regard to opportunities
and challenges of veterinary drug delivergteys. In the second part of this chapter
biodegradable polyens usedor veterinary applicationare discussewith enphesis
on their degradation and release propert@strent applications obiodegradable
drug delivery system in the field of rproduction control, growth prootion,
vaccination and conttaf ectoparaises aresumnarized. Furthermmre, perspective
and current problem in the field of bodegradable drug delivery systenare
presented. fiis chaper mncludes with the scope, arand outline othe tlesis.

Chapter 2 descriles the synthesisrad characterization of D,lactic aid oligomers.
The oligomers were prepared by polycondgios without catalyst providing a series
of D,L-lactic acid oligomers with narow molecular weight distribution. The
oligomers were analyzed using SEC, DSC adeNMR to obtain infornation about
their physico-chemal properties as funcin of average chain rigth. The interest
was bcused on the deteination ofthe citical molecular veight for water sdubility

of oligomers. It was found that the sollity of oligomers depends on both pH and
average ralecular weidpt. Polydisgrse digomers with Mpn smalle than 80 Da are

soluble in buffer at pH.4 whereas oligoars ofMp t 830 Da are insoluble.

In addition the hydrolysis kinetic of oligan degradation and theewhanism of ester
cleavag@ was investigted in vitro. The degdation rate was dependent on the pH of
incubation nedium and the lowest degratitan rate was found near a pH value of 4.5
independent on chain length. An Arrheniustplas constructed for the calculation of
the actiation energyusing an acceleratedonomer release tesit was found that
with increasng molecular weight 6 oligomer the enmyy of activaion increased.
Furthernore, it cold be shown that hydrolys under basic conditions proceeds b
randomester cleavage and/ or badikng whereas chain-dncleaage was observed
under acidic conditions.

After successful synthesis andacacterizon of a honologous series fooligomers

the effect of these low ohecular weightpolymers on thedegradation process of
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PLGA was investigatedQhapter 3). Hence, PLGA filns containing oligoners of
different molecular weight in various aonts were prepared by a solvent casting
technique and the degradation was maeddy SEC, WAXD, DSCrad gravinetric
methods. The results demonstrated thatitfe®rporation of oligorars clearly affects
the physico-chemal properties of PLGAfilms. The hydrophilicity increases,
whereas the glass transition fgrature ofthe film decreases. lWwas found that the
initial mass loss and the amunt of wate absorbed were functions of average
molecular weight and concentration of oligers. In contrast teesults reported in
literature an autocdsdic effect due © the increasedumber of carboxylic end groups
of oligomers incorporatedvas not observed. Moreover,rfall oligomer-containing
films an extended lag phase until onsetpofymer erosion wadound. It could be
shown that this finding was related taystallization which occured dung
degradation of all fil)m. However, the dege d crystdlization was Igher in films
containing oligorers and was depending a@ligomer concentration and oligomer
molecular veight. Thesaesults leado theassumption that oligoens cause direct or
indirect crystallization during the degraet process thus reducing the degradation
rate.

As discussed in the previous chapters the degradation of PLGA and PLA occurs via
bulk erosion which leads often to an awburable release profilelherefore in
Chapter 4 the degradation of PTA was investigd to deterine if introduction of
cleavable ester and ketal bonds in theymelr side chains results in proved
degradation properties cpared to PLGA.After preparation of PTAmplants of
different size by copression rolding the dgradation was evaluated under in vitro
conditions in a comparative study using PLGAnplants of sam size and diension.

It was observed that the shape of PTépliants changed during degradation from a
flat disc to a bloated convex deviceoshprobably due to swelling. After a definite
time interval the irplant shell bursts andiater soluble degradion products like
acetone,ethanol andtartaric acidwere found in release edium. In parallel a
remaerkable nass loss was detected whietas not observed until this terpoint.
Possible rachanism to explain these findingre discussed. It was also found that the
implant siz had angjligible impact onthe degradation and erosion of PTA.
Furthernore, a differentiation betweenrgace and center as known for bulk angp
polymers was observed during the degradation of PMplants. This leads to the
conclusion that PTA is alsobalk eroding polymer as PLGA.
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In Chapter 5 the influence of the degradatida@havior on drug release froRTA
implants was invegyated in vitro. Bfects of drug loading anonplant size on relea
profile were studied in more detail. Onypothesis that drug lease will occur in a
pulsatile nanner was confirred. The releaséom PTA implants was characterizeg b
an initid burst, bllowed by a lag-phse wheg no drug was released and subsequentes
a second burst occuteAfter the second burst drug wadeased by zero order kinetic
until the endof the study. It was found that thetexd of second burst correlates with
drug loading and increases with decreasingg loading due to the reduced initial
burst. Varous materialswere teted to modify the drug release froRTA implants.
Already small araunts of excipents (10 % w/w) were suffient either to radify the
degree of second burst or to prevent tHease of drug in a psatile manner. Based
on these radts PTA was identied as a proming bionmaterial espaally for pulsatile
drug release systesn

In Chapter 6 the in vivo release properties of busereliplamts were studied in dags
An attenpt was nade to develop differentevels of in vitro-in vivo correlation for
biodegradable iplants. Hence, REA implants containing diffeent amounts of the
GhRh analogon buserelin were prepatsd conpression rolding and coated at
different leels in ader to modify drug release ratBy using nodel-independent
methods such as statisticalbment anaysis and mdel-dependent ethods (curve-
fitting) the in vitro réease profles were corpared to the irvivo perbrmance. A level

A IVIVC could be successfullgstablished if drug releasecurs nainly by diffusion
through water filled pores. In addition it was found that a level B IVIVC could be
developed if drug releaseccus by a combination ofdiffusions and erosion
processes. Furtheore several in vitro pameters were dermined which correl

well with in vivo paraneters reulting in levé C IVIVC.

Perspectives

This thess denonstrate that br understading the degradation process of aliphatic
polyesters intenses research is tdl required in order toimprove the release
characteristic fronbiodegradable delivery system

The influerce of D,L-lactic acid lilgomers on in vitro degradation of bulk eroding

polymers was assessed in this thesis alldough we demonstrated that oligomers
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play animportart role in this proaess, trther research inthis area is necessga to

explain the complex degradation process.

In this thess different oligomers wereincorporated in PLGA fihs only and no
autocatalytic effectvas observed. It is thereforecomnend to study the effect of
oligomers on the degradation ofagsive devicesuch as irplants in eder to verify if
autocdalytisis occus in this case Futhermore, the degration of oligoner-
containng poly(lactide-co-glyciade) films of small molecular wight wee
investigated only. Thus the effect aligomers on the degradation of heigher
molecular veight polyester dewes should be investigated.

Another interesting approach would bevisualize the contrittion and release of
incorporated oligomrs duringhe degradation process. This requires the coupliag of
suitable narker at the carboxid or hydroxylic chain end isuch a way that the bond
will not be cleaved under degration conditions

Due to thefact that the oligoers synthdged in this tlesis were oly used br
degradation experiemts further researcltould be focused on the potential of

oligomers to nodulate or tacontrol drug release.

For the tartaric acid based poier which has be shown ipgtential for pulsatile drug
release irst of all the pdymer has to besynthesized in the desd quality and with
descriled characteristics (M Ty particle size). Tereafter the following
recomnendations could be awle. First, in tis thesis cyindrical-shaped implants wer
used for in vitro degradation and releastudies only. In consequence, both drug
release and degradation shobh&levaluated from rorosphers and nanospheres. It is
expected thadrug réease will no longer occu in a pulséle manner.

Another point that deservedeition is to invetigate if a solution of PTA formes in

situ a gel or iplant which could beised as delivery systefor drugs.

137



Appendices

Appendices

139



Appendices

Zusammenfassung

In Hinblick auf die Entwicklung von innovativen phaageutischen
Veterinarprodukten wurde irRahnen dieserArbeit der Abbau-und Freisetztungs-
mechanisus von aliphatischen diestern experinentell untersucht. Der erste
Komplex der vorliegenden Arbeit befal3telsimit demEinflu3 von Oligoneren auf
das Abbauverhalten von PLA- und PLGARolynmeren, im zweiten Teil wurden
Polytartrate charakterisiert und ihr Potahtals bioabbaubareArzneistofftrager

untersuch

Die in der Veteridgrpharmazie verwenden klassischen und neuen bioabbaubaren
Polymere wurde imersten Kapitel kur vorgestellt und deren Abbaechangnus
erlautert. Aspekte, die bei der Entwigkh von Tierarzneiitteln zu bericksichtigen
sind, wurden dargelegt und Einblick in dérergesundheitsarkt gewéhrt. Aktuelle
Anwendungsgebiete von bioabbaubaren Arzoé#isiigersysteren fur die parenterale
Wirkstoffapplikation amTier wurden dargeslit. Hierbei lag der Schwerpunkt in den
Bereichen Reproduktionskontrolle, aststunsférderung, Immumierung und
Kontrolle von Antiparasitila. Ferer wurdenProblene und maogliche Perspektiven in
der Anwendung von bioabbaubaren Padyem zu Applikation von Wrkstoffen im

Tier aufgezeigt und diskutiert.

Da der Einflu3 von Oligoeren auf dag\bbauverhalten und den Abbaaohanisius
von Poly(D,L-laktiden) und @&ly(D,L-laktid-co-glykoliden) in der Literatur
widerspruchlich diskutiert wird, wde eine Serie von D,L-Laktide Oligosnen
synthetisiert und charakisiert (Kapitel 2). DerZusammenhang zwischen den
physikalisch-chemschen Eigenschafte und dem durchschnittlichen Molekular-
gewicht der Oligolaktide wurde imHilfe von GrofRenauschlul3chratographie,
thernmoanalytisclen Verfahren sowie Kernspirsgroskope untersuch Dabei stand
die Ermttlung des Ld&slichkeitsvilaltens der Oligonere in Abhangigkeit zu ihre
Kettenlange inVordergrund.

Die Ergebnisse zeigten, dal3 D,L-Lakti@égomere nit einem Molekulargewich von
Mn ” 830 Da sich bei einem pWtert von 7.4 in Puffer |l6sen, jedoch nicht inagger

und sauren Prufflissigkeiten.
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Da die Loslichkeit der Oligoere einen HifluR auf die Abbaugeschwindigkeit hat,
wurde in einer rachanistischen Studidie Hydrolysekinetik und der Mechaniam
der Esterspaltung als Funktion der dudtirgttlichen Kettenlange untersucht.

Die Experinente zeigten den Zusammemigazwischen Abbaugeschwindigkeit und
pH-Wert des Mediurs. Unabhangig vorMolekulargewicht der getesteten Oligers
wurde impH Bereich um 4.5 die gerinigsHydrolysegeschiudigkeit genessen.

Um die Aktivierungsenergie bestinam zu kbnnen, wurde ein Test entwickeltjtm
welchem die Freisetzung des moneran Hydrolyseproduktes (Milchsaure)
untersucht werden konnte. Die Ergebnigegten, dal} die Aktivierungsenergie zur
Spaltung der Esterbindungenitnsteigendem Molekulargewicht der Oligoere
ansteigt. Ferner wurde durch Variatidar Hydrolysebedingngen der Mechanisum
der Esterspaltung ittels *H-NMR untersuch Es konnte gezeigvercen, daR unter
basischen Bedingungen einstatistische HEerspalung und/ oder Backbiting
stattfindet, wahrend unter sauren dBdgyungen vermhrt eine Kettenendpaltung

beobachtet wurde.

Um den Einflu3 von D,L-Laktide Oligoaren auf die Abbaugeschwindigkeit von
aliphatishen Polyestern zu untechen, wurden Filne aus Poly(D,L-laktide-co
glykolide) hergestellt. @gomere untersdedichen Molekuargewiches wurden in
verschiedenen Konzentrationendie PLGA Filne eingearbeitet.

Die physikalisch-chemsche Charaktesierung der Film zeigte, daf3 durch
Einarbeitung von Oligoeren die Hydrophié des Polymfiimes steigt, wahrend die
Glasubergangstgmeratur des Filmessinkt. Aus den Abbauuntersuchungen ging
deutlich hervor, da? sowoldkr initide Gewiditsvetust als auchié aifgenomnene
Wassermange in Zusamenhang rit demMolekulargewicht und deeingearbeiteten
Oligomemenge stehen. Der in der Literatbeschriebene, auf die verhaltnisdiig
hohe Anzahl an Carboxylendgruppen basierekatalytische Effekt der Oligoene,
wurde imFall der PLGA Filne nicht beobachtelm Gegenteil, oligorarhaltige Filne
wiesen eine langere Verzogerungsphasesdaven dem initiale Massenverlust und
dem Einsetzen der Erosion auf. Die Untetsung der PLGA Hine mittels
Weitwinkelrontgenbeugung zeigte, dal3 webl oligonmerhaltige als auch
oligomerfreie Filme im Laufe der Abbauntersuchungen kristalline Strukturen
ausbildeten. Da die Kristallét in oligonerhaltigen #men héher war und zu einem
friheren Zeitpunkt nachgewiesen werden kenals in oligorerfreien Filnen, ist
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anzunehran, dall Oligomre direkt oderindirekt zur Ausbildung kristalliner
Strukturen beitragen. Die Tatsache, dal3t&itine Bereiche langsaen erodieren als
amorphe Regionen, erklart die untersatiichen Hydrolysgeschwindigkeiten
innerhalb des Abbauprozesses. Die Brgsse weisen darauf hin, dal3 ein
autokatalytischer Polyenabbau durch (@yomere eher unwakcheirich ist.

Obwohl die Freisetzung von Wirk$ten aus PLGA Systeem aufgrund der
Bulkerosion nur selten einer Kinetik néit Ordnung folgt, ist es das wohl am
haufigsten verwendetei@material.

Ein auf Weinséaure basierendes Polmweches sowohl sgtbaren Ester- als auch
Ketalbindungen enthélt, lie3 verbesserAbbau- und Freiseungseigenschaften
vernmuten. Da die Kettenspaltung sowohldar Haupt- als auch in den Seitenketten
stattfindet, konnen schneller wasselittiee Abbauprodukten gebildet werden.
Nachdemdie Implantate erfolgreich daoh Direktverpressung unter hoheBruck
hergestellt worden waren, wurde eine Veighende Studie zum Abbauverhalten von
PTA und PLGA Polyraren durchgefuhrt (Kafel 4). Um Rickschlisse auf den
Abbaunechanisms von PTA zu erhanh, wurden PTA Implantate im
unterschiedlichen Abmessungen herdgéstend erodiert. Bei den gewéhlten
GroRRenverhéltnissen  zeigten die bbauprofile keine Verdnderung des
Abbaunechanisms. Das deutet darauf i dalR PTA Implantate nicht nach dem
Mechanismis der Oberflachenerosion abgebaut werden, sondern nach dem
Mechanismis der Bulkerosion. Durch Quantifizierung der Abbauprodukte konnte
gezeig werden, dal3 es in den PTAnplantaten zu einer Aufkonzentrierungrnvo
Weinsaure, Ethanol und Aceton kommt. [@ieserden schlagartig fredgetzt, wenn
das Inplantat platzt und &f&ren den extreen Massenerlust der Implantate von
diesemZeitpunkt an. e Quellungs- und Mssenverlustprofile der PTA iphantate
unterschieden sich deutlich von denen der PLG#lantate, deRhalb wurde ein

neuartiges Feisetzungsprofil erwartet.

Mittels eines Testsystess wurde die Fisetzung des Modelpeptides Buserelin aus
PTA Implantaten in vitro untersucht (Kl 5). Ein Vorteil des angewendeten
Herstellverfahrens liegt, inbegensatz zu bereits bekaéen Verarbeitungsethoden
(Extruson, Mikroverkapselung)n der Abwesenheit orgaischer Losmittel sowie in
der fehlenden Teperaturbelastung voiVirk- und Hilfsstoffen. Der Einflul3 des
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Beladungsgrades und der Grof3e depldmates auf das Freisetzungsprofil wurde
untersucht. Unabhéangig von dieserParanetern wurde ein pusatiles
Freisetzungsverhalten beobachtet. Dieses duaich eine erhdhte Initialfreisetzung,
gefolgt von einer Phase geringerir¢toffabgabe und einer sich anschliel3enden
erneuten Phase erhohterirWgtofffreisetzing charakterisiert. Es konnte gezeigt
werden, dald msteigendem Beladungsgradd abnehmndem mplantatdurchresser
der initialen Burst steigt, wahrend dieiNstoffmenge, die innerhalb kurzer Zeit
schlagartig freigesetzt vd, abnimmt. Auf Grund diesedusammenhanges kann die
Dosis, die pulsatil freigesetzt werdenlls@angepaldt werderDurch Variation der
Implantatzusamensetzung (Zusatz hydrophileder lipohiler Substanzen) wurde die
Maoglichkeit zur Steigerung oder Reduktidar Freisetzungsgeschwindigkeit ausAPT
Implantaten untersucht. Dasllsatile Freisetzungsprofil kate durch die Zugabe wo
kleinen Hilfsstoffrengen (< 10 %) so geidert werden, dald der istoff nahezu
konstant freigesetzt wwde. Die Unterschungen deuten darauf hin, dal3 PTA
Implantate als Tray fir Arzneistoffe, die pulsatile freigsetzt werden sollen

(Hormone, Vaccine), ésonders geeignet sind.

Da basierend auf in vitro Freisetzungungem selten kinetische Daten vorhergesagt
werden kénnen, wurde versucht durchw&mdung der statistische Mentanalyse
bzw. der matheatische Dekonvolution, initro Daten nit in vivo Ergebnissen zu
korrelieen (Kapitd 6). Dafur wurden PLGA Implantate hergestellt, die
unterschiedliche Wwkstoffmengen enthiten. Das Freisetzungsprofil wurde durch
Auftragen eines Polyenfilmes modifiziert. Auf Grundlage der in vitro
Untersuchungen wurden drei PLGA Imptiaten unterschiedlicher Zusaransetzung
ausgesucht und das FreisetzungsverhaltenBumerelin aus diesen Implantaten im
Hund untersucht. Infalle des Uberzogendmplantates ergab sich eine exzellente
Ubereinstimmung zwischen der Freisetzuingvitro und der Absorption in vivo
(Level A IVIVC), da der Wrkstoff haupsachlich durch Porendiffusion freigesetzt
wurde. Anhand der Untersuchungen konnte iggzeerden, dal fir Iplantate deren
Wirkstofffreisetzung sowohl durch Diffussion als auch durch Abbauvorgange
gesteud wird, die nmttlere Auflésezeit in vitro mit der mittleren Veeildaue der
Substanz im Organisms korreliert (LeveB IVIVC). Ferner wurden verschiedeim
vitro und invivo Gro3en ernttelt, fur die ene Level C Krrelation erstellt werden

konnte.
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