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The Maor) Lagend
T el nnme far e Bouldars 18 "TE KALHINAKI' Agcording to Maori folklore, the KAI (food)-HINAKI (baskets) wera washed
anhors sl Mourakl from the cance AFALTE-URL, which was wreeked a few miles along the coast on a voyage South in search

wf tha prenlous stone of TE WAI POLINAMUL

Tiye soleniifio explanation by Assoc. Prof, CA Landis, University of Otago, New-Zealand

Tim montakl Bouldern are vory large and remarkably spherical, they began {0 form about B0 million years aga, when Eastern
(Hnge was covered by son, Muel and erganic matter deposited on the seafioor wero buried and compacted to form a mudstone
whlifly s oullect the Moaraki Formation, Sea waler was trapped in the muddy seciment during depesition. Calelum and carbonata
I moved through the trappocl water towards local crystallization centres (perhaps fossil molluscs of pleces of wood or bona),
farming the mineral calolle, The growth time for the largest concretions (2 metres) is estlimated to be about 4 millien years.
Aol 10 milllon years age, after the concretions had fully formed, the Moeraki Formation was slowly uplitted from the sea and
1w provessen of oroslon bagan. Steap olitls, cut by wave oroslan, hecame unstabla and allawed {he mudstane to slump seaward
annying the canaretions with It, The Moeraki Boulders vialble on {he beach taday have baon oxposod as the sea eroded away
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Chpter |
GENERAL INTRODUCTION

Biomaterials are often used for reconstruction of bone and/or cartilage defects in
the head and neck region, The demands upon the material propertics Inrgely depends
on the site of application and the function it has to restore. Many materinls are ayallable,
some of which are presented in table 1, The properties of these materinls viry lrgely,
in both mechanical characteristics and chemical composition, The combination ol
bincompatibility and appropriate mechanical characteristics into a single muoterinl seemn
difficult to achieve.

Bone and cartilage tissue can be used in reconstructive surgery. They posiens
similar mechanical characteristics compared to the tissue they replace, but are subject o
possible resorption and unpredicted remodelling. Autografts have a high aceeptance rate
at the donor site, but allografts and xenografts can induce an immunogenic feneticn
through which the graft may even be rejected, Therefore, autografts are still the standurd,
but the disadvantages comprise exposure of the patient to a second sui plenl procedure,
in order to harvest the donor material, and the restricted available donor uren, The
polymers indicated in table I often become encapsulated in fibrous tissue beonuse they
lack bone bonding properties, which might lead to unstable implants i the long e,
Metals, although sometimes the only alternative, possess the advantage that they cin be
mechanically anchored into bone, but this will lead to the phenomenon OF Stress shlelding
which eventually, causes to resorption of the bone tissue [Sumner 01, Flulskes 91, Bobyn
'01). Corrosion of metals might affect the immune system, inducing n sensitivity reaction
[Remes '92). These shortcomings may eventually lead to o necessary removil ol the
implant, resulting in a second operation for the patient. Bioactive ceramics, such oy
hydroxyapatite, are highly biocompatible and possess bone bonding potentinl, bisl
unfortunately lack appropriate mechanical characteristics, They are used to repluce Hinig
in non-load bearing areas, such as the ear-canal wall and the Ossiculur ehin, Then
ceramics are also used 1o fill bone defects and are conted on titanfum devices 10 enhnned
bone bonding,

In short, an ideal material for reconstructive surgery should possess bone honding



properties, be degradable and have appropriste mechinnieal characteristion for the site
of appliention, The muterial should hrve bone bonding properties, bueause contiet of the
mterinl with bone tsue would prevent (brous tssue encapsulntion, A degradable
wterdnl, i bonded to bone could be replaced by new bone tissue at the implantation
wlte. These characteristios are thought to be met in the combination of polylnctide, n
dogradable polymer with satisfactory biocompatibility, and hydroxyapatite, o ceramic with
bone bonding potential. Hydroxyapatite/polylactide composites are tested upon their
abiflity 1o be used in reconstructive surgery, as is deseribed in this thesis.

Hydvoxynpitite

Hydroxyapatite i clinically used and has proven to be a successtul material in
eeonatruetive surgery (table 1) as well as in other disciplines [Geesink 90, Uchida "90],
I In slmilnr o the norganic component of bone, and is one of a range caleium
phowphinten thit have been studied for application as bone replacement materials [Farms
19, Denlssen 80, Jarcho '81, Winter ‘81, Hoogendoorn '84, Block "85, Alexander '87,
Duchieyne '87] Other caleium phosphates such as tricaleium phosphate, tetracalcium
phosphite, mugnestum whitlockite and fluorapatite differ from hydroxyapatite in calcium
phosphinte o, crystil structure and in dissolution properties [Klein '83, Driessens "8,
Pithn "89], The dissolution properties of these materials are thought to be related to their
bone bonding capnelties [Kotani'91, LeGeros 92, Ducheyne 93, Radin 93],

The mechnnism by which bone bonding with calcium phosphates takes place has
heen thoroughly fnvestigated. The process involved is thought to be as follows: a
dimalution of the caleium phosphate will lead to the formation of carbonate apatite
mierocrystals similar to bone apatite on its surface. The simultancous mineralization of
(he eollngen fibril containing extracellular matrix, which is deposited by osteoblasts on the
surtnee of the enleium phosphate, will lead to a unique strength at the interface [Daculsi
0, Legeros 92, van Blitterswijk '92). This process of bone bonding can be studied in
vitr by using the bone forming system of Maniatopoulos 88, For example, the effect of
sl vaeintions in dissolution properties, of caleium phosphates, on bone formation rate
o be sudied using this system. Hydroxyapatite can vary in ity dissolution rate,

depending on ity structure; amorphous hydroxyapatite degrades at a faster rate than
100%
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arystalline hydroxyapitite, The effect of varlations {n crystallinity on bone bonding has
recently been nsesved [de Brufjn 92 '02b, van Bliterswijk '92) and it was found that the
type of interface formed was related to the crystallinity of the hydroxyapatite. 1t wis
soneluded that dissolution of hydroxyapatite, to o certain extent, seems o positively nffect
the bone forming process. The fmpact of the crystallinity of hydroxyapatite on in vivo
Bone formation Iy currently under study by van Blitterwijk.

Since hydroxyapatite is subject to degradation at the ultrastructural level one might
expect that degradation of the bulk will eventually become apparent. The rate of
dogradation will depend on several factors, which can be classified into implant related
fuetors nnd into those concerning the biological environment. The implant related factors
somprise both physical (form, porosity, surface area and crystallinity) and chemical
properties (composition, lonic substitutions, impurities). The biological factors include a
pH decrense due to cellsmediated factors, infection, bone contact, bone type, animal
Apecien, nge, vex, hormone levels and genetic predisposition [LeGeros '88]. It is therefore

dithienlt to predict the lifetime of a hydroxyapatite implant.

Polylnctide

Palylnetide belongs to the family of poly-alpha-hydroxyacids (table IT). These
polymers are of interest for application as hiomaterialy because they will degrade in the
body, due to hydrolysis, to physically familiar substances [Barrows '86]. Different
gombinations of poly-alpha-hydroxyacids can be obtained by varying the polymerization
process and the cholee of hydroxyacids (table 11). Low molecular weight polymers are
obtiined by direet condensation of the alpha-hydroxy acids, whereas high molecular
wolght polymers are obtained by ring opening polymerization of eyclic lactones, such as
plyeolide, netide or mixtures thereof [Miller '77, Gilding *79, Kohn 83, Rak 85", Juni '87,
Nukamurn ‘89, Gogolewski '92). By varying the molecular weight and composition of the
polymers the degradation characteristics can be varied.

The degradation rate of these polymers will depend on their molecular weight,
moleeulnr orlentation, crystallinity, and chemical and physical structure, but the
mechunnivm of degradation will be mainly via hydrolysis of the ester bonds [Anderson "74,
Jaumshidi '86) A highly erystalline polymer, like poly-L-lactide, will take longer to degrade
than wn nmorphous polymer, such as poly-DL-lactide or a copolymer of poly-D1L-

Inetide/poly-glyeolide, due to the sterieal hinderance water molecules encounter by the

10
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attncking erystulling nrens,

The degradution mechnnism of polylnetide s much more complicated than initinlly
ansimed [L1'900,"90b, Vert '01), Most researchers assume that the degradation rute will
remuin constant untll complete elmination v established, Thiy led to an extrapolation of
the rate nt which the initinl decrease in moleculnr welght took place, to pn estimation of
the total time necessary for degradation [Brady ‘73, Chawla '85/86, Bow '8/,
Nakamurn'89), However, these estimations have not been verified by long term [allow
up studies. The degradation of the polymers was expected to be vin surfuce erosion
thereby relensing the degradation products consistently, but s was demonstrated by
Therin'92 that autocatalytic degradation in the centre of the materinl can oceur, This kind
of degradation can lead to a sudden collapse ol an implant, with the subsecquent releie
ol large nmounts of degradation products, The dimension of the bulk of the polymer s
thought to be of importance whether bulk hydrolysis occurs or not, Since degradation
In amorphous regions proceeds faster than in crystalline areas [Anderson "74] one might
expect fragmentation with erystalline remnants which are highly resistant to hydrolysis,

The above paragraph predominantly focused on degradation related to muterinl -
properties, however the influence of degradation products on living tissue should wlso be
nddressed, Assuming that polylactide degrades into o metabolic intermedinte, it eould he
eliminated by the body through conversion into pyruvate, this would than enter the
tricarboxylic acid cycle and finally be exhaled as CO, (fig. 1), This route was suggested
by Kulkarni for degradation products of polylactide [Kulkarni '66]; however, it issumod
an intracellular uptake of degradation products, since the tricarboxylic neid oyele tnkes
place in the mitochondrin. Phagoceytosed polylactide particles might be eliminated in this
manner, but degradation products of extracellular degraded polylactide will prabubly be
eliminated by excretion in urine or conversion into glycogen, as indicated by studios on
extracellularly administered L- and/or D-lactic acid [Corl '29, Tubbs ‘61, Judge ‘62, Alpeit
65, Brin '65, Giesecke '81, Conner '83, Brandt "84],

[n the past, very few fn vitro cytotoxicity tests with polyluctide have been
performed, probably because Kulkarni had already successfully demonstrited i i vive
biocompatibility 1966, Based on these findings many i1 vive studies with polylactide were
performed [Getter '72, Visscher '80, Hollinger 86, Chavanaz 'Ro, Leenslog ‘WY,
Schakenrand '90,'91, Bos '91, Majola '91, Matsusu 91 This led to some elinieul

upplications, including the use of polylactide in sutures and in bone surgery devices such

I



an plon and plites [Rokkanen ‘85, Box 87, Hitenmuller "HY).

Many studies performed with polylactides have revenled major diserepancies
Between data obtained under npparently similar conditions | Cutright "71a"71b, Cutright
92, Christel "84, Christel ‘84, Chaval '85/86, Jamshidi 86, Leenslag '87, Nakamura '§9).
These differences nre most likely caused by vardations in the manufactoring of the
polylnctides used, or they may have been introduced after production, since these

polymers are water, heat and irradiation sensitive (Gupta '83].
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Fig | The monomeric units of lactic acid become incoperated in the tricarboxylic acid
gyele. (JO Hollinger, GC Battistone, Biodegradable bone repair materials,
synthetic polymers and ceramics, Clin Orthop, 207:290-305, 1986)

Componites

[ydroxyapatite is o caleium phosphate with bone bonding potential but
unfortunately it does not possess sufficient mechanical properties for load bearing
upplieations. Polylactide is a degradable material which apparently has satisfactory tissue
computibility for medical application and can be produced into a material with suitable
mechunical properties for load bearing applications. The combination of these two
Ilomuterinls I thought to be a bone bonding, biocompatible, degradable material that

might possibly possess improved mechanical properties.
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Table 11 Chemleal structure of ditferent poly-nlpha-hydroxyncids
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Severnl componites of palymers with hydroxyapatite have been teported
[Koenemann 86, Claes "o, Bonfleld '86, Rueger 86, Alexander 87, Doyle "Ml Bonfield
M8, Dayle 88, Minabe ‘88, Scalzo "89], including the combination ol hydroxyapatite and
polylaetide [Tencer "85, Tkada "85, Higashi '86]. Tencer conted porous hydroxyapatite with
polylaetic neld and concluded that the coating increased the mechanical properties of the
muterinl to properties equivalent to or greater than cancellous graft, Tkada mixed low
moleculnr welght poly-DL-lactic acid with hydroxyapatite particles and an antibiotic.
Sumples were implanted in rat tibiae and were also investigated in vitro for the release
ol niiibioties, The results showed that the composites used had a capacity (o release
antibloties, were compatible with bone, and were hioabsorbable, but evidence of a direct
Bone contuct with the hydroxyapatite particles was not shown. However, this was reported
by Higashil, who tested several polylactic acids and polylactides to which hydroxyapatite
purtieles were added both in vitro and in vivo. Apart from the compatibility with bone,
b ilser reported that the solubility of hydroxyapatite was markedly enhanced when mixed
with polylactie neid oligomer,

The composites deseribed in this thesis were produced by adding hydroxyapatite
©particles prior to polymerization of the polylactide. The hydroxyapatite particles were
expooted to enliance the mechanical properties of the polylactide matrix. The mechanical
properties of different hydroxyapatite/polylactide composites have been tested by
Verheyen '93; the values obtained for these composites are shown in table 111 Daniels
00 reviewed the mechanical properties of several related biodegradable polymers and
composites which were proposed for internal fixation of bone. Verheyen compared these
vitlues with those of his own study and concluded that the addition of hydroxyapatite
purtieles did not improve the upper limits that have previously been reported for unfilled
polylnetide [Verheyen'92].

The composites were sterilized using ethylene oxide, because sterilization by steam
ar feendintion is known to affect the molecular weight of polylactides. The tests showed
lowever, that sterilization in ethylene oxide also decreased the molecular weight, as well
ui the flexural strength, The storage of these composites at 200 or -80 °C did not
sgnifieantly affect the flexural strength whereas siorage at room temperature did. The
physleo-chgmical properties were tested in vitro using different buffers to monitor the
relense of lnetate and caleium, which are both indicators of degradation. The composites

tested were composed of 30 % hydroxyapatite or 50% hydroxyapatite (w/w), and were

1

compured to specimens of polylnetide without hydroxyapatite, The release of etite wis
Hnenr and significantly lower for the componttes s compared (o the unfilled polylnetdde,
A slmilar prttern wan obtained for the cnlelum relemse, An enhineed solubility of

hydroxynpatite, due to the degradation of polylasetide, was not demonstoated e viero,

Table 11 Hydroxyapatite/polylactide composites investignted by Verheyen et al, "02

M/ [ wtZ A | My (T=0) | My (ster) | Sflex (T=0) Sllex (ster)
2000 10 130,000 110,000 833 = 148 602 &= 3.5
o000 00,000 250,000 (1317 % 11.0 JOTT e 20d
A0 150,000 125,000 03.0 & 2.8 750 & 4.5
S0 100,000 15,000 52.8 & 124 501 & 53
2000/ 150 125.000 115,000 74,7 £ 8. oYU, 1 & Ko
M/l monomer/initiator ratio

wi % HA % hydroxyapatite added to polylaetide

My molecular weight (viscosimetry)
Nler, alter sterilization
Sllex flexural strength

in vitro testing

Biocompatibility testing of all materials intended for medical use should be
performed prior to clinical application. "These materials include any synthetic or nuturnl
polymer, metal, alloy, cernmic, or other non-vinhle substance, neliding tssue rendered
nonsvinble, to be uged ns o device or any part thereol, The SO (Internationnl
orgunisation for standardization) has developed guidelines for the biologleal evaluation
of medical and dental materials and devices.

Table IV gives an impression of the classilication of the materinls ntended for
medical use and the order in which the proposed tests should be performed. Significan
i the faet that all materials should be tested upon thelr eytotoxielty prior (o further
evaluation, Cytotoxieity ean be deseribed ax o process that injures or kills o Hving eellund

imaterial can only be deseribed ax eytotoxie fn relation 1o iy effect on cells in n defined

15
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clreumutance, Tn practive, (€ ean be determined using tests which determine the lysis of
Dinvlin ntegoriin —— .. (] . — i ;
| | celly (cell death), the (nhibiton of growth, and other effects on cells oaused by tost
Dowly rontaet Contnet
hie A1) "'-'ln':':; prterfnd(a) and/or extracts from the materinl(s), To ldentify the eytotoxieity of o materinl
LU
P E Is unquestionably of major importance, but it s dependent on the asy, the cell type nnd
Iimites
oxpoNIe « the muterin used and {8 essentially o description of the material properties under dofined
(<nny o i
E conditfons, It iy dependent on several factors, therefore, many different nasiys ne
I Molonped b \
aNppALLD E E g : deseribed in the literature [Guess '65, Rosenbluth '65, Sudilovsky "77, Tardiff “7H,
(2N (o . ) E :
A0 diyn) i B E : Wennberg '79, Ulreich '81, Schmalz "85, Cervinkn '"90, Sgouras '90, Srivastava "0,
¢ ormanent E g g E Kjellstrand 91, YanLuyn 91, Fortunati ‘91, Ciapetti '92). In view of this, various eell
coninct o !
(230 diys) types and preparation methods for the test materials have also been suggested [Flaustvelt
—
Bkl T X | X | X ‘B4, Harmand '86, Spangberg 88, McGauly '90, Rosdy 90, Saltzmann 91, Clmn 91,
A XXX Clornelis "01, Clenni '92, Cornelis "92].
( o] o : y iy
: - — Ihese tests can be subdivided in to assays which indicate the viability,
Muroun A XX |X \ M y "
e o M proliferation, activity (both cellular and metabolic), adherence, ability to synthosize,
I S e
H i X | % | X i morphology, and differentiation of cells, These tests can be generally categorized into;
F
e lied JAASE L = ]l XX
y Miilee B N i) nesessments of cell damage by morphological means,
(& X ellix X X ) measurements of cell damage,
Wl path A X | x| x X ¢) mensurements of cell growth,
Tnlleed L T X .
L XXX A ) measurements of specific aspects of cellular metabolism
E ( X | X X|x | X X | X | X
|:::I.:’:v‘l'.l.‘;.‘.l.l-";‘.‘i::n|| Y R I S e W . Most tests indieate whether the sample is eytotoxie or not, rather thinn nasessing
I X | X XX y i) y ‘ ip .
s the degree of toxicity, Some studies attempt to quantify the degree of toxielty, by
& X% il X
— R eategorizing the number of non-viable cells, but are still based on the all or nothing effeet
Chnltlng a _{\ X X X X X -
ﬁ (e 1y [ ) " 2 expressed in cell death, However, the cells may be affected by a material and nof
, : oo e s sl i o e e T necessurily die; this effect is still best seen using morphology and/or by mensuring
P/l A Xl x[x metnbolic activity. The proliferation of cells can be determined by counting cell numbers
I x| x | aver o certain time period, however, it remains difficult to distinguish between cell donth
- « REI X | X X | X and inhibition of multiplication,
H i A o e S [l X | X The reciprocal effects of the different factors involved in eytotoxieity (assny, vell
! 1 o 0 1, 5 O 7 9 38 and materinl) were investigated by Johnson et al part 183 and 11 "85, He conelucded that
- - X [0l S )
LT | - ) I B b it I8 necessary to use several preparation/test methods and cell types (o evaluate the
Table IV 150 guidelines for biological testing of medical materials eytotoxicity of o material, because of the diserepancies between the varfous tent results,
16 1



e chofee of which test should be ued i not indicated by the 150 protocaly, but whould
be made by the "approprinte prolessionals’,

The intention of several authors to reduce the number of tests necessary for
oytotoxieity assessment is expressed by Cingl et al '91, who found a solution in the ehoice
and standardization of test protocols in eytoxicology by using a multicentre approaeh,
Kjellstrand ‘91 compared 653 polymers intended for use in extracorporeal renal
peplicement therapy in a retrospective study to assess the ability of a single test or
somblnation of tests, to predict the decisions taken on the basis of the large test battery,
On (he basls of this study it was concluded that only a limited number of tests have to
be performed when assessing polymers intended for use in extracorporeal replacement
therupy. Unfortunately these results can not be extrapolated to other materials intended
for other uses.

‘The continuing development of new tests is related to the development of new
ity slthough improvements of already existing tests are also elaborated, The trend
wiileh ein be extracted from the kinds of materials which are developed today is the shift
from uasumed non-degradable materials to biodegradable materials. The tests developed
by Homsy "70 were based on the assumption that the in vitro degradation of polymers
wonld be necelernted at high temperatures, thereby releasing compounds which are also
axpected to be relensed in vivo after long term implantation.

The proposed 1SO tests today, also partially comprise an accelerated test, although
(he temperntures are lower and the exposure time is divided into different intervals up
1 60 duys 18 compared to the test of Homsy. If however, polymers are degraded in vitro
I order (o investigate the effect of degradation products on cells, one must consider that
degraduble polymers release more components into the surrounding fluid than would
aeeur for the non-degradable materials. Apart from the type of material released (toxic
ndljuvints such as plasticizers and antioxidants or impurities) which can affect cells even
In low concentrations, one should also consider that high quantities (high concentrations)

of ewsentinlly non-toxic materials may still suggest toxicity.

OBJECTIVES OF THE STUDY

The nlm of the present study wos 1o test the sultability of hydroxynputite/
polyluetide componites for appheation n reconstructive surgary n the muxilofueial aren,
The mechunienl properties, os well ns the tsste compatibility, are important fmeto o
determinntion of a final application of such o composite, The tssue compatibility
fnvestigated In this thesis,

The hydroxyapatite/polylactide composite i expected to be degradable and o
possess bone bonding potential, The degradable properties of the material are clossly
relnted 1o the polyletide part, Therefore, an eventunl tssue renction will most Hely be
giused by the degradation products of this materinl, The possible short and long term
offects of polylaetide are investigated fn viro by presenting polylnetides (o cells o
different stages of degradation. Different cell types will be o contact, directly o
Indirectly, with these polylactides when implanted, therefore several cell types wore inad
in the fn vitro experiments, To agsess the in vitro biocompatibility of palylaetide, ditferent
amsnys were used; these experiments are described in chapter T1 0T and 1V, Chapter 11
[oeuses on the quantitative agpects of these experiments, wherens chapter I [oeuses on
the qualitative facets, The results of these chapters formed the basis for the experiment
degeribed in chapter IV, The effect of large amounts of degradation products of
polylnetides (represented by lactic monomers) on cells was investignted.

Of course, the in vive reaction is much more complex than can be investignted in
in i vitro model, since one of the determinants for tissue compatibility is related (o the
inflnmmatory response evoked by the material, The inflammatory response of polylaetide
was determined by using an intraperitoneal injection model (chapter V), The mali
mdvantage of this model is that the wound reaction which normally oceurs nfter o more
Invasive surgicnl procedure, is largely avoided,

The bone bonding potential of hydroxyapatite/polylactide composites
will be attributable to hydroxyapatite. In this respect, an in vitro bone forming systein wis
used to [nvestigate whether the percentage of hydroxyapatite present on o polylnetide
surfnee (ndeed had an effeet on the mineralization of the mateix (chapter VI,

Finally, in chapter VII, an fn vive experiment is deseribed which investignted the
bone bonding potentinl of hydroxyapatite/polylactide composites after implantation in
bone tissue, The polylactide part was varled (o create composites with different
degradation rates,
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IN VITRO BIOCOMPATIBILITY TESTING OF POLYLACTIDES
PART L PROLIFNERATION OF DIFFERENT CELL TYPES

A vin Sliedregt, AM, Radder, K. de Groot and C.A, van Bliterswljk

Laboratory for Otobiology & Biocomputibility, Biomaterinly Depurtiment,

nnd the Biomaterinls Research Group, University Hospital, Leiden, The Netherlands,

ABSTRACT

Four polylactides, P<L-LAs 100 KD, 240 KID; 500 KD and a P<DLLA 400 KD
wure tested fn viiro by using five cell types. Middle enr, enr conal and ol septun
epithelinl cells were used us well as fibroblasts and osteosarcoma cells, The profiferntion
ol vells wag studied by culturing on polylacticde films and by culturing with medin based
on artiticinlly aged PLA. The fibroblagts and the nasil septum epithelinl colls were nlio
eultured with medin containing Ls or - monomers in different concentrations, Sigmifiemant
differences in cell numbers of polylactide cultures and/or controls were observed, These
ditterances viried per cell type and experimental setting, In general the blocomputibility
of the PLAs way satisfactory, Some inhibitory effeet on the proliferation of high (10 mg
ml"y monomer concentrations in culture medin was seen,

INTRODUCTION
Polylaetide (PLA), o degradable polymer, has found a lHimited elinenl application | 1
A Polylnetide is degraded by o random hydrolytic chain seission process; this iy deseribed
Both e vive and n vitro [5,6] and it hag also been found thit enzymutie degrndition
eours i vigro 7] and dn vive (8] The degradation rate of PLA polymers seaims (o
depend on experimental setting, wherens the molecular mass and the composition of 1
nnd/or D enantfomers are the madn determinants of the degradation rute [9<11], Some

phuetion revenled that after almost o year of implantation polylnetice fmplants enn still b
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present, hardly changed fn shape or i [9,12:15], Other implunt studion show that
relutively high degradation could occur [16,17),

Studying the effects of the degradation products on individual tissues i vivo
encounters difficulties because implantation is attended with a wound reaction. In vitro
cell eulture studies have the advantage of relatively well controlled variables. Most of the
el typos normally present at the implantation site can be individually studied in vitro.
[t i known that in vitro cell testing is a very sensitive method for biocompatibility testing
[14,19]. Generally, in vitro toxicity is in concordance with in vivo results [20], but
diserepuneles were also observed (21,22].

I the present study the effect of polylactides, with different degradation rates, on
cell proliferation was quantitatively evaluated in vitro. Three poly-L-lactides were used
s well iy o poly-DE-actide. Three distinct experiments were performed by using five
different cell types, Three types of epithelial cells were used; middle ear-, ear canal- and
il septumeepithelial cells. An osteosarcoma cell-line with osteoblastic properties
(representing a bony implantation site) and fibroblasts were used. The osteosarcoma cells
were derived from tumour cells and might therefore respond differently from non-
neoplastic (bone derived) cells, These five cell types were representatives for an ear, nose
and thront fmplantation site. To test the polylactides, various experiments were
undertiken, In the first, cells were directly exposed to the polylactides by culturing on
PLA {flms In the second, the long term degradation of polylactide was simulated by
exposure off cells to degradation products of artificially aged polylactides. The solution
mimicking the long term degradation was used as a basis for culture medium, Finally, in
(he third experiment the cells were given different concentrations of the end-products of
LA degradation, The L- and D- monomers were added in different concentrations to

(e culture media to investigate whether an effect on the proliferation could be defined.

MATERIALS AND METHODS
Palylnetides
The polylactides examined in this study were supplied by Purac biochem by,
Gorinehem, The Netherlands. Three poly(L-lactides) with molecular masses of 100,000,
240,000 uud 500,000 Dalton and a poly(DL-lactide) with a molecular mass of 400,000
Dalton were used and two lactic acid solutions, D-lactic acid and L-lactic acid both 90 %

wiv, were supplied by Purac,

=
o

I . Coll types and enlture conditions

The cell typon used n the experiments were tat epithelial gells orfginnting from the
middle ear, the ear conal and the nagal septum, Human fbroblosts aod o buaman
osteosnreoma coll line (23] were also used, All the cultures, except the osteosarcoma celly,
were arlginally obtadned from explants in our lnboratory [24], The asteosircomu colls nre
it from S, Rodan, Merck, Sharp and Dome Laboratories, West Point, USA,

The cells were cultured with Dulbeceo’s Modifled Fagles Medium and 12 (na 3
rutio to which hydrocortisone (0.4 pg/ml), isoproterenol (10° M), penfelltin (100 U ml),
streptomyein (100 pg/ml) and 5% foetal eall serum had been added. Epfdermal Cirawih
Fuetor (10 ng/ml) was added after three days of culture, The medium wis chnnged twice
0 woek, The cells were cultured in 10 % CO, at 37 °C.,

The cells were harvested from 14 em culture dishes in their § th or 6 th passage by
typalnlzation, except for the psteosarcoma eells (23] of which the number of pussages by
not known. The epithelial cells were plated at o density of 1 x 10" cells per 35 mun dish
together with lethally irradiated 3773 feeder cells at the same density, The 313 celly were
pxposed to 3000 Rad (30 Gy) during 6.2 minutes by cobalt 60 gamma lrradintion, The
Hbroblnst and the osteosarcoma cells were plated at the same density but without the
AT,

The test conditions in which the cells were studied were
(1) culture of cells on polylactide films, (1) culture of cells with medin based on the

urtitietnlly nged PLAs, (¢) culture of cells with lactie acid monomers,

Ixposure of the cells directly to the polylactides

All the cell types were cultured on polylactide films for up to 2 weeks, The Himn
wore prepared by a solvent easting method using 5% PLA (P<L-LA 100, 240, 500 K13 o
INDLLA 400KD) in ehloroform (w/w ratio). The initinl thickness of the Hlms was A00
g, The films were cut into cireular pieces to fit into 35 mm culture dishes (Cireiner),
They were then thoroughly rinsed in running tap water overnight and then washed o
dintilled water and adr dried, The night betore cell culturing the dishes with the flms were

slerilized by using UV light. The normal culture plastic (TCPS) served o o control,

Avtifielnl nglng medin

Polymers degrade foster at elevated temperntures and thereby libarating ndditives
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and toxde low moleealar compounds, when introduced during processing and/or s nresult

of degradation iell. The ndditives and/or toxle low moleculur compounds will diffuse out
the materinl into the extraction fluid, Parts of the same [y ns used (o the First
experiment were cut into pieces and exposed ta 115 “Cin o pseudo-extracelluar fluid
(PHCE) for 60 hours,

jon concentration (meg/) of PECE

Na' 154.5
K* 5.4
Cl 118.5
HCO, 44

Ihe surfnce area of the polylactide films was 0.38 em’ ml! extrusion fluid. This method
fik been deseribed in earlier publications [20,25]. The heat-exposed solutions were used
an i bidy 1o prepare nutrient media for cell culturing. These media will be referred to
i artitielnd aging media, The heat-exposed pseudo-extracelluar fluid without PLA served

Wl i bsds for the control medium,

Coneenteations of Le and D- monomers

I the third experiment only nasal septum epithelial cells and human fibroblasts
were cultured tnmedium containing 0.001, 0.01, 1, or 10 mg ml* L- or D-monomers, also
fur two weeks. The lactic acid solutions were, after adjusting the pH with NaOH, added
10 toutine eulture medium in the different concentrations. Routine culture medium
yerved as 0 control as well as routine medium to which sodium chloride ions (NaCl) were
added. The amounts of sodium chloride were 2.18 mg ml, resulting in an osmolarity of
VR mOsm 1, However, the concentrations of 10 mg ml* increased the osmolarity to
ahout 500 mOsm I (Fig.1), because the monomers were added to media which already
e oxmolarities of about 337 mOsm I, Therefore, in a subsequent experiment the media
wore prepared by adding ingredient after ingredient thereby reducing the amount of
sodium ehloride so that the monomers could be added, resulting in a limited increase of
onmolarity (Fig.2). Controls were made by adding normal amounts of sodium chloride to
the media (resulting in medium similar to routine culture medium) and by adding 5 mg

ml" sodium chloride resulting in an osmolarity of 500 mOsm 1",

L

600 11
L-Monomer D-Monomer
Hoo 9

A00 1

400 1

mOsm/l

2001

1009

-3 -2 0 1 . ]
A 5] 10 10 10 10 1!‘.1':l I(?a 10 I(]1

monomers (mag/ml)

Fig 1 The osmolarities of medin (mOsm 1) o which ditferent concentrations of 1
or Devmonomer were added, Contral A is routine culture medium, Contral B (s
routine culture medivm 4+ 20018 mg ml! NaClL The |

; and Demonomers nre ndded
i the coneentrations 0,001, 0.01, 1 and 10 mg ml',

Cunntitative evaluation

For nll three test conditions cells were counted on day 1, 4, 6, 10, nnd 14, For the
pecond and third experiments, cells ware also counted on day 3, Three dishes [or each
mimple were used, Statistical analysis was performed for each cell type per experimnenl
by using multisanalysis of variance (MANOVA) ol the logarithmic transformed cell
numbers ot a conlidence level of 95 %, On the basis of the edleulntions made by 1he

MANOVAS multiple range tests using the Shelfé method were performed, Multiple

Phnge testing 8 useful to obtain g impression of which condition(s) was or were |
stgnificantly different, The multiple range test ronks the cell numbers, Statistioul

dilenlntions were performed with the software packoge STAT GRAPHICS,

Light microscopy

I'he cell cultures were observed by using o phose contrast microseape, Cell cultures

wore Hxed in 1,5 % glotaraldehyde in 0,14 M sodium encodylnte bulfer (pld 7.4, 4°C) Lo
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at lenst 2 hours and post fixed with 1% osmium tetroxide solution ot room temperature

for 30 min or overnight at 4°C,

600 -|/| (b)

600 1 (c)
4001
&
0 3001
Q
&
2001
1001

test media

g2 The osmolarities of media (mOsm 1) to which L-monomer (c) and D-
monomer (d) were added (10 mg ml*) without increasing the osmolarity. Medium
with extra NaCl (b) (5 mg ml') served as a control as well as medium with
pormul amounts of NaCl (a).

RESULTS

Kxposure of the cells directly to the polylactides

Proliferation of the cells on the polylactide films was studied by counting cell
sumbers after 1, 3, 6, 10 and 14 days of culture. The cell numbers were statistically
evitlunted and the shapes of the growth curves were comment upon; not all data are
ghown in figures, The cell numbers of the controls (tissue culture polystyrene) were the
highest during the two weeks of culture for all cell types, except for the middle ear
gpithelfum, The middle ear epithelium and the fibroblasts revealed no significant
differences in cell numbers for the control and the polylactides. The growth curves of the
humin fibroblasts are shown in Fig,3. The nose epithelial cells and the osteosarcoma cells

showed only signiticant differences between the control and polylactide 100 KD, The ear

Ay

cnnnl epithelinl cells showed only o slgnifioant ditfference between the control nnd

polylnetide SO0 K1

25
20
'y}
&
= polylactides In
48
4 g “ PLA 100
% ,/ " - PLA 240
210 * PLA 500
@ o PLA DL 400
5 * Control
0

12 14

days

i3 Growth curves of human fibroblasts cultured on polylaetide (lms

In general, the proliferation of the eells on the polylactide [ms a8 comprred with
the control revealed a similar pattern although some retardation could be obyarved, The
g cunil epithelium revenled a differently shaped growth curve for cells eultured on the
polyineticde fitm 100 KD as compared with the others, The cell number neromsed
throughout the two weeks whereas the others alreacly revenled o slight decrense or o
plitenu witer 6 days of culture (M), Proliferation of cally on the (hms was cditcult 1
axnming by Hpght microscopy beonuse the Hims were in genernl insutficlently transparait

With fnereasing culture time the Hhme becnme more apigue,
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cell numbers x 10-5
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“+ PLA 240
10 TS PLA 500
- PLA DL 400
- Control
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days

g4 Clirowth curves of ear canal epithelial cells cultured on polylactide films.
Stntisticnl ealeulations revealed differences between the polylactides andfor the
control. A barchart of the ranking order of the materials per cell type is shown
in Iy 5 One case excepted, the control had the highest ranking numbers
wherens the polylactide films revealed variation in ranking numbers.

Artifieinl nging media

Clell proliferation was studied by counting cell pumbers after 1, 3, 4, 6, 10 and 14
duys of eulture, The cell numbers were statistically evaluated and the shapes of the
growth curves were comment; not all data are shown in figures. Statistical calculations
showed (hat the osteosarcoma cells proliferated less in the artificial aging media based
o the polylaetides 100 and 240 KD than in the other artificial aging media (Fig.6). The
ather cell types did not show this phenomenon.

In general, the proliferation pattern of the cells cultured with the PLA artificial aging
medin were similar to the control artificial aging medium. The artificial aging medium

bused on polylaetide 240 KD displayed a slightly different growth curve for the middle

kh

[—_—

et eplthelium, A platenu was not rerched but an inerease I cell number up o diy 14
witk seen (g 7).

ranking number
N @ A2 OO

—

cell type

B conTrOL [7]PLA 100 [ ]PLA 240 [ PLA 500 [IPLA-DL 4

Fig.5 The polylactides and the control with the corresponding ranking numibers
per frtl-Il type are shown. Ranking number | indicates lowest cell number, *
Significantly different from the control (p=<0.05),

The cultures could be well observed by using light microscopy, tn contrast with the
Irst experiments where the films hindered observation, The proliferntion of celly cultured
with the PLA based artificial aging medin was similar to those cultured with the eontrol
artificinl nglog medium. The inerense of cell numbers was generated fram colomion
eventunlly resulting in confluent cultures, Confluent cultures were nlrendy present after
pix days of eulture, except for the ear canal epithelinl cells which were confluent after 10
duys of eulture, The fibroblasts and the osteosnreomn cells developed o steatilieation of

velly combinad with o parallel orientition of eells nto trngks,
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* Sintintien! caleulations revenled differences between ylactides and/or the
santrol. A barehart of the ranking order of the materinly per uell type s shown in Fig 8,
A varlntion in ranking numbers is seen for all conditions.

polylactides in KD
- PLA 100

= PLA 240

-+ PLA 500

- PLA DL 400

-¢- Control

days
Tig.6 Growth curves of osteosarcoma cells cultured with the artificial ageing
medin,
Monomer coneentrations

1n this experiment we investigated the effect of different monomer concentrations
on cell proliferation. The cells were counted after 1, 3, 4, 6, 10 and 14 days of culture.
O the used concentrations only the highest concentrations, both L- and D-monomers,
qulﬂﬂl an apparent retardation in proliferation. Fig.9 shows the ranking numbers of
LG Mﬂl typaa for each culture condition. Some discrimination in the ranking order is

T with the ooty Al e e o e R Y
| with the corre | il |I J | Aonomer A ‘._',-'." |"'i',:"_.1-","'||'":t_—l. 'I',"‘_".r |

- besldes the highest mnnurmlinm only the 1 mp ml' Damonomer wu
ificantly lower (rom the other Lsmonomer coneentrations, For the nose epithelinl wh
el u devintion was not observed,

- 3000 |

2600

£ 2000 | polylactides
“ PLA 100
-_ ~* PLA 500
1000
3 “ PLA DL 44
-+ Control

500 |

| 1 1 ! | ! |

0 2 4 6 g 10 1% 1%
days

Fig. 7 Growth curves of middle enr epithelinl cells cultured with artificinl ugeing
meddia, | |

_ As mentioned before, of the concentrations used only the highest concentrations,
hﬂh L and D-monomers, revealed an appurent retardation (n proliferation, However,
@t-"bunolnritiu were inerensed 1o a level of upproximately 500 mOusm 1, To mm s
‘whether this wis caused by the high osmolarities or the high monomer eummtnm
the cells were also cultured with routine eulture medium o which sodium ﬂﬂnﬂﬂl _.




added 1o the sume level of 500 mOxm 1" and compared 10 celly pultured with medin (o
whieh 10mg ml!" monomer was added without (nerensing the oxmolarity considerably (by
Jowering the nmount of sodium: chloride and replacing it by high concentrations of
monomer). The osmolarities were 406 mOsm | for the L-monomer and 347 mOsm | for

e Damonomer. The cell numbers of the cultures with high monomer concentrations

Culture with Artificial Aging Media

77777777 7777

Fig.8 The polylactides and the control with the corresponding ranking ]:umhe:i per
el type are shown. Ranking number 1 indicates lowest cell number. * and ** are
significantly different (p<0.05) from each other.
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ngnln revenled retnrdutions whileh were not significanty different from the medinm of
whieh the osmolnrity wis nerensed 1o level of SO0 mOmwm I 00), This was observid
for both cell types, The cells cultured with the routine eulture medium had sigaifieantly
higher cell numbers than celly glven media with the monomens or high sodfum ehlorlde,
Hoth eell types used, nose eplithelium and fbroblasts, showed a normal proliferation

puttern uslng Hght microscopy, The nose eplthelium was confluent alrendy after 4 days
ul culture,

- CONTROL A L« and D=monomer concentrations
B conTROL B 12
B o.co1 L Vol
W 0.01 L - E
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concentration mg/ml \

Fig 9 Ronking numbers of both cell types for ench culture condition, Runking
number 1 indieates lowest cell number. (0)Signiticantly (p<0,08) lower eoll
numbers than the other concentrations nnd the control, (0) Signiticantly differsnt
from the Lemonomer concentrautions and the controls but not from the other 1
monomer concentrintions,
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g 10 Growth curves of nasal septum epithelial cells cultured with Tcdia
containing 10 mg ml* L- or D-monomer, medium to which 5 mg NaCl ml” was
added resulting in a 500 mOsm 1", and a routine culture medium.

DISCUSSION AND CONCLUSIONS
The polylactides tested in the present study showed differences in cell proliferation.
e differences between the polylactides and/or the control were dependent on cell type
und experimental condition. A prominent retardation or stimulation caused by the
polyluctides was not observed. This was seen for the exposure of cells directly to the films

us well as for the exposure to the artificial aging media. Although in vitro cell testing is
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' Wvery sensitive method for blocompatibility testing, to diseriminate toxie from nonstoxie

materinly seems to be ensler thun to determing the degree of toxielty [20,25-28], Sinee
disstmilarity In resetions of distinet cell types towirds the same muterial occurs i v
[29,90] ax well ns e vivo [31], 1t Is necessary to test with the cell types present it the
Implantation: site. Epithelial cells will normally not be in contact with an implant,
However, diffusion of toxic compounds out of the (mplant could eventually rench
epithelial cells, Therefore epithelial colls should be ineluded in testing muterinls which
will nat be in contiet with epithelium i vive,

The experiment in which the cells were cultured with the monomers of polylactide
tevenled that the amount of cells grown in media containing 10 mg ml" was significantly
decrenyed as compared to lower concentrations, Cells cultured with medin of which the
osmolarity was inereased less by reducing the nmount of NaCl, demaonstrated that the el
numbers were not significantly different from those cultured with medin with
osmolarity of 500 mOsm 17, Some effect caused by the monomer concentrntion |
therefore likely, Further investigation on this topie {s required to exclude nn offect of
osmolarity [32]. The question is whether the concentration of 10 mg ml" s 0 realintle
eaneentration for fn vive situations. It is possible to imagine that a polylactide block of
L em' (virtually 1 ml) is implanted and degrades suddenly for 1 % fnto its monomens
tnusing o 10 mg ml' release. However, the in vitro results of the present study should ot
be extrapolated directly to the in vive situation since, for instunee, in these vl
experiments o pH effect is excluded,

From the present results it can be congluded that the fests were not nulficiently
onsitive to discriminate between the polylactides differing in moleculnr muss or
composition in a way that a specific polylactide could be deseribed as an {nhibitor o
Mtimulator of cell proliferation, The polylactides tested by culturing cells on films and by
eulturing cells with artificial aging media (based on the degradation products) revealed
i satisfactory biocompatibility, Significant differences were observed, but these varled per
eell type and/or experimental setting. The monomer experiments need further
fvestigation,

Quantitative testing, although very useful in evaluating large aumbers of cell types
under various conditions, s a restricted approach to biocompatibility testing, Qualitative
spects also need to be considered, In chapter 11 the morphology of the cells using light

microscopy, transmission and seanning electron microscopy (v deseribed,
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IN VITRO BIOCOMPATIBILITY TESTING OF POLYLACTIDES
PART 11, MORPHOLOGIC ASPECTS OF DIFFERENT CELL TYPES

A.vin Sliedregt, K, de Groot and C.A. van Blitterswijk

Laboratory for Otoblology & Biocompatibility, Biomaterinls Department
’ '

und the Biomaterials Research Group, University Flospital, Leiden, The Netherlunds

ABSTRACT

Four high molecular weight polylnetides, three poly-L-lnetides of 100, 250, 500 ki
and o poly-DELslactide 400 kDa were tested qualitatively in vitro, Cells Wt"T't'.t‘l;lllI.H il
pu‘llylm'tklc films and with media based on the artificially nged |Jlliy|lll'll'lltfﬂ-ll.;& wall n; ‘w::::
different concentrations of the final degradation |)|'nulult.'|.s' {nmnmm'tul] Implunt slte
relited cell types were selected. Three kinds of epithelial cells (middie enr .vur cinil ‘I
nisul septum) as well as fibroblasts and osteosarcoma cells were used .(‘Ilm.rlu‘l 5§ 'Il:ll*'mli'
FIiII lour polylactides was the normal morphology of cells when L'.lI||I.II"I'.I.I| an n:llhu';l:ll
tilms and with the artificially ageing medin. Although the polylactide films |c-Lt-||5IJL'tlIMI:1I
unltjnw.rcd spots after 14 days of culture, the control cultures were nlrend l'l!l:llilll'i-l The
different concentrations of monomers revealed normal cell nlnl‘l)lmlnuiryw excopt ll'u.l ll'l"
10 mg ml" concentration, which showed larger fibroblasts and !Iw‘ nlmnll e ml"
epithelium showed more signs of terminal differentiation for the 10 mg |.nl' I')~nuu|f||u:|.
than was seen for the L-monomer even if the osmolarity was adjusted, The degradation
products of polylactide are not expected to cause adverse reactions when implanted, sine
cell cultures with monomer coneentrations up to 1 mg ml l'r..'mlh']d in ﬁ'::‘r::::l

mol |i|li)|Hj_..’lt 8. In Ihl IS ﬁl ‘ll - (& = ) eove ol I ylll 'l[l (4 ”I"Iu
i ¥ Stu l)‘ were |h - C(.'“N 1ot “h!(' 1 \ |
20 covel ”“ " ’I L& ]
[N I!'I|}lt’lt‘iy.

INTRODUCTION
Polyluctides are already used clinically in ditfferent diseiplines such as muxillofacinl
surgery, dentistry and orthopaedies [1-3], Research v still extending o (mprove the

chirneteristics of the polymer, As o Hist approach of testing newly obtained polymers

i



oo studies should be used [4+6], However, biocompatibility studdion of polylactides nre
regulitly performed fn vive but seldom tn vitra | 18],

[t viro biocompatibility studies have the advantage that cellsmaterinl internctions can
be studied without the predominant wound reaction (hut normally occurs after
(mplintation, Such a wound renction interferes with the events caused by the material
(well. Besides the lack of an interfering wound and inflammatory reaction, the sensitivity
ol In virro biocompatibility tests is known to be equal or greater than that of in vivo
studien [5,9,10]. In general, in vitro studies use quantitative measurements to determine
an effect of the material on the cells, as was described in [11]. Qualitative evaluations
guch mn the morphology of cells are supplementary to quantitative measurements [12].
Normal phenotypie expression of cells is a major indication of its well being. The cell
yurfice appearinee and intracellular accumulation of degradation produets, for instance
iy lysonomes, are areas of interest that can be studied. Culture dependent occurrences
pueh ae confluency, stratification and differentiation can also be observed.

Iy this studly high molecular weight polylactides, three poly-L-lactides of 100,250 and
$00 KD and o poly-DL-lactide 400 kDa were tested qualitatively in vitro. Cells were
cultured on polylactide films, as an approach to the in vivo situation shortly after
[mplantation (degradation was hardly expected in the culture period of 14 days). Two
other experimental settings were chosen in such a way that different stages of degrading
(mplants were imitated in vitro. Therefore, the cells were either cultured with media
Bused on the artificially aged polylactides, mimicking long-term implantation periods, or

{11 different coneentrations of the monomers resembling the release of final degradation
products within a particular time period. Implant site-related cell types were selected to
eviilunte the polylactides, because the sensitivity can depend on the cell type. The in vivo
phenomenon that different cell types can respond differently towards the same material
[13] was nlso demonstrated in viro [14]. In the present experiments three kinds of
epithelinl cells, a stratifying squamous-, a pseudostratified-, and a simple squamous
epithelium  were used. Fibroblasts and osteosarcoma cells were also used. The
oteosircoma cells are derived from tumour cells and might, therefore, respond
differently from non-neoplastic (bone derived) cells. The cells were evaluated with light

mieroseopy, sennning electron microscopy (SEM) and transmission electron microscopy

('TEM),
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MATERIALS AND METHODSN

Polylnctides

The polylnetides used in this study were supplied by Purae biochem BY, Gorlnehem
The Netherlands, Three poly-Laluctides with moleeular welghts of 100,000, 240,000 Illt\;
300,000 were used and o poly-DIL-lnctide with n molecular weight of 400,000, T'wo lnetie
nold solutions were used as representatives of the tinal ﬂ:*uuululhm products ol
polylactides. D-lactic acid and Lalactic acid [both 90 % wiv] were supplied by Purae
biochem by, Gorinchem, The Netherlands. .

Coll types nnd culture conditions

The cell types used in the experiments were rat epithelinl cells originating from the
middle enr [15], the ear canal [16] and the nasal septum, Human I'Iln'n!‘:h.mlu und i human
osteosarcoma cell line [17] were also used, The cells were originally obtained from
explants in our laboratory [15], except the osteosarcoma cells, which were a gift from §
Rodiun, Merck, Sharp and Dome Laboratories, West Point, New York, llh'./\, ('11|Ill|l:
l?lt.'lllll'lliﬂllﬂ were deseribed in [11], In short, cells were cultured with Dulbecea's modified
Hugles medium and F12 in a 3:1 ratio to which §% foetal ealf serum had been ndded
Bpidermal growth factor (10 ng m1") was added after three days of culture, The Illt*l"l.ltllb
Wil changed twice a week, The cells were cultured in 10 % CO, at 37 "C., The epithelinl
velly were plated at a density of 1 x 10" cells per 35 mm dish together with lethally
Irndinted 37T3 feeder cells at the same density. The 3T3 cells were exposed to 3000 m:ll

for 6.2 minutes by Co" gamma irradiation,

Experiments

Fxperimental conditions are described in detail in part [ [11]. In short, three types
of experiments were used. In one experiment the cells were directly exposed (o the
polylaetides by culturing on films. In another experiment the celly w.vrc cultured with
artificlal ngeing medin, These medin were obtained by exposing polylaetide {lms 1o
elovated temperatures in o pseudo-extracelluar fluld, The extraction Mulds were used (o
prepare culture medin, The third experiment investigated the effect of different
concentrutions (0.001, 0.01, 1, 10 mg ml") of D- and L+ monomers, The monamers (the

il w 3 -
EL wis s justed with NaOF were ndded to normal eulture medin as well as to medis
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of which the osmolarity initially was lowered, atter which (he monomers were added,
Routine culture medium served ns i contral ny well as medium 1o which extra NaCl was
added, The osmolarities of the media obtained were determined (tuble 1),

All experiments lasted up to 14 days.

Normal culture medium 337
Control culture medium 378/508
Normal eulture medium + [-monamer D-monomer
monomer mg ml'

0.001 333 323 LES!
0.01 326 320
| 331 337
10 500/406 468/347

Table 1 Osmolarities of the media with the different monomer concentrations. The
oxmolarities are given in mOSm/L. Up to 1 mg ml! the osmolarities are hardly
ghunged, The second value given for the 10 mg ml’ concentrations are of media of
which the osmolarities were initially lowered.

Propuration for morphological study
Cell cultures were fixed by immersion in 1.5 % glutaraldehyde in 0.14 M sodium

encodylate buffer (pH 7.4, 4 C) for at least 2 h and post fixed with 1% osmium tetroxide
wolution at room temperature for 30 min or over night at 4 C. The cell cultures which
wore first used for light microscopy, were either dehydrated, critical-point dried and gold
sputter-conted for SEM or dehydrated, embedded in epon and cut into ultra-thin sections
for THM,

The morphology of the cells was studied using phase contrast light microscopy, SEM
and TEM (SEM, Cambridge 180 Stereoscan or a Philips SE 525; TEM, Philips EM 201).

Light microscopy was not possible for the cells cultured on the films as the films
were generally too opague. In general, the cultures from day 14 were used for extensive
eyiluntion, the shorter culture periods being checked with light microscopy when possible,

but not always with SEM and/or TEM.
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r RESULTS

Normnl morphalogy

By SEM, flat colls with various nmounts of microvilll were seen Lor all three types
ol eplthelin, ‘The celly nlso varied in size and form, Cell-cell contuet was 100 % for the

e enr and nogalsseptum epithelin, but lesy for the enr-eanal cells (Hg ).

Mgl Normal ear canal epit helium after 6 days of culture, note the irregulioe cell shnpe
and the partially cellular contact. SEM-micrograph, bar is 5 pn.

) ‘ 4 . . | { y

Fig.2 N.l‘ll mal ear canal epithelium after 6 days of eulture  already  showlng
d‘ll'fcrcn}mlmn and cornification signs, Ruffled cell surfaces and o clod of cells
SEM-micrograph, bar is 10 gm, |

Ihe three kinds of epithelial cells possess some differences in eulture dependont
aecurrences such ay confluency, stratification and differentation. The cultures of i
epithelin started by seeding epithelial cells with lethally irradinted feeder eelly, Cultures

ol the three epithelinl cell types revenled colonies of eells intermingled with lethally

A3



frendiated ATY feeder cell on day 1, The colonles grew untll sonfiuent oultures were
present. The 3173 feeder celly were pushed out of the eultures whe fhe epithelial cells
geeupled more of the surface,

The middle-ear epithelium (a simple squamous epithelium) developed {nto a
monolayer, Confluency was reached in 6 days. The nasal-septum epithelium (a pseudo-
stratifled epithelium) developed into a pseudo-multilayer. Confluency wis reached within
6 duys, The ear-canal epithelium showed clear signs of differentiation and cornification
(fig.2), Confluency was reached within 10 days.

In short, the osteosarcoma cells as well as the human fibroblasts developed into
trackn of parallel-orientated cells while multilayering. The osteosarcoma cells had a
spindledike nppenrance but, flatter, rounder cells were also seen (fig.3). These flat, round
oelle  were often seen at crossings of tracks. Some cells had microvilli and bleb-like
structures on the cell surface. TEM revealed that these bleb-like structures were filled
with the same cytoplasm as was seen for the rest of the cell, and no secretory vesicles
wore observed ns might have been expected. The packing of the cells was loose.

T human fibroblasts were spindle-like in appearance and had hardly any microvilli
an thelr surfice, TEM often showed invaginations of the cell membrane, and no blebs

WETE heen,

Culture on polylactide films

The first observation that was characteristic to all four polylactides was the normal
morphology of cells cultured on polylactide films.

However, the three kinds of epithelial cells showed however some differences in
pulture dependent oceurrences such as confluency, stratification and differentiation when
cultured on films, compared with their control cultures. The epithelial cells cultured on
(e filmy never reached complete covering of the films during the culture period of 14
diyw, Cells surrounding uncovered parts of films were clustered and seemed unable to
gproad on the film (fig.4). Cornification of the ear-canal cells occurs normally after
confluency s reached, but also in cultures grown on films that were not confluent (parts
of the films were uncovered), TEM revealed basal cells on which a few cell layers were
present, and cornification (fig.5).

Generally the cells cultured on the films were similar to those seen in the control

54

" cultures,

e fbroblosts detaehed eastly from the oy when belng prepared for SEM or
T = o y & § s :
M, Whethaer full covering of the films had pecarred ¢ould therefare not be coneluded

py
I'he cells that could be evalunted were similar to those of control cultures, The

! ] ] \ . ol 3 i
mteosurcoman cells revenled uncovered spoty of the Hilms, but the morphology was normal
(1ip.6),

Figd  Control culture of osteosare ells after 15 '
o ¢ of osteosarcoma cells after 14 days, SEM-micrograph, bar s 30
Figd  Middle enr epithelium cultured on the DL-polylactide fitm (1) for two weeks

Note the clustered cells around the bare spots, SEM-micrograph, 30 pm

wn
.



g Far canal cells cultured on Polylactide film (Mw 250.000). Cross-section of the
multi-layer, cornification (C) is visible, TEM-micrograph, bar is 0.14pm.

g6 Osteosnrcoma cells cultured on polylactide film (Mw 250.000). SEM-micrograph,
bur dx 30 g,

Artificinl ngelng media

The sume cell types were also cultured with artificial ageing media. These media
pibmdeked the release of materials of long term implanted polylactide. The same
churneteristic was found as was seen for the culture on films; all cell types cultured with

the srtilieinl ngelng media revealed normal morphologies. Culture dependent occurrences

pieh us conflueney, differentiation and cornification were similar to in control cultures-

(g 7).

Cultire with different Le and D-monomer concentrations

The nosal septum epithelium and the fibroblasts were cultured with different
concentrntions of monomers, The cells cultured with these medin proliferated well
campured (o the control cells, except for the highest concentrutions (10 my ml”),

Fig.7 Nasal septum epithelium cultured with control artificial ageing medium for 14
days. Inset shows a desmosome (d). TEM-micrograph, bar is 0.2 .

Fig.8 Nasal septum epithelium cultured with 10 mg D-monomer/ ml medium (1) for
14 days. Note the more cornefied envelopes as is seen for the 10 mg L-monamer/
ml medium (b). Phase-contrast light-micrograph, bar is 32 pm,

The fibroblasts had a normal appearance but developed into less-dense traclks for
the 10 mg ml' concentrations. Cross-sections (light microscopy and THEM) revenled that
cell development into multi-layers occurred, as was seen for the other coneentrations wnd
the controls. The TEM morphology of the cells had a similar appearance to that seen for
control cells, The nasal-septum epithelial cells revealed more variation (n cell slze for the
10 mg ml" concentration, and sometimes more vacuoles were seen in the eytoplasm, The
cells were already confluent st the beginning of the experiment (at day 4) when they
were cultured with routine culture medium nnd showed no decrease in confluency after

adding the experimental medin,




Whien both cell types were eultured agaln with 10 mp ml" monomer concenteation
bt with a oxmolarlty correction, the morphologles were more like those of control
gultures, An exception was the nasal septum epithelium, which revenled mare manitest
gornefied envelopes with 10 mg D-monomer ml", This was best seen with phase contrast
lght microscopy (fig.8).

When the cells were cultured with media to which 500 mMol/l extra NaCl was added
(e (ibroblusts were big and flat, and the nasal septum epithelium showed the same

; > 1 | 8]
devintions ns was seen earlier with .the 10 mg ml’ monomer without osmolarity

correctons (Hg9 & 10).

g Human fibroblasts cultured for 14 days (control culture). SEM-micrograph, bar
fs 10 .

[l 10 Human fibroblasts cultured with medium with an n'smnl;u'iiy of 500 t1lem!L. The
shipe of the cells is different from that seen in the control cultures. SEM

micrograph bar is 10 pm.

_"T_' r— _____ -

DISCUSSION AND CONCLUSIONS

The four high molecular welght polylactides were tested in viero using cell eultures,
and the morphology wis eviluated. The experimental setting in which celly were eultured
on polylactide films ean be regarded to as a short term real time experiment, The resuliy
of culturing on films indicated that polylactide has no negative effect on individunl cells,
but some unfavourable potentials are encountered when used s 4 substrate for coll
culture. The inability of cells to cover the whole films might be caused by local impurition,
However, in a study of Cima et al [18] a similar inability of covering wis seen,
Hepatocytes were cultured on films of poly-DL-lactic acid-co-glycolic acid (PCGLA) und
on a blend of PGLA and poly-L-lactic acid, as a control served a coating of collngen, The
hepatocytes cultured on the polymers were globular at the edge of cell colonies wherens
they were fully spread on the control cultures. In the present study all four polylnetides
showed parts uncovered by cells, and no clear difference in covering related o moleculur
weight or type (L versus DL) was seen.

In a previous article [11] the proliferation was described for the same cells cultured
on polylactide films. Of these five cell types used, four types revealed lower cell numbers
for cultures on films than for the control, but the differences between the controls nmd
the cultures on films were minor. Apparently the proliferation was not inhibited, but were
adherence and spreading inhibited on some parts of the films. This is in concorduncs with
the study of Cima et al [18] who found a similar inability of covering and an unaffected
proliferation as in dicated by the DNA synthesis levels which were the same for eultures
on the polymers as for the collagen coated controls.

The artificial ageing experiment can be regarded as an accelerated time experiment,
The degradation of the polylactides was expected to be accelerated in the e
extracelluar fluid when heated [19,20]. The products released are supposed to be gimilag
to the released products when polylactide is implanted for longer periods, Celly eultured
with the artificial ageing media were similar to control cultures. This menny th
degradation products of polylactide are expected to be biocompatible at longer intervily,

Cells cultured with the different monomer concentrations showed that up 1o | mg
monomer ml" medium did not cause any alterations in morphology or culture
characteristics. Although this experiment needs further research to exclude effects of
osmolarity- and/or ion- changes [21] it has shown that the toxicity levels ure prabably not

reached even at 10 mg ml" concentrntion. However, the proliferation was slightly
50



fhibited [11],

The in vitro blocompatibility of the polylactidens seetms o ba good, In these

axporiments the pll wan adjusted and maintained within: the phystologlenl range. An

extrapolation to the i vive situation is difficult since the exaet phl deviations in the

pavironment of o degrading polylactide implant are not known,

Iin this study different cell types were used to extend the information obtained from

Just one or two cell types. From the results it is concluded that the use of five different

ool types did not add supplementary information as compared to the use of one or two

well types,

ACKNOWLEDGEMENTS
This work was supported by HC Implants by, Leiden, The Netherlands and by Purac

bloehem BY, Gorinchem, The Netherlands, The authors thank Mr. S.C. Hesseling for his
technlonl nssistance, and Mr. L.D.C. Verschragen and Mr. B.M.A. van der Lans for the

preparation of the micrographs.

REFERENCES

RIM Bos, G Boering, FR Raozema, JW Leenslag, Resorbable poly(L-lactide) plates
und serews for the fixation of zygomatic fractures, J. Oral Maxillofac. Surg. 45:

751753, 1987

T Barrows, Degradable implant materials: a review of synthetic absorbable
polymers and their applications, Clinical Materials, 1: 233-257, 1986

' Rokkanen, 8 Vainionpid, P Térmala, J Kilpikari, O Béstman, K Vihtonen, J
{afho, M Tamminmiki, Biodegradable implants in fracture fixation: early results of
trentment of fractures of the ankle, Lancet, 1:1422-1424, 1985

MI Harmand, I Bordenave, R Duphil, R Jeandot, D Ducassou, Human
dilferentinted cell cultures: in vitro models for characterization of cell/biomaterial
interface, in: Biological and Biomechanical performance of Biomaterials, edited by
P, Christel, A, Meunier, AJ.C. Lee Elsevier Science Publishers B.V. Amsterdam,
The Netherlands, 361-366, 1986

I1J Johnson, SI Northup, PA Seagraves, M Atallah, PJ Garvin, L Lin, TD Darby,

Blocompatibility test procedures for materials evaluation in vitro, 1I Objective
methods of toxieity assessment, 1. Biomed, Mater. [Res, 19:489-508, 1985

fil)

10

13

14

15

16

B e e

I. 1 J.nhnmm.l.'s‘J Northup, PA Seagraves, ' Garvin, RE Wallin, Bacompatibility test
procedures for materialy in evaluation in vire. 1T comparative test Nystem nensiiyvie
1. Biomed, Mater, Res, 17:571-586, 1983 I 2

RM Rice, AF Hegyeli, SJ Gourla : bl '
. ) ' 8 y, Biocomputibility testing of polymers: /
studies with in vivo correlation, J, Biomed, Mater. Iguu.‘ IZ:H-i;LSI‘;. 3;31;;:! A

RK Kulkarni, EG Moore, AF Hegpyeli, I : i
ol i gyeli, F Leonard, Blodegradalyle e neld
polymers, J. Biomed. Mater, Res,, 5: 169-181, 1971 pdmendalloc

g{)ﬁl:‘:(c]:;lll]lquk, C Miljurmaycr, Theoretical and practical aspects of testing potentinl
e ats m vitro, Jo " Materials Seience: ' 1
o £ urnal of Materials Science: Materials in Medicine, 15 913,

NP ?.’,Iats3 KM Mi]lcr, IM Anderson, In vitro and in vive internctions of cells with
biomaterials, Biomaterials, 9: 5-13, 1988

]A ?run Slfchegt, X}M Raddcr, K de Groot, CA van Blitterswijk, In vitno
‘;lllulmpcl?lblllly l_cstmgbul' polylactides Partl Proliferation of different cell types
ournal of Materials Science: Materials in Medicine, 3:365-370, 1992 ; I

Q;?ﬁcit:zri; CIIEED Bnyia’n, A Reyna, AS Windeler, Cell growth alone may not be
! assess cell response to implant surfaces in vitro, 10 A8
e o o p in vitro, 16th Ann Meeting Soq

:3 B]:&k:(i:l:, CA_\ran Blitterswijk, SC Hesseling, JJ Grote, WI'h Daems, Fffect of
mp dl‘l‘ﬂUUﬂ‘ site on the phagocyte/polymer interaction and fibrous cupsule
formation, Biomaterials, 9:14-23, 1988

,TdP Sigt}tjlfuiz,a‘l‘d, JL D.uval, M Letort, M Sigot, in: Implant materials in biofunetion,
vances in Biomaterials, Vol.8. edited by C. de Putter, G.L. de Lange, K de

Groot, A.J.C. sevi HEHE TEa pe
1988) p.55. Lee (Elsevier Science Publishers B.V., Amsterdam, The Netherluny

gﬁ];:aal'&l?.l![ittcrswgk,hh& Ponec, GNP van Muijen, MC Wijsman, HK Koerten, 11
, Culture and characterization of rat middle-ear epitheli y ‘
s o ear epithelivim, Acta Otolnryngol,

S.C. Hesseling, JT Grote, TA Peters, W Kuijpers an Blittersw
(submitted) s uijpers, CA van Blitterswijk, Am.J,Owl,

[S(Bh?cudarg‘( Imai, MA Thicdc,‘G Wcsnlowski, D Thompson, 7 Bar-shavit, 8 Shull,
Mann, A R_odan, Chzllraclprmmon of a human osteosarcoma cell line (SAOS2)
with osteoblastic properties, Cancer Research, 47:4961-4966, 1987 '

LG Cima, DE Ingber, JP Vacanti, R Lan : '
f, Al [ 3 Anger, Hepatoeyte culture on biode '
polymeric substrates, Biotechnology nnd Hinmlgilwcrir}ig. 38:145- I[.'iH. ll‘_JJ['J‘Jﬂ”M"hm

0l

T TR



N ates Rou; SALN, 160 o W

:.I.-, n . o =% I ' fslx
D Bukker, CA van Blitterswijk, WTh Daems, JI Grote, Blocompatibility of si
o -_gm'g’mr: in vitro, LBlomed. Mater. Res,, 22:423:439, 1988

O Wayn , O ity of mammalia od and of media for culture of
21 € Waymouth, Osmolality of mammalian blood and of
.-mm:man cells, In viro, 6(2):109-127, 1970

EVALUATION OF POLYLACTIDE MONOMERS IN AN IN VITRO
BIOCOMPATIBILITY ASSAY

L

A. van Sliedregt, J.A. van Loon, J. van den Brink, K. de Groot,
C.A. van Blitterswijk

Laboratory for Otobiology & Biocompatibility, Biomateriels Department,
and the Biomaterials Research Group, University Hospital, Leiden, The Netherlnmnds,

ABSTRACT

The effect of polylactide monomers on cultured fibroblasts was determined hy
studying their proliferation (cell numbers), morphology (light microscopy) und callulne
activity (acid phosphatase assay). Both L- and D-lactic monomer were added (o ¢ulture
medium in concentrations of 0.01 and 0.5 %. Since the osmolarity increases 6 soluble
particles are added to culture medium, the 0.5% monomers were also added (0§
moditied medium with an initially lower osmolarity. Evaluation showed that (ibroblusis
were not affected by 0.01 % lactic monomers, but the addition of 0.5 % monomer
reduced the metabolic activity of the cells by about 40%, as compared to the control,
regardless of the osmolarity of the medium. Cell proliferation and morphology were only
negatively affected when 0.5% monomer was added to standard medium, 'P‘ﬂu addition
of sucrose, however, resulted in an increased proliferation and acid phosphatase netivi
as well as an altered morphology. Therefore, it can be concluded from this study that the
osmolarity, as well as the nature and concentration of the added material, coin exert un
influence on proliferation, morphology and/or cellular activity, Thus the osmolurity of test
media should be defined for in viro biocompatibility assays. In this study, both the 1
and D- lactic monomer caused similar effects.

INTRODUCTION
Polylactide, a degradable polymer, is applied clinically as a component ol
commercially available suture material (Vicryl) as well as in bone surgery devices [1-4),
although to a lesser extent. The good biocompatibility characteristics of polylactices nre

indicated by in viro studies [4<7] und by many in vive studies [8:12]). Previously,
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degradation of polylactides wan thought to be n gracdual prosess, due (o hydrolysis,
theteby gradually releasing the degradation products [T} The degradation of high
moleculur welght polylactides however, seems to be more complex thin fnlthlly mssumed
[14] Tnstend of surface degradation or erosion, bulk degradation appears to lnke place
[1517], This might result in a sudden collapse of the implant, and the release of large
amounts of degradation products which might have a negative effect on the surrounding
(e,

As part of i previous in vitro study on polylactides [Chapter Il and II1], the effect
of lnrge amounts of ultimate degradation products on cells has been assessed. Both L-
aned 1 luetle monomers, were added to culture medium at various concentrations to
mimie the release of degradation products within a specific time period. Cells cultured
(1 medium containing 10 mg miI” lactic-monomer showed a decrease in proliferation as
compared 1o the control, A more detailed study was needed as the cause of this effect
wiis unelenr: it was doubted that the lactic-monomer itself was responsible. The reduced
proliferation could have been due to alterations in, for example, pH and/or osmolarity.
In {1 vitro biocompatibility studies, materials of interest are often added to culture
medium 1o investigate their effect on cells. However, changes in the culture conditions,
e to variations in pH and/or osmolarity are, mostly disregarded [18-21], although some
Inveatigators, such as, Wilsnack [22] and Sgouras [23] have addressed this issue.

Recently, van Blitterswijk et al. [24] assessed the effect of pH on middle ear
gplthelium by culturing with media varying in pH (6-9). They observed that cell
proliferation censed when cell were cultured in medium at pH 6, whereas it was optimum
ut pHl 6.5, Therefore, even small differences may have a dramatic effect on cellular
hehaviour,

The effects of osmolarity changes on cells is much more complicated due to the
muny factors fnvolved, such as direct interference with the ion balance or indirectly by
binding of ions, A tolerable osmolarity range scems to exist for cells in culture, as
(lustrnted by the osmolarities of commercially available media ranging from 230-340
mOsm/kg [25]. Optimum osmolarity values for cells in culture may even vary between cell
typen. The impact of different osmolarities on a particular cell type can manifest itself in
differences in mobility, metabolic activities and proliferation [25].

In the present study, an attempt was made 1o control both the pH and osmolarity

of the medin used, and still determine the effect of high lagticsmonomer coneentrations.

Ol

Fluman fibroblists were used s this cell type iv present nt almont any fmplantation site.

MATERIALS AND METHODS

Test media

D-lactic acid and L-lactic acid solutions, both 90 % wjv, (obtained from Purne
Biochem by, The Netherlands) served as ultimate degradation products of polylactide.
The pH of both acids was adjusted to pH 7 with NaOH before they were ndded 10
f.:ulture medium (see culture conditions). Culture media with 1 mg L-monomer ml', | 1y
D-monomer ml”, 5 mg L-monomer ml” and 5 mg D-monomer ml' were prepared, The
5 mg monomer ml" were also added to modified medium which contained 50 mM lask
NaCl than in standard culture medium (see under culture conditions). Control medis
were; standard medium, standard medium with 3.6 % sucrose, modified medivum with 1.6
% sucrose and modified medium which contained 87.6 mM NaCl less than standurd
medium to which 6.1 % sucrose was added. The cells were not expected to metuboline
the sucrose, mainly because sufficient glucose (4500 mg/L) was present in the mediun,

The osmolarities were measured by freezing point depression (Roebling Osmometer,
Berlin, Germany) (Table I).

MEDIUM OSMOLARITY (mOsm/L.)
standard medium 329
1 mg ml" L-meonomer 343
1 mg ml™ D-monomer 343
5 mg m!* L-monomer -NaCl 401
5 mg ml' D-monomer -NaCl 335 (lower than calculated)
5 mg ml" L-monomer 444

-1
5 mg mI" D-monomer 488 (higher than calculated)

3.6% sucrose 537 (high
i3 th( sulate
3.6% sucrose -NaCl 401 i

6.1% sucrose --NaCl 346

Culture conditions

Human mammary fibroblasis were obtained from explants in our Inboratory,
according to the method earlier described by van Blitterswijk [26] for middle enr
epithelium. The eighth cell passage was used and the cells were plated at a density of 2

W . = o T p
x 10" cells per 1.5 cm well and at 1 x10" cells per 6 mm well, The cells were eultured (n
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Dulbeceo's Modifled Hagles Medium contuining 5% footal 11C8), penlelllin
(100 U/ ml) and streptomyein (100 pg/ mi) (standard medium), Modified medin were
obtadned by adding ingredient after ingredient and finally adding less NaCl than in
standird medium. The fibroblasts were cultured at 37°C and in i humiditied atmosphere
ol 90 % alr/10% CO,. On day 3 the standard medium was replaced by the test media.
Three 1.5 cm wells per test medium were evaluated on day 4, 7, 10, 14 and 21 for cell
proliferation, three 1.5 cm wells for the viability, and three 6 mm wells for the acid
phosphatase nssay. .

PFroliferntion

Three 1.5 cm wells with cells were available for each test medium at the different
evaluation days. The cells were harvested by trypsinization and counted using a Coulter
Counter, The cell numbers were plotted against the culture time and the mean area
under the curve # SD was calculated and used for statistical analysis. An AN OVA ata
sonfidence level of 95 % was performed followed by a multiple range test based on the
Sehefle method. The calculations were made using the software package SPSS.

Cell vinbility

Three 1.5 cm wells with cells were available for each test medium at the different
evaluation days. The cells were washed with phosphate-buffered saline (PBS) and
Ineubited with 0.001% neutral red (Sigma) in PBS for 30 minutes. The vital stain was
then removed and the samples were compared at the light microscopical level. Viable
vells take up the stain, whereas non-viable or damaged cells are unable to retain the stain
Intracellularly,

Avld phosphatase assay

The acld phosphatase assay was performed in 96-wells-plates according to the
method described by Martin and Clynes [27]. A pilot experiment indicated a linear
relationship between the amount of human fibroblasts and the acid phosphatase activity,
rnging from 50 to 25,000 cells/well (fig.1). Cell densities higher than 25,000 cellsfwell
showed o dramatic decrease in acid phosphatase activity. Fibroblasts can show a 20 fold
Inerense (o cell numbers during 2 weeks of culture. To omit the upper threshold value
of the neld phosphatase activity at the end of the experiment, human fibroblasts were

H.. . : . ‘

plated ut a density of 1,000 cells/well nt day 0, After 1,4, 7, 10, 14 wnd 21 days the el
phosphatase aisny wiw performed. The medium was removed and the wells were rinsed
with PBS followed by incubation in 0.1 ml of 10mM penitrophenyl phosphate (Sigma) (i
0.1 M sodium acetate/ 0.1% Triton X100 (pH 5.5), A chemical control was included fn
the procedure by performing all treatments on wells without cells, After 2 hours
incubation at 37°C in a humidified atmosphere of 90% air/ 10% CO,, 100 4l IN NaOH
was added to each well to stop the reaction, The extinetion values were read on g

'ELISA plate reader at 405 nm and were statistically analyzed as deseribed previously for
the cell proliferation,

acid phosphatase

extinction at 405 nm

05 A 2 4 8 16 282 64 125 25 6O 100
cell number x10-3

Fig.l  Acid phosphatase assay for n runge of 50 to 100,000 fi
‘ . ; } broblasts/well, Note (h
sudden decrease in enzyme aetivity for eell numbers higher than 25,000 celll;‘wﬂr.




RESULTS
Manomer medin and standard medium
Cells cultured with standard medium showed an inerense in coll number during the
3 week culture perlod. During the third week, the increase in cell number was less
avident resulting in a plateau phase. A similar proliferation pattern was found for cells
cultured with the monomer containing media, except for two media containing 5 mg
monomer ml’, which resulted in downward shifted cell proliferation patterns (fig.2).

'

proliferation
—+— controle
o -4-- 5mg L-NaC|
"-+
—©—- 5 mg D-NaCl
; 80 |
4 3.6% s -NaCl
o ‘.*‘
B | —A— 5mglL
—&-- 5mgD
40 |
E —V— 3.6% sucrose
ol —o— 1mglL
o —F— 1mgD

0 2 4 6 8 10 12 14 16 18 20 22 —-- §.1%s --NaCl

days

Flg2  Proliferation patterns of fibroblasts cultured for three weeks with different media.
Note the curves of cells cultured with sucrose media and those of cells cultured
with medium to which 5 mg monomer ml" was added.

The osmolarity values of these media were; 444 for the L-monomer and 488 for the D-
monomer. The two other media containing 5 mg monomer ml’, which had normal
proliferation patterns, had lower osmolarity values (401 L-monomer, 335 D-monomer)

due 1o mo

6 medium (see M & M),

The downward shifted proliteration patterns were correlated with larger cells which were

Fig.3

Fig.4

Fig.s

Fibroblasts cultured with 5 mg L-monomer ml" medium (day 10). Cells huve vital
stain intracellularly. The cells are similar to those in fig. 4. bar is 20 pm

F]"t).ro’p]asts cultured with 5 mg D-monamer ml' medium (day 10). Cells hive vitl
stain intracellularly. The cells are similar to those in fig.3. bar is 20 gm

Fibroblasts cultured with standard medium (day 10). Cells have less vital stuln

intracellularly than in figs. 3 and 4, and they are smaller and more deniely
packed. bar is 20 pm
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lows dennely packed than those cultured with stundurd medium or with the other
monomer containing medin (tigs. 35). The cells ulso contained  the vitul stadn
intencellularly in vesicles, mainly located in the centre of the cell, leaving the cellular
extenslons and pseudopodia unstained. This was In contrast 1o the celly cultured with
standard medium or with the other monomer containing media, which all revealed less
Intensely stained cells,

The engyme activities in the cells (indicated by the acid phosphatase assay) for all
four medin containing 5 mg monomer ml' were lower than those cultured with standard
moedium (lg. 6),

acid phosphatase

—+— control

2.60 -#-- 5 mg L -NaCl
¥ | —o— 5mgD-NaCl

=
/‘ 4= 36% s -NaCl

—h— 5mgl

e —e - 5mgD

—V— 3.6% sucrose

extinction at 405 nm

—o= T my L

—H&— 1mgD

0.00 L i L '} L L 1l 1 L 1
O 2 4 6 8 10 12 14 16 18 20 22 —%-- §.1% s--NaCl

days : :

Fig.7 a-c Fibroblasts cultured with sucrose media (day 10), 3.6 % sucrose 10
medium with 50 mM less NaCl (a), 6.1% sucrose added to medium
with 87.6 mM less NaCl (b) and 3.6 % sucrose added to stundaid
medium (c). All three have a similar morphological appenranee; the

cells are larger than the control (fig.5) and contain much more vital
stain, bar is 20 um

g6 Acid phosphatase curves of fibroblasts cultured for three weeks with different
media, Compare with the proliferation patterns (fig,2), Note the three groups
which can be easily indicated,
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Nuerose medin

Clells cultured with the sucrose containing medin showed i very different morphology
(i those cultured with standard medium, They were lnrger and contiined considerable
amounts of vital stain intracellularly, The stain was present (n small vesicles, which were
evenly distributed in the cytoplasm of the cells, leaving the nucleus visible as an unstained
uren ([ 7). Besides the deviating morphology, the proliferation was highly (about 100%
gormpared to the control) enhanced for cells cultured with 3.6% sucrose medium of 401
MmO/ ind 1o o somewhat lesser extent (about 50% compared to the control) for cells
oultured with 6.1% sucrose medium of 346 mOsm/L. Cells cultured with 3.6% sucrose
medium of 537 mOsm/L revealed a proliferation similar to that of the standard medium.

The acid phosphatase assay showed similarly high activities (both about 50% higher
than the control) for cells cultured with sucrose media of 346 and 401 mOsm/L. Cells
eultured with suerose medium of 537 mOsm/L had an activity similar to the standard

medim,

Stntistien] nnalysis

Statistical analysis of the cell numbers indicated three major groups. Cells cultured
with the sucrose containing media, with osmolarity values of 346 and 401 mOsm/L, had
the highest cell numbers, and the media containing 5 mg monomer ml! with an increased
asmolarity, had the lowest cell numbers. Consequently, the other media had cell numbers
i between (Table 1), Analysis of the acid phosphatase values also revealed three major
groups, Again, the highest activity group consisted of the sucrose media 346 and 401
mosin/l, but the lowest group consisted of all four media containing the 5 mg monomer
ml', lrrespective of the osmolarities. The remaining media had intermediate enzyme

petivity levels,

DISCUSSION
‘I'he results of this study have shown that all media allowed proliferation of the
fibroblusts, The main differences were found with the 5 mg monomer ml" media which
had higher osmolarities, and the sucrose media.
The differences in cell proliferation and morphology that were observed with the 5
1y nmnnl'lnu:r ml" were dependent on whether standard medium or modified medium was

uned, The addition of 5§ mg monomer ml” to standard medium atfected the cells although

72
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thin was not supported by the neld phosphatase nssny, The results of this test revenled
no statisticnl difference between cultures of 5 mg ml" monomer, lrrespective of the
osmolarities, All [our medin containing 5 mg monomer ml" showed cells with lower
enzyme nctivitiey us compared to the control. Apparently, acld phosphutase I8 o sensltive
assay to detect enrly stuge effects of monomer solutions.

A correlation between high osmolarity values and affected cells, is supported by two
of the three tests. The results obtained with the sucrose media do not support this
~phenomenon as proliferation and acid phosphatase activity were enhanced Instead ol

depressed. An exception was the sucrose medium with an osmolarity of 537 mOsm/l,

AREA UNDER THE PROLIFERATION CURVES
MEAN =+ SD | mOsmy/L 1 12 |58 Ll e Bk Ba 8T 8.9.1.0
5mgD 19.65 = 1.42 488 1 1
5mgL 25.40 + 1.32 444 2
5mgD 33.32 + 1.33 335 3|

-NaCl

S5mglL 34.00 = 2.61 401 4 | * :
-NaCl

3.6 % 35.89 + 2.84 537 Bl = _
sucrose

1mgD 38.35 = 0.89 343 6 | ¥

cantrol 4037 £ 326 | 328 |7 |*|*

1mgL |4472x432| 343 |8 |*|*|*|~* g
6.1 % 64.63 = 2.60 346 = S0 W] I Bl e i || ||
sucrose

--NaCl

3.6 % 79.66 = 3.08 401 1O # ] P | | ] ] R R
sucrose

-NaCl
Table I The areas under the proliferation curves + SD as well nx the

osmolarities of the media are expressed. The ranking order of the
media is based on the areas under the curves. The asterisks ndlente
the significant differences (p<0.05). An ANOVA was performed
followed by a multiple range test based on the Scheffe method,
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AREA UNDER THE ACID PHOSPHATASE CURVES
MEAN & SD [ mOsm/L 1(2|a|4|B|(6|7|8]8]10
] mg_D 9,33 & 0.92 188 1

5 mgb 1064 + 136 | 335 |2
N

Bmgl [ 1079 + 0.56 | 444

Bmgl | 1814 = 118 [ 401
‘NaCl

{mgl |1483+117| 343 |5]*
fmgD |1560+122| 343 |6 |*|*|*

46 % 1689 « 1.30 537
sLUCrose

control 17.60 = 1.54 329 (o] ]l

8.6 % SR a7l a0l |l ElEle e
sUcrosn
NGl

6.1 % 24,06 + 1,13 | 346
sucrose
«NaCl

Tuble 11 The areas under the acid phosphatase curves = SD as well as the
osmolarities of the media are expressed. The ranking order Of'lElt.:e
media is based on the areas under the acid phosphatase curves. 1he
asterisks indicate the significant differences (p<0.05). An ANOVA
was performed followed by a multiple range test based on the Scheffe
method,

which resulted in values similar to the control. An explanation might be that, although
the high osmolarity resulted in a depression of proliferation and acid phosphatase activity,
(he sucrose itself had a stimulating effect. These two effects were probably
complementary, through which a normal result was obtained.

It can be concluded that the increased osmolarity in itself is not responsible for the
devinting results in proliferation, acid phosphatase activity or cell morphology but that
{ depends on the nature and concentration of the material added to media. In the case

of Inetle monomers, a negative effect is caused by the monomer itself, as indicated by the

T4

]
!

aekd phosphutse masy. In the cave of sucrose, sthmulating effects ne well ns » devinting
morphology were found,

The three tests; proliferation based on cell numbers, morphology in combinution
with the neutral red stain, and the acid phosphatase activity, all gave additional
information,

If these concentrations of lactic-monomers would be released from o degrading
implant in vivo, it is not likely that they affect the surrounding tissues, Although threshold
values for lactic-monomer concentrations may be obtained in virro, it remaing difticult o
extrapolate them to the in vivo situation. In vivo effects may be influenced by the dridning
capacity of the surrounding tissue and possible local changes in pH. The present i vitro
results endorse the satisfactory biocompatibility characteristics of polylactide,

The in vivo elimination rate of the lactic monomers might vary for the L- or (he [
monomer. Experiments indicated that L-lactic acid is utilized four times as rapldly us the
D-lactic acid [28] in the rat. From other studies it could be calculated that the plisma
level of the D-lactic acid is about 25 times smaller than the L-lactic acid [29,30]. The
relative oxidation rates of L- and D-lactic acids were found to vary between different
tissue types [30]. The consequence of these differences for the degradation of palylaetide
implants made of both L- and D-monomers is not known. The effects caused by the L.
monomer might last longer. The present in vitro results however did show similar Findings

for the L-lactic monomer and the D-lactic monomer,
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OF FOUR TYPES OF POLYLACTIDE PARTICULATES
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ABSTRACT

Four types of polylactide particulates, P-L-LA 100, 250, 550 KD and a P-DL-LA 400
KD were injected into the peritoneal cavity of mice. The inflammatory reaction showed
an increase in cell number (mainly neutrophilic granulocytes) up to 48 hours after whicl
the cell numbers decreased below the control (phosphate buffered saline),
All four polylactide particulates aggregated and intermingled with inflammatory cells, ‘The
aggregates remained throughout the investigation period of 6 months, Quantititive
measurements showed that standardisation of the particle form and size is essentinl,
From this study and other experiments in which calcium phosphates and nsbestos were
injected intraperitoneally, it is concluded that the inflammatory response observed (i the
peritoneal cavity is related to the type of material injected and probably to form and slee
of the individual particles, but not to molecular weight.

INTRODUCTION
The peritoneal cavity of mice has been extensively used for research on
material/tissue interactions [1]. It has been demonstrated that introduction of {orelyn

materials into the peritoneal cavity evokes an inflammatory response. Resenreh hus
indicated that the elicited response depends on the chemical and physical munterinl
characteristics such as size, shape and hydrophilicity [1-3]. This phenomenon has alrendy




een used for the evaluation of blomaterinl ehnraoterintion [4:7); The advantage of using
the peritonenl cavity as fmplantation site is that suspensions contuining blomaterinly can
be (njected, so that wound reactions normally oceurting lter Implantation with more
Invinive surgery are largely omitted. Confusion of the interpretation of material-induced
charneteristics, especially during short-term evaluations, is thus avoided,

In the present study, polylactide particulates (20-80 pm in ¢), different in molecular
welght and composition were injected into the peritoneal cavity of mice. The polylactides
uked were poly-L-lactides (P-L-LA) 100 KD, 250 KD, 550 KD and poly-DL-lactides (P-
1-L.A) 400 KD. Since the molecular weight is one of the determinants of the
degradation rate, it was expected that these polylactides would degrade in a different
tme span [8,9]. Another determinant of degradation rate is that P-DL-LA degrades
funter than the P-L-LA because of its amorphous structure, which allows water to cause
hydrolysls more easily [10]. Since degradation products may also affect the cellular
response, the aim of the present study was to investigate this response up to 6 months

ufter fnjection of polylactide particulates.

MATERIALS AND METHODS

Muterinls

The polylactide particulates (20-80 um in diameter) were obtained from Purac by,
Gorlnehem, The Netherlands. Three poly-L-lactides and one poly-DL-lactides were used:
PLALA 100 KD, P-L-LA 250 KD, P-L-LA 550 KD and P-DL-LA 400 KD. Animals were
Swiss SPE female mice, weighing 22-32 g (Harlan Zeist, The Netherlands). The mice
were housed under conventional conditions and allowed 1 wk to adapt to the new
lhousing conditions before the start of the experiment.
The polylactide powders were suspended in phosphate-buffered saline (PBS) at a
soneentration of 10 mg ml', The suspensions were sonificated for 3 min (Sonificator W-
475, Ultrasonies Inc.) at 50 W prior to injection. Three animals per material per survival
period were injected intraperitoneally with 1 ml of the suspension. Simultaneously, three
unlmaly received 1 ml PBS as a control. Survival periods were 4 h, 16 h, 24 h, 48 h, 1 wk,

2 wk, 1 month, 2 months, 4 months and 6 months.

]

Methiods

Tsolntion of cells and polylnetides

Al the different tme points the peritoneal cells were harvested according to the
method deseribed by Daems and Koerten [1]). The cells from the three anfmaly were
pooled and counted using a Biirker chamber. After harvesting the cells, the peritonenl
cavity of each mouse was examined for the presence of polylactide aggregates. Special
_attcntion was paid to the ligamentum gastrolienale, the ligamentum hepatogastricum, the

excavatio uteri, the mesentery and the diaphragm.

Preparation for microscopy

The isolated cells were fixed by immersion in 1.5% glutaraldehyde (Merck, Duarmutidi,
Germany) in 0.1 M cacodylate (Serva, Brunschwig, Amsterdam, The Netherlands) bulfer
(pH 7.4), overnight at 4°C. The cell suspensions were embedded in 2% agar (Baeto-ngur,
Difcolab., Detroit, Michigan, USA), dehydrated using a graded ethanol series nnd
embedded in Epon (LX 112, Ladd Research Industries Inc., Burlington, VT, USA), Semi
thin Epon sections were used for a differential cell count in the light microscope,

The polylactide aggregates were also fixed by immersion in 1.5% glutaraldehyde {n (.1
M cacodylate buffer (pH 7.4) overnight at 4°C. The aggregates were divided into groups
for light microscopy and electron microscopy.

For light microscopy, the aggregates were dehydrated using a graded ethanol series nnid
embedded in Glycol Methacrylate (GMA, Technovit, Heraeus Kulzer Gmbll,
Friedrichsdorf, Germany).

For electron microscopy the aggregates were post-fixed using a 1:1 mixture of 29 Oul),
(Degussa, Hanau, Germany) and 3% K[Fe(CN), (Merck, Darmstadt, Germany). For
transmission electron microscopy (TEM) the aggregates were dehydrated and embedded
in Epon. Ultrathin sections were examined in the TEM (Philips EM 201) ut un
accelerating voltage of 80 KV, For scanning electron microscopy (SEM), aggregntes were
cut with a razor blade, dehydrated, critical point dried and gold sputtered. Subsequently
the specimens were examined in the SEM (Cambridge S 180) at an accelerating voltige
of 15 KV.
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Quintification of polylnetide particulntes

The particulates were characterized before njection, using 0 VIDAS image annlysis
wystem [11], The particulates were spread out on i slide und the area and perimeter were
determined, The obtained values were used to caleulate the form-factor (Form-factor=
I x AREA / (PERIMETER)). A form-factor of 1 indicates a circle. Deviations from
| townrds 0 indicutes a bar shape or irregular shape,
Light microscopical sections of the aggregates at each time point were used for
(uantification, The percentage of area occupied by polylactide was calculated, as well as
muxdmum and minimum diameter, perimeter and number of the particles. Detection of

the polylactides was based on differences in grey values.

RESULTS
Before injection, the polylactide particulates were characterized using the image
annlysis system as described in Material & Methods. The maximum and minimum
dumeters of the four polylactide particulates were determined (Table I).
The form-factor was calculated from the area and perimeter measurements made

by the analysis system (Table II).

PARTICLE DIAMETERS

MATERIAL Dmax =+ SD Dmin + SD
PL-LA 100 KD 337 £ 53 204 + 39
P-1-LA 250 KD 91.6 = 31.2 328 = 124
P-L-LA 550 KD 57.4 = 209 403 = 14.4
P-DL-LA 400 KD 70.8 = 209 454 = 12.9

Table I Maximal and minimal diameters of the polylactide particulates prior to
injection (mean values + SD)

Poritonenl cell population
The cell numbers first increased after injection of the polylactide particulates. Up
{0 48 hours, the cell numbers harvested from PLA stimulated animals were higher than

the controls (PBS stimulated). The highest cell numbers were found after injection of P-

#2

.

LALA 250 KD, AT wh the oell number decrensed for all four polylactides to even below
the control value (Fig 1), From 2 months, there was no elenr difference between the cell

numbers harvested from stmulated and control nnimals,

I'he ditferentinl cell count revealed also a change over time, Initinlly, granulocytes
were most prominent, both in number and in percentage (Fig.2). Later, macrophiges
were most frequently found, whereas the percentage of lymphoeytes did not aler
significantly,

MATERIAL FORM-FACTOR
P-L-LA 100 KD 0.73 = 0.08
P-L-LA 250 KD 0.53 = 0.10
P-L-LA 550 KD | 0.78 = 0.07
P-DL-LA 400 KD | 0.72 = 0.08

tFE'Lblt‘{ I Form-factors (mean values = SD) of the polylactide particulates prior (o
mjection

Polylactide particulates

Particle aggrepation in the peritoneal cavity was seen for all materials alrendy nlter
4 h. Light microscopy showed that the particles were intermingled with inflammatory celly
and fibrin-like threads. Initially, the neutrophil granulocyte was the main cell type
present, but at 1 wk the majority of the cells consisted of foreign body giant cells,
monocytes and fibroblasts. The first foreign body giant cells were observed at 24 hours
and were in close contact with the particles. At 1 wk, small blood vessels appeared in the
aggregates. Simultancously, the assembly of the cells and particulates becume more
compact. SEM showed mesothelial overgrowth at 2 wk (Fig.3). From 1 wk to 6 months,
there was no alteration in cell types. Small foci of particles and foreign body glunt cells
were surrounded by fibrm‘zs tissue (Fig.4). With increasing time, the amount of fbrous
tissue increased. At 6 months, infiltration islands of mononucleated inflammatory celly
were sometimes seen in the granulomas (Fig.5).
Particles in the aggregates were still presént at 6 months and degradation was hardly

visible at a light microscopical level. The DL particles seemed to be somewhat degraded
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gl Number of cells present in the peritoneal cavity of mice after i:lljection of P-L-LA
100(+), 250@) 550(0) KD, P-DL-LA 400@) KD particulates and PBS
(phosphate buffered saline) which served as a control (4). Note the cell numbers
ut 1 to 4 weeks of the PLA injected animals.

(Fig.6), but the L particles seemed to be unaltered in size and form (Fig.5).
Sometimes cellular fragments, probably cytoplasmic protrusions, inside particles were
yeen ut the longer time periods. This phenomenon was seen for the P-DL-LA particles
and INLLA 250 KD particles.

With TEM, degradation signs were observed for all four polylactides. Cellular
protrusions in corroded areas of polylactides were seen as well as cells with intracellular
phrtieles. Sometimes, particles revealed a trabecular appearance (Fig. 7). Fig. 7 also shows

that the cells fn contact with particles had interdigitating plasma membranes.
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Fig.2 Numbers of neutrophil granulocytes present in the peritonenl cavity alle
injection of P-L-LA 100 (+), 250(&) 550(0) KD, P-DL-LA 4000m) K1
particulates which are much higher than the control () (phosphate bulfered
saline injection). This cell type is the main representative of the colls present
shortly after injection.

Particle quantification

Light-microscopical sections of the aggregates were used for quantifiontion of
particles to establish biodegradation. The percentage of polylactide present ln (he
aggregate sections varied roughly for all four materials between 15 and 40 %, withoul o
clear relation to the length of the experimental period. The maximum and ninioum
diameters of the particles were measured. The standard deviation was lnrge for ull
measurements, irrespective of the type of polylactide used (FFig.8). Up to 6 months, there
was no clear change in the range of both diameters and a high correlation of bath

remained (ry .= 0.87-0.95). The number of particles present per section seemed (o vilry

H3



for the different types of polyluceticdas used (table 11,

r . Fig5 A cluster of mononucleated inflammatory cells (MN) in a granuloma 6 months
Fig.3 Mesothelial avergrowth UvLghia particle-aggregite (k) of £-LALA 23 KD ot 2 after injection. P-L-LA 550 KD particles (P), arrow points  towirds
weeks, (SEM) Bar is 10 ym. multinucleated cell. (LM) Bar is 40 ym.

(g4 SEM micrograph of P-L-LA 100 KID particle(s) () In a granuloma surrounded Fig6  P-DL-LA 400 KD particles (F) 6 months after injection, The particles wre
by fibrous tissue (F), 1 month after injection, Bar is 12,5 pm, rounder than those of P-L.Lactides us is seen in fig.5. (LM) Bar is 40 i,
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\ ) injection. Note the

Pig? TEM micrograph of P-L-LA 250 KD 6 months after injection.
’ trabecular ﬂgppearance of polylactide (P) and the interdigitating plasma
membranes (1) of the cells. Collagen (C) is seen interposed between the cells.

Bar s 0.9um.
MATERIAL PARTICLE
NUMBER
P-L-LA 100 KD 152.1 = 50.8
P-L-LA 250 KD 2302 = 65.5
P-L-LA 550 KD 3163 + 64.3
P-DL-LA 400 KD 152.2 = 254
“Table 111 . Number of particles (mean values + SD) in light microscopy sections

of the granulomas,

BH

DIAMETER DIMENSIONS
I pmAX DMIN

PARTICLE SIZE uM

4 162448& 2 4 8 16 24
WEEKS

Fig8 Maximal and minimal diameters of P-L-LA 100 KD particulates after injection,
Changes in these diameters during the 6 months are not indicated,

DISCUSSION AND CONCLUSIONS
All particles were obtained as particulates with a variable size (20-80 pm), The form:
factors deviated from 1, which means that none of the injected polylactides wis spherieal
in shape. The P-L-LA 250 KD had the lowest form-factor (= 0,5) which indicates o
relatively large surface area compared to the other particulates. Furthermore, 1-1.A
250 KD had by far the largest maximum diameter. Because especially this type of
polylactide caused an evidently higher influx of granulocytes, it can be concluded thitt (e
inflammatory response, as judged by the number of neutrophil granuloeytes, was mulnly
influenced by the form and the total surface area of the injected particles. It {8 known
that shape and surface structure are important factors affecting the inflammatory
response [12]. It could however not, however, be determined with certainty from (he
results of the present study whether the form or the larger surface aren was more




fmportant fuetor enusing the incrensed cellulnr responme, 1t was also unclenr (o what
extent mechnnionl microsdestruetion of the perftonenm by the needle shape of P-L-LA
250 KD [y responsible for the increased short-term effect. At 1 wk, the differences in
collulnr response between the polylactides disappeared and the aggregates were
encapsulated. It is known from other studies that, when asbestos is injected, the cellular
response i impressive even after 6 months [13]. Asbestos has a pronounced needle shape
(i form-factor usually <0.1), but gets encapsulated and therefore the constantly high
(nflux of cells cannot be caused by mechanical micro-destruction of the peritoneum. It
s 1o be concluded that the cells are attracted by an other mechanism, for instance
ehemotaxis [14,15]. The intraperitoneal injection of calcium phosphate ceramics has no
significant effect on the cellular response, even after longer periods [16]. Taking these
varlnble effects into account, it can be concluded that the peritoneal cavity model is
uppropriate to classify materials of different nature on basis of their inflammatory
nctivity. ‘The present study confirms these conclusions and demonstrates that even
virlntions in molecular weight may cause detectable effects.

The morphology of the polylactide aggregates was similar to foreign body
granulomas as described by Hirsh and Johnson [17] and Koerten et al.[4]. The proportion
of forelgn body giant cells and the formation of collagen by fibroblasts in these
granulomas depends on physical and chemical properties such as size, chemical
composition and hydrophilicity [18,19]. The higher hydrophillic properties and the more
regulur form of the DL particles as compared to the L particles, may be responsible for
the less severe inflammatory response.

Polylactide particles were detected throughout the whole experiment. Even at 6
months, polylactide particles were present in the granulomas. Indications of
biodegradation were obtained by the fact that the DL-polylactide, which was expected
to degrade faster than the L-polylactides, was revealed in the light microscope sections
with particles which were suggestive for rounder shapes than was seen for the L-
polylnctides. Some degradation of the DL particles was therefore likely. In vitro studies
[ndiented that peritoneal macrophages are capable of degrading polylactide intracellularly
[20). This was confirmed by transmission electron microscopy. At larger intervals, the
polylactide particles had a trabecular appearance. In a study of Brady et al. [21] who
Implnntudll)l.., polylactide in the abdominal wall of the rat, division of the implant into

septa by capsular invagination was also seen. To quantity the possible degradation,

00

morphometrle svaluntions of the size of the particles after (njection, bused on

measurements af aggregate sections were performed, The results showed high standard
deviations, which were most lkely caused by the fact that sections ran through particles,
s0 that the real fmuge of the particles was invisible. Even a pure sphere can be sectioned
at different levels, resulting in different diameters. Whether degradation of the particles
had occurred, cannot be concluded from the quantitative measurements performed n (his
study.

It is concluded from the results of the present study that only moderate-to-amill
differences in inflammatory reaction between the polylactides related to their moleculis
weights were seen. The differences observed are probably caused by the DI versuy |
polylactides and by the form of the particles rather than molecular weight,

To summarize, the peritoneal cavity model is able to demonstrate varianee In
inflammatory reaction in relation to different types of materials, such as asbeston,
hydroxyapatite, and polylactides. The inflammatory response observed in the peritonenl
cavity is related to the type of material injected, but the form and size are probubly
important inducers of inflammation.

In the peritoneal cavity, the particles are collected in aggregates In which
material/tissue interactions without a predominant wound reaction can be studied, Fo
quantitative evaluation of degradation, however, it is concluded from this study that

standardisation of the particle form and size is essential.
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ABSTRACT

Bone formation onto poly(L-lactide), which was plasma-spray coated with vatlous
quantities of hydroxyapatite (0%, 15%, 36% and 100% coverage), was investignted in an
in vitro assay. Rat bone marrow cells were grown on the different contings and the
cellular response and elaborated extracellular matrix was examined at the light nnd
electron microscopical level after 1, 2, 4 and 8 weeks of culture. Proliferation of celly fnta
multilayers was seen on the 0%, 36% and 100%, but not on the 15% coatings. Colnelding
with this was the sparse formation of extracellular matrix on the latter, and {ts abundant
appearance on the former three coatings. Scanning and transmission electron microseopy
revealed a mineralized extracellular matrix on the 36% and 100% coatings after 4 und
2 weeks respectively, and on the 15% coating after 8 weeks. Mineralization wius not
observed on uncoated poly(L-lactide). At the interface between hydroxyapatite i the
mineralized extracellular matrix, one or more electron dense layers were frequently
observed, which showed morphological similarities with structures between these twa
entities in vivo. The results of this in vitro study show that, in the model uped,

hydroxyapatite is required to obtain the elaboration of mineralized extracellulir mutrlx
on poly(L-lactide).

INTRODUCTION |
. : An optimal bone replacement material should be bone-bonding, bionetive,
] mechanically strong, biodegradable and purticipate at least partially in the normul




turnover of bone, Currently used blomuterfals however, do not fulfill sl these
requirements, Existing implant materials used for bone replacement can be divided into
ealofum  phosphates, metals, polymers and composites, From  the former  group,
hydroxyupatite is the most frequently used implant material because of its bone-bonding
ubility (Hench et al. 1972; Osborn and Newesely, 1980; Jarcho, 1981; van Blitterswijk et
Al 1990). When implanted into bone, it can form a physico-chemical bond with this
tssue, Furthermore, hydroxyapatite is degradable to a certain extent but, due to its
Brittleness and low fatique resistance, it cannot be used as a load bearing implant
muterial, With regard to polymers, polylactide is an implant material that is used in bone
plng, serews and fixation plates (Rokkanen et al. 1985, 1991; Bos et al. 1987; Rozema et
ul. 1988), It has good biocompatible characteristics (Majola et al. 1991; van Sliedregt et
ul, 1992) and the degradation properties and elasticity modulus can be varied with the
moleculnr weight and the choice of L- and/or D- enantiomer (Kulkarni et al. 1971). A
disndvantage of polylactide, however, is that it does not form a bond with bone tissue and
In therefore not a "bioactive" material.

The combination of different biomaterials in a composite material has given novel
dimensions o the development of new structural implants. Several in vivo and in vitro
pxperiments have been described in which bone formation onto various calcium
phosphate/polymer composites was studied (Nelson et al. 1977; Bonfield et al. 1986;
Iligashi et al, 1986; Scalzo et al. 1989; Tarrant and Davies, 1989). The potential
ndvantage of composites made of hydroxyapatite and polylactide is that a degradable,
blonetive and mechanically strong material is formed. These material characteristics will
be Influenced by the type of polylactide chosen and the amount of hydroxyapatite present
i the composite material. The percentage of hydroxyapatite in the composite can be
virled, depending on the required mechanical properties. Other studies (Verheyen et al.
1991) have indicated that >50% w/w hydroxyapatite added to polylactide resulted in too
brittle materials, whereas <20% w/w hydroxyapatite added to polylactide was not
expected 1o significantly increase the bone bonding properties. To investigate the
Influence of composite constitution, and particularly the amount of hydroxyapatite surface
uvallible, on its bone-bonding ability, poly(L-lactide) was coated with different covering
percentages of hydroxyapatite. In order to mimic a composite material, we chose a
pliasmn ul.;ruyc.d hydroxyapatite coating onto poly(L-lactide), to improve reproducibility.

The afm of this study was to examine the influence of different percentages of

96

hydroxyapitite coverlng on poly(L-nctide), on bone formation n viteo, This wis
examined i an in vitro bone forming system which has previously been used to study
interfocinl renctions with tianium, hydroxyapatite, and other biomaterials (Dovies of al,
1990, 19915 de Brufjn et al. 1991, 1992q,b), The mineralization process was followed i

time at both the light microseopical and ultrastructural level,

MATERIALS AND METHODS
Hydroxyapatite/poly(L-lactide) composites

For the in vitro experiments, poly-L-lactide (PLA) cylinders with a dinmeter of
~13mm were machined from a block of high molecular weight (927k1)) as=polymarized
PLA (Purac by, Gorinchem, The Netherlands), and 200xm thick discs were cut uning n
diamond saw (Buehler low speed diamond saw, Isomet'™),

Different ratios of hydroxyapatite were applied onto the PLA materialy using the
plasma spray method (figs la-c). Using scanning electron micrographs, the amount of
hydroxyapatite covering was quantitatively measured with a Vidas Image Annlyslig
System and the percentages of coating were respectively 0%, 14.647.6% (15%),
36.3+142% (36%) and 100%. Figure 1d shows the x-ray diffraction pattern of the
hydroxyapatite coatings. The molecular weight of the PLA before, and after plaxmn
spraying was measured by Purac by (Gorinchem, The Netherlands) and was 927k an
S70kD respectively. The samples were gas sterilized using ethylene oxide prior to the cell

culture experiments.

Cell culture

An osteogenic rat bone marrow culture (Maniatopoulos et al. 1988) was used for the
in vitro experiments as described previously (de Bruijn et al. 1991). Briefly, third Plssnge
rat bone marrow cells obtained from femora of young adult male Wistar rats ( 100-1204)
were cultured on the materials at a concentration of 1x10" cells/em?, The culture medium
was composed of alpha-minimal essential medium («-MEM, Gibco) supplemented with
15% foetal calf serum (Gibco), penicillin/streptomyein, and freshly prepared 10mM [
glycerophosphate, 50ug/ml ascorbic acid and 10*M dexamethasone, Cultures were plivead
in an incubator at 37'C in a humidified atmosphere of 90% air and 10% CO, and refud
every 48 hours. To examine the influence of culture medium on the coatings, control

specimens with a 100% hydroxyapatite conting were incubated in medium without celly,
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Alter 1, 2, 4 and B weeks, cultures were processed for Hght, seanning and transmission

wlectron microseopy,

100 f\ J __v_‘,.'—---/\"‘“"‘"“"'“""/\

\j\ﬂwdw_&

Yn = a0 as <«

figure 1. Poly(L-lactide) discs (PLA) with an increasing amount of
hydroxyapatite covering (HA); (a) 15%, (b) 36, (¢) 100%. The
powder x-ray diffractogram of the hydroxyapatite coating, showing low
peaks and peak broadening, is indicative of an amorphous phase (d).
bars= 12.54m,

8
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figure 2.

Cells cultured for 1 week onto the various hydroxyapatite contings s

seen in figure 1. (a) uncoated, (b) 15% coated PLA, (¢) 36% conted

PLA and (d) 100% coated PLA. A multilayer and abundant

extracellular matrix is present on 0%, 36% and 100% conted PLA,

Note the plasma-sprayed hydroxyapatite particles on 15% conted

EIJ\JJ{IHII are not fully overgrown with {:c.lls' bars= 10pm (n), 23m
y,¢,d).
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Light microscapy

Specimens were fixed in 1,5% glutaraldehyde in 0.14M sodium encodylate buffer
(pkl 7.4, 4°C) for 30 minutes, dehydrated through a graded series of othanol and
smbedded in glycol methacrylate, Semi-thin sections were cut and then stained with
foluldine blue or aleian blue.
Alkaline phosphatase cytochemistry. Alkaline phosphatase activity was detected using the
Azo-dye method of Gomori. The substrate solution was composed of 2mg/ml a-naphthyl
phosphate and Img/ml Fast Blue RR salt, dissolved in 0.1M Na-barbiturate buffer pH
0.2, Pixed cells were incubated for 10 minutes in the substrate solution and then
thoroughly rinsed in tap water. Specificity for alkaline phosphatase activity was
determined by incubating cells with a control substrate solution in the absence of -

naphthyl phosphate.

Kleetron mieroscopy

Transmission electron microscopy (TEM). Cells were fixed according to the light
microscopical procedures and after rinsing in 0.14M sodium cacodylate buffer pH 7.4,
postfixation was carried out in an aqueous solution of 1.5% potassium ferrocyanide and
19 OO, for 16 hours at 4°C. Specimens were dehydrated through a graded series of
sthanol and embedded in Epon. Ultra-thin sections were prepared on a LKB
ultramicrotome, stained with uranyl acetate and lead citrate and examined at 80kV in a
Philips EM 201 or 400.

Seanning electron microscopy (SEM). Specimens were fixed and dehydrated according to
the routine TEM procedure and air dried with tetramethylsilane (Merck). A layer of gold
wiis sputter coated onto the specimens with a Balzers sputter coater model MED 010 and

{hey were examined in a Philips S 525 SEM at an accelerating voltage of 15 kV.

RESULTS
Bone marrow culture.
Cells showed a high alkaline phosphatase activity on all materials, independent of
(e umount of hydroxyapatite covering, However, a difference in cell proliferation was
ween on the different coatings. Figure 2 shows a SEM micrograph of the different

hydroxyapatite coverings after 1 week of cell culture, The (ndividunl particles of the
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hydroxynpitite conting wis stil visible nwﬁ Mﬂudr + While the ather materinly

were tully covered by o cell multilayer. b tiis mulitlayer, abundant fbeillar materfol was
abserved, while this was spare on T53% somted PLA. The hydroxyapatite surface of all
samples showed early signy of degradation after anly | week of culture, indicated by the
presence of small cavities and n porous sppearance (Lg 3).

figure 3. I?egrading hydroxyapatite particle from 15% coated PLA, onto which
fibrillar material is deposited. Note small cavities (arrow head) i the
hydroxyapatite particle, suggestive for degradation,
1 week culture, bar= 1.8ym,

To examine the time period in which mineralized extracellular matrix was formed on the
different coatings, specimens were examined with LM, SEM and TEM. When stilned
with either toluidine blue or alcian blue, a basophilic line was observed on the
hydroxyapatite coated parts of the specimens and not on the PLA. It was present after
I week on both 36% and 100% coated PLA, but only after 8 weeks on 15% conted PLA.
SEM and TEM showed a mineralized extracellular matrix from 2 and 4 weeks onwards
on the 100% and 36% coated PLA respectively (Lig 4), and at 8 weeks on the 156
coated PLA. An intimate contact was observed between the mineralized collugen Hhres
and the hydroxyapatite surface (tig 5). After 8 weeks of culture, 100% L'.nnll‘ll.l’l A Wil
fully covered with globular, mineralized accretions to which collagen fibres were attnehod
(fig 6). In addition to the formation of a mineralized extracellular matrly on (e
hydroxyapatite particles, caleium and phosphorous containing (as revealed by xny

microanalysis, but not shown herein) mineralization globules were also seen on the
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unconted PLA surface of 18% and 36% coated PLA (fig 7). The formation ol these
globules, however, Wik more widespread with 36% conted, than with 15% conted PLA.
Figure & shows TEM micrographs of mineralized extracellular matrix on 100% coated
PLA ufter an 8§ week culture, At the interface, both electron lucent and electron dense
layers can be seen (figs 8a,b). Also, single or alternating electron dense layers have been
observed (flg 8e). Collagen fibres were frequently seen in the mineralized extracellular

mutrix,

figure 4, 100% coated PLA after 2 weeks cell culture. Note the globular
: mineralized material (M) that is formed onto the plate-like crystals
(asterisk), covering the hydroxyapatite surface,  bars 5.9:m (a),

1.9um (b).
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Cell free onvironment,

When stalned with toluidine blue or alelin blues, o distine bagophilie line was seen
on the 100% coated PLA which was shmdlar to that seen in the cell cultures, S1M
examination revealed that the hydroxynpatite surface wis composed of small plate-like
crystals (fig 9a,b). When examined with TEM, u gradual transition was seen between (e
bulk hydroxyapatite material and the outer surfuce, which was composed of calclum and
phosphorous containing, needle-shaped crystals (fig 9¢). However, neither fibrous o

globular mineralized material was attached to this layer,

figure 5. (1) SEM micrograph of 100% coated PLA onto which a mineralfzed
extracellular matrix is deposited. Note a gradual transition (asterisk)
from the hydroxynpatite particle towards the mineralized extracellulng
nlmlriu' (b) Higher magnification of (a), showing mineralized collnger
Hbrew (nrraw), baes 30um (a), (1.4;;111'[13). i y
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figure 6,

figure 7.,

Hgure 8,

Globular, mineralized aceretions (arrow head) formed on the 100%
hydroxyapatite coating in which collagen fibres are attached. 8 weeks
of culture. bar= 2.94um.

Deposition of mineralization globules () onto the PLA surface of a
36% hydroxyapatite coated sample, after 1 week of culture. bar=
6.3um,

TEM micrographs of 100% coated PLA after 8 weeks of culture.
Direct deposition of mineralized extracellular matrix onto the
hydroxyapatite can be seen and there is a gradual transition between
the hydroxyapatite and the mineralized extracellular matrix. Note
single electron dense layer (arrow) and electron lucent zone (asterisk)
at the interface in (a). (b) is a higher magnification of (a). The
electron dense layer is also present at the periphery of mineralization
globules (¢,d). Also note multiple electron dense lnyers (arrow) at the
interface in (¢). bar= 0.6pm (a), 0.2um (b), Ldum (), 0.64m (d).
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figure 9,

(a,b) SEM micrograph of 100% coated PLA aﬂt'fr_ | week in culture
medium, in the absence of cells. Note the deposition of small plate-
like crystals on the coating. (¢) TEM micrograph of the same coating,
a gradual transition is seen from hydroxyapatite 1o needle-shaped
crystals at the periphery, bar= L1 Lum (), I Sum (b)), 0.4um (c).
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DINCUNNION

The results of this study indicate that o cortelution exists between the percentage of
hydroxyapatite coating on PLA and the time (n which mineralized exteacellular matelx (s
formed. This study has further shown that the presence of hydroxyapatite is required for
the formation of a mineralized extracellular matrix on PLA. Although the interfuce
formed was similar for all hydroxynpatite coatings, the time varied in which the
extracellular matrix was produced and mineralized. A reason for this might be un
alteration in cell phenotype expression induced by the amount of available hydroxysputite
in the composite (Khare et al. 1990). In addition, as the different coating percentiuges
were achieved by plasma spraying, the resulting differences in surface topography may
also have influenced cellular activity (Cherhoudi et al. 1989, Brunette et al, 1991, Curtly
and Clark, 1990). A review by Curtis (1990) indeed showed that surface topography will
influence cells in a wide variety of ways, which include cell attachment and cell migration
Hence, the difference in cell migration and spreading over the uncoated or 100% couted
PLA and 15% or 36% coated PLA may be controlled by the surface topography of the
latter two materials. The influence of ions released from the hydroxyapatite and PLA
substrata cannot be the reason for the differences in cell behaviour, as for av cell
migration is concerned, as cells formed a confluent layer on both uncoated nnd 100%
coated PLA.

Interpretation of the formed mineralized layers on 15%, 36% and 100% conted PLA
in cell culture is difficult, as it was also observed to a certain extent on 100% couted PLA
in a cell free environment. The presence of the calcified layer on the control speclmens
is in contrast to earlier studies (de Bruijn et al. 1991) in which no alterations of the
hydroxyapatite surface was seen, when samples were placed in culture medium fn the
absence of cells. A reason for this discrepancy may be the amorphous character of the
hydroxyapatite used in this study (fig 1d), as opposed to more crystalline hydroxynpatite
used in previous studies. Evidence for this has been given by LeGeros (1988), who
showed that crystallinity or crystal size influences the degradation properties of n materinl
and we have also observed this in a recent study (de Bruijn et al, 1992b,¢); the more
crystalline a material, the slower its ion release. Similar phenomena may also explaln the
more widespread presence of mineralization globules with 36% coated PLA than with

15% coated PLA, With the former muterial a higher calcium and phosphorous fon
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concentention will be present in the culture medium due 1o the higher percentage of
hydroxyapatite conting, In addition, the presence of PLA, which causes an neldie
suvironment when degrading, will enhance hydroxyapatite dissolution (Lee et al. 1989).
e above deseribed dissolution process of hydroxyapatite will, as hypothesized by
Pyneulst et al (1990), result in a high caleium and phosphate fon concentration at the
cornmie surfuce, followed by possible reprecipitation. Together with this reprecipitation
Process, serum proteins may be incorporated, which may account for the distinct
busophilie line on the coating particles after the light microscopical toluidine blue or
alelan Blue staining, Thus, part of the observed mi neralization may be due to degradation
ol the hydroxyapatite ceramic followed by reprecipitation, without cellular activity.
However, we believe that apart from this physico-chemical dissolution-(re)precipitation
process, n cell mediated r.nincralizad extracellular matrix is also formed. Evidence is
shown in figure 6, in which collagen fibre containing globular accretions are deposited on
the hydroxyapatite particles. With only physiological mineralization one would expect a
layer that is more homogeneous in thickness. Another example which may account for
el mediated mineralized extracellular matrix formation is seen when one compares
figure 9b and figure 4 of 100% coated PLA in a cell free and cell containing environment
renpectively; it is clear that the hydroxyapatite particles of both materials are covered
with needle shaped crystals. However, in the cell containing environment, & mineralized
globular matrix is formed on this crystal layer that shows similarities with early bone
formation in vitro (Davies, 1991). TEM examination of this interface revealed an electron
(ense luyer interposed with the hydroxyapatite coating and the mineralized extracellular
imattlx, This electron dense layer was only present at the interface in the cell containing
eulture, and not in the cell free culture (compare figure 9¢ and figure 8a,b). This is
similar to earlier observations by our group (de Bruijn et al. 1991, 1992a,b) that showed
an electron dense layer at the interface between hydroxyapatite and the surrounding
minernlized extracellular matrix. This layer showed morphological similarities with the
glectron dense layer seen in vivo (Jarcho et al. 1977; Denissen et al. 1980; Tracy and
Doremus, 1984; van Blitterswijk et al. 1985; Guneles et al. 1985), between hydroxyapatite
and bone tissue.

Concluding, we can state that a physico-chemical process of coating dissolution-
(rc)prcéipilullnn. as well as cellular activity, was responsible for the observed

mineralization. Furthermore, the hydroxyapatite conting itwell crentes differences in
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rurfm topography, which may alter collulor behaviour and the mlnlrnmm;nn p;mun;
Pherefore, uning this model, [t was not possible (o determine the percentige ﬂl:'
hydroxyapatite required in the composite to inftiate bone bonding, However, it can be
said that the covering rate of hydroxyapatite on PLA influences mineralized cxtnw:l-.llulnr

matrix formation in vitro and is expected to lead to differences in tissue response in vivo
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HARD AND SOFT TISSUE RESPONSE TO
HYDROXYAPATITE/POLYLACTIDE COMPOSITES.

A study In the rat
A. van Sliedregt, K. de Groot, C.A. van Blitterswijk

Laboratory for Otobiology & Biocompatibility, Biomaterials Department,

and the Biomaterials Research Group, University Hospital, Leiden, The Netherlnnds,

ABSTRACT

The tissue reaction to four different hydroxyapatite/polylactide (50% w/w)
composites with bone bonding potential were investigated using two models, The
differences between the composites used, comprised variations in molecular weight of the
polylactides, thus providing different degradation rates for the composites, Polylactides
used were: poly-L-lactides of 100, 250 and 500 KD and a poly-DL-lactide of 400 K1),
Hydroxyapatite particles were added prior to the polymerisation process providing
composites with areas of hydroxyapatite mixed with polymer. In the first model, the
composites were implanted in tibiae of rats and evaluated after 1, 2, 4, 12, 24, and 50
weeks. Histology of the tibiae revealed that the bone contact of the com posites with the
poly-L-lactides (HA/P-L-LA) differed from that of the composite with poly-DIL-lnctide
(HA/P-DL-LA). The P-L-LA composites showed small surface areas (extending on both
polymer and hydroxyapatite) covered with bone whereas the P-DL-LA componiten
revealed small areas of intimate contact with individual hydroxyapatite particles, Thiy
intimate contact had developed while the HA/P-DL-LA com posite degraded. In contrast,
the HA/P-L-LA composites remained unaltered in shape even at the 50 weeks perfod.
In the second model, the polylactides with and without hydroxyapatite were implanted
in subcutaneous tissue. All implants were encapsulated in fibrous tissue with muinly
multinucleated cells at the interface. Subcutaneous degradation of the implants was not
observed for the poly-L-lactides (with or without hydroxyapatite) but the polyDIlnetide
(with or without hydroxyapatite) revealed also clear signs of degradation nt thiy
implantation site,

Apart from spurse sites of bone contact, the main tissue response to all composites,
both in the tibia and subcutaneously, consisted of a connective tissue encupsulation,
containing mainly fibroblusts uad multinuclented cells,
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INTRODUCTION

Hydroxyapatite cerumic is generally charagterized by o satisfactory blocompatibility
and ft possess bone bonding properties [Rosen 1990, Blitterswijk 90, Alexander 87], Tt is
clinfenlly applied as o coating on implants used in orthopaedic and dental surgery
[Cleenink '90, Pilliar'91] as well as it is used in bone replacement [Jarcho ‘81, van
Wlitterswijk '90], Due to its mechanical properties, it can only be applied in non-load
bhenring implant materials. Polylactide, a degradable polymer, has been investigated for
muny purposes and is for instance applied clinically in sutures and in bone repair
muterinly [Rokkanen 85 '91, Bos '87, Eitenmuller "88]. It lacks however bone bonding
potential, Composites of these two materials might thus potentially have a favourable
mechanicnl properties and Biocompatibility, be resorbable and possess bone bonding
ubilities.

Prior to verification of these characteristics in animal studies, various in vitro studies
lnve been performed. These studies comprised different polylactides and hydroxyapatite/
polylactide composites (HA/PLA). The in vitro degradation rates of HA/PLA composites
hive been investigated by Verheyen *92 The results showed that the degradation rate of
gomposites with 30% and 50% w/w hydroxyapatite, was related to the degradation rate
of the polylactides. The breakdown of HA/PLA composites resulted in the release of
degradation products into the surrounding buffers. Consequently, the effect of
degradation products on tissue was investigated. For this purpose cells were cultured in
the presence of degradation products obtained by a forced degradation of polylactide
films providing an unknown mixture of small polymers, oligomers and monomers. Cells
were ulso cultured in media containing known concentrations of the end products of
degradation, represented by the L- and D-monomers [van Sliedregt "92]. These n vitro
experiments showed a satisfactory biocompatibility of the degradation products of
polylactide, although some negative influence was caused by concentrations of 0.5% or
higher L-and D-monomers.

Subsequently, HA/PLA composites were tested in vitro using a bone marrow culture.
A positive correlation between the amount of hydroxyapatite present on the surface of
polylaetide and the in vitro bone formation was demonstrated [de Bruijn].

These in vitro studies led to the following postulations:

I the amount of hydroxyapatite in the composite is crucial for its bone bonding

properties,

114

N g Om -

I the degradation rate of the composite oun be ibmmllud by varlations in moleoulur
welght and componition of the polylaetide part,

Four different HA/PLA composites evolved of thix in which the HA percentage wis
maintained on 50 % wiw because mechanienl tests indicated that above this percentuge
the brittle properties of hydroxyapatite prevafled [Verheyen '92], whereas lower HA
percentages were not expected (o contribute to the bone bonding properties of the
composite. The other 50% was composed of polylactides which varied n moleculur
weight and composition.

In the present study, composites were implanted in the tibia and subcutaneously i

rats to investigate the bone bonding abilities, degradation and connective tissue respone,

MATERIALS AND METHODS

Implant materials

Poly-L-lactides and a poly-DL-lactide (Purac bv., Gorinchem, The Netherlands) were
polymerized either with or without the addition of hydroxyapatite powder, The moleeuli
weights of three poly-L-lactides (with or without hydroxyapatite) were 100, 250 and 500
KD and the molecular weight of the poly-DL-lactide (with or without hydroxynpatite) win
400 KD. Hydroxyapatite powder (CAM-implants, Leiden, The Netherlands) with u
particle distribution of 1-40 um, was added in a 50 % w/w ratio prior to (he
polymerization process. Small blocks (1 x 2 x 1 mm) were machined from the ns
polymerized blocks. The polylactide and composite blocks were sterilized in ethylene
oxide vacuum 9 KPa, water vapour 5 KPa, for 2 hours at 52 °C and aerated for 72

hours.

Experimental design

In the first model, the HA/PLA composites were implanted in the tibine of rats (o
investigate its bone bonding properties. In the second model, the HA/PLA componties
and the polylactides without hydroxyapatite were implanted subcutaneously to study the
general tissue response, The investigation period lasted 1, 2, 4, 12, 24 and 50 weeks (o
both models, For each composite, B tibine were operated per survival time and for ench

material (both compositen und pure polylictides) 8 blocks were implanted subeutaneously
per survival time,
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Surglenl procedire

A total of 120 male Wistar rats welghing about 300 g recelved the implants under
Hypnorm anaesthieties (0.1 mi/100 g body weight). For the first model, both tibiae of each
rut were operated and similar implants were inserted, The periosteum was scraped from
the proximal part of the tibiae, distal of the diaphysis and holes of 2 2 mm were drilled
up 1o the marrow cavity attended with extensive saline cooling. After placement of the
Wloeks, which protruded into the marrow cavity, the muscle and skin were closed with
yleryl 3.0, For the second model, subcutaneous pockets were created at the lateral side
ol the abdomen by an incision and blunt preparation. Generally, two implants were
{nuerted per pocket which were subsequently closed with vicryl 3-0.
Histology

Al the various evaluation times, the tibiae and subcutaneously implanted blocks were
fixed by immersion in 1.5 % glutaraldehyde (Merck, Darmstadt, Germany) in 0.14 M
ehendylate (Serva, Brunschwig, Amsterdam, The Netherlands) buffer (pH 7.4) at 4 °C.
The tibine were either dehydrated in a graded alcohol series, embedded in Spurr resin,
- weoured and polished for backscatter image analysis or they were decalcified in 10 Yo
BITA (pH 7.4), dehydrated, embedded in glycol methacrylate (GMA, Technovit,
Herneus Kulzer GmbH, Friedrichsdorf, Germany) and sectioned for light microscopy.
The subeutancous implants were dehydrated, embedded in GMA and sectioned for light
microseopy.
Toluldine blue was used to stain the light microscopical sections.

RESULTS

Composites in the tibia

The four types of HA/PLA composites were implanted in the tibia. Their bone
bonding and degradation properties were evaluated using light microscopy.

Al | week after surgery the composites were surrounded by exudate, mainly
composed of granulocytes and macrophages, and fibroblast-like cells.
fOrAL2 weeks the exudate had predominantly disappeared and was largely replaced by
Hbroblasts and macrophages (Fig.1). Close to the implants, small islands of new bone
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formution could be obrerved intramedullary.

Fig.1 HA/P-DL—LA composite 2 weeks after implantation in the tibin, Note the
fibrous tissue between the implant (I) and bone (B). bar is 50 ym .

At 4 weeks, the intramedullary bone formation was lining the implant. Between (e
bone and the implant, a layer of fibroblasts and macrophages remainéd which wis
attended with multinucleated cells at the implant interface. Seldomly, direct contuct of
bone tissue and implant was seen. Some tibiae, irrespective of the type of implant,
revealed small clusters of chondrocytes near the implant surface (fig.2). A similur e
response was observed at 12 weeks. The HA/P-DL-LA composites revealed an Inerensed
irregularity of the surface. Only one tibia showed some chondrocytes at the fmplint
interface.

At 24 weeks, clear differences between the three HA/P-L-LA composites nnd the
HA/P-DL-LA composite were seen. The HA/P-L-LA composites remained unultered {i
shape irrespective of the initial molecular weight, whereas the HA/P-DLLA componite
had changed in shape. These clear signs of degradation were accompunied by nn
increased number of multinuelented cells and fibrous tissue extending Into the
irregularities of the composite (Hg3),

Atsome sites hydroxyupatite purticles were in intimate contact with newly formed bune,




This was not observed for composites with poly-l-netide, which revealed small bone

contaet arens extending over both polymer and hydeosynpatite (Figd),

g2 HA/P-DL-A composite 4 weeks after implantation in the tibia. A cluster of

chondroeytes (C) is located near the implant (I). bar is 50 pm

Mg HA/P-DL-LA composite 24 weeks after implantation showing clear signs of

degradation. Implant (1), arrow multinucliated cell, bar is 50 ym
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Fig4 HA/P-L-LA 100 24 weeks after implantation in the tibla, A layer of
multinucleated cells (M) is present between the bone (B) and implant (1),
bar is 50 um

At 50 weeks, the process of degradation of the HA/P-DL-LA composites hud
proceeded although remnants of the implants were still present. Again, sites of intimte
contact between bone and hydroxyapatite particles were found (Fig.5). The compositen
made of P-L-LA however, had remained their shape as well as the tissue response which
was composed of multinucleated cells and fibroblasts at the implant interluee, and uf
some sites bone tissue was directly lining the implant,

Two implants of each type were evaluated for bone contact, For the estlmuation ol
the percentage of contact between implant and bone, the total length of an lmplant wis
studied. The sites of bone/implant contact were summed and thus an indiention of the
percentage of bone contact was obtained. Using this method, a contact aren varying from
about 10 % at 4 weeks 1o nbout 20 % at 50 weeks was established, However, viarlutiong

were observed when similar fmplants were compared.
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Fig5 HA/P-DL-LA composite 50 weeks after implantation in the tibia.

Hydroxyapatite particles are in close contact with the bone (B). bar is 50 ym

Bocksentter images

Seanning electron microscopy (SEM) was used to reveal back scatter images of the
hone tssue, composite and soft tissue. As was seen with light microscopy, bone tissue had
developed around the implants (Fig.6), thereby separating the marrow cavity from the
implant. A non-caleified layer was present between the implant and the newly developed
liome, The loeation and thickness of this layer was indicative for the fibrous tissue and
multinuelented cells ns observed at the light microscopical level. At 24 weeks a difference
wils observed for composites with poly-L-lactide and composites with poly-DL-lactide.

Bucksentter SEEM showed that some individual hydroxyapatite particles of the HA/P-DL-

LA composites were in intimate contact with newly formed bone (Fig.7). The portion of

lydroxyapatite particles seemed to have increased at the interface as compared to the
initinl composition. A variation in the portion of HA particles in the HA/P-L-LA

composites was not observed,
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(I-“:ig.ﬁ I-]A{P-.L-l:A 500 composite 24 weeks after implantation, backseatter graph
Ihe composite is surrounded by bone, although a non-caleified layer (N) s prosent
between bone (B) and implant (1), bar is 140 um '

Fig.7 HA/P-DL-LA 400 composite 50 weeks after implantation, backseatter priph,

At the bone(B) Implant (1) Interface, hydroxyapatite particles are more nbundintly
present, bar I§ 25 ym
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Subeutaneous response to HA/PLA mmtthn

The fmplants with and without hydroxyapatite were investignted for the soft tissue
renponse, The evoked tissue response was characterized by the formation of a capsule
camposed of fibroblasts, macrophages and multinucleated cells, similar to that observed
I the tbine, The degradation of the composites in the tiblae and in the subcutaneous
tswues corresponded as well, Throughout the implantation period of 50 weeks no light
mieroneoplenl signs of degradation were seen for the poly-L-lactides and the composites
composed of poly-Lalactides (Fig.8). The poly-DL-lactide, with or without hydroxyapatite,
ahowed clear signs of degradation starting at 12 weeks.

Fig.9 HA/P-DL-LA composite 50 weeks after subcutaneously implantution. The
initial location of hydroxyapatite particles (H) remained and is surrounded by cells
instead of polylactide. This was not often observed, mostly a mixture of celly nnd
remnants, both hydroxyapatite and polylactide, was present like in fig.3. bur ls 30y

DISCUSSION

The HA/PLA composites implanted in the tibiae evoked & tissue respouse vory
similar to that of a subcutaneous reaction. Bone bonding indicated by o direct contuet
between bone and implant was rarely observed. At 50 weeks a maximum bone/mplit
contact of about 20 % was cbserved. An explanation for the lack in bone [ormution
might be the implantation procedure. This procedure implied the creation of u hole i
the tibia which differed in shape as compared to that of the composites; raund versus
square. This resulted in a loose-fit implantation through which a lack of nitinl bone
contact arose. Fibroblasts and multinucleated cells filled this aren between tmplunt wid
bone throughout the experimental period of one year, although the newly lormed hoe
was deposited close to the implant, Verheyen et al. implanted 30 % and 50 % w/w HA/
Flg8 P-L-LA 500 50 weeks after subcutaneously implantation. A layer of darker L-LA composites in femorn of gonts and he observed an initinl bone contact of nbout 50
stiined cells is present at the material interface. F is fibrous tissue, bar is 50 ym % which decrensed to about 30 % after 24 weeks, The initial high percentage of bone
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contaet In probubly caused by the almost presstie fmplintation procedure, Bone
remodelling at the composite/bone interface might be responsible for the decrense in
bone contact,

The presence of multinucleated cells at the polylactide (nterface has been described
by others as well, although the intensity of the reaction seemed to vary per experiment
[Schukenrand '91, Bostman 090, Olsen , Majola 91, Manninen '92]. Such differences
might relate to the stage of degradation, as proposed by Schakenraad. The precise
mechinism and rate of degradation of these polymers is not fully understood but a
relntion with the initial molecular weight and composition is clear [Chawla '85, Leenslag
"7, Christel '83]. In vivo degradation is characterized by a relatively steady initial chain
selwwlon phase [Pitt '81, Tunc '83], followed by an increased tissue reaction which is
thought to relate to the release of soluble compounds and the removal of small solid
{ragments [Schakenraad *91). This hypothesis is supported by the increase in the number
of multinucleated cells during degradation of the composite HA/P-DL-LA and the pure
P-DL-LA, The cellular response to P-L-LA (with or without HA) did not alter during the
Investigation period of one year, therefore it can be concluded that this composite did
not revenl clear signs of degradation.

The bone bonding ability of the composites was thought to relate to the portion of
hydroxyapatite in the composite. Hydroxyapatite is capable to bridge defects up to one
millimetre by new bone formation [Soballe '91]. Thus, the loos-fit implantation could
have been compensated by the ability of hydroxyapatite to bridge the bony defect. Since
(hls was not observed, the amount of hydroxyapatite in the composite might have been
[nsufticient to express this ability. During the degradation of the HA/P-DL-LA composite
lowever, its bone bonding abilities were sometimes expressed by the formation of an
Intimate contact between newly formed bone and hydroxyapatite particles. These particles
were probably exposed at the surface while the degradation of the matrix proceeded.

This phenomenon of proceeding bone contact was also described by Higassi [], who
used different HA/P-DL-LA composites of which the molecular weight of the polylactide
varled from 11,500 to 45,000 Dalton. He observed bone contact with the hydroxyapatite
purticles of HA/P-DL-LA of 11,5000, especially when the polylactide part degraded. Bone
contaet was absent for a composite consisting of P-DL-LA 45.000 Dalton. This composite
wi still iareunl after 1 year. The results of Higassi’s study and the present study are very
similar although the initial molecular weights of the polylaetides varied enormously. In
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both studies, bone tssue wis Hnlng
degradation were not abserved. 11 seems

¢t contnet when signs of
honding/ (orming abilities are
initially suppressed by the polylnetide sl : Dunding capacitios are diseloned
when the polylactide part degrndes mfm.{;hm bonding properties are mosl
likely related to the relatively aniehmsnt .Il-ﬂllwmﬂpnlllﬂ due to the degradation
of polylactide,

The sites of bone contaet obmerveed for the HAWLLA composites, irrespective of
molecular weight, extended over polyluetide and hydroxyapatite surface areas and were
not limited to the hydroxyapatite particles us seen for HA/P-DL-LA composite. Therefors
bone contact of the HA/P-L-LA componites was most likely caused by a very Intimate |

lining of the bone since bonding osteogenesis has not been described for polyluctide
[Matsusue "92].

An other explanation for the lack in bone contact in the present study is the possibile
oceurrence of micro-movement since the implant extended into the soft tissue. Micros
movement is a known cause of fibrous capsule induction [Soballe 92]. The Hbrous
capsule in the present study was reduced at 12 months and the bone contact wis
increased as compared to the earlier evaluations.

The poly-L-lactides, with: or without hydroxyapatite, were still manifest 12 months
after implantation and hardly changed in shape. The poly-DL-lactide had however
degraded remarkably. This difference in degradability was analogous for the subcuthneous
implanted composites and the pure polylactides. The composition (amorphous versus
crystalline) of the polymer seems to have a dominant impact on the degradation rmie,

It can be concluded from this study that composites of hydroxyapatite and polyd
lactides do not possess the expected bone bonding abilities, but the HA/MDILA

composite has some bone bonding potential, possibly due to its degradable property,
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candidate materials for maxillofuciul
reconstructive surgery, were tested “upon th i i locompatibility using both in véro nnd
vivo experiments. In viiro tests are considered to precede in vivo tests concerning (he
cytotoxicity/biocompatibility of materinls, The importance of relevant in vitro experimenty
is represented by the numerous directives proposed by 1SO (International organisation
for standardization). These directives are however, "..not intended to be a set of daﬂn‘lti\"'
statements to be followed by individuals not qualified by training and experience; It
should be applied with interpretation and judgement by the appropriate professionuls
qualified by training and experience taking into consideration the factors relevant to the
device/material, its intended use, and the current knowledge of the materinl/device
provided by scientific literature and previous clinical experience.” [ISO 10993] This
statement implies the importance of common sense and the development of new Leslx

and methods where necessary.

in vitre testing of polylactides

The aim of testing the polylactides in vitro was to gain insight into the possible short
and long-term toxic effects they might have on cells. Therefore, the polylactides were
presented to cells in several ways, representing different stages of degradation, Thess
experiments are described in chapter II, III and IV. All tests indicated sutisfuetory
biocompatibility characteristics for the polylactides, although some remarks need 1o by
made. Different types of epithelial cells, fibroblasts and osteosarcoma cells were ukad,
which all showed the same proliferation characteristics on the non-degraded polyhﬂ{ai
substrates. Some parts of the non-degraded polylactides remained uncovered and, llﬂﬁl
the cause is not yet clear, it should be considered as a potentially unfavuuriﬁlé
characteristic of the polylactides.

To obtain the degradation products of polylactides, an aceelerated degrad o
procedure was performed aceording o the method described by Homsy and |




(chupter 1), Addition of these products to different cell types revenled no signitioant
alterations in morphology and in general the profiferation was unaffected, nlthough
acenslonally minor deviations were observed, In retrospeet, the amount of polymer uged
for extraction was approximately one third of the minimum amount advised by the 180
[tall 1992 1ISO/TC 194]. The relevance of the present results is therefore reduced,
although it s indicated in chapter IV that 0.1% of degradation products, as represented
by the lnctic monomers, does not affect the cells. A concentration of 0.5 % lactic
monomer, however had an adverse effect on the cells. The relevance of these

concentrations for the in vivo situation is difficult to address.

The relevance of in vitro studies for in vivo biocompatibility

The new generation of polymers which are intended for use as biomaterials, are
often degradable. These materials will release more degradation products during the
extrietion procedure than so called inert polymers. The possibility that an effect is caused
by these materials will be greater because even essentially non-toxic substances might be
toxle when present in large amounts. A biased result may be obtained when, for instance,
the local osmolarity is increased to non-physiologic Jevels, thus causing negative effects
o cells. Due to the increased osmolarity, the material may be classified as cytotoxic, but
(he result is in fact a false positive. A further difficulty is the fact that requirements for
cells {n culture are defined experimentally instead of analytically and information about
the tolerance of cells for variations in culture conditions is not available. The amount of
muterial which can be added to culture medium, without influencing the basic
requirements, is therefore limited (chapter IV).

Considering the above, the predictive value of in vitro tests for the in vivo
hlocompatibility of a material should not be overestimated. Too often the results
abtained in in vitro experiments are extrapolated to the in vive situation, without veritying
whether the same underlying mechanism is as important in vivo as it is in vitro. Although
weveral studies have indicated that a correlation exists between in vitro and in vivo toxicity
[Momsy *70, Rice ‘78, Ziats '88], the in vivo process is far too complex to conclude that
I vitro toxicity implicates in vivo toxicity or vice versa. It may very well be possible that
gertnln materials prove to be toxic in a specific i vitro test while the in vivo properties
appenr to be favourable. This possibility should be considered to avoid rejection on the

busls of in vitro toxicity without further research on the in vive ellects,
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The i vitra tests of the present study Indivated that thee polylnetides useed should b
consldered my non-toxie materinly, The implieations of these studies for the i vive
situntion, however, it difficult to nceens, An incrense in osmolarity and a possible il ahiirt |
close 1o the degrading implant fs lkely to ogeur, but o possible effect depends on the
draining capacity of the tissue, A consequence of fn vive bulk degradation in thsue which |
lacks o good vascular system might be swelling of the fmplantation site due to exudute
formation. Rokkanen stated, in his review article on degradable implants for orthopnedic
use, that 6.5 % of the patients developed a transient fluid accumulation when trented
with self-reinforced polyglycolide or self-reinforced polyglycolide [ polylactide copolymer
rods. These materials degrade at a relatively fast rate (weeks) and it was suggented by
Rokkanen that the complications might be due to local accumulation of polymer debrly,
in combination with a low elimination capacity of the tissue. Similar tindings for the siime
material were described by Béstman who found an incidence of 7.9% of i clinfently
manifest foreign-body reaction, producing a fluctuant swelling at the implantation wite,
A case report of severe aseptic synovitis of the knee after biodegradable internal fxation
is described by Fridén *92. Polylactides degrade, at least initially, at a slower rate than
polyglycolide or polyglycolide/polylactide polymers. However, similar complicntions muny
eventually arise when the degradation rate finally increases due to collapse of the bulk
material, This will subsequently give rise to the release of large amounts of degradition
products. The exact mechanism for the unwanted symptoms related 1o the implantation

of alpha-hydroxyacids is not fully understood and is probably caused by many faetar

Inflammatory response of polylactides

Like all materials, polylactides will evoke a tissue response when implanted, The
physio-chemical characteristics of the material determine the type of cells that will be
attracted, as well as the duration and severity of the reaction [Deams 18, Plzzolermio '8,
Williams '87, van Blitterswijk '89]. The inflammatory response of palylactides wa studied
by using the peritoneal injection model as described in chapter V. Suspensions containing
particulates of polylactides were injected into the peritoneal cavity of mice, thus avoiding
a wound reaction, and a cellular response was established. Initially, this responie Wik high
but it was followed by a significant decrense which was probably nysocinted with the
clustering of particulates and cells into aggregates which lnter developed into granulomms
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The nbundance of multinuclented cells in these granulomis v (ndicative of n severe
renction nnd although thelr presence {s desired for the removal and elimination of
degradation produets, the particles did not reveal clenr slgns of degradation. The
(re)appenrance of inflammatory cells at 6 months might be indicative for a sensitivity
renction, Although polylactides lack antigenic sites, impurities of the polymer might act
me nn fmmunogenic sensitizer. However, trace elements could not be detected by x-ray
mieronnalysis [unreported observation], therefore it is possible that another mechanism
s responsible for the new attraction of inflammatory cells after longer implantation times.
The fnct that a change in pH can result in the attraction of granulocytes is described by
Remes nnd Williams '92 in their review article on immune response in biocompatibility.
The appenrance of inflammatory cells at 6 months might therefore be indicative of the
stirt of degradation of polylactides, since degradation is associated with a pH decrease.

T'he results of the study, as described in chapter V, were compared with a recently
published study on the establishment of the inflammatory activity of bioceramics by using
the mouse peritoneal cavity model [Koerten "92]. It was reported that the number of
neutrophil granulocytes that appeared in the peritoneal cavity, after injection of the
. phrticles, was used as a measure of inflammation. Using the same parameter, the present
sudy showed a much higher (5-fold) influx of inflammatory cells for polylactide
purticulates than described by Koerten for calcium phosphate particles. Therefore, it is

coneluded that polylactide is a relatively strong inflammatory stimulus.

In vitro testing of the hydroxyapatite/polylactide composite

The hydroxyapatite in the composite was believed to be responsible for the bone
bonding properties of the material. The amount of hydroxyapatite that could be added
10 the composite was, however restricted to a maximum of 50% w/w, because higher
mmounts of hydroxyapatite would negatively affect the mechanical properties. To
investigate the effect of the amount of hydroxyapatite on bone formation, a polylactide
surfuce was covered with different amounts of hydroxyapatite using the plasma spray
method, These surfaces were tested upon their bone bonding potential using the in vifro
bone forming system of Maniatopolous as is described in chapter V1.

I'he results revealed that mineralization of the extracelluar matrix was related to the
wmount of hydroxyapatite on the surface. Mineralization of the extracelluar matrix was

nat abserved on the uncovered polylactide surface, 1t was concluded that hydroxyapatite
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Wi, Bt Jenst Inoviro, o necessary component for minerallzation 1o occur, Blectron
microscopie evaluntion revealed that the (nterfuce formed win similar for all the
hydroxyaputite coutings (15%, 36% and 1009%), It {8 possible that the amount of
hydroxyapatite present in the composite will huve an effect on the rate of bone formution
alter implantation,

In vivo testing of the composites

The hydroxyapatite/polylactide composites tested differed in polylactide proportion,
Since three poly-L-lactides with different molecular weights were used, the composites
were expected to degrade at different rates. The composite with poly=DL-lnctide wiy
expected to degrade faster than the composites with poly-Lelactide, The initial bone
bonding properties were expected 1o be similar as all the composites contained the sume
amount of hydroxyapatite. The experiment in which these composites were implanted in
bone tissue is described in chapter VII The results revealed that all composites ware
initially encapsulated by fibroblasts and multinucleated cells. Very few arens of bone
contact were observed with the poly-L-lactide composites, but the poly-DLslnetide
composite revealed increasing bone contact sites, with time, The bone contact ol the
latter was seen with the hydroxyapatite particles. This is certainly a promising result for
the development of bone bonding composites based on hydroxyapatite and poly-DI.
lactide. The degradation of poly-DL-lactide most likely caused a relative enrichment (%)
of hydroxyapatite particles at the composite/bone interface, which in turn triggered the
development of bone bonding.

The initially insufficient amounts of hydroxyapatite at the implant interface and the
lack in bone bonding potential of polylactide resulted in minimal bone contact, Tl
phenomenon was in agreement with an vivo experiment [Woodard '88] in which porous
hydroxyapatite was dip-coated in polylactide, resulting in a covering of the pores. Buth
the porous hydroxyapatite and the dip-coated porous hydroxyapatite were implanted o
the femur of rabbits. Initially, the hydroxyapatite coated with polylactide revenled lesy
bone ingrowth as compared to the bone ingrowth in hydroxyapatite without the conting,
Apparently, polylactide decreased the bone bonding capacity of the composite, ut loust
temporarily. As soon as the polylactide part had degraded, the bone bonding
characteristics of hydroxyapatite prevailed,

The bone bonding mechanivm s thought to be related to the dissolution of
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hydroxyapatite and the precipitation of carbonate apitite (ntroduction & chapter V1),
Since the dissolution of hydroxyapatite s most lkely affectod by pH changes caused by

dogeadution of the polylactide, the precipitation will be altered as well. The observed
hone formution on the hydroxyapatite/poly-DE-lactide camposite might relate to this also.

Degradation

The In vivo experiment described in chapter VII revealed no clear signs of
degradation for the poly-L-lactides, independent of the presence of hydroxyapatite. The
minjor drawbaek of this experiment wa‘s the fact that the evaluation time was relatively
short ny compared to the time necessary for the composites to degrade. In contrast to the
gomposites made of poly-L-actide, the poly-DL-lactide/hydroxyapatite composite did
revenl clear signs of degradation, although remnants of the composite were still present
nlter 12 months of implantation. The higher degradation rate is most likely due to the
umorphous character of poly-DL-lactide, which will probably degrade completely. In
contrast, the poly-L-lactide might leave crystallites as remnants of the degradation.
Clenernlly, the poly-L-lactides receive more attention in research because of the superior
. mechanieal characteristics prior to degradation. The mechanical properties are closely
related to the regular arrangement of the polymer chains at the molecular level, which
{8 nlso reflected in the crystallinity [Chawla’ 85/86]. The crystalline areas are expected to
be very resistant to hydrolysis and to remain in the tissue as small sharp polylactide
particles [Rozema '91].

The observed composite degradation is mainly due to the degradation of poly-DL-
Inctide, but hydroxyapatite is also subject to degradation [Fellows '88]. The exact
degradation rate for hydroxyapatite is difficult to determine since many factors are
{nvalved. The degradation rate of hydroxyapatite in the composites might be enhanced
slnce the solubility of hydroxyapatite is 40 times greater in an acidic environment (pH
8.2) [Lee '89).

The degradation of the poly-DL-lactide matrix might even result in the detachment
of hydroxyapatite particles although this was not observed for the composites tested in
the present study, It is possible that detached particles will be phagocytosed by cells and
subsequently transported from the implantation site, or that they may give rise 10 a
lnenlly inereased inflammatory effect.

FINAL REMARKS

From the results of the fe vitro tests 16 by (0 be eoncluded that the polylaetdes
tested possesy satistactory blocompatibility eharaeteristien, The b vive resulty concerning
the blocompatibility, bone bonding nbility, and degradability of hydroxynpatite/poly-131.
lnetides are promising, therefore further resenrch should be focused on this combluntion,
A major disadvantage of poly-DL-lactide s the insufficient mechanical potentin of the
material. If further research is focused on poly-L-lactides, one should realize thit severnl
factors involved in the fn vive biocompatibility can not be investigated in (n vl
experiments. In the present in vivo experiment it was not possible to investignte the long
term effect of poly-L-lactide, which might comprise crystalline remunants ot the
implantation site. The amount of hydroxyapatite present in a hydroxyapatite/polylunetide
composite determines whether the composite has bone bonding potentinl, A relutive
enrichment of hydroxyapatite due to the degrading polylactide matrix, muy provide hone
bonding potential, but the amount of hydroxyapatite must also be sufficient 1o ensure
early bone bonding. This is desirable as it will prevent fibrous tissue encapsulation wid

subsequently, replacement of the degrading composite by bone tissue is possible,
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SUMMARY

Hydroxynpatite/polylnctide  componites o8 candidate  materinls for npplication in
reconstructive wurgery of the hend and neck reglon, were evaluated upon thelr
biocomputibility using both b vieeo und i vivo experiments, The biocompatibility of
hydroxyapatite (v generally known to be satisfuctory and this ceramic I8 commended for
hard tissue replacement, in non<oad bearing situations, due to its bone nbilities, Although
polylactide is applied successfully in different medical disciplines, its biocompatibility s
open to debate, due to the lack of agreement between the results of severnl studies,

Polylactides with different degradation rates, poly-Le-lactides 100, 240, 500 kI i
a poly-DL-lactide 400 kDa, were tested in vitro using five cell types, which are also found
in the head/neck region. The proliferation of the cells was investignted by culturing an
polylactide films and by culturing with media containing degradation products of
artificially aged polylactides. Two of the five cell types were also cultured with medin
containing different concentrations of L-or D-monomer. These manomers representod
the ultimate degradations products of polylactides. The results, as deseribed in ehapters
Il and III, revealed that the morphology of the cells was not affected by culturing on
films, although some parts of the films remained uncovered. The morphology also
remained unaffected when the cells were cultured with media containing the degradation
products of the artificially aged polylactides. The proliferation of cells cultured with thess
media showed some minor alterations, although not consistently with w particulie
polylactide. Cells cultured with media containing the different monomer concentontion
revealed that high (1%) monomer concentrations had a clear effect on the proliferation
as well as on the morphology. Fibroblasts cultured with media containing 19 L or D
monomer were larger and the nasal septum epithelium showed more signs of terrinal
differentiation with the 1% D-lactic monomer than with the Lelactic monomer, regardlss
of the osmolarity of the medium. Further research was therefore needed before (il
conclusions could be drawn, the results are deseribed in chapter 1V,

Both L- and D-lactic monomer were added to culture medium in coneentrations of
0.01% and 0.5 %, The 0.5% monomers were also added to a modified medium with un
initinlly lower osmolarity. Evaluation showed that fibroblasts were not affected by 0.01
% lactic monomers (1mg ml"), but that the addition of 0.5 % monomer reduced the

metabolic activity of the celly by about 40% 1 compared to the control, regardloss of the
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osmolarity of the medium, Cell proliferation and morphology were only negatively
allected when 0,5% monomer was added 1o standard medium, thereby increasing the
aumolarity. The addition of sucrose, however, resulted fnan nerensed proliferation and
neld phosphatase activity, as well as an altered morphology.

The (mpaet of these results for the in vivo situation ean not be made, but these
coneentrations are unlikely to oceur in the body, It can be concluded however, that the
anmolirity, as well as the nature and concentration of the added material, can exert an
influence on proliferation, morphology and cellular activity. Thus, the osmolarity of test
medin should be determined for in vitro biocompatibility assays.

The in viro experiments indicated favorable biocompatibility properties of the
polyluctides used. However, in vitro experiments lack the complexity of the in vivo
l"l!lltl}llnl‘h therefore the inflammatory response of polylactides was determined by injecting
particulutes in the peritoneal cavity as is described in chapter V.

Four types of polylactide particulates, P-L-LA 100, 250, 550 kDa and a P-DL-LA
400 kD were injected into the peritoneal cavity of mice. The inflammatory reaction
showed an increase in cell number (mainly neutrophilic granulocytes) up to 48 hours;
Culter this time the cell numbers decreased to a level below the control (phosphate
butfered saline). All four polylactide particulates aggregated and intermingled with
Inflummatory cells. The aggregates remained present throughout the investigation period
ol 6 months, Quantitative measurements showed that standardisation of the particle form
and alze fs essential. Based on the results of this study and of other experiments in which
gulelum phosphates and asbestos were injected intraperitoneally, it is concluded that the
Intlimmatory response observed in the peritoneal cavity is related to the type of material
(polylaetide gave rise to a higher (5-fold) reaction than was seen for calcium phosphates)
Injected and most probably also to the form and size of the individual particles.

‘Thug, both i vitro and in vivo experiments indicated that the polylactides used could
be considered ns candidate components of the hydroxyapatite/polylactide composites.
Prios to the in vive investigation of the composites, in vitre bone formation was studied
gn 0 poly-L-lactide which was plasma-spray coated with various quantities of
hydroxyapatite (0%, 15%, 36% and 100% coverage) as described in chapter V1. Rat bone
murrow cells were cultured on the different coatings and the cellular response and
uliborated extracellular matrix was examined at the light and electron microscopical level

after 1, 2, 4 and B weeks of culture, Proliferation of cells into multilayers was seen on the
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0%, 36% nnd 100%, but not on the 1A% son g with this was the spame
formution of extracellulne matelx on the Tattar, and e abundant appearance on the
former three coantings. Scanning and transmisslon eletron microscopy revenled o |
mineralized extracelluar matrix on the 100% and 36% coatings after 2 and 4 weeks |
respectively and on the 15% coating after 8 weeks, Mineralization was not observed on
uncoated poly-L-lactide. At the interface between hydroxyapatite and the minerulized
extracelluar matrix, one or more electron dense layers were frequently observed, which
showed morphological similarities with structures between these two entities i vive, The
results of this in vitro study show that, in the model used, hydroxyapatite i required o
obtain the elaboration of mineralized extracelluar matrix on poly-L-lactide,

Subsequently, the tissue reaction to four different hydroxyapatite/polyluetide (50%
w/w) composites with bone bonding potential was investigated as described in chapler
VII. The differences between the composites under study, comprised variations in
molecular weight of the polylactides, thus providing different degradation ratey for the
composites. Polylactides used were: poly-L-lactides of 100, 250 and 500 kDa and 0 poly:
DI -lactide of 400 kDa. Hydroxyapatite particles were added prior to the polymerisation
process, thus providing composites with areas of hydroxyapatite mixed with polymer, The
composites were implanted in tibiae of rats and evaluated after 1, 2, 4, 12, 24, and Al
weeks. Histology of the tibiae revealed that the bone contact of the composites with the
poly-L-lactides (HA/P-L-LA) differed from that of the composite with poly-IDLluctice
(HA/P-DL-LA). A close contact between hydroxyapatite particles and bone had
developed whereas the HA/P-DL-LA composite degraded. The shape of the AL
LA composite was clearly changed, which was in contrast to the unaltered shape of the
HA/P-L-LA composites, even after the 50 weeks period. The polylactides with und
without hydroxyapatite were also implanted in subcutaneous tissue, All these (mplanis
were encapsulated in fibrous tissue, with mainly multinucleated cells ot the interface.
Subcutaneous degradation of the implants was not observed for the poly-Lelnctides (with
or without hydroxyapatite) but the poly-DI-lactide (with or without hydroxyapatite) also
revealed clear signs of degradation at this implantation site,

Apart from sparse sites of bone contact, the main tissue response 10 all gomposiies,
both in the tibia and subcutaneously, consisted of a connective tissue encapsulntion,
containing mainly fibrablasts and multouelented cells,

It con be coneluded from the deseribed studies that the composite of hydroxyapatite
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mﬁthnut leaving crystilline rumnuntn i the twue, In thil mlm 1h| lnithd umount of 50%
wiw hydroxyapatite present In the composite was insufficlent to establish bone bonding
directly (within 6 weeks) after implantation, Thus, further research on its bone bonding,
mechanioal and application properties is justified, but also necessary, prior to clinical use.
Cure should be taken in the use of erystalline high molecular weight polylactides, with or
without hydroxyapatite, until their complete degradation has been demonstrated.
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Hydroxynpatiet/polylactide composieten s,
testen, onderzocht op hun biologische g
chirurgle van het hoofd/hals gebied gebrulkt e
bekend dat het een goede biocompatibiliteit bezlt en ¢ ;
van polylactide is nog onderhevig aan twijfel omdat de mnﬁl‘l’ﬁf vin m
studies niet overeenkomen, alhoewel polylactide reeds suecesvol wordt toegepast binnen
verschillende medische disciplines. '

Er zijn vier polylactiden met verschillende degradatie snelheden, poly-L-lactiden 100,
240, 500 kDa en een poly-DL-lactide 400 kDa, in vitro getest met behulp vin vijl

verschillende celtypen. De proliferatie van de cellen is onderzocht door dege ap

polylactide films te kweken en in medium dat de degradatie produkten bevaite van
kunstmatig verouderde films. Twee van de vijf celtypen zijn ook in medium gekweekt dt
verschillende concentraties van L- of D-monomeer bevatte, Deze monomeren stelden de
uviteindelijke degradatie produkten van polylactiden voor. De resultaten beschreven in de
hoofdstukken II en III, toonden aan dat de morfologie van de cellen niet was anngetast
door het kweken op de polylactide films; er bleven echter wel bepaalde stukken van de
films onbedekt. De morfologie werd ook niet aangetast door de cellen te kweken mel
media die de degradatie produkten van de kunstmatig verouderde polylactiden bevatien,
De proliferatie van de cellen vertoonde soms een afwijking ten opzichte van de contrale,
maar hierin kon geen consistente lijn worden ontdekt, waardoor een bepaald polylnetide
mindere biocompatibele eigenschappen zou bezitten, Het experiment waarin de cellen
gekweekt werden met verschillende concentraties L- en Demonomeer toonde nun did
hoge (1%) concentraties een duidelijke afname in de proliferatie veroorzankien en een
verandering in de morfologie. De fibroblasten waren veel groter en de
neusseptumepitheelcellen vertoonden een toename in de terminale differentintie voor de
D-monomeer, zelfs wanneer de osmolariteit van het betreffende medium was bijgesteld,
Diepgaander vervolgonderzoek was echter nodig om hierover definitieve conclusies 1o
trekken. De resultaten van dit vervolg onderzoek staan beschreven in hoofdstuk 1V,

Zowel de L- als de D« monomeer zijn hiertoe in concentraties van 0.01% en 0.5%
aan kweek medium toegevoegd. De 0,5% monomeren zijn ook toegevoegd nan sen
gemodificeerd medium met nftieel een lngere osmolariteit. Evaluatie van de proliferatie,
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morfologle on celluliire netiviteit van de fibroblasten toonde aan dat ze nlet werden
anngatist door 0.01% melkzuur monomeer, maar dat toevoeging van 0.5% monomeer
lefdde tot een reductie in de metabolische netivitelt van ongeveer 40% vergeleken met
de controle, ongencht de osmolariteit van het medium, De proliferatie en morfologie
werden alleen aangetast wanneer 0.5% monomeer wis toegevoegd aan normaal medium,
wiirvan de osmolariteit dus verhoogd was. De toevoeging van sucrose aan normaal
medium (wat eveneens tot een hogere osmolariteit leidde) zorgde voor een toegenomen
proliferatie en zure fosfatase activiteit alsmede een veranderde morfologie.

Do wanrde van deze bevindingen vo;r een in vivo situatie kan helaas niet gegeven
worden, mede omdat zulke concentraties zullen waarschijnlijk niet in vivo voorkomen. Op
Biosls vin deze studie kan wel de conclusie worden getrokken dat zowel de osmolariteit
wle de nord en concentratie van het toegevoegde materiaal een invioed kunnen
uitoefenen op de proliferatie, morfologie en cellulaire activiteit. De osmolariteit van
testmedin  moet dus worden gestandaardiseerd voor het gebruik in in vitro
blocompatibiliteitsassays.

Alle in vitro experimenten hebben de goede biocompatibiliteit van de onderzochte
polylactiden aangetoond. I vitro experimenten missen echter de complexiteit van in vivo
fencties, Daarom is de ontstekingsreactie van de polylactiden ook bepaald door
polyluetidepartikels in de buikholte van proefdieren te injecteren zoals beschreven in
hooldstuk V.

Vier typen polylactidepartikels, poly-L-lactide 100, 250, 550 kDa en een poly-DL-
lnetlde 400 kDa zijn in de buikholte van muizen geinjecteerd. De inflammatoire respons
bestond uit een toename van het aantal cellen (voornamelijk neutrofiele granulocyten)
101 48 uur ni injectie waarna het celaantal afnam tot onder het niveau van de controle
(Toufant gebufferd fysiologisch zout). Alle vier de polylactidepartikeltjes gaven aanleiding
{0l nggregaatvorming samen met ontstekingscellen. Deze aggregaten bleven gedurende
de hele onderzoek periode van 6 maanden aanwezig. Kwantitatieve resultaten hebben
pungetoond dat standaardisatie van de partikelvorm en -grootte essentieel is om
betrouwbire metingen aan bv. degradatie te kunnen uitvoeren. Op basis van de
pesultnten uit deze studie en andere experimenten waarbij calcium fosfaten en asbest
werden geinjecteerd in de buikholte, kan de conclusic worden getrokken dat de
M'ﬂlmmatéire respons zoals deze is waargenomen in de buikholte, gerelateerd is aan het
Aype materianl (polylactide geeft een veel (5-voudig) hogere renctie dan caleium fosfaten)
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en mogelifle ook mn vorm en grootte vin iy .

Zowsl de fn v experimenten als het i vivie mﬂm i |
de polylactiden  beschouwd kunnen worden s ummmm~m .
hydroxyapatiet/polylactide composiet. Alvorens dose i vive (o teston s do botvorming
in vitro onderzocht (hoofdstuk VI). Hiertoe zijn poly-Lanctide subntraten gecont mot
versehillende hoeveelheden hydroxyapatiet (0%, 15%, 36%, en 100%) m.b.y, de plusmn
spray techniek. Hierop zijn beenmergeellen van een rat gedurende een, twee, vier, an
acht weken gekweekt, waarna de cellulaire respons en de vorming vin een exteneeliulnime
matrix werden bestudeerd op zowel licht- als elektronen microscopisch nivenn. et
ontstaan van meerdere cellagen werd waargenomen op de 0%, 36% en 100% contings,
maar niet op de 15% coating. Bovendien was bij de 15% coating een matige vorming i
een extracellulaire matrix te zien in tegenstelling tot de andere contings wiir e
extracellulaire matrix rijkelijk gevormd was. Met behulp van scanning- en teansmibssle
elektronen microscopie kon een mineralisatic van de extracellulaire mutrly nn
respectievelijk twee en vier weken worden aangetoond op de 100% en 36% contings e
na acht weken op de 15% coating. Er werd geen mineralisatie waargenomen op het
ongecoate poly-L-lactide. Aan de interface van hydroxyapatiet en de gemineraliseords
extracellulaire matrix werden vaak cen of meerdere elektronen dichte lngen
waargenomen, zoals deze ook i vivo kunnen worden waargenomen, De resultaten viin
deze studie tonen aan dat, in het gebruikte model, hydroxyapatiet nodig I8 om een
gemineraliseerde matrix op poly-L-lactide te bewerkstelligen.

In hoofdstuk VII is vervolgens de weefselreactic op vier verschillends
hydroxyapatiet/polylactide (50% w/w) composieten na implantatic beschreven, Dg
gebruikte polylactiden waren poly-L-lactiden van 100, 250 en 500 kDa en een poly<D31.-
lactide van 400 kDa. De hydroxyapatietpartikeltjes zijn vlak voor het polymerisatieproves
toegevoegd waardoor uiteindelijk composieten zijn verkregen met afwisselend gebleden
van hydroxyapatiet en polylactide. Deze composieten zijn geimplanteerd in de tiblny van
ratten en onderzocht na een, twee, vier, twaalf, vierentwintig en vijltlg weken
Histologische evaluatie van deze tibias toonde aan dat het botcontact van de composieten
met poly-L-lactide verschilde van dat van composicten met poly-DLdactide, Hen nuuw
contact tussen hydroxyapatiet purtikels en bot had zich gevormd tijdens de degradatie vin
het hydroxyapatiet/poly-DIsluetide composlet, De vorm van het HA/PDL-LA composiet
was daarbij duidelifk vernnderd, dit in togenstelling tot de vorm van de HA/PALA
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dut voor deze composieten werd waargenomen beperkte gleh ot kleine gebledjes gelegen
fegen zowel polylactide als tegen hydroxyapatiet. De polylactiden met en zonder
Tiydroxynpatiet zijn ook subcutaan geimplanteerd, Deze implantaten werden ingekapseld
In fibreus weefsel met voornamelijk meerkernige cellen aan de interface. Degradatie van
de poly-L-lactiden (met of zonder hydroxyapatiet) werd niet waargenomen, maar
degrudatie van poly-Di-lactide (met of zonder hydroxyapatiet) vertoonde ook op deze
Impluntatieplaats duidelijk tekenen van degradatie. Naast het sporadische botcontact
werd de voornaamste weefselreactie van zowel in de tibia als subcutaan geimplanteerde
womposieten gevormd door een bindweefselinkapseling die grotendeels bestond uit
fibrablasten en meerkernige cellen.

Het composiet van hydroxyapatiet en poly-DL-lactide heeft enige bot bindende
wlgenschappen en is waarschijnlijk degradeerbaar zonder dat er kristallijne restanten
nehterblijven in het weefsel. De hoeveelheid van 50 gewichts procenten hydroxyapatiet
die nitieel in het composiet aanwezig was, bleek in deze studie te weinig om snel (binnen
6 weken) een botbinding te bewerkstelligen. Verder onderzoek naar de verbetering van
de botbindende en mechanische eigenschappen in de toepassingsgebieden is
gerechtvaardigd en noodzakelijlc alvorens klinische toepassing kan plaatsvinden. De
toepassing van hoogmoleculaire kristallijne polylactiden, met of zonder hydroxyapatiet,
mael met enige scepsis beschouwd worden zolang de volledige degradatie nog niet is
unngetoond.
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STELLINGEN

De osmolariteit van kweekmedia die extracten van biomaterialen bevatten dient

te worden vermeld in publikaties.
dit proefachrift

Het gebruik van meerdere celtypen teneinde de cytotoxiciteit van een materiaal

te testen leidt tot onnodige kostenverhoging.
dit proefschrift

Kwantitatieve evaluatie van in vitro cytotoxiciteit testen dient te worden aangevuld

met kwalitatieve evaluatie.
dit proefschrift

De toevoeging van 50 gewichtsprocenten hydroxyapatiet aan polylactide is, althans
initi€el, onvoldoende om van een botbindend materiaal te spreken.

dit proefschrift

De relevantie van in vitro cytotoxiciteit testen kan niet worden ontleend aan de
hypothese dat in vifro toxiciteit een afspiegeling is van in vivo toxiciteit.

In het geval van fractuurfixatie zijn langzaam degraderende poly-L-lactiden een
alternatief voor pati€nten die overgevoelig zijn voor metaalsubstraten, zelfs als het
polymeer na enige tijd verwijderd moet worden.

Het achteraf zoeken naar de statistische test die het gezochte resultaat bevestigt
doet afbreuk aan de waarde van de statistick en aan de waarde van het gezonde
verstand.

De localisatie van 3-methylcholanthreen induceerbare P450-isoenzymen in de

rattelever, wordt bepaald door de dosis van de stimulator.
A. van Sliedregt and CFA van Besooyen, Biochem. Pharmac. 39(11): 1703-1708, 1990

Vliegvakanties ten behoeve van de eco-toerist vragen om een zodanige milieu
heffing dat slechts weinigen die reis kunnen maken.

Gezien de vrije keuze in het (wel) hebben van kinderen is een equivalent van het
ouderschapsverlof voor kinderlozen gerechtvaardigd.

Stellingen behorende bij het proefschrift:

Hydroxyapatite/polylactide composites
for reconstructive surgery
An in vitro and in vivo biocompatibility study

Alice van Sliedregt
Leiden, 24 maart 1993



