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Foreword

ISO (the |nternational Organization for Standardization) is a worldwide
federation|of national standards bodies (ISO member bodies). The work
of preparing International Standards is normally carried out through ISO
technical gommittees. Each member body interested in a subject for
which a technical committee has been established has the right to be
representdd on that committee. International organizations, governmental
and non-g¢vernmental, in liaison with ISO, also take part in the work. ISO
collaboratgs closely with the International Electrotechnical Commission
(IEC) on alf matters of electrotechnical standardization.

The main ftask of technical committees is to prepare International Stan<
dards, but|in exceptional circumstances a technical committee may pfo-
pose the gublication of a Technical Report of one of the following types:

— type 1| when the required support cannot be obtained for the” publi-
cation ¢f an International Standard, despite repeated efforts;

— type 2,|when the subject is still under technical development or where
for any| other reason there is the future but not immediate possibility
of an agreement on an International Standard;

— type 3] when a technical committee has collected data of a different
kind frgm that which is normally published as an International Standard
(“state|of the art”, for example).

Technical Reports of types 1 and 2 arg subject to review within three years
of publication, to decide whether they can be transformed into Inter-
national Standards. Technical Reports of type 3 do not necessarily have to
be reviewpd until the data they provide are considered to be no longer
valid or usgful.

ISO/TR 10993-9, whichiis-a Technical Report of type 2, was prepared by
Technical [ Committee/~ISO/TC 194, Biological evaluation of medical
devices.

This documerit_is being issued in the type 2 Technical Report series of
publicatiorls“{according to subclause G.4.2.2 of part 1 of the ISO/IEC Di-

rectives, 19927) as a " prospective standard for provisional application” in
the field of degradation of materials because there is an urgent need for
guidance on how standards in this field should be used to meet an ident-
ified need.

This document is not to be regarded as an “International Standard”. It is
proposed for provisional application so that information and experience of
its use in practice may be gathered. Comments on the content of this
document should be sent to the ISO Central Secretariat.

A review of this type 2 Technical Report will be carried out not later than
two years after its publication with the options of: extension for another
two years; conversion into an International Standard; or withdrawal.

vi
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ISO 10993 consists of the following parts, under the general title Biological
evaluation of medical devices:

— Part 1: Guidance on selection of tests
— Part 2: Animal welfare requirements

— Part 3: Tests for genotoxicity, carcinogenicity and reproductive
toxicity

— prrrd—Sfect . L . it biood
— Part 5: Tests for cytotoxicity: in vitro methods
— Part 6: Tests for local effects after implantation
— Part 7: Ethylene oxide sterilization residuals

— Part 9: Degradation of materials related to biological testing
[Technical Report]

— Part 10: Tests for irritation dnd sensitization
— Part 11: Tests for systemic toxicity
— Part 12: Sample preparation and reference materials

— Part 13: Identification and quantification of degradation products
from polymers

— Part 142 Identification and quantification of degradation products
from<©eramics

—xPart 15: Identification and quantification of degradation products
from coated and uncoated metals and alloys

— Part 16: General guidance on toxicokinetic study design for degra-
dation products and leachables from medical devices

— Part 17: Glutaraldehyde and formaldehyde residues in industrially
sterilized medical devices

Annexes A, B and C of this part of ISO 10993 are for information only.

vii
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Introduction

Attention i drawn to the definition of “medical device” (see 3.1).

When the material of an implanted device experiences a decrease in its
mechanical| properties and/or mass, it is referred to as degradation for
polymers and ceramics, and corrosion for metals and alloys. For those
medical dejices and materials which experience repeated stress cycles
during use,|the biological environment may reduce their anticipated fatigue
life or endyrance limit.

The stability of materials and devices in the biological environment is in-
fluenced by the conditions of the service environment as well as the
chemical cpmposition, additives, processing aides, impurities, manufac=
turing procgsses and decontamination/sterilization.

In addition [to the principal components, most polymers contain additives
such as antioxidants and stabilizers and all materials contain either minor
components or impurities which may be leachable and enter the biological
environment and induce a tissue response even if the principal component
is stable. Most devices rely upon their stability to -ensure safe and
efficacious[performance. Others, such as resorbable sutures, are designed
intentionally to degrade.

While the ability to predict the stability of materials and medical devices
in vivo is f great importance, the extrapolat:on of in vitro data to the

bility of th de5|gners of the in vitro test schemes used. Currently, there
are no standard" practices, methods or guidelines for the assessment of

uegtauauon
products formed, from degradation of these materlals and devices in the
biological environment. There are, however, methods used for extracting
leachable fractions from materials and devices to be used in biological re-
sponse testing (see, for example, ISO 10993-3, ISO 10993-5, ISO 10993-6
and ISO 10993-7).

The extraction media used may be selected to be compatible with the
biological test and may not necessarily represent an adequate extraction
of the material. There is a need for additional research to develop accel-
erated methods for evaluating materials degradation in the human body.

viii
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Biological evaluation of medical devices —

Part 9:

Degradation of materials related to biological testing

1 [Scope

Thig| Technical Report aims to facilitate the design of
test| procedures which are used to evaluate the bio-
logi¢al responses to degradation products released
fromp medical devices. Following brief descriptions of
each major class of material used for medical devices,
this| Technical Report focuses on the likely mech-
anisms of degradation of these materials when they
are used in a biological service environment. Acceler-
ated time and real-time degradation testing environ-
menits for devices and materials are suggestéd along
with) characterization techniques for the ‘degradation
products. Finally, an approach for ,dentifying and
quaptifying degradation products, ‘ebtained from
explanted devices and tissues is proposed.

2 |Normative references

The| following standards contain provisions which,
thrqugh reference in this text, constitute provisions
of this Technical Report. At the time of publication,
the|editigns indicated were valid. All standards are
subject. to revision, and parties to agreements based
on S echnical-Report—are—encouraged—to—invest
gate the possibility of applying the most recent edi-
tions of the standards indicated below. Members of
IEC and ISO maintain registers of currently valid
International Standards.

ISO 10993-1:1992, Biological evaluation of medical
devices — Part 1: Guidance on selection of tests.

ISO 10993-3:1992, Biological evaluation of medical

1) To be published.

devices —,\Part 3: Tests for genotoxicity,
carcinogenicity-and reproductive toxicity.

ISO 10993-5:1992, Biological evaluation| of medical
devices — Part 5: Tests for cytotoxicty: in vitro
methods.

ISO 10993-6:1994, Biological evaluation| of medical
devices — Part 6: Tests for local effedts after im-
plantation.

ISO 10993-7:—", Biological evaluation oflmedical de-
vices — Part 7: Ethylene oxide sterilizatiqn residuals.

ISO 10993-12:—", Biological evaluation| of medical
devices — Part 12: Sample preparation and reference
materials.

3 Definitions

For the purposes of this Technical Repgrt, the defi-
nitions in ISO 10993-1, ISO 10993-3 and 10993-5, and
the following definitions apply.

3.1 medical device: Any instrument, apparatus, ap-
pliance,—material-or—otherarticle—inecluding software,
whether used alone or in combination, intended by
the manufacturer to be used for human beings solely
or principally for the purposes of:

— diagnosis, prevention, monitoring, treatment or al-
leviation of disease, injury or handicap;

— investigation, replacement or modification of the
anatomy or of a physiological process;
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— control of conception;

and which does not achieve its principal intended ac-
tion in or on the human body by pharmacological,
immunological or metabolic means, but which may
be assisted in its function by such means. (Repeated
for convenience from ISO 10993-1:1992, definition
3.1)

© SO

3.13 bioresorption: Process by which biomaterials
are degraded in the physiological environment and the
byproducts eliminated or completely bioabsorbed.

3.14 biostability: Quality of a biomaterial or a
medical device of which the physical, chemical and
mechanical or other changes are not modified with
respect to its behaviour, function or performance
within the biological environment.

3.2 accelr&wubmmdaégoeﬂ
to speed Up the degradation of a material/device

which would normally take place in the service en-
vironment.

3.3 alumipium oxide ceramic: High density, high
purity Al,O4 which may be a fine-grained polycrystal-
line, semicrystalline, amorphous or single crystal ma-
terial.

3.4 amorphous polymer: Macromolecules which
do not form] crystalline structures.

3.5 antisthtic agent: Additive which increases sur-
face condugtivity of the material and thus reduces the
buildup of dharge on the surface.

3.6 bioabsorption: Dynamic process involving the
interaction pf the body with a biomaterial which re-
sults in thg breakdown and dissolution or uptake of
the materia| in the physiological environment.

3.7 bioadsorption: Deposition of components’ of
tissue and body fluids on the surface~ of a
material/device.

3.8 bioceLamic: Ceramic which upen implantation is
transformed into less soluble minerals.

3.9 biodegradation: Alteration undergone by the
biomaterial |or medical.dévice involving loss of their
integrity or|performance when exposed to a physio-
logical or simulated-environment.

3.10 bioefosion: Dissolution or fragmentation of a

3.15 biotransformation: Any change whichya| bio-
material undergoes in the body due to the jntéeragtion
between the material and the physiologi¢al-congtitu-
ents.

3.16 branched polymer: Long-chain molecules with
side chains attached to the backbone of the polymer.
Often soluble in the same).solvents as the cprre-
sponding linear polymers:

3.17 calcium phosphate ceramic: Ceramic based
on calcium and phosphorus oxide containing one or
more calcium phosphate phases.

3.18 coating: Deposited layer or covering on al bio-
material ‘or medical/dental device which is intended to
protect ‘'or enhance the performance of the devige or
biomaterial.

3.19 [random] [regular] [block] [graft]
copolymer: Polymer consisting of different repeating
units (made from two or more different monomers),
having different degrees of order.

3.20 corrosion: Chemical reaction of a solid material
(usually a metal or alloy) with the environment which
causes measurable material property changes.

3.21 crevice corrosion: Usually accelerated chemi-
cal reaction in a small fissure, pit or crack of a metal
or alloy within a corrosive environment.

3.22 crosslinked [network] polymer: Polymer|with
chemical linkages between the chains.

3.23 degradation product: Byproduct of a material

biomaterial implanted in the body occurring as a result
of surface reactions.

3.11 Dbioglass; bioglass ceramic: Glass based on
SiO, which has a specific surface reactivity that en-
hances the interaction with surrounding tissue due to
the action of additives, primarily alkali oxides.

3.12 biomaterial: Synthetic, natural or modified
natural material intended to be in contact and interact
with the biological system.

which—ts—generated—by—thebreakdowror—decompo-
sition of the material.

3.24 depolymerization: Reversion of a polymer to
its monomer(s) or to a polymer of lower relative mol-
ecular mass.

3.25 deposit: Layer or covering laid down on a bio-
material or medical device.

3.26 elastomer: Polymer which maintains its elastic
properties in the temperature range between glass
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transition temperature and the temperature at which
the elastomer begins to flow.

3.27 electrolyte: Substance, usually in solution,
which will transmit an electric current by ions.

3.28 environmental stress-cracking: Cracking of
stressed materials subjected to certain conditions: the
stress may be externally applied, or internally intro-

ISO/TR 10993-9:1994(E)

3.42 in vitro degradation: Changes in a material
exposed to an environment simulating in vivo con-
ditions.

3.43 in vivo degradation: Structural, physical,
mechanical and chemical changes in a material that
are induced by the organism.

3.44 leachable: Extractable component, such as

duc

of one or more extractable components.

3.31 fatigue corrosion: Combined effect of dy-
nanic loads and chemical attack on metal or alloy
profgerties within a corrosive environment.

3.32 fretting corrosion: Combined interaction of
wedr and chemical attack on a metal or alloy within a
corrpsive environment.

3.33 fibre: Arrangement of molecules into a long
lar shape where the length is of the order of 100

filler: Various forms of inorganicor organic
rials added to alter material properties.

final product: Medical device in its “as-used”

3.39 implant tissue interface: Zone between the
implant material and the tissue.

3.40 inert bioceramic: Bioceramic which undergoes
no measurable chemical change during long-term
contact with the biological environment.

3.41 interface: Zone of contact between two sur-
faces.

additives,_monomers and low relative molecular mass
constituents in polymeric materials.

3.45 linear polymer: Long chains of upcrosslinked
backbone atoms which form a macromolécule.

3.46 lubricant: Substance added to ephance ma-
terial flow and handling characteristics |(e.g. during
injection-moulding,€xtrusion, etc.).

3.47 matrix;-Embedding material for fibfes or fillers.

3.48 monomer: Any molecule that can be con-
vertedinto a polymer.

3.49 natural polymer: Macromoleculep of natural
ofigin, such as collagen, cellulose, polyaminoacids,
rubber, etc.

3.50 oxidative degradation: Reaction occurring
due to air (oxygen) or oxidizing agents leadiing to chain
cleavage of chemical bonds.

3.51 pigment: Insoluble colorant added to a ma-
terial.

3.52 plasticizer: Substance added tp polymers
which modifies their forming properties apd increases
the flexibility of products made from these polymers.

3.53 plastics: Synthetic polymers containing addi-
tives which enhance polymer processing and/or the
final properties of the resulting products.

3.54 polymer blend: Two or more polyymers mixed
together or in solution to form a produgt which has
properties-very-often-differentfrom-thesel of individual

polymers.

3.55 potentiostatic polarization method: Method
equal to chronoamperometry with a constant poten-
tial: the time-dependent measurement of the current
density going through a material/solution interface at
a definite potential.

3.56 potentiodynamic polarization method:
Method equal to voltamperometry with a linear vari-
ation of the potential: the potential-dependent
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measurements of the current densities going through
a material/solution interphase.

3.57

real-time test: Laboratory test performed to

assess degradation of devices or materials which
does not employ accelerating factors such as tem-
perature, rapid cycling, etc.

3.58 resorbable bioceramic: Ceramic which upon

implantation
fluids and ti

3.59 resol
mixture of i
with water
implanted i
ids and tiss

3.60 reso
signed to b
byproduct
organism.

3.61 semjtcrystalline polymer:

able to cry

Ssues.

bable cement: Cement formed from a
horganic powders, which sets upon mixing
br dilute acidic or basic solutions and when
5 dissolved into the surrounding body flu-
Les.

bable polymer: Polymer deliberately de-
e biotransformed in vivo to a non-harmful
Vhich is subsequently eliminated from the

Macromolecules
allize partially from the melt or solution.

3.62 solvent: Substance which causes a gas, solid

or liquid tg
(molecular)

dissolve without altering its (chemical)/
identity.

3.63 stabjlizer: Additive added to materials to pre-

vent chemi

3.64 stab

cal reactions.

e polymer: Polymer which does not un-

dergo any measurable changes when exposed to its

service envj

ronment.

3.65 stress corrosion: Combined effect of static

and/or dyng
or alloy pro

mic stress and_chemical attack on metal
berties within-a\corrosive environment.

3.66 substrate: Material covered by a coating.

3.67 surf
upon impl

ce-reactive bioceramic: Ceramic which
fation shows a surface reaction which

may lead to formation of chemical bonding at the
implant/tissue interface.

3.68 surgical implant: Medical device implanted in
the body by surgical means.

3.69 synthetic polymer: Man-made polymer.

3.70 thermoplastics: Polymers capable of under-
going repeated flow and solidification upon heating/

cooling.

© |SO

3.71 thermoset: Polymer that exists initially as a
reactive compound, which upon heating, undergoes
a reaction to form a solid, highly crosslinked insoluble
matrix.

4 Classification of materials
Biomedical devices are constructed from a wide vari-

. Ule PDOIY C '

and alloys, ceramics, composites and coatings: A
introduction to each class as related to its _applicati
as a biomedical material is given below

4.1 Polymers

Polymers are long-chain molecules composed of
small, simple repeating ufits called monomers.|The
repeating unit is usually“equivalent, or nearly eguiv-
alent, to the monomerfrom which the polymer [was
obtained. Frequently, polymeric materials with relative
molecular masses” of approximately 20 000, and/or
consisting ofless than 1 000 to 2 000 repeating Units
in the chaing, are called low molecular mass polyners,
while polymeric materials above 20 000 and/or |con-
sisting of more than 2 000 repeating units in the ghain
are called high molecular mass polymers. The ferm
polymer usually refers to the pure material which re-
sults from the polymerization process.

Depending on the structure of the polymer chain,
polymers are called homopolymers, copolymersg, or
linear, branched or crosslinked polymers. Angther
class of polymeric materials is polymer blends [con-
sisting of a physical mixture of two or more polymers.
Furthermore, depending on the material properties
and behaviour, polymers can be divided into thefmo-
plastics or thermosets. In relation to their ofigin,
polymers can be further categorized as natural or
synthetic.

4.2 Ceramics

Ceramics are inorganic materials prepared by
temperature thermal processes which form
bonds.

high
onic

The use of ceramics as materials for medical devices
originated from research in the early 1970's, which led
to the introduction of a variety of bioceramics such as
aluminium oxide, glass ceramics and calcium phos-
phate ceramics. This discussion mainly focuses on
four types of ceramics, namely, aluminium oxide,
glass ceramics, calcium phosphate ceramics and car-
bons. These types exhibit three different material re-
sponses, i.e. minimally reactive (aluminium oxide),
surface reactive (glass ceramics) and resorbable
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(calcium phosphate ceramics). The classification of
calcium phosphate as a resorbable material is, at
present, controversial since the degradation rate of
the different types of calcium phosphate varies with
changes in its stoichiometry and crystal structure.
Wide differences of opinion exist on degradation of
hydroxyapatite, a calcium phosphate ceramic, with
some investigators classifying it as resorbable, while
others consider it nonresorbable. A brief description

ISO/TR 10993-9:1994(E)

Table 1 — Classification of ceramic materials

Class References Form and composition

Dense sintered crystalline
alumina (A1203)

99,9 % pure porous
alumina

ISO 6474

Ceramic based on — 97 % pure porous alumina

of each of the major classes of ceramic materials is alumina _ Zirconia reinforced
provided beiow. atumina
_ Calcium phosphate
alumina

4.2.1 Aluminium oxide is used in high purity form.
Devices are, usually, fabricated from fine-grained
polyicrystalline material and used in load-bearing ap-
plications because of its high compressive strength,
flexpiral strength and fatigue resistance. Both strength
and|fatigue resistance may decrease when it is ex-
posed to physiological fluids.

4.2 Glass ceramics can be produced in various
comjpositions. The basis of these ceramics is SiO, and
P,0s. Depending on the type, CaF, K;O, MgO,
Al,Q,, TiO, and B,O5 can also be found. The surface
reagtivity is dependent on the composition of the
material. For some compositions, hydroxyapatite
crystals are expected to nucleate at the implant sur-
facg, causing a firm bond with surrounding collagen
and| bone.

4.28 The calcium phosphate ceramics, hydroxyapa-
tite| [Ca;o(PO,)g(OH),],  tricalcium: C phosphate
CaslPO,),, and a biphasic combinatién,of these two
crystal structures are currently commercially available
for [use on surgical implants,-Other calcium phos-
phates are currently being investigated for application
as [biomaterials as well;~for” example, fluorapatite,
magnesium whitlockiteZand tetracalcium phosphate.
The starting material~for most hydroxyapatite cer-
amics is a powder with hydroxyapatite lattice,

4.2/4 “Ceramics can be fabricated in dense and
porl
granules or coatings. An increase in porosity de-
creases compressive strength and increases surface
area and rate of dissolution. High sintering tempera-
tures tend to reduce the microporosity (pore size less
than 3 um) of ceramics and may relate to the contro-
versy surrounding the degradability of hydroxy-
apatites, the non-degradable form approaching
theoretical density.

NOTE 1 A more complete listing of specific ceramic ma-
terials used medically is provided in table 1.

—_ Single crystal of alumina

Ceramic based on — Porous vifroceramic

silicate glass

— Dense vitroceramic
_ Dense sintied hydroxy-

apdtite

Porous sintJred hydroxy-

Ceram}c based on — apitite
calcium phos=
phate — Dense sintefed beta TCP
—_ Porous sintefed beta TCP
— Other| types
_ Porous sintg¢red calcium
Ceramic based on carbpnate
calcium carbonate _ Natural porpus calcium
carbpnate

—_ Alumina staqilized zirconia

Yttria partiahy stabilized
Ceramic based on zircpnia
zirconia — Stabilizefl zirconia

Ceria partially stabilized
zircpnia

ISO 6872

. I1SO 9693
Dental ceramic
based on feldspar —

Reinforced|with leucite

Reinforced with alumina

— Reinforceq with mica

4.3 Carbons

Carbons include graphite, diamond, and |vitreous and
rolytic carbons. They can be prepared in high purity
and are generally considered stable in the physiologi-
cal environment. Examples of the different carbon
forms used as medical non-reactive materials follow.

4.3.1 Pyrolytic carbon: low temperature isotropic
and high temperature isotropic carbon materials have
a laminar, isotropic, granular or columnar structure and
may be pure carbon or alloyed with various carbides,
usually silicon. The structure is generally described as
turbostratic and consists of poorly defined crystallites.
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4.3.2 Glassy or polymeric carbons: obtained from
the thermal pyrolysis (approximately 1 000 °C) of
selected polymers and may be monolithic, porous or
reticulated.

4.3.3 Artificial graphites: produced from a variety of
starting materials such as petroleum or naturally oc-
curring cokes and yield bulk structures of varying grain
size, crystallite orientation, purity, porosity, strength
and particle size.

© SO

glass, aramid, ceramic, and resorbable materials such
as polyglycolide (PGA), polylactide (PLA) and others.

4.43 Typical matrices in the medical field are shown
in table 2.

Reinforced polymeric materials may have mechanical
properties comparable to metals in reference to
strength but with reduced mass.

4.3.4 Carbpn fibres: formed from spun polymeric fi-
bres which pre subsequently pyrolysed to yield struc-
tures of Munusual strength and stiffness. The
properties are a function of polymer precursor and
processing history. More recently, carbon fibres have
been grown from the vapour phase.

4.3.5 Charpoal: perhaps the oldest and most diverse
materials with interesting absorptive properties are
produced from many organic materials spanning the
range from wood to coconut shells to animal bones.

4.4 Composites

4.41 Composites consist of at least two different
types of materials (fibres or fillers, and matrix) or of
one materigl with different structures (self-reinforced
material). The principle of improved mechanical prop-
erties is baged on the interaction of fibre andjor fillers
with the matrix. The direct contribution of matrix, to
the mechanical properties of the composite is (rela-

tively small

The function of matrix is to transfer load

from matriy to fibres over the fibre/matrix ‘interface,

to protect t
fibore and
fibre/matrix

A sufficient

he fibres and to shape the device. For the
matrix to peform effectively, good
adhesion is required.

strength over the predicted time of appli-

cation is ernsured only if there is good adhesion be-

tween fibrd and matrix ‘over the whole implantation
period. Agents on the-fibre surface, for example tex-
tile finishes| coatings; sizing or lubricants can interfere
with the cdntact \integrity, so that the strength is re-
duced. Theréfore, fibres for reinforcement shall be
cleaned, or special surface treatme

4.42 Mechanical properties of composites are
highly correlated with the specific materials used, and
the quantity and orientation of the fibres and/or filler.
The continuous fibre-reinforced materials can be ori-
ented to achieve different degrees and patterns of
anisotropy. In general, the reinforcing material can be
fibrous, powdered, spherical, crystalline or whiskered
and organic, inorganic, metallic or ceramic material.
The fibre materials used today are made of carbon,

4.4.4 Fillers can be of organic or of inorganic. ofigin
with a particle size ranging from micrometres’to|one
millimetre. They can consist of a generally-diffgrent
class of materials from the matrix matérial, or of| the
same material. The fillers can be composites thHem-
selves, or may be carriers of drugs: The aim of f{lling
a matrix material is to increase the’strength, to reduce
shrinkage and the thermal coefficient of expansion, to
improve the handling properties, or, finally, to achieve
radio-opacity, etc. For fillers, especially in denta| ap-
plications, silica glass,7metal oxides and acrylateg are
in use.

Composites for* biomedical applications usually |use
epoxy resins, thermoplastics such as polysulfpne,
polycarbonate, polylactide or polyglycolide and jnor-
ganic_materials such as ceramics as matrix. In most
cases, the polymeric matrix material is amorphous or
semicrystalline and the mechanical properties| are
relatively weak compared to the reinforcing fillers.

4.5 Metals and alloys

451 Metals are opaque, crystalline, chemically
homogeneous substances which are conductons of
heat and electricity. Most elemental metals are mal-
leable and ductile; thus they can be plastically] de-
formed within certain limits without breaking.

Metals are classified in a number of ways acconlding
either to their use or to their various properties. |

dustry, they are frequently classified as ferrous|and
non-ferrous metals, the former being primarily|iron
and the latter virtually all others. On a chemical basis,
differentiation may be made between the roble
metals, e.g. gold and platinum, an i
such as sodium and magnesium.

Metals may readily dissolve other metallic and some
non-metallic elements, forming alloys with very spe-
cific properties which may differ substantially from
those of the major alloy constituent. An alloy is
normally made by melting the constituents together,
or by sintering a compacted powder mixture of the
alloy components (solid state diffusion). They can also
be formed by electrodeposition from an electrolyte
which contains the alloy constituents in the form of
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Table 2 — Materials for composites

ISO/TR 10993-9:1994(E)

. Reinforcement
Matrix
Fibres Fillers
Resins Polymeric Organic
Epoxy Polyesters Polyacrylate
Polyacrylates Polyolefins Polymethacrylate
Polymethacrylates Polyetherketones Composite organic/inorganic
rPolyesters Potyurettrares
Silicones Inorganic
Resorbable polymers
Polyurethanes Silicon dioxide
Thermoplastics Polyglycolide and its copolymers Silanes
Polylactide and its copolymers Glass

Ytterbiumytrifluoride
Yttriamy-fluoride
Other metaloxides

Resorbable polymers

Polyglycolide and its copolymers

Natural origin
Others

Carbons
Ceramics

Hydroxyapatite
Glass ceramics
Calcium carbonate ceramics
Calcium phosphate ceramics

Polyolefins Polydioxanone
Polycarbonates Aromatic polyamides
Polysulfones
Polyetherketones Others
Polyesters Carbon

Glass

Resorbable glasses

Polylactide and its copolymers Ceramics
Polydioxanone .
Polyhydroxybutyrate Hydroxyapatite

Tricalcium phosphate

Hydroxyapatite
Tricalcium phosphate

salts. An alloy in the solid“state is also crystalline.
Sorne properties of an-alloy depend upon the struc-
ture whereas others-depend on arrangements of the
metal atoms withinthe crystal lattice. The former are
called structuretsensitive properties and the latter
strdcture-insensitive properties.

4.6.1 Classification according to function

— mechanical function: sliding and wedgr resistance,
shear-delamination resistance, fracturp resistance,
etc.

— chemical function: corrosion/erosion resistance,
oxidation-reduction, chemical reaction] etc.

4.6 Coatings

Coatings are deposited layers of covering materials
applied to a medical device for the purpose of pro-
tecting and/or enhancing the device performance.

The composition and form of the coating on a surgical
implant is related to the function of the device and/or
the manufacturing process used to produce the de-
vice. These functions and processes can be classified
in the following manner.

— tissue integration function: mechanical or biologi-

cal anchoring in the biological environment

4.6.2 Classification according to manufacturing
process

— chemical vapour or liquid deposition
— electrodeposition

— physical vapour deposition
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— sputtering — polysulfone

— ion beam deposition — polyethylene

— plasma deposition — polyester

— spraying deposition — polyparaxylylenes
— enamelling — epoxy resins

— sintering —potyurethares

— electron [beam deposition
— dip coatipg

— others
NOTE 2  A|further classification of coatings by generic
class of matdrial is provided in the following, and in table 3.

Reference mjade to titanium in the tables implies both
commercially|pure and alloyed titanium.

4.6.3 Metal coatings

— titaniumjand its alloys
— tantalum
— platinum

— gold

4.6.4 Ceramic coatings
— oxides
— glass

— carbon
— carbide
— nitride

— calcium phospbates

— others

5 Materials degradation andrelated
mechanisms

5.1 General

Materials exposed to the body environment undergo
changes (hydrolysis,\carrosion, etc.), as a result of
chemical, physical;;\mechanical and biological inter-
actions between the active living environment anqg the
material. Advanced stages of degradation of megical
materials:and devices often result in a change in their
properties and, hence, their functionality as we|l as
their biological response.

The living body is an aggressive environment for most
types of material or medical devices it contacts,|and
may cause material degradation. In many cases| de-
termination of the exact mechanisms of in |vivo
degradation of materials remains an unsolved grob-
lem. In others, in vivo degradation is known to be|due
to chemical hydrolysis or oxidation possibly enhanced
by enzymes or other biological agents. Factors $uch
as digestion of material fragments by macrophages
and giant cells, bacterial activity, action of lipids, trace
elements, salts, etc. may play a role in this proceps.

Products of degradation and/or released constitugnts

or biological phenomena.

The effect of infecti

4.6.5 Polymer-coatings

— synthetic silicone

— polytetrafluoroethylene

terials is not well understood. It may be related to the
inflammatory reaction which occurs with infection or
to direct interaction between microorganisms and the
biomaterial.
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Table 3 — Coating materials

Class Form and composition

Observations

Titanium plasma sprayed coating

On to titanium substrate

Titanium coating . ;
Titanium coating

On to metallic substrate

Pyrolitic carbon coating by CVD

) or CVI process
Carbon coating

On to carbon fibre substrate

For thin coating on to any ma-

terial

Calcium phosphates deposited by
chemical liquid spray process

For thin coating on to porous

(CLD) material
Calcium phosphate sintered coat-
Calcium phosphate g
coating Plasma sprayed calcium phos- On to titanium and cobalt chro-
phate mium alloy substrate

Sputtered calcium phosphate

Usually(on ‘to titanium substrate

Calcium phosphate deposited by
electrolytic process

On to titanium substrate

Sputtered crystalline aluminium
oxide

With metallic substrate

Amorphous deposited aluminium
oxide

With metallic substrate

Porous alumina

With titanium substrate

Alumina coating -
Porous coating 99,9 % pure

With titanium and tantalum

alumina

substrate

alumina

Porous coating 97 % pure

With titanium and tantalum
substrate

Cermet (A1203 + Ti)

Glass coating

Silica based ceramic coating

Fused on to alloy substrate

5.2 Polymers

5.2|11 The degradation of synthetic polymers in a d)
biological environment is a complex process. The
degdradation genérally proceeds via a surface-erosion
progcess and/or'a process involving the internal bulk e)

of fhe material.

cleavage, which is manifested by a|decrease in
material strength and fragmentation;

diffusion of degradation products towards the
surface of the material;

desorption (dissolution) of the degradation prod-
ucts from the surface of the material and
phagocytosis of the smaller fragments.

5.2.2— The surface-erosion process s characterized
by the following steps:
5.2.3 The internal (bulk) process usually proceeds as
a) adsorption of the liquids to the surface of the follows:
polymer;
a) adsorption of the liquids to the surface of the
b) diffusion of the liquids into the thin surface layer polymer,;
of the material, usually resulting in disruption of
secondary bonds; b) diffusion of the liquids into the bulk (volume) of
the polymer (both processes are accompanied by
¢) chemical reaction between the liquids and disruption of the van der Waals forces and

covalent bonds of the polymer leading to chain

eventually hydrogen bonding);
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¢) chemical reaction between the liquids and un-
stable covalent bonds of the polymer leading to
chain cleavage, which is manifested by a de-
crease in material strength and fragmentation;

d) diffusion of degradation products towards the
surface of the material;

e} desorption (dissolution) of the degradation prod-
ucts from the surface of the material and

© SO

mass, environment (e.g. pH level), site of implan-
tation, load, temperature and humidity.

5.2.5 Polymeric medical products and devices are
produced from polymers and plastics using standard
polymer processing techniques, mainly injection-
moulding, melt-extrusion, compression-moulding,
vacuum-forming, blow-moulding, etc.

phagocytosis of the smaller fragments.

Thus, it segms evident that the rate of sorption of
body liquids| into a polymeric material determines to
a great extept its molecular stability in vivo, while the
time the mdterial spends in contact with the environ-
ment affect$ the extent of its degradation. In the case
of natural |polymers where enzyme-catalysed re-
actions play|a major role in the degradation, it is as-
sumed that|the reaction proceeds by the following
two steps: | first, an enzyme-substrate complex is
formed, follbowed by decomposition of the complex
into reactign products with regeneration of the
enzyme.

It has been pbserved that under conditions where the
substrate cgqncentration is high, relative to that of the
enzyme, mgst of the enzyme is complexed, so that
the rate of freaction is independent of the substrate
concentratign and proportional to the complex con-
centration. At sufficiently low substrate concentration,
the rate of|reaction is proportional to the concen-
tration of the substrate.

Enzymes copsist of various sequences of amino acids
linked together in polypeptide chains. Various func-
tional group$ along the chain such as.COOH, OH and
NH, give the enzymes a strong polar-and hydrophilic
nature. This|limits their ability to-complex with certain
types of polymers, especially-those which are insol-
uble in watgr or which are water-repellent.

5.2.4 In vifro and<in vivo degradation of polymeric
materials is|strangly dependent on factors related to
the basic pplymer chemical and physical character-

These processes are performed at elevated tempera-
tures, and often at high shear rates, which may:|ead
to at least a partial material degradation. Rrocesping
may also cause accumulation of stresses.ina deyice
which in a biological environment may-lead to|en-
vironmental stress-cracking. In songe,-¢ases, devices
are treated using various liquids {e<g. for material ex-
traction or solvent-welding) that\also induce charlges
in the material/device. Additives in the materigl or
device such as plasticizers, lubricants, colorants, |ight
stabilizers and antioxidants may enhance or inhibit
degradation, mainly. dug’ to leaching.

5.2.6 Medical\“materials and devices are uslally
supplied in{a ‘sterile form. Sterilization is performed
using physical or chemical methods, e.g. heat, stdam,
gas (ethylene oxide) or ionizing radiation, mainly
gamma or beta. Each of these sterilization procegses
may have an effect on the degradation of the material.
Radiation sterilization using high energy radiatior} re-
quires doses in the range of 1,5 Mrad to 3,5 Nirad
with the most common dose rate being 2,5 Mrad.
This, in some polymers, could result in various extgnts
of crosslinking and/or degradation of the polymgr or
changes in the additives used in the polymer [pro-
cessing.

5.2.7 Exposure of a material or device to UV [ight
can also result in a partial degradation.

Steam sterilization may cause degradation of devjces
made from polymers, mainly due to hydrolysis.
Ethylene oxide sterilization may lead to formation of
byproducts in a sterilized material, while the gas [esi-
dues in poorly degassed objects may interact with the
physiological media in contact with the device.|Dry

[-Yal

istics and on the processing and]or treatment history.

Factors related to the basic characteristics of the
polymer include relative molecular mass, polydisper-
sity, chemical structure, polarity, molecular confor-
mation and crystallinity.

Factors related to processing/treatment of the poly-
mer include molecular orientation and crystallinity,
presence of impurities/additives, presence of
voids/defects, blending, geometric factors, process/
treatment-induced decrease in relative molecular

10
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lead to thermal-oxidative degradation.

5.2.8 In general, the rate of degradation of synthetic
polymers decreases with an increase in relative mol-
ecular mass and decrease in polydispersity or an in-
crease in crystallinity and chain orientation.

Copolymers usually degrade faster than homopoly-
mers from the same family; linear polymers are more
susceptible to degradation than those which are
crosslinked. The rate of degradation of polymers is
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greater for blends, porous materials, materials with
voids, impurities, additives, etc., than for pure solid
materials.

Usually, large, bulky implants degrade slower than
implants with small cross-sections. Loading or
stressing the material enhances its degradation. An
acidic or alkaline environment accelerates hydrolysis
and/or oxidative degradation of some polymers, e.g.
polyamides or polyesters. Degradation is enhanced at

ISO/TR 10993-9:1994(E)

phosphates thus dissolve up to the point where the
surrounding fluid becomes saturated with the relevant
apatite or the relevant form of g-TCP. Body fluids are
supersaturated with apatite and are, in fact, close to
equilibrium with octacalcium phosphate.

5.3.1.3 Alumina and zirconia

Aluminium and zirconium ions form fairly strong

ele\ated temperatures.

5.3| Ceramics

5.3/1 Chemical dissolution of ceramics

In Vitro degradation of ceramics is related to the spe-
cifi¢ chemistry involved. Mechanisms of in vitro
degradation for glass, calcium phosphates, alumina/
zircpnia and cements are discussed in 5.3.1.1 to
5.3]1.4.

5.3]1.1 Glass

In the case of bioactive glasses and glass ceramics,
the| corrosion reactions in general can be described
by two main reactions: ion exchange and network
disgolution. In the former reaction alkali ions in the
glags are replaced by H* or H;O* from the solution.
In fhe second reaction, hydrolysis occurs resulting in
network dissolution through the attack of.(hydroxyl
iong on the mixed silica-alumina-phosphate-network.
Somne bioactive glasses were corrosion-tested in
deipnized water, tris-buffer, tris-buffer’made isotonic
with NaCl, tris-buffer containing_citrate and simulated
extracellular fluid. These corrgsion tests were carried
out|in polystyrene containers at 37 °C + 0,5 °C and a
pH|of 7,2. When the_solubility product within the
cloged vessel was _exceeded, calcium phosphate
cryptals of an apatitic_hature were precipitated on the
surface of the bigactive glasses. The presence of citric
acil enhancedyalkali extraction by complexation of
catlons andinhibited calcium phosphate reprecipi-
tatipn.

complexes in aqueous solutions with hydroxyl, fluor-
ide and phosphate ions, so that it must be expected
that even dense alumina or zirconia,disqolves some-
what in extracellular fluids.

5.3.1.4 Inorganic cements

Recently, cements have. been developed by reaction
of an acidic calciurm/phosphate such ag brushite or
octa-calcium phasphate (OCP) with a bgsic calcium
phosphate like tetracalcium phosphate. |During their
setting, an, apatite-like material is formgd. As these
cements Consist of calcium phosphateq, it is to be
expeeted that in contact with aqueous seplutions they
behave like other calcium phosphates. |First dissol-
ution occurs which may be followed by reprecipitation
of another calcium phosphate.

Other cements such as silicate, zinc polyacrylate and
zinc oxide-eugenol cements and glass ipnomers un-
dergo measurable ionic exchange in gqueous sol-
utions.

5.3.2 Maechanical degradation of ceramic
materials

Local stress at the implant/tissue interface can be
caused by several factors, such as a difference in
elastic modulus between implant and| surrounding
tissue or body fluids, loading of a prosthesis, inter-
particle movement, and the presence fof bordering
muscle tissue. There is considerable| controversy

terial. This can be seen for ¢

5.311-2—Calcium-phosphates

When calcium phosphate ceramics with a Ca/P molar
ratio greater than one are brought into contact with
aqueous solutions between pH 4 and pH 9 in a closed
system, they are transformed sooner or later into
apatite-like materials, except for beta tri-calcium
phosphate (B-TCP) and magnesium containing g-TCP.
These retain their structure and become covered with
a layer of whitlockite and magnesium whitlockite re-
spectively. Hydroxyapatite or fluorapatite also both
retain their normal apatite structure. All calcium

aluminium oxide, glass ceramic and calcium phos-
phates, where intramuscular implantation involves di-
vergence of the elastic modulus with local stress
caused by bordering muscle tissue. The wear caused
by local stress is of particular concern for the
biocompatibility of a ceramic since it strongly affects
the inflammatory response. Aluminium oxide is con-
sidered to be a highly inert implant material, not sus-
ceptible to degradation and/or wear. Nevertheless,
ceramic particles have been seen in phagocytes bor-
dering solid bodies of aluminium oxide when im-

1"
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planted intra-muscularly. Ceramic debris is created by
wear, and aluminium-rich inclusions in tissues sur-
rounding aluminium oxide in bone have been found.
Wear debris has been shown to be phagocytosed by
macrophages in dogs and in humans. The effects
caused by wear seem generally limited, but several
studies have demonstrated that much more than solid
aluminium oxide particles give rise to an inflammatory
response. Calcium phosphates, such as hydroxyapa-
tite and tricalci i

bearing orthpppaedic or dental devices which empha-
sizes the importance of studying the effect of calcium
phosphate garticles on the surrounding tissues.

5.3.3 Cellylar and enzymatic degradation of

ceramic m

The role of
degradation
have been (
terials, resis
ever, cerar
phagocytes
analysis has
in tissue su
minium  oxi

erials

cells and enzymes in ceramic material
is at present unclear. Aluminium oxides
onsidered to be highly inert implant ma-
tant to degradation and/or wear. How-
nic particles have been observed in
by histopathological methods. Microprobe
demonstrated the presence of aluminium
Frounding aluminium oxide implants. Alu-
de particles may cause a release of

lysosomal

nzymes and the cytoplasmic enzyme

LDH. Studigs performed to date generally show.that
calcium phdsphate particles do not cause significant

inflammato

However, t
calcium phg
biological re

Clinical repd
degradation
amics assoq
to the inter
the ceramic
with infectig

response.

e presence of unwanted impurities in a
sphate material may,~significantly affect
sponse testing of theése’ materials.

rts have suggésted increased levels of
of calcium “phosphates and glass cer-
iated with~infection. This may be related
hction betWween the microorganisms and
5 or«tocthe tissue inflammation associated
n
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ceramics need to be avoided, especially for resorbable
ceramics.

5.4 Carbons

Degradation of carbon structures can be due either to
mechanical or chemical action, or a combination of the
two. With few exceptions, carbon and graphite show
little reaction with water or other low-temperature

graphite result from their brittle nature. Thecprimary
mechanical mechanisms of carbon degradation|are
wear, fatigue, overload fractures, fatigue/fracture,
spalling of coating and cavitation erosion: The pringipal
mechanism of chemical degradatien” of carbon is
oxidation.

5.5 Composites

The degradation of composites takes place accorgling
to the degradatiomymechanisms of the constitugénts
used in the device (see table4). These mechanigms
have been discussed in more detail in the clauses of
this Technical Report which deal with the component
parts of\the composite, i.e. polymers, ceramics |[and
metals: It should be pointed out that the degradation
of*the constituent components in the composite|can
be modulated by the composite specific mechanisms
which are interface-related, due to the interactiop of
different materials.

The processing methods used for fibre prepargtion
may affect the degradation of composites as they in-
fluence crystallinity, molecular mass, etc. of thq re-
sulting fibres. Abrasion plays an important role in|the
performance of composites used in medical devides.

5.5.1 Chemical and biological degradation of
composites

The following mechanisms can be involved in|the
degradation of composites:

a) adsorption of liquids:

The release of trace elements may be promoted by
enzymatic and other cellular reactions. Five different
types of calcium phosphate ceramics have been in-
vestigated in several experimental conditions and
each gave rise to the accumulation of trace elements
in addition to larger amounts of calcium and phos-
phorus in surrounding phagocytes. Most of these
trace elements were derived from the implant. Ap-
parently impurities enclosed in ceramics are phago-
cytized in macrophages and multinucleated cells, and
accumulated. This means that unwanted impurities in

12

— to the surface of the device,
— at the reinforcing material/matrix interface;

b) absorption and swelling of the matrix and/or the
reinforcement;

c) migration along the reinforcing material/matrix
interface;

d) chemical reaction between the liquids and at least
one component of the composite;
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e) reaction of the composite surface with the bio-
logical environment;

f) secondary reactions of one component of the de-
vice with the degradation products of another
component;

g) enhancement of degradation by environmental
stresses.

ISO/TR 10993-9:1994(E)

Surface abrasion of the composite may expose re-
inforcing material and result in changes of the chemi-
cal, biological and mechanical performance of the
device.

A special problem with composites is the abrasion at
the interface of the matrix and the reinforcing ma-
terial. It results from the use of components with dif-
ferent moduli within the composite which allows
relative movement under stress. This may be avoided

In rfemforced materials, local stresses may be gener-
atedl, and sometimes are desired. They are generated,
for [example, through the manufacturing process, or
by the use of materials with different coefficients of
thefmal expansion at the reinforcement/matrix inter-
facg. Swelling of matrix and/or the reinforcement
material may lead to local stresses at the interface.
Thdse local stresses lead to enhanced degradation.

The reinforcing material, especially when there is in-
sufficient bonding with the matrix, can be considered
as pn "impurity” or “defect” in the matrix which in-
itiales degradation.

5.5(2 Maechanical degradation process

Twp types of abrasion are considered:

a) [surface abrasion:

— friction by macromotion during use (dental-im-
plants, hip joints),

— friction at implant/tissue interface by micro-

motion;

b) |interface abrasion by motion hetween matrix and
reinforcing material.

Table 4 — Influences on degradation rate of composites

by improving the bond of the matrix to,tHe reinforcing
material.

5.6 Maetals and alloys

5.6.1 The principal made of degradatipn of metals
and alloys in the,physiological environment is cor-
rosion. Corrosion'susceptibility of metals|and alloys is
largely determined by their composition gnd structure.
Table 5 classifies medically used metals and alloys
into three_groups based on their electro¢themical sta-
tus andlability to form oxide layers.

== The first group of alloys shown in taljle 5 is based
on chemically stable, noble metals guch as gold,
platinum and palladium.

— The second group of alloys is based on metals
which tend to form chemically stable oxide layers
such as titanium, niobium or tantalum).

— The third group of alloys, whose majgr constituent
does not produce a protective surface layer, is
protected by a minor alloy constitugnt that does
form a chemically stable oxide.

Crystallinity
Hydrophilicity
Swelling behaviour

Interface bonds
Cleaning
Annealing
Finishing

Matetrial Processing/treatment Implantation
Chemical Formulation Implantation site
) Impurities pH
Relative‘mplecular mass Additives Loading
Polydispersity Voids defects Micromotion
Chermcal structure Temperatures Infection and inflammatior
Chaln regulanty Therma' Cycles
. Pressure
Physical Humidity
Molecular orientation Sterilization

Environmental stresses
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Table 5 — Corrosion susceptibility of medically used metals and alloys

© |SO

Major alloy constituent Reference Composition and form
Noble metal alloys
Gold alloys
High gold alloys ISO 1562 > 75 % (m/m) Au + Pt-metals/cast
ISO 9693
Low gold alloys ISO 8891 > 25 % (m/m) < 75 % (m/m)
1SO-9693 Au—+Ptrmetatsfeast
Palladium alloys
Palladium-silver alloys ISO 8891 > 25 % (m/m) < 75 % (m/m)
ISO 9693 Au + Pt-metals/cast
Palladium-copper alloys ISO 8891 > 25 % (m/m) < 75% (m/m)
ISO 9693 Au + Pt-metals/east
Platinum alloys wrought
Silver alloys
Silver-copper alloys I1SO 8891 >'25 % (m/m) < 75 % (m/m)
Au + Pt-metals/cast
Silver-tin alloys ISO 1559 alloys for amalgams
Metals and alloys which form protective ox-
ide layer
Titanium
Titanium C.P. ISO 5832-2 cast
Titanium alloys ISO 5832-3 Ti6aL4V, wrought
ISO 150-1 N TiAINb

Niobium
Niobium C.P.
Niobium alloys

Tantalum

Tantalum C.P.

Alloys with oxide layer of constituent
Ferrous alloys

Stainless steel

14
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5.6.2 Exposure of metals/alloys to fluids often leads
to the oxidation of specific metal atoms. As a result
metal ions are released from the surface of the ma-
terial into the surrounding tissues and fluids. This may
cause local and systemic responses.

5.6.3 The chemical and electrochemical corrosion of
a material made from several components, such as a
metallic alloy, within a complex electrolytic medium,
such-a aiva—orplasma—is—gene due-to-severa

oxidation processes occurring at the same time.

The synergistic interaction between the
ical and electrochemical environments and

in the presence of stress. It can be a self-
lerating phenomenon that may lead to total ma-
fracture. Stress corrosion has been related to a

5.6.84-, Crevice corrosion results in an accelerated

ISO/TR 10993-9:1994(E)

interfacial strength between the layers is also con-
sidered important.

5.7.2 The degradation of coatings results in chemical
and physical changes which affect their properties and
performance. Such changes may lead to crack in-
itiation and propagation, fracture, debonding, chemical
transformations and in some cases, dissolution.

iafluenced by

a) mechanical:
— static stresses: compression, tension, torsion,
— dynamic stresses: cyclic fatigue;
b) chemical or physical:
— hydrolysis,
— (Oxidation-reduction,
- dissolution,
— photo or high-energy radiation,
— temperature,
— electrical current;
¢) biological:
— cellular activity,
— inflammation,
— infection;
d) others:
— processing,

— defects (pinholes),

— ageing.

corrosionratewithimafissure,crackor-gap-
5.7 Coatings

5.7.1 The mechanisms of coating degradation have
been discussed under the clauses dealing with each
major material group (i.e. polymers, ceramics, com-
posites and metals).

For a coating material, the nature of the interface be-
tween the coating and the substrate will significantly
affect its stability. With laminated coatings, the

6 Techniques for in vitro degradation
testing of medical materials and devices

Techniques for degradation tests of medical materials
and devices are dependent upon the unique chemical,
physical and mechanical properties of the material or
device under investigation.

In general, in vitro degradation tests should be carried
out under conditions which closely simulate the en-

15
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vironment in which the material and/or device is going
to be used. The selection of tests should reflect the
intended function of the material/device.

All the tests shall be carried out on the final, ready-
for-use materials or devices selected in accordance
with accepted scientific principles. The requirements
for sample preparation and reference materials in
ISO 10993-3, ISO 10993-5, ISO 10993-6, ISO 10993-7
and 1SO 10993-12 shall be followed.

©I1SO

Ensure that the drying process does not affect the
material to any degree, e.g. change of crystallinity.

Phosphate buffer contains: 0,5 mol (68,08 g/l) of
KH,PO, and 0,5 mol (89,07 g/l) of Na,HPO, in 0,9 %
of saline (NaCl) solution in bidistilled water. Salts used
for preparation of the buffer should be of analytical
grade and should be dried to constant mass.

6.1.3 Real-time test

It is propoded that research working groups and the
industries dealing with the same device standardize
their specifijc simulation tests in order to get a com-
parability of their results.

If a test medium is to be used for elution testing, a
minimum of 110 ml of buffer solution should be
sampled.

6.1 Polymers

6.1.1 General

There are |no standards available which describe
methods fqr testing in vitro degradation of polymeric
medical materials and/or devices. Various test pro-
cedures arz used by different groups depending on
the class df material dealt with and the application.
Current in |vitro degradation testing for polymers is
generally cpnducted at 37 °C + 1 °C in different buff:
ers at various pH-values. The ageing medium can-also
contain engymes and ions of elements which-are ex-
pected to be present in the in vivo envirenment. It
should be noted that in vitro degradation.tests carried
out at temperatures above the glass. transition which
itself is abpve ambient or body temperature may af-
fect the cI/stallinity and rate ,of._degradation of the
material.

6.1.2 Accplerated time. test

The following is_acproposed accelerated test for as-
sessing degradation of polymeric materials.

Samples should be dried to constant mass l’)}fore
testing. The temperature selected for drying sanpples
should not exceed the temperature at which thg ma-
terial or device may undergo irreversible changes| e.g.
melting, flowing or degradation;-Degradation tests
should be carried out at 37 °€+ 1 °C in the phos-
phate buffer solution cited,in’6.1.2.

Materials and devices.should be tested in vitro for 1,
2, 4, 12 and 26 weeks. It is possible that micrpbio-
logical growth could.cause degradation to occur ih the
test materials.{Fhe decision about the duration of the
in vitro degradation test should take into account the
time the.material or device will be in contact with the
tissues.and body fluids.

The~amount of material used for in vitro degradation
tests should be large enough to allow further charac-
terization. Usually, individual samples should be as
large as 1 g to 5g, depending on the number of
characterization tests to be conducted.

The ratio between the surface area of the devicg and
the volume of buffer solution shall be in the range of
1 cm?/ml to 6 cm?/ml.

6.2 Ceramics
6.2.1 Standard methods

At present there exist no standard methods for|test-
ing the degradation of bioceramics other than dental
porcelain. Inorganic cements applied as dental ce-
ments are subject to tests on “solubility and diginte-

gration”, some recommending the use of distilled
Samples usﬁﬁmwmmmmme—? mix-

mass before testing at conditions suitable for the
particular material or device. Tests should be carried
out at pH-value of 7,4 in the phosphate buffer, at
temperatures of 50 °C + 1 °C or 80 °C + 1 °C. Tem-
peratures selected for testing will depend on the ma-
terial or device. Materials or devices should be tested
for 1, 3, 6, 15, 30 and 60 days.

WARNING — The highest temperature used must

never exceed the melt flow temperature of the
polymer being tested.
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ture of 4 % (V/V) of acetic acid in distilled or deionized
water.

6.2.2 In vitro degradation testing

Degradation tests for bioceramics and inorganic
biocements should be done in an environment which
simulates the in vivo conditions as far as physico-
chemical parameters are concerned. The average pH
of extracellular fluid is 7,4. However, near
glycolytically active cell, the extracellular fluid is satu-


https://standardsiso.com/api/?name=f1a52196d0c19a25edc31c589be9e93a

© SO

rated with carbon dioxide and the pH may be as low
as 6. Moreover, osteoclasts and macrophages excrete
lactic acid in amounts which could lower the local pH
to 4.

In order to simulate these environments, exposure of
the test samples to three different media is proposed.
The first exposure medium (solution A) is an aqueous
solution which resembles human extracellular fluid
withaut calcium, magnesium or phosphates:

ISO/TR 10993-9:1994(E)

6.3 Composites

6.3.1 General

No standards are available describing methods for
testing in vitro degradation of composite medical ma-
terials and/or devices. Specific test procedures which
have been used depend on the class of material and
address the application.

1P0 mM NaCl
46 mM NaHCOg4
2lmM K,CO4

The [pH of this medium at 37 °C £ 1 °C is approxi-
matgly 7,4.

The pecond aqueous exposure medium is identical in
composition to the first, but in combination with con-
tinuqus bubbling of carbon dioxide (solution B).

To prepare a third exposure medium (solution C), the
pH df solution B is lowered to 4 by adding lactic acid
and maintained during the test.

The [proposed degradation tests for bioceramics may.
be ¢arried out as follows. Nine samples of \the
biocgramic or the inorganic biocement having™ the
form of a cylinder with a diameter of 6 mm~and a
height of 12 mm are prepared and weighed; One hour
afteq preparation, three samples are éxposed to sol-
utiom A. Each sample is suspended. from a cotton
string in a polyethylene beaker-Containing 100 ml of
solution so that the sample is'positioned in the middle
of the solution. Similarly, three remaining samples are
expdsed to solution B and,the other three samples to
solution C. The exposure time is 72 h and the tem-
perature is maintained at 37 °C + 1 °C. After ex-
posure, evaluate.the degradation products as follows.

Centrifuge the solution to remove any debris gener-
ated dué. to the degradation test and weigh the debris.
Honpogenize and analyse the remaining solution for

Because of the multiphase characterof the com-
posites, the study of the interface is-‘esgential. The
diffusion of liquids into the devi¢e -and| reinforcing
material may require extended‘exposurg times. To
accelerate this procedure, it-is_necessary [to increase
exposure of the reinforcing’\material to the aqueous
media, e.g. by cutting the device into parts.

6.3.2 Accelerated test

The tests described should reference the tests ad-
dressed incthe material class appropriate {o the com-
posite _canstituents.

6:3.3° Real-time test

These tests should reference the tests afldressed in
the material class appropriate to the comjposite con-
stituents.

6.4 Maetals and alloys

6.4.1 In vitro test procedures used should simulate
to as large an extent as possible the natural physio-
logical conditions. It is recognized that in Vitro testing
is necessarily based on relatively short-term exper-
iments from which extrapolations have bgen made to
predict the long-term performance of matgrials or de-
vices. In these tests, the physiological environment

has to be simulated by artificial sol
annex C). Many investigations have been
the composition of specific body fluids a
ence of the different constituents on the

itions  (see
reported on
hd the influ-
degradation

processes of metals and alloys. Complicating this

the oxides and fluorides originally contained In the
bioceramic or cement. Measurements of sodium or
potassium oxides should not be done as these results
would not be meaningful. The exposed samples
should be dried and weighed to determine loss of
mass.

situation is the fact that some body fllids vary in
tompositionand pt depenﬁng-on-vanvui physiologi-
cal factors. Electrochemical test procedures are fre-

quently used to provide data on the biostability of
metallic biomaterials.

NOTE 3 Example standard methods include
NF S 90-701, NF S 91-141, ASTM F-746 and ASTM F-897.

6.4.2 These test methods estimate the electro-
chemical corrosion-resistance of a metallic biomaterial
in a biological environment. Following immersion
tests, analytical chemistry procedures are employed

17
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to quantify the dissolved metal ions in the test sol-
utions, which gives a direct indication of the corrosion
susceptibility of the material.

The standards cited in 6.4.1 suggest the following
three in vitro electrochemical methods for corrosion
susceptibility assessment:

— the potentiostatic polarization method, equal to
chronoamperometry with a constant potential;

© 1SO

analysis should be based on known leachable frac-
tions and all possible modes of degradation for the
specific polymer being evaluated. These may include
additives such as plasticizers and antioxidants,
monomers or other low relative molecular mass
moieties, polymer fragments, etc.

7.1.2 Ceramics

No standards currently exist for chemical analyses of

— the potg¢ntiodynamic polarization method, equal to
voltamperometry with a linear variation of the po-
tential with or without cycling; and

— the andlysis of the electrolyte and the corroded
materia| surface after the test at a definite poten-
tial for @ definite time at a definite temperature.

6.5 Coatings

Degradatiop of coatings should be evaluated at the
three levels of coating, substrate and interface.

The exposlre solutions and extraction conditions for
coating matterials is governed by the individual coating
component material compositions and the tests de-
scribed for[those materials.

The choicg of tests to evaluate a given coating de-
pends on the use of the implant itself and cannot be
considered in this Technical Report.

7 Methods for evaluation of degradation
products from in vitro studies

The assegsment of the biological \response to a
medical material or device depends in part on a
knowledgg of the degradation products. Therefore,
the characfterization of medical“materials/devices be-
fore and after exposure(to~selected test solutions
provides important information and data on the
degradation mechanisms and products. Analysis of
the extracts of these materials and devices vyields
both qualifative \and quantitative information on the
degradation (roducts.

degradation products from ceramics exposedhin bio-
logical environments.

7.1.3 Composites

For composites whose major constituent is a polymer,
the general procedure described-in 7.1.1 applies| The
techniques for handling ceramic composites is moted
in 7.1.2 and for metallic éOmposites in 7.1.4.

7.1.4 Metals and alloys

Both the cOrrosion immersion test and| the
potentiostatic jpolarization method with the analytical
determination of dissolved metal ions give firsf indi-
cations. of the degradation of a metal or an alloy sur-
face>The amount and type of metal ions released into
this electrolyte depend on the following factors: pH,
temperature, time, hydrodynamic conditions, oXygen
levels in the electrolyte, etc.

Following the immersion tests described in 6.4 ana-
lytical procedures are employed to determing the
quantity of dissolved metal ions in the test solutjon.

NOTE 4 Methods used to make these determingtions
can be found in standard analytical chemistry texts and are
also provided in standards such as ASTM E-60 (d3.05),
Photometric and spectrophotometric methods,
ASTM A751, Steel products methods practices and defi-
nitions, ASTM C-1111 (12.01), Trace, minor, major elements
in waste streams by emission spectroscopy.

7.1.5 Coatings

As noted earlier, metal device coatings may be in the
form of monolayer or multilayer structures. The ex-

7.1 Chemical analyses of extracts
7.1.1 Polymers
After extraction, test samples should be carefully re-

moved, and the test solution subjected to the appro-
priate chemical analysis. The selection of the chemical

18

traction of coatings to recover degradation products
may present special analytical problems which require
specialized extraction procedures. For the purposes
of selecting appropriate extraction techniques,
coatings need to be classified according to their
chemical composition. Then the extraction procedure
will be governed by the coating material character-
istics: polymeric, metallic, ceramic, composite.
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7.2 Material/device analysis

7.2.1 Polymers

7.2.1.1 Relative molecular mass changes
Changes of relative molecular mass of the polymeric

material/device due to in vitro degradation tests or
extraction can be assessed by viscosity measure-

7.2.1,2 Viscosity measurements

Relafive viscosity of a polymer should be measured in
the Ubbelohde or Canon-Fenske type viscometer at
an agpropriate temperature to within £ 0,02 °C, using
solvgnts adequate for a particular polymer. As relative
viscdsity is sufficient to characterize the relative mol-
eculgr mass of a material/device, it is not necessary
to cglculate the absolute values of viscosity-average

g gel permeation chromatography. The polymer
shoyld be dissolved in a~suitable solvent, if possible
the |[same as is used”for viscosity measurements.
Temperatures at which measurements are carried out
will depend on~the polymer used.

7.2.1.4 Mass changes

mass of the material/device may undergo changes.
These changes may be monitored by comparing the
masses of the samples dried to constant mass before
and after the test. The mass loss or gain is given as
a difference between the sample mass before and
after the in vitro degradation test.

7.2.1.5 Thermal properties

Properties of a material/device (melting temperature,
heat of melting, glass transition temperature), should

ISO/TR 10993-9:1994(E)

be characterized using a standard differential scanning
calorimeter (DSC), at a scanning rate in the range of
5 °C/min to 20 °C/min, and preferably 10 °C/min.
Sample mass should be in the range of 5 mg to
20 mg, depending on the heat effect expected (crys-
talline against amorphous polymers).

7.2.1.6 Changes in chemical structure

8 : s—materiatideyice before
and after degradation/extraction tests,~chgracteristics
of the byproducts formed upon degradation, and the
degradation products formed in~the extract can be
assessed using suitable technigues such|as infrared
spectroscopy (IR), nuclear)y-magnetic | resonance
(NMR), mass spectrometry\(MS), gas chromatography
(GC), high pressure liquid chromatography (HPLC),
ESCA, SIMS. Standard sample preparation|techniques
should be used with the evaluation methods men-
tioned above.

7.2.1.7 /Changes on surface and in bulk (volume)
of material/device

Changes on the material surface such ag seen with
environmental stress-cracking, surface ergsion due to
leaching, etc., and changes within the bulk (volume)
of the material such as cracks, voids, defgcts created
upon leaching of low relative molecular mass com-
ponents, can be assessed using scannipg electron
microscopy (SEM), ESCA, SIMS, etc. Chahges within
the material volume should be observed pn the frac-
ture surface, produced by breaking the material frozen
in liquid nitrogen.

7.2.1.8 Impurities

For the study of impurities of low concentrations and
of composition patterns, the ion-microprgbe is used.
Further techniques of surface analysis such as
photoelectron spectroscopy and Auger elgctron spec-
troscopy are used for the material.

Certain X-ray diffraction techniques, which|analyse the

1“ ) ) crystallographic structure in the surface lalyer, provide
Durihg7rrvitrodegradation-testsandfor-extraction;-the measures of stress and of work-hardening.

7.2.2 Ceramics

7.2.2.1 Characterization of the samples before and
after exposure to the three solutions identified in 6.2
may be as follows:

a) mass loss by the gravimetric method;

b) compression strength;
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c) diametral tensile strength.

7.2.2.2 Surface, reprecipitated products and for ex-
ample particulate debris should be studied by:

a) X-ray diffraction;

b) infrared absorption or reflection spectroscopy;

© ISO

This is done with X-ray diffractometry, scanning elec-
tron microscopy and electron microprobe analysis.
Special problems may call for more complex analysis
techniques such as SIMS, ESCA, etc.

7.2.4.2 Sample characterization after corrosion
testing

An investigation under an optical or scanning electron

c) optical microscopy;
d) SEM;
e) electrop microprobe analysis;

f) SIMS, ESCA.
7.2.3 Composites

7.2.3.1 T¢ measure degradation of composites, fol-
lowing exppsure to immersion solutions, the exposed
material has to be tested in comparison to unexposed
material fof changes in relative molecular mass and
mass.

The chemigal analyses should be performed on each
component of the composite.

7.2.3.2 Tegsts for the following properties may be
found in 7.R.1:

— relative| molecular mass changes (viscometry/
GPC);

— mass changes;
— thermal properties;
— changep in chemical structure;

— surfaceland bulk (volume) evaluation (SEM).

7.2.4 Metals and alloys

7.2.4.1 Spurface characterization before corrosion

TMICTOSCOPE allows the evatuation of the corrosign ef-
fects: presence of pits, intergranular and intragrgnular
corrosion, formation of passivation layers. and of cor-
rosion products constituting depositions more of less
sticking to the metal surface.

Identifying the corrosion products-(oxides, chlofides,
hydroxides, etc.) is complex.“However, a prgcise
knowledge of these products is needed for fyrther
biological evaluation.

7.25 Coatings

Techniques,for evaluating the degradation of cogtings
are dependent on the nature of the coating medium
used (polymer, carbon, metal). Methods for evalyating
degradation of coatings should refer to the appropri-
ate material class section clauses.

8 Identification and quantification of| in
vivo degradation products from medical
implants

The majority of implants are intended to remain in the
body for prolonged periods of time and perform| their
intended functions without degradation. Thus| the
long-term stability of materials and implants in the
physiological environment is of critical importance to
ensure safety and effectiveness. However, “bigstab-
ility” is a relative term because (perhaps with the ex-
ception of pyrolytic carbons), there are no fully stable
materials. This being the case, the following proklems
arise: :

testing

Before each electrochemical test the samples should
be examined under an optical microscope to visualize
heterogeneities (pores, pits, grain boundaries, pre-
cipitates, etc.) Scanning Electron Microscopy (SEM),
will complement optical microscopy observations
(roughness, cracks, polishing scratches, etc.).

On polished surfaces, SEM wiill allow the visualization
of the impurities and precipitates which can be
guantitatively analysed in the range of micrometres.

20

a) how much degradation takes place during a given
period of time;

b) what are the degradation products;

¢} what is the origin of the degradation products;
(e.g., impurities, additives, corrosion products,
bulk polymer);

d) qualitative and quantitative assessment of degra-
dation products and leachables in adjacent tissues
and in distant organs.
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The problem is further complicated by the presence
of metabolic products originating from the degra-
dation.

8.1 Factors affecting in vivo degradation of
implant materials/devices

Biological factors which could contribute to
matetrial/device degradation are briefly discussed. All
implgnted materials cause inflammatory reactions to
variolis extents. Inflammatory reactions precede
degradation processes and include:

I
Q

ctivation of proteins (e.g., complement, plasma
bmponents);

[¢]

— denaturation of surrounding tissue proteins;

— muigration of neutrophils and monocytes into the
implant/tissue interface by chemotaxis or
chemokinesis;

— d|fferentiation of monocytes into macrophages;

— phagocytosis of cell debris and small particles
(]< 60 um, measured along the longest axis) of
foreign materials by macrophages and*.foreign
bpdy giant cells;

— generation of superoxide anion_intefmediates and

e while in the body, there are no totally

e W e c cPTO O
carbons) when in contact with the corrosive physio-
logical environment. Thus, some degradation of im-
planted materials is the inevitable consequence of
prolonged exposure in the body. Material/device
degradation in vivo, which involves all types of pro-
cesses in the living organism, leads to changes in
their physical, electrical, chemical and biological prop-
erties.

The identification of degradation products from im-
plants is scantily covered in the literature. For exam-

ISO/TR 10993

ple, ASTM F501-87, Standard Practice of
Retrieved Metallic Orthopedic

Implants,

-9:1994(E)

Analysis of
under

clause 6.1.2-2, Histopathological Observation, notes
only the use of polarized light for the detection of

degradation particles.

8.3 Comments on specific test procedures

techniqus

Some identifications can be made, on single particles
of 10 um or less measured alongthe largest axis. In

addition to the usual
microscopy, several othertéchniques are

transmission Rright field

also used,

including transmitted and” reflected polarized light
microscopy for characterization of birefrjngent par-

ticles; transmitted “and

contrast

microscopy, applicable where the refracfive indices

of various .component materials are s

transmittedyand reflected differential i

reflected phaT

milar; and
hterference

contrast{Nomarski) microscopy for surfac¢ character-
ization's/ Practical resolution is of the order of 0,2 pm.

8.3.2 Transmission electron microscopy

This technique is used for the characterizgtion of ma-

terials based on their morphology and ¢
fraction with magnifications in the range
x 500 000, with practical resolution in th
0,74 nm to 0,5 nm.

8.3.3 Scanning electron microscopy

A particular imaging mode of transmissi
microscopy is used in scanning transmiss
microscopy and scanning electron micro
latter offers a magnification range o
x 400 000, with practical limit of resoluti
2 nm. It is particularly useful in surface
conjunction with Energy Dispersive X-r
(EDAX) of micrometre-sized particles.

lectron dif-
of x50 to
e range of

bn electron
on electron
scopy. The
f x15 to
bn of about
analysis in
ay  Analysis

This technique is used for the elemental analysis and

characterization of materials and particles

as small as

about 1 um, and is applicable to elements with atomic

numbers greater than or equal to 5.

8.3.5 Neutron activation analysis

This technique which can be used for 30 (or more)

elements has a quantitative limit of pf
trations.

kg concen-
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8.3.6 Atomic absorption spectroscopy

This technique is used for the determination of met-
allic elements in inorganic and organic materials. The
detection limit is 0,1 ppm to 20 ppm for more than
30 elements.

8.3.7 Inductively coupled plasma-mass
spectrometry

© ISO

8.3.10 Gas-liquid chromatography (GLC)

This technique is used in the qualitative and quantita-
tive analysis of mixtures of organic and inorganic
com1ponents. Sample sizes ranging from 1072 g to
10~ g can be used. Major components may be an-
alysed with accuracy of 98 % to 100 % and with pre-
cision of nearly + 0,1 %.

8.3.11 Additional applicable techniques

This technjque is a sophisticated method to deter-
mine elements in solid and liquid samples.

8.3.8 Migroincineration

This technique permits the detection of metals in tis-
sues arising from metallic implants. Briefly stated, it
involves the microincineration of tissue slices in a
specially cpnstructed furnace and their subsequent
exposure tp sulfuric acid vapour to convert any metal
present in [the tissue to the sulfate. Tissue slides are
then staingd for the particular metal (e.g., tannic acid
for titanium (yellow colour); rubeanic acid for cobalt
(orange colour).

8.3.9 Thip layer chromatography (TLC)

This technique is used primarily in the separation and
quantitative determination of components in mixtures
of comporjents. The detection limits for trace com-
ponents are generally in the range of 0,1 ng/spot to
100 ng/spgt for UV or visible absorption and
0,01 ng/sppt to 10 ng/spot for fluorescence spectro-
photometry.

Additional techniques which may be relevant are
those such as the following:

SIMS Secondary ion mass spectrometry

ESCA Electron spectroscopy.for chemical analy-
sis

Auger Auger spectroscopy
FTIR Fourier transform infrared spectroscopy
NMR Nuglear magnetic resonance

GPC (el permeation chromatography ((size-
exclusion chromatography)

TGA Thermal gravimetric analysis

HPLC High performance liquid chromatography

8.4 Proposed test protocol: degradation
products of implanted materials in adjacent
tissues

The following flow chart presentations indicat¢ the
proposed protocols.
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a) Polymers
e preparation and sectioning
e specific staining
e optical microscopy:

—= bright field

—= polarized light

pafl tod obhoca contnact
CoOHTTasT

ISO/TR 10993-9:1994(E)

¢) Metals and alloys

e sterilized tissue slice preparation
e opfical microscopy: bright field
e optical microscopy: <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>