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2.3 SILICONE BIOMATERIALS: HISTORY

AND CHEMISTRY
André Colas and Jim Curtis

CHEMICAL STRUCTURE AND NOMENCLATURE

Silicones are a general category of synthetic polymers whose
backbone is made of repeating silicon to oxygen bonds. In
addition to their links to oxygen to form the polymeric chain,
the silicon atoms are also bonded to organic groups, typically
methyl groups. This is the basis for the name “silicones,” which
was assigned by Kipping based on their similarity with ketones,
because in most cases, there is on average one silicone atom
for one oxygen and two methyl groups (Kipping, 1904). Later,
as these materials and their applications flourished, more spe-
cific nomenclature was developed. The basic repeating unit
became known as “siloxane” and the most common silicone is
polydimethylsiloxane, abbreviated as PDMS.
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and if R is CH3, −
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n
“polydimethylsiloxane”

Many other groups, e.g., phenyl, vinyl and trifluoropropyl,
can be substituted for the methyl groups along the chain. The
simultaneous presence of “organic” groups attached to an
“inorganic” backbone gives silicones a combination of unique
properties, making possible their use as fluids, emulsions,
compounds, resins, and elastomers in numerous applications
and diverse fields. For example, silicones are common in the
aerospace industry, due principally to their low and high tem-
perature performance. In the electronics field, silicones are used
as electrical insulation, potting compounds and other applica-
tions specific to semiconductor manufacture. Their long-term
durability has made silicone sealants, adhesives and waterproof
coatings commonplace in the construction industry. Their
excellent biocompatibility makes many silicones well suited for
use in numerous personal care, pharmaceutical, and medical
device applications.

TABLE 1 Key Milestones in the Development of Silicone Chemistry

1824 Berzelius discovers silicon by the reduction of potassium fluorosilicate with potassium: 4K + K2SiF6 → Si + 6KF. Reacting
silicon with chlorine gives a volatile compound later identified as tetrachlorosilane, SiCl4: Si + 2Cl2 → SiCl4.

1863 Friedel and Craft synthesize the first silicon organic compound, tetraethylsilane: 2Zn(C2H5)2 + SiCl4 → Si(C2H5)4 + 2ZnCl2.

1871 Ladenburg observes that diethyldiethoxysilane, (C2H5)2Si(OC2H5)2, in the presence of a diluted acid gives an oil that
decomposes only at a “very high temperature.”

1901–1930s Kipping lays the foundation of organosilicon chemistry with the preparation of various silanes by means of Grignard reactions
and the hydrolysis of chlorosilanes to yield “large molecules.” The polymeric nature of the silicones is confirmed by the work
of Stock.

1940s In the 1940s, silicones become commercial materials after Hyde of Dow Corning demonstrates the thermal stability and high
electrical resistance of silicone resins, and Rochow of General Electric finds a direct method to prepare silicones from silicon
and methylchloride.

Historical Milestones in Silicone Chemistry

Key milestones in the development of silicone chemistry—
thoroughly described elsewhere by Lane and Burns (1996),
Rochow (1987), and Noll (1968)—are summarized in Table 1.

Nomenclature

The most common silicones are the polydimethylsiloxanes
trimethylsilyloxy terminated, with the following structure:
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(n = 0,1, . . . )

These are linear polymers and liquids, even for large values
of n. The main chain unit, –(Si(CH3)2 O)–, is often represented
by the letter D because, as the silicon atom is connected with
two oxygen atoms, this unit is capable of expanding within the
polymer in two directions. M, T and Q units are defined in
a similar manner, as shown in Table 2.

The system is sometimes modified by the use of super-
script letters designating nonmethyl substituents, for example,
Dh = H(CH3)SiO2/2 and Mφ or MPh = (CH3)2(C6H5)SiO1/2
(Smith, 1991). Further examples are shown in Table 3.

Preparation

Silicone Polymers

The modern synthesis of silicone polymers is multifaceted.
It usually involves the four basic steps described in Table 4.
Only step 4 in this table will be elaborated upon here.

Polymerization and Polycondensation. The linear [4] and
cyclic [5] oligomers resulting from dimethyldichlorosilane
hydrolysis have chain lengths too short for most applications.
The cyclics must be polymerized, and the linears condensed, to
give macromolecules of sufficient length (Noll, 1968).

Catalyzed by acids or bases, cyclosiloxanes (R2SiO)m
are ring-opened and polymerized to form long linear chains.
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TABLE 2 Shorthand Notation for Siloxane Polymer Units
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TABLE 3 Examples of Silicone Shorthand Notation
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At equilibrium, the reaction results in a mixture of cyclic
oligomers plus a distribution of linear polymers. The pro-
portion of cyclics will depend on the substituents along the
Si–O chain, the temperature, and the presence of a solvent.
Polymer chain length will depend on the presence and concen-
tration of substances capable of giving chain ends. For example,
in the KOH-catalyzed polymerization of the cyclic tetramer
octamethylcyclotetrasiloxane (Me2SiO)4 (or D4 in shorthand
notation), the average length of the polymer chains will depend
on the KOH concentration:

x(Me2SiO)4 + KOH → (Me2SiO)y + KO(Me2SiO)zH

A stable hydroxy-terminated polymer, HO(Me2SiO)zH, can
be isolated after neutralization and removal of the remain-
ing cyclics by stripping the mixture under vacuum at elevated
temperature. A distribution of chains with different lengths is
obtained.

The reaction can also be made in the presence of
Me3SiOSiMe3, which will act as a chain end blocker:

...
......

.....Me2SiOK + Me2SiOSiMe3

→ ...
......

.....Me2SiOSiMe3 + Me3SiOK

where ...
......

..... represents the main chain.
The Me3SiOK formed will attack another chain to reduce the
average molecular weight of the linear polymer formed.

The copolymerization of (Me2SiO)4 in the presence of
Me3SiOSiMe3 with Me4NOH as catalyst displays a surpris-
ing viscosity change over time (Noll, 1968). First a peak or
viscosity maximum is observed at the beginning of the reac-
tion. The presence of two oxygen atoms on each silicon in the
cyclics makes them more susceptible to a nucleophilic attack
by the base catalyst than the silicon of the endblocker, which is
substituted by only one oxygen atom. The cyclics are polymer-
ized first into very long, viscous chains that are subsequently
reduced in length by the addition of terminal groups provided
by the endblocker, which is slower to react. This reaction can
be described as follows:

Me3SiOSiMe3 + x(Me2SiO)4−−−→cat Me3SiO(Me2SiO)nSiMe3

or, in shorthand notation:

MM + x D4−−−→cat MDnM

where n = 4x (theoretically).
The ratio between D and M units will define the average

molecular weight of the polymer formed.
Catalyst removal (or neutralization) is always an important

step in silicone preparation. Most catalysts used to prepare
silicones can also catalyze the depolymerization (attack along
the chain), particularly at elevated temperatures in the presence
of traces of water.

...
......

.....(Me2SiO)n
...

......
..... + H2O

−−−→cat ...
......

.....(Me2SiO)y H + HO(Me2SiO)z
...

......
.....

It is therefore essential to remove all remaining traces of
the catalyst, providing the silicone optimal thermal stability.
Labile catalysts have been developed. These decompose or
are volatilized above the optimum polymerization tempera-
ture and consequently can be eliminated by a brief overheating.
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TABLE 4 The Basic Steps in Silicone Polymer Synthesis

1. Silica reduction to silicon SiO2 + 2C → Si + 2CO

2. Chlorosilanes synthesis Si + 2CH3Cl → (CH3)2SiCl2 + CH3SiCl3 + (CH3)3SiCl + CH3HSiCl2 + · · ·
[1] [2] [3]

3. Chlorosilanes hydrolysis

CH3

Cl −
|
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CH3
[1]

+ 2H2O → HO−







CH3
|
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|

−
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+







CH3
|

Si| −
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O







3,4,5
cyclics

+ HCl

[4] [5]

4. Polymerization and polycondensation
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CH3
|

−Si
|

−
CH3

O−







z
polymer

−H + z H2O

[4]

In this way, catalyst neutralization or filtration can be avoided
(Noll, 1968).

The cyclic trimer (Me2SiO)3 has an internal ring tension
and can be polymerized without reequilibration of the resulting
polymers. With this cyclic, polymers with narrow molecular-
weight distribution can be prepared, but also polymers only
carrying one terminal reactive function (living polymerization).
Starting from a mixture of different “tense” cyclics also allows
the preparation of block or sequential polymers (Noll, 1968).

Linears can combine when catalyzed by many acids or bases
to give long chains by intermolecular condensation of silanol
terminals (Noll, 1968; Stark et al., 1982).

Me Me
| |

...
......

.....O−Si−OH + HO−Si−O...
......

.....

| |
Me Me

Me Me
| |

−−−→−H2O
←−−−+H2O

...
......

.....O −Si− O −Si− O...
......

.....
| |

Me Me

A distribution of chain lengths is obtained. Longer chains
are favored when working under vacuum and/or at elevated
temperatures to reduce the residual water concentration. In
addition to the polymers described above, reactive polymers
can also be prepared. This can be achieved when reequilibrating
oligomers or existing polymers to obtain a polydimethyl-
methylhydrogenosiloxane, MDzDH

wM.

Me3SiOSiMe3 + x(Me2SiO)4 + Me3SiO(MeHSiO)ySiMe3
cat→ cyclics + Me3SiO(Me2SiO)z(MeHSiO)wSiMe3

[6]

Additional functional groups can be attached to this polymer
using an addition reaction.

Me3SiO(Me2SiO)z(MeHSiO)wSiMe3 + H2C = CHR

[6]
Pt cat−−−→ Me3SiO(Me2SiO)z (Me Si| O)wSiMe3

CH2CH2R

The polymers shown are all linear or cyclic, comprising difunc-
tional units, D. In addition to these, branched polymers or
resins can be prepared if, during hydrolysis, a certain amount
of T or Q units are included, which will allow molecular expan-
sion, in three or four directions, as opposed to just two. For
example, consider the hydrolysis of methyltrichlorosilane in the
presence of trimethylchlorosilane, which leads to a branched
polymer as shown next:

z
OH

HCl

2Cl

Cl

Si

Cl

MeyCl

Me

Si

Me

Mex
|

|

|

|
−−+−−

+

−

OHOMe
|||

OSiOSiOSiMe
||

MeMe
|

Me

−−−−−− ... . .. . ..
. . . . .

Me
|

MeSiMe
|

O
|

OSiMe
|

−−

−− ... . .. . ..
. . . . .

[2][3]
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The resulting polymer can be described as (Me3SiO1/2)x
(MeSiO3/2)y or MxTy , using shorthand notation. The for-
mation of three silanols on the MeSiCl3 by hydrolysis yields
a three-dimensional structure or resin, rather than a linear
polymer. The average molecular weight depends upon the num-
ber of M units that come from the trimethylchlorosilane, which
limits the growth of the resin molecule. Most of these resins
are prepared in a solvent and usually contain some resid-
ual hydroxyl groups. These could subsequently be used to
cross-link the resin and form a continuous network.

Silicone Elastomers

Silicone polymers can be easily transformed into a three-
dimensional network by way of a cross-linking reaction, which
allows the formation of chemical bonds between adjacent
chains. The majority of silicone elastomers are cross-linked
according to one of the following three reactions.

1. Cross-Linking with Radicals Efficient cross-linking
with radicals is only achieved when some vinyl groups are
present on the polymer chains. The following mechanism has
been proposed for the cross-linking reaction associated with
radicals generated from an organic peroxide (Stark, 1982):

R· + CH2 = CH – Si ≡ → R – CH2 – CH· – Si ≡
RCH2 – CH· – Si ≡ + CH3 – Si ≡

→ RCH2 – CH2 – Si ≡ + ≡ Si – CH·
2

≡ Si – CH·
2 + CH2 = CH – Si ≡

→ ≡ Si – CH2 – CH2 – CH· – Si ≡
≡ Si – CH2 – CH2 – CH· – Si ≡ + ≡ Si – CH3

→≡ Si – CH2 – CH2 – CH2 – Si ≡ + ≡ Si – CH·
2

2 ≡ Si – CH·
2 → ≡ Si – CH2 – CH2 – Si ≡

where ≡ represents two methyl groups and the rest of the
polymer chain.

This reaction has been used for high-consistency silicone
rubbers (HCRs) such as those used in extrusion or injection
molding, as well as those that are cross-linked at elevated
temperatures. The peroxide is added before processing. During
cure, some precautions are needed to avoid the formation of
voids by the peroxide’s volatile residues. Postcure may also
be necessary to remove these volatiles, which can catalyze
depolymerization at high temperatures.

2. Cross-Linking by Condensation Although mostly
used in silicone caulks and sealants for the construction indus-
try and do-it-yourselfer, this method has also found utility for
medical devices as silicone adhesives facilitating the adherence
of materials to silicone elastomers, as an encapsulant and as
sealants such as around the connection of a pacemaker lead
to the pulse generator (Fig. 1 shows Silastic Medical Adhesive,
type A).

These products are ready to apply and require no mixing.
Cross-linking starts when the product is squeezed from the
cartridge or tube and comes into contact with moisture,

FIG. 1. RTV silicone adhesive.

typically from humidity in the ambient air. These materi-
als are formulated from a reactive polymer prepared from a
hydroxy end-blocked polydimethylsiloxane and a large excess
of methyltriacetoxysilane.

HO − (Me2SiO)x − H + excess MeSi(OAc)3

−−−−→
−2AcOH

(AcO)2MeSiO(Me2SiO)xOSiMe(OAc)2

[7]

where Ac =

CH3
|

−C = O
Because a large excess of silane is used, the probability of
two different chains reacting with the same silane molecule
is remote. Consequently, all the chains are end-blocked with
two acetoxy functional groups. The resulting product is still
liquid and can be packaged in sealed tubes and cartridges.
Upon opening the acetoxy groups are hydrolyzed by the ambi-
ent moisture to give silanols, which allow further condensation
to occur.

[8]]7[
OAc

OHSiO

Me

OAc

OAcSiO

Me
|

|

OH

AcOH

|

|

2 −−−−
+

−
... . .. . ..

. . . . . ... . .. . ..
. . . . .
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]7[]8[

OAcOAc
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MeMe

OAc

OSiAcO

Me

OAc

OHSiO

Me

|

|

|

|

|

|

|

|

−−−−

−−+−−... . .. . ..
. . . . . ... . .. . ..

. . . . .

... . .. . ..
. . . . . ... . .. . ..

. . . . .AcOH−

In this way, two chains have been linked, and the reac-
tion will proceed further from the remaining acetoxy groups.
An organometallic tin catalyst is normally used. The cross-
linking reaction requires moisture to diffuse into the material.
Accordingly cure will proceed from the outside surface inward.
These materials are called one-part RTV (room temperature
vulcanization) sealants, but actually require moisture as a sec-
ond component. Acetic acid is released as a by-product of
the reaction. Problems resulting from the acid can be over-
come using other cure (cross-linking) systems that have been
developed by replacing the acetoxysilane RSi(OAc)3 with
oximosilane RSi(ON = CR′

2)3 or alkoxysilane RSi(OR′)3.
Condensation curing is also used in some two-part systems

where cross-linking starts upon mixing the two components,
e.g., a hydroxy end-blocked polymer and an alkoxysilane such
as tetra-n-propoxysilane (Noll, 1968):

PrOn

Prn
O

Si

O
Prn

OPrnOH

Me

Si

Me

4
|

|

|

|
−−+−... . .. . ..

. . . . .

Me
|
SiMe

|
MeOMe
|||

SiOSiOSi
|||

MeOMe
|

SiMe
|

Me

cat

OHPrn4

−

−−−−

−

− ... . .. . ..
. . . . . ... . .. . ..

. . . . .

... . .. . ..
. . . . .

... . .. . ..
. . . . .

Here, no atmospheric moisture is needed. Usually an organotin
salt is used as catalyst, but it also limits the stability of the
resulting elastomer at high temperatures. Alcohol is released
as a by-product of the reaction, leading to a slight shrinkage
upon cure (0.5 to 1% linear shrinkage). Silicones with this cure
system are therefore not suitable for the fabrication of parts
with precise tolerances.

3. Cross-linking by Addition Use of an addition-cure
reaction for cross-linking can eliminate the shrinkage problem
mentioned above. In addition cure, cross-linking is achieved by
reacting vinyl endblocked polymers with Si–H groups carried

by a functional oligomer such as described above [6]. A few
polymers can be bonded to this functional oligomer [6], as
follows (Stark, 1982):

...
......

.....O

Me

−
|
Si| −

Me

CH = CH2 + H − Si ≡

[5]

−−−→cat ...
......

.....O

Me

−
|
Si| −

Me

CH2 − CH2 − Si ≡

where ≡ represents the remaining valences of the Si in [6].
The addition occurs mainly on the terminal carbon and

is catalyzed by Pt or Rh metal complexes, preferably as
organometallic compounds to enhance their compatibility. The
following mechanism has been proposed (oxidative addition of
the ≡Si to the Pt, H transfer to the double bond, and reductive
elimination of the product):

≡ Si−CH=CH2...

Pt
| |

≡ Si H

� ≡ Si−CH2−CH2−Pt−Si ≡
→ ≡ Si−CH2−CH2−Si ≡
−Pt

where, to simplify, other Pt ligands and other Si substituents
are omitted.

There are no by-products with this reaction. Molded pieces
made with silicone using this addition-cure mechanism are
very accurate (no shrinkage). However, handling these two-
part products (i.e., polymer and Pt catalyst in one component,
SiH oligomer in the other) requires some precautions. The Pt in
the complex is easily bonded to electron-donating substances
such as amine or organosulfur compounds to form stable com-
plexes with these “poisons,” rendering the catalyst inactive and
inhibiting the cure.

The preferred cure system can vary by application. For
example, silicone-to-silicone medical adhesives use acetoxy
cure (condensation cross-linking), and platinum cure (cross-
linking by addition) is used for precise silicone parts with no
by-products.

4. Elastomer Filler In addition to the silicone polymers
described above, the majority of silicone elastomers incor-
porate “filler.” Besides acting as a material extender, as the
name implies, filler acts to reinforce the cross-linked matrix.
The strength of silicone polymers without filler is generally
unsatisfactory for most applications (Noll, 1968). Like most
other noncrystallizing synthetic elastomers, the addition of
reinforcing fillers reduces silicone’s stickiness, increases its
hardness and enhances its mechanical strength. Fillers might
also be employed to affect other properties; for example, car-
bon black is added for electrical conductivity, titanium dioxide
improves the dielectric constant, and barium sulfate increases
radiopacity. These and other materials are used to pigment the
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otherwise colorless elastomer; however, care must be taken to
select only pigments suitable for the processing temperatures
and end-use application.

Generally, the most favorable reinforcement is obtained
using fumed silica, such as Cab–O–Sil, Aerosil, or Wacker
HDK. Fumed silica is produced by the hydrolysis of silicon
tetrachloride vapor in a hydrogen flame:

SiCl4 + 2H2 + O2
1800◦C−−−→ SiO2 + 4HCl

Unlike many naturally occurring forms of crystalline silica,
fumed silica is amorphous. The very small spheroid silica par-
ticles (on the order of 10 nm diameter) fuse irreversibly while
still semimolten, creating aggregates. When cool, these aggre-
gates become physically entangled to form agglomerates. Silica
produced in this way possesses remarkably high surface area,
100 to 400 m²/g as measured by the BET method developed
by Brunauer, Emmett, and Teller (Brunauer et al., 1938; Noll,
1968; Cabot Corporation, 1990).

The incorporation of silica filler into silicone polymers is
called “compounding.” This is accomplished prior to cross-
linking, by mixing the silica into the silicone polymers on a
two-roll mill, in a twin-screw extruder, or in a Z-blade mixer
capable of processing materials with this rheology.

Reinforcement occurs with polymer adsorption encouraged
by the silica’s large surface area and when hydroxyl groups on
the filler’s surface lead to hydrogen bonds between the filler and
the silicone polymer, thereby contributing to the production of
silicone rubbers with high tensile strength and elongation capa-
bility(Lynch,1978).Theadditionoffillerincreasesthepolymer’s
alreadyhighviscosity.Chemical treatmentof the silicafillerwith
silanes further enhances its incorporation in, and reinforcement
of, thesiliconeelastomer,resultinginincreasedmaterialstrength
andtearresistance(LaneandBurns,1996)(Fig.2).

Silicone elastomers for medical applications normally utilize
only fillers of fumed silica, and occasionally appropriate pig-
ments or barium sulfate. Because of their low glass transition
temperature, these compounded and cured silicone materials
are elastomeric at room and body temperatures without the
use of any plasticizers—unlike other medical materials such as
PVC, which might contain phthalate additives.

FIG. 3. Three-dimensional representation of dodecamethylpentasiloxane, Me3SiO-
(SiMe2O)3SiMe3 or MD3M. (Courtesy S. Grigoras, Dow Corning.)

Cross-linking
site

Silica

PDMS

FIG. 2. Silicone elastomer matrix.

Physicochemical Properties

Silicon’s position just under carbon in the periodic table led
to a belief in the existence of analog compounds where sili-
con would replace carbon. Most of these analog compounds
do not exist, or behave very differently. There are few similari-
ties between Si – X bonds in silicones and C – X bonds (Corey,
1989; Hardman, 1989; Lane and Burns, 1996; Stark, 1982).

Between any given element and Si, bond lengths are longer
than for C with this element. The lower electronegativity of
silicon (χSi ≈ 1.80, χC ≈ 2.55) leads to more polar bonds
compared to carbon. This bond polarity also contributes to
strong silicon bonding; for example, the Si – O bond is highly
ionic and has large bond energy. To some extent, these val-
ues explain the stability of silicones. The Si – O bond is highly
resistant to homolytic scission. On the other hand, heterolytic
scissions are easy, as demonstrated by the reequilibration reac-
tions occurring during polymerizations catalyzed by acids or
bases (see earlier discussion).

Silicones exhibit the unusual combination of an inorganic
chain similar to silicates and often associated with high surface
energy, but with side methyl groups that are very organic and
often associated with low surface energy (Owen, 1981). The
Si – O bonds are quite polar and without protection would lead
to strong intermolecular interactions (Stark, 1982). Yet, the
methyl groups, only weakly interacting with each other, shield
the main chain (see Fig. 3).
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This is made easier by the high flexibility of the silox- 
ane chain. Barriers to rotation are low and the siloxane 
chain can adopt many configurations. Rotation energy around 
a H2C-CH2 bond in polyethylene is 13.8 kJlmol but only 
3.3 kJlmol around a Me2Si-0 bond, corresponding to a nearly 
free rotation. In general, the siloxane chain adopts a config- 
uration such that the chain exposes a maximum number of 
methyl groups to the outside, whereas in hydrocarbon poly- 
mers, the relative rigidity of the polymer backbone does not 
allow a "selective" exposure of the most organic or hydropho- 
bic methyl groups. Chain-to-chain interactions are low, and 
the distance between adjacent chains is also greater in sili- 
cones. Despite a very polar chain, silicones can be compared 
to paraffin, with a low critical surface tension of wetting 
(Owen, 1981). 

The surface activity of silicones is evident in many ways 
(Owen, 1981): 

0 The polydimethylsiloxanes have a low surface tension 
(20.4 mN/m) and are capable of wetting most surfaces. 
With the methyl groups pointing to the outside, this gives 
very hydrophobic films and a surface with good release 
properties, particularly if the film is cured after applica- 
tion. Silicone surface tension is also in the most promising 
range considered for biocompatible elastomers (20 to 
30 mN1m). 

0 Silicones 'have a critical surface tension of wetting 
(24 mNlm) higher than their own surface tension. This 
means that silicones are capable of wetting themselves, 
which promotes good film formation and good surface 
covering. 
Silicone organic copolymers can be prepared with sur- 
factant properties, with the silicone as the hydrophobic 
part, e.g., in silicone glycols copolymers. 

The low intermolecular interactions in silicones have other 
consequences (Owen, 1981): 

Glass transition temperatures are very low, e.g., 146 K 
for a polydimethylsiloxane compared to 200 K for poly- 
isobutylene, the analog hydrocarbon. 
The presence of a high free volume compared to hydro- 
carbons explains the high solubility and high diffusion 
coefficient of gas into silicones. Silicones have a high 
permeability to oxygen, nitrogen, or water vapor, even 
though liquid water is not capable of wetting a silicone 
surface. As expected, silicone compressibility is also high. 
The viscous movement activation energy is very low 
for silicones, and their viscosity is less dependent 
on temperature compared to hydrocarbon polymers. 
Furthermore, chain entanglements are involved at higher 
temperature and contribute to limit the viscosity reduc- 
tion (Stark, 1982). 

CONCLUSION 

Polydimerhylsiloxanes are often referred to as silicones. 
They are used in many applications because of their stabil- 
ity, low surface tension, and lack of toxicity. Methyl group 
substitution or introduction of tri- or tetra-functional siloxane 

units leads to a wide range of structures. Polymers are easily 
cross-linked at room or elevated temperature to elastomers, 
without loosing the above properties. 

Part of this section (here revised) was originally published in Chimie 
Nouvelle, the journal of the Sociktk Royale de Chimie (Belgium), 
Vol. 8 (30), 847 (1990) by A. Colas and are reproduced here with 
the permission of the editor. 
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7.1 9 MEDICAL APPLICATIONS OF SILICONES 
Jim Curtis and Andre' Colas 

MEDICAL APPLICATIONS 

Silicones, with their unique material properties, have found 
widespread application in health care. Properties attributed 
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to silicone include biocompatibility and biodurability, which
can be expressed in terms of other material properties such as
hydrophobicity, low surface tension, and chemical and ther-
mal stability. These properties were the basis for silicone’s
initial use in the medical field. For example, their hydrophobic
(water-repellent) character caused silicones to be considered for
blood coagulation prevention in the mid-1940s. Researchers
from the Universities of Toronto and Manitoba obtained a
methylchlorosilane from the Canadian General Electric Com-
pany and coated syringes, needles, and vials with the mate-
rial. When rinsed with distilled water, the silane hydrolyzed,
forming a silicone coating on the substrate. The researchers
published results from their clotting time study in 1946, find-
ing that the silicone treatment “on glassware and needles
gives a surface which preserves blood from clotting for many
hours” (Jaques et al., 1946). Researchers at the Mayo Clinic
took notice of the work by their Canadian colleagues, indi-
cating that silicone “was the most practical of any known
[substance] for coating needle, syringe and tube” (Margulies
and Barker, 1949). They also demonstrated that leaving blood
in silicone-coated syringes had no significant effect on the
blood as measured by coagulation time after being dispensed
from the syringe. Soon the use of silicone precoating of nee-
dles, syringes, and blood collection vials became common-
place. In addition to the silicone’s blood-preserving quality,
it was soon discovered that silicone-coated needles were less
painful. Today most hypodermic needles, syringes, and other
blood-collecting apparatus are coated and/or lubricated with
silicone.

Silicone’s chemical stability and elastic nature are beneficial
for many applications involving long-term implantation. The
first published report of silicone elastomers being implanted in
humans was in April 1946, when Dr. Frank H. Lahey told of his
use of these materials for bile duct repair. He obtained the mate-
rial, called “bouncing clay” at the time, from the experimental
laboratory of the General Electric Company (GE). Citing its
elastic properties, he reported, “It is flexible, it will stretch, it
will bounce like rubber and it can be cast in any shape” (Lahey,
1946).

In 1948, Dr. DeNicola implanted an artificial urethra fash-
ioned from the same type of GE silicone tubing used previously
by Lahey. The first apparently successful replacement of the
human male urethra by artificial means was conducted under
general anesthesia. The 3¾ inch (9.5 cm) long silicone tube
was threaded over a narrow catheter whose distal end was
in the bladder. Fourteen months after implantation, the arti-
ficial urethra “had been retained with normal genito-urinary
function. . . . There is no evidence at this time that the tube is
acting as a foreign body irritant. . . ” (DeNicola, 1950).

A particularly notable early silicone implant was the hydro-
cephalus shunt, which benefited from silicone’s thermal stabil-
ity. This application became quite celebrated when tenderly
described in Reader’s Digest (LaFay, 1957). Charles Case
“Casey” Holter was born on the seventh of November 1955
with a neural tube defect called lumbo-sacral myelomeningo-
cele. By December, the baby had contracted meningitis, and
surgeons at the Children’s Hospital of Philadelphia closed the
defect. A few weeks later, hydrocephalus caused young Casey’s
head to swell as cerebrospinal fluid (CSF) collected in his brain.

At the time, there were few treatment options and this affliction
was fatal for most children who contracted it. After infection
concerns with the daily venting of CSF through the fontanels
(spaces between cranial bones that have not completely fused),
Dr. Eugene Spitz implanted a polyethylene shunt catheter in
Casey to drain excess CSF from the brain into the atrium of
the heart. A valve was needed to allow the CSF to drain when
pressure would begin to build in the brain, but close to pre-
vent backflow when the pressure equalized. Spitz had been
a neurosurgery resident at the University of Pennsylvania in
1952 and had gained clinical experience with a ball and spring
valve developed by the Johnson Foundation, an arm of John-
son & Johnson. So it was this valve that was first implanted
in young Casey. Basically a scaled-down version of an auto-
motive pressure relief valve, it frequently clogged with tissue.
Casey’s father John, a machinist by profession, asked Spitz
about the valve, the CSF, and the pressures involved. Spitz
confided in Holter that “a competent one-way valve” that
would be stable in the human body was needed (Baru et al.,
2001).

It is said that necessity is the mother of invention, and this
is a poignant example. A desperately concerned father went
home to his garage workshop that evening and constructed a
prototype valve from two rubber condoms and flexible tubing.
However, autoclaving caused the material to shrink a bit and
the valve to leak. Holter discussed the shrinkage problem with
a local rubber company, where the head of research suggested
he replace the natural rubber with a thermally stable material
known as silicone. Holter obtained Silastic brand silicone elas-
tomer and tubing free of charge from Dow Corning. In March
of 1956, Holter believed the valve that would come to bear
his name was ready. At the time, Holter’s son was too ill to
undergo the surgery; however, Spitz saw promise in the valve
design and successfully implanted the ventriculo-atrial shunt
in another hydrocephalic child (Baru et al., 2001). The Holter
valve was so successful that its production began that summer
and the valve is still being made in almost unchanged form
today (Aschoff et al., 1999).

These early health-care applications resulted in substantial
interest in the emerging silicone materials and their promis-
ing properties. The two leading silicone suppliers, General
Electric and Dow Corning, began receiving inquiries from the
medical field at unprecedented rates. By 1959, Dow Corning
was so inundated with requests for materials and information
that the Dow Corning Center for Aid to Medical Research
was established to act as a clearing house for all information
on medical uses of silicone, and to supply medical scien-
tists with research quantities of various silicone materials,
all without cost to the researcher. The Center corresponded
with more than 35,000 physicians and researchers from all
over the world and in numerous areas of health care (Braley,
1973).

The upsurge of interest in silicones for health-care applica-
tions continued in the early 1960s. Before the end of the decade,
silicone materials were being employed or evaluated in numer-
ous health-care applications—in orthopedics, catheters, drains
and shunts of numerous descriptions, as components in kidney-
dialysis, blood-oxygenator, and heart-bypass machines, heart
valves, and aesthetic implants, to name just a few.
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FIG. 1. (A) Original Silastic hydrocephalus shunt. (B) Modern Medos–Codman programmable valve shunt. Courtesy of
Medos SA, a Johnson & Johnson company.

Orthopedic Applications of Silicone

The most significant orthopedic applications of silicone are
the hand and foot joint implants. Dr. Alfred Swanson, with
assistance from Dow Corning, developed silicone finger joint
implants such as those shown in Fig. 2 (Swanson, 1968).
Similar implants were developed for the other small joints of
the foot and hand. In addition to the double-stemmed finger
joint implants in each of the metacarpophalangeal joints (large
arrow), Fig. 2D also shows a single-stemmed Silastic ulnar head
implant at the distal terminus of the ulna (small arrow).

Nearly four decades later, silicone remains the most pre-
valent type of small joint implant.

Another early orthopedic application of silicone was in
1969, when the French GUEPAR (Group d’Utilisation et
d’Etude des Prosthèses Articulaires) posterior-offset hinged
total knee implant was introduced. This design was constructed
of the metal Vitallium with a shock-absorbing silicone bumper
that prevented impact of the anterior portions of the tibial and
femoral components during knee extension (Mazas, 1973).

Catheters, Drains and Shunts

The properties of silicone elastomers have also found appli-
cation in numerous catheters, shunts, drains, and the like
(Fig. 3). These included devices fabricated with silicone extru-
sions, as well as devices with nonsilicone substrates that had
been silicone-coated to provide less host reaction. For example,

although several all-silicone urology catheters have been uti-
lized, the Silastic Foley is a latex catheter whose exterior and
interior had been coated with silicone elastomer (Fig. 4).

Figure 5 shows the various components of the Cysto-
cath suprapubic drainage system, which was used for bladder
drainage after gynecological surgery that complicated or pre-
vented normal urethral urination. The system included (a) the
catheter, a silicone tube whose nonwetting surface minimized
encrustation, (b) the body seal made of flexible silicone elas-
tomer that conformed easily to the body contour and allowed
patient freedom of movement, (c) pressure-sensitive silicone
adhesive that adhered well to skin, and (d) the trocar needle
used to pierce the bladder and overlying tissue. After vaginal
surgery the bladder was inflated and located. The Silastic
Medical Adhesive B was applied by brush to the clean abdomen
over the bladder and the bottom of the body seal compo-
nent. The pressure-sensitive adhesive—a reaction product of
silicone polymers and silicone resin dispersed in a solvent to
facilitate application and spreading—had excellent properties
conducive to the application. It provided good adherence to
dry or wet skin without causing irritation or sensitization, and
good permeability to oxygen, carbon dioxide and moisture
vapor; it also formed a waterproof and urine-proof seal. After
a short wait for the solvent to evaporate allowing the adhesive
to become tacky, the body seal was adhered to the abdomen.
The trocar was advanced through the center of the body seal
and pierced through the skin and bladder. The stylet was
removed and the silicone catheter threaded through the needle
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A B

C D

FIG. 2. (A, C) Photograph and x-ray of arthritic right hand prior to restorative implantation surgery.
(B, D) Postoperative photograph and x-ray view of the same hand.
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FIG. 3. Examples of silicone in catheters, drains, tubes, and cannulas.

FIG. 4. Silastic Foley catheter.

and well into the bladder. The needle was withdrawn leaving
the catheter in place. The silicone tube was secured in the reten-
tion groove and the distal end attached to a siphon drainage
system.

Silicone pressure-sensitive adhesives (PSAs) based on this
early material are in common use today, in transdermal drug
delivery and other applications.

A

B

C

D

FIG. 5. Suprapubic drainage system.

Extracorporeal Equipment

Silicone tubing and membranes found application in numer-
ous extracorporeal machines, due in large part to their hemo-
compatibility and permeability properties. Silicone has been
used in kidney dialysis, blood oxygenator, and heart bypass
machines (Fig. 6). Blood compatibility was also a factor in
silicone’s application in several mechanical heart valves (Fig. 7).
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FIG. 6. Heart bypass machine, circa 1964.

FIG. 7. Examples of early heart valves containing silicone elastomer.

The use of silicone in extracorporeal applications con-
tinues today. Hemocompatibility testing has suggested that
platinum-cured silicone tubing may be superior to PVC in
several respects (Harmand and Briquet, 1999).

Aesthetic Implants

Silicones have been used extensively in aesthetic and recon-
structive plastic surgery for over 40 years, and they continue to

be so utilized. Silicone elastomer is used in implanted prosthe-
tics of numerous descriptions. Silicone implants are widely used
in the breast, scrotum, chin, nose, cheek, calf, and buttocks.
Some of these devices may also employ a softer-feeling sub-
stance known as silicone gel. The gel is a lightly cross-linked
silicone elastomer, without silica or other reinforcing filler,
that is swollen with polydimethylsiloxane fluid. The gel is
contained within an elastomer shell in breast, testicular, and
chin implants. Surgeons implant these medical devices for
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FIG. 8. Silastic mammary prosthesis, 1964.

aesthetic reasons, to correct congenital deformity, or during
reconstructive surgery after trauma or cancer treatment.

The most prominent of these aesthetic implants is the
silicone breast implant. Breast enlargement by artificial means
has occurred for over a century. In 1895, Czerny reported
transplanting a lipoma to a breast in order to correct a defect
resulting from the removal of a fibroadenoma (Gerow, 1976).
The insertion of glass balls into the breasts was described by
Schwarzmann in 1930 and again by Thorek in 1942. The
Ivalon sponge, introduced by Pangman in 1951, was the first
augmentation prosthesis to be retained fairly consistently. This
surgical sponge, formulated of poly(vinyl alcohol) cross-linked
with formaldehyde, was at first hand-trimmed to the desired
shape by the implanting surgeon and later preformed by Clay
Adams, Inc. There was some early recognition of the ten-
dency for tissue growth into the open-cell foam, and in 1958,
Pangman patented the concept of encapsulating the foam with
an alloplastic (manmade) envelope. His patent also contem-
plated the use of other fill materials in place of foam, materials
such as silicones. The Polystan and Etheron polyurethane
sponge implants began to be used as breast implants in 1959
and 1960, respectively. These sponge implants became popular
in the early 1960s.

With silicone materials and prototypes supplied free of
charge from Dow Corning, Doctors Cronin and Gerow devel-
oped and tested their silicone gel–filled breast implant in 1961.
They implanted the first pair in a woman in 1962 (Cronin and
Gerow, 1963). Word of their success and the superiority of
these silicone implants to the existing foam type led to the
popularity of the silicone gel breast implant.

Figure 8 shows the appearance of these implants in 1964.
The shells of Cronin-type implants were vacuum-molded with
anterior and posterior elastomer pieces sealed together creating
a seam around the perimeter of the base. The posterior shell
had exposed loops of Dacron mesh attached. The surgeons
believed that prosthesis fixation to the chest wall was necessary
to prevent implant migration.

Since this early 1964 design, Dow Corning and the
numerous other companies that manufactured silicone breast
implants made prosthesis design improvements, including
elimination of the seam and realization that fixation is fre-
quently not needed.

In the early 1990s, these popular devices became the sub-
ject of a torrent of contentious allegations regarding their
safety. Although the legal controversy regarding silicone gel-
filled implants continues in the United States, these medical
devices are widely available worldwide and are available with
some restriction in the United States. The controversy in the
1990s initially involved breast cancer, then evolved to auto-
immune connective tissue disease, and continued to evolve to
the frequency of local or surgical complications such as rupture,
infection, or capsular contracture. Epidemiology studies have
consistently found no association between breast implants and
breast cancer (McLaughlin et al., 1998; Brinton et al., 2000;
Mellemjkaer et al., 2000; Park et al., 1998). In fact, some stud-
ies suggest that women with implants may have decreased risk
of breast cancer (Deapen et al., 1997; Brinton et al., 1996).
Reports of cancer at sites other than the breast are inconsistent
or attributed to lifestyle factors (Herdman and Fahey, 2001).
The epidemiologic research on autoimmune or connective-
tissue disease has also been remarkably uniform and concludes
there is no causal association between breast implants and
connective-tissue disease (Hennekens et al., 1996; Sánchez-
Guerrero et al., 1995; Gabriel et al., 1994; Nyrén et al., 1998;
Edworthy et al., 1998; Kjøller et al., 2001).

Largely without any specific safety concern or allegation
critical of it, another silicone gel-filled implant was swept up
in the breast implant controversy. At the time, most testicular
implants were constructed of the same materials as silicone gel
breast implants. Silicone artificial testicles had been used nearly
as long as the breast implants. Dow Corning, one of several
companies that manufactured these implants, was producing
them as early as 1964. These devices served to ameliorate
psychological stress associated with testicle loss due to cancer,
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FIG. 9. Silicone testicular implants.

traumatic injury, or those absent at birth. The Teflon strips
seen in Fig. 9 shield each implant shell during suturing through
an elastomer loop at the superior pole to achieve fixation for
proper anatomical orientation in the scrotum.

BIOCOMPATIBILITY

There has been much discussion regarding the various defi-
nitions of the term biocompatibility. We now take it to mean
“the ability of a material to perform with an appropriate
host response in a specific situation” (Black, 1992; Remes and
Williams, 1992). Historically it has been tacitly understood
that silicone materials are intrinsically biocompatible since they
have been utilized successfully in so many health-care applica-
tions. However, given the modern definition of the term, no
material can be assumed to be universally biocompatible, since
such implies that it is suitable for every conceivable health-care
application involving contact with the host patient.

Numerous silicone materials have undergone biocompati-
bility testing. Many of these materials have passed every
bio-qualification test; however, others have not. There are
several factors that can affect the results of such testing, includ-
ing the material’s composition. As described in Chapter 2.3,
the basic polydimethylsiloxane (PDMS) polymer can be modi-
fied to replace methyl with other functional groups. In some
cases, those groups may be responsible for untoward host

response. There may be by-products from the preparation of
silicone materials that might trigger tissue reaction. For exam-
ple, these could come from the use of a peroxide initiator under
inappropriate temperature and processing conditions.

Purity is another factor that can affect bio-test results.
Medical silicone materials, including fluids, gels, elastomers,
and adhesives, are manufactured by several companies today.
Some of these firms manufacture these medical materi-
als following GMP principles in dedicated, registered, and
inspected facilities. Others sell materials generated on their
industrial production line into the health-care market.

Selection of appropriate preclinical material bio-
qualification tests for their application is the responsibility of
the medical device or pharmaceutical manufacturer. Several
national, international, and governmental agencies have pro-
vided guidance and/or regulation. Several silicone manufactur-
ers offer special grades of materials that have met their specific
requirements. The buyer should carefully investigate the sup-
plier’s definition since there are no universal special grade
definitions. At Dow Corning, Silastic BioMedical Grade mate-
rials have been qualified to meet or exceed the requirements
of ISO 10993-1, USP (United States Pharmacopeia) Class V
Plastics tests (acute systemic toxicity and intracutaneous reac-
tivity), hemolysis, cell culture, skin sensitization, mutagenicity,
pyrogenicity, and 90-day implant testing. Other physiochem-
ical qualification tests have been conducted, such as certain
tests from the European Pharmacopoeia. Specific information
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TABLE 1 Biodurability Studies of Silicone Elastomer and Medical Implants.

Year Researcher Synopsis

1960 Ames Explant examination of a clinical silicone ventriculocisternostomy shunt used in the treatment of
hydrocephalus showed “the silicone rubber tubing was unchanged by three years implantation in the
tissues of the brain and in the cervical subarachnoid space.” Similarly, after over 3 years implantation
of silicone tubing in the peritoneal cavity of dogs, Ames wrote, “The physical properties of the tubing
itself are apparently unchanged by prolonged contact with tissues.”

1963 Sanislow and Zuidema Silastic T-tubes were placed in the common ducts of dogs and explanted 9 months later. They were
found to be free of bile-salt precipitation and completely patent. Four were tested for tensile strength
and compared with a control sample from the same lot of elastomer. “These tests suggested that little
physical change occurred in the Silastic as a result of prolonged contact with animal bile.” The tensile
strength after 9 months was reported as 1130 psi (7.8 MPa), the same value as reported for the
unimplanted control.

1964 Leininger et al. The Battelle Memorial Institute examined the biodurability of five plastics by implanting films in dogs
for 17 months’ duration. The materials tensile strength and elongation were measured and compared
with unimplanted controls. Although large deterioration was seen in the tensile properties of
polyethylene, Teflon, and nylon, the results for Mylar and Silastic remained essentially the same.

1974 Swanson and LeBeau “Dog-bone”-shaped specimens of medical grade silicone rubber were implanted subcutaneously in dogs.
Tensile properties and lipid content were measured at 6 months and 2 years postimplantation. A slight
but statistically significant decrease in measured ultimate tensile strength and elongation were
observed, as well as a small weight increase attributed to lipid absorption.

1976 Langley and Swanson Mechanical test specimens were implanted in dogs for 2 years. Tensile strength, elongation, and tear
resistance showed no statistically significant changes. Lipid absorption into the elastomer ranged from
1.4 to 2.6%.

2000 Curtis et al. Six silicone breast implants surgically excised after 13.8 to 19.3 years and 10 similar nonimplanted units
were tested to determine shell tensile properties and molecular weight of silicone gel extracts. The
“study observed only minor changes (less than the explant or implant lot-to-lot variation range) in the
tensile strength of Dow Corning silicone breast implants after nearly twenty years of human
implantation.” The gel extract molecular weight was either unchanged by implantation or increased
slightly.

2003 Brandon et al. In the most comprehensive study of breast implant biodurability heretofore published, the authors
reported their results of tensile, cross-link density, and percent extractable measurements made on
42 explants and 51 controls. The study included some of the oldest explants, with human
implantation durations up to 32 years. The researchers also performed a literature search and plotted
all published explant tensile modulus data against implantation duration, finding no temporal
relationship. Neither was a relationship with implant time seen for the cross-link density results,
supporting the biodurability of the silicone elastomer utilized in the implant shells. The researchers
concluded, “There was little or no degradation of the base polydimethylsiloxane during in vivo aging
in any of the implants we examined.”

regarding material biotesting can be found in other chapters
of this text. Testing of the device in finished form should
follow material bio-qualification tests such as those described
above.

BIODURABILITY

Traditionally we have thought of biocompatibility as the
situation in which the biomaterial has minimal adverse impact
on the host. Conversely, biodurability is where the host has a
minimal adverse effect on the biomaterial (see Chapter 6.2).
Silicone’s material properties, such as hydrophobicity, have
been related to biocompatibility properties such as hemolytic
potential, and its relative purity and high-molecular-weight
polymeric nature and chemical structure provide a theoretical
basis for its lack of toxicity. Silicone’s biodurability in medical
applications is probably related to its exceptional thermal and
chemical stability properties.

Silicones are used in numerous applications requiring high
temperature resistance (Noll, 1968; Stark et al., 1982). During
thermogravimetric analysis and in absence of impurities, poly-
dimethylsiloxane degradation starts only at around 400◦C.
Thus, silicones remain essentially unaffected by repeated ster-
ilization by autoclaving, and they can usually be dry-heat
sterilized as well. Other sterilization methods can also be uti-
lized, such as ethylene oxide exposure and gamma and e-beam
irradiation—although care must be taken to ensure complete
sterilant outgassing in the former and that dosage does not
affect performance properties in the latter.

Although silicones can be chemically degraded, particularly
at elevated temperatures, by substances capable of acting as
depolymerization catalysts (Stark et al., 1982), their hydropho-
bic nature limits the extent of their contact with many aqueous
solutions. Typically the biologic milieu does not present a par-
ticularly hostile chemical environment for silicone. A notable
exception, however, is the stomach, which excretes large
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amounts of hydrochloric acid, capable of attacking PDMS if
it remains resident there too long.

Based on silicone elastomer performance in long-term
implantation applications, its biodurability is generally con-
sidered excellent (Table 1).

The chemical stability associated with silicones became so
well established that it has been formulated into other bio-
materials, such as polyurethane, to enhance their biodurability
(Pinchuk et al., 1988; Ward, 2000; Christenson et al., 2002).

Notwithstanding the chemical stability of silicone, certain
factors have been shown to affect its durability in terms
of long-term in vivo performance. The hydrophobic elas-
tomer is somewhat lipophilic and can be swollen by lipids or
other nonpolar agents. Early experience with in vivo failure
of silicone-containing heart valves was traced to elastomer
absorption of lipids from the blood that resulted in signif-
icant dimensional swelling (McHenry et al., 1970). In most
cases the absorption was low and failures did not occur, but
in a small percentage of cases, the silicone was absorbing
quantities sufficient to render the valves variant. Researchers
speculated that variations in silicone poppet manufacture, such
as cure, might have been a factor (Carmen and Mutha, 1972).
Absorption of lipids was a variable reported by Swanson and
LeBeau (1974) and Langley and Swanson (1976). The work of
Brandon et al. (2002, 2003) has shown that the shells of sili-
cone gel-filled breast implants also absorb silicone fluid (from
the gel) causing a minor diminution in mechanical properties,
one that is reversed after extraction of the elastomer.

CONCLUSION

A variety of silicone materials have been prepared, many
possessing excellent properties including chemical and ther-
mal stability, low surface tension, hydrophobicity, and gas
permeability. These characteristics were the origin of sili-
cone’s use in the medical field and are key to the mate-
rials’ reported biocompatibility and biodurability. Since the
1960s silicones have enjoyed expanded medical application
and today are one of the most thoroughly tested and important
biomaterials.
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