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THE USE OF INERT PLASTIC MATERIAL IN RECONSTRUCTIVE
SURGERY

[. A Brorogrcat TesT FOR TISSUE ACCEPTANCE.
II. Trssue REACTIONS TOo COMMONLY USED MATERIALS.

By James Carnan, F.R.C.S.

Experimental Plastic Surgery Unit, Postgraduate Medical School,
Unisverssty of London.

FroM the earliest days of thé specialty, plastic surgeons have been concerned
with inert materials for reconstructive procedures. In spite of half a century of
endeavour the use of such material is unsatisfactory. So much so that an
authoritative textbook on surgical materials noted : “ In spite of all the good
results which have been obtained by such means . . . sooner or later the body
attempts to reject such foreign material and it therefore can never be consider

the ideal substance for the purpose ” (Gillis, 1958). ‘

Yet there are clearly occasions when the provision of an implant of foreign
materials, acceptable to the tissues, helps both patient and surgeon. This paper
attempts to evaluate the need for and uses of inert materials, to present a
laboratory method for investigating the biological reactions to them, and to
<xamine experimentally such reactions when materials, in present-day use, are
implanted in the rat. It thus forms part of a wider investigation which seeks to
lay down standards of quality and technique for implant surgery.

Surgical opinion is divided on the question of the use of foreign material
in reconstructive surgery. There are those who hold that such material should
be used only as a temporary measure until the time when reconstruction can be
<ompleted by living tissue, while others are prepared to consider it permanent.
‘The division of opinion is not limited to plastic surgeons for the subject is very
much alive in orthopzdic, vascular, and cardiac surgery. The main arguments
are summarised below :—

The Case Againat Foreign Material.—(1) Reaction of the tissues to a
foreign body: This may be immediate, resulting in rejection of the material
and usually associated with infection, or delayed for weeks, months, or years.
Delayed reaction may occur with infection or collections of sterile fluid, but
usually results in eventual extrusion.

(2) Movement of a foreign body is well recognised and many weli-placed
implants have become less satisfactory for this rcason. Where bone has been
replaced by the implant, fixation presents its own problems: in orthopadic
surgery where such are used to aid ununited fractures of the long bones, stress
is a big factor (Scales, 1958). The use of tantalum, much in vogue between the
two World Wars, did show that once the marerial was “ on the move,” extrusion
‘was the usual finale.

(3) Alteration of physical properties of the implant. Scales et al. (1961)
have shown that many of the stainless steels used in orthopzedic surgery corrode
and lead to stress fractures, and have demonstrated crazing in acrylics. Polyethylene
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2 BRITISH JOURNAL OF PLASTIC SURGERY

foam, recommended for breast construction, has altered within a year from
a soft to a very hard material (the “ marble breasts” mentioned by Moran
in 1954).

{(4) Stimulus to carcinoma : In some experimental animals implanc materials
do appear to produce malignant disease. This is invariably 2 sarcoma (Scales,
1958), and never a carcinoma, in the fibrous capsule surrounding the implant.
In the rat it takes twelve to eighteen months after implantation for malignancy to
appear and this has been found to occur with a wide vanety of materials—Polystrene,
cellophane, P.V.C. (Northdurft, 1956); Dacron, nylon, Ivalon, Teflon, and silk
(Oppenheimer et al., 1955). The very diversity of the nature of these should
make one suspect that malignant change is a feature of rat tissue. Scales (1961)
has noted that in the guinea-pig malignancy is uncommon. No unequivocal case
of malignant change in man has so far been recorded although individual cases
where neoplasia was related to metallic implants after thirty to thirty-five years
have been published (Siddons and MacArthur, 1952 ; Penn and Epstein, 1953 ;
McDougall, 1956).

(5) There is a general feeling of disquiet, difficult to put into words, that a
material which is not part of the body and has no blood supply is ‘at risk.”
Curiously, the same argument does not apply to homograft cartilage.

The Case for Foreign Material.——(1) It makes reconstruction shorter
and less traumatic for the patient.

(2) There is an endless supply.

(3) Some natural tissues when transplanted do not behave well: fat
* absorbs,” tendons become adherent, fascia becomes vascularised and ‘markedly
adherent, bone may absorb in certain situations, and cartilage warps.

(4) A special case can be made out for the use of foreign material where the
body has an inadequate supply in quandty in children, or in quality such as.
tendon with paratenon. _ . .

(5) It is expendable in a growing child, or where uncertainty of success may
retard the progress of reconstruction.

There is, of course, much to be said for both points of view and indeed
protagonists and antagonists are much less consistent in clinical practice than in
opinion, although the points for and against the use of foreign material are

representative. At least one reason for this ambivalence is the uncertainty

associated with the lack of precise knowledge of the tissue reaction to foreign
material,

Of the thirty-cight papers published op, this subject in the past ten years
only ten record histology and a mere four produced experimental evidence. In
nore was there sufficient derail to allow a reader to make an intelligent assessment
of the particular material being recommended for clinical use. In this sense,.
then, most previous publications should be considered pilot trials.

MATERIAL AND METHODS

A pilot scheme for the experimental investigation was set up, using Wistar
(white Norwegian) rats. The experimental design was of the most simple
kind, rats and material, in sterile (autoclaved) containers, being randomly
associated. :
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TasLe I
Weights of Rats at Time of Impiants

| M |
. ean Standard
| Material Implanted Weight f Deviation
: g : s
} B.T.E.E. ilm . . . 17 284
T P.T.F.E. felt . . . 156 26'3
Polyethylene sponge . . 184 ; 348
‘ Polyethylene sheet . . 215 19°1
Orlon . . . . 161 169
i Terylene . . . . 207 453
l Nylon . . . . 155 297
{ PV.C. . . . . 194 I3
I Estane . . . . 183 447

to the muscle of the anterior abdominal wall, but others may represent the host’s
reaction to an irritant. The materials implanted, of 2 by 2 cm. area, were as
follows :—

. Polytetrafivorethylene (P.T.F.E.) sheet, 0-2 mm, thick.

P.T.F.E. felt, 3 mm. thick.

. Polyethylene sponge, § mm. thick.

. Polyethylene sheet, 0-02 mm. thick.

. Polymethyi methacrylate (Orlon) woven fabric, 0-3 mm. thick.

. Polyethylene terephthalate (Terylene) woven fabric, 0-15 mm, thick.

. Polyhexamethylene adipamide (nylon) sheet, 0-07 mm. thick.

. Polyvinylchloride (P.V.C.) sheet, o-x mm. thick.

. Polyurethrane (Estane) sheet, 1 mm. thick,

V- - XV P Y

- RESULTS

Tissue reaction to the various materials was assessed macroscopically and
microscopically.

Macroscopic.-—Mesentery, playing its part of ** policeman ”* in the abdominal
cavity, was frequently found adherent to part or whole of the implant material.
Adhesions of bowel, to a marked degree, were commonly found with Orlon,
Terylene, nylon, P.V.C., and Estane, and to a milder degree with Polythene.
No adhesions of bowel were found when the implants were P.T.F.E.

The results are summarised in Table II.

The Chi square test atr the o1 per cent. level of significance confirms that
P.T.F.E. behaves much more favourably than any other material. The photographs
in Fig. 2 show comparable findings at the time of naked-eye inspection.

. Microscopic.—Histological notes are given in the legends to the photo-
micrographs of individual materials (Figs. 3 to 13). The general picture of the
findings is described here. The overall microscopic picture of tissue reaction to
foreign material concerns round cells, macrophages and giant cells, fibroblasts
and fibrous tissue, the vascular supply, and, since these implants were exposed
in the peritoneal cavity, the nature of any covering membrane.
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THE USE OF INERT PLASTIC MATERIAL IN RECONSTRUCTIVE SURGERY 3

Implant Technique.—Previous experiments in rats, and in man, demon-
strated that insufficient information concerning the tissue reaction to inert
materials is obtained by subcutaneous implantation only ; intraperitoneal implants
on the other hand seemed likely to provide more sensitive tests, and offered the
advantage of intermittent inspection and
biopsy. DIAGRAM OF IMPLANT TECHNIQUE

U‘f‘dcr‘ ether anzsthesia a midline RAT IN POSITION PERTONEUM & THIN LAYER
abdominal incision opened the peritoneal  cuowinG UNEOF INCISION  0F MUSCLE RENOVED (2 x2cm. savareh
cavity and an area of 2 by 2 cm. on its
anterolateral wall was denuded of peri-
toneumn with a thin layer of underlying
muscle. The raw surface so produced
was covered by the implant material
held in place by silk sutures and the
abdomen closed (Fig. 1). A gauze
dressing over the wound was secured by
a couple of turns of adhesive Elastoplast
bandage, to be discarded after one week.,

Forty to ninety days later the peri-
toneum was inspected for macroscopic
signs of reaction, the animal sactificed,
and the whole implant with its sur-
rounding tissue removed for histology.
Specimens were fixed in formol-saline,
Bouin, or Zenker. Paraffin sections cut
5§ to 7 microns thick were stained by
hzmatoxylin and ecosin, Mayer’s acid
hamatoxylin, Harris’s hamatoxylin, van
Gieson, Weigert’s elastic, Solochrome
¢yanin, Alcian blue, Ehslich’s hema-
toxylin. At least ten ficlds were
examined in each slide.

IMPLANT SEWN INTO
REPLACING PERITONEUM

WOUNR CLOSED BY THROUGH & THROUGH JEITRESS SMRMES
Fre.x 7

Implant Materials.—Nine materials in common use were available from
the hospital operating . Each rat received a single implant and the
experiment was repeated times, e, a total of fifty-four rats, this being
considered the minimal number required for statistical assessment. The mean
weights and standard deviations of rats used for the various implants are
presented in Table I. In each group of six there were an equal number of males
and females. One animill* died (Estane implant) and eight implants became
free in the peritoneum (two nylon sheet, three P.V.C. sheet, three Estane sheet)
and could not therefore be assessed histologically. Five became completely
enveloped by mesentery (three polyethylene sheet, one nylon sheet, one Estane
sheer) and provided little microscopic information of tissue reaction to them.
Examization of the remaining forty specimens form the basis for the assessment
of the cellular response.

One disadvantage of the technique of peritoneal implantation presented
here is the loss of information that can occur when materials fail to remain
in situ. Some of these were probably due to inadequate suturing of the material
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1. Round Cells,—Small and large round cells, as part of an inflammatory
reaction, were found around ail materials examined soon after implantation.
After six weeks it was possible to grade the reaction remaining as “ slight ” or
“ moderate. severe ”’ : P.T.F.E., Orlon, and Terylene (Figs. 3 to 7) appeared
to have continued to cause less round-cell infiltration than other materials (Figs.
8, 9, and 10), but the difference was only just significant statistically.

Macroscopic reaction’to implants.

{Arrows indicate site of implants.)

1. Polythene sponge. (Rat 4, at

2 - - forty-nine days.)

i1. Terylene woven cloth, (Rat 22, at sixty-five days.) In both thereis adhesion of bowel
with minor degrees of intestinal obstruction. . -

1. P-T.F.E. sheet. (Rar 31 at seventy-five days.) No adhesions and material covered by
normal peritoneum.

2. Macrophages and Giant Cells.—Giant cells, often of bizarre form, were
found around and within all those materials of woven or open mesh construction
(P.T.F.E. felt, Orlon, Terylene, Polythene sponge). Fig. 11 demonstrates some
of these containing fragments of the implant material, while others can be seen
in Figs. 3, 6, 7, and 10. Materials of smooth sheet form evoked markedly less
giant-cell reacton and with P.T.F.E. sheet giant cells were never found.
Presented as a 2 by 2 mm. table, x?=12-2, for one degrec of freedom, which is
highly significant (Table III).

3. Fibroblasts and Fibrosis—A certain degree of fibroblastic reaction was
seen around all implants varying from minimal with P.T.F.E. and Estane (Fig. 12)
solid sheet, to severe with P.V.C., Orlon, and nylon (Table IV). Polythene,
especially in the very open “ foam ” form, seemed to encourage the formation
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6 BRITISH JOURNAL OF PLASTIC SURGERY

TaBLE II

Gross Appearances of Implants: the Presence of
Adhesions of Mesentery, Bowel

Material { No Adhesions Adhesions Tozals
PTFE . . ﬁ 9 3 12 -
! All others . . . 3 37 40
: Totals . | 12 4 52 :

xt=20¢ df =1 P<o-001

TasLe I

Influence of Physical Form of Implants.
The Presence of Giant Cells

3
Giant Sal )
Tmplant Present | Absent Touls 1™
Sheet . . . . ] 18 23
Woven or open mesh . 8 o 18 -
Torals . 24 16 40

x3I=122 df.=1 P<o0-001

TABLE IV
Reaction by Fibroblasts and Fibrosis

Reaction

Material . Mod Tortals
Stight | or Severe

P.T.F.E. . . . 9 3 12
All others . oo 4 24 28
Totals . 13 | 27 4

' |

x*=9 df =1 P< 000§ >0-001
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THE USE OF INERT PLASTIC MATERIAL IN RECONSTRUCTIVE SURGERY 7

F1G. 3

Polytemafluorethylene (P.T.F.E.) felt: biological modification of its physical structure.
1. Specimen of P.T.F.E. felt before implantation ( x67). Note its fibrous mmn

and spiked ends. It does not pick up histology stains.

1. P.T.E.E. felt four days after implantation (Rat §8). The material is still spiky and'

TIL

giant cells (8) can be seen at the free edge of the material, (Mayer's acid
hamatoxylin stain. x 67.)

A later stage at seventy-six days (Rat 3). There are fewer giant cells () but an
increase of interstitial fibrosis (8). (Mayer's H. & E. x67.)

At ninety-four days the P.T.F.E. has become matted and smoothed off. Giant
cells are now scanty (). (Rar 46.) (Ehrlich’s H. & E, «67.)
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of fibrous tissue within its interstices to such an extent that the original shape
macroscopically was always deformed. Fibroblasts, fibrous plaques, and giant
cells were always seen in every field of every specimen of Polythene foam examined
(Fig. 10). This perhaps is not surprising when ooe remembers that Dunphy
(1960) has recommended the use of this material as an implant to harvest young
fibrous tissue. From the table it will be noted that P.T.F.E. produces less
fibrous tissue reaction than other materials, significant at the o-5 per cent. level
of confidence. It is notable that with woven materials (Orlon, Terylene) fibrous
penetration of the material was unusual (Figs. 5 and 6).

FiG. 4
P.T.F.E, felt.

1. P.T.E.E. felt to show lack of reaction and covering of mesentery (M). The
interseitial resction iz still cellular and the lack of bundles of fibrous tissue is
??t?:lﬁ (oo?7p;u Polythene, Fig. 10). (Rat 58 ar four days.} (Ehrlich’s

- . X .

1. P.T.F.E. felt at seventy days to show localised abscess () within the material.
The clear spaces are artefacts occurring when this tough material is cut on
the microtome and the soft tissues are dragged away.

4. Vascular Commections.—In the majority of materials it was not possible
to show any abnormality of the vessels proceeding to and from the area of the
implant, and the fibrous capsules were relatively avascular. With solid materials
this was expected except for the unusual phenomenon of * incorporation ™ of
P.T.F.E. sheet which will be described later. With woven mmaterials, as already
noted, tissue reaction was confined to the surface and, although there appeared
to be an increased number of small vessels at the edges of these implants, the
vessels themselves did not appear abnormal. By contrast, in those materials of
more open texture (Polythene foam, P.T.F.E. feit) primitive vascular spaces were
commonly seen within the implant. These spaces, varying in size from 10 to
100 microns and even larger (Fig. 10) did not appear to be lined by endothelium

20554008
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in every case. Serial sections confirmed that they were not areas of h@morrhage
within the implant, as at first thought. Although it was not possible to demonstrate
their connection with afferent or efferent vessels, their pattern of direction was
consistent with such an assumption. Vascular spaces such as these would
appear to be unsatisfactory and possibly could produce a hemolytic anemia of
mechanical origin.

5. The Covering.—As already mentioned under macroscopic findings,
mesentery was the commonest covering found on the peritoneal aspect of the

1. General view of encapsulated implant. (Rat 24 at sixty-four days.) Note thin
capsule of very cellular fibrous tissue (o) surrounding the im;hnt (8), the relagve
absence of round cell infilcration or giant cells. (E. H. E. x67.)

11. Junction of implant (B} and capsule (A} where a cellular element with vascular
spaces is notable. (Rat 40 at sixty-five days.) (Mayer’s HL & B. x67.)

(See also Fig. 13 of incorporated P.T.F.E. sheet.)

implants. From the clinical point of view the most satisfactory implant is one
which has become completely. covered by a fibrous tssue envelope and is thus
virtually extracorporeal. It is known that this of itself carries the risk that any
blood-borne infection which settles within the fibrous envelope will also exclude
the natural body mechanisms for its defence. Hence abscess formation requiring
removal of an implant many years later has become well recognised. The fibrous
tissue envelope or capsule does, however, ensure that at the cellular level all is
quiet. While sheet (solid) materials were usually encapsulated in this way, open
mesh materials never were completely. At one or more areas giant cells and
round cells were always found, indicating that biological activity was still
continuing (Table V, p. 17). Such histological findings must indicate their
unsatisfactory nature for use in reconstructive surgery.
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Fi1G6. 6

Orlon woven cloth.

. General view. (A) Thick fibrous covering of implant. (8) Woven cloth with

no tssue permeation. (c) Individual loose fibres surrounded by fibrous
tissue, containing giant cells, (p) Deep portion of fibrous capsule and normal
mu.sc.le)of abdo)minal wall, (Rat 38 at forty-nine days.) (H. & E. (transverse
section). x 67.

. Longitudinal section to show fibrous capsule (a), lack of tissue permeating the

woven cloth (8) and multiple giant cells (). Beyond the fibrous capsule
there is lictle cellular reaction. (Rat 88 at forty-nine days.) (Mayer's
H. & E. x67.)
Local encapsulation of frayed ends of implant (A) within the main fibrous
capsule. Note giant cells (g). (Rat 24 at sixty-four days.) (Mayer's
H . &E. x67.)

. Bizarre-looking giant cells (E) ingesting Orlon fibres. (Rat 9o at forty-four

days.) (Mayer's hematoxylin-van Gieson. ~ 250.}
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Fra. 7
Terylene woven cloth.

1. General view. (Rat 23 at forty days.) As for Otlon (A), (a), (c). Note
giant cells (B) at cut of implapt. (Ehslich’s H. & 67.)

1. To show fibrous capsule (A) dissected free from sumundmg tissue and
subsidiary fibrous tissue enveloping individual terylenc fibres at cut end
cg‘ implant g). (Rat 22 at sixty-five days.) (Mayer’s hematoxylin-van

eson, x

1. Giant cells (8) enveloping free ‘ends of woven cloth, Oblique section.
(Rat 4 at seventy-six days.) (Ehslich's H. & E. x67.)

Where mesentery or bowel did not cover the implant, a layer of condensed
fibrous tissue with occasiogal fibroblasts was found. Over only two implants of
solid P.T.F.E. sheet were endothelial cells found microscopically.

6. Incorporation—It has been stated by several writers (Yeager and Cowley,
1948 ; Grindlay and Waugh, 1951) that normal tissue has been found permeating
polyethylene sponge and the impression given that this state of affairs is ideal.
While concurring with the latter, it must be pointed out that the findings from

e 20554011
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Nylon sheer.

Rat 36 at sixty-five days. (A) Fibrous
capsule. (B) Fragmented portons of nylon
associated with giant cells. Note the general
disorganisation of the cellular eclements,
{Mayer’s hematoxylin—van Gieson. x67.)

FiG. 9
P.V.C. sheet.

Rat 38 at fifty-nine days. Note the fragmented material
(8), giant cells (), and highly cellular reaction (M} composed

of round cells and histiocytes. (E. H. E. x67.)

20554012
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Fi1G. 10

Polythene sponge.

“ I. General view., (Rat 18 at seventy-seven days.) - Relatively avascular fibrous
. tissue (A) permearing the interstices of the sponge (8). Note frequent giant
cells (8). (Mayer’s H. & E. «67.)

1. Giant cells () invading the Polythene (8). Note accompanying histiocytes and
fibroblasts. (Rat 80 at fifty days.) (Mayer's H. & E. x250.)

I11. Small vascular spaces (L) within the Polythene sponge—some lined by
endothelium, the majoricy unlined. (Rat 81 ar fifty days.) (H. & E. x2350.)

1v. Large vascular spaces (L), As U1 above. ( x 100.)

YT 20554013
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Fig. 11. — Gisnt cells containi
material. (Arrows indicate m‘:'w
containing portdon of matenal within
cytoplasm.)
1. Nylon sheet. 36 at sixty-five
days.) (H. & x250.)
11. Orlon woven cloch. 88 at forty-
nine days.) (Emch-(;l;{.,t&& x‘;?c’,'.}
1, Polythene (Rat 40 at sixty-
one days.) 'sH.&B. x250.)

Fig. 12.—Estane sheet. Complete en—
capsulation of marerinl (8) which does
not accept histological stains. Note (A)
fine fibrous tissue ca e, (8) two
marginal giant cells. (Ratr 13 at fifry
days.) " (Ehrlicl’s H. & E. x67.)

our experiment indicate that scar tissue infiltrates polyethylene, and can hardly

be called * normal tissue.”
Two specimens out of six, of P.T.F.E. sheet 0-3 mm. thick, were found to

be covered by normal peritoneal endothelium (Fig. 13). Microscopically the
endothelial cells srained normally with basophilic dyes and clearly received
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-

FiG. 13
Incorporation of implant. (P.T.F.E. sheet, 02 mm. thick.) (Rat 2, biopsy at sixty-
three days.)

1. Whole section. (H. & E. x100.) {(a) Peritoneal covering of previously exposed
implant. (8) P.T.F.E. shest permeated by vesscls and occasional cells.
(¢) Normal muscle of abdominal wall.

11. Normal peritoneal cells (A) covering impiant (B). ( x255.)

111. Junction of P.T.F.E. (B) and muscle (). Note the lack of rissue reaction ; the vessel
stuffed with cells is probably infarcted and this is the usual biological method
for reducing the number of unwanted vessels In tissue. ( x 255.)

v. Normal-looking vesscls within the sheet of P.T.F.E. The larger arteriole has
well-marked intimal and medial coat, ( - 2¢$.)

o 20554015
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F16. 14
Adenocarcinomas of large bowel : no relation to implants.
Clinically obvious ring carcinoma of descending colon énmw) with subsequent

spread. (Rat 56, male, 255 g. weight.) (A =site of P.T.F.E. sheet implant.)
General view of section of bowel, showing well-differentiated adenocarcinoma
(R) invading muscle layer (s). (H. & E. x25.)

General features of adenocarcinoma. This rat was one of two in which carcinoma
of bowel was found out of 100 in which the viscera were examined at
laparotomy. In this rat a peritoneal implant of P.T.F.E. sheet had been placed
on the left anterior abdominal wall one month ago. A diagnosis of bowel

neoplasm was made on clinical examination ;: cachexia and a palpable abdominal
mass were present, (H, & E, x250.)

20554016.
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THE USE OF INERT PLASTIC MATERIAL IN RECONSTRUCTIVE SURGERY 17

nourishment through the implant material. Many vessels of normal appearance
were seen within the sheet of P.T.F.E, and only occasional round cells, At the
juncton of P, T.F.E. and underlying abdominal muscle the cellular reaction is
minimal and in some areas muscle and P.T.F.E. abut without any intervening
layer. The P.T.F.E. sheet, which before implantation refused to accept any of
the common histology dyes, was readily stained an even bluish-grey with

TaBLE V

Influence of Physical Nature of Implant on the
Total Biological Reaction

? : Incorporated . Partially |
i or

. Encysted !

Material completely | and Giant Touls

Encysted Cells, etc. | ]

| Sheet . . . 10 8 8 !

' Others . . . o 24 24 !
|~ (woven, felt, sponge) ;

Totals . | 10 32 42 ;

x*=9's3 df.=1 P<0w00os>0-00K

hematoxylin. This indicated that some biological transformation had occurred
in the material which microscopically now measured 0-6 mm. thick. Increased
water retention (normally o-1 per cent.) due to separation of the fibrous clements
of the sheet would explain the post-implantation stainability and apparent increase
in thickness of the sheet. The P.T.F.E. used was made from granular polymer
and no explanation can be offered for the elongated fibres seen in the histological
sections. They do bear some resemblance to collagen fibres and it is inwriguing
to believe that they have been accepted biologically as such. The term
¢ incorporation ” is suggested for this particular tissue reaction (Calnan, 196r1).

DIscussION
There are several facets of this work worthy of further exploration.

I. On the Technique Presented.—Barr (1953) called attention to the
need for laboratory testing of implant materials used in orthopsedic surgery. The
requirement is no less urgent in plastic or any other branch of surgery. Barr
went further and condemned the present order - whereby materials are used
clinically and investigated only when things go wrong (cf. Gibson and Davis,
1953). ° Scientific testing methods are available which are much more accurate
than clinical trial, and the human guinea-pig technique is 10 a large extent
outmoded and indefensible.” While no biological study can give a complete
guarantee that failures will not occur, the risk will be so reduced as to justify the
cost and time of the research. The negative artitude, whereby laboratory
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investigations disclose which materials are unsuitable for use in man, is perhaps
of even greater benefit.

The technique of the testing in vizo of materials in the rat differs from that
offered by others (LeVeen and Barberio, 1949; Grindlay and Waugh, 1951 ;
Moore and Brown, 1952; Brown et al., 1954; Harrison et al, 1957). By
placing the test material in the peritoneum a macroscopic assessment which does
not disturb the implant may be added to the microscopic examination and so
increase the precision of observation. By choosing 2 suitable experimental
design and statistical test of significance, it becomes possible to compare
accurately and validly the biological reactions between different materials. The
combination of macroscopic, microscopic, and statistical analysis ensures that a
sufficient number of animals will be used in the test and that the results will be
applicable to the animal population concerned. While the exceptional response
will be noted it will pot become confused with the wswal and faith can be
distinguished from fact.

While it is not claimed that the technique presented cannot be improved
upon, the information so derived from it does allow a valid comparison to be
made between the biological reactions to the various implant materials.

2. Macroscopic Findings.—Gross observation of the peritoneum and its
contents at varying periods revealed evidence of the intensity of the inflammatory
reaction to the implanted material (LeVeen and Barberio, 1949). With P.V.C.
and nylon, multiple adhesions of bowel, produciog kinking and minor degrees
of intestinal obstruction, were invariably found. Rough-surfaced materials
(Polythene foam, woven Orlon, and Terylene) usually had a thick covering of
mesentery but P.T.F.E. felt implants had only a thin film of mesentery covering
them. This suggested that there were two factors involved—the physical nature
of an open mesh and a chemical difference in this biological situation. When
the gross appearances of P.T.F.E. in both sheet and felt form are compared
with those of other materials.(Table VI) it is clear that there is a highly significant

TasLe VI
Cellular Reaction to Physical Form of
Implant Materials ‘
Cellularicy
Materials Totals
Slight Nolrodente
t i
Smooth sheet . . . s PR
(P.T.F.E. and Polythene) i
Rough . I
(P.T.F.E. and Polythene) * i ° | =
' |
Totals . 7 i 114 ’ 21

x*=£-84 df. =1 P<o2>01
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difference in the gross appearances, indicating that of the two factors the chemical
is probably more important to the tissue reaction than the physical. The
influence of physical form should not be neglected, however. From Table 111
it is clear that smooth-surfaced materials are less commonly associated with
giant cells microscopically.

3. Microscopic Findings.—Clearly the microscopic findings are of the
greatest interest because it is possible only in this way to appreciate the reaction
to implant material at the cellular level. Yet new materials are recommended
for use in reconstructive surgery in man either without any microscopic
observations (Blaine, 1946; Farmer, 1947; Rubin et al,, 1948; Jeremiah,
1950 ; Aldunate, 1957; Edwards and Lyons, 1958 ; Gordon, 1958 ; Neuman,
1958) or with inadequate observation and description of the histological changes
that have occurred around such materials (Frantz, 1943; Brown e¢ al., 1948,
1954, 1960). Others draw conclusions more favourable towards the new material
under examination than could possibly be accepted by others not equally biased.
This is an understandable attitude in clinical practice where the urgent need is
to find materials to help our patients. Unfortunately, history does not support
the good intentions. A pertinent example is the use of polyethylene sponge.
In 1951 Grindlay and Waugh reported favourably on irs use following implantation
for eighteen months in twenty-eight dogs. Much G:::Sﬂon followed in the
literature (Moore and Brown, 1952 ; Johnson and Grindlay, 1954; Struthers,
1955) which ceased when clinical failures obtrudedt themselves, to be followed
by a new wave of enthusiasm when polyurethane sponge became available. It
is only very recently that Gilmer and his colleagues (1961) have pointed out
that the “ living tissue ™ which grows into the sponges (in dogs) is “in situ
fibrogenesis developing an avascular connective tissue which cannot be likened
to granulation tissue.”” Nor can it be fairly called “ normal tssue ”* for, although
the individual elements are not abnormal, the total composition of the tissue is
abnormal and unwanted. Sponge has been advocated as a framework for bone
formation (Struthers, 1955), and again Gilmer et al. (1961) point out that any
bone found within the sponge is formed by a process of metaplasia within the
collagen at the periphery: they also noted that while the sponge might form
a useful framework for bone, it did in fact cause a distinct delay in bone formation
in dogs which prevented healing for as long as one year.

From our own observations on polyethylene sponge implanted in rats,
giant cells were always seen, and usually in every microscopic field examined,
while the fibrosis within its interstices was considerabie. These two findings
alone should be sufficient to deter anyone from using the material in'man except
under experimental conditions. It is difficult to understand why they were not
noted by early investigators for they would certainly have prevented the wholesale
use of moulded implants in breast reconstruction and the subsequent misery of
the recipients.

It would seem worth while to consider four features of the histological
reaction—the intensity of the round ccll infiltration, the presence of giant cells,
the amount of fibrosis, and the condition of vascular spaces. The technique
advocated here allows one to observe whether living tissue will grow over the
implant either to seal it off or become a part of it. The main differences between
the histological features associated with the various implants have already been
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pointed out. The presence of clusters of round cells, commonly called chronic
inflammation, near foreign material at any time later than say three weeks after
implantation, must always be viewed with suspicion. Clinically, one knows that
such foci can erupt into an acute inflammation with little warning. Giant cells
always indicate instability of tissues at the cellular level and materials which
evoke this response are unlikely to give satisfaction. In our own investigation, a
giant cell response seemed to be associated more with the physical form of an
implant than with its chemical nature, and such has been noted with silica in
man. Silica in the lung produces no giant cell reaction and is by necessity of
small particle size, whereas silica under the skin is invariably associated with
giant cells. It would be naive to believe that no reaction occurs around any one
material, but the superiority of P.T.F.E. in this respect should be noed (LeVeen
and Barberio, 1949), far it is only in comparative experiments that a.greater or
lesser biological reaction to foreign material may be demonstrated with certainty,
and this has been the error of many previous investigations. Harrison ef al.
(1957), investigating the tissue reactiops to Dacron, Ivalon sponge, nylon, Qylon,
and Teflon (P.T.F.E.) implanted. ing¥ the subcutaneous: tissue of the anterior
abdominal wall in dogs, reached* the same conclusions concerning' P.T.F.E.
Indeed, the photomicrographs of the tissue reaction in their paper bear striking
resemblanggs o those found in our rats. The order in which they ramked
materials by the tissue response, in decreasing magnitude, were nylon, Dacron,
polyvinyl sponge; Orlon, Teflon—a ranking which differs little frogx that reported
here. The paper by Hiftrison et al. (1957) offers sirong support that the biological
reaction to impilants is similar indog and rat. While comparative studies in man
have not yet been published, individual reports (Teplitsky and Rubin, 1949;
Rubin, 1949, 1951) would seem to imply that extrapolation of these findings to
man are likely to-Be accurate.

4. Implications for Cligical Practice.—It is clear from what has already
been written, both.here. 3in otfier publications, that implants of foreign
material may initiate six different biological reactions :—

1. Immediate inflammation, either chemical or bacterial, with immediate
rejection of the implant.

2. Delayed rejection of the implant, of the order of wecks, months, or years,
and probably due to an “ uneasy ”’ acceptance of the material by the host; round
cell infiltration, giant cells, and unorganised vascular patterns are seen histologically
many weeks after implantation.

3. Encystment without reaction—i.c., a fibrous tissue envelope.

4. Encysument, with an incomplete fibrous capsule where cellular reaction is
continuing.

5. Slow absorption, where giant cells dominate the histological picture.

6. Incorporation or complete acceptance of the material.

At the clinical level one has to define what is meant by an “ inert * material.
Chemical inermess is evidently not sufficient. Physical inertness would appear
to be of equal importance, for we have shown that the biological reaction to
smooth, solid implants differs materially from that to porous, woven, or spongy
implants. It is hoped to publish more detailed experimental evidence concerning
the influence of physical form in the near future.

On present evidence it would seem reasonable to recommend that materials
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other than P.T.F.E. should be abandoned and that, where possible, smooth-
surfaced implants are preferable to those of open structure.

5. The Risk of Neoplasia.—Necoplasms, and invariably sarcomas, have
been noted arising from the fibrous capsule surrounding implants in rats
(Oppenheimer et al,, 1948, 1955 ; Druckrey and Schmahi, 1952 ; Laskin ef al,
1954), but the great variety of materials which may cause them should make
one suspect that this may largely be a species reaction (Scales, 1958, 1961).
Northdurft (1956) suggests that neoplasia is related to the physical form of thc
implant and not to its chemical nature, and he believes that malignant
occurs in the cells of the avascular capsule. Leighton ez ai. (1956) support tlus
and suggest * anacrobiosis could have contributed to the formation of a
morphologically malignant variant.”

It is not generally known that carcinoma can occur spontaneously in rats,
In the execution of the present and other experiments, two well differentiated
carcinomas of the colon were found during laparotomy of 100 rats. One had
received an implant of P.T.F.E. sheet thirty days earlier, the other not. It
would seem unlikely that P.T.F.E. in this instance had contributed to the
carcinoma of the bowel. Neoplasms do not appear to develop in less than one year
after xmplanmnon (Turncr, 1942 ; Oppenheimer et al, 1948) and hence none
in our series was expected

In man, other than in association with very obvious chromc irritarion,
malignant changes have not been reported. The risk that it could occur would
seem to be slight although Scales (1958) suggests that one may have to wait
thirty to forty years before reaching 2 firm decision. The story of the treatment
of thyrotoxicosis by irradiation and the subsequent development of skin carcinomas
would support Scales’ guarded prognosis.

CONCLUSIONS

I. Argumentsforandagamsttheuseofmertforagnmatermhmreoon-
structive surgery have been considered. It is uprealistic to believe that their use
should, or can be, abandoned entirely.

2. A technique for the biological testing of materials in rats is presented
and particular features discussed. With a laboratory test of some precision
available, the “ clinical trial ” of new marerials in man without prior investigation
in animals is indefensible and outmoded.

3. The macroscopic and microscopic tissue reactions to materials commonly
used in reconstructive surgery (nylon, Polythene, Orlon, Terylene, P.V.C,,
Estane, and P.T.F.E.) have been examined by this laboratory technique and the
findings assessed sransucany

4. Tissue reaction to P.T.F.E. is less than with any other material and for
this reason it is recommended that the use of all less satisfactory materials should
be discontinued.

5. The influence on the biological reaction of the physical form of an implant
has been demonstrated and this will be amplified in a further publication.

6. Although consideration of the biological tissue reaction to implant
materials in man is beyond the scope of the present paper, certain resemblances
indicate that experimental results may be exwapolated with fair accuracy. It
is hoped to publish at a later date experimental and clinical support for this.
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INTRODUCTION

O MATERIAL has received so much attention,
found so many useful applications, and
presented so many challenges as a group of
chemical agents making up a body of dissimilar
substances collectively grouped under the generic
term, plastics. No longer a laboratory curiosity
of several decades ago, plastics have become an
everyday way of life in our complex society. No
item or product from the simple dish stand in the
kitchen to the complexly engineered space
capsules has escaped the touch of one or more
plastic materials. The ingenuity of the polymer
chemist and the skill of the product engineer
make it possible for the plastic industry and all
its related affiliates to create and produce prod-
ucts which to a previous generation either were
made from the more conventional materials or
could not be made at all. Plastics have had a
profound effect upon our economy and no doubt
will become an economic necessity in the future
if our nation is to maintain its accustomed high
standard of living,

Even though the use of plastic materials had
reached large proportions in other areas, its intro-
duction to pharmacy and medicine was of more
recent times and in more limited applications.
Natural reluctance by the various health profes-
sions and by those servicing these professions to

introduce new, uniried materials without careful -

analysis for potential harm prevented the same
degree of expansion as seen in many other fields.
Thiy state of affairs, however, has changed and is
continuing to change as may be witnessed by
reviewing the number of itema used in pharmacy
and medicine made in part or whole of a plastic
substance, The many advantages which can be
fashioned from the proper plastic material will
undoubtedly give further impetus to the use of
plastics in the heaith professions.

The rapid introduction of plastic items, such
as containers, syringes, tubings, sheetings, pros-
thetic devices both internal and external, and a
host of other items, to the practice of pharmacy
and medicine has not been without certain diffi-
culties. It appears that a greater scientific body
of knowledge must be accumulated to guide the
manufacturer to produce a plastic item which
will repeatedly behave in an identical manner
under various conditions of storage and use and
which will insure that no possible harm will
directly or indirectly fall upon the patient. In
recent years there has been some concern gener-

Received Irom the Drug-Plastic Research Ll.horltory Col-
lege of Pharmacy, University of Texas, Austia 1
Editor's nole: Additional comidmtlons ol “plastics in
pharmacentical practice will be discussed in the concluding
poftlon of this review, Purt [1, which wilt appear in the Febru-
II'Y ume of Tuis Jounmu.

Journal of Pharmaceutical Sciences

ated on the possible harmful effects on animals
and humans in the use of plastics in medicine
No attempt will be made here to review the
toxicity aspect of plastics. The reader if inter-
ested in this facet of the subject is encouraged to
ferret out some of the references listed (1-8).

As the outline indicates, the review will cover a
number of topics which the author felt would be
pertinent to the overall presentation of plastics
to a pharmaceutical group. Some topics have
received more attention than others but this
should not suggest that these other topics are of
minor importance for it certainly is recognized
that to certain individuals and groups these less
emphasized topics may indeed be of paramount
importance. The reader may also be distressed
in not seeing certain facets on the subject of
plastics covered at all in this review. FHere the
author has taken some liberty in the selection
of the material in order to conserve space and to
limit the discussiou to those areas which would
seem to be appropriate to pharmacy and medi-
cine. No one review can cover adequately any
subject and this is even more true of a subject
which has so many applications and which isin a
continual state of growth. It is hoped, however,
that what will be presented here will serve as a
source of ugeful informatioa to all those interested
in finding more and better uses of plastics while
at the same time alerting others to the problems
which may be created by the use of plastics if
proper precautions are not taken.

History

The impetus to our present “‘world of plastics”
can be directly and logically traced back to the
years of the Second World War, when a sudden
need developed ia both the Allied and Axis camps
to find and produce in sufficient volume suitable
replacements for scarce war materials. Scientific
and engineering talents met the challenge by the
expanding use of well-established plastics as well
as exploiting those polymeric materizls which
were hardly more than laboratory curiosities.
It was natural that this pool of knowledge,
personnel, and equipment would be directed to
civilian needs after the war years and to the
present. One must, however, go much further
back in history than the Second World War to
assign a time for the invention of the first plastic.

A lack of adequate supply in the 1860's of ivory
for the production of billiard balls inspired a
printer by the name of John Wesley Hyatt to
experiment with pyroxylin. In 1868 he fashioned
an ivorylike material which soon became known
as Celluloid, a combination of pyroxylin and
camphor {9). The new material became the
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first commercial plastic and soon was being used
as denture plates, parts of wearing apparel (wipe-
clean collars, cuffs, etc.), windows, photographic
film and in 1882, the first motion picture film.!
Fraenkel (10) in 1890 recorded the first published
information in the use of Celluloid in surgery asa
replacement of bone in a portion of the skull of a
human.

Celluioid reigned supreme as the only plastic
material for a period of four decades until Dr.
Leo Henrik Baekeland in the year 1909 developed
a phenol-formaldehyde resin which was given
the name of Bakefits for its creator (8). The
'20’s and '30's saw the introduction of other
plastic materials which, in a real sense, gave risc
to a new industry—the plastic industry. As a
brief review of the chronological history of plas-
tics development, the reader should see Table I

TABLE 1.—A CuroNoLoGrcaL HIaTory OF PLasTICS

DEVBLOPMENT®
Data Material
1888 Ceilulose nitrate
1909 Phenol-formaldehyde
1809 Cold molded
1019 Casein
1926 Alkyds
1028 Aniline-formaldehyde
1937 Cellulose acetate
1928 Polyvinyl chloride
1929 Utea-formaldehyde
18356 Ethy! cellulose
1936 Acrylic
1038 Polyvinyl acetate
1938 Cellulose acetate butyrate
1938 Polystyrene or styrene
1938 Nylon
1939 Polyviny! acetals
1939 Melamine-formaldehyde
1939 Polyvinylidiene chloride
1043 Polyester
1943 Polyethylene
1843 Silicones
1943 Fluorocarbons
1945 Cellulose propionate
1947 Epoxy
1948 Acrylonitrile-butadiene-styrene
1956 Acetal resin
1957 Polypropylene
1957 Polycarbonate resin
1959 Chlorinated polyether

® “Modern Plastics Bmydopcz"n—lm for 1962, New
York, p. 18,

Each of the plastics has an interesting story
and one must go to published texts on plastics to
appreciate the scientific minds of individuals and
groups who helped synthesize these materials.
Swallow (11) gives a very revealing and at times
amusing account of the developments leading up
to the first isolation of polyethylene, which as the
author points out really commenced in 1932

1 A point of reference should be made here. FPolystyrene
has been known for over & bundred years aad, in fact, n Ger-
mag pharmacist, Simon, ia credited with the discovery of
the styrene mionomer in 1839 but its commercial use bad to
wait until arcund 1938.
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when he (Swallow) and Perrin, working for Alkali
Division of [.C.I., England, recommended that
studies on chemical reactions at high pressures
should be conducted. Now that polyethylene
was prepared, what possible market would be
open toit? On this point Swallow writes:

Much is written, today, on the way in which a
new product should be developed with a view to
shortening the time between its discovery and
its large scale production and commercial avail-
ability. To use phraseology of today it would
have been difficult at that time to have carried
out a '"Market Survey’’ which would have led
to any profitable conclusion, but here again the
role of chance played a part.

The chance Swallow refers to was the interest
by those in the submarine cable field to find a
material which would replace the insulation
used for submarine telephone cables and in 1939
enough material was produced to insulate one
nautical mile of submarine cable. The entry
of England into the World War in the same
year provided the coming of age for polyethylene
and perhaps the saving of England during
the early years of conflict. English scientists
were working feverishly to develop a super-
secret detection device (radar) for announcing
the coming of enemy planes over their island.
It became clear to the scientists that if radar
was to be a practical success 2 new material
must be found for insulating cables and other
components of radar which could effectively
handle high voltages needed in radar detection.
The new material, it was soon to be found,
was polyethylene. Perhaps no greater tribute
could be paid to this plastic than by the in-
ventor of radar, Sir Robert Watson Watt, who
said: ‘‘And so polyethylene played an indis-
pensable part in the long series of victories in
the air, on the sea, and on land, which were made
possible by radar’ (12).

In the field of plastics one must recognize the
coatribution of many individuals from many
countries but several deserve added attemtiom,
as for example W. H. Carothers (U, S, A—
nylon), Dr. K. Ziegler (Germany—low pressure
method for producing plastics), and Professor
Natta (Italy—isotactic plastics). It appears
that the real history of plastics is yet to come.
What has been recorded for the accomplishment
of plastics in the past will be of small magnitude
to what is to be expected in the future of the
material called plastics.

Definitions
At the onset, one point must be made clear to

the reader. Plastics cannot and should not be
considered as one type of material but rather
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an unlimited number of substances, By far
the most appropriate definition thus far given
may he stated as follows (13):

A large and varied group of materials whicl: con-
sist of, or contain as an essential ingredient, a
substance of high molecular weight which,
while solid in the finished state, at some state in
its manufacture is soft enough to be formed into
various shapes, usually through the application,
either singly or together, of heat and pressure.

Plastics may further be divided into two
general classes: (g) the thermosets, those sub-
stances which when heated to a melt and cooled
will not regain their original identity, and (b)
thermoplastics, those substances which will regain
their original identity. There are instances
where a plastic material can be made to behave
ag either one or the other but for the most part
one may consider a plastic as either belonging
to the one class or the other.

Because of the unusual versatility of thermo-
plastics, they have found a wider application
than the thermosets especially in the medico-
pharmaceutical field. For this reason the main
emphasis will be placed on this group of plastics
in the present review.

Often the term resi# is used in plastics tech-
nology and indicates the polymer or polymers
making up the plastic material. A number of
plastics can be prepared for specific applications
without the addition of any other ingredient to
the resin but others may contain beside the
resin, plasticizers, antioxidants, stabilizing agents,
fillers, antistatic agents, colorants, or other
specific agents, to impart a definite quality to
the final plastic product. These other in-
gredients may vary in concentration from a few
parts per million parts of resin up to as high as
60% of the total weight of the plastic.

In recent years new dimensions have been
added to plastics by chemically combining
different mouomers to form polymers. These
polymers can then be considered as being com-
posed of two types of plastics. The term
copolymer is used to distinguish these plastics
from those which have been synthesized from
one type of monomer.

Once the basic resin is manufactured in bulk
quantities, one or more steps of processing are
usually necessary to have the material in suitable
form for actual use in making a specific item.
Depending upon the specific plastic item, other
steps may be necessary in fabricating and
finishing the item before it is actually ready for
market. Clearly, it is not a simple chain of
events. Much scientific technology and art
come into play with many groups adding their

g
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particular touch to the final product. [t may
thus be appreciated why there can be so many
variations in a plastic product even though for
all intents and purposes the product is designated
with a specific generic name such as polyethylene,
polypropylene, etc,

GENERAL INFORMATION ON A SELECTED
NUMBER OF PLASTICS

To gain the most from plastics, one must have
working knowledge of the various plastic ma-
terials which are currently being used in the
medico-pharmaceutical field and, further, one
must be cognizant that no one material can be
selected which will give all the advantages with-
out any disadvantages for a particular ap-
plication. Each application is a special project
and must be treated as such. The more infor-
mation which is available to the user of the
plastics, the less time and effort will be required
in selecting the proper material or at least in
setting a scheme which will permit proper
evaluation of the plastic for the specific ap-
plication. There is no doubt that the packaging
department of a pharmaceutical firm must be
highly concerned with such matters.

The following section will include a discussion
of a number of plastica which are currently being
used. It will be obvious that not all materials
will be dealt with and that rather brief accounts
will be made of the ones discussed. The variety
of materials which could be discussed under the

term plastics would be too staggering for one.

paper and probably would not serve to the best
interest of the reader. Those plastics which
have been included are, however, representative
of materials which have or probably will have
application to the pharmaceutical field and to
the related medical sciences, Certain omissions
and simplifications have also been necessary in
order not to weight the contents of the discus-
sion.

Polyethylene (14, 15, 16)

Polyethylene, as the name clearly indicates, is a
long chain polymer prepared from ethylene.
Depending upon the mode of synthesis and the
presence of selective catalyst a variety of poly-
ethylenes can be prepared. It is, however,
possible to classify polyethylenes into three
general classes by simply considering the density
of the polymeric material. These classes are:

" (@) low density (may also be called conventional,

regular, branched, or high pressure), (b) medsum
denssty, and {(c) high density (may also be called
linear, low pressure). The low density is the
original polyethylene which_is prepared at
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extremely high pressures (15,000 to 30,000 p.s.i.)
while high density can be synthesized ai mod-
erate pressures with suitable catalysts. Medium
density polyethylene may be prepared by a
modification of the high-pressure method or by
combining portions of low and high-density
polyethylene.

Little information can be revealed on the
structure of polyethylene by simple chemical
methods other than elucidating the empirical
structure, (CHy)a ete. Various physical meth-
ods of analysis have been used and are being used
to describe the structure. It is knowm, for
example, that the polymer molecule may have
from 800 to 100,000 carbon atoms, primarily
in a straight chain structure. In the early
days of polyethylene it was believed that each
molecule had one terminal ethylene group and
one or two methyl groups in each molecule.
With improvement in instrumental analysis, it

Fig. l.—Polyethylene niolecule showing some
characteristic structures. Large circles represent
carbon atoms; small circles, hydrogem atoms;
dosble lines represent double bonds. {From
Kressler, T. O. J., “Polyethylene,” Reinhold Pub-
lishing Corp., New York, N. V., 1961, p. 41.]
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was soon realized that the original mode! of the
polymer (low density} was in error and that
the polymer contained branched chains, a
number of methyl groups (approximately two
or three per 100 CH, groups), several types of
unsaturations and several polar sites in the
form of carbonyl or keto groups. A composite
of these structures may be seen in Fig. 1 taken
from Kresser (17).

As with most polymers, the size of the polymer
will play a very important role in imparting
certain physical and mechanical properties
to a finished plastic material. Unlike pure
chemical compounds, polyethylene as well as
other plastics, is not composed of an exact molec-
ular size but rather that a distribution of molec-
ular sizes are present. It is thus impossible to
assign an exact molecular weight to a particular
polyethylene and whatever value is assigned is
some form of an average value. The deter-
mination of even these average molecular
weights for high polymers is not a simple task
and consequently highly refined physicochemical
methods are used in an attempt to find a mo-
lecular weight. Since there are great technical
problems associated with molecular weight
determinations of high polymers, a number of
methods for expressing molecular weight or
size are evident in current practice and one
must understand there may be considerable
differences of values from one method to another.
Techniques for these determinations are found
in standard texts on plastics or polymers (18,
19).

One general method of expressing molecular
weight of an unfractionated sample of poly-
ethylene is to use the number-average molecular
weight (M,) which may be depicted as

1‘75 - ZMing
ni

where M is the molecular weight of molecules
of a definite size ¢, and =y the number of
that size. Measurement of colligative properties
such as' boiling point elevation, osmetic
pressure, and freezing point depression of poly-
meric solutions will lead to the number average-
molecular weight (37).

A more convenient, but indirect, method for
approximating M is through viscosity measure-
ments. A number of equations have been de-
veloped connecting viscosity with molecular
weight but in general they may be reduced to the
empirical relation

Mo = Kﬂ-.

(Eq. 1)

(Eq. 2)

where ng is the intrinsic viscosity, & a constant,
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and M,% the number-average molecular weight
raised to a power, ¢. Often, rather than using
molecular weight values, viscosities are used to
convey molecular size and it can thus be under-
stood why often comparison of data from one
polyethylene to another becomes quite im-
practical.

Another expression of molecular weight,
referred to as the weight-average molecular
weight (M) can be determined from light
scattering experiments. This method actually
measures a mean radius of a molecule in solution
and not the molecular weight since two molecules
having the same molecular weight may show
different results if one has more branching in the
chain than the other. The ratio M./ M.,
however, helps to reveal the distribution of
molecular weights in the same polymer, the
larger the ratio, the broader the distribution.

Since it was early shown that polymers could
be characterized by rheological properties, a
standardized technique was devised to measure
the viscosity of a polymer under specified condi-
tions. The term melt sndex (MI) came into
being and was defined as the number of grams of
molten polymer which will flow through a
standard orifice at a standard temperature and
pressure {20). Unfortunately this method of
measurement was soon found not to be very
meaningful except for control purposes since two
polymers produced by different manufactures but
having the same melt index did not necessarily
behave in the same manner during processing.
The sdelt index, however, may be used as crude
indication of molecular weight in an inverse
fashion, f.c., the higher the melt index the
lower the molecular weight,

The various methods used to depict the size
of polymers, as already stressed, is a form of an
average. It would be extremely helpful if
more information could be obtained on the
exact distribution of the molecular sizes in a
given polymer but technical difficulties which as
yet have not been sufficiently overcome prevent
reasonably accurate size frequency distributions
to be charted. Attempts have been made,
however, to fractionate polyethylene and thereby
to reveal a molecular distribution with some
limited success. In general the distribution
has been found to be extremely broad. Impor-
tant advantages may be gained by keeping the
molecular weight distribution in 2 narrow range.
For example, it has been found that such prop-
erties as teunsile strength, stress cracking re-
sistance, film itpact strength, and low brittleness
can be improved if the molecular weight dis-
tribution is narrowed.

v Y
- O T Nk -
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It has now been clearly established that
polyethylene as well as other plastics have in
esserice two zones of structure running through
the material: a crystalline zone and an amor-
phous zone (see Fig. 2). Crystallization occurs
when the polymer chains orient themselves side
by side to form a8 more compact configuration.
In a given polyethylene sample these compact
zones of polymers, or crystallites, are dispersed
throughout the amorphous zone of the material.
The ratio of erystalline to amorphous structures
in polyethylene impart various physical prop-
erties to the polyethylene. For example, the
density of the crystalline zone by X-ray measure-
ments indicates a density of 1.00, while for the
amorphous zone, a density of 0.76 to 0.85 has
been found. Conventional polyethylene has
approximately 80 per cent of crystalline structure
while high density polyethylene has a much
greater content of crystallites.

Bunn (21) has made intensive studies on the
crystalline zones 5>f polyethylene and has found
that the unit cell has an orthorhombic structure
with @ = 7.40A, b = 4.93A, and ¢ = 2.53A.
The crystallites are not separate entities as
may be found in metals but rather the chains
composing the crystallites run through one or
more amorphous zones as may be shown in the
highly diagrammatic model in Fig, 2.

Thin samples of polyethylene show clarity
while thicker samples display an opaque ap-
pearance. The opacity is due to the scattering
of light which was thought to he due to the
individual crystallites in the sample, but it is
now known that the phenomenon of opacity is
due to larger structural units than a crystallite.
These larger units form a spherulite which
comes about by proper arrangement of a number
of small crystallites forming a nearly distinctive
zone radiating outward from a central point
(22).

A number of methods for evaluating the crystal
structure of polymers have been devised (23,
24), Perhaps the most useful techniques are
X-ray diffraction, infrared, density, nuclear
magnetic resonance, . and electron microscopy
studies. It should be apparent that a number of
factors' will alter the ratio of crystalline to
amorphous composition of a plastic material.
Some of these factors are (@) structure of the
molecule i.e., chain length, degree of branching,
length of chains in the various branches, degree
of unsaturation, presence of other constituents,
etc., (4) the temperatures, and (¢) mechanical
treatment (drawing or pulling the plastic ma-
terial). An example of the effect of temperature
on polyethylene may be noted by observing
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Fig. 2.~—Plane grojection of chains showing amor-
hous and crystalline (enclosed in dots) regions.
From Kinney, G. F., “Engineerinng Properties and

Applications,” John Wiley & Soms, Inc, New
York, N. Y., 1957, p. 1L.]

Table II where the degree of crystallinity is
shown to decrease with an increase in tempera-
ture.

Mechanical treatment of a plastic sample such
as pulling the material along one axis will help
orient the polymers by straightening out the
chains so that they become more parallel and
closer to each other, This treatment favors
crystalline structures in the plastic.

The degree of crystallinity in polyethylene
will be a determinant for certain applications.
For example, by experience it has been found
that as the crystallinity of the material increases,
stiffness increases, suface hardness increases,
chemical resistance increases, permeability de-
creases, and film toughness decreases,

From what has been said it should be clear
that the stlection of a particular polyethylene
for a specific application requires much care
and it is wise not to succumb to the use of one or
two parameters in defining the quality of the
polyethylene. A prudent upser should define
his particular polyethylene by a number of
parameters including unportant data such
as density, welt index, molecular weight dis-
tribution, chain structure, and branching. The
user should also have a complete background of

cO L e
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the history of the plastic with pertinent and
detailed information on additives which have
been added directly or which have been in-
troduced in the processing of the matetial.

The list of applications for polyethylene iz in a
sense unlimited. Production in 1962 amounted
to 1.45 billion pounds (25). In medical and
pharmaceutical practice much use is being made
of this material for containers both as bottles
and as film packaging materials, tubings, syringes,
and other units for the administration of drugs
and blood or for the collection of body fluids.
Polyethylene coating on various surfaces has
ushered in many new uses which could not be
anticipated a few years ago.

Polypropylene (26)

In 1954 Professor Natta of the Institute di
Chimica Industriale del Politenico, Milan,
Italy, introduced a new plastic material which
was synthesized by stereospecific polymerization.
This new material was polypropylene which in
a period of a few years has created a mild sen-
sation for product designers because of certain
advantages over the polyethylene line. Perhaps
even more important thau the introduction of a
new plastic material was the sudden intense
interest of polymer scientists in a new field of
stereopolymers which may make possible newer
plastic materials having superior properties over
the conventional materials.

Commercial use of polypropylene started in
1958 and by 1961 had reached a production of
approximately 80 million pounds which is
estimated to increase to 425 million pounds by
1965 (25).

Polypropylene is colorless and odorless with a
density of 0.90-0.91, which makes this material
one of the lightest plastics known. The physical
properties of polypropylene are in direct relation-
ship to the molecular structure and to the
geometry of the constituents in the chain.

TaBLE II.—ErrecT oF TEMPERATURE ON THB
CRYSTALLINITY OF POLYETHYLBNG®

We., C ne
Baceza "

Temperuture,
°C.
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EREALLRARanEE

® Huater, B., and Oskes, W. G., Trans. Faraday Soc., 41, 49
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Two types of polypropylene are possible.
The first of these will be called an atactic polymer
while the second an ssetactic polymer. First,
however, it will be necessary to define or at
least to visualize another term which will be
designated as tacticity.  If a polymer is composed
of molecules whose basic units follow each other
in the same spatial configuration, a tactic
polymer is achieved. Depending upon the
particular polymer, many possibilities arise for
a variety of tacticities, even though only two
will be discussed in this section.

The definition of atactic thus becomes a simple
matter and indicates that no tacticity is present
(no steric order present). Isotactic may be
defined as a polymer in which parts of the
molecule are oriented in space in the same manner
for each unit of the polymer.

It will be helpful in understanding the term
isotactic to compare the polymerization of
ethylene and propylene to produce polyethylene
and polypropylene, respectively. In the poly-
merization of ethylene, one molecule will join
another by rupture of the double bonds forming,
in an idealized fashion, a chain which may be
depicted as -

V-‘Nm

/C{T/‘l\,,é/’ "::/c

where lines 1 and 3 are in the plane of the paper,
line 2 is from the paper toward the reader, and
line 4 (dotted line) passes from the paper down-
ward at the same angle as line 2. The structure
depicted above is perfectly symmetrical and
canniot be isotactic. Propylene on polymeri-
zation will follow the same addition steps to
become a structure which might be visualized as

H

T

H H H
CH, CH; CH;

|b

Here it will be noted that an unsymmetrical
structure results with every other carbon being
bonded to a methyl group. Since each methyl
group is in the same spatial position (coming up
from the paper) this molecule is isotactic. If
the methy! groups were distributed in a random
fashion (f.e.,, some up and some down), the
polymer would be referred to as an atactic
polymer.

Gy d
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Another term now must be introduced,
syndiotactic polymer. This refers to a structure
whereby the methyl group alternates up and
down in a regular pattern,

The above structure for polypropylene is for
convenience and it should not be interpreted
that in reality the chain would exist in this
fashion. In fact it would be extremely difficult
for several of these chains to approach each
other since the methyl groups from two chains
would repel each other. In an isotactic poly-
propylene, the chain forms a spiral, one spiral
in three propylene units. The spiral formation
permits the interlocking of two or more polymers
into tight segments which in turn give rise to the
erystal structure in polypropylene.

It is possible to prepare 100%, isotactic poly-
propylene even though most commercial samples
are never this high. In general, as the isotac-
ticity increases, crystallinity increases in approx-
imately the same order and often this relation-
ship bolds fairly well but it must be emphasized
that there is no numercial correlation between the
two. As with polyethylene, other factors will
influence crystallinity, particularly time-heat
treatment. This fact should caution one to be
alert in designating polypropylene by only one
or the other parameter (crystallinity and tactic-
ity) if a specialized use is to be made of the
polypropylene.

The degree of crystallinity, the size and shape
of the individual crystallites, in any plastic
material will affect both the physical and me-
chanical properties of the material. For example,
it has been found that small and uniform crystal-
lites will cause less stress points in the material.
Crystallite size in polypropylene is approximately
150A in diameter and 50~60A thick. These
crystallites form larger aggregates (spherulites)
and it is necessary to control the growth of these
spherulites since large sizes will invariably weaken
points in the plastic which in turn lead to cracks
or breaks (26).

Usual methods of molecular weight deter-
mination are used to characterize polypropylene
but these values may be in gross error or may
not really serve a useful purpose. Viscosity
measurements appear to be the most used
method of correlating molecular weight and it
appears that such a factor as molecular weight
distribution is an important consilleration in
designing a specific use for the plastic. Greater
difficulties, however, are encountered in frac-
tionating polypropylene than polyethylene in
an attempt to collect size distribution data snd
newer techniques must be developed before
reliable information can be accumulated.
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As may be anticipated with a molecule con-
taining a hydrogen attached to a tertiary carbon,
polypropylene is more susceptible to oxidation
than the polyethylenes and the inclusion of an
antioxidant is a necessity for sustaining product
life. Polypropylene is quite resistant to chemical
attacks and products prepared from this plastic
can be repeatedly autoclaved without any real
harmful effect. Preseatly the material is being
used for films, bottles, jars, household items,
and industrial machinery to mention a few uses.
In medicine and pharmacy the material is
finding use as bottles, jars, syringes, cups,
basins, sanitary ware, tubings, laboratory ware,
and film packaging material. In completing
this section, it is imperative to stress that varied
properties, sometimes quite different, can exist
between two or more polypropylenes, One
should not surmise, therefore, the failing or
success of a particular polypropylene product to
mtean that exact results will be duplicated when
another polypropylene is used.

Polyvinyl Chloride (27, 28, 29)

One of the most versatile plastics is polyviayl
chloride (PVC) produced from the monomer
vinyl chloride in a number of ways. Its present
importance may be recoguized by noting that
approximately 950 million pounds of the ho-
mologous polymer and its copolymers were
manufactured in this country in 196} (25).

The simplest structure representing PV may
be shown with alternating (up and down) atoms
of chlorine throughout the chain. If the chain
is considered in its most extended form, repeating
units occur at a distance of 5A along the chain.
Since the structure reveals asymmetric carbon
atoms, isotactic polymers are conceivable but as
yet practical realization of this type of material
with PVC has not occurred.  Viscosity measure-
ments as well as other physicochemical studiea
reveal little indication that branching occurs in
the polymer. Commercial samples of PVC
vary in molecular weight from around 50,000 to
150,000 and most of these samples show a wide
distribution of molecular weights.

Unmodified PV is a hard, transpareat plastic.
In general, 60% of the material is in an amor-
phous state. On long standing in the presence
of light, PV C shows a tendency to decompose by
releasing hydrogen chloride. This reaction is
accelerated with temperature and catalvzed by
traces of zinc and iron. It is, therefore, neces-
sary to inctude from one to two per cent of a
suitable stabjlizer to ensure an acceptable
material. All types of PV are susceptible to
chemical attacks with organic materials such as

- may . .- e
= -";*'-‘?_‘,_ . F ™

S -

9

ketones, esters, aromatic, and chlorinated hydro-
carbons.

Polyvinyl chloride has unique properties
which permit it to be modified in numerous ways
giving a spectrum of end uses not seen with
the other plastic materials, By far the most
important modifying agent is the plasticizer.
Often this ingredient may constitute up to 60%
of the total weight of the finished material.

The use of plasticizers is not new, even though
their economic impact is of more recent times.
Early recorded history reveals that oil was added
to pitch in order to make it pliable enough
to squeeze between fittings in ships thus pre-
venting leakage. Hyatt, as has already been
mentioned, prepared flexible Celluloid by using
camphor (a plasticizer) (9). The Second World
War stimulated production of PVC for war
needs and the years following the war saw =
great many advancements in the use of plas-
ticizers. Even though a great many studies
have since been reported on various aspects of
plasticizers, the selection of the proper plasticizer
for a particular application is still considered an
art.
A recent book by Mellan (29) is devoted
exclusively to the behavior of plasticizers and
should be consulted for quick references by
those in need of authoritative information on
the subject. Mellan points out in his text that
“the term plasticizer means different things to
different users, who apply it to those quali-
fications which lie within the Limits sought by
their particular industry.” He, however, gives a
definition for the term which appears to be
adequate for this discussion:

A plasticizer is generally defined as a substanti-

ally nonvolatile, highboiling, nonseparating sub-

stance which, when added to another material,
changes certain physical and chemical properties

of that material. (Ref. 29, p. 4).

One general behavior of the polyvinyl chloride,
modified with the addition of the plasticizer, is
flexibility and softness. Other physical prop-
erties are altered depending upon the par-
ticular plasticizer or plasticizers and the con-
centration present. It is the diversity of
physical properties which can result by . the
proper use of a plasticizer which makes possible
the broad range of end uses now seen for PVC.

Often two adjectives (internal and external)
are used with plasticizers which should now be
clarified. The term "“internal plasticizer' should
he relegated to the copolymers and implies that
the ordinary polymer chain has been modified
by the inclusion at repeating intervals, in the
chain proper, another structural unit which, in
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effect, reduces the bond strength hetween
adjacent chains and imparts polymer mobility.
“External plasticizers” are those modifying
ingredients which are added to the polymer mass
but which do not become an integral portion of
the chain. These ‘‘external” ingredients are
meant when one speaks about a plasticizer
being added to a plastic material and it will be
helpful to all concerned if the term “internal”
is not used at all except in the specific instances
where copolymers are discussed.

If one were to itemize all of the currently
suggested plasticizers, he would assembie an
imposing list of ingredients. This large number
of ingredients has been extremely difficult to
classify and for this reason many different
classifications have been suggested. Boyer (30)
has given a simple classification by dividing
plasticizers into three distinct types: (g) the
solvent type, (b) the nonsolvent type, and
{¢) the polymeric type. Each of these types
behaves in a different manner but in effect all
reduce the cohesive forces between two or more
of the polymer chains thereby imparting chain
mobility. Often commercial classifications of
plasticizers are more conveniently divided under
their chemical types as, for example, glycolates,
sebacates, adipates, laurates, stearates, abietates,
esters of polyhydric alcohols, ete.

Neither the art nor the growing science in the
plasticizer field has produced the one universal
plasticizer and it is doubtful if in fact this
objective will ever be reached. Undoubtedly
newer and better ones will come into being but
more for particular applications.

In general, flexible PV items are prepared
from a specific formulation which includes a
number of ingredients. For example, a common
formula for a garden hose may be

Resin—100 parts 96 to 5 vinyl chloride-acetate

copolymer

Plasticizer—350 parts dioctyl phthalate

Color—3 parts dye or pigment

Stabilizer—2 parts thermal stabilizer such as di-
butyl tin laurate

Lubricant—1 part aluminum stearate

Filler—as required

In any formulated plastic, there is always a
propensity for one of the ingredients to migrate
into the environment which has intimate contact
with the material. This can become a serious
problem, particularly when the material is
used for foods or for drug products. Recent
changes in the Food and Drug regulations in
regard to foods require that only approved
ingredients be included in packaging materials
Sgrfopg At preser:t there is no such regulation

Journal of Pharmaceutical Sciences

for devices for drug products or in generai for
plastic items used in medical practice. This
puint on migration will be discussed again in
more detail in a Jater portion of the paper.

The primary use of the polyvinyl chlorides is in
tubings for the administration of blood, drugs,
nutritional fluids, and for the collection of
blood and other body exudates. Other uses
such as flexible containers for blood are in
current practice,

Polystyrene (27, 31)

As was mentioned in an earlier portiont of this
review, polystyrene is one of the oldest plastics
known but the real growth is a direct outcome of
the Second World War. The sales of styrene-
type polymers reached an impressive sales
volume of 922 million pounds last year, placing it
second to polyethylene in use (25). One of the
main reasons for the high volume of use is the
low cost per pound as compared to comparable
resins to be used for the same application.

Polystyrene is formed from the monomer
styrene in the presence of a catalyst and proper
conditions 1o give a long chain configuration
which may be represented in its simplest form
as

Cly
/CH,\?H /CH:\ClH /CHl\éH /
CoHy CeHe

When the term polystyrene is used it indicates
that the plastic is composed of the homopolymers
of styrene and often this material is referred to as
normai or conveniional polystyrene. Other types
of polystyrene are also (modified and copolymers)
produced, several of which will be alluded to
presently.

Polystyrene (conventional) is a hard, amor-
phous solid, having transparent properties.
The material is stable to distortion up to approx-
imately 95° at which point it begins to become
pliable, and as the temperature is further in-
creased the material becomes soft and putty-
like. Certain modifications in the structure of
polystyrene will either increase or decrease the
softening temperature. The brittle charac-
teristic of conventional polystyrene may be over-
come by combining various coucentrations of
rubber with the polymer producing the tmpact
polystyrenes. Certain desired properties are
lessened, however, with these impact plastics,
as for example, lack of clarity and decrease of
hardness. The shock.resistance or toughness of
impact polystyrene may be increased by in-
creasing the content of rubbér in the material
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and often these materials may be further clas-
sified as (@) intermediate-impact. (b) high-
impact, and (c) super-impact polystyrenes.

Crystalline polystyrene can be prepared by
stereopolymerization following Natta's work
and, as with the polypropylenes, isotactic
polymers are pqssible. Commercial use of
these stereopolymers is still in its infancy and
little practical information is at present available
to judge the merits of the material.

Added dimension has been achieved by
copolymerization of the styrene monomer with
other monomers. In particular, these co-
polymers are more stable to chemical agents and
heat and are finding a long list of special ap-
plications. Combination of polystyrenes with
fibrous glass makes possible other uses for this
material. Finally polystyrene can be made into
a foam which can take on any shape desired. The
resultant light, porous material has numerous
industrial and household applications.

Use in pharmacy and medicine may be listed
(in part) as follows: syringes, parts of administra-
tion sets, containers, cups, plates, rigid glass-like
tubings for various purposes, and other items
where rigidity and clarity are desired.

Polycarboaae (32)

Polycarbonates represent a large group of
esters of carbonic acid but the most successful
material is prepared from the- monomer, bis-
phenol-A  [2,2-bis(4-hydroxyphenol)propane].
The structure formula for the bisphenol-A
polycarbonate may be depicted as

OO

Commercial production of polycarbonate began
in Germany in 1959 and was followed by the
United States in 1960. A number of important
properties has stimulated a great interest in
this material, Commerdal polycarbonate has
an extremely high molecular weight—weights up
to one million bave been produced. One of the
outstanding characteristics of the polycarbonates
is the resistance to physical changes in a broad
range of temperatures (215 to 250-275°).
The plastic is known for its dimensional stability,
high impact strength, resistance to stain, low
water absorption, and transparency.. Much of
the characteristic properties of the polycarbonates
can be directly attributed to the structural
configuration of the chains which impart a great
deal of rigidity to the molf:rcculcs. This rigidity

.. )
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is probably due to the rather long monomer units
anchored to the pivotal carbons (between two
phenyl groups). If the pivotal carbon is re-
placed with an alkyl group, a definite increase in
flexibility will occur. The rigidness of the chains
can be further emphasized by comparing the
glass transition temperature of this new plastic
with several of the other well-known polymeric
materials. For example, the glass transition
temperature of polycarbonate is 145° to 147°
for nylon 88, and --135° for polyethylene.
Replacement of the methyl groups on the pivotal
carbon with larger radicals increases the rigidity
of the chain while substitution with hydrogens
increases the flexability.

Originally it was believed that all of the
polycarbonates were completely amorphous but
recent studies have indicated that wvarious
degrees of crystallinity can be produced. In
those samples where crystallinity has been
induced the crystallites are usually smaller than
the visible wavelength of light and transparency
is still maintained even for materials which may
be several inches thick.

Polycarbonates are quite stable to degradation
by oxygen because of the high degree of aromati-
city. Further resistance to oxidation is enbanced
due to the absence of secondary or tertiary
carbons. The lack of reactive hydrogen atoms
in the vicinity of the ester linkages helps stabilize
the polymer and prevents degradation or cleavage
of the chains. Most solvents do not attack the
plastic material even after prolonged periods of
time but solvents such as the chlorinated hydro-
carbons, cyclic ethers, and tertiary amines will
have solubilizing effect.

Polycarbonates have extremely large molecular
weights, at times reaching a value of one million.
Increase in molecular weight will offer certain
advantages for a particular application but a
molecular weight range may be reached where
further increase in weight will serve no real
advantage but, instead, may have a pronounced
objectionable effect on several of the properties.
As with all plastic substances, molecular weight
distribution will influence a number of the
properties but not enough experimental data
are at hand to delineate the exact influence.

Much use is already being made of this
material in both industrial applications and in
household applications. The medical and phar-
maceutical field is turning its attention to the
polycarbonates for such devices as animal
cages, parts of surgical equipment which require
a window, and replacement of conventional
materials where toughness, heat resistance, and

transparency are needed 20 555 01 1
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Nyloa (33, 34)

In the late 1920's, W. H. Carothers of Du
Pont became interested in synthesizing various
types of polyamides. It was, however, in
1938 that Du Pont announced the realization of
a new material resembling in many ways wool
and silk. This new plastic material was bap-
tized with the generic name nylon and now
includes a number of different types of polyamides
and copolymers, Nylon has distinctive prop-
erties such as high melting point, toughness,
resistance to chemical attack, and resistance to
abrasion, as well as other qualities which are
desired for a number of applications.

In general, polyamides are synthesized by
two methods: (a) condensation of a diacid with
a diamine or () self-condensation of amino
acids. Common to all nylons is the repeating
amide linkage running through the chain. At
present there are a number of nylon plastics
but only four types appear to be enjoying com-
merical success. These are: (s) nylon 6/6,
(6) nylon 6/10, {¢) nylon 6, and (d) naylon 11
The numbers following nylon indicate that both
the acid and amine used for synthesis contain six
carbons, Commercial samples of nylon must
contzin an antioxidant since there will be a
tendency for degradation of the polymer in the
presence of ultraviolet light and air. Nylons
are quite stable to heat but degradation by
hydrolysis in an acid medium at high temperz-
ture is possible.

The polar sites (referring to the amide groups)
are responsible for many of the properties of the
nylon. Strong forces of attraction become pos-
sible between two parallel chains by hydrogen
bonding. In this case, hydrogen atoms from the
nitrogens in one chain bond with the oxygen

TasLg III.—AprrOXiMaT® MBLTING Points (IN
AIR) #OR VARIOUB NYLONS® |

Dibasic M.p. of Nyloms,

Diamine Acid °C.
Ethylene Sebacic 254
Tetramethylene Adipic - 278
Tetramethylene Suberic 250
Tetramethylene Azelaic 323
Tetramethylene Sebacic 239
Pentamethylene Glutaric 168
Pentamethylene Adipic 223
Pentamethylene Pimelic 183
Pentamethylene Suberic 202
Pentamethylene Azelaic 178
Hexamethylene Sebacic 200
Octamethylene Adipic 235
Octamethylene Sebacic 197
Decamethylene Carbonic 200
Decamethylene Oxalic 229
Decamethylene Sebacic 104
Piperazine Sebacie 153

a Floyd, D. B., “Polyamide Resing,” Reinhold Publishing
Corp., New York, N. Y., 1938, p. 41.
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atoms in an adjacent chain. Clearly the more of
these bonds per unit of polymer segment the
greater will be the force of attraction. Table
IIT lists a number of polyamides with their
respective melting points and it can be seen that
a great difference exists among the various melt-
ing points.

A number of studies have been conducted on
the effect that substituent groups have on the
property of nylon. It has been shown, for
example, that if the hydrogens from the amides
are replaced with other groups, i.c, methyl,
ethyl, propyl, and amyl, a decrease in molecular
weight will occur.  These substituted groups not
only prevent hydrogen bonding but also by
steric effect prevent close approach of parallel
chains. This results in aylon having a lower
molecular weight, higher solubility, and more
flexibility. The same type of alteration in
properties may be observed by immersing samples
of nylon in phenolic solutions. In this case
molecules of the particular phenol will penetrate
the plastic and compete for polar sites, thereby
breaking existing hydrogen bonds (between two
chains). If sufficient concentration of a par-
ticular phenol is present, the nylon will dissolve.

The intermolecular forces between the polar
sites (of adjacent molecules), as has been stated,
holds the polymer chains firmly together but
secondary valence forces are also preseat to
stabilize the interaction. It should be obvicus
that each chain, if highly bonded, will be parallel
to its neighbor chain. This gives rise to an
orientation of polymer molecules in such a
manner that a high state of crystallization
becomes possible. Evea though other polymers
can be drawn with or without addition of heat,
the polyamides are a very good example of a
plastic material which can be made more crystal-
line by simply pulling the material. In effect
this straightens out the chains and orieats the
molecules in a parallel direction which permits
close spatial contact of the polar sites (through
hydrogen boading) in one chain to polar sites in
another. Nylon filament to be used for textile
purposes is manufactured as an amorphous
polyamide which on cold-drawing up to six or
eight times its original length gives a highlyv
crystalline material,

Many industrial uses have been found for
nylon such as gears, machined parts which may
have to withstand heavy mechanical shock
and high temperatures, tires, tubings, instrument
casings, and films for packaging oil products
and food. In medical and pharmaceutical
practice, nylon has Leen used for syringes, parts

of administration kits, ntainers, and film
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packaging of surgical items such as sutures or
delicate and expensive surgical items. No
doubt the polyamides will find wider use in
medical practices as the cost of the material is
reduced.

Cellulosics (35, 36)

Under this heading belong a number of thermo-
plastic products having considerable commercial
value as packaging material, especially of the
film type. For example, the following would
fall under the so-called cellulosic-type plastics:
cellulose acetate, cellulose acetate butyrate,
cellulose propionate, cellulose nitrate, and ce!-
lophane, Each material may find advantages
over the others for a specific application. These
groups of materials have apparently reached a
plateau in yearly consumption which should
remain about constant for the next several years.
Approximately 141 million pounds of cellulosics
were consumed in 1962 (25).*

Cellulose nitrate, as has already been men-
tioned, is the oldest plastic material which has
found successful commercial application. In an
attempt to find a less flammable material than
celluloid, cellulose acetate was developed in the
early part of this century and as early as 1912
cellulose acetate was used in photographic film.
True commercial success of this material,
however, did not take place until around 1927.
Since then, the other cellulose esters have been
developed.

The various cellulosics are prepared from
purified cotton linters or wood cellulose which
contain high content of alpha cellulose. Each
cellulose molecule has approximately 3000
glucosidic units, each unit having three available
hydroxyl groups. It is the esterification of
these hydroxyl groups with a particular agent
which gives rise to a specified plastic.

Cellulose Acetate.—This cellulosic-type
plastic has numerous uses today from such
items as ladies’ shoe heels to transparent win-
dows in envelopes and cartons. The material
is tough and has high impact strength. A
clear transparent material can be prepared and
a variety of colored items are possible with the
use of cellulose acetate. The material has
advantages over some of the other thermoplastics
because of its dimensional stability. The flexible
plastic must contain various proportions of
plasticizers. In pharmacy and medicine the
most use is being made of this material for one
form or another of film packaging.

Ceilulose Acetate Butyrate.—This material
has many of the properties of cellulose acetate

Ve L v,

* Note that this does nn‘ti jg:?de celiophane.
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but appears to have improved dimenstonal
stabilitv. It tends to absorb less water than
its close cousin and, because higher boiling
plasticizers can be used, less plasticizer is
needed in a cellulose acetate butyrate formula
than for cellulose acetate. These two factors
aid in producing a more stable material. It is
imperative that cellulose acetate butyrate not be
contaminated with other plastic materials since
this may cause a diminution of the quality of the
item being produced. A variety of uses have
been found for this particular material, es-
pecially for items which will be exposed to
various weather conditions. In the pharma-
ceutical field it is used as a packaging medium,
particularly for blister and skin packaging.

Cellulose Propionate.—This is an extremely
tough plastic and requires approximately half
the quantity of plasticizer which must be added
to cellulose acetate for a particular application.
The use of this material for parts of equipment
and instruments is due to its toughness and
durability to shock.

Cellulose Nitrate.—This plastic is considered
the toughest of the thermoplastic materials.
A number of disadvantages, however, have de-
creased the use of this material with the advent
of the other cellulosics and newer thermoplas-
tics, The chief disadvantages areits flammabil-
ity and tendency to become brittle and to dis-
color in the presence of light.

Regenerated Cellulose or Cellophane.—This
substance is not considered as a plastic material
even though, often for convenience, it is in-
cluded as such. We will also include it here
with the cellulosics since it has a very close
relation to the other materials, being a product
of cotton or wood. The use of cellophane as a
film packaging material is well known and prob-
ably this material has had more applications for a
variety of items than any other packaging ma-
terial. In the late 1920's, a process was patented
by Du Poat which made possible moisture-proof
cellophane. It was this event which ushered in

the transparent flexible packaging industry-.

Silicones (37)

The silicone products came into commercial
use during the Second World War even though
they were known as laboratory curiosities in the
last century. Properties such as stability to
high and low temperatures, resistance to ox-
idation, water repellency, and unusual inertness
have aided the growth of these materials for a
number of special applications where use of other
plastic materials is not alway's possible.

The silicones are a group of materials which
20555013
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are composed of a molecular backbone of al-
ternating atoms of silicon and oxygen. Organic
groups are attached to this backbone in repeated
intervals. The silicones can be produced to
yield physical properties from various viscosities
as a liquid to a solid material. They can be used
as coating material for glass and other materials
and as encapsulating agents. Other uses, too
numerous to mention in this short résumé, have
also been found which give great versatility to
the silicones. The advent of silicone rubber
has made it possible to expose tubing to very
extreme temperatures without altering the
physical or mechanical properties of the material.
Many uses have been found for the silicones
in pharmacy and medicine. The coating of
glassware for water repellency is now widely
used in most laboratories and by the pharma-
ceutical industry for bottles and ampuls. Sur-
geons are finding a great deal of success with the
silicone rubbers as prosthesis for various segments
of the body. No doubt more and varied uses
will be found for this group of plastics in the
near future.

Others?

Some consideration has been given to a number
of plastics but it should be kept in mind that
there are other important plastic materials

which mgy have individual advantages for _properties gquite different from each other.

specific applications in both pharmacy and
medicine. One would not be doing justice to
plastics in general if mention were not made of the
acrylics which have been employed for a great
period of time in the field of dentistry., The
acetals are of more recent vintage and should
find favorable use as parta of equipment which
previously were made from metals. A number
of fluorocarbons have been introduced since 1943
when the first successful material was manu-
factured. These materials have good thermal
and chemical resistance and are finding uses in
medical practice as tubings, synthetic prosthetic
devices, and replacement for rubber and metals
where good wear is desired. The isocyanates or,
perhaps more correctly, the polynrethanes are an
interesting group of materials. Various shapes
and sizes of flexible foams can be prepared from
polyurethane which take on the characteristics
of rubber or rigid foams can be produced for
special applications. These materials are finding
use in surgery as prosthesis and as packing
material for certain pharmaceuticals or agents
which need extreme care in shipment. Polyvinyl
alcohol behaves quite differently from most of the

3 See ““Modern Plastica Eneyclopedia ' '(1902 [ssue) for fur.
ther informatioa on plastics.
EE S Fooon
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other plastic materials. This particular material
will dissolve when placed into hot water. Use is
now being made of this unique property to
design packets which will contain a product to be
eventually dissolved in water. All that needs
to be done is to place the packet into warm water
and, in a brief interval of time, the container
will dissolve, releasing its contents. Measured
amounts of ingredients can thus be assured
without the need of the user to do the measuring
or even to come in direct contact with the produect.
A group of polymeric materials which range
from brittle solids to low viscosity liquids are the
epoxtes. These compounds are used as coating
materials and in cementing various types of
materials with such adhesion that often the
components will break before separation at the
cement point,

DRUG-PLASTIC CONSIDERATIONS

Introduction

In the previous section devoted to gemeral
information, the reader had an opportunity to
explore, in a mild manner, a number of inspluble
polymeric materials collectively called plastics.
Even though the discussion on the selected
plastics was brief, it should be evident that a
large number of materials exist which have

Furthermore, it has been pointed out that even a
plastic material having the same generic name
can be dramaticaily different from the same
named material from another source. Added to
this already complex picture are the numerous
modifications which are possible in formulating a
final plastic material. From this maze of
materials, often not clearly defined as to speci-
fications, the pharmaceutical scientist must
select one or more materials for a specific ap-
plication. In the same manner, the surgical
house must, with the utmost caution, find the
proper plastic material for the numerous devices
presently entering the hospital field in part or
whole of a polymeric material.

The task of selecting the “right’* material for a
specific application was at one time given little
attention in the pharmacy and medical fields.
A prior assumption was made that plastics
were quite inert and no serious problems could
develop. It scon became evident that this
was not the case and interest and energies were
directed to evaluate materials as to their pharma-
ceutical and medical acceptability. Information
and guidance were solicited from the various
segments of the plastic industry to help for-

mulate materials aéﬂgggbiﬁ"” prove
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of equal quality to those standard materials
which have bheen used for countless decades.
Even this approach, it was soon found, was not
enough since applications to pharmacy and
medicine required special studies which had
not been conducted by thbe plastic industry and
which, it appeared, would have to fall on the
shoulders of both the pharmaceutical industry
and the surgical houses manufacturing and
distributing devices for medical practice. A
number of firms, representing both groups, are
now pursuing an active and conscentious re-
search program to eliminate possible problems in
the use of plastics or to at least circumvent
these problems to the advantage of all.

The point has been reached to become more
specific in this review and discuss those problems
which bave or may become of consequence to
both the pharmaceutical worker and to those
other individuals and groups who will, in one
manner or another, be involved in the chain of
events leading to the uitimate use of the plastic
item. Io particular, the attention of the reader
will be directed toward drug-plastic problems.
Since plastics are. relatively new to the practice
of pharmacy and medicine, it will be convenient
to classify these considerations in a rather
arbitrary manner to facilitate the presentation.
For this reason drug-plastic comsideration is
subdivided into five parts: permeation, leach-
ing, sorption (including adsorption and ab-
sorption), chemical reactivity, and alteration
in the physical properties of the plastic. As will
be noted in due time, certain aspects of the var-
ious problems will be common to more than one
class or section.

Permeation

One of the chief advantages of glass containers,
for pharmaceutical solutions, is the lack of
penetration of molecules from the solution in
and through the glass walls or, coaversely, the
entrance of gas molecules through the glass
wall into the solution. With plastic materials,
one is immediately confronted with the problem
of permeation in two directions: (g) from
solution through the plastic into the ambient
environment or (b) from the ambient environ-
ment through the plastic into the solution. It
should be obvious at this point that the per-
meation rate will depend primarily upon the par-
ticular plastic material used (see Table IV).

Theory.—When a gas or a vapor is placed on
one side of a plastic film, molecules of the gas
will tend to dissolve at the surface of the film
and will diffuse under a concentration gradient
through the ﬁhfl) readxing'_t{ls_other side {or the

> 3
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TaaLe [V.—TypicAL GAS TRANSMISSION RATES o
PLaAsTIC FILMS AT 23° C.»

Gas Transmission Rates,
ml /m%>—24 he.—| atm.}
Plastic Film O N1 COn

Cellulose acetate 350 1600 7.800
Methylcellulose 1300 450) 8,800
Polyethylene

0.917 2700

0.95 1700

0.9680 1600 440
Polycthylene

terephthalate 50 8.4 240
Polystyrene 4500 840 11,000
Po!yvmyl chlo-

ride, plasticized 190-3100 58-810 430~19,000
Polyvtnyl chlo-

ride, ri 120 20 320
Polyvinyltoluene 5700 1200 17,000
Rubber HCI 390 62 1,100
Saran 16 2.5 50
Styrene-acrylo-

nitrile

{copolymer) 200 120 2,800

a Brown, W. E,, and Ssuber, W. J., Mod. Plastics,
(Aug. 1089). 1 36, 107

low pressure side) of the film After a short
period of time a steady state will be reached
whereby the gas will diffuse through the film at a
constant rate, providing that a constant pressure
difference is maintained across the film.

In order to develop the usual equations for
diffusion, consider a film having a thickness of {
cm. and of unit area (38). One side of the
film will be a pressure P, (high pressure side)
while on the other, a pressure of P, (low side)
will exist. A schematic representation of this
situation is shown in Fig. 3.

For simplicity at layer 4 of the film, a concen-
tration of gas equal to ¢ will be present while in
the last layer (at B) the concentration will be ¢y,
The letter x will designate a distance between

PERMEATION

(R > P j
[
[
[
GAS 11 CAS
PRESSURE P : | PRESSURE Py
|
S S
o
*_1 |
|
P I
x oA E i
]
b
!
B
|
tod
A B

Fig. 3.—Representation of a gas eutenng and passing
through & fitm from surface 4
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two planes in the film, and x 4+ dx another
distance between two planes. Designating the
rate of gas permeation at x as ¢ ml. per second
and permeation at x 4 dx as ¢ + (dg/dx)dx, the
amount retained per unit volume will equal
—(dg/dx) which can be equated to the rate of

change of concentration ¢ with time or

-de _de

dx  dt (Eq.3)
‘When a steady-state condition is reached, dc/dt =
0 and g will become a constant.

No permeation will occur when the concen-
tration gradient is zero and extremely high
rates of permeation when the gradient is very
large. The mathematical relationship between
permeation and the gradient of concentration
can be expressed by Fick's first law or

g= -D % (Eq. 4)

dx

where D is defined as the diffusion coefficient or
constant. Fick’'s second law as an equation
may be developed by combining Eq. 3 with

Eq.4toget
" de 4 dc
il (" a)

If the diffusion constant, D, is independent of
concentration, Eq. 5 reduces to

de  Dd%

4 dx?

At a steady state of diffusion the rate of
permeation, of g, will be constant and by in-
tegrating Eq. 4 between the two concentrations,
¢ and ¢, Eq. 7 will result

qf‘-‘dx- —Dfndc
FCR ] &

@ m —Dicy — a) = Do — c)

g= D(CII— )

(Eq. 5)

(Eq.8)

or

(Eq.7)

Henry's law relates the concentration of gas
at each surface in the film to the partial pressure
of the gasor

(Eq. 8)

where S is the solubility coefficient of the gas in
the film at equilibrium and p the partial pressure.
Substituting S p for the concentration terms in
Eq. 7 will give Eq. 9

q - DS(pr — )
]

C-S’P

(Eq.9)

The permeability constant, P, can now be

definedas P = D»-Sor

Journal of Pharmaceutical Sciences
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P o= 1t
(r — )

{Eq. 10)

If a plot is made of ¢ versus time for a particular
material, as appears in Fig. 4, it will be noted
that a short time period must pass before a linear
relation is reached. This portion of the curve
indicates that a steady state of diffusion has
been reached. The initial time period (non-
linear portion of curve) is considered the non-
steady state and Fick's second law applies
(Eq. 50or 8). No true solution for this equation
for a finite solid has been developed, but for
those cases where the diffusion coefficient is
independent of concentrations and boundary
requirements are stated, a number of mathe-
matical approaches have been postulated. Of
these, the works of Daynes (39) and Barrer (40)
are perhaps the most widely accepted.

The equation which has found considerable
use in the evaluation of D, P, and S is Barrer's
equation (40), often referred to as the ‘‘time-
lag” equation or method, which may be stated
as

il

Dwm —

o (Eq. 11)

where ] is the thickness of the film and r is
referred to as the “time lag” which may be
found by extrapolating the linear portion of the
curve (see Fig. 4) to the time axis. This value,
7, may then be used to calculate D in the above
equation. The permeability constant, P, can
be evaluated from the siope of the linear portion
of the line, Since D and P are known it is a
simple matter to find 5.4
As may be expected, temperature will have a

direct effect on D, S, and P. Experimental
data at various temperatures will follow the
Arrhenius relationship and thus

D = Dyexp, (—AEp/RT)

S = Syexp. (—~

P = Pyexp. (--AE:/RT) (Bq. 12)

where Dy, S;, and P, are pre-exponential factors,
AH is the heat of solution, AE, the activation
energy for the diffusion, and AE, activation
energy for permeation.

Studies of transmission of gases through
permeable materials are not new. Graham, in
the 1860's, had investigated the penetration of
gases through rubber. Greater emphasis on
these types of studies increased with the develop-
ment of the synthetic materials for both theo-
retical and practical reasons.

$D = cm.l/sec.; P = ml(S.T.P.)mm./em.1/sec./cm. Hy:
S = Gm./Gm. /cm Hg. It should be noted that other units

have and may be uudmbcms
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Measurement of Permeation.—A variety of
methods for studying gas permeability through
plastics have appeared in the past decade
(41-44). It is apparent that measurements of
this type are not always quite ag simple a3 may
be thought. Major and Kammermeyer (45), in
a recent publication, cite that they have finally
reacked the conclusion, after thousands of
permeation measurements, ‘‘that they are any-
thing but simple and often can lead to frustrating
experiences.”” This perhaps is one reason why
permeation data often do not agree when dif-
ferent laboratories have conducted studies on
permeation on the same type of material
Keeping in mind that problems may arise in
permeation studies, it is still possible to list a
number of general methods which have been
used. For this listing it is convenient to refer
to the work of Brown and Sauber (48) who
mention five methods of measuring permeation:
thermal conductivity, refractive index, mass
spectrometry, gas analysis by chemical means,
and pressure-volume-temperature (PVT) meth-
ods. Of these, the last method appears to be
the most practical and, in fact, is used as an
ASTAM test for gas transmission rate of plastic
sheets (47). -

In general, the PVT method employs a cell
which contains two compartments separated by
the particular sample of film to be studied.
Gas is introduced to one side of the film and the
pressure change on the other side recorded over a
period of time. From these data the volume of
gas transferring from the high pressure side to the
low pressure side may be calculated, which in
turn can be used to calculate the permeation
rate or constant. Brown and Sauber (46)
developed the type of instrument which is now
included in the ASTM test, referred to above,
This instrument lacks high accuracy if very
exacting permeation data are needed, but serves
to give ‘acceptable data when rapid measure-
ments are needed as might be the case for
control work or for other industrial applications.
The already mentioned authors, Major and
Kammermeyer (45), suggest a new instrument
which operates basically in the same manner as
the 4STM instrument, but which seems to give
greater accuracy without the loss of speed..

For more precise and accurate permeation
data using a P17 method, it will be necessary to
set up a more elaborate instrument such as used
by Stannett and co-workers in their numerous
permeation studies (48-51). Certain advantages,
however, can be gained by the use of this latter
instrument since the accumulated data can
then be Qlcpl,aicd to gl:/g ﬁoth the solubility
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Fig. 4.—Plot of gas transmission py. time through a
plastic film.

and the diffusion constants (see Fig. 4). The
chief disadvantage of Stannett’s instrument is the
painstaking techniques which are needed for
proper operation,

Penetrant Molecules.—Permanent Gases.—
The particular plastic material will influence
the permeation rate of a gas as may be noted
by referring to Table IV. Even for the same
generically named plastic, the rate may differ
due to such factors as molecular weight, molec-
ular weight distribution, branching, degree of
crystallinity, and the presence of other in-
gredients, Some of these factors have been
investigated in some detail, but a great deal
still has to be done to have a true indication
of the influence a combination of these factors
has on the penetration of gas molecules. One
must be content to examine several of the factors
individually, keeping in mind that other forces
are also exerting an influence even though these
may not be so apparent.

From simple theoretical considerations gas
molecules must find “holes” in the plastic
material to travel through the material, Any
hindrance to this passage will of necessity tend
to decrease the permeation rate. Polymeric
materials, which have a great deal of cross-
linking, will retard the movement of the gas
molecules. Crystallite formation and the degree
of crystallinity in the plastic material will
have a very appreciable effect on permeation
and it is now generally accepted that gas mole-
cules probably travel through the amorphous
zone. High crystalline materials would thus
have low rates of permeation,

Considerable work has been done on the
influence of crosslinking in rubber on permeation
of various gases (52, 53). Less information
is available on the crosslinking of plastics, but it
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appears that permeation follows in somewhat the
same general order as seen for rubber—the
more crosslinking, the less permeation (54).

Table V i3 taken from the work of Rogers,
Meyer, Stannett, and Szwarc, and indicates the
influence of crosslinking on the permeability of
unirradiated and irradiated polyethylene to
three gases. The higher dosed plastic showed a
reduction in the permeation rate revealing an
appreciable increase in crosslinking, whereas the
_ lower dosed material appareatly had little change
in the crosslinking, as may be surmised from
the lack of a significant change in the permeation
rate.

Many of the currently used plastic materials
for packaging purposes have various degrees of
crystallinity. As has been indicated, the greater
the degree of crystallinity the less will be the
permeation rate, This is an oversimplification
of a rather complex phenomenon, but a number
of authors have attempted to describe the in-
fluence of crystallinity on the permeation rate
(55,56). Anexample of the effect of crystallinity
on permeation may be noted by observing Table
VI. With both polyethylene and polychloro-
trifluorcethylene with the three gases, a de-
crease in permeability takes place as the approx-
imate crystallinity increases.

It has been theorized that a decrease in
permeability of permauent gases in materials
of high crystallinity is probably due to the
decrease in the diffusion constant, since little

Journal of Pharmaceuiical Sciences

change occurs in the solubility constant of the
gas in the material. At one time, it was be-
lieved that the diffusion constant was related
by simple proportion to the amorphous content
of the plastic (57). This has since been proved
as false (58). Other reasons influence the dif-
fusion constant of the gas. Crystallite zones
may have an effect on the geometric structure of
the amorphous zones, giving rise to difference in
diffusion and, of course, on permeability, Mi-
chaels and Parker clearly state that diffusion of
a gas in polyethylene is not solely a function
of the degrees of polymer crystallinity, even
though it is highly dependent upon it (58).
They point out that the crystallite shape has an
influence in altering the diffusion which, in
turn, alters the permeability.

Several investigators have indicated that
polyethylene permeability can be related in a
linear fashion to the density of the material
(59, 60). This prediction seems not to have
been verified by Brandt (61). Lasoski and
Cobbs (62) postulate that permeation will be
more apt to be related to the square of the
density of the material. Alter (63) in a critical
investigation of permeation and using the
previous concepts of Myers, et al. (64), Klute
(59), and Lasoski and Cobbs {62) developed
the simple expression P = X(1 - d)*, where X
is a constant characteristic of sach gas, » is an
exponential value without further definition,
and d is the density, for relating permeation to

TABLE V.—PRRMBARILTTY CONSTANTS FOR POLYETRYLENE (INFLUENCE OF CROSSLINKING }*

Trradiated
Gaa Temp., * C. Unirradinted 107 /rad 10¢/rad
Nitrogen 0 2.59 X 10-» 2.67 X 10™» 1.46 X 10™»

15 7.8 7.72 4.36
30 21.5 20.1 11.0
45 5%.6 50 ] 2;.31
Oxygen (] 11.0 . .
15 27.5 - 16.3
30 69.4 e 34.8
- 45 143 e 73.7
Carbon dioxide 0 54.7 5.6 29.7
N 15 130 129 72.7
30 280 an 152
45 540 542 287

s In part: Rogers,
Gases and Vapors,” Tappt Monomph Series No. 23

C.E, Meyer, J. A, Sunuu, V., aad Szware, M., “ Permeability of Plastic Films aad Cult.ed Papers to
. New York, 1062, p. 20.

TasLE VI.—EPPECT OF CRYSTALLINITY ON GAS PERMBABILITY"

Approzimate
stallini P,at30° C
Polymer Cryst % Bty N Or COy
Polyethylene 680 1.9 X 10~ 55X 10 25.2 X 10—
69 0.68 2.1 7.4
81 0.27 1.1 4.3
Polvchlorotriflucrethylene 30 0.008 0.08 0.11
80 0.004 0.013 0.03
a Myers, & W., Rogers, C. B., Staanctt, V., and Szware, M, Permnbllnty of Plastic I'ilms and Custed Papers to Gases
P

and Vnpers T”pl Mnncgf-ph ‘Series No. 23, New York, 1962,

¢
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density. Experimental data for nitrogen, oxy-
gen, and carbon dioxide int various film samples
of polyethylene having different densities fol-
lowed in general the mathematical expression
shown above. Alter (63) believes that there is
more justification in relating permeability to
density of the material than to the usual degree
of crystallinity or to the volume fraction of the
amorphous zone,

Organic  Vapors.—The solubility coefficient
and the diffusion coefficient are constants at
any given temperature for penetrant gas mole-
cules. Since the permeation coefficient is a
product of the solubility and diffusion, £ will
also be a constant. Large permeation constants
for a specific gas are primarily dependent upon
an increase in the diffusion constant while, in
most instances, for organic vapors, an increase in
the permeation rate is much more dependent
upon an increase in the solubility of the vapor
molecule. The ability of a polymer to attract
and sorb (increase in solubility) penetrant vapor
molecules will obviously be related to the physical
and chemical properties of both the penetrant
and the polymer. As a first approximation
then, it can be assumed that as the chemical
structure of the penetrant becomes more similar
to the polymer, greater solubility will result and
as a consequence greater permeability. This has
in fact been found to be generally true. For
example, Beut and Pinsky (65) found that
permeation through polyethylene increased in
the following order: alcohols, acids, nitro-
derivatives, aldehydes, ketones, esters, and
hydrocarbons,

Since very little interaction occurs between the
permanent gases and a particular polymer, the
permeability rate iy not concentration de-
pendent. Quite different, however, is the case
for most of the vapors since many of these will
interact (sorb) with the polymer. Increases in
concentration of the penetrant in the plastic
will usually have a material effect upon the
diffusion. Part of this effect may be due to
the ability of the penetrant when sorbed to
swell the plastic or to act as a plasticizing agent,
thereby permitting greater degree of traversity
or diffusion in the material. Often unusual or
anomalous results are seen which become dif-
ficult to resolve on theoretical grounds.

There has been little success in relating,
quantitatively, organic vapor permeation with
crystallinity. amorphous content, or plastic
density, but by indirect means, data have heen
accumulated at least Lo support the contention
that certain vapors will follow a direct relation-
ship with the amorphous content of the plastics.
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Perhaps the best example to illustrate this point
is the correlation of the data on methyl bromide
sorption (consider solubility and sorption as
being nearly identical) with the amorphous
content in several polyethylenes (51). The top
portion of Fig. 5 represents the sorption isotherm
in three polyethylenes, each having a different
density. As may be noted from this figure, the
sorption decreases aa the density of the material
increases. The single curve at the bottom of the
same figure has been recalculated on the basis of
the amorphous content of the samples and it will
be noted that all the points now fall on the
one line. Other molecules, espedally those
molecules which are considered as good solvents
for the plastic, will not show the single curve
after recalculation on the basis of the amorphous
content (51).

Crosslinking in a plastic material usually
will decrease the permeation rate, more prob-
ably due to hindering the travel of the penetrant
(diffusion} than to decreasing solubility. For
those penetrants which are better solvents for
the plastic, both the solubility and diffusion
will increase slightly at low temperatures, but at
higher temperatures the crosslinks prevent the
usual swelling and decrease the mobility of the
chains and, in consequence, both solubility and
diffusion decrease,
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Fig. 5.—Sorption isotherm for polyethylenes and
methyl bromide to 0°C. {From Rogers, C. E,
Stannett, V., and Szwarc, M., Tapps, 44, 715
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As has already been noted on o'rgam'c vapors,
solubility plays an extremely important role
in the permeation phenomenon, Reference has
also been made that the chemical structure of the
penetrant will either increase or decrease the
solubility in a particular plastic. One other fac-
tor must now be brought to light in permeation of
organic vapors: the geometry of the particular
organic molecule. It has been fouad, for ex-
ample, that as the size and the shape of the
penetrant molecule increases, a similar increase in
solubility will occur. Figure 6 illustrates a
linear relationship between solubility and the
molar volume of various penetrants. Solubility
(at zero concentration of penetrant) appears also
to increase as the cross-sectional area of the
penetrant increases. The overall effect upon
permeation is not as great as might be expected,
since diffusion decreases as the volume and
shape of the penetrant increases. Other factors,
of course, are involved and for this reason it
becomes quite difficult to predict the behavior of
certain organic vapors in a particular plastic
material,

In general, permeation will usually increase
with an increase in temperatures. For the
permanent gases, the permeability-temperature
relationship follows the accepted Arrhenius
relationship. With organic vapors, however,
this may or may not be the case, depending
upon the vapor pressure. For example, it has
been found that certain vapors (at a definite
vapor pressure) will show a gradual decrease in
permeation as the temperature is lowered until
a critical temperature is reached, at which point
further decrease in temperature will reveal

2 T T T T T T
‘o-l b -1
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ua AND MALOGENATED,
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s i

1 L ! i
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V Molar Volume of Penetrant

Fig. 8.-—Effect of molar volume of penetrant on
$(0); poiyethylene density 0.922 Gm./ml at
25°C. Nore: S(0) is the intrinsic solubility coef-
ficient for a penetrant of zero molar volume,
[From Rogers, C. E., Stannett. \"., and Szware, M.,

Tappi. 44,.75%1901).!
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an increase in permeation (51). From what has
been discussed on vapor pressure permeability,
it may be seen that the phenomenon is not a
simple mechanism and will be altered by many
factors, each having some part in the overall
mechanism,

Water Vapor.—~Water vapor transmission
through plastic materials, like a number of the
organic vapors, i3 quite complex and often the
results are difficult to interpret. Earlier measure-
ments on water vapor permeability have been
found to be in error because of the presence of
dissolved air in the vapor (686). The method of
evaluating the diffusion constant by the time-lag
method will also lead to serious errors (G7).
Myers, et al. (67}, found it necessary to calculate
the diffusion constant from sorption and per-
meation data. The rate of permeation is, as
might be expected, dependent upon the physical
and chemical properties of the particular plastic
film. In general, it is possible Lo describe two
general types of permeation: (a) those that are
dependent on pressure and (b) those that are
independent of pressure. Past experience has
demonstrated that the pressure-dependent per-
meation follows for most of those polymeric
materials which are hydrophilic in nature, such
as cellophane, nylon, and polyvinyl alechel,
while the pressure-independent permeation is
seen for the hydrophobic polymers, such as the
polyethylenes (see Fig. 7).

Pressure dependent permeation (s, with -
nylon) will show large rates of permeation as the
vapor pressure increases. This result is due to
the ability of the nylon to attract water vapor
molecules which are then sorbed to the various
polar sites. As the concentration of water in
the nylon increases, a swelling and plasticizing
effect takes place, which in turn aids the diffusion
process. Since both the solubility and the
diffusion constants are increasing, the final
permeation constant will also be increased. An
unusual effect may also be noted with nyloh,
which-in a manner has already been mentioned
with certain of the organic vapors (67). For
example, an increase in temperature after a
certain point will show a decrease in permeation
(see Fig. 8). This may be explained in the
following way. As the temperature is decreased
at a fixed vapor pressure, the relative humidity
increases. This increase in humidity is reflected
by an increase in solubility in the nylon which
accelerates the diffusion process to a much greater
extent than the decrease in diffusion normally
attributed to a reduction in temperature.

Permneation through the hydrophobic plastics
(i.c., polyethylenes) for the most part are
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independent of the relative humidity. The
mechanism for this type of permeation, as
pointed out by Myers, ef al. (67), is not quite as
simple as it would at first appear. Strong
experimental evidence is at hand to reveal that
solubility increases with an increase in pressure,
but that the diffusion decreases with an increase
in concentration. One apparently compensates
for the other, leading to a pressure-independent
permeability constant.

Permeation Through Containers.—Perma-
nent Gases.—In the discussion which has so far
been presented on permeation of permanent
gases, organic vapors, and water vapor, the
plastic material has been in the form of a film
which was then placed in an appropriate appar-
atus for the study of the penetration and trans-
mission of the gaseous molecules. The param-
eters of the experiments were kept as simple
and as constant as the experimental procedure

AT

2

warranted. Even in these instances, however,
as has been demonstrated, a number of anomalous
results occurred. For the most part, these
data with proper assessment have been utilized
by various investigators to give theoretical
treatments for penetrant-polymer interactions.
Even though this information can serve as a use.
ful foundation for those intcrested in permeation,
certain problems of a more practical nature must
still be handled by more empirical means, since
the science still has not caught up with the art of
manufacture of certain types of plastic devices.
Thiy appears to be true for the present plastic
containers used in pharmaceutical practice.
Studies of permeation in the intact container
for various gases appear not to have been
considered in too serious a vein by those presently
manufacturing plastic containers. Often the
complete formulation of the plastic material, the
actual handling of the material, and the exact
history of the manufacture of the containers are
not really known by the one utilizing the con-
tainers. It is possible that any change in a
procedure from the acquisition of the raw
materials to the final ejection of a completed
container will have an influence on the per-
meation rate of gases. More time and space
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Fig. 8,—Temperature dependence of the perme-
ability constant for water in nylon 66 at vapor
pressures of 9 and 20 mm. Hg [(From Myers,
A. W., Meyer, J. A., Staanett, V., and Szwarc, M.,

Tapps. 44, 58(1961).]
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than presently available would bhe needed to
explore the various factors which might alter the
container to permeation,

Let us for a moment consider some con-
sequences of gas transmission through the walls
of a plastic container into a particular drug
system. For those agents which are prome to
oxidation, a rapid degradation may take place
before the useful sheif-life of the product has
been reached. Various product development
laboratories have noted this effect with one or
more of their drug products. Often, even the
product development groups have not properly
assessed their product in a plastic container to
the embarrassment of the company, since
reports start arriving indicating that a change in
color or a precipitate has formed when the
pharmacist, medical practitioner, or patient is
about to utilize the medication. Oxygen or air
perhaps is the most serious offender in destroying
the product, but at times the transmission
of carbon dioxide alters the pH of the preparation
enough to catalyze degradation by either an
oxidation or hydrolysis mechanism. Other prob-
lems may be seen due to the transmission of
ambient gases, either inside the container or
outside, For example, distortion of the con-
tainer, either collapsing or bulging of the bottle,
may be attributed to the transmission of air
either out of the container or into the container.
Even though there may not be any adverse
effect upon the therapeutic efficacy of the
medication, the distorted appearance of the
container will certainly not add prestige to the
company’s name.

Vapors and Liquids.—Since 1950 a number
of investigators have directed their attention
to studying advantages and disadvantages
of plastic containers (88-75). Perhaps the
most work has been dome on regulation-size
bottles composed of one of the polyethylenes.
Invariably these studies include filling a bottle
with a specific ingredient (liquid), stoppering,
and exposing it to various temperatures for
short and long periods of time, while noting
the loss or gain in weight. Pinsky, Nielsen,
and Parliman (68) have reported in one study
the results of 67 typical chemicals which can
be represented by one of the following groups:
(8) inorganic acids, (b) alkalies, (¢) organic
acids, (d) alcohols, (¢) polyhydric alcohols,
(f) esters, (g) ethers, (%) aldehydes, (s) ketones,
(7) anhydrides, (%) terpenes, (I} nitrogen-con-
taining compounds, (m) aliphatic hydrocarbons,
() aromatic hydrocarbons, (o) chlorinated
hydrocarbons, and (p) miscellaneous. In studies
of this type, it is usually found that for the
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same material, liquid permeability will invariably
be higher than vapor permeability. Table
VII will show this trend, taken from the work
of Martinovich and Boeke (76). Even though
theoretically it is assumed that permeability
should vary inversely with the thickness of
the plastic, in actual practice, using bottles, this
may not be the case.

TaABLE VII.—Varor AND LIQUID PERMEABILITY OF
MAaRLEX 50¢ AT 80° F.?*

Vapor Liquid
Chemiculs Used Pernl-hility' Permeability

Amyl alcohol 0.353 0.268
Ethylene glycol 0.689 0.873
Acetic acid 0.940 0.993
Aniline 1.09 1.27
Ethyl alcohol 1.26 1.77
Oil of peppermmt 1.38 1.75
Butyric acid 1,54 3.61
Benzaldehyd 2.45 3.92
Methyl ulicylnte 3.39 3.93
Methyl ethyl ketone 4.12 8.05
Amyl acetate 5.54 8.75
Diethy! ketone 7.67 7.87
Ethyl valerate 8.11 9.69
Butyraldehyde 9.86 12.58
Ethyl acetate 13.7 13.7
n-Butyl ether 19.3 4.3
Butyl iodide 53.04 112.72
Heptane 54.0 60.7
Buty! chloride 69.63 88,08
Buty! bromide 76.15 113.19

'qu.mu nams loc Phillipe’ high densit {ammh{l:

, R.
l’otmdo-oul(ulu. S.JIuSuvinl.cb m?«mlmn
Co., Bcﬂlavil.l& Okls., Oct. 19537, p. 3. * Expressed
io Gm./34 be /100 in.5/mil thickness.

Results of studies have also revealed that
formulations containing volatile ingredients
might change, when stored in plastic bottles,
because one or more of the ingredients are passing
through the walls of the container (77). Often
the aroma of cosmetic products becomes ob-
jectionable due to preferential transmission of
one of the ingredients, or the taste of medicinal
products changes for the same reason (78).
‘The plastic container may also have an influence
upon the physical system making up the product.
For example, certain water-in-oil emulsions
cannot be stored in the hydrophobic plastic
bottles, since there is a tendency for the nil
phase to migrate and diffuse into the plastic.

Heise, Parliman, and Pinsky (73, 74) have
done considerable noteworthy work om plastic
containers and have made a number of sugges-
tions on how to select a particular container
for a general type of product. Even more
noteworthy, however, is the series of tests their
group has developed to help interested parties
evaluate the merits of a container. They include
the following tests (74): environmental stress-
crack test, using Igepal CO-G30 water solution.
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impact test, leakage test, side-wall distortion
test, and side-wall rigidity tests, Unfortunately,
as stated earlier, there is little published in-
formation on drug products in plastic containers
and it appears that one must study the specific
product in each container before final evaluation
of the container is possible.

One must not deal lightly with permeation
in plastic containers. Some plastic materials
will, of course, act as stronger barriers to permea-
tion than others, It is now well known that
the high density polyethylenes will give greater
protection than the low density types. It has
also been found that special types of coating
can further prevent permeation. From all
past and present indications, it appears that
plastic containers for the pharmaceutical in-
dustry will have to be magufactured under
very special and rigid conditions, a situation
which at present, at least for the most pact, is
not true,
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