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Medical quality radiation resistant plasticized poly(vinyl chloride)

S u m m a r y  —  The effect o f m odification  o f plasticizer and  stabilizer system s on  
the radiation resistance o f flexible P V C  com p ositions for m edical applications  
w as stu d ied . Sam ples w ere irradiated in a linear accelerator L A E  1 3 /9  of 
electrons b eam  w ith  d ose o f 25 kGy. B iological-chem ical and  m echanical- 
-p h ysica l property data w ere m easu red for irradiated and add ition ally  agein g  
plasticized P V C  com p ositions o f m o d ified  form u lation s and com p ared  w ith  
those o f standard m edical grade com p ositions. Post-irradiated stability of 
flexible P V C  m eetin g  the Pharm acopoeia requirem ents has been achieved. 
K e y  w o r d s : p lasticized P V C , m edical m aterials radiation sterilization, radia
tion resistance, costabilizers, chem ical and biological properties.

EFFECT OF IRRADIATION ON PVC COMPOSITIONS

P lasticized P V C  is w id e ly  u sed  to the m anufacture  
o f d isp osa b le  m ed ical devices, w h ich  sh ou ld  be sterile. 
The m o st co m m o n ly  u sed  sterilization m eth o d s include  
heat treatm ent, the u se o f chem ical sterilants (e.g. eth y
lene oxide) or the exp osu re to ion izin g  radiation. Each  
o f these m e th o d s  has d isad v an ta ges that lim it its use. 
T h e m e th o d  u sin g  e th ylen e  o x id e  is a cu m b ersom e, 
tim e -co n su m in g  and exp en sive  one and  m oreover eth y
len e o x id e  is toxic  an d  can cerogen ic  m e d iu m . T h u s  
w h e n  eth ylen e o xid e  as chem ical sterilant is u sed , care 
m u st be taken to a v o id  gas residues in the devices and  
packages.

R ecently the m edical industry has b eg u n  to shift the 
sterilization  tech n ique o f d isp osa b le  m ed ical devices  
from  ethylene oxide to ionising radiation since it is an 
excellent an d  m ore efficient biologically, less expensive  
and less tim e-co n su m in g  m eth od  [1-— 3].

H ow ever, w h en  exp osed  to ion izing  radiation (e.g. 
g a m m a  rays or electron beam s) P V C  m aterials u n dergo  
un desirable ch an ges in ph ysical, chem ical and biological 
properties [4— 8].

A n  excited  m o le c u le  o f  P V C  fo rm s free rad icals, 
w h ich  are responsible for several types o f P V C  transfor
m ation s such as discoloration, cross-linking, chainscis- 
sion  and oxidation . A  distinct discoloration  o f P V C  co m 
position  occurs at a typical sterilization dose o f 25 kGy, 
the m aterial tends to darken or to turn yellow . D u rin g  
irradiation o f P V C , conjugated d o u b le  bon ds are form ed  
and h yd ro g en  chloride in significant quantities is evo- 
luted. The p o ly en e  structure is responsible for discolora
tion o f P V C  com p osition s. O x y g e n  also causes the for

m ation  o f peroxide, carbonyl and h yd ro x yl grou p s. This 
is an autocatalytic process and it continues d u rin g the 
storage tim e o f irradiated com p osition s [9— 11].

A  n u m ber o f research studies h ave been  m a d e  to im 
p r o v e  r a d ia t io n  r e s is ta n c e  o f  P V C  c o m p o s i t io n s  
[12— 16]. The key idea o f all o f them  is to prod u ce a 
protective effect b y  u sin g  c o m p o u n d s  (e.g. organ o  tin 
m ercaptoacid esters and different typ es o f arom atic co m 
p o u n d s), w hich  act as an energy transfer agent w ith no 
ch an ge o f p o ly m er properties. U nfortunately , m o st of 
them  are toxic and  cannot be u sed for m ed ica l form u la 
tions.

T h e effects o f basic com p on en ts and  variou s a d d i
tives on radiation stability o f plasticized  P V C  co m p osi
tions w ere perm an en tly  stu d ied  and discu ssed . U n fortu 
nately, the result has not been  u n ivocally  established.

A ccord in g  to the stu d y  o f H u tz ler  et al. the m ixture of 
plasticizers: d i-2 -eth y lh exy l phthalate (D E H P ) and epo- 
xidised  soybean  oil (ESO ), co m m o n ly  u sed in m edical 
com p osition s, is effective in stabilizing the radiolytic ab
straction o f H C1 from  P V C  [17]. Both plasticizers im 
parted g o o d  colou r stability and overall properties to the 
products.

In other opin ion , the aliphatic plasticizers exhibit bet
ter perform ance than arom atic ones [1 2 ,1 8 ]. T h e applica
tion  o f a lk y l ester o f ad ip ic  a cid , m a in ly  d i(2 -e th y l-  
h exyl)adipate (D O A ), as plasticizer in P V C  com p osition s  
im proves the resistance o f these p rodu cts to irradiation. 
The P V C  plasticized w ith  D O A  exhibits b iological and  
chem ical properties according to the E u ropean  P harm a
copoeia [18].

H eat stabilizers can h ave a m ajor effect on  the per
form ance o f radiation stable P V C . Traditionally u sed  in
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m ed ical form u lation  C a /Z n  stabilizing system  alone is 
not p o w erfu l en ou gh  to provid e irradiation stability of 
P V C . It w a s fo u n d  that addition  o f radiation stabilizers 
(the typ e is not g iven ) to the ab ove C a /Z n  system  sh ow s  
rem arkable im p rov em en t in the discoloration o f the P V C  
during irradiation [19]. It can be d u e  to the ability o f the 
stabilizer to replace the labile chlorine w ith  an ester 
grou p . T h u s, in such a com p osition , the radiation stabi
lizer im p roves initial colour and radiation stability of 
P V C .

T h e present w ork  also concerns the im p rovem en t of 
radiation resistance o f p lasticized P V C  via m odification  
of the co m p ositio n  form u lation  that a llow s to prepare  
the m aterials that are m eetin g  the fu n dam en tal require
m ents for m edical applications and retaining the high  
colour stability at sterilizing d ose o f 25 kGy.

EXPERIMENTAL

M a teria ls

P V C  —  P olan vil S -70 S M , m edical grade; К = 70 (A n -  
w il S A , W ło c ła w e k , P oland).

P lasticizers: d i -2 -e th y lh e x y l p h th alate  (D E H P ) —  
V e s t in o l A H  (H i i ls ) ,  t r is -2 -e t h y lh e x y l  tr im e llita te  
(T O T M ) (C ib a -G eig y).

Stabilizers: C a /Z n  salts o f h igh er fatty acids and  
ep o xid ized  soyb ean  oil —  both form  Viteo S A .

C ostabilizers w ere chosen from  the co m p o u n d s con 
taining p h en olic a n d /o r  ep o xy  a m id o  grou ps such as 
Irganox 1076 , R eop last 392  and  Irgaw ax 280 , respec
tively (su p p lied  b y  Viteo SA ).

P reparation  o f  p la stic ize d  P V C  sa m p le s

A  Stephan h ig h -sp eed  m ixer w as u sed  to m ix  the 
P V C  p o w d e r  w ith  the plasticizer, stabilizer and costa
bilizer. The b len ds w ere heated u p  to 100°C . The result
ing com p osition s w ere h om og en ized  in a single-screw  
extruder at tem perature 1 5 0 / 1 5 5 / 160°C  to the form  p el
lets. T h e prod u ct w a s extruded into a film  0.5 m m  thick.

Irradiation  an d  in c u b a tio n

T h e film s o f p lasticized  P V C  w ere irradiated at a 
room  tem perature w ith  an electron beam  in a linear ac
celerator L A E  1 3 /9  at a d o se  o f 25 k G y  and then incu
bated 120 h ours at 5 0 °C  to sim u late a tw o -y e a rs ' storage  
at am bien t tem perature (ageing) [16].

M e th o d s

T h e ch em ical, b io lo g ica l, m ech an ica l and  therm al 
properties o f flexib le film s, as w ell as m elt flo w  rate 
(MFR) o f P V C  com p osition s w ere determ ined:

—  before irradiation (denoted "b efore  Ir*"),
—  after irradiation (denoted "after Ir*"),

—  after irradiation and incubation (denoted  "after  

Ir*In*").

Mechanical and thermal properties

Tensile properties w ere m easu red  at roo m  tem pera
ture w ith an "In stron  4 5 0 5 " tensile tester at a cross head  
speed  o f 500  m m  • m in ’ 1.

MFR valu es w ere determ in ed b y  u sin g  II TR  plas- 
tom eter at 19 0 °C  w ith  5 kg load .

T h erm og rav im etric  analysis w a s  p erfo rm ed  u sin g  
Perkin-Elm er therm obalance.

Extraction test

T h e sam p les o f P V C  com p osition s w ere su sp en d ed  in 
the w ater and incubated at 7 0 °C  for 48  h. P roportion of 
m aterial and w ater w a s 500 cm 2 (both surface o f film ,

0.5 m m  thickness)/1 0 0  m L . The aq u eou s extracts w ere  
tested, according to European P harm acopoeia , to detect 
redu cing and organic co m p o u n d s, expressed b y  the m il
liliters o f 0.01 N  ЫагЭгОз so lu tion  u sed  in titration per 
20 cm 3 o f a q u e o u s  extract an d  b y  U V  a b so rp tio n  at 
w avelen gth  range o f 220— 290  m m , respectively.

Spectrophotometric analysis

The structural changes o f P V C  w ere stu d ied  by FT-IR  
spectroscopy. Film s o f 0.1 m m  thick w ere prepared b y  a 
casting m eth od  from  the solu tion s o f P V C  com p ositions  
in trichlorom ethane. A bsorb an ce w a s m easu red  w ithin  
the w a v e  num ber range o f 1700— 1800 cm -1 correspond
ing to the carbonyl grou ps.

Colour stability

The colour effects can be quantified b y  usin g trichro
m atic colorim eter "M o m c o lo r  1 0 0 " . T h e w hiteness (W fi 
and y ellow n ess indexes (W Y ) w ere d eterm in ed . C eram ic  
plaques w hite and  black w ere u sed  as a back grou n d  for 
transparent film s and on ly  relative WI and  W Y  valu es  
are m ean in gfu l.

RESULTS AND DISCUSSION

Typical com m ercial m edical grad e p lasticized  P V C  
com positions contain 3 5 %  of D E P H  plasticizer 1 .5 %  of  
C a /Z n  salts and 3 .5 %  o f ep o xid ized  so yb ean  oil as stabi
lizers (this stabilizing system  is n am ed  "stan d a rd  stabi
lizer " in the further text).

T w o  series o f P V C  c o m p o s it io n s , h a rd n e ss  7 8 ± 2  
Shore A  w ere prepared

—  series I: containing m o d ified  plasticizing system  
(m ixture o f plasticizers i.e. D E P H  +  T O T M ) and standard  
stabilizer,

—  series II: a m o d ified  stabilizing sy stem  (standard  
stabilizer and costabilizers) and standard plasticizer.

T h e m odification  o f basic form u lation  w as d o n e by  
u sin g o f additives w hich :

—  contain arom atic grou p s and  can absorb the excita
tion energy, acting as traps converting this energy into
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oth er n on -rea ctin g  form s [4, 17] (e.g. h igh  m olecu lar  
w eig h t plasticizer T O T M ) (series I),

—  can act as radical and HC1 scavengers as w ell as 
radiation protectors sh o w in g  the ability o f b locking of 
d o u b le  b o n d s form ation  [10] (series II w ith  costabili
zers).

The am ou n ts o f additives w ere chosen em pirically. 
T h e selected m o d ified  P V C  com p ositions o f both series 
are g iven  in Table 1.

T a b l e  1. Formulation of modified PVC compositions

Series/sample j Type of additives

Series I, MD-1 i Plasticizing system: DEHP/TOTM (18/17), phr

Costabilizers, phr 1 1 
! i

Scries I: Irganox 1076 Reoplast 392 Irgavvax 280

MD-2 0.15 _ 0.4
MD-3 0.15 3.5 —
MD-4 0.15 3.5 0.8
MD-5 0.15 7.0 0.8

The products o f P V C  degradation  can m igrate from  
radiation sterilized m edical devices into b o d y  flu ids and  
tissues h av in g  contact w ith  them . Therefore the m igra
tion index o f lo w  m olecu lar substances to aqu eou s ex
tract w as u sed  as a screening test o f properties o f irradi
ated P V C  com p osition s.

T h e effect o f irradiation and accelerated ageing on low  
m olecular organic substance concentrations in the aque
ous extract is presented (Fig. 1) for selected com positions  
o f both series. The am ou n t o f organic substances w ere  
m easu red as U V  absorbance at w avelength s 222 .8— 230  
n m . A b so rb an ce  after irradiation on ly  increased from  
about 0 .15  to abou t 0 .30 for com p osition  w ith m odified  
plasticizer system  (M D -1 ) (Fig. la )  and com p osition  of 
series II w ith m o d ified  stabilizer system , containing the 
sm all a m o u n t o f costabilizer w ith phenolic and am ido  
grou ps (M D -2 ) (Fig. lb ) . A  distinct increase in the absor
bance w a s observed  for both incubated com positions af
ter irradiation (curves 3). The concentration o f organic 
co m p ou n d s in this case w as higher in com position  M D -1  
in com parison  w ith  the com p osition  o f series II —  M D -2  
(U V  absorbance o f w ater extract about 0 .46 and 0.35, re
spectively), but for both these sam ples higher than that 
perm itted b y  the m edical requirem ents (U V  absorbance  
m ax 0.3). The acceptable results, from  m edical point of 
v iew  (< 0 .3 ), w ere obtained for the com positions M D -3 , 
M D -4  and M D -5  containing the d ou b le  bonds blockers 
acting sim u ltan eou sly  as H C1 scavengers (com poun ds  
w ith ep oxy  and  a m id o  grou ps) and radicals deactivators 
(com p o u n d s w ith  phenolic groups). Figure 1 presents, as 
an exam ple o f proper com positions, the results concern
ing com p osition  M D -4  (Fig. lc ).

Interestingly, the a m o u n t o f reducing substances (Fig.
2) leached into w ater from  all irradiated and then aged  
film s o f series II (colu m n  3), m easu red  by titration as a 
v o lu m e  in m L  o f 0.01 N  Na2S2C>3/20 m L  o f w ater extract,

Fig. 1. Absorbance of aqueous extract from PVC compositions: 
(a) MD-1, (b) MD-2, (c) MD-4; 1 —  before ID, 2—  after ID, 
3 —  after IDIn*, dotted line —  maximal acceptable value ac
cording European Pharmacopoeia

is rather low , e.g. from  1.5 to 2 .4 , respectively. These va 
lues m eet the requ irem en ts set for m ed ical m aterials  
(m ax 3.0).

T h e co lou r resistance m e a su re m e n ts  indicate y e l
low n ess index o f irradiated film s, w h ich  is a strong func
tion o f costabilizers content (Fig. 3). Increasing concen
tration o f blockers o f d o u b le  bon d s form ation  and radi
cals' scavengers significantly redu ced the change in yel
low n ess index o f the m aterial after radiation w ith dose  
o f 25 k G y  (sam p le  M D -5 ) .
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MD-2 MD-3 MD-4 MD-5

Fig. 2. Effect of ionizing radiation on the content of reducing 
substances series II (aqueous extract); 1 —  before Ir*, 2 —  
after Ir*, 3 —  after Ir*In*, dotted line —  maximal acceptable 
value according European Pharmacopoeia

Fig. 3. Effect of ionizing radiation on the colour stability of 
PVC compositions; 1 —  before Ir*, 2 —  after Ir*

T h e im p ro v e m e n t in th erm al and  o xid ation  resis
tance o f irradiated com p osition s is also observed  (Fig. 4). 
FT-IR spectra o f sa m p le  M D -3  (Fig. 4a) sh ow s the inten
sity o f carbonyl g ro u p s at w av elen g th  o f 1700— 1800  
cm ’ 1 sligh tly  increased in the irradiated and then incu
bated sa m p les (curves 2 and 3, respectively). N o  oxida
tion process has been  occurred in com p osition  M D -5  
h aving the stabilizer system  of h ighest efficiency (Fig. 
4b) —  the intensity o f carbonyl grou ps practically did  
not change after irradiation and accelerated ageing.

T h e m ass loss o f on ly  irradiated (not incubated) and  
than heated u p  to 2 5 0 °C  com p ositions am oun ts about 
1 6 %  for sa m p le  M D -2  (see Fig. 5), and on ly  near 1 2 %  in 
the case o f com p osition  M D -5 . T h e irradiation d ose of 
25 k G y  d id  not effect the tensile and  rheological charac
teristic o f all prepared P V C  com p ositions. There are no  
ch an ges in tensile strength, elongation  and m elt flow  
rate for nonirradiated , irradiated and  in addition  incu

bated co m p osition s (Table 2). Th ese properties are inde
pen d en t on  the com p osition s o f stu died  sam ples.

Som e chem ical and biological properties of the selected 
P V C  com positions (done by the D epartm ent o f M edical 
Materials in D ru g Institute in W arsaw ) are sum m arized in 
Tables 3 and 4. The data obtained for irradiated and then

Fig. 4. FT-IR spectra of PVC compositions: (a) MD-3, 
(b) MD-5; 1—  before Ir*, 2—  after Ir*, 3 —  after Ir*In*

Fig. 5. TGA thermogram of the sample MD-2

incubated film s m ad e o f P V C  com position  M D -3  are m eet
ing Pharm acopoeia requirem ents for m edical articles h av
ing long-contact w ith blood. The articles m a d e o f this P V C  
com position can be radiation sterilized w ith sm all changes 
of their physiological properties.

The results indicate that selected ad d itives, im proving  
efficiency o f therm al stabilizer, a llow ed  to prepare a plas
ticized P V C  that resisted 25 k G y  d oses o f electron beam  
radiation and retained colour stability, the biological and
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T a b l e  2. Mechanical properties of plasticized PVC composi
tions

Properties Before Ir* After Ir* After Ir*In*

Elongation stress (100% ), MPa 9.6 9.9 9.3

Tensile strength, MPa 19.3 20.0 18.5

Elongation at break, % 330 340 320

MFR g /1 0  m in, 190°C 4.94 4.99 5.0

T a b l e  3. Chemical properties of aqueous extract from PVC com
position MD-3

Property Before Ir* After Ir* After Ir*In*

Colour

pH  (control —  6.26)

Such as con
trol sam ple  

6.10 6.02 6.21
Alkalinity, cm 3 of 

0.01 N  H C 1 /100  cm 3 0.10 0.15 0.15

Acidity, cm 3 o f 0.01 N  
N a O H /1 0 0  cm 3 0.15 0.15 0.15

Pollution with ions 
Reducing substances 

ml of 0.01 N  
N a 2S2Cb/ 2 0  cm 3 0.65 0.50 0.085

Light absorbing 
organics, /.= 225  nm 0.037 0.108 0.085

С Г cone, m g /1 0  cm 3 as the control as the control as the control
sam ple sam ple sam ple

NH-t, cone. as the control as the control as the control
m g /1 0  cm 3 sam ple sam ple sam ple

H eavy metals 
(account as Pb+) below  1 ppm below  1 ppm below  1 ppm

Pollution of heavy  
metals, ppm :

Cd not tested <0.014 not tested

Ba not tested <0.020 not tested
Sn not tested <0.620 not tested

T a b l e  4. Biological properties of PVC composition MD-3

Property i Before Ir* After Ir*

Toxicity and cell toxicity non toxic non toxic
Acute toxicity 
Extract in 0 .9%  N aCl non toxic non toxic
Extract in cotton oil, % non toxic non toxic
Irritating i non state non state
Indirect haemolytic activity \ as the control as the control

i sam ple sample
Direct haem olysis (require

ment < 0 .3 ) ,%  j 0.11 0.17

chemical properties during accelerated ageing simulat
ing the two-year's long storage at room temperature.

The extent of postirradiation processes such as mi
gration index of low molecular substances, formation of 
conjugated double bonds change of colour and dehydro
chlorination is reduced to acceptable minimum.

CO NCLU SIO N S

The improvement of radiation resistance of plasti
cized PVC compositions to the level meeting the funda

m ental requirem ents for m edical applications (c . g . ac
ceptable p h ysio logical properties and  colour stability) 
w as possib le via  application  o f the m u lticom p o n en t sy 
nergistic stabilizing system  [2 0 ].

The results su gg est that a properly balanced com bina
tion o f stabilizer and costabilizers is necessary in order to 
achieve a radiation stable P V C  com position. The d evel
oped  stabilizing system  provides synergistic protection  
to the P V C  and probably p lays the com b in ed  role: as the 
therm al processing stabilizer and as the radiation stabi
lizer as w ell as a stopper o f autocatalytic postirradiation  
processes occurring in P V C . The accelerated agein g test 
o f postirradiated processes o f w ell stabilized P V C  com 
positions sh ow ed  that the concentration o f lo w  m olecular  
w eigh t organic substances leached into w ater did  not rise 
w ith  the prolongation  o f the storage tim e o f the irradiated  
com position. A lso  very im portant is that the m echanical 
properties and  m elt viscosity  o f plasticized P V C  sam ples  
rem ained unaffected b y  the d ose o f 25  kGy.
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