
International Journal of  Pharmaceutics, 78 (1992) 115-122 115 
© 1992 Elsevier Science Publishers B.V. All rights reserved 0378-5173/92/$05.00 

IJP 02598 

Model for estimating the accumulation of solutes leaching 
from polymeric containers into parenteral solutions 

Dennis  R. Jenke,  Edward  K. Chess,  David C. Zie t low and Barre t t  E. Rab inow 

Baxter Healthcare Corporation, William B. Graham Science Center, Round Lake, IL 60073 (U.S.A.) 

(Received 25 March 1991) 
(Modified version received 8 July 1991) 

(Accepted 7 August 1991) 

Key words: Solute accumulation; Solvent-water partition coefficient 

Summary 

A model allowing for the prediction of the thermodynamically constrained accumulation of leachables migrating from polymeric 
containers has been developed. The model predicts accumulation based on three accumulation-limiting mechanisms: total available 
pool, solute solubility and solute partitioning. Equations relating a solute's solvent-water partition coefficients (Po-w and Pa-w) and 
its aqueous solubility and partitioning properties have been developed. Thus, one can predict leachable accumulations from the 
physical dimensions of the system being studied (container weight and solution volume) and from the solute's partition coefficients. 
The maximal accumulation of the leachable in solution will be the lowest value predicted via the three accumulation-limiting 
mechanisms. The model has been successfully applied to the migration of 2-ethylhexanoic acid out of a styrene-butadiene-styrene 
block co-polymer and accurately predicts the accumulation behavior of this species as a function of solution pH. 

Introduction 

A container's usefulness in pharmaceutical ap- 
plications may be limited by (a) the ability of a 
chemical component of the container material to 
migrate out of the material and into the solution 
it contains (leaching), or (b) the ability of the 
material to sorb solutes (including active ingredi- 
ents) from the solution it contains (binding). Of 
concern in evaluating the practical utility of vari- 
ous so lu te /so lu t ion/conta iner  material combi- 
nations is that the magnitude of the solute's in- 
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teraction, regardless of migration direction or the 
controlling mechanism, be within acceptable lim- 
its. For leaching, the maximum permissible 
amount of migration is determined either by the 
migrant's toxicology (Autian, 1973; Corley et al., 
1977; Petrick et al., 1977; Pollack et al., 1979) or, 
less commonly, other product use constraints (e.g., 
solution clarity, color, etc.). 

Characterizing a particular so lvent / so lu te /  
container system with respect to its solute migra- 
tion properties is a necessary step in container 
development and compatibility assessments. With 
respect to leaching, three areas are relevant: 
(i) identification of all pertinent leachables (the 

total leachable profile) and their concentra- 
tion in the container material (the total avail- 
able pool); 
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(ii) assessment of the accumulation of these 
leachables in the projected product configu- 
ration; and 

(iii) determination of the toxicological impact of 
the leachable's accumulation. 

This manuscript will focus on the second of these 
areas, the assessment of the magnitude to which 
a leachable substance will accumulate in a con- 
tained solution. Although the overall compatibil- 
ity assessment relies heavily on the accurate gen- 
eration of the leachable profile, the mechanics of 
generating a complete profile is beyond the scope 
of this discussion. In general, however, leachables 
can be identified via experiments involving a se- 
quential extraction of the container material. This 
extraction sequence may be as simple as a single 
extraction with water or it may be aggressive 
enough to exhaustively and completely remove 
the solute of interest from the polymer. The 
resulting extracts can be characterized by several 
chromatographic and spectroscopic methodolo- 
gies as proposed in the pharmaceutical literature 
(Ulsaker and Hoem, 1978; Arbin and Ostelius, 
1980; Arbin et al., 1986; Snell, 1989; Kim et al., 
1990; Kim-Kang et al., 1990). Total available pools 
of leachables can be determined by exhaustive 
extraction of the material followed by rigorous 
analysis of the extracts. Similarly, techniques for 
the assessment of toxicological impact will not be 
considered herein. 

Several mechanisms can be envisioned for de- 
termining the levels to which leachable sub- 
stances will accumulate in solution for a particu- 
lar product configuration. The most direct ap- 
proach is the measurement of leachable levels in 
actual product samples subjected to more or less 
common use conditions (for example, as part of a 
formal product stability study). While such an 
approach is attractive from the perspective of 
providing a reference data base, it can typically 
suffer from practical constraints. In addition to 
the logistical problems associated with even a 
well-designed stability study (analytical method 
development and validation in a myriad number 
of matrices, sample preparation and actual sam- 
ple analysis to name a few), such an approach 
relegates the investigation to a reactive posture. 
Potential problems are encountered and can be 

assessed or addressed only as the study unfolds. 
Alternatively, a theoretically derived model, relat- 
ing the interaction properties of solutes with the 
container material to some fundamental solute 
property, can be used to estimate the magnitude 
of the conta iner /solut ion interaction. This model 
would be based on a rigorous scientific evaluation 
of the processes influencing the conta iner /  
solution interaction and would provide a mathe- 
matical expression allowing for the estimation of 
the levels to which solutes will accumulate in 
solutions contacted by a source material. Such a 
model offers flexibility in application (particularly 
in terms of a forecasting tool) which is not readily 
obtainable from accumulation (stability) testing. 
The application of such an approach allows for a 
proactive assessment of the conta iner /solut ion 
interaction and thus represents a more effective 
means of evaluating the applicability of a new 
container material. 

In this article, an interaction model for a par- 
ticular polymer is proposed and developed. The 
model is used to predict the accumulation of a 
leachable solute in solutions of varying pH and 
the results are reconciled with observed accumu- 
lation behavior. 

Materials and Methods 

Materials 
The polymer used was Kraton G-1652, a 

styrene-butadiene-styrene block co-polymer (Shell 
Chemical Co., Belpre, OH) which is a common 
component of polymeric containers used in the 
pharmaceutical and food industries. The leach- 
able solute studied was 2-ethylhexanoic acid 
(EHA), which is a processing additive for this 
formulation. Standards of this material were 99 
+ % pure (Aldrich Chemical Co, St. Louis, MO). 
Reagents used as model solutes or in solution 
preparations were reagent grade. All solvents 
used to prepare the HPLC mobile phases were 
HPLC grade. Distilled and deionized water was 
used throughout this study. 



Measurement of  partition coefficients for the model 
solutes 

Octano l -wa te r  (Po-w) and hexane -wa te r  (Ph-w) 
pa r t i t ion  coeff ic ients  were  d e t e r m i n e d  for the  
mode l  solutes  and E H A .  Po-w coeff ic ients  were  
d e t e r m i n e d  via H P L C  solvent  scout ing (Gars t  
and  Wilson,  1984; B raumann ,  1986; J enke  et  al., 
1990) or  were  o b t a i n e d  f rom the chemical  l i tera-  
ture  (Leo  et  al., 1971). Ph-w coeff ic ients  were  
d e t e r m i n e d  by shake  flask expe r imen t s  whe re in  
the  equ i l ib r ium d is t r ibu t ion  of  the  solute  be tween  
hexane  and wa te r  mixtures  was de t e rmined .  In 
the  shake  flask exper iments ,  the  aqueous  phase  
was ac id i f ied  to ensure  tha t  the  so lu te  of  in te res t  
was in its non- ion ized  form. 

Measurement of the equilibrium interaction con- 
slant (E b) 

E b was d e t e r m i n e d  via shake  flask me thods  
where in  por t ions  of  the  test  po lymer  were  equil i-  
b r a t e d  with an ac id i f ied  aqueous  phase  conta in-  
ing a known init ial  a m o u n t  of  the  solute  of  in ter -  
est. The  equi l ib r ium concen t r a t i on  of  the  solute  
in the  aqueous  phase  was m e a s u r e d  and used  to 
ca lcula te  E b. 

Identification of EHA in the polymer 
5 g of  the  po lymer  was con tac t ed  with 40 ml of  

wa te r  ad jus ted  to p H  10.7 (with N a O H )  for  up to 
13 days at  70 o C. 10 ml of  these  bas ic  l eacha te  
solut ions  were  m a d e  acidic (pH < 2) by dropwise  
add i t ion  of  0.1 N HCI and  then  ex t rac ted  th ree  
t imes  with 2-ml a l iquots  of  me thy lene  chlor ide .  
C o m b i n e d  o rgan ic  layers  were  d r i ed  with anhy- 
d rous  sod ium sulfa te  and  the solvent  r emoved  
with a s t r eam of  dry n i t rogen.  The  resul t ing  
res idues  were  dissolved in small  vo lumes  of  meth-  
y lene  ch lor ide  for analysis  by gas ch roma tog ra -  
p h y / m a s s  spec t rome t ry  ( G C / M S )  as desc r ibed  
in Tab le  1. The  iden t i f ica t ion  of  E H A  in the  
resul t ing  extract  was conf i rmed  by the  analysis  of  
a s t a n d a r d  r e f e rence  sample  of  this c o m p o u n d  
u n d e r  the  same analyt ica l  condi t ions .  

Determination of the total available pool of EHA 
in the polymer 

1.1-g por t ions  of  the  po lymer  were  p l aced  into 
Pyrex bo t t les  and  con tac t ed  with 15 ml of  a 0.1% 

TABLE 1 

Parameters for GC / MS method 
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Column 
Hewlett Packard HP-1 (cross-linked methylsilicone), 
12 m × 0.25 mm i.d. × 0.33 ~m (film thickness) 
fused silica capillary 

Detector 
Hewlett Packard Model 5970 MSD 

Chromatographic conditions 
Initial Temperature = 40 o C 
Initial hold time = 1 min 
Program rate = 5 ° C/min 
Final temperature = 300 o C 
Final hold = 10 min 
Injector temperature = 250 ° C 
Injection volume = 2 p.l (splitless injection used) 
Carrier gas = helium 
Carrier gas flow rate = 1.5 ml/min 

Detector conditions 
High mass = 650 amu 
Low mass = 35 amu 
Electron energy = 70 eV 
Interface temperature = 310 o C 
Source temperature = 200 ° C 
Emission current = 220 tzA 
Mass resolution = unit 

NaC1, 10 m M  p h o s p h a t e  buf fe r  at p H  6.0. The  
c losed test  ar t ic le  was au toc laved  at  121° C for  45 
rain and af ter  cooling,  the  ext rac t ing  solut ion was 
r emoved  and  analyzed.  The  test  ar t ic le  was r insed  
with water ;  con tac t ed  with a second  fresh a l iquot  
of  buffer  and  re -au toc laved .  This  process  was 
then  r e p e a t e d  a th i rd  t ime.  

Measurement of leachable EllA accumulation 
1.1-g por t ions  of  the  po lymer  were  p l aced  into 

Pyrex bo t t les  and  con tac ted  with 15 ml of  0.1% 
NaC1, 10 m M  p h o s p h a t e  buffer  at p H  2.30, 4.65 
and 6.00. The  c losed  test  ar t ic les  were  au toc laved  
at 121°C for 45 min; a f te r  the  ini t ial  au toc lave  
cycle, several  test  ar t ic les  were  sub jec ted  to a 
second  and th i rd  autoc lave  exposure .  

Analysis (HPLC) 
E H A  concen t r a t i on  in all a p p r o p r i a t e  solu- 

t ions was d e t e r m i n e d  by H P L C .  Se pa ra t i on  was 
accompl i shed  on an Al l t ech  (Deer f ie ld ,  IL)  A d -  
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sorbosphere C18 column (150 × 4.6 mm, 5 /xm 
particles) with a mobile phase of 50:50 acetoni- 
tr i le/0.04 M phosphoric acid. Mobile phase flow 
rate was 1 ml /min,  the analyte was detected by 
UV at 220 nm and the sample size was 0.2 ml. 

Model solutes were also quantitated by HPLC. 
Separation was accomplished on a Supelcosil 
LC8-DB column (50 × 4.6 mm, 5 /xm particles) 
with various binary m e t h a n o l / w a t e r  mobile 
phases. Analyte detection was by UV at 220 nm 
and mobile phase flow rate and sample size were 
modified for each solute mixture to maximize 
sensitivity and specificity. 

Results and Discussion 

The interaction and accumulation models 
To generate a theoretically sound conta iner /  

solution interaction model, the mechanisms by 
which the interaction can occur must be evalu- 
ated. In general, solute migration into or out of a 
container material is controlled by one or more of 
the following limiting factors (Sanchez et al., 1980; 
Cruz et al., 1990): 

(1) The initial amount of migrant present (the 
total available pool); 

(2) the chemical stability of the migrant in 
either phase; 

(3) the diffusion of the migrant through the 
container; 

(4) the solubility of the migrant in either the 
container or solution phase; 

(5) the equilibrium partitioning of the migrant 
between the container and the solution. 

One recognizes that the kinetic aspects of mi- 
gration (diffusion and degradation) serve to mini- 
mize the accumulation of a particular solute in 
solution and that it is the thermodynamic scenar- 
ios which define the maximal, worst-case accumu- 
lation. It is obvious that the total available pool 
(PT) represents the absolute maximal accumula- 
tion, since one cannot mobilize more of a solute 
than is originally in the polymer. The pool limited 
accumulation (Apoo0 of a leachable can be calcu- 

lated from the solution volume (V~), container 
weight (We) and PT as follows: 

Apoo, = ( P ~ X  W c ) / ~  (1) 

Similarly, if the solubility of the leachable in 
the solution phase is less than its total available 
pool, then its accumulation in solution is solubil- 
ity limited. The solubility (S) of a solute can be 
estimated from its octanol-water partition coeffi- 
cient (Po-w) and melting point (MP) via an empir- 
ical relationship (Yalkowsky and Valvani, 1980): 

log S = - 1.0(log Po-,~) - 0.01(MP) + 1.05 (2) 

For solutes which exist as a liquid at ambient 
temperature (such as ethylhexanoic acid), MP is 
set at 25 °C (Yalkowsky and Valvani, 1980). The 
solubility limited accumulation (A~) of a leach- 
able is the product of its molar solubility (S) and 
its molecular weight (MW): 

A ~ = S × M W  (3) 

Finally, the relative affinity of the solute for 
the polymer and solution phases (its partitioning 
behavior) may limit a solute's accumulation in 
solution to a level lower than the total available 
pool. Based on the nature of the polymer and 
solute, the solute will partition itself between the 
solution and polymer phases; the equilibrium dis- 
tribution of the solute between the two phases 
can be described in terms of an equilibrium inter- 
action constant  Eb: 

E b = ( m p / W p ) / ( m J V ~ )  (4) 

where m is the mass of solute in a particular 
phase at equilibrium, W represents the weight of 
the polymer (g), V is the solution volume (1), and 
s and p refer to the solution and polymer phases. 
E b is analogous to a partition coefficient, differ- 
ing in terms of a gravimetric (as opposed to 
volumetric) expression of the solute's concentra- 
tion in the polymer. 

Several investigators have demonstrated that a 
solute's partitioning behavior between a polymer 
and solution can be mimicked by the solute's 



partitioning between two immiscible phases (say 
octanol-water) (Nasim et al., 1972; Illum et al., 
1983; Pitt et al., 1988); 

log E b = a  log P( .... ) + b  (5) 

The accuracy of Eqn 5 depends on how well the 
model solvent mimics the interaction properties 
of the polymer of interest. For many systems, 
multi-modal solute interactions are possible 
(Higuchi et al., 1969; Jordon and Pollack, 1972; 
Gryllaki et al., 1989; Hayward et al., 1990) and 
thus a bimodal expression, based on two dissimi- 
lar solvents (e.g., octanol and hexane) is more 
appropriate (Hayward and Jenkc, 1990): 

log E h = a log Po-,, + b log Ph-w + C (6) 

For ionic solutes, the magnitude of E b is af- 
fected by the species distribution of the solute 
(since generally the ionized form of the solute is 
hydrophilic and has no affinity for the polymer). 
Since the species distribution is dictated primarily 
by pH (at more or less constant ionic strength), 
the interaction constant of a solute at any pH 
(Eb. i) can be related to the interaction constant 
of the non-ionized form of the solute (Eb,  u) and 
the solute's dissociation constant (pKa) via the 
expression (Ilium and Bundgaard, 1982): 

Eb, i = E b , J ( 1  + 10 pH-pK") (7) 

The partition-mediated accumulation of a 
leachable solute (Apart)  can  be calculated from 
E b, the total available pool (PT) and the amounts 
of solution and polymer as follows: 

(8) 

Eqns 1, 3 and 8 thus comprise our accumula- 
tion model. A leachable will accumulate in solu- 
tion to the lowest concentration determined by 
these equations, thus reflecting the mechanism 
which limits accumulation. 

Properties of EHA in the polymer/solution system 
The presence of EHA in the polymer studied 

was confirmed by structural identification (and 
confirmation against an authentic standard) by 
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G C / M S  analysis of polymer extracts. The pK a of 
EHA is approx. 4.85. Its log Po-w and log Ph-w 
were determined to be 2.90 and 1.16, respec- 
tively. From Eqn 2, its calculated molar solubility 
is 7.9 x 10 -3 M. This value compares favorably 
with a measured molar solubility of 5.0 x 10 -3 M. 
Amounts of EHA found in three sequential ex- 
tractions of the polymer were 77.8, 1.67 and 0.05 
# g / g  of material (mean of three test articles). 
Thus, the extraction of the material is essentially 
complete after the third cycle and the total avail- 
able pool of EHA in the polymer can be set at 
79.5 /xg/g (standard deviation = 1.5 p,g/g). The 
E b for EHA and the polymer studied, as deter- 
mined by shake flask methods, was 0.01003 (RSD 
= 7 . 7 % ,  n = 3 ) .  

The partition model 
The generation of a partition model, designed 

to allow for the prediction of E b for a particular 
solute and polymer, requires the solution of Eqn 
6 for the a, b and c constants. This can be 
accomplished by determining the polymer-specific 
E b for solutes of known Po-w and Ph-w and fitting 
the resulting data to the equation using multiple 
linear regression. Pertinent properties of the so- 
lutes studied herein are summarized in Table 2. 
These solutes were chosen as markers since they: 

(i) span 3 orders of magnitude in terms of 
intrinsic lipophilicity; 

TABLE 2 

Model solutes and their properties 

Solute Abbrevia- log Po-,, log Ph-w log E b 
tion 

4-Methylbenzoic acid MBH 2.27 -0.40 - 2.87 
Ethylbenzoic acid EBH 2.97 0.29 - 2.27 
Butylbenzoic acid BBH 3.95 1.80 - 1.39 
Dimethyl phthalate DMP 2.16 0.82 - 1.94 
Diethyl phthalate DEP 3.22 1.75 - 1.27 
Dipropyl phthalate DPP 4.05 2.67 - 0.27 
Ethylbenzoic acid EBH 2.97 0.29 - 2.27 
Ethyl paraben ~' ETPB 2.57 - 1.05 - 3.14 
Butyl paraben '~ BUPB 3.59 0.48 -2.09 
Butylbenzoic acid BBH 3.95 1.80 - 1.39 

2-Ethylhexanoic acid EHA 2.90 1.16 -2.00 

" 4-Hydroxybenzoic acid, - ester. 
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(ii) exhibit a variable ability to interact via 
hydrogen bonding; 

(iii) are, in some cases, ionic (allowing for an 
assessment of pH effects); and 

(iv) are amenable to analysis by HPLC. 
Regression analysis of the partition coefficient 

VS E b data produces the following interaction 
model for the polymer studied: 

log E b = 0.09 log Po.w + 0.65 Ph-w - 2.77 (9) 

where the standard errors associated with the a, 
b and c constants are 0.11, 0.07 and 0.15, respec- 
tively, and the correlation coefficient (r  2) is 0.974. 
The fit of the data to the least-squares regression 
line is shown in Fig. 1. The data's distribution 
around the best-fit line is more or less random, 
indicating that the model has no compound class 
bias. The relative magnitude of the a and b 
constants indicates that the polymer is domi- 
nantly hexane-like and does not interact with the 
solute via hydrogen bonding to any appreciable 
extent. This is consistent with the structure of the 
polymer wherein no moieties are present which 
one anticipates would participate in hydrogen 
bonding. 

Eqn 9 can now be used to determine the E b of 
any leachable substance with known partition co- 

--0.4 I OPP • 
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E T y  MBH r 2 = 0.974 
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O.09(Iog P o-w ) + 0.65(Iog P ~-w ) 

Fig. 1. Partition interaction model. Log interaction constant  
(E  b) versus the linear combination of the log octanol-water 
(Po-,~) and log hexane-water (Ph-w) partition coefficients for 
the styrene block polymer. The solid line represents  the linear 

regression best-fit line. 

TABLE 3 

Predicted versus observed EHA accumulations 

Solution EHA accumulation in extraction solution (ppm) 

pH From Predicted Predicted Observed a 
total from from 
pool solubility partitioning 

2.30 5.89 > 1000 2.62 2.08 (0.02) 
4.65 5.89 > 1000 3.34 3.56 (0.14) 
6.00 5.89 > 1000 5.44 5.74 (0.10) 

n = 4 or 6; value in parentheses  is the standard deviation. 

efficients; the resulting E b can be substituted 
into Eqn 8 to determine its partition mediated 
accumulation in solution. Thus, for example, 
putting the partition coefficient data for EHA 
into Eqn 9 produces a calculated log E b o f  - 1.77, 
which compares favorably with that actually mea- 
sured ( - 2.00). 

Observed ~'ersus predicted behavior 
Eqns 1, 3 and 8 can be used to calculate 

predicted EHA accumulations from the polymer 
of interest. In the case of a total pool limited 
process, solution pH will not influence the pre- 
dicted accumulation. However, solubility and par- 
titioning behavior are affected by pH (for exam- 
ple, as indicated by Eqn 7) and thus the predicted 
accumulation will be pH dependent.  Predicted 
and observed accumulations for the experimental 
system used in this study are summarized in Table 
3. Of the three predicted accumulations, the par- 
tition limited accumulation level is the lowest. 
Thus, for this system, EHA accumulation is parti- 
tion limited and the maximal accumulation is 
calculated from the partition model. As shown in 
Table 3, the partition model predictions accu- 
rately reflect the observed accumulations at each 
pH studied. 

Conclusions 

A model allowing for the prediction of ther- 
modynamically constrained accumulation of 
leachables migrating from polymeric containers 
has been developed. The model predicts accumu- 



lation based on three accumulation-limiting 
mechanisms: total available pool, solute solubility 
and solute partitioning. Equations relating a so- 
lute's solvent-water partition coefficients (Po-w 
and Ph-w) and its aqueous solubility and parti- 
tioning properties have been developed. Thus, 
one can predict leachable accumulations from the 
physical dimensions of the system being studied 
(container weight and solution volume) and from 
the solute's partition coefficients. The maximal 
accumulation of the leachable in solution will be 
the lowest value predicted via the three accumu- 
lation-limiting mechanisms. 

The model has been successfully applied to the 
migration of 2-ethylhexanoic acid out of a 
styrene-butadiene-styrene block co-polymer and 
accurately predicts the accumulation behavior of 
this species as a function of solution pH. 
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