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Chemical stability of insulin in a delivery system environment 
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Summary. Exposure of insulin solutions to elevated tempera- 
tures for prolonged periods of time will inevitably lead to 
chemical modifications of the hormon. Contact with different 
materials in dosing devices, other design-related factors and 
motion appear to be chemically more detrimental than stor- 
age in glass vials at the same temperature. An in vitro test, de- 
signed to mimick the in vivo situation, consisted of delivery of 
insulin at 37 ~ while the device was constantly moved on a 
shaking apparatus. Insulin quality was assessed using high 
performance liquid chromatography. A polyethylenepoly- 

propylene glycol-stabilized neutral human insulin solution 
(HOE 21 PH) was used. A single insulin derivative is the ma- 
jor modification product which, after passage of the complete 
infusion system, amounts to up to 10%. The biological poten- 
cy of the derivative is indistinguishable from native insulin. 
Delivery of acidic insulin under implant conditions, leads to 
extensive and multiple insulin derivatization, even though the 
biological potency remains 95% after 4 weeks. 
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In recent years p rogrammable  insulin dosing devices 
have been developed with the aim of  attaining opt imal  
diabetic control [1]. In externally-worn pumps ,  and even 
more  so in long-term implantable  pumps ,  the insulin is 
placed in an environment  which is hostile to the mole- 
cule both  physically and chemically. The insulin not on- 
ly experiences exposure to elevated temperatures,  but is 
also mechanical ly agitated and held in contact with dif- 
ferent materials considered less inert than the conven- 
tional glass containers. Finally, it can be exposed to 
shear and other design-related factors in a peristaltic 
p u m p ,  when it is squeezed through an elastomer and  
catheter tube. 

Physical insulin stability has been widely discussed 
in the literature [2-6]. In general, the strong tendency of  
neutral insulin to form insoluble (and sometimes bio- 
logically inactive) precipitates necessitates the use of  
stable insulin preparat ions in pumps.  Stabilization of  
insulin at neutral p H  can be achieved by the addit ion of  
surface active polyethylenepolypropylene  glycol ( H O E  
21 PH) [7, 8] or by the addit ion of  80% glycerol [9]. Acid- 
ic insulin is much  less prone  to denaturat ion because of  
increased solubility, and  has been  used successfully in 
long-term external Siemens Promedos  peristaltic de- 
vices [10]. Other  stabilization procedures  have not yet 
reached the stage of  clinical usage [11], and some others 
appea r  to be primari ly experimental  [4, 12-15]. 

The lack of  chemical stability of  80% glycerol insu- 
lin solutions, by the format ion of  covalent oligomers 
and the concomitant  loss of  biological potency, has 
been described elsewhere [9]. In this pape r  the chemical 
stability of  neutral H O E  21 PH and acidic insulin in a 
p u m p  environment  has been investigated in vitro. 

Materials and methods 

The acidic insulin preparation used was commercial insulin Hoechst 
CS (chromatographed porcine insulin) of pH 3.2, with either 40 or 
100IU/ml. Polyethylenepolypropylene glycol stabilized HOE 21 
PH is a pH neutral solution of highly purified semisynthetic human 
insulin [16], containing phenol as a bacteriostatic agent, tris-(hydroxy- 
methyl)aminomethane as buffer and a defined zinc content of 
11.1 ~tg/ml (U-40), 28 .ug/ml (U-100) or 111 ~tg/ml (U-400). The sur- 
face active stabilizer is always present in a concentration of 10 ~xg/ml. 
In all experiments, quality controlled ampoules for clinical applica- 
tion were used. The in vitro insulin-pump compatibility test consists 
of horizontal shaking of the device at continuous 60-80 cycles per mi- 
nute with 2-cm displacement at 37 ~ while the insulin is being deliv- 
ered through the original catheter (moving freely in air) into a steady 
rubber sealed glass vial held inside the 37 ~ incubation chamber. No 
loss of water or other constituent of the insulin solution was observed, 
as all catheters were water- and phenol-impermeable. The insulin was 
collected over a 1-week period, after which time it was analyzed and a 
new glass vial attached to the catheter. 

Before the first insulin charge the pumps were run at 37 ~ with 
constant movement, at rates of about I ml/day for at least 3 days with 
a placebo solution containing all HOE 21 PH constituents except in- 



U. Grau: Chemical stability of insulin in delivery systems 

Table 1. Summary of in vitro insulin delivery experiments (constant movement at 37~ see materials and methods 
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Pumps Insulin Refill cycles Delivery conditions 

Type Number Type Strength Duration Total Basal rate Bolus Catheter 
IU/ml  (weeks) number gl /day length (cm) 

HPLC analysis Biological 
potency 

Frequency Total 
number Number of 

samples 

Device I 4 
2 

Device II 2 
4 
2 

Device III 2 
1 

Device IV 4 

4 
2 

Device V 4 
4 

Neutral 40 10 6 150 75 
HOE 21 PH 40 10 6 300 75 

Neutral 100 7 2 48 50 
HOE21 PH 100 4 10 280 75 
Acidic 100 4 2 240 50 
Hoechst CS 

Neutral 100 4 12 280 20 
HOE21 PH 400 7 2 70 20 

Neutral 40 4 6 290 20 
HOE 21 PH 
Neutral 100 4 15 240 20 
HOE 21PH 100 6 x 1 0 0 g l  20 

Neutral 40 4 15 1150-1500 50 
HOE 21 PH 100 4 20 1150-1500 50 

Weekly 38 2 
Weekly 18 

Weekly 24 - 
Weekly 52 4 
Weekly 14 8 

Weekly 72 4 
Weekly 17 - 

Weekly 29 - 

Weekly 93 4 
14 

Weekly 108 4 
Weekly 120 4 

'~176 t 804 A B 

"6 40- ~ , T  

o ~ ~o,  2 4 
Time (weeks) Time (weeks) 

Fig. 1 A and B. Kinetics of desamido (A21) insulin formation ( + - + )  
and native insulin disappearance ( � 9  from an acidic insulin prep- 
aration inside A a steady glass vial at 37 ~ and B when delivered 
through a pump in motion at 37 ~ The dashed line represents native 
insulin (tD-- O) and desamido (A21) insulin ( I - - I I )  in samples taken 
from the dead space near the refill septum during the same experi- 
ment. Bars indicate standard deviations 

sulin. This procedure was designed to saturate surfaces with the sur- 
face-active stabilizer. The presence of the stabilizer in the subsequent 
HOE 21 PH refill was checked by measuring the surface tension of 
the solution using a Krfiss tensiometer (N-ring method). During the 
saturation procedure which will have to be performed once before im- 
plantation by the manufacturer, no leaching chemicals were seen in 
HPLC analysis. 

Among the insulin pumps used in the test were the Siemens 
Promedos E 1 (external) [17] and Promedos 1 1 (implantable) [18, 19], 
the Medtronic implantable drug administration device [18], the Paces- 
etter implantable medication system [18], and the Infusaid constant 
basal rate device [18, 20]. In each case, the original catheter supplied 
by the pump manufacturer was used, since it must be considered an 
integral part of the system. The catheters differed in length, but their 
volume, i.e. the overall residence time of the insulin was similar. In 
each case, the same catheter was used throughout the study. Experi- 
mental details are summarized in Table 1. 

A reference sample of the insulin solution was held steady in its 
original glass container in the 37 ~ incubation chamber. Duplicate 
samples of two individual batches were analyzed. 

Insulin quality has been assessed using reversed-phase high per- 
formance liquid chromatography (RP-HPLC) on a Waters System 

consisting of a model M45 and model 6000 A pump, a model 721 con- 
troller, a model M730 data module, a model 710B automatic sample 
injector and a model 481 optical detector. The column was a Waters 
5 p~ C18 Radial Pak compressed inside a Z module, operated at am- 
bient temperature. The mobile phase consisted of a linear gradient of 
28% B to 40% B, where solvent A contains 50 mM tetraethylammoni- 
umphosphate, 0.25M sodium perchlorate and 10% acetonitrile, 
pH = 3.0, and solvent B contains 50 mM tetraethylammonium phos- 
phate, 90% acetonitrile, pH = 3.0. This solvent system has been opti- 
mized for insulin analysis (G. Sepke, unpublished data) and is similar 
to the one used by Shoelsen et al. [21]. Generally, the samples were 
stored at 4 ~ in the glass vial for no longer than 2 weeks before analy- 
sis. A 20-1xl aliquot of the original insulin solution, without any further 
manipulation, was injected and detection was at 210 nm (note that the 
corresponding chromatograms are heavily overloaded in order to de- 
tect small amounts of derivatives). The present data set (Table 1) did 
not contain solutions showing any turbidity on visual inspection. 

Insulin quantity was determined with reference to an external 
standard. The total peak area of the HPLC run of a given sample 
(with the exception of the phenol or p-hydroxybenzoic acid methyl es- 
ter peaks), was divided by the total peak area of an equally concen- 
trated aqueous insulin standard (identical injection volumes, analysis 
on the same day) and calculated as a percentage thereof. 

The total peak area of the sample HPLC run (with the exception 
of the preservative peak) was then set to correspond to 100%, and 
each individual peak was calculated as a percentage thereof. Routine- 
ly, a reference mix of human insulin, bovine insulin, desoctapepti- 
deinsulin, porcine proinsulin and desamido (A21) or desamido (B3) 
human insulin [22] was analyzed. 

The precision of the described HPLC insulin quantification meth- 
od, based on repeated 10 consecutive injections of reference samples, 
is better than + 5%. High-purity acetonitrile for HPLC analysis was 
purchased from Promochem; all the other chemicals were from 
Merck, A. R. quality. 

The pump-generated insulin derivative was isolated from enriched 
samples (e.g. recycled inside the same device) using preparative 
HPLC on a Vydac TP RP 10 p. particle size column of 25 cm x 4.6 mm 
(inner diameter) dimensions. The solvent system was a n-butanol/eth- 
anol/water mixture [23]. 

The Staphylococcus aureus protease V8 fingerprint was per- 
formed in 0.2 M Tris/HC1, pH = 7.3, at 37 ~ for 2 h. 0.1 U of the en- 
zyme (Sigma) was incubated with 200 gg of the insulin derivative in 
220 p.1 buffer. The analysis of peptide fragments was performed using 
the HPLC system described above, except that the gradient was run 
from 20% to 45% solvent B. 
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Fig.2. Reversed-phase high-performance liquid chromatography 
(HPLC) diagrams of acidic porcine insulin at refill and off the cathe- 
ter tip of dosing device II (Table 1) after 2 and 3 weeks' bench test at 
37~ respectively. The initial increase of desamido (A21) insulin 
(eluting at 25 rain) and subsequent decrease is pointed out by the 
dashed line, as is the steady decrease of unmodified native insulin 
(eluting at 23.5 rain) peaks near the front represent salts and methyl- 
paraben. Absorbance was measured at 210 nm 
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Fig.3. HPLC diagrams of neutral human insulin HOE 21 PH at refill 
and, after 2 or 4 weeks' bench test at 37 ~ off the catheter tip, deliv- 
ered through dosing device II 

Biological potency of insulin solutions was in each case deter- 
mined in 24 rabbits with 2 doses according to the Pharmacopoeia 
standard procedure [24]. The precision of the assays which were per- 
formed in a routine quality control laboratory was calculated individ- 
ually for each sample; it is typically 4-10%. 

Results 

As described earlier by several investigators [25-27], in- 
sulin in acidic solution undergoes rapid deamidation at 
elevated temperature. At 37 ~ in a steady glass vial, the 
content of unmodified insulin dropped within 4 weeks 
to about 10%, while the monodesamido (A21) insulin 
increased to about 60% (Fig. 1). When pumped through 
a dosing device kept in motion at 37 ~ the kinetics of 
this deamidation process were initially similar, but from 
week 2 on, the content of either native insulin or mon- 
odesamidoinsulin decreased (Fig. 1), while several new 
species were formed eluting past insulin from the re- 
versed-phase column in HPLC analysis (Fig. 2). 

After 4 weeks of residence at 37 ~ inside the two 
dosing devices in the test, and after delivery, the total in- 
sulin quantity eluting from the HPLC column was only 
60 or 64% of the original value, suggesting that some de- 
rivatives are being adsorbed onto the reversed-phase 
material. No turbidity was detected upon visual inspec- 
tion. The biological potency of the pump eluate and 
pump reservoir contents after 3 and 4 weeks, and of the 
reference samples incubated at 37 ~ for 4 weeks, were 
all better than 92% (average 95%) of the original 
100 IU/ml value. 

Delivery of neutral HOE 21 PH through the same 
system at identical conditions revealed a much more 
straightforward HPLC pattern. The content of native 
insulin dropped by about 10% during the 4-week refill 
cycle, this same amount being largely made up by a sin- 
gle insulin derivative eluting from the HPLC column at 
about 26 min in the gradient (Fig. 3). 

Within the 4-week refill cycle, neither desamido 
(A21) insulin nor desamido (B3) insulin increased sig- 
nificantly. 

The formation of the modified insulin species gener- 
ated in dosing devices reached an apparent steady state 
(Fig.4) when the eluate was collected in a glass vial, 
which was attached to the catheter for 1 week, and re- 
mained at 37 ~ during this time. Corresponding sam- 
ples from the reservoir did show a lower content of the 
derivative, ranging up to about 2% only. 

Delivery of subsequent 10U boli (100~1 each) 
(Fig. 5) showed that about 5% of the derivative were 
formed in the collecting vial. In the first aliquot, 4.2% 
content of the derivative was found, but its proportion 
decreased to the 2.1% value obtained for the reservoir 
sample (dashed line in Fig. 5). The volume of pump 
tube and catheter in this particular device is very nearly 
500 !~1. 

In a control experiment, the neutral insulin prepara- 
tion HOE 21 PH was incubated at 37 ~ in a glass vial 
without movement. Within 4 weeks, the insulin deriva- 
tive characterized by elution from the reversed-phase 
column at 26 minutes was present in 1.2% quantity. 
Hence, the passage through the dosing system leads to 
an exaggeration of the artificial effect due to the sample 
collection mode. 
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Fig.4A and B. Kinetics of formation of the insulin derivative eluting 
at 26 min in HPLC analysis ( +  - + )  and concommitant decrease of na- 
tive human insulin ( � 9 1 6 9  in A a steady glass vial at 37 ~ and B when 
pumped by a dosing device in motion at 37 ~ Bars indicate standard 
deviations 
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Fig. 5. Tracing of the relative amount of the insulin derivative eluting 
at 26 min in HPLC analysis along the drug pathway by subsequent de- 
livery of 10 IU (100 ~tl) bol l  The dashed line represents the proportion 
of the derivative inside the reservoir. This experiment was performed 
at the end of a 4-week refill cycle. Bars indicate standard deviations 
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Fig. 6. HPLC diagrams of neutral human insulin HOE 21 PH at refill 
and, after 2 or 4 weeks' bench test at 37 ~ off the catheter tip, deliv- 
ered through dosing device III 
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In a different dosing device (device III, Table 1) op- 
erating under almost identical conditions, the propor- 
tion of the described HOE 21 PH derived insulin deriv- 
ative was substantially lower (Fig. 6). In fact, native in- 
sulin remained at better than 95% over the full 4 weeks 
of the refill cycle. It is to be noted, that in this case a 
shorter catheter was part of the authentic system, even 
though the volume, i.e. the insulin residence time, was 
very similar. 

In a third implantable pump, the proportion of the 
insulin derivative eluting at 26 min from the HPLC col- 
umn was typically about 3% and, in a fourth device it 
was about 10%. Finally, in a fifth device running, how- 
ever, on a higher rate, the derivative reached about 5%. 
In either case with neutral HOE 21 PH, the HPLC chro- 
matograms were very similar to those shown in Fig- 
ures 3 and 6 and an apparent steady state (compare to 
Fig. 4) was reached at the 3%, 10% and 5% level, respec- 
tively. 

With HOE 21 PH (a total of  381 analyses), the sum 
of the eluted insulin peak areas (total peak area in the 
HPLC chromatogram with the exception of the phenol 
peak) was very similar to the standard. Likewise, biolog- 
ical potency was always indistinguishable from the ref- 
erence solution (refer to Table i for more details of the 
data set). 

A sample of HOE 21 PH, which was recycled inside 
a pump to generate 74% of the derivative characterized 
by elution from the HPLC column at 26 min, did show a 
potency of 98% of the reference insulin in the biological 
assay. 

Discussion 

The recent widespread usage of highly purified insulins 
which was made possible by the advent of highly effi- 
cient separation and sensitive protein analytical meth- 
ods, has had an unpredictable but profound impact on 
the pump therapy field. Insulin is most physically stable 
where it is also least chemically stable and vice versa. 
Insulin-related catheter occlusion problems are rare 
events when an acidic insulin solution is infused by a 
dosing device [10] while this seems to occur quite fre- 
quently and in a much shorter time with neutral conven- 
tional insulin solutions. 

In acidic solution, insulin undergoes rapid deamida- 
tion, most prominently at asparagine A21, with forma- 
tion of the free carboxylic acid [26, 27]. The deamida- 
tion process is rapid at body temperature and monodes- 
amidoinsulin is formed; however this is not inferior to 
the native insulin, either biologically or immunological- 
ly [28, 291. 

In the implantable pump environment, the modifi- 
cation pattern gets more complicated. In particular, 
monodesamido (A21) insulin, which is found in HPLC 
analysis to elute just past the native insulin, is not the 
major modification product within the time frame rele- 
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vant for dosing devices. At its expense, several new spe- 
cies turn up (Fig. 2). Chemical modification, in particu- 
lar deamidation, can take place at several of the six 
asparagines or glutamines within the human insulin se- 
quence [26]. It appears plausible, therefore, that such a 
mixture of multiply modified insulin may have been 
generated. Furthermore, soluble covalent insulin oli- 
gomers or desamidated insulin oligomers formed by 
transamidation reactions appear possible by-products, 
some of which may be bound irreversilby to the RP-col- 
umn and account for the observed loss. The recovery of 
monomeric and dimeric insulins from the RP column, 
as, for instance, in all HOE 21 PH samples analyzed 
here, is very nearly ideal. The biological potency of elu- 
ate and reservoir samples from the bench test after 3 or 
4 weeks was determined to be > 92% of the original val- 
ue. 

Conventional neutral insulin solutions are highly 
sensitive to denaturation in dosing devices; by the addi- 
tion of a surface-active polyethylenepolypropylene gly- 
col-type stabilizer and by careful optimization of the 
other constituents such as the zinc content, a remark- 
able increase in physical stability has been achieved [7, 
8]. The stabilizer is completely inert and is present in 
trace quantities only. 

With respect to chemical stability, neutral insulin 
preparations, in general, are preferable [22, 30]. Delivery 
of neutral HOE 21 PH through a dosing device leads to 
the formation of one specific derivative eluting past in- 
sulin at about 26 min in the gradient, which is almost 
undetectable upon storage in a glass vial (Figs. 2 and 3). 
(The chromatograms of Figures 2 and 3 have been ob- 
tained from samples from the same device.) 

The proportion of the derivative varies from one de- 
vice to another; thus, the environment (materials, diffu- 
sion phenomena etc.) influences not only the physical, 
but also the chemical insulin stability. 

In a clinical environment, the insulin is being dis- 
tributed immediately from the catheter tip; the in vitro 
test system, which, for practicability reasons, consisted 
of collection of the eluate over a 1-week period, is clear- 
ly more strenuous on the insulin and produces some ar- 
tifacts. The experiment in which five subsequent boli 
were delivered, indicates, that under normal operation 
in vivo, up to about 5% of the insulin may get modified 
before the hormone reaches the body. Thus, the chemi- 
cal stability of the neutral preparation HOE 21 PH in- 
side the five dosing devices tested is almost as good as 
the 37 ~ reference sample. 

What is the chemical nature of the derivative ? Using 
the S. aureus fingerprint technique, it could be demon- 
strated that the modification is located in the N-termi- 
nal region of the B-chain and that no covalent cross- 
links between molecules are present. Further work, 
however, will be needed to reveal the exact chemical 
constitution and the mechanisms of formation of this 
modified insulin. The pump-generated derivative pos- 
sesses full biological potency. Furthermore, it does not 

lead to increased insulin antibody formation in pigs 
compared to native human insulin (H. P. Neubauer, per- 
sonal communication). 

In conclusion, unlike acidic insulin, the neutral in- 
sulin preparation HOE 21 PH reaches the body in prac- 
tically the same high quality as the original insulin 
which was charged into the pump reservoir. If, in addi- 
tion, the physical insulin stability in a given device can 
be established in vitro and in animal experiments, then 
pump therapy with long-term reservoirs as in implants 
can - from an insulin point of view - be considered safe 
for further clinical evaluation. 
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