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Abstract

The degradation of irradiated human insulin in aqueous solutions was investigated in order to protect the protein against ionizing radiation. The
influence of the drug concentration, excipients and irradiation temperature were studied.

Aqueous solutions at pH 2 were irradiated by gamma rays or by accelerated electrons. Two different high-performance liquid chromatography
(HPLC) methods were used: reverse-phase high-performance liquid chromatography (RP-HPLC)/UV and size exclusion liquid chromatography
(SEC/UV) to investigate both the fragmentation and the formation of higher molecular weight proteins.

In solution without excipients irradiated at ambient temperature at 10 kGy, the loss of human insulin is almost complete. Addition of radio-
protecting excipients (free radicals scavengers) and cryo-irradiation allowed to decrease insulin degradation. The best radio-protector used was
ascorbic acid in aqueous solution and oxidized glutathione in the frozen solutions. Only the combination of these two approaches (addition of
scavenger and freezing) enables the irradiated human insulin in aqueous solution to meet the European Pharmacopoeia requirements for chemical

potency (>90%).
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Human insulin (HIns) is a hypoglycemic protein hormone.
Usually, it is administered through intravenous or subcutaneous
injection and thus has to meet the Pharmacopoeia requirements
of sterility. These insulin preparations are sterilized by aseptic
filtration because of their heat sensitivity. Aseptic processing
is costly and does not lead to a 107° sterility assurance level;
furthermore, pharmaceutical guidelines recommend terminal
sterilization methods (European Pharmacopoeia, 2005; EMEA,
2000; USP, 2000). Sterilization by ionizing radiation could be
a good alternative since it can be applied on the final pack-
aged product and gives no rise in temperature (Reid, 1995;
Nordhauser and Olson, 1998). Radiation processing techniques
have evolved so that radiosterilization has become the first
choice method for thermosensitive solid state drugs as described
in the EMEA decision tree for the selection of sterilization meth-
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ods (EMEA, 2000). However, the use of ionizing radiation for
drugs in aqueous solution is not even considered. There is a
consensus that radiosterilization should not be applied to drugs
in aqueous solution because of the greater degradation (loss
of chemical potency) of the drug compared to the solid state
(Tilquin, 1991; Gopal, 1995; Boess and Bogl, 1996; Tilquin and
Rollmann, 1996). The degradation of a drug solute in aqueous
solution is brought about by the attack of free radicals generated
by the water radiolysis and depends on several parameters such
as the absorbed dose, the temperature and the drug concentration.

The purpose of the present work is to quantify the degradation
of human insulin upon irradiation as a contribution to a final
sterilization technique. Two methods were investigated to lower
the degradation of the drug solute:

e The use of radio-protecting excipients. As the degradation of
the drug solute results from the indirect effect through reac-
tions with reactive species of water radiolysis, scavengers
of these reactive species could protect the drug solute. The
choice of the scavenger and its concentration will depend
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on the solute concentration and reactivity with the radicals
responsible for the solute degradation.

e Cryo-irradiation. The temperature is lowered by freezing the
drug solution which limits the diffusion of reactive species
formed (indirect effect).

This work was conducted at pH 2 because of the very low sol-
ubility of insulin at neutral pH. Insulin is very weakly soluble in
neutral medium and in addition, it precipitated under irradiation,
mostly because of the opening of the disulfide bonds. Radiolysis
in neutral solution is less oxidant and the three disulfide bonds
are sensitive to reduction.

The residual human insulin was measured by high-
performance liquid chromatography (HPLC)-UV and the
influence of the absorbed dose, the temperature and the radio-
protection by excipients were assessed.

2. Materials and methods
2.1. Materials

Neat human insulin (insulin USP, human recombinant,
crystalline, residual moisture 7.5%, zinc content 0.42%) was
purchased from Celliance™ Corporation (a Serologicals Com-
pany) and stored in the dark at 253 K to ensure stability. It was
dissolved in 0.05 M phosphoric buffer (pH 2) to obtain concen-
trations of 1074, 5 x 10~* and 1073 M.

Tridistilled water or water coming from an Elga Maxima
device was used to prepare all solutions. Several pharmaceutical
excipients were added to 10~* M human insulin solutions either
those present in commercial insulin injectables such as glycerol,
m-cresol, methylparaben (methyl 4-hydroxybenzoate), phenol
or others such as mannitol, ascorbic acid, oxidized glutathione
(GSSG) and reduced glutathione (GSH). Various excipient con-
centrations were used and are given in Table 1.

D-Mannitol (USP specifications) was purchased from Sigma.
Glycerol (extra pure) and L(+)-ascorbic acid (extra pure) were
supplied by VWR. Methyl 4-hydroxybenzoate (99%), phenol
(99%) and m-cresol (USP XXIII) were from Acros Organics.

Six milliliters of samples were put in each vials and protected
from light. High-purity nitrogen, supplied by Air-Liquide, was
used to saturate the solutions prior to irradiation for 1 h without
agitation. The samples were irradiated in their initial solutions
without any further pH modification.

Table 1
The concentration (M and % of the different additives tested)

Additives Concentration (M) Concentration (%)
Ascorbic acid 3.4 x107! 5.94

Mannitol 2.8 x 107! 5.07

Glycerol 2.8 x 107! 26

Phenol 3x 1072 0.28

m-Cresol 2x 1072 0.22

GSSG 1x1072 0.6

GSH 1x1072 0.3

Methyl paraben 6x1073 0.1

For the cryo-irradiation, the samples were frozen and irra-
diated in dry ice (198 K) by high-energy electrons. Irradiation
of frozen samples could not be performed with gamma rays
as, given the time needed to achieve the irradiation, freezing
could not be maintained during the whole process. The samples
were kept at 253 K after irradiation and were warmed at room
temperature just before analysis.

2.2. Gamma and electron-beam irradiations

The HlIns aqueous samples were irradiated at ambient
temperature protected from the light in a panoramic ®°Co cham-
ber (UCL-Louvain-La-Neuve, Belgium) calibrated by alanine
dosimetry. The alanine pellets were supplied and analyzed by
the Risg National Laboratory in Denmark. The dose rate was
247 Gy h™!. The absorbed doses were 100 Gy, 200 Gy, 500 Gy,
1 kGy, 5 kGy, 10kGy and 25 kGy. In the figures, only the results
obtained for some doses are displayed.

A double beam linear electron accelerator (LINAC) was
used for the electron-beam irradiations (Mdlnlycke Beta Plant,
Waremme, Belgium). The solutions were either irradiated at
room temperature or frozen with dry ice. The beam power for
each electron generator is 20kW. The electrons were deliv-
ered in pulses of 474 and 478 Hz. The average dose rate was
calculated as 3.2 x 10’ Gyh™! for the single electron beam
and 6.3 x 107 Gyh™! for the double electron beam. A single
beam was used to obtain the lowest irradiation dose possible ca.
11 kGy. For higher doses, both beams were used. The samples
were irradiated at 11, 16,24 and 29 kGy. A polymethylmethacry-
late (PMM) film was used to control the doses delivered to
aqueous solutions and frozen solutions. The absorbed doses were
checked with ceric sulfate dosimeters (Ferradini and Pucheault,
1983; Spinks and Woods, 1990) irradiated at room temperature.

2.3. Analytical HPLC methods

The HPLC system was composed of two Kontron 422 HPLC
pumps, a Rheodyne® manual injector with a 20 wl sample loop,
a Kontron 332 HPLC ultraviolet detector and a Merck Hitachi
F-1050 fluorimetric detector. The Borwin® software version 1.5
was used for data acquisition. All the analyses were carried out
at room temperature. Calibration curves were constructed for
the quantification of human insulin. The formation of dityro-
sine was monitored by measuring fluorescence after excitation
at 325nm and detection at 410 nm, which ensured selectivity
for the detection of dityrosine (Malencik et al., 1996). For the
detection of tyrosine, excitation and emission wavelengths were
275 and 300 nm, respectively.

2.3.1. Reverse-phase high-performance liquid
chromatography (RP-HPLC) method

A Symmetry300™ C; column, 5um particle size,
150 x 3.9 mm L.D. (Waters assoc., Milford, Ma, USA) was used.
The mobile phase consisted of two eluents: eluent A was 25/75
acetonitrile/water with 0.05% trifluoroacetic acid (TFA) and elu-
ent B was 40/60 acetonitrile/water with 0.05% TFA. A linear
gradient from 0% eluent B to 70% eluent B was applied over
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40 min. The flow rate was 1 mL/min, and the UV detection wave-
length was 214 nm (Linde and Welinder, 1991; Welinder and
Sgrensen, 1991; Purcell et al., 1995).

2.3.2. Size exclusion chromatography (SEC) method

The SEC method proposed by Brange et al. (1992) was used.
Chromatographic separation was performed on a Waters Insulin
HMWP (high molecular weight proteins) column, 300 x 7.8 mm
L.D. (Waters assoc. Milford, Ma), using 8/92 acetonitrile/water
with 2.5M acetic acid and 4 mM L-arginine at a flow rate of
0.7 ml/min as the mobile phase. The UV detection wavelength
was set at 276 nm.

3. Results
3.1. Degradation of insulin

Fig. 1 shows the RP- (Fig. 1A) and SEC-HPLC (Fig. 1B)
chromatograms of human insulin 10~*M unirradiated and
irradiated at several doses. The inset represents the residual
percentage of HIns versus the absorbed dose (kGy).
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Fig. 1. Overlay of the UV chromatograms of non-irradiated and +-irradiated
human insulin aqueous solutions. HIns 10~* M, nitrogen saturated solution at
pH 2. Inset is the percent of non-modified insulin as a function of absorbed dose
(kGy). (A) RP-HPLC. (B) SEC-HPLC.

3.1.1. RP-HPLC

The loss of HIns increased with the absorbed dose. Con-
trasting with the solid-state irradiation (Terryn et al., 2006),
the main impurity present before irradiation (a small peak of
A21 desamido-human insulin with a retention time ~17 min)
decreased in aqueous solution as a function of absorbed dose.

3.1.2. SEC-HPLC

At low irradiation doses (from 100 to 500 Gy), the dimer
peak (retention time (fgr) =ca.12.5 min) increased with the irra-
diation dose and a peak of higher molecular mass appeared
(tr =ca.10.9 min). As the irradiation dose increased, the dimer
concentration decreased to give way to polymer. For increased
irradiation doses, the polymer had lower retention times (g for
1kGy =ca.11.1 min and for 5kGy=ca.9.9 min), indicating an
increase in molecular weight. As seen in Fig. 2A, the fluo-
rescence detection (A excitation 325 nm, A emission 410 nm)
indicated that dityrosines were present in dimers and polymers.
At low irradiation doses (200 Gy to 1kGy), such fluorescence
appeared in the monomer, the dimer and the polymers. On
the other hand, at higher doses, peaks of dimer and monomer
decreased to give way to polymers of lower retention time and
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Fig. 2. SEC analysis by fluorescence: overlay of the SEC fluorescence chro-
matograms of non-irradiated and gamma-irradiated human insulin. HIns 10~* M
at pH 2, nitrogen saturated solution. (A) Detection of dityrosine (excitation
wavelength 325 nm/emission wavelength 410 nm). (B) Detection of tyrosine
(excitation wavelength 275 nm/emission wavelength 300 nm).
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another peak with higher retention time. This means that at doses
higher than 1 kGy, this dimer underwent radiolysis.

Fluorescence detection at Aex =275nm and Aep =300 nm
was used to monitor the presence of tyrosines (Fig. 2B). Whereas
tyrosines are detected in dimer and polymer peaks at low irradi-
ation doses (1 kGy), fluorescence due to tyrosines is no longer
detected at 10kGy, except a small peak with retention time of
9.1 min.

The loss of insulin for both RP-HPLC and SEC results fol-
lowed an exponential law.

3.2. Effect of HIns concentration

Fig. 3 shows the percentage of non-modified HIns mea-
sured by RP-HPLC/UV (Fig. 3A) and by SEC/UV (Fig. 3B)
as a function of the absorbed dose for gamma irradiations.
Three HIns concentrations, within the range of the commercial
insulin solutions (100 I.U. corresponds to ca. 6.10~* M), were
assayed at pH 2. For the three concentrations, the loss of insulin
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Fig. 3. Variation of the percentage of human insulin (RP-HPLC) or monomer
(SEC) as a function of the absorbed dose (kGy) for gamma irradiations for
three human insulin initial concentrations. HIns 1074, 5 x 10~* and 1073 M
at pH 2, nitrogen saturated solutions. A. Results for RP-HPLC/UV B. Results
for SEC/UV. (@) Insulin 1074 M; (- - ) exponential decay for insulin 1074 M;
(A) Insulin 5 x 1074 M; (=) exponential decay for insulin 5 x 1074 M; (W)
Insulin 103 M; and (- ——) exponential decay for insulin 1073 M.

followed an exponential decay for both RP-HPLC and SEC
results.

3.3. Influence of excipients

A HiIns concentration of 10~ M was chosen to study the
influence of the excipients. The excipients concentrations are
reported in Table 1. The concentrations used corresponded either
to the maximum percentage allowed in injectables (m-cresol,
methylparaben, phenol), or to the concentration to get isotonicity
to plasma (glycerol, mannitol, ascorbic acid). Oxidized glu-
tathione (GSSG) and reduced glutathione (GSH), which play
a role against oxidative stress, were assessed. Since they are
not excipients, low concentrations were used. As for radioly-
sis results, interpretation of the results might be based on free
radical scavenging, for which the concentration is the relevant
parameter. Thus, for comparison of the effects, the excipients
were classified in two groups, the “low concentration” ones (ca.
1072 M) and the “high concentration” ones (ca. 10~ M).

Fig. 4 shows the influence of different excipients on the
gamma radiolysis of nitrogen saturated solutions of HlIns
10~*M, measured by RP-HPLC/UV.

Concerning the fragmentation (RP-HPLC), in the “low con-
centration ranges” (Fig. 4A) (m-cresol, phenol, methylparaben,
GSH and GSSG), GSSG and m-cresol were the best radio-
protectors followed by phenol, GSH and in the last position
methylparaben. As for the “high concentrations” (Fig. 4B)

A. RP-HPLC Low concentration

Insuli
1001 &g o Ingulin + GSSG
g .0 - Insulin + GSH
R 4 § o Insulin + m-cresol
80 “ry w - Insulin + phencl
@ Insulin + methylparaben
= Y
S 60 5
£ : .
= 40 . .
20 | @ v
° <
04 ® © ]
0 2 4 6 8 10
Absorbed dose (kGy)
B. RP-HPLC High concentration
Insuli
100 H b 2 \::3\:2 + ascorbic acid
K w - Insulin + glycerol
@ [ a & Insulin + mannitol
80
<] @
£ 604 .
=1
> ®
=
< 40
20 °
=
v
04 ® ) g
0 2 4 6 8 10

Absorbed dose (kGy)

Fig. 4. Influence of excipients on Hlns degradation induced by gamma irra-
diation. HIns 10~*M at pH 2, nitrogen saturated solution. Variation of the
percentage of Hlns as a function of the absorbed dose. (A) Low concentration.
(B) High concentration.
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Fig. 5. Influence of excipients on insulin fragmentation induced by gamma
irradiation. Percentage of monomer as a function of the absorbed dose. HIns
107*M at pH 2, nitrogen saturated solution. (A) Low concentration. (B) High
concentration.

(ascorbic acid, mannitol and glycerol), ascorbic acid was a
very efficient radio-protector (at 10 kGy: 73.6% of non-modified
Hlns in the presence of 5.94% of ascorbic acid) whilst glycerol
and mannitol did not protect HIns to the same extent.

The protective order of the excipients is similar for poly-
merization (SEC/UV; Fig. SA and B). Moreover, a greater
protection against polymerization than against fragmentation
was observed. The protection of ascorbic acid against polymer-
ization was almost complete (99.6% of monomer at 10 kGy).

Since it is the most powerful protecting agent, we focused
on ascorbic acid. The effect of the concentration of ascor-
bic acid on the protection of human insulin against ionizing
rays was studied (Fig. 6). For RP-HPLC, the percentage of
human insulin remaining after irradiation (10kGy) increased
with ascorbic acid concentration. The protection against the
fragmentation depended on the excipient concentration. On the
other hand, SEC indicated that for as low as 1% of ascorbic
acid, ca. 87% of monomer was still present after irradiation at
10kGy.

3.4. Influence of the temperature (cryo-irradiation)

Lowering the temperature significantly decreased the degra-
dation of human insulin by ionizing rays. After irradiation at
11kGy by high energy electrons, the content in non-modified
HIns was 84.5 £ 6.3% in frozen solutions versus 0.23 £0.11%
in liquid aqueous solutions.
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(for SEC/UV) as function of percentage of ascorbic acid (m/v) with gamma
irradiation at 10 kGy. HIns 10~* M at pH 2, nitrogen saturated solution. (-+A-+-)
RP-HPLC/UV results, (- -- O - - -) SEC/UV results.

To improve the protection, ascorbic acid (3.4 x 10~! M) or
glutathione (oxidized 10~2 M orreduced 10~2 M) were added to
the solutions. Fig. 7 shows the percentage of non-modified HIns
in frozen solutions with and without excipients as a function
of the absorbed dose. In both HPLC conditions, the addition of
excipients allowed either a decrease or a total disappearance of
the degradation peaks of Hlns.

4. Discussion

The aim of this study was not to establish a ready-to-use
radiosterilization protocol but to make a fundamental study that
may help to design such protocol. Solutions were irradiated at pH
2, which does not comply with the requirements for injectable
drugs (European Pharmacopoeia, 2005; USP, 2000). However,
at this pH value, the protein integrity is maintained and we did
not have to face the problem of aggregation.

In diluted liquid solutions at pH 2, irradiation of HlIns
produces cleavage, dimerization, and polymerizations of the
peptidic chains. The fluorescence results indicate that at least
some dimers and polymers are linked by dityrosines, which are
due to an oxidative process.

In the range of insulin concentration investigated which is
within that of commercialized solutions (from 10™* to 103 M),
the radiation chemical yield of HIns is proportional to its concen-
tration. The prognostic of the degradation in this concentration
range is possible.

At 10 kGy, which might be considered as a possible radioster-
ilization dose, human insulin in aqueous solution (in this range
of insulin concentration) is destroyed.

Protein damages due to indirect irradiation effects could be
minimized by optimization of the irradiation parameters. One
approach to achieve this goal is the addition of compounds that
act as radioprotectors. Another possibility is to limit the diffu-
sion of reactive species by decreasing the irradiation temperature
(Griebetal., 2002; Amareld et al., 2003; Zbikowska et al., 2006).



H. Terryn et al. / International Journal of Pharmaceutics 343 (2007) 4—11 9

(A)100 @i ...
T, e -
T
80 0 “
.. v
£ 60
>
2 a,
& 401
o]
20 - © -+ Insulin
=& Insulin + ascorbic acid
-~ - Insulin + GSSG
~w - Insulin + GSH
0 T T T T T T
0 5 10 15 20 25 30
Absorbed dose (kGy)
S R T
y e
80 -
o]
5]
E 60 2
[e]
=
o
=
x 404
G-+ Insulin
20 4 £+ Insulin + ascorbic acid
® - Insulin + GSSG
¥ Insulin + GSH
0 T T T T T T
0 5 10 15 20 25 30
Absorbed dose (kGy)
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4.1. Influence of excipients
The radioprotective effect of several excipients was assessed.
The bacteriostatic agents (m-cresol, phenol, methylparaben) and

the isotonic agent (glycerol) are used in insulin preparation.

Table 2

Mannitol is a pharmaceutical excipient that is commonly used
in tablets and lyophilized drugs, as a carrier in dry powder and
can be administered parenterally (Rowe et al., 2003). Ascor-
bic acid is a pharmaceutical excipient that is used as antioxidant
agent. Oxidized and reduced glutathione are peptides and are not
used as pharmaceutical excipients. As they play arole in defense
against oxidative stress, one can expect that they have good scav-
enging capacities against free radicals. Oxidized glutathione has
a disulfide bridge.

Ascorbic acid is efficient against degradation and polymeriza-
tion, but its protective effect against degradation depends on its
concentration whereas it is effective against polymerization even
at low concentrations (Fig. 6). Degradation and polymeriza-
tion rely on different mechanisms and different radioprotection
mechanisms are involved. The significant decrease of Hlns
degradation after irradiation in the presence of ascorbic acid
seems to be a very promising finding although insulin content
after irradiation of a solution containing 5.94% ascorbic acid is
still lower than 90%, which is the requirement from the European
Pharmacopoeia for injectable preparations of insulin (European
Pharmacopoeia, 2005).

Oxidized glutathione is a good radioprotector especially
against polymerization. Its disulfide bridge seems to play a role
in the radioprotection.

To optimize the search for radioprotectors, it is necessary to
have an insight into the mechanisms of radioprotection. In a first
step, we focused on the scavenging of water free radicals. The
effect of radioprotectors may be simplified as follows:

HIns + free radical — modified protein

HIns + Scavenger + free radical — unmodified protein

Table 2 gives the absorbed dose that leads to a 10% drug
degradation (D10) and the rate constants of reaction of *OH with
the different excipients used, multiplied by their concentration
(the scavenging capacity). The reaction with the aqueous elec-
tron at pH 2 is not considered since at that pH, it reacts with the
proton. The rate constants of reactions of water free radicals with
human insulin are not known, however the values in the database
show that the rate constants are of the same order of magnitude

D10 (—10%) and rate constants for the reactions of water free radicals with the excipients, multiplied by their concentrations (scavenging capacity)

pH Type Hins concentration (M) Excipient (M) D10 (kGy) (RP-HPLC) D10(kGy) (SEC) k (*OH) (excipient) k (*°H) (excipient)
2 v 1074 - 0.05 0.12 4.9 x 10° 5.0x%10°
2 v 5% 1074 - 0.12 0.38 2.5 x 10° -

2 v 1073 - 0.26 0.63 4.9 % 107 -

2 v 10~* [HAsc]=3.34 x 107! 3.27 338.41 2.7 % 10° 5.4 x 107
- - - [Asc] =2.66 x 1073 - - 8.8 x 104 -

2 v 1074 GSSG 1072 0.92 7.72 9.3 x 107 1.0 x 108
2 v 1074 GSH 10~2M 0.7 - 2.3 %108 -

2 v 1074 m-Cresol 2 x 1072 1.13 6.75 2.4 %108 -

2 v 10~ Phenol 3 x 1072 0.61 11.1 2.0x 108 5.1 x 107
2 Y 104 Methylparaben 6 x 1073 0.28 3.99 - -

2 v 10~* Glycerol 2.8 x 107! 0.23 0.65 5.6 x 108 7.3 x 10°
2 v 1074 Mannitol 2.8 x 10! 0.29 0.81 7.0 x 108 -

[HAsc] is the concentration in the ascorbic acid form and [Asc™] in the ascorbate ion at pH 2. Rate constants are taken from Buxton et al. (1988).
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for all proteins (higher than 10'% mol~! L's~! for a reaction of a
protein with *OH) (Buxton et al., 1988). Thus, we took the val-
ues for lysozyme, another protein which also contains disulfide
bonds and has no metal center. Values of the rate constant (k)
of hydroxyl radical and aqueous electron for the lysozyme are
4.9 x 10'0 and 4.6 x 1019 Lmol~! s~ respectively. Multiply-
ing these rate constants by insulin concentration (10~* M), the
comparative values for *OH is 4.9 x 10 s~!. These data suggest
that all the excipients studied could protect insulin against the
reactive species.

Hydroxyl radicals are very strong oxidants. One of their reac-
tions in proteins is the oxidation of tyrosine residues leading
to dimers. Among protectors, the highest reaction rate con-
stant is that of ascorbic acid. In addition, its high concentration
(3.34 x 107! M) would enhance protection by scavenging of
these free radicals, and it possesses the highest scavenging
capacity (Table 2). On the other hand, mannitol and glyc-
erol, which are poor radio-protectants against fragmentation and
polymerization, also have high scavenging capacity. It seems
that radio-protection is not only due to scavenging, but to more
complex processes.

GSSG reacts fast with all water free radicals and was found
to be a good radio-protector, especially against polymerization
for which hydrogen atom and e,q~ may play a role.

4.2. Influence of temperature

Irradiation of frozen human insulin solutions allows decreas-
ing the insulin degradation (Fig. 7). The frozen state protects
better human insulin against polymerization than against frag-
mentation.

According to the hypothesis of Kempner (Kempner, 2001),
at very low temperatures, all the radiation damages to macro-
molecules are essentially due to primary ionizations occurring
directly in those molecules. The dose absorbed by proteins is
about 1000-fold lower than that by water molecules. Moreover,
as the diffusion of reactive species of water is restricted (except
that of *H), proteins are less radiosensitive and it is not surprising
to find such differences regarding the yields in frozen and liquid
state. The recovery of HIns after an electron-beam irradiation at
11kGy was 84.5 & 6.3% for frozen 10~* M human insulin solu-
tion whereas after such irradiation of aqueous solutions, insulin
was no longer detected.

The recoveries observed for irradiated solid solutions do
not comply with the European Pharmacopoeia requirements
(European Pharmacopoeia, 2005), which state that the content of
insulin for injectable solution should be within 90.0 and 110.0%
of the labeled insulin quantity. Cryo-irradiation (at dry-ice tem-
perature) alone does not provide an acceptable protection.

However, a combination of these two approaches (scav-
engers and cryo-irradiation) produced additive effects, leading
to acceptable recoveries of the therapeutic products. The best
radio-protector in frozen aqueous solutions is oxidized glu-
tathione. The recovery of HIns after an electron-beam irradiation
at 11kGy is 98.3 +2.4% for frozen 10~* M HIns solution with
1072 M oxidized glutathione. The processes that take place in

radiolysis of frozen samples are poorly understood. According
to literature (Karlish and Kempner, 1984; Solomonson et al.,
1987; Le Maire et al., 1990; Potier et al., 1994; Filali-Mouhim
et al., 1997), fragmentation does not occur at random. Oxidized
glutathione protects better than reduced glutathione. Therefore,
disulfide bonds present in the excipient, which reacts efficiently
with reducing species, seems to increase the radio-protection.

5. Conclusion

Insulin should be administrated several times per day to dia-
betics. There is current research about how to improve its quality
and ease of administration. Recently, a pulmonary delivery sys-
tem of insulin (dry powder formulation of human insulin for
pulmonary intake) has been approved (Exubera®, product of a
collaboration between Pfizer Inc and Nektar Therapeutics) but
injections cannot be avoided totally and the problem of steriliza-
tion at low cost should be faced. In this study, we have examined
the feasibility of radiosterilization of human insulin in aqueous
solution. With a dose of 10 kGy, the drug is destroyed. The two
approaches used (addition of scavenger and cryo-irradiation)
allowed a significant protection. The combination of these two
methods allows to obtain a sufficient recovery (>90%, European
Pharmacopoeia requirements) of human insulin at 10 kGy.
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