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Purpose. The radiolytic products of eight �-blockers were studied in
order to understand the mechanisms of irradiation of drugs in the
solid state.
Methods. The drugs were analyzed by high-performance liquid chro-
matography coupled to a diode array detector in order to observe the
degradation of the main compound after irradiation and in order to
study the nonvolatile final products on more concentrated solutions
of irradiated drugs.
Results. The first test assessed that the main compound was not
significantly degraded after gamma irradiation for any of the eight
�-blockers. A more complete study, which consisted on separating
the nonvolatile products and on quantifying them, indicated first that
the radiolytic products could reach the number of 14 and moreover
that some could exceed the 0.1% threshold at 30 kGy. Eventually,
radiolytic yields were compared with radical yields previously deter-
mined.
Conclusions. The sensitivity of the first test can be discussed. It seems
that, to study the feasibility of the radiosterilization, a complete study
of the products of degradation is needed. Moreover, no correlation
between radical and final products could be established, which denies
that the former would be the precursors of the latter.
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INTRODUCTION

�-blockers are antihypertensive drugs. Some of them are
given intravenously and must therefore be sterilized before
being administered to patients. Some drugs used in this study
are only given per os, but they were used to enlarge the work-
ing panel and hence enabled us a wider comparison. Because
they are thermosensitive, the methods using heat (dry heat or
autoclaving) cannot be used. Hence, alternative techniques
are required, which are time-consuming, expensive, and not
as efficient. Radiosterilization does not have these restraints
and is considered as a terminal sterilization. This last property
has now become requested by the European Agency for the
Evaluation of Medicinal Products (EMEA) (1). It would be
therefore a more advantageous alternative technique. Its in-
terest is all the more obvious in the case of thermosensitive
drugs, such as �-blockers. Though radiation treatment of
drugs is considered as a possible mean of sterilization (2,3)

and is even considered as the next best choice after the ref-
erence methods (steam and dry heat) in decisional trees (1),
the mechanism linking the different radiolytic products is not
clear yet and therefore must be further investigated.

Radiolysis of solid-state drugs induces indeed the pro-
duction of new compounds, called radiolytic products, in very
small quantities (traces). On one hand, one can observe the
production of radicals by using electron paramagnetic reso-
nance (EPR) (4), and on the other hand, there are the final
products, which can either be volatile (5) or nonvolatile (6).
The latter are analyzed by gas or liquid chromatography, re-
spectively. These products are considered as impurities, and
their analysis can be done by following the quality guidelines
on impurities from the International Conference on Harmo-
nization of Technical Requirements for Registration of Phar-
maceuticals for Human Use (ICH) (7).

Our hypothesis on the radiolytic mechanism in solid-
state drugs is based on the well-documented production and
trapping of free radicals in the solid after irradiation (8–11).
They could be the precursors of the final products. A model
for quantification of radicals by EPR was proposed, and the
determination of the radical yields for eight �-blockers (ace-
butolol, atenolol, esmolol, labetalol, metoprolol, nadolol, pin-
dolol, and propranolol) was achieved (12). The comparison of
the radical yields with the ones of the final products is fun-
damental to validate our hypothesis. Concerning radicals, the
given yield corresponds to the sum of all the radicals present
and therefore only one parameter can be taken into account.
On the contrary, final products can be studied individually
because they are separated by high-performance liquid chro-
matography (HPLC), and so not only the value of the yields
but also the amount of the different radiolytic products give
information on the radiosensitivity of the drugs.

HPLC enables us to study the effects of irradiation of the
drugs by different approaches. First, a simple and rapid analy-
sis allows determination of the degradation of the main com-
pound. The measurement of the loss of the drug does not give
much information, and a more detailed work on the nonvola-
tile products is required in a second step. The detection and
the separation of these compounds is delicate because they
can be numerous, very close in structure from each other, and
in small amounts (traces). Chromatographic parameters must
therefore be set and optimized for the analyses of the radio-
lytic compounds.

MATERIALS AND METHODS

Drugs

�-blockers were purchased from Sigma (St. Louis, MO,
USA) (minimum 99%) except propranolol, which was from
Fluka (Buchs, Switzerland), and esmolol hydrochloride,
which was kindly provided by Baxter (Nivelles, Belgium).
The water content is very low (below 1%). The chemical
structure of the eight molecules can be found in Ref. 12.

Irradiation

Gamma irradiation was performed with a panoramic
60Co chamber (UCL, Louvain-La-Neuve, Belgium) at room
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temperature and with a dose rate of 417 Gy·h−1. This source
was calibrated with an alanine dosimetry: alanine pellets were
supplied and analyzed by Risø National Laboratory (Den-
mark). The samples were irradiated in closed vials protected
from light and received a single dose of 30 kGy.

Aqueous Solutions

In the eight cases, the concentration of the main com-
pound for the solutions of the content tests is 0.1 mg/ml. The
concentrations of the solutions for the analyses of the final
products are different and are given in Table I.

Liquid Chromatographic System

The HPLC system consisted of a Merck-Hitachi D-6000
equipped with a Rheodyne (Cotati, CA, USA) manual injec-
tor with a loop of 20 �l, 2 pumps (L-6200), an oven (T-6300),
and a UV-visible diode array detector (L-4500).

The chromatographic separation was performed on a
250 × 4 mm LiChrospher RP-8 Select B column, 5-�m particle
size at a flow rate of 1 ml/min or on an Aluspher RP Select B
for pindolol (Merck, Darmstadt, Germany).

Six of the impurities separations were achieved via ion-
pairing chromatography. Negatively charged ion-pairing
agents were used. The mobile phase consisted of a mixture of
acetonitrile and an aqueous solution. In the case of atenolol,
acebutolol, metoprolol, and propranolol, the aqueous solu-
tion was composed of 0.01 M heptane sulfonic acid sodium
salt and 0.01 M of potassium dihydrogen phosphate. Phos-
phoric acid was added to adjust the pH to 2.00. In the case of
esmolol, heptane sulfonic acid sodium salt was replaced by
pentane sulfonic acid sodium salt and, in the case of nadolol,
by octane sulfonic acid sodium salt.

In the case of pindolol, the aqueous solution was com-
posed of 10−2 M NaOH and 7.5 mM tetrabutylammonium.

In the case of labetalol, the pH of the aqueous solution
was simply adjusted with concentrated formic acid in order to
reach a value of 2.00. Methanol was used as the organic sol-
vent.

The aqueous solutions were all filtered through an 0.45-
�m filter.

Details of the chromatographic conditions (temperature,

wavelength, and concentration of the drug) for the eight
�-blockers are given in Table I.

Deionized water was generated from the Milli-Q water
purifying system purchased from Millipore Corporation
(Bedford, MA, USA). Acetonitrile of HPLC grade was pur-
chased from J.T. Baker (Philipsburg, NJ, USA). Methanol
was distilled in our laboratory. All other reagents were of
analytical grade.

Detection and Quantification

The limit of detection (LOD) and the limit of quantifi-
cation (LOQ) are considered as 3 and 10 times, respectively,
the signal-to-noise ratio.

RESULTS

Dose

The analyses show the comparison between the solutions
from irradiated and nonirradiated powders of �-blockers. In
the pharmacopoeias, the reference dose is considered to be 25
kGy (2, 3). It is now desirable and approved to diminish the
dose if the sterility of the drug can still be reached (2). In this
study, the drugs were irradiated with 30 kGy, which is a little
higher than the reference dose. From the EPR results,
�-blockers seemed indeed radio-resistant and a high dose had
to be given in order to observe the radiolytic products. The
dose was chosen to be compatible with the previous EPR
measurements in the scope of a study of the radiolytic mecha-
nisms.

Preliminary Test (Content Test)

Pharmaceutical firms uses a simple preliminary test to
determine if irradiation induce changes in the solid. Diluted
solutions of the drug powder are analyzed by HPLC coupled
to a UV spectrometer. The comparison of the area under the
curve (AUC) of the peak of the drug before and after irra-
diation is analyzed by a Student’s t test in order to determine
if the difference is significant. The results of this test are given
in Table II. From this test, no major loss seems to be suffered
for any of the �-blockers.

Table I. Summary of HPLC Conditions for the Eight �-Blockers Studied

Drug HPLC type
Solvent partition

(Organic:aqueous)
Timea

(min)
�

(nm)
T

(°C)
Concentration

(mg/ml)

Acebutolol Ion-pairing (C7)b 17–83 — 254 37 5
Atenolol Ion-pairing (C7)b 7–93 → 12–88e 6–11 232 34 2.5
Esmolol Ion-pairing (C5)b 13–87 → 20–80e 18–25 200 34 2.5
Labetalol Mass conditionsc 78–21 — 245 25 5
Metoprolol Ion-pairing (C7)b 20–80 — 225 34 1
Nadolol Ion-pairing (C8)b 9–91 → 17–83e 8–13 200 35 2.5

17–83 → 22–78e 13–21
Pindolol Use of additivesd 8–92 — 219 28 1
Propranolol Ion-pairing (C7)b 23–77 — 220 33 2

HPLC, high-performance liquid chromatography.
a Range of time for the gradient elution.
b Ion-pairing HPLC with negatively charged agents: C5, pentane-sulfonate; C7, heptane-sulfonate; C8, octane-sulfonate.
c Adjustment of the pH with concentrated formic acid.
d Tetrabutylammonium.
e Gradient elution.
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Previous studies on antibiotics have shown a significant
loss of the drug after irradiation for lower doses (13, 14). The
observed losses reached, in both works, 4%. In addition, they
became yellow and a bad smell was given off after irradiation,
which is not in accordance with the pharmacopoeia specifica-
tions. These antibiotics are considered to be radiosensitive.
As no significant changes are observed for the �-blockers, the
test seems to confirm their radio-resistant tendency.

Study of the Nonvolatile Impurities

A more complete study of the degradation of the main
compound is obtained indirectly by the study of all the final
products. The comparison of the chromatographic profiles for
the eight �-blockers before and after irradiation is given in
Fig. 1. In these analyses, the solutions are as concentrated as
possible, with respect to the dissolution and the separation, in
order to observe the radiolytic products that are in traces. The
peak of the main compound saturates. In addition to the con-
centration, other parameters such as the temperature, the
wavelength, and the mobile phase composition must be opti-
mized in order to get the best separation of the final products.

In the chromatograms of the eight drugs before irradia-
tion, some initial impurities are always found. After irradia-
tion, variations with the initial chromatograms can be ob-
served in every case. The changes can either come from the
production of a brand new compound or from the increase of
a pre-existing impurity. However, there are always radiolytic
products and they are numerous, pindolol excepted.

As recommended, calculations are performed using the
response factor of the drug substance (7). The products are
not identified, and an approximation is thus made to quantify
them. Previous studies have indeed shown that the radiolytic
products were very close to the main compound (15,16). Their
molar absorptivities are therefore considered as similar and
the quantification of the radiolytic products is obtained by
comparison between their AUC and that of the main com-
pound. In order to compare peaks in equivalent amounts, the
AUC of the main compound is determined for very diluted
solutions. The concentration of the radiolytic product (RP) is
given in the form of a percentage of the main compound
(MC), both being normalized by the exact concentration of
the solutions:

AUCRP

ConcRP

AUCMC

ConcMC

× 100

As an example, the concentrations of the impurities of
nadolol before and after irradiation are given in Table III.
Some concentrations could not be calculated because the
AUC of the impurity was below the LOQ. The overview is
the same for the eight drugs. Most of the radiolytic products
of the �-blockers studied present a concentration below 0.1%.
Only five radiolytic products are above this threshold value.
They are circled on the chromatograms represented in Fig. 1.
Three drugs are concerned: atenolol, labetalol, and nadolol. If
we refer to the ICH norms (7), this would mean that an
identification of these radiolytic products would be required if
one of these drugs had to be radiosterilized. Nevertheless, it
must be kept in mind that the given irradiation dose is high.
In general, such a dose is not necessary to reach sterility.
Hence, in practice, the drug could be sterilized for a lower
dose and the concentration of the radiolytic products might
not reach 0.1%.

Radiolytic Yields of the Nonvolatile Final Products

The determination of the radiolytic yields for the non-
volatile final compounds is not a necessary step to assess the
feasibility of the radiosterilization of a drug. The calculation
of the concentration should normally be sufficient. They are
nevertheless needed to make the comparison with the radical
yields established with EPR (12) in order to understand the
relationships between the two types of radiolytic compounds.
Thanks to the separation by chromatography, the yields can
be obtained for each compound. To compare with the yields
for radicals, which are global, the sum of the yields must be
taken. These sums are given in Table IV together with the
corresponding highest and lowest yields. These results are
disparate. Esmolol shows the lowest yields, which are in the
same order of magnitude as the yields of acebutolol, pindolol,
and propranolol and about 10 times inferior to the yields of
atenolol, labetalol, metoprolol, and nadolol. In any case, the
highest yield counts for more or less half of the sum.

These results could not have been predicted on the basis
of the radical yields obtained by EPR. Only the lowest values
are in the same range as the radical yields. The graph of the
sum of the yields of the final products as a function of the
radical yields is given in Fig. 2. It show four main different
trends. Nadolol is distinguishable because of its rather high
radical yield. The others have very close radical yields, and
the difference lies in the final product yields. Labetalol and
atenolol have very high yields. Acebutolol, esmolol, pindolol,
and propranolol have yields in accordance with the radical
ones. Metoprolol is in-between.

From these results, it is hard to define one single ten-
dency. Hence, it would mean that different mechanisms can
take place. The hypothesis that the radicals are the precursors
can not be discarded, but it would not always be the case. In
addition, these findings are very interesting because it seems
that the mechanisms must be different between drugs that are
very similar in structure.

Table II. Results of the Preliminary Test for the Eight �-Blockers

Drug
AUCa,b before

irradiation
AUCa,b after

irradiation

Acebutolol 1.72(5) × 107 1.70(5) × 107

Atenolol 1.44(2) × 107 1.39(2) × 107

Esmolol 4.90(6) × 107 4.86(7) × 107

Labetalol 1.057(6) × 107 1.06(2) × 107

Metoprolol 1.61(2) × 107 1.592(6) × 107

Nadolol 9.63(3) × 107 9.7(1) × 107

Pindolol 2.7(1) × 108 2.9(2) × 108

Propranolol 3.2(1) × 107 3.19(6) × 107

AUC, area under the curve.
a The given AUC is the mean of three trials.
b Error on the last digit is given in parentheses.

Radiolytic Products of �-blockers 1105



Fig. 1. HPLC profiles of the eight �-blockers. The irradiated drugs are represented by the darker chromatograms and the nonirradiated ones
by the lighter chromatograms.
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DISCUSSION

During the past decade, the question concerning the
analyses of irradiated drugs has remained open. If, in the first
place, the issue was about the detection of radiolytic products
and, corollary, the differentiation of irradiated samples vs.
nonirradiated ones (17), the debate is now focused on how
determining the induced chemical changes.

The content test gives an indication of the degradation of
the drug but is not very accurate. It does not show a signifi-
cant difference between the irradiated and nonirradiated
�-blockers, though the study of the impurities shows that nu-
merous radiolytic products can be obtained and even that
some are above the 0.1% threshold. Hence, as it is the easiest
and quickest method to have a rough estimation, it can still be
useful, but the results obtained must be used with caution.

The chromatographic profile is therefore required. In
this purpose, the separation of the radiolytic products, which
can be detected for highly concentrated solutions of irradi-
ated drugs, has to be determined. Though some authors do
not consider these products as unique (18), experiments have
proven the contrary: they are new impurities that are not
normally found in the drug (19), and therefore the conditions

of the pharmacopoeias do not permit us to detect these prod-
ucts adequately (20). When a study on radiolytic products has
to be done, it is first necessary to find the new working con-
ditions.

It is of common thought to say that final products stem
from radicals (19). Therefore, investigations of radicals were
carried on to understand radiolytic mechanisms (21). In the
same belief, some authors have explained reactions with radi-
cal intermediaries (22). This fact is indeed true for aqueous
systems (23). The chemical changes to the solutes are mostly
dependant on the products of the water radiolysis, which are
radicals to a greater extent. The first molecules in the solid
state that have been deeply investigated were nonpolar, such
as alkanes (24), for which this assumption was correct too.
Nevertheless, such a relationship has never been proven yet
for irradiation in the solid-state drugs, which are polar or
polarizable molecules.

The yields of the final products are of an order of mag-
nitude 10−7 mol · J−1, which cannot be considered as negli-
gible. These findings are unexpected with regard to the radi-
cal yields determined by EPR. The hypothesis based on a
correlation between the trapped radicals and the final prod-
ucts seems not to be correct in the case of the �-blockers.
These results are hence in opposition with the initial thought.
This is in accordance with the qualitative work on captopril
(16). Neither for the �-blockers nor for the captopril do the
radicals seem to play a key role in the formation of the final
products. Up to now, a generalization cannot yet be done.
Such studies on correlation between radicals and final prod-
ucts should be pursued in order to give a conclusive explana-
tion of the radiolytic mechanisms in the solid state.

Ionizing radiation is considered as nonselective (23). Any
part of any molecule of the system can be excited and there-
fore loads of types of radiolytic products are possible. This
phenomenon is indeed verified by the chromatographic pro-
files of the irradiated �-blockers, which show numerous prod-
ucts. On the contrary, in EPR, there are several species too
but just a few radicals are necessary to explain the main allure
of the spectrum (15,25). These few different radicals cannot
explain the variety of the final products detected. This is an
agreement with the nonobservance of a correlation between
the two types of radiolytic products studied.

Table IV. Radiolytic Yields of the Nonvolatile Final Products of
Eight �-Blockers

Radical yields (10−8 mol � J−1)

Sum Highest Lowest

Acebutolol 4 1.5 0.07
Atenolol 73 45 0.6
Esmolol 1 0.4 0.01
Labetalol 85 39 0.3
Metoprolol 21 8 1
Nadolol 33 18 0.05
Pindolol 2 2 2
Propranolol 3 2 0.6

Fig. 2. Relationship between the radical yields determined by EPR
and the sum of the final products yields determined by HPLC.

Table III. Concentration of the Impurities of the Irradiated Nadolol

Impurity
number

Retention
time
(min)

Concentration (%)

Before irradiationa,b After irradiationc

1 2.9 0.008
2 3.4 0.002
3 4.4 0.013 0.169
4 4.85 0.001 0.009
5 5.5 0.036 0.035
6 6.5 0.004
8 8.0 0.006

10 11.9 0.002 0.003
12 20.1 0.002 0.020
13 20.6 0.002

14–15d 22.3 0.003
16 23.6 0.006

The concentration is given as a percentage of the main compound.
a Impurities nos. 1, 2, 7, 8, 9, 11, 13, 14, 15, and 16 are not present in

the chromatogram of nadolol before irradiation.
b Impurity no. 6 is present but under the LOQ.
c Impurities nos. 7, 9, and 11 are not represented as their AUC was

under the LOQ.
d Co-elution of impurities.
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Thus, this would imply to consider other intermediaries
than trapped radicals. Hence, the formation of final products
could rather be obtained through ionic transient species or
radical mechanisms related to untrapped radicals.

In addition, the radiolytic mechanisms seems to be rather
complicated and different, not only between two families of
drugs, but even between two drugs very close in structure
(25). Hence, such a correlation could not be excluded in cer-
tain cases but has not yet been observed to our knowledge.
Therefore, neither an EPR test nor a content test could be
considered as a general way to prove that a drug withstands
radiosterilization. If drugs of the same family (and therefore
very similar) react so differently toward irradiation, the ques-
tion can be raised if such a general test will ever be possible.

The use of liquid chromatography coupled to mass spec-
trometry (LC-MS) could provide some information on the
structure of the impurities (15). Such a complementary study
seems necessary in order to identify the impurities above the
0.1% threshold, as requested by ICH. Even though the con-
centrations will be lowered for a sterilization dose underneath
the one used in our study, they might stay close to 0.1%, and
it would be better to perform the identification from a view-
point of absolute safety. In addition, it would go deeper into
the study of discrepancies observed in this work.
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