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The purpose of this study was to provide insight into the
processes that occur after the irradiation of solid-state drugs.
Electron paramagnetic resonance (EPR) experiments were
performed at two different frequencies, X-band (about 9.5
GHz) and Q-band (about 34 GHZz), to identify the radicals
present in irradiated captopril. The results confirmed that an
irradiated drug can trap several main radicals. Moreover, the
radical composition varied as a function of the treatment. In
addition, non-volatile final products were studied by liquid
chromatography coupled to UV and to mass spectrometry
(LC-MS). The variation of the radical composition did not
influence the profile of the final products; this appears to in-
dicate that, in the case of captopril, the trapped radicals ob-
served by EPR are not the main precursors of the final prod-
ucts. Finally, high-performance liquid chromatography data
appear to indicate that radiosterilization of captopril is
feasible.  © 2004 by Radiation Research Society

INTRODUCTION

Radiosterilization has been investigated widely since this
technique may be able to sterilize drugs with an efficiency
as good as that of the present reference method (steam) (1,
2). Since irradiation does not induce a significant rise in
the temperature of the drug (3), thermosensitive drugs that
currently require alternative sterilizing methods (e.g. filtra-
tion) could be sterilized efficiently using this technique. In
addition, it would have the advantage of being terminal,
which means the drug could be sterilized in its packaging,
a quality now requested by the European Agency for the
Evaluation of Medicinal Products (EMEA) (4). However,
the damage produced by irradiation of solid-state drugs is
not clearly defined, and the general lack of knowledge of
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the mechanisms and effects of radiosterilization prevents
its widespread use.

The most studied phenomenon in irradiated solid-state
substances is the trapping of radicals in the matrix (5). Elec-
tron paramagnetic resonance (EPR) is the analytical tool of
reference for work on radicals. It is very sensitive and a-
lows paramagnetic species to be detected down to 10-° M
(6). The literature focuses on the detection of irradiated
drugs (7) or the decay (8) or quantification (9) of radicals,
and very few articles deal with the identification of the
radicals (10, 11).

The identification of radicals is indeed a rea challenge
in the case of irradiated solids. The resulting EPR spectrum
is often composite since severa types of radicals can be
trapped (12, 13). Moreover, polycrystaline or amorphous
solids such as drugs give powder EPR spectra, which
means that the spectrum is usualy poorly resolved with
broad features, and therefore qualitative information is
much more difficult to extract. Nevertheless, their identifi-
cation could provide a better understanding of the mecha-
nisms of radiolysis by enabling a qualitative assessment of
the radicals and the products of radiolysis (i.e. the fina
products). Such comparisons have been attempted previ-
ously from a quantitative point of view (14).

In this study, we investigated the radical effects after the
irradiation of captopril, an anti-hypertensive drug. First, we
attempted to identify the radicals, using a higher frequency
(Q-band: ~34 GHz) in addition to the classical X-band
(~9.5 GHZz). High-field EPR increases the spectrum reso-
lution and hence allows more information to be retrieved
(15, 16). Its efficiency for identifying radicals in drugs has
already been shown (17). Additional changes in the EPR
spectra are obtained by varying the experimental parame-
ters such as the microwave power or the acquisition tem-
perature (18).

The second part of the study dealt with the final products.
After dissolution of irradiated drugs in water, which is a
necessary step for their administration, radicals disappear
and final products can be observed by high-performance
liquid chromatography (HPLC). To determine whether
there was a correlation between the radicals and the final
products, the powders studied by EPR were dissolved and
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analyzed further by LC-UV-MS. The variations in the EPR
profiles were compared with the HPLC data.

Finally, some quantitative data are reported to give an
idea about the feasibility of the radiosterilization of capto-

pril.

MATERIAL AND METHODS

Captopril was purchased from Sigma. It meets the U.S. Pharmacopoeia
specifications. The water content is low (<1%).

Treatment of the Sample (Irradiation and Photobleaching)

All irradiations were performed at room temperature in air without
vacuum treatment.

Gamma rays were produced by a %Co panoramic chamber [UCL
(CHIM), Louvain-La-Neuve]. This source was cdibrated by alanine do-
simetry; aanine pellets were supplied and analyzed by Risg National
Laboratory (Denmark), which enabled the dose rate to be estimated as 7
Gy min-.

The X-ray source was a Philips tungsten anti-cathode X-ray tube (UGent,
Ghent, Belgium). The maximum voltage that can be applied to the tube
is 100 kV, and the maximum anode current is 75 mA. The X-ray tube
was usualy operated at 60 kV and 40 mA. The dose rate under these
conditions was ~1300 Gy min-*.

The electron beam facility used was a double-beam linear electron
accelerator (LINAC) (Molnlycke, Waremme, Belgium). The beam power
of each electron generator is ~20 kW. The accelerated electrons were
delivered in pulses of 474 and 478 Hz, respectively. The dose of 45 kGy
was given in a few seconds; the dose rate of the double LINAC is of the
order of 10° Gy min-*. An internal standard, a polymethylmethacrylate
(PMMA) film, was used to monitor the dose delivered by being irradiated
together with the sample. Its absorbency was measured afterward.

The photobleaching treatment was performed with an Allen type A
409 system, whose lamp has an emission spectrum in the ultraviolet and
the visible region.

EPR Spectrometers and Settings

The X-band EPR spectra were taken with a Bruker EM X-8/2.7 spec-
trometer. The magnetic field was measured by a Bruker ER 036 TM NMR
gaussmeter and the microwave frequency by a Bruker EMX 040-1161.8A
frequency counter. All spectra were recorded at room temperature. The
EPR spectrometer settings were as follows: modulation frequency, 100
kHz; time constant, 20.43 ms; conversion time, 10.24 ms; resolution,
4096; number of scans, 1; modulation amplitude, 0.1 mT.

The Q-band EPR spectra were taken with a Bruker Elexsys E500 spec-
trometer. The magnetic field was measured by a Bruker ERO35M NMR
gaussmeter and the microwave frequency by an EIP 548B frequency
counter. Two sets of experiments were performed: one at room temper-
ature and the other at 100 K. The EPR spectrometer settings were as
follows. modulation frequency, 87.5 kHz; time constant, 81.92 ms; con-
version time, 81.92 ms; resolution, 1024; number of scans, 3; modulation
amplitude, 0.2 mT; sweep width 50 mT.

The receiver gain was adapted for each spectrum. The absolute g values
were determined by comparison with a Bruker reference: 2,2-diphenyl-
1-picrylhydrazyl (DPPH) powder sample (g = 2.0036). Data were treated
using Bruker WinEPR® and simulations were performed with Bruker
SimFonia®.

LC-UV

The HPLC system consisted of a Merck-Hitachi D-6000 equipped with
a Rheodyne manual injector with a loop of 20 wl, two pumps (L-6200),
an oven (T-6300), and a UV-visible diode array detector (L-4500).

The chromatographic separation was performed on a 250 X 4-mm
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FIG. 1. Molecular structure of captopril. The asterisks show thetertiary
carbons.

LiChrospher® RP-8 Select B column, 5-um particle size (Merck, Darm-
stadt, Germany), at a flow rate of 1 ml/min. The mobile phase consisted
of a mixture of HPLC-grade acetonitrile and a 0.1% (v/v) formic acid
solution (20:80 v/v).

LC-MS

The solutions analyzed were composed of 20,000 ppm of irradiated
captopril. The chromatograph consisted of a Merck Hitachi L-6200 pump
equipped with a MIDAS autosampler. The mass detector was an LCQ®
Advantage instrument with an electrospray ion source controlled by the
Xcalibur software (Finnigan MAT). The system also included an HPLC
332 UV-visible detector from Kontron.

The chromatographic separation was performed on a 250 X 2-mm
LiChrospher® RP Select B column, 5-um particle size (Merck), at a flow
rate of 250 pl min-*. The mobile phase consisted of a mixture of HPLC-
grade acetonitrile and a 0.1% (v/v) formic acid solution (10:90 v/v).

X-Ray Diffraction

X-ray diffraction data were collected using a Siemens D500 X-ray
diffractometer [UCL (CEAN), Louvain-La-Neuve] with the following in-
strument parameters: radiation CuK, (A = 1.5418 A) with a nickel filter,
power 45 kV, 35 mA; curved graphite monochromator on diffracted
beam; detector: scintillation, scan range 4—90° (26); step size: 0.02°, count
time, 2.4 g/step. The externa standard was silicon (standard reference
material SRM640b). The samples were sprinkled onto a zero-background
quartz plate (Gem Dugout). During data collection, the sample was ro-
tated using a sample spinner. The data were collected and processed by
Socabin-Siemens Diffract-AT®.

RESULTS
X-Ray Diffraction

The molecular structure of captopril is shown in Fig. 1.
A preliminary study of the crystalline structure of captopril
was performed by X-ray diffraction. Comparison with the
X-ray diffraction spectra of the two polymorphic forms of
reference described by Kadin (19) indicated that it was the
high-melting polymorph. Concerning the intensities of the
peaks, the peaks representing the | plane are more intense,
demonstrating that the sample was not isotropic but was
needle-shaped. The study of the full widths at half maxi-
mum (FWHM) gave a mean value of about 0.15, which
suggests that the powder was rather crystalline.

X- and Q-Band EPR

Captopril powder was irradiated with different types of
radiation: X rays, electron beams and vy rays. Figure 2
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FIG. 2. X-band EPR spectra of captopril irradiated with different types
of radiation (X rays, electron beams and ~y rays) at 40 kGy. The spectra
were recorded at room temperature (RT) with a low microwave power
(100 pW).

shows the resulting X-band EPR spectra of the captopril
irradiated with a dose of 40 kGy. All the spectra were re-
corded at room temperature at a microwave power of 100
pW. They are very wide spectra, extending to a sweep
width of 15 mT, resulting in g values that are rather high
for organic radicals (up to 2.055). The lines are broad and
superimposed, leading to composite, badly resolved spectra
that are difficult to interpret completely. Therefore, EPR
measurements were undertaken at a higher frequency to
better separate the different components and to distinguish
between possible g anisotropy and hyperfine structures.
Magnetic-field splittings between the g components are
known to increase linearly with the microwave frequency,
whereas hyperfine splittings remain approximately con-
stant. Figure 3 shows the Q-band EPR spectrum of capto-
pril recorded at room temperature. The sample was irradi-
ated with X rays at 120 kGy, a dose far higher than the
reference dose of radiation (25 kGy) that ensures drug ste-
rility (1, 2). In Q-band, the signal heights are reduced as
the spectrum is spread over a larger magnetic-field range.
Therefore, the dose had to be increased to 120 kGy to ob-
tain a good signal-to-noise ratio. For X-band, a reasonable
spectrum could be recorded with smaller doses. No signif-
icant changes in the spectra were observed with different
doses (from 40 to 120 kGy). Figure 3A shows the Q-band
spectrum for a microwave power of 10 wW, which allows
comparison with the upper X-band spectrum of Fig. 2. It
shows that the spectrum is qualitatively modified in Q-
band. It now extends over more than 35 mT. This enables
one to observe the lines more distinctly, especially between
g = 2.025 and g = 2.060.

Another spectrum was taken at a higher microwave pow-
er (160 mw) and is shown in Fig. 3B. The left part of the
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FIG. 3. Q-band EPR spectra of captopril irradiated with X rays at 120
kGy. Spectra were recorded at room temperature (RT) at low (10 pW)
and high (160 mW) microwave power (panels A and B, respectively).
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spectrum responded differently to the increase in micro-
wave power when compared with the right part (1205-1220
mT); it increased with the microwave power, in contrast to
the right part. This indicates that these parts of the spectrum
belong to different radicals. The spectrum contributions be-
tween 1205 and 1220 mT saturated more rapidly with mi-
crowave power than in the field region between 1175 and
1205 mT.

This attribution of the right part of the spectrum to at
least one radical was confirmed by two other experiments.
The first was the comparison of the X-band spectra of Fig.
2, which were all recorded under the same conditions, the
only difference being the type of irradiation. The afore-
mentioned easily saturated species, around g = 2.004, was
obviously missing after -y irradiation but not after X-ray or
electron-beam treatment. The major difference between
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FIG. 4. Q-band EPR spectra of captopril irradiated with X rays at 120
kGy at 100 K. The experimental spectrum (panel A) was recorded at 100
K with a low microwave power (10 wW). The other experimental spec-
trum (panel B) was recorded at 100 K with a high microwave power (160
mW). It corresponds to a spectrum typical for perthiyl radicals (RSS).
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these types of radiation is the dose rate; it was far lower
for v rays. Finaly, alast test enabled us to make this spe-
cies disappear. A simple heat treatment to 50°C for 2 h
transformed the X-band spectrum obtained after X irradi-
ation into that obtained for y rays. No other visible changes
occurred in the rest of the EPR spectrum. Hence it is evi-
dent from these results that an additional radical was pre-
sent in the right part of the spectrum. Moreover, two of its
properties were characterized: its thermosensitivity and its
easy saturation at moderate microwave powers (few mw).
Since this could therefore be eliminated at least in part, it
allowed us to focus on the rest of the spectrum.
Complementary data were obtained by lowering the re-
cording temperature. Q-band spectra of irradiated captopril
were recorded at 100 K (Fig. 4). The EPR spectrum re-
corded at 10 wW is given in Fig. 4A and can be compared
to that shown in Fig. 3A. The measurements at low tem-
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FIG. 5. HPLC separation of the radiolytic products of captopril irra-
diated with y rays at 25 kGy. The chromatogram was taken at 220 nm.
The asterisk shows the peak that is diminished in the photobleached cap-
topril. The arrow shows the major impurity.

perature alowed us to simplify the spectrum. The part be-
tween g = 2.025 and g = 2.060, which was present in Q-
band at room temperature, disappeared. Figure 4B, which
shows the spectrum recorded at 160 m\W, is very interest-
ing. By eliminating one spectral component, thanks to the
low temperature and the easy saturation of the radical, this
new experiment enabled us to isolate another radical. This
spectrum can be described satisfactorily in terms of rhom-
bic g anisotropy without hyperfine structure.

LC-MS

The analysis of the impurities of captopril was performed
by liquid chromatography. No impurity was detected in the
nonirradiated drug. After v irradiation at 25 kGy, the fina
products were observed. Their chromatographic separation
is shown in Fig. 5. They were detected by both UV spec-
trometry and by mass spectrometry (MS), allowing a com-
plete qualitative study. The methods are indeed comple-
mentary. Some final products could very easily be observed
with UV spectrometry and not with MS and vice versa.
Moreover, co-eluting peaks, which are not separated with
UV spectrometry, can be distinguished by MS. The chro-
matogram obtained for electron-beam-irradiated captopril
was the same, and several peaks were detected. Only one
subtle variation was observed for the irradiated captopril
that was photobleached; the peak (marked with an asterisk)
is smaller in this case, corresponding to an n/z value of
184. Nevertheless, it was only diminished and not absent.

LC-UV

To evaluate the degradation of the product after irradia-
tion at 25 kGy simply and rapidly, we studied the concen-
tration of the main compound (test of content). The analysis
was performed by HPLC coupled to a UV-light detector to
determine whether there was aloss of the irradiated sample
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TABLE 1
Non-exhaustive List of g Values of Perthiyl and Peroxyl Thiyl Radicals Found in the Literature2
g, g, O Reference Radical
RSS
2.05-2.06 2.02-2.03 2.00 20 in general

2.060 2.025 2.002 21 in BSAP film

2.058 2.025 2.002 21 in lyophilized BSA®P

2.061 2.026 2.002 21 in cysteine polycryistalline powder

2.056 2.026 2.0019 22 HOOC-CH(NH,)-CH,-SS

2.058 2.026 2.0014 22 glutathione perthiyl

2.056 2.025 2.0022 22 HOOC-CH(NH,)-C(CH,),-SS

2.061 2.026 2.002 this work R1
RSOO

2.034 2.006 (g.) 21 in lyophilized BSA®

2.035 2.0025 (g.) 24 CH,COSOO

2.034 — — 25 (CH,),CSOO
RC

2.004 (isotropic g vaue) this work R2 radicals

Note. Data found for the radicals in this work are included.
2 The recording temperature and the matrix are not the same.
b Bovine serum albumin.

by comparing the area under the curve of the peak of the
active compound for the nonirradiated and the irradiated
drug. The area under the curve of the peak of the nonir-
radiated drug was considered to be 100%. The standard
deviation obtained was 0.5%. The area under the curve of
the peak of the irradiated drug was then compared to that
of the nonirradiated drug and a comparative percentage was
obtained. The area under the curve for captopril irradiated
with vy rays corresponded to 100.5% (%= 0.2) and was
100.3% (= 0.9) for irradiation with electron beams.

DISCUSSION
Radical R1: Perthiyl Radical

The radical responsible for the spectrum in Fig. 4B will
be called R1. The g values read from the experimental spec-
trum are 2.061, 2.026 and 2.002. These values are very
characteristic, because such a high g, value is seldom ob-
served for organic radicals. In fact, they match the values
proposed in the literature for perthiyl radicals (RSS) (20—
22). A nonexhaustive list of these is given in Table 1. It is
worth mentioning that these values were previously, and
incorrectly, attributed to thiyl radicals (RS) (23). They
would be the result of a succession of well-established re-
actions (20), which transform the thiyl into the perthiyl rad-
ica. The irradiation of captopril would lead initialy to a
thiyl radical. The abstraction of a hydrogen atom is the
most observable effect that can occur in an irradiated solid.
The complexing of a thiyl radical with a molecule of cap-
topril then engenders an intermediary adduct, which is fi-
nally transformed into a perthiyl radical.

Radical R2: Carbon-Centered Radicals

R1 appears to be the major component in the EPR spec-
tra of captopril at high microwave powers. At lower pow-

ers, a second signal is observed at high fields, and the cor-
responding radical will be called R2. It appears to be iso-
tropic with a g value around 2.004, which corresponds to
values observed for carbon-centered radicals. This assign-
ment is confirmed by its easy power saturation. Carbon-
centered radicals saturate at lower powers in comparison
with sulfur-centered radicals (21).

From a radiolytic point of view, its absence at very low
dose rates can be explained by a better diffusion of oxygen.
Radicals would have time to react with oxygen. In time,
the resulting highly reactive oxygenated species would re-
act further, and the radical character would be lost and
therefore would no longer be observed.

The most likely carbon-centered radicals that could be
formed after the irradiation of captopril powder are two
radical species derived from the abstraction of a hydrogen
atom on the tertiary carbons (carbons with an asterisk in
Fig. 1). These radicals would be the most stable. In addi-
tion, the hydrogen can be considered as acidic since the
carbon is close to a carbonyl function. R2 could therefore
be the resulting spectrum of these two species. Other car-
bon-centered radicals could be subjacent.

Other Radicals

The part of the spectra between the components of RSS
at low field (see Fig. 3) remains unexplained. Hence it es-
tablishes the presence of other radicals. This part indeed
varies from one spectrum to another, suggesting that more
than one radical is involved.

The unidentified line around 2.035-2.037 possesses a
rather high g value, which is typical of the g, of peroxyl
radicals (24, 25) (see Table 1). Even though the line shape
does not look like a g, Singularity, this hypothesis was
suggested since thiyl peroxyl radicals are species that are
frequently encountered in the radiolysis of sulfur com-
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pounds when a thiyl radical is produced in the presence of
oxygen.

A classic test to confirm the presence of a thiyl peroxyl
radical is the photobleaching of the sample, which should
transform RSOO" into RSO, (26). This test was performed,
and the resulting spectrum at room temperature indeed
showed discrepancies with the initial one. The lines of RSS
as well as those around 2.035-2.037 diminished, whereas
a line appeared around 2.044. In addition, the resulting
spectrum at 100 K also exhibited differences. A signal can
indeed be observed at g = 2.010. Nevertheless, this value
is normally too high for a sulfonyl radical, which should
be around g = 2.005 (26). Thus changes are observed after
photobleaching but neither the disappearance of RSOO" nor
the production of RSO, can be proved convincingly.

In conclusion, the identification is open to doubt. The
features at low field, in addition to the fact that they do not
saturate as a function of the microwave power, suggest that
the spin of these radicals might be carried by a hetero-atom.

Evaluation of the Degradation of the Main Compound

The percentages obtained by the test of content give an
estimation of the sensitivity of captopril radiation. It ap-
pears to be rather radioresistant. The difference between the
irradiated and the nonirradiated drug is not significant,
which indicates that the induced changes must be weak.
Hence the radiolysis of captopril produced trace products.
This explains why the analyses are tricky. In addition, it
appears that the type of radiation has no effect on the re-
sults. From these tests on the main compound, it appears
that radiosterilization of captopril by either v or electron-
beam irradiation is conceivable. A complete specific study
concerning its feasibility should nevertheless be performed.

Sudy of the Non-volatile Final Products and Correlation
with the Trapped Radical Species

The UV chromatographic profile of the irradiated cap-
topril shows the production of several radiolytic products.
The MS coupling reveals few and weak co-elutions. In
comparison with previous studies on other drugs, the num-
ber of impurities is quite low. In addition, the concentration
of the major peak (indicated by an arrow in Fig. 5) is below
0.001% of the captopril peak. The quantification was per-
formed with the same procedure used for the study of the
final products from B blockers (14); in this case, the per-
centages could reach 0.1%. Hence these results confirm the
test of content and support the feasibility of the radioster-
ilization of captopril.

The chromatograms for the different types of radiation
are similar, which is also in accordance with the test of
content. One would expect to observe some dose-rate ef-
fect. The reactions involved in each case should indeed be
different. Hence other hypotheses need to be considered
such asthe local thermal fusion of solid micro-zones during
the high-dose-rate radiolysis.

Thus, from a qualitative point of view, no changes are
observed in the chromatograms of different solutions of
irradiated captopril. The profile of non-volatile final prod-
ucts is not modified although the EPR spectra of the sam-
ples were different. It seems, therefore, that there is no di-
rect relationship between the EPR spectra and the liquid
chromatograms. One possibility that could be considered is
that the concentration of radicals seen by EPR is too small
to yield a noticeable change in the peak heights of the end
products in the chromatogram. Hence, in the case of cap-
topril, the contribution of the trapped radicals to the find
products is negligible. This is in accordance with the con-
clusion drawn after attempts at quantitative correlations for
B blockers (14). Nevertheless, radical mechanisms cannot
be totally excluded. Since the captopril was irradiated at
room temperature, it is indeed possible that alarge fraction
of the radiation-induced radicals will have reacted and only
those that have been sufficiently immobilized are visible in
the EPR measurements. In fact, the fraction depends on the
molecule studied. Comparisons of radical yields at 77 K
and room temperature were performed on three antibiotics
and showed that the fraction of radical lost can be low, as
in the case of ampicillin (27).

To explore the relationships between radicals and final
products further, a complete LC-MS study of the final prod-
ucts should be performed. Establishing their identification
would certainly be laborious. Such a study was undertaken
on cephalosporins and demonstrated the complexity of the
task, but it only enabled the authors to propose some mech-
anistic pathways (28).

CONCLUSION

The use of high-frequency Q-band EPR was proven to
be very helpful. It provided useful additiona information
for the identification of the radicals. However, Q-band-in-
duced changes are not aways sufficient, as in the case of
weakly anisotropic radicals, and the use of higher frequen-
cies may be required to enable any conclusion on drug
radicals to be drawn (17).

Two main types of radicals can explain the recurrent
lines in the EPR spectrum of irradiated captopril. The un-
paired electron can be carried by either a carbon or a sulfur
atom. Other radicals are present and vary as a function of
the treatment. They have not been identified. Hence the
resulting spectrum of an irradiated drug can be very intri-
cate. Moreover, it may depend on the type of radiation or
the treatment applied.

If the trapped radicals influence the mechanisms of pro-
duction of the radiolytic compounds, the final products pro-
duced after different types of irradiation or treatment should
be different. Major discrepancies were not observed in our
study, which suggests that these trapped radicals do not
play an important role in the formation of the final products
in irradiated captopril. Other precursors could be involved,
including other types of radicals (e.g. untrapped radicals).
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In view of the chromatographic results, the radiosteril-
ization of captopril appears to be feasible. Nevertheless, a
complete and precise quantification of the impurities would
be necessary to confirm this.
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