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Effect of gamma radiation on amlodis and its potential for radiosterilization

Mustafa Polat∗, Mustafa Korkmaz
Physics Engineering Department, Hacettepe University, Beytepe, Ankara, Turkey

Received 4 May 2005; received in revised form 5 August 2005; accepted 12 August 2005
Available online 13 September 2005

Abstract

In the present work, radiation sensitivity of amlodis (AML) and its active ingredient Amlodipin Besylate (AML-B) were separately investigated
by electron spin resonance (ESR) spectroscopy using radiolytic products induced in these drugs. Irradiation in the dose range of 2.5–25 kGy
did not create any ESR resonance line in AML-B, but it create five characteristic ESR resonance lines associated with more than one radical
species in the case of AML. This signal is attributed to the radical species created upon irradiation of inactive ingredients such as microcrystalline
cellulose and sodium starch glycolate of AML. Five resonance lines were observed to be divided into three sub groups of different characteristic
behaviors associable with three different radical species. Radical species responsible from observed ESR lines were unstable at room and above
room temperatures, however, they conserved their identities over a storage period of 92 days. This permitted to discriminate irradiated AML
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rom unirradiated one. A quadratic function was found to describe best the variations of the intensities of observed resonance lines w
adiation dose. A model based on three tentative radical species with a pyranose ring formed by the rapture of CH bonds in positions 1 and
as proposed to explain the observed five lines experimental ESR spectra. AML was considered not providing the characteristic featur
osimetric material due to its low radiation yield and relatively fast decays of the created radical species, but very low radiation sensis
ctive ingredient, namely AML-B makes AML a good candidate for radiosterilization.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Gamma radiation processing is a well-proven technique for
chieving safe and effective sterilization of disposable medical
evices and other medicinal products and also for improvement
f the hygienic quality of foods[1–7]. Its major advantage is
ue to its high penetrating power and the very small temper-
ture rise induced. The strong penetrating power of gamma
adiation means that products can be sterilized after sealing
nto their final packaging, but the products are not heated
nd remain completely non-radioactive. The sterilization dose
Sterility Assurance Level (SAL) of 10−6) of pharmaceuticals
oth depends on the initial microbiological spoilage and on the
adio-sensitivity of the microorganisms[8]. On account of the
estructive nature of ionising radiation and the difficulty in pre-
icting the radiolytic effects, the study of radiation induced
adicals and chemical products in drugs is necessary, both to
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determine the feasibility of the radiation treatment and to co
it.

Detection and dosimetry of pharmaceuticals radioster
tion is a growing concern to numerous regulatory agen
worldwide; the ability to determine if a product has been irr
ated may have a place in determining if a manufacturing me
is being followed, or if there some doubt as to the veracity
particular supplier. In this context, it is necessary to find met
of distinguishing between irradiated and non-irradiated p
maceuticals. Electron spin resonance (ESR), which is a
sensitive method for detection of free radicals, can be use
detection of irradiated drugs[7,9–14]as already used elsewhe
for foodstuffs irradiated[15–17].

The aims of the present work were: first, to investigate
radiation sensitivity of amlodis (AML) and its active ingredi
Amlodipin Besylate (AML-B) in the dose range of 2.5–25 kG
second, to develop mathematical functions to describe
dose–response curves of radiation induced ESR signals in
diated AML; finally, to determine the dosimetric feature
AML from the kinetic behaviors of the radiation induced rad
species over a large temperature range.
731-7085/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpba.2005.08.005



M. Polat, M. Korkmaz / Journal of Pharmaceutical and Biomedical Analysis 40 (2006) 882–888 883

2. Materials and methods

AML and its active ingredient AML-B were provided
from Eczacıbas¸ı Pharmaceutical Company (Istanbul). AML-B
(C26H31ClN2O8S) is a long-acting calcium channel blocker
and its chemical name is 3-ethyl-5-methyl-2-(2-aminoetho-
xymethyl)-4-(2-chlorophenyl)-1,4-dihydro-6-methyl-3,5-pyri-
dinedicarboxylate benzenesulphonate. AML-B is a white
crystalline powder with a molecular weight of 567.1. AML
is formulated as white tablets equivalent to 2.5, 5 and 10 mg
of AML-B for oral administration. In addition to its active
ingredient, each tablet contains the following inactive ingre-
dients: microcrystalline cellulose, dibasic calcium phosphate
anhydrous, sodium starch glycolate and magnesium stearate.

AML tablets were ground mechanically prior to irradiation
and sieved through a No: 60 screen (0.25 apertures/mm) but
AML-B is used as it was received, namely in its crystalline
powder form. Samples are irradiated in polycarbonate vials.
Ground AML tablets and AML-B in crystalline powder form
were usually kept at room temperature (290 K) before irradia-
tion treatment. All irradiation and ESR experiments were carried
out on samples open to air in order to stay under commercial
radiation sterilization conditions and to determine the possible
dosimetric use of the studied AML and AML-B samples. Irra-
diations were performed at room temperature (290 K) using a
60Co-� source supplying a dose rate of 2.0 kGy/h in the sample
p ish
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Fig. 1. ESR spectra of amlodis (AML). (a) Unirradiated (control) and (b) irra-
diated at 15 kGy.

However, while irradiated samples of AML exhibited an ESR
spectrum with many lines, AML-B did not have any ESR signal
in the irradiated dose range (2.5–25 kGy). Therefore, ESR mea-
surements were performed on AML only. The ESR spectrum
of AML was found to consist of a very intense central line at
g = 2.0033 and four other resonance lines of doublet appearance
positioned symmetrically at the both sides of the central line
(Fig. 1). The shoulder observed on the negative lobe of the cen-
tral line was considered as a sign of an axially symmetric radical
species being responsible from this line. Studies carried out in
the present work were based on the variations of the resonance
peak intensities denoted asI1, I2, I3, I4 and I5 (Fig. 1) under
different experimental conditions. Variations of the peak inten-
sities with microwave power were studied first, in the range of
0.1–20 mW. The results are given inFig. 2. All measured intensi-
ties experienced continuous increases up to nearly 2.5 mW then
they started to saturate. Above 2.5 mW, while other intensities
experienced similar increases,I3 was observed to experience
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osition at the Sarayk̈oy Nuclear Research Center of Turk
tomic Energy Agency in Ankara. The dose rate was meas
y Fricke dosimeter. A set of 21 samples irradiated to dos
.5, 5.0, 7.5, 10, 15, 20 and 25 kGy was employed to cons

he dose–response curves. However, samples irradiated to
f 15 kGy were used to study the decay features of radia

nduced radicals at six different temperatures (313, 333,
73 and 393 K). The former samples were kept at room tem
ture (290 K) before heat treatment.

ESR measurements were carried out using a Bruker E
31 X-band ESR spectrometer operating at 9.5 GHz
quipped with a high sensitive cylindrical cavity (conditio
f operation: central field: 348.6 mT; scan range: 20
icrowave power: 0.5 mW; microwave frequency: 9.51 G

eceiver gain: 2× 104; modulation frequency: 100 kHz; mod
ation amplitude: 0.2 mT; time constant: 327.68 ms; sweep t
3.886 s). Sample temperature inside the microwave cavity
onitored with a digital temperature control unit (Bruker
111-VT). Each measurement corresponds to the average

east three different samples. The position of the sample i
avity was not changed during the long-term signal inten
ecay experiment to avoid any error in g factor and inten
easurements arising from changes in the cavity-filling fac

. Experimental results and discussion

.1. Unirradiated (control) and irradiated AML and
ML-B samples

Unirradiated samples of mechanically ground AML a
ML-B in crystalline powder form did not have any ESR sign
at

ig. 2. Variations of the ESR peak intensities with applied microwave po
�) I1, (�) I2, (�) I3, (�) I4, (�) I5.
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Fig. 3. Variations of the ESR peak intensities with absorbed radiation dose.
(Symbols) experimental, (dashed) calculated; (�) I1, (�) I2, (�) I3, (�) I4, (�)
I5.

a measurable decrease (Fig. 2). This difference in microwave
saturation features of the signal intensities indicated clearly the
existence of at least two radical species exhibiting different char-
acteristics in irradiated AML. Basing on the results given in
Fig. 2, 0.5 mW was adopted as microwave power in the rest of
the work to avoid any saturation effect on measured intensities.

3.2. Dose–response curves

Samples of AML irradiated to doses of 2.5, 5.0, 7.5, 10,
15, 20 and 25 kGy were used to construct the dose–respons
curves through measured intensities. Variations of the measure
intensities with absorbed radiation dose are given inFig. 3. It is
important to emphasize that pattern changes in the ESR spectru
were not observed in the studied dose range (2.5–25 kGy). Th
mathematical functions given inTable 1were tried to describe

Table 1
Mathematical functions tried to describe dose–response data obtained for me
sured peak intensities

Function Intensity Parameters r2

a b c

Y = a + bD I1 −3.32 3.81 – 0.9944
I2 −9.83 5.51 – 0.9815
I3 −22.52 22.62 – 0.9944

4
1

Y 1
3
1
8
8

Y 3
4
0
1
2

the variations of the measured peak intensities with absorbed
radiation dose without forcing them to pass from origin. In
these functions,Y andD stand for the ESR peak intensity and
absorbed radiation dose in kGy, respectively, anda, b and c
are the constants to determine. As can be seen fromTable 1,
the biggest correlation coefficients are obtained in the case of
quadratic and/or exponentially varying functions for measured
intensities. However, the intercepts of the quadratic equation,
which represent the intensities at zero applied radiation dose
or the intensity of unirradiated sample, are smallest and, there-
fore, correlate well with the experimental results. Theoretical
dose–response curves relevant to the measured peak intensities
were also calculated using parameter values given inTable 1.
They are also represented inFig. 3 as dashed lines with their
corresponding experimental counterparts. It is seen that agree-
ment between experimental and theoretical data is fairly good
and that the slope of the dose–response curve associated with
I3 intensity is bigger than the slopes of dose–response curves
of the other intensities at all radiation doses. The peak intensi-
ties [I1 (50± 4.0); I2 (59± 5.0); I3 (290± 20); I4 (46± 4.0);
I5 (42± 3.0)] measured for a sample irradiated at a dose of
15 kGy were used together witha, b and c values given in
Table 1to calculate theoretical doses from quadratic equation.
14.8± 1.2; 14.3± 1.3; 14.7± 0.9; 14.7± 1.2; 14.8± 1.4 kGy
dose values were calculated fromI1, I2, I3, I4 and I5 intensi-
ties given above, respectively. As is expected, error relevant to
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I4 −1.49 3.30 – 0.996
I5 −4.05 3.37 – 0.993

= a + bD + cD2 I1 1.13 2.50 0.05 0.998
I2 2.06 2.01 0.14 0.994
I3 2.27 15.33 0.29 0.997
I4 −0.20 2.92 0.01 0.993
I5 0.55 2.02 0.05 0.998

= a + bDc I1 2.02 1.60 1.26 0.997
I2 3.77 0.87 1.57 0.993
I3 7.85 9.93 1.25 0.997
I4 0.37 2.42 1.09 0.994
I5 1.45 1.18 1.32 0.998
e
d

m
e

a-

3 intensity is smaller compare with those obtained for o
ntensities. This means that, although not linear, a good a
acy in the dose determination can be achieved basing on a
alibrated dose–response curve ofI3 intensity.

.3. Variable temperature studies

Variations with temperature of the peak intensities of an A
ample irradiated at a dose of 15 kGy were also investigat
he temperature range of 130–370 K. Variations ofI1, I2, I4 and
5 intensities with temperature were similar over the temp
ure range, but that ofI3 intensity was different. This observati
as considered again as an indication of the difference in n
f the radical species responsible fromI3 and other intensitie
I1, I2, I4, I5). The results obtained forI1 andI3 intensities ar
iven inFig. 4a and b, respectively, as examples of these v

ions. The results concerning the other intensities are not giv
ave space. Cooling the sample from room temperature (2
own to 130 K produced practically no changes inI3 intensity,
owever, it produced an increase inI1 intensity. This is likely
ue to the saturation ofI3 intensity at low temperature ev
t the adopted microwave power (0.5 mW). When the sa
as heated again from 130 K to room temperature,I1 and I3

ntensities were observed to follow the same variation cu
urther heating of the sample produced irreversible decr

n I1 andI3. The decreases continued up to 370 K, which is
ighest achievable temperature in the present experiment.

ng the sample to room temperature from 370 K caused s
ncreases in bothI1 andI3 intensities, but they never reached
heir before heating values at 290 K. Although, heating cre
hanges in the intensities, it did not produce significant cha
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Fig. 4. Variation of theI1 andI3 intensities with temperature over a temperature
range of 130–370 K; (a)I1, (b) I3. (�) Cooling; (©) heating.

in pattern and in other spectral parameters such as separation
between peaks,g factors and line-widths.

3.4. Long-term stabilities of measured intensities at room
temperature

Ground AML samples irradiated at 15 kGy were used to
determine long-term room temperature stabilities of the stud-
ied intensities (I1, I2, I3, I4 andI5). The samples were stored at
room temperature (290 K) and their ESR spectra were recorded
at regular time interval over a period of 92 days.I3 intensity was
found to decrease very fast in the first 30 storage days following
the cessation of irradiation then this decrease became slower.
Although having low radiation yields,I1, I2, I4 andI5 intensities
were more stable thanI3. Time variations of the studied inten-
sities at room temperature are given inFig. 5. The following
percent decreases of 59, 22, 62, 72, 60 were calculated to occur
in I1, I2, I3, I4 andI5 intensities, respectively, at the end of 92
days storage period without observable changes in the pattern
and characteristic features of the ESR spectra.

3.5. Decreases in measured intensities at high temperatures

Studying the behaviors of the irreversible changes in the
intensities above room temperature would be interesting from
r ible
d from
t ens
t hou
d to g
m uce
i rent

Fig. 5. Signal intensity decay curves at room temperature (290 K); (�) I1, (�)
I2, (�) I3, (�) I4, (�) I5.

predetermined temperatures (313, 333, 353, 373 and 393 K) for
predetermined times (3, 6, 10, 20, 40 and 60 min). Although,
samples were annealed at high temperatures, all spectra were
recorded at room temperature after cooling the samples to room
temperature.

Analysis of microwave saturation, dose response, variable
temperature and long-term signal intensity decay data revealed
the presence of three groups of line intensities behaving dif-
ferently, likely associated with three radical species of different
spectroscopic features in gamma irradiated AML. Therefore, the
activation energies of the radical species responsible from these
groups of line intensities were calculated by annealing sam-
ples at high temperatures. Annealing was observed not creating
changes in the pattern of ESR spectra except some decreases
in the line intensities. These decreases inI1, I2, I3, I4 and I5
intensities with annealing time at predetermined annealing tem-
peratures were observed to follow second order kinetics. Thus,
the decay constants (k) of the radical species associated with
these intensities were calculated at each annealing temperature
by fitting the experimental data to an expression (Eq.(1)) derived
by integration of the differential equation describing second
order kinetic behavior[18].

n = n0

n0kt + 1
(1)

w any
t he
d arized
i rom
a
a pre-
d to the
o seen
f lated
i

adical kinetics point of view. At high temperatures, irrevers
ecreases in intensities would be expected to originate

he decay of the magnetic units responsible for these int
ies. The decay rates of these units at high temperatures s
epend on the sample temperature. To test this idea and
ore insight into the decay processes of the radicals ind

n irradiated AML, the samples were annealed at five diffe
i-
ld
et
d

heren0 andn represents the signal intensities at zero and
ime, t the annealing time andk is the decay constant. T
ecay constants calculated by this procedure are summ

n Table 2. Experimental and theoretical results derived f
nnealing studies for characteristicI3 intensity are given inFig. 6
s an example of the variations of studied intensities at the
etermined annealing temperatures. The results relative
ther intensities are not given to save space. As can be

romFig. 6, the agreement between experimental and calcu
ntensity variation results is fairly good.
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Table 2
Calculated decay constants for radical species responsible from measured line
intensities at five different annealing temperatures

Intensity Annealing
temperature (K)

Decay constant
k × 104 (h−1)

Activation energy (kJ/mol)

I1 313 0.40 35.6± 0.5 (r = 0.9997)
333 0.90
353 1.90
373 3.40
393 6.60

I2 313 8.60 56.8± 4.2 (r = 0.9946)
333 42.40
353 127.90
373 280.10
393 –

I3 313 1.70 37.1± 1.3 (r = 0.9981)
333 4.60
353 9.90
373 17.10
393 32.20

I4 313 0.10 38.5± 1.6 (r = 0.9974)
333 0.30
353 0.60
373 1.20
393 2.10

I5 313 0.30 41.8± 1.2 (r = 0.9988)
333 0.90
353 1.80
373 4.10
393 8.20

The rate constant (k) is expected to exhibit an exponential
dependence on temperature of the typek = k0 e− Ea

RT , where
Ea is the reaction activation energy,R the gas constant andT
is the absolute temperature[18]. If so, ln(k) versus 1/T plot
should give a straight line whose slope is proportional to the
reaction activation energy. The decay constants calculated from
fitting at different annealing temperatures were used to con-

Fig. 6. Experimental and calculated decay curves for the radical
species responsible fromI3 intensity at various annealing temperatures.
S
3

Fig. 7. Arrhenius plots constructed for radical species responsible from mea-
sured intensities of irradiated AML; (�) I1, (�) I2, (�) I3, (�) I4, (�) I5.

struct ln(k) versus 1/T plots. The results are summarized in
Fig. 7. From the plot given inFig. 7, the values of 35.6± 0.5,
56.8± 4.2, 37.1± 1.3, 38.5± 1.6 and 41.8± 1.2 kJ mol−1 K−1

were obtained for decay activation energies of the radical species
responsible fromI1, I2, I3, I4 andI5 signal intensities, respec-
tively. These results indicate that, the activation energy asso-
ciated withI2 line intensity (56.8± 4.2 kJ mol−1 K−1) is fairly
different from other energies whose magnitudes vary in a rel-
atively short range (35.6–41.8 kJ mol−1 K−1). This means that,
at high temperatures, radical species responsible fromI2 line
intensity decays very slowly compared with the other species
responsible fromI1, I3, I4 andI5 line intensities as they do at
room temperature.

3.6. Spectra simulation

Simulation calculations were also performed using signal
intensity data collected from room temperature spectra to char-
acterize contributing radical species and to calculate their spec-
troscopic parameters. A model consisting of three radical species
of different spectroscopic and decay features based on the analy-
sis of the data derived from studies carried out in the framework
of the present investigation was adopted throughout the calcula-
tions. The results of the calculations are summarized inTable 3.
As is emphasized in Section2, irradiation of AML-B, which is
t cals
o ure-
m be
e redi-
e ium
s ram-
e n in
T adi-
c lity
o s a
r en in
T . The
a cates
ymbols—experimental: (�) 313 K, (�) 333 K, (�) 353 K, (�) 373 K, (�)
93 K; solid lines (calculated).
he active ingredient of AML, induces no radicals or radi
f very short lives not permitting to perform ESR meas
ent. Thus, observed ESR signal of irradiated AML would

xpected to result from the degradation of un-medicinal ing
nts of AML, especially from crystalline cellulose and sod
tarch glycolate ingredients of this drug. Spectroscopic pa
ters calculated from spectrum simulation, which are give
able 3, fall into the range of those observed for cellulosic r
al species[19]. This result incited us to explore the possibi
f creation of cellulosic radicals in irradiated AML and a
esult of the exploration three tentative radical species giv
able 3were proposed to explain experimental ESR spectra
nalysis of the calculated hyperfine splitting constants indi
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Table 3
Calculated ESR parameters for contributing radical species

Radical species Percent weight Proton Hyperfine splitting (mT) g factors Line-width
�HPP (mT)

Ax Ay Az gx gy gz

67.77 H� 0.744 0.662 0.431 2.0101 2.0000 2.0024 0.314

18.93 H�1 3.242 2.327 3.180

H�2 1.380 1.761 1.505 1.9968 2.0023 2.0084 0.239
OH 0.577 0.374 0.223

13.30 H�1 2.751 3.091 2.368

H�2 2.035 0.178 1.524 2.0031 2.0131 1.9977 0.233
H� 1.153 0.401 1.019

that the ESR spectrum with many resonance lines may be due
to the radicals with pyranose ring formed by the rapture of CH
bonds in positions 1 and 4. This agrees with the fact that the bro-
ken C H bonds are in positions 1 and 4, which are weakened to
great extent as a result of withdrawal of electron density at the
1, 4-�-glucoside bond and the ring oxygen atom[19].

Formation of a primary hydoxyalkyl (pHA) radical is a com-
mon event in crystalline carbohydrates containing a primary
alcohol group when they are irradiated at low temperature[20].
Madden and Bernhard[21] reported that the main product was
the C(6) hydoxyalkyl radical for�-d-glucopyranose irradiated
at 77 K, while Dizdarŏglu et al.[22] found at room temperature
that the free-radical population consisted mainly of C(1) and
C(2) pHA and C(3) aldehydalkyl radicals. Theoretical spectrum
calculated using parameters exposed inTable 3and correspond-

F AML;
(

ing room temperature counterpart are given together inFig. 8
for comparison. As seen the agreement between these spectra
is relatively good. This indicates that the model based on three
radical species summarized inTable 3explains rather well the
experimental ESR spectrum consisting of five resonance lines
of gamma irradiated AML.

4. Conclusion

Unirradiated and irradiated AML-B (Amlodipin besylate)
which is the active ingredient of amlodis (AML), was observed
not exhibiting ESR signal. However, irradiated AML presented
an ESR signal with five characteristic resonance lines originat-
ing from non-medicinal ingredients of this drug. Analysis of
the experimental data derived from microwave saturation, dose
response, variable temperature, long-term stability and anneal-
ing studies indicated that these characteristic lines designated
asI1, I2, I3, I4 andI5 can be divided into three sub groups asso-
ciated with three different radical species and that a quadratic
function describes best the variations of the intensities of these
lines with applied radiation dose. Although, radical species
responsible from observed line intensities were unstable at room
temperatures, the shape of the ESR spectrum was observed to be
conserved over a storage period of 92 days at room temperature.
It was found that all line intensities could be detected and dis-
c red
t nths.
H of a
g due to
i rved
r dical
s h
a d
ig. 8. Experimental and calculated ESR spectra for gamma irradiated
—) experimental, (. . .. . ..) theoretical.
rimination of unirradiated AML from irradiated one appea
o be possible even after a storage period of several mo
owever, AML does not present the characteristic features
ood dosimetric material for accurate dose measurements

ts low radiation yield and relatively fast decays of the obse
esonance line intensities in spite of the presence of a ra
pecies associated withI2 line intensity having relatively hig
ctivation energy (56.8± 4.2 kJ mol−1 K−1). A model base
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on three tentative radical species proposed in the present work
(Table 3) were found to describe fairly well the observed exper-
imental spectra. Very low radiation sensitivity of AML-B was
considered making AML a good candidate for radiosterilization.
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