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� Akadémiai Kiadó, Budapest, Hungary 2009

Abstract The effect of ionising radiation on the physico-

chemical properties of salts of three alkaloids has been

studied: codeine phosphate (COD), papaverine hydrochlo-

ride (PAP) and pilocarpine hydrochloride (PIL). These

compounds in the solid state were irradiated with an e-beam

of the energy of 9.96 MeV to achieve doses ranging from 25

to 400 kGy, and then they were subjected to organoleptic

analysis, thermal analysis (differential scanning calorime-

try, DSC), electron resonance (EPR) spectroscopy, scan-

ning electron microscopy observations and X-ray

diffraction study. The most informative were the results

provided by the EPR and DSC methods. The EPR spectra

revealed the presence of long-lived radicals whose con-

centration was directly proportional to the dose of irradia-

tion for all the compounds studied. (PIL 2.14 9 1016 spin/g,

COD 6.85 9 1015 spin/g, PAP 2.50 9 1014 spin/g—for the

dose of 100 kGy). The DSC results revealed a decrease in

the melting point by 5.9 �C for COD and by 0.8 �C for PIL

after irradiation with 200 kGy, which is indicative of

products of radiolysis, of which at least one is non-white,

and changes the colour of the compounds. PAP, for which

no decrease in the melting point and no colour change was

observed and for which the concentration of free radicals

was the lowest, was found to be most stable from among the

compounds studied. It will probably be suitable for radia-

tion sterilisation. The other two compounds COD and PIL

show much lower radiochemical stability and should be

subjected to more detailed examination to establish the

mechanism of radiolysis and the possibility of radiation

sterilisation. Our results have confirmed the earlier reports

on high radiochemical stability of PAP, but do not confirm

the resistance to ionising radiation of COD and PIL.
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Introduction

Differential scanning calorimetry (DSC) is widely used in

the examination of physico-chemical proprieties of drugs.

The DSC curves provide information on the purity, poly-

and pseudopolymorphism and polymerisation of the med-

ical therapy substances [1–4] and permit estimation of

interactions between their components (therapeutic sub-

stances, excipients, their solvates, salts, etc.) [5–8]. The

information obtained from the DSC experiment allows us

to draw conclusions regarding by bioavailability of drugs,

their toxicity and the thermal or another type stability [9–

14]. The DSC curves of the substances of low stability and

undergoing degradation easily show a characteristic shift of

the melting point towards the lower temperatures because

degradation products act as contamination and decrease the
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melting point of drugs. The other method applied, the

electron resonance spectroscopy (EPR) provides informa-

tion about the presence of free radicals, which are formed

as a results of knocking an electron out of a molecule. EPR

method is not required by the European Pharmacopoeia or

national pharmacopoeias as a method of drug testing but it

is a very useful way of assessing the effect of ionizing

radiation of drugs [15–17].

The estimation of the number of free radicals appearing

as a result of irradiation and their lifetime provide the

information on the degree of degradation of the compound

studied. Unfortunately, no norms have been established yet

as to the content of free radicals in a unit of mass/volume

of the drug, so the EPR results cannot be treated as

indicative of whether a particular drug is suitable for

sterilization by irradiation. However, the information on

the number free radicals, their structure and lifetime can

significantly facilitate identification of the mechanism of

radiodegradation.

In this article, these two methods, EPR and DSC, as well

as other methods recommended for investigation of solid

state substances (not requiring phase transition) were applied

for determination of the radiochemical stability of selected

alkaloids: morphinane (codeine), isochinoline (papaverine)

and imidazole (pilocarpine). The first and hitherto the only

reports on the radiochemical stability of these alkaloids come

from the 1970s [18, 19]. The authors of these articles on the

basis of the UV and TLC results obtained for the above

substances in solid phase have concluded that they are

resistant to irradiation in doses up to 60 kGy.

The current study was undertaken to verify the literature

results on radiostability of these alkaloids using a variety of

instrumental methods such as scanning electron micros-

copy (SEM), X-ray diffraction (XRD), DSC and EPR. The

DSC and EPR were found to be particularly useful in

providing rapid and accurate information on the stability of

these compounds.

Materials and methods

Materials

Characterisations of the investigated codeine phosphate

COD (serial number 04-00995, producer: Pharma Cos-

metic), papaverine hydrochloride PAP (serial number

055K0915, producer: Sigma–Aldrich) and pilocarpine

hydrochloride PIL (serial number 04CJ04, producer:

FarmImpex) are presented in Table 1. All investigated

substances were in the form of white, loose powder and

satisfied the pharmacopoeia requirements [20].

Methods

Exposure to irradiation

Approximately 1.0 g of COD, PAP and PIL was placed in a

colourless glass vial of 5 mL in capacity and closed with a

plastic stopper. The samples in the vials were exposed to

irradiation in a linear electron accelerator LAE 13/9

(electron beam 9.96 MeV and current intensity 6.2 lA) till

they had absorbed a dose of 25, 50, 100, 200 and 400 kGy.

Organoleptic analysis

Before and after irradiation compounds were subjected to

organoleptic analysis comparing their colour against a

white background, and observations of their form, odour,

Table 1 Chemical properties of investigated alkaloids [20–22]

COD PAP PIL

Chemical name 7,8-Didehydro-4,5a-epoxy-3-methoxy-

17-methylmorphinan-6a-ol phosphate

hemihydrate

1-(3,4-Dimethoxybenzyl)-

6,7-dimethoxyisoquinoline

hydrochloride

(3S,4R)-3-Ethyl-4-[(1-methyl-1H-

imidazol-5-yl)methyl]dihydro-

furan-2(3H)-one hydrochloride

Chemical structure

CH3

O

O

HO

H3C

N

H3PO4 ½ H2O HCl

H3CO

H3CO

N
H3CO

H3CO
NN

O

O

C2H5

CH3

HCl

Molecular formula C18H21NO3, H3PO4, � H2O C20H21NO4, HCl C11H16N2O2, HCl

Molecular mass/g mol-1 406.4 375.9 244.7

Melting point/�C 235 218–223 199–205
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solubility and clarity of solution (0.005 g of the substance

was dissolved in 5 mL of a properly chosen solvent) to

those of the non-irradiated sample.

Scanning electron microscopy

SEM analysis was made using a SEM 515 (Philips) electron

microscope with 14-mm working distance and 3–10-kV

accelerating voltage.

X-ray diffraction

X-ray analysis was performed on a Philips powder dif-

fractometer model PW 1070 controlled by an IBM PC unit,

using CuKa radiation (35 kV, 20 mA) and a nickel filter.

The patterns were recorded for 5� \ 2h\ 50� for the gaps

of 1�/1� at a counter step 0.02� s-1. All XRD measure-

ments were carried in an air atmosphere.

Electron paramagnetic resonance spectroscopy

The EPR experiments were carried out for non-irradiated,

irradiated samples, in standard EPR quartz sample tubes

from Wilmad. The measurements were performed with a

Bruker EPR EMX-10 spectrometer working at 9.4 GHz

(X-band) at room temperature (293 K). The sensitivity of

the spectrometer is 1 9 1010 spins per gram. Induction of

the magnetic field was measured to the accuracy of

0.001 mT. Microwave frequency was measured to the

accuracy of 0.001 GHz. The spectra were double integrated

over the magnetic field range 334–354 mT, which gives a

figure proportional to the number of radicals in the sample.

Differential scanning calorimetry

The measurements were performed using a DSC-204

Netzsch instrument. The samples of about 10 mg were

sealed in aluminium cells with pierced lids. The measure-

ments were performed in helium atmosphere in tempera-

tures from 20 to 300 �C at a scanning rate of 5 �C min-1.

The results were processed using TA (Netzsch) program.

For the determination of the enthalpy values of the repre-

sentative phase transitions, linear or tangent-sigmoidal

baseline was used.

Results and discussion

According to the European Norm EN 552 [23], radiation

sterilisation of medical therapy substances is performed

with a dose of 25 kGy. The higher doses used in our study

were intended to detect even the smallest changes that take

place in a given drug upon irradiation. For reference, the

initial non-irradiated drugs were subjected to the same

examinations on the same equipment, in the same condi-

tions and using the same reagents. Organoleptic analysis

performed according to the requirements of Pharmacopoeia

has shown that the ionizing radiation applied in the doses

from 25 to 400 kGy does not cause changes in the form and

smell. Only one compound, PAP, even when subjected to a

dose of 400 kGy, remained a white, crystalline powder.

The other two drugs, PIL and COD, showed some degree

of discolouration when subjected even to the lowest dose of

25 kGy.

The COD colour changed from white to dirty-white, and

that of PIL from white to pale yellow. As the irradiation

dose increased, the colour changes intensified.

The results of the organoleptic analysis showed that

these three compounds studied have different sensitivity to

irradiation. The colour changes of PIL and COD can be

related either to formation of the product of radiolysis that

are coloured or be a result of damage to the crystal lattice

[24, 25]. The SEM images (Fig. 1) proved that all the drugs

studied were still in the form of fine crystalline state. The

largest well-developed crystallites were observed for PIL,

while the smallest for COD. The ionising irradiation in the

doses applied did not change the microscopic image,

COD 0 kGy 
20 µm 

COD 200 kGy 
20 µm 

PAP 0 kGy 
20 µm 

PAP 200 kGy 
20 µm 

PIL 0 kGy 
20 µm 

PIL 200 kGy 
20 µm 

Fig. 1 SEM microphotogaphs of the alkaloids investigated before

and after irradiation

DSC and EPR analysis of some radiation sterilized alkaloids 263

123



neither in shape nor in the size of the crystallites. The XRD

powder method did not provide any evidence of changes in

the crystalline structure of the compounds studied as a

result of irradiation, except for a decrease in the intensity of

the peaks recorded for PAP at the highest irradiation dose

(Fig. 2).

The EPR results evidenced the appearance of free rad-

icals in the compounds studied even after irradiation with
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Fig. 2 XRD spectra of the alkaloids investigated before and after

irradiation
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Fig. 3 EPR spectra of COD, PAP and PIL after irradiation (100 kGy)

Table 2 EPR results for irradiated alkaloids

Compound Dose/kGy EPR/spin g-1 9 1015

After 5 days After 428 days

COD 0 0 0

25 2.74 1.68

50 4.33 2.60

100 6.85 3.31

PAP 0 0 0

25 0.15 0

50 0.18 0

100 0.25 0

PIL 0 0 0

25 6.56 2.87

50 9.89 7.54

100 21.39 17.01

0              25             50             75            100

0,0

5,0x10
15

1,0x10
16
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16  COD
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 PIL
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r = 0.9913

 r = 0.9955

Fig. 4 Free radicals concentration versus irradiation dose
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the standard sterilisation dose of 25 kGy. The concentra-

tions of the free radicals in PAP, COD and PIL were

0.15 9 1014 spin g-1, 2.74 9 1014 spin g-1 and 6.56 9

1014 spin g-1, respectively (Fig. 3, Table 2). As the dose

increased, a proportional increase in the concentration of

free radicals was observed (Fig. 4) and their lifetime for

PIL and COD exceeded 428 days. In PAP, no free radicals

were detected after 428 days (Fig. 5).

DSC curves revealed a single endothermic peak for PAP

and PIL, appearing at the melting points of the compounds,

*226 �C for PAP and *205 �C for PIL (Fig. 6). The DSC

curve recorded for COD showed two endothermic peaks

(Fig. 7) with the maxima at *180 and *235 �C. The first

one was interpreted as related to the polymorphous change

[26], while the other one (ca. 235 �C) as corresponding to

the melting process. The shape of DSC curves for irradiated
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PAP and PIL remained the same as for unirradiated drugs,

with just a small deviation from the original values of Tpeak;

for PAP in the range of ?0.3 and ?0.5 �C, for PIL between

-0.3 and -1.7 �C (Table 3).

The DSC curves recorded for COD showed changes in

the course of the first and the second peak, which meant

that the polymorphous transition in irradiated COD took

place at lower temperatures than in the nonirradiated COD

(180 �C for the doses 25 and 50 kGy; 175 �C for

200 kGy), similarly as the phase transition solid ? liquid.

The decrease in the melting point of the alkaloids

studied was not proportional to the dose of irradiation

(Fig. 8). Only the temperature of the polymorphous tran-

sition taking place in COD decreased in proportion to the

dose applied (r = 0.9731). The greatest difference in Tonset

(D = 5.9 �C) for COD was observed after irradiation with

400 kGy. Changes in the DSC curves observed for PIL and

COD suggest the presence of the products of radiolysis that

can act as impurities and decrease the melting point rela-

tive to that of the initial compound [12–14].

Conclusions

On the basis of the results presented above, we have

concluded that the alkaloids studied show different sen-

sitivity to ionising radiation. In all three of them, there

were no changes in the crystalline form, as indicated by

SEM and XRD methods. For two of them COD and PIL,

a change in colour and the presence of free radicals was

observed (2.74 9 1014 spin g-1 for COD and 6.56 9 1014

spin g-1 for PIL). For PAP no change in colour was

noted and the lowest concentration of free radicals was

detected (0.15 9 1014 spin/g). For PAP, no decrease in

the melting point was apparent, but it was observed for

COD and PIL, which was indirect indication of the

presence of radiolysis products in the latter two com-

pounds. It should be noted that the decrease in the

melting point of PIL was much smaller than in that of

COD, which can suggest a greater radiochemical stability

of PIL. To sum up, the results obtained for PAP (low

concentration of free radicals, no change in the melting

point, no change in colour, form and crystalline lattice)

indicate a high radiochemical stability of this compound.

In contrast COD and PIL show low resistance to irradi-

ation and they will have to be subjected to more detail

investigation to discern if they could be sterilised by

irradiation.

The results of the study have confirmed once again

[12–14] the suitability of the DSC and EPR methods for

preliminary evaluation of radiochemical stability of medi-

cal therapeutic substances in solid state.

Acknowledgements The authors gratefully acknowledge and thank
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Table 3 DSC results for irradiated alkaloids

Tonset/

�C

DTonset/

�C

Tpeak/

�C

DTpeak/

�C

H/

J g-1
DH/

J g-1

COD first peak

0 kGy 178.9 – 178.9 – 17.7 –

25 kGy 177.2 -1.7 177.2 -1.7 17.1 -0.6

50 kGy 176.5 -2.4 176.5 -2.4 16.1 -1.6

100 kGy 174.9 -4.0 174.9 -4.0 14.8 -2.9

200 kGy 172.0 -6.9 172.0 -6.9 13.4 -4.3

400 kGy 169.2 -9.7 169.2 -9.7 13.6 -4.1

COD second peak

0 kGy 234.8 – 237.7 – 136.6 –

25 kGy 229.3 -5.5 233.8 -3.9 128.9 -7.7

50 kGy 229.4 -5.4 234.0 -3.7 128.8 -7.8

100 kGy 230.0 -4.8 234.1 -3.6 126.6 -10

200 kGy 228.7 -6.1 233.4 -4.3 111.7 -24.9

400 kGy 228.9 -5.9 233.3 -4.4 108.5 -28.1

PAP

0 kGy 219.7 – 222.9 – 198.8 –

25 kGy 219.0 -0.7 222.4 -0.5 195.3 -3.5

50 kGy 220.4 ?0.7 223.2 ?0.3 195.4 -3.4

100 kGy 219.8 ?0.1 222.6 -0.3 195.0 -3.8

200 kGy 219.5 -0.2 222.8 -0.1 198.2 -0.6

PIL

0 kGy 199.3 – 204.7 – -125.6 –

25 kGy 199.9 ?0.6 204.4 -0.3 -124.2 -1.4

50 kGy 199.0 -0.3 204.0 -0.7 -122.1 -3.5

100 kGy 198.8 -0.5 203.4 -1.3 -120.2 -5.4

200 kGy 198.5 -0.8 203.0 -1.7 -116.9 -8.7

Fig. 8 Tonset versus irradiation dose
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