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Abstract

It has been known for many years that benzodiazepine compounds effectively antagonize seizures induced by organophosphorous nerve agents.
In the event of poisoning, a combination of three drugs is commonly used: an anticholinergic drug (e.g. atropine), an oxime used as cholinesterase
reactivator (e.g. pralidoxime or HI-6) and an anticonvulsant (i.e. benzodiazepine). Most of anticholinergics and oximes are freely soluble in water,
whereas many benzodiazepines are not. However, a water-soluble prodrug form of diazepam, avizafone, has been adopted by French armed forces

for the immediate treatment of nerve agent seizure.

The degradation behaviour of this new drug was investigated under different stress degradation conditions (hydrolytic, oxidative, photolytic
and thermal) as recommended by International Conference on Harmonization. Successful separation of the active pharmaceutical ingredient from
decomposition products formed under stress conditions was achieved using liquid chromatography. The method was validated with respect to

specificity, linearity, precision and accuracy.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Organophosphate (OP) nerve agents (sarin, soman, tabun) are
extremely toxic chemicals that were first developed by German
chemist Gerhard Schrader before and during World War II. They
pose potential neurotoxic exposure to both military and civilian
population, as evidenced in armed conflict or terrorist attack.

Exposure to organophosphorous cholinesterase inhibitors
causes a progression of toxic signs and symptoms, including
hypersecretion, fasciculations, tremors, convulsions, coma, res-
piratory distress and should eventually lead to death. These toxic
effects are due to hyperactivity of the cholinergic system as a
result of inhibition of cholinesterase and the subsequent increase
of the neurotransmitter acetylcholine at central and peripheral
sites.

Benzodiazepines are effective against OP-induced symp-
toms, with strong synergistic effects when combined with
cholinesterase reactivators and anticholinergic drugs [1]. Differ-
ent benzodiazepines have been tested and a pronounced activity
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of diazepam was demonstrated [2]. Thus, diazepam has been rec-
ommended for standard treatment therapy of convulsions caused
by nerve agents, along with cholinesterase reactivators (prali-
doxime, HI-6) [3] and atropine that blocks muscarinic receptor
overstimulation and reduces parasympathetic overstimulation
[4].

Three-drug regimens are currently packaged in a single
auto-injectors which must be used intramuscularly. However,
diazepam is not water soluble, whereas cholinesterase reactiva-
tors and atropine are. This lack of solubility limits the pharma-
cological potency of diazepam for i.m. injection [5] and requires
incorporation of organic solvent in the triple drug injectable for-
mulation.

Therefore, a water-soluble prodrug of diazepam, avizafone
(Fig. 1), was developed as a component of an aqueous drug
mixture with atropine and a cholinesterase reactivator. Aviza-
fone is effective in arresting soman-induced seizures but needs
higher concentration than diazepam to reach the same plasma
concentration [6].

To our knowledge, no study related to the stability-indicating
behaviour of avizafone has been reported in the literature.
Nonetheless, one of the International Conference on Harmo-
nization (ICH) guidelines requires stress testing to be carried out
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Fig. 1. Structure of avizafone.

to elucidate inherent stability characteristics of the active sub-
stance [7]. Susceptibility to hydrolysis, oxidation, light and heat
are required tests. An ideal stability-indicating method should
be useful to quantify the standard drug alone and also resolve
its degradation products.

The aim of the present work was to perform stress studies on
the drug in order to evaluate its intrinsic stability and to develop
a validated liquid chromatography (LC) method.

2. Experimental
2.1. Materials and methods

Avizafone hydrochloride was purchased from NeoMPS
(Strasbourg, France). Diazepam was obtained from Sigma-—
Aldrich (Saint Quentin Fallavier, France). 2-Amino-5-cholo-
benzophenone (ACB), 2-methylamino-5-chlorobenzophenone
(MACB) and 3-amino-6-chloro-1-methyl-4-phenyl-2(1H)-
quinolinone (MPQ) were procured from Promochem
(Molsheim, France).

LC gradient-grade acetonitrile and methanol were obtained
from VWR International (Fontenay sous Bois, France). Triflu-
oroacetic acid (TFAA) and ammonium acetate were supplied
by Sigma—Aldrich (Saint Quentin Fallavier, France). Water was
used after purification by Milli Q System (Millipore, Saint
Quentin en Yvelines, France).

2.2. Instrumentation

The analytical system consisted of a Series 1100 LC-MS
(Agilent Technologies, Massy, France) equipped with a vacuum
degasser, a binary pump, an autosampler and a thermostated
column compartment. Detection was performed using a Series
1100 DAD and a mass detector. The mass detector was a simple
quadrupole mass spectrometer equipped with an electrospray
ionisation (ESI) interface.

Chromatographic separation was achieved on a cyano-
column (Phenomenex LUNA CN, 3 um particle size). Analyses
were performed at a flow rate of 300 wL min~!. The column
temperature was set at 35 °C. The injection volume was typ-
ically 20 pL. UV detection was carried out at 254 nm (DAD
spectra 190-700 nm). MS spectra were obtained in the positive
ion mode in the scan range between 100 and 700 Th.

The photochemical stability was carried out using the contin-
uous irradiation source (300—-800 nm) of a Suntest CPS+ (Atlas,
Moussy le Neuf, France). This apparatus was equipped with a
1.1 kW xenon lamp with a minimum and a maximum effect of
250 and 765 W m~2, respectively. The samples in the Suntest
were exposed in borosilicate Petrie dishes for bulk powder or
borosilicate vials for solutions.

2.3. Method development

2.3.1. Chromatographic conditions

To our knowledge, no method has been published on the
separation of avizafone and its degradation products. Indeed,
one of the first steps of degradation for this compound should
be diazepam. Few publications deal with the decomposition of
diazepam [8—10]. Some methods were developed for these stud-
ies [11-13], but none have been associated with mass spectrom-
etry. Numerous LC-MS methods have been reported previously
concerning diazepam and its metabolite (desmethyldiazepam)
in biological samples [14-16].

Harsh condition studies on diazepam showed that this benzo-
diazepine is hydrolysed to many degradation compounds [10].
At least three of them appear when this active pharmaceutical
ingredient is exposed to intense light (Fig. 2). There are two main
degradation products: MACB, which is a yellow product and
MPQ. MACB may degrade further, giving rise to ACB. MPQ and
ACB make their appearance in particular stress conditions [10].

In acidic solution, avizafone has two positive charges in it
structure. Thus the hydrophilic part of the molecule leads to a
shorter retention time when using an apolar column (C18). On
the other hand, MACB, a degradation product of diazepam is
really apolar (Log P=4.33). Therefore, moderately polar sta-
tionary phase (CN) was preferred, and short analysis time was
obtained by using a column of 2 mm internal diameter.

For use in mass spectrometry, volatile buffer composed of
TFAA (10 mM) and ammonium acetate (5 mM) was employed
in which ammonia was used to set the pH to the correct value
(pH 4.7). Two organic modifiers were required to achieve a good
resolution between the five compounds in a single run. Without
methanol, some analytes were not separated (ACB and MACB).
But lack of acetonitrile was associated with deformation in
peaks, especially of avizafone. Thus mobile phase was com-
posed of three parts: aqueous solution (70%), methanol (10%)
and acetonitrile (20%). Columns of lenghts between 20 and
150 mm were tested during the development. A length of 50 mm
allowed a good resolution within 15 min. A diode array detector
operated at 254 nm was used to quantify all known molecules.

2.3.2. Mass detection

The single quadrupole spectrometer gave molecular weights
of potential unknown degradation products. For the purpose, ESI
source parameters were optimised to reduce the background and
to minimized fragmentation reactions. After the optimisation of
the LC-MS system, ionisation of analytes was carried out using
different settings. MACB and ACB showed a poor detection,
probably linked with their high apolarity. On the other hand,
diazepam and MPQ were well detected. The molecular mass
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Fig. 2. Structure of diazepam and qualified degradation products: (a) diazepam; (b) MACB; (c) ACB; (d) MPQ.

value of these two last products was equivalent (284.5) resulting
in a single [M + H*] peak in the mass spectrum.

2.4. Procedure validation

Specificity of the method was established by verifying purity
of each compound in a mixture of the drug and it known degrada-
tion products. Precision was evaluated on two different concen-
trations for degradation products. Precision of the method was
determined by repeatability (intra-day) and intermediate preci-
sion (inter-day) and was expressed as a R.S.D.% of a series of
measurements.

Accuracy was studied at the same concentration as precision.
Limits of detection (LOD) and quantitation (LOQ) were calcu-
lated using the standard method [17].

2.5. Stress testing

2.5.1. Exposure to artificial light

Irradiation of samples was carried out according to the ICH
guidelines for photostability testing drug substances and drug
products [18]. Irradiation (300—800nm) was achieved using
the Suntest CPS+ as describe above. Irradiance was set to
765 W m~2, which is the maximum irradiance of the appara-
tus. In these conditions, the end criteria of 200 W hm™2 and
1.2 million Ixh correspond to 2.8 and 7.1 h, respectively.

2.5.2. Exposure to hydrolytic conditions
Acid decomposition studies were performed by dissolving
the drug in HCI solution (pH 1). The studies in basic media

were done in NaOH media (pH 12). Oxidative studies were done
initially in 1 and 10% H;O». All these forced degradation studies
were performed at room temperature (22 °C) and in the dark in
order to exclude the possible effect of light. The duration of
exposure was 24 h.

2.5.3. Exposure to dry heat

Susceptibility of the drug to dry heat was studied by exposing
the drug to 60, 80 and 100 °C for 2 weeks. Powder and aqueous
solution (without pH adjustment) were tested.

2.6. Sample preparation

Bulk powder (1 batch) was placed in borosilicate Petrie
dishes. Powder was spread across the dish to give a thickness not
more than 3 millimetres. Solutions were studied at a concentra-
tion of I mg mL ™! in water (or media of the study for hydrolytic
conditions) and were diluted with mobile phase prior to analysis.
They were placed in borosilicate vials.

For photolytic studies, protected samples, wrapped in alu-
minium foil, were placed alongside authentic samples. They
were added to exclude thermal effects.

3. Results and discussion
3.1. Method validation

The absence of any co-eluting peak (Fig. 3) indicates a good
specificity for the method with UV detection. The resolution
factor for the five known products was better than 1.8 from the
nearest resolving peak.
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Fig. 3. Representative LC-UV chromatogram of avizafone and its known degra-
dation products.

Table 1
Precision study (n =6 for repeatability; n =3 for intermediate precision)
Compound Concentration ~ Repeatability  Intermediate
(ngmL~h) (%) precision (%)

Avizafone hydrochlorhyde 100 29 5.0
Diazepam 2.5 2.1 2.6

5.0 1.9 44
MACB 1.0 32 3.4

2.0 22 33
ACB 1.0 1.4 32

2.0 1.6 22
MPQ 1.0 2.4 29

2.0 14 L5

The linearity of the method was validated over the concen-
tration range of 5125 wgmL~! for avizafone hydrochloride,
0.125-10 wg mL~! for diazepam and 0.05-5 wg mL~! for other
known decomposition products. The responses were found to
be linear in the investigated concentration range. The correla-
tion coefficient values for calibration curve (n=3) were >0.99
for each compound.

Data obtained from precision experiments for repeatability
and intermediate precision are given in Table 1. Results confirm
that the method was sufficiently precise. As shown from the data
in Table 2, good recoveries of the solutes were obtained.

Table 2

Accuracy study (n=6)

Compound Concentration Recovery Confidence

(ngmL~1) (%) interval
(a=5%) (%)

Avizafone hydrochloride 100 99.4 [97.1-101.7]

Diazepam 2.5 101.1 [100.0-102.3]
5.0 98.1 [96.3-99.8]

MACB 1.0 101.4 [99.9-103.0]
2.0 99.4 [98.0-100.7]

ACB 1.0 102.4 [101.1-103.7]
2.0 100.0 [99.1-100.9]

MPQ 1.0 101.2 [99.9-102.4]
2.0 99.6 [98.9-100.2]

Table 3

Limits of detection and quantitation (UV detection)

Compound LOD LOQ
Avizafone hydrochloride 3.0pugmL~! 6.5 ugmL™!
Diazepam 40ng mL~! 90ngmL~!
MACB 20ngmL~! 40ngmL~!
ACB 30ngmL~! 50ngmL~!
MPQ 40ngmL~! 70ngmL !

LOQ and LOD calculations are depicted in Table 3. LOQ and
LOD were then verified by injecting an adapted concentration
of each compound.

3.2. Degradation behaviour of avizafone

LC studies of samples (powder and solution) obtained on
stress testing (photolytic, oxidative, hydrolytic and thermal con-
ditions) suggested the following degradation behaviour.

3.2.1. Photostability studies

Organoleptic evaluation shown that powder and solution
rapidly became yellow (2h for powder and 1h for solution).
This colouration could be due to formation of MACB or ACB,
which are of this colour at high purity. LC-UV studies of light
exposed samples revealed that degradation behaviour of aviza-
fone in powder and solution were quite different.

The compound in powder indicated to be rather stable.
Only 5% degradation was seen on exposure to light for 7.1h
(765 W m~2). The extent increased to 10% after 21 h. In total,
four minor degradation products were identified: diazepam,
ACB, MPQ and MACB.

The drug in solution was less stable when exposed to light.
Almost 70% drug degraded on light exposure for 7.1 h. The
major product was MACB. The same precipitated from the solu-
tion and had to be dissolved using methanol. Diazepam appeared
in the chromatogram between 0.5 and 2 h of reaction and disap-
peared later (Fig. 4). LC-MS was used to confirm these results.
After 21 h exposition, avizafone had quasi-totally disappeared
(less than 10% was left). The major degradation product was
MACB and a minor degradation product was ACB. No other
decomposition product was seen during this study by LC-UV
or LC-MS.
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Fig. 4. Chromatogram of sample subjected to light (0.5 h, solution).
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Fig.5. Chromatogram of sample subjected to dry heat (80 °C, 14 days, solution).

3.2.2. Studies under acidic and basic conditions

After 24 h exposure to the two media at room temperature,
no degradation of the drug was observed. The concentration
of solutions remained stable. Moreover, no peak was observed
in UV or mass chromatogram. Avizafone seemed to be really
insensitive to pH variation.

3.2.3. Oxidative stress studies

Avizafone was stable in 1% hydrogen peroxide at room tem-
perature after 24 h. It degraded slightly even in 10% peroxide
solution in the same period. Almost, no drop was seen in the
solution concentration of the drug. Only one degradation prod-
uct (MACB) was observed, which increased to 0.1% (w/w) at
the end of the studies.

3.2.4. Dry heat studies

Avizafone powder was found to be stable to dry heat. Only
negligible degradation (<5%) was observed after exposure to
100 °C for 2 weeks. No additional peak was observed in the
chromatogram on UV- or MS detection.

The decomposition behaviour at high temperature was quite
different in solution while at 60 °C, only 1-2% degradation
was obtained after 2 weeks exposure. The extent of degra-
dation rose to 80% in the same period at 100 °C. Moreover,
many decomposition products appeared in the chromatogram
(UV and/or MS). The major degradation product was MPQ,
which was formed via diazepam whose peak was seen during
the course of the reaction. Two others minor degradation prod-
ucts were MACB and ACB (1-2% each). Two additional peaks
appeared (Fig. 5). The first one (no full resolution with aviza-
fone) may be a rearrangement product of the drug, as the mass
value of this compound was equal to that of avizafone. The most
retained compound showed a peak at m/z 395 in LC-MS. Iso-
topic distribution on the mass spectrum was in favour of the
presence of chlorine in the structure of this degradation prod-
uct (Fig. 6). This new decomposition product is now under
investigation in our laboratory. However, it seemed that the
high retention time should be linked with the glycine part of
avizafone. So this chemical function should be present in this
product.
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Fig. 6. Mass spectra of unexpected heat decomposition products: (a) unknown
1; (b) unknown 2.

4. Conclusion

An original LC method was developed and validated for
stability-indicating studies of avizafone. UV detection allowed
an accurate quantitation of known chromophoric compounds,
while MS detection was used to find the mass value of unex-
pected degradation product.

In this study, intrinsic stability of avizafone was established
using various ICH recommended stress conditions. The drug as
such was very stable. However, it was unstable in an aqueous
solution. In the latter case, unknown decomposition products
were formed under harsh conditions.

This active pharmaceutical ingredient was associated with
atropine and a reactivator (pralidoxime or HI-6) in a multicom-
ponent auto-injector. Because of the better stability of avizafone
in powder, a lyophilized form of the antidote combination is now
under evaluation. In this last case, drugs are thought to be more
stable and then allow to improve the shelf-life of the antidote.
The first generation of this original packaging contained aviza-
fone and atropine as a liquid mixture with preservative [19].
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