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Abstract: Combinations of different drugs are formulated in autoinjectors for parenteral admin-
istration against neurotoxic war agents. In this work, the effects on the chemical stability of the
following three variables were studied: (i) type of drug combination (pralidoxime, atropine, and
midazolam versus obidoxime, atropine, and midazolam); (ii) pH (3 versus 4); and (iii) type of elas-
tomeric sealing material (PH 701/50 C BLACK versus 4023/50 GRAY). Syringes were stored at
three different temperatures: 4, 25, and 40 ◦C. Samples were assayed at different time points to
study the physical appearance, drug sorption on the sealing elastomeric materials, and drug content
in solution. Midazolam was unstable in all tested experimental conditions. Drug adsorption was
observed in both types of sealing elastomeric materials and was significantly (p < 0.01) dependent on
the lipophilicity of the drug. The most stable formulation was the combination of pralidoxime and
atropine at pH 4 with the elastomeric sealing material 4023/50 GRAY.

Keywords: pralidoxime; obidoxime; atropine; midazolam; elastomer; stability; primary packing material

1. Introduction

In recent years, the possibility of exposure to chemical warfare agents, particularly
nerve agents, has occurred in military operations such as the well-known attacks in Syria
in 2013 [1], in the civil sphere such as the Navalni case in 2020 [2], or in accidental exposure
such as the bottle of cologne in a park in Amesbury (United Kingdom) in 2018 [3].

Any Chemical, Biological, Radiological, and Nuclear (CBRN) incident causes great
panic and chaos in the population, sometimes causing a great collapse in health systems.
For this reason, the need to develop effective health countermeasures, pharmacological ther-
apies that counteract the undesirable effects caused by neurotoxic agents, is accentuated.

Treatment against organophosphate poisoning has been the subject of study for
decades. The focus in developing effective treatments has been on highly toxic chem-
ical warfare agents (CWAs) such as sarin, tabun, soman, VX, and Novichok, presenting,
among them, high variability in their physicochemical, toxicodynamic, and toxicokinetic
properties. Even small doses of these substances can cause clinical poisoning, characterized
by muscarinic-like, nicotinic-like, and central nervous system symptoms. These symptoms
develop rapidly, necessitating prompt and appropriate treatment, often including intensive
care. The critical importance of immediate antidote administration is underscored by the
short half-life of the ‘aging’ process of the enzyme–organophosphorus compound com-
plex. For example, the half-life for the acetylcholinesterase (AChE)–soman complex is only
3.5 min, and for the AChE–sarin complex, it is approximately 18 min. After these periods,
only 50% of the inhibited enzyme can be reactivated [4].
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An autoinjector is a user-friendly device intended for the intramuscular administration
that can be utilized for self-aid or buddy-aid on the battlefield when needed. The use of
these autoinjectors to administer drugs (antidotes) can save the lives and health of soldiers
before they receive specialized medical care, such as in a hospital [4].

The most effective therapy for years has been based on an antimuscarinic component
such as atropine, a natural antagonist of acetylcholine, to decrease the cholinergic effects,
used in conjunction with the administration of an oxime that is nucleophilic enough to
reactivate acetylcholinesterase, such as pralidoxime, obidoxime, or HI-6, including a third
compound from the group of benzodiazepines to counteract seizures on the central nervous
system, such as diazepam or midazolam.

In Spain, since the 1990s, autoinjector systems have been manufactured in military–
industrial settings containing atropine and oxime, but in 2015, the portfolio of autoinjectors
was expanded, with a new one for benzodiazepines; both autoinjectors should be adminis-
tered in the case of acute poisoning by neurotoxic agents. In other countries, the attempt to
develop multicomponent autoinjectors with three active ingredients in the same dosage
form has been explored, making the administration of all drugs required easier [5–8]. The
main differences are the type of drug within the same chemical family, based on the military
health doctrine of each country, and on the stability characteristics of the active principles
in the pharmaceutical form.

Although the chemical stability of monocomponent parenteral formulations contain-
ing pralidoxime [9,10], obidoxime [11], atropine [12], and midazolam [13,14] has been
reported as stable, the combination of many of them in the same autoinjector formula-
tion has never been explored and may lead to physicochemical interactions and a loss
of stability. Apart from drug chemical stability in solution, another crucial point to iden-
tify is the drug adsorption within the elastomeric gasket materials used to manufacture
the autoinjectors. Higher adsorption rates can detrimentally reduce the amount of drug
available in a solution that is administered to the patient. In a previous work, based on
benzodiazepine autoinjector formulations, diazepam demonstrated a more stable profile
compared to midazolam but 2-fold greater adsorption on the elastomeric gaskets [14]. This
suggested that midazolam may be a better candidate for multicomponent autoinjector
formulations. Also, the safety and pharmacokinetic parameters of midazolam administered
with an autoinjector evidenced that no serious adverse events occurred in a range from 5 to
30 mg [15].

The main aim of this work was to study the chemical stability of two multicomponent
formulations against neurotoxic agents (F1: atropine sulfate, pralidoxime chloride, and
midazolam chloride; F2: atropine sulfate, obidoxime chloride, and midazolam chloride),
considering several fabrication variables: the sealing elastomeric joints of the primary
packaging (chlorobutyl made—PH 701/50 BLACK seals—coded as JEA and newer devel-
oped materials based on bromobutyl 4023/50 GRAY—coded as JEN), pH of the solution
(3 and 4), and storage temperature (4 ◦C for 12 months, 25 ◦C for 53 months and 40 ◦C for
9 months). The adsorption of the drugs in the sealing gaskets was also studied. In a previ-
ous work [14], the bromobutyl—4023/50 GRAY sealing gasket proved to be a better option
than older materials such as chlorobutyl—PH 701/50 BLACK, especially for midazolam
monocomponent formulations. In this work, the compatibility of this new sealing gasket
with pralidoxime, obidoxime, and atropine was also studied.

2. Materials and Methods
2.1. Materials

Active Pharmaceutical Ingredients (APIs) and excipients for formulations were of phar-
maceutical grade. Pralidoxime hydrochloride was supplied by Raschig GmbH (Ludwigshafeb,
Germany), obidoxime hydrochloride by Merck KGaA (Darmstadt, Germany), atropine sulfate
by Shaoxing Minsheng Pharmaceutical Co. (Shaoxing city, China), midazolam hydrochloride
by Fagron Iberica (ES) (Terrassa, Barcelona, Spain), sodium metabisulphite and hydrochloric
acid 37% by Panreac Química S.L.U. (Castellar del Valles, Barcelona, Spain). Glass syringes
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were purchased from AGRADO, S.L. (Valdemoro, Madrid, Spain). The sealing materials,
chlorobutyl PH 701/50 C BLACK, and bromobutyl 4023/50 GRAY gaskets were purchased
from West Pharmaceutical Services Inc. (Exton, PA, USA). All reagents were of analytical
grade and were used as supplied by Fisher Scientific (Madrid, Spain).

2.2. Preparation of Formulations Loaded into Autoinjectors

Parenteral formulations were elaborated according to cGMP in class A, B, and C
cleanroom areas of the pharmaceutical laboratory of the Spanish Army (CEMILFARDEF)
in Colmenar Viejo in Madrid (Spain). Batch formulations were of 900 mL quantity, enough
to fill 114 syringes for each drug solution.

Formulation 1 (F1) was elaborated by dissolving 0.7 g of sodium metabisulphite in
water for injection followed by 180 g of pralidoxime hydrochloride, 3 g of midazolam
hydrochloride, and 0.6 g of atropine sulphate. Hydrochloric acid 37% was added to adjust
pH either to 3.0 ± 0.1 or 4.0 ± 0.1. Finally, water for injection was added up to 900 mL and
filtered through a 0.2 µm sterile filter (Supor®, PALL technologies, Port Washington, NY,
USA). Formulation 2 (F2) was prepared in a similar way to formulation 1, but the 180.0 g
of pralidoxime hydrochloride was replaced with 66.0 g of obidoxime hydrochloride. The
liquid formulations were packed in 3 mL cartridge syringe glass Type I (Schott, Schott
Pharma, Mainz, Germany) with two different sealing materials described previously [14].

2.3. Stability Study and Specification Limits

ICH Q1A(R2) guidelines were applied for the stability study [16]. The characteristics
of the storage and sampling conditions are shown in Table 1. Sampling and assays were
performed in triplicate and included an evaluation of the physical appearance of the liquid
contained in the syringe, the possible presence of crystals, the appearance of the sealing
elastomeric material, API concentration in the liquid contained in the glass syringe, and
amount of API adsorbed in the elastomeric sealing material.

Table 1. Conditions of the stability study and quality parameters tested.

Study Storage Conditions Minimum Time
According to ICH Time of the Study Testing Frequency (Months) Quality Parameters Tested

Long term 25 ± 2 ◦C
60 ± 5% R.H. 12 months 53 months 0, 3, 6, 9, 12, 18, 24, 36 and 53

- APIs concentration
- APIs adsorbed in the

elastomeric material
- Physical appearance of the

liquid formulations and
the elastomeric sealing
material

Accelerated 40 ± 2 ◦C
75 ± 5% R.H. 6 months 9 months 1, 2, 3, 4, 5, 6, and 9

Refrigerated 4 ± 2 ◦C 6 months 12 months 3, 6, 9, and 12

The following quality parameters were evaluated as indicators for the stability of
the autoinjectors: (i) the specification limits for the API concentration in the syringe was
100 ± 10% for pralidoxime hydrochlorhydrate, obidoxime hydrochlorhydrate, and mida-
zolam hydrochlorhydrate while the limits for atropine sulphate were 100 ± 7%; (ii) the
amount of API adsorbed in the sealing elastomeric material with a limit below 1% API
content per syringe; and (iii) the physical appearance of the liquid content and the sealing
elastomeric material. The liquid content of the syringe must be pale yellow and transparent
for formulation 1 and orange transparent for formulation 2, without particles in any of
them. The sealing should have no signs of defects and must retain the initial color (black or
grey, respectively) and its flexibility.

2.4. Quantification of APIs in Solution and Adsorbed on the Elastomeric Sealing Materials
by HPLC

Modular Jasco (Jasco Inc, Tokyo, Japan) HPLC equipment with a Jasco PU-1580 pump,
a Jasco AS-2050-Plus autosampler fitted to a 100 µL sampling loop, and a UV-visible
detector Jasco UV-1575 were used. The wavelength detection was set at 220 nm. The mobile
phase was based on the HPLC method described in USP 38 (2015) [17] for atropine assay,
consisting of a mixture of acetonitrile (HPLC gradient grade)/aqueous phase at 30:70 (v:v)
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proportions. The aqueous phase was composed of a buffer solution of 1.8 g/L KH2PO4
with 2.5 g/L of sodium heptane sulfonated acid pH 2.5 adjusted with orthophosphoric acid.
The mobile phase was filtered through a 0.45 µm filter (Supor®-450, Pall Corporation Ref
60173, Port Washington, NY, USA) and degassed. The flow rate was fixed at 1 mL/min. The
stationary phase was a Zorbax Eclipse XDB-C18 column 150 × 4.6 mm with a particle size
of 3.5 µm. The injection volume was 20 µL. Test samples (0.1 mL) of the liquid formulations
were diluted with 100 mL of a mixture of methanol (HPLC gradient grade)/purified water
(50:50) (v/v) and then filtered through a Millex® HV PVDF Millipore filter of 0.45 µm.
Figure 1 shows the chromatogram acquired for formulations 1 and 2. Retention times
(RT) for pralidoxime, obidoxime, atropine, and midazolam were 2.1, 2.2, 3.3, and 12.7 min,
respectively. In our experimental conditions, the retention time for the solvent front was
the same as the dead time determined with uracil: both were 1.4 min.
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Figure 1. Chromatograms of API components of formulations 1 (A) and 2 (B). Retention
times (minutes) of APIs were 2.1 min for pralidoxime, 2.2 for obidoxime, 3.3 for atropine, and
12.7 for midazolam.

Linearity was studied between 5 and 125% of the theoretical API values. Correlation
coefficients were all at least 0.99 for all studied APIs. Repeatability and reproducibility were
good, with RSD values lower than 5% for all studied APIs. Typical slopes for pralidoxime,
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obidoxime, atropine, and midazolam were 4339.4, 2006.5, 5.2, and 163.4, respectively. Limits
of detection for pralidoxime, obidoxime, atropine, and midazolam were 2.2, 3.6, 11.7, and
3.9 ng/mL, respectively. Limits of quantification for pralidoxime, obidoxime, atropine, and
midazolam were 10, 3.66, 0.03, and 0.16 µg/mL, respectively.

The amount of API adsorbed on the sealing elastomeric gaskets was also quantified
using a previously described method [14]. The two gaskets from each syringe were dried
with tissue paper, soaked in a closed glass container with a mixture of 20 mL of methanol
(HPLC gradient grade)/purified water (50:50) (v/v), mixed in a vortex, sonicated in an
ultrasonic bath of 720 W and 50/60 Hz (J.P. Selecta ref. 3000838, Madrid, Spain) for 15 min,
and then left under constant stirring for 48 h. Afterward, the supernatant was filtered and
the API was quantified by HPLC in the same conditions previously described but with an
injection volume of 100 µL.

2.5. Relationship between Adsorption of API in the Sealing Primary Package and API Lipophilicity

Samples stored at 25 ± 2 ◦C for 53 months were taken. Drug concentration inside
the autoinjector and the percentage of API retained in the sealing elastomeric gasket
were assayed by the reverse-phase HPLC method described in the previous section. The
lipophilicity of the APIs in reverse-phase chromatography can be directly related to the
retention times (logRT) of the peaks [18].

2.6. Imaging

The surface of the elastomeric sealing at time 0 and after 53 months of exposition
to different formulation solutions was imaged using a 9MP 2−200x digital microscope
(Conrad Electronics, Wemberg-Köblitz, Germany). The software ImageJ v1.46 was used for
image analysis.

2.7. Statistical Data Treatment

The degradation of drug components within the formulations stored at 25 ± 2 ◦C was
adjusted to a first-order kinetic to evaluate the degradation constants. The times required for
10% degradation (t90) for pralidoxime, obidoxime, and midazolam or 7% degradation (t93)
for atropine were estimated. The selection of t90 or t93 depends on the lower specification
limits for each API according to USP 38 [17]. The effects of different variables on these t90
and t93 parameters were evaluated with an experimental design according to a sign criterion,
as described in a previous article [19]. The following three variables (and their signs) were
studied: (i) type of oxime: pralidoxime (sign −) or obidoxime (sign +); (ii) pH: 3 (sign −)
or 4 (sign +); and (iii) type of elastomeric sealing material: PH 701/50 C BLACK (coded as
JEA and sign −) and 4023/50 GRAY (coded as JEN and sign +). Student’s two-tailed paired
t-test and standard error of regression were performed with Excel (Office 365, Microsoft
Corporation, Redmond, WA, USA). Minitab software v.16 (Coventry, UK) was used to
predict the drug shelf-life from each formulation being intended as the time in which
there is 95% confidence that at least 50% of response is within the specification limits. An
upper limit and lower limit of 110 and 90% were taken into consideration for pralidoxime,
obidoxime, and midazolam, while 107–93% was considered for atropine [20].

3. Results and Discussion

Figure 2 shows examples of autoinjectors for formulations 1 and 2 in the two different
studied elastomeric gaskets (JEA and JEN) at two different pHs (3 or 4) after 53 months
at 25 ± 2 ◦C. Formulations with obidoxime (F2) exhibited an orange transparent color,
while those with pralidoxime (F1) were yellow and transparent. No sign of particles or
precipitation was observed in any of the tested samples.
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Figure 2. Example of the two different tested formulations (F1—up in the figure and F2—down),
different pHs (3 or 4), and different sealing elastomeric gasket pieces (black color—JEA and gray
color—JEN) located in the glass syringes of the autoinjectors after 53 months of storage.

Figure 3 shows the visual appearance of sealing elastomeric pieces after 53 months of
storage (top panel). Figure 3 (bottom panel) shows micrographs of representative gaskets
after 53 months of storage at 25 ± 2 ◦C. No visual or micrographic damage was observed
in any of the tested gaskets. In terms of the integrity of the elastomeric pieces stored at
25 ± 2 ◦C, both materials (JEA and JEN) were valid.
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Figure 3. Visual (up) and micrograph (down) aspect of the two different tested sealing gaskets (JEA
left and JEN right) located in the glass syringes of formulation 1 pH 3 of the autoinjectors after
53 months of storage at 25 ± 2 ◦C.

Figure 4 shows the chemical stability of drug components of F1 and F2 at 4 ◦C.
According to USP Pharmacopoeia (USP 38 (2015)), the lower specification limits are 90% for
pralidoxime, obidoxime, and midazolam, while the lower specification limit for atropine is
93% [17]. In Table 2, the t90 and t93 values for samples stored at 25 ± 2 ◦C are illustrated.
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Table 2. API content adsorbed on elastomeric sealing materials. Key: values represented correspond
to the mean (n = 3) ± SD of API adsorbed in F1 and F2 samples stored at 25 ◦C for 53 months.

Formulation Variables Pralidoxime Atropine Midazolam

F1

pH 3 JEA 0.020 ± 0.001 0.038 ± 0.006 0.284 ± 0.003
pH 3 JEN 0.021 ± 0.002 0.041 ± 0.011 0.170 ± 0.002
pH 4 JEA 0.022 ± 0.001 0.066 ± 0.023 0.440 ± 0.003
pH 4 JEN 0.014 ± 0.001 0.025 ± 0.010 0.409 ± 0.007

F2

pH 3 JEA 0.060 ± 0.002 0.039 ± 0.014 0.305 ± 0.045
pH 3 JEN 0.023 ± 0.001 0.038 ± 0.006 0.310 ± 0.003
pH 4 JEA 0.012 ± 0.001 0.032 ± 0.007 0.217 ± 0.005
pH 4 JEN 0.017 ± 0.001 0.039 ± 0.002 0.203 ± 0.007

Figure 4 shows the importance of the stored temperature on the chemical stability
of midazolam. Pralidoxime, obidoxime, and atropine showed stability above 12 months
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when stored at 4 ◦C. It is worth highlighting the fast degradation kinetics of midazolam in
both F1 and F2 formulations, which are accentuated in the F2 formulation at pH 4. In our
experimental conditions, midazolam is incompatible with the rest of the components of the
studied formulations. The shelf-life prediction for midazolam at 4 ◦C in F1 at pH 3 was
5.8 and 6.1 months when stored using JEA and JEN, respectively, while it was superior at
12 months at pH 4 (Figure 5). However, the chemical stability of midazolam at 4 ◦C in F2
was below 3 months in all the tested conditions (Figure 6). This shows the physicochemical
interaction between oximes being more accentuated between obidoxime and midazolam in
F2, which accelerates the degradation kinetics of midazolam.
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Figure 5. Shelf-life prediction for midazolam in F1 formulation at 4 ◦C. Key: The black dots represent
the experimental points while the black solid line represents the predicted drug degradation kinetic
from which the shelf-life from each formulation can be extrapolated, being intended as the time in
which there is 95% confidence that at least 50% of response is within the specification limits. An upper
limit and lower limit of 110 and 90% (dotted line) were taken into consideration for pralidoxime,
obidoxime, and midazolam, while 107–93% was considered for atropine.

Figure 7 shows the stability of all components for the F1 and F2 formulations at 25 ◦C.
The t90 midazolam values at 25 ± 2 ◦C were lower than 1 month for F1 in all tested condi-
tions and below 2 months for F2 formulations. The stability of autoinjector monocomponent
formulations containing only midazolam stored at 25 ◦C in similar conditions as those
described in this work was about two years [14]. This shows evidence of the effect of
temperature on accelerating the degradation kinetics of midazolam. A possible practical so-
lution to alleviate this problem is to prepare autoinjectors with two different compartments
to avoid the interactions between midazolam and the other two API components.

Atropine showed great stability (>5 years) in all the tested conditions in both the
F1 and F2 formulations at 25 ◦C. However, between the oximes, significant differences
were encountered. F1 formulations containing pralidoxime exhibited chemical stability
above 100 months at pH 3 but lower at pH 4 (Figure 8), while obidoxime in F2 formula-
tions showed lower stability below 12 months in all cases (Figure 9). Combinations of
pralidoxime and atropine were stable for longer than 5 years when stored at 25 ◦C in all
tested formulations.
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Figure 6. Shelf-life prediction for midazolam in F2 formulation at 4 ◦C. Key: The black dots represent
the experimental points while the black solid line represents the predicted drug degradation kinetic
from which the shelf-life from each formulation can be extrapolated, being intended as the time in
which there is 95% confidence that at least 50% of response is within the specification limits. An upper
limit and lower limit of 110 and 90% (dotted line) were taken into consideration for pralidoxime,
obidoxime, and midazolam while 107–93% was considered for atropine.

In previously reported studies [21], the combination of atropine and obidoxime stored
at 25 ◦C showed good stability for two years. However, in our experimental conditions, the
stability of obidoxime combinations with atropine stored at 25 ◦C was lower than one year.
This detriment in the chemical stability of obidoxime can be linked to the physicochemical
interaction with midazolam.

The chemical stability of all drug components at 40 ◦C is illustrated in Figure 10. Prali-
doxime showed optimal stability, even at higher temperatures compared to all other APIs.
The midazolam and obidoxime degraded fast at 40 ◦C. The effects of pH and type of sealing
material were highly dependent on the API component. For obidoxime, pH 3 improved
the stability (p < 0.1) compared to pH 4. However, for atropine and midazolam, pH 4 was
preferable (p < 0.1) to pH 3. In previous reported [13] studies, JEN showed better compati-
bility than JEA for midazolam. This work corroborates these results as JEN was preferable
to JEA for midazolam (p < 0.1) and obidoxime (p < 0.1). The poor chemical stability of
midazolam and obidoxime combined with other APIs could not be improved by changes
in pH or the type of sealing to obtain a t90 longer than 1 year at 25 ± 2 ◦C.

Table 2 shows the mean and standard deviation of API adsorption expressed as
the percentage of the API content of F1 and F2 after 53 months at 25 ◦C. Adsorption was
significantly (p < 0.1) related to the lipophilicity of the API for both studied sealing materials.
However, there were significant differences between JEA and JEN (p < 0.1). JEN has a lower
adsorption for the APIs than JEA. Therefore, it can be concluded that JEN bromobutyl
gaskets were preferable to JEA to avoid drug adsorption.
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Figure 8. Shelf-life prediction for pralidoxime in F1 formulation at 25 ◦C. Key: The black dots
represent the experimental points while the black solid line represents the predicted drug degradation
kinetic from which the shelf-life from each formulation can be extrapolated, being intended as the
time in which there is 95% confidence that at least 50% of response is within the specification limits.
An upper limit and lower limit of 110 and 90% (dotted line) were taken into consideration for
pralidoxime, obidoxime, and midazolam while 107–93% was considered for atropine.
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Figure 9. Shelf-life prediction for obidoxime in F2 formulation at 25 ◦C. Key: The black dots represent
the experimental points while the black solid line represents the predicted drug degradation kinetic
from which the shelf-life from each formulation can be extrapolated, being intended as the time in
which there is 95% confidence that at least 50% of response is within the specification limits. An upper
limit and lower limit of 110 and 90% (dotted line) were taken into consideration for pralidoxime,
obidoxime, and midazolam while 107–93% was considered for atropine.



Pharmaceutics 2024, 16, 820 12 of 14

Pharmaceutics 2024, 16, x FOR PEER REVIEW 12 of 14 
 

 

In previously reported studies [21], the combination of atropine and obidoxime 
stored at 25 °C showed good stability for two years. However, in our experimental condi-
tions, the stability of obidoxime combinations with atropine stored at 25° was lower than 
one year. This detriment in the chemical stability of obidoxime can be linked to the phys-
icochemical interaction with midazolam.  

The chemical stability of all drug components at 40 °C is illustrated in Figure 10. Pra-
lidoxime showed optimal stability, even at higher temperatures compared to all other 
APIs. The midazolam and obidoxime degraded fast at 40 °C. The effects of pH and type 
of sealing material were highly dependent on the API component. For obidoxime, pH 3 
improved the stability (p < 0.1) compared to pH 4. However, for atropine and midazolam, 
pH 4 was preferable (p < 0.1) to pH 3. In previous reported [13] studies, JEN showed better 
compatibility than JEA for midazolam. This work corroborates these results as JEN was 
preferable to JEA for midazolam (p < 0.1) and obidoxime (p < 0.1). The poor chemical sta-
bility of midazolam and obidoxime combined with other APIs could not be improved by 
changes in pH or the type of sealing to obtain a t90 longer than 1 year at 25° ± 2 °C.  

 
Figure 10. Mean results (n = 3) and standard deviation for pralidoxime, obidoxime, atropine, and 
midazolam within F1 (panel A) and F2 (panel B) formulations stored at 40 °C. Key: pH3 JEA ( ), 
pH3 JEN ( ), pH4 JEA ( ), pH4 JEN ( ). 

Figure 10. Mean results (n = 3) and standard deviation for pralidoxime, obidoxime, atropine, and
midazolam within F1 (panel A) and F2 (panel B) formulations stored at 40 ◦C. Key: pH3 JEA (

Pharmaceutics 2024, 16, x FOR PEER REVIEW 12 of 14 
 

 

In previously reported studies [21], the combination of atropine and obidoxime 

stored at 25 °C showed good stability for two years. However, in our experimental condi-

tions, the stability of obidoxime combinations with atropine stored at 25° was lower than 

one year. This detriment in the chemical stability of obidoxime can be linked to the phys-

icochemical interaction with midazolam.  

The chemical stability of all drug components at 40 °C is illustrated in Figure 10. Pra-

lidoxime showed optimal stability, even at higher temperatures compared to all other 

APIs. The midazolam and obidoxime degraded fast at 40 °C. The effects of pH and type 

of sealing material were highly dependent on the API component. For obidoxime, pH 3 

improved the stability (p < 0.1) compared to pH 4. However, for atropine and midazolam, 

pH 4 was preferable (p < 0.1) to pH 3. In previous reported [13] studies, JEN showed better 

compatibility than JEA for midazolam. This work corroborates these results as JEN was 

preferable to JEA for midazolam (p < 0.1) and obidoxime (p < 0.1). The poor chemical sta-

bility of midazolam and obidoxime combined with other APIs could not be improved by 

changes in pH or the type of sealing to obtain a t90 longer than 1 year at 25° ± 2 °C.  

 

Figure 10. Mean results (n = 3) and standard deviation for pralidoxime, obidoxime, atropine, and 

midazolam within F1 (panel A) and F2 (panel B) formulations stored at 40 °C. Key: pH3 JEA ( ), 

pH3 JEN ( ), pH4 JEA ( ), pH4 JEN ( ). 

),
pH3 JEN (

Pharmaceutics 2024, 16, x FOR PEER REVIEW 12 of 14 
 

 

In previously reported studies [21], the combination of atropine and obidoxime 

stored at 25 °C showed good stability for two years. However, in our experimental condi-

tions, the stability of obidoxime combinations with atropine stored at 25° was lower than 

one year. This detriment in the chemical stability of obidoxime can be linked to the phys-

icochemical interaction with midazolam.  

The chemical stability of all drug components at 40 °C is illustrated in Figure 10. Pra-

lidoxime showed optimal stability, even at higher temperatures compared to all other 

APIs. The midazolam and obidoxime degraded fast at 40 °C. The effects of pH and type 

of sealing material were highly dependent on the API component. For obidoxime, pH 3 

improved the stability (p < 0.1) compared to pH 4. However, for atropine and midazolam, 

pH 4 was preferable (p < 0.1) to pH 3. In previous reported [13] studies, JEN showed better 

compatibility than JEA for midazolam. This work corroborates these results as JEN was 

preferable to JEA for midazolam (p < 0.1) and obidoxime (p < 0.1). The poor chemical sta-

bility of midazolam and obidoxime combined with other APIs could not be improved by 

changes in pH or the type of sealing to obtain a t90 longer than 1 year at 25° ± 2 °C.  

 

Figure 10. Mean results (n = 3) and standard deviation for pralidoxime, obidoxime, atropine, and 

midazolam within F1 (panel A) and F2 (panel B) formulations stored at 40 °C. Key: pH3 JEA ( ), 

pH3 JEN ( ), pH4 JEA ( ), pH4 JEN ( ). ), pH4 JEA (

Pharmaceutics 2024, 16, x FOR PEER REVIEW 12 of 14 
 

 

In previously reported studies [21], the combination of atropine and obidoxime 

stored at 25 °C showed good stability for two years. However, in our experimental condi-

tions, the stability of obidoxime combinations with atropine stored at 25° was lower than 

one year. This detriment in the chemical stability of obidoxime can be linked to the phys-

icochemical interaction with midazolam.  

The chemical stability of all drug components at 40 °C is illustrated in Figure 10. Pra-

lidoxime showed optimal stability, even at higher temperatures compared to all other 

APIs. The midazolam and obidoxime degraded fast at 40 °C. The effects of pH and type 

of sealing material were highly dependent on the API component. For obidoxime, pH 3 

improved the stability (p < 0.1) compared to pH 4. However, for atropine and midazolam, 

pH 4 was preferable (p < 0.1) to pH 3. In previous reported [13] studies, JEN showed better 

compatibility than JEA for midazolam. This work corroborates these results as JEN was 

preferable to JEA for midazolam (p < 0.1) and obidoxime (p < 0.1). The poor chemical sta-

bility of midazolam and obidoxime combined with other APIs could not be improved by 

changes in pH or the type of sealing to obtain a t90 longer than 1 year at 25° ± 2 °C.  

 

Figure 10. Mean results (n = 3) and standard deviation for pralidoxime, obidoxime, atropine, and 

midazolam within F1 (panel A) and F2 (panel B) formulations stored at 40 °C. Key: pH3 JEA ( ), 

pH3 JEN ( ), pH4 JEA ( ), pH4 JEN ( ). ), pH4 JEN (

Pharmaceutics 2024, 16, x FOR PEER REVIEW 12 of 14 
 

 

In previously reported studies [21], the combination of atropine and obidoxime 

stored at 25 °C showed good stability for two years. However, in our experimental condi-

tions, the stability of obidoxime combinations with atropine stored at 25° was lower than 

one year. This detriment in the chemical stability of obidoxime can be linked to the phys-

icochemical interaction with midazolam.  

The chemical stability of all drug components at 40 °C is illustrated in Figure 10. Pra-

lidoxime showed optimal stability, even at higher temperatures compared to all other 

APIs. The midazolam and obidoxime degraded fast at 40 °C. The effects of pH and type 

of sealing material were highly dependent on the API component. For obidoxime, pH 3 

improved the stability (p < 0.1) compared to pH 4. However, for atropine and midazolam, 

pH 4 was preferable (p < 0.1) to pH 3. In previous reported [13] studies, JEN showed better 

compatibility than JEA for midazolam. This work corroborates these results as JEN was 

preferable to JEA for midazolam (p < 0.1) and obidoxime (p < 0.1). The poor chemical sta-

bility of midazolam and obidoxime combined with other APIs could not be improved by 

changes in pH or the type of sealing to obtain a t90 longer than 1 year at 25° ± 2 °C.  

 

Figure 10. Mean results (n = 3) and standard deviation for pralidoxime, obidoxime, atropine, and 

midazolam within F1 (panel A) and F2 (panel B) formulations stored at 40 °C. Key: pH3 JEA ( ), 

pH3 JEN ( ), pH4 JEA ( ), pH4 JEN ( ). ).

4. Conclusions

The chemical stability of different multicomponent formulations, including an oxime
(pralidoxime or obidoxime), atropine, and midazolam, was evaluated at different tempera-
tures between 4 and 40 degrees. Pralidoxime showed a better stability profile compared
to obidoxime. Midazolam was unstable in all the tested experimental conditions. Drug
adsorption was observed in both types of sealing elastomeric materials and was signifi-
cantly (p < 0.01) dependent on the lipophilicity of the drug. The bromobutyl gasket was a
better alternative to minimize drug adsorption. It can be concluded that the most stable
formulation consisted of pralidoxime and atropine at pH 4 with the elastomeric sealing
material 4023/50 GRAY.
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