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Abstract. The effect of temperature and relative humidity (RH) on the stability of imidapril hydrochlo-
ride (IMD) in solid state was investigated. The main aim of this study was to determine the most
appropriate conditions of storage and manufacture of IMD so that the efficiency of the technological
process could be improved and its costs could be minimized. A reversed-phase high-performance liquid
chromatography was validated and applied for the determination of IMD degradation samples under the
following operating conditions: stationary phase, LiChrospher 100 RP-18 (size 5 pm) 250x4 mm I.D., and
mobile phase, acetonitrile-methanol-phosphate buffer, pH 2.0, 0.035 mol L™! (60:10:30 v/v/v). The effect
of temperature on IMD degradation rate was analyzed under increased RH ~76.4% (within temperature
range of 70-90°C) and decreased RH ~0% (within temperature range of 90-110°C). The influence of RH
was investigated under 90°C within RH range of 25.0-76.4%. IMD degradation accords with autocatalytic
reaction model, and RH has no influence on its mechanism yet it increases its rate. The reaction also
accelerates under high temperatures and in the presence of IMD degradation product. Pure IMD is more
stable than other structurally related angiotensin-converting enzyme inhibitors, such as enalapril maleate,
but it still should be stored in tightly closed containers and protected from moisture and high
temperatures.

KEY WORDS: angiotensin-converting enzyme inhibitors; imidapril hydrochloride; RP-HPLC; stability;

thermodynamics.

INTRODUCTION

A crucial aspect of good manufacturing practice is quality
control, which is aimed at the maintenance of high standards of
purity and identity, appropriate for medicinal products’
intended use. Stability testing is an integral part of quality con-
trol and this issue is a question of interest not only due to the
regulatory obligation to ensure the invariability of qualitative
and quantitative composition during storage, but also it contrib-
utes to the economization and optimization of manufacture
process, especially in case of unstable active pharmaceutical
ingredients; the decomposition of which decreases their produc-
tivity. The aspect of drug stability is crucial also from the clinical
point of view since the loss of active ingredient, caused by
degradation, contributes to the deterioration of treatment effi-
ciency. Drug’s stability can be influenced by various factors, such
as environmental conditions (temperature, light, air humidity),
package components, or substance chemical properties.
Therefore, the determination of appropriate parameters for
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technological process and storage should lower the risk of ex-
cessive drug decay and result in reduction of economical ex-
penses of manufacture (1).

In heterogeneous systems, such as solids, drug degradation is
mostly dependent on relative air humidity (RH) and temperature
level. Temperature is the primary factor affecting drug’s stability
by inducing thermal acceleration of chemical reactions. RH also
plays a role in catalyzing chemical degradation, mainly by two
different mechanisms: adsorption onto the drug surface with con-
sequent dissolution of an active ingredient in the formed moisture-
sorbed layer and the direct participation in chemical process, as a
substrate, leading to hydrolysis, hydration, isomerization, cycliza-
tion, and other bimolecular reactions. Hydrolysis is the most
commonly encountered drug degradation reaction in solid state.
Thus, the substances liable to hydrolysis should be investigated
with reference to their sensitivity to temperature and RH varia-
tions. This applies particularly to compounds containing ester,
lactone, lactam, amide, imide, peptide, or glycosidic bonds (2).

Angiotensin-converting enzyme inhibitors (ACE-I) are
widely used for the treatment of cardiovascular system-related
illnesses (3). This pharmaceutical class includes among others:
imidapril hydrochloride (IMD), enalapril maleate (ENA),
moexipril hydrochloride (MOXL), quinapril hydrochloride
(QHCI), and benazepril hydrochloride (BEN), which are
prodrug, ester-type, potent, long-acting, oral, dicarboxylate-con-
taining agents that are hydrolyzed in vivo to their active, diacidic
metabolites. The presence of ester functional in prodrug forms
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increases their lipophility and improves their pharmacokinetic
profiles, but it also increases their susceptibility to hydrolysis and
to other above-mentioned bimolecular reactions. This seems
unfavorable from the clinical point of view, since the
premature, ex vivo hydrolysis to diacidic form, caused for exam-
ple by improper storage, could deteriorate their pharmacological
effect by the impairment of their absorption. For this reason, the
ester-type ACE-I should be subjected to detailed stability studies
in order to evaluate their sensitivity to temperature and RH
changes since these factors can increase hydrolysis (4). The rele-
vant stability data have been found for the following ACE-I:
ENA (5), MOXL (6), QHCI (7, 8), and BEN (9). They have
been proven to be unstable under increased RH and temperature
conditions and their degradation impurities have been also iden-
tified. BEN was found to undergo hydrolysis to form benazeprilat
(9), ENA produced diketopiperazine (DKP) derivative after in-
tramolecular cyclization irrespective of RH conditions (5), and
MOXL formed DKP derivative under dry air conditions while
under RH ~76.4% DKP derivative and moexiprilat (6), and
QHCI was evidenced to form three degradation products: DKP,
quinaprilat, and quinaprilat DKP derivative (7, 8). Additionally,
in our studies with IMD, we have shown that this drug follows two
parallel degradation pathways under the conditions of 7=363 K,
RH ~76.4%, i.e., hydrolysis of ester bond with the formation of
imidaprilat, and intramolecular cyclization between the neighbor-
ing amino acids with the formation of IMD diketopiperazine
derivative (10). Also, the reaction of IMD hydrolysis with one
degradation product has been described for a binary (1:1 w/w)
mixture of IMD and magnesium stearate (11). Unfortunately, the
information on the stability of this drug in solid state is scarce.
One available study describes its compatibility with magnesium
stearate (11), and the other one emphasizes the utility of re-
versed-phase high-performance liquid chromatography (RP-
HPLC) method to its stability evaluation (12), while the recent
report identifies its degradation pathways under high moisture
conditions (10). Therefore, the main aim of this research was to
evaluate the influence of RH and temperature on IMD degrada-
tion kinetic and thermodynamic parameters, which would further
enable us to establish the optimal, environmental conditions of
storage and manufacture for this compound, providing some
valuable clues for manufacturers.

The following analytical methods have been reported for
the determination of IMD: RP-HPLC (11, 12), classical first
and second derivative UV technique (12), GC-MS (13), spec-
trophotometric determination based on the alkaline oxidation
of the drug with potassium manganate (VII) (14), and radio-
immunoassay (15). For this study, the RP-HPLC method was
selected due to its relative simplicity, accuracy, low costs, and
wide availability. We also decided to compare the stability of
two structurally related ACE-I, i.e., IMD and ENA. The
conclusions from our structure—stability relationship analysis
could facilitate the future drug molecule design.

METHODS

Materials and Reagents

Imidapril hydrochloride was kindly provided by Jelfa S.A.
(Jelenia Gora, Poland). Oxymetazoline hydrochloride was sup-
plied by Novartis (Basel, Switzerland). Sodium chloride
(American Chemical Society (ACS) reagent grade), sodium
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nitrate (ACS reagent grade), potassium iodide (ACS reagent
grade), sodium bromide (ACS reagent grade), sodium iodide
(ACS reagent grade), and potassium dihydrogen phosphate
(ACS reagent grade) were obtained from Sigma-Aldrich
(Steinheim, Germany). The other reagents were the following:
phosphoric(V) acid 85% (Ph Eur, BP, JP, NF, E 338 grade,
Merck, Darmstadt, Germany), acetonitrile (9017 Ultra
Gradient, for HPLC, Ph Eur. grade, J.T. Baker, Deventer, the
Netherlands), and methanol (HPLC grade, Merck, Darmstadt,
Germany).

Instruments

The chromatographic separation was performed on a
Shimadzu liquid chromatograph consisting of Rheodyne 7125,
100 pL fixed loop injector, UV-VIS SPO-6AV detector, LC-6A
pump, and C-RGA Chromatopac integrator. As a stationary
phase, a LiChrospher 100 RP-18 column with particle size of
5 um, 250x4 mm (Merck, Darmstadt, Germany), was employed.
The apparatus was not equipped in thermostating column nor in
an autosampler; therefore, the technique employing an internal
standard (IS)—a methanolic solution of oxymetazoline
hydrochloride—had to be used. This neutralized the error in-
herent during sample injection and eliminated random errors.

Preparation of IS

The exact amount of 20.0 mg of oxymetazoline hydro-
chloride was dissolved in 100 mL of methanol to produce a
final concentration of 0.20 mg mL .

Mobile Phase

The applied mobile phase was a mixture of acetonitrile—
methanol-aqueous phosphate buffer, pH 2.0, 0.035 mol L™
(60:10:30 v/v/v). Tt was filtered through a filter (0.22 pm) and
degassed by ultrasound prior to use. Aqueous phosphate buffer
was prepared by dissolving 0.0681 g of potassium dihydrogen
phosphate (KH,PO,) in 450 mL of bidistilled water. It was
adjusted to pH 2.0 using 1.0 mL of phosphoric(V) acid (85%)
and completed to 500.0 mL with bidistilled water.

Procedure for RP-HPLC

The mobile phase was pumped isocratically at a flow rate
of 1.0 mL min *. The detector wavelength was set at 218 nm.
The injection volume was 25 pL. All determinations were
performed at ambient temperature (12).

Method’s Validation
The selected method was validated according International
Conference on Harmonization guidelines (16). The following

validation parameters were assayed: selectivity, linearity, sensi-
tivity, precision, and accuracy.

Calibration Procedure

Stock solution (0.048%) was obtained by dissolving
48.0 mg of IMD in 100.0 mL of methanol. The solution was
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freshly prepared on the day of analysis and stored at 5°C
protected from light until used. Ten standard solutions ranging
from 0.002 to 0.480 mg mL ™" (0.002% to 0.048%) were
obtained by diluting the stock solution with methanol.
Aliquots of 1.0 mL of each standard solution were taken,
mixed with 1.0 mL of methanolic solution of IS, and
immediately injected onto the chromatographic column. RP-
HPLC analysis was conducted in triplicate with 25 pL
injections of each standard solution under the conditions
described above. The relative peak areas (IMD/IS) were
plotted versus corresponding concentrations and calibration
curve was obtained. The regression equation was computed
using the method of least squares.

Precision and Accuracy

Method’s precision corresponds to the relative stan-
dard deviation (RSD) of replicate measurements, while its
accuracy is expressed by the percentage of model mixture
recovery. Six replicate measurements for three different
IMD concentrations (low, ¢=0.004%; medium, ¢=0.020%;
high, ¢=0.040%) were performed on three subsequent
days using the proposed RP-HPLC method. The appro-
priate validation parameters were calculated.

Kinetic Studies

Forced ageing test was performed. The accurately weighed
samples (0.0100 g) of pure IMD were put into open, amber glass
vials and stored according to the following protocol:

The Estimation of Temperature Impact

The impact of temperature was examined at two RH
levels: ~76.4% (obtained by the use of NaCl-saturated aque-
ous solution bath which according to the literature data en-
sured the desired RH level (2)) and ~0% (generated by
placing samples in a sand bath). The assumed theoretical
range of increased RH in the studies temperatures was
within 75.1-76.4%; thus, its variations were considered as
negligible (2). The prepared series of samples were incu-
bated at 70°C, 75°C, 80°C, 85°C, and 90°C under RH ~76.4%
and at 90°C, 95°C, 100°C, 105°C, and 110°C under RH
~0% in heat chambers with the temperature control ac-
curacy of +1.0 K.

The Estimation of RH Impact

The RH impact was investigated under isothermal condi-
tions within RH range of 25.0-76.4%. The following saturated
salt baths were used to obtain the desired RH level: sodium
iodide (RH ~25.0%), sodium bromide (RH ~50.9%), potas-
sium iodide (RH ~60.9%), sodium nitrate (RH ~66.5%), and
sodium chloride (RH ~76.4%). The appropriate solutions of
inorganic salts were closed in desiccators and remained in
contact with the excess of solid salt throughout the study.
IMD samples were introduced into appropriate salt bath and
inserted into automatically controlled heat chamber set at
90°C. In order to equilibrate the kinetic test conditions, the
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Fig. 1. RP-HPLC chromatograms for IMD (3), its degradation products
(1,2),and IS (4) stored at: a RH ~76.4%, b RH ~50.9%, ¢ RH ~25.0%,
d RH ~0%; retention times: IMD tR=5 min, degradation products tR ~
3/2 min (in chromatogram “d,” tR=3 min), IS tR=8 min

prepared salt baths had been incubated at the desired temper-
ature for 24 h prior to the experiment.

Determination of IMD Concentration Changes

Within definite time intervals, determined by the rate of
IMD degradation, the vials were withdrawn, cooled to ambient
temperature, dissolved in water, quantitatively transferred into
volumetric flasks, made up with methanol to a total volume of
25.0mL, and filtered (solution A). One milliliter of IS was added
to 1.0 mL of each solution A (solution A;). The aliquots of 25 pLL
of the solutions A; were injected onto the chromatographic
column and the chromatograms were recorded. Basing on
the remaining drug concentration (c) calculated from the
measured relative peak areas (Pi/Prs.), the kinetic curves
were constructed by the use of least square method:

Table 1. Statistical Analysis of Calibration Curve

Parameters
Linearity range, % 0.002-0.0480
Regression equation (Y)*
Slope a+Aa 34.02+1.12
Standard deviation of the slope (SD,) 0.493
Intercept b+ Ab 0.0007+0.0006
Standard deviation of the intercept (SDy) 0.012
Standard deviation (SDy) 0.017
Correlation coefficient (r) 0.999

n 10
Rel. std. dev. (%)° 0.506

Rel. std. dev. relative standard deviation

“Y=aX+b, where X is concentration of IMD in percent and Y is the
IMD peak area-to-oxymetazoline hydrochloride (IS) peak area ratio
b Three replicate samples
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Table II. Accuracy of the RP-HPLC Method for IMD Determination

Day of analysis Nominal concentration (%) Measured concentration (%) % recovery SD CV (%)
0 0.004 0.00402+0.000021 100.50 9.50exp-6 0.745
0.020 0.02020+0.000014 101.00 1.98exp-5 0.981
0.040 0.04015+0.000026 100.37 3.71exp-5 0.925
1 0.004 0.00403+0.000029 100.75 4.06exp-6 1.008
0.020 0.02021+0.000013 101.05 1.90exp-5 0.942
0.040 0.04027+0.000030 100.67 4.24exp-5 1.050
2 0.004 0.00404+0.000032 101.00 4.42exp-6 1.095
0.020 0.02022+0.000012 101.10 1.63exp-5 0.807
0.040 0.04026+0.000024 100.65 3.40exp-5 0.844

SD standard deviation, CV coefficient of variation

c=Pi/Pis. = f(t)

where P; represents the area of IMD signal, P;g repre-
sents the area of IS signal, and ¢ is time. The regression
parameters and their statistical analysis were calculated
using Microsoft ® Excel 2007 and Statistica 2000 software.

RESULTS
Validation

The selected RP-HPLC method was validated in order to
confirm its applicability for this study. Its satisfactory selectiv-
ity with regard to IMD was confirmed (Fig. 1) and its linearity
was assessed by computing the regression equation and calcu-
lation of the correlation coefficient (r=0.999). The obtained
results are summarized in Table 1. The data on method’s
accuracy and precision are provided in Table II. The following
parameters were determined: recovery (percent), relative
mean error, and standard deviation. RSD was found to be
0.506%. Limit of detection (LOD) and limit of quantitation
(LOQ) were calculated using the following formulae: LOD=
3.3 §y/a and LOQ=10 Sy/a, where Sy stands for the standard

c[%]
1000

100

10

1 4
0 10 20 30

deviation of the blank signal and a is a slope of the calibration
curve. LOD was 0.00174% and LOQ was 0.00526%.

Effect of Temperature

The kinetic mechanism of IMD degradation was assessed
on the basis of the obtained kinetic curves (Figs. 2 and 3). The
results and the corresponding equations for both RH levels
are demonstrated in Table III. The degradation rate constants
(k) and the thermodynamic parameters of degradation, i.e.,
energy of activation (E,), enthalpy of activation (AH?), and
entropy of activation (AS”) for IMD degradation, were
calculated. It was evidenced that solid-state IMD required an
activation energy of 104+24 kJ/mol under humid conditions
and 153+28 kJ/mol under dry air conditions to undergo the
processes of decomposition.

Effect of RH

The results demonstrating the effect of RH on IMD
stability under various temperatures are demonstrated in
Table IV and Figs. 1 and 4.

——70"C, 76,4%RH
—#—75"C, 76,4%RH
—&—80°C, 76,4%RH
—=—90°C, 76,4%RH

40 50 60 70 tldays]

Fig. 2. Kinetic curves for solid-state IMD degradation c=f{(f) achieved under various
thermal conditions



Imidapril Hydrochloride Stability Studies

a
1000
c(%)
100 == oa
* —
X .,
X ENA * . IMD
10 e 5
1
0 100 200 300 ¢p 400

1203

100 |
= 0%,
— -
3 ’{;S?E =
g X :
= 3% ENA * IMD
¢ 1| x .
= -
é -
0t 100 200

300 t h 400

Fig. 3. Diagram demonstrating a changes in concentration of IMD and ENA during exposition to humid
atmosphere RH ~76.4% at 90°C and b semilogarithmic plots ¢,/ (co—c¢,)=f(t) for the degradation of IMD and

ENA in solid state at RH ~76.4% and T=90°C

DISCUSSION

Validation of RP-HPLC Stability-Indicating Method for IMD
Analysis

The RP-HPLC method was validated to provide a specif-
ic procedure for the rapid, qualitative, and quantitative anal-
ysis of IMD degradation samples, aimed at the evaluation of
the substrate loss. Importantly, this method was also used
previously for the determination of other structurally related
ACE-I (5-12). The following validation parameters were ex-
amined: selectivity, linearity, precision, LOD, and LOQ. In the
chromatograms obtained for the samples stored at RH ~0%,
three sharply developed peaks at reasonable retention times
were observed indicating method’s good selectivity. They
were attributed to IS, IMD, and the degradation product
(Fig. 1d). However, for the samples stored at RH >0%, the
incomplete separation of the peaks corresponding to two deg-
radation products was observed (Fig. 1a—c). On this stage of
analysis, we suspected that under dry air conditions, one deg-
radation product is formed, while in a humid environment,
IMD degrades with the production of two products.
Therefore, the developed method could present a limited
selectivity with respect to degradation products formed in
the presence of moisture and a satisfactory selectivity with
regard to parent compound. Thus, since our main target was
the evaluation of IMD degradation kinetics basing on the loss
of substrate, we accepted this method for further research
since it enabled quite favorable conditions for accurate and
precise calculations. It is important to emphasize that the
problem of incomplete separation of degradation products
under RH >0% was extensively analyzed in our further ex-
periments in which we explained that the slight modification
of a mobile phase provides a full separation of peaks corre-
sponding to two degradation impurities formed in the course
of IMD degradation (10). Linearity was determined in a range
of 0.002-0.0480% (that is 5-120% of IMD nominal concen-
tration used in the stability study). The calibration graph was
obtained and the corresponding calibration equation was com-
puted as Y=aX+b, where Y represents the ratio of IMD to IS
peak area and X represents IMD concentration in percent. A
high value of a correlation coefficient confirmed method’s
linearity in the studied range (Table I). The method was also
characterized by reasonable repeatability (satisfactory RDS),
sensitivity (acceptable LOQ and LOD), and good accuracy
and precision (recovery ~100%).

Kinetic Parameters of IMD Decay

The estimation of kinetic order of IMD degradation was
performed by calculating the percentage of remaining drug
concentration in the studied samples after their exposure to
increasing temperatures at high (~76.4%) and low (~0%) RH
levels for different time intervals. Similar analytical protocol
was utilized in the studies with other structurally related ACE-
I which enabled a more reliable comparison of the results for
the available compounds (5-11). In fact, a gradual loss of IMD
content in the studied samples with time was observed. The
obtained kinetic curves representing IMD concentration ver-
sus time, ¢,=f(t) (Fig. 2), were characterized by their sigmoid

Table III. Kinetic and Thermodynamic Parameters of IMD Decompo-
sition in Solid State

T (°C)/IK Kinetic parameters

10%+ Ak, s’ -r N fo.s [days]
RH 76.4%
70/343 0.734+0.088 0.991 9 40.1
75/348 1.06+0.13 0.991 9 30.8
80/353 2.23+0.27 0.991 9 17.3
85/358 3.59+0.47 0.994 7 16.7
90/363 4.88+0.41 0.995 10 7.3
20%/293* (1.36+0.16)x107°

Statistical evaluation In k;=f(1/T)
a+Aa=-12,550+2,827; SD,=1018
b+Ab=22+8; SD,=2.8

Thermodynamic parameters
E,=104+24 kJ/mol
AH*=101+25 kJ/mol

r=—0.990 AS*=-58+177 J/(K mol]
RH 0%

90/363 0.309+0.033 0.991 10 84.4
95/368 0.653+0.048 0.996 10 37.8
100/373 1.02+0.088 0.993 11 20.9
105/378 2.01+0.10 0.997 10 16.2
110/383 4.88+0.39 0.995 10 4.9
20%/293* (1.63£0.23)x10 12

Statistical evaluation In k;=£(1/T)
a+Aa=-18,417+3,463; SD,=1247
b+Ab=35+9; SD,=3.3

r=-0.993

Thermodynamic parameters
E,=153+28 kJ/mol
AH?=150+31 kJ/mol
AS*=51+167 J/(K mol)

SD, standard deviation of slope regression, SD,, standard deviation of
value b, r coefficient of linear correlation

“Value was calculated from Arrhenius equation; for RH 76.4%
Ink;=(—12,550+2,827) - (1/T [K])+(22+8) and for RH 0% Ink;=(-18,417+
3,463)- (/T [K])+(35+9)
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Table IV. The Effect of Humidity on the Stability of IMD in Solid State at 90°C

RH% 10%+ Ak [s7!] -r n Parameters of regression In k;=f (RH%)
25.0 0.827+0.046 0.997 10 a+Aa=0.0338+0.0050

50.9 2.20+0.16 0.996 10 SD,=0.0016

60.6 2.81+0.20 0.996 10 b+Ab=-14.82+0.29

66.5 3.23+0.22 0.995 10 SD,=0.091

76.4 4.88+0.41 0.995 10 r=0.997

a slope of regression In k;=a(RH%)+b, SD, standard deviation of slope regression, SD,, standard deviation of value b, r coefficient of linear

correlation

shape with three distinct reaction phases, including an initial
slow phase followed by a rapid phase, which finally led the
reaction to its completion. This seems analogous to the three-
phase autocatalytic reaction model distinguished by its initia-
tion, acceleration, and termination period in which the formed
degradation product acts as a reaction catalyst and its forma-
tion accelerates the reaction rate. Thus, to confirm our as-
sumptions, the mathematical model fitting was performed,
and indeed, the observed experimental data were found to
be a good fit to the theoretical autocatalytic model at all
temperatures (r>0.991), described by a Prout-Tompkins rela-
tionship (17):

Inc,/(co—c,) = C—kt

where ¢( and ¢, represent concentration of IMD at time points
0 and ¢, C is induction period, and k stands for degradation
rate constant (second ). The least squares method was used
to calculate the regression parameters y=ax+b, a+Aa, and b
+Ab, standard errors S,, S5, and S, and the correlation
coefficient r. The +Aa and +Ab were estimated for f=n—2
degrees of freedom and a=0.05. It is important to emphasize
that only the points attributed to the acceleration period were
considered in the mathematical interpretation of our
experimental conditions. For this reason, it can be generally
stated that under the applied analytical conditions, the process
of IMD decay follows the autocatalytic reaction kinetics,
which is characterized by two parameters, i.e., length of the
induction period and the reaction rate constant calculated for

the data obtained for the acceleration phase. The length of the
induction period was demonstrated graphically and its gradual
reduction with the increase of temperature was observed,
indicating that the decreasing IMD stability correlates with
the elevation of this parameter (Fig. 2). In addition, the linear,
semilogarithmic plots, obtained by the application of Prout—
Tompkins equation enabled the calculation of the reaction
rate constants (k) which correspond to the slope of the
analyzed function (Fig. 3). The increasing values of k further
confirm that with the increase of temperature, the stability of
IMD declines. Table III summarizes the rate constants, half-
lives, and correlation coefficients obtained for each
investigated temperature condition. It is also worth
mentioning that in our further studies, in which we identified
two degradation products formed in the course of IMD decay
under humid environment, the detailed analysis of their
formation kinetics was performed. We evidenced that both
impurities, referred as DKP and imidaprilat, were formed
simultaneously, according to the parallel reaction, and their
calculated formation rate constants were not statistically
different. Additionally, their formation occurred according to
the autocatalytic kinetics, as indicated by the sigmoid kinetic
curves which were a good fit to the theoretical Prout—
Tompkins model (10).

Finally, it was established that within the studied therapeutic
class (ACE-I), different degradation mechanisms under similar
study conditions occur. IMD and ENA decompose according to
the autocatalytic reaction model. MOXL and BEN degradation
accord with pseudo-first-order kinetics under dry air conditions
and first-order kinetics in humid environment. QHCI decomposes

0 10 20 30 10 50 60 70 80 90 9%RH
1.00€E-05
1.00E-06
——20°C
1.00E-07 30°C
-
—a—-50°C
1.00E-08
——70°C
—*—90°C
1.00E-09 A
-
L
1.00E-10

ki [1/s]

Fig. 4. Changes of solid-state IMD degradation rate according to alternating relative
humidity levels under different thermal conditions
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Fig. 5. Impact of relative humidity and temperature on the half-life of solid-state IMD

according to first-order kinetics, irrespective of RH conditions.
By analyzing the available kinetic data (5-11), it can be
concluded that the stability within this therapeutic class
under the conditions of 90°C and RH ~76.4% decreases
in the following order: BEN (#,5=110 days) > IMD (fys=
7.3 days) > MOXL (#,5=58 h) > ENA (#s=35 h) > QHCI
(to.5=27.6 h), suggesting that BEN is the most stable agent
in this group. These differences are probably caused by
their structural characteristics and protective properties of
corresponding functionals in IMD and BEN molecules.

Thermodynamic Parameters of IMD Decay

The effect of temperature on IMD degradation rate was
studied by conducting the reaction at five different tempera-
tures under RH ~0% and RH ~76.4%. For each series of
samples, a degradation rate constant (k) was elucidated and
the natural logarithm of each k was plotted against the recip-
rocal of the corresponding temperature to fulfill the Arrhenius
relationship:

Ink; = InA-E,/RT

where k; is the reaction rate constant (second !), A is
frequency coefficient, E, is activation energy (joules per
mole), R is universal gas constant (8.3144 J K™ mol ™), and
T is temperature (Kelvin). For both RH levels, the straight
line plots In k;=f(1/T) were obtained, described by the
following relationships which show that the increase of
temperature accelerates the IMD degradation rate:

for RH ~76.4%
and for RH ~0%

Ink; = (—12,550 £2,827)-(1/T) + (22 + 8)
Ink; = (18,417 £ 3,463)-(1/T) + (35 + 9)

The corresponding statistical analysis of each regression
is provided in Table III. The obtained k values were the basis
for the estimation of the IMD half-life (#,s) under various
thermal conditions provided in Table III. Figure 5 demon-
strates graphically the variations of fys according to the ap-
plied environment, indicating that both temperature and RH
similarly affect IMD stability.

Based on the transition state theory, also the energy of
activation (E,), enthalpy of activation (AH?), and entropy of

activation (AS?) under temperature of 20°C and RH ~76.4%
and ~0% were determined using the following equations (2):

Ea= - a - R
E,= A H" + RT
AS"= R [InA-In (KT /h)]

where a is the slope of In k;=f(1/T) straight line, A is a frequency
coefficient, E, is activation energy (joules per mole), R is uni-
versal gas constant (8.3144 J K! mol "), T is temperature
(Kelvin), AS™ is the entropy of activation (joules per Kelvin
per mole), AH” is enthalpy of activation (joules per mole), K
is Boltzmann constant (1.3806488(13)x10° > J K", and # is
Planck’s constant (6.62606957(29)x107>* J s). The calculated
E, describes the strength of the cleaved bonds in IMD
molecule during degradation. It was found to be 153+
28 kJ mol ! for RH ~0% and 104+24 kJ mol ' for RH
~76.4%, which are comparatively high values for esters
(Table IIT). This can be explained by possible protective
properties of 1-methyl-2-oxoimidazolidine functional on IMD
molecule (Fig. 3). However, under elevated RH conditions, the
rate of IMD degradation increases, which is evidenced by lower
E, and AH” when compared to the corresponding values
calculated for RH ~0%. This suggests that the stability of
IMD deteriorates in high moisture environment. The positive
AH? indicates an endothermic character of the observed
reactions, which means that there is a need for constant energy
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Fig. 6. Three-dimensional relationship between temperature (7)), rel-
ative humidity (RH), and degradation rate constant (k) for solid-state
IMD degradation under humid conditions
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Fig. 7. Impact of real storage conditions on the stability of pure solid-
state IMD (T ~20°C, RH ~55%)

supply during the formation of the activated complex from the
reagents. The AS” value provides information on the
thermodynamic equilibrium of the system while forming
activated complex. For the reaction conducted under RH
~76.4%, AS” is slightly negative and equals to AS*=-58+
177 J/(K mol), which is unfavorable from thermodynamic
point of view. This suggests a bimolecular character of the
reaction and indicates that the activated complex is
characterized by a higher degree of arrangement compared to
the initial substance. For the reaction conducted under RH
~0.0%, AS” was found to be 51167 J/(K mol) indicating that
the activated complex was less constrained than the individual
reagents. The differences in thermodynamic profiles of these
two reactions could be due to their different pathways,
suggesting that depending on RH level, different degradation
products could be formed, which is in agreement with our
observations of different chromatograms under RH ~0% and
RH >0%. In fact, under humid conditions, ester hydrolysis and
intramolecular cyclization have been already reported (10).
Under dry air conditions, cyclization between neighboring
amino acids resulting in the formation of diketopiperazine
derivative is possible, similarly to MOXL (6). This hypothesis,
however, must be confirmed in appropriate degradation studies.

Influence of Humidity on the Stability of IMD

The effect of RH on the stability of IMD was investigated
at 90°C, within RH range of 25.0-76.4%. The natural loga-
rithm of the measured degradation rate constants was plotted
against the corresponding RH values, and the following linear
relationship was obtained:

a
\/\§<H ;’//CH N
o—\ 3)\
chJ _\O /N
CH,

1-methyl-2-oxoimidazolidine functional

Regulska et al.

In ki = ax + b = (0.0337 + 0.0050) RH%—(14.82 + 0.29).

It was demonstrated that the increase of RH intensifies
IMD degradation, while under low RH levels, IMD shows
longer half-life (Figs. 1 and 5). The reaction rate constant
(k;) increases exponentially with RH (Table IV and Fig. 4).
This supports the conclusions drawn on the basis of thermo-
dynamic parameters analysis. The sensitivity to relative hu-
midity changes is varied within ACE-I class and it increases in
the following order: BEN >ENA > IMD > QHCI > MOXL,
indicating that MOXL is the most sensitive to RH variations
(5-10).

Relationship Between 7, RH, and k for IMD Degradation
Under Humid Conditions

Basing on the established linear semilogarithmic relation-
ships fiRH)=Ink; and f{(1/T) =Ink;, the surface of solid-state IMD
degradation was constructed. It is described by the following
equation:

In k; =17.6-11,783.6-(1/T) + 0.034 RH

and it demonstrates the three-dimensional relationship be-
tween logarithm of degradation rate constants versus rel-
ative humidity and the reciprocal of temperature (Fig. 6).
The provided equation enables the prediction of the deg-
radation rate constant for solid-state IMD using easy-to-
measure values of drug storage. On the basis of the
established relationship between k, 7, and RH, the IMD
degradation rate constants were calculated for the follow-
ing conditions:

k=27810" s! and
k=727-10"7 s

T25°C/RH 60%
T30°C/RH 75%

The applicability of the proposed approach was con-
firmed by the statistical analysis for the equality of regression
between the experimental and theoretical parameters which
evidenced no significant differences between these values,
since #(a=0.05)>111.

Real Storage Conditions

In order to demonstrate the solid-state IMD stability
behavior under real storage conditions, we performed the 2-

b

H (¢]

® [
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3

N
[¢]
piroline functional
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Ty
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Fig. 8. Chemical structures of a imidapril hydrochloride and b enalapril maleate
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year observations of the sample stored in ambient tempera-
ture (7 ~20°C) and room humidity (RH ~55%), and within
this time interval, we have observed no loss of pure IMD con-
tent (Fig. 7). This indicates that #os for solid-state IMD
under these conditions is longer than the observational period.

Analysis for Structure-Stability Relationship for ENA
and IMD

The enhanced stability analysis for a whole group of
ACE-I implicates some suggestions on structure—stability re-
lationship within this therapeutic class. IMD and ENA (Fig. 8)
are the most structurally related ACE-I, but when comparing
their stability data, better parameters are observed for IMD.
ENA is less susceptible to hydrolysis and in the course of
degradation it produces only DKP derivative irrespective of
RH conditions, while IMD in high moisture environment
undergoes both hydrolysis and cyclization (5, 10). Both com-
pounds’ degradation follows the autocatalytic reaction order
(Fig. 3), suggesting that their slight structural differences do
not influence their degradation mechanism. Nevertheless,
ENA is more fragile (k=3.350+0.24x107° s™!) than IMD
(k=4.889+0.41x10° s'; T=90°C, RH ~76.4%) (5). This
means that under these conditions, IMD’s half-life is 177 h
(7.4 days; Table IIT) while of the ENA’s is only 35 h (5). To
explain this phenomenon, a structural analysis of both
compounds is necessary (Fig. 8). ENA is a piroline
derivative while IMD has a 1-methyl-2-oxoimidazolidine
functional which seems to have some protective properties
on IMD molecule causing the reduction of its reactivity.
Imidazolidine ring is thought to stabilize IMD particularity
in its trans form and to prevent the molecule from rotating.
This explains its more favorable stability profile when
compared to ENA and puts into consideration the utility of
these compounds. Both of them are characterized by
comparable efficiency. The clinical data imply that they
are equally effective in reducing blood pressure after
once daily administration in a dose 5-10 mg, yet IMD
was shown to be better tolerated, with lower incidence
of cough as a side effect (18, 19). Additionally, IMD
therapy is less expensive than the reference therapy with
ENA (20). These data seem to favor IMD as preferred
alternative to ENA and they could be of some clue for
manufacturers and healthcare providers on lowering the
costs and increasing the quality of antihypertensive
treatment.

CONCLUSION

It was finally concluded that the main factor contributing
to IMD instability in solid state is moisture presence, which
significantly increases its rate of decomposition. The calculat-
ed thermodynamic parameters clearly demonstrate the lower
value of energy of activation (E,=104+24 kJ mol ') under the
increased RH level in comparison with the corresponding
results obtained for the environment of dry air (E,=153+
28 kJ/mol). Humidity presence, however, has no influence on
the mechanism of IMD degradation—in both cases, the
autocatalytic reaction occurred. Pure IMD as well as its
pharmaceutical formulations must, therefore, be stored in
tightly closed containers and protected from moisture, and
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for technological process, the low humidity conditions should
be ensured. As for structure-stability relationship, the 1-
methyl-2-oxoimidazolidyne functional acts as molecule
stabilizer suggesting that IMD could be a better alternative
to other structurally related ACE-I.
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