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Abstract

A reversed-phase high-performance liquid chromatographic (HPLC) method was developed and validated for the
kinetic investigation of the chemical and enzymatic hydrolysis of benazepril hydrochloride. Kinetic studies on the
acidic hydrolysis of benazepril hydrochloride were carried out in 0.1 M hydrochloric acid solution at 50, 53, 58 and
63 °C. Benazepril hydrochloride appeared stable in a pH 7.4 phosphate buffered solution at 37 °C and showed
susceptibility to undergoing in vitro enzymatic hydrolysis with porcine liver esterase (PLE) in a pH 7.4 buffered
solution at 37 °C. Benazeprilat appeared to be the major degradation product in both (chemical and enzymatic)
studies of hydrolysis. Statistical evaluation of the proposed HPLC methods revealed their good linearity and
reproducibility. Relative standard deviation (R.S.D.) was less than 4.76, while detection limits for benazepril
hydrochloride and benazeprilat were 13.0×10−7 and 9.0×10−7 M, respectively. Treatment of the kinetic data of the
acidic hydrolysis was carried out by non-linear regression analysis and k values were determined. The kinetic
parameters of the enzymatic hydrolysis were determined by non-linear regression analysis of the data using the
equation of Michaelis–Menten. © 2002 Elsevier Science B.V. All rights reserved.

Keywords: Benazepril; Benazeprilat; Acidic-hydrolysis; Enzyme kinetics; Porcine liver esterase; Reversed-phase high performance
liquid chromatography; Kinetic measurements

www.elsevier.com/locate/jpba

1. Introduction

Benazepril hydrochloride (3-[1-(ethoxycar-
bonyl)-3-phenyl-(1S)-propylamino]-2,3,4,5-tetra-
hydro-2-oxo-1H-1-(3S)-benzazepine-1-acetic acid
monohydrochloride) [1], is a new angiotensin-con-
verting enzyme inhibitor, which is shown to be

effective in the treatment of hypertension and
congestive heart failure [2–4]. The compound, a
dicarboxylic acid monoethylester, is a prodrug [5].
Its main metabolic route involves hydrolytic
cleavage of the ester linkage leading to its active
carboxylic acid metabolite, benazeprilat (3-[1-(car-
bonyl)-3-phenyl-(1S)-propylamino]-2,3,4,5-tetra-
hydro-2-oxo-1H-1-(3S)-benzazepine-1-acetic acid)
[6,7]. Structures of the compounds are presented
in Scheme 1.
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The ester linkage of benazepril could be cleaved
chemically or enzymatically by hydrolases or
proteins displaying an esterase-like activity. The
in vitro studies of the rate of hydrolysis of medic-
inal esters under a variety of conditions (non-en-
zymatic or enzymatic), is a prerequisite for the
development and rationalization of therapy. Sev-
eral authors have studied the hydrolysis of a
variety of medicinal esters, by chromatographic
[8–12] spectrophotometric methods using chro-
mogenic substrates [13] and spectrofluorimetric
[14] methods. An automated analytical system has
also been reported allowing the enzymatic studies
of medicinal esters using microdialysis sampling
technique coupled with reversed phase high-per-
formance liquid chromatography (HPLC) [15].

To follow the pharmacokinetics of benazepril,
different analytical methods have been developed.
Gas chromatography–mass spectrometry (GS–
MS) was used for the determination of benazepril
and its major metabolite benazeprilat in human
plasma and urine [16,17]. An enzyme inhibition
HPLC method and a radioenzymatic method
were used for the specific determination of be-
nazeprilat in biological fluids [18]. A HPLC
method, using a chiral AGP column, has also
been reported for the stereoselective analysis of
benazepril and its steroisomers [19]. A number of
HPLC assays have also been described in the
literature for the determination of benazepril hy-
drochloride in pharmaceuticals [20–24]. To our
knowledge, no article related to degradation ki-
netics of this drug has ever been mentioned in
literature. The objective of this work was to inves-
tigate the stability of benazepril hydrochloride at
the pH of the stomach since this drug is adminis-
tered orally. As a prodrug it should be a good

substrate for the porcine liver esterase (PLE) but
it should be resisted to acidic hydrolysis. Thus, it
would be of particular interest to study kinetics of
the acidic and enzymatically catalyzed hydrolysis
of this compound. A HPLC method was devel-
oped, allowing the simultaneous determination of
benazepril and its major degradation product be-
nazeprilat. The method was further applied to
kinetic studies of this compound in non-enzymatic
and enzymatic conditions.

2. Experimental

2.1. Equipment

A HPLC system consisted of a GBC Model
LC1126 pump and a Rheodyne Model 7725i in-
jector with a 5-�l loop, which were coupled to a
GBC Model LC1210 ultraviolet–visible (UV–vis)
detector operated at 250 nm. Data acquisition
was performed using WinChrom chromatography
software package, ChemWin, version 1.2.

A thermostated Heto water bath with a preci-
sion of (�0.2 °C) was used for the kinetic stud-
ies, while all pH measurements were performed on
a pH meter (Metrohm, model 654 Herisau).

2.2. Materials and reagents

Solvents were of HPLC grade and were pur-
chased from Lab-Scan Science Ltd., Ireland.
Sodium hydrogen phosphate, 2-H2O, sodium di-
hydrogen phosphate, hydrochloric acid, perchlo-
ric acid and sodium hydroxide (all
analytical-reagent grade) were purchased from E.
Merck, Darmstadt, Germany. Purified porcine

Scheme 1. Structure of benazepril hydrochloride I, and benazeprilat, II.
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liver carboxylesterase suspension, PLE, labeled to
contain 15 mg of protein per ml, 250 U ml−1, in
a 3.2 M (NH4)2SO4 solution of pH 8.0, was
purchased from Sigma Aldrich Chemie, Stein-
heim, Germany (Cat. No E2884) and stored at
4 °C. Water was deionized and further purified
by means of a Milli-Q Plus Water Purification
System, Millipore Ltd. Benazepril hydrochloride
and benazeprilat of pharmaceutical purity grade
were kindly provided by Novartis Pharma AG,
Basel, Switzerland. All substances were used with-
out any further purification.

2.3. Stock and working standard solutions

Stock standard solutions of benazepril hydro-
chloride, Bz, 2.17×10−4 M, benazeprilat, Bzlat,
2.52×10−4 M, were prepared by dissolving ap-
propriate amounts of the compounds in
methanol. These solutions were stored in the dark
under refrigeration at 4 °C and were found to be
stable for several weeks.

Two series of mixed working standard solutions
of Bz and Bzlat in a ratio (1:1) were prepared by
the appropriate dilution of the above mentioned
stock standard solutions in the appropriate mo-
bile phase.

2.3.1. Buffer solutions
Phosphate buffer (pH 7.40, 25 mM NaH2PO4

and 25 mM Na2HPO4, I=0.05) was used in all
enzymatic studies.

2.4. Chromatographic conditions and measurement
procedure

2.4.1. HPLC method for the acidic hydrolysis
Chromatographic separation was performed on

a reversed phase BDS C-18 column (250×3.0
mm i.d., 5 �m particle size) Shandon Scientific
Ltd., (Chesire, UK). The mobile phase consisted
of 0.020 M disodium hydrogen phosphate, ad-
justed to pH 3.0 with phosphoric acid, and
methanol (40:60, v/v), was filtered through a 0.20
�m nylon membrane filter (GelmanSciences Ltd.)
and degassed under vacuum prior to use. A flow
rate of 0.35 ml min−1 with a column inlet pres-
sure of 2000 psi was used in order to separate

benazepril and its degradation products. Peak
heights were measured and HPLC analysis was
conducted at ambient temperature.

2.4.2. Calibration procedure
Calibration curves of Bz and Bzlat were con-

ducted using the series of working standard solu-
tions described previously. The concentration
range tested for the study of the acidic hydrolysis,
ranged from 1.08×10−5 to 8.68×10−5 M for Bz
and from 1.26×10−5 to 10.08×10−5 M, for
Bzlat. The linearity of the HPLC assay for the
enzymatically catalyzed hydrolysis was deter-
mined over the range 0.22×10−5 to 8.68×10−5

M for Bz and from 0.25×10-5 to 10.08×10−5

M, for Bzlat. All solutions were analyzed immedi-
ately after their preparation. Triplicate 5-�l injec-
tions were made of each solution and peak area of
each compound were plotted against the corre-
sponding to obtain the calibration graph.

The over-all precision and accuracy of the
HPLC assay was evaluated by analyzing four
series of mixed standard solutions of Bz and
Bzlat, at concentrations of 0.22×10−5, 1.08×
10−5, 4.34×10−5 and 8.68×10−5 M for Bz and
0.25×10−5, 1.26×10−5, 5.04×10−5 and
10.08×10−5 M for Bzlat. The relative standard
deviation (% R.S.D.) was determined in order to
assess the precision of the assay, while the accu-
racy was expressed by the relative percentage
error (Er%).

2.5. Kinetic in�estigation of the acidic hydrolysis

A 2.0 ml aliquot of stock methanolic solution
of Bz was transferred to a 25-ml volumetric flask
and diluted to volume with 0.1 M hydrochloric
acid. This solution was transferred to a two-
necked round-bottomed flask. One neck of the
flask was fitted with a reflux condenser and sam-
ples were collected from the other neck. The
entire flask assembly was submerged in a ther-
mostated water-bath and the temperature was
allowed to equilibrate prior to the addition of Bz
solution. This procedure was performed at 50, 53,
58 and 63 °C.

During the kinetic study at predetermined time
intervals, 200 �l aliquots were removed from the
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flask and 200 �l of water were added followed by
vigorous mixing. A volume of 5 �l was quantita-
tively injected into the analytical column.

Treatment of kinetic data was carried out by
the software package Minsq program (version
4.03, Micro-Math Scientific Software, Salt Lake
City, UT) using the least squares and simplex
subroutines.

2.6. Kinetic in�estigation of the enzymatic
hydrolysis

An appropriate aliquot of the PLE suspension
was transferred to a 10-ml volumetric flask and
diluted to volume with the phosphate buffer. This
solution was transferred to a two-necked round-
bottom flask; one neck of the flask was fitted with
a reflux condenser and samples were collected
from the other neck. The enzyme solution was
then incubated for 60 min, at 37�0.2 °C in a
thermostated water-bath. The reaction was ini-
tiated by adding the appropriate aliquot of the Bz
stock standard solution into the flask. At appro-
priate time intervals, determined by the rate of the
reaction, 120 �l aliquots were removed from the
flask and the reaction was stopped by the addition
of a 10 �l aliquot of HClO4 (70% w/v) [25].
Samples were then vortexed thoroughly for 30 s
and a 10 �l aliquot of 18 N NaOH was added in
order to reduce the acidity of the solution prior to
the chromatographic assay.

For the Michaelis–Menten kinetic evaluation,
four series of PLE stock solutions (2.25×10−2,
3.00×10−2, 3.75×10−2 and 4.50×10−2 mg
ml−1) were prepared. The final concentration of
Bz in the reaction solutions ranged from 5.42×
10−6 to 8.68×10−5 M.

The initial linear appearance of Bzlat was plot-
ted as a function of time. The slope of each plot
was regarded as the initial rate of the reaction, �o,
expressed in mmol min−1. The kinetic parameters
Vmax and km were determined by iterative non-lin-
ear optimization using the equation of rectangular
hyperbola corresponding to Michaelis–Menten
kinetics [26,27].

The non-enzymatic hydrolysis rate of Bz was
also studied in a phosphate buffered solution of
pH 7.4 at 37�0.2 °C. The stability of Bz was

adequate for measurement of enzymatic hydroly-
sis, without chemical hydrolysis interfering.

3. Results and discussion

3.1. Chromatographic characteristics

The chromatographic separations were per-
formed on a BDS C-18 column with a 3.0-mm
internal diameter. In recent years, there has been
an increasing interest in columns with reducing
internal diameter and packed with smaller parti-
cles [28,29]. The reduction in column diameter
from a standard 4.6- to 3.0-mm i.d. leads to a
concomitant reduction of solvent usage, as they
operate at lower flow rates (0.30–0.50 ml min−1).
Another very practical aspect of the choice of a
3.0-mm i.d. column is the drastic reduction in
peak volumes, which are related to the low flow
rate [30]. Consequently, for an equal injected mass
the solute concentration is greater which results in
an increase in the sensitivity compared with
columns with diameters of 4.6-mm i.d. This ad-
vantage is extremely important, as during the
chemical and enzymatically catalyzed hydrolysis
several degradation products may be present in
trace concentrations.

The effect of composition and pH of the mobile
phase on the retention time of Bz and Bzlat, was
investigated. Results of the effect of methanol
concentration in the mobile phase are presented in
Fig. 1. Increasing methanol concentration to more
than 65% Bzlat peak is eluted with the solvent
front. At methanol concentration lower than 55%,
the elution of Bzlat peak is seriously delayed, but
the retention time of Bz peak is increased dramat-
ically. The optimum methanol concentration was
found to be 60%. The effect of pH in the chro-
matographic elution of both compounds is related
to the degree of ionization. The pKa values of
both compounds were calculated using ACD/pKa

predictor software. A decrease of pH values from
4.0 to 2.5 causes a concomitant decrease of the
retention times of Bz due to an increase in the
protonation of the nitrogen atom in the ben-
zazepine ring (pKa=5.02). The same decrease in
pH lead to a delay in the elution of Bzlat due to
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Fig. 1. Effect of methanol concentration on the capacity factor, k, of benazepril hydrochloride (broken line, �) and benazeprilat
(solid line, �). Column, C-18 BDS column (250×3.00 mm i.d.); eluent, 0.020 M sodium hydrogen phosphate 2H2O (pH 3.0) and
methanol; flow rate, 0.35 ml min−1; detection wavelength 250 nm.

Fig. 2. Effect of mobile phase pH on the capacity factor, k, of benazepril hydrochloride (broken line, �) and benazeprilat (solid line,
�). Column, C-18 BDS column (250×3.00 mm i.d.); eluent, 0.020 M sodium hydrogen phosphate 2H2O–methanol (40:60, v/v);
flow rate, 0.35 ml min−1; detection wavelength 250 nm.

the reduction in the ionization of the second
carboxyl group (pKa=2.2; Fig. 2). A pH value of
3.0 was found to be the optimum, as at this pH
the analyte peaks were well defined and resolved.
Bzlat peak is adequately delayed from the solvent
front, while this pH is well compatible with the
column lifetime. The optimum wavelength for
detection was at 250 nm, at which the best
detector responses for all the substances were
obtained.

The specificity of the HPLC method is illus-

trated in Fig. 3 where complete separation of the
compounds was observed during the kinetic study
of the acidic hydrolysis of Bz. Both compounds,
Bz and Bzlat, are baseline separated from each
other with retention times of 5.08 and 9.35 min,
respectively. Three other degradation products are
also eluted at 6.23, 7.23 and 14.95 min, respec-
tively. A typical chromatogram obtained during
the enzymatic hydrolysis is presented in Fig. 4, Bz
and Bzlat eluted at 5.05 and 9.17 min,
respectively.
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3.2. Linearity and reproducibility

Under the experimental conditions described in
Section 2, linear relationships were observed be-
tween the peak area of each compound and the
corresponding concentration as described in Table
1. The correlation coefficient (r) and the standard
error of the estimate (Sr) of the calibration lines

are also given, along with S.D. of the slopes and
the intercepts.

In order to further evaluate the linearity of the
proposed method, five calibration equations were
constructed over a period of 4 weeks. The average
regression equation for Bz:

SBz=44.25(�1.53)CBz+2.71(�0.95)

Fig. 3. Representative chromatogram of a mixture of benazeprilat and benazepril hydrochloride at retention times 5.08 and 9.35
min, respectively, and three other degradation products eluted at retention times 6.23, 7.23 and 14.95 min. The chromatogram was
obtained during the acidic hydrolysis and the chromatographic conditions were, reversed-phase HPLC on a C-18 BDS column
(250×3.00 mm i.d.); mobile phase, 0.020 M sodium hydrogen phosphate 2H2O (pH 3.0) and methanol (40:60, v/v); flow rate 0.35
ml min−1; detection wavelength 250 nm.

Fig. 4. Representative chromatogram of a mixture of benazeprilat and benazepril hydrochloride at retention times 5.05 and 9.17
min, respectively. The chromatogram was obtained during the enzymatic hydrolysis and the chromatographic conditions were,
reversed-phase HPLC on a C-18 BDS column (250×3.00 mm i.d.); mobile phase, 0.020 M disodium hydrogen phosphate (pH 3.0)
and methanol (40:60, v/v); flow rate 0.35 ml min−1; detection wavelength 250 nm.
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Table 1
Analytical parameters of the calibration curves of benazepril hydrochloride and benazeprilat by HPLC

rbLinearity range (×10−5 M)a S.D.cRegression equations Sr
d

SlopeBzlat InterceptBz

(I)e

ABz=42.66CBz−5.83 0.9998 0.361.26–10.08 1.851.08–8.68 2.32
ABzlat=44.15CBzlat−0.64 0.99991 0.22 1.331.08–8.68 1.671.26–10.08

(II)f

ABz=44.96CBz+2.770.22–8.68 0.99910.25–10.08 0.28 1.06 2.41
0.22–8.68 ABzlat=45.06CBzlat+1.930.25–10.08 0.99992 0.23 0.99 2.27

a Bz, benazepril hydrochloride; Bzlat, benazeprilat.
b Correlation coefficient.
c S.D. of slope and intercept.
d S.E. of the estimate.
e Peak area of each compound, A, vs. the appropriate concentration (×10−5 M), C ; six standards.
f Peak area of each compound, A, vs. the appropriate concentration (×10−5 M), C ; ten standards.

Table 2
Accuracy and precision of within and between run analysis for the determination of benazepril hydrochloride and benazeprilat by
HPLC

Assayed concentration (×10−5 M)Nominal concentration (×10−5 M)

Benazepril Benazeprilat Benazepril Benazeprilat

Mean�S.D. R.S.D.%a Er%
b Mean�S.D. R.S.D.%a Er%

b

Intra-day (n=5)
0.21�0.01 4.76 −4.5 0.24�0.01 4.17 −4.00.22 0.25
1.10�0.02 1.82 1.81.26 1.27�0.011.08 0.79 0.8

5.044.34 4.31�0.01 0.23 −0.7 5.03�0.02 0.40 −0.2
8.64�0.01 0.12 −0.5 10.14�0.01 0.1010.08 0.68.68

Inter-day (n=5)
1.11�0.03 1.80 2.8 1.28�0.02 1.561.08 1.61.26
4.30�0.04 0.93 −0.95.04 5.01�0.024.34 0.40 −0.6
8.71�0.028.68 0.2310.08 0.3 9.91�0.03 0.30 −1.7

a Percentage R.S.D.
b Relative percentage error= [(assayed concentration−nominal concentration)/nominal concentration]×100.

and for Bzlat:

SBzlat=46.40(�0.73)CBzlat+1.63(�1.07)

where S is the peak area of each compound ×104

and C is the appropriate concentration expressed
in M ×105.

The slopes of the calibration equations for Bz
and Bzlat had R.S.D. values of 3.4 and 1.6,
respectively, while the correlation coefficient in-
variably exceeded 0.9992.

Intra-day data for the precision and accuracy of
the method given in Table 2, indicate R.S.D.%=
0.12–4.76 and Er%= −4.5−1.8 for Bz and
R.S.D.%=0.10–4.17 and Er%= −4.0−0.8 for
Bzlat. Moreover, the inter-day R.S.D.% values
(Table 2) for the determination of Bz and Bzlat
were ranged from 1.80 to 0.23 and −1.7 to 2.8,
respectively.

The limits of detection a, LOD(k=3)=k×Sa/b
where b is the slope of the calibration graph and
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Sa is the S.D. of the blank signal, as defined by
International Union of Pure and Applied Chem-
istry (IUPAC) [31], were found to be 13.0×10−7

and 9.0×10−7 M, for Bz and Bzlat, respectively.
The statistical evaluation of the proposed

HPLC method revealed its good linearity and
reproducibility and proved suitable for the study
of the acidic and enzymatic hydrolysis of Bz.

3.3. Kinetic in�estigation of the acidic hydrolysis

Accelerated kinetic measurements, of the acidic
hydrolysis of Bz, were performed at 50, 53, 58 and
63 °C. The Bz concentration decreased exponen-
tially with time, following a first order reaction.
Fig. 5 shows plots of the decay of Bz versus time
under different temperatures.

Values of reaction rate constants, k, were esti-
mated after treatment of the results by a non-lin-
ear parametric method (MINSQ). The
mathematical model used was C=pe−kt, applied
to first and pseudo-first order reaction kinetics;
where C represents the concentration of Bz at
time t and p is a constant factor depending on
experimental conditions. Results of the rate con-
stants are presented in Table 3. Correlation coeffi-
cient indicate that a good fit between calculated
plots and experimental data was achieved. Arrhe-
nius plot was drawn, according to equation:

k=Ae−Ea/RT

where k is the reaction rate constant expressed in
h−1, A the constant, Ea the activation energy
expressed in kcal mol−1 and T is the absolute
temperature. The activation energy Ea was found
to be 19.90 kcal mol−1 with a correlation coeffi-
cient of 0.99994, k and t1/2 values at 37 °C were
found to be 1.36×10−4 h−1 and 5095 h, respec-
tively. These results prove that Bz is, as expected,
highly stable in acidic media.

3.4. Kinetic in�estigation of the enzymatic
hydrolysis

In order to investigate the enzymatic hydrolysis
of Bz the uncatalyzed rate was evaluated in phos-
phate buffer pH 7.4 at 37 °C. It was found that
Bz remained stable for at least 30 min.

The kinetic parameters Vmax and Km of Bz in
the presence of porcine liver carboxylesterase were
calculated from the Michaelis–Menten rectangu-
lar hyperbola using non-linear least-squares pro-
cedure. Results are presented in Table 4 and
indicate that were obeyed over the concentration
range of 2.25–3.75×10−2 mg ml−1. At these
enzyme concentrations, Km remains constant
while Vmax is linearly related to enzyme concentra-
tion, Eo, with a correlation coefficient of 0.9991.
At Eo=4.50 mg ml−1 deviation from linearity of
Vmax against Eo along with an increase of Km

value is observed, indicating the limits for
Michaelis–Menten kinetics. Fig. 6 shows an ex-
ample of Michaelis–Menten kinetics as obtained
under three different concentrations of PLE.

Fig. 5. Typical apparent first order plots of the accelerated
hydrolysis of benazepril hydrochloride at 50 (�), 53 (�), 58
(�) and 63 (�) °C; all four in HCl 0.1 M.

Table 3
Results of kinetic investigation of the acidic-hydrolysis of
benazepril in HCl 0.1 N

t1/2 (h)(k�s)×104� (°C) Correlation
(h−1) coefficient r (n)a

140350 0.9991 (17)4.94�0.03
6.68�0.1653 0.996 (19) 1037

10.40�0.09 66658 0.9993 (20)
4190.9992 (22)16.55�0.1563

a Correlation coefficient, r, is a statistical parameter which is
the correlation coefficient of determination calculated by
MINSQ, and n is the number of experimental points included
in the non-linear fit (concentration of benazepril hydrochloride
vs. time) made by MINSQ.
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Fig. 6. Michaelis–Menten kinetics as obtained under the following concentrations of porcine liver carboxylesterase 2.25×10−2 (�),
3.00×10−2 (�), and 3.75×10−2 (�); So is the concentration of benazepril hydrochloride in mM and �o the initial velocity in
mmol min−1.

Table 4
Kinetic parameters of benazepril in the presence of four
different concentrations of porcine liver carboxylesterase, as
calculated from the Michaelis–Menten equation

Km (mM)Eo Vmax r (n)b

(mg ml−1)a (mmole min−1)

2.25×10−2 0.0127�0.00180.739�0.034 r=0.992 (8)
r=0.996 (9)0.0154�0.00131.098�0.0313.00×10−2

0.0169�0.00311.513�0.077 r=0.992 (8)3.75×10−2

4.50×10−2 0.0324�0.0091 r=0.995 (8)2.712�0.041

a Concentration of porcine liver carboxylesterase.
b Correlation coefficient; n is the number of experimental

points.

products, as well as the determination of
Michaelis–Menten parameters and initial rate
constant in the presence of PLE. The method
could be applied to study the hydrolytic activity
of PLE in other substrates.
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