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Currently, treatment of Chagas disease is restricted to the use of benznidazole and nifurtimox;
however, nifurtimox was temporarily suspended in some countries. Based on the limitations in
pharmacological treatments, it is essential to guarantee the quality of benznidazole. Therefore,
this work aimed to identify the degradation products of benznidazole and to validate a stability
indicating method. The stability test was performed through a forced degradation study, exposing
benznidazole under a range of conditions. Benznidazole proved to be unstable under acidic and
alkaline conditions, and three products were identified by liquid chromatography coupled to a hybrid
quadrupole time-of-flight mass spectrometer (UPLC-QTOF-MS). Furthermore, a stability indicating
method by high performance liquid chromatography with a diode array detector (HPLC-DAD)
for benznidazole was developed and validated according to ICH (International Conference on
Harmonisation) and ANVISA (Agéncia Nacional de Vigilancia Sanitdria) guidelines. The method was
linear (180-420 ug mL™! range), selective in the presence of degradation products, precise (relative
standard deviation (RSD) < 0.6%), accurate (recovery > 99.2%), robust, and free of matrix effects.
The method was successfully able to quantify the benznidazole in pharmaceutical formulations.
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Introduction

Chagas disease, which is caused by the parasite
Trypanosoma cruzi, is considered a neglected disease and
a public health problem.!* According to the World Health
Organization, about eight million people worldwide are
affected by this pathology, and the majority of individuals
live in Latin America."*’ The disease occurs in two
phases: the acute and chronic phases. The early phase of
the pathology can be lethal in many cases, with intense
parasite multiplication and cell invasion. Usually, the
individual affected at this stage is asymptomatic or with
symptoms common to any infection. The chronic phase of
the disease is characterized by impairment of the digestive
and/or cardiac system.*?

*e-mail: pontarolo@ufpr.br

After confirmation by diagnosis, immediate
pharmacological treatment of the disease is recommended.
Currently available therapeutic options include two nitro-
heterocyclic drugs: benznidazole (BNZ) and nifurtimox.
However, in some countries only BNZ has been approved
because of the lower efficacy of nifurtimox compared to
benznidazole and because of the severe adverse events
caused by nifurtimox.!!> To guarantee the quality of
benznidazole, thus maintaining its efficacy and safety, it is
crucial to have strict control of the drug stability."

In this context, to ensure the integrity of benznidazole
and its pharmaceutical form content within the specific
limits, under the influence of environmental factors as a
function of time, it is recommended to perform stability
studies. Among stability studies, studies of forced
degradation provide an approach for the identification of the
possible degradation products that can form in accelerated
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or long-term stability studies.'*"'® Furthermore, to monitor
the possible changes in benznidazole over time, an
indicative stability method is required to quantify this drug
without interference from degradation products, impurities,
and excipients.'*!"” Considering that there are only studies
of thermal,'” and photostability,'® the objective of the
present work was to detect and suggest the degradation
products derived from benznidazole by ultra-performance
liquid chromatography coupled to a hybrid quadrupole
time-of-flight mass spectrometer (UPLC-QTOF-MS) and
to develop and validate a stability indicating method for
benznidazole by high performance liquid chromatography
with a diode array detector (HPLC-DAD).

Experimental
Chemicals and reagents

The active pharmaceutical ingredient of benznidazole
(99.1%) was kindly donated by the Pharmaceutical
Laboratory of the State of Pernambuco, Recife, Brazil.
The structure of this substance is shown in Figure 1.
Benznidazole tablets (100 mg) were kindly supplied by
the Parand Medicines Center, Cemepar, Curitiba, Brazil.

Figure 1. Chemical structure of benznidazole.

High-performance liquid chromatography grade
acetonitrile was acquired from Panreac (Barcelona, Spain).
Sodium hydroxide (99%) and hydrochloric acid (36.5%)
were obtained from Merck (Darmstadt, Germany) and
Vetec (Duque de Caxias, Brazil), respectively. Ammonium
formate (97%) and formic acid (> 98%) were provided by
Sigma-Aldrich (St. Louis, USA). Hydrogen peroxide (30%)
was acquired by Synth Labs (Diadema, Brazil). Ultrapure
water was obtained from a Milli-Q instrument (Millipore
Corp., Bedford, MA, USA).

Preparation of stock and working solutions

A stock solution of BNZ was prepared at a concentration
of 5 mg mL", using acetonitrile as a diluent. The working
solution was prepared by diluting aliquots from the stock
solution with acetonitrile and water mixture (50:50, v/v)
to obtain a concentration of 1 mg mL™".
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Sample preparation of pharmaceutical dosage forms

Ten tablets were weighed to determine the average
weight. Then, the powder equivalent to 10 mg of BNZ
was dissolved in acetonitrile up to 10 mL in a volumetric
flask. The sample was filtered through a 0.22 pum
polyvinylidene difluoride (PVDF) membrane filter. Then,
the sample was diluted with acetonitrile and water (50:50,
v/v) to achieve a final concentration of 300 ug mL~!
benznidazole.

HPLC-DAD instrumentation and conditions

HPLC-DAD analysis was performed with an Agilent
1100 HPLC (Santa Clara, United States) system that
consisted of a quaternary pump G1311A, degasser G1379A,
column thermostat G1316A, autosampler manager G1329A,
and diode array detector G1315B. In addition, ChemStation®
software, version A.10.02, was used.

The separation of BNZ and its degradation products was
achieved on an XBridge™ C8 column (150 x 4.6 mm, 5 pm)
from Waters Corporation (Milford, United States). The
column temperature was kept at 40 °C. The mobile phase
consisted of 20 mM ammonium formate (pH adjusted to 3.0
with formic acid) (solvent A) and acetonitrile (solvent B).
The elution order was as follows: 0.00-15.00 min, 10 to 90%
B; 15.00-15.10 min, 90 to 10% B; and 15.10-20.00 min,
10% B. The flow rate was 1000 pL. min™' and the injection
volume was 20 pL. The detection wavelength was set at
320 nm.

Instrumentation and conditions for detection of degradation
products by UPLC-QTOF-MS

The identification of degradation products
was conducted using an ultra-performance liquid
chromatograph (Acquity H-Class, Waters Co., Milford,
USA) coupled to a hybrid quadrupole time-of-flight mass
spectrometer (Xevo G2-S, Waters Co., Milford, USA).
Chromatographic separation was performed using an
Acquity C8 column (100 x 2.1 mm, 1.7 um, Waters Co.,
Milford, USA) maintained at 40 °C. The mobile phase was
composed of water and acetonitrile, both containing 0.1%
formic acid. The following gradient elution at a constant
flow rate of 500 uL min~" was used: 0.00-3.40 min, 10 to
90% B; 3.40-3.50 min, 90 to 10% B; and 3.50-6.00 min,
10% B. The injection volume was 3 pL.

The analysis was performed in positive and negative
electrospray ionization modes with a capillary voltage of
3 kV, acone voltage of 40 V, and a source offset of 80 V. The
source temperature and desolvation temperature were 150
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and 350 °C, respectively. The cone gas flow was 50 L h™!
and the desolvation gas flow was 400 L h™'. Nitrogen was
used as the cone and desolvation gas, and argon was used
as the collision gas.

Mass spectrometry data was collected from m/z 50
to 500 in MSE mode, allowing the identification of
the compounds through the data acquisition in a data
independent analysis mode. In this mode the MS analysis
is performed alternating between low and high collision
energies, after that precursor ions and their respective
product ions are obtained by synchronizing the spectra.
Data acquisition was done in centroid mode using
MassLynx™ NT4.1 software.'” During the analysis,
accurate mass was corrected using leucine enkephalin as
lock mass at a flow rate of 20 uL. min™'.

Furthermore, to predict and confirm the forced
degradation pathways the Zeneth software, version 7.1.3
(Copyright© Lhasa Limitee) was used.?

Forced degradation study

Forced degradation conditions were carried out
according to the guidelines of Agéncia Nacional de
Vigilancia Sanitdria (ANVISA)?! and the International
Conference on Harmonisation (ICH).??> The tested
conditions can be seen in the following sections.

Acidic and alkaline conditions

For the acidic and alkaline degradation, BNZ
(1 mg mL™") was diluted with different concentrations
of hydrochloric acid and 0.1 M sodium hydroxide,
respectively. These solutions were kept in a water bath
at 60 °C for 96 h for the acid solution and 12 h for the
alkaline solution. After the specified times, each solution
was neutralized by adjusting the pH to 7.0 and diluted with
acetonitrile and water (50:50, v/v) to obtain 300 pg mL"!
of analyte for HPLC-DAD analysis and 500 ng mL~! for
UPLC-QTOF-MS analysis.

Thermal condition

Working solutions of BNZ were diluted with distilled
water and placed in a water bath at 60 and 80 °C for 7 days.
Then, the solution was diluted, resulting in the following
concentrations: 300 ug mL~! for HPLC-DAD injection and
500 ng mL~" for UPLC-QTOF-MS.

Oxidation condition

The working solution of benznidazole was treated
with 3% hydrogen peroxide and placed in a water bath at
room temperature for 48 h. After 7 days, the solution was
diluted with acetonitrile and water (50:50, v/v) to achieve
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a final concentration of 300 pg mL~" for HPLC-DAD and
500 ng mL" for UPLC-QTOF-MS.

Photolytic degradation

Photodegradation was studied by placing working
solutions of benznidazole in the following conditions:
a chamber containing a cool white fluorescent lamp
output similar to that specified in ISO 10977% and a near
UV fluorescent bulb having a spectral wavelength from
320 to 400 nm in concordance with the guidelines of
ANVISA* and ICH.* This solution was maintained in
these condition for 14 days and was diluted to achieve a
final concentration of 300 pg mL™ for the HPLC-DAD
analysis and 500 ng mL~' for UPLC-QTOF-MS.

Method validation

The proposed stability indicating method for the
quantification of BNZ in the presence of the degradation
products (DP) was validated according to ANVISA? and
ICH guidelines.” The following parameters were considered:
selectivity, linearity, accuracy, precision, and robustness.

Selectivity

To evaluate the method selectivity, benznidazole was
submitted to stress conditions (acid, alkaline, thermal,
oxidative, and photolytic conditions) at a concentration of
1000 pg mL™". The ability of the method to differentiate
BNZ in the presence of possible product degradation was
assessed through determination of purity BNZ peaks in
HPLC-DAD. The scanning was performed in the range
of 200-400 nm.

Linearity

The linearity of the method was tested from triplicates of
the calibration curve containing five levels of concentration
(180, 240, 300, 360, and 420 ug mL™"). Samples were
prepared by diluting the stock solution with a mixture of
acetonitrile and water (50:50, v/v). The linearity between
variables was measured through correlation coefficients (r),
determination (r?), and slopes. Beyond that, for the
linearity assessment, the test of equality of variance and
homoscedasticity (as null hypothesis) were evaluated
through Cochran’s C test, and the statistical significance
of the slope coefficients of the lines was also established
by analysis of variance (ANOVA) and F test (considering
5% level of significance).

Limit of quantification
The limit of quantitation (LOQ) was estimated based on
the parameters of the calibration curve using the following
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calculation: 10 times the standard deviation of the response
divided by the slope of the standard curve. Moreover, the
precision of the lower concentration of the calibration curve
and its signal-to-noise ratio were measured.

Precision

The precision of the method was determined through
intra-day and inter-day precision. To perform intra-day
precision, six solutions at 300 ug mL~" were prepared by
the same analyst and analyzed by the same equipment in a
short period of time. The inter-day precision was performed
by analyzing six solutions in the same concentration level,
however, analysis was performed by another analyst on the
same equipment in two non-consecutive days. The precision
was evaluated by relative standard deviation (RSD) and
Student’s #-test.

Accuracy

To assess this parameter, the standard addition method
was used. Nine samples (prepared according to “Sample
preparation of pharmaceutical dosage forms” sub-section)
were diluted to achieve 30 ug mL~". Then, the samples
were spiked with the stock solution of BNZ to obtain the
following concentrations: 240, 300, and 360 ug mL™". The
percentage recovery was measured by comparing the spiked
samples with standard solutions at the same concentration,
which represented 100% recovery.

Robustness

To perform the robustness tests, benznidazole
solutions (300 pg mL™") were prepared in triplicate.
Some chromatographic parameters were changed for the
evaluation of this parameter, such as the pH of the mobile
phase (from 3.0 to 2.9 and 3.1), the initial mobile phase
gradient (from A:B, 90:10 to A:B, 89:11 and 91:9), the
temperature (from 40 to 39 and 41 °C), the mobile phase
flow (from 1 to 0.9 and 1.1 mL min™), and the injection
volume (from 20 to 19.9 and 20.1 pL). The RSD and
the statistical F tests and Student’s #-test were used to
evaluate the behavior of the benznidazole against these
small changes.

Matrix effect

The matrix effect was determined by comparing
the slopes of two analytical curves. The first curve was
constructed with the standard solution and the second with
the diluted samples spiked with the analyte, both in the same
concentrations (from 180 to 420 ug mL™"). To evaluate this
parameter, a significance level of 5% was adopted in the null
hypothesis test, and Excel software®® with the ActionStat
supplement was used.
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Results and Discussion
Optimization of chromatography conditions

To achieve the best chromatographic profile of
benznidazole and its degradation products, different
conditions were tested to separate the analyte of interest
from their DPs. The chromatogram obtained under the
defined conditions is shown in Figure 2.

1000~

Benznidazole
800+ 4
600 /

400+

mAu

200+

0

0 5 10 15 20
Time (min)
Figure 2. Chromatogram obtained for benznidazole after chromatographic

optimization in HPLC-DAD (300 ng mL~' benznidazole was diluted in
50:50 v/v acetonitrile and water).

Forced degradation study

Alkaline condition

Benznidazole was submitted to degradation under the
alkaline condition, as outlined in “Acidic and alkaline
conditions” sub-sub-section, and the sample was analyzed
by the HPLC-DAD method. A significant decreasing (50%)
in the peak area of BNZ was observed. In addition, the
appearance of a new peak at 1.93 min also was noted (see
Figure S1a, in Supplementary Information (SI) section).

The same sample was then further investigated by means
of an UPLC-QTOF-MSF analysis. This analysis indicated
that the additional chromatographic peak found for the
previous HPLC-DAD analysis was in fact constituted by
two compounds, which were detected in positive mode at
the retention times of 2.08 min (DP1) and 2.15 min (DP2),
both referring to molecular ion m/z 232.1080 (Figure 3).

To investigate the differences between DP1 and
DP2, the respective product ions from the collision
induced dissociation in high energy were compared.
The same fragmentation profile was observed for both
molecules; therefore, we suggest that they were closely
related tautomeric compounds with a molecular formula
of C,H,;N;0, and named N-benzyl-2-(2-hydroxy-
1H-imidazol-1-yl)acetamide (DP1) and N-benzyl-
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Figure 3. Chromatogram obtained for benznidazole after alkaline
condition in UPLC-QTOF-MSE.

2-(2-0x0-2,3-dihydro- 1 H-imidazol-1-yl)acetamide (DP2).
The proposed DP1 and DP2 structures and the pathway of
degradation are shown in Figure 4.

The formation of DP1 and DP2 could be explained
by the nucleophilic attack of the hydroxide anion onto
the electron deficient carbon of the imidazole ring. The
aromatization of the imidazole ring would result into
the nitrite group displacement, and formation of the
hydroxylated degradation product DP1. Tautomerism of
the amide-iminol type of derivative DP1 could explain the
presence of the degradation product DP2.

Even though these two peaks were not separately
observed in the HPLC-DAD, their appearance when
using the UPLC-QTOF-MSE technique is justified by
the higher chromatographic resolution of the UPLC
system compared to the HPLC-DAD technique. This is
supported by the m/z found for the degradation products
(mass error < 5 ppm). The DPs suggested in this analysis
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are in agreement with the theoretical data defined by the
software Zeneth.?

Acidic condition

Regarding acid hydrolysis, BNZ was subjected to
degradation reaction with 0.1 M HCl for a period of 7 days;
however, this condition did not promote drug degradation.
Then, BNZ was exposed to more concentrated acidic
solutions (1 and 2 M HCI). A chromatographic peak
(HPLC-DAD) at the retention time of 1.96 min could be
observed after 96 h under 2 M hydrochloric acid condition,
accompanied by a 20% decrease of the benznidazole peak
area (see Figure S1b in SI section).

Chromatographic analysis was then performed with
the UPLC-QTOF-MSE instrument. Likewise, for the
HPLC-DAD analysis, a new peak was observed, in this
case with a retention time of 2.79 min, which exhibited a
precursor ion at m/z 250.0747 (positive mode), as shown
in Figure 5, indicating the molecular formula C;,H,,N;OCI
(error less than 5 ppm).

The collision induced dissociation spectrum was also
recorded, which presented typical fragments, such as
m/z 91.0548 and 148.1819. The proposed structure of
the pseudo degradation product obtained under acidic
conditions is represented in Figure 6, which was named
N-benzyl-2-(chloro-2,3-dihydro-1H-imidazol-1-yl)
acetamide (DP3). Additionally, the isotope pattern matches
the proposed structure due to the presence of the chlorine
atom, as shown in Figure 6.

Based on the proposed chemical structure, the
degradation pathway under acidic conditions was outlined
(see Figure 7). After protonation of the nitrogen of the
imidazole ring, the chloride ion in the medium would
attack to the electron-deficient carbon attached to the nitro
group. The re-aromatization of the imidazole ring would

[N&OH
H

Figure 4. Suggested benznidazole degradation pathway under alkaline conditions.
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occur with the elimination of nitrous acid, leading to the
chlorinated degradation product DP3.

Acid condition

100+ A
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Jd D
& 507 o a7
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Figure 5. Chromatogram obtained for benznidazole after acid condition
in UPLC-QTOF-MSE.
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Figure 6. Spectrum with a chromatographic peak of 2.78 min and the
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Figure 7. Suggested benznidazole degradation pathway under acidic conditions.
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In order to confirm whether it was a degradation
product or not, BNZ was tested in the presence of other
acids. Sulfuric acid and hydrobromic acid were tested,
however, the analyte did not degrade in the presence
of these acids, confirming that this pseudo degradation
product is dependent of the chlorine, as shown in the
Figure 7.

Thermal condition

Benznidazole was stable under thermal degradation
conditions (water bath at 60 °C). No additional peaks were
detected in the analytical run in HPLC-DAD, and the BNZ
peak appeared exactly at its retention time (7.15 min) with
an area similar to the standard at the same concentration.
Due to the absence of new chromatographic peaks with
this condition, the sample was exposed to a more extreme
condition, 80 °C, for a period of 7 days. Again, the
appearance of new peaks was not observed, nor was there
significant decay of the analyte peak area.

Oxidation condition

After 48 h of oxidative conditions, the sample was
analyzed by HPLC-DAD, giving the chromatogram
represented in Figure 8. Analysis gave no additional peaks,
while BNZ was observed at 7.14 min with a similar peak
area as the original solution. These results were predicted
by Zeneth software® for the simulation of the oxidation
degradation reaction, showing no degradation products
with this condition.

Photolytic degradation

After 14 days of exposure of the sample to the photolytic
condition, no additional peaks appeared in chromatogram
corresponding to possible degradation products (Figure 9).
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Figure 8. Chromatogram obtained for benznidazole after oxidative
degradation in HPLC-DAD.
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Figure 9. Chromatogram obtained for benznidazole after photolytic
degradation in HPLC-DAD.

Once again, the area of benznidazole with this condition
was similar to benznidazole in the initial condition.

Method validation

Selectivity

Selectivity is the ability of the method to differentiate
the analyte in the presence of interferent signals, such as
the DPs. As shown in the chromatogram (Figure 10) for
the analysis of a sample composed of a mixture of the
degradation products and benznidazole, no interfering
peak was detected in the retention time of benznidazole.
Furthermore, in the analysis of peak purity of BNZ and its
DPs by ChemsStation software, values higher than 99.0%
were obtained. Figure S2 (SI section) shows the UV spectra
of BNZ. Overall, this data demonstrated that the DPs did
not compromise the analysis of BNZ, which means the
method is selective.

Lower limit of quantification
Based on the calibration curve slope and standard
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Figure 10. Chromatography representing the purity of peaks for the
selective test.

error, the LOQ was calculated as 26.9 ug mL-". Detailed
results can be found in Tables S1, S2, and S3 (SI section).
Furthermore, the lower point of the calibration curve
(180 ug mL") presented satisfactory results, having a
signal-to-noise ratio of more than 10 times and an RSD
of 0.6639.

Linearity

Linearity was observed in the concentration range
180-420 ug mL-', resulting in the linear equation
y = 31.693x + 244.11 (Figure S3, SI section). The
correlation coefficient (r > 0.99) showed a significant
correlation between the concentration and BNZ response
in the detector, which was in agreement with the criteria
of the guidelines used.??’

The Cochran C test value obtained was 0.370, which
is lower than the critical value of 0.684 (five curve points
and three replicates for the y variable), establishing that
the null hypothesis was acceptable and that the variations
were homoscedastic. In addition, the F value (14,897.919)
was greater than the critical value of 4.667, leading to the
conclusion that the proposed model is adequate to describe
the phenomenon (Table S4, SI section). Also, the residual
graph shows that there is a random distribution behavior
with no trend (Figure S4, SI section).

Precision and accuracy

The results obtained for intra-day and inter-day precision
are shown in Table S5 (SI section). In all instances, RSD
values were less than 5% and the p-values were greater than
0.05, confirming that the method is precise.

For the accuracy parameter, values greater than 99.2%
recovery were acquired for the three concentration levels
tested (80, 100, and 120%), as demonstrated in Table S6
in SI section. Therefore, the method was considered
accurate.
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Robustness

The results obtained for robustness tests are described
in Table S7 in the SI section. The present method gave
RSD values that did not exceed 5% and p-values that were
higher than 0.05, ensuring that the results are not considered
statistically different for all modified parameters. Therefore,
these small modifications did not compromise the analysis
of the method.

Matrix effect

The matrix effect was determined by comparing the
slope of two analytical curves, as suggested by ANVISA
Guideline,?® the first constructed with the standard
solution and the second with the diluted samples spiked
with the analyte, both with the same concentrations
(180-420 pug mL'"). ANOVA statistical analysis, coefficients
and the comparison test were also performed to verify the
presence of the matrix effect. To evaluate this parameter, a
significance level of 5% was adopted in the null hypothesis
test, and Excel software® with the ActionStat supplement
was used.

The results of the areas of the chromatographic peaks
obtained for the analysis of this parameter are given in
Table S8 in the SI section. Comparing the slopes of the lines
(obtained through the curve in the matrix and in solution),
a parallelism relation is observed, indicating the absence
of interference of the constituents of the matrix (Figure S5,
SI section).

ANOVA statistical analysis, coefficients, and the
comparison test can be visualized in Tables S9, S10, and S11
in SI section, respectively. The p-value obtained in the tests
was lower/higher than 5%, proving that there is no significant
difference between the curves with and without matrix.

Conclusions

In summary, forced degradation assays demonstrated
that BNZ is unstable in the alkaline media employed and
moderately stable under acidic conditions. Under thermal,
oxidative and photolytic conditions, BNZ was stable. Three
degradation products from BNZ were identified and their
structures were proposed based on mass determination
by UPLC-QTOF-MSE technique and Zeneth software.
N-Benzyl-2-(2-hydroxy-1H-imidazol-1-yl)acetamide
(DP1) and N-benzyl-2-(2-ox0-2,3-dihydro-1H-imidazol-
1-yl)acetamide (DP2) would be formed under alkaline
conditions, while N-benzyl-2-(chloro-2,3-dihydro-
1H-imidazol-1-yl)acetamide (DP3) would be formed under
acidic conditions.

The HPLC-DAD stability indicating method proved
to be adequate for the quantification of benznidazole. The
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parameters established in the validation demonstrated that
the method is selective, linear, precise, accurate, free of
matrix effects, and it is robust. Therefore, the new method
could be employed in future analyses of stability tests.

Supplementary Information

Supplementary data are available free of charge at
http://jbcs.sbq.org.br as PDF file.
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