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Abstract

Recently, N-nitrosamines have been unexpectedly found in generic sartan products. Herein, we developed a
sensitive and stable GC-MS/MS method with multiple reactions monitoring mode for the simultaneous
determination of four N-nitrosamines in sartan substances, namely, N-nitrosodimethylamine, N-nitrosodiethylamine,
N-nitrosodibutylamine, and N-nitrosodiisopropylamine. The conditions of gas chromatography and mass
spectrometry were optimized. The method was validated according to the International Council for Harmonization
guidelines in terms of sensitivity, linearity, accuracy, precision, specificity, and stability. The limits of detection of N-
nitrosamines in sartan substances ranged from 0.002 to 0.150 ppm, and the corresponding limits of quantification
were in the range of 0.008-0.500 ppm, which met the sensitivity requirements for the limits set by the Food and
Drug Administration of the United States. The internal standard curve of four N-nitrosamines showed good linearity
of regression coefficients over 0.99. The recoveries of N-nitrosamines in selected sartan drugs ranged from 87.68 to
123.76%. The intraday and interday relative standard deviation values were less than 9.15%. Therefore, this proposed

Quantitative determination

method exhibited good sensitivity and precision, high accuracy, and fast analysis speed, which provide a reliable
method for quality control of N-nitrosamines in sartan products.
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Introduction

In the manufacturing processes of active pharmaceutical
ingredients (APIs), impurities are generated from a var-
iety of sources, such as starting materials, intermediates,
reagents, solvents, catalysts, and by-products. As a kind
of special impurities, genotoxic impurities (GTIs) could
induce genetic mutations, cause chromosomal breakage
and rearrangements, and increase the risk of cancer even
under a low concentration condition (Szekely et al. 2015;
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Benigni and Bossa 2011). Therefore, the European Medi-
cines Agency and Food and Drug Administration (FDA)
of the USA have established a threshold of toxicological
concern for GTIs, namely, 1.5pgday ' for long-term
treatments and higher limits for shorter durations in the
clinic (Raman et al. 2011). In a view of the low concen-
tration level, the development of a sensitive, high-
efficient, and robust analytical methodology for detecting
potential GTIs in APIs has been a great challenge for
the pharmaceutical industry in recent years (Teasdale
and Elder 2014).

Sartan substances are one of the most frequently pre-
scribed antihypertensive drugs and have been widely
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applied in the treatment of cardiovascular diseases all over
the world (Muszalska et al. 2014). In the production process
of sartan products, organic solvents containing amide groups
might form secondary amines in acidic solution at high
temperature, and then react with nitrous acid, thereby lead-
ing to the formation of N-nitrosamines (Scherf-Clavel et al.
2019). Since this reaction probably occurred in syntheses of
various sartan substances, many kinds of N-nitrosamines
might be found in the sartan products.

N-Nitrosamine GTIs have been recognized as a kind of
potent carcinogens. They showed mutagenic activities in
Ames test with Salmonella typhimurium and triggered the
carcinogenic effect in rats, mice, hamsters, guinea pigs,
and rabbits (Wagner et al. 2012; Santos et al. 2014; Buist
et al. 2015; Ravnum et al. 2014). Since the valsartan and
losartan products produced by several pharmaceutical
companies were proven to contain potential contamin-
ation with carcinogenic nitrosamine impurities, namely,
N-nitrosodimethylamine (NDMA), N-nitrosodiethylamine
(NDEA), and N-nitroso-N-methyl-4-aminobutyric acid
(NMBA) (Fig. 1), FDA has recalled them since July 2018
(Parr and Joseph 2019).

Recently, GC and LC tandem mass spectrometry
have been widely used in the detection of N-
nitrosamines in water (Chen et al. 2017; Ngongang
et al. 2015), food (Herrmann et al. 2014; Scheeren
et al. 2015), and personal care products (Miralles
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et al. 2019). Pre-treatment methods, for example,
solid-phase extraction (Sieira et al. 2020; Luo et al.
2016; McDonald et al. 2012), liquid extraction (Hong
et al. 2017), and simultaneous distillation extraction
(Zhu et al. 2019) have been commonly used to ex-
tract N-nitrosamines from matrix before analysis.
However, the determination of N-nitrosamines in
APIs through LC-MS/MS and/or GC-MS/MS is not
well understood till now. Sorgel group (Sorgel et al.
2019) developed a highly sensitive HPLC-APCI-MS/
MS method for quantitation of NDMA and NDEA in
sartan substances. In their work, the limits of quanti-
fication (LOQs) and detection (LODs) for NDMA and
NDEA were 0.26 ppb and 0.13 ppb, respectively, and
the recoveries were in the range of 94.2-102.3%.
Schmidtsdorff et al. (Schmidtsdorff and Schmidt
2019) developed a supercritical fluid chromatography-
MS/MS method to determine eight N-nitrosamines in
sartan drugs, including NDMA, NDEA, and NDBA, in
which the running time was less than 20 min and the
LODs for eight N-nitrosamines were in the range of
0.02-0.46 ppm. FDA has established the interim ac-
ceptable daily intake limits for N-nitrosamines in sar-
tan substances (Table 1) (US FDA, 2019a, d), and
applied GC-MS/MS through utilizing liquid injection
and headspace (US FDA, 2019b), RapidFire-MS/MS
(US FDA, 2019c¢), and HPLC-HRMS (US FDA, 2019e¢)

N
\N/ .

N
/" N=o

N-nitrosodiethylamine
(NDEA)

N-nitrosodimethylamine
(NDMA)

N

N="N

Candesartan cilexetil

N

—/ N
' DA
N
OH
Valsartan

D
Qoiox%

Fig. 1 Molecular structures of four N-nitrosamines and sartan substances in this study

N
PSS
NTS /< O
0 /
N-nitrosodibutylamine

N-nitrosodiisopropylamine
(NDBA) (NDIPA)

o p

Olmesartan medoxomi

T;N\
N/ N

9

=N

NH

\/\/N'\ © 1\
Nﬁ

Irbesartan




Liu et al. Journal of Analytical Science and Technology (2021) 12:3

Page 3 of 8

Table 1 Interim limits for NDMA and NDEA in sartan substances set by FDA

Sartan Maximum daily dose Acceptable intake Acceptable intake Acceptable intake Acceptable intake
(mg/day) NDMA (ng/day) NDMA (ppm) NDEA (ng/day) NDEA (ppm)

Candesartan 32 96 30 265 083

cilexetil

Olmesartan 40 96 24 265 0.66

medoxomi

Irbesartan 300 96 032 26.5 0.088

Valsartan 320 96 03 26.5 0.083

for quantitation of the N-nitrosamines in sartan program utilized an initial oven temperature of 40 °C,

substances.

It was very necessary for complex matrices of food,
water, and personal care products to take extraction and
purification steps during the analysis. However, these
were not suitable for rapid and high-throughput analysis
in the pharmaceutical industry. Herein, we have devel-
oped a simple, sensitive, accurate, and reproducible GC-
MS/MS method by direct injection for the detection of
four N-nitrosamines in four sartan substances, namely,
candesartan cilexetil, olmesartan medoxomi, irbesartan,
and valsartan (Fig. 1). The obtained LODs and LOQs
met the sensitivity requirements set by FDA. Then, this
developed method was validated according to the Inter-
national Council for Harmonization (ICH) guidelines in
terms of sensitivity, linearity, accuracy, precision, specifi-
city, and stability.

Materials and methods

Chemicals and materials

Four kinds of sartan drugs, namely, candesartan cilexetil,
olmesartan medoxomi, irbesartan, and valsartan were
friendly provided by a local pharmaceutical company
(Zhuhai, China). NDMA (purity > 99.3%) and NDBA
(purity > 99.9%) standards were purchased from Tokyo
Chemical Industry (Shanghai) Co. Ltd. (Shanghai,
China). NDEA (purity > 99.0%) was bought from Ada-
mas Reagent Ltd. (Shanghai, China). NDIPA (purity >
99.0%) was obtained from Beijing Manhage Biotechnol-
ogy Co. Ltd. (Beijing, China). NDMA-d¢ (purity > 99.5%)
was bought from Cato Research Chemicals Inc.
(Guangzhou, China). HPLC-grade methanol, acetonitrile,
ethyl acetate, acetone were purchased from LabScience
Inc. (Pittsburg, USA).

Instrumentation and optimized GC-MS/MS conditions

Analyses of N-nitrosamines were performed on an Agi-
lent 7890B gas chromatography-tandem mass spectrom-
etry with the Agilent 7693A auto sampler system.
Agilent VF-Wax ultra-inert capillary column (30m x
0.25mm id., 1.0 um) was used as the analytical column
in this work. MS/MS detection was carried out on a Wa-
ters Xevo TQ-GC triple quadrupole mass spectrometer
with electron ionization (EI) ion source. The GC oven

held for 0.5 min, raised firstly at 20 °C-min™" to 200 °C,
then to 240 °C at 40 °C/min, finally held for 3 min. The
total run time was 12.5 min. Helium as the carrier gas
was set at a flow of 1.0 mL/min. Both the interface
temperature and injection temperature were set to be
250°C. The injection volume was 1pL in the splitless
mode.

The MS was operated in EI mode at 70eV with a
quadrupole temperature of 150 °C. The temperature of
the ion source was set at 200 °C. The delay time of the
solvent was 5min. Multiple reactions monitoring
(MRM) mode was selected as the data acquisition for
the quantitative determination of four kinds of N-
nitrosamine GTIs. The precursor ions and product ions
of four N-nitrosamine GTIs, as well as the optimized
collision energy (CE) were summarized in Table 2.

Preparation of standard and sample solutions

The standard stock solutions of NDMA-ds, NDMA,
NDEA, NDBA, and NDIPA with each concentration of
ImgmL™ were prepared by dissolving accurately
weighed reference standards in methanol, respectively,
and stored at 4°C. For NDMA and NDIPA, a series of
standard working solutions at the concentrations of 3, 6,
15, 24, 30, 36, 45, and 60 ng-mL™" in methanol were ob-
tained from a stock solution through the serial dilution
method. The concentrations of series standard working
solution for NEDA were 0.8, 1.6, 4.0, 6.4, 8.0, 9.6, 12,
and 16 ng-mL™", respectively. In addition, the concentra-
tions of the working solution for NDBA were 6, 15, 24,
30, 36, 45, and 60 ng-mL ™", respectively.

In this work, the concentration of NDMA-dg (the in-
ternal standard) was fixed to be 50 ng-mL~". Candesartan
cilexetil and olmesartan medoxomi were dissolved in
methanol at a concentration of 10 mg-mL™". Valsartan
was also dissolved in methanol at a concentration of
100 mg-mL~". Sample preparation for irbesartan was de-
scribed as follows. Firstly, 1.0 g of irbesartan was accur-
ately weighed into a 10-mL volumetric flask and 10 mL
of NDMA-dg solution was added. Then, after sonicated
for 30 min, the mixture was placed in a centrifuge tube
and vortexed for 1min, and then centrifuged at 2500
rpm for 10 min. Finally, the supernatant was filtered with
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Table 2 Multiple reactions monitoring (MRM) transitions and optimized collision energy for four N-nitrosamine GTls and the internal

standard (NDMA-dg)

Analyte

Precursor — product (m/z)

Dwell time (ms) Collision energy (eV)

N-Nitrosodimethylamine-dg (NDMA-dg) 80 — 50
N-Nitrosodimethylamine (NDMA) 74 — 44
74 — 42
N-Nitrosodiethylamine (NDEA) 102 — 56
102 — 85
N-Nitrosodiisopropylamine (NDIPA) 130 — 88
130 — 42
N-nitrosodibutylamine (NDBA) 158 — 99
84 — 56

100 5
150 5
50 10
150 12
150 6
150 6
150 10
150 10
150 12

a 0.22 ym nylon syringe filter into a vial for chromato-
graphic injection.

Method validation

The quantification method of four N-nitrosamines
through GC-MS/MS with MRM mode was validated
through the following parameters, such as system suit-
ability, specificity, sensitivity, linearity, LOD, LOQ, ac-
curacy, precision, and solution stability. The LODs were
defined as 3 times the signal-to-noise (S/N) ratio, and
the corresponding LOQs were S/N = 10. The matrix ef-
fect (ME) value was calculated according to the follow-
ing equation (Chawla et al. 2017):

_ Slope of matrix matched curve - slope of solvent curve o

ME
% Slope of solvent curve

100

Accuracy of this proposed method was evaluated by
the recovery assays at three spiked levels in the blank
sartan samples. Moreover, precision was estimated by
interday and intraday relative standard deviations (RSDs)
of six samples spiked at one concentration over 3 con-
tinuous days.

Results and discussion

Method development

Optimization of the sample solvent

Methanol, CH,Cl,, ethyl acetate, and acetone were used
for the solubility study of four APIs, and the results were
summarized in Supplementary Information Table SI.
The solubility of valsartan, irbesartan, and olmesartan
medoxomi in methanol was much higher than that in
the other three solvents. For valsartan, it was up to 600
mg-mL~". Candesartan cilexetil showed the best solubil-
ity in CH,Cl, among four organic solvents. Taking into
consideration of the trace level nature of N-nitrosamine
GTIs in the selected APIs, good solubility of the sartan
in the selected solvent would helpfully meet the require-
ments for the safety control of N-nitrosamines.

Therefore, methanol was selected to dissolve the sartan
drugs in the following work.

Investigation of mass spectrometric method

The trace detection method for GTIs is a very crucial
part in the analysis of pharmaceuticals. Herein, the
LODs and LOQs for N-nitrosamines were used to evalu-
ate the difference of single ion monitoring (SIM) mode
and MRM mode in triple quadrupole mass spectrom-
eter. As summarized in Supplementary Information
Table S2, the LODs and LOQs for four kinds of N-
nitrosamines in SIM mode ranged from 10-50 ng-mL ™"
and 25-150 ng-mL™", respectively. Through using MRM
mode, the LODs and LOQs remarkably decreased to
02-15ngmL™ and 0.8-5.0ngmL™', respectively.
Clearly, the MRM mode for the quantification of N-
nitrosamines was more highly sensitive than the SIM
mode. The latter mode is difficult to meet the sensitivity
requirements for the interim limits (Table 1). Therefore,
MRM mode was selected as the MS method in the fol-
lowing quantification of four N-nitrosamine GTIs in sar-
tan substances.

Matrix effect

In the GC system, the matrix effect (ME) might be
caused through masking silanol active sites in the in-
jection liner and GC column (Rimayi et al. 2015).
Herein, the ME was investigated through comparing
the slope between the standard solvent curve and the
matrix-matched standard curve. Matrix effect can be
negligible in the quantification when the value is less
than 15% (Chawla et al. 2017). In Table 3, the signal
enhancements for NDEA in candesartan cilexetil and
valsartan, NDIPA in olmesartan medoxomi, and
NDBA in valsartan were observed, and the ME values
were in the range of 20.47-56.41%, indicating that the
matrix effect could not be negligible. In addition, no
significant suppression or enhancement differences for
the others were observed. Therefore, in order to
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Table 3 Comparison of the calibration curves and calculation of matrix effect (ME) for N-nitrosamines in solvent and in sartan

matrices
Analyte Calibration (matrix) Linearity range (ng-mL™") Regression equation R? ME
NDMA Methanol 3~60 y = 0.0122x-0.0054 0.9989
Candesartan cilexetil y =0.0121x-0.0037 0.9994 -0.82%
Olmesartan medoxomi y =0.0121x-0.0047 0.9988 -0.82%
Irbesartan y =0.0120x-0.0012 0.9958 —1.64%
Valsartan y=00118x + 0.0162 0.9981 —3.28%
NDEA Methanol 08~ 16 y = 0.0127x-0.0025 0.9976
Candesartan cilexetil y =0.0189%-0.0015 0.9981 48.82%
Olmesartan medoxomi y = 0.0130x + 0.0009 0.9989 2.36%
Irbesartan y =0.0126x + 0.1833 0.9934 -0.79%
Valsartan y =0.0153x-0.0159 0.9952 2047%
NDIPA methanol 3~60 y = 0.0109x-0.0094 0.9987
Candesartan cilexetil y =0.0115x-0.0052 0.9993 5.50%
Olmesartan medoxomi y =0.0140x-0.0120 0.9966 28.44%
Irbesartan y =0.0109x-0.0124 0.9948 0.00%
Valsartan y = 0.0114x-0.0079 0.9985 4.59%
NDBA Methanol 6 ~ 60 y = 0.0039%-0.0014 0.9976
Candesartan cilexetil y = 0.0042x—0.0006 0.9994 7.69%
Olmesartan medoxomi y = 0.0042x—0.0019 0.9989 7.69%
Irbesartan y = 0.0034x + 0.0634 0.9656 -12.82%
Valsartan y = 0.0061x + 0.0200 0.9940 56.41%
NDMA NDEA
NDBA
'''''''''' Conmtesarton citexenis
Otimesarion medoromt
6 7 8

time (min)

Fig. 2 GC chromatograms of methanol, four sartan substances, and the mixed standard solution of four N-nitrosamines
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obtain accurate result, calibration of N-nitrosamines
in sartan substances has been performed through in-
ternal matrix-matched standards in the recovery
assay.

Method validation
The proposed determination method for four N-
nitrosamine GTIs has been validated according to the
(ICH) guidelines.

Specificity

To demonstrate the specificity of the proposed method,
methanol, the sartan matrices, and the mixture solution
of four N-nitrosamine standards were subjected to the
GC-MS/MS analysis. In Fig. 2, no interference peaks in
the solvent and the sartan matrices were observed at the
retention times of four N-nitrosamines, indicating that

this method for the determination of four N-
nitrosamines in sartan substances showed good
specificity.

Linearity and sensitivity

Linearity, LODs, and LOQs results were summarized in
Table 4. The chromatographic peak area ratio (N-nitro-
samines/NDMA-dg, y) were plotted against standard
concentrations of N-nitrosamines (x), and the standard
curves were in the form of y = Ax + B, in which A and B
represented as the slope and the intercept, respectively.
Eight standard concentrations were evaluated to verify
the linearity of the analysis method. The linearity for
four N-nitrosamines was established in the tested con-
centration range. The linear regression coefficients of
determination (R?) for four N-nitrosamines were over
0.99 in the corresponding concentration range, which
meant a good linearity and suitable for quantitative
analysis.

Then, the sensitivity of the method was assessed ac-
cording to the LODs and LOQs, respectively. In Table 5,
the LODs for NDMA, NDEA, NDIPA, and NDBA in
methanol were determined to be 1.2, 0.2, 0.4, and 1.5
ng-mL ', respectively, which relative to four sartan sub-
stances were in the range of 0.002-0.150 ppm. The LOQs
for NDMA, NDEA, NDIPA, and NDBA in methanol
were 3.0, 0.8, 1.0, and 5.0 ng-mL™", respectively, which

Table 4 Calibration curves, LODs, and LOQs for four N-nitrosamines
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relative to four sartan substances were in the range of
0.008-0.500 ppm. These low LODs and LOQs values for
this GC-MS/MS method were satisfactory and adequate
for the detection of N-nitrosamines in sartan samples.

Accuracy

Method accuracy was determined by using six replicate
samples for each sartan substance. The recoveries of
four N-nitrosamines were measured to assess the per-
formance of the proposed GC-MS/MS method by spik-
ing the blank samples with three different
concentrations of which were 50%, 100%, and 150% of
the limits, respectively. According to the daily exposure
and the TDs, value, the limits of NDMA and NDEA in
sartan set by FDA were validated in accuracy assays.
Considering the toxicity of NDIPA and NDBA has been
less than NDMA and the risk for occurrence would be
lower than NDMA, the concentration limits for NDIPA
and NDBA validated in accuracy assays were set to be
the same with NDMA in this study. The results exhib-
ited that the recoveries for NDMA, NDEA, NDIPA, and
NDBA in four sartan substances ranged from 87.68 to
123.76% (Supplementary Information Table S3). Since
the acceptance criteria for recovery was refined to be in
the range of 70-130% according to the ultra-trace level
nature of the analysis, the recoveries for four N-
nitrosamines in this work can meet that criteria.

Precision

Method precision was evaluated by both intraday and
interday precisions. The intraday precision was mea-
sured by comparing the standard deviation of the recov-
ery percentages of the spiked samples ran during the
same day. The interday precision was determined by
analyzing the spiked samples for three distinct days. As
summarized in Table 5, this GC-MS/MS method exhib-
ited satisfactory mean recovery values (75.07-116.44%)
and precision, in which the RSD values for the intraday
and interday precision were in the range of 1.45-6.38%
and 2.88-9.15%, respectively.

Stabilities of four N-nitrosamines in methanol
Solution stabilities of four N-nitrosamines in methanol
solutions were evaluated by preparing 30ng-mL™

Analyte Linearity Regression R? Methanol  Candesartan cilexetil Olmesartan medoxomi Irbesartan  Valsartan
'(rf:;_g::L_1) equation LOD LOQ LOD LoQ LOD LoQ LOD LOQ LOD LOQ
(ng'mL™")  (ppm)
NDMA 3.0-60 y=00114x-0.0034  0.9968 1.2 30 0.120 0.300 0.120 0.300 0.012 0.030 0012 0.030
NDEA 0.8-16 y=00130x-0.0032 09926 0.2 0.8 0.020 0.080 0.020 0.080 0.002 0.008 0.002 0.008
NDIPA  3.0-60 y=00112x-0.0004 09977 04 1.0 0.040 0.100 0.040 0.100 0.004 0010 0004 0010
NDBA 6.0-60 y=00038x + 00022 0.9947 1.5 50 0.150 0.500 0.150 0.500 0.015 0.050 0015 0.050
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Table 5 Precision assay results of four N-nitrosamines in sartan substances.

Matrix Compound Spiked Intraday (n = 6) Interday (n =

level 18)
(ppm) Day 1 Day 2 Day 3 Average RSD
Average RSD Average RSD Average RSD ;;)c)overy (%)
recovery (%) (%) recovery (%) (%) recovery (%) (%)

Candesartan NDMA 30 101.06 375 102.37 2.57 99.40 398 100.94 349

cllexet NDEA 080 10956 415 10783 362 10631 598 10790 457
NDIPA 3.0 9749 550 95.90 6.38 93.88 4.74 95.76 549
NDBA 30 91.69 2.08 97.64 3.80 92.11 5.09 93.82 4.69

Olmesartan NDMA 24 79.76 4.69 89.26 4.84 96.31 491 88.45 9.15

medoxomi NDEA 064 7507 145 8466 357 8184 621 8052 655
NDIPA 24 91.83 432 8323 3.57 82.68 428 86.39 6.05
NDBA 24 8341 6.05 85.34 4.14 94.63 5.00 87.79 7.04

Irbesartan NDMA 0.3 106.18 3.17 104.67 215 104.60 343 105.15 2.88
NDEA 0.08 95.66 3.64 98.21 3.65 91.78 3.16 9522 436
NDIPA 0.3 9246 3.36 91.35 4.27 9262 463 92.14 392
NDBA 03 114.14 3.85 109.58 345 11644 3.99 113.39 440

Valsartan NDMA 03 101.45 3.34 101.88 3.64 102.95 3.26 102.09 3.27
NDEA 0.08 108.92 535 106.37 5.70 102.92 4.83 106.07 554
NDIPA 03 9243 333 94.97 5.09 96.30 483 96.78 6.37
NDBA 03 108.74 4.06 113.88 4.65 106.21 3.17 109.61 4.84

standard solutions and analyzing them every 4 or 12h
against a freshly prepared standard. All the solutions
were kept in the dark place at 25°C. The results are
summarized in Supplementary Information Table S4.
Clearly, the percentage recoveries of these stock solu-
tions were in the range of 97.51-105.04%, and the differ-
ence between recoveries at 0 h and 24 h were not more
than 10%, which indicated that these stock solutions
were stable for at least 24 h.

Applications in sartan samples

This GC-MS/MS analytical method was used to deter-
mine four N-nitrosamine GTIs in Chinese commercial
sartan products, and no N-nitrosamines were found in
four batches of sartan substances (Supplementary Infor-
mation Table S5).

Conclusions

As a result, a sensitive and simple GC-MS/MS method
with MRM mode was developed for the determination
of NDMA, NDEA, NDIPA, and NDBA in sartan sub-
stances. This GC-MS/MS method presented satisfactory
selectivity and sensitivity. The analysis time was less than
13 min. More importantly, the LODs and LOQs of four
N-nitrosamines were in the range of 0.002-0.150 ppm
and 0.008-0.500 ppm, respectively, which was proved to
be suitable for sensitive quantification of four N-
nitrosamines in sartan products.
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