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ABSTRACT: Nitrosamine impurities in angiotensin II receptor
antagonists (sartans) containing a tetrazole group represent an
urgent concern for active pharmaceutical ingredient (API)
manufacturers and global regulators. Regarding safety, API
manufacturers must develop methods to monitor the levels of
each nitrosamine impurity before individual batch release. In this
study, we developed and validated a sensitive, selective, and high-
throughput method based on headspace gas chromatography−
mass spectrometry (HS-GC−MS) for the simultaneous determi-
nation of four nitrosamines in losartan potassium API with simple
sample preparation. N-Nitrosodimethylamine (NDMA, m/z 74), N-nitrosodiethylamine (NDEA, m/z 102), N-nitrosoethylisopro-
pylamine (EIPNA, m/z 116), and N-nitrosodiisopropylamine (DIPNA, m/z 130) levels were quantified using an electron impact,
single quadrupole mass spectrometer under a selected-ion-monitoring acquisition method. The method was validated according to
the Q2(R1) ICH guidelines. The calibration curves of the assay ranged from 25 to 5000 ng/mL with limits of quantitation of 25 ppb
for NDMA and NDEA and 50 ppb for DIPNA and EIPNA. The accuracy of the developed method ranged from −7.04% to 7.25%,
and the precision %CV was ≤11.5. Other validation parameters, including specificity, stability, carryover, and robustness, met the
validation criteria. In conclusion, the developed method was successfully applied for the determination of nitrosamines in losartan
potassium APIs.

1. INTRODUCTION

Angiotensin II receptor antagonists (sartans) such as valsartan,
losartan, irbesartan, and olmesartan have been widely used to
treat hypertension, diabetic nephropathy, and congestive heart
failure.1−3 In July 2018, the United States Food and Drug
Administration (US FDA)4 and the European Medicines
Agency (EMA)5 initially announced a recall of valsartan tablets
because of contamination by the nitrosamine N-nitro-
sodimethylamine (NDMA). Subsequently, other nitrosamine
impurities, including N-nitrosodiethylamine (NDEA), N-nitro-
sodiisopropylamine (DIPNA), and N-nitrosoethylisopropyl-
amine (EIPNA), have been found in several sartan drugs
including losartan, irbesartan, and candesartan.6 In addition,
other nitrosamines, such as N-nitrosomethylphenylamine
(NMPhA), N-nitrosodibutylamine (NDBA), and N-nitro-
methylbutyric acid (NMBA), have been detected in sartan
APIs.7 These nitrosamine impurities are classified as probable
human carcinogens3−7 and are believed to be present in
finished sartan products because of the manufacturing process
for sartan active pharmaceutical ingredients (APIs). Sartans
containing a tetrazole ring carry a potential risk of nitrosamine
contamination because the excess amount of sodium nitrite
used to quench unreacted sodium azide in the synthesis of

sartan APIs can react with residual secondary amines, which
inadvertently generates nitrosamines.8,9 One example of
contaminating secondary amines is dimethylamine, which
may be present in the dimethylformamide solvent. Nitrosative
dealkylation of triethylamine and diisopropylethylamine is a
possible pathway to generate residual secondary amines.9

Because of possible nitrosamine formation during API
manufacturing, it is essential to monitor nitrosamine impurities
in sartan APIs before individual batch release. Since July 2018,
the US FDA, EMA, and other national regulatory agencies
have released various methods for the determination of
nitrosamine contaminants in sartan APIs based on gas
chromatography coupled to mass spectrometry (GC−MS) or
tandem mass spectrometry (GC−MS/MS), high-performance
liquid chromatography with ultraviolet detection (HPLC−

Received: February 23, 2021
Accepted: April 2, 2021
Published: April 16, 2021

Articlehttp://pubs.acs.org/journal/acsodf

© 2021 The Authors. Published by
American Chemical Society

11048
https://doi.org/10.1021/acsomega.1c00982

ACS Omega 2021, 6, 11048−11058

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wisut+Wichitnithad"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Orawan+Sudtanon"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pawadee+Srisunak"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kamonrak+Cheewatanakornkool"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Siriwan+Nantaphol"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Siriwan+Nantaphol"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pornchai+Rojsitthisak"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.1c00982&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c00982?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c00982?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c00982?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c00982?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c00982?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/6/16?ref=pdf
https://pubs.acs.org/toc/acsodf/6/16?ref=pdf
https://pubs.acs.org/toc/acsodf/6/16?ref=pdf
https://pubs.acs.org/toc/acsodf/6/16?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.1c00982?rel=cite-as&ref=PDF&jav=VoR
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/


UV), and liquid chromatography coupled to mass spectrom-
etry (LC−MS) or tandem mass spectrometry (LC−MS/
MS).10−16 The French National Agency for Medicines and
Health Products Safety developed an HPLC−UV method to
determine the NDMA content in valsartan APIs and drug
products.10 The German Official Medicines Control Labo-
ratory published a validated LC−MS/MS method to analyze
NDMA levels in valsartan products.11 The technique had the
linearity range of 0.1−3.0 ppm and a limit of quantification
(LOQ) of 0.2 ppm, which is slightly less than the interim limit
at 0.3 ppm for NDMA in valsartan. The Public Analyst’s
Laboratory (Galway, Ireland) developed a headspace gas
chromatography−mass spectrometry (HS-GC−MS) method
for the quantitative analysis of NDMA in valsartan APIs and
drug products without reporting the detection and quantitation
limits.12 In 2019, the US FDA initially reported an HS-GC−
MS method for NMDA determination in valsartan APIs and
drug products with an LOQ at the interim limit of NDMA at
0.3 ppm.13 The US FDA reported a simultaneous HS-GC−MS
analysis method for NDMA and NDEA in valsartan with
improved sensitivity (LOQs of 0.10 and 0.05 ppm,
respectively).14 Other nitrosamines, including DIPNA and
EIPNA, have recently been identified as impurities in the
sartan drug class by the EMA.9 In addition to the US FDA and
EMA report, at least 12 nitrosamines were reported in an
application note published by the Taiwanese FDA.15,16 Among
the 12 nitrosamines,16 only three nitrosamines including
NDMA, NDEA, and NMBA were found in valsartan, losartan,
and irbesartan. The evidence basis of the recall reports of
nitrosamine contamination from US FDA and EMA press
releases suggests that NDMA, NDEA, NMBA, DIPNA, and
EIPNA are most commonly found in sartans. Therefore, it is
essential to develop a method for detecting these potential
nitrosamine contaminants in sartans. The US FDA recently
proposed the simultaneous analysis of NDMA, NDEA,
DIPNA, and EIPNA using a GC−MS triple quadrupole
coupled with either sample direct injection or a headspace
autosampler.16−18 Nonetheless, the published GC−MS
methods were developed and validated for valsartan APIs
and drug products with particular acceptable sensitivity.
In addition to valsartan, losartan is one of the most

commonly used sartans,19 and it has been extensively reported
to contain nitrosamine impurities above the US FDA20 and
EMA6,21,22 limit criteria. The US FDA released an application
note on the analytical method for determining six nitrosamines
in losartan using liquid chromatography coupled to high-
resolution, accurate mass (HRAM) mass spectrometry (LC−
HRMS).23 Although HRAM mass spectrometers provide
better resolution and selectivity for NDMA impurity analysis
than single-quadrupole, triple-quadrupole, and time-of-flight
mass spectrometers,24 the HRAM system suggested by the US
FDA is not commonly used in routine quality control
laboratories. Another concern is that directly injecting samples
into GC or LC−MS systems without sample cleanup may lead
to machine contamination from high sample matrix loading,
resulting in a loss of sensitivity and robustness. Headspace
injection is a simple sample preparation technique for
preventing high levels of sample matrix contamination in a
mass spectrometer. Therefore, HS-GC−MS was developed
and optimized for volatile nitrosamine impurity analysis with
high sample matrix loading. Literature reviews, some
application notes from the FDA in several countries,10−16

and a few published studies25 have revealed methods for

nitrosamine determination, and such methods require further
validation for specific purposes by users.
Based on US FDA recall events, there are seven reported

nitrosamines, including NDMA, NDEA, NMBA, DIPNA,
EIPNA, NDBA, and NMPhA. Three of those nitrosamines,
including NDMA, NDEA, and NMBA, have caused most often
recalled in losartan, while DIPNA and EIPNA have insufficient
evidence. Moreover, the recall caused by NDBA and NMPhA
contaminations has rarely occurred. However, the number of
nitrosamine contamination may be relevant to the manufactur-
ing process and different sartans. In this work, we focused on
determining the potential contamination risk of four nitros-
amines, e.g., NDMA, NDEA, DIPNA, and EIPNA, in losartan
raw materials using HS-GC−MS. Although NMBA is a
potential contaminating nitrosamine, it could not be included
in this analytical method because of volatile property
limitations. This work is the first report on the development
and validation of a robust, simple, sensitive, and specific HS-
GC−MS method for the simultaneous determination of
nitrosamines in losartan APIs in accordance with the
Q2(R1) ICH guidelines.26 The method proved applicable for
identifying nitrosamine contamination in different batches of
losartan APIs.

2. RESULTS AND DISCUSSION
2.1. Method Development. The stationary phase,

column length, film thickness, and column diameter have a
large impact on the retention and peak shape of the analytes.
Based on the trial-and-error methodology with the literature
review, the optimal separation of nitrosamines was achieved
when the capillary surface was modified by polyethylene glycol
residues at the length of 30 m.29−31 The optimal chromato-
graphic separation and retention were achieved using a column
dimension of 30 × 0.32 mm2 i.d. and a film thickness of 1 μm
coated with polyethylene glycol stationary phase. The
temperature programing is also a very important parameter
to influence peak separation. Yang et al. stated that 15N-DMF
representing residual solvents in API has the same molecular
mass of 74, which must be discriminated from NDMA using an
HRMS in cases of poor chromatographic separation.24 An
initial constant temperature at 40 °C for 2 min followed by an
increase at a rate of 20 °C can provide the best separation with
a resolution greater than 2 between NDMA and 15N-DMF at
the retention times of 7.47 and 7.67 min, respectively, as
presented in Figure S1. The temperature of the sample and
transfer lines was set above 200 °C, and the temperature of the
transfer line should be slightly higher than that of the sample
line to prevent a carryover effect from the previous sample.
The optimal temperatures of sample and transfer lines were
controlled at 230 and 250 °C, respectively. The filament was
turned off after all nitrosamines had entered into the mass
spectrometer to prevent filament damage from an excessive
dimethyl sulfoxide (DMSO) concentration.
The selection of a suitable sample introduction technique

requiring no complicated sample preparation is an essential key
for GC−MS analysis. Direct and headspace injection
techniques are commonly used because they can be fully and
easily automated. The concern of the direct injection
technique is that the sample matrices can cause variability
and inaccuracy of the GC−MS analysis. The injected matrix,
which co-elutes with the analyte, can deteriorate the column
shelf life and cause mass spectrometer contamination.
Additional sample cleanup can resolve these problems, leading
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to a decrease in the matrix interference, an extension of the
column lifespan, and a reduction in machine contamination.
The samples often need to be preconcentrated before analysis
by direct injection due to a deficient level of the target analyte.
In this study, the headspace injection technique was chosen
because it can avoid loading nonvolatile sample matrices into
the column, leading to significantly reduced matrix interfer-
ence.32 The analyte in the sample solution is vaporized and
concentrated during the sample heating process, increasing the
sensitivity of the method.33 Compared to the direct injection,
the headspace sampling technique may be inappropriate for
thermolabile samples. In addition, reinjection of the pierced
sample is not possible if the headspace sampling technique is
applied. The headspace condition was optimized to determine
the proper headspace oven temperature and incubation period.
Typically, the oven temperature should be set below the

boiling point of the solvent. The sensitivity of the method is
poor at excessively low incubation temperatures, e.g., 50−100
°C, whereas extremely high incubation temperatures, e.g.,
165−180 °C, can generate substantial baseline noise from the
solvent. The optimal incubation temperature is achieved at 150
°C. Regarding the incubation time, the highest sensitivity was
achieved at an incubation time of 15 ± 1 min. Shorter
incubation periods result in lower sensitivity, whereas longer
periods do not affect the sensitivity. It is noteworthy that
losartan potassium is thermally stable up to 275 °C,34 whereas
the autosampler oven was set at 150 °C, indicating that
losartan potassium is stable under the autosampler temperature
used in this study. Identifying the proper solvent for sample
dilution before analysis is challenging during the headspace
technique. Low boiling point solvents such as methanol,
ethanol, and isopropanol should be avoided because their high

Figure 1. Mass spectra of (A) NDMA, (B) NDEA, (C) DIPNA, and (D) EIPNA.
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vapor pressure properties can significantly dilute the sample
concentration in the headspace. High boiling point solvents
such as DMSO, dimethylacetamide, or DMF are often chosen.
In this study, DMSO was used, and advantages in terms of
volatility and polarity were achieved. More importantly,

losartan and other sartans are soluble in DMSO, and
nitrosamine impurities in the APIs can be extracted entirely
and dissolved in DMSO. The high boiling point of DMSO also
prevents its interference with the nitrosamine peak. The
headspace injection technique using DMSO as the sample

Figure 2. Representative GC chromatograms of (A) the standard mixture of four nitrosamines, (B) DMSO, (C) DMF, (D) methanol, (E) losartan
potassium, (F) olmesartan medoxomil, and (G) valsartan sacubitril.
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solvent provided sufficient chromatographic performance, and
it was, therefore, chosen in this study.
The GC−MS condition for the simultaneous determination

of four nitrosamines in losartan was optimized to ensure
reliability, selectivity, and sensitivity. Initially, the mass
parameters were optimized to achieve the highest sensitivity
with a consistent response. NDMA (m/z 74), NDEA (m/z
102), DIPNA (m/z 130), and EIPNA (m/z 116) were tuned
on a single-quadrupole mass spectrometer in the electron
ionization (EI) mode under the selected ion monitoring (SIM)
acquisition method. These particular ions were used for
quantification. In addition to the parent ions, the major
daughter ions of NDMA (m/z 42), NDEA (m/z 57), DIPNA
(m/z 70), and EIPNA (m/z 99) shown in Figure 1 were
qualitatively monitored for confirmation. Alternatively, the ion
ratio calculation between the parent and daughter ions was also
quantitatively used in the confirmatory objective. The GC
chromatograms shown in Figure 2A indicate sufficient peak
separation with appropriate retention times of 7.535 ± 0.050,
8.168 ± 0.050, 8.646 ± 0.050, and 8.443 ± 0.050 min for
NDMA, NDEA, DIPNA, and EIPNA, respectively.
2.2. Method Validation. 2.2.1. System Suitability.

Suitability was evaluated before the validation experiments

and impurity determination to verify the reproducibility and
performance of the chromatographic system. A system
reproducibility solution containing a mixture of NDMA,
NDEA, DIPNA, and EIPNA was prepared at a concentration
of 250 ng/mL for each compound by appropriately aliquoting
the working standard solution (1000 μg/mL). The system
suitability solution was injected with five replicates. The system
performance was evaluated using the tailing factor of analytes
(T < 2), and the system reproducibility was assessed by the
variation of peak area (%CV < 11%) and retention time (%CV
< 2%) to indicate the precision of injections.

2.2.2. Specificity and Selectivity. The specificity of the
method for nitrosamine determination focused on the diluents
involved in sample preparation, e.g., DMSO and methanol.
Contamination of losartan by residual solvents, such as
DMF,24 which may affect analysis reliability, was investigated.
Furthermore, the selectivity of matrices focused on various
sartans. Figure 2A presents a representative GC chromatogram
of a standard mixture of four nitrosamines. Figure 2B−D
presents the chromatograms of DMSO, DMF, and methanol,
respectively. The results revealed the absence of coeluting
peaks at the retention times of nitrosamines. The adjacent
interfering components from 15N-DMF were observed, but

Figure 3. Representative GC chromatograms of the carryover effect on blank solutions after injecting (A) NDMA, (B) NDEA, (C) DIPNA, and
(D) EIPNA at a concentration of 5000 ng/mL.
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they were resolved from NDMA with a resolution exceeding 2
(see Figure S1). In addition to the solvents, no interference
from the matrices of various sartans, e.g., losartan potassium,
olmesartan medoxomil, and valsartan sacubitril, was observed,
as demonstrated in Figure 2E−G.
2.2.3. Carryover. Carryover was assessed to ensure that no

analyte was present from the previously analyzed sample to
prevent contamination of the subsequent sample. In this study,
DMSO (blank) was injected and evaluated after injecting the
highest concentration of the calibration standard. The
experiment was performed in triplicate. The peak response in

the blank sample was compared to that in the lowest
calibration sample. The percentage of interference must be
less than 20%. The results revealed no peak at the retention
times of NDMA, NDEA, DIPNA, and EIPNA, demonstrating
that the method has no carryover effect, as shown in Figure 3.

2.2.4. Calibration Curve. The linear relationships between
analyte concentrations and signal responses were assessed at
concentration ranges of 25−5000 ng/mL for NDMA and
NDEA and 50−5000 ng/mL for DIPNA and EIPNA. The
calibration curves were constructed by plotting different
concentrations of NDMA, NDEA, DIPNA, and EIPNA against

Table 1. Mean Interday Back-Calculated Standard and Calibration Curve Results (n = 3)

compound nominal concentration (ng/mL)
back-calculated concentration

(ng/mL) mean back-calculated concentration (ng/mL) % deviation %CV

day 1 day 2 day 3

NDMA 25.0 25.1 24.6 25.9 25.2 0.72 2.58
50.0 51.5 52.2 48.1 50.6 1.25 4.32
100.0 98.2 102.6 98.9 99.9 −0.09 2.38
250.0 250.5 263.4 253.6 255.8 2.32 2.64
500.0 518.2 485.1 494.3 499.2 −0.17 3.43
1000.0 995.7 950.9 1040.2 995.6 −0.44 4.48
5000.0 4864.1 4965.6 4963.1 4931.0 −1.38 1.17
r2 0.999 0.998 0.999
Fcal 12 945.996

FANOVA 2.158 × 10−28

p value
slope 2.158 × 10−28

y-intercept 0.425
NDEA 25.0 24.7 24.6 24.1 24.5 −2.12 1.31

50.0 49.6 51.0 51.1 50.6 1.17 1.67
100.0 105.0 102.5 105.9 104.5 4.50 1.69
250.0 244.8 232.3 264.2 247.1 −1.16 6.51
500.0 531.4 505.3 489.8 508.8 1.77 4.14
1000.0 905.8 965.0 999.7 956.9 −4.31 4.96
5000.0 5075.5 5284.3 4548.5 4969.4 −0.61 7.63
r2 0.996 0.997 0.996
Fcal 17 667.266

FANOVA 1.129 × 10−29

p value
slope 1.129 × 10−29

y-intercept 0.941
DIPNA 50.0 46.2 51.8 51.1 49.7 −0.55 6.11

100.0 96.7 101.5 99.6 99.3 −0.73 2.45
250.0 248.1 257.1 241.0 248.7 −0.52 3.25
500.0 508.4 494.3 520.5 507.7 1.55 2.58
1000.0 1015.4 965.3 978.2 986.3 −1.37 2.64
5000.0 5200.9 4954.9 5042.8 5066.2 1.32 2.46
r2 0.999 0.999 0.999
Fcal 794.423

FANOVA 4.573 × 10−15

p value
slope 4.573 × 10−15

y-intercept 0.920
EIPNA 50.0 51.9 49.4 47.3 49.5 −0.93 4.64

100.0 94.1 97.3 101.6 97.7 −2.33 3.84
250.0 263.0 255.9 227.2 248.7 −0.53 7.63
500.0 499.9 485.7 517.1 500.9 0.19 3.14
1000.0 984.9 993.8 975.2 984.6 −1.54 0.95
5000.0 4973.3 5200.5 5454.9 5209.6 4.19 4.62
r2 0.998 0.999 0.996
Fcal 1671.131

FANOVA 1.290 × 10−17

p value
slope 1.290 × 10−17

y-intercept 0.945
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their corresponding peak areas. The regression line and
homoscedasticity of the calibration curve were assessed to
determine whether the ordinary or weighted least square is
appropriate for the robust calibration model. The calibration
curve was linear over the tested concentration range (r2 >
0.995) using the weighted-linear least square model with a
weighting factor of 1/x2. The percent deviations of the mean
back-calculated concentration and actual spiked plasma
concentrations of NDMA, NDEA, DIPNA, and EIPNA were
in the ranges of −1.38 to 2.32, −4.31 to 4.50, −1.73 to 1.55,
and −2.33 to 4.19, respectively. The %CV (n = 3) of the back-
calculated concentration was less than 7.63%. The calibration
curve results are summarized in Table 1.
According to the residual plots and regression generated

using one-way analysis of variance, the results demonstrated
that the F values (FANOVA) of all regression lines were
significantly less than the calculated F value (Fcal), indicating a
good linear relationship between the peak response from the
instrument (y) and the concentration of the analyte (x). The p
values of the slope and y-intercept were also calculated, as
summarized in Table 1. The p values of the slope and intercept
represent whether the slope and intercept significantly differ
from zero.28 The results demonstrated that the p values of the
slope were less than 0.05, indicating a significant difference
versus zero. However, the p values of the intercept exceeded
0.05, indicating that the intercepts of all regression lines were
insignificantly different from zero. Consequently, a single-point
calibration standard can be applied for the routine analysis of
nitrosamine determination.
2.2.5. Linearity and Range. The range of an analytical

procedure evaluates its ability to elicit test results that are
directly, or by a well-defined mathematical transformation,
proportional to the concentration of an analyte in sample
matrices with a given dynamic range. Thus, the linear
relationships between the spiked concentration of four
nitrosamines in the losartan matrix and the back-calculated
concentration results were demonstrated via the dynamic range
of analysis. As presented in Table 2, the results were linear over
the concentration ranges of 25−5000 ppb for NDMA and
NDEA and 50−5000 ppb for DIPNA and EIPNA (r2 > 0.995).

2.2.6. Accuracy and Precision. The intraday and interday
accuracy and precision were evaluated at LOQ QC, MCQ, and
HQC. The accuracy and precision results are summarized in
Table 3. The spiked QC samples of NDMA for intraday and
interday accuracy exhibited percent deviation ranging from
−4.19 to 4.89 (%CV = 1.3−4.8) and from −2.57 to 5.57 (%
CV = 1.3−5.9), respectively. The spiked QC samples of NDEA
for the intraday and interday accuracy exhibited % deviation
ranging from −6.47 to 7.15 (%CV = 0.4−1.3) and from −7.04
to 5.82 (%CV = 1.4−2.4), respectively. The spiked QC
samples of DIPNA for intraday and interday accuracy exhibited
% deviation ranging from −0.58 to 6.42 (%CV = 0.9−4.6) and
from 2.79 to 3.98 (%CV = 2.9−4.8), respectively. The spiked
QC samples of EIPNA for intraday and interday accuracy

exhibited % deviation ranging from 4.34 to 7.25 (%CV = 1.1−
2.0) and from −4.19 to 5.13 (%CV = 2.5−11.5), respectively.
The accuracy and precision results showed good accuracy and
precision of the proposed method.

2.2.7. Limit of Detection and LOQ. The experiments
demonstrated the sensitivity of the method via limit of
detection (LOD) and LOQ. Compared to the GC−MS from
the US FDA application note,17 the developed method is more
sensitive in NDMA and NDEA analysis. Recently, the US FDA
has published a more specific HPLC−HRMS method23 with
an LOQ of 50 ppb for nitrosamine analysis. However, the
developed method demonstrated a more sensitive LOQ at 25
ppb for NDMA and NDEA, while the sensitivity of DIPNA
and EIPNA for both methods is comparable. The quantifica-
tion limits obtained from the developed method are much
lower than the interim limit criteria proposed by the US FDA4

(0.96 ppm for NDMA and 0.27 ppm for NDEA, DIPNA, and
EIPNA) and the EMA6 (0.640 ppm for NDMA and 0.177 ppm
for NDEA, DIPNA, and EIPNA), indicating that the method
can be applied for nitrosamine analysis in losartan APIs. The
LOD and LOQ of the method for nitrosamine determination
are summarized in Table 4.

2.2.8. Robustness and Stability. The robustness of the
developed method was investigated to determine any impacts
on the result in terms of the small variations of chromato-
graphic parameters and the stability profile of the test sample.
The headspace equilibrium time was varied in the range of ±1
min from the proposed method condition. The transfer line
temperature was also varied in the range of ±5 °C from the
proposed method condition. The robustness results (see
Tables S1−S8) demonstrated the %CV of peak area and
retention time of ≤7.49 and ≤0.03, respectively, with the
tailing factor of ≤1.27, indicating that the efficiency of the
method was not affected upon small changes in the
investigating parameters. Moreover, there is no significant
impact on the separation between 15N-DMF and NDMA with
the resolution of >2 (see Figure S2) under the variations of the
flow rate (±0.1 mL/min).
In addition to the chromatographic parameter variations, the

sample stability in the headspace autosampler at room
temperature was studied to estimate the appropriate analysis
time after sample preparation. The percent deviation of all
nitrosamines at 6, 12, and 24 h was <−6.54%, demonstrating
that the sample was stable in the autosampler for up to 24 h
after preparation.

2.3. Applications of the Method for Nitrosamine
Determination in Losartan Potassium APIs. The validated
method was applied to investigate four contaminating
nitrosamines, namely, NDMA, NDEA, DIPNA, and EIPNA,
in 10 batches of losartan potassium samples from two
manufacturers. In this study, triplicate analyses were performed
for each production batch. The repeatability (%CV) of the
results was found to be less than 1%. The results are
summarized in Table 5. Based on the current interim limit
criteria of nitrosamines, all samples were found to meet the
acceptable levels of the four nitrosamines. It is of note that the
EU has proposed a limit for all nitrosamines at 30 ppb with an
effective date of April 1, 2021. Therefore, there are five out of
10 batches that contain NDMA exceeding the proposed limit.
In contrast, two other batches were detected with NDEA at a
level higher than the LOQ of 25 ppb but less than 30 ppb.

Table 2. Range of Nitrosamines

nitrosamine dynamic range (ppb) slope intercept r2

NDMA 25−5000 1.038 −15.178 0.9998
NDEA 25−5000 1.038 −15.791 0.9997
DIPNA 50−5000 0.983 8.498 0.9999
EIPNA 50−5000 0.968 17.140 0.9999
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3. MATERIALS AND METHODS
3.1. Drugs and Chemicals. An NDMA certified reference

standard at a concentration of 1004.0 μg/mL (lot no.
A0141467) was purchased from Restek (Bellefonte, PA,
USA). NDEA (lot no. H5GMI, purity 100.0%) was purchased
from Tokyo Chemical Industry Co, Ltd. (Tokyo, Japan).
DIPNA (lot no. 9-AQL-128-2, purity 98.0%) and EIPNA (lot
no. 2-AMR-151-1, purity 95.0%) were purchased from
Toronto Research Chemicals (Toronto, Canada). Losartan
potassium, valsartan sacubitril, and olmesartan medoxomil
were provided by Siam Bheasach Co., Ltd. (Bangkok,
Thailand). A preliminary screening test for selecting nitros-
amine-free sartans was performed for losartan potassium,
valsartan sacubitril, and olmesartan medoxomil to ensure the
lack of interference in the sartan standards used in the
validation experiments. Ten batches of losartan potassium
APIs were purchased from two manufacturers (IPCA, Mumbai,
India; Hetero Labs Limited, Hyderabad, India). DMSO was

purchased from Thermo Fisher Scientific (Leics, UK). All
reagents were of at least analytical grade. The purified water
was prepared from a Milli-Q water purification system
(Millipore; S.A.S, France).

3.2. Instruments and Chromatographic Conditions.
GC was performed on a Nexis GC-2030 system (Shimadzu
Corp., Kyoto, Japan) with an HS-20 headspace autosampler.
An analytical separation was performed using an SH-Rtx-Wax
(polyethylene glycol) GC column (30 × 0.32 mm2 i.d., 1 μm,
Shimadzu America, MD, USA) placed in a column oven built-
in GC system. Helium was used as a carrier gas. The
temperature programing was set in a gradient mode using an
initial constant temperature at 40 °C for 2 min, a ramping
temperature of 20 °C/min to 240°C, and a holding
temperature at 240 °C for 3.5 min. The carrier gas flow rate
was set at 2.0 mL/min. The oven sample was heated up to 150
°C under a vibration level of 5 with an appropriate sample
equilibrating time of 15 min. After equilibration, the sample
vapor was pressurized for 1 min before 1 μL of the sample was
injected under a gas pressure of 103 kPa with a split ratio of
3:1. The temperatures of the sample and transfer lines were set
at 230 and 250 °C, respectively. The solvent cut time was set at
1 min. The filament was turned off at 9.0 min. The
chromatographic run time was 15.5 min, and the cool down
period was 1.7 min. Thus, the total analysis time was 17.2 min.
The entire flow was directed into the detector.
Quantitation was achieved via MS detection in the EI mode

for nitrosamine detection using a QP2020 NX mass
spectrometer (Shimadzu Corp., Kyoto, Japan). The detector
voltage was set at +0.6 kV. Both the ion source and the
interface temperatures were set at 230 °C. NDMA (m/z 74.0),
NDEA (m/z 102.0), DIPNA (m/z 130.0), and EIPNA (m/z
116.0) were quantified on a single-quadrupole mass
spectrometer in the EI mode under the SIM acquisition
method. The dwell time or event time was set at 300 ms.

Table 3. Intraday and Interday Accuracy and Precision

compound

nominal
concentration

(ppb) intraday (n = 3) interday (n = 6)

mean back-calculated
concentration (ppb)

accuracy (%
deviation)

precision
(%CV)

mean back-calculated
concentration (ppb)

accuracy (%
deviation)

precision
(%CV)

NDMA 25.0 24.0 −4.19 4.8 24.4 −2.57 5.9
250.0 262.2 4.89 1.5 262.9 5.01 1.3
1000.0 1047.8 4.78 1.3 1063.6 5.57 1.8

NDEA 25.0 23.4 −6.47 0.9 23.2 −7.04 1.4
250.0 267.9 7.15 0.4 264.5 5.82 1.8
1000.0 1062.6 6.26 1.3 1045.4 4.54 2.4

DIPNA 50.0 53.2 6.42 0.9 52.0 3.98 2.9
250.0 247.2 −1.12 4.0 257.0 2.79 4.8
1000.0 994.2 −0.58 4.6 1030.4 3.04 4.8

EIPNA 50.0 52.2 4.34 2.0 47.9 −4.19 11.5
250.0 268.1 7.25 1.9 255.4 2.17 6.5
1000.0 1068.7 6.87 1.1 1051.3 5.13 2.5

Table 4. LOD and LOQ of Nitrosamines

compound LOD (n = 5) LOQ (n = 5)

nominal concentration (ppb) %CV S/N nominal concentration (ppb) accuracy (% deviation) precision (%CV) S/N

NDMA 5 6.8 6.5 25 3.3 2.9 36.8
NDEA 5 3.7 3.8 25 −5.2 1.0 15.4
DIPNA 25 5.6 4.3 50 3.8 0.8 27.3
EIPNA 25 6.5 3.7 50 −2.4 3.5 39.9

Table 5. Results of Four Nitrosamines in 10 Batches of
Losartan Potassium (n = 3)

batch no. nitrosamine content (ppb) (%CV)

NDMA NDEA DIPNA EIPNA

1 81.0 (0.75) <5 <25 <25
2 30.5 (0.38) <5 <25 <25
3 35.1 (0.16) <5 <25 <25
4 55.4 (0.28) <5 <25 <25
5 42.8 (0.54) <5 <25 <25
6 <5 25.4 (0.82) <25 <25
7 <5 28.6 (0.35) <25 <25
8 <5 <5 <25 <25
9 <5 <5 <25 <25
10 <5 <5 <25 <25

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c00982
ACS Omega 2021, 6, 11048−11058

11055

http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c00982?rel=cite-as&ref=PDF&jav=VoR


Quantitation of NDMA, NDEA, DIPNA, and EIPNA was
based on their peak areas. Data were processed using Lab
Solutions Software (GCMS Solution Version 4.50, Shimadzu
Corp., Kyoto, Japan).
3.3. Preparation of Nitrosamine Stock and Working

Standard Solutions. The NDMA certified reference standard
(1000 μg/mL) was used as an NDMA stock standard solution.
Other nitrosamine stock standard solutions were separately
prepared by dissolving NDEA, DIPNA, or EIPNA standards in
methanol at a concentration of 1000 μg/mL. Nitrosamine
working standard solutions of NDMA, NDEA, DIPNA, and
EIPNA were prepared at a concentration of 5 μg/mL by
diluting each stock standard solution with an appropriate
amount of DMSO.
3.4. Preparation of Calibration Standards and Spiked

Quality control Samples. Calibration standards for NDMA,
NDEA, DIPNA, and EIPNA were prepared by aliquoting the
working standard solutions in DMSO to yield final
concentrations of 25 (LOQ of NDMA and NDEA), 50
(LOQ of DIPNA and EIPNA), 100, 250, 500, 1000, and 5000
ng/mL. Spiked QC samples for NDMA and NDEA were
prepared by adding the working standard solutions to the
nitrosamine-free losartan API at concentrations of 25, 250, and
1000 ppb, representing QC at LOQ (LOQ QC), medium QC
(MQC), and high QC (HQC) samples, respectively. For
DIPNA and EIPNA, spiked QC samples were prepared at
concentrations of 50 (LOQ), 250, and 1000 ppb, representing
LOQ QC, MQC, and HQC, respectively.
3.5. Sample Preparation. Five milliliters of DMSO were

transferred to a glass vial for headspace injection containing 1 g
losartan potassium. The sample was then gently vortexed using
a vortex mixer at the maximum rotation speed for 5 min. The
clear sample solution was placed into the HS-20 headspace
autosampler. The sample was incubated in the headspace oven
at 150 °C under the vibration level of 5, with the appropriate
sample equilibrating time of 15 min. The residual nitrosamines
were then vaporized into the vial headspace and directly
injected into the column.
3.6. Method Validation. The method was validated

according to the Q2(R1) ICH guidelines for analytical method
validation.25 The validation parameters included system
suitability, specificity, carryover, linearity, accuracy, precision,
LOD, LOQ, and robustness.
3.6.1. System Suitability. The suitability of the system was

evaluated before the validation experiments and impurity
determination. A system suitability solution containing a
mixture of NDMA, NDEA, DIPNA, and EIPNA was prepared
at 250 ng/mL for each compound by appropriately aliquoting
the working standard solutions (1000 μg/mL). The system
suitability solution was injected with five replicates. The system
performance was evaluated on the tailing factor of analytes (T
≤ 2), and the system reproducibility was assessed as the
variation of the peak area (%CV ≤ 11%) and retention time
(%CV ≤ 2%) to indicate the precision of injections.
3.6.2. Specificity and Selectivity. Specificity is the ability to

discriminate the analyte in the presence of interferences such
as solvents, matrices, and impurities.26 The specificity was
investigated by separately injecting diluents, e.g., DMSO and
methanol, an authentic standard of nitrosamine solution (250
ng/5 mL in DMSO), and blank sartan matrices including
losartan potassium, olmesartan medoxomil, and valsartan
sacubitril (1 g/5 mL in DMSO). According to Yang et al.,24

a 15N isotope of dimethylformamide (DMF) with a molecular

mass per charge (m/z) of 74 may interfere with the analysis of
NDMA. The concern of 15N-DMF contamination becomes
significant if the chromatographic condition cannot separate
DMF from NDMA. Therefore, DMF at a concentration of 500
ng/5 mL in DMSO also caused interference. The specificity
was determined as the presence or absence of interfering peaks
at the same m/z value and retention time of NDMA, NDEA,
DIPNA, and EIPNA on the chromatograms.

3.6.3. Carryover. The carryover effect was evaluated as the
percentage of carryover by analyzing a blank DMSO after
injecting the upper LOQ concentration of 5000 ng/mL of the
calibration standard curve. The percentage of carryover in the
blank sample was calculated compared to the LOQ and
considered acceptable at ≤20%. Three independent experi-
ments were performed on three different days.

3.6.4. Calibration Curves. Seven-point calibration curves
were constructed in triplicate by plotting the analyte peak areas
versus different analyte concentrations of NDMA, NDEA,
DIPNA, or EIPNA. The weighted-linear least square model
with a 1/x2 weighting factor was selected using a statistical test
of homoscedasticity.27 The coefficient of determination (r2 ≥
0.995) was determined to verify the linearity of the plot. The
percent deviation of the mean back-calculated concentrations
of NDMA, NDEA, DIPNA, and EIPNA should be within
±10%. The residual plot was demonstrated whether the slope
and y-intercept were significantly different from zero at a 95%
confidence interval. Statistically, a p value of the slope should
be less than 0.05, meaning that it is significantly different from
zero, whereas the p value of the y-intercept should be more
than 0.05, meaning that it is insignificant from zero. Fcal should
be greater than FANOVA demonstrating the linear regression.28

3.6.5. Linearity and Range. The range describes the
concentration interval between the lower and upper
quantitative levels. The range of the method was established
using the spiked calibration samples by constructing a
calibration curve using a losartan matrix spiked with the
corresponding nitrosamines. The equation model was designed
in the same manner as the calibration curve experiment
(Section 3.6.4). The slope, intercept, and r2 were calculated.

3.6.6. Accuracy and Precision. Accuracy and precision were
determined by analyzing the spiked losartan samples at 25
(LOQ), 250, and 1000 ppb for NDMA and NDEA and 50
(LOQ), 250, and 1000 ppb for DIPNA and EIPNA. Each
concentration level was prepared and analyzed in triplicate on
the same day and for two different days for intraday (within-
run) and interday (between-run) analyses, respectively.
Accuracy was assessed using the percent deviation between
the mean back-calculated concentration and nominal (actual)
concentration. The percent deviation should be within ±10%.
The intraday and interday precision values were determined
using the %CV of the back-calculated concentration. The %CV
should be ≤11% for all concentrations excluding the LOQ,
which should be ≤15%.

3.6.7. LOD and LOQ. The LOD is the lowest amount of
analyte in a sample matrix that could be detected but not
necessarily quantitated as an exact value. The LOD can be
derived from the signal-to-noise (S/N) ratio, and it is usually
expressed as the concentration of an analyte in the sample
matrix. It is determined by injecting samples that generate the
S/N ratio and %CV of replicate injections. The LOD was
verified in terms of S/N ≥ 3 and %CV of five replicate
injections of ≤15.
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The LOQ is the lowest amount of analyte in a sample matrix
that can be quantitatively determined with appropriate
precision and accuracy. Typically, the LOQ is estimated by
determining the S/N ratio and %CV of replicate injections.
The LOQ established using spiked samples independent of
calibration standards with five replicate injections was satisfied
with accuracy and precision of percent deviation within ±10
and %CV ≤ 15, respectively.
3.6.8. Robustness and Stability. Robustness is an indicator

of method tolerability when small variations occur in method
parameters to ensure the reliability of the method during
routine analysis. In this study, the robustness of the method
was determined as the suitability of the system to permit
changes in transfer temperature and headspace equilibration
time. The precision values of the peak response and retention
time for four nitrosamines were determined after slight
variation in the method parameters. The %CV of the peak
area and retention time should be ≤11 and 2, respectively,
whereas the tailing factor of each injection should be lower
than 2. Moreover, the influence of the flow rate on the
resolution between 15N-DMF and NDMA was studied. The
resolution should be >2. In addition, the stability of the sample
solutions was investigated. To confirm the good stability of the
sample solution, the percent deviation of the analyte
concentration between the initial time point (0 h) and the
storage time of 6, 12, or 24 h should not be greater than 10%.
3.7. Application for Nitrosamine Determination in

Losartan Potassium APIs. The developed and validated
method was applied to determine residual contamination by
NDMA, NDEA, DIPNA, and EIPNA in ten batches of losartan
potassium API samples. Five milliliters of DMSO was
transferred into a glass vial for headspace injection containing
1 g of losartan potassium, and the mixture was vortexed until it
was completely dissolved. The sample solution was placed into
the built-in headspace autosampler of the oven. The sample
was incubated in the headspace oven at 150 °C under a
vibration level of 5, with an appropriate sample equilibrating
time of 15 min. The residual nitrosamines were then vaporized
into the vial headspace and directly injected into the column.

4. CONCLUSIONS
In this work, the HS-GC−MS method was developed and
validated for the quantitation of NDMA, NDEA, DIPNA, and
EIPNA in losartan potassium APIs. The headspace injection
technique was applied to serve as an online sample preparation
in residual impurity analysis, thereby offering benefits
concerning the efficient removal of potential interference and
high-throughput routine analysis. The complete method
validation was performed using the Q2(R1) ICH guidelines.26

The overall results indicated that the developed method is
reliable and useful for determining the levels of four
nitrosamines in losartan APIs. For other sartans, we confirmed
the selectivity of the method based on the absence of
interfering matrix co-elution at the retention times of
individual nitrosamines. To use the method to analyze
nitrosamine contamination in other sartan APIs and drug
products, the method should be further fully investigated for its
accuracy, precision, and other validation parameters using the
acceptable limits of nitrosamines in each substance. The LOQ
and LOD of the developed method were far below the US
FDA and EMA interim limits of the corresponding nitros-
amines in losartan potassium. In addition, the established LOD
and LOQ can support a tighter limit of 30 ppb for NDMA and

NDEA, which will be implemented in the forthcoming year.7

Although the developed method cannot be applied in the
quantitative sense under this stricter limit, it can also serve as a
screening test for DIPNA and EIPNA. In a broader sense, the
methodology can also be adapted for the simultaneous analysis
of additional nitrosamines in other sartans.
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(33) Şerban, E. S.; Socaci, S. A.; Tofana,̆ M.; Maier, S. C.; Bojita̧,̆ M.
Advantages of “headspace” technique for GC/MS analysis of essential
oils. Farmacia 2012, 60, 249−256.
(34) Ibrahim, M. M. Investigation on thermal stability and purity
determination of two antihypertensive drugs, valsartan and losartan
potassium. Int. J. Curr. Pharm. Res. 2015, 7, 64−69.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c00982
ACS Omega 2021, 6, 11048−11058

11058

https://doi.org/10.1080/08998280.2003.11927893
https://doi.org/10.1016/S0140-6736(99)10365-9
https://doi.org/10.5487/TR.2015.31.3.279
https://doi.org/10.5487/TR.2015.31.3.279
http:%5C%5CFDA.gov
https://www.ema.europa.eu/en/documents/referral/angiotensin-ii-receptor-antagonists-sartans-article-31-referral-chmp-list-questions-be-addressed-api_en.pdf
https://www.ema.europa.eu/en/documents/referral/angiotensin-ii-receptor-antagonists-sartans-article-31-referral-chmp-list-questions-be-addressed-api_en.pdf
https://www.ema.europa.eu/en/documents/referral/angiotensin-ii-receptor-antagonists-sartans-article-31-referral-chmp-list-questions-be-addressed-api_en.pdf
https://www.ema.europa.eu/en/documents/other/temporary-interim-limits-nmba-dipna-eipna-impurities-sartan-blood-pressure-medicines_en.pdf
https://www.ema.europa.eu/en/documents/other/temporary-interim-limits-nmba-dipna-eipna-impurities-sartan-blood-pressure-medicines_en.pdf
https://www.ema.europa.eu/en/documents/other/temporary-interim-limits-nmba-dipna-eipna-impurities-sartan-blood-pressure-medicines_en.pdf
https://www.ema.europa.eu/en/documents/report/lessons-learnt-presence-n-nitrosamine-impurities-sartan-medicines_en.pdf
https://www.ema.europa.eu/en/documents/report/lessons-learnt-presence-n-nitrosamine-impurities-sartan-medicines_en.pdf
https://www.ema.europa.eu/en/documents/report/lessons-learnt-presence-n-nitrosamine-impurities-sartan-medicines_en.pdf
https://www.ema.europa.eu/en/documents/variation-report/angiotensin-ii-receptor-antagonists-sartans-article-31-referral-chmp-assessment-report_en.pdf
https://www.ema.europa.eu/en/documents/variation-report/angiotensin-ii-receptor-antagonists-sartans-article-31-referral-chmp-assessment-report_en.pdf
https://www.ema.europa.eu/en/documents/variation-report/angiotensin-ii-receptor-antagonists-sartans-article-31-referral-chmp-assessment-report_en.pdf
https://doi.org/10.38212/2224-6614.1063
https://doi.org/10.38212/2224-6614.1063
https://doi.org/10.1056/NEJMp1901657
https://doi.org/10.1056/NEJMp1901657
https://www.fda.gov/drugs/drug-safety-and-availability/fda-updates-and-press-announcements-angiotensin-ii-receptor-blocker-arb-recalls-valsartan-losartan
https://www.fda.gov/drugs/drug-safety-and-availability/fda-updates-and-press-announcements-angiotensin-ii-receptor-blocker-arb-recalls-valsartan-losartan
https://www.fda.gov/drugs/drug-safety-and-availability/fda-updates-and-press-announcements-angiotensin-ii-receptor-blocker-arb-recalls-valsartan-losartan
https://www.ema.europa.eu/en/documents/referral/nitrosamines-emea-h-a53-1490-questions-answers-marketing-authorisation-holders/applicants-chmp-opinion-article-53-regulation-ec-no-726/2004-referral-nitrosamine-impurities-human-medicinal-products_en.pdf
https://www.ema.europa.eu/en/documents/referral/nitrosamines-emea-h-a53-1490-questions-answers-marketing-authorisation-holders/applicants-chmp-opinion-article-53-regulation-ec-no-726/2004-referral-nitrosamine-impurities-human-medicinal-products_en.pdf
https://www.ema.europa.eu/en/documents/referral/nitrosamines-emea-h-a53-1490-questions-answers-marketing-authorisation-holders/applicants-chmp-opinion-article-53-regulation-ec-no-726/2004-referral-nitrosamine-impurities-human-medicinal-products_en.pdf
https://www.ema.europa.eu/en/documents/referral/nitrosamines-emea-h-a53-1490-questions-answers-marketing-authorisation-holders/applicants-chmp-opinion-article-53-regulation-ec-no-726/2004-referral-nitrosamine-impurities-human-medicinal-products_en.pdf
https://www.ema.europa.eu/en/documents/referral/nitrosamines-emea-h-a53-1490-questions-answers-marketing-authorisation-holders/applicants-chmp-opinion-article-53-regulation-ec-no-726/2004-referral-nitrosamine-impurities-human-medicinal-products_en.pdf
https://www.ema.europa.eu/en/documents/referral/nitrosamines-emea-h-a53-1490-assessment-report_en.pdf
https://www.ema.europa.eu/en/documents/referral/nitrosamines-emea-h-a53-1490-assessment-report_en.pdf
https://www.ema.europa.eu/en/documents/referral/nitrosamines-emea-h-a53-1490-assessment-report_en.pdf
https://www.fda.gov/media/125478/download
https://www.fda.gov/media/125478/download
https://doi.org/10.1208/s12248-020-00473-w
https://doi.org/10.1208/s12248-020-00473-w
https://doi.org/10.1208/s12248-020-00473-w
https://doi.org/10.1248/bpb.b19-00006
https://doi.org/10.1248/bpb.b19-00006
https://doi.org/10.1351/pac199870040993
https://doi.org/10.1351/pac199870040993
https://doi.org/10.1111/j.1757-837X.2010.00049.x
https://doi.org/10.1093/jat/bkt020
https://doi.org/10.1093/jat/bkt020
https://doi.org/10.1016/j.jpba.2018.11.010
https://doi.org/10.1016/j.jpba.2018.11.010
https://doi.org/10.1016/j.jpba.2018.11.010
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c00982?rel=cite-as&ref=PDF&jav=VoR

