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Batch  recalls  for  valsartan  containing  pharmaceutical  products  in  July  2018  initiated  a  discussion  on
possible  contaminations  with  N-nitrosodimethylamine  (NDMA).  It appeared  that  NDMA  was  generated
during  synthesis  of  the active  pharmaceutical  ingredient  (API)  from  the  solvent  dimethylformamide
(DMF) and the  reagent  nitrite.  Discussion  on NDMA  as API  impurity  is  extended  to  other  drugs  since
then.  Already  several  years  before  scientific  literature  reported  NDMA  as  impurity  of  several  other  drugs,
thus underlining  the  apparent  risk.  At  present  none  of  the  pharmacopoeias  tests  for  NDMA  and  only
very  limited  publications  of methods  for  its  determination  in  pharmaceuticals  are  published  so  far.  This
review  summarizes  aspects  for the  analyses  of  nitrosamines  (NAs)  with  special  focus  on  NDMA  and
discusses  their  potential  applicability  for drug  analyses.  The  majority  of  recent  publications  utilize  GC–MS
harmaceuticals
nalytical methods

or GC–MS/MS  due  to its  high  selectivity  and  low  detection  levels.  GC-TEA  also provides  high  selectivity  for
nitrosamines.  However,  current  availability  of  this  combination  is  very  limited.  Alternatively,  LC–MS/MS
is also  performed  in  NA  analysis.

An  integration  of  a general  test  in  future  pharmacopoeias  is suggested  due  to  the  toxicological  relevance
and  broader  spectrum  of  possible  APIs  that may  be  affected.

©  2018  Elsevier  B.V.  All  rights  reserved.
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. Introduction

In July 2018 contaminations of valsartan (chemical structure in
ig. 1) containing drugs led to several batch recalls due to their con-
ent of N-nitrosodimethylamine (NDMA). It was discovered that
hanges in the production process of the active pharmaceutical
ngredient (API) valsartan led to this as process impurity. First dis-
overed in batches that had been produced by the Chinese company
hejiang Huahai Pharmaceutical, it turned out in the following
eeks that also batches from other manufacturers (e.g. Zhejiang

ianyu Pharmaceutical and Hetero Labs, India) contained NDMA
1]. According to Leclerc [2] this finding was incidental while per-
orming other tests.

The API valsartan is classified as angiotensin II receptor antag-
nist used in the therapy of hypertonia, congestive heart failure,
nd myocardial infarct. It is listed in different pharmacopoeias
ogether with methods for testing identity, purity and assay. As
ommon, purity testing mainly focusses on expected impurities
rom synthesis and/or degradation. According to the current mono-
raphs for valsartan purity testing focusses on enantiomeric purity,
he related compounds ent-valsartan (European Pharmacopeia
Ph.Eur.) impurity A), valsartan benzyl ester (Ph.Eur. impurity
), and desmethyl-valsartan (butyl analogue of valsartan, Ph.Eur.

mpurity C) as well as residual water in United States Pharmacopeia
USP) and Ph.Eur., and absorbance in USP, while Ph.Eur. requests for
ulfated ash as well [3,4].

As mentioned in Ph.Eur. commentary the synthesis of valsartan
Fig. 1) starts from (S)-valin methyl ester and 4′-(bromomethyl)-
1,1′-biphenyl]-2-carbonitrile or 2-cyano-4-formylbiphenyl. As

nal step the formation of the tetrazol moiety is performed by
eaction with azidotributyltin(IV) [5].

ig. 1. Chemical structure of valsartan and synthesis pathway according to Ph.Eur.,
ommentary.
In the last years several modified routes for synthesis of valsar-
tan have been published in scientific journals [6–18], representing
two different synthetic principles, i.e. formation of the tetrazol ring
from a cyano intermediate analogously to the above mentioned
route described in Ph.Eur., and biphenyl coupling using an acti-
vated tetrazol as educt. In addition, multiple patent applications
were submitted. A few of them report the use of sodium nitrite
(NaNO2) in product generation and azide removal [19–21]. Precise
description of solvent is missing in these patents. However, the
patent of Zheijing Huahai Pharmaceutical [22] reports tetrazol for-
mation using anhydrous zinc chloride and sodium azide (NaN3) in
aprotic polar solvents, preferably dimethylformamide (DMF), fol-
lowed by quenching with NaNO2. The limited stability of DMF  may
have resulted in traces of dimethylamine and subsequent forma-
tion of NDMA [23]. Certification of suitability (CEP) for this process
seems therefore currently not appropriate.

Analysis of valsartan containing drugs in Germany was reported
by Abdel-Tawab et al. [24] with concentrations up to 22 �g per
tablet found, which corresponds to ∼60 mg/kg of API in the tablet.
According to recent reports of the US Food and Drug Administration
(FDA) concentrations in valsartan API from other manufacturers
were lower than those of Zhejiang Huahai Pharmaceutical [1].

In general, N-nitrosamines (NAs) are reaction products of nitrite
with amines preferably generated at elevated temperature. Thus,
they are mainly detected in food and drinks after processing [25].
Under the regulations of the FDA in beer NDMA is the only regulated
nitrosamine with a cut-off value of 5 �g/L [26]. Furthermore, NAs
appear as disinfection by-product e.g. in ground and drinking water
with maximum concentration levels in the lower ng/L range [27].
Additional contamination of water with NDMA can occur and thus,
the World Health Organization (WHO) has set the drinking water
guideline values to 100 ng/L [28]. Other organizations such as the
U.S. Environmental Protection Agency (EPA) also set limits in their
guidelines (EPA screening level of 0.4 ng/L in tap water [29]).

Due to the relevance of NDMA as probable carcinogenic to
humans (WHO/IARC group 2 A, EPA group B2, [28,30,31]), and toxic
agent [25,32,33], we herein review methods for its detection that
have been reported in scientific literature.

2. Methods reported for NDMA determination in drug
analysis

Only limited numbers of publications report the analysis of
NDMA in APIs or pharmaceutical preparations. In the context of
the recent batch recalls of valsartan containing pharmaceuticals a
publication out of the Central Laboratory of German Pharmacists
(Zentrallaboratorium Deutscher Apotheker, Eschborn, Germany)
disclosed some analytical method details they applied for the anal-
ysis of 16 preparations obtained from German pharmacies [24].
Abdel-Tawab et al. therein report the use of a validated gas chro-
matography mass spectrometry (GC–MS) based method applying

standard addition for proper quantification considering the differ-
ent matrices of different products. No further details of the method
are currently reported. Results found in this investigation showed
amounts up to 22 �g per tablet, which represents up to ∼30 mg/kg
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n the preparation. Very recently, the FDA issued a GC–MS method
ith headspace (HS) injection and electron ionization (EI) for detec-

ion of NDMA in valsartan drug substance with a reported limit of
uantification (LOQ) of 0.3 mg/kg [34]. No excipients appeared to be
onsidered in this method yet. The API is dissolved in DMSO directly
n the HS vial and equilibration is carried out for 15 min. Within the
eview period of this article a few new methods have been reported
hat are optimized for the analysis of pharmaceutical preparations
35]. Analogously to the FDA method a HS-GC–MS was  used for
DMA screening and quantification in API and powdered tablets

hat are dissolved in DMSO. In screening the limit of detection (LOD)
as 10 mg/kg. The application of a more sensitive second method

tarting with a higher amount of test sample is recommended if
o NDMA was detected in the initial method. This method allows

or detection at LOD = 0.04 mg/kg [36]. Another method utilizes
PLC-APCI-MS/MS after methanolic extraction from the homog-
nized samples and dilution with water. LOQs of 0.2 mg/kg for
DMA and 0.04 mg/kg for N-nitrosodiethylamine (NDEA) were
chieved [37]. Finally, a method utilizing HPLC-UV was reported
ith LOD = 0.1 mg/kg [38]. For sample preparation this method

lso includes methanolic extraction of the homogenized tablet(s),
ilution with water, and filtration of the injection solution. Quan-
ification is performed by standard addition methodology.

Already almost 30 years earlier, Castegnaro et al. [39] reported
he analysis of pharmaceutical preparations containing aminopy-
amine, disulfiram or oxytetracycline using GC in combination
ith thermal energy analyzer (TEA) for detection of volatile N-
itrosamines. They used a packed GC column in isothermic mode.
ample preparation used 1 g of powdered drug, 6 g of glucose, 1 g of
scorbic acid, 20 mL  of paraffin oil, and 10 mL  of water plus 0.5 mL
f sulfuric acid (5 N). Vacuum distillation was performed with
rapping of NDMA at liquid nitrogen cooling. Further purification
ncluded liquid-liquid extraction (LLE) using aqueous NaOH (0.2 N)
nd dichloromethane (DCM) and subsequent solid phase extraction
SPE) on alumina. Out of the 46 different drug formulations contain-
ng aminopyramine, or oxytetracycline only one did not contain any
etectable NDMA. Reported levels of the other preparations were

n the range of 1 �g/kg up to 90 mg/kg of NDMA averaged from
ne full box of preparation. Individual concentrations in the tablets
ere reported to show large variances. All preparations containing
isulfiram contained N-NDEA at concentrations of 94–980 �g/kg.

A similar method was reported by Eisenbrand et al. [40] for the
nalysis of aminopyrine drugs. They found NDMA in all of the 68
ested preparations at concentrations of 1–371 �g/kg. Due to strong
ariations within batches, they hypothesized the high reactivity of
PI towards nitrogen oxides as reason. Furthermore, Taylor et al.

41] reported low levels of NDMA and NDEA in antihistaminic drugs
containing diphenhydramine, doxylamine, and methapyrilene).

Moreover, Dawson and Lawrence [42] found 21 out of 34 prepa-
ations to contain NDMA at levels up to 12 �g/kg. The LOD and
OQ were determined at LOD = 0.1 �g/kg, LOQ = 0.3 �g/kg. Again,
C-TEA was used with a packed column at isothermic conditions.
or sample preparation they used extraction of NDMA from both,
iquid or solid, preparations by aqueous sulfamic acid solution. DCM

ay  be used as solubilizer. Subsequent distillation, extraction of the
istillate, and further concentration resulted in the final injection
olution. The APIs involved were amitriptyline, chlorampheni-
ol, chlorpromazine, dimenhydrinate, erythromycin, imipramine,
romazine, propoxyphene, trimipramine, and tetracycline. No

ncreasing NDMA concentrations were found in preparations after
he expiry date. Further five preparations were found to contain
DMA as well, however contaminations and not reaction prod-

cts from the API are claimed as reason in these cases. Some of
hese preparations were stored in vials sealed with rubber septa
hat were found to contain NDMA. Thus, they hypothesized this as
ossible source.
d Biomedical Analysis 164 (2019) 536–549

In contrast, Krull et al. [43] found none of the 73 products tested
within their study to contain NDMA, however three interfering sig-
nals from drug ingredients themselves. They utilized GC-TEA as
well as high performance liquid chromatography (HPLC) hyphen-
ated with TEA and report detection limits of 1 �g/kg. Powdered
samples were extracted with acetone and the supernatant injected
directly.

Further methods for API analyses are reported in the con-
text of investigations on NDMA formation potential rather than
drug testing for NDMA. As one example Shen and Andrews
[44] reported the analysis of nine nitrosamines (NAs) formed
after treatment of 20 pharmaceuticals and personal care prod-
ucts with disinfectant chloramines. After incubation of the drug
with chloramine in phosphate buffer NDMA and NDEA were
extracted from the solution using divinylbenzene (DVB) styrol
copolymer beads (dispersive SPE) and eluted with DCM. Anal-
yses were performed by GC–MS using chemical ionization (CI)
with methanol as reagent gas. Separation was  achieved on a cap-
illary column and temperature gradient. Large volume injection
was performed using a programmed temperature vaporizer (PTV)
inlet with a Carbofrit liner. Amitryptiline, azithromycine, carbinox-
amine, chlorpheniramine, clarithromycin, diltiazem, doxylamine,
erythromycin, escitalorpram, metformin, nizatidine, ranitidine,
roxithromycin, sumatriptan, tetracycline, tramadol, and venlafax-
ine were reported to form NDMA at ∼0.3% or more under the
conditions applied. Similarly, Leavey-Roback et al. [45] found
NDMA at conversion rates >0.04% after incubation of chlortetra-
cycline, clarithromycin, meropenem, minocycline, oleandomycin,
oxytetracycline, quinupristin, spiramycin, and tetracycline. They
used ambersorb for SPE and GC with tandem mass spectrometry
(MS/MS) using CI as reported by Cheng et al. [46].

Alternatively, Wang et al. [47] reported the use of LC-MS/MS
with electrospray ionization (ESI) for the detection of NDMA after
incubation of drugs with different oxidants. Sample preparation
was performed by SPE on activated charcoal after oxidation of the
drug in phosphate buffer. Separation was  carried out on a RP-18
column using acetonitrile and aqueous formic acid (0.1%). They
reported NDMA after incubation of carbinoxamine, doxylamine,
nizatidine, and ranitidine. Applying the same methodology, Lv
et al. [48] reported amitriptyline, chlorpromazine, chlorprothixene,
citalopram, clomipramine, doxepin, and venlafaxine as precursors
of NDMA.

The structure formulae of all APIs reported to contain NDMA as
mentioned above are shown in Fig. 2, while chemical structures of
additional NDMA precursors are shown in Fig. 3.

3. General analytical methods for the determination of
NDMA

The following section gives an overview on analytical meth-
ods that are reported for NDMA determination. Besides a brief
introduction of the respective technique method performance
characteristics are briefly reported. A direct correlation of the per-
formance characteristics, especially achieved LOD or LOQ with the
analytical technique used for determination may  be hampered by
underlying effects. Apart from the detection technique, method
performance characteristics may  be considerably influenced by
type of matrix, utilized way  of sample preparation, and/or different
instruments even if based on the same detection principle.

3.1. Gas chromatographic methods
More generally, most of the reported methods for NDMA anal-
yses in scientific literature utilize GC separation. Moderate to high
polarity stationary phases are used for separation with carbowax
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Fig. 2. Chemical structures of APIs

r analogous material being most popular [49–52]. This material
as also used in the recently published method of the FDA [34].

n contrast, the United States Environmental Protection Agency
EPA) method for N-nitrosamines (NAs) in drinking water recom-

ends a polyphenylmethylsilicone column [53]. In this column
ype the surface is modified by polyethyleneglycol residues to allow
or additional dipol-dipol and hydrogen bonding of analyte and
tationary phase. This may  lead to improved separation of polar
nalytes. Chromatograms of different NAs on HP-5 and DB-Wax
olumns are shown in Fig. 4.

Very few manuscripts report the detection of NAs by GC-

ID [54–56] or GC-ECD after oxidation to their corresponding
itramines [57–59] or heptafluorobutyryl derivatives of corre-
ponding amines liberated from the NAs [60]. The latter is reported
o even detect pg amounts [58], however oxidation may  lack repro-
ted in literature to contain NDMA.

ducibility [61]. More frequently the detection of NAs is performed
by hyphenation of GC with nitrogen-phosphorous detection (NPD)
[32,51,54,62–66] or nitrogen chemiluminescence detector (NCD or
CLND), which is also named thermal energy analyzer (TEA). Reports
of the use of chemiluminescence detection (CLD) in the special
nitrosamine mode already date back to 1974 [67]. Using this detec-
tor NAs are pyrolyzed. The liberated NO radicals are subsequently
oxidized and detected as NO2 after excitation by light emission in
near infrared [67–69]. Its use for NDMA detection out of differ-
ent matrices is reported in several manuscripts (e.g. [65,66,69–84]).
Very high selectivity also in complex matrices such as food as well

as low LOQ can be achieved by GC-NCD. The combination of the sep-
aration of analytes by GC and the selective detection of compounds
with labile nitrosyl group as structural element both contribute to
the high selectivity of this system [68].
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Fig. 3. Chemical structures of additional NDMA pr

Hyphenation of GC separation with MS detection
34,36,44,50,51,85–98] allowed to achieve LODs even suitable
or the analyses of drinking water. The current reference method
or the analysis of NAs in drinking water requires the use of
C–MS/MS due to its very low detection limits together with
ositive chemical ionization (PCI) using methanol or acetonitrile
s reagent gas [53,99]. Further methods are reported utilizing
CI-MS/MS with methanol [46,100–104], or less frequently
mmonia [52,54,98,105,106], or methane [107,108]), EI-MS/MS
90,109–117], or high resolution mass spectrometry (HRMS)
118,119]. It was found that CI yields better specificity than does El
nd often provides higher sensitivity in NA analysis [98,104,107].
hen et al. [114] compared GC–MS with GC–MS/MS for environ-
ental water matrices and found instrument detection limits in
C–MS/MS 100-times lower (0.5 �g/L in GC–MS/MS and 50 �g/L

n GC–MS).
Especially for NDMA analyses are mainly carried out using d6-

DMA [53,89,100,105,107,108,120] as internal standard in GC–MS.
or GC-NCD N-nitrosodiiso- or -n-propylamine [70,71,74] were
eported as internal standards as this detector requires chromato-
raphic separation of analyte and internal standard. Alternatively,
-nitrosodi-n-butylamine was used as internal standard for GC-
CD analyses [72,75,78].
A comparison of the method performance depending on dif-
erent detectors was reported in 2006 by Grebel et al. [66]. They
ound method detection limits for NMDA in GC-NCD at 57 ng/L,
hile GC-CI-MS using ammonia as reagent gas yielded ∼50% LOD
rs, observed from disinfection by-product testing.

(i.e. 30 ng/L) and GC-NPD considerably higher (890 ng/L) using the
standard deviation method for data evaluation. Jurado-Sanchez
et al. [54] reported LOD and LOQ in GC-NPD around seven times
higher compared to GC-CI-MS using ammonia. GC-FID was found
less sensitive by more than one order of magnitude therein. Preci-
sion was reported very similar for all three detectors in their set-up.
Only slightly lower sensitivity in GC-NPD in comparison to GC-NCD
was reported by Grebel and Mel  Suffet in 2007 (instrument detec-
tion limit ∼50% higher). In terms of accuracy the comparison of
water sample analyses utilizing GC-NPD, GC-NCD as well as GC-
CI-MS(/MS) resulted in statistically insignificantly differing results
[65].

For injection of the samples onto the GC system different sample
inlets were utilized: classical split/splitless inlet [65,96,106,121],
programmed temperature or cold injector [44,50], as well as ther-
mal  desorption (TD) or headspace (HS) inlet [34,36,83,122,123]. The
use of a HS sample inlet often in combination with solid phase
microextraction (SPME) is reported for various liquid and solid
matrices [66,79,86,92,101–103,115,124–129]. As closely related
technique headspace-single drop microextraction is reported for
the analysis of N-nitrosodipropylamines using a single drop of
toluene instead of the SPME fiber [130].

Headspace injection demonstrated to be advantageous com-

pared to split/splitless injector, programmed temperature and cold
injector due to its increased specificity and matrix reduction [92].
Especially in the analysis of trace amounts of volatile NAs such
as NDMA HS-SPME allowed to reach very low LOD and LOQ, e.g.
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Fig. 4. Gas chromatographic separation (GC-TEA) of different NAs on HP-5 column
and  split injection at 200 ◦C (c = 2 �g/mL, upper) and DB-Wax column and on-column
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in concentrated hydrochloric acid was used in food industries for
njection at injector temperature of 53 ◦C (c = 100 ng/mL, lower), courtesy of Agilent
echnologies, Inc. [132].

OD(water) = 0.5 ng/mL and LOD(beer) = 12 ng/mL when combined
ith GC-CI-MS [128]. However, careful method development in
S-SPME is necessary to obtain robust determinations [92]. Equi-

ibrium and extraction temperature and time, as well as ionic
trength of the solution were found to affect peak areas [66,92,126].
ndrade et al. recommend factorial design for HS-SPME optimiza-

ion [79].
As SPME fiber materials polyacrylate (PA) [79,125], poly-

imethylsiloxane (PDMS) [125] as well as mixed mode
ivinylbenzene-carboxen–polydimethylsiloxane (DVB-
AR–PDMS) [101], carbowax-divinylbenzene (CW-DVB) [66],
DMS-DVB [79,92,126], and CAR–PDMS [66,86,101,115,124,125]
re reported for NA analysis. For NDMA PDMS-DVB fibers resulted
n better recoveries compared to PA [79,125]. DVB-CAR–PDMS

as found superior to CAR–PDMS [101] and to PDMS-DVB, CW-
DMS, PDMS and PA [66,125]. Carbon based extraction disks were
eported for drinking and groundwater analyses as well [131]. A
hermal desorption inlet system is used therein.

A very recent publication shows a modified system where HS-
PME was performed under vacuum assistance [124]. In this case
he headspace vial is evacuated prior to sample injection. This pro-
edure was reported to result in ten times higher peak areas for NAs
t extraction times of 30 min  at 50 ◦C. However the authors mention
hat automation is not (yet) possible, which limits its application.

Alternatively trapping of NAs on Tenax-TA liners and thermal
esorption (TD) may  be performed [83,122]. Invaco et al. [123]
eported TD using Thermosorb/N as superior material due to inhi-
ition of nitrosamine formation on the adsorbent as artefact.

Furthermore, cold injection is advantageous to hot injection
ue to the limited stability of NAs that are susceptible of ther-
al  decomposition to nitric oxide (NO) in the injector [118]. This

s especially seen in labile NAs such as N-nitrosodiphenylamine

Fig. 4, [132]). Due to the low boiling point of NDMA (TB = 154 ◦C
133]) hot injection may  also lead to peak broadening and therefore
educed sensitivity.
d Biomedical Analysis 164 (2019) 536–549 541

3.2. Liquid chromatography based methods

Alternatively, high performance liquid chromatography (HPLC)
on reversed phase columns (mainly RP, C-8 or C-18) is per-
formed for NDMA determination. Detection by ultraviolet (UV) was
reported by Al-Kaseem et al. and Li et al. [134,135] using diode array
detection (DAD) at a wavelength of 230–233 nm,  respectively. The
recently published method for the detection of NDMA in valsartan
API and tablets uses a detection wave length of 228 nm [38].

LC with tandem mass spectrometry (LC–MS/MS)
[37,48,112,115,136–155], LC–HRMS [156,157], or ion mobility
HRMS [158] were used in combination with HPLC separations. Elec-
trospray ionization (ESI) [112,115,136–140,142,143,156,157] or
atmospheric pressure chemical ionization (APCI) [37,138,141–147]
are used therein. HPLC-TEA is also possible [80,159–161], however,
inferior to GC-TEA especially in the analysis of volatile NAs, such
as NDMA. Nevertheless, a HPLC based method advantageously
detects both thermally stable and unstable NAs. A lack of repro-
ducibility was  reported by Loeppky if aqueous mobile phases are
used [162].

Reproducible analyses of NAs were reported by liquid chro-
matography using post-column photolysis and chemiluminescence
(LC-PR-CLD), which is also marketed as Nitrolite detector
[163–167]. The use of tris(bipyridyl)ruthenium(III) in CLD resulted
in detection limits of 300 ng/L [163]. Comparison of reversed osmo-
sis LC-PR-CLD was  reported similar to SPE-GC–MS/MS in terms of
accuracy and LOD [168]. Alternative to the above mentioned HPLC
on RP columns, N-nitrosodiethylamine (NDEA) was determined
using ion chromatography [169]. In this study, photolysis of the
NA and subsequent chromatography on an anion exchange column
was performed utilizing a conductivity detector.

HPLC combined with fluorescence detection after pre-column
derivatization of secondary amines liberated from the NAs by cleav-
age with HBr in acetic acid was  reported [170–172]. Derivatization
is performed by dansyl chloride (5-(dimethylamino)naphthalene-
1-sulfonyl chloride) [170,171], 2-(11H-benzo[a]carbazol-11-yl)
ethyl carbonochloridate [172], or 1-fluoro-2,4-dinitrobenzene
[173]. Similarly, (high performance) thin layer chromatography
((HP)TLC) separation may  be combined with fluorescence detec-
tion [61,174]. Direct TLC of intact NAs is reported by Sen and
Dalpe [175]. Detection was  possible after spraying with Griess (sul-
phanilamide and N-(1-naphthyl) ethylenediamine in concentrated
hydrochloric acid) or NEDSA reagent (sulfanilic acid and N-1-
naphthylethylenediamine hydrochloride in acetic acid) [175–177].

3.3. Non-chromatographic methods

Several methods for the analysis of NAs were reported that
do not apply chromatographic separation. They are generally
considered as less selective and often used for screening or for
determination of the sum of NAs.

Polarography, initially reported for successful NA determina-
tion, later turned out to lack selectivity and its use seems to be
discontinued in NA analyses [61].

Ceto et al. reported the use of a direct electrochemical detection
with molecular imprinted polymers as membrane of an impedi-
metric sensor for water analyses [178]. A LOD of 0.85 �g/L was
achieved applying this sensor.

Total NA concentrations in water were obtained using
UV-photolysis and chemiluminescence detection [179]. Spec-
trophotometry after photolysis and Griess reaction of liberated
NO2

− with sulphanilamide and N-(1-naphthyl) ethylenediamine
lower cost [180]. However, Li et al. reported that concentrations of
the generated NO2

− and NO3
− ions vary with photolysis conditions

in NDEA analysis resulting in inconsistent measurement because it
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and a combination of DLLME and prior microwave assisted extrac-
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s based on the amount of photoproduced NO2
- [169]. Furthermore,

he method is only suitable for considerably high concentrations
quivalent to high �g/mL concentrations of NAs.

Another colorimetric assay is based on the Eisenbrand Preuss-
an  reaction [69,181]. After cleavage of the nitrosamine using
Br in acetic acid the resulting nitrite is detected by colorimetry.
itrite was also reported to be liberated from NAs by photolysis
nd combined with a colorimetric assay [182]. Final detection is
ased on the formation of a colored product from the liberated
itrite. It may  form a violet-purple complex upon reaction with
dCl2 and diphenylamine (Preussmann reagent), however, false
ositive results have been reported [61]. Alternatively, the liber-
ted nitrite was subjected to Griess reaction (with sulfanilamide
nd N-(1-naphthyl) ethylenediamine in concentrated hydrochloric
cid) [54], Liebermann nitroso reaction (reaction with phenol to
-nitrosophenol, reaction with a second phenol to a blue quinon-

mine) [183] or reaction with NEDSA reagent [182]. The latter is
erformed in an automated design as reported by Fan and Tan-
enbaum [182]. In general colorimetric assays were reported to
ave relatively high limits of detection with reports of 0.1 �g
f NDMA [54] or even mg  amounts necessary for detection
183].

In 2005, Walsh et al. [184] reported the use of a yeast based
iosensor system for the detection of carcinogens and procarcino-
ens. It is based on genetically modified yeast strains that express

 reporter system for DNA damage (RAD54-GFP). For activation
f procarcinogens modified strains with additional cytochrome
450 (CYP) enzymes were also introduced. It was tested for the
etection of NDMA resulting in a positive signal at a concentra-
ion of 1.6 mg/L. Bui et al. [185] used a similar system and found a
ositive signal at a concentration of 3 mg/L (40 mM).  However, it
eeds to be noted that the use of these assays may  be hampered
y considerably high concentrations of the API in pharmaceuti-
al product testing. For example in the recent valsartan analyses
he API-NDMA ratio was ∼15,000 or even higher. Thus, intensive
urification may  be required. Furthermore, very high amounts of
harmaceutical product would be required to reach the necessary
mount of NDMA, making the use of this system impossible for
rug testing.

. Sample preparation

As mentioned in chapter 2 only few methods are available from
iterature for the analysis of NDMA in drugs or pharmaceutical
roducts. They most frequently report the use of distillation, LLE,
nd/or SPE for sample preparation. However, different pitfalls of
omplex sample preparation steps are reported in the analysis of
As in different matrices.

Dichloromethane (DCM, methylene chloride), the most promi-
ent extraction solvent for NAs, may  contain NDMA and even
istilled water was found to result in an interfering peak in NA
nalysis that could be eliminated if washed with DCM prior to use
42]. Furthermore, DCM and chloroform have been found to contain
-nitrosomorpholine in concentrations of 2–376 �g/kg (27–40% of

he samples) [186].
Special precaution during analysis of NAs, especially NDMA, is

ecessary since pH dependent instability of NDMA [66] and pho-
olysis [138] are reported, which may  cause underreporting of NA
oncentration. In contrast, overestimation of NA concentrations
ay  result from nitrosation of amines present in the sample. This

A formation was especially reported as disinfection by-product

n water analyses but also a combination of secondary amines or
mino acids with nitrite in the sample may  result in additional NA
ormation during sample preparation [187].
d Biomedical Analysis 164 (2019) 536–549

4.1. Solid phase extraction (SPE)

SPE for NDMA concentration in combination with isotope dilu-
tion is mainly used in the field of water analysis. Especially
relevant for ultra-trace analysis of NAs in ground and drink-
ing water very high enrichment factors may  be achieved. Thus,
the EPA method 521 implies the use of SPE for concentration
of water samples prior to GC-CI-MS/MS [53,99]. Other meth-
ods also report the use of SPE for NA pre-concentration and
purification in combination with GC–MS [44,50,85,98], GC–MS/MS
[52,90,100,104,105,114,116,117,188,189], and GC-NCD [82]. The
latter uses two-step SPE cleanup for meat products prior to GCxGC-
NCD.

In combination with HPLC based methods SPE appears the
method of choice for NA extraction and various methods are
reported for LC–MS/MS [48,136,140–142,144–155] and LC–HRMS
[156] as well as HPLC hyphenation with post-column UV photolysis
and Griess reaction [190]. Automation of SPE is possible especially
in combination with HPLC. As one example, Hu et al. were able
to analyze nine different NAs in human urine using a combina-
tion of one manual and an online SPE [147]. Furthermore, Breider
et al. developed a method for determination of total nitrosamine
content utilizing UV chemiluminescence of nitric oxide and tested
their method with SPE pre-concentrated water samples [179].

The most popular sorbent employed in the SPE of NAs is acti-
vated carbon, as proposed by the EPA method 521 for water analysis
(e.g. [48,55,85,90,104,107,114,148–150,153,154,156]), which was
also reported for urine analysis [50,144,147]. Oasis HLB phases
were used for water [146,157,179,190] or cosmetic product analy-
sis [117]. Extrelut [82,91], Florisil [82,91,105] and Ambersorb 572
[45,170], LiChrolut® EN [98], Enviro-UCT [146], Sep-Pak Plus®AC-2
[142], and Bakerbond Carbon [157,190] phases are further exam-
ples of NA compatible SPEs.

Alternatively to classical SPE the extraction of NDMA  and
eight further nitrosamines from salted fish or soy sauce was
realized by dispersive solid phase extraction using so-called
QuEChERs. During extraction with QuEChERs the analytes are
adsorbed on the particles but generally no cartridges are used
[110–113,120]. Similarly, NDMA extraction was  performed using
dispersive micro solid-phase extraction with carbon molecular
sieves [191,192].

4.2. Liquid-liquid extraction (LLE)

Dichloromethane (DCM, methylene chloride) is the most promi-
nent extraction solvent for NDMA and other NAs. Successful LLE
of NDMA was reported for water [89], beer and cigarette smoke
[171], artificial saliva (migrated from rubber teats and soothers or
baby bottle teats and rubber kitchen tools, respectively) [193,194],
the migration from condoms [195], or in human urine utilizing an
automated approach [196,197]. Alternatively, mixtures of DCM or
acetonitrile were used for LLE. A mixture of DCM and isopropyl
alcohol and subsequent analysis via GC-EI-MS/MS was reported for
gastric juice samples [198]. Herrmann et al. [143] extracted differ-
ent nitrosamines with acetonitrile prior to LC–MS/MS for NDMA
detection. Multi-step LLE utilizing DCM, ethanol, methanol, and
aqueous sodium chloride was  applied for NDMA analysis utilizing
HPLC-UV [135] and further combined with SPE.

Dispersive liquid-liquid microextraction (DLLME) was reported
for use in combination with HPLC and fluorescence detection [172]
tion followed by GC–MS [94,96,97] analysis.
In general, LLE is considered time-consuming and labor inten-

sive, may  require large volumes of sample and solvents, and suffers
high risk of contamination and analyte losses [78,89].
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.3. Direct liquid extraction (DLE)

Analysis of thirteen nitrosamines in cosmetic products via
C–MS was accomplished after direct liquid extraction (DLE) with
ater and acetonitrile [95]. A pressurized liquid extraction of house
ust with ethyl acetate to detect nitrosamines from third hand
obacco smoke was performed prior to subsequent analysis either
y GC–MS or GCxGC-NCD [199,200]. Hot water pressurized liq-
id extraction was utilized for the extraction of nitrosamines from
ewage sludge prior to HS-SPME and subsequent GC–MS/MS detec-
ion with positive chemical ionization using methanol [102]. Direct
iquid extraction of nine nitrosamines from atmospheric particu-
ates with DCM and ultrasonication without further concentration
f the sample volume and consequent analysis by GC–MS/MS was
eported by Hong et al. [109]. A similar extraction protocol, but
ollowing analysis of NDMA by LC-ESI-MS/MS in biosolids (sewage
ludge or freshwater sediments near wastewater treatment plants)
s also reported [201,202].

.4. Distillation

Steam or vacuum distillation of volatile NAs commonly followed
y LLE as sample preparation step was often used in food analysis
175,203–211]. Analysis of NDMA in food products and air by a
olorimetric approach was realized after several extraction steps
nd distillation [212]. Castegnaro et al. [39] reported the observa-
ion that for pharmaceutical products steam distillation from water
uite often led to foam generation. Thus, they used a modified
rocedure from mineral oil with added water.

.5. Other sample preparation methods

Soxhlet extraction of NAs is reported, among others, for soil,
ewage sludge, and sediments, or even mandatory in testing
ethods regarding NA content in rubber teats and soothers (Amer-

can Section of the International Association for Testing Materials
ASTM) F1313-90 [213] or EN 12868 [214]). As Soxhlet extraction
olvent DCM is often used. The extraction of NDMA from sludge as
retreatment prior to SPE and subsequent analysis via GC–MS is
eported by Chen at al. [85]. A comparison of extraction efficiency
etween Soxhlet extraction, microwave assisted, and ultrasonic
ssisted extraction followed by continuous SPE and GC–MS analy-
is revealed best results for microwave assisted extraction (MAE)
215].

Alternatively, pressurized hot water extraction or accelerated
olvent extraction (ASE) was also successfully applied in the anal-
sis of NAs in sewage sludge [102]. Supercritical fluid extraction
SFE), i.e. extraction using supercritical carbon dioxide (scCO2), of
As from rubber materials and GC-NPD detection showed only
% recovery for NDMA [63]. Fiddler and Pensabene on the other
and compared SFE with SPE, mineral oil distillation and low-
emperature vacuum distillation regarding NA extraction from
ried bacon resulting in best recoveries for SFE (detection GC-TEA)
216]. The combination of SFE-SPE with subsequent GC-TEA detec-
ion reached a LOD of 1 �g/kg for NDMA [71].

As reported by Kodamatani et al. no prior sample concentration
as necessary using LC-PR-CLD (chapter 3.2). Using this indirect
ethod for the analysis of NDMA in water samples LOD = 1.5 ng/L

ould be achieved anyway [164]. Introducing an anion exchange
odule (AEM) after the HPLC column and prior to the photoreactor

urther decreased the method detection limit to LOD = 0.09 ng/L for

DMA [217].

Similarly no sample preparation was necessary according to
eto et al. who  used a direct electrochemical detection with molec-
lar imprinted polymers (LOD 0.85 �g/L) [178].
d Biomedical Analysis 164 (2019) 536–549 543

5. Conclusions and future perspectives

Several methods for the detection of NDMA are already avail-
able from literature, however most frequently focusing on matrices
different from drugs. In recent times, most of these methods are
based on GC–MS(/MS). Sample preparation may  be adapted to the
needs of drug analyses. Straightforward sample preparation was
recently reported by the FDA for valsartan drug substances [34]
or valsartan API and preparations by the OMCL laboratory Galway
[36]. Therein GC-EI-MS using headspace from a solution of valsar-
tan in DMSO resulted in an appropriate sensitivity of the method
for the recent valsartan contaminations (FDA: LOQ = 0.3 mg/kg, Gal-
way: LOD = 0.04 mg/kg). This method offers fast and easy analysis
but sample preparation may  need extension depending on the
type of excipients if drug preparations are considered as well.
The recently published HPLC based methods applied methano-
lic extraction from the powdered tablet matrix. A reporting limit
of 0.3 mg/kg is set in the HPLC-UV based method, while LOQs of
0.2 mg/kg for NDMA and 0.04 mg/kg for NDEA are reported utiliz-
ing HPLC-APCI-MS/MS [37]. Earlier reported methods (e.g. Dawson
and Lawrence [42]) reported considerably lower LOQs for pharma-
ceutical products using GC-TEA, however applying very elaborate
sample preparation including multiple extraction steps, distilla-
tion, and concentration.

As contaminations are considered as by-products of synthesis
of the tetrazol moiety Buschmann and Holzgrabe [23] suggest the
analyses of other tetrazol sartanes for NDMA (candesartan, irbesar-
tan, losartan, olmesartan, Fig. 5a). The synthesis of these four APIs
also implies the use of azidotributyltin(IV) or tributyltin chloride
and NaN3. In addition, the biphenyl coupling (Suzuki-reaction) is
also mentioned in the losartan potassium monograph of Ph.Eur.
[5]. Consequently, Europe and USA already expanded their risk
assessment also to these drugs. During analyses of further sar-
tan preparations in Official Medicines Control Laboratories of the
General European Network NDEA was detected in preparations
containing losartan from Hetero Labs [218].

The list of APIs may be extended by tetrazol compounds
out of other therapeutic classes. Tetrazol formation of several
cephalosporines as well as alfentanil and cliostazol may utilize
azides as well. Considering the above mentioned quenching process
with NaNO2, the formation of NDMA may  occur in their synthesis as
well if DMF  is used as solvent. Chemical structures of examples are
shown in Fig. 5b. Furthermore, the synthesis of multiple other APIs
involves azides or nitrite in decomposition (i.e. metronidazole), for
cleavage to yield low molecular weight heparines, or for use in
activation of carboxylic acids, oxazolin opening, desulfurination,
etc. (chemical structures of API examples in Fig. 5c). Furthermore,
protein chemistry uses carbonic acid azides and thus, chemically
synthesized proteins are also candidates for closer investigations
of contaminations with NDMA.

Further APIs have been reported as known or suspect precur-
sors of NDMA [39–42,44,45,48,149,150,219,220]: aminopyramine,
amitriptyline, azithromycine, benzalkonium chloride, carbinox-
amine, chloramphenicol, chlorphenamine (chlorpheniramine),
chlorpromazine, chlorprothixene, chlortetracycline, citalopram,
clarithromycin, clomipramine, dimenhydrinate, diltiazem, N,N-
diethyltoluamide (DEET), diphenhydramine, doxepin, doxylamine,
erythromycin, escitalorpram, imipramine, meropenem, met-
formin, methapyrilene, methyl orange, methylthioninium chloride
(methylene blue), mifepristone, minocycline, nizatidine, olean-
domycin, oxytetracycline, piramidon (dimethylaminophenazone),
promazine, propoxyphene, quinupristin, ranitidine, roxithromycin,

spiramycin, sumatriptan, trimipramine, tetracycline, tramadol, and
venlafaxine.

Especially ranitidine is reported to show very high molar con-
version to NDMA in oxidizing conditions [44,150]. Using ozone for
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xidation of ranitidine Lv et al. [149] found dimethylamine and
DMA as products. It may  therefore be speculated that exposure

o air and light may  also lead to the formation of NDMA during API
torage.

Interestingly, in Ph.Eur. only the monograph for irbesartan men-
iones purity testing for azide, and only very few tests for N-nitroso
ompounds are listed, e.g. for N-nitrosodiethanolamine (trolamine
onograph, GC-CLD after silylation, cut-off 24 ppb) or dalteparin

3]. No test for NDMA is currently recommended.
Furthermore, Dawson et al. found several drug formulations

ith NDMA contaminations up to 12 ppb, even if the API in the for-
ulation did not contain precursors for the observed nitrosamines

42].
According to the above mentioned we suggest to include a

ethod for N-nitrosamine testing in the general chapters of phar-

acopoeias. Due to the broad spectrum of potential APIs an

nclusion in the general monograph “substances for pharmaceutical
se” of Ph.Eur. is suggested.
esis: (a) tetrazol sartanes, (b) other APIs with tetrazol moiety, (c) further APIs with

As recommended in the ICH Guideline M7  potential carcino-
genic compounds should be controlled if “reasonably expected in
the final drug substance or product” [221]. This document also
explicitly mentions N-nitroso compounds. Further toxicological
considerations have been published and recently also focused on
the assessment of NDMA as drug impurities. Reasonable acceptance
limits have to be proposed on these basis in the near future.
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