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ABSTRACT

N-Nitrosamines (NAs) are probable human carcinogens and their occurrence in drinking water is predominantly attributed to chloramination
and chlorination disinfection in the presence of amine species. Although methods have been reported for NAs in drinking water with very
low detection limits, the equipment required may not be readily available. The use of alternative instrumentation, namely UPLC-QToFMS
and GC-ToFMS was thus investigated. Upon analysis of NAs by UPLC-QToFMS, the same number of peaks (6 or 7) were detected for both
atmospheric-pressure chemical ionization (APCI) and electrospray ionization (ESI) for the nine NAs (NDMA, NMEA, NPyr, NDEA, NPip,
NMor, NDPA, NDBA, and NDPhA) that were analyzed by UPLC-QToFMS at concentrations >5 pg/mL, but APCI performed better than
ESI at lower concentrations (0.5 and 1.0 pg/mL). Importantly, NAs were found to degrade over time with eight out of the nine NAs showing
a decrease in peak area response of > 60% after five days when the stability of NA standards was determined by GC-ToFMS. Consequently,

the detection of NAs at trace levels becomes even more challenging due to their inherent instability.
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INTRODUCTION

N-nitrosamines (NAs) are chemical compounds that have been shown
to cause cancer in mice."? They have been classified as probable
human carcinogens and have received much attention in the research
community in recent years.>> They occur in water due to a plethora
of conditions but mainly due to chloramination and chlorination
disinfection in the presence of amine species and are thus referred to
as disinfection byproducts (DBPs).5® The chloramination disinfection
procedure entails the addition of chloramines to water to kill bacteria
and viruses. Chloramination can also be achieved indirectly via
the addition of chlorine to water that contains ammonia.*!® The
chlorination disinfection process on the other hand involves the
addition of chlorine, usually in gaseous or liquid form, to water to kill
pathogens.! NAs are known to possess a higher probability of causing
cancer in humans than any other DBPs that exist to date.”

The preconcentration of NAs is conducted predominantly by
solid-phase extraction (SPE), while instrumental analysis is typically
performed by liquid chromatography-mass spectrometry (LC-MS) or
chromatography-mass spectrometry (GC-MS),*12'8 as reviewed by
Tyhali and Forbes."” Most reports on NA analysis with low limits of
detection and quantitation (LODs and LOQs) using LC-MS analysis
employ atmospheric-pressure chemical ionization (APCI) with
multiple-reaction monitoring (MRM), whilst for GC-MS, chemical
ionization (CI) with methanol or ammonia is employed.!>16202!
MRM is a targeted approach that provides high sensitivity and can be
achieved with a triple quadrupole, or two quadrupoles separated by a
collision cell.???*Ton suppression problems that occur due to droplet
formation are not a concern with APCI, since the analyte is ionized in
the gaseous phase through chemical reactions facilitated by reactant
ions. In contrast, in electrospray ionization (ESI), the analyte is
ionized in the liquid phase within the needle before droplet formation,
rendering ESI susceptible to ion suppression.?? The ionization that
occurs during CI is softer and leads to less fragmentation and thus
improves sensitivity whilst in the case of electron ionization (EI),
molecules are highly fragmented adversely affecting sensitivity.s

*To whom correspondence should be addressed
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In this study, challenges concerning the analysis of NAs utilizing
chromatographic instruments that are not equipped with CI and
MRM are highlighted, in order to potentially expand the number of
laboratories which may conduct NA analyses in drinking water. An
attempt was thus made to develop a method for the analysis of NAs in
water using an ultra-performance liquid chromatograph quadrupole-
time of flight mass spectrometer (UPLC-QToFMS) employing ESI
and APCI. The results of the two ionization modes were compared.
In addition, a GC-ToFMS method was developed and applied to an
evaluation of the stability of target NAs. This is the first report that
details these analytical challenges, which are a critical consideration in
the analysis of NAs in water.

EXPERIMENTAL
Instrumentation

Separation of NAs based on liquid chromatography was performed
using a Waters® Synapt G2 high definition mass spectrometry (HDMS)
system (Waters Corporation, Milford, United States). The
system comprised of a Waters Acquity ultra performance liquid
chromatograph (UPLC®) hyphenated to a quadrupole-time-of-flight-
mass spectrometer (QToFMS) and equipped with a Kinetex® 1.7 um
EVO C;3100 A column (2.1 mm ID x 100 mm length). The system was
operated with MassLynx™ software (version 4.1) for data acquisition
and processing. For gas chromatographic separations, a comprehensive
two-dimensional Pegasus® 4D gas chromatograph-time-of-flight mass
spectrometer (GCxGC-ToFMS) (Leco Corporation, Michigan, United
States) was used, which was operated in one-dimensional mode for
this application, using a nonpolar column (Restek RXi-1IMS, 30 m
length x 0.25 mm ID x 0.25 pum film thickness, Restek, USA).

Chemicals

A nitrosamine standard mixture of 2000 pg/mL in 1 mL methanol
(MeOH, Sigma-Aldrich, Darmstadt, Germany and Industrial
Analytical, Midrand, South Africa) contained nine analytes
(N-nitrosodimethylamine (NDMA), N-nitrosomethylethylamine
(NMEA), N-nitrosopyrrolidine (NPyr), N-nitrosodiethylamine
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(NDEA), N-nitrosopiperidine (NPip), N-nitrosomorpholine (NMor),
N-nitrosodi-n-propylamine  (NDPA), N-nitrosodi-n-butylamine
(NDBA), and N-nitrosodiphenylamine (NDPhA)) and was used in
the LC-MS and GC-MS analyses. Pyrene (98%) (Merck, Darmstadt,
Germany) was used as a method check standard. LC-MS eluants,
namely H,O (0.1% formic acid) and MeOH (0.1% formic acid) (Romil
Ltd, Cambridge, United Kingdom) were used for gradient elution.

UPLC-QToFMS method development for N-nitrosamine
analysis in water

Separation of the nitrosamine standard mixture was achieved using
gradient elution with H,O (0.1% formic acid) and MeOH (0.1%
formic acid) at a total flow rate of 0.3 mL/min. Formic acid was
added to the mobile phases as a buffer, preservative, and proton
source for ionization. The gradient program was started at 97% H,O
and 3% MeOH (held for 13.9 min), followed by a linear increase to
100% MeOH (held for 2 min). Subsequently, initial conditions were
re-established and the system was re-equilibrated for 3.5 min before
the start of the next run. The column temperature was kept constant
at 40 °C and the injection volume was 5 pL. The total run time was
20 min. The positive and negative ion mass spectra were collected
in separate chromatographic runs (employing the same separation
conditions). Mass spectral scans were collected every 0.3 seconds and
the raw data was in the form of a continuous profile. Mass-to-charge
ratios (m/z) between 50 — 1200 Da were collected.

The accurate masses that were used to extract the NA peaks from
the total ion chromatogram (TIC) are provided in Table S1 in the
Supplementary Information. In LC-MS analysis, accurate masses of
the analyte molecules typically have a +1 charge due to the gain of an
extra proton during the ionization process that occurs, resulting in the
formation of [M+H]* ions.”?¢ The parameters and conditions of the
instrument are provided in Table S2. Electrospray and atmospheric
pressure chemical ionization in negative and positive modes (ESI and
APCI (+/-)) were compared using sample concentrations of 1 and
5 pg/mL.

Optimization of the mobile phase

The gradient elution scheme was repeated using a similar procedure
as described previously but with acetonitrile/HPLC grade water as
mobile phase. Additionally, a mobile phase composed of solvent A
(10 mM ammonium acetate and 0.01% acetic acid in HPLC grade
water) and solvent B (100% MeOH) was used to separate analytes by
a gradient elution as follows: solvent B was linearly increased from
35% to 90% in 5 min and was then kept at 90 % for 3 min. B was then
reduced back to 35 % for 3.5 min followed by column equilibration for
8.9 min. The injection volume was 5 pL. Analysis was performed in
ESI and APCI (+/-) modes (based on Qian et al., 2015).%

Optimization of the injection volume

Standards with NA concentrations of 1 and 5 pg/mL in MeOH were
analyzed with a larger injection volume of 30 pL, to try to increase the
sensitivity and detect more NAs. A 100 uL sample loop was used to
allow for the 30 pL injection volume.

GC-ToFMS method development for N-nitrosamine analysis
in water

GC-ToFMS with split mode injection

The concentrated NA mix standard in MeOH was analyzed as received
employing split mode with an initial temperature of 80 °C (hold
12 min) at 30 °C/min and was ramped up to 200 °C (hold 4 min).
The ratio of the split was 100: 1 for a 2000 pug/mL sample and the total
analysis time was 23.7 min.

GC-ToFMS with splitless mode injection

The splitless mode was employed for the analysis of all other NA
standards and samples, with an initial temperature of 40 °C (hold
3 min), ramped up to 80 °C (hold 12 min) at 10°C/min, and was again
ramped up to 280 °C (hold 5 min) at 30°C/min. The solvent delay was
increased from 1 min to 1.8 min to cut out the solvent peak and to
prevent a great proportion of the solvent from reaching the detector
which could result in poor chromatography. The total analysis time
was 24.5 min. The parameters and conditions that were used are
provided in Table S3.

Change of solvent

Due to the polarity mismatch of MeOH and the nonpolar GC column,
an attempt was made to replace the solvent with a more nonpolar one
to improve the chromatography. A mixture of hexane and acetone
(9:1 v/v) was used as a solvent for analysis by GC-ToFMS and a 10 mL
stock solution of 10 pug/mL nitrosamine mix standard was prepared in
this solvent.

N-nitrosamine stability assessment by GC-ToFMS

The stability analysis was started in the week of 9-14 May 2022,
whereby fresh duplicates of 5 pg/mL nitrosamine mixture standard
prepared in 1 mL hexane and acetone (9:1 v/v) were analyzed daily
over six days to monitor degradation that may have occurred after
each day. When this series of analyses (first analysis) was concluded,
the second and third analyses were performed 7 and 14 days after
the conclusion of the first analysis, respectively. Stock standards
(10 pg/mL) were stored in amber vials in the dark in a freezer at
-18 °C and fresh 5 pg/mL dilutions thereof were prepared on the day
of analysis also into amber vials.

Dilutions of N-nitrosamine standards

A series of analyses of the diluted standard were subsequently
conducted in spitless mode every day for one week. The 2000 pg/mL
nitrosamine mix primary standard in 1 mL MeOH was diluted to yield
a 10 pg/mL stock solution in 10 mL hexane and acetone (9:1 v/v). The
10 pg/mL stock solution was stored in a 12 mL amber vial at -18 °C.
Duplicates of fresh 5 pg/mL standards in hexane and acetone were
prepared every day in amber vials from the 10 pg/mL stock solution
and analyzed by GC-ToFMS. To compensate for uncertainties that may
have been introduced by sample injection, fluctuations in the column
conditions, and flow rate, a method check standard (pyrene) was then
used. Pyrene was chosen as it is more stable than the target analytes
and was less likely to degrade (when stored in the dark) and was
readily available. A concentration of 10 pg/mL of pyrene was made in
hexane and was added to the samples prior to analysis by GC-ToFMS.
500 uL of pyrene was added to 500 pL of 10 pug/mL nitrosamine mix
sample solution to yield a final concentration of 5 pg/mL for both the
pyrene and the analytes.

RESULTS AND DISCUSSION

UPLC-QToFMS method development for N-nitrosamine
analysis

Two different mobile phases (acetonitrile/ultrapure water and MeOH/
ultrapure water) that have been reported by other researchers for the
analysis of NAs in water by LC-MS (specifically triple quadrupole
tandem MS)!326 were tested using both APCI and ESIionization modes.
The TIC obtained for each of these two ionization modes is depicted in
Fig. 1, from which it can be seen that the same number of analytes (i.e.
6 of the nine analytes) were detected in a 5 ug/mL standard for both
of these modes and when two mobile phase systems were employed
using a 5 pL injection volume (refer to Fig. 2). A number of additional
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Figure 1: TIC of a 5 ug/mL nitrosamine mix standard in MeOH using a 5 pL injection volume for APCI and ESI (+/-) modes by UPLC-QToFMS. At this
concentration, very similar TICs were obtained for both APCI and ESI (+/-) modes as can be seen from the complete overlap of these overlaid chromatograms.

peaks were present in the TIC, which were likely degradation products
of the NAs or contaminants. When the concentration was lowered to
1 pg/mL and when using MeOH/ultrapure water as a mobile phase,
three peaks were detected when APCI was employed (NPip, NDPA,
NDBA), whilst with ESI only two analytes were detected (NDPA
and NDBA). APCI (+/-) was therefore employed for subsequent
experiments as more analytes could be detected in this manner.

The means by which the peaks were extracted from the TIC
are shown in Fig. 2. For example, NDPhA was extracted using
199.0871 g/mol as an accurate mass, and the resulting mass spectrum
had a peak at 169.067 m/z due to a loss of N=O at retention time (R,)
of 5.6 min. The mass spectrum of NDPhA obtained in this work,
which was consistent with that reported by Zhao and co-workers?' is
shown in Fig. S1 in the Supplementary Information.

A mobile phase composed of solvent A (10 mM ammonium acetate
and 0.01% acetic acid in HPLC-grade water) and solvent B (100%
MeOH) was used with APCI (+/-). Qian et. al (2015) used this mobile
phase system to separate 14 NAs but their instrument employed
MRM.# The instrument used in this study cannot perform MRM as it
does not have a triple quadrupole, or two quadrupoles separated by a
collision cell. Nonetheless, this mobile phase system was attempted,
but yielded no improvements in the sensitivity of the instrument, as
the number of NAs detected remained at six and these were the same
NAs detected by UPLC-QToFMS (Fig. 2). Therefore, the mobile
phase that was used for subsequent experiments was MeOH/ultrapure
water with APCI (+/-) for ionization.

Seven different concentrations of the nine NAs listed in Table 1
in MeOH (0.5, 1, 5, 10, 20, 30 and 100 pg/mL) were analyzed by
UPLC-QToFMS using a 5 pL injection volume. The mobile phase
was MeOH/ultrapure water, and APCI was performed in positive
and negative modes. This was done to examine the sensitivity of the
instrument and if it could detect the nine NAs at these concentrations.
Duplicates were analyzed for each concentration. The check marks
in Table 1 indicate that the specific N-nitrosamine was detected at
that particular concentration by the instrument using APCI (+/-). The
LODs and LOQs were calculated for all analytes based on a linear

relationship between the concentration values and the response
of the instrument. It is evident that the two lower molecular mass
NAs (NDMA and NMEA) were not detected at any of the seven
concentrations, whilst NPip, NDPA, and NDBA were detected at all
seven concentrations.

Change of injection volume

A change in the sample loop volume from 10 pL to 100 pL was
explored to allow for a larger injection volume in order to improve
sensitivity and thereby the detection limits of the NAs. A 30 uL
injection volume was used, whilst the other conditions were kept
constant, to determine whether more peaks would be detected at
low concentrations. However, the number of peaks observed did not
increase but extensive peak broadening and poor peak shapes were
noted as shown in Fig. S2, which had a negative impact on peak
resolution. It is worth noting that for the 30 pL injection volume,
NMor was detected (R, = 1.6 min), whilst NDEA that was detected
with the 5 pL injection volume was not detected. The other five peaks
were the same as those seen in Fig. 1. The overall number of peaks
detected was six (NMor, NPyr, NPip, NDPA, NDBA, and NDPhA)
as was the case in Fig. 1 (NDEA, NPyr, NPip, NDPA, NDBA, and
NDPhA). Therefore, in further experiments, a sample loop of 10 uL
was used with an injection volume of 5 uL.

GC-ToFMS method development for N-nitrosamine analysis

A dilution of the original mixed standard at 10 ug/mL in MeOH was
analyzed employing splitless mode. The peak areas were very poor for
this analysis as can be seen in Fig 3A. This was attributed to the solvent
(MeOH) mismatch with the nonpolar column. Therefore, an attempt
was made to replace the solvent with a more nonpolar one to improve
the chromatography. A mixture of hexane and acetone (9:1 v/v) was
used as the solvent to make up a 10 ug/mL mixed standard solution,
and 1 pL of this standard was subsequently analyzed by GC-ToFMS.
Acetone was added to improve miscibility between the hexane and the
mixed standard which was obtained in MeOH. Despite the tailing of
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Figure 2: Extraction of peaks for a 5 ug/mL nitrosamine mix standard from the TIC obtained by UPLC-QToFMS. Six NAs were extracted successfully (NPyr at

R=2.0 min, NDEA at R= 2.6 min, NPip at R= 2.8 min, NDPA at R= 4.2 min, NDBA at R= 5.5 min, and NDPhA at R= 5.6 min) for both acetonitrile/ultrapure
water and MeOH/ultrapure water and three NAs were not detected, namely, NDMA, NMor, and NMEA.

Table 1: N-nitrosamines detected by UPLC-QToFMS at different concentrations, with retention times, estimated LODs and LOQs, and coefficients of determination.

N-nitrosamine Retention 0.5 1.0 5.0 10.0 20.0 30.0 pg/ 100.0 LOD LOQ R?
time (R,) ug/mL ug/mL pg/mL ug/mL ug/mL mL pg/mL ug/mL ug/mL
(min)
NDMA UN UN N/A
NMEA UN UN N/A
NPyr 2.0 v v ' v v 49.4 149.8 0.90
NDEA 2.6 v v v v v 178.8 541.8 0.96
NPip 2.8 v v v v v ' v 49.7 150.5 0.87
NMor 2.4 v v UN UN N/A
NDPA 4.2 v v v v v v v 38.0 115.0 0.92
NDBA 5.5 v v v v v v v 60.2 182.4 0.82
NDPhA 5.6 v v v v v 15.9 48.1 0.99
Total NAs detected 3 3 6 6 6 7 7

Not applicable (N/A), undefined (UN).
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Figure 3: TIC of the nitrosamine mix standard (10 pg/mL) in 1 mL MeOH analyzed by GC-ToFMS in splitless mode. Poor chromatography was observed with
decreased peak areas and NPyr was not detected (A). TIC of the nitrosamine mix standard (10 pg/mL) in hexane and acetone (9:1 v/v) analyzed by GC-ToFMS
in splitless mode. Better chromatography was observed with higher peak areas (B). 1 uL injection used.

peaks, a better chromatogram with larger peak areas (refer to Fig. 3B)
was obtained with this new solvent compared to MeOH (Fig. 3A).

A mixture of hexane and acetone (9:1 v/v) as a solvent was
subsequently used for the NA stability analysis by GC-ToFMS. It is
worth noting that the instrument was not able to detect most NAs,
especially NDMA, at concentrations around 1 pg/mL even when these
optimum conditions were applied as seen in Fig. S3. It is important to
note that with GC the injection volume is limited to smaller sample

volumes than with LC, which thus negatively impacts the LODs
achieved by GC.

N-Nitrosamine stability assessment by GC-ToFMS

NAs have been reported to be prone to photodegradation.?” It is thus
crucial that sample bottles containing NAs must be amber or covered
with foil to protect them from light exposure. The N-NO bond in NAs
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can undergo homolytic cleavage when exposed to ultraviolet light
which leads to their destruction.?® This has, on the other hand, been
exploited by some WTPs as a means to remove NAs from water.””

It was therefore important to monitor the mixed NA standard
over time to check if the analytes underwent degradation prior to
analysis. In the week of 9 to 14 May 2022, fresh 5 ug/mL duplicates
(in 900 uL hexane + 100 uL acetone to make up a 1 mL solution) were
prepared each day from a 10 pg/mL stock solution and were analyzed
immediately by GC-ToFMS using the optimal conditions. The average
response for each NA was plotted against time (in days) as shown in
Fig. 4. The average peak area decreased drastically between 9 and 11
May whilst the peak areas stabilized somewhat between 12 and 14 May
for most analytes.

The degradation of the individual NAs over time is represented in
Fig. 5. For NDMA, NDEA, NPyr, NMor, NDPA, NPip, and NDBA
there was a drastic decrease in response over the first three days
(between 9 and 11 May). The responses for these NAs then stabilized
over the next three days of the analysis (12 to 14 May inclusive).
However, for NMEA, there was not much decrease in response
between the first two days of the analysis (9 May to 10 May) but there
was between the second and third days (10 May to 11 May). NDPhA
had an irregular pattern in terms of instrument response.

Table S4 provides the percentages of the degradation of NAs over
time based on peak areas. NPyr had the highest decrease in response
of 83%, followed by NDBA (79%), and NDMA (70%). Between 11 and
14 May, there were minor additional decreases in the peak areas of the
NAs which indicated stabilization. Negative percentages indicated that
the response for the analyte on that particular day was greater than the
one obtained on the first day of the analysis, i.e. 9 May. NDPhA had
the greatest increase in response on 21 May as compared to the other
days, followed by NDMA and NMEA. The average and the percent
relative standard deviation (%RSD) are provided for the data in each
column (Table S4), with the data in the first and last column having
the highest %RSD indicating that there was high variability in the
change in the individual NA peak areas for the days represented in
these columns relative to the first day of analysis, when compared to
that obtained for other days.
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30000000 1

25000000 1

8
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g

Average peak area
@
g
g

10000000 1

5000000 1

09 May 10 May 11 May

= NDMA =NMEA

NDEA =NPyr =NMor

NAs are known to be susceptible to photodegradation and despite
all attempts made to protect them from any possible degradation,
they still degraded as evidenced by the decrease in peak areas. The
same 5 ug/mL standard solutions (not freshly prepared) were again
monitored after seven days (on 21 May), and the response for all
analytes increased unexpectedly. What was expected was that the
response would either remain stabilized or decrease further. The
reason for this behaviour was then investigated using pyrene as
a method check standard to correct for instrument instabilities.
Deuterated nitrosamine internal standards are prohibitively expensive
and thus were not considered for use in this study, particularly as they
may also degrade in the same manner as the native compounds which
reduces their applicability in stability investigations. Pyrene, on the
other hand, is stable and was thus suitable for this application. The
stability analysis was repeated with the use of pyrene as the method
check standard from 30 May to 6 June at 5 pg/mL concentration for
both the pyrene and NA analytes. Peak area ratios (analyte/pyrene)
were plotted per day of analysis as shown in Fig. 6.

It can be noted from Fig. 6 that from 2 June peak area ratios
(analyte/pyrene) gradually decreased, following the trend seen on the
first days of analysis (refer to Fig. 4). On 30 May, dilution errors may
have occurred that resulted in the peak areas being lower than those
on 2 June. From 2 June, the peak area ratio decreased gradually, and
this may indicate that the unexpected increase in response on 21 May
(refer to Fig. 4) may have been caused by instrument instabilities as
opposed to an increase in analyte concentration. The trend in peak
area ratios for the individual analytes is evident in Fig. S4.

These results indicate that the detection of NAs at trace level
is further complicated by their instability, as these compounds
were found to degrade over time. If possible, it is best to conduct
instrumental analysis on water samples for NAs within one day after
collection thereof and regular preparation of fresh working standards
of NAs from stock standards is needed, which has significant cost
implications for commercial routine water testing laboratories. It is
clear that highly sensitive instruments are needed for the analysis of
NAs in water, but they are unfortunately not readily available for many
analysts and researchers, especially in developing countries.

12 May
Date

13 May 14 May 21 May

NDPA =NPip =NDBA =NDPhA

Figure 4: Average response for individual freshly prepared 5 pg/mL duplicate standards in 1.5 mL amber vials analyzed over six days by GC-ToFMS (1 pL

injection).
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Figure 5: Individual plots of the average responses for each of the nine target NA analytes (5 pg/mL) prepared in 1.5 mL amber vials and analyzed by GC-
ToFMS (1 pL injection) on various days between 9 and 21 May. Error bars represent the standard deviation of the duplicate peak areas.
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Figure 6: Peak area ratios (analyte/pyrene) per day of analysis between the days 30 May to 6 June. Peak areas were obtained by GC-ToFMS (1 pL injection) at

5 ng/mL concentration for both the pyrene and NA analytes.

CONTEXTUALIZATION OF N-NITROSAMINE GUIDELINE
VALUES IN WATER

In a study conducted by Hrudey et al. (2013), it was estimated that
humans get more NDMA endogenously (produced within their bodies)
rather than from acquiring it from external sources based on predicted
NDMA concentrations in human blood using Monte Carlo modelling.?
The blood-based estimates were not outside the range calculated from
estimates based on urinary NDMA excretion and those based on
methylated guanine in the DNA of lymphocytes.?” They estimated that
in the case of surface water systems employing free chlorine, drinking
water accounts for an average daily NDMA dose ranging from 0.0002%
to 0.001% of that for the average lifetime. For surface water systems
using chloramines, this contribution varies from 0.001 to 0.01%.%

The Ontario Ministry in Canada has set 9 ng/L as the guideline
limit for NDMA in drinking water.® Additional guidelines are
available in numerous reports and are summarised in the review
by Tyhali and Forbes.!” According to the data that was presented by
Hrudey and co-workers, it appears that it is highly conservative to
have such low guidelines in water for NAs, as their concentrations
in water were found to not make up a high contribution to the total
human NA exposure.?” N-nitrosamine impurities have been detected
as contaminants in various active pharmaceutical ingredients (APIs)
such as sartan products, ranitidine, and others.?!-* Ranitidine reduces
the secretion of acidity in the stomach and intestines,* whilst valsartan
is used to treat high blood pressure, heart failure, and kidney disease
in diabetic patients,***> and would therefore be taken routinely for
extended periods of time, as it is a chronic medication and may thus
be an important route of NA exposure.

CONCLUSION

The guidelines set for NAs in drinking water by the WHO and
regulatory limits in some developed countries are extremely low,"”
thus they require specialized and expensive instruments for their
detection. We report on the attempts to develop UPLC-QToFMS
and GC-ToFMS methods for N-nitrosamine analysis to expand the
number of laboratories with capacity to analyse these DBPs, and
on the challenges associated with the use of these instruments. The
same number of analytes (6 or 7 of 9 NAs) were detected for both

APCI and ESI when analyzed by UPLC-QToFMS at concentrations
>5 pg/mL, but APCI performed better at lower concentrations (0.5
and 1.0 ug/mL). A bigger injection volume (30 uL) did not result in
the detection of more analytes but led to extensive peak broadening.
A change in the mobile phase from MeOH/ultrapure water to 10
mM ammonium acetate and 0.01% acetic acid in HPLC-grade water/
MeOH did not further improve the sensitivity of the UPLC-QToFMS
instrument.

A solvent mixture of hexane and acetone (9:1 v/v) was used to
overcome the mismatch of MeOH with the nonpolar GC column.
Standards of 5 ug/mL were used for stability assessments to ensure
analyte detection, although it is acknowledged that this far exceeds
expected environmental concentrations in water. Despite all
precautions, stability analysis showed that NAs are very unstable,
especially those of low molecular mass, namely NDMA and NMEA.
These compounds were found to degrade over time with eight out
of the nine NAs having decreased peak areas of = 60% on the fifth
day. The detection of NAs at trace levels is thus further complicated
by their instability. It was found that NPip, NDBA, and NDPA can
be analysed at concentrations >0.5 pg/mL by UPLC-QToFMS,
while all the nine target NAs can be analysed by GC-ToFMS but
only at concentrations 5 pg/mL. These methods are therefore more
suitable to the analysis of samples containing higher concentrations
of NAs than in drinking water.

It is evident from the results of this study that the analysis of
NAs is very challenging, as the required low detection levels are
compounded by the instability of these analytes. In addition, matrix
effects may be encountered in sample analysis which can hinder
accurate quantitation of the target analytes, therefore matrix matched
standards or standard addition approaches may be advisable.
According to the literature, it appears that it is conservative to
have such low NA guidelines in drinking water, as this may not be
the primary exposure pathway for humans. The high cost of NA
standards coupled with long delivery times (particularly to developing
countries) and short expiry dates are significant challenges for the
routine analysis of these unstable N-nitrosamine compounds by
water testing laboratories. However, the toxic effects that have been
ascribed to NAs emphasize the importance of conducting research
to better understand these analytical challenges in order to progress
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towards overcoming them, and thereby protect human health in
accordance with the precautionary principle and the United Nations
Sustainability Development Goals.

SUPPLEMENTARY INFORMATION

Supplementary tables/figures/data are available for this article.
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