


N-nitrosamines in processed meat products 
 – analysis, occurrence, formation, mitigation and exposure

Susan Strange Herrmann
PhD Thesis
2014













































































































































































































S
i
s
e

S
N

a

A
R
R
A
A

K
V
N
P
L
s
A
E

1

p
p
p
[
r
[
t
t
t
a
l

0
h

Journal  of  Chromatography  A, 1330 (2014) 20… 29

Contents  lists  available  at  ScienceDirect

Journal  of  Chromatography  A

j ou r  na l  homep  age : www.e lsev ie r .com/ loca te /ch roma

imultaneous  determination  of  volatile  and  non-volatile  nitrosamines
n  processed  meat  products  by  liquid  chromatography  tandem  mass
pectrometry  using  atmospheric  pressure  chemical  ionisation  and
lectrospray  ionisation

.S. Herrmann � , L. Duedahl-Olesen,  K. Granby
ational  Food Institute,  Technical University  of Denmark,  Mørkhøj  Bygade 19, DK-2860  Søborg, Denmark

 r  t  i  c l  e i  n  f  o

rticle  history:
eceived  11  October  2013
eceived  in  revised  form  3 January  2014
ccepted  7 January  2014
vailable online 13 January 2014

eywords:
olatile  N-nitrosamines
on-volatile  N-nitrosamines
rocessed meat
iquid  chromatography…tandem  mass
pectrometry
tmospheric  pressure  chemical  ionisation
lectro  spray  ionisation

a b s t  r  a c t

A sensitive,  selective  and  generic  method  has been  developed  for  the  simultaneous  determination  of
the  contents  (� g kgŠ1 range)  of  both  volatile  nitrosamines  (VNA)  and  non-volatile  nitrosamines  (NVNA)
in  processed  meat  products.  The extraction  procedure  only  requires  basic  laboratory  equipment  and
a small  volume  of  organic  solvent.  Separation  and  quanti“cation  were  performed  by  the  developed
LC…(APCI/ESI)MS/MS method.  The method  was  validated  using  spiked  samples  of  three  different  pro-
cessed meat  products.  Satisfactory  recoveries  (50…130%) and  precisions  (2…23%) were  obtained  for  eight
VNA  and  six  NVNAs  with  LODs generally  between  0.2 and  1 � g kgŠ1, though  for  a few  analyte/matrix
combinations  higher  LODs were  obtained  (3  to  18  � g kgŠ1). The validation  results  show  that  results
obtained  for  one  meat  product  is  not  always  valid  for  other  meat  products.  We  were  not  able  to
obtain  satisfactory  results  for  N-nitrosohydroxyproline  (NHPRO), N-nitrosodibenzylamine  (NDBzA)  and
N-nitrosodiphenylamine  (NDPhA).  Application  of  the  APCI interface  improved  the  sensitivity  of  the
method,  because of  less matrix  interference,  and  gave the  method  a wider  scope, as some  NAs were

ionisable  only  by  APCI. However,  it  was  only  possible  to  ionize  N-nitroso-thiazolidine-4-carboxylic  acid
(NTCA) and  N-nitroso-2-methyl-thiazolidine-4-carboxylic  acid  (NMTCA)  by  ESI. The validated  method
was  applied  for  the  analysis  of  processed  meat  products  and  contents  of  N-nitrosodimethylamine
(NDMA),  N-nitrosopyrrolidine  (NPYR), N-nitrosomethylaniline  (NMA),  N-nitrosoproline  (NPRO), NTCA,
and  NMTCA  were  found  in  one  or  several  nitrite  cured  meat  products,  whereas  none  were  detected  in
non-nitrite  cured  bacon.

© 2014 Elsevier B.V. All rights reserved.
. Introduction

Nitrite  (E 249…E 250)  has been  used  for  preservation  of  meat
roducts  for  decades and  is still  a widely  used  preservative  for
roducts  as e.g. bacon,  sausages and  luncheon  meats.  Nitrite  curing
rovides  ef“cient  inhibition  of  the  growth  of  Clostridium  botulinum
1] , and  it  thereby  lowers  the  risk  of  botulism,  and  in  addition  it
esults  in  the  development  of  unique  colour,  ”avours  and  aromas
2] . However,  nitrite  can react  with  secondary  amines  present  in
he  meat  to  form  N-nitrosamines  (NAs),  many  of  which  are geno-
oxic  [3] . Several  studies  and  reviews  (e.g. [4,5] ) conclude  that

here  is an association  between  dietary  intake  of  processed  meat
nd  increased  risk  of  cancer,  especially  gastric  cancer.  Recently  a

arge  study  revealed  an association  between  increased  mortality

� Corresponding  author.  Tel.:  +45  35887000.
E-mail  address: sher@food.dtu.dk  (S.S. Herrmann).

021-9673/$  … see front  matter ©  2014 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.chroma.2014.01.009
and  a daily  intake  of  processed  meat  above  only  20  g [6] . Based
on  a review  of  all  published  cohort  and  case-control  studies  from
1985…2005, Jakszyn & Gonzalez  2006  [7]  concluded  that  the  avail-
able  evidence  supports  a positive  association  between  nitrite  and
nitrosamine  intake  and  gastric  cancer,  as well  as between  the
intake  of  meat  including  processed  meat  and  gastric  cancer  and
oesophageal  cancer  [7] .

A literature  study  reveals  that  about  20  different  NAs have
been  identi“ed  in  processed  meat  products.  In  general  the  NAs
are de“ned  as either  volatile  NAs (VNA)  or  non-volatile  NAs
(NVNA)  where  the  VNAs are applicable  to  extraction  by  steam
distillation  and/or  to  analysis  by  gas chromatography  and  the
NVNA  are not.  The levels  of  NAs in  nitrite  preserved  meat
products  vary  greatly,  from  below  detectability  to  levels  in  the

order  of  thousand  � g kgŠ1, depending  on  the  type  of  NA and
the  type  of  meat  products.  Of the  most  commonly  found  NAs
in  meat,  N-nitrosodiethylamine  (NDEA)  has been  evaluated  as
the  most  potent  carcinogen,  whereas  N-nitrosodimethylamine

dx.doi.org/10.1016/j.chroma.2014.01.009
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chroma.2014.01.009&domain=pdf
mailto:sher@food.dtu.dk
dx.doi.org/10.1016/j.chroma.2014.01.009
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NDMA)  has lower  potency  and  N-nitrosopyrrolidine  (NPYR) and  N-
itrosopiperidine  (NPIP) even  lower  [8] . N-nitrosoproline  (NPRO)
nd  N-nitrosohydroxyproline  (NHPRO) have  been  shown  to  be
oncarcinogenic  [9] . Knowledge  is however  still  needed  regard-

ng  the  genotoxicity  and/or  carcinogenicity  of  some  NAs, such  as
-nitroso-thiazolidine-4-carboxylic  acid  (NTCA) and  N-nitroso-2-
ethyl-thiazolidine-4-carboxylic  acid  (NMTCA)  [9] . In  general  the
ccurrence  and  toxicological  pro“les  of  the  NVNA  are less studied.

The VNAs, which  are frequently  found  but  in  relatively  low
mounts  of  � 5 � g kgŠ1 [10…12], have  been  the  subject  of  the  major-

ty  of  the  available  literature.  Most  of  these  studies  were  conducted
n  the  1970s  and  early  1980s.  Furthermore,  most  of  these  early
tudies  only  investigated  one  to  “ve  NAs. NDMA  and  NPYR are the
ost  frequently  found  VNA  in  nitrite/nitrate  treated  meat  prod-
cts.  For example  Spiegelhalder  et  al. [13]  reported  32% and  11% of
uch  products  (n = 395)  to  contain  detectable  levels  (>0.5  � g kgŠ1)
f  NDMA  and  NPYR, respectively.  NDMA  and  NPYR at  levels  above

 � g kgŠ1 occur  only  in  2% and  6% of  the  samples,  respectively  [13] .
ther  types  of  VNA  were  only  detected  occasionally.  The analytical
rocedures  for  the  analysis  of  these  volatile  compounds  in  foods
ere  well  established  at  that  time.  The methods  employed  in  the
ajority  of  these  earlier  studies  as well  as many  recent  studies

14,15]  used  gas chromatography  for  separation  and  detection  by
hermal  energy  analyser  (TEA) [16,17] . The TEA detector  provided
igher  sensitivity  compared  to  GC…MS systems  available  at  that

ime.  In  comparison  with  today•s  MS systems  the  TEA detector  and
V detector  have  relatively  lower  speci“city  and  therefore  also  a
igher  risk  of  false  positive  “ndings.  Furthermore,  because the  TEA
etector  has limited  versatility  and  is of  relatively  high  cost  this
etector  is  not  available  in  most  laboratories.  In  previous  stud-

es dichloromethane,  has been  widely  used  as extraction  solvent
nd  concentration  procedure  using  a Kuderna-Danish  apparatus

or  VNA  analysis  [14,18,19] . Dichloromethane  in  many  cases is an
f“cient  extraction  solvent;  however  because of  its  possible  car-
inogenic  effect  it  has not  been  used  in  the  present  work.

On the  other  hand,  knowledge  on  the  occurrence  and
ature  of  NVNA  in  food  is limited.  The reported  NVNA
re primarily  N-nitrosamino  acids  [14] , which  occur  in  pro-
essed meat  products  at  signi“cantly  higher  levels  than  the
NA  [10] . For example  N-nitroso-2-hydroxymethyl-thiazolidine-
-carboxylic  acid  (NHMTCA),  NTCA and  NMTCA  were  found

n  smoked  cured  meats  at  concentrations  up  to  2100  � g kgŠ1

20] , 1600  � g kgŠ1 and  98  � g kgŠ1 [21] , respectively.  Publications
escribing  methods  for  the  determination  of  N-nitrosamino  acids

n  meat  products  are available  [18,22,23] . These studies  are based
n  LC…TEA and  extraction  procedure  consuming  large  amounts  of
rganic  solvent.  More  recently  publications  on  methods  for  deter-
ination  of  N-nitrosamino  acids  using  LC…MS/MS are available,  but

n  matrices  as tobacco  [24]  and  smokeless  tobacco  products  [25] .
Since the  1970s  and  1980s,  the  technology  used  by  the  industry

o  process  meat  and  the  consumption  patterns  of  processed  meats
as changed.  For example,  it  has become  common  procedure  during
roduction  of  most  nitrite  cured  meat  to  add  ascorbate  or  erythor-
ate  as an antioxidant;  hygiene  and  maintenance  of  the  cool  chain
as been  improved;  fat  contents,  sodium  chloride  and  nitrite  levels
ave  been  reduced  for  most  products.  All  these  factors  can affect
he  NA levels  and  the  levels  of  NAs in  processed  meat  products  may
herefore  have  changed  since  the  majority  of  the  studies  in  this  “eld
ere  performed.

In  order  to  perform  a well-founded  and  updated  assessment  of
he  risk  associated  with  the  human  exposure  to  NAs via  the  con-
umption  of  nitrite  preserved  meats,  data  on  the  occurrence  and

ature  of  NAs, including  both  VNA  and  NVNA,  in  a wide  range  of
rocessed  meat  products  available  on  the  market,  is  needed.  For
hat  purpose  an analytical  method  allowing  simultaneous  extrac-
ion  and  determination  of  both  VNA  and  NVNA  in  meat  products
gr.  A 1330 (2014) 20 … 29 21

is an important  tool.  A method  based on  LC will  allow  for  the
determination  of  the  NVNA  and  highly  polar  NAs, i.e. NHPRO, N-
nitrososarcosine  (NSAR) and  NDMA.  Several  recent  publications
describe  separation  and  detection  of  several  VNAs by  LC…MS or
LC…MS/MS [26…28]. Application  of  tandem  mass spectrometry
would  further  provide  high  sensitivity  and  speci“city.  A method
for  the  simultaneous  determination  of  both  VNA  and  NVNA  by
LC…MS/MS has, to  our  knowledge,  not  been  published  so far.

The aim  of  the  present  study  was  to  develop  and  validate  a
method  for  the  simultaneous  determination  of  NVNA  and  VNA  in
processed  meat  products.  It  was  chosen  to  base the  assay on  high
performance  liquid  chromatography  combined  with  atmospheric
pressure  chemical  ionisation  (APCI) and/or  electro  spray  ionisation
(ESI) with  detection  by  tandem  mass spectrometry  (MS/MS)  since
this  would  provide  high  sensitivity  and  speci“city  as well  as have
the  possibility  to  include  both  groups  of  NAs in  the  same assay. The
extraction  procedure  should  be a common  procedure,  as simple  as
possible  and  preferably  without  the  use of  dichloromethane.  The
target  NAs have  previously  been  reported  to  occur  in  processed
meat  products  and  they  were  commercially  available  as pure  stan-
dards  (chemical  structures  of  the  target  NAs are presented  in  Fig. 1).
The method  was  applied  to  ten  samples  of  processed  meat  products
purchased  at  local  supermarkets.

2. Experimental

2.1. Chemicals

Acetonitrile  (extraction  solvent)  was  of  HPLC grade  (Rathburn
Chemicals  Ltd,  Walkerburn,  Scotland).  Formic  acid  (purity  98…100%
for  analysis),  pipecolic  acid  (PIC) (purity  98%), and  the  methanol
used  as LC eluent  (purity  � 99.9%, Fluka-Analytical)  were  purchased
from  Sigma-Aldrich  Co. (St Louis,  MO,  USA). The pure  standards
of  N-nitrososarcosine  (NSAR), N-nitrosohydroxyproline  (NHPRO),
N-nitrosodibenzylamine  (NDBzA),  N-nitrosoproline  (NPRO), N-
nitrosomethylaniline  (NMA),  N-nitroso-2-methyl-thiazolidine
4-carboxylic  acid  (NMTCA)  and  N-nitroso-thiazolidine-4-
carboxylic  acid  (NTCA) were  purchased  from  Toronto  research
chemicals  (Toronto,  Canada), whereas  the  standards  of  N-
nitrosodiethylamine  (NDEA),  N-nitrosodipropylamine  (NDPA),
N-nitrosomorpholine  (NMOR),  N-nitrosodimethylamine
(NDMA)  and  N-nitrosodiphenylamine  (NDPhA)  were  pur-
chased  from  Sigma-Aldrich  Co. N-nitrosomethylethylamine
(NMEA),  N-nitrosopyrrolidine  (NPYR), N-nitrosodibutylamine
(NDBA),  N-nitrosopiperidine  (NPIP) were  purchased  from  Dr.
Ehrenstorfer  (Ausburg,  Germany).  The internal  standards  N-
nitrosodimethylamine- d6 (NDMA- d6) and  N-nitrosopyrrolidine- d8

(NPYR-d8) were  purchased  from  Sigma-Aldrich  Co. and  CDN iso-
topes  (Quebec,  Canada), respectively.  The purity  of  all  the  NA
standards  was  � 98% except  for  NMA  which  were  of  95% purity.

Stock  solutions  in  methanol  of  1 mg  mLŠ1 were  prepared  for
each of  the  NAs. A mixture  of  all  the  NA standards  (standard  solu-
tion)  was  then  prepared  by  volumetrically  dilution  of  the  stock
solutions  with  acetonitrile  to  10  � g mLŠ1. The stock  solutions  were
stored  at  Š60 � C and  the  standard  solution  was  stored  at  Š18 � C.

2.2. Extraction  procedure

A fractional  factorial  design  was  set  up  to  systematically  evalu-
ate  the  in”uence  of  different  factors  on  the  extraction  ef“ciencies.
A seven  factor  design  was  constructed  using  the  software  Minitab

(Version  16.24).  The seven  factors  were  sample  size, volume  of
extraction  solvent,  introducing  a second  extraction,  acidifying  the
extraction  solvent,  clean-up  by  liquid/liquid  extraction  with  hex-
ane and  dilution  of  the  extract  with  water.  The effect  of  the  seven
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Fig.  1. Structures  of  the  16  N-nitrosamines  relevant  for  the  target  NAs and  NPIC. NHPRO (N-nitrosohydroxyproline),  NSAR (N-nitrososarcosine),  NDMA
(N-nitrosodimethylamine),  NPRO (N-nitrosoproline),  NMOR  (N-nitrosomorpholine),  NMEA  (N-nitrosomethylethylamine),  NPYR (N-nitrosopyrrolidine),  NDEA (N-
nitrosodiethylamine),  NPIP (N-nitrosopiperidine),  NDPA (N-nitrosodi-n-propylamine),  NMA  (N-nitrosomethylaniline),  NDBA (N-nitrosodibutylamine),  NDBzA (N-
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itrosodibenzylamine),  NTCA (N-Nitroso-thiazolidine-4-carboxylic  acid),  NMTCA  

nd  NPIC (N-nitrosopipecolic  acid).

actors  on  the  recovery  of  the  NAs were  studied  by  extracting  spiked
amples  of  an organically  produced  chicken  based luncheon  meat
ausage (9% fat)  purchased  from  the  local  supermarket.  The chicken
ausage had  been  produced  without  the  addition  of  nitrite,  nitrate
r  vegetable  concentrates  and  no  NAs were  therefore  expected
o  be present.  Eight  samples  were  spiked  with  a mixture  of  the
As resulting  in  a spike  level  of  50  � g kgŠ1 sample  for  each of

hem  and  extracting  by  different  procedures  combining  high  or
ow/no  treatment  of  each of  the  seven  factor  For the  “nal  optimized
xtraction  procedure  2.5 g of  homogenized  processed  meat  prod-
ct  was  weighed  into  a 50  mL  polypropylene  (PP) tube  (Sarstedt,
ümbrecht,  Germany).  NPYR-d8, NDMA- d6 (both  9 � g kgŠ1 sam-
le)  and  pipe  colic  acid  (PIC)(1 mg  kgŠ1 sample)  in  acetonitrile  were
dded  to  each sample.  If  nitrosation  processes occurred  during  the
xtraction  procedure  this  would  be indicated  by  the  occurrence
f  N-nitrosopipecolic  acid  (NPIC) in  the  extract.  QC samples  were
urther  spiked  with  1, 3 or  30  � g kgŠ1. After  addition  of  7.5 mL
old  acetonitrile  with  1% formic  acid,  the  tubes  were  brie”y  vig-
rously  shaken  by  hand  and  then  for  10  min  on  a rotor  table  (Reac
, Buch  and  Holm,  Herlev,  Denmark).  The extraction  was  further
acilitated  by  having  a ceramic  homogenizer  (Agilent  Technologies,
anta Clara, CA, USA) in  each tube.  After  centrifugation,  (Megafuge

 OR, Heraeus  Sepatech  Gmbh,  Osterode,  Germany)  for  10  min  at
500  g, 15  mL  of  the  clear  supernatant  was  transferred  to  a 15  mL
P tube  and  stored  at  Š60 � C for  minimum  15  min.  The extracts

ere  allowed  to  thaw  and  when  still  cold,  centrifuged  for  10  min  at
500  g. By this  freezing  out  step  insoluble  co-extractives  (e.g. lipids)
recipitated  and  could  thereby  be separated  from  the  extract.  5 mL
f  the  acetonitrile  phase  was  transferred  to  a Hamilton  glass tube
oso-2-methyl-thiazolidine  4-carboxylic  acid),  NDPhA  (N-nitrosodiphenylamine)

(VWR-Bie  & Berntsen,  Herlev,  Denmark)  and  evaporated  under  a
stream  of  nitrogen  (at  30 � C ±  0.5)  (Supertherm,  Mikrolab  Aarhus
A/S, Højbjerg,  Denmark)  to  a volume  of  approx.  0.25  mL. The vol-
ume  was  adjusted  to  1.0 mL  by  addition  of  Milli-Q  water.  An  aliquot
was  transferred  to  0.45  � m  “lter  vial  (PP “lters,  Whatman,  Bucking-
hamshire,  UK)  and  diluted  1:1  with  Milli-Q.  Calibration  solutions
were  also  prepared  in  “lter  vials  and  consisted  of  one  part  stan-
dard  mixture  diluted  with  either  water,  to  obtain  the  appropriate
calibration  concentrations  (0.334…100 ng  mLŠ1), or  an appropriate
meat  sample  extract  to  obtain  matrix  matched  calibrations.  NDMA-
d6 and  NPYR-d8 in  acetonitrile  were  added  as internal  standards
(ISTDs) to  each calibration  vials  resulting  in  a “nal  concentration
of  6 ng  mLŠ1. These ISTDs were  primarily  used  for  assigning  the
peaks  of  NDMA  and  NPYR, but  also  for  correction  of  the  NDMA  and
NPYR recoveries  when  validating  on  kassler.  The sample  and  cali-
bration  solutions  were  “ltered  and  transferred  to  auto  sampler  vials
with  deactivated  glass inserts  (Agilent  Technologies,  Santa Clara,
CA, USA), for  analysis  by  LC…MS/MS “rst  with  an APCI and  then  an
ESI interphase.

When  the  meat  samples  contained  less than  70% water,
some  of  the  sample  was  replaced  by  Milli-Q  water  to  obtain  a
water  content  of  70%. The water  contents  of  the  samples  were
estimated  using  data  reported  in  the  Danish  food  data  bank
(www.foodcomp.dk ) or  determined  experimentally  by  drying  of
5 g samples  (in  duplicate)  under  vacuum  at  70 � C for  at  least  16  h

or  until  the  gravimetric  determination  did  not  change.  No  less
than  1.8 g of  sample  was  however  extracted,  thus  e.g. salami  sam-
ples  which  typically  contain  30…35% water  were  adjusted  to  about
50% water.

http://www.foodcomp.dk/
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.3. Chromatographic  separation  and detection

The separation  was  performed  by  LC on  an Agilent  1200  Series
PLC (Agilent  Technologies,  Santa Clara, CA, US) with  a Poroshell
henyl-Hexyl  column  150  ×  2.1 mm,  3 � m  column  (Agilent  Tech-
ologies).  The “nal  mobile  phase  consisted  of  water  (Eluent  A)  and
ethanol  (Eluent  B) both  with  0.1% formic  acid  for  both  APCI and
SI. The gradient  programme  for  APCI was  as follows:  the  initial
ercentage  of  B was  5%, increasing  to  10% over  3.5 min,  then  to
0% over  2 min,  80% over  4.5 min  and  “nally  to  90% over  1 min
nd  held  for  5 min.  Between  each run  the  column  was  equili-
rated  for  6 min  with  2% B. The latter  step  was  included,  because

t  was  found,  that  the  amount  of  organic  modi“er  in  the  “rst
art  of  the  eluent  programme  hereby  could  be increased,  result-

ng  in  increased  ionisation  ef“ciency  and  still  maintaining  adequate
etention  of  the  highly  polar  NAs (NHPRO, NSAR and  NDMA).  The
luent  programme  for  the  analysis  using  ESI was  as follows:  the

nitial  percentage  of  B was  30% B, which  was  increased  to  50% over
 min  and  then  to  90% B over  2 min  and  held  for  5 min.  Between  runs

he  column  was  equilibrated  for  5 min  with  30% B. The injection
olume  for  both  the  APCI and  ESI analysis  was  3.5 � L.

MS/MS  detection  was  performed  on  an Agilent  6460  Series
riple  Quadrupole  (Agilent  Technologies)  equipped  with  either  an
PCI or  a Jet Stream  ESI source.  Collision  gas was  nitrogen.  Detec-

ion  was  performed  in  Multiple  Reaction  Monitoring  (MRM)  mode
ith  unit  resolution  of  0.7 atomic  mass for  both  quadrupole  1 and
. The MRM  reactions  were  divided  into  four  groups/segments  and

he  dwell  time  was  optimised  to  obtain  at  least  20  data-points
cross each peak  (Fig. 2). MS parameters  including  choice  of  ioni-
ation  type,  precursor  ions,  product  ions,  fragmentor  and  collision
nergies  as well  as source  setting  for  the  analytes  included  in  the
ethod  are presented  in  Table  1. The transition  giving  the  most
ntense  instrument  response  was  employed  for  quanti“cation  and
he  second  most  sensitive  for  quali“cation.

Mass Hunter  workstation  software  (version  B.01.04, Agilent
echnologies)  was  used  for  instrument  control,  data  acquisition  and

ig.  2. HPLC(APCI)MS/MS chromatogram  of  standard  mixture  solution  of  100  ng  mLŠ1 of  

NSAR), (3)  N-nitrosodimethylamine  (NDMA),  (3d)  NDMA- d6, (4)  N-nitrosoproline  (NPR
-nitrosopyrrolidine  (NPYR), (7d)  NPYR-d8, (8)  N-nitrosodiethylamine  (NDEA),  (9)  N-n
ropylamine  (NDPA),  (12)  N-nitrosomethylaniline  (NMA),  (13)  N-nitrosodibutylamine  (N
gr.  A 1330 (2014) 20 … 29 23

processing  of  data.  Identi“cation  of  the  analytes  in  spiked  matrices
and  real  samples  was  based on  the  comparison  of  their  retention
times  and  quanti“er  (Q)/quali“er  (q) ion  ratios  with  those  observed
for  matrix  matched  standard  solutions.

2.4. Validation

Validation  of  the  method  was  performed  in  accordance  with
ISO 5725-2  [29]  to  demonstrate  speci“city,  precision,  accuracy  and
lower  limit  of  detection  (LOD). Mean  recovery,  relative  standard
deviation  for  repeatability  (RSDr ) and  LOD were  calculated  for  each
of  the  16  NAs (incl.  NPIC). LOD was  calculated  as three  times  the
standard  deviation  at  the  lowest  accepted  spike  level  no  reference
material  was  available,  instead  the  accuracy  of  the  method  was
determined  using  three  different  types  of  recovery  test  samples,
i.e. kassler  (� 3% fat),  salami  (� 24% fat)  and  bacon  (15…30% fat)  all
purchased  from  local  supermarkets.  Each type  of  test  samples  were
spiked  with  1, 3 or  30  � g kgŠ1 of  the  selected  NAs, with  three  to  four
replicates  at  each level.

3. Results  and  discussion

The aim  was  to  develop  a common  method  for  the  determina-
tion  of  both  VNA  and  NVNA  in  processed  meat  products.  Thus  the
employed  extraction  method  should  be able  to  extract  the  target
NAs that  represent  a wide  range  in  polarity  from  processed  meat
products  with  varying  contents  of  fat,  water,  salt  and  spices  etc.
On the  other  hand  the  amount  of  co-extracted  matrix  should  be
as low  as possible  in  order  to  prevent  interference  in  the  analyti-
cal  response.  LC can provide  separation  of  a wide  range  of  analytes

if  the  right  analytical  column  and  mobile  phases are selected  but
matrix  induced  ion  suppression  in  the  LC…MS/MS analysis  should
also  be considered  when  choosing  the  optimum  LC…column. Detec-
tion  and  quanti“cation  by  tandem  MS can provide  high  selectivity

the  VNA  and  NVNA:  (1)  N-nitrosohydroxyproline  (NHPRO), (2)  N-nitrososarcosine
O), (5)  N-nitrosomorpholine  (NMOR),  (6)  N-nitrosomethylethylamine  (NMEA),  (7)
itrosopipecolic  acid  (NPIC), (10)  N-nitrosopiperidine  (NPIP), (11)  N-nitrosodi-n-
DBA)  and  (14)  N-nitrosodibenzylamine  (NDBzA).
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Table  1
APCI and  ESI MS/MS  optimised  conditions  for  the  NAs.

Compound  name  Abbrev.  Nominal
mass

Ionisation  Segment1  RT Quanti“cation
m/z

Coll.
energy

Quali“cation
m/z

Coll.  energy

N-nitrosohydroxyproline*  NHPRO 160.05  APCI (+)  2 2.6 161 � 68  20  161 � 86  10
N-nitrososarcosine*  NSAR 118.04  APCI (+)  2 3.6 119 � 44.1  5 119 � 61  15
N-nitrosodimethylamine- d6 (ISTD) NDMA- d6 80.09  APCI (+)  2 3.9 81.1� 46.1  2 81.1� 81.1  0
N-nitrosodimethylamine  NDMA  74.05  APCI (+)  2 4 75  .1� 75.1  0 75.1� 43  10
N-nitrosoproline*  NPRO 144.05  APCI (+)  3 6.6 145 � 70  15  145 � 68  15
N-nitrosomorpholine  NMOR  116.06  APCI (+)  3 6.8 117.1 � 86  10  117.1 � 73  10
N-nitrosomethylethylamine  NMEA  88.06 APCI (+) 3  6.9 89� 61  5 89� 43  15
N-nitrosopyrrolidine- d8 (ISTD) NPYR-d8 108.06  APCI (+)  3 7.9 109.1 � 62  10  109.1 � 64.1  10
N-nitrosopyrrolidine  NPYR 100.06  APCI (+)  3 8.1 101.1 � 41  15  101.1 � 59  10
N-nitrosodiethylamine  NDEA 102.08  APCI (+)  4 10.5  103 � 75  5 103 � 29  10
N-nitroso  pipecolicacid  (control  for

artefact  NAs formation)
NPIC 158.16  APCI (+)  4 11.1  159 � 83.8  10  None  N.app.

N-nitrosopiperidine  NPIP 114.08 APCI  (+) 4  11.2 115 � 41 20  115 � 69  10
N-nitrosodipropylamine  NDPA 130.11  APCI (+)  5 12.7  131 �  43  10  131 � 89  5
N-nitrosomethylaniline*  NMA  136.06  APCI (+)  5 13  137 � 66  15  137 � 107  5
N-nitrosodibutylamine  NDBA 158.14  APCI (+)  5 13.8  159.1 � 57  10  159.1 � 103  5
N-nitrosodibenzylamine  NDBzA 226.11 APCI  (+)  5 14.7  227 � 91  10  227 � 181  2
N-nitroso-thiazolidine-4-carboxylic

acid*
NTCA 162.01  ESI (Š) 2 3.8 161 � 71  2 161 � 117  2

N-nitroso-2-methyl-thiazolidine-4-
carboxylic
acid*

NMTCA  176.03  ESI (Š) 3 5.5 175 � 71.1  3 None  N.app.

N-nitrosodiphenylamine*  NDPhA  198.08  ESI (+)  4 8.9 199 � 169  5 199 � 66  20

N.app.:  Not  applicable;  Compounds  marked  with  a *  are NVNA;  (1)  Operating  conditions  for  APCI segment  2/3/4/5  were  as follows:  gas temperature  325/325/300/275 � C;
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PCI heater  300/300/250/250,  gas ”ow  7/6/6/6  L min Š1 , nebulizer  20/20/20/15  psi.
MV  800.  Operating  conditions  for  ESI segment  2/3/4  were  as follows:  gas temperatu
ebulizer  40  psi,  sheath  gas temperature  300 � C, sheath  gas ”ow  11  L min Š1 , nozzle

s well  as high  sensitivity.  These considerations  were  the  point  of
eparture  for  the  development  of  the  method.

.1. Chromatographic  and detection  parameters

.1.1. Separation
The best  separation  of  the  NAs was  obtained  using  a Poroshell

henyl-Hexyl  column  and  a gradient  elution  programme  as
escribed.  Several  reversed  phase  columns  (Genesis, PFP, Kinetex,
inetex  XB-C18, Acclaim  PA2, Zorbax  eclipse  Plus C8, Poroshell
henyl  Hexyl)  were  tested  for  their  ability  to  separate  the  NAs.
HPRO, NSAR, NDMA,  NPRO and  NMOR  were  found  dif“cult  to

etain  and  therefore  also  to  separate  from  each other.  The Zorbax
clipse  Plus C8 (Agilent  Technologies,  Santa Clara, CA, US) column
erformed  similar  to  the  Poroshell  Phenyl  Hexyl  column,  with  a bit
ore  retention  of  the  mentioned  analytes.  However,  the  Poroshell

olumn  provided  generally  more  narrow  peaks  and  the  peaks  of
HPRO and  NSAR, occurring  as both  R-  and  S-form,  did  not  split,  as
as  the  case on  the  other  types  of  columns  including  the  Zorbax
clipse  Plus C8 column.

Gradient  elution  starting  with  a low  content  of  organic  modi“er
as  necessary  in  order  to  prevent  the  highly  polar  NAs (NHPRO,
SAR and  NMDA)  from  eluting  together  with  the  void  volume.
oth  acetonitrile  and  methanol  was  tested  as organic  modi“ers.
he highly  polar  NAs with  carboxylic  acid  groups,  NHPRO, NSAR
nd  NPRO, were  better  retained  with  methanol  than  with  acetoni-
rile.  Ripolles  et  al. [28]  found  that  acetonitrile  resulted  in  higher
ignal  intensities  in  NA analysis  than  methanol,  but  only  a slight
ifference  was  observed  in  the  present  study.  Furthermore,  APCI is
pplicable  with  a mobile  phase  of  up  to  100% methanol  but  only
ith  up  to  about  80% acetonitrile.  Thus, methanol  was  chosen.

Lowering  the  pH  of  the  mobile  phase, by  adding  0.1% formic  acid,
ncreased  the  degree  of  protonation  and  thereby  also  the  retention

f  the  N-nitrosamino  acids,  NHPRO, NSAR and  NPRO slightly,  but

t  also  increased  the  signal  intensity  of  the  majority  of  the  NAs.
ncreasing  the  acid  concentration  up  to  1% formic  acid  did  not  fur-
her  improve  the  retention  or  the  signal  intensities.
l  four  segments  the  capillary  voltage  was  4000,  corona  needle  voltage  5 and  delta
5/325/275 � C, delta  EMV  0/0/800.  For all  three  segments  the  gas ”ow  was  7 L min Š1 ,
e  500  V, capillary  voltage  3000  V.

Having  the  analytes  entering  the  ion  source  with  a low  amount
of  methanol  (2%) was  found  to  reduce  the  ionisation  ef“ciency.
The ionisation  ef“ciency  was  higher  if  the  content  of  methanol  in
the  eluent  applied  in  the  beginning  of  the  eluent  programme  was
increased  by  from  2% to  5%; however  this  also  reduced  the  retention
time  of  the  early  eluting  analytes.  If  the  column  was  equilibrated,
between  each run  for  at  least  5 min,  with  only  2% methanol  and
shifting  to  5% methanol  upon  injection  of  the  sample,  it  was  how-
ever  possible  to  almost  maintain  the  retention  and  at  the  same time
have  a more  ef“cient  ionisation.

Regarding  the  optimization  of  the  injection  volume,  the  sensitiv-
ity  was  increased  up  to  a volume  of  3.5 � L matrix  matched  standard
solution.  If  the  injection  volume  was  increased  beyond  3.5 � L peak
broadening,  reduced  retention  times  and  higher  noise  levels  were
observed.  Hence  the  capacity  of  the  column  was  exceeded.

The developed  chromatographic  method  allows  for  the  separa-
tion  of  seven  NVNA  and  nine  VNA  relevant  for  nitrite  preserved
meat  products  as well  as NPIC. An  LC(APCI)MS/MS chromatogram
of  thirteen  of  the  target  NAs (calibration  standard  of  100  ng  mLŠ1)
is presented  in  Fig. 2. Not  all  the  peaks  were  base line  separated.
However,  when  detection  is performed  in  MRM  mode  quanti“ca-
tion  is still  possible  since  the  speci“c  transitions  are targeted.  It  is
preferable  to  have  the  analytes  separated  in  groups  so that  differ-
ent  time  segments  can be de“ned  in  the  MS/MS  method  without
having  signals  overlapping  the  de“ned  segments.  Because NDPhA,
NTCA and  NMTCA  were  not  ionisable  by  APCI (as described  in  the
following  section)  these  were  included  in  an LC(ESI)MS/MS method
and  were  easily  separated.

3.1.2. Detection
Ionisation  by  both  ESI and  APCI in  both  positive  and  negative

mode  was  tested  for  all  compounds.  Thirteen  out  of  sixteen  NAs
included  in  this  study  were  found  to  ionise  by  APCI in  positive  mode.

NDPhA, NTCA, and  NMTCA  could  only  be ionised  by  ESI, the  two  lat-
ter  only  in  negative  mode.  NPRO, NMA,  NHPRO, NMOR, NDBA, NPIP
and  NPYR were  ionisable  by  both  APCI (positive)  and  ESI (positive)
with  a higher  signal  response  by  ESI when  analysing  pure  standards.



romato

H
t
i
o
a

u
i
m
w
h
[
[
i
i

e
a
s
l
c
l
a
o
b
n
t
o

3

N
b
b
i
r
p
a

p
i
e
(
v
a
a
a
1
o
t
f
a
p
p
a
t
N
c
a
t
i
i
l
p
t

S.S. Herrmann  et al. /  J. Ch

owever,  when  analysing  matrix  matched  calibration  standards
he  differences  in  sensitivity  was  negligible,  indicating  less matrix
nduced  ion  suppression  in  the  APCI interface  and/or  less formation
f  adducts.  For that  reason  only  NTCA, NMTCA  and  NDPhA  were
nalysed  using  ESI. The ionisations  applied  appear  from  Table  1.

The reduced  matrix  induced  ion  suppression,  observed  when
sing  APCI compared  to  ESI may  be explained  by  the  fact  that  the

onisation  processes on  APCI occurs  in  the  gas phase. The analyte
olecules  are separated  more  in  space from  the  matrix  molecules
hen  in  the  gas phase  and  thereby  less affected  by  them.  APCI
as also  been  shown  to  be useful  for  the  ionisation  of  several  VNA

28] , which  traditionally  have  been  analysed  by  GC. Production  of
M  + H] + was  found  to  be the  primary  product  ions,  which  is also
n  agreement  with  what  was  observed  by  Ripollés  et  al. [28]  for
onisation  of  VNA  by  APCI.

Two  product  ions  of  the  [M  + H] + ions  were  determined  for
ach of  the  NAs included  in  the  method  except  for  NDMA,  NPIC
nd  NMTCA. For NDMA,  it  was  only  possible  to  determine  one
et  of  precursor  and  product  ion,  though  the  product  ion  was  of

ow  mass, making  it  unspeci“c.  NDMA  was  therefore  quanti“ed  by
ollecting  the  molecular  ion  in  the  “rst  quadrupole,  having  the  col-
ision  energy  at  null  in  the  second,  and  collecting  the  molecular  ion
gain  in  the  third  quadrupole.  This  approach  allowed  for  analysis
f  NDMA  in  the  MRM  acquisition  mode.  Only  one  product  ion  could
e determined  for  NMTCA  by  ESI in  negative  mode,  however  since
o  interfering  peaks  were  observed  in  any  of  the  matrices  analysed

he  speci“city  was  found  satisfactory.  No  interfering  peaks  were
bserved  for  NPIC for  any  of  the  analysed  matrices.

.2. Extraction

In  order  to  extract  both  the  polar  and  the  relatively  non-polar
As by  the  same extraction  procedure,  a new  method  needed  to
e developed.  Acetonitrile  was  chosen  as the  extraction  solvent
ecause it  has been  proven  as a generic  solvent  for  several  purposes

n  our  laboratory  [30,31] . Acetonitrile  is  also  able  to  extract  a wide
ange  of  analytes  and  co-extracts  less of  the  interfering  matrix  com-
onents,  including  fat/lipids,  than  if  extracting  with  e.g. methanol,
cetone  [32]  or  ethyl  acetate  [33] .

Based on  the  experience  obtained  in  our  laboratory  and  from
ublished  literature  on  generic  extraction  methods  it  was  found

mportant  to  evaluate  the  in”uence  of  the  following  factors  on  the
f“ciency  with  which  the  NAs were  extracted  from  spiked  samples
50  � g kgŠ1) of  chicken  sausage: (1)  sample  size (2.5  or  5 g);  (2)
olume  of  extraction  solvent  (7.5  or  15  mL);  (3)  performance  of  an
dditional  extraction  after  water  addition  (2.5  mL  water  added  and

 second  extraction  performed)  or  not;  (4)  use of  neutral  or  acidic
cetonitrile  (1% formic  acid)  as extraction  solvent;  (5)  extracting  for
0  or  60  min;  (6)  clean-up  by  liquid/liquid  extraction  with  hexane
r  not  and  (7)  dilution  of  the  extract  1:1  with  water  or  not.  A frac-
ional  factorial  design  (data  not  shown)  was  applied  to  these  seven
actors  and  it  was  found  that:  (1/2)  The relation  between  sample
nd  acetonitrile  should  be around  1:3  in  order  to  have  ef“cient
rotein  precipitation;  (3)  The extraction  ef“ciency  of  the  highly
olar  NAs was  not  increased  by  introducing  a second  extraction
fter  addition  of  water;  (4)  Addition  of  formic  acid  to  the  extrac-

ion  solvent  increased  the  extraction  ef“ciency  especially  for  the
-nitrosamino  acids  (NHPRO, NSAR). The improved  extraction  ef“-
iency  by  addition  of  formic  acid  to  the  extraction  solvent  is  in
ccordance  with  results  obtained  by  Mol  et  al. [32] , who  found

hat  the  extraction  ef“ciency  of  both  acidic  and  basic  analytes  were
mproved.  The same group  suggested,  that  lowering  the  pH  resulted

n  less binding  of  acidic  analytes  being  protonated  and  basic  ana-
ytes  being  either  neutral  or  protonated  (cationic)  and  thereby  less
rone  to  bind  to  amino  and  deprotonated  acidic  functionalities  on

he  matrix  particles,  respectively  [32] . Acidi“ed  extraction  solvent
gr.  A 1330 (2014) 20 … 29 25

has also  been  shown  to  be necessary  for  ef“cient  extraction  of  the
mycotoxin  fumonisin,  which  is a compound  with  carboxylic  acid
groups,  as the  N-nitrosoamino  acids  [34] . Further,  (5)  an extrac-
tion  time  of  10  min  was  as ef“cient  as 60  min  and  (6)  washing  with
heptanes  had  no  signi“cant  effect  on  the  signal  intensities.  (7)  Dilu-
tion  of  the  “nal  extracts  1:1  with  water  signi“cantly  improved
the  peak  shapes of  the  highly  polar  NAs, i.e. NHPRO, NSAR and
NPRO, which  eluted  very  early  on  several  of  the  tested  columns.
The peak  shapes of  especially  NHPRO and  NSAR improved  when
having  the  sample  in  a weaker  solvent  than  acetonitrile.  It  was
therefore  tested  if  the  acetonitrile  could  be removed  from  the  crude
extract  by  evaporation  leaving  a small  aqueous  remedy,  without
losing  the  volatile  NAs. No  signi“cant  loss due  to  the  vaporization
step  was  observed,  however  the  solubility  of  the  most  non-polar
NAs (e.g. NDPhA)  may  be compromised.  The recoveries  remained
at  acceptable  levels  and  within  the  range  of  70…120% for  most  ana-
lytes.

Freezing  of  the  acetonitrile  extracts  resulted  in  precipitation
of  low  soluble  constituents,  as e.g. lipids.  Removal  of  these  con-
stituents  decreased  the  amount  of  precipitates  formed  when  the
acetonitrile  phase  was  evaporated.  However  precipitates  were  still
observed  when  the  acetonitrile  phase  was  evaporated.  When  the
aqueous  remedy  was  “ltrated  (“lter  vial  0.45  � m)  generally  a clear
extract  was  obtained.  PIC was  added  to  the  spiked  test  samples  and
this  did  not  result  in  the  occurrence  of  NPIC in  the  analysed  extracts.
The absence of  NPIC indicates  that  no  signi“cant  NA production
had  occurred  during  the  extraction  Because only  basic  analytical
equipment,  single  use extraction  tubes,  few  steps  and  small  amount
of  organic  solvent  were  used  the  developed  extraction  method
is evaluated  as fast,  simple,  coast  effective  and  environmentally
sound.

3.3. Validation

The results  of  the  validation,  including  recoveries,  RSDr and
LOD are presented  in  Table  2. Calibration  curves  were  obtained
by  least-square  regression  of  the  peak  areas versus  analyte  con-
centration  using  minimum  “ve  concentration  levels,  ranging  from
0.33  to  100  ng  mLŠ1 corresponding  to  0.2…68 � g kgŠ1 sample,  in
duplicate.  Linearity  between  response  and  analyte  concentrations
was  observed  for  most  NA and  test  sample  combinations.  However,
in  most  cases a quadratic  curve  gave a slightly  better  correla-
tion  for  the  APCI analysis.  Calibration  solutions  were  prepared
every  fortnight  by  dilution  of  a 10  � g mLŠ1 standard  mixture  with
water.  Bracketing  calibration  was  performed  in  each analytical
batch.  Regressions  were  performed  with  1/ x weighting.  The cor-
relation  coef“cients  were  � 0.95.  No  NA contamination  and/or
interfering  compounds  originating  from  solvents  and  materials
were  observed  in  extracts  of  reagent  blanks.  Recoveries,  after  sub-
traction  of  any  content  in  the  blank  samples,  were  in  general  found
acceptable,  i.e. 50…120%, 60…110% and  70…120% at  the  spike  levels
of  1, 3 and  30  � g kgŠ1, respectively  [35] . The RSDr were  in  general
also  at  an acceptable  level,  i.e. � 23% [35] . However,  low  recover-
ies were  obtained  for  NHPRO (21…54%) at  the  two  highest  spike
levels  and  for  NDBzA (20…70%) at  all  three  spike  levels,  though
especially  for  salami.  The low  recoveries  may  be explained  by  a
reduced  solubility.  The solvent  used  may  be too  apolar  for  ef“-
cient  extraction  of  NHPRO and  too  polar  for  ef“cient  extraction  of
NDBzA. Recoveries  for  NDMA  were  low  (� 50%) at  all  spike  levels,
which  is demonstrated  by  the  recoveries  obtained  for  bacon  and
salami  (Table  2). However,  satisfactory  recoveries  were  obtained
if  the  internal  standard,  NDMA- d6, was  used  for  correction.  This

is demonstrated  by  the  recoveries  of  75…96% for  the  two  highest
spike  levels  for  kassler  (Table  2). NDMA- d6 was  only  used  for  the
correction  of  the  recovery  of  NDMA  from  kassler.  The recovery  of
NPYR from  kassler  was  also  corrected  though  using  NPYR-d8. This
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Table  2
Validation  results  including  recoveries,  relative  repeatability  (RSDr%), limit  of  detection  (LOD), and  limit  of  quanti“cation  (LOQ) obtained  for  spiked  samples  of  kassler  (pork,  smoked  and  boiled),  bacon  (un-fried)  and  salami.

Meat  products  Kassler,  pork,  smoked,  boiled  Bacon, un-fried  Salami
Spike  level  � g kgŠ1) 1 3 30  LOD LOQ 1 3 30  LOD LOQ 1 3 30  LOD LOQ
Recoveries  (Rec. %),

repeatability  (RSDr, %),
LOD and  LOQ

Rec. % RSDr, % Rec. % RSDr, % Rec, % RSDr, % Rec. % RSDr, % Rec. % RSDr, % Rec. % RSDr, % Rec. % RSDr, % Rec. % RSDr, % Rec. % RSDr, %

N-nitrosohydroxyproline
(NHPRO)

86  6 45  13  26  3 N.app  N.app  70  20  43  18  35  9 N.app  N.app  61  43  54  7 21  23  N.app  N.app

N-nitrososarcosine  (NSAR) 41 31  58  7 58  6 0.4 0.8 89  23  53  27  71  8 0.6 1.2 36  78  42  15  67  10  0.6 1.1
N-nitrosodimethylamine

(NDMA)
58*  15  96*  4 75*  1 0.3 0.5 135  8 64  42  54  7 3.3 6.7 119  24  59  7 67  17  0.9 1.7

N-nitrosoproline  (NPRO) 93  12  66  8 64  7 0.3 0.7 94  17  61  9 70  6 0.5 0.9 85  10  68  12  66  14  0.2 0.5
N-nitrosomorpholine

(NMOR)
99  8 81  10  99  6 0.2 0.5 100  6 89  6 77  6 0.2 0.3 83  21  87  18  94  9 0.5 1.0

N-nitrosomethylethylamine
(NMEA)

59  12  56  10  62  3 0.2 0.4 100  2 75  13  60  7 0.05  0.1 108  35  84  11  72  16  0.8 1.7

N-nitrosopyrrolidine  (NPYR) 82*  23  95*  10  75*  3 0.9 1.8 166  22  67  9 75  10  0.5 1.0 103  38  125  30  127  15  17.1  34.2
N-nitrosodiethylamine

(NDEA)
43  31  40  20  46  10  0.7 1.4 67  14  70  14  62  10  0.3 0.6 99  8 87  16  74  16  0.2 0.5

N-nitrosopipecolic  acid
(NPIC)

99  14  91  17  84  7 0.4 0.8 72  7 71  10  102  6 0.1 0.3 84  36  96  16  85  12  1.3 2.7

N-nitrosopiperidine  (NPIP) 82  13  86  11  82  6 0.3 0.6 97  9 85  8 86  3 0.3 0.5 98  11  99  6 97  11  0.3 0.6
N-nitrosodi-n-propylamine

(NDPA)
58  27  53  21  51  2 0.5 0.9 68  23  71  6 73  12  0.5 0.9 84  12  87  9 76  20  0.3 0.6

N-nitrosomethylaniline
(NMA)

81  13  80  9 79  5 0.3 0.6 91  16  78  20  72  7 0.4 0.9 78  22  78  8 75  23  0.5 1.0

N-nitrosodibutylamine
(NDBA)

30  26  63  29  63  6 1.7 3.3 129  19  89  22  57  23  0.7 1.4 71  2 30  20  35  59  0.0 0.1

N-nitrosodibenzylamine
(NDBzA)

57  22  45  23  38  15  N.app  N.app  74  10  33  9 34  22  N.app  N.app  19  30  28  39  38  133  N.app  N.app

N-nitrosothiazolidine-4-
carboxylic
acid  (NTCA)

… … 130  18  56  10  2.1 4.2 169  146  76  34  76  7 4.9 9.7 740  52  453  9 79  26  18.4  36.8

N-nitroso-2-methyl-
thiazolidine-4-
carboxylic  acid  (NMTCA)

33  85  86  7 59  3 0.6 1.2 67  25  61  15  87  2 0.8 1.7 224  26  92  43  88  12  9.4 18.7

N.app.:  means  not  applicable,  no  satisfactory  validation  results  was  obtained;  *:  Recoveries  corrected.  NDMA- d6and  NPYR-d8 was  used  for  correction  of  NDMA  and  NPYR recoveries,  respectively.
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Fig.  3. The response  of  the  individual  NAs observed  when  analyzing  standard
solution  of  100  ng  mLŠ1 matched  1:1  with  either  kassler  (A),  bacon  (B)  or  salami
(C) extracts  in  percentage  of  response  observed  by  the  analysis  of  same standard
solution  matched  1:1  with  Milli-Q  water.  NHPRO (N-nitrosohydroxyproline),  NSAR
(N-nitrososarcosine),  NDMA  (N-nitrosodimethylamine),  NPRO (N-nitrosoproline),
NMOR  (N-nitrosomorpholine),  NMEA  (N-nitrosomethylethylamine),  NPYR (N-
nitrosopyrrolidine),  NDEA (N-nitrosodiethylamine),  NPIP (N-nitrosopiperidine),
NDPA (N-nitrosodi-n-propylamine),  NMA  (N-nitrosomethylaniline),  NDBA
(N-nitrosodibutylamine),  NDBzA (N-nitrosodibenzylamine)  and  NPIC (N-
S.S. Herrmann  et al. /  J. Ch

orrection  also  resulted  in  recoveries  between  75  and  95%. Also
erola  et  al. [26]  reported  the  recovery  of  NDMA  to  be about50%.
heir  method  involved  extraction  with  dichloromethane,  several
lean-up  steps  and  analysis  by  LC(APCI)-MS. Thus, even  with  more
laborate  extraction  methods  low  recoveries  were  observed.  Low
ecoveries  and  low  precision  were  observed  for  NDBzA when
xtracted  from  salami.  Low  recoveries  of  NDBzA were  also  observed
or  kassler  and  bacon;  however  the  precision  was  acceptable  for
hese  two  matrices.  The low  recoveries  of  NDMA  observed  in
he  present  work,  as well  as by  Eerola  et  al. [26] , may  occur
ecause of  evaporation  of  this  small  analyte  during  the  concen-
ration  step.

The developed  method  has satisfactory  precision  (RSD �  23%)
or  at  least  one  of  the  tested  spike  levels  for  all  three  matrices
kassler,  bacon,  salami),  except  for  NDPhA  and  NDBzA. Lower  preci-
ion  was  observed  for  NDBzA in  salami  (� 30%), however  clear  peaks
ere  observed  at  all  three  spike  levels.  The low  precision  perhaps
rose because of  some  interfering  matrix.

The instrumental  response  of  NDPhA  also  varied  greatly,  either
ecause of  great  variation  in  extraction  ef“ciencies  but  more  likely
ecause of  incompatibility  with  the  developed  MS method.  NDPhA

s thermally  instable  [36] , and  the  low  and  unstable  responses  could
e the  result  of  degradation  caused by  the  relatively  high  temper-
ture  in  the  source  (275…300� C). Instability  of  NDPhA  has been
eported  by  others  [36] ;  however  Ripolles  et  al. [28]  did  not  observe
egradation  in  the  APCI interface.

LODs for  kassler  and  bacon  ranged  from  0.05  to  4.9 � g kgŠ1

nd  for  salami  from  0.2 to  18.4  � g kgŠ1. Relatively  high  LODs
ere  obtained  for  NTCA (18.4  � g kgŠ1) and  NMTCA  (9.4  � g kgŠ1)

n  salami,  because of  content,  of  up  to  69  and  18  � g kgŠ1, respec-
ively,  in  the  unspiked  salami  samples.  The two  lowest  spike  levels
nly  accounted  for  a small  percentage  of  the  original  NTCA and
MTCA  contents  and  this  resulted  in  high  uncertainty  on  the  cal-
ulated  recoveries.  An  LOD of  17  � g kgŠ1 was  obtained  for  NPYR in
alami  because of  high  level  of  matrix  induced  noise  in  the  region
here  this  compound  elutes.  Thus  it  was  not  possible  to  obtain
qually  low  LODs for  the  individual  analytes  for  all  three  types  of
atrices.  Furthermore,  the  validation  show  that  results  obtained

or  one  matrix  is  not  always  possible  to  extrapolate  to  all  other  e.g.
rocessed  meat  matrices.

Massey  et  al. [18]  employed  two  different  extraction  proce-
ures  for  the  extraction  of  NDMA,  NPYR (steam  distillation  and
ichloromethane  extraction)  NSAR, HNPRO, NTCA and  NMTCA
repeated  ethyl  acetate  extractions  and  SPE clean-up)  from  bacon
nd  analysis  by  GC and  LC with  TEA detection.  They  obtained
ODs of  2 � g kgŠ1 for  NDMA  and  NPYR, 5 � g kgŠ1 for  NHPRO and
MTCA, 7 � g kgŠ1 for  NTCA and  10  � g kgŠ1 for  NSAR [18] . Drabik-
arkiewicz  et  al. [37]  analysed  for  VNA  (NDMA,  NDEA, NDBA,
PIP and  NPYR) in  meat  products  with  a method  involving  vac-
um  distillation  and  repeated  extractions  with  dichloromethane
nd  analysis  by  GC…TEA. They  obtained  LODs of  0.2…0.8 � g kgŠ1.
hus, the  new  method  described  in  the  present  study  can despite

ts  simplicity  fully  compete  with  the  sensitivities  obtained  by  other
ethods.

Some but  generally  minor  matrix  effects  were  observed  for
he  different  analyte/matrix  combinations,  when  comparing  the
nstrumental  responses  obtained  by  analysing  an aqueous  stan-
ard  solution  with  that  obtained  by  analysing  the  same standard
olution  matched  1:1  with  meat  extract.  However,  the  analyti-
al  response  obtained  for  standard  solution  matched  with  extract
f  kassler,  bacon  or  salami  in  percent  of  that  obtained  for  aque-
us standard  solutions  all  induced  signi“cantly  higher  signals  for

HPRO (2…4.5 times  higher,  Fig. 3). Slight  suppression  of  the  NSAR
nd  NDBzA was  induced  by  the  kassler  extracts  (Fig. 3A). The bacon
xtracts  also  induced  slight  suppression  of  the  NSAR response  and  a
lightly  higher  response  for  NMA  and  NDBA (Fig. 3B). Suppression  of
nitrosopipecolic  acid).

the  NSAR response  was  also  induced  by  the  salami  extracts  whereas
slightly  higher  response  was  observe  for  NMA  and  much  higher  for
NDBzA (Fig. 3C). These increased  responses  observed  could  not  be
explained  by  contents  in  the  matrix.  The matrix  effects  on  NTCA
and  NMTCA  analysed  by  LC(ESI neg.)MS/MS  were  not  speci“cally
examined  because several  analytical  runs  using  different  matrixes
had  demonstrated  that  the  responses  for  unmatrix  matched  and

matrix  matched  calibration  solutions  were  the  same, if  the  latter
was  corrected  for  the  contents  in  the  matrix  used.



28 S.S. Herrmann  et al. /  J. Chromatogr.  A 1330 (2014) 20 … 29

Table  3
Contents  of  NAs (� g kgŠ1) in  processed  meat  products  purchased  from  the  local  supermarkets  determined  by  LC…(APCI/ESI)MS/MS.

Sample  NHPRO NSAR NMDA  NPRO NMOR  NMEA  NPYR NDEA NPIP DNPA NMA  NDBA NDBzA NTCA NMTCA

Ham,  dry  cured  smoked  9.4 … … 5.52  … … 1.0 … … … … … … 171  22
Pork  “let,  smoked  … … 1.3 … … … 1.0 … … … … … … 28  …
Ham  medallion,  smoked 2.0  … 2.1 … … … 1.3 … … … … … … 448  28
Pork,  ”ank  spiced,  cooked  3.8 … 2.0 … … … … … … … … … … … 3.2
Bacon … … 1.8 … … … 0.4 … … … … … … 41  …
Bacon, chili,  without  nitrite  … … … … … … … … … … … … … … …
Salami a … … … … … … … … … … … … … 76  7.5b

Turkey  salami  3.9 … … 3.1 … … … … … … 0.6 … … 111  39
Salami,  black  pepper … … … … … … 1.4 … … … … … … 191  19
Pepperoni  … … … 7.5 … … … … … … … … … 217  31

(…) indicate  not  detected.
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Results  stated  are averages  of  double  determinations.
b The result  is  below  the  LOD for  NMTCA  obtained  for  salami.  The variation  of  th

herefore  evaluated  as valid.

.4. Application  to  nitrite  preserved meat  products

The developed  analytical  method  was  applied  to  ten  samples  of
rocessed  meat  products  purchased  from  the  local  supermarkets,

.e. (1)  Ham,  dry  cured  smoked,  (2)  pork  “let,  (3)  ham  medallion,
moked,  (4)  pork,  ”ank,  spiced,  cooked  (5)  bacon,  (6)  bacon  pre-
ared  without  nitrite,  (7)  salami,  (8)  turkey  salami,  (9)  salami  with
lack  pepper,  and  (10)  pepperoni.  The samples  represent  several

ypes  of  processed  meat  products,  either  nitrite  cured  (sample  1…5
…10) or  non-nitrite  cured  (sample  6),  heat  treated  (sample  4)  or
ot  heat  treated  (sample  2 and  3),  smoked  (sample  1…3, 5, 6…10) or
ot  smoked  (sample  4),  fermented  (sample  7…10) or  not  fermented
sample  1…6) (Table  3).

Quality  control  samples,  prepared  by  spiking  samples  of  the
assler  also  used  for  the  validation,  with  3 and  30  � g kgŠ1, were

ncluded  in  each sequence  to  monitor  the  recoveries  and  general
erformance  of  the  method.  It  was  chosen  to  base the  quanti“cation
n  standards  in  solvent,  because the  matrix  effects  observed  for  the
ompounds  successfully  validated  were  evaluated  as minor.  Based
n  the  matrix  effects  observed  for  the  three  representative  matri-
es, kassler,  bacon  and  salami  (Fig. 3) and  the  validation  results
Table  2) the  occurrences  of  NHPRO and  NDBzA are therefore  pre-
ented  only  as qualitative  results.

NTCA was  the  NA detected  in  most  samples  (8  out  of  10)  and
t  highest  levels  (28…217 � g kgŠ1) (Table  3). NTCA was  though  not
etected  in  the  non-smoked  pork,  ”ank,  spiced  and  cooked  or  in
he  bacon  prepared  without  nitrite.  This  result  is  in  accordance
ith  the  “ndings  by  others  [21] , that  the  NTCA precursor  origi-
ates  from  the  smoke  and  is not  formed  in  the  absence of  nitrite.
MTCA  was  detected  in  seven  of  the  ten  samples,  at  levels  ranging

rom  3 to  39  � g kgŠ1. NPRO was  detected  in  three  of  the  samples  at
evels  ranging  from  3 to  7 � g kgŠ1. The hydroxylated  counterpart,
HPRO, was  detected  in  four  of  the  samples  with  contents  ranging

rom  � 2 to  � 9 � g kgŠ1. These results  are generally  in  accordance
ith  the  “ndings  by  others,  e.g. reviewed  by  Tricker  & Kubacki  [21] .
MA  was  detected  at  low  level  (0.6  � g kgŠ1) in  turkey  based salami.
MA  has been  reported  to  occur  in  rubber  products  [38,39] , and  is
enerally  not  found  in  processed  meat  products.  The NMA  detected

n  the  turkey  based salami  may  therefore  result  from  contamina-
ion  from  e.g. rubber  casing  or  netting  used  during  production  or
torage,  though  the  exact  production  conditions  for  this  product
re not  known  to  the  authors.

Low  contents  (� 2 � g kgŠ1) of  NDMA  and  NPYR were  detected  in
our  and  “ve  of  the  ten  samples,  respectively.  It  was  expected  in  the
resent  study  that  the  levels  of  NDMA,  NDEA, NPIP and  NPYR in  the

amples  would  be low  or  even  absent.  This  was  expected  because
he  levels  of  NDMA  and  NPYR have  been  reported  by  others  to  occur
n  many  cured  meat  products  at  levels  from  <1 to  about  5 � g kgŠ1

11,40] . Furthermore,  Drabik-Markiewicz  et  al. [37]  found,  that  if
 double  determinations  (7.82  and  7.07  � g kgŠ1) were  however  low  and  the  result

the  levels  of  nitrite  added  to  bacon  during  production  were  less than
120  mg  kgŠ1 the  levels  of  NDMA,  NDEA, NPIP and  NPYR remained
below  LOQ (0.8,  0.9, 2.5 and  1.6 � g kgŠ1, respectively).  The maxi-
mum  permitted  amount  of  sodium  nitrite  that  can be added  to  most
meat  products  in  Denmark  is 60  mg  kgŠ1, whereas  it  is  150  mg  kgŠ1

for  most  products  in  the  other  EU member  states,  for  that  reason
generally  lower  levels  of  NAs were  expected  in  nitrite  preserved
meat  products  on  the  Danish  market  than  in  the  same products  on
the  European  market.

4. Conclusion

A fast,  simple  and  environmentally  rational  method  based on
acetonitrile  extraction  and  LC…(APCI/ESI)MS/MS was  developed  for
simultaneous  determination  of  VNA  and  NVNA  in  processed  meat
products.  The method  was  successfully  validated  for  13  out  of  16
NAs. The LODs for  the  validated  NAs are between  0.2 and  1 � g kgŠ1,
with  only  few  exceptions.  Some variability  was  observed  in  the
LODs obtained,  depending  on  the  type  of  meat  product  used. This
indicates  that  validation  results  obtained  using  one  meat  prod-
uct  not  necessarily  can be extrapolated  to  all  meat  products.  The
method  could  not  be validated  for  NHPRO, NDBzA and  NDPhA. The
method  is proved  suitable  for  the  determination  of  NAs in  pro-
cessed meat  products,  represented  by  products  purchased  from  the
Danish  market  and  may  therefore  be a useful  tool  for  an updated
risk  assessment  of  the  dietary  intake  of  NAs from  processed  meat
products  including  both  the  VNA  and  the  NVNA.
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Most of the available data on the occurrence of N-nitrosamines (NA) in processed meat products have
been generated in the 1980s and 1990s and especially data on the occurrence of non-volatile NA (NVNA)
are scarce. Therefore we have studied the levels of volatile nitrosamines (VNA) and NVNA in processed
meat products on the Danish market ( N ¼ 70) and for comparison also products on the Belgian market
(N ¼ 20). The effect of heat treatment on the NA levels, in selected samples, was also studied, in order to
enable an evaluation of how preparation before consumption affects the levels of NA. For the Danish
products the mean levels of the VNA were generally low ( � 0.8 mg kg� 1), whereas the mean levels of the
NVNA were considerably higher ( � 118 mg kg� 1). Slightly higher mean levels were indicated for the
Belgian products (i.e. VNA � 1.5 mg kg� 1 and NVNA � 270 mg kg� 1). The sums of VNA were higher than
10 mg kg� 1 for one Danish sample and two Belgian samples. Levels of up to 2000 and 4000 mg kg� 1 of N-
nitroso-thiazolidine-4-carboxylic acid (NTCA) an NVNA occurred in the Danish and the Belgian samples,
respectively. The majority of the Danish processed meat products contain NVNA but also VNA occur. The
levels of NA are comparable with those reported in previous and recent studies; however the frequency
in which they are found may be lower and thereby also the mean contents. The levels of N-nitro-
sopiperidine (NPIP) increased by frying and baking, whereas varying impacts were observed for N-
nitrosoproline (NPRO), N-nitrosodimethylamine (NDMA), N-nitrosopyrrolidine (NPYR), N-nitro-
sodiethylamine (NDEA) and N-nitrosomethylaniline (NMA) depending on the type of product and/or the
heat treatment. The levels of the NVNA, NTCA and N-nitroso-2-methyl-thiazolidine 4-carboxylic acid
(NMTCA) decreased after frying and baking.

© 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/3.0/ ).
1. Introduction

Several publications report a link between meat intake and
colorectal cancer risk. Based on an evaluation of the publications in
this area, Kuhnle, Bingham, Milner, and Romagnolo (2010 , pp.
195e 212) conclude that there is a signi � cant, though modest in-
crease in the risk of developing colorectal cancer for consumers of
red meat (mainly beef) and processed meat (mainly pork) ( Kuhnle
et al., 2010). The risk of cancer was estimated to increase by 29%
with a daily consumption of 100 g red meat and by 21% with a daily
consumption of 50 g of processed meat. The scienti � cally based
evidence for an association between meat intake and increased risk
of colorectal cancer led in 2007 the World Cancer Research Fund to
include the phrase: “Limit intake of red meat and avoid processed
meat” as one of 10 universal guidelines for healthy nutrition
.

td. This is an open access article un

S. S., et al., Occurrence of vola
4), http://dx.doi.org/10.1016/j.f
(Demeyer, Honikel, & De Smet, 2008). In 2013 the Danish Veteri-
nary and Food Administration changed their recommendations for
a healthy diet to include the recommendation to limit the con-
sumption of red and processed meat.

Thus, a greater risk is associated with the intake of processed
meat, which in general is signi � ed by the use of nitrite (E 249 e E
250) or nitrate (E 251 e 252) for preservation. The mechanisms
linking the consumption of red meat and processed meat to cancer
are still unclear. N-nitrosamines (NA) are produced in nitrite/nitrate
preserved meat products. The NA is a large group of compounds of
which many are carcinogenic ( IARC, 1998). Thus the occurrence of
NA in processed meats may play a signi � cant role in why the
observed adverse health effects are more pronounced for processed
meat than for meat in general.

Since the consumption of nitrite preserved meat products is
associated not only with an increased exposure to nitrite but also to
the carcinogenic NA, the Danish authorities have been seeking to
minimize the use of nitrite, without compromising the microbio-
logical safety of the products. Denmark therefore considered it
der the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/3.0/ ).
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necessary to maintain national provisions for the use of nitrite for
meat preservation, allowing the addition of maximum 60 mg kg � 1

to most meat products intended for the Danish market. Though to
some products as � ank pork (spiced, boiled) which is spiced with
parsley and different types of non-Danish traditional products as
Wiltshire bacon it is allowed to add 100 mg kg � 1 and 150 mg kg � 1,
respectively. The common EU legislation (Directive 2006/52/EC)
allows an addition of 150 mg kg � 1 meat. Several studies have
indicated that there is a positive correlation, though not necessarily
linear, between the amount of nitrite added and the amount of NA
formed (e.g. (Drabik-Markiewicz et al., 2009; Robach, Owens,
Paquette, Sofos,& Busta, 1980; Yurchenko & M€older, 2007 )). Thus
the levels of NA are expected to be low in products on the Danish
market and lower than in products on the common EU market.
However, no data is available in support of this assumption.

The majority of the available studies on NA formation and
occurrence only include the so-called volatile N-nitrosamines
(VNA) and rarely the so-called non-volatile N-nitrosamines
(NVNA). Many of the VNA are known to be carcinogenic and the
majority of the remainder is assumed to be so, whereas only a few
of the NVNA are assumed to be carcinogenic. Even though most of
the NVNA are non-carcinogenic or less potent carcinogens, their
presence in processed meat products may still be of signi � cance,
when assessing the human health risks associated with the use of
nitrite/nitrate. This may be the case if weakly carcinogenic NVNA
occur frequently and in large amounts and/or if non-carcinogenic
NVNA can be precursors of the carcinogenic NA.

Studies indicate that the levels of NA in processed meat may
increase during further processing e.g. frying, baking or other heat
treatments ( Drabik-Markiewicz et al., 2009; Drabik-Markiewicz
et al., 2011; Rywotycki, 2007; Yurchenko & M€older, 2006, 2007 ).
It is suggested that decarboxylation of NVNA as e.g. N-nitro-
sosarcosine (NSAR) andN-nitrosoproline (NPRO) may be the cause
of the heat induced increase in the levels VNA, i.e. N-nitro-
sodimethylamine (NDMA) and N-nitrosopyrrolidine (NPYR),
respectively. In order to perform a well-founded evaluation of the
levels of NA in the products as consumed, data on the role of heat
treatment on the levels of both VNA and NVNA is needed.
Table 1
Mean levels of VNA (uncoloured columns) and NVNA (shaded columns) ( mg kg� 1) in proc
contents, number of samples with contents and maximum levels detected are presented fo

Please cite this article in press as: Herrmann, S. S., et al., Occurrence of vola
the role of heat treatment, Food Control (2014), http://dx.doi.org/10.1016/j.
We therefore studied the occurrence of NA in meat products
available on the Danish market. Samples from the Belgian market
were also analysed for comparison. Besides that, the samples were
analysed for residual levels of nitrite or nitrate in order to study a
possible correlation between residual levels of nitrite or nitrate and
the levels of NA. The levels of VNA and NVNA were examined in six
selected products before and after heat treatment. A method we
recently developed and validated allowed for the simultaneous
quanti � cation of several VNA and NVNA in the meat products
(Herrmann, Duedahl-Olesen, & Granby, 2014).

2. Methods

2.1. Samples

2.1.1. Samples from the Danish market
A total of 70 samples were taken in connection with the present

study. Forty-nine of the samples were taken by authorized
personnel at importers, wholesalers and production sites and
comprised of several types of products ( Table 1). This survey
sampling was undertaken by the Danish Veterinary and Food
Administration during fall 2012 ( N ¼ 49). Furthermore twenty-one
samples were purchased from local supermarkets during May to
September 2013 ( N ¼ 21). These samples were mainly products of
which the Danish population have a high consumption, i.e. salami,
sausages, ham and bacon. Of the samples taken on the Danish
market, 41 were produced in Denmark while the remaining were
produced in Germany ( N ¼ 13), Poland (N ¼ 3), Sweden (N ¼ 4),
Spain (N ¼ 2), Slovenia (N ¼ 1), and for six samples the origin had
not been noted. Regardless of the place of production the products
available on the Danish market should comply with the more strict
national provisions with regard to the use of nitrite and nitrate.

2.1.2. Samples from the Belgian market
Samples from other EU member states were represented by 20

samples purchased in local supermarkets in Belgium in October
2013 (N ¼ 20). Twelve of these products were produced in Belgium,
three in Germany, three in Spain and two in France.
essed meat products on the Danish or Belgian market. The mean of all quanti � able
r each compound and commodity group combination.
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2.1.3. Samples for heat treatment studies
The samples used to study the impact of heat treatment on the

levels of NA were purchased at Danish local supermarkets or
Danish local butcher stores. Six different products were included;
brine cured bacon ( “bacon 1”); needle-pumped cured bacon ( “ba-
con 2”); ham boiled and smoked ( “ham 1”); serrano ham dry cured
(“ham 2”); pepperoni; and chorizo.

Enough sample of each type was purchased so that it could be
divided into six portions. Three of these portions were subjected to
heat treatment before analysis whereas the other three were ana-
lysed directly. Each of the six subsamples were analysed in dupli-
cate. The two bacon types were fried on a pan until brown and
crispy, which required 9 min of frying. The two types of ham,
pepperoni and chorizo were baked in an oven preheated to about
250 � C until light brown. “Ham 1”, “ham 2”, pepperoni and the
chorizo required baking for 9, 7.5, 9 and 5 min in order to appear
light brown. Pan frying was chosen for the treatment of bacon
because most bacon consumed in Denmark is consumed as fried
crispy bacon and baking in oven was chosen for ham, pepperoni
and chorizo since these products may be likely choices for pizza
toppings. The fat melting off during the heat treatment was
included in the analytical sample since it was considered to
represent a worst case scenario.

2.2. Chemicals

Acetonitrile (extraction solvent) was of HPLC grade (Rathburn
Chemicals Ltd, Walkerburn, Scotland). Formic acid (purity 98 e 100%
for analysis), pipecolic acid (purity 98%), and the methanol for LC
eluent (purity � 99.9%, Fluka-Analytical) were purchased from
Sigmae Aldrich Co. (St Louis, MO, USA). The pure standards of N-
nitrososarcosine (NSAR), N-nitrosohydroxyproline (NHPRO), N-
nitrosodibenzylamine (NDBzA), N-nitrosoproline (NPRO), N-nitro-
somethylaniline (NMA), N-nitroso-2-methyl-thiazolidine 4-
carboxylic acid (NMTCA) and N-nitroso-thiazolidine-4-carboxylic
acid (NTCA) were purchased from Toronto Research Chemicals
(Toronto, Canada), whereas the standards N-nitrosodiethylamine
(NDEA), N-nitrosodipropylamine (NDPA), N-nitrosomorpholine
(NMOR) and N-nitrosodimethylamine (NDMA) were purchased
from Sigma e Aldrich Co. N-nitrosomethylethylamine (NMEA), N-
nitrosopyrrolidine (NPYR), N-nitrosodibutylamine (NDBA), N-
nitrosopiperidine (NPIP) were purchased from Dr. Ehrenstorfer
(Ausburg, Germany). The internal standards N-nitrosodimethyl-
amine- d6 (NDMA- d6) and N-nitrosopyrrolidine- d8 (NPYR-d8) were
purchased from Sigma e Aldrich Co. and CDN Isotopes (Quebec,
Canada), respectively. The purity of all of the NA standards was
� 98% except for NMA which were of 95% purity. Sodium nitrite,
Sodium nitrate and Sodium hydroxide was purchased from Sig-
mae Aldrich Co. The SPE cartridges (C-18 Chromabond, EC 500 mg/
6 ml) were purchased from Macherey e Nagel (Nagel GmbH & Co,
Germany).

2.3. Analysis of VNA and NVNA

The contents of eight VNA and � ve NVNA in the samples were
determined according to a method recently developed and vali-
dated at our laboratory ( Herrmann et al., 2014 ). The method is
described in brief below.

2.3.1. Extraction method
2.5 g of the homogenized sample was after the addition of in-

ternal standards (ISTD) (NPYR-d8 and NDMA- d6) extracted for
10 min with 7.5 ml 1% formic acid in acetonitrile. After centrifu-
gation the clear supernatant was removed and frozen. The extract
was thawed until it became � uent and then centrifuged. 5 ml of the
Please cite this article in press as: Herrmann, S. S., et al., Occurrence of vola
the role of heat treatment, Food Control(2014), http://dx.doi.org/10.1016/j.f
acetonitrile phase was evaporated under a gentle stream of nitro-
gen to a volume of approximately 0.25 ml which was adjusted to
1.0 ml with Milli-Q water resulting in the � nal extract. An aliquot
was mixed 1:1 with Milli-Q water, � ltered and analysed.

2.3.2. LCe MS/MS method
Separation was performed on an Agilent 1200 Series HPLC

(Agilent Technologies, Santa Clara, CA, US) with a Poroshell Phe-
nylHexyl 150 � 2.1 mm, 3 mm column (Agilent Technologies). A
mobile phase gradient programme was applied, using 0.1% formic
acid in water and methanol, respectively. The injection volume for
both the APCI and ESI analysis was 3.5 mL.

MS/MS detection was performed on an Agilent 6460 Series
Triple Quadrupole (Agilent Technologies) equipped with either an
APCI or a Jet Stream ESI source. Collision gas was nitrogen. Detec-
tion was performed in Multiple Reaction Monitoring (MRM) mode.
MassHunter Workstation software (version B.01.04, Agilent Tech-
nologies) was used for instrument control, data acquisition and for
processing of the qualitative and quantitative data.

The quantitative and qualitative analyses were performed by
external calibration (0.334 e 1000 ng ml � 1) and compared with the
retention times and quanti � er ion/quali � er ion ratios obtained by
analysing NA standard solutions and spiked QC samples.

The LODs obtained with the described method were generally
<1 mg kg� 1, though with some exceptions. LOD for NDBA and NTCA
in kassler were 1.7 and 2.1 mg kg� 1, respectively; LOD for NDMA and
NTCA in bacon were 3.3 and 4.9 mg kg� 1, respectively; and LOD for
NPYR, NTCA and NMTCA in salami were 17.1, 18.4 and 9.4mg kg� 1,
respectively. Relatively high LODs were obtained for NTCA and
NMTCA, because the “natural ” content in the unspiked salami
samples were relatively high, i.e. 69 and 18 mg kg� 1, respectively.
The high LOD for NPYR salami resulted from a too high variation of
the results (relative standard deviation of 38%) though the recovery
was around 100% even at a spike level of 1 mg/kg. The validation
results are presented in detail in Herrmann et al. (2014) . Quality
Control (QC) samples of kassler spiked at two levels and in dupli-
cates were included in each analytical run. Each positive � nding of
an NA content in samples was in the present study veri � ed by
comparing it with the retention times and quanti � er/quali � er ion
ratios observed for the external standards, the spiked QC samples,
and for NDMA and NPYR also the internal standard.

2.4. Analysis of nitrite and nitrate

The samples from the Danish market were analysed for nitrite
and nitrate at the regional laboratory of the Danish Veterinary and
Food Administration ( Villadsen, Jakobsen, & Eriksen, 2012) by a
Flow Injection Analysis (FIA) method based on Leth, Fagt, Nielsen,
and Andersen (2008) as accredited analysis. The samples taken
from the Belgian market were analysed at our laboratory using the
method described below.

2.4.1. Extraction method
A 5 g homogenized meat sample was added 50 ml water and

extracted for 15 min by ultrasonication (Branson 5510, VWR) fol-
lowed by centrifuging for 10 min at 3600 rpm (Sigma 3 e 18K, Buch
& Holm, Denmark). A 2 ml aliquot of the extract was cleaned up on
an SPE cartridge (Telos, C18 (EC), Mikrolab Aarhus A/S, Denmark)
and into an injection vial.

2.4.2. LCe UV method
The detection of sodium nitrite and sodium nitrate was per-

formed using ion chromatography coupled to UV detection at
225 nm (HPLC and Diode Array Detector, series1100, Agilent
Technologies) with separation on a Dionex IonPac AS11 RFIC
tile and non-volatile N-nitrosamines in processed meat products and
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4 � 250 mm column and a Dionex IonPac AG11 4 � 50 mm guard
column. The LODs for sodium nitrate and sodium nitrite using this
method are 1 mg kg � 1. The method was developed and validated at
our laboratory. The performance of the method was further eval-
uated by analysing reference material from FAPAS pro � ciency test
material 1592 meat, 2013. The obtained result for sodium nitrate
was 150 mg kg � 1 (assigned value 143 mg kg � 1) and for sodium
nitrite it was 189 mg kg � 1 (assigned value 178 mg kg � 1).

3. Results and discussion

3.1. NA analysis

3.1.1. Meat products on the Danish market
The samples contained relatively low mean levels of the indi-

vidual VNA � 1 mg kg� 1 (Table 1). The most frequently found VNA
were NDMA and NPYR. The levels of NDMA ranged from non-
detectable to 4 mg kg� 1. The levels of NPYR ranged from non-
detectable to 13 mg kg� 1.

NDMA was detected in >50% of the samples of bacon, salami and
smoked � let. NPYR was detected in � 50% of the bacon, sausages,
ham and smoked � let samples. In general products which were
boiled during processing, e.g. � ank pork, kassler, seem less likely to
contain detectable levels of VNA.

General levels of VNA reported in the literature are also low, i.e.
� 5 mg kg� 1 (Campillo, Vi ~nas, Mart ínez-Castillo, & Hern�andez-
C�ordoba, 2011; Hill et al., 1988 , p. 169; Yurchenko & M€older,
2007). NDMA and NPYR are the most frequently found VNA in ni-
trite/nitrate treated meat products. For example Spielgelhalder,
Eisenbrand, and Preussmann (1980) reported 32% and 11% of
such products ( N ¼ 395) to contain detectable levels ( >0.5 mg kg� 1)
of NDMA and NPYR, respectively. Levels above 5 mg kg� 1 of NDMA
and NPYR occurred only in 2% and 6% of the samples, respectively
(Spielgelhalder et al., 1980 ). Other types of VNA were only detected
occasionally. In the present study no levels of NDMA above
5 mg kg� 1 occurred in the Danish samples but in one of the twenty
Belgian samples (5%). NPYR occurred at concentrations above
5 mg kg� 1 in one Danish (1%) and one Belgian sample (5%). Thus, the
levels and frequencies of � ndings in the present study are com-
parable to those found by others. If looking at more recent studies
low levels of VNA were also found ( Campillo et al., 2011; Ozel,
Gogus, Yagci, Hamilton, & Lewis, 2010). Though the average levels
of NDMA (2.8 and 0.3 mg kg� 1), NPYR (1.4 and 0.9mg kg� 1), NPIP (1.1
and 0.9 mg kg� 1) and NDEA (0.7 and 0.3 mg kg� 1) by Campillo et al.
(2011) and Ozel et al. (2010) in 21 and 22 samples of processed
meat products from the Spanish and the Turkish market, respec-
tively, are higher than those found in the present study. The indi-
vidual levels, detected by these two groups, were low, however the
frequency with which they were detected was higher and the mean
levels were therefore also higher.

NDBA was not detected in any samples and therefore not
included in Table 1. NDPA was detected in a few samples at very low
levels (� 0.2 mg kg� 1). NDPA was previously detected in meat
products such as sausages and salami (Ozel et al., 2010) and also in
cheese (Dellisanti, Cerutti, & Airoldi, 1996 ). However, considering
that the levels we found were very low and below the LOD of
0.3 mg kg� 1 the results are not presented.

Several NVNA were also detected in the Danish samples. NSAR
was only detected in a few samples and mostly at low levels, except
for one smoked � let sample containing 82 mg kg� 1. This smoked
� let sample also contained the highest level of NPRO (30 mg kg� 1)
and NPYR. NTCA was detected and quanti� ed in all but one sample,
i.e. a sample of � ank pork. The highest content of NTCA
(2000 mg kg� 1) was found in a sample of ham. NMTCA was
detectable and quanti � able in all but seven samples, though at
Please cite this article in press as: Herrmann, S. S., et al., Occurrence of vola
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signi � cantly lower levels than NTCA. NTCA also occur in unsmoked
but nitrite preserved meat products, though at low levels
(� 18 mg kg� 1), i.e. in meat sausage (luncheon meat) and boiled ham.
The highest level of NMTCA (39 mg kg� 1) occurred in a sample of
salami.

The results of NTCA are in accordance with the reported results
by Massey, Key, Jones, and Logan (1991)who found that NTCA (and
N-nitrosothiazolidine) occurred in all nitrite preserved smoked
bacon (Massey et al., 1991). The present results support this
observation and further indicate that, NTCA is also unambiguously
occurring in other types of smoked meat products. Levels of NTCA
and NMTCA up to 1600 mg kg� 1 and 98 mg kg� 1, respectively, in
nitrite preserved and smoked meat products have been reported
(Tricker & Kubacki, 1992). These levels of NTCA and NMTCA are
comparable to the levels found in the present study. The high
levels of NTCA and NMTCA are found in smoked products sup-
porting that precursors for NTCA and NMTCA occur in the smoke
(Massey et al., 1991) and/or that the formation of these two NA are
stimulated by the increase in temperature during the smoking
process. The toxicological signi � cance of the detected levels of
NTCA and NMTCA cannot be evaluated because the available data
is insuf � cient for a toxicological evaluation of these two NA. They
are expected to be non-carcinogenic but this still needs to be
veri � ed.

3.1.2. Meat products on the Belgium market
The Belgian samples include bacon, ham and salami samples.

Among the Danish samples 54% were represented by these three
types of products. Assuming a positive correlation between the
amount of added nitrite and the formation of NA, lower levels of NA
are expected in products on the Danish market than on the Belgian
market. This is expected because the more strict Danish national
provisions allow for an addition of lower levels of nitrite/nitrate
than the common EU legislation.

Generally the levels of VNA and NVNA found in the Belgian
samples were similar to the levels found in the Danish samples.
However, if looking at the mean contents of NA in the Belgian and
in the Danish samples ( Table 1) it seems that some means of NA are
higher for the Belgian samples and others are higher for the Danish
samples. The contents of NTCA and NMTCA may be more linked
with the smoke processes used than the amount of nitrite added.
For the remaining NA the means of six NA (NSAR, NDMA, NPRO,
NMOR, NPYR and NPIP) are higher for the Belgian samples whereas
only the levels of two NA (NDEA and NMEA) are higher for the
Danish samples. Though, if applying a student t-test (one tailed,
type 2, P � 0.95 or P � 0.99) to the data it is only the NPIP contents
that are signi � cantly higher in the Belgian samples. Thus, the pre-
sent results weakly indicate that the levels of NA occurring in meat
products produced according to the common EU regulation may be
higher than those occurring in processed meat produced in accor-
dance with the provisional Danish regulation. If a � nal conclusion is
to be drawn in regard to whether the addition of e.g. 150 mg kg � 1

nitrite will result in higher average NA levels than if 60 mg kg � 1

nitrite was added, further studies are needed. E.g. a survey of the
NA content in samples, for which the precise terms of production
including the amount of nitrite added, are known.

No maximum limits have been established by EU for NA in
processed meat products, though, a limit of 10 mg kg� 1 total volatile
N-nitrosamines has been set for cured meat products in the United
States (Crews, 2010). For the samples on the Danish market the sum
of VNA were all � 4.9 mg kg� 1, except for one sample of smoked � let
for which the sum amounted to 15.0 mg kg� 1. For the samples on the
Belgian market the sum of VNA were all � 3.6 mg kg� 1, except for
two samples of chorizo. The sums of VNA for these two chorizo
samples amounted to 11.4 and 10.2 mg/kg. Thus only three samples
tile and non-volatile N-nitrosamines in processed meat products and
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amongst both Danish and Belgian samples are not in compliance
with the maximum limit of 10 mg kg� 1 set in the US.

Recently a desk study was undertaken in EU in order to monitor
the implementation of Directive 2006/52/EC in the EU Member
States (WGA 13/02/07 draft report on the use of nitrites in MS rev 1,
not made available because it is a draft) with regard to the use of
nitrites by the industry. The report concludes that the amount of
nitrite typically applied to meat products are generally lower than
what is allowed to be added, however also generally higher than
the levels allowed in Denmark. The amounts of nitrite added to
meat products in Denmark were also typically lower than what is
allowed in accordance with the more strict national provisions. This
report therefore support that commonly more nitrite is added to
meat products intended for the common European market than to
meat products intended for the Danish market. Besides the amount
of nitrite/nitrate added to the meat during production, a large
number of factors can however have an impact on the levels of NA
formed as well as the residual levels of nitrite/nitrate. These factors
include composition of the feed given to the animals before
slaughter, quality of the raw meat used (e.g. level of stress, micro-
bial activity), use of additional additives (antioxidants, phosphates,
sugars, salt), use of spices (e.g. paprika, black pepper) and starter
cultures, temperature applied during drying and smoking pro-
cesses, storage conditions etc. All of these factors may in � uence the
levels of NA formed and may be as signi � cant as or even more
signi � cant than the amount of nitrite added and may therefore
mask any correlation between added amount of nitrite and degree
of NA formation. Furthermore no information was available on the
amounts of nitrite/nitrate added to the individual samples of the
present survey.

3.2. Nitrite/nitrate analysis

3.2.1. Meat products on the Danish market
All samples were analysed by the LC e UV method and the

samples taken by the Danish Veterinary and Food Administration
during fall 2012 were also analysed by the FIA based method
shortly after sampling. Signi � cantly higher nitrite levels were found
when the sample were analysed brie � y after sampling than when
they had been stored at � 18 to � 20 � C for several month. Thus the
nitrite was not stable under these storage conditions. It was
therefore decided to use the analytical results obtained by the FIA
based method for the samples taken by Danish Veterinary and Food
Administration and the analytical results obtained by the LC e UV
method for the remaining samples. Good correlation was found
between the nitrate contents determined using the two methods.
Thus the nitrate contents were stable during storage at � 18
to � 20 � C.

The nitrite (NaNO 2) levels ranged from <3 mg kg � 1 to
36 mg kg � 1 with a mean content of 6.0 mg kg � 1. The nitrate
(NaNO3) levels ranged from <5 mg kg � 1 to 124 mg kg � 1 with a
mean value of 27.7 mg kg � 1. Good correlation was found between
the nitrate contents in the samples analysed by both the LC e UV
method and the FIA based method, indicating that nitrate is stable
during storage at � 18 to � 20 � C. When calculating the mean values
the <LOD values were set to 0.5 times the LODs (i.e. 0.5*3 mg kg � 1

for NaNO2 and 0.5*5 mg kg � 1 for NaNO3).
The � ve highest levels of nitrate were found in a sample of ham

(129 mg kg � 1), � ank pork (124 mg kg � 1), and three salami samples
(71e120 mg kg � 1). The � ve highest levels of nitrite were found in
two samples of kassler (36 and 19 mg kg � 1), a sample of meat
sausage (luncheon meat) (28 mg kg � 1) and in two dinner sausages
(26 and 20 mg kg � 1). In general, salamis contained low levels of
nitrite ( � 3 mg kg � 1) and accounted for the majority of the samples
with a high content of nitrate (15 e120 mg kg � 1).
Please cite this article in press as: Herrmann, S. S., et al., Occurrence of vola
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No correlation between the detected residual levels of nitrite
and/or nitrate and the levels of the individual levels of the detected
NA could be demonstrated.

3.2.2. Meat products on the Belgian market
The nitrite (NaNO 2) levels in the Belgian samples ranged from

0.3 mg kg� 1 to 25 mg kg � 1 with a mean content of 4.0 mg kg � 1. The
nitrate (NaNO 3) levels ranged from 1.5 mg kg � 1 to 178 mg kg � 1 with
a mean value of 32.9 mg kg � 1. No signi� cant difference in the nitrite
and nitrate levels found in the Danish and the Belgian samples
could be determined when applying the student t-test (one tailed,
type 2, P � 0.95).

The fact that no differences, in the levels of nitrite or nitrate,
could be detected, between the samples taken from the Danish
market and the Belgian market, is in good agreement with the
progress in the legislation. Initially the use of nitrite and nitrate was
regulated by Directive 95/2/EC laying down maximum residual
levels of nitrites and nitrates as well as ‘indicative ingoing
amounts ’ . However, since poor correlation has been demonstrated
between added amounts and the resulting residual amounts, the
legislation was altered by the implementation of Directive 2006/
52/EC which de � nes maximum amounts for E 249 potassium ni-
trite and E 250 sodium nitrite that may be added during
manufacturing.

3.3. Heat treatment

A heat treatment study was conducted to mimic the preparation
which may take place in the home or in e.g. the fast food industry.
The levels of VNA may increase as a result of heat treatment.
Especially the levels of NDMA and NPYR have been shown to be
affected by e.g. frying ( Yurchenko & M€older, 2007 ). Some of the
minor effects reported may be the result of concentration of the
product when water evaporates from the product during the
cooking process. The heat treatment may also speed up processes
in the meat including nitrosation or result in release of nitrogen
oxide or other nitrosating species bound to lipids and hereby giving
rise to the production of NA ( Hotchkiss, Vecchio, & Ross, 1985). The
levels of VNA and NVNA measured in the non-heat treated and heat
treated samples in the present study are presented in Fig. 1. The
levels presented for the heat treated samples are calculated as mg
kg� 1 non-heat treated meat products. Thus the results for the heat
treated samples are corrected for the concentration occurring as a
result of water evaporating. The weight losses ranged from 17 to
55%, lowest for the chorizo and highest for “bacon 2”.

Each bar in Fig. 1 represents the average level found in three
individually heated samples analysed in duplicate. A signi � cant
difference in the levels of NA in heat treated products compared to
non-heat treated products were found for those data marked with
one or two asterisks indicating signi � cance at the 95% or the 99%
con� dence level, respectively.

It was only for NPIP, NTCA and NMTCA that the same effect of
heat treatment was observed for all products. The levels of NPIP
increased for all products with a factor of three to � ve, though only
signi � cantly for “bacon 2”, “ham 2” and pepperoni. The levels of
NTCA were signi� cantly lower after the heat treatment, except for
“ham 1”. All levels of NMTCA also decreased following heat treat-
ment and signi � cantly for the two types of bacon, “ham 2” and
pepperoni. The results obtained for NHPRO indicate that also the
levels of this NVNA decrease when the products are submitted to
heat treatment (data not presented since only indicative because of
analytical uncertainties).

The levels of NPRO, NDMA, NPYR, NDEA and NMA are all found
to either increase or decrease as a result of heat treatment,
depending on the type of products and/or the type of heat
tile and non-volatile N-nitrosamines in processed meat products and
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Fig. 1. The levels of NAs found in six different products after and before heat treatment, either by frying on a pan (Bacon 1 and 2) or backing in an oven preheated to 250 � C (Ham 1
and 2 and pepperoni and chorizo). Each bar represents three samples of heat treated or not heat treated respectively. If the bars are indicated with one or two asterisk (*) the
difference in the NA level between the non-heat treated and the heat treated product was found signi � cant at a 5% or 1% level (i.e. a test value for a type 1 one tailed student t-test of
� 0.05 or � 0.01).

Fig. 2. Structure of N-nitrosoproline (NPRO) and its decarboxylated counterpart N-
nitrosopyrrolidine (NPYR).
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treatment. The present results do not support a relationship be-
tween the levels of NPRO and NPYR, in a way that a decrease in the
NPRO levels is linked to an increase in the NPYR level, as would be
expected if NPRO was decarboxylated to NPYR (Fig. 2), as suggested
by e.g. Tricker and Kubacki ( Tricker & Kubacki, 1992). NSAR was not
detected in the products employed in this setup, thus changes in
the NDMA contents as a result of NSAR decarboxylation are also
considered as minor. However as will be discussed below the
production of NPYR and NDMA may have occurred during the heat
treatment even though a decrease was observed.
Please cite this article in press as: Herrmann, S. S., et al., Occurrence of volatile and non-volatile N-nitrosamines in processed meat products and
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Some publications are available in which the NA levels are
determined in the same batch of sample before and after heat
treatment ( Drabik-Markiewicz et al., 2009; Drabik-Markiewicz
et al., 2011; Li, Wang, Xu, & Zhou, 2012; Rywotycki, 2007;
Yurchenko & M€older, 2006, 2007 ). The levels of VNA generally
increased by heat treatment in these studies. Yurchenko and
M€older e.g. found that pan frying of nitrite preserved mutton
resulted in a four times increase of NDMA (0.5 e 2.0 mg kg� 1) and
up to 8 times increase of NPYR (from 1.9 to 15 mg kg� 1)
(Yurchenko & M€older, 2007 ). Li et al. (2012) on the other hand
found that pan frying of nitrite preserved sausages only resulted
in a 1.3 times increase in the NPYR level ( Li et al., 2012). The
variations in the results may be caused by a variation in the
temperatures obtained in the products. It has been shown that
maximum levels of NDMA and NPYR occur if products are heated
to approximately 200 � C and if the temperature is further
increased, slightly lower levels are found ( Drabik-Markiewicz
et al., 2009; Drabik-Markiewicz et al., 2011 ). This drop in the
levels is expected to occur because of evaporation. The boiling
points of NDMA, NDEA, NPYR and NPIP is 154, 176, 214 and 217� C
(at 721e760 mmHg), respectively. Thus it is likely that evaporation
of especially NDMA and perhaps NDEA have occurred in the setup
applied in the present study, and thereby compensated for any
heat induced formation taking place (e.g. for pepperoni). The
centrum temperature of the products for which a decrease in the
NPYR level was observed in the present study ( “ham 2” and
chorizo) may have been higher than the boiling point of NPYR
(214 � C) resulting in a positive net loss.

NMA was detected in the “bacon 1” and “bacon 2” samples and
at a very low level in the heat treated “ham 1”. The same level of
NMA was found for the “bacon 1” sample after heat treatment,
whereas a large reduction was observed for the “bacon 2” sample.
Thus no general trend was found.

4. Conclusion

VNA and NVNA occur in nitrite/nitrate preserved meat products
on the Danish market and the Belgium market. The mean levels of
the VNA were generally low, whereas the mean levels of the NVNA
were considerably higher. Although lower levels of nitrite/nitrate
are allowed to be added during the manufacturing of products for
the Danish market than if it is for the common European market,
the majority of the Danish processed meat products still contain
NA. No clear difference between the levels of NA in the products
from the Danish and the Belgian market was found. The levels of NA
found in the present study are comparable with those reported in
previous and recent studies; however the frequency with which
they are found may be lower and thereby also the mean contents. A
clear positive effect of heat treatment on the level of NPIP was
demonstrated, whereas varying impacts were observed for NPRO,
NDMA, NPYR, NDEA and NMA depending on type of product and/or
heat treatment. A clear heat induced decrease in the levels of NTCA
and NMTCA was demonstrated.

5. Future

The expected differences between the average levels of NA in
processed meat products from the Danish market and the Belgian
market was not observed in the present study. Further work is
needed in order to elucidate how different nitrite additions in the
production of a meat products in � uence the formation of both VNA
and NVNA, e.g. in the form a small scale production of a repre-
sentative meat product allowing for the addition of different level
of nitrite having all other factors equal.
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