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ABSTRACT: Chromatographers rightly regard Mass Spectrometry (MS) as more than just a detection method.
Itis, in fact, another separation technique, and it is orthogonal to high performance liquid chromatography (HPLC),
that is, it relies on a different physical property of the analyte to effect separation. Although HPLC relies on the
analyte affinity for a stationary phase, MS relies on the mass-to-chargem#&dicof ions derived from the
compounds of interest. Liquid chromatography coupled to mass spectrometry (LC-MS) has become an indispens-
able tool for problem solving in virtually all analytical fields requiring “information-rich” chemical analysis. In

the next decade, the LC-MS instrument market is expected to grow at more than twice the rate of the broader
instrument market and will probably surpass gas chromatography—mass spectrometry (GC-MS) as the leader of
the so-called hyphenated techniques. The aim of this review is to facilitate the growth, efficiency, and discussion
of the use of LC-MS in studies of chemical migration from food packaging materials and other materials intended
to come into contact with food.

KEY WORDS: LC-MS, food contact materials, food packaging, chemical migration.
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BADGE Bisphenol A diglycidyl ether

BFDGE Bisphenol F diglycidyl ether

CE Capillary electrophoresis

CF Continuous flow

CF-FAB Continuous flow fast atom bombardment

Cl Chemical ionization

CID & CIF Collision induced dissociation and fragmentation

CoE Council of Europe

DLI Direct liquid introduction

El Electron impact ionization

ES, ESI Electrospray ionization

EC European Commission

EEC European Economic Community

EU European Union
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FAB Fast atom bombardment

FCM Food contact materials (to contain food and beverages, often used synonymously with ‘packaging’)
FD Field desorption

FDA Food and Drug Administration (USA)

Fl Field ionization

FT Fourier transform

GC Gas chromatography

GC-MS Gas chromatography-mass spectrometry

HPLC High performance liquid chromatography

HPSEC High performance size exclusion chromatography
HR High resolution

ICP Inductively coupled plasma

ISP lonspray

LC Liquid chromatography

LC-MS Liquid chromatography-mass spectrometry

MB Moving belt

MRM Multiple reaction monitoring

MS Mass spectrometry

MS/MS Tandem mass spectrometry

m/z Mass to charge ratio

PB Particle beam

PEG Polyethylene glycol

PET Polyethylene terephthalate

ppm Parts per million (1E-6ug/g)

ppb Parts per billion (1E-9, ng/g)

ppt Parts per trillion (1E-12, pg/g)

PSP Plasmaspray

PY Pyrolysis

Q Quadrupole

R Resolution

RCF Regenerated cellulose film

Rf Radio frequency

SCF Scientific Committee for Food

SEC Size exclusion chromatography

SFC Supercritical fluid chromatography

SFE Supercritical fluid extraction

SIM Selected ion monitoring

SIMS Secondary ion mass spectrometry

SIR Selected ion recording

TAG Triacylglycerol

TIC Total ion current

TOF Time of flight

TSP Thermospray

uv Ultraviolet

m-XDA m-Xylenediamine

I. BACKGROUND TO CHEMICAL ing food manufacture and transport, such as cook-
MIGRATION AND THE ANALYTICAL ing utensils, storage vessels, conveyor belts, tub-
NEEDS ing, and food preparation surfaces. FCMs may

broadly be divided into nine main categories.

Food contact materials (FCMs) may be de-
fined as any materials intended to come into con-e
tact with food in the supply chain from source to
consumer (note that the term ‘food’ is used e
throughout this review to include beverages also). ¢
The most important types of FCMs are packaging ¢
materials, but others constitute objects used dur-

plastics and coatings;

metals and alloys;

glass and ceramics;

paper and board;

rubber and elastomers;
regenerated cellulose film (RCF);
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e wood and cork; Framework Directive 89/109/EEGCstates
o textiles; that materials and articles should not transfer
 paraffin and micro-crystalline waxes. their constituents to food in quantities that could
endanger human health or bring about unac-
Because by definition FCMs come into con- ceptable changes in the food. Specific Direc-
tact with food, it is possible for their chemical tives have been issued to deal with particular
constituents to migrate into the food with which materials such as ceramics, regenerated cellu-
they come in contact, that is, for there to be “masslose, and plastics. Monomers, other starting
transfer from an external source into food by sub- substances, and some additives allowed in food
microscopic processe$”Any chemical migra- contact plastics are published in a so-called
tion into food is important because it can affect: positive list of permitted ingredients. Directive
90/128/EEC and its amendmertt$’2 place
1. Food safety — substances used to preparerestrictions in the form of specific migration
FCMs can be harmful if ingested in large limits on a large number of substances used.
enough quantities; and These limits are the maximum permitted con-
2.  Food quality — migrating substances can centrations of the substances that migrate into
impart taint or odor to the food and reduce food. The exact numerical limits are determined
its appeal for the consumer. from toxicological evaluation of each substance.
In the longer term there are plans to supplement
Migration from FCMs is not negligible. For the directive on plastics and regulate techno-
some food-packaging combinations the concen-logical adjuvants, dyes, inks, adhesives, coat-
tration of migrants in the food can approach that ings, paper, and board.
of substances used as direct food additives, such  Because foods themselves are complex, and
as colors and preservatives, at tens of ppm. also to allow for testing for the general case, four
In one of the first comprehensive schemes food simulants (‘model foods’) are specified for
regulating the use of FCMs, the US Food and testing plastics for migratichThese are distilled
Drug Administration (FDA) issued legal provi- water, 3% (w/v) acetic acid, 10% (v/v) ethanol,
sions for plastics during the 1950s. This initiative and rectified olive oil, which are intended to mimic
was closely followed by German and Italian mi- aqueous, acidic, alcoholic, and fatty foods, re-
gration regulations that likewise focused mainly spectively. Other test simulants can be used under
on plastics. French, Dutch, and Belgian authori- certain circumstances, including 95% (v/v) etha-
ties later issued similar laws. In 1972 the Com- nol and isooctane.
mission of the European Communities (the Com- The above regulations set the scene for the
mission) drew up a broad program of action analytical chemist who has to test for migration.
designed to harmonize existing laws. Its Frame- There are several hundred chemicals that could in
work Directive set out the guiding principles, principle migrate from a wide range of materials.
listing the materials to be regulated and defining The matrix to be tested could be simulants or the
the procedures and criteria to be used in adoptingactual food or beverage itself. The level of inter-
specific regulations for each type of material est could be in the ppm range, for example, for
(Table 1). additives used to make plastics or paper, down to
It is beyond the scope of this review article to ppb levels or lower for the most noxious mono-
discuss all national and international regulations mers.
concerning chemical migration from FCMs; this The methodology for analysis and testing of
field has been reviewed fully by Katan et elow- FCMs is still being developed. Implementation of
ever, a brief discussion of European legislation is the Directives carries an obligation for the Mem-
pertinent because (1) similar principles exist in ber States to carry out the necessary tests to en-
other economic areas of the world, and (2) the legalsure that FCMs comply with their requirements.
regulations determine the nature of the problemsThis task often falls on the official food control
that the analytical chemist must address. laboratories, but the packaging industry also has
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TABLE 1
European Directives Already Adopted in the Area of FCMs

Food Contact Material (FCMs) Directive
Framework Directive 89/109/EEC
Symbol 80/590/EEC
Regenerated cellulose (RCF) 93/10/EEC
Regenerated cellulose (1% amendment) 93/111/EC
Release of N-nitrosamines and N- 93/11/EEC

nitrosatable substances from elastomer or
rubber teats and soothers

Ceramics 84/500/EEC
Plastics (Base Directive: monomers) 90/128/EEC
Plastics (1% amendment; monomers) 92/39/EEC
Plastics (2" amendment: monomers) 93/9/EEC
Plastics (3" amendment: monomers) 95/3/EEC
Plastics (4" amendment: monomers) 96/11/EC
Plastics (basic rules for migration tests) 82/711/EEC
Plastics (1% amendment of basic rules) 93/8/EEC
Plastics (2™ amendment of basic rules) 97/48/EC
Plastics (List of simulants) 85/572/EEC
Plastics (1%, incomplete list of additives) 95/3/EC
Vinyl chloride 78/142/EEC
Method of determining VC in PVC 80/766/EEC
Method of determining VC in foods 81/432/EEC

a responsibility to ensure that FCMs are manufac-1l. TYPES OF LC-MS CURRENTLY
tured in accordance with good manufacturing AVAILABLE
practicé® and comply with the relevant legisla-
tion. The combination of the separating potential of
Given the plethora of substances that needliquid chromatography and the analyzing power of
to be tested for in foods and food simulants, mass spectrometry makes LC-MS a highly useful
there is a great need for rapid, reliable, and tool for analytical chemists. Due to its high selec-
robust techniques. Volatile and semivolatile tivity and sensitivity, it is finding increasing use in
substances can usually be determined by gadhe analysis of a wide range of substances in com-
chromatography-mass spectrometry (GC-MS), plex mixtures. The major challenge in coupling of
which is now commonly found in the work- LC with MS is posed by the fact that gas-phase
place. However, recent technological advancesions must be produced in order to obtain a mass
in the area of liquid chromatography—mass spectrum. The many types of LC-MS interface
spectrometry (LC-MS) mean that this tech- currently available have been reviewed extensively
nique is now becoming affordable and more by Ashcroft! and De Hoffman et af. They in-
widely used in the analytical laboratory. This cludé?® continuous flow fast-atom bombardment
review covers the development of LC-MS in- (CF-FAB), moving-belt (MB), chemical ioniza-
strumentation and methodology for studies of tion (Cl), thermospray (TSP), particle beam (PB),
chemical migration. ion spray (ISP), electrospray (ES), atmospheric
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pressure chemical ionization (APCI), inductively ods, together with the type of analyte information
coupled plasma (ICP), and plasmaspray (PSP) ingenerated, complementary mass spectrometer(s),
terfaces. Some of these coupling methods, such aand the general analyte classes to which these ion-
MB or PB, are based on the selective vaporizationization methods can be appliet:.*516

of the LC solvent before it enters the MS source. LC mobile phases containing inorganic min-
Other methods, such as direct liquid introduction eral acids, nonvolatile buffers and high levels
(DLI)** or CF-FAB, rely on limiting the flow of  of additives (>100 ) are generally not rec-
liquid into the interface to a rate that can be directly ommended for LC-MS because they can de-
handled by the source and its associated vacuunposit on the ion source. With these exceptions,
pumps. Finally, certain LC-MS coupling methods, most LC-MS systems are compatible with a
such as TSP, nebulizer-assisted ES and APCI, canwide range of aqueous and organic solvents
tolerate typical LC flow rates of about 1 ml/min, and mixtures thereof, and also with volatile pH
which favors sensitivity. Classic ES can accept control agents such as buffers (e.g., ammonium
flow rates from nl/min up to 0.2 ml/min. As ES is acetate), acids (e.g., formic, acetic and
more dependent on concentration than on the totakrifluoroacetic), and bases (e.qg., trialkylamines
guantity injected, there is little advantage in using and ammonia). An understanding of the effect
it at high flow rates, other than ease of coupling to that an LC mobile phase can have on ionization
standard bore HPLC columns. Figure 1 shows thehelps in the selection of an appropriate mobile
application range of different chromatography—-MS phase during method developméhit® We de-
coupling methods (except DLI and CF-FAB) as a tail below the principles of a number of LC-MS
function of the mass and nature of the analyte.interfaces that have been or may be used for the
Table 2 lists the commonly used ionization meth- analysis of FCMs.

lonic

Electrospray
lonspray

Polar APCI

Thermospray

,- Z ,: Particle Beam
Neutral £ ///% Moving Belt '

10" 102 103 104 105
Molecular weight (Da)

FIGURE 1. Application ranges of the different chromatogra-
phy—MS coupling methods (except DLI and CF-FAB).

52



apoJiosje
aB.eyosip & 10 'OYO'HN ep 000} B2 > IH-nl
‘6' ‘yussaud sjhjoloee saouelsqns * Dasyew+ ]
ue Jayye spasu - g|qeldasoe uiuwi/jwi oiuebuo Jejod *PHN+IN]
SJUaA|0S Jo abuel apim qdd Z01G'0 -Uouawos pue Jejod *IH+IN] Aeldsounay ) dS.L
Bp 0000} 80>
uwnjoo-jsod pappe 1o uni soljjejswoueblo IH-I]
oydesbojewoliya ay} ynoybnoayl ‘suiejoud * Ixupew+ ] av4
asaid xujew gy e spasu wdd  wwyrd gL 0} 1 ‘ojuebio tejod ‘IH+W]  moj4 snonuuod  SINIST/AIH/avd
Bp 000l B2 S uolesIuo|
saouelsqns IH-nl jeaiwsyd
a|geidaooe uiwy/jw olueblo sejod * Ixuew+N] ainssald
SJUBAjOS jo abues apim qdd s Z01Z0 -uou awos pue rejod CIH+IND ousydsowly 104V
BP 000°00Z €05 [HU-IN] “[H-I]
anbiuyosy [esianiun soljjelewouebio " Dasew+n]
1sow ay} Algeqoud - s|qejdasoe uiwy/jw  ‘siowhjodolq ‘suisjoid ‘o HU+IN]
sjuanjos jo abues apim qdd | oy uiwgu 0g ‘soluebuo sejod IH+IND Aeidsonosig S
ep 0001 &5 >
saoueisqns
aseyd ajigow Jusjuod snoanbe Ui/ oluebio jejod  suol uswbely
MO B yym Ajuo sajel moy Jaybiy wdd Zolg0 awos pue Jejod-uou  swos pue N weag ajoied I3
abuel (xew-uiw)
[ELYE] sdjed MOj} (3lunj M "xoadde) pajoajap paiinbai poyjaw
" sajoN  uonsalag wnwpdQ ssejo ajdweg  suoil jedioulid QoeIU] uonesiuo|

53

SIN-O7 Jo sadA [ Juaiayid yum Ayjigiedwod J1ayL pue SpoyIsN UoiesIuo|
¢ J1avl

1102 Alenuer /T S¥:ZT IV Papeo |uwog



Downl oaded At: 12:45 17 January 2011

A. Direct Liquid Introduction (DLI) chanical properties above 4@ and is chemi-
cally inert. The belt enters an initial vacuum lock
By far the simplest approach to LC-MS is the where it is heated by infrared radiation to remove
direct liquid introduction approach pioneered by most of the LC solvent (Figure 2). It then enters
Tal’Rose et al? and Baldwin and McLafferts? the source, where it is flash-heated to evaporate
DLl interfaces are designed to be compatible with the analytes. It leaves the source through another
the direct probe inlet systems of most commercial vacuum lock and is finally heated to a high tem-
GC-MS systems. A large number of such devices perature to clean it. At the lock outlet the belt has
have been described in the literature, but the com-completed the loop and comes back, hopefully
mon thread to all has been the 3 tand opening  clean, to the LC deposition station.
in the probe tip projecting into the MS source,
which creates a fine liquid jet. The DLI probe is
usually water-cooled to prevent fluctuations in C. Thermospray (TSP) and Plasmaspray
the ion current generated by the jet. Typical flow (PSP)
rates range from 5 to 18/min. DLI is often used
to couple supercritical fluid chromatography (SFC) The LC-MS interfaces described above do
with MS because it permits the entire flow to not perform well with typical LC flow rates.€.,
enter the MS source. This flow can easily be 1to 2 ml/min) or with substances of low volatility
accommodated because the supercritical mobileor poor thermal stability. The development of
phase (usually C£pthen decompresses to a gas TSP by Blakely and Vestélhelped provide a
and is readily pumped out of the syst&m. solution to both these problems. Although the
popularity of TSP and PSP has waned signifi-
cantly in recent years, owing to the introduction
B. Moving-Belt (MB) of more robust atmospheric pressure ionization
(API) technigues, many laboratories continue to
This interface was first demonstrated by Scot use TSP and PSP with success. TSP is a soft
et al?2 who used a moving wire to carry the ionization technique and produces predominantly
solvent/analyte into the MS source. In more re- [M+H]* or [M-H]~ions, sometimes together with
cent designs the eluent from the chromatographysmaller fragments. TSP is best suited to the analy-
column is deposited on a moving belt made of sis of organic substances of less than 1000 Da that
Kapton, a DuPont polyimide that has good me- exhibit some degree of polarity. It involves the

HOT
NITROGEN

HEATING VACUUM
ELEMENT LOCK

SOURCE(

i

FIGURE 2. Diagram of a typical moving belt interface.
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introduction into the ion source of a relatively in many analyses is a mixture of TSP and PSP.

high flow of solvent (0.2 to 2 ml/min). A typical This is especially true in separations employing

TSP interface is shown in Figure 3. The solvent is reversed-phase HPLC and gradient elution: in the

pumped down the resistively-heated capillary tube early stages, in which the LC mobile phase has a

or vaporizer (~10Qum in diameter) inside the high water content, TSP is used; later, when the

probe, the tip of which is situated in the source. agueous content of the eluent has diminished and

The source is heated to prevent condensation othe TSP ionization process begins to fail, the dis-

solvent, and the temperature of the capillary is charge pin is switched on to give PSP ionization.

adjusted until the solvent is vaporized. This gen-

erates a jet of vapor that contains small, electri-

cally charged droplets if the solvent is at least D. Continuous Flow Fast Atom

partially aqueous and contains an electrolyte. TheBombardment lonization (CF-FAB)

presence of the electrolyte (typically 50 to 10d m

ammonium acetate) is important, as without it the The CF-FAB coupling invented by Caprioli

ion yield, and hence sensitivity, is quite low. The et al?425 consists simply of a capillary chroma-

droplets continue to vaporize and shrink in vol- tography column coupled to the end of a FAB

ume as they travel through the source. Eventuallynozzle by a capillary passing through the sample

they are sufficiently small for free ions to be introduction nozzle (Figure 4). Glycerol (1 to 5%)

expelled from their surface. Positive or negative is added to the LC solvent, which flows at 1 to 5

ions are generated depending on the gas phasgl/min. The solvent readily evaporates, leaving

acidity or basicity of the solvent and solutes. lons the analytes at the nozzle surface mixed with

leave the source through a sampling cone that haglycerol, which serves as a FAB matrix.

an orifice in the center, and this process is encour-

aged by an ion repeller that is situated directly

opposite the sampling cone. The ions are thenE. Particle Beam (PB)

analyzed by the mass spectrometer. A high volt-

age applied to the repeller will tend to induce Uniquely for LC-MS interfaces, the PB inter-

fragmentation of the analyte ions. face gives electron-impact spectra and so offers a
If an electrolyte cannot be used for a particular high degree of fragmentation, structural informa-

analysis (e.g in normal-phase separations), then tion, and library search compatibility. This makes

an electrical discharge in the source may be em-it a highly desirable method of ionization, al-

ployed to induce ionization. Most TSP sources are though the difficulties in interfacing an ionization

fitted with such a discharge needle, and when thismethod based on the use of a fragile filament in

is used the technique is known as plasmaspraya high vacuum with a chromatographic technique

(PSP). In reality, however, the ionization process eluting approx1 ml/min are evident.

OF THE ELUTING FLOW
LC FLOW
1 OR 2 ml/min

TEMPERATURE SENSOR U U Quadrupole

——
e

+ve TEMPERATURE SENSOR
OF THE AEROSOL
REPELLER

FIGURE 3. Diagram of a typical thermospray/plasmaspray interface.
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I I INJECTOR 60 nL
MS = s i

I @

COOLING WATER o
. INLET
FAB TIP
FUSED SIUCA COOLING WATER |
CAPILLARY OUTLET
ABSORBANT

FIGURE 4. Diagram of a typical continuous flow fast atom bombardment ionization interface.

The pioneer workers in this fiekichristened  is the only form of LC-MS interface that yields
the technigue MAGIC-LC-MS (monodisperse spectra that can be compared for matches with
aerosol generation interface for combining liquid proprietary software librarieg(g.,the NIST and
chromatography with mass spectrometry), but the Wiley libraries) to assist substance identification.
name particle beam (PB) is now generally used. However, poor overall sensitivity has led to it
The LC eluate enters a chamber heated at bebeing largely superseded by the API-based tech-
tween 40 and 50C, where it is nebulized by niques ES and APCI).
helium gas into a fine spray of droplets from
which the volatile solvent molecules evaporate
more readily than the solute molecules (Figure 5). F. Electrospray (ES)

The solute molecules tend to remain as particles

that then pass through a nozzle into a vacuum  ES ionization is widely used on quadrupole
chamber, where further solvent molecules are re-and magnetic sector mass spectrometers, and now
moved. The desolvated solute molecules arrive inalso on time-of-flight (TOF) instruments. As with
the source as a spray of uncharged particles andll API techniques, the formation of ions takes
are there ionized by conventional El or Cl meth- place outside the MS vacuum system (Figure 6).
ods. Different PB interfaces have variations on In the ES interface ions are evaporated from a
the chambers described here, but the basic prindroplet into the gas phas&’The analyte solu-
ciple is the same. PB interfaces generally copetion is introduced into the ionization source
with flow rates of between 0.5 and 2 ml/min, and through a stainless steel capillary (75 to Lo®

like most interfaces are more tolerant of normal internal diameter) that runs through a mass spec-
phase (organic) solvents than reversed-phasdrometer probe. Flow rates can range from 30 nl/
(aqueous) solvents. PB ionization is not suitable min to 1 ml/min, but are typically between 5 and
for very volatile analytes, which tend to be pumped 300 pl/min. The lowest concentration producing
away along with the solvent, or for thermally a full spectrum depends on the propensity of the
labile substances (because the source is held aanalyte to ES ionization, but is typically 1 to 50
temperatures in the range 200 to 250 The PB  ng/uL for analytes of up to 1000 Da and 1 to 20
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pmol/uL for analytes of higher molecular mass. A and sometimes by a second, outer coaxial flow of

voltage of 3 to 4 kV is applied to the tip of the ‘sheath gas’ (again usually,NThe capillary and

capillary, and this strong electric field disperses the gas(es) are contained in the triaxial probe that

the LC eluate into a highly charged aerosol. The is heated at temperatures of up to°Tdepending

ES process is often aided by a nebulizing gason the type of analyte under investigation. The

flowing down the probe coaxially around the source is typically heated to between 120 and@80

outside of the capillary (nebulizer-assisted ES). The combination of nebulizer gas and heat con-

This gas (usually nitrogen) helps to direct the verts the solvent flow into an aerosol, which then

spray emerging from the capillary tip. The charged begins to evaporate rapidly. Inside the heated source

droplets diminish in size due to evaporation, as- is a corona discharge needle held at a voltage of 2.5

sisted by a flow of warm drying gas (agaig) N to 3 kV, and this is responsible for ionizing the

that passes across the front of the source. Eventusolvent molecules. In the atmospheric pressure

ally, analyte ions free of solvent are released fromregion around the corona pin, a combination of

the droplets. Some of these ions pass through aollisions and charge transfer reactions generates a

sampling cone or orifice into a pumped interme- chemical ionization reagent gas plasma. Any analyte

diate vacuum region (approk mbar pressure), molecules that elute and pass through this region

and then through a small hole, the skimmer, into can be ionized by proton transfer to produce [M+H]

the analyzer of the mass spectrometer. The anaer [M-H]- ions. APCI tolerates a variety of HPLC

lyzer is under high vacuum. The skimmer acts assolvents from fully agueous (with or without buff-

a momentum separator: the heavier analyte ionsers) to fully organic.

pass through, while the lighter solvent and gas

molecules are pumped away in the intermediate

vacuum stage. H. Modified ES Probe for Capillary

Both ES and APCI (Section II.G) are ‘soft’ Electrophoresis—Mass Spectrometry

ionization techniques causing very little fragmen- (CE-MS)

tation, which can be a disadvantage for identifica-

tion of unknown substances. Fragmentation can A modified ES probe is the most common way

sometimes be induced by applying a voltage to to interface CE with MS. Two types of interface are

the sampling cone: this causes the extracted ionsised for this coupling: the triaxial probe (Figure 8)

to accelerate and resulting collisions between theor alternatively the liquid junction interface. The

accelerated ions and residual solvent and gadriaxial probe is the more commé&hlt involves

molecules may be of sufficient energy to cause inserting the outlet electrode of the electrophoresis

fragmentation of the ions (collisionally induced capillary directly into the ionization source of the

dissociation, CID). MS. The rate at which solvent emerges from the CE
system is typically just a few nl/min, and so a sol-
vent make-up is required to bring the total solvent

G. Atmospheric Pressure Chemical flow into the recommended ES range. Within the

lonization (APCI) triaxial probe, the separation capillary is surrounded
by another capillary containing the solvent make-

APCI has some similarities to ES ionizati8n. up, and then finally the nebulizing gas,Nows

The source is a modified ES source and so thearound these two capillaries. The solvent make-up

extraction of ions into the mass spectrometer isflow also serves to make electrical contact between

much the same. The ionization process itself, how-the CE buffer and the probe tip.

ever, is quite different. With APCI no high voltage

is applied to the probe tip, and so nebulization and

ionization are independent (Figure 7). The solute |. Tandem Mass Spectrometry and MS "

and solvent, flowing at between 2@0min and

2 ml/min, elute from a capillary that is surrounded The operation of two mass analyzers in series

by a co-axial flow of nebulizing gas (usually)N is known as tandem mass spectrometry (MS/MS,
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or MS). The use of LC-MS/MS is fast becoming
widespread in analytical laboratories because it

yields structural information additional to that 2.

obtained from the sensitive but ‘soft’ API tech-
niques. Most commercial tandem mass spectrom-
eters have a collision cell in between two mass

analysers. MS/MS systems in which the collision 3.

cell and mass analyzers are all quadrupoles are
often referred to as ‘triple quad’ systems. Often
the collision cell is simply an Rf-only quadrupole.
An inert gas such as argon or helium is usually
added to the collision cell, where, with sufficient
energy, it bombards the trapped sample ions and
causes additional fragmentation to occur by CID.
Several types of MS/MS experiments can be
undertaken on triple-quad systems (Figure 9).

1. Production scan (daughter scan) experiments
consist of selecting a precursor ion (or par-
ent ion) and determining all of the product
ions (daughter ions) resulting from CID. If a
reactive gas is used in the collision cell,

duced, this scan mode is also referred to as
‘fragment ion scan’.

Precursor ion scan (parent scan) experiments
consist of choosing a product ion (or daugh-
ter ion) and determining its precursor ions
(or parent ions).

Neutral loss scan experiments consist of
detecting all the fragmentations leading to
the loss of a fragment. Perhaps the most
simple and specific assignments that can be
made in the spectrum are for the small neu-
tral species lost in the formation of the frag-
ment ions of highest mass in the spectrum,
especially those formed directly from the
molecular ion. For example, important ions
at masses [M-1] [M-15]*, [M-18]*, and
[M-20]* almost always represent the losses
of H, CH,, H,O, and HF, respectively, from
the molecular ion. With a reactive gas, ad-
duct ions can sometimes also be observed.

In theory, any number of analyzers can be

collision-activated reactions (CARs) may be used in series. If n analyzers are used, the tech-
observed. When only fragment ions are pro- nique is termed MS However, in practice the

PARENT ION PRODUCT IONS
SELECTION SCANNING
CID .2

FRAGMENT IONS SCAN, PRODUCT IONS SCAN

PARENT IONS
SCANNING

PRODUCT IONS
SELECTION

CID
MS4 é CAR

MSz'—)

PARENT SCAN OR PRECURSOR IONS SCAN

PARENT IONS PRODUCT IONS
SCANNING SCANNING
CID Z
Ms; & — Gap [ MS2 &
m m-a or m+a

NEUTRAIL LOSS SCAN, NEUTRAL GAIN SCAN

FIGURE 9. Main experimental modes in tandem mass spectrometry (MS/MS).
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maximum is 3 or 4 analyzers in the case of beambinder systems, because of their low volatility,
instruments. must be degraded prior to conventional mass spec-
With the advent of more reliable ion-trapping trometric analysis; another option would be LC-
technology, LC-M8 can be successfully under- MS. Soft ionization methods, which afford only
taken for n up to about 9. All mass analysis and molecular weight information, are often used to
CID/CAR processes occur in a single ion trap characterize low-molecular-weight oligomers,
source. However, these instruments only allow cross-linkers, and functionalized monom#rs.
product ion scans. Kros®! has investigated the use of LC-MB-
MS to identify selected members of various chemi-
cal classes. Among the chemical groups exam-
J. Inductively Coupled Plasma-Mass ined were benzidines, nitrosamines, anilines,
Spectrometry (ICP-MS) nitroaromatics, dinitroaromatics, hydrazines,
amides, phenylenediamines, organophosphites,
In the analysis of organometallic compounds acrylates, pyridines, phthalates, nitrophenaols, ha-
methods based on GC require them to belogenated triazines, pesticides, halogenated py-
derivatized so as to confer thermal stability, ridines, and alkyl tins. Selective ion monitoring
whereas this is unnecessary with liquid chroma- (SIM) was used for detection in all cases because
tography separations. However, the LC separa-of a lack of sensitivity in the full-scan mode. The
tion systems developed require the use of an ordimit of detection (LoD) was approximately 10 ng
ganic modifier (methanol or acetonitrile), which of substance. Substances of molecular weight
is not compatible with the argon plasma used in exceeding 250 Da generally induced a lower re-
ICP-MS. Therefore, to couple the LC separation sponse. Presumably, some lower-molecular-
to the ICP-MS, the interface between them has toweight substances within given groups exhibit
perform two major functions. First, it must reduce low sensitivity because of volatilization losses in
the loading of organic modifier to the plasma so the inlet.
that the plasma is not extinguished. This is ac- APl interfaces are now the most usual in LC-
complished by using a silvered spray chamber MS systems. ES and related methods, including
cooled to between —15 and =°@0which con-  APCI with a heated nebulizer, all began as spe-
denses out the modifier before it reaches thecialized ionization techniques, which became
plasma. Second, oxygen is added to the samplanuch more widely accepted when combined with
aerosol. This reduces deposition of carbon on thetandem mass spectrometry. Today, both APCI
sampling cone by the formation of carbon diox- and ES are widely used for quantitative and quali-
ide, which in turn stops the sampler orifice from tative LC-MS and LC-MS/MS analyses.
becoming blocked. A blocked sample cone ori- Some authors use mass spectrometers
fice reduces the quantity of material that can enterequipped with ES or APCI interfaces in order to
the mass spectrometer and adversely affects th@roduce molecular ions for substance identifica-
detection limit. tion without prior chromatographic separation. In
this way different combinations of antioxidants
have been identified correctly in test solutions

lll. APPLICATIONS OF LC-MS TO THE and in solutions obtained in migration tests of

ANALYSIS OF FOOD CONTACT commercial plastics. Analysis time was less than

MATERIALS one-tenth of that required for conventional HPLC
analysis of the migrants.

GC-MS is widely regarded as the method of In this section we examine the published

choice to analyze for volatile and semivolatile applications of LC-MS to the analysis of food
substances in- and migrating from- FCMs. Some contact materials. In particular, we focus on
polymer stabilizer additives can be analyzed by plastics starting substances, because these have
GC-MS or by direct introduction into the mass been the analytes in most method development
spectrometer. High-molecular-weight polymer work.
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A. Plastics Additives beam LC-MS. The principal radiolysis products
arose through cleavage of C-O bonds leading to
LC-MS has been used in series with UV de- subunit losses. The formation of quinone methides
tection to analyze antioxidants and UV light sta- was observed for Irganox 1330, but was not a
bilizers extracted from plasti€Nanogram quan-  major feature of the radiolytic reactions of Irganox
tities of the additives were detectable by 1010.
LC-MB-MS. Organotins are used as stabilizers in polyvi-
A strategy employing MS/MS and HPLC for nyl chloride, as catalysts in the production of
analysis of additives such as antioxidants in poly- polyurethane foam, as biocides in antifouling
mers has been described by Egsgaard ®tliad. paints, and as preservatives (fungicides, bacteri-
tegrated LC-MS would undoubtedly further fa- cides, insecticides) for wood. The identification
cilitate this type of analysis, at least in the final of organotins is complicated by the fact that, de-
stages. However, in the initial stages, in which the pending of the alkyl chain size and the number of
class of analyte remains unknown, a two-step substituents, they can range in type from hydro-
approach involving direct screening analysis by phobic to polar and even to nonvolatile and ionic.
MS/MS followed by targeted HPLC analysis ap- Dauchy et at®4'have separated trace amounts of
pears to be advantageous. mono-, di-, and tributyltins using LC-ICP-MS.
LC-MS has become invaluable for identify- Di-alkyl phthalate esters are used frequently
ing benzothiazole derivatives used as acceleratorsas plasticizers in tubing, containers, label adhe-
in the vulcanization of rubber. Niessen ef%l. sives, and a wide array of materials that come into
performed LC-MS analysis under isocratic condi- contact with food, pharmaceutical products, or
tions using various interfaces: MB in both El and physiological fluids. Due to their widespread use
positive-ion Cl modes, TSP in both buffer ioniza- and moderate resistance to degradation, they are
tion and discharge-on modes, and PB in EI mode.virtually ubiquitous in the environment and con-
For further structure elucidation, they performed sequently in foodstuffs. Their degradation prod-
MS/MS in combination with TSP, and also ac- ucts, the mono-alkyl phthalate esters, are also
quired GC-MS data. Their work may be com- commonly found. The primary objective of a study
pared with the use of direct MS techniques on theby Bakef? was to develop a thermospray LC-MS
same type of rubber accelerators by Lattifier. method for the detection and characterization of
One of the authors laboratories has developedboth mono- and di-alkyl phthalates. It was found
a large-volume injection LC-APCI-MS method that all the mono- and di-alkyl esters produced
for the analysis of vulcanization accelerator resi- strong [M+H} pseudomolecular ions (the base
dues in aqueous food and drink (unpublished peak of the spectrum in most cases). Using SIM
work). The substances measured are'-2,2 at m/z 149, all the mono-esters were easily de-
dithiobis(benzothiazole) an#l-cyclohexyl-2- tected as individual chromatographic peaks, while
benzothiazole sulfenamide, along with the degra- none of the di-alkyl esters produced rafz 149
dation products mercaptobenzothiazole andresponse.
benzothiazole. Full-scan mass spectra for each
substance are shown in Figure 10. Using SIM, the
LoD in food and beverages was 10 ppb. The B. Plastics Monomers and Oligomers
advantage of the method over conventional GC-
MS or LC-UV method¥ is that sample prepara- Jones et & have investigated the transport
tion is minimal: with the sensitivity and specific- properties of an LC-PB-MS interface using oligo-
ity afforded by LC-APCI-MS, and only a simple mers of polystyrene as test substances. Polysty-
dilution or extraction with solvent is required. rene was chosen because it is available as a well-
The transformation products of the phenolic defined series of oligomers spanning the mass
antioxidants Irganox 1330and Irganox 1019 range of the spectrometer, and because it is known
in food contact polyolefins subjected to electron- to undergo thermal degradation in a conventional
beam irradiation have been analyzed by particle solids insertion probe inlet. The results indicated
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FIGURE 10. APCI (+ive) full scan mass spectra of (A) N-cyclohexyl-2-benzothiazole sulfenamide,
(B) mercaptobenzothiazole, (C) 2,2'-dithiobis(benzothiazole), and (D) benzothiazole.

that intact styrene oligomers with molecular plus a minor series of related cyclic oligomers, by
weights up to approximately 2000 Da were quan- optimization of LC-APCI-MS conditions. Harrison
titatively transferred through the interface and et al?’ reported the field-desorption mass spectra
into the mass spectrometer ion source. Using elecand LC-MS spectra of cyclic PET oligomers
tron impact ionization, the authors observed mo- [CO.GH,.CO.0.CH.CH,.O], (x = 3-8) obtained
lecular ions for oligomers up to n = 18 raiz by a polymer-supported reaction; in the presence
1930, well beyond the heaviest molecular ion of traces of ammonium ions APCI produced in-
reported as having been detected using a solidgense ammoniated molecular ions. Additional struc-
insertion probe. tural information was afforded by MS/MS spectra
Milon“* extracted the polyethylene terephtha- obtained by fragmenting the ammoniated cyclic
late (PET) film from a food package that contained PET oligomers (x = 3-6) with 30 eV argon in the
a microwave susceptor material and analyzed thecollision cell of a triple quadrupole.
extract by plasmaspray LC-MS using acetonitrile Auriola et al*® have developed an LC-TSP-
with formic acid as the LC mobile phase and nega-MS method for simultaneous determination of
tive-ion mode MS. This researcher observed thatpolyethylene glycols (PEGS) in the 238 to 986
an unusually high probe tip temperature of°€70  molecular weight range. The method proved to be
was required, and even then could confirm only the suitable for trans-membrane permeability studies
presence of the cyclic trimer and tetramer. Guarini performed with anin vitro apparatus. The
et al*> used negative-ion LC-TSP-MS to examine quantitation limit for PEG 600 was 60 ng per
depolymerization reaction mixtures obtained by injection. This method may be compared with
glycolysis of PET. Sensitivity was improved by (more laborious and less discriminating) pure
reacting the terminal hydroxyl groups with HPLC technique$’®°
perfluoroanhydrides, and oligomers up to the lin- A method for simultaneous extraction of re-
ear tetramer were observed. Barnes ét ab- sidual bisphenol A diglycidyl ether (BADGE) and
served cyclic PET oligomers up to the heptamer, m-xylenediaminerfrXDA) from cured epoxy res-
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ins has been developed and applied to resins withMS techniques following hydrolysis by N&H.%°
precure compositions of 1:1, 1:2, and 1:3 BADGE/ With direct injection of the hydrolysate, GC-MS
m-XDA equivalent ratios. After extraction of the was unable to determine either the amine or acid
epoxy-amine formulation in refluxing 1:3 chloro- portion of these polymers. The amine component
form/methanol for 10 h and derivatization of the of the polymers was readily detected in ether
m-XDA with fluorescamine on a precolumn, the extracts, but the acid component remained unde-
residual starting substances were determined bytected. In contrast, LC-PB-MS was able to iden-
reversed-phase HPLC with fluorescence deteé&tion. tify and measure both the amine and acid mono-
However, the confirmation of m-XDA/fluo- meric units in the raw hydrolysate.
rescamine derivatization products was performed  Composites used in dentistry for cavity filling,
by reversed-phase LC-TSP-M3n arelated study, cementation, and sealing have also been analyzed
impurities and hydrolysis products in commercial by GC-MS and LC-PB-MS8t Monomers based on
BADGE were characterized using reversed-phasebisphenol A and urethane, co-monomers based on
LC-TSP-MS? The degradation products of diols and methacrylates, diverse additives (poly-
bisphenol F diglycidyl ether (BFDGE) in water- merization initiators, photoinitiators, co-initiators,
based food simulants have also been identifiedphotostabilisers, inhibitors, plasticizers, catalysts,
by LC-TSP-MS* BADGE and BFDGE subse- etc.), and contaminants introduced during manu-
guently have been determined in varnish ex- facturing processes were all identified, including
tracts by positive ion LC-MS with ES and APCI toxicologically hazardous substances.
interfaces® Difuranic diamine dihydrochlorides are popu-
(Methoxymethyl)melamine resins are complex lar intermediates for the preparation of polyure-
mixtures of melamines with different degrees of thane derivatives. The presence of the two reac-
hydroxymethylation and methoxymethylation. tive functions allows these molecules to act as
They have extensive industrial applications. Their cross-linking agents in the synthesis of polymeric
characterization is difficult because of their com- macromolecules. Their fragmentation pathways
plex composition. Longordo et &lisolated mono-  under ES-MS/MS with low-energy collisional
mer, oligomer, and polymer fractions of a resin by activation have been elucidated, and product-ion
high-performance size exclusion chromatography and precursor-ion MS/MS scans for selected in-
(HPSEC), and determined the molecular weights termediate ions formed during cone-voltage-frag-
of components within each HPSEC fraction by mentation of the ionized species have provided an
FAB-MS. They then used this information to as- explanation of their fragmentation behavior.
sign tentative structures to all major peaks in HPLC. Begley et aP3 have developed a method for
LC-TSP-MS has provided a simpler way to iden- determining the residual oligomers in nylon food
tify LC-separated components; 20 monomeric and packaging. In addition, the method was adapted
13 dimeric substances being identified in a study to quantify oligomers migrating to a liquid food
by Chand’ In similar work, Nielen and Van de simulant (oil) during oven cooking conditions.
Verr® applied three complementary techniques to The oligomers were identified by LC-MS and
characterize a complex (methoxymethyl)melamine MS/MS. Solutions for MS/MS were prepared by
resin: gradient reversed-phase LC-MS, SEC-MS, collecting oligomer peaks separated by HPLC.
and CE-MS. The LC-MS system used an APCI When polyesters are analyzed by LC-ES-MS,
interface and the spectra showed characteristic fragsingly and doubly charged ions are produced and
mentation patterns and detailed structural informa- oligomeric species can be clearly identifiéd@he
tion of the monomeric components. Up to 18 indi- presence of alkali metal salts and the solvent sys-
vidual monomers and 7 dimers were identified. tem have been found to have marked effects on
Likewise, Marcelli et at? analyzed resins of this ES-MS spectra. Under optimal conditions this
type by LC-MS with ES ionization and ion trap enables identification of the range and relative
mass spectrometry. abundance of chemical structures in the polyes-
A number of polyimides and poly(amic ac- ter, and hence average molecular weights, poly-
ids) have been studied using GC-MS and LC-PB- dispersity, the distribution of acid and alcohol
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end-groups, overall monomer proportions, aver- Van der Doelen et &.have compared HPLC-
age functionality per molecule, and average fre- MS and HPLC-MS/MS data for fresh resins and
guency of branching per molecule. The identity aged dammar and mastic varnishes. The fragmen-
of the ES-MS peaks was confirmed by tandem tation behavior of triterpenoids under APCI was
mass spectrometry. studied by comparing mass spectra obtained with
Pattanaargsorn et & have shown that LC- APCI-MS and APCI-MS/MS with GC-EI-MS data
APCI-MS can be used to analyze nonionic sur- for the same substances, because fragmentation
factants under conditions minimizing fragmenta- patterns are better understood under electron im-
tion of the analyte molecules. They simultaneously pact conditions.
determined the oligomer distributions of
alkylphenol polyethoxylates and fatty alcohol
polyethoxylates with respect to both the degree of C. Contaminants in Plastics
ethoxylation and alkyl chain length. In addition,
their method was simultaneously able to detect  To reduce packaging waste, the use of re-
contaminating polyglycol ether and characterize cycled plastics for food packaging and the re-use
its molecular mass distribution. (refilling) of food packages is being encouraged.
The classic method for determining the mo- Any sorbed substances that are not removed by
lecular weight distributions of polymers is SEC. cleaning procedures for plastic containers before
Combining SEC with on-line spectroscopic de- refilling may migrate into the packed product,
tection can provide insight into chemical com- resulting in off-flavors or even toxicity. LC-MS
position and molecular parameters. LC-ES-MS has proved to be a powerful technique for moni-
is compatible with the SEC conditions used in toring the quality and safety of recycled and re-
routine analysis of synthetic oligomers and poly- used food-contact materials. Potential contami-
mers, and the coupling allows accurate molecu- nants that have been determined by LC-MS include
lar weight calibration, investigation of chemical surfactant$? mutagenic and carcinogenic hetero-
composition, and complex mixture analysis. The cyclic amines? radical adductg! sulphonic ac-
fact that ES promotes the formation of multiple ids,”2chemical warfare agentfullerenes’* neu-
charged molecular ions is an advantage for thetral pesticides, and herbicidés.Phenolic
analysis of single analytes or relatively simple substances and acidic herbicides can be deter-
mixtures, as quite large molecules can be ana-mined in a single ruff.
lyzed within the domain of conventional mass Characteristic mass spectral data will be
analyzers such as quadrupoles, but higher-mo-needed more than ever in this area to aid in elu-
lecular-weight polydisperse analytes, such ascidating the identity of completely unexpected
synthetic polymers, have ES mass spectra with(and hence initially unknown) substances. The
broad, unresolved “bands” due to overlapping interface of choice for coupling liquid chroma-
charge envelopes. Prior SEC provides a solutiontography with mass spectrometry is then the par-
to this problem by resolving the overlapping ticle beam (PB), although its relatively low sensi-
charge envelopes. SEC ES-MS may not be ativity may be a problem and recourse to
method of choice for analysis of non-polar oli- concentration procedures is likely to be neeted.
gomeric mixtures, because the prerequisite of
the ionization technique is the presence or for-
mation of ions in solution. However, non-polar D. Toxicological Studies
analytes may be amenable to SEC-PB®IS.
Coupling SEC to Fourier transform mass spec- Phenylglycidyl ether (PGE) is an epoxide that
trometry (FTMS) addresses some of the limita- is used in the production of epoxy resins and that
tions inherent in using a quadrupole mass filter, showsin vitro mutagenicity against mammalian
such as limited resolving power and mass range.cells. Interaction of this xenobiotic with DNA
SEC/ES-FTMS is an extremely powerful tool leads to adducts that may play an important role
for polymer characterizatiof. in the misreplication of DNA and tumor forma-
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tion. Lemiére et al® have discussed LC-ES-MS to the HPLC system. Anyway, SPE is the area of

and LC-MS/MS of the PGE adducts. sample preparation that has seen the greatest num-
ber of innovative sorbents. It is also the technique
most amenable to high-throughput automation. In

IV. PROBLEMS AND SOLUTIONS IN THE fact, SPE can be so well integrated into the con-

FIELD OF MIGRATION FROM FOOD cept of LC-MS that in many automated applica-
CONTACT MATERIALS: tions, no clear distinction exists between SPE and
OPPORTUNITIES FOR LC-MS LC. Table 3 summarizes the general characteris-

tics of the most used LC-MS sample preparation
Compared with gas chromatography, liquid techniques. So far, however, there have been no
chromatography has the following advantages: reports of integrated SPE or SPME-HPLC-MS
the need for complex and time-consuming sampleapplied in studies of migration from FCMs.
clean-up is reduced, which minimizes possible
sources of error and increases absolute recover-
ies; and there is no need to use “appropriate” B. Analysis of Polar Food Contact
internal standards to correct for poor recovery due Materials
to injection discrimination. There are also many
food contact compounds, particularly those that Within the EU the analytical focus has hitherto
have high molecular weight or polar functional been on constituents of rather nonpolar plastics (poly-
groups, which cannot be readily analyzed by GC ethylene, PE; polypropylene, PP; polyvinylchloride,
because they are not sufficiently volatile or tail PVC; etc.). Now interest is turning to more polar
badly or are thermally labile and decompose at plastics, such as polyamides (PAnlyurethanes,
the temperature required for GC. Liquid chroma- and polycarbonates, and to paper and board packag-
tography is preferable to gas chromatography whening. Substances that may migrate from these mate-
dealing with polar substances, high-molecular- rials are likely to be amenable to GC-MS analysis
weight substances or thermally unstable analytes.only after derivatization, which has a number of
disadvantages:

A. Analysis of Polar Food Simulants  the derivatizing agent may be difficult to re-
move and interfere in the analysis, which is

Three of the four food simulants (distilled particularly disadvantageous when the purity

water, 10%v/v aqueous ethanol and 3¥vaque- of a compound is being measured;

ous acetic acid) that model the food classes aque= the derivatization conditions may cause unin-

ous, alcoholic, and acidic, respectively, are not tended chemical changes; and

well suited for direct injection into a gas chro- ¢ the derivatization step increases analysis time.

matograph but are more suited to liquid chro-

matographic analysis, especially with on-line For quantitative accuracy in a derivatization

preconcentration. Moreover, a solid-phase extrac-procedure, it is recommended that the derivatization

tion (SPE) cartridge can be switched into the reaction be taken to completion, and that a simi-

mobile phase flow path of the HPLC system so larly reactive internal standard be used for quanti-

that purified analytes elute from the SPE column tative determination. LC-MS may prove to be the

into the analytical column, thus eliminating off- method of choice in this area.

line sample transfers including eluate collection,

evaporation, reconstitution, and injection. This

on-line SPE approach offers ruggedness, excel-C. Analysis for Plastic Additives

lent precision, and high sample throughput. These

SPE-HPLC methods are fast, consistent, and can  Regulations on the use of BADGE within the

be run automatically. There is also the chance of EU now stipulate that ‘total’ BADGE concentra-

interfacing solid-phase microextraction (SPME) tions should be determined, including the hy-
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drolysis products and chlorinated transformation determined by GC-FID or by GC-MS following a

products. Philo et d@P.reported an LC-APCI-MS  time-consuming extraction and transmethylation

method for the determination of BADGE and its proceduré! Figure 11 shows a chromatogram pro-

hydrolysis products in the four EU food simulants. duced by a preliminary LC-APCI-MS procedure for

Work is needed to extend LC-MS to provide ro- determination of ESBO in olive oil. Under the con-

bust methods for the analysis of a wide variety of ditions of this procedure (reversed-phase, with a

epoxides and epoxide reaction products in food- propionitrile/hexane gradient) the polar ESBO elutes

stuffs. earlier than the more lipophilic triglycerides of olive
Other plastics additives, such as dialkylphthalate oil. Optimization should lead to a simpler, more

esters, diethylhexyl adipate (DEHA), epoxidized soya rapid method for ESBO analysis than the GC proce-

bean oil (ESBO) and polymeric plasticizers, can at dures.

present only be analyzed after chemical breakdown

to smaller units. Of particular interest is ESBO,

which may be used as a plasticizer — to increaseD. Analysis for Paper Chemicals

film flexibility and provide ‘cling’ — but its primary

function is as a heat stabilizer to protect the plastic ~ Paper and board materials are often used in

during processing. Materials such as poly(vinyl chlo- contact with dry or frozen foods and only to a

ride), poly(vinylidene chloride), and polystyrene fre- lesser extent are they used in direct contact with

guently contain ESBO as an additive at levels rang-moist or fatty foods. With the main exception of

ing from 0.1 to 2796° Classically, ESBO is contaminants that may be introduced by the use of

TIC
106, 27}.78
ﬂ
i
1
ESBO ‘ Olive Oil
< > < | =
| 9.07 N
| i
| l 29.25
| 7
| | ¥
: H L
% 1134 H
; ( A 1
! ifz
. 217 | 1]
| | 11
J' 113.62 ! d
Al
Ll
\x} \ h
‘ v AN PP
( 17.20 | | z_ﬂ.l {r
‘ ‘f'\ 2112 | | | \ H
J A \
" f'] b \l ’F R\J u \JJ \\/‘\\\ .
J S

0 b . — . S

5.00 10.00 156,00 20.00 25.00 30.00 35.00 40.00 45.00

FIGURE 11. LC-APCI-MS analysis of olive oil mixed with epoxidized sobean oil (50% ESBO in olive oil).
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recycled fibers, the potential for migration of pa- This is because the consumption of beverages is
per-making chemicals seems to be rather low. higher than of solid foods, and so the potential
Chemicals used in paper-making tend to be waterexposure to migrating chemicals is higher from
soluble and derivatization is often necessary for beverages than from foods. The largely aqueous
GC analysis. Examples are anionic stilbene opticalnature of beverages presents a problem in sample
brighteners, biocides, wet-strength agents, and re<concentration and presentation in GC methods of
tention aids. The development of LC-MS methods analysis, whereas an aqueous sample is well suited
for such chemicals therefore would be welcome. for direct injection into a reversed-phase LC-MS
system. Agqueous samples also offer the further
advantage of possibilities for on-line concentra-
E. Analysis for High Molecular Weight tion to get superior levels of detection. For ex-
Oligomers ample, in the authors laboratory a direct LC-MS
approach has been used in the analysis for
Oligomers from plastics and coatings currently bisphenol A and for mercaptobenzothiazole in
attract great interest, and LC-MS has much to offer beverages. Bisphenol A is used to manufacture
in this area. One new and interesting separationcoatings on the inside of cans used for certain
technique is gradient polymer elution chromatogra- canned foods, and to make polycarbonate FCMs
phy (GPEC), in which polymer samples are pro- (e.g., feeding bottles). BPA in beverages and in
gressively dissolved in a solvent gradient and sepadiquid infant formula can be analyzed with mini-
rated on the LC system. If a mobile phase in which mal sample preparation (usually simple dilution/
the polymer is poorly soluble is used at the outset,precipitation with acetonitrile) and then direct
the polymer sample is deposited at the head of theanalysis by LC-MS. Figure 12 shows a typical
LC precolumn; because the solvent strength increaseshromatogram obtained using large-volume in-
during the gradient, the components of the polymerjection LC-APCI-MS. lonization in the APCI-
sample dissolve and are transferred to the LC col-positive ion mode may not be optimal, and further
umn, where they are separated further prior to detecdevelopments require examination of other, hope-
tion. The elution is mainly influenced by solubility, fully more sensitive ionization techniques.
interaction with the stationary phase, and molecular
weight. The advantage of the technique is that sample
preparation is reduced, and that no degradation oiG. Analysis for Biomarkers
discrimination can occur during extraction. Some
interesting examples of characterization of the chemi- A traditional way to estimate consumer expo-
cal (micro)structure of polymers by this technique sure to chemicals in foods, be they migrants from
have been reported in the literature. The techniquepackaging, contaminants from other sources, or
coupled to MS to give molecular weight informa- direct food additives, is to analyze a very wide
tion may prove useful in determining and character- range of foodstuffs to determine the concentra-
izing the fraction of plastics oligomers and poly- tions of the chemicals of interest in each, and then
meric additives. This information is needed in to calculate total intake on the basis of dietary
toxicological evaluations because it is convention- habits, brand loyalty, etc. An attractive alterna-
ally assumed that there is a cut-off of molecular tive approach is to measure so-called biomarkers
weight about 1000 Da, which is the limit for absorp- of exposure. An example of this approach is an
tion of substances from the gastrointestinal tract. investigation of our exposure to phthalate e&ters
that in the past have been used extensively as
industrial chemicals and that are quite ubiquitous
F. Analysis of High-Consumption Liquid in the environment and therefore in some foods.
Food Products The principal metabolites of these phthalates are
the monoeste?s (Figure 13). Phthalates labeled
Chemicals that may migrate into beverages with *3C or?H have been used in volunteer studies
are of special interest to a surveillance laboratory.to determine the rate of urinary excretion and
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FIGURE 12. Typical LC-APCI-MS chromatograms of Bisphenol A (BPA, 50 ng/ml, 400 pl injection).
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FIGURE 13. Conversion of phthalate esters to phtalate monoesters.

yield of the labeled monoester metabolites. LC-MS the sum concentration of the metal species present
proved to be invaluable for this approach, be- equals the total concentration of the metal.
cause it made it possible to determine both parent  Organometallic compounds arise when a metal
substances and metabolites without prior forms a covalent bond with a carbon atom. They
derivatizatiort* Having established the relation- occur with many different elements, but particu-
ship between dose and excretion, LC-MS is cur- larly mercury, arsenic, lead, tin and other heavy
rently being used to analyze urine samples fromelements. This class of metal compound has very
more than 300 volunteers to determine their ex- important consequences in terms of toxicity ef-
posure to phthalates in their diet and from other fects; for example, methylmercury chloride is
sources. approximately 10 times more toxic than inorganic
mercury chloride, but much less toxic than
dimethylmercury. Organometallic compounds also
H. LC-ICP-MS for Organometallics behave differently to inorganic forms in terms of
mobility; some organometallic forms are more
Measurement of the total level of a metal in a likely to penetrate lipid membranes and accumu-
sample matrix reveals very little, if anything, about late in tissue. A recent example of this is the
its possible mobility, toxicity, or biochemical func- identification of the active ingredient of antifoul-
tion. To provide answers to these questions, it ising coatings, tributyltin (TBT), in human blood
necessary to determine the actual chemical form,and liver sample¥.
or speciation, of the element under investigation. Numerous analytical procedures have been
Metal speciation is “...the qualitative identifica- used for the analysis of trace elemental specia-
tion and the quantitative determination of the in- tion in complex matrices. However, state-
dividual chemical forms that comprise the total of-the-art techniques are based on coupling pow-
concentration of a given trace element in erful separation technology (gas chromatogra-
a sample™® This illustrates the important phy (GC), capillary electrophoresis (CE),
chararacteristics of metal speciation, namely, thesupercritical fluid chromatography (SFC), and
structural identification of the metal species of high-performance liquid chromatography
interest, its accurate measurement in the presencéHPLC)) to sensititive element-specific detec-
of other interferring compounds, and the fact that tors (atomic absorption spectroscopy and in-
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ductively coupled plasma mass spectrometry positions of the fatty acids in individual TAG
[ICP-MS])). In some instances where hydride or species. Figure 14 shows a typical LC-APCI-MS
cold vapor generation is possible it is used to TIC chromatogram for olive oil. Each peak corre-
improve the detection limit by a factor of ap- sponds to an individual triacylgycerol substance
proximately 15; this also has the added bonuspresent in the oil. For example, the peak at 26.82
of removing the matrix from the analysis be- min corresponds to the triacylglycerol OOO (i.e.,
cause the sample is detected as a gas rather thaglycerol substituted at each of the three hydroxy
solution. The requirements of the detection sys- groups with oleic acid). While olive oil concen-
tem are for a low limit of detection because the trations are more difficult to determine by LC-
levels of metal species present are much lowerAPCI-MS, this type of determination does give
than the total metal content of the sample. De-the analyst more information concerning which
tection of the metal-containing species is made acylglycerols may be absorbed by the plastic dur-
easier when the technique used is specific toing migration testing, which could in theory give
the element of interest and this can also reduceinformation about the crystalline state of the plas-
the degree of sample preparation that is necestic and a more detailed understanding of the im-
sary. It is possible to quantify organometallic portance of swelling and leeching effects that can
compounds down to the low ng/g level using accelerate migration.
ICP-MS and confirm their identity by APCI-
MS, thus providing greater validation of the
method?’ V. PRESENT LIMITATIONS OF LC-MS

AND POSSIBLE SOLUTIONS

I. Applications in the Overall Migration Although APl methods (APCI and ES) are
(OM) Test the most widely used forms of ionization for LC-
MS (especially in the pharmaceutical and biologi-
At present, testing plastics for OM analysis cal areas), there still remains a place for other
into olive oil food simulant relies on the correc- ionization methods (such as PB, CF-FAB, or TSP)
tion of observed OM value for reverse migration for certain applications. Some of the problems
of olive oil into the plastic itself. Quantitation of detected with the different LC-MS ionization
olive oil in the plastic is typically undertaken by methods are currently being carefully investigated.
GC-FID following transmethylation of the
triacylglycerols into individual fatty acid methyl
esters (FAMES). Although analysis of FAMEs is A. Inhomogeneity of Nebulization
relatively straightforward, it is rather labor inten-
sive. Neff and Byrdwel?® and Byrdwell and API sources are not as well behaved as could
Emker?* have used LC-APCI-MS for the analysis be desired. Although interfacing liquid flows with
of a selection of vegetable oils. The spectra ob-an atmospheric pressure source provides some
tained displayed a protonated molecular ion practical advantages over interfacing to a low-
[M+H]*, and abundant diglyceride ions [M- pressure source, the challenges involved in taking
RCQJ*. Mottram and Eversh&lhave also de- ions or molecules from within a liquid at atmo-
veloped LC-APCI-MS methodology for the analy- spheric pressure into a vacuum of®idrr have
sis of triacylglycerols; these authors’ spectra still not been perfectly overconféSpraying the
displayed protonated molecular ions [M+H] liquid into an ion source causes problems due to
which increased in intensity with the degree of turbulence, variations in the efficiency of solvent
unsaturation of the triacylglycerol, [M-RCP vaporization, and contamination of sources with
ions caused by loss of fatty acid moieties, and in buffers. All these effects are sources of noise,
some cases [RCOJons derived from the fatty instability, and variability that reduce signal-to-
acid moieties themselves. The relative intensitiesnoise ratio. The basic problem is inhomogeneity.
of the [M-RCQJ]* ions provide information onthe  Although the analyte in the liquid may be well
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FIGURE 14. LC-APCI-MS chromatogram of olive oil (5% in THF).

mixed, the action of separating the analyte from effects can be broadly categorized as spectral in-
the solvent creates inhomogeneity by generatingterference, system compromise, adduct formation,
an environment of solvent (gas), ions, liquid drop- and ion suppression.
lets, and solid particles with wide variations in the Spectral interference: lons that appear at
local concentration of analyte ions. This can re- the same or nearly the sam#z value as the
sultin a noisy signal (compared to the signal from component of interest can cause spectral interfer-
an electron impact ion source, for example) and ence. Molecules giving similan/zvalue can gen-
difficulty in tuning. The droplet size distribution, erally be separated by the chromatographic pro-
droplet charge distribution, solvent and buffer cess before they enter the mass spectrometer. In
concentrations, reagent ion concentration, and lo-situations in which it is impossible to do this,
cal gas velocity can all affect sensitivity and noise analysts can use selected reaction monitoring with
level. These factors nevertheless are being im-an MS-MS system to make a clear distinction
proved. among the components. Finally, newer LC-MS
systems that use TOF mass analyzers are gener-
ally able to distinguish much better than unit mass
B. Interferences in Atmospheric- resolution and therefore can pull apart spectral
Pressure lonization peaks that overlap in lower-resolution systems.
System compromiseMobile-phase compo-
Components of the sample matrix or the chro- nents that degrade the performance of the LC-MS
matographic mobile phase can have an adversesystem, generally through precipitation in the at-
effect on the results from an LC-atmospheric- mospheric-pressure ionization interface, can com-
pressure ionization-MS analysis. These adversepromise the system. The components of the mo-
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bile phase that are likely to precipitate in the tive-ion operation, the gas-phase ion-molecule
atmospheric-pressure ionization interface are gen-reactions will cause the formation of the weak-
erally buffer salts. Substituting volatile buffers or est acid, that is, the weakest proton dottor.
simply adjusting the pH with a volatile acid or For example, in the APCI analysis of the amine
base will solve this problem. Sample preparation R-NH,, water is a stronger proton donor than
techniques may be necessary before chromatogthe amine and therefore readily gives up its
raphy to eliminate sample matrix elements that proton from HO* to form the R-NH' ion.
can precipitate. However, if we introduce a large amount of
Adduct formation: Adduction of anotherion another compound that can form an even
with the component of interest shifts thézvalue weaker acid than the analyte (for example,
at which the component of interest appears in theR;N), then the gas-phase reaction will form
spectrum. Adduct ions such as sodium, potas-R;NH*, which is a weaker acid. The R-NH
sium, and ammonium can be picked up from the analyte will not be ionized or will be poorly
sample itself, from reagents used, or the containerionized and therefore not seen at significant
holding the sample. Adduct formation in MS has levels in the mass spectrum. The same type of
often been used to improve signals, especially forproton transfer reaction can occur in ES inter-
macromolecules. However, uncontrolled adduct faces. As an analogous model for negative ion
formation is generally undesirable and requires operation, the weakest proton acceptor (weak-
specific sample preparation procedures to reduceest base) is formed. See Figure 15 for a sum-
or eliminate it. mary of the relative proton affinity of com-
lon suppression:lon suppression is the re- mon solvents and analyte functional groups.
sult of components that suppress the ionization of ~ Another type of ion suppression is thought to
or compete in the ionization process with the occur when very strong ion pairs are formed and
component of interest. lon suppression is the mostnot broken apart by the conditions in the API
critical of these interferences because it is ofteninterface. lon-pairing agents of various types can
the most difficult to determine. It has been dem- contribute to ion suppression; therefore, analysts
onstrated that even components of the sample thashould avoid their use in LC-MS where possible.
do not appear in the mass spectrum can cause ion
suppressio® In food samples, natural variation
in endogenous compound concentrations from oneC. Solvent-Dependent Spectra and
sample to another can cause varying levels of ionCompatibility with Spectral Libraries
suppression. This variation in turn contributes to
unacceptable variability in the signal response for The continued popularity of LC-PB-MS is
the compounds of interest. In principle, the solu- due to its ability to yield either classic El spectra
tion to this problem is either better clean-up of the that can be sought in spectral libraries, or solvent-
sample or better chromatography conditions. If independent CI spectra. Its primary limitatithhs
neither is possible, one must resort to calibrating are limited sensitivity (which makes it unsuitable
instrumental response by the standards additionfor trace analysis), dependence of quantitative
procedure. performance on the HPLC conditions (particu-
The most common ions formed in API-MS larly for aqgueous mobile phases), and limited lin-
are protonated molecules, symbolized [M+H] earity (particularly at low concentrations). Fur-
Similarly, deprotonated molecules, [M-Hap- ther fundamental studies on nebulization,
pear in negative-ion operation. These mol- desolvation, and momentum separation are re-
ecules are formed through ion evaporation in quired in order to improve the performance of
electrospray (ES) and through gas-phasesecond- and third-generation PB designs.
chemical ionization in atmospheric-pressure Ultratrace analysis may prove better suited to
chemical ionization (APCI). Understanding APCI and ES interfaces, but excellent sensitivity
these reactions is the basis for understanding(in the ppb or ppt range) has been achieved with
the origin of ion-suppression effects. In posi- PB systems by careful choice and optimization of
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FIGURE 15. Charts of HPLC reagents and analytes and their resulting ions in the gas
phase of an API interface in (a) positive and (b) negative ion modes.

sample work-up procedures, HPLC conditions, simulants, by CE-MS. In the case of better-
carrier addition, interface parameters, and massequipped laboratories, analysis of polymer addi-
spectrometric conditior’s. tives, monomers, and oligomers could be per-
formed by surface techniques based on laser mass
spectrometry®’
There are movements within the EU to stan-
dardize acceptance criteria for MS analyses. In
Robust and affordable API-based LC-MS the near future, the one or two ions generated by
systems are now becoming common throughoutstandard API instruments will no longer be suffi-
the world. The potential uses of LC-MS in the cient to confirm the presence of an analyte. It is
field of food contact material analysis are innu- probable that at least five ions will be required for
merable, and the technique will flourish in the EU each substance. Because reanalysis on GC or LC
when attention is given to the analysis of non- columns of different polarity is time-consuming,
volatile substances (e.g., additives, oligomers, it will become necessary to use MS/MS (or per-
polymers, paper and board, etc.). For most labo-haps LC-PB-MS).
ratories, the analysis of residues in organic ex-
tracts of food packaging or in aqueous or fatty
food simulants can be performed by LC-MS. VII. CONCLUSION
Exceptionally, direct MS analysis of both types of
extract might be possible without matrix interfer- LC-MS is a powerful tool that will be used
ence problem®.99.100.10The analysis of residues increasingly in all areas of analytical chemistry.
in organic food packaging extracts can in some To optimize the data obtained from these analy-
cases be undertaken by SFC-MZ031040r if ses, analysts must understand and deal with mass
possible directly by on-line SFE-SFC-M%;106 spectral interferences that come from the sample
and the analysis of residues in aqueous fooditself, the mobile phase, or the environment. For-

VI. FUTURE PROSPECTS
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tunately, analysts today have a wide variety of
sample preparation strategies to help them deal

with these issues.

Newer, more efficient, and more highly auto-
mated sample preparation procedures for LC-MS
are the topics of vigorous research. As instruments 7.

4.

Directive Number 90/128/EE®fficial Journal of
the European Communitigls349, 26, 1990.

5. Directive Number 92/39/EE@fficial Journal of the

6.

based on these new automated procedures come to

market, the distinction between the part of the
analysis called chromatographic separation and the ¢
part called sample preparation will become less
important. Instead they will be replaced with a
concept of complete LC-MS system integration.
SPE will continue to grow in importance because
its similarity to HPLC and because of the very high
degree of automation possible with the technique.
Paralleling this development will be continued
miniaturization of the entire analytical system, in-
cluding sample preparation. Techniques such as
SPME and even microdialysis and nano-LC lend
themselves very well to the instrument-on-a-chip
concept in which a micro autoinjector will be inte-
grated with a sample preparation technology, chro-
matographic column, and MS capillary interface in
a single micromachined device that attaches di-

rectly to an API-MS instrument optimised for
submicroliter flow rates and sample volumes.

In conclusion, the use of LC-MS is fast be-
coming indispensable in quality control and re-
search laboratories concerned with the quality

and safety of food contact materials.
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