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D It is of increasing interest and practical importance to develop convenient methods based on mass

spectrometry for high-throughput analyses of biological samples. This is usually difficult because of the
complex matrix and ion suppression effects. Generation of ions at ambient conditions is a promising
solution to these problems because the sample is easily accessible and the ion suppression effect
is reduced significantly. A new method for rapid on-line detection of metabolic markers in complex
biological samples is described here. It combines atmospheric pressure desorption sampling by a gentle
stream of air or nitrogen with extractive electrospray ionization (EESI) and mass spectrometric analysis.
The resulting mass spectral fingerprints are shown to be able to detect spoilage of meat even in the frozen
(—20°C) state and the contamination of spinach by E. coli, and to identify metabolites and contaminants
on human skin within seconds, in an on-line and high-throughput fashion. Typical molecular markers are
identified using MS/MS data and by comparison with reference compounds. Differences between closely
related samples are easily visualized by using principal component analysis (PCA) of the mass spectra
data. The detection limit achieved is 10 fg/cm? (S/N = 3) for histamine on the surface of frozen meat. The
technique reported here shows potential for more advanced applications in multiple disciplines, including
food regulation, homeland security, in vivo metabolomics, and clinical diagnosis. Copyright © 2007 John
Wiley & Sons, Ltd.
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INTRODUCTION can be conveniently reloaded in a high-throughput fash-

ion. Electrospray ionization (ESI)* charges neutral sample
Because of its intrinsic high sensitivity and high speci-

ficity, mass spectrometry is nowadays widely used as a
powerful tool for measurements in life science,! biological
engineering,?? clinical diagnosis,*~” and in the pharmaceuti-
cal industry.8-!2 An accelerating trend in mass spectrometry

molecules infused along the spray solvent, which results
in a relatively weak tolerance of matrices. Usually, a dilute
sample is required for ESI; therefore a process for sample
cleanup is demanded before a practical biological sample

) ) A i analysis. Similar to ESI, neutral sample molecules can be
is to create sample ions outside the vacuum system using . . . .
~ T 1318 directly infused along with the solvent to generate ions by
atmospheric pressure ionization methods'~'® such that the . T 1519 < 1us
. . . . atmospheric pressure chemical ionization (APCI),™" which

samples are easily accessible at ambient conditions and . . e . .
generally results in a higher sensitivity owing to the chemi-

cal ionization mechanism. However, the sensitivity decreases

substantially within a minute when a sample (e.g. urine) is
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of biomolecules can be generated by desorption/ionization
techniques, for which the sample is usually placed on a
solid substrate. In such a case, ions can be generated by a
laser (e.g. PPI, matrix-assisted laser desorption/ionization
(MALDI)), charged particles (e.g. desorption electrospray
ionization (DESI), SIMS, atmospheric pressure desorption
chemical ionization (DAPCI)), or atom bombardment (e.g.
FAB, direct analysis in real time (DART)). In MALDI,:16.22
biological samples are deposited on a metal plate as a
small spot and co-crystallized with suitable matrices. Gen-
erally, ion yield depends heavily on the sample molecules,
the matrix, and how they are prepared.”? Owing to the
abundant matrix peaks, analytes of small molecular weight
(<1000 Da) are extremely difficult to be characterized with
MALDIL? Recently, progress in desorption/ionization on sil-
icon (DIOS) has shown that some relatively small molecules
(=500 Da) can be detected without a matrix.* However, no
promising application for metabolomics has yet appeared
in the literature. An interesting development was made by
Cooks and coworkers'”-?® in 2004 with the invention of DESI,
with which high-throughput analyses of various ambient
samples was demonstrated for the first time without sample
pretreatment. In DESI, ions are generated via the reactive
collisions occurring between the neutral sample molecules
and the charged particles (e.g. protons, fine droplets) pro-
duced by the electrospray. Unlike ESI or APCI, analytes
for DESI are separated from the electrospray solvent,??
which is usually methanol : water solution (1:1) plus some
dilute organic acid (e.g. formic acid, acetic acid) or base (e.g.
NH3), if necessary. Theoretically, ion suppression can be
reduced by separating the sample from the spray solvent;
thus biological samples (e.g. urine,?!
tissue,?? sudan dyes in foods®) could be directly analyzed by
DESI without tedious sample cleanup. Analogous to DESI,

the primary ions generated from APCI can be directed to
1.31-33

animal tissue,?® plant

impact a sample surface for DAPC
of APCI for a high yield of primary ions, the sensitivity of
DAPCI is higher than that of other desportion/ionization
methods.?'=% Another way to generate ions is to bombard
the sample surface using metastable argon or helium atoms,

Taking advantage

which are usually created by a well-designed corona dis-
charge such as in DART.!® Experimental findings indicated
that DART was less sensitive (e.g. for tablet analysis) than
DESI,?! probably because the overall ionization efficiency,
which depends on the density of the metastable atoms and
the efficiency of the ionization process, was low.

In principle, all these new desorption/ionization tech-
niques have in common the fact that the sample is present as
a solid, although the physical state of the original sample can
also be different.?** Motivated by the need for direct analysis
of liquid samples with complex matrices, extractive electro-
spray ionization (EESI)* was introduced in 2006. Basically,
neutral samples, even in dirty matrices, are dispersed in a
spatial cross-section formed by a sample beam and an elec-
trospray beam. Analyte molecules undergo interactions and
collisions with the primary ions produced by electrospraying
a pure solvent (e.g. acetic acid/methanol water solution) and
become ionized for further mass spectral analysis. EESI is
therefore an embodiment of a secondary ionization method

Copyright © 2007 John Wiley & Sons, Ltd.
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operating at atmospheric pressure. Apparently, ion suppres-
sion is drastically reduced by distributing the matrices over
a relatively wide space. Suffering from no ion suppression,
pure solvents such as methanol/water mixture maintain con-
stant ion yield in ESI for a long time, which ensures stable
signals of analyte molecules in EESI so that matrices such as
raw urine or milk can be directly infused to generate con-
stant signal for more than 7 h.%3-% With a homemade EESI
source coupled to a linear ion trap (LTQ) mass spectrometer,
it has been demonstrated that EESI is of similar sensitivity
as ESL.¥® Another merit of EESI is that a neutral sample
(i.e. biological subject) is safely isolated from any high volt-
age or from direct bombardment by charged particles, and
therefore biological samples can be analyzed in vivo, with
neither sample pretreatment nor chemical contamination.
For certain types of applications, these features are essential,
e.g. when the samples do not tolerate chemical contamina-
tion or interaction with charged particles. By implementing
EESI in a commercially available quadrupole time-of-flight
mass spectrometer (QTOF-MS) without any hardware mod-
ification, we have demonstrated that human breath can be
directly analyzed in vivo and that nonvolatile compounds up
to relatively high molecular weight (>1000 Da) are detectable
in breath.® Therefore, metabolism dynamics can be fol-
lowed easily and metabolic changes can be measured in vivo
by EESI-MS. Besides analytical applications, EESI has been
used to reduce the charge state of biopolymers either by
ion-molecule reactions® 0 in open air.
Thus, a promising new area emerges, showing numerous
potential applications of EESI in multiple disciplines.

or ion—ion reactions*

From the point of view of sample phase, liquid samples
were initially demonstrated in EESI by real-time monitor-
ing of complex biological fluids; gaseous samples including
breath aerosol were successfully analyzed without suffering
from any notable ion suppression. Most biological samples
are a mixture of fluids, with high salt concentration, sup-
ported by a solid structure such as tissue, skin, blood vessel,
etc. Many biological samples contain a wide variety of chem-
icals, which are commonly accompanied by microorganisms.
Itis a challenge to analytical techniques for rapidly analyzing
these biological samples, especially under conditions such as
high/low temperature and in dangerous environment. Rapid
analyses and differentiation of complex biological samples
are required in many situations: for example for food qual-
ity monitoring, in airport security, in the battlefield and
for clinical diagnosis. However, for many such applications
there is no satisfactory analytical technology available. It is
highly desirable to develop a new method for direct analysis
of real-world biological samples without any pretreatment.
Therefore, combining the advantage of desorption sampling
techniques such as DESI and DAPCI with the feature of low
ion suppression effect of EESI, a simple approach is pro-
posed here to allow interrogation of virtually any type of
sample by a gentle stream of air or gas, followed by efficient
ionization of the neutral molecules released in an EESI step.
The sample molecules are transported to the EESI source
using the normal ‘desolvation gas’ line, a standard feature
of every commercial ESI instrument. Ion formation in the
method presented here does not suffer from serious matrix
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and memory effects, resulting in sensitive detection of both
volatile and nonvolatile compounds of fairly high molecular
weight (>1000 Da) in biological samples.*! The mass spec-
tral fingerprints yield comprehensive information about the
molecular basis for the physiological states of biological sam-
ples and for the metabolic dynamics of microorganisms?*2-#
associated with the samples. The difference between sam-
ples in different physiological states can be further visualized
with principal component analysis (PCA).2%> This study is
anticipated to be a starting point for more sophisticated
applications in multiple disciplines, where analytes in com-
plex matrices can be conveniently sampled in real time or
in vivo.

EXPERIMENTAL

Reagents and materials

All chemical reagents, such as acetic acid, and all the biogenic
polyamines were bought from Fluka (Buchs, Switzerland)
with the highest purity available for direct use without
any further purification. Deionized water was provided by
ETH chemistry facilities. For the meat samples, turkey was
fresh and packaged (cut from the breast); beef was fresh
and packaged (cut from the haunch); pork was fresh and
packaged (filet from the back); lamb was fresh and packaged
(cut from the haunch); and fish was frozen (New Zealand
petersfish filet). All types of meat were bought from local
stores. Except for the meat loaf, meat samples were cut into
3-5 pieces (25-100 g each). Meat was kept frozen and sealed
in Teflon bags for storage at —20°C after exposure to air
at room temperature (22°C) for 0, 1 or 2 days to generate
different spoilage stages. All meat samples were maintained
at —20°C (using an air bath controlled by dry ice) during
measurements. Note that the old meat cannot be recognized
by its smell when it is frozen.

Escherichia coli (E. coli) strains were a gift from Dr
Chunmei Li (Institute of Molecular Systems Biology,
ETH Zurich, Switzerland). All the E. coli cells were E.
coli TG1 strains, and they were centrifuged at 1000 rpm
(ca 60 CRF) and flushed with water three times to get rid
of the media. Spinach samples were purchased from a local
food store and separated into two groups (150 g each): the
control group was kept at 5 °C before use to keep it fresh, and
the experimental group was sprayed with a suspension of E.
coli (ca 10 mg in 5 ml water) and kept at 30 °C for 6 h before
analysis. All the spinach samples were still wet on their sur-
faces and were directly used without further treatment. For
analysis of unknown samples, extra caution must be taken to
avoid contamination by the potentially more virulent strains
of E. coli.

Skin samples were provided by healthy, nonsmoker,
male volunteers. Skin was directly sampled without any
pretreatment.

Method for surface sampling

Room-temperature (22 °C) dry nitrogen gas from desolvation
gas outlet in the QTOF-MS instrument was directly used as
the desorption gas to impact the biological samples, such
as the icy surface of the meat, which were kept at —20°C

Copyright © 2007 John Wiley & Sons, Ltd.
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using an air bath cooler powered by dry ice. Part of the ice
on the meat surface melted upon impact of the gas flow;
thus an air mixture containing desorbed molecules such as
metabolites produced by the microorganisms on the meat
surface was generated. The air plume was automatically
directed into the EESI source through the desolvation gas
line for ionization. To facilitate the desorption, a sharp jet
(i.d. 1 mm) was formed at the end of the nitrogen gas line
so that a high gas speed (about 10 m/s) was created using
a gas flow of 1-31/min. A V-shaped collecting tube (i.d.
10 mm) was mounted in front of the desolvation gas line
so that more aerosol could be collected. The angles between
the axes of the desorption gas flow and the collecting tube
were optimized within the limits o = 45-70°, B = 60-45°
(Fig. 1). The distance between the gas jet tip to the surface
was 2-10 mm.

For other samples such as spinach and skin, the samples
were keptin open air and at room temperature for neutral gas
desorption sampling, and then the air plume was directed to
the EESI source for ionization.

EESI-TOF mass analysis

Before measurement, the ESI-QTOF-MS instrument (ESI-
QTOF Ultima, Waters Micromass, Manchester, UK) was
calibrated for positive ion detection. For the instrument cali-
bration, a sodium formate solution in 90/10 2-propanol/H,0
(10 mg/1) was used. A mass accuracy of 10 ppm and a reso-
lution of better than 8000 were achieved. Source conditions
were used as for normal ESI operation. The electrospray was
operated with a voltage of 3 kV. The solvent was introduced
at 2 ul/min. The source block was heated to 80 °C. The cone
and first ion tunnel RF1 voltages were optimized for maxi-
mum signal intensity at 50 and 45 V, respectively. Full-scan
spectra were recorded without the collision gas. Ions were
detected with a multichannel plate (MCP) detector set at
2300 V.

The EESI was implemented at the interface of a commer-
cially available ESI-QTOF-MS instrument without hardware
modification. Details of the procedure have been given
previously.®4 To ensure a ‘green’ analysis process and
to avoid contamination by toxic agents, nitrogen alone was
used to liberate metabolites from the meat. A 10% (v/v)
acetic acid/water mixture was infused at 5 ul/min as the
electrospray solution. Undergoing collisions with protons
generated by spraying an acetic acid/water solution, ana-
lytes in the gaseous sample stream were ionized in the
EESI source, and then mass-analyzed by the TOF analyzer.
The ESI source was maintained at 80°C. All spectra were
background-subtracted and represent a 1.0 min average. The
background subtraction was performed by acquiring 60 s
of scan time with and without introducing the sample. The
background subtraction algorithm from Mass Lynx software
(version 4.0) was used.

For tandem MS studies, parent ions were isolated with 1
mass/charge unit width and collision-induced dissociation
(CID) was performed with 10-25 units of collision energy.
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Figure 1. Schematic diagram of atmospheric pressure neutral desorption extractive electrospray ionization mass spectrometry: the
compounds from the surface of biological samples such as frozen meat are desorbed without sample pretreatment by a room
temperature nitrogen gas flow, which creates a neutral aerosol mixture containing molecular metabolites. The aerosol is transported
to the EESI source through the desolvation gas inlet (l). The aerosol passes through the heated region (H), which is maintained at
80 °C. The distance between the desorption gas flow tip and the sample surface was 2-10 mm; the desorption (&) and collecting (8)
angles were both 60°. The aerosol transfer line is a flexible Teflon tube (i.d. 5 mm and 120 cm in length), thereby demonstrating the

possibility for remote analysis.

Principal component analysis (PCA)
Similar to previous studies'*® raw mass spectral data
obtained in. txt format were directly imported into a com-
mercial multivariate numerical analyses software (MVSP,
V3.1, Kovach Computing Services, Wales, UK) for PCA anal-
ysis. PCA results were then obtained on the basis of the
normalized mass spectral data. The principal components
for output were automatically determined by the software
based on Kaiser’s rule, and the accuracy for PCA was set to be
high (1 x 1078). Typically, the first two principal components
represent about 85% of the total variance.

For supervised PCA, mass spectral peaks of interest were
selected manually, and then imported to MVSP for PCA as
described above.

RESULTS AND DISCUSSION

On-line analysis of frozen meat

Food quality monitoring, which is of paramount impor-
tance to global economy, human health?’:*® and homeland
security® (see Supplementary Information for details), chal-
lenges analytical science in terms of sensitivity, throughput,
and feasibility for on-line monitoring.>*% Typically, quality
monitoring of meat, which is industrially stored at —18°C,
requires defrosting the meat, followed by extraction and sep-
aration steps before sample analysis. Conventional analysis
is therefore characterized by low throughput and off-line
measurements, which furthermore often focus on detecting
only 1-2 compounds (e.g. histamine) in a single run.**% In
contrast, fingerprinting of many molecules of low to interme-
diate molecular weight occurring in biological samples, such
as metabolites, would give much more information about
the physiological and/or pathological status, or the sample
origin.

For meat samples, the EESI mass spectra were directly
collected from frozen meat (—20°C) without sample pre-
treatment, using a neutral gas beam for desorption (see
‘Experimental” for details). Figure 2 shows different mass
spectral fingerprints observed in artificially spoiled fish meat.
Peaks of interest such as m/z 122, 88, 116, etc. are tentatively

Copyright © 2007 John Wiley & Sons, Ltd.

assigned, from their MS/MS spectra (insets in Fig. 2), to
be —-NH, and/or —SH containing compounds. For exam-
ple, the compound of the highest intensity (m/z 122) in
the mass spectrum (Fig. 2(a)) is interpreted as protonated
CH3;CH,OC(O)NHSH (MW 121), which loses CHj to yield
m/z 107, CO to yield m/z 94, and CO, to yield m/z 88 as
major fragments (inset in Fig. 2(c)). It could be cystein (MW
121); however, protonated cysteine loses water to generate a
major fragment of m/z 104. But this fragment (m/z 104) was
not observed. The second most abundant peak (1m/z 88) is
assigned to protonated C4HyON (MW 87), which loses water
in the MS/MS spectrum (inset in Fig. 2(a)) to yield ions of
m/z 70 or alternatively loses CH,CO to give a fragment of
m/z46. Peak at m/z 116 (Fig. 2(b)) was tentatively identified
as protonated 4-amino-2-hydroxycyclopentanone (MW 115)
since it loses NHj to yield a small peak at 111/z 99 while it loses
CO to give a major peak at 111/z 88, which further loses water
to give an abundant peak at m/z 70 (inset of Fig.2(b)).
By comparing with the MS/MS data of authentic com-
pounds (Table 1), many peaks detected are biogenic amines,
which are biomarkers known for microorganisms growing
onmeat, #5354 and can be used for following the spoilage of
the food. For example, trimethylamine (MW 59) shows a high
signal, while dimethylamine (MW 45) gives relatively low
intensities in the fresh sample (Fig. 2(a)). All the alkylamines
except trimethylamine are undetectable in fish samples after
exposure to room temperature. Similar dynamic changes
were also found for the peaks at m/z 122 and 88 owing
to the metabolic dynamics of the microorganisms.**#+% We
could not smell a typical ‘fresh fish odor’, probably because
the fresh fish sample was not truly ‘fresh’.** Chemically,
the change in smell was mainly due to variable levels of
alkylamines and other predominant flavors such as the com-
pounds detected at m/z 122 and 88 (Fig. 2(a)). The peaks
detected reflect the chemical dynamics of the changes in the
smell. Interestingly, the peak at m/z 57, probably protonated
C,HyN, (MW 56), is quite strong in the fish sample exposed
to room temperature for two days (3.27 x 10° counts) and
one day (1.06 x 10° counts) (Fig. 2(b), (c)) while it was not
detected in fresh fish. The precursor ions of m/z 57 yields
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Figure 2. Desorption extractive electrospray ionization mass spectra of fish meat at different stages: (a) frozen fish not exposed to
room temperature; (b) frozen fish after exposure to room temperature (22 °C) for 1 day; (c) frozen fish after exposure to room
temperature for 2 days; (d) zoomed view of the spectrum in (c) showing that numerous peaks were detected in mass range from m/z
70 to 800. Tyramine (MW 137), tryptamine (MW 160) and spermine (MW 202) were not detectable in samples after exposure for less

than 2 days, but they were detected as protonated molecules with relatively low intensities in sample after exposure for 2 days.

Insets show the MS/MS spectra of the ions of interest.

Table 1. MS/MS data of identified molecular markers detected in fish meat at different stages of spoilage

Molecular markers

Molecular weight?

Number of days
samples were exposed to room temperature

Trimethylamine® 59
Dimethylamine® 45
Dimethylacetylamine® 73
N-Methylpyrolidine® 117
CH3CH,OC(O)NHSH*® 121
CH3NHCH,C(CH)OH*® 87
N-Methylcyanoamide® 56
Putrescine™d 88
Cadaverine>d 102
Histamine®d 111
CoNpHg® 60
Amino-2-hydroxyclyclopentanone® 115
Tyramine® 137
Spermidine®d 145
Tryptamine® 160
Spermine® 202
Pentanethiol 104
Cz H4N, ¢ 57

o O O o o

1,2
1,2
1,2

0,1,2
0,1
1,2

N NN

1,2

2 All compounds are detected as protonated molecules in EESI-MS.

> Compounds identified with reference compounds using MS/MS.

¢ Compounds tentatively identified from EESI-MS and MS/MS data without confirmation by reference compounds.

4 Compounds also commonly found in beef, lamb, and turkey meat samples, especially in samples at advanced stages of spoilage.

a small peak of m/z 41 (by the loss of CH3) and no other
significant fragments in MS/MS in our instrument, and so it
might be methylcyanamide. According to our literature sur-
vey, it has so far not been reported in spoiled fish. However,
it is difficult to speculate the molecular structure without
further evidence. Meat spoilage results from the growth of
microorganisms that produce characteristic metabolites such
as biogenic amines.*>~#3* For instance, histamine is a typical

Copyright © 2007 John Wiley & Sons, Ltd.

molecular marker for various spoiled food,**%3-% and is the

main toxin involved in health problems such as histamine fish
poisoning®” and other biochemical disorders.®® Histamine
(m/z 112) and putrescine (m/z 89) were detected in fish
exposed for 1 day. All the typical biogenic amines including
putrescine, cadaverine, histamine, tyramine (MW 137), sper-
midine (MW 145), tryptamine (MW 160), and spermine (MW
202) were detected as protonated molecules with relatively
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increased intensities in fish exposed to room temperature
for 2 days (Fig. 2(d)). The biogenic amines*2-#5 and other
strong peaks such as those at m/z 116 and 57 are proposed
to account for the typical putrescent smell of spoiled fish at
room temperature. The multiple peaks shown in the mass
spectral fingerprints of spoiled fish suggest that there is actu-
ally more than one component (i.e. histamine) in the spoiled
fish. If spoiled fish is consumed, many chemicals that are
more toxic than pure histamine (including toxins generated
from the metabolism of the microorganisms) are ingested.
Thus, this might give useful hints in understanding the some-
what surprising finding that histamine consumed in spoiled
fish is more toxic than pure histamine taken orally.”

Specificity is generally provided by tandem mass spec-
trometry. In EESI-MS, specificity of detection can be fur-
ther improved by using selective ion/molecule reactions,
which was demonstrated in breath analysis with Ag®
cationization.®® In principle, additional selective reactions
can be implemented in the desorption process by adding
reactive reagents into the nitrogen gas; however, this was
not tried in the meat analysis in order to avoid sample
contamination by the reagent.

Differentiation of frozen meat samples

It is difficult to detect biogenic amines in a spoiled frozen
fish sample by a sensory method” owing to insufficient
sensitivity. However, the differentiation of frozen meat
samples can be done easily by the mass spectral fingerprints
(Fig. 2) and then further visualized by statistical analysis
such as PCA. Figure 3 shows the PCA score plot of fish meat
at three different spoilage stages. Different fish meat cuts
are classified into three tight clusters distinguished by their
freshness. By using the same instrument for data collection
and same statistical approach, long-term reproducibility of
the PCA results was demonstrated using fruit samples.*® In
the PCA loading plots (Fig. S1), many peaks differentiating
the fish samples show up in the first principal component
(PC), PC1. A very strong peak at m/z 57 shows up in
PC2, providing good agreement with the mass spectral data
(Fig. 2(c)). Some common differential peaks were identified
by MS/MS data with reference compounds when available
(Table 1). Supervised PCA?'% was also performed using
the differential peaks. Fish samples were also differentiated
according to their state of spoilage (shown in Fig. S2). It is
conceivable that such molecular markers could be monitored
individually for on-line monitoring of meat quality in the
industry, by using a simple and cheap mass spectrometric
sensor tuned to one or several diagnostic signals; a full mass
spectrum is not required.

To further evaluate this strategy for differentiating stages
of meat spoilage, many additional experimental runs were
done with beef, pork, lamb, and turkey. Mass spectral
fingerprints of beef samples at different spoilage stages
were obtained in a similar fashion (Fig.4). Surprisingly,
the difference between the mass spectral fingerprints are
so clear that it is easy to differentiate all beef samples
even without further data processing, although none of the
beef samples could be distinguished by a sensory method,
thereby providing another example that a mass spectrometer

Copyright © 2007 John Wiley & Sons, Ltd.
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Figure 3. Score plots of principal component analysis of the
full set of mass spectral data obtained from fish meat at
different stages. Each cluster contains five points referring to
five desorption EESI-MS spectra obtained from five fish cuts.

is the best ‘electronic nose’® for food analysis. Lamb and
turkey meat samples were successfully differentiated by the
mass spectral fingerprints of lamb (Fig. 5) and turkey (Fig. 6)
samples at different spoilage states. Proteins®! were not found
in the mass range investigated: probably they were not easy
to be multiply charged in EESI. Note that many nonvolatile
biogenic amines and high molecular weight compounds
(Fig. 2(a), (d)) were incorporated into the aerosol mixture
created by the gas flow during the collision-desorption of
the icy surface, which were then carried into the EESI source
for ionization. The detection of non-volatile compounds by
EESI-MS is in good agreement with previous studies.®46
Regarding the biogenic amines, only putrescine (m/z 89)
and cadaverine (m/z 103) were detected in spoiled beef
and pork. This is in contrast to the results obtained in fish.
Similarly, spoilage stages of lamb and turkey meat samples
were successfully differentiated.

To further test the proposal to use peaks detected in EESI-
MS for biogenic amines as biomarkers for meat spoilage,
supervised PCA?*> was performed using typical biogenic
amines found in 15 meat samples. In the PCA score plot
(Fig. 7), all fresh meat samples are clustered at the center, and
nonfresh samples are distributed outside. The cluster is not
so tight because biogenic amines are present in different fresh
meat samples in variable amounts.*> Note that the spoiled
meat samples are clustered according to their origins, such
as beef, fish, and pork, with appreciable distance between
samples at different spoilage states. From the distribution of
the samples in the PCA score plot, it seems that the turkey
samples at different spoil stages are well separated from each
other. The turkey sample exposed to air for 1 day is more sim-
ilar to the lamb sample exposed to air for 2 days. The turkey
sample exposed to air for 2 days is more similar to the fish
samples. The experimental findings support the notion that
biogenic amines can be used as molecular markers for differ-
entiation of the spoilage stages of different meat samples.*

Sensitivity

The detection limit was evaluated using several frozen
fresh meat samples spiked with histamine or cadaverine. To
further extend this method to other types of meat, chicken,
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DOI: 10.1002/jms



100, 126 (a)
X
{109
149
68 Hss 293 455
o vlLMH ‘ :n\luLMAm‘ ' J PP AP
50 200 400 600 800 1000
miz
100, 124192 (b}
X 162
] 200
69 230
rALJ‘IIII ! ll - . y . ' y " . . . N ) ,
50 200 400 600 800 1000
miz
100 - 192 (©
164
162
O\O AN
|52 124 202
04
50 200 400 600 800 1000
m/z

Figure 4. Desorption extractive electrospray ionization mass
spectra of frozen beef samples: (a) beef without exposure to
room temperature; (b) beef after exposure to room temperature
for 1 day; (c) beef after exposure to room temperature for

2 days.

another type of popular meat, was used in one example. A
detection limit of 1 pg/cm? (S/N = 73, RSD = 2.8% for five
measurements) was found when 10 pl of a 100 ppt solution
of cadaverine was deposited on the frozen chicken surface to
form a ca 1 cm? spot. Similar detection limits were obtained
using other types of sliced meat samples, such as beef, pork,
and lamb. When it was spiked into a homogeneous meat
loaf of beef or pork, the detection limit was found to be 0.1%
(w/w) (S/N =7.2,RSD = 5.8% for five measurements). For
histamine, the detection limit was found to be 10 fg/cm?
(S/N = 3, RSD = 7.2% for 10 measurements) on the surface
of frozen turkey and 0.03% (w/w) (§/N = 8, RSD = 4.6%
for 10 measurements) in meat loaf.

Real-time on-line monitoring

Food analysis requires high throughput and on-line feasibil-
ity. Therefore, it is highly desirable to establish a convenient
method for real-time on-line monitoring of food degradation
processes, especially when the metabolic dynamics are of
particular interest. Desorption EESI-MS provides a practical

Copyright © 2007 John Wiley & Sons, Ltd.
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Figure 5. Desorption extractive electrospray ionization mass
spectra of frozen lamb samples: (a) lamb meat without
exposure to room temperature; (b) lamb meat after exposure to
room temperature for 1 day; (c) lamb meat after exposure to
room temperature for 2 days.

1000

way for real-time monitoring of solid surfaces because it tol-
erates complex matrices such as frozen meat without sample
preparation or matrix cleanup. Total ion current (TIC) traces
of each component present in the frozen fish sample are rep-
resentatively shown in Fig. 8 for measurements of multiple
samples (each measurement was distinguished by different
file names, such as Fish_1.04, etc; each individual sample
was represented by a single peak of TIC in different files). It
is clear from Fig. 8 that TIC traces of components in the fish
meat were promptly recorded in the desorption EESI-QTOF-
MS experiments in different measurements, providing an
example of real-time monitoring of the solid sample surfaces
and showing the promising prospect of desorption EESI-MS
for on-line monitoring of meat quality.

Analysis speed

Analysis speed in mass spectrometry is typically high; data
are generated within seconds. EESI-QTOF-MS is no excep-
tion. The rate-limiting factor is aerosol transport, which
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Figure 6. Desorption extractive electrospray ionization mass
spectra of frozen turkey samples: (a) turkey meat without
exposure to room temperature; (b) turkey meat after exposure
to room temperature for 1 day; (c) turkey meat after exposure
to room temperature for 2 days.

requires 1-2's when a 120-cm tube is used. However, the
long flexible aerosol transfer line allows remote sampling,
which is convenient in industrial process monitoring applica-
tions. Generally, desorption EESI-MS generates data within
1-2s, and it can be faster if the aerosol transport is accel-
erated. Obviously, this technique is much faster and more
convenient than traditional methods which require sample
thawing, extraction, and separation before sample analysis.

Rapid differentiation of spinach samples

We extended our analytical strategy to on-line screening of
spinach samples. A spinach sample contaminated by E. coli
is differentiated unmistakably from normal green spinach
and old spinach by the EESI mass spectral fingerprints
(Fig.9) even without PCA, providing a practical and
convenient method for on-line screening of contaminated
vegetables. The two fresh green spinach samples smelled
identical, although one sample had been contaminated by
E. coli. In the fresh spinach sample (Fig.9(a)), the mass

Copyright © 2007 John Wiley & Sons, Ltd.
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Figure 7. Score plots of supervised PCA of 15 meat samples
at different stages of spoilage. Fresh samples are clustered
together regardless of their origins. Old meat samples such as
beef, fish, lamb and pork are clustered according to their
origins with considerable distance between samples at
different spoilage states. The abbreviations of BO, B1, B2, FO,
F1, F2, PO, P1, P2, LO, L1, L2, TO, T1, T2 represent beef, fish,
pork, lamb, and turkey after exposure to room temperature for
0, 1, 2 days, respectively. Note that each single point in this
plot denotes to an average value from five individual
measurements.

spectrum is dominated by a peak at m/z 189, which yields
major fragments at m/z 172, 171, and 147 by loss of
NHj;, H,O, and CH,=C=0 (inset in Fig.9(a)). For fresh
spinach contaminated by E. coli, the mass spectrum changes
significantly (shown in Fig. 9(b)). In this sample, the peak at
m/z 189 is considerably less intense, while a new peak at m/z
282 becomes predominant. Compared to the normal spinach
sample, there are more peaks detected in the contaminated
spinach sample. Metabolites produced by the growing
E. coli bacteria are thought to be deposited on the surface
of the spinach leaves, and can therefore be detected by the
neutral desorption EESI-MS. Peaks detected in the relatively
high mass range could be due to peptides associated with
the E. coli strains used (inset in Fig. 9(b)); these signals are
absent in normal fresh spinach. The spectral fingerprint of
the old spinach sample is shown in Fig. 9(c). A few typical
peaks found in the spinach samples are summarized in
Table 2. These peaks might not be suitable biomarkers for
every spinach sample; however, it is obvious that all three
samples tested here are differentiated successfully. A further
neutral desorption EESI-MS experiment is performed to
record the mass spectral fingerprints of a slightly yellow
spinach sample. From the EESI mass spectrum (shown
in Fig. 9(c)), in contrast to the fingerprints obtained from
a fresh green spinach sample, the peak at m/z 189 is
decreased considerably, while the peak at m/z 248 is
detected with dramatically increased intensity. However, no
peak is detected in the relatively high mass range (inset
in Fig.9(c)), presenting a similarity to the fresh sample
without E. Coli contamination. Figure 9(d) shows a mass
spectral fingerprint of spinach sprayed with media only,
providing a very different spectral pattern, as shown in
Fig. 9(c), since there is no signal detectable in the high
mass range. Therefore, the intensity ratio of peak at m/z
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Figure 8. The total ion current traces of each component
present in the frozen fish sample obtained in different
measurements using water/acetic acid as electrospraying
solution.

189 and 248 is proposed to differentiate the freshness of
the spinach samples. Other typical peaks differentiating the
spinach samples are summarized in Table 2.

In vivo skin analysis

Finally, we also show that metabolites in different areas of
human skin can be fingerprinted in vivo using this technique.
An EESI-MS spectral fingerprint obtained from the forehead
skin of a male adult is shown in Fig. 10(a). Numerous
peaks are detected in the mass range from m/z 50 to
1000 in the positive ion detection mode. Similarly, EESI
mass spectral fingerprints are recorded from the abdominal
skin, the forearm skin, and the foot skin of the same

Table 2. Signal intensity for typical peaks found in spinach samples

Desorption EESI-MS for metabolic fingerprinting

volunteer (Fig. 10(b—d)). Obviously, the spectral patterns
of the different skin areas are quite different although some
common peaks (e.g. m/z 282) are detected on the forehead,
forearm, and abdominal skin, while the peak at m/z 538 is
commonly detected on the skin of the forehead, abdomen,
and the foot. The peak at m/z 181 detected in the forehead
skin is identified, on the basis of a reference compound,
to be protonated glucose, which losses HCHO and H,O as
major fragments in CID (inset in Fig. 10(a)). Interestingly, the
amount of glucose on the skin of the forehead is much higher
than that on the hand, abdomen, or the foot skin samples,
indicating that the difference of the metabolites (e.g. glucose)
excreted from different skin areas might be due to the
differential metabolic activities of the adjacent organs, which
consumes glucose with differential speed due to different
metabolic status.®? Under the experimental conditions used,
the foot skin presents a much simpler fingerprint than other
skin samples, probably because the feet have harder skin and
therefore fewer metabolites can be released to their surface.

The fingerprints recorded from the same volunteer, but
from different parts of the skin or with a different desorption
reagent (e.g. acetone instead of nitrogen), provide different
spectral patterns, which reveal rich molecular information.
For example, acetone vapor is added into the nitrogen gas
beam for skin desorption sampling, and Fig. 11(a), (b) shows
the different mass spectral fingerprints obtained from the
same area of a hand skin before and after addition with
acetone in the gas beam. As a result, the intensity of peak
at m/z 538 is dramatically enhanced so that it becomes the
predominant peak and forms a proton bound cluster (m/z
598) with acetic acid. Potentially, this feature is very useful
for chemical classification and metabolites profiling, espe-
cially when a specially designed reagent gradient is used for
desorption sampling.

Skin is a large organ exposed directly to the ambient
environment, and therefore it absorbs chemicals from the
ambient air after exposure. For example, it is also possible
to detect RDX, a typical explosive, on skin after exposure to
air containing traces of RDX. An RDX methanol/water (1:1)
solution (2 ml, 10 ppt) is prayed into the open air above a bare
hand, which is exposed to this plume for 2 min to receive part
of the RDX sprayed into the air. The hand skin is directly ana-
lyzed using the neutral gas desorption EESI-MS, and a mass
spectrum is shown in Fig. 12. The peak atm/z 223 is identified
as protonated RDX, which yields a major fragmentatm/z 177
by loss of NO, during CID (inset of Fig. 12). Successful rapid
detection of RDX, a typical explosive, provides an example

Signal intensity (CPS)?
Peaks (m/z) Spinach fresh, normal Spinach green-yellow, old Spinach contaminated by E. Coli
189 23,300 36 4,830
282 26 160 20, 300
256 14 88 5,190
538 16 16 7,870

2 Signal intensity is a mean value of five measurements for each sample.

Copyright © 2007 John Wiley & Sons, Ltd.
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during in vivo skin analysis: (a) fingerprints recorded from the forehead skin. The inset shows the CID spectrum of a peak at m/z 181,
which is identified as due to protonated glucose; (b) fingerprint obtained from abdominal skin; (c) fingerprint obtained from the

forearm skin; (d) fingerprint obtained from the foot skin.

for fast screening of dangerous chemical or biological hazard
reagents such as anthrax bacteria, explosives, and chemi-
cal warfare agents, or for rapid clinical diagnosis, showing
promising applications in homeland security programs.

CONCLUSIONS

In conclusion, a simple approach is developed to allow
interrogation of virtually any type of surface by a gentle

Copyright © 2007 John Wiley & Sons, Ltd.

stream of air or gas, followed by efficient ionization of the
neutral molecules released in an EESI step. Examples such as
frozen meat, spinach, and human skin are sampled directly
and in an on-line fashion by the gentle desorption of neutrals
coupled with EESI-MS for rapid monitoring, without any
chemical contamination or sample pretreatment. The mass
spectral fingerprints display metabolites originating either
from growing microorganisms or from the sample itself, and
therefore molecular signatures for a wide variety of biological
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Figure 12. In vivo detection of explosive contaminant RDX in a
skin sample. Protonated RDX (m/z 223) is detected in a
forearm skin exposed to RDX contaminated air; the inset
shows the CID spectrum of the peak at m/z 223.

samples are favorably obtained. This novel metabolomics-
based strategy represents a ‘green’ procedure for fast food
quality assessment. It was validated by 15 meat samples
from different origins, and was successfully applied to fast
screening of spinach samples contaminated by E. coli, and
to in vivo analysis of human skin. The physiological and/or
pathological status of animals or plants can potentially be
diagnosed in vivo on the basis of a molecular signature®®
using the new technique reported here. We expect this
strategy to be used in many disciplines, including but not
limited to food quality monitoring, homeland security, in vivo
metabolomics, and clinical diagnosis.

Copyright © 2007 John Wiley & Sons, Ltd.
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