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Without any sample pretreatment, mass spectral fingerprints of 486 dried sea cucumber slices were

rapidly recorded in the mass range of m/z 50-800 by using surface desorption atmospheric

pressure chemical ionization mass spectrometry (DAPCI-MS). A set of 162 individual sea cucum-

bers (Apostichopus japonicus Selenka) grown up in 3 different geographical regions (Weihai: 59

individuals, 177 slices; Yantai: 53 individuals, 159 slices; Dalian: 50 individuals, 150 slices;) in north

China sea were successfully differentiated according to their habitats both by Principal Components

Analysis (PCA) and Soft Independent Modeling of Class Analogy (SIMCA) of the mass spectral raw

data, demonstrating that DAPCI-MS is a practically convenient tool for high-throughput differentia-

tion of sea cucumber products. It has been found that the difference between the body wall tissue

and the epidermal tissue is heavily dependent on the habitats. The experimental data also show that

the roughness of the sample surface contributes to the variance of the signal levels in a certain

extent, but such variance does not fail the differentiation of the dried sea cucumber samples.

KEYWORDS: Surface desorption atmospheric pressure chemical ionization; sea cucumber; food
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INTRODUCTION

As a natural resource of nutrition andmedicine, sea cucumber,
a worm-shaped animal with an elongated body and leathery skin,
has been widely consumed for centuries. Being served as one of
the favorite sea foods and restorative medicine, sea cucumber is
one of the important cultured aquatic species in China and many
otherAsian countries. Currently, there are about 1100 varieties of
sea cucumbers in the world, and only 40 species are commercially
or potentially important to human beings. In China, 134 species
have been found, among which only about 20 species are
edible (1).

For convenient storage and transportation, dried sea cucum-
bers are the most popular final products on markets. Dried sea
cucumbers are promptly made after the fresh sea cucumbers are
collected from the sea. After preliminary hand picking, the
internal organs of qualified sea cucumbers are instantly removed,
and then the nutrient body flesh is properly cleaned and then
boiled while stirred in fresh water for 10 min to 1.5 h, depending

on their body weight and sizes. After boiling, all the sea cucum-
bers are cooled down and dried in the air. The whole process may
take 1-3 weeks to prepare well-qualified dried sea cucumber
products. Many factors may influence the quality of products
during the preparation process. For example, rehydrated sea
cucumber samples have lower levels of total phenolics, free amino
acid, docosahexaenoic acid (DHA), and ash, but significantly
higher protein and fat contents than their fresh counterparts (2).
Previous studies showed that the nutritional values of main
constituents were changed in the treated or untreated sea product
samples (3).However, nowadays dried sea cucumberproducts are
made with regular work flows in northern China (4), and the
unified processing criterions may have the same degree of
influence on the products. It is also well-known that sea cucum-
bers of the same species but in different geological regions provide
discriminative functions in medical applications (5, 6) and, thus,
require special treatments in commercial trade and safety man-
agement.

However, it is extremely difficult for ordinary consumers to
distinguish sea cucumber products using sensory methods (e.g.,
by eyes, smell, taste, etc.), particularly when the products are
pulverized as powder or cut into slices. The morphologic char-
acteristics (body length, main color, tentacles, throat calcareous
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ring, ossicles of the body wall, etc.) (7,8) and the structure of the
carbohydrate chains of triterpene glycosides (9-11) have been
used to resolve taxonomic problems in the classification of sea
cucumbers. These methods require tedious sample pretreatments
and multiple instrumental techniques but give no information
about habitat information of samples. For plant tissue products,
such as some Chinese herb medicines, the geographical regions
were distinguishable using Fourier transform infrared (FT-IR)
spectroscopy (12-14). Unfortunately, this method gave little
information about the constituent and content characters and
resulted in difficulty to differentiate sea cucumber products when
it was applied to test our samples. Mass spectrometry such as
isotope ratio mass spectrometry (IRMS) (15, 16), gas chromato-
graphy mass spectrometry (GC-MS) (17, 18), inductively
coupled plasma mass spectrometry (ICP-MS) (19, 20), and
proton transfer reaction mass spectrometry (PTR-MS) (21) was
used for assigning the regional origins of other agricultural
products and food products. Generally, as reported else-
where (22), these methods lack high throughput. For example,
IRMS and GC-MS require time-consuming sample pretreat-
ments; besides the multiple-step sample workup, ICP-MS works
using a high-temperature argon plasma as the ionization source
and thus detects only metallic or inorganic elements; PTR-MS is
believed to be a one-dimensional technique (23), which provides
limited information for analysis of sea cucumber products.
Therefore, the development of novel methods for rapid classifica-
tion of sea food products in various habitats is an urgent practical
need.

Ambientmass spectrometric techniques (24-34) provide rapid
analysis of complex samples with minimal sample pretreatments.
Surface desorption atmospheric pressure chemical ionization
mass spectrometry (DAPCI-MS) (27, 35, 36) has been success-
fully applied to online analysis of food samples (37-39) without
neither sample pretreatment nor chemical contamination, and
thus, it is of particular interest to monitor dried sea cucumber
samples for rapid differentiation. In this report, a new method
based on DAPCI-MS was established to rapidly differentiate
various sea cucumber products of different geographical regions
by PCA (40) and SIMCA (41) using the DAPCI-MS mass
spectral fingerprints, which were directly recorded from the dried
sea cucumber samples without any sample pretreatment. Our
data showed that, under the positive ion detectionmode,DAPCI-
MS can simultaneously detect more than 52 major components
from dried sea cucumber tissues, providing a convenient and fast
method for rapid classification of sea food products.

MATERIALS AND METHODS

Dried sea cucumber samples in total of 162 individuals were
randomly picked up from a local sea cucumber outlet. All the
samples were cultured in three habitats (Weihai, habitat 01;
Yantai, habitat 02; and Dalian, habitat 03) in the north China
sea and identified as one species, Apostichopus japonicus
(Holothuroidea, Stichopodidae), by Prof. Yu-lin LIAO (Marine
Biological Museum, Chinese Academy of Sciences, Qingdao,
China) according to the morphological characteristics of the
dorsal ossicles (7). Dried sea cucumber samples were used as
received. Every individual was uniformly cross cut to make three
thin slices (1 mm thickness). Consequently, a total of 486 slices
from three habitats such as Weihai (59 individuals, 177 slices),
Yantai (53 individuals, 159 slices), and Dalian (50 individuals,
150 slices) were obtained for DAPCI-MS investigation.

Some slices are shown in Figure 1 together with sea cucumber
individual samples. Although different morphological features
(e.g., body color, size, and the number of tentacles) are observed,
these individuals belong to one species by professional identifica-
tion. The moisture content of samples was not analyzed because

the samples were dried on the same degree, and the slight
difference in the moisture would not seriously effect the results.
The samples (slices) were used immediately for direct mass
spectrometric analysis using the DAPCI without any further
sample treatment. Each slice was measured 3-5 times to obtain
the averaged results.

All the experiments were carried out using a commercial linear
ion trap mass spectrometer (LTQ-XL, Finnigan, San Jose, CA)
installed with a homemade surface desorption chemical ioniza-
tion source. A cylindrical electrode (stainless steel, 5 cm in length
and 0.2 mm in diameter), with a cone on one end (ca. 20 μm in
diameter at the tip) andan insulator on the other end,was inserted
into a fused-silica capillary (0.5 mm i.d.). The capillary and the
sharp needle were coaxially fixed to a union tee (Swagelok, OH)
using a silica ferrule and were carefully arranged such that about
0.5mmof the sharp needlewas exposed toair. TheDAPCI source
was operated in a gasless mode; thus, no sheath gas was required.
Ambient air about 65% relative water moisture was used as a
reagent for chemical ionization in this study. The temperature of
the heated capillary of the LTQ was maintained at 150 �C. The
distance between the discharge tip and theMS inletwas 5-10mm
(depending on the size of the samples), and the distance between
the discharge tip and sea cucumber slices was about 2 mm
(schematically shown in Figure 2). The sampling area was about
3 mm2. A high voltage (þ4 kV, discharge current 1-2 mA) was
applied to the sharp needle of surface desorption chemical ioniza-
tion source.TheLTQ-MS instrumentwas set towork inapositive
iondetectionmode, and the incident angle and the reflecting angle
were set at 30�. The default values of voltages for the tube lenses,
conversion dynode, detectors were directly used. No further
optimization was performed.

Under the working conditions, mass spectral fingerprints of
486 slices were directly recorded using DAPCI-MS in the mass
range ofm/z 50-800Da once the sample slice was loaded. All the

Figure 1. The sea cucumber (Apostichopus japonicus) samples from
three habitats and their slices: (a)Weihai; (b) Yantai; (c) Dalian; (d) slices
made from individuals matured in different habitats, showing no difference
detectable by sensory methods.

Figure 2. Schematic diagram of the DAPCI-MS for sea cucumber product
analysis.

http://pubs.acs.org/action/showImage?doi=10.1021/jf9018504&iName=master.img-000.jpg&w=240&h=121
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mass spectra were background subtracted using the Xcalibur
softwareof theLTQ instrument. The rawdatawere automatically
saved as RAW files. As a standard feature of the LTQ-MS
instrument, the mass spectra were then exported to the clipboard
as text files and then exported to an Excel software. To ensure the
accuracy of the data conversion, each m/z unit (e.g., m/z 80-81)
was sampled by 11 points. All text data were arranged using the
m/z values as independent variables and the absolute signal inten-
sities of the full scan mass fingerprint (MS1; 8250 data points in
total) rather than collision-induced dissociation (CID) spectra as
dependent variables. The whole mass spectral data, including all
of characteristic peaks (such as m/z 74, 102, 130, 158, and 315),
were treated as a matrix, X(p � n), in which the rows and the
columns corresponded to p samples (p = 486) and n m/z value
variables (n=8250). Themass fingerprint data recorded from the
slices derived from the same sea cucumber individual were adja-
cently listed in three rows in the matrix X(p � n), which were
mathematically averaged according to the formula below to
overcome the chemical heterogeneity of the slices obtained from
the same individual sea cucumber sample.

Xmean
j, n ¼ X3j-2, nþX3j-1, nþX3j, n

3
fXj, njj

¼ 1; :::; 162, n ¼ 1; :::; 8250g ð1Þ

where j was the number of individual sea cucumber products.
Averaging of data has the same effect as the homogenization of
the samples. To homogenize the data of peak intensities, espe-
cially those of the peaks with relatively high intensities, another
data-pretreatment method, autoscaling, was performed using the
“auto” function by using “PLS_Toolbox 2.1” (for use with
Matlab, eigenvector Research, Inc., Manson, WA). In this case,
all the variables (columns) of the matrix Xn

mean were transformed
according to

Xautoscaled
j, n ¼ Xmean

j, n -X
mean

n

SðXmean
n Þ ð2Þ

where Xn
mean and S(Xn

mean) were the mean and the standard
deviation (S.D.), respectively, for each column of the matrix
Xmean

j,n.
The autoscaled data matrix (Xj,n

autoscaled) were finally imported
to the STATISTICA (version 6.0, StatSoft Inc., Tulsa, U.S.A.)
spreadsheets (.sta files) and “PLS_Toolbox 2.1” for PCA and
SIMCAanalysis, respectively. Once the datawere loaded success-
fully into the above two software programs, they were used
directly for PCA and SIMCA processing without any further
data treatment. When the calculation of PCA was finished, only
the loadings and scores of the first three principal components
(PCs)were respectively exported to new spreadsheets, because the
first three PCs captured most of the variances in the data set.
Matlab (version 7.1, Mathworks Inc., Natick, U.S.A.) software
was utilized to present the results of statistical analysis for better
visualization.

To acquire CID mass spectra, 20-35% collision energy
(arbitrary units defined by the LTQ instrument) was applied to
excite the isolated precursor ions of interest using a mass window
of 1 mass/charge unit. A typical duration for the CID experiment
was 30 ms.

RESULTS AND DISCUSSION

Representative Mass Spectral Fingerprints. When the positive
high voltage (þ4 kV) was applied to the sharp needle of the
surface desorption chemical ionization source in the air with high
water moisture (36), the watermolecules in the air were ionized to
generate the primary ions (H3O

þ), which were accelerated by the
electric field to bombard the surface of samples. The analytes on
the sea cucumber slices were ionized, and analyte ions were
introduced through the ion guide system of the LTQ instrument

into the analyzer for further mass analysis and structure identi-
fication.

The mass spectral fingerprint was averaged with 36 scans,
which took 12 s in total (shown in Figure S1 in the Supporting
Information). Without tedious sample pretreatment, the only
time-consuming steps of the experimental procedure are the
section preparation and sample loading, which take about
2 min for a single run. Sea cucumbers are alternatively supplied
as slices on the market, thus, the section preparation is not a need
in such a case. The sample loading is manually done, which
consumes about 30 s per loading. The analysis speed can be
further improved by using an autosample introduction sys-
tem (26). Thus, DAPCI-MS provides advantages for high
throughput and online analysis of sea food products.

More than 52 compounds were detected from all the samples,
showing multiple peaks with significant signal intensities in the
mass range of 50-800 Da. Among all the mass spectral finger-
prints, the protonatedmolecules detected atm/z 158, 136, 130, 74,
and 102 dominated all the mass spectra recorded from the body
wall tissue with relatively high intensities (4.08� 106, 1.33� 106,
9.8 � 105, 3.8 � 105, and 1.9 � 105 cps, respectively). The re-
markably high intensities were probably ascribed to the high
concentration of the analytes and the relatively high gas phase
basicities of the analytes. Meanwhile, there were numerous peaks
detectedwith relatively low intensities (about 1.0� 104 cps) in the
mass spectral fingerprints. These peaks were clearly visible with
good signal-to-noise ratios (S/N, 100:1) in the zoomed views of
the spectra (Figure 3). The data showed the good response of
DAPCI for a wide dynamic range of analytes. The peak at m/z
158 was not zoomed because it was the most abundant peak in all
the mass spectral fingerprints. The rest of peaks, after amplifica-
tion by different times, were clearly shown in all the mass spectra.
As shown inFigure 3, fewer peaks were detected in themass range
over m/z 600. This is because those large biological molecules
have higher affinities to the biological tissue (i.e., the sea cucum-
ber slice) than the small molecules. Furthermore, the mass
spectral fingerprints of three different geographical regions
showed no essential differences in terms of m/z value and peak
density, probably because all of the sea cucumber samples belong
to the same species and thus should have very similar molecular
profiles.

Epidermis, the largest tissue of sea cucumber, was also in-
vestigated, under the same experimental conditions as those for
the body wall tissue experiments, using intact individual samples
instead of slices. For the samples collected from the same habitat,
the mass spectral fingerprints recorded from the epidermis tissue
(Figure S2 in the Supporting Information) are very similar to
those spectra recorded from the body wall tissues. No significant
differenceswere observed in terms ofmass-to-charge ratio, signal-
to-noise ratio, and relative peak intensity. These findings sug-
gested that the detectable chemicals of the sea cucumber could be
distributed through the whole body, except for the difference in
concentrations. This suggests that the epidermis tissue is as
important as the body wall in views of components. Therefore,
the epidermis tissue should be well used during the sea cucumber
production and manufacturing process.

As noted in previous studies (37), the signal levels vary in
DAPCI-MS, especially for direct analysis of rough surfaces. As
shown in Figure 1, the skin surface of an intact sea cucumber
presents bumpy features, and even the well cut slices are of coarse
edges. Thus, it is not surprising to see the signal of DAPCI-MS
fluctuates in a reasonably wide range. On the other hand, it’s
worth noting that the sampling area of DAPCI-MSwas less than
10 mm2. In such a small area, the effect caused by the bumpy
featuresmay be not as severe aswhatwe have seen in theFigure 1.
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Although the rough surfaces have affected on the distribution of
signals in a certain level, the epidermis tissue is unable to be easily
prepared because it is very thin. The epidermis tissue is main-
tained in the native conditions of the dried sea cucumber samples,
showing the capability of DAPCI for the characterization of
complex surfaces.

The statistic analysis results obtained using STATISTICA 6.0
showed the distribution characteristics of some predominant
signals observed in the mass spectral fingerprints (as shown in
Figure 4). Clearly, the peak intensities of a given peak (e.g., m/z
158, 136) are variable in a certain degree ((10-28%) in both
mass spectra recorded from either the body wall samples or the
epidermis tissues. For a given peak (e.g., m/z 158), the signal
dispersion found in the epidermis tissue samples is relativelymore
significant (alteration max. 25%) than that found in the body
wall samples (alteration max. 14%). This is probably because
the epidermis affects the signal level more seriously than that of
the body wall tissue. Actually, the roughness of the body wall
tissue (slice) is much lower than that of the epidermis tissue (as
shown inFigure 1). For a given sample, the deviation of the signal
was less than 5%of the mean value in most measurements. Thus,
the deviation of the signal recorded from different individuals is
most attributed to the individual difference of certain chemical
component distributed in the different samples. Some of the
chemicals were detected at very small variation signal levels (e.g.,
m/z 74, 102, and 315) in both the body wall tissue and the
epidermis tissue, showing that these compounds were possibly
more evenly distributed in these samples. The information about
the signals detected from samples of different habitats is
also visualized in Figure 4. For example, the signal intensities of

the peaks at m/z 130 and m/z 136 differentiate the sample
geographical regions, and the variances of the two peaks between
the habitat 01 and habitat 03 are much larger than others. This
suggests that the compounds may distribute at quite different
levels in the sea cucumber samples grown up in various geological
regions,whichhas beenobserved in natural plant products (42). It
is also reasonable to be seen in animal products such as sea
cucumbers since growth conditions such as food, water depth,
water quality, and oxygen exposure are usually various in
different habitats (43). On the other hand, Figure 4 shows that
the differential peak intensity of single peak is not enough to
separate the samples according to their geographical regions
because the signal overlap commonly exists among the different
habitat samples. Thus, methods that cannot generate chemical
fingerprints are difficult for rapidly differentiating the geographi-
cal region of samples. ThismakesDAPCI-MS very useful for fast
classification of sea cucumbers according to their habitats based
on the mass spectral fingerprints.

To picture the difference between given signals of two kinds of
tissues (bodywall and epidermis) detected fromdifferent samples,
comparative analysis was done using their averaged spectral
intensities (themiddle bar between the upper boundary and lower
boundary in theFigure 4). The comparison diagramwas shown in
theFigure 5. Except for the peak of habitat 01 atm/z 158, themass
spectral signal intensities of the body wall samples are much
stronger than those of epidermis tissue samples for all of samples
from the three different habitats. Meanwhile, the peak absolute
intensity of samples (both body wall and epidermis tissue) from
habitat 01 (Figure 5a) was the strongest, and that from habitat
03 (Figure 5c) was the weakest among the three different habitats.

Figure 3. Representative mass fingerprints of body wall of three different geographical origins and CID spectra of interest. The product ion (m/z 74) was
tentatively assigned based on the MS/MS spectral data: (a) Weihai; (b) Yantai; (c) Dalian.

http://pubs.acs.org/action/showImage?doi=10.1021/jf9018504&iName=master.img-002.png&w=318&h=338
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The distribution of constituent contents of sea cucumber shows
significant difference among the groups and different tissues,
which have also been reported by other papers (2). For the
typical peaks, the correlation coefficients (44) (standard cov-
ariance) of the data generated using two tissues samples were
0.994 (habitat 01), 0.997 (habitat 02), and 0.999 (habitat 03),
respectively. As we know, the value of the correlation coeffi-
cient stands for the similarity degree of spectral data. So, the
results support that the body wall tissues and the epidermis
tissues of habitat 01 have the most significant difference in
peak intensity.

Representative CID Mass Spectra. Theoretically, molecules
detected can be identified using multiple-stage tandem mass
spectrometry experiments. As a demonstration, only signals of
interest were tentatively identified in this study. For example, the
peak at m/z 74, with mediate relative intensity, generated major
fragments of m/z 56 and 57 by the loss of H2O and NH3,
respectively, under the mild CID conditions (20% CE, 30 ms).
Under such mild conditions, the cleavage of OH radical is
generally disfavored since radical generation usually involves
energetic processes (45, 46). Thus, the observation of the neutral
loss ofNH3 suggested the precursor ions contained-NH2 group.
The relatively high intensity of the peak at m/z 74 also indicated

that themolecule included basic groups such as-NH2. As shown
in the inset of Figure 3a, the abundance of the peak at m/z 57 is
much higher than that of the peak at m/z 56. This reveals useful
information about the molecular structure, indicating the mole-
cule contains no free -OH group. Therefore, the molecular
structure of the signal detected was illustrated as the scheme
shown in the inset of Figure 3a. A similar fragmentation pattern
was also obtained using the authentic compound of amino-
acetone, which plays important roles in metabolism (47-51).
This indicates that the DAPCI-MS method is powerful to
investigate the metabolic process and other important life pro-
cesses. Similarly, other peaks such as m/z 102 and 130 were
tentatively assigned to be compounds containing -NH2 and
-OH. In the CID spectrum of m/z 102, the main fragments of
m/z 84 and 74 were derived from the precursor ion by the loss of
18 and 28massunits, corresponding toH2OandCO, respectively.
The fragments of m/z 74 further generated two fragments of m/z
56 and 57 by the loss of H2O and NH3, which were shown in the
MS3 spectrum of the ions of m/z 74 and shown in the MS2

spectrum of ions of m/z 102 (shown in the inset of Figure 3b).
Similarly, the precursor ions ofm/z 130 formed fragments ofm/z
88 and 74 by lose of CH2CO and C3H4O. Further experiments
showed that the fragment ofm/z 74dissociated as samemanner as

Figure 4. Range plots representing the absolute intensity distribution of typical mass spectral peaks of body wall and epidermis tissue. The mean value is
shown by themiddle bar. The upper/lower boundary indicates themaximal/minimum value. The habitat 1 isWeihai, the habitat 2 is Yantai, and the habitate 3 is
Dalian: (a) the distribution of body wall data and (b) the distribution of epidermis tissue data.

Figure 5. Stick diagrams of the typical peak intensity of body wall and epidermis tissue samples from various habitats: (a) Weihai; (b) Yantai; (c) Dalian.

http://pubs.acs.org/action/showImage?doi=10.1021/jf9018504&iName=master.img-003.png&w=300&h=181
http://pubs.acs.org/action/showImage?doi=10.1021/jf9018504&iName=master.img-004.png&w=330&h=192
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that ofm/z 102. It was unlikely to form clusters such asN2þMin
DAPCI-MS, and thus the signals detected suggested that the
molecule (m/z 74) serves as a molecular block to build up
molecules detected at m/z 102 and m/z 130. Note that numerous
ionized molecules were successfully detected from the sea cucum-
ber samples by DAPCI-MS. All of the peaks detected could be
identified by multiple-stage tandem mass spectrometry, plus the
use of reference compounds for improved confidence if necessary.
However, it is beyond the scope of this work to interpret all of the
detected peaks.

Principal Components Analysis of Mass Spectral Signals. As
a popular multiple variance statistical tool, PCA was employed
to classify the samples. Figure 6 showed the PCA results ob-
tained using the autoscaled data of DAPCI-MS spectral matrix
(Xj,n

autoscaled). The first three PCs were selected for modeling,
because the percentages of variance explained by PC1 (eigen-
value, 159.14), PC2 (eigenvalue, 1.83), and PC3 (eigenvalue, 0.53)
were 98.20, 1.13, and 0.32%, respectively. Thus, those PCs
represented about 99.65% of the total variance. The first PC
described the direction of the greatest variation (i.e., the variation
of the peak intensities) in the data set. Confident differentiation of
samples according to their habitats has been achieved (shown in
Figure 6), in which the cluster of habitat 01 was located much
farther to habitat 03. The results of cluster analysis were in
agreement with the characters of mass fingerprint data (shown
in Figure 4). Small numerical interval (from -0.006 to -0.0063)
were noticed in the scores of PC1 (details shown in Figure S3 in
the Supporting Information), confirming that no outlier sam-
ples existed. This indicated the good representation of samples.
The PC2 had the best distinguishing capacity for the identi-
fication of the original habitats, which indicated it just rightly
stood for difference of the habitats. In Figure 6, the variability in
a PCA context of sea cucumber individuals from same habitat
(marked by same symbol) and from other habitats was clearly
shown. The samples from different habitats were strictly distin-
guished because all the data from same habitat distributed in
a relatively concentrated area. The distribution proved the satis-
fying representation of every habitat. PCA was also performed
using the mass spectral raw data of the epidermis tissue to
differentiate habitats. The results are also acceptable for sea
cucumber habitat identification. Meanwhile, our preliminary
data showed thatDAPCI-MS combinedwith PCA can be helpful
to differentiate sea cucumber species, providing a useful method

to prevent people from eating sea cucumber products of inedible
species.

PCA is a powerful tool for data compression and information
extraction. In this experiment, the majority of information was
effectually extracted by this algorithm. The loadings are normally
linear combinations of the pure component. The loading plots of
the first three factors were shown in Figure S4 in the Supporting
Information, with readily identifiable peaks due to several abun-
dant mass spectral peaks (m/z 74, 102, 130, 136, 158, and 315),
which were the most predominant peaks in mass spectral finger-
prints (Figure 3). Those peaks have significant changes in terms of
intensity, and could be used asmajor molecular markers to probe
the original habitats of sea cucumber. These peaks present in a
very narrow mass range in the mass spectra, indicating that the
mass spectrum is not necessary for the classification. Similar
separation was achieved using at least three of six differential
molecular signals (such asm/z 74, 102, 130, orm/z 136, 158, 315)
(shown in Figure S5 in the Supporting Information). The overlap
of peak intensities recorded using different samples (seen in
Figure 4) reduced the resolving power of the PCA algorithm.
However, detecting of three discrete signals rather than scanning
the whole mass spectrum simplifies the mass spectrometer
instruments and the analysis process as well. This is consistent
with previous studies, where tea products were classified using
the DAPCI-MS data (37). This signifies that a cheap, simple
mass spectrometer instead of large, expensive commercially
available instruments can be used to achieve the same separa-
tion using these differential peaks. This is very important for
the industry applications because a mass spectrometer cover-
ing a wide spectrum band is much more expensive than
miniature instruments.

The differences between body wall tissue samples and epider-
mis tissue samples were also analyzed using PCA. Figure 7 shows
the PCA score plots obtained using all the samples of different
geographical regions. For the samples coming from habitat 01,
the body wall tissue samples were apparently separated from the
epidermis tissue samples (Figure 7a). The corresponding loading
plots were shown in Figure S6 in the Supporting Information.
From the loading plots, it is found that the signal detected atm/z
158, 136, and 130 contributed most to differentiate the samples.
For the samples from the other two habitats, serious overlaps
were found in the PCA score plots (Figure 7b,c). The chemical
constituents detected were the key factors contributing to the
PCA score plots. The PCA results shown in Figure 7b,c suggested
that there were no essential differences in the body wall tissue
from the epidermis tissue of the sea cucumber samples collected
from either Yantai or Dalian.

Soft Independent Modeling of Class Analogy Analysis of Mass

Spectral Signals. SIMCA, a supervised pattern recognition meth-
od, was also employed to classify the sea cucumber samples using
the autoscaled data (Xj,n

autoscaled). SIMCA models were developed
for each of the three defined classes (i.e., three habitats). The
whole autoscaled data set was split into the calibration set (even-
numbered rows of the matrixXj,n

autoscaled) and validation set (odd-
numbered rows of the matrix Xj,n

autoscaled) to represent the whole
sample sets without bias (52). For new objects (the validation set),
the distance (i.e., the residual variance) to all defined classes (the
calibration set) would be calculated following the strategy de-
monstrated previously (53). As shown in Figure 8, the results
justify the use ofQ statistics andT2 criteria in the present study, as
few outliers were detected. Thus, Figure 8 depicted the best
calibration models for each class. The crossed green lines stood
for the 95% confidence limits of T2 andQ statistic (both marked
in the figure). Clearly, the classes were mainly separated by the
distance (i.e.,Q) of “foreign” objects to a class rather than by the

Figure 6. 3D plots of PCA score results for 162 sea cucumber samples
(The habitat 1 isWeihai; the habitat 2 is Yantai; and the habitat 3 is Dalian).
The data points of the same habitat were marked with the same symbols.

http://pubs.acs.org/action/showImage?doi=10.1021/jf9018504&iName=master.img-005.jpg&w=220&h=182
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variation in their scores (i.e., T2), and only a few objects from one
class fell into the space belonging to other classes (1 out of 26 for
class 02; 2 out of 25 for class 03, 0 out of 30 for class 01;Figure 8c).
After all three models had been developed on the calibration set,
the new objects of validation set were classified by cross-valida-
tion using the above three defined models. As the result, high
correction identification ratios (100% for habitat 01, selected
4PCs; about 97% for habitat 02, selected 4PCs; about 96% for
habitat 03, selected 5PCs) were achieved. Therefore, SIMCAwas
also able to successfully differentiate the different geographical
regions of sea cucumber samples, and validated the results
obtained using PCA.

Our data showed thatDAPCI-MS is a useful analytical tool for
high throughput differentiation of sea cucumber products with

different geographical regions, providing high sensitivity and
high information content. By using water moisture (g60%
relative humidity) in the air as a reagent, DAPCI-MS provides
simplicity and convenience for in situ analysis of food products at
atmospheric pressure without toxic contamination. This makes
DAPCI-MS a highly effective choice for high-throughput, real-
time, and online analysis of biological samples with various
complex matrices. Based on the DAPCI-MS data, the geogra-
phical regions of dried sea cucumber products are identified
easily, although it cannot be accomplished using less than three
mass spectral peaks. The peaks of interests in the mass finger-
prints can be identified by multiple-stage tandem mass spectro-
metry. The distribution of detected molecular can also be
investigated. These merits are particularly attractive for commer-
cial trade and safety management, particularly in cases where
unsatisfactory results are possibly generated by other methods
such as morphologic characteristics analysis and sensory mea-
surement.

On the other hand, the high cost of commercial mass spectro-
meters maybe prevents wide application of this method. This
disadvantageous factor could be potentially solved by using
miniature mass spectrometers with reduced size and cost, because
differentially characteristic ions of the mass spectral data can be
chosen as molecular markers to distinguish the species of sea
cucumber.

ABBREVIATIONS USED

DAPCI-MS, surface desorption atomospheric pressure che-
mical ionization mass spectrometry; PCA, principal components
analysis; SIMCA, soft independent modeling of class analogy;
DHA, docosahexaenoic acid; FT-IR, Fourier transform infrared;
IRMS, isotope ratio mass spectrometry; GC-MS, gas chromato-
graphy mass spectrometry; ICP-MS, inductively coupled plas-
ma mass spectrometry; PTR-MS, proton transfer reaction mass
spectrometry; CID, collision-induced dissociation; S.D., stan-
dard deviation; PCs, principal components; S/N, signal-to-noise
ratios.
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Figure 7. 3D plots of PCA score results for body wall and epidermis tissue mass spectrum data of the same origin: (a) samples collected from Weihai;
(b) samples collected from Yantai; (c) samples collected from Dalian.

Figure 8. Calibration models for three classes of sea cucumber samples
by SIMCAmodel using the calibration set data. The purple asterisk symbols
denote members of a modeled class and the blue plus signs represent the
members of the remaining two classes.
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