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ABSTRACT: Surface-enhanced laser desorption/ionization (SELDI) is a
versatile and high-throughput mass spectrometry (MS) technique that uses a
probe for extraction, enrichment, desorption, and ionization of target analytes.
Here we report ordered mesoporous carbon as a new SELDI probe for rapid
screening and identification of trace amount of toxic chemicals in a single
drop of human whole blood without complicated sample preparation
procedures. We demonstrate that ordered mesoporous carbon not only can
selectively enrich a wide variety of low-mass toxic compounds from whole
blood samples but also can be used as an excellent matrix to assist the laser
desorption/ionization process of small molecules with low background noise,
high repeatability, and good salt tolerance. High sensitivity (detection limits at
ppt levels) and good reproducibility for typical toxic compounds were
obtained. With CMK-8 as a SELDI probe, we successfully identified and
screened six perfluorinated compounds in a single drop of whole blood collected from workers in a perfluorochemical plant. The
method was also validated with complex samples such as human urine and environmental water samples. With distinct
advantages such as simplicity, rapidness, minimal sample requirement, and high reliability, this method keeps great promise for
various aspects of application.

High-throughput mass spectrometry (MS) techniques for
toxic chemicals are highly desired in many fields such as

modern healthcare, public safety, forensics, exposomics, and envi-
ronmental health studies.1−4 Surface-enhanced laser desorption/
ionization time-of-flight mass spectrometry (SELDI-TOF MS), a
variant mode of matrix-assisted laser desorption/ionization
(MALDI)-TOF MS, provides a potentially powerful tool for
high-throughput screening.5−7 SELDI-TOF MS uses a probe for
extraction, enrichment, desorption, and ionization of target
analytes. The probe is the key of SELDI technique and an ideal
probe must satisfy two requirements: (1) it is capable of selec-
tively capturing and enriching the target compounds from com-
plex sample matrix, and (2) it can serve as a highly efficient
matrix or surface to assist the LDI process in MS detection.
However, only a few materials have been reported to be available
as SELDI probes8−13 due to such rigorous requirements. This
seriously limits the application of the SELDI technique. Until
now, SELDI-TOF MS has mainly gained applications in clinical
proteomics, whereas its applications in other fields are rarely
reported. Therefore, development of new probes with high
sensitivity and selectivity is of great significance for the SELDI
MS technique.

Ordered mesoporous carbon, with intriguing properties such
as well-ordered nanopore structure, ultrahigh surface area,
tunable pore size, thermal and chemical stability has shown
tremendous potentials in various fields, including separation,
catalyst supports, adsorption, energy storage/conversion, and
biomedical engineering.13−17 In particular, the nanosized pore
structure endows ordered mesoporous carbon the ability of
size-selectivity in separation of different-sized biopolymers and
small molecules.18−22 Its ultrahigh surface area can also provide
high adsorption capacity for the enrichment.23 In combination
with high optical absorptivity and thermal conductivity, ordered
mesoporous carbon is expected to meet the requirements for
the use as a SELDI probe. Despite that, to the best of our
knowledge, the use of ordered mesoporous carbon as a MALDI
matrix or SELDI probe is hitherto unreported.
Inspired by its exceptional properties mentioned above,

we herein studied the use of ordered mesoporous carbon as a
new SELDI probe. We show for the first time that ordered
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mesoporous carbon is not only a highly efficient and selective
enrichment material but also an excellent matrix for MALDI
MS detection of small molecules. With CMK-8 as a SELDI
probe, we could rapidly screen and identify toxic compounds at
very low concentration (down to ppt level) in minimal volume
of highly complex samples, e.g., even in a single drop of human
whole blood. The analysis was very fast and facile without any
complicated sample preparation procedures. More importantly,
the as-proposed method was successfully applied to screen and
identify toxic chemicals in a single drop of whole blood
collected from workers in a perfluorochemical plant. We could
identify more toxic compounds and obtain more accurate
results by using the new method than using previously reported
methods, thus demonstrating the potential of ordered meso-
porous carbon as a reliable tool in high-throughput screening of
toxic chemicals.

■ EXPERIMENTAL SECTION
Chemicals and Materials. Ordered mesoporous carbon

(CMK-3 and CMK-8), ordered mesoporous silica SBA-15, and
chemically converted graphene were purchased from XFNANO
Materials Tech Co. (Nanjing, China). Ordered mesoporous
silica MCM-41 was purchased from JC Nano Technology Co.
(Nanjing, China). Bisphenol S (BPS) and tetrabromobisphenol
A (TBBPA) were from TCI (Tokyo, Japan). 2,2,4,4′-
Tetrabromodiphenyl ether (BDE-47) was purchased from
Accustandard (New Haven, CT). Pentachlorophenol (PCP)
and estradiol (E2) were from Dr. Ehrenstorfer (Augsburg,
Germany). Perfluorooctanesulfonate (PFOS), α-cyano-4-hy-
droxycinnamic acid (CHCA), and bovine serum albumin
(BSA) were bought from Sigma (St. Louis, MO). Humic acid
(HA) was purchased from Alfa Aesar (Ward Hill, MA).
Dichloromethane (DCM) and acetone of HPLC grade were
from J. T. Baker (Phillipsburg, NJ). Ultrapure water from a
Millipore Milli-Q system (Billerica, MA) was used throughout.
All reagents were of analytical grade unless otherwise noted.
Characterization of Materials. TEM images were

captured on a Hitachi H-7500 transmission electron micro-
scope (Tokyo, Japan). FT-IR spectra were obtained on a
JASCO FT-IR Fourier transform-infrared spectrometer (Vic-
toria, BC, Canada). The samples were mixed and ground with
KBr and then pressed into transparent disks for measurement.
UV−visible absorption spectra were obtained on a Shimadzu
UV-3600 UV−vis-NIR spectrophotometer (Kyoto, Japan).
X-ray diffraction (XRD) patterns were obtained on a PANalytical
X’Pert PRO X-ray diffraction system (Almelo, The Netherlands).
MALDI- and SELDI-TOF MS. For direct MALDI-TOF MS

measurement, the sample solution and the MALDI matrix
dispersion was mixed at a ratio of 1:3 (v/v), and 2 μL of the
mixture was placed onto a stainless steel MTP target frame III
(Bruker Daltonics) followed by air drying.
For SELDI-TOF MS analysis (see Figure 1), the ordered

mesoporous carbon probe was dispersed in water at 30 mg/mL
by the aid of ultrasonication. Afterward, 400 μL of the probe
dispersion was added in 10 mL of sample solution to enrich the
target analytes. The mixture was incubated in a shaking table at
25 °C for 1 h. The probe was then collected by centrifugation
at 7000 rpm for 15 min, and the supernatant was discarded.
Then, 3 mL of DCM/acetone 1:1 (v/v) was added to the probe
to assist the desorption of the analytes. The mixture was
sonicated for 30 min and concentrated to 20 μL under a gentle
nitrogen stream. Finally, 1 μL of the mixture was subjected to
MALDI-TOF MS measurement.

MALDI-TOF MS was performed on a Bruker Daltonics
Autoflex III Smartbean MALDI-TOF mass spectrometer
in reflector mode controlled by the FlexControl software.
A 337 nm nitrogen laser with the frequency of 100 Hz was
used, and the laser power was set to 40%. The spectra were
recorded by summing 200 laser shots. Since the MS spectra
obtained in negative ion mode were clearer than those in
positive ion mode,24 the MS experiments were performed in
negative ion mode.

Whole Blood Sample Analysis. In optimization experi-
ments, the whole blood samples were collected from a healthy
adult volunteer in Beijing, China, and stored at −20 °C. In
screening experiments, the whole blood samples were collected
by the fingertip blood sampling method from 25 workers in a
perfluorochemical plant located in Wuhan, China, and stored at
−20 °C. Prior to analysis, a single drop of whole blood sample
(∼20 μL) was diluted in 1.5 mL of water and then 400 μL of
the probe dispersion (30 mg/mL) was added. The subsequent
procedures were the same as described in the SELDI-TOF MS
analysis.
In addition to human whole blood samples, we also tested

the methods with human urine and river water samples. Human
urine samples were collected from healthy adult volunteers in
Beijing, China, and stored at −20 °C. River water samples were
collected from the Xiaoling River in Beijing, China, and stored
at 4 °C.

■ RESULTS AND DISCUSSION
Characterization of Ordered Mesoporous Materials.

To explore the ability of ordered mesoporous materials as
SELDI probes, we studied four ordered mesoporous materials,
including two mesoporous carbons (CMK-3 and CMK-8) and
two mesoporous silicas (SBA-15 and MCM-41). Prior to
testing their performance in MS, we characterized these materials
by different techniques. TEM measurement (Figure 2A,B)
indicated that these materials had well-ordered narrow pores.
The average pore sizes obtained by the Brunauer−Emmett−
Teller (BET) method ranged from 4.7 to 6.5 nm. All tested
materials showed larger specific surface area than 500 m2/g,
suggesting a high adsorption capacity for the enrichment.
Figure 2C shows absorption spectra of the ordered mesoporous
materials. The ordered mesoporous carbons (CMK-3 and
CMK-8) had a strong optical absorption over a wide wavelength

Figure 1. Scheme showing the procedures for the screening of toxic
chemicals in a single drop of human whole blood.
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range (including 337 nm that was used in MALDI) to ensure a
high energy absorption capability in MALDI. In contrast, the
optical absorption of ordered mesoporous silicas (SBA-15 and
MCM-41) was much lower than that of ordered mesoporous
carbon. Figure 2D shows the FT-IR spectra of CMK-3 and
CMK-8. Both materials had a broad peak at 3404 cm−1 due to
the O−H stretching vibration. The peaks at 1798, 1619, and
1118 cm−1 were assigned to the CO stretching vibration, the
skeletal ring vibrations, and the stretching vibration of the C−O
bond, respectively. The structures of CMK-3 and CMK-8 were
also characterized by XRD (Supporting Information Figure S1).
Use of Ordered Mesoporous Carbon as a MALDI

Matrix. For the use as a SELDI probe, a prerequisite for the
material is that it can be used as a MALDI matrix. As a result,
we first evaluated the performance of ordered mesoporous
carbon as a matrix in MALDI-TOF MS. A variety of typical
toxic chemicals with molecular weight <1000 Da were selected
as model analytes (Table 1), including brominated flame

retardants (TBBPA and BDE-47), a synthetic fluorosurfactant
(PFOS), an endocrine disrupter estradiol (E2), an organo-
chlorine pesticide (PCP), and an industrial adhesive (BPS). All
these chemicals are widely used in industrial or consumer
products but have been demonstrated to have potential risks to
human health or ecosystems.
We compared the performance of different materials

(including CMK-8, CMK-3, SBA-15, MCM-41, graphene, and
a conventional organic matrix CHCA) as MALDI matrixes in
detection of these typical toxic compounds. Notably, graphene,
a two-dimensional carbon nanostructure,25−28 has recently

been reported to be a valuable matrix material for MALDI,29−31

so it was also compared in this study. The materials were
directly added to the mixed standard solutions for MALDI-
TOF MS detection. The results are shown in Figure 3, and the

m/z values of the feature peaks for the analytes are given in
Table 1. From Figure 3, it is clear that CMK-8 showed the best
performance among the tested materials. With CMK-8 as a
MALDI matrix (Figure 3A), all the six compounds could be
readily detected with the strongest peak intensities. While with
CMK-3 as a matrix (Figure 3B), although it has a stronger
optical absorption than CMK-8, only peaks of [M − H]− of
PCP and PFOS could be detected at m/z 264.2 and 498.5 with
much lower peak intensities than those with CMK-8. The
reason may be that CMK-8 has a better electrical and thermal
conductivity than CMK-3, as the unique 3D network of CMK-8
has better ion transport properties than the unidirectional
2D hexagonal systems of CMK-3.32−35 When SBA-15 and
MCM-41 were used as matrixes (Figure 3C,D), none of the
compounds could be detected, indicating that ordered
mesoporous silica was not applicable to be a MALDI matrix
due probably to its poor energy absorption and transfer
properties (Figure 2C).36−39 In the case of graphene as a matrix
(Figure 3E), strong peaks of [M − H]− of TBBPA, PFOS,
PCP, and [M − C6H3Br2]

− of BDE-47 at m/z 542.9, 499.0,
265.1, and 250.9 were obtained, but no peaks corresponding
to BPS and E2 could be observed. As reported previously,11,30

graphene matrix might suffer from the aggregation that greatly
compromised its performance in MALDI-TOF MS. Finally,
when using CHCA as a matrix (Figure 3F), only a weak peak of
[M − H]− of PFOS was observed, while peaks for other
compounds were absent, again indicating that conventional
organic matrix was not suitable for small molecule analysis.
We also compared the performance of different matrixes in

Figure 2. Characterization of ordered mesoporous materials: (A)
typical TEM image of CMK-3, (B) typical TEM image of CMK-8, (C)
UV−visible absorption spectra of CMK-3, CMK-8, SBA-15, and
MCM-41, and (D) FT-IR spectra of CMK-3 and CMK-8.

Table 1. Feature Peaks and LODs (S/N = 3) of Typical
Toxic Compounds

cmpd m/z LOD (pg/mL)a LOD′ (pg/mL)b

BPS 248.3 10 62
BDE-47 250.1 0.5 3.3
PCP 264.2 0.1 0.6
E2 270.5 5.0 × 102 4.5 × 102

PFOS 498.5 1 6
TBBPA 542.4 1.0 × 102 3.3 × 102

aLOD: detection limit in pure water sample based on the highest
feature peaks of the analyte. bLOD′: detection limit in whole blood
sample based on the highest feature peaks of the analyte.

Figure 3. Comparison of performance of different materials as
matrixes in MALDI-TOF MS detection of typical toxic chemicals
(BPS, BDE-47, PCP, E2, PFOS, and TBBPA). (A) CMK-8, (B) CMK-3,
(C) MCM-41, (D) SBA-15, (E) graphene, and (F) CHCA. Analyte
concentration: BPS, 50 μg/mL; BDE-47, 250 μg/mL; PCP, 50 μg/mL;
E2, 250 μg/mL; PFOS, 5 μg/mL; TBBPA, 50 μg/mL.
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terms of individual analytes, and results verified that CMK-8
showed the best performance among the tested materials
(Figure S2).
CMK-8 as a matrix generated a good reproducibility in

MALDI-TOF MS analysis. For comparison, we tested the shot-
to-shot (n = 20) and sample-to-sample relative standard
deviations (RSDs; n = 15) with both CMK-8 and graphene
as matrixes. The results are listed in Table 2. We found that

CMK-8 could form a homogeneous coating at the MALDI
target to ensure reproducible analytical results. Satisfactory
shot-to-shot and sample-to-sample RSDs on CMK-8 matrix
were obtained in the range of 6.7−11.0% and 4.0−8.5%,
respectively. At the same time, due to its strongly hydrophobic
nature and flexible structure, the graphene matrix was found to
easily agglomerate through van der Waals interactions at the
MALDI target, which caused the shot-to-shot and sample-to-
sample RSDs to deteriorate to 36.6−64.0%. It has been
reported that it is necessary to introduce some polar groups to
graphene to prevent its aggregation by extra chemical modi-
fication processes, such as mild oxidation.30 Here CMK-8
showed better performance than graphene without any other
chemical modifications, probably because CMK-8 inherently
contained a number of polar groups such as hydroxyl and
carbonyl groups (as indicated in Figure 2D), which could
effectively mitigate the aggregation and favor the desorption of
analytes in MALDI. Reproducibility is actually a general concern
in normal MALDI-TOF MS analysis, because the cocrystalliza-
tion process of analytes with conventional organic matrix would
result in “hot spots”. Here we show that with CMK-8 as a matrix
the problem of “hot spots” could be avoided.
Considering that real samples usually contain a high content

of salts, we also tested the tolerance for salt of the CMK-8
matrix. We found that the MS signals did not change
significantly in the presence of 0−100 mM NaCl (Figure S3),
indicating that the CMK-8 matrix was applicable for highly
saline samples. Overall, the results mentioned above have
demonstrated that CMK-8 is an excellent matrix for MALDI-
TOF MS analysis of low-mass compounds.
Use of Ordered Mesoporous Carbon as a SELDI

Probe. After qualification of ordered mesoporous carbon as a
MALDI matrix, we further investigated its use as a SELDI

probe. The probe was added to the sample to extract and enrich
the target analytes, and then the probe was isolated by centri-
fugation and used for MS detection. It has been demonstrated
that ordered mesoporous carbon is capable of selective
enrichment of small molecules while excluding the interference
from large molecules due to its size-selective adsorption
properties.18,20 To examine whether this capability was retained
in SELDI-TOF MS, we used CMK-8 as a probe to analyze
spiked samples in the presence of 10 μg/mL BSA or HA as
mimics of large molecules in biological or environmental media
(Figures S4 and S5). We found that without enrichment the
large molecules indeed greatly suppressed the MS signals of
small molecules. This confirmed the importance of removal of
large molecules in sample matrix before LDI MS analysis of
small molecules. After enrichment with CMK-8, the MS signals
of all compounds were fully recovered, proving that ordered
mesoporous carbon was a highly selective probe for small
molecules. In addition, we found that addition of a certain
volume of organic solvent (i.e., DCM/acetone 1:1 (v/v)) to the
probe prior to LDI MS could dramatically increase the MS
responses (Figure S6). The reason may be that organic solvent
could help to elute the analytes out of the nanopores of CMK-8
and thus facilitated the desorption/ionization process.
To further study the applicability of the probe for whole

blood sample, we tested the method with single-drop whole
blood samples spiked with typical toxic compounds. Develop-
ment of high-throughput MS techniques for single-drop whole
blood sample is of profound importance for rapid diagnosis and
screening of health risks. Unlike serum, whole blood contains
various blood cells, which would have serious specific and
nonspecific adsorption for small molecules and greatly interfere
with the MS detection. Thus, whole blood is regarded as a
more complex matrix than serum, and direct analysis of whole
blood samples is still a great challenge.
As shown in Figure 4A, direct analysis of spiked samples

without using ordered mesoporous carbon as a probe, no target

Table 2. Reproducibility Test of the Method

shot-to-shot RSD (n = 20)a
sample-to-sample RSD

(n = 15)b

cmpd
CMK-8
matrixc

graphene
matrixd

whole
blood
samplee

CMK-8
matrixc

graphene
matrixd

whole
blood
samplee

BPS 11.0% 44.4% 12.2% 7.0% 57.8% 8.1%
BDE-47 8.1% 55.2% 8.0% 8.5% 49.8% 5.7%
PCP 10.4% 51.8% 12.2% 5.7% 57.0% 8.2%
E2 9.7% 48.9% 11.5% 7.6% 64.0% 6.8%
PFOS 6.7% 40.7% 12.1% 4.0% 54.6% 6.4%
TBBPA 8.2% 53.9% 12.7% 4.8% 36.6% 9.6%
aThe shot-to-shot RSDs were measured based on 20 shots at different
locations on the matrix. bThe sample-to-sample RSDs were measured
based on 15 samples in different batches. cThe RSDs were obtained in
MALDI-TOF MS analysis of mixed standards with CMK-8 as a matrix.
dThe RSDs were obtained in MALDI-TOF MS detection of mixed
standards with graphene as a matrix. eThe RSDs were obtained in
analysis of spiked whole blood samples by using CMK-8 as a SELDI
probe.

Figure 4. Comparison of CMK-3 and CMK-8 as SELDI probe in
detection of typical toxic chemicals (BPS, BDE-47, PCP, E2, PFOS,
and TBBPA) in a single drop of spiked whole blood. (A) Direct
analysis without enrichment, (B) using CMK-3 as probe, and (C)
using CMK-8 as probe. Spiking concentration: TBBPA, 100 ng/mL;
PFOS, 10 ng/mL; E2, 500 ng/mL; PCP, 100 ng/mL; BDE-47,
500 ng/mL; BPS, 100 ng/mL.
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compounds could be detected. With CMK-3 as a probe, three
target compounds (BPS, PCP, and PFOS) were detected at
m/z 248.2, 264.2, and 498.4. Only using CMK-8 as a probe, all
six typical compounds were detected, and the peak intensities
were significantly higher than those with CMK-3. The results
for unspiked whole blood samples are shown in Figure S7.
Therefore, we conclude that ordered mesoporous carbon can
effectively resist the interference from blood cells to small
molecule analysis. Specifically, CMK-8 was more efficient than
CMK-3. That may be because CMK-8 had a wider pore size
(6.3 nm) than CMK-3 (4.9 nm), and thereby it might not be
easily blocked by large molecules or blood cells; furthermore,
CMK-8 was a more efficient MALDI matrix than CMK-3 (see
Figure 3). Therefore, CMK-8 was used as a SELDI probe in the
following experiments.
Although our target sample media was human whole blood,

we also validated the method with other types of complex
samples, such as human urine (Figure S8) and river water
samples (Figures S9). Results show that the CMK-8 probe
could keep its high sensitivity and selectivity in various types of
complex sample media. Some graphite-based materials such as
pencil leads40−42 and modified graphene materials11,30 have also
been reported as MALDI matrixes or SELDI probes. Compared
with these materials, the unique size-selective adsorption pro-
perties of ordered mesoporous carbon make it more effective in
resisting interference from sample matrix, thus generating a
stronger ability for direct analysis of complex samples.
Analytical Performance. Table 1 lists the limits of

detection (LODs; at signal-to-noise ratio (S/N) = 3) of the
CMK-8 probe for typical toxic compounds in pure water and
whole blood samples. It can be seen that the LODs for all the
compounds were at part per trillion (ppt) or even subppt levels
(0.1−500 pg/mL). Such a high sensitivity allowed the screening
to be performed with a very small amount of sample, i.e., even a
single drop of whole blood. Thus, the method can be applied to
the direct analysis of fingertip blood samples without any other
preconcentration procedures. A detailed comparison with other
methods in terms of analytical sensitivity is given in Supporting
Information Table S1. For most of the compounds (except for
PFOS), the sensitivity of the present method was better than
or comparable to that of conventional chromatography−mass
spectrometry methods. The calibration curves for the typical
toxic compounds are given in Table S2. The method also
showed a good reproducibility in whole blood analysis. As
shown in Table 2, the shot-to-shot (n = 20) and sample-to-
sample RSDs (n = 15) were in the range of 8.0%−12.7% and
5.7%−9.6%, respectively.
In addition to high sensitivity and reproducibility, the method

also presents other distinct advantages. Because of the simple
procedures and high-throughput nature of SELDI-TOF MS,
it may be able to finish the analysis of hundreds of samples
within several hours. Thus, this method is much faster than
conventional methods that usually involve laborious and time-
consuming sample preparation steps.43−45 Furthermore,
unmodified ordered mesoporous carbon plays multiple roles
in the analysis and thereby eliminates the use of other materials,
making the method more facile than previously reported
methods.18,35

Screening of Toxic Chemicals in Worker Whole Blood
Samples. We applied the as-proposed method in identification
and screening of toxic chemicals in whole blood samples col-
lected from workers in a perfluorochemical plant. Perfluorinated
compounds can persist for a long period of time in the

environment and have bioaccumulation properties and
potential liver toxicity.46−49 We collected fingertip whole
blood samples from 25 workers from different departments.
For control experiments, we also collected and analyzed
samples from 5 healthy adults (nonworker). As shown in
Figure 5A, none of toxic compounds could be identified in

healthy adult whole blood samples. However, in worker whole
blood samples (Figure 5B), we identified six perfluorochemicals
at m/z 212.4, 262.4, 298.3, 398.4, 498.5, and 512.8, which
corresponded to the peaks of [M − H]− of perfluorobutyric
acid (PFBA), perfluorovaleric acid (PFPeA), perfluorobutane-
sulfonic acid (PFBS), perfluorohexanesulfonate (PFHxS),
perfluorooctanesulfonate (PFOS), and perfluorodecanoic acid
(PFDA), respectively. The detailed results are given in Table S3.
Taking PFOS as an example, the peak intensity could reach
3 × 104, indicating high levels of perfluorochemicals in the
worker blood. Notably, we herein identified more toxic
compounds than in a previous work,18 in which graphene
was used as a MALDI matrix. The reason may be that the
CMK-8-based SELDI MS method did not involve the steps of
elution and transferring of analytes between different materials,
thus preventing possible loss of trace amount of target
compounds. Accordingly, the result obtained here indicates
that the CMK-8 is a highly efficient probe for identification of
unknown toxic chemicals in complex samples.
We verified our results obtained in SELDI-TOF MS by

analyzing the same set of samples using a conventional method,
high-performance liquid chromatography−electrospray ioniza-
tion-tandem MS (HPLC−ESI-MS/MS; see Supporting In-
formation for experimental details). The concentrations of the
identified perfluorochemicals in whole blood samples were
determined by HPLC−ESI-MS/MS and given in Table S4. As
shown in Figure 5C,D, the peak intensities of perfluorochem-
icals in SELDI-TOF MS showed excellent linear correlations
(R = 0.991 and 0.960) with the concentrations obtained by
HPLC−ESI-MS/MS. Data for more perfluorochemicals are
given in Figure S10 (R > 0.932). The good consistency
between these two techniques definitely proved the high
accuracy of the CMK-8-based SELDI-TOF MS method.
Particularly, the correlation was positively related with the
peak intensity of the compounds. For instance, PFOS showed

Figure 5. Rapid screening of toxic chemicals in a single drop of human
whole blood from 25 workers in a perfluorochemical plant and 5
nonworkers. (A, B) Typical mass spectra of whole blood samples from
nonworkers and workers and (C, D) comparison of analytical results
of PFOS and PFBS obtained by SELDI-TOF MS with concentrations
determined by HPLC−ESI-MS/MS.
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the highest peak intensity among the identified compounds,
and its correlation coefficient R was highly approximated to 1.
This accuracy was better than that obtained in a previous
work.18 Therefore, the CMK-8 probe not only provides a
reliable tool for rapid screening of toxic compounds but also
can be used for their semiquantitative or even quantitative
analysis (especially for compounds with high MS responses).
Finally, we should stress that the SELDI-TOF MS method
was much faster and more facile than the conventional HPLC−
ESI-MS/MS method, because the latter could not directly
analyze whole blood samples and required complicated sample
preparation procedures.

■ CONCLUSIONS
In summary, we have demonstrated that ordered mesoporous
carbon can be used as a new MALDI matrix and SELDI probe.
As a MALDI matrix, ordered mesoporous carbon produced
high sensitivity, low background noise in the low-mass region,
good reproducibility, and high tolerance for salt. As a SELDI
probe, it can be used to rapidly and sensitively detect trace
amount of low-mass compounds in highly complex samples
(e.g., biological and environmental samples) at high through-
put. We have successfully applied this probe to screen and
identify toxic compounds in a single drop of human whole
blood and verified the results by the conventional method.
Therefore, with prominent advantages such as simplicity,
rapidness, high sensitivity, minimal sample requirement, and
high reliability, we believe that the present method not only
provides a powerful tool for high-throughput screening of toxic
chemicals but also keeps tremendous application potentials in a
wide variety of fields.
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