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A method with carbon nanotubes functioning both as the adsorbent of solid-phase extraction
(SPE) and the matrix for matrix assisted laser desorption/ionization mass spectrometry
(MALDI-MS) to analyze small molecules in solution has been developed. In this method, 10 nL
suspensions of carbon nanotubes in 50% (vol/vol) methanol were added to the sample
solution to extract analytes onto surface of carbon nanotubes because of their dramatic
hydrophobicity. Carbon nanotubes in solution are deposited onto the bottom of tube with
centrifugation. After removing the supernatant fluid, carbon nanotubes are suspended again
with dispersant and pipetted directly onto the sample target of the MALDI-MS to perform a
mass spectrometric analysis. It was demonstrated by analysis of a variety of small molecules
that the resolution of peaks and the efficiency of desorption/ionization on the carbon
nanotubes are better than those on the activated carbon. It is found that with the addition of
glycerol and sucrose to the dispersant, the intensity, the ratio of signal to noise (5/N), and the
resolution of peaks for analytes by mass spectrometry increased greatly. Compared with the
previously reported method by depositing sample solution onto thin layer of carbon
nanotubes, it is observed that the detection limit for analytes can be enhanced about 10 to 100
times due to solid-phase extraction of analytes in solution by carbon nanotubes. An acceptable
result of simultaneously quantitative analysis of three analytes in solution has been achieved.
The application in determining drugs spiked into urine has also been realized. (J] Am Soc

Mass Spectrom 2005, 16, 263-270) © 2004 American Society for Mass Spectrometry

atrix assisted laser desorption/ionization time
Mof flight mass spectrometry (MALDI-TOEF-

MS) [1, 2] has a wide range of application in
various fields [3-8] because it is tolerant to buffers,
salts, and other additives in the sample. However, the
quality of MALDI mass spectrum still strongly depends
on sample preparation, and its detection capability is
always limited by the presence of contaminants. To
overcome these limitations, considerable efforts have
been made to develop several different approaches. The
integration of small reversed-phase columns [9, 10] for
sample preparation prior to MALDI-TOF-MS has been
demonstrated to be efficient in concentration of analytes
and removing salt contaminant. Other methods were
reported for the treatment of surface of the sample
support including washing on sample support [11],
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coating with a self-assembled monomolecular layer of
Cyg [12, 13], prestructured with a thin layer of hydro-
phobic Teflon, etc. [14, 15].

Carbon nanotubes have attracted great attention
because of their unique properties in structure, mechan-
ics, electrics, and electromechanics [16-20] since they
were initially discovered by lijima [21, 22]. Recently, the
ability of carbon nanotubes for adsorption of analytes is
demonstrated by some works [23-28], and a carbon
nanotube-packed column for solid-phase extraction
(SPE) of bisphenol A, 4-n-nonylphenol and 4-tert-
octylphenol in the environmental sample has been
developed. It is believed that carbon nanotubes might
be a kind of unique adsorbent in SPE because of their
dramatically hydrophobic surface.

On the other hand, carbon nanotubes have been used
as the matrix in MALDI-TOF-MS for analysis of small
molecules in our group [29]. In that work, a sample
droplet was pipetted onto the matrix layer of carbon
nanotubes that is pre-deposited on the sample target of
MALDI-TOF-MS, in which carbon nanotubes func-
tioned both as the energy receptacle for laser radiation
and the energy transporter for the desorption/ioniza-
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tion of analytes; it was demonstrated that carbon nano-
tubes could be a good matrix for analysis of a number of
small molecules without the matrix ion interference.
In this work, a method with carbon nanotubes func-
tioning both as the adsorbent for solid-phase extraction
(SPE) of analytes in solution and as the matrix for
MALDI-TOF-MS for the analysis of adsorbed analytes
has been developed. It is observed that the detection
limit for low-mass analytes could be enhanced about 10
to 100 times through SPE procedure, and simulta-
neously quantitative analysis of mixture of small mol-
ecules in solution was achieved. Furthermore, it is
found that with the addition of glycerol and sucrose
into the dispersant, the intensity, the ratio of signal to
noise (S5/N), and the resolution of peaks for analytes by
mass spectrometry increased significantly. It is believed
that this method greatly simplified the sample prepa-
ration with integration of concentration, desalting and
removing contaminants prior to MALDI-TOF-MS.

Experimental
Chemicals and Materials

Multiwalled carbon nanotubes were kindly provided by
Professor Y. L. Guo (Shanghai Institute of Organic Chem-
istry, CAS, Shanghai, China) and activated carbon was
obtained from Liaoning Chemical Factory (Liaoning,
China). N,,-Benzoyl-L-Arginine (B-Arg), N ,-Z-L-Arginine
(Z-Arg), N ,-Benzoyl-L-arginine ethyl ester (BAEE) hydro-
chloride, and N,-benzoyl-DL-arginine-4-nitroanilide
(BAPNA) hydrochloride were purchased from Fluka
(Buchs, Switzerland). Drugs of propranolol, cinchonine,
and quinine were purchased from Shanghai Chemical
Factory (Shanghai, China). Peptides of Leu-Tyr and Leu-
Met were obtained from Serva (Feinbiochemica, Heidel-
berg, Germany). Other reagents were of analytical grade
with the exception of methanol and acetonitrile, which
were of HPLC grade. The water used in all experiments
was obtained from a Milli-Q water purification system
(Millipore, Milford, MA).

Procedure of SPE for Carbon Nanotubes
and Activated Carbon

Ten mg carbon nanotubes were first rinsed with acetoni-
trile and water twice, respectively, then suspended in 1.0
mL 50% (vol/vol) methanol with the sonication for 3 min.
Ten uL suspensions of the carbon nanotubes was pipetted
into the 100 uL or 1000 uL of analytes solution in centri-
fuge tube immediately. With sonication less than 5 s,
carbon nanotubes were homogeneously spread in the
solution and the analytes were extracted from the liquid
phase to the surface of carbon nanotubes in 10 min. After
centrifugation at 10, 000 rpm for 10 min, carbon nanotubes
adsorbed with analytes were deposited on the bottom of
the centrifuge tube. Then the supernatant was removed,
and 5 pL dispersant solution of 50% methanol (vol/vol)
without or with the addition of glycerol and sucrose was
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added into centrifuge tube to suspend the carbon nano-
tubes again. Finally, about 1 uL suspension of the carbon
nanotubes was pipetted onto the sample target of the
MALDI-TOF-MS. The sample target was left at room
temperature for 10 to 15 min for evaporation of the solvent
and for further analysis by MALDI-TOF-MS. Activated
carbon was first ground into powder, followed by the
procedure of SPE in exactly the same way described above
for carbon nanotubes.

Preparation of Analyte Solutions

Propranolol, cinchonine, and quinine were all dissolved
in water at the concentration of 100 ppm as storage
solution and other different concentrations were pre-
pared by dilution step by step. The storage solution of a
mixture of three drugs (3DrugMix) was composed of
propranolol, cinchonine, and quinine with the concen-
tration of 10 ppm each. The storage solution of B-Arg,
BAEE, Z-Arg, and BAPNA was also prepared by dis-
solving them in water at the concentration of 1000 ppm,
respectively, and other different concentrations were
also prepared by dilution. All storage solutions were
refrigerated at around 4 °C for usage.

Pretreatment of Urine Sample

Nine hundred pL newly collected urine sample was
first spiked with 100 uL drug solutions at different
concentration, then the pH value of urine sample was
adjusted to 8 or 9 by a concentrated ammonia solution.
Next, the urine sample was put in the freezer at a
temperature of around —20 °C for about 30 min to be
frozen completely, then transferred to cold storage
around 4 °C for another 30 min to thaw. Finally, the
urine sample was centrifuged at 10,000 rpm for 10 min
to remove the deposition. The procedure for SPE of
drugs in urine sample is almost the same as the proce-
dure described above except that after carbon nano-
tubes were deposited from urine solution under centrif-
ugation, it was necessary to rinse the carbon nanotubes
at least three times with 100 uL water to remove most of
the non-adsorbed compounds on the surface of carbon
nanotubes, such as salts and hydrophilic metabolites.
Subsequently, carbon nanotubes were mixed with dis-
persant solution and transferred onto the sample target
with drugs extracted from urine for mass spectrometric
analysis.

Mass Spectrometric Analysis

MALDI-TOF-MS was performed on the Bruker
Autoflex™ (Bruker Co., Bremen, Germany). The instru-
ment was equipped with a nitrogen laser (A = 337 nm)
and its available accelerating potential is in the range of
+20/—20 kV. The MALDI uses a ground-steel sample
target, on which the carbon nanotubes with analyte is
deposited and dried. The analytical range of laser energy
was adjusted to slightly above the threshold to obtain
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Figure 1. Mass spectra of propranolol extracted from 100 uL
solutions at 100 ppm with (a) activated carbon and (b) carbon
nanotubes as adsorbent for SPE and matrix for MALDI, respec-
tively. The mass spectra were obtained with the laser power
adjusted to slightly above the threshold energy for propranolol
with the matrix of activated carbon. Peaks at m/z 260 and 282 are
assigned to be the H" and Na™ adduct ion of propranolol.

good resolution and signal-to-noise ratios. Unless other-
wise noted, all mass spectra shown were obtained in the
positive-ion reflection mode under pressure less than
1X10~* Pa with delayed time of 40 ns; each spectrum was
typically added by 30 laser shots. External mass calibra-
tion was obtained by using two points that bracketed the
mass range of interest.

Results and Discussion
Methodology

For a comparison of carbon nanotubes with activated
carbon, the activated carbon was also applied to func-
tion both as the adsorbent for SPE and the matrix for
MALDI-TOF-MS° analysis.° Figure® 1° shows® the® mass
spectra of propranolol extracted from 100 uL solutions
at 100 ppm with (Figure a) activated carbon and
(Figure b) carbon nanotubes as adsorbent for SPE and
matrix for MALDI, respectively. The mass spectra in
Figurel ‘were‘btained ‘withthe%aserfpower‘adjusted to
slightly above the threshold energy for propranolol
with matrix of activated carbon. Note that the dominant
peaks for propranolol (260, [M + H]"; 282, [M + Na] ")
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are°detected®in°Figure®1b,°while®only°a°minor°peak°at
m/z 260°is°® detected®in® Figure®1a.° Both°® spectra® were
obtained with the solution of 50% (vol/vol) methanol as
dispersant. The comparative experiments with SPE ad-
sorbent and matrix of carbon nanotubes and activated
carbon were also conducted with a variety of small
molecules, and the intensity, the ratio of signal to noise
(S/N), and the resolution of peaks for B-Arg, BAEE,
propranolol, quinine, Leu-Tyr, and Leu-Met are listed
in°Table®l.°From°Table°], it*is°observed that®all°param-
eters for mass spectrum on carbon nanotubes are better
than those on activated carbon. The improvement of
resolution of peaks for analytes might result from the
fact that the size of carbon nanotubes is much smaller
than that of activated carbon. The enhancement of the
intensity and S/N of peaks for analytes demonstrated
that the efficiency for desorption/ionization of analytes
on the surface of carbon nanotubes is better than that on
the surface of activated carbon, which might be ex-
plained by their difference in structure: carbon nano-
tubes are surrounded with streams of conjugated elec-
trons in the side-wall and could function both as the
energy receptacle for UV laser radiation and the energy
transporter for the desorption/ionization of analytes,
while activated carbon could only adsorb the UV radi-
ation but could not transfer energy to analytes fluently.
Other comparative works were also conducted on car-
bon nanotubes and activated carbon by analysis of
small°molecules®listed°in°Table®1°with°the®thin°layer
method?[29],°in°which®1°uL°analyte®solution®waspipet-
ted directly onto the thin-layer formed by depositing 1
uL suspension of carbon nanotubes and activated car-
bon in 50% (vol/vol) methanol, respectively. It was
found that few compounds could be detected on the
matrix of activated carbon, while all compounds could
be well detected on the matrix of carbon nanotubes.
Alhough the activated carbon is a good adsorbent for
SPE because of its hydrophobic property, the relatively
poor efficiency for desorption/ionization of analytes on
its surface limited its application as matrix for MALDI.

Initially, 50% (vol/vol) methanol was selected as the
dispersant for suspending the carbon nanotubes before
and after SPE of analytes. It was found that the signal
for analytes was short-lived and carbon nanotubes
could occasionally fly off from the sample target under
the vacuum after solvent was evaporated. To overcome
these limitations, small amounts of glycerol and sucrose
were added into the dispersant at the same time to
extend time periods of ion signal and minimize the
possible contamination of ion source, which is inspired
by the method of surface-assisted laser desorption/
ionization®(SALDI)°[30%-34].°But®it°was°found°that°the
signal for analytes was still short live because most
glycerol was quickly evaporated under vacuum in the
ion source and during sample preparation before
MALDI-TOF-MS analysis. However, it is surprising to
see that there is a steep rise in the intensity and S/N of
peaks for analytes by mass spectrometry with the
addition of both the glycerol and sucrose in the dispers-
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Table 1. Comparative list of the intensity, the ratio of signal to noise (5/N) and the resolution of peaks for analytes by MALDI-TOF-
MS with activated carbon (AC) and carbon nanotubes (CNTs) as adsorbent for SPE and matrix for MALDI. All analytes were
extracted from 100 pL solution with B-Arg, BAEE at 1000 ppm and propranolol, quinine, Leu-Tyr, and Leu-Met at 100 ppm. All
parameters of instrument for each analyte are kept constant and the laser energy is adjusted to slightly above the threshold of

analytes in the case of with matrix of activated carbon.

Intensity (X102) S/N (x10") Resolution (x10%)
m/z AC CNTs AC CNTs AC CNTs
B-Arg [M + HIT, 279 1.5 5.9 1.2 4.5 0.90 2.4
[M + Nal*, 301 N 2.2 N 1.7 N 2.1
M + K], 317 N 1.5 N 1.1 N 1.6
BAEE [M + H]T, 307 1.9 4.3 1.6 3.6 1.6 1.7
[M + Nal*, 329 1.1 2.5 0.93 2.2 1.2 2.3
[M + K]*, 345 1.1 1.1 0.92 0.92 1.3 2.2
propranolol [M + H]*, 260 0.99 4.4 0.67 3.2 0.96 1.9
[M + Nal]*, 282 N 3.9 N 2.9 N 1.8
[M + K]*, 298 N N N N N N
quinine [M + H]T, 325 1.0 3.8 0.77 2.9 1.2 2.2
[M + Nal*, 347 N 1.8 N 1.3 N 2.5
[M + K]*, 363 N N N N N N
Leu-Tyr [M + H]T, 295 N N N N N N
[M + Nal*, 317 1.1 6.1 0.87 3.8 0.53 2.8
[M + K]*, 333 0.91 1.6 0.72 1.0 0.65 2.4
Leu-Met [M + H]T, 263 N N N N N N
[M + Nal]*, 285 0.96 3.4 0.81 1.9 0.72 2.2
[M + K]*, 301 1.1 2.0 0.85 1.2 0.67 2.1

AC = with activated carbon as adsorbent for SPE and matrix for MALDI; CNTs = with carbon nanotubes as adsorbent for SPE and matrix for MALDI;

N = not detected.

ant°solution.°Figure®2°shows°the°mass°spectra®of°pro-
pranolol extracted from 100 uL solution at 100 ppm by
carbon nanotubes with suspension by 5 uL dispersant
of° (Figure® 2a)° methanol/water® (50%,° vol /vol),® and
(Figure®2b)° methanol/water® (50%,° vol/vol)° with® the
addition of 5% (vol/vol) glycerol and 1% (wt/wt)
sucrose, respectively. The dominant peak of H* ad-
ducted ion for propranolol (260, [M + H]") is well
detected with the Na™ /K™ adduct ion for sucrose (365,
[M°>+Na]",381,IM*+K]")%asshowninFigure2b,while
minor peaks for propranolol (260, [M + H]"; 282, [M +
Na]")°are® detected® in® Figure® 2a.° Table® 2° shows® the
comparative list of the intensity, S/N and resolution of
peaks for B-Arg, BAEE, propranolol, quinine, Leu-Tyr,
and Leu-Met, which were extracted by carbon nano-
tubes from 100 nL solution by using dispersant without
and with the addition of 5% (vol/vol) glycerol and 1%
(wt/wt) sucrose, respectively. It is clearly indicated that
the intensity, the S/N, and the resolution of peaks of H*
adduct ion for analytes increased significantly with the
addition of glycerol and sucrose, while peaks of
Na*/K"* adduct ion for analytes were not changed
markedly or not even detected. It is believed that the
residue of glycerol and sucrose play a very important
role in the process of desorption/ionization for analytes
on the surface of carbon nanotubes. We can only
speculate that the residue of glycerol acted as a cation-
izing agent to enhance the intensity and the S/N of
peaks for analytes by providing more H" /Na* /K" and
assisting the desorption/ionization of analytes at a
lower%temperature®30,°31],°while°the°sucroseserved©as

collisionally cool desorbing molecules to improve the
resolution of peaks and the proportion of H" adduct
ion°for°analytes[35,°36].

By taking this advantage, 50% (vol/vol) methanol
with the addition of 5% (vol/vol) glycerol and 1%
(W/W) sucrose was adopted as the dispersant in all
followed°experiments.°Figure®3°shows°the°mass®spec-
trum for analytes extracted by carbon nanotubes from
100 wL 3DrugMix solution composed of propranolol
(260, [M + H]"), cinchonine (295, [M + H]"), and
quinine (325, [M + H]") at a concentration of 10 ppm
for°each.°From°the°mass°spectra®shown’in°Figure°®3,°it
can clearly be seen that all analytes were extracted from
the solution and well detected on carbon nanotubes,
which shows the large capacity of carbon nanotubes for
adsorption of analytes in solution. Because of the intro-
duction of glycerol and sucrose in the dispersant, the
background peaks in the mass spectrum are Na*, K¥,
and the Na" /K" adduct ions with glycerol (at m/z 115
and 131) and sucrose (at m/z 365 and 381) and some-
times the fragments of sucrose at m/z 185, 203, and the
Na™ adduct ion with the diglycerol at m/z 189 would
appear as minor peaks as increase the laser energy.

In comparison with our previously reported thin-
layer°method°[29]°in°which®1°uL analyte®solution®was
pipetted directly onto the thin-layer formed by depos-
iting 1 L suspension of carbon nanotubes, the greatest
advantage of the present method is that the analytes are
extracted from a large volume solution and concen-
trated onto the surface of carbon nanotubes. Inciden-
tally, it not only increased the intensity and S/N of the
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Figure 2. Mass spectra of propranolol adsorbed on the surface of
carbon nanotubes extracted from 100 uL solution at 100 ppm with
the 5 uL dispersant of (a) methanol/water (50%, vol/vol), and (b)
methanol/water (50%, vol/vol) with the addition of 1% (wt/wt)
sucrose and 5% (vol/vol) glycerol. The mass were obtained with
the laser power adjusted to slightly above the threshold energy for
propranolol without the addition of glycerol and sucrose into the
dispersant. Peaks at 11/z 260 and 282 are assigned to be the H" and
Na™ adduct ion for propranolol, and peaks at m/z 365 and 381 are
assigned to be the Na* and K™ adduct ion for sucrose in (b).

spectrum but also lowered the limit of detection of
analytes.Figure®4°shows°the’mass°spectrum‘of°’quinine
marked with asterisk at the concentration of 500 ppb, 50
ppb,°and®5° ppb,° from® top® to° bottom°by° (Figure©4a)
thin-layer®method,° (Figure®4b)°SPE°method°extracted
from°100° uL°solution,’and®(Figure®4c)°extracted°from
1000 uL solution. By keeping quinine at the same
concentration, the intensity and S/N of the spectra
shown‘in°Figure°3°increased°from°left°to°right,°appar-
ently. The limit of detection for quinine is about 500 ppb
in the thin-layer method, 50 ppb in the SPE extraction
from 100 pL solution, and 5 ppb from 1000 uL solution
with the S/N ~ 3. Obviously, the quinine in solution
was enriched from 10 to 100 times by carbon nanotubes
and hence lowered the limit of detection for quinine
through this SPE process.

Quantitative Analysis

SPE method also shows a great potential in quantitative
analysis for low-mass compounds. Z-Arg was selected
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as the internal standard (IS) for three analytes in the
mixture (3BArgMix) comprised of B-Arg, BAEE and
BAPNA with the varied concentration of each compo-
nent attributable to their similarity in structure. Carbon
nanotubes with analytes extracted from solution were
pipetted onto the target of MALDI and dried at room
temperature, then 0.5 nL solution of Z-Arg, which was
prepared by diluting the stock solution of Z-Arg with
methanol at 154 ppm, was pipetted onto the surface of
carbon nanotubes as the IS for quantitative analysis.
The mass spectrum of analytes extracted from 100 uL
3ArgMix solutions with the concentration of 27.8 ppm
for B-Arg, 30.6 ppm for BAEE, and 39.8 ppm for
BAPNA, followed by depositing 0.5 uL solution of
Z-Arg‘at’154ppmisshown‘intheFigure.Peaks‘atm/z
279, 307, 399, and 309 could be assigned to the H"
adduct ions of B-Arg, BAEE, BAPNA, and Z-Arg,
respectively. The dominant peak at m/z 309 for Z-Arg
was selected as the IS for quantitative analysis. The
obtained quantitative calibration curves between the
relative intensity (Ljnaiytes/Iz-arg) Of analyte peaks to
Z-Arg peak and concentrations of analytes are shown in
Figure®6.°Every°dot°in°Figure®6°is°the®average®of°five
spectra and each spectrum is accumulated from 30 laser
shots at 10 different laser spots, i.e., a total of 300 laser
shots for each. The values of R? for B-Arg, BAEE, and
BAPNA are 0.9879, 0.9864 and 0.9829, respectively.
Because of the saturation of adsorption capacity for
analytes on the surface of carbon nanotubes, the relative
intensity (Iinaiytes/Iz-arg) Of all analytes seems not to rise
with the increase in concentration when it is larger than
15 ppm. In any case, the linear range of calibration
curves for analytes in 3ArgMix solution is from about 1
to 10 ppm, and the reproducibility between sample
spots is acceptable for MALDI-TOF-MS analysis with
values of RSD around 20%.

Urine Sample Analysis

The application of this SPE method in determining
drugs spiked into urine sample was also investigated.
After SPE extraction of drugs in urine solution by
carbon nanotubes, they were rinsed with water sev-
eral times to remove salts and hydrophilic metabo-
lites.Figure®7° shows® mass® spectra®for® analytes®ad-
sorbed on carbon nanotubes by SPE extraction from
(Figure©7a)°100° ut.°blank°urine®sample,®(Figure°7b)
100 gL urine sample spiked with quinine (325, [M +
H]")°at°the°concentration®of°5°ppm,°and°(Figure°7c)
spiked with 3DrugMix solution containing propran-
olol (260, [M + H]"), cinchonine (295, [M + H]"), and
quinine (325, [M + H]") with concentration of each
component at 3 ppm. Although most of the salts and
hydrophilic metabolites are removed by cold storage
and centrifugation before extraction as well as by
rinsing the carbon nanotubes after extraction with
water, some compounds in urine are still adsorbed on
the surface of carbon nanotubes and detected in the
MALDI-TOF°MS°as°shown‘in°Figure®7.°The°presence



268 PAN ET AL.

J Am Soc Mass Spectrom 2005, 16, 263-270

Table 2. Comparative list of the intensity, the ratio of signal to noise (S/N) and the resolution of peaks for analytes adsorbed on the
surface of carbon nanotubes by MALDI-TOF-MS without and with the addition of glycerol and sucrose into the dispersant. All
analytes were extracted from 100 uL solution with B-Arg, BAEE at 1000 ppm and propranolol, quinine, Leu-Tyr, and Leu-Met at
100 ppm. All parameters of instrument for each analyte are kept constant and the laser energy is adjusted to slightly above the
threshold of analytes in the case of without the addition of glycerol and sucrose into the dispersant.

Intensity (X102) S/N (x10") Resolution (x10°%)

m/z (A) (B) (A) (B) (A) (B)

B-Arg [M + H]IT, 279 3.5 24 2.1 20 1.1 1.9
[M + Nal]*, 301 1.9 23 1.1 1.8 1.2 1.9

M+ K]*, 317 1.3 2.9 0.74 2.3 1.1 1.9

BAEE [M + H]T, 307 1.6 17 1.2 15 1.1 1.8
[M + Nal]*, 329 0.98 1.1 0.73 1.0 0.87 1.7

[M + K]*, 345 0.88 1.1 0.65 1.0 1.3 1.3

propranolol [M + H]", 260 1.0 1 0.84 8.3 0.81 2.1
[M + Na]*, 282 0.93 N 0.75 N 0.99 N

[M + K]*, 298 N N N N N N

quinine [M + H]*, 325 1.7 4.5 1.4 3.6 1.7 2.9
[M + Nal]*, 347 0.82 N 0.65 N 0.75 N

[M + K]*, 363 N N N N N N

Leu-Tyr [M + H]T, 295 N 5.5 N 3.6 N 1.9
[M + Nal]*, 317 2.0 1.4 1.8 0.95 1.6 1.1

[M + K]*, 333 1.1 2.0 1.0 1.3 1.6 1.5

Leu-Met [M + H]T, 263 N 2.9 N 2.2 N 2.4
[M + Na]*, 285 0.90 0.86 0.67 0.66 1.0 1.0

M + K], 301 N 1.8 N 1.4 N 2.2

(A) = without the addition of glycerol and sucrose into the dispersant; (B) = with the addition of glycerol and sucrose into the dispersant; N = not

detected.

of those unknown compounds adsorbed on the sur-
face of carbon nanotubes as well as additional clean-
out procedures, however, somewhat decreased the
detection limit for analysis of drugs in urine sample
by mass spectrometry. For example, the detection
limit of quinine extracted from 100 uL urine samples
and water is about 500 ppb and 50 ppb with S/N =~ 3,
respectively.
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Figure 3. Mass spectra of analytes adsorbed on the surface of

carbon nanotubes extracted from 100 wL 3DrugMix solution
containing propranolol (260, [M + H]"), cinchonine (295, [M +
HJ"), and quinine (325, [M + H]") with concentration of each
compound at 10 ppm. The dominant background peaks in the
mass spectrum are Na™, K¥, and the Na™ /K™ adduct ions with
glycerol (at m/z 115 and 131) and sucrose (at 7/z 365 and 381).

Conclusion

In summary, we developed a sample preparation
technique for MALDI-MS to analyze small molecules
with carbon nanotubes as adsorbent for solid-phase
extraction and matrix simultaneously. It is found that
with the addition of glycerol and sucrose into the
dispersant, the intensity, S/N, and resolution of
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Figure 4. Mass spectra for quinine (marked with an asterisk)
extracted by carbon nanotubes from its solution at different
concentration. (a) Thin-layer method, (b) SPE method extracted
from 100 uL solutions, and (c) extracted from 1000 pL solution.
Concentration of quinine is at 500 ppb, 50 ppb and 5 ppb,
respectively, from top to bottom.
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Figure 5. Mass spectrum of analytes adsorbed on the surface of
carbon nanotubes extracted from 100 uL solution of 3ArgMix with
the concentration of 27.8 ppm for B-Arg, 30.6 ppm for BAEE and 39.8
ppm for BAPNA, followed by depositing 0.5 L solution of Z-Arg at
154 ppm. Peaks at m/z 279, 307, 399 and 309 are assigned to the H"
adduct ions of B-Arg, BAEE, BAPNA and Z-Arg, respectively.
Spectrum is accumulated from 30 laser shots at 10 different laser
spots, i.e., 300 laser shots total.

peaks for analytes by mass spectrometry increased
significantly. In comparison with our previously re-
ported method for depositing sample solution di-
rectly onto the thin-layer of carbon nanotubes, it is
observed that the limit of detection for analytes can
be enhanced about 10 to 100 times, attributable to
solid-phase extraction of analytes in solution by
carbon nanotubes. It also shows a great potential in
quantitative analysis of low-mass compounds with
properly introduced internal standard. As it is still in
a preliminary stage for carbon nanotubes as matrix
for MALDI-TOF-MS, the detection limit for analytes
is somewhat unsatisfactory. However, the introduc-
tion of solid-phase extraction greatly simplified the
sample preparation with integration of concentration,
desalting and removing contaminants prior to
MALDI-TOF-MS, and the practical application of
carbon nanotubes as a kind of new matrix in MALDI-

y=0.0863x + 0.1237
R’ =0.9864

y =0.0605x + 0.0233
R*=10.9879

relative intensity of peak

y=0.0241x + 0.0558
R>=0.9829

concentration (ppm)

Figure 6. Quantitative calibration curves between the relative
intensity (Linatytes/Iz-arg) Of peaks for analytes to intensity of peak
for Z-Arg and concentrations of analytes. Each dot is the average
of five spectra and each spectrum is accumulated from 30 laser
shots at 10 different laser spots, i.e., 300 laser shots in total for
each.
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Figure 7. Mass spectra for drugs extracted from the urine sample
by carbon nanotubes. (a) 100 uL blank urine; (b) 100 uL urine
spiked with quinine (325, [M + H]") at concentration of 5 ppm; (c)
100 pL urine spiked with 3DrugMix solution containing propran-
olol (260, [M + H]"), cinchonine (295, [M + H]"), and quinine
(325, [M + H]") with concentration of each component at 3 ppm.

TOF-MS for direct analysis of low-mass compounds
such as drugs in biological fluids has been realized.
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