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Abstract Quantitative analysis of small molecules by matrix-
assisted laser desorption/ionization time-of-flight mass spec-
trometry (MALDI-TOF MS) has been a challenging task due
to matrix-derived interferences in low m/z region and poor
reproducibility of MS signal response. In this study, we devel-
oped an approach by applying black phosphorus (BP) as a
matrix-assisted laser desorption ionization (MALDI) matrix
for the quantitative analysis of small molecules for the first
time. Black phosphorus-assisted laser desorption/ionization
mass spectrometry (BP/ALDI-MS) showed clear background
and exhibited superior detection sensitivity toward quaternary
ammonium compounds compared to carbon-based materials.
By combining stable isotope labeling (SIL) strategy with BP/
ALDI-MS (SIL-BP/ALDI-MS), a variety of analytes labeled
with quaternary ammonium group were sensitively detected.
Moreover, the isotope-labeled forms of analytes also served as
internal standards, which broadened the analyte coverage of
BP/ALDI-MS and improved the reproducibility of MS sig-
nals. Based on these advantages, a reliable method for quan-
titative analysis of aldehydes from complex biological sam-
ples (saliva, urine, and serum) was successfully established.
Good linearities were obtained for five aldehydes in the range
of 0.1-20.0 uM with correlation coefficients (R*) larger than
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0.9928. The LODs were found to be 20 to 100 nM.
Reproducibility of the method was obtained with intra-day
and inter-day relative standard deviations (RSDs) less than
10.4 %, and the recoveries in saliva samples ranged from
91.4 to 117.1 %. Taken together, the proposed SIL-BP/
ALDI-MS strategy has proved to be a reliable tool for quan-
titative analysis of aldehydes from complex samples.

Keywords Black phosphorus - MALDI matrix - Quaternary
ammonium compounds - Stable isotope labeling - Quantitative
analysis

Introduction

Matrix-assisted laser desorption/ionization time-of-flight
mass spectrometry (MALDI-TOF MS) has been an efficient
technique for the analysis of macromolecules, such as pep-
tides, proteins, oligonucleotides, and synthetic polymers
[1-3], due to its high throughput, high sensitivity, and low
sample consumption. However, quantitative analysis of low
molecular weight compounds (<700 Da) by MALDI-TOF
MS is still challenging due to the intense background noises
derived from the organic matrix and the poor reproducibility
of MS signals [4, 5].

To overcome the problem of background interferences in
low m/z range, several alternative matrices, including organic
compounds [6, 7], polymers [8, 9], and inorganic materials
[5], have been explored. Among all the newly introduced
matrices, inorganic materials, which are usually referred as
surface-assisted laser desorption ionization matrices, have
gained tremendous attention. Carbon-based materials
[10—-12], metal/metal oxides [13, 14], and semiconductors
[15-17] all exhibited excellent desorption/ionization ability
toward various analytes with clear MS backgrounds.
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Commonly, a qualified MALDI matrix must fulfill certain
criteria including strong UV absorption properties, ability to
transfer laser energy to analytes, and few or no matrix back-
ground signals [4, 5]. Black phosphorus (BP), the most stable
phosphorus allotrope, has been recently recognized as a semi-
conductor material [18]. After mechanical exfoliation into
single- or multi-layer nanosheets, BP showed a layer depen-
dent optical bandgap (ranges from 1.5 eV in monolayer to
0.3 eV in bulk), which covers UV/Vis to infrared regions in
electromagnetic spectrum. BP also exhibits relatively higher
carrier mobility than some other semiconductor materials such
as silicon-based and MoS,-based devices [19, 20]. Owing to
its unique properties, BP has stimulated intense interests in
areas of semiconductors [21], electrode materials [22], photo-
electric sensors [23], and gas sensors [24]. Moreover, the opti-
cal absorption property and high carrier mobility may also endow
BP as a promising MALDI matrix candidate. In previous work
[25], the feasibility of another phosphorus allotrope, red phos-
phorus (RP), as MALDI matrix was tested. However, RP was
relatively unstable under laser irradiation and generated high
phosphorus cluster signals throughout 0-3500 Da region. Thus,
the signals of target analytes were illegible in the mass spectra,
which restricted RP’s application as MALDI matrix. Despite that,
the preliminary results on RP did demonstrate the good absorp-
tion capacity of phosphorus toward N, laser. BP, the most stable
of allotrope of phosphorus, could be a promising material to bear
laser irradiation and produce less matrix-derived interferences in
low m/z region. To the best of our knowledge, the application of
BP as MALDI matrix has not been exploited so far.

There are several ways to improve the stability of MALDI
MS signals, such as increasing the homogeneity of sample/
matrix crystallization, introducing internal standards (IS), and
data processing through software [3, 26, 27]. Among them,
introducing isotopic internal standards before MS analysis is
the easiest strategy to adjust the MS signal variations.
However, isotopic internal standards are usually expensive
or commercially unavailable. In this respect, stable isotope
labeling (SIL) strategy, which uses a derivatization reaction
to label sample/standard with light/heavy isotope tags follow-
ed by mixing the two samples prior to MS analysis, is the best
choice to normalize the variation of MS response [28-31].
Moreover, chemical derivatizations are usually used to im-
prove the MS ionization efficiency of analytes [32]. In 2004,
a pioneer work which utilized a pair of isotopically coded
light/heavy reagents to label amines for MALDI-TOF MS
analysis was reported [33]. Although the quantification in this
work was only carried out in standard solution, which is prob-
ably due to its unsatisfactory performance in complex sample
matrix, this work still set a good example to demonstrate the
role of SIL strategy in improving both the sensitivity and
quantification accuracy of MALDI-TOF MS analysis.

In this work, BP was presented as a MALDI matrix for
MALDI-TOF MS analysis of small molecules for the first
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time. BP is commercially available, and it was directly scrib-
bled onto the MALDI target plate to give a completely even
and firm coverage without pre-dispersion processing. As a
solvent-free matrix, there were no solvent mixing concerns,
maximizing the analytical coverage of analytes and samples.
Most interestingly, quaternary ammonium compounds exhib-
ited great sensitivity on MALDI MS using BP as matrix. By
combining black phosphorus-assisted laser desorption/
ionization mass spectrometry (BP/ALDI-MS) with SIL, sen-
sitive and reliable quantifications of aldehydes from saliva,
urine, and serum samples were achieved. The proposed SIL-
BP/ALDI-MS strategy has given a comprehensive model that
illustrates the performance of MALDI MS for the determina-
tion of low-molecular-weight compounds in complex biolog-
ical samples.

Experimental section
Reagents and materials

Benzo[a]pyrene (BaP) was bought from J&K Chemical Ltd.
(Tianjin, China). Rhodamine B (RhB), leucomalachite green
(LMGQG), crystal violet (CV), eosin, hexadecyl dimethyl benzyl
ammonium chloride (HDBAC), histidine, and aldehyde stan-
dards (butanal, hexanal, hepanal, octanal, and nonanal) were
purchased from Aladdin Chemical Reagent Co. (Shanghai,
China). Sulthydryl compounds, including N-acetyl-cysteine
(Nac), glutathione (GSH), cysteine (Cys), and homocysteine
(HCys), were purchased from Sigma (St. Louis, MO, USA).
Acidic phytohormone standards, IAA, ABA, JA, and SA,
were purchased from Olchemim Ltd. (Olomouc,
Czech Republic). 4-(2-(Trimethylammonio)ethoxy)-
benzenaminium halide (4-APC), d,-
4-(2-(trimethylammonio)ethoxy)-benzenaminium halide (4-
APC-d,), w-bromoacetonylquinolinium bromide (BQB), and
3-bromoactonyltrimethylammonium bromide (BTA) were
synthesized according to our previous works [34-36]. HPLC
grade methanol was purchased from TEDIA Co. Inc. (Ohio,
USA). Purified water was obtained with a Milli-Q apparatus
(Millipore, Bedford, MA, USA). BP, graphene (G), and
graphene oxide (GO) were purchased from XFNANO
Materials Tech Co. (Nanjing, China), graphite rod was pur-
chased from a local store (Wuhan, China), carbon nanotubes
(CNTs) were purchased from Nanotech Port Co. (Shenzhen,
China), and fullerene (C60) was purchased from Yongxin Co.
(Henan, China).

Characterizations
The microscopic morphology was determined by a Quanta

200 scanning electron microscopy (SEM; FEI, Holland).
The element mapping was examined by energy-dispersive
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X-ray spectroscopy (EDX) (INCAPentalFETx3, Oxford
Instruments). UV/Vis absorption experiment was carried on
a Shimadzu UV-2550 spectrometer.

Sample preparation

BP was scribbled onto the MALDI target spot with a diameter
approximately 2 mm, then 0.5 pL of analyte solution was
pipetted on the top of the matrix layer and dried at ambient
conditions followed by MALDI-TOF MS analysis. For com-
parison, graphite rod was scribbled onto the MALDI target
spot; 2 mg mL ™! of CNTs, C60, G, and GO solutions were
prepared, and 0.5 puL of matrix solution was applied for
analysis.

Saliva samples were collected from one nonsmoker and
one smoker (up to 10 cigarettes per day). Both saliva samples
were collected 2 h after eating. To obtain the saliva samples,
each volunteer was told not to swallow the saliva but to store it
in their mouths. After 6 min, saliva was collected in
Eppendorf tubes and centrifuged at 12,000 g (4 °C) for
5 min. Finally, the supernatant was collected and stored at
—80 °C until use.

Human urine and serum samples collected from healthy
people were obtained from The Hospital of Wuhan
University according to the standard clinical procedures. The
utilization of human urine and serum complied with guide-
lines of Ethics Committee of the Institute, and all participants
gave their informed consent. Urine sample collection, pre-
treatment, and storage were performed according to previous
reports [36].

Stable isotope labeling procedure
Labeling of aldehydes by 4-APC

Briefly, 10 pL of NaBH;CN (1 mg mL™' in methanol)
and 20 uL of 4-APC (1 mg mL™' in 50 mM ammoni-
um acetate buffer, pH 5.7) were added to the aldehyde
mixture, and the solution was further diluted to 100 puL
with 50 mM ammonium acetate buffer (pH 5.7) [36].
After incubation at 25 °C for 1 h with shaking at
1500 rpm, 0.5 pL of the mixed solution was analyzed
by MALDI-TOF MS.

For labeling of aldehydes in saliva and serum samples,
20 pL of each sample was diluted to 40 uL. with ACN and
centrifuged for 5 min at 12,000xg (4 °C). The suspensions
were further diluted to 100 pL for the derivatization reaction.
The process of derivatization is the same as above.

Similar derivatization steps were followed for aldehydes in
urine samples, after diluting 10 uL. of urine sample to 100 pL
for the derivatization reaction.

Labeling of sulfhydryl compounds by BOB

Briefly, 10 uL. of BQB (5 mM) was added to the sulthydryl
compound mixture, and the mixed solution was further diluted
to 100 pL with Gly-HCI buffer solution (5.0 mM, pH 3.5)
[37]. After incubation at 60 °C for 1 h with shaking at
1500 rpm, 0.5 pL of the solution was analyzed by MALDI-
TOF MS.

Labeling of acidic phytohormones by BTA

Briefly, 10 pL of triethylamine (TEA; 20 mM) and 10 pL of
BTA (20 mM) were added to the acidic phytohormone mix-
ture and further diluted to 100 pL with ACN [35]. Mixture
was incubated at 35 °C for 0.5 h by shaking at 1500 rpm, and
then 0.5 pL of the solution was analyzed by MALDI-TOF
MS.

Mass spectrometry analysis

All MALDI-TOF MS spectra were recorded with an Axima
TOF” mass spectrometry equipped with a 337-nm nitrogen
laser with a 3-ns pulse width (Shimadzu, Kyoto, Japan). The
detection was performed in positive ion reflector mode with
an accelerating voltage of 20 kV. Typically, 200 laser shots
were averaged to generate each spectrum.

Results and discussion
Characterizations

The morphology and element mapping of BP were firstly
investigated by SEM and EDX, respectively. A layered struc-
ture of commercial bulk BP was observed in SEM image
(Fig. 1a). Since the bulk BP is graphite-like, it could be easily
scribbled onto the MALDI target spot to make a thin BP layer
before analysis. The SEM image of BP layer (Fig. 1b) and its
element mapping image of P element (Fig. 1¢) showed that BP
was evenly distributed on the substrate with a thin layer upon
scribbling, which was easy to handle and could improve the
shot-to-shot reproducibility during analysis. UV/Vis absorp-
tion spectroscopy was used to investigate the optical property
of BP layer. Herein, the UV/Vis spectrum of BP was measured
on BP solid. As shown in Fig. 1d, a broad absorption band in
the UV region (300~350 nm) was observed, indicating the
absorption capacity of BP toward N, laser (337 nm, a com-
monly used MALDI laser).

Performance of BP as MALDI matrix

Typically, a good MALDI matrix for small molecule analysis
is characterized by two traits: no or few matrix background
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Fig. 1 SEM image of bulk BP
(a), SEM image of BP scribbled
onto the tin foil (b), its element
mapping image of P element (c),
and its UV/Vis spectrum (d)

ions in the low m/z range and good desorption/ionization (D/])
efficiency toward analytes. To investigate the feasibility of BP
as MALDI matrix, the mass spectrum of blank BP in low m/z
range (0-1000 Da) under the optimal laser intensity (55 %)
was recorded. As shown in Fig. 2a, few background interfer-
ences were observed, and the existing ion peaks were weak
enough (very low signal intensities) to be ignored during

Fig. 2 Mass spectrum of BP
matrix with a laser intensity at
55 % (a), mass spectrum of BP
matrix with a laser intensity at
75 % (b), and its enlarge spectra

Wavelengh (nm)

analysis, indicating that BP has the potential to be a good
MALDI matrix for the analysis of small molecules.

To test BP’s D/I efficiency toward analytes, over 30 kinds
of compounds (see Electronic Supplementary Material (ESM)
Fig. S1) including acidic compounds (acidic dyes, anionic
surfactants, and fatty acid), basic compounds with and without
quaternary ammonium cationic group (basic dyes,
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antidepressants, and cationic surfactant), amphiprotic com-
pounds (amino acids and peptide), and polyaromatic hydro-
carbons were employed as target analytes. It was interesting to
note that MS signals of compounds with quaternary ammoni-
um cationic group were strong even at their trace concentra-
tion, while signals of other analytes were relatively weak. To
find out whether this phenomenon was unique for BP, carbon-
based materials including CNTs, C60, graphite, G, and GO
were chosen as matrices for comparison. The typical mass
spectra of BaP, LMG, and two compounds with quaternary
ammonium cationic group (HDBAC and RhB) were recorded
with CNTs, graphite, G, GO, C60, and BP as matrices, respec-
tively. BaP and LMG peaks with uneven signal intensities
were observed using all six matrices as shown in Fig. 3a, b,
and there was no clear advantage in D/I efficiency of BP
compared to carbon-based materials when analyzing BaP
and LMG. Moreover, the limits of detection (LODs) for both
analytes were up to 0.4 uM. Whereas, in case of compounds
with quaternary ammonium cationic group (HDBAC and
RhB), MS signals were clearly detected with the assistance
of BP, which were accordingly assigned to M" (m/z at 360.6
and 443.6) of HDBAC and RhB, respectively (Fig. 3c, d).
Interestingly, the observed signal intensities of the two
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positively charged compounds produced by BP were much
higher than those obtained by using carbon-based materials,
and detection sensitivities improved significantly (LODs at
0.3 and 0.02 nM) further validated the unique superiority of
BP as MALDI matrix for compounds with quaternary ammo-
nium cationic group. In addition, HDBAC and RhB could not
be easily detected by MALDI MS without the aid of assisted
matrix (ESM Fig. S2). To further investigate the unique supe-
riority of BP as MALDI matrix for compounds with quater-
nary ammonium cationic group, two quaternary ammonium
compounds (N": CV and RhB) and four non-quaternary am-
monium compounds (X: histidine, BaP, LMG, and eosin) were
mixed together at different mass ratios (N": X=1:10, 1:100,
and 1:1000) and analyzed using BP as matrix. Figure 4a—c
showed that both N could be distinctly detected even at the
mass ratio of 1:1000 (Fig. 4c), demonstrating the high sensi-
tivity of BP for N* detection. For comparison, CNTs, C60,
graphite, G, and GO were also applied for the mixture of N*
and X with a mass ratio at 1:1000. The mass spectra (Fig. 4d—
f) showed that, although both N* were detected from the mix-
ture using carbon-based matrices, the signal of LMG with a
prominent intensity dominated the mass spectra. Furthermore,
a histogram illustrating the signal intensity ratios against mass
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Fig.3 Mass spectra of (a) BaP (4.0 pM), (b) LMG (3.0 pM), (¢) HDBAC (27.8 nM), and (d) RhB (2.2 nM) by using CNTs, C60, graphite, G, GO, and
BP as the matrices. The inserts were the structural formulas of analytes and their limits of detection (LODs) by BP. Laser intensity, 55 %

@ Springer



6228 X.-M. He et al.
Fig. 4 Mass spectra of the 8007 g RhB 301 e LMG
mixtures of quaternary cv
. Ccv
ammonium compounds (N*) and 400 15 l RhB
non-quaternary ammonium 0 0 ' I |
compounds (X) obtained by BP. 100 200 300 400 500 600 700 100 200 300 400 500 600 700
Mass ratios of N* to X were 1:10
(a), 1:100 (b), and 1: 1000 (c). 4001 RhB a0 f s
Mass spectra of the mixtures of 200 cv
N" and X with mass ratio at =S I 20 BaP
1:1000 obtained by CNTs (d), S ) at 0 1,
ggo((e))’ g;aphlte ®, G (g). afﬂd 2> 100 200 300 400 500 600 700 100 200 300 400 500 600 700
h). The concentration o ‘@ LMG
each N* was 10 ng mL™". The S 400y C cv She 100 g
. -t
peaks marked with m/z were N £ L LMG 50
Laser intensity, 55 % BaP I BaP | cv
0 a . 0 | 1
100 200 300 400 500 600 7oo 100 200 300 400 500 600 700
20007 4 LMG 601 h LMG
1000 30
0 o el re
100 200 300 400 500 600 <700 100 200 300 400 500 600 700
m/z

ratios of N to X was also provided to clearly illustrate the
sensitivity of BP toward N". When the mass ratio of N to X
was consistent, the intensity ratios of N* to X obtained from
BP were always the highest (ESM Fig. S3). The results indi-
cated that when analyzing cationic compounds in a compli-
cated sample by employing BP as matrix, the signals of cat-
ionic compounds might be easy to identify due to good sen-
sitivity of quaternary ammonium compounds on BP.

Salt tolerance of BP was also investigated by detecting RhB
(22.6 nM) in 2.0 M NaCl, 2.0 M Tris, and saturated K,H;PO,
solution, respectively. The results showed that the signal

intensities and signal-to-noise ratio (S/N) of RhB remained con-
stant and no adduct ions were found in the mass spectra (Fig. 5),
demonstrating the high salt tolerance of BP matrix.

BP’s amount might have an influence on BP’s D/I efficien-
cy. To investigate the influence of BP’s amount on D/ effi-
ciency, the BP amounts were roughly controlled by increasing
the scribbling times of BP on the MALDI target plate from
one time to five times. RhB was chosen as a probe, and the
signal intensities of RhB with different scribbling times of BP
were recorded. Figure S4 in the ESM showed that the signal
intensities of RhB almost kept constant with different

Fig. 5 Mass spectra of RhB a b
(22.5 nM) obtained by BP in the 1004
presence of salt: (a) without salt, 2001
(b) 2.0 M NaCl, (c) 2.0 M Tris,
and (d) saturated K,H3PO,
solution. Laser intensity, 55 % 20 1004
CR R | Joaw L
2 400 420 440 460 480 500 400 420 440 460 480 500
| c d
s 1001
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3004 501
Y we ;LA A
04 04  emtebaan
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m/z
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scribbling times of BP with a relative standard deviation
(RSD) at 4.4 %, indicating that the BP’s amount scribbled
on the MALDI target plate had minor effect on BP’s D//
efficiency.

Possible mechanism of BP as MALDI matrix

The phenomenon that BP could enhance MALDI MS sensi-
tivity toward quaternary ammonium compounds intrigued us
to find out the ionization mechanism underlying the phenom-
enon. It is well known that the ionization of compounds on
MALDI matrix is initiated by the absorption of photons [38].
Since BP has already been demonstrated to offer considerable
absorption capability around 300-350 nm (Fig. 1d), which is
in accordance with the wavelength of N, laser, this property of
BP fulfills the preliminary criteria to serve as MALDI matrix.
After the absorption of photons, the BP surface might play a
critical role in D/I process. As quaternary ammonium com-
pounds which carry permanent charges do not need the ioni-
zation process, the desorption process of quaternary ammoni-
um compounds from assisted matrix is particularly important
to the detection sensitivity. To find out what happens to the
BP’s surface during the desorption process, increasing laser
intensity (50-85 %) was used to irradiate the blank BP matrix.
Under moderate laser intensity (55 %), a relatively clean spec-
trum was obtained (Fig. 2a), while at 75 % laser intensity,

several abundant peaks with strong intensity could be ob-
served in the mass spectrum (Fig. 2b). In the m/z range of 1-
100, the m/z at 18.1, 23.0, 39.2, and 58.2 were accordingly
assigned to [H,0]", Na*, K", and adsorbed hydrocarbon con-
taminants (Fig. 2c), which were also found using some inor-
ganic matrices [16, 38]. In the m/z range of 700-1000, a series
of regular peaks with mass difference of 62 Da dominated the
mass spectrum. For instance, the m/z at 712.7, 774.7, 836.6,
and 898.5 might be assigned to P»3", Pps', Po;', and Pag',
respectively. And the m/z at 744.8 could be [P»30,]" because
[PO,]" was regarded as a charge carrying ion in previous
report (Fig. 2d) [39]. The excitation of both small ions (m/z
at 0-100) and P,," from BP by laser radiation was helpful to
release the trapped analytes from the matrix surface into gas
phase, which made a great contribution to the desorption pro-
cess. Besides, these excited ions, including small ions and P,
might be less likely to provide protons to analytes. Therefore,
the signal intensities of uncharged compounds remained low,
while the signal intensities of compounds with quaternary
ammonium cationic group were enhanced. To further explore
why BP uniquely exhibited good sensitivity toward the com-
pounds with quaternary ammonium cationic group, the spec-
tra of cluster ions generated from carbon-based materials were
also obtained (ESM Fig. S1). Unlike BP, the cluster ions sig-
nals of carbon-based materials were less abundant, which
might be assigned to relative stability of their inner structure.
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Fig. 6 Mass spectra of (a) 4-APC (0.5 pM), (b) BOB (0.4 uM), and (c)
BTA (0.5 M) by using CNTs, C60, graphite, G, GO, and BP as matrices;
mass spectra of (d) 4-APC-labeled aldehydes (100 nM), (¢) BQB-labeled
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thiols (100 nM), and (f) BTA-labeled acidic phytohormones (100 nM) by
using BP as matrix. The inserts were the general structural formulas of
analytes and their LODs. Laser intensity, 55 %
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Fig. 7 Mass spectra of 4-APC-
labeled saliva samples: (a) native
saliva, (b) saliva spiked with
aldehydes (0.5 pM), and (c)
saliva spiked with aldehydes
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In this respect, the desorption efficiencies of carbon-based
materials were found inferior to BP, resulting in weak sensi-
tivity for detecting the compounds with quaternary ammoni-
um cationic group.

Quantification of small molecules in complex biological
samples

The MALDI MS performances of BP implied the potential
application of BP in complex biological analysis. However,
the superiority of BP toward quaternary ammonium com-
pounds might restrict its universality and practicability. To

circumvent the problem, chemical derivatizations were intro-
duced by labeling quaternary ammonium moiety to com-
pounds with different structures. In our previous studies, a
series of reagents containing quaternary ammonium groups
were synthesized, including 4-APC, BQB, and BTA, which
could selectively label quaternary ammonium groups onto
aldehydes [36], thiols [37, 40], and carboxyl acids [34, 35],
respectively. Mass spectra of these reagents were shown in
Fig. 6a—c, target peaks of these reagents could be seen clearly
when using BP as matrix, while the signal intensities of the
reagents were too weak in the case of the carbon-based mate-
rials. The LODs of these reagents obtained by using BP matrix

Table 1 Calibration curves,

LODs, and LOQs of five Analytes Linearity and sensitivity characteristics
aldehydes in saliva samples
Linear range  Regression data (n=3) LOD mM) LOQ (nM)
(M)
Linear equation R?
value
Butyraldehyde 0.5-20 Y=(0.021+£0.038)+(0.952+0.032).X 0.9946 50 165
Hexanal 0.1-20 Y=(-0.116+0.030) + 1.089 + 0.038)X 0.9928 20 66
Heptanal 0.1-20 Y=(-0.062+0.013)+ (1.102 +0.036)X 0.9946 20 66
Octanal 0.5-20 Y=(-0.032+0.061)+(0.863£0.020)X  0.9974 100 330
Nonanal 0.5-20 Y=(0.030+0.041)+(0.909+0.021)X 0.9973 100 330
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Table 2 Accuracy and precision (intra- and inter-day) for the determination of aldehydes in saliva
Analyte Intra-day precision (RSD, %, n=3) Inter-day precision (RSD, %, n=3) Recovery (%, n=3)

Low Medium High Low Medium High Low Medium High

(1 uM) (5 uM) (10 uM) (1 uM) (5 uM) (10 uM) (I uM) (5 uM) (10 uM)
Butyraldehyde 2.3 7.0 6.8 13.7 11.1 5.6 104.6+5.9 91.4+4.6 959459
Hexanal 4.4 6.0 5.9 5.3 54 0.3 107.0+4.6 92.7+6.8 102.7+1.6
Heptanal 1.7 23 1.3 5.0 9.5 6.3 96.1+54 882+5.8 98.2+2.5
Octanal 6.7 7.2 5.9 8.9 0.3 4.0 117.1£74 1053+3.8 96.8+4.3
Nonanal 10.4 54 6.0 11.2 10.3 5.9 105.4+8.6 103.6+59 101.5+4.8

were less than 51.3 nM. After chemical derivatization with
these reagents, the detection sensitivities of aldehydes, thiols,
and acid derivatives were significantly improved by using BP
as matrix (LODs at 5~100 nM) (Fig. 6d—f). These results
demonstrated the introduction of chemical derivatization strat-
egy contributed to both the improved coverage of analytes as
well as the detection sensitivity.

We further evaluated the efficiency of BP matrix for quan-
titative analysis of analytes in real biological samples by
MALDI MS. To obtain a reliable quantification results, the
poor reproducibility of the analyte signals must be improved
[41]. SIL strategy was introduced to solve the problem of
instability of MS signal in this work. As a proof-of-concept
application, SIL was combined with BP-assisted laser
desorption/ionization mass spectrometry for quantification of
aldehydes in saliva, which are considered as the potential bio-
markers for oxidative stress and cancer [42]. We used a pair of
stable isotope probes, 4-APC and 4-APC-d,, to label five
kinds of aldehydes in saliva samples and standard aldehydes,
respectively. After labeling, the mass difference between 4-
APC- and 4-APC-d -labeled aldehydes imparted by SIL strat-
egy was 4 Da, and the 4-APC-d,-labeled standards were
employed as internal standards for MALDI MS signal correc-
tion. The linearities were conducted by analyzing saliva sam-
ples spiked with fixed amount of 4-APC-d -labeled aldehydes
(1.0 uM) and 4-APC-labeled aldehyde at concentrations of
0.1, 0.5, 1, 2, 5, 10, and 20 uM, respectively. As shown in
typical mass spectra of 4-APC-labeled aldehydes and 4-APC-
dslabeled aldehydes in saliva samples (Fig. 7), the signal
intensity ratios (light/heavy) increased linearly with the in-
crease of the spiking concentrations of 4-APC-labeled alde-
hydes, indicating that the signal intensity ratios closely
matched with the molar ratios of different isotope-labeled
compounds; thus, the MS signal variation was corrected.
Specifically, satisfactory calibration curves were obtained by
plotting signal intensity ratios (analyte/IS) versus concentra-
tions of 4-APC-labeled aldehydes with correlation coefficients
(R?) ranging from 0.9928 to 0.9974 for five aldehydes in sa-
liva (Table 1). The limits of detection (LODs) and the limits of
quantification (LOQs), defined as the amounts of the analytes

at an S/N of 3 and 10, respectively, were in the range of 20—
100 and 66-330 nM, respectively.

The accuracy and precision of the developed method were
assessed by the recoveries and the intra- and inter-day RSDs.
Both recoveries and intra- and inter-day RSDs were calculated
with aldehydes standards spiked in saliva samples at three
concentration levels (1, 5, and 10 uM). For each concentra-
tion, triplicate measurements were performed. Intra-day vari-
ation was evaluated by repeating the analysis for three times
within 1 day, and the inter-day variation was investigated on
three successive days. The relative recoveries were calculated
by comparing the calculated concentration of spiked alde-
hydes in the saliva samples to the actual spiked concentration.
As shown in Table 2, acceptable precision was achieved with
RSD values less than 10.4 %, and the relative recoveries were
in the range of 88.2-117.1 %, indicating good reproducibility
and accuracy of the developed method.

In real sample analysis, aldehydes in saliva samples from
one nonsmoker and one smoker were determined using the
proposed method, and both samples were analyzed in tripli-
cates. It was found that the aldehyde contents in smoker saliva
were higher than that of nonsmoker (Table 3).

Encouraged by the good performance obtained from saliva
samples, we further applied the method in more complex sam-
ples like urine and serum samples (see ESM Table S1 and
Figs. S6 and S7). As a result, urinary heptanal from a pooled
urine sample could be detected but not quantitative, and the

Table 3  Endogenous contents of aldehydes in saliva samples

Analytes Detected contents (WM, RSD%, n=3)
Nonsmoker Smoker

Butyraldehyde NQ 0.10 (4.6)
Hexanal NQ 3.36 (12.2)
Heptanal NQ 0.87 (5.8)
Octanal 0.77 (10.8) 3.00 (13.5)
Nonanal 1.06 (5.3) 6.86 (5.6)
NQ not quantified
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content of heptanal in the pooled serum sample was 0.40 uM
(RSD=3.8 %, n=3). The aforementioned results indicated
that SIL-BP/ALDI-MS is a feasible tool for the quantification
of small molecules from complex biological fluids.

Conclusion

In this, BP was successfully used as MALDI matrix for the
analysis of small molecules. The proposed BP/ALDI-MS
showed higher detection sensitivity for quaternary ammonium
compounds with considerable salt tolerance. By combining
BP/ALDI-MS with SIL strategy, the analyte coverage was
expanded and a variety of compounds, including aldehydes,
thiols, and carboxyl acids, were detected after derivatization
with labeling reagents containing quaternary ammonium moi-
ety; signal variation of MALDI MS was corrected, thus alde-
hydes in biological fluids were accurately determined. The
proposed approach exhibited strong ability in the quantitative
analysis of aldehydes in complex samples including saliva,
urine, and serum. We believe that this work presents a prom-
ising strategy for small molecules analysis using MALDI-
TOF MS.
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