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ABSTRACT: Matrix-assisted laser desorption ionization time-of-
flight mass spectrometry (MALDI-ToF MS) is a promising strategy
for clinical diagnosis based on metabolite detection. However,
several bottlenecks (such as the lack of reproducibility in analysis,
the presence of an important background in low-mass range, and
the lack of organic matrix for some molecules) prevent its transfer
to clinical cases. These limitations can be addressed by using
nanoporous silicon surfaces chemically functionalized with silane
monolayers. In the present study, sepsis metabolite biomarkers
were used to investigate the effects of silane monolayers and
porous silicon substrates on MALDI-ToF MS analysis (signal-to-
noise value (S/N), relative standard deviation of the S/N of
triplicate samples (STDmean), and intra-substrates uniformity).
Also, the impact of the physicochemical properties of metabolites, with different isoelectric points and hydrophobic−hydrophilic
balances, was assessed. Four different silane molecules, with various alkyl chain lengths and head-group charges, were self-assembled
in monolayers on plane and porous silicon surfaces. Their surface coverage and conformity were investigated by X-ray photoelectron
spectroscopy (XPS) and time-of-flight secondary ion mass spectrometry (ToF-SIMS). The seven metabolites detected on the
stainless-steel target plate (lysophosphatidylcholine, caffeine, phenylalanine, creatinine, valine, arginine, and glycerophosphocholine)
are also detected on the silanized and bare, plane and porous silicon surfaces. Moreover, two metabolites, glycine and alanine, which
are not detected on the stainless-steel target plate, are detected on all silanized surfaces, except glycine which is not detected on CH3
short-modified porous silicon and on the bare plane silicon substrate. In addition, whatever the metabolites (except phenylalanine
and valine), at least one of the silicon surfaces allows to increase the S/N value in comparison with the stainless-steel target plate.
Also, the heterogeneity of matrix crystallization features is linked to the STDmean which is poor on the NH3

+ monolayer on plane
substrate and better on the NH3

+ monolayer on porous substrate, for most of the metabolites. Nevertheless, matrix crystallization
features are not sufficient to systematically get high STDmean and uniformity in MALDI-ToF MS analysis. Indeed, the
physicochemical properties of metabolites and surfaces, limitations in metabolite extraction from the pores, and improvement in
metabolite desorption due to the pores are shown to significantly impact MS analysis. In particular, in the case of the most
hydrophobic metabolites studied, the highest S/N values and the best STDmean and uniformity (the lowest values) are reached by
using porous substrates, while in the case of the most hydrophilic metabolites studied, plane substrates demonstrated the highest S/
N and the lowest STDmean. No clear trend of surface chemistry was evidenced.

■ INTRODUCTION
Matrix-assisted laser desorption ionization time-of-flight mass
spectrometry (MALDI-ToF MS) is a widely investigated
strategy for the detection of low-molecular-weight metabolites
(such as amino acids, lipids, sugars, organic acids, etc.), from
fluids and biological tissues, with potential real-case clinical
applications.1−3 The matrix is central to the MALDI process,
and the analyte incorporation, desorption, and ionization
efficiencies can vary between given matrix/analyte pairs or
from one shot to another due to the inhomogeneity of the
spotted sample. Furthermore, the matrix generates an

important background in the low-mass range of the mass
spectra that limits the detection of low-molecular-weight ions.4

The presence of “hot spots” where the analyte/matrix
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concentration is high can lead to repeatability issues which can
be partially solved by developing matrix deposition methods
that improve the uniformity of the matrix surface coverage.5

Another concern of MALDI-ToF MS is the ion suppression
caused, for example, by the presence of phospholipids that can
impede the detection of some other metabolites such as
neutral lipids.5 Furthermore, for several metabolites, an
efficient organic matrix is still lacking.3 Therefore, the high
throughput metabolite investigation of human fluids, for
clinical diagnosis by MALDI, is still a challenge as it requires
the simultaneous detection of a panel of species characterized
by a large diversity of physicochemical properties, such as
electrical charges and hydrophobic−hydrophilic balance.
To overcome these limitations, surface-assisted laser

desorption/ionization (SALDI) techniques were developed.
These matrix-free approaches are highly promising in clinical
diagnosis based on metabolite profiling. Indeed, the high
repeatability of analysis, low background in the low-mass range,
and the simultaneous ionization of a large variety of analytes
have been demonstrated.6 Desorption/ionization on silicon
(DIOS) is one of the most successful SALDI techniques to
desorb and ionize metabolites. However, DIOS-MS signals are
dramatically lower than MALDI-ToF MS signals. Based on the
original DIOS method, Siuzdak et al. have developed
nanostructured initiator mass spectrometry (NIMS).7 NIMS
differs from MALDI in that the analytes are not co-crystallized
with the initiator and the UV energy is absorbed by the porous
silicon leading to a rapid surface heating, vaporization of the
trapped initiator, and desorption/ionization of the adsorbed
analyte.8 This strategy has demonstrated improved perform-
ance over DIOS-MS for metabolite detection.
Other authors have worked on hybrid techniques,

combining MALDI and SALDI techniques. They have been
proven highly efficient to maximize both ion intensity and the
intra- and inter-substrate reproducibility in metabolite analysis
while decreasing the background in the low-mass range.9 In
particular, matrix-enhanced NIMS (ME-NIMS), carried out by
coating the porous silicon substrate with a layer of organic
matrix, was shown to be a good alternative for the detection of
phospholipids and small peptides.10 Moreover, previous
studies have shown that porous silicon substrates, with pore
diameters in the range of 2−10 nm, enable the steric exclusion
of large molecules from complex biological fluids, allowing
direct MALDI-ToF MS analysis of plasma droplets, without
any pretreatment steps. It allowed the discrimination of
pathological samples (e.g., cardiovascular diseases) from

nonpathological samples (through statistical analysis of the
metabolite spectral pattern).11−15 Furthermore, several studies
have also shown that the MALDI-ToF signal is influenced by
the surface chemistry of the substrate.16−23 In particular, self-
assembled monolayers of silane molecules on porous silicon
surfaces seem to be well adapted to improve the MALDI-ToF
MS detection of metabolites. For instance, Hsieh et al. have
shown that 3-aminopropyltriethoxysilane functionalization
increased the detection limit of bradykinin (904 g/mol) and
gramicidin D (1882 g/mol), from 11 to 0.93 nM and from 110
to 0.33 μM, respectively, in the model solution.24 A wide range
of silane molecules are commercially available allowing to tune
silicon surface physicochemical properties.25−28 Furthermore,
silanization processes can be industrialized at low cost and high
throughput. Consequently, silanized porous silicon surfaces are
highly promising for the development of clinical diagnosis tools
based on metabolite trapping and MALDI-ToF MS detection,
in a few minutes.
Nevertheless, to the best of our knowledge, the impact of

porous silicon substrates versus plane silicon substrates and the
impact of the alkyl chain length and head-group charges of
silane molecules on MALDI-ToF MS detection of metabolites,
characterized by various physicochemical properties, have
never been investigated.
Herein, we aimed to address the impact of various silane

monolayers on porous silicon on the signal-to-noise (S/N)
ratio, on the relative standard deviation of the S/N of a
triplicate sample (STDmean), and on the intra-substrate
uniformity of low-molecular-weight metabolites detected by
MALDI-MS. To this aim, plane silicon substrates and porous
silicon substrates were functionalized with four different silane
molecules. Plane and porous silicon substrates are compared to
decorrelate the effect of porosity from the effects of surface
chemistry. The four silane molecules have long and short alkyl
chains and the head groups were varied (Table 1). These
molecules are 3-aminopropyldimethylethoxysilane (named
NH3

+ in this study), n-propyldimethylmethoxysilane (named
CH3 short), octadecyldimethylmetoxysilane (named CH3
long), and tert-butyl-11-(dimethylamino(dimethyl)silyl)-
undecanoate (leading to COO− after deprotection). Twenty-
five different metabolites (Table 2),29−39 with different
physicochemical properties (electrical charges and hydro-
phobic−hydrophilic balance), were analyzed by MALDI-ToF
MS. Twenty-three of them are relevant sepsis biomarkers, and
two of them are commonly found in the blood. The S/N ratio,
STDmean, and intra-substrates uniformity were evaluated as a

Table 1. Silane Molecules and Their Structural Formula

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c04266
ACS Omega 2023, 8, 28898−28909

28899

https://pubs.acs.org/doi/10.1021/acsomega.3c04266?fig=tbl1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04266?fig=tbl1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c04266?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Table 2. 25 Metabolites Studieda

a23 metabolites specific to sepsis are underlined. The 9 metabolites detected simultaneously in this study using CHCA as a matrix are marked by a
star (*). The reference numbers are indicated after the name of the metabolites. Lysophosphatidylcholine, lysophosphatidylglycerol, and
glycerophosphocholine are respectively named LysoPC, LysoPG, and GPC in this study.
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function of surface chemistry and porosity versus plane
substrate.
First, the surface coverage of the different silane molecules,

as well as the conformity of the different monolayers inside the
pores, is characterized by X-ray photoelectron spectroscopy
(XPS) and time-of-flight secondary ion mass spectrometry
(ToF-SIMS). Then, six different organic matrices were
compared. The preponderant discriminant criterion was the
ability of the selected matrix to ionize the largest span of
metabolites among the 25 metabolites studied. Indeed,
profiling simultaneously metabolites can be regarded as a
fingerprint of a specific illness.29

Among the six organic matrices, CHCA is shown to be the
one that allows the simultaneous detection of the largest group
of metabolites. Then, the S/N ratio, STDmean, and intra-
substrate uniformity for the different metabolites studied, on
the different surfaces, were investigated and correlated to the
heterogeneity of the CHCA matrix crystallization features.
Finally, the impact of the physicochemical properties of
metabolites (the octanol−water partition coefficient (log P)
and electrical charge) is evaluated by comparing the results
obtained for the different metabolites detected simultaneously.

■ MATERIALS AND METHODS
Chemicals and Reagents. Porous silicon substrates were

purchased from SiLiMiXT (Tours, France). Pores (10 nm in
diameter and 1 μm in depth) were obtained through
electrochemical etching of silicon substrates (150 mm in
diameter, type P, 10−20 mΩ·cm, and 508 μm in thickness).
The silane molecules studied were purchased from ABCR
(Karlsruhe, Germany). Tert-butyl-11-(dimethylamino-
(dimethyl)silyl)undecanoate was synthesized according to a
protocol previously reported.40 The 25 metabolites considered
in this study were obtained from Sigma-Aldrich. The six
organic matrices studied (α-cyano-4-hydroxycinnamic acid
(CHCA), 2,5-dihydroxybenzoic acid (DHB), 9-aminoacridine
(9AA), N-(1-naphthyl)ethylenediamine dihydrochloride
(NEDC), 5-diaminonaphthalene (DAN), and 2,4,6-trihydrox-
yacetophenone monohydrate (THAP)) and the different
solvents used (tetrahydrofuran 99% (THF), methanol, ethanol,
chloroform, and trifluoroacetic acid (TFA)) were also obtained
from Sigma-Aldrich. Acetonitrile (ACN) was purchased from
Honeywell Riedel-de Haen̈.
Gas Phase Chemical Surface Functionalization. COO−

monolayers were prepared using the protocol previously
reported by Phaner-Goutorbe et al.41 For the three other
silanes, the substrates were cleaned by ozone/ultraviolet
treatment under an oxygen flow for 30 min at room
temperature. Next, the substrates were placed under vacuum
for 30 min at 150 °C and then cooled down at room
temperature under a nitrogen atmosphere. 100 μL of silane
was injected into the reaction chamber and the substrates were
placed under vacuum while the temperature gradually
increased to 150 °C (120 °C for NH3

+). After 1 h of
silanization, the chamber was cleaned thanks to a 15 min
pumping, then the substrates were cooled down and put under
nitrogen. Finally, the samples were washed for 10 min in THF
and for 10 min in ultrapure water.
Matrix Preparation. The matrix solutions contain 10 mg/

mL CHCA dissolved in a 0.1% solution of TFA in ACN/
ultrapure water (60:40 v/v), 20 mg/mL DHB dissolved in
0.1% TFA in ACN/ultrapure water (30:70 v/v), 7 mg/mL
NEDC in a solution of methanol/ultrapure water (50:50 v/v),

10 mg/mL THAP in a solution of ACN/ultrapure water
(50:50 v/v) with diammonium hydrogen citrate 25 nM, and
10 mg/mL 9AA in an ethanol/ultrapure water solution (70:30
v/v). In the case of the 9AA matrix, the choice of solvent was
based on the quality of crystals obtained, by Cerruti et al., for
mass spectrometry imaging of metabolites.42 For the test at
different CHCA concentrations, 20 mg/mL CHCA was
dissolved in a 0.1% solution of TFA in ACN/ultrapure water
(60:40 v/v) before being diluted in the same solution to obtain
the final concentrations (0, 1, 5, 10, and 20 mg/mL).
Preparation of Metabolites. LysoPC, LysoPG, sphingo-

myelin, and ceramide were dissolved in a chloroform/
methanol solution (2:1 v/v) at 1 mg/mL. The 21 other
metabolites were dissolved in ultrapure water at 1 mg/mL. The
metabolites were mixed in equal volumes. The final
concentration of each metabolite was 40 μg/mL.
MALDI-ToF MS Analysis. MALDI mass spectra were

obtained using an UltrafleXtreme MALDI-TOF/TOF (Bruker
Daltonics) equipped with a laser at 355 nm. Ions were detected
in reflectron-positive (RP) or reflectron-negative (RN) ion
mode at ±20 kV accelerating potential. The laser was set on
medium size with a grid voltage of 80% in RP and 100% in RN
ion mode. Samples were studied on an m/z range of 10−800.
Analyses were done both on a classical stainless-steel MALDI
target plate and silanized silicon substrates held on a modified
target plate. 1 μL of the metabolite solution and 1 μL of the
matrix solution were mixed, deposited on the MALDI plate or
the silanized surfaces, and let crystallized in air before
measurement. In the case of functionalized samples, an
imagery of the evaporated droplet was performed using the
FlexImaging 3.0 software (Bruker Daltonics) with a spatial
resolution of 200 μm (40 spots per droplet). For each spot,
500 satisfactory laser shots were averaged to obtain a mass
spectrum. The spectra were analyzed using the FlexAnalysis 3.4
software (Bruker Daltonics) for peak detection and for
measuring the signal-to-noise ratios.
Statistical Analysis of MALDI-ToF MS Spectra. Each

type of sample was done in triplicate. For each replicate of a
given triplicate, the mean S/N ratio of each metabolite at [M +
H]+ was calculated from 40 different areas. Then, the mean of
the three replicates was calculated as follows: S/N = [(mean of
the 40 S/N values)sample‑1 + (mean of the 40 S/N values)sample‑2
+ (mean of the 40 S/N values)sample‑3]/3. Moreover, the
standard deviation of the means of the three replicates was
calculated as follows: STDmean = STD[(mean of the 40 S/N
values)sample‑1; (mean of the 40 S/N values)sample‑2; (mean of
the 40 S/N values)sample‑3]. Furthermore, for each replicate, the
standard deviation of the 40 data points was calculated and
averaged over the three replicates, which is in the following
described as uniformity: uniformity = (STD[S/
N]40_points_sample‑1 + STD[S/N]40_points_sample‑2 + STD[S/
N]40_points_sample‑3)/3.
ToF-SIMS Profiling. High-resolution mass depth profiles

were acquired by ToF-SIMS (ToF-SIMS V from ION-TOF).
A bunched 15 keV Bi3+ ions was used as the primary probe for
analysis (rastered area 80 × 80 μm2) and sputtering was
obtained using Cs+ ions at low energy (500 eV, rastered area
400 × 400 μm2). The sputter and analysis beams were turned
on alternatively, giving in result a series of spectra acquired all
along the depth of the sample.
XPS Analysis. Spectra were obtained using a VSW

spectrometer equipped with a monochromatized X-ray source
(Al Kα 1486.6 eV) in which the angle between the incident

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c04266
ACS Omega 2023, 8, 28898−28909

28901

http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c04266?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


beam and the detector was the magic angle. The angular
resolution was 3°. The take-off angle was 30° relative to the
substrate surface. The energetic resolution was 0.2 eV. The
data analysis was performed with CasaXPS software. Si(−O)4
binding energy was set at 104 eV. A Shirley background was
subtracted on Si 2p and O 1s spectra when coming from bulk
elements while a linear background was subtracted on C 1s
spectra as surface elements. Peaks were fitted by a Gauss−
Lorentz curve.
SEM Imagery. SEM imaging of the matrix crystals was

performed using a Mira 3 LMH (Tescan) with a Schottky tip
and SE and BSE detectors. High vacuum mode was used for
the images with an accelerating voltage of 2 kV. The spot size
was around 8 nm with a current of 260 pA. On each surface, 1
μL of CHCA matrix at 10 mg/mL was deposited and let dry
before SEM analysis. Four different droplets of the CHCA
matrix were deposited on four different substrates (four
replicates).

■ RESULTS AND DISCUSSION
Characterization of the Inter-Substrate Uniformity

and Conformity of the Different Silane Monolayers. XPS
spectra of the bare porous silicon surface and the four different
monolayers are presented in Figures 1 and S1−S4. On the bare
porous silicon surface, O 1s and Si 2p peaks are observed. On
the high-resolution Si 2p spectra, the Si 2p1/2 and 2p3/2
contributions are associated to the bulk silicon, while the

other contributions (SiO2, Si2O, and SiO) come from the
oxidized layer at the silicon surface.43 C 1s, O 1s, and Si 2p
core levels are observed in the case of the four different silane
monolayers, as well as the N 1s core level for the NH3

+

monolayer. The Si(−O)1 contribution observed on the Si 2p
spectra is associated to the Si atom of the silane molecules. In
the case of the NH3

+ monolayer, a small contribution likely
due to the C-N bond is observed on the C 1s spectra. The
atomic percentages of each element are presented in Table 3.
For each monolayer, the C 1s/Si(−O)1 ratio is in accordance
with the stoichiometric one.
An estimation of the surface coverage is obtained from the

formula44

=
A

A
n zsilanes

Si( O)

Si
SiO

1

silica
2

(1)

where z is the silica thickness (2 nm for native oxidation of the
silicon surface), and nSiOd2

is the molecular concentration of
silica (22 SiO2 molecules/nm3). ASi(−O)d1

and ASidsilica
are the areas

of the Si(−O)1 peak and the total area of silica. The surface
coverages obtained for each monolayer are presented in Table
4. This coverage is around four silane molecules/nm2 except
for the COO− monolayer, for which the surface coverage is
higher (5.4 molecules/nm2). This could come from the longer
silanisation process for this silane molecule compared with the
other silane molecules (12 h for COO− and 1 h for the other

Figure 1. XPS spectra of the CH3 long monolayer on porous silicon (survey spectra, C 1s, O 1s, and Si 2p core levels). XPS spectra of the other
monolayers studied and of the bare porous silicon substrate are presented in the Supporting Information.

Table 3. XPS Atomic Percentages of C 1s, O 1s, Si 2p, and N 1s for porous SiO2 Surface and for the Four Silane Monolayers on
Porous Silicon

C O N Si C/Si(−O)1 Stoichiometric C/Si(−O)1
SiO2 1.6 50.7 47.7
CH3 short 14.6 ± 0.5 45.5 ± 1.0 39.9 ± 0.6 5.0 5
CH3 long 41.6 ± 1.3 29.6 ± 0.1 28.8 ± 1.3 19.8 20
COO− 28.9 ± 0.7 44.9 ± 0.5 26.2 ± 0.4 13.1 13
NH3

+ 16.6 ± 1.9 44.0 ±1.4 1.3 ± 1.0 38.1 ± 0.8 5.0 5
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silane molecules). The uniformity of the surface coverage was
estimated by analyzing three different samples for each type of
silane molecule. High uniformity was systematically obtained
as figured out by the standard deviations indicated in Table 3.
Atomic percentages and surface coverage on plane silicon

surfaces, functionalized with the four silane molecules studied,
are similar to those obtained on porous silicon surfaces. These
results have already been previously published by Lecot et al.27

ToF-SIMS depth profiling was used to characterize the
conformity of the different silane monolayers on porous silicon
surfaces. The depth profiles of the negative ions C− (12.000
atomic mass unit [amu]) and 30Si− (29.9737 amu) are
presented in Figure 2. While the intensity of 30Si− as a

function of sputtering time is similar for the four surfaces (i.e.,
CH3 short, CH3 long, NH3

+ silane monolayers, and bare

porous silicon), the peak intensity of the C− ion at 12 amu
diverges depending on the surface. All along the depth profile
and for all functionalized surfaces, its intensity was higher than
on bare porous silicon suggesting the presence of the silane
molecules inside the pores. Moreover, the NH− ion profile
confirms the presence of NH3

+ silane molecules in the pore on
the NH3

+-functionalized surface (Figure S5). Finally, for all
four silanes, the intensity of C− ion remains steady until 4300 s
of sputtering time, which suggests that the silane monolayers
are evenly distributed inside the pores.
Detection of Sepsis Metabolites on Stainless-Steel

Industrial Plates Using Different Organic Matrices.
Classical stainless-steel MALDI target plates were used to
select the matrix that allows the detection of the highest
number of metabolites from the mixture solution containing 25
different metabolites. Six different matrices were studied:
CHCA, DHB, 9AA, NEDC, THAP, and DAN. CHCA was
shown to be the matrix that allows the simultaneous detection
of the highest number of metabolites. Indeed, as shown in
Figure 3, nine metabolites were detected at [M + H]+.
Consequently, the matrix CHCA was selected for the following
analysis. Among these nine metabolites, LysoPC yields the
highest S/N ratio at [M + H]+ (S/N = 1304 at 524.4 m/z).
Also, two of them (creatine and leucine) cannot be
distinguished since they have the same mass and no fragments
are detected. Moreover, several fragments of some metabolites,
in particular of LysoPC, are detected, especially at 86.1 m/z
((CH3)N+−CH�CH2), 104.1 m/z (choline), and 184.2 m/z
(phosphocholine).45 Nevertheless, in the following, only the
peaks at [M + H]+ for each metabolite are considered. It can
be noticed that some metabolites, like LysoPC, are also well
detected at [M + H]+ using the DHB matrix. However, the S/
N ratio of all of the metabolites detected using the CHCA
matrix remains stable after a 1 h sample storage under vacuum,
as well as after a 1 h sample storage in ambient conditions. On
the contrary, the S/N ratio obtained using the DHB matrix
decreases by more than 70% after 1 h storage.
The effects of the concentration of the CHCA matrix on the

detection of LysoPC are presented in Figure 4. Five different
concentrations were studied from 0 to 20 mg/mL. While no
signal is obtained without the matrix, the [M + H]+ peak
intensity increases as the CHCA concentration increases up to
10 mg/mL. The same [M + H]+ peak intensities are obtained
at 10 and 20 mg/mL CHCA. So, in the following, a CHCA
matrix at 10 mg/mL was used.

Table 4. Surface Coverage Obtained by XPS for the Four
Silane Monolayers on Porous Silicona

CH3 short CH3 long COO− NH3
+

Surface coverage
(silane/nm2)

3.8 ± 0.4 4.1 ± 0.1 5.4 ± 0.1 4.4 ± 0.1

aStandard deviations are obtained from the measurement of three
different samples.

Figure 2. Depth profiling by ToF-SIMS of porous silicon function-
alized by (solid) CH3 short, (dash) CH3 long, and (dot) NH3

+ silane
monolayers, and on (dash dot) bare porous silicon are presented. The
intensities of the C− ions (12 amu) and 30Si− (30 amu) ions as a
function of sputtering are displayed in black and red, respectively.
30Si− ion in Si bulk (sputtering time greater than 4300 s) was used for
normalization.

Figure 3. MALDI-ToF MS spectra of the mix of metabolites on a stainless-steel target plate with CHCA matrix. LysoPC is observed at 524.4 m/z
([M + H]+) with fragments at 86.1 m/z, 104.1 m/z, and 184.2 m/z. The other metabolites detected are identified in the insert. Peaks were
identified by comparison with the MALDI-ToF MS spectra of each metabolite alone in solution (results not shown). Matrix peaks are identified by
a star.
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Sepsis Metabolite Detection with and without Silane
Monolayers on Plane and Porous Silicon Substrates.
The effects of the different silane monolayers, on plane and
porous silicon substrates, on the detection of sepsis
metabolites, detected using the CHCA matrix, were inves-
tigated. Results were compared with the ones obtained with
the bare plane and porous silicon surfaces and the ones
obtained using the classical stainless-steel MALDI target plate.
The corresponding mass spectra are presented in Figures 5 and
6. The [M + H]+ peaks of the different metabolites are present
on all of the surfaces studied with different intensities. To
assess these differences, the S/N ratios, as well as the STDmean
and the intra-substrates uniformity obtained from the analysis
of three different replicate samples, are determined for each
surface (Table 5). The metabolites detected are presented in
Table 5. Their octanol−water partition coefficient (log P) is in
the range of −5.5−2.08 (for the most hydrophilic metabolite
studied to the most hydrophobic one). Also, three of the
detected metabolites have no global charge, while two of them
have a high isoelectric point (10.77 and 8.99), and two of them
have an isoelectric point of 6.4 and 6.33. Since creatine and
leucine have the same mass and no fragments, they cannot be
distinguished in the mass spectra. Also, these two molecules
have very different isoelectric points and log P. Consequently,
they are not considered in the following.
First, our results demonstrate that all of the metabolites

detected on the stainless-steel target plate are also detected on
the silanized and bare, plane and porous silicon substrates. In
addition, two metabolites, glycine and alanine, not detected on
the stainless-steel target plate can be detected by using silicon
substrates. Indeed, alanine was detected on all silicon-based
surfaces, while glycine was not detected on CH3 short-
modified porous silicon and bare plane silicon. Moreover,
whatever the metabolite, except phenylalanine and valine, at
least one of the silicon surfaces (plane or porous, bare or
silanized) allows for improving the S/N value in comparison
with the stainless-steel target plate. This first confirms that the
choice of our silicon surfaces was appropriate. Second, these
results demonstrate that there is no ideal silicon surface that
proposes the best compromise for S/N, STDmean, and intra-
substrates uniformity for all of the metabolites. Depending on
the chosen metabolite, planar or porous surfaces, as well as
bare or silanized surfaces, are more suitable. Thus, the choice
of a silicon surface allows to target the specificity to one of the
metabolites. However, a mix of different silicon surfaces would
be necessary to detect all of the metabolites for the

development of a sensing device. Nevertheless, it appears in
Table 5 that substrates, planar or porous, functionalized with
COO− monolayers never present the best S/N ratio in
comparison with the other silicon surfaces. Then, it appears
that the COO− monolayer is not an appropriate surface for the
metabolites of our study, even if the uniformity and STDmean
values are often low and then induce a detection of the
metabolites well controlled.
In detail, if we consider the STDmean, results demonstrate

that, when comparing the plane surfaces, out of the nine
detected metabolites, NH3

+-modified surfaces showed the
worst STDmean for seven metabolites (LysoPC, phenylalanine,
valine, alanine, arginine, glycine, and GPC). Still, on plane
substrates, bare silicon had the worst STDmean for the
remaining two metabolites (caffeine and creatinine). Using
NH3

+ porous silicon instead of NH3
+ plane surfaces, the

STDmean was improved for all metabolites except for creatinine
and valine.
To explain these results, the features of matrix crystallization

on the different surfaces were studied by SEM. Figures S6−S14
present the SEM images of four replicates of the matrix
droplets crystallized on each plane and porous substrate
studied. Crystallization patterns on the plane substrates
functionalized with the CH3 short, CH3 long, and COO−

monolayers and on the bare plane silicon surface were roughly
similar from one replicate to another. However, matrix

Figure 4. [M + H]+ peak of LysoPC (524.4 m/z) for different
concentrations of the CHCA matrix: 0 mg/mL (black solid), 1 mg/
mL (red dash), 5 mg/mL (blue dot), 10 mg/mL (green dash dot),
and 20 mg/mL (magenta dash dot).

Figure 5. Mass spectra of the solution containing the mix of 25
metabolites, using CH3 short, CH3 long, COO−, and NH3

+

monolayers on plane silicon surfaces and using the bare plane silicon
surface. Total ion count (TIC) normalization is used. Matrix peaks
are identified by a star.
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crystallization features on the plane NH3
+ monolayers varied.

So matrix crystallization could explain the poor STDmean of
MALDI analysis in the case of the NH3

+ monolayer on the
plane silicon surface. Contrary to plane silicon surfaces, the
shape of crystals on porous substrates appears to be similar
whatever the type of silane monolayer, with the presence of
dendrites. Also, the matrix crystallization features are similar on
the four porous NH3

+ monolayers studied. Consequently,
matrix crystallization could explain the better STDmean in
MALDI analysis using the porous substrates functionalized
with an NH3

+ monolayer than the plane substrates.
In addition, CH3 short monolayer on porous substrates in

the case of creatinine and arginine leads to a worse STDmean
than the NH3

+ monolayer on a plane silicon substrate, which is
not correlated to the heterogeneity of matrix crystallization
features. Thus, matrix crystallization features are not sufficient
to systematically get a high STDmean in MALDI analysis. Also,
on porous substrates, the CH3 short monolayer leads to better
STDmean and uniformity than the bare porous silicon substrate
for LysoPC and phenylalanine, while the CH3 long monolayer
leads to better STDmean and uniformity than the bare porous
silicon substrate for valine, and the COO− monolayer leads to
better STDmean than the bare porous silicon substrate for
LysoPC, valine, alanine, and glycine. Thus, STDmean and
uniformity of analysis are likely due to a combination between
the quality of matrix crystallization, the physicochemical

properties of metabolites and surfaces, limitations in
metabolite extraction from the pores because of mechanical
constraints, and improvement in metabolite desorption due to
the pores that could act as optimized laser energy receptacles.
If we consider the S/N ratio, the best ones are obtained on

NH3
+ monolayers and bare silicon for planar surfaces and on

CH3 short and long monolayers and bare silicon for porous
silicon surfaces. If the bare silicon surface is a good candidate
for the detection of many metabolites on planar and porous
surfaces, it seems that the presence of pores modifies the
detection ability of silanized surfaces. Indeed, the NH3

+

monolayer is no more a good candidate on porous surfaces
compared with planar surfaces. In fact, CH3 short and long
monolayers became more appropriate. It is such as the
physicochemical properties of the surface are not the only
determinant factors.
The most hydrophobic metabolites (LysoPC and caffeine)

lead to higher S/N values by using the hydrophilic porous bare
silicon substrate. These metabolites could be easily desorbed
from hydrophilic surfaces and pores could act as optimized
laser energy receptacles improving desorption. In the case of
LysoPC, STDmean and uniformity of the S/N values are
demonstrated to be improved by using CH3 short monolayers
on porous and plane substrates.
Contrary to hydrophobic metabolites, the two most

hydrophilic metabolites with the highest molecular masses
(GPC and arginine) lead to higher S/N values using the bare
plane silicon substrates than any other substrates. This result is
in line with a previous study that has demonstrated that the
MALDI-MS signal of hydrophilic analytes is higher on
hydrophilic surfaces than on hydrophobic surfaces.24,46 Also,
hydrophilic pores could affect the extraction of hydrophilic
metabolites, decreasing the S/N values in comparison with the
plane silicon substrate.
In line with the results obtained for the most hydrophobic

and hydrophilic metabolites, metabolites with intermediate
log P (phenylalanine and creatinine) yield similar S/N values
using plane and porous bare silicon substrates. In addition,
STDmean and uniformity of S/N values are improved by using a
hydrophobic monolayer on the porous substrate (CH3 short
for phenylalanine) or on the plane substrate (CH3 long for
creatinine).
Finally, hydrophilic metabolites with the lowest molecular

mass (glycine, alanine, and valine) lead to poor S/N values, on
both plane and porous substrates, while improved STDmean and
uniformity are obtained by using the most hydrophobic plane
substrates. Indeed, in the case of valine, the best uniformity
and STDmean are obtained on plane silicon substrates modified
with CH3 short monolayer (47 and 4, respectively). In the case
of alanine, the best uniformity is obtained on the plane silicon
substrates modified with CH3 short and CH3 long monolayers
(47 in both cases), while the best STDmean is obtained on the
plane silicon substrates modified with CH3 long monolayers
(6). In the case of glycine, the CH3 long-modified plane silicon
surface is the best compromise to optimize both the STDmean
and the uniformity. Indeed, this substrate leads to the best
STDmean (10), even if an identical uniformity is obtained with
the COO−-modified porous silicon substrate, and a uniformity
of 73, very close to the best uniformity (72) obtained with the
bare porous silicon substrate.
Beyond the effects of matrix crystallization and of the

physicochemical properties of the substrates and metabolites,
the effect of metabolite trapping inside the pores was

Figure 6. Mass spectra of the solution containing the mix of 25
metabolites, using CH3 short, CH3 long, COO−, and NH3

+

monolayers on porous silicon surfaces, and using the bare porous
silicon surface. Total ion count (TIC) normalization is used. Matrix
peaks are identified by a star.
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Table 5. S/N Ratio and Associated STDmean (%) and Intra-Substrates Uniformity (%) for All of the Metabolites Simultaneously
Detected on the Different Surfaces Studied, Using CHCA as a Matrixa

am/z, log P, and the isoelectric point (IP) are indicated for each metabolite. For a given metabolite, a substrate leading both to the highest S/N
ratio and to the best compromise for STDmean and uniformity is identified by red values. If such a substrate does not exist, the substrate leading to
the highest S/N value is identified by bold black values and the substrate leading to the best compromise for STDmean and uniformity is identified
by green values. ND means not detected.

Figure 7. Depth profiling of C−, H−, Si−, and P− ions by ToF-SIMS on porous silicon functionalized by CH3 short (left) and CH3 long (right)
silane monolayers, and on bare porous silicon (below). P− ions are specific to the LysoPC molecule.
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evaluated. LysoPC molecules were shown, by ToF-SIMS depth
profiling analysis, to be trapped inside the pores of the CH3
short substrate, and in the pores of the bare silicon substrate,
while they stay at the surface of the CH3 long substrate (Figure
7). However, LysoPC trapping inside the pores seems to have
only a little impact on the STDmean and intra-substrates
uniformity, which is slightly better for CH3 short (LysoPC
inside the pores) than for CH3 long monolayers (LysoPC
outside the pores), despite a lower S/N ratio in the case of
CH3 short monolayers. In addition, our results suggest that
hydrophobic pores may act as optimized energy receptacles
improving the S/N values for LysoPC molecules when localize
on the surface outside the pores, while this effect is
counterbalanced by mechanical constraints impeding LysoPC
molecules when the molecules are trapped inside the pores.
Indeed, the S/N value for LysoPC is higher on the CH3 long-
modified porous substrates than on the CH3 long-modified
plane substrates (666 and 531, respectively). Also, the S/N
value for LysoPC is lower on the CH3 short-modified porous
substrate than on the CH3 long-modified porous substrates
(536 and 666, respectively). Finally, the difference between the
S/N values for LysoPC on the CH3 short-modified plane and
porous substrates (563 and 536, respectively) is lower than the
difference between the S/N values for LysoPC on the CH3
long-modified plane and porous substrates (531 and 666,
respectively).

■ CONCLUSIONS
The CHCA matrix was shown to allow the simultaneous
detection, on the classical stainless-steel MALDI target plate, of
9 metabolites among the 25 metabolites studied, while 2 more
metabolites are detected on the silanized and bare silicon
substrates. LysoPC is the metabolite that leads to the highest
signal intensity. The features of the CHCA matrix crystals were
demonstrated to vary further on plane substrates than on
porous substrates, especially on plane NH3

+ substrates.
Nevertheless, in the case of porous substrates, the presence
and the type of silane monolayers do not impact the matrix
crystallization. The quality of matrix crystals is demonstrated to
be in line with the poor STDmean of MALDI analysis obtained
with the NH3

+ monolayer on plane silicon substrates and also
with the better STDmean obtained on the NH3

+ monolayer on
porous substrates than on plane substrates. Nevertheless, in the
case of the other monolayers, no correlation was found
between the STDmean of the S/N values and matrix crystal
features. Thus, results suggest that MALDI analysis depends
on a complex combination of several factors such as the quality
of matrix crystallization, the physicochemical properties of
metabolites and surfaces, and the presence of pores. Moreover,
our results demonstrate that porous silicon may have two
opposite effects on the MALDI signal. On the one hand, it
serves as an energy receptacle of the incident light which favors
the desorption/ionization of the molecules. On the other hand,
it physically traps the molecules preventing them from
escaping from the surface if these molecules are localized
deep inside the pores. In the case of the most hydrophobic
metabolites studied, LysoPC and caffeine, the highest S/N
ratio was obtained using the bare (hydrophilic) porous silicon
substrates. However, CH3 short monolayer on porous
substrates could be a good trade-off to optimize both the S/
N ratio of LysoPC and the associated intra-substrate
uniformity and STDmean. In the case of the most hydrophilic
metabolites with the highest molecular masses (GPC and

arginine), the highest S/N ratio was observed on bare plane
silicon. For the lowest molecular weight (valine, alanine, and
glycine), the S/N ratio was lower than 11 on all surfaces, but
the STDmean or the uniformity was improved on CH3 long or
CH3 short silane-modified plane substrates. Finally, metabo-
lites with intermediate log P (phenylalanine and creatinine)
yield the best MALDI analysis by a using hydrophobic
monolayer on the porous substrate (CH3 short for phenyl-
alanine) or on the plane substrate (CH3 long for creatinine).
These results would need to be extended in plasma samples,

where the abundant large molecules will be sterically excluded
from the pores and removed from the surface by water
washing. Then, a reduced number of substrates could be
selected to improve the MALDI-ToF MS detection of the
panel of sepsis metabolites. In addition, to further increase the
number of metabolites detected among the 25 metabolites
studied, and also to further improve the limit of detection,
DIOS-MS strategy, based on silanized porous silicon
substrates, could be investigated.47 Indeed, for instance, a
slight CHCA matrix peak interferes with the [M + H]+ peak of
LysoPC, limiting its detection to around 0.5 ng/mL in the mix
of metabolites studied. However, the physiological concen-
tration of LysoPC is far above this detection limit, around 40
ng/mL, and decreases in the case of sepsis. So, the substrates
studied, easily marketable at low cost and high throughput,
could be promising to develop a strategy for sepsis diagnosis in
a few minutes, without any pretreatment protocols of the
samples, based on sepsis metabolites MALDI-ToF MS analysis.
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