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ABSTRACT: Desorption/ionization on silicon (DIOS) is a high-
performance matrix-free mass spectrometry (MS) analysis method
that involves using silicon nanostructures as a matrix for MS
desorption/ionization. In this study, gold nanoparticles grafted onto
a nanostructured silicon (AuNPs-nSi) surface were demonstrated as
a DIOS-MS analysis approach with high sensitivity and high
detection specificity for glucose detection. A glucose sample
deposited on the AuNPs-nSi surface was directly catalyzed to
negatively charged gluconic acid molecules on a single AuNPs-nSi
chip for MS analysis. The AuNPs-nSi surface was fabricated using
two electroless deposition steps and one electroless etching step.
The effects of the electroless fabrication parameters on the glucose
detection efficiency were evaluated. Practical application of AuNPs-
nSi MS glucose analysis in urine samples was also demonstrated in
this study.

KEYWORDS: mass spectrometry, matrix-free laser desorption/ionization, desorption/ionization on silicon, nanostructured silicon,
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■ INTRODUCTION

Mass spectrometry (MS) is one of the most versatile analytical
techniques and has been widely used in various fields, such as
physics, chemistry, geology, materials science, environmental
science, and so forth. Since the late 1980s, with the
development of electrospray ionization mass spectrometry
(ESI-MS)1 and matrix-assisted laser desorption/ionization mass
spectrometry (MALDI-MS),2,3 MS has become a crucial tool
for biological research. ESI-MS and MALDI-MS are well-
established methods for analyzing macromolecules such as
peptides, proteins, and oligonucleotides. However, these MS
techniques have several limitations in small-molecule analysis.
Biomolecules in MALDI-MS are ionized through a UV-
absorbing organic matrix, and the organic matrix background
in the low-mass range creates MS signal interference. In ESI-
MS, biomolecules are ionized through electrostatic attraction,
which generates multiple ion charges during MS analysis. The
detection sensitivity of ESI-MS is typically lower than that of
MALDI-MS
A desorption/ionization on silicon (DIOS) technique for

analyzing small biomolecules using porous silicon4,5 was
reported in the 2000s. Various DIOS-related nanostructure
surfaces, such as silicon nanowires,6 nanofilament silicon,7

nanostructured silicon (nSi),8,9 silicon nanocones,10 porous
alumina,11 and silicon nanowells,12 have been demonstrated as
effective nanostructure-based laser desorption/ionization mass

spectrometry (LDI-MS) methods for analyzing small peptides
or proteins. These techniques involve the use of nanoscale
silicon structures as an organic matrix, absorbing laser energy to
ionize biomolecules deposited onto a surface, thereby
eliminating organic matrix background noise during LDI-MS
analysis. The detection sensitivity of these DIOS-MS methods
is typically high, and femtomole detection levels can be
achieved. With a perfluorophenyl silylated porous silicon
surface, detection sensitivity of des-Arg9-bradykinin as high as
800 ymol was reported.13 Because of these matrix-free and high
detection sensitivity advantages, DIOS-MS is an ideal tool for
analyzing small molecules and for applications in various other
fields, including forensic polymer analysis,14 drug abuse
screening,15,16 peptide sequencing,17 and MS imaging.18−21

Glucose levels in blood or urine are widely recognized as a
critical clinical indicator of diabetes mellitus.22,23 Various
glucose detection methods, such as optical,24,25 photo-
acoustic,26 colorimetric,27,28 surface plasmon resonance,29 and
electrochemical30−35 approaches, have been demonstrated.
These glucose detection methods are well-established and
have been summarized in recent review articles.31,33−37 Most of
these techniques provide portability and low-cost advantages in
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glucose sensing. However, they may have problems with
sensitivity or noise interference. For nonenzymatic electro-
chemical glucose sensors, the typical linear detection range is
usually in the mM or μM range.33−35 In addition to
determining the glucose levels for diabetes mellitus, emerging
research has shown that glucose is a potential biomarker for
monitoring cancer development.38,39 Therefore, creating an
accurate, low sample consumption, and high-sensitivity glucose-
level measurement tool is crucial for clinical diagnosis
applications. Alternative to these glucose-sensing techniques,
MS is a high sensitivity analytical tool that has been applied in
glucose analysis. This is normally performed using the ESI-
MS40−42 approach. MALDI-MS for analyzing glucose samples
has been less frequently reported because of background noise
and ion suppression problems. Recently, 1-naphthylhydrazine
hydrocholoride43,44 and carbon nanodots45 have been reported
as a new matrix for MALDI-MS glucose analysis and have
proven effective in real biological samples.
Nanostructure-based surfaces have been found to have little

sensitivity to glucose samples during MS analysis. In this study,
we used an nSi surface as a matrix-free DIOS-MS substrate for
glucose analysis. An nSi surface grafted with Au nanoparticles
was first demonstrated to directly catalyze the glucose sample
into negatively charged gluconic acid ions for DIOS-MS
analysis with high sensitivity and detection specificity on a
single nSi surface. Fabrication of a Au-nanoparticle-grafted
nanostructured silicon (AuNPs-nSi) surface and its effects on
glucose MS analysis were evaluated. In addition, glucose was
detected in a urine sample to demonstrate the effectiveness of
the AuNPs-nSi MS approach in practical applications.

■ EXPERIMENTAL SECTION
Materials and Reagent Preparation. A P-type (100) single side

polish silicon wafer 10 cm in diameter with a resistivity of 1−100 Ω cm
was purchased from Summit-Tech Resource Corporation. Ethanol
(EtOH, electronic grade), water (MS grade), acetone (HPLC grade),
isopropyl alcohol (HPLC grade), and methanol (MeOH, 99.9%,
electronic grade) were purchased from J.T. Baker. Hydrofluoric acid
(HF, electronic grade, 49%) and hydrogen peroxide (H2O2, electronic
grade, 31%) were purchased from BASF Corporation. D-Glucose
powder (D-(+)-Glucose BioUltra, anhydrous, ≥99.5%) was purchased
from Sigma-Aldrich. Hydrogen tetrachloroaurate(III) trihydrate
(HAuCl4, 99.99%) was purchased from Alfa Aesar.
A standard glucose sample was prepared by mixing the D-glucose

powder with the MS-grade water at a series of concentrations ranging
from 10−1 to 10−8 M. A urine sample was prepared by mixing the 10−3

M standard glucose sample with a participant’s urine at a 1:1 volume
ratio to achieve a 5 × 10−4 M concentration. The urine sample was
then centrifuged at 5000 rpm for 2 min, and the supernatant was
obtained for AuNPs-nSi MS analysis.

AuNPs-nSi Chip Fabrication. The AuNPs-nSi surface was
fabricated using two electroless Au deposition (Au deposition and
Au grafting) steps and one electroless etching (metal-assisted etching)
step. A schematic illustration of the AuNPs-nSi fabrication process is
shown in Figure 1.

The silicon substrate was first cleaned with acetone, isopropyl
alcohol, DI water, and an ultrasonic sonicator bath for 3 min and then
N2 blow-dried to remove surface contaminates. Subsequently, the
silicon substrate was immersed in a HF/HAuCl4 (0.01 M/2.4 M)
solution to deposit Au particles on the silicon surface. The Au-
deposited silicon substrate was then rinsed with methanol and N2

blow-dried to remove any excess HF/HAuCl4 solution from the silicon
surface. After Au deposition, the silicon substrate was immersed in
HF/H2O2/EtOH (1:1:1 v/v/v) to create silicon nanostructures for
300 s. After etching, the substrate was fully rinsed with methanol and
DI water and N2 blow-dried to remove excess etchant from the surface.

After nSi surface fabrication, the Au grafting step was performed to
graft the Au nanoparticles to the nSi surface. The nSi surface was
placed in an O2 plasma cleaner (PDC-32G, Harrick plasma) and
treated (7.5 × 10−1 Torr, 18 W) for 60 s to change the nSi surface
wettability. The O2 plasma-treated nSi surface was immersed in the
HF/HAuCl4 (0.01 M/2.4 M) to graft Au nanoparticles. Finally, it was
fully rinsed with methanol and DI water and N2 blow-dried to create a
AuNPs-nSi chip.

Mass Spectrometry Analysis.MS analysis of the AuNPs-nSi chip
was performed using a standard MALDI-TOF mass spectrometer
(Bruker autoflex speed MALDI TOF/TOF). In AuNPs-nSi MS
analysis, a 5 μL sample was deposited on the AuNPs-nSi surface using
a pipet and maintained for 900 s. Subsequently, the sample was N2

blow-dried to remove the sample droplet from the AuNPs-nSi surface.
The sample deposited on the AuNPs-nSi surface was then mounted
onto a custom-machined nSi chip holder and transferred to a mass
spectrometer for MS analysis. AuNPs-nSi MS analysis was conducted
in linear and positive/negative-ion modes under a vacuum condition of
<3 × 10−6 Torr. Optimized laser energy was set to 35% for the
positive-ion mode and to 75% for the negative-ion mode. Each MS
spectrum in this study was averaged from 150 laser pulses. The MS
was calibrated on a MALDI-MS plate before MS analysis. Because
AuNPs-nSi MS analysis and MALDI-MS calibration were not
conducted on the same run, the AuNPs-nSi MS spectrum may be
miscalibrated up to 1 Da.

Contact Angle Measurement. The water contact angle of silicon
nanostructure surfaces was measured using a custom-made optical
goniometer equipped with a high-resolution digital camera (Canon
EOS 450D/TAMRON Macro 90 mm F2.8 lens), a z-axis precision
stage, and a light source. A 5 μL water droplet was first pipetted on the
AuNPs-nSi surface, and a side-view image of the microdroplet was
then taken using the digital camera. The water contact angle was
obtained by measuring the microdroplet tangent line and the solid
surface from microdroplet images by using AutoCAD (Autodesk, Inc.)
software.

Figure 1. Schematic illustration of the fabrication of the Au-nanoparticle-grafted nanostructured silicon (AuNPs-nSi) surface.
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■ RESULTS AND DISCUSSION
Au Deposition and Metal-Assisted Etching for Nano-

structured Silicon Fabrication. The Au nanoparticles were
deposited on the silicon through a galvanic displacement
reaction. Figure 2 shows the Au nanoparticle electroless

deposition results for deposition times of 30, 60, 90, and 150
s. At 30 s (Figure 2a), round-shape nanoparticles 20−50 nm in
diameter were uniformly deposited on the silicon surface. As
the deposition time increased, the Au nanoparticles aggregated
into oval- or island-shaped patterns, increasing in size to
approximately 110 × 33 nm after 60 s (Figure 2b) and 240 ×
40 nm after 90 s (Figure 2c). After 150 s of deposition (Figure
2d), the Au island-shaped nanoparticles further aggregated into
a continuous Au thin film 350 × 50 nm in size on the surface.
The nSi was then created a using a metal-assisted etching

process.46 In metal-assisted etching, the Au nanoparticles on
the silicon substrate coated in the Au deposition step served as
a cathode, and the silicon substrate served as an anode. Local
electroless etching occurred at the Au/silicon interface, and
each Au nanoparticle on the silicon surface was treated as a
local etching site. The silicon underneath the Au nanoparticles
was dissolved by a local electrochemical reaction to create
silicon nanostructures, leaving the Au nanoparticles on the
bottom of the nSi surface.47 In a previous study, we
demonstrated the electroless deposition step for creating an
nSi surface. In this study, to maximize the amount of Au
nanoparticles grafted to the nSi surface in the Au grafting
procedure, we fabricated a silicon nanostructure morphology
with a high surface/area ratio after metal-assisted etching.
According to the nanoparticle deposition FESEM images
shown in Figure 2, Au deposition for 30 s (Figure 2a) provided
the densest Au nanoparticle distribution with the smallest
nanoparticle size, which yields the largest surface/area silicon
nanostructures. The nSi surface exhibit wire-shaped morphol-
ogies uniformly created on the silicon substrate with pores
200−350 nm in diameter and a height of 2.5 μm after etching
(Figure S1).
Au Grafting for AuNPs-nSi. After nSi fabrication, Au

grafting was performed to graft the Au nanoparticles onto the
nanostructured surface to create a AuNPs-nSi surface. After

metal-assisted etching, the silicon nanostructure exhibited high
hydrophobicity with a water contact angle of approximately
145°. This high hydrophobicity surface nature limited the
penetration of aqueous HF/HAuCl4 into the silicon nanostruc-
tures, yielding optimal Au nanoparticle grafting performance.
To solve this problem, we used O2 plasma treatment to change
the hydrophobic nSi into hydrophilic nSi. The water contact
angle on the O2-plasma-treated nSi surface measured
approximately 5°. This showed that the hydrophobicity was
extremely low, enabling improved penetration of the aqueous
HF/HAuCl4 solution into the silicon nanostructures, thus
yielding optimal Au grafting performance. Three Au electroless
grafting durations of 5, 10, and 15 s in the HF/HAuCl4 mixture
were used to evaluate Au grafting. Figure 3 shows a FESEM
image of the top and cross-sectional views of the AuNPs-nSi
surface after 5 s (Figure 3a,b), 10 s (Figure 3c,d), and 15 s
(Figure 3e,f) Au grafting processes.

After the Au grafting process, the nSi pore size increased.
During the 5 s Au grafting process (Figure 3a), the pore size
measured approximately 250−500 nm. After the Au grafting
time was increased to 10 and 15 s, the silicon nanostructure
pore size increased to 300−600 nm (Figure 3c) and 700−1200
nm (Figure 3e), respectively. The cross-sectional images in
Figure 3b, d, and f show that the nanostructure morphology
had no substantial variation after the grafting process.
Numerous 20−50 nm pinholes were found at the wirelike
silicon nanostructure sidewalls after grafting for all durations.
These pinholes resulted from lateral HF etching, which
facilitated the grafting of Au nanoparticles into the silicon
nanostructure sidewalls during the electroless grafting proce-
dure.
Figure 4 shows a 52° angle view of AuNPs-nSi surfaces

subjected to electroless grafting for 5, 10, and 15 s. In the 52°
angle and top images shown in Figure 4, white spots were
observed at the tops of the nSi, as well as on the lateral surfaces,
indicating the presence of Au nanoparticles grafted to the

Figure 2. FESEM photograph of Au nanoparticles deposited on the
silicon surface after immersion in the HF/HAuCl4 solution for (a) 30,
(b) 60, (c) 90, and (d) 150 s with 100× and 25× (top-right corner)
magnification.

Figure 3. FESEM image of top (a, c, e) and 15° angle cross-sectional
(b, d, f) view after 5, 10, and 15 s Au grafting processes.
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silicon nanostructures. In the 80× magnification FESME image
shown in Figure 4d, the Au nanoparticles can be observed to be
clearly grafted to the nSi surface.
EDS elemental analysis was performed in this study to

evaluate the Au nanoparticle grafting performance. Figure 5
shows the EDS elemental mapping analysis results of the
AuNPs-nSi chip top surface 5 s (Figure 5a), 10 s (Figure 5b),
and 15 s (Figure 5c) after Au grafting. Original SEM images for
EDS elemental analysis are shown on the left of Figure 5. EDS
elemental analysis showed the presence of Si and Au on the
AuNPs-nSi surface, as shown by the green mapping images in
the middle and the red mapping images on the right of Figure
5, respectively. The EDS mapping results showed that the Au
was uniformly distributed on the AuNPs-nSi surface. When the
electroless grafting time was increased, more Au nanoparticles
were found on the AuNPs-nSi surface.

Table 1 summarizes the quantified EDS elemental analysis
results for AuNPs-nSi surfaces. The AuNPs-nSi surface grafted

for 15 s exhibited the most Au with a 1.71% element weight
percentage. Under the 10 s grafting condition, the weight
percentage of Au decreased to 1.21%. We did not obtain the 5 s
grafting result because the EDS elemental analysis instrument
could not measure an element weight percentage less than 1%.
However, the mapping image in Figure 6 shows that the Au
nanoparticles were grafted to the nSi under the 5 s condition.
The percentage of Au under the 5 s condition was estimated to
be approximately 0.71%, assuming that the amount of Au
nanoparticles grafted onto the nSi surface increased linearly
with the grafting time.

AuNPs-nSi MS for Glucose Analysis. nSi-MS analysis
provides several unique advantages; specifically, it requires no
matrix and exhibits a high detection sensitivity. Although nSi-
MS is ideal for small molecule analysis with high sensitivity,
several types of small molecules, such as glucose, cannot be
effectively ionized by the native nSi surface. Figure 6a shows a
native nSi-MS spectrum in the positive-ion mode to analyze
10−1 M glucose. In the MS spectra shown in Figure 6a,
numerous MS peaks can be observed below the 500 m/z range,
and no glucose molecule signals appear at 181 m/z. Sodium
adduct ion at 203 m/z can be observed among the MS peaks
below 500 m/z. Other MS peaks are presumably noise peaks
that may be attributable to sample or nSi surface contamination

Figure 4. FESEM image providing a 52° angle view of the silicon
surface after (a) 5 s, (b) 10 s, and (c) 15 s Au grafting processes. (d)
Magnification (80×) of AuNPs-nSi chip subjected to electroless
deposition for 30 s and electroless grafting for 15 s, showing Au
nanoparticles grafted to the nanostructured silicon surface.

Figure 5. EDS elemental mapping of AuNPs-nSi top surface after (a) 5 s, (b) 10 s, and (c) 15 s 2nd electroless grafting processes. Left, original SEM
image; middle, Si element (green); right image, Au element (red).

Table 1. EDS Elemental Analysis of AuNPs-nSi Surfaces

test conditions element weight %

5 s Si 99.29% a

2nd Au grafting Au 0.71% a

10 s Si 98.79%
2nd Au grafting Au 1.21%
15 s Si 98.29%
2nd Au grafting Au 1.71%

aEstimated value.
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during sample preparation and chip fabrication procedures.
Although glucose sample deposited on a nanostructure-based
surface could be ionized by sodium and potassium ion adducts,
the low sensitivity and specificity nSi-MS analysis results
showed that native nSi is not an ideal approach for glucose
detection. To overcome this limitation, we propose a novel
method using Au-grafted nanoparticles to catalyze glucose into
gluconic acid and directly perform nSi-MS analysis on a single
AuNPs-nSi surface.
In AuNPs-nSi MS analysis, the sample was deposited on the

AuNPs-nSi surface and allowed to react for 900 s for a sufficient
catalysis reaction to occur.48 The glucose samples on the
AuNPs-nSi surface experienced two major stages for MS
analysis. First, the desorption stage, in which the pulse laser
energy emitted from the mass spectrometer was absorbed by
the high surface-to-area ratio AuNPs-nSi surface, facilitating
desorption of the glucose sample from the AuNPs-nSi surface
by a thermal mechanism.49 Second, the ionization stage, in
which the glucose samples were catalyzed to negatively charged
gluconic acid molecules by the on-chip AuNPs-nSi surface Au-
based catalyst reactions. The ionized glucose samples were then
effectively transported to a mass spectrometer analyzer for MS
analysis. Figure 6b shows the MS spectra of a 10−4 M glucose
sample deposited on the AuNPs-nSi surface. Because the
gluconic acid was negatively charged after the Au catalyst
reaction, the MS analysis was conducted in negative-ion mode.

High MS detection sensitivity and specificity were achieved on
the AuNPs-nSi surface, and two major peaks at 126 and 196 m/
z were repeatedly observed in the MS spectra. The 196 m/z
peak was identified as a gluconic acid sample ([M − H]−, MW:
195) with a high detection sensitivity intensity of 4593 and a
signal-to-noise (S/N) ratio of 1528. Compared with the
AuNPs-nSi MS background noise spectra without a glucose
sample, as shown in the top-right corner of Figure 6b. The 126
m/z signal peak was caused directly by the AuNPs-nSi surface
instead of the glucose sample. The sharp unknown peak at 126
m/z may have been caused by the contaminates generated
during wet etching or within the sample.

Glucose Analysis of a Urine Sample. The effectiveness of
AuNPs-nSi in practical application was tested by analyzing
glucose in a urine sample, which induces various noise
interference and ion suppression problems for conventional
MS analysis. Figure 6c shows direct AuNPs-nSi analysis of a
urine sample operating in positive ion mode. Similar to the
standard glucose sample analysis results, numerous MS peaks
are oberved below 250 m/z. A sharp MS peak at 38.68 m/z
indicates high potassium ions in the urine sample. No glucose
molecule signal peaks were observed in the positive ion mode.
Comparing the nSi-MS operated in positive mode, AuNPs-nSi
in negative ion mode is a high-sensitivity and -spectificity MS
analysis technique that can be used for urine analysis. Figure 6d
shows the direct AuNPs-nSi MS analysis spectrum from the

Figure 6. MS spectra of (a) native nSi surface used to detect a 10−1 M glucose sample in positive-ion mode and (b) AuNPs-nSi surface used to
detect a 10−4 M glucose sample in negative-ion mode. The top-right corner shows the background noise of a AuNPs-nSi chip in negative-ion mode
with no sample. Direct urine analysis of glucose on the AuNPs-nSi surface in (c) positive and (d) negative ion mode. The AuNPs-nSi surface was
fabricated through deposition for 30 s and grafting for 15 s.
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urine sample with a 5 × 10−4 M glucose concentration. One
sharp peak at 196 m/z can clearly be identified in the AuNPs-
nSi MS analysis results. Little background noise was found in
the MS spectrum, showing the superior detection sensitivity
and specificity for glucose in the urine sample of the AuNPs-
nSi.
AuNPs-nSi MS Desorption/Ionization and Repeatabil-

ity Tests. The glucose D/I efficiency and repeatability of
AuNPs-nSi surfaces was evaluated by characterizing the
gluconic acid ion signal intensity and S/N ratio. Figure 7
shows the MS signal intensity and S/N ratio after 5 s (Figure
7a), 10 s (Figure 7b), and 15 s (Figure 7c) Au grafting
processes with series standard glucose sample concentrations
ranging from 10−1 M to 10−8 M. The AuNPs-nSi MS
repeatability was tested using three individual glucose MS
measurements, and each MS spectrum is shown in the
Supporting Information (Figures S2−S25). The average signal
intensity, S/N value, and error bars are shown in Figure 7. In
the tests, all AuNPs-nSi surfaces indicated the high detection
sensitivity and high MS detection specificity of the method
compared with current glucose detection methods. The
detection signal intensity and S/N ratio were linearly correlated
with the glucose sample concentration. For the AuNPs-nSi
surface grafted for 5 s, the MS intensity ranged from 420 to
2130 and the S/N ratio ranged from 136 to 660 with a linear
range from 10−1 to 10−8 M (R2 = 0.93). When the grafting time
was increased to 10 s, the MS detection sensitivity increased
from 368 to 2661, and the S/N ratio ranged from 168 to 837
with a linear range from 10−1 to 10−8 M (R2 = 0.95). For the
AuNPs-nSi surface grafted for 15 s, an ultrahigh MS detection
sensitivity of 10327 and S/N ratio of 3084 were observed for a
10−1 M glucose sample concentration. Even at the lowest
sample concentration condition of 10−8 M, the AuNPs-nSi
surface grafted for 15 s showed a high detection sensitivity of
1680 and S/N ratio of 499 with a linear range from 10−1 to
10−8 M (R2 = 0.93). The detection limit of the 15 s AuNPs-nSi
surface is 10−10 M.
The MS D/I efficiency results in Figure 7 indicate that, as the

grafting time increases, a higher D/I efficiency is achieved. This
is primarily because, as the grafting time increases, more Au
nanoparticles graft to the nSi surface, resulting in more glucose
molecules converting to gluconic acid molecules and, thus,
enhancing the detection sensitivity. This observation is
consistent with the EDS measurements summarized in Table 1.
Another potential reason for the efficiency increase is the

AuNPs-nSi surface wettability. The AuNPs-nSi surface
wettability varied with the grafting time. The SEM images
presented in Figure 3 show that the AuNPs-nSi pore diameter
increased with the grafting time with the same morphology. At
the water contact angles shown in Figure 8, the contact angle
decreased from 145° to 132°, 126°, and 93° for 5 s (Figure 8a),
10 s (Figure 8b), and 15 s (Figure 8c) grafting times,
respectively. Larger pore sizes with lower surface wettability
provide superior analyte penetration into the AuNPs-nSi
surface and a stronger sample reaction. However, lower
wettability with larger pore size may present side effects,
reducing nSi D/I efficiency by lowering the local concen-
tration.9 We find that the 15 s Au grafting time was the optimal
AuNPs-nSi condition for glucose sensing, providing more than
4-fold enhancement in D/I efficiency compared with the 5 s
grafting condition.

Figure 7. Glucose detection D/I efficiency in MS analysis of the
AuNPs-nSi grafted for (a) 5 s, (b) 10 s, and (c) 15 s with glucose
concentrations ranging from 10−1 to 10−8 M. The average signal
intensity, S/N value, and error bars were obtained from three
individual MS measurements.

Figure 8. Water contact angle after (a) 5 s, (b) 10 s, and (c) 15 s 2nd
Au grafting to the AuNPs-nSi surface.
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■ CONCLUSIONS
A novel approach to analyzing AuNPs-nSi surfaces was
successfully demonstrated using a matrix-free DIOS-MS
approach with high sensitivity and detection specificity for
glucose analysis. The AuNPs-nSi was fabricated using Au
deposition, grafting, and metal-assisted etching steps. The
entire AuNPs-nSi fabrication procedure was a full-wet process
and required no high-cost equipment to generate a
nanostructure-based silicon surface. Glucose samples on the
AuNPs-nSi surface were directly catalyzed to negatively charged
gluconic acid molecules using Au nanoparticles and desorbed
from the AuNPs-nSi surface for MS analysis.
The effects of the deposition and grafting parameters on the

glucose D/I efficiency were analyzed. The results showed that
the AuNPs-nSi surface subjected to deposition for 30 s and
grafting for 15 s exhibited optimal D/I efficiency for glucose
catalysis reaction and nSi-MS desorption/ionization. A high MS
signal intensity of 1680 and an S/N ratio of 499 were achieved
at a low glucose level of 10−8 M. Furthermore, glucose in the
urine sample was detected to demonstrate the effectiveness of
the AuNPs-nSi MS technique in practical applications. This
study showed that AuNPs-nSi MS analysis has high detecion
sensitivity and specificity for determining the glucose level in a
biological sample compared with current glucose-sensing
techniques. This technique shows great potential for further
applications, such as identification of glucose molecules in real
samples45 or MS imaging.21
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