Open Access @

(Pustin Publishing crou

Austin Journal of Nanomedicine &
Nanotechnology

Research Article

Electrochemical Sensing on a Nanostructured Silicon
Mass Spectrometry Surface

Tsao C-W* and Guo Z-M

Department of Mechanical Engineering, National Central
University, Taoyuan City, 32001, Taiwan
*Corresponding author: Chia-Wen Tsao, Department
of Mechanical Engineering, National Central University,
Taoyuan City, 32001, Taiwan

Abstract

Mass Spectrometry (MS) is a widely used analytical tool that provides
quantitive information (molecule weight and intensity) of the analyte.
Nanostructured silicon-based surface-assisted desorption/ionization mass
spectrometry (LDI-MS) provides matrix-free and high sensitivity advantages.
However, the mass spectrometer is a large and expensive tool limiting the
onsite screening or point-of-care testing applications. Electrochemical sensing,
on the other hand, is a simple and less-expensive detection method that can
be used as portable onsite screening purposes. If the nanostructure silicon
(nSi) surface can be used for electrochemical sensing, it opens the possibility
of using nSi surface for both electrochemical sensing and Mass Spectrometry
(MS) detection. Therefore, in this paper, we demonstrate the feasibility of
using nSi surface for electrochemical sensing. Effects of the major nSi surface
process parameters, including metal-assisted etching time and electroless Au
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decoration/deposition time to the electrochemical was evaluated.
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Introduction

Mass Spectrometry (MS) measures the mass-to-charge (m/z)
ratio to identify a molecule’s weight and structure. MS has been used
in various fields, including analytical chemistry, forensic toxicology,
proteomics, drug discovery, earth science, etc. [1-3]. Soft ionization
MS methods such as Electrospray Ionization Mass Spectrometry
(ESI-MS) or Matrix-Assisted Laser Desorption/Ionization Mass
Spectrometry (MALDI-MS) have been commonly applied in
biomolecules analysis. In ESI-MS, the analyte was ionized by applying
a high potential difference (typically around 3~4 kV) between the
capillary top and mass spectrometer orifice at atmospheric pressure.
For MALDI-MS, although the molecule desorption/ionization
principle is still not clearly understood, it is believed that the sample
is ionized through the plus laser beam irradiation on the matrix-
mixed samples [4,5]. The off-line MALDI-MS nature also provides
benefits of preserving samples on the target substrate and capable
of incorporating with the microfluidics technologies through
MS interfacing [6,7]. Nevertheless, MALDI-MS still suffers from
matrix noise background issues that interfere in the low m/z region.
One innovative silicon-based nanotechnology called Desorption/
Tonization on Silicon Mass Spectrometry (DIOS-MS) was proposed
to address this limitation [8]. In DIOS-MS, the high surface-area-ratio
silicon nanostructures replace the role of matrix in MALDI absorbing
the laser energy ablated from the mass spectrometer. In addition to
the matrix-free advantage, DIOS-MS is also a highly sensitive method.
With proper surface medication, detection sensitivity as high as
attomole level can be achieved [9]. Similar to porous silicon, various
nanostructured-based laser desorption/ionization mass spectrometry
(LDI-MS) techniques have demonstrated. Methods such as silicon
nanowires [10,11], nanostructured silicon (nSi) [12-14], germanium
nanodots [15], carbon nanodots [16], silicon nanocones [17], silicon
nanowell [18], silicon nanopost [19], inorganic materials [20], and

nanoparticle materials [21] that include metal, carbon, or silicon-
based nanomaterials and nanocomposites were reported. These
nanostructured-based LDI-MS methods provide unique advantages
in high sensitivity, high salt or contamination tolerance, simple for
sample preparation, and rapid analysis for a wide range of applications
including peptide/protein analysis [22,23], phosphopeptide [24,25],
tumor imaging [26], abused drug [27], bacterial [28], and food [29]
analysis.

In a recent demonstration [30], a mesoporous germanium LDI-
MS substrate was demonstrated to detect illicit drugs in the workplace
or roadside from water or saliva samples. This method shows the
potential of using nanostructured-based LDI-MS in onsite or point-
of-care testing applications. Nevertheless, the mass spectrometer
is a large, expensive, delicate high-end facility that fundamentally
constrains its application in onsite or point-of-care testing detection.
Therefore, a low-cost and straightforward onsite detection method
needs to be developed to compensate for the LDI-MS limitation in
onsite screening. Electrochemical biosensors provide simple, rapid,
and low-cost advantages, which are ideal for quick onsite sample
screening purposes [31]. The facility required for electrochemical
detection is also inexpensive and portable for onsite purposes. Thus,
in this paper, we demonstrate the idea of using the nanostructured
silicon (nSi) platform for electrochemical sensing that also capable
of performing matrix-free LDI-MS on a silicon substrate. The
electrochemical sensing can be used for portable and low-cost
onsite pre-screening. We focus on studying the effects of nSi process
parameters effects to the electrochemical sensing on nSi surface.

Materials and Methods

Electrochemical sensing

Cyclic Voltammetry (CV) was used as the electrochemical sensing
for nSi. The CV curves were obtained from the Galvanostat (Autolab,
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PGSTATI101) where the nSi substrate was used as the working
electrode, Ag/AgCl electrode was used as the reference electrode,
and platinum wire was used as counter electrode for electrochemical
sensing. The glucose sample for electrochemical sensing was prepared
by mixing the glucose sample with 10-3M potassium hexacyanoferrate
(III) and potassium hexacyampferrate (II). The 1x1 cm? nSi electrode
was put in the glucose sample and staying for 10 minutes allowing
sufficient sample reaction. The galvanostat scanning rate was set to
0.1V/s, and step potential was set to 0.00244V.

Nanostructured silicon surface preparation

The nSi surface was fabricated by metal-assisted etching and two
steps of electroless plating processes. The silicon substrate, P-type
(100), was first cut into 1 cm x 2 cm size and covered 1 cm x 1 cm
with SEM tape to protect this area during etching. Prior to etching,
the silicon surface was ultrasonic bath clean with acetone (99.9%,
electronic grade) and isopropanol alcohol (99.5%, electronic grade)
for 3 minutes, followed by a deionized water rinse and nitrogen gun
blow dry. The silicon wafer was immersed in a hydrogen fluoride (49%,
electronic grade) and hydrogen tetrachloroaurate (III) trihydrate
(0.01M/2.4M) deposition solution for 30 seconds to deposit a thin
gold film on the silicon surface. The gold-coated Si wafer was then
rinsed with methanol (99.9%, electronic grade). After gold coating, we
use a metal-assisted etching process creating silicon nanostructures
[32]. The silicon substrate was immersed in a hydrogen fluoride
(49% electronic grade), hydrogen peroxide (31%, electronic grade),
and ethanol (99.5%, electronic grade) 1:1:1 volume ratio mixture for
300~900 seconds to create the nanostructures on the silicon surface,
and fully rinsed with methanol (99.9%, electronic grade) for two
minutes. After silicon nanostructure fabrication, the nSi surface was
decorated with gold nanoparticles by another electroless deposit step.
Due to the high surface hydrophobicity (>130°) of the nSi surface,
the deposition solution can’t penetrate the nanostructure pores for
efficient gold decoration/deposition. We modify the nSi surface into
hydrophilic (<20°) by oxygen plasma treatment (18W, 7.5x10" torr,

60 seconds) prior to the deposition. The nSi surface was immersed in
hydrogen tetrachloroaurate (III) trihydrate (0.01M/2.4M) deposition
solution for 15 seconds to decorate the gold nanoparticles on the nSi
surface.

Results and Discussion

Electrochemical Sensing on a nSi-MS surface

The matrix-free nanostructured-based LDI-MS methods have
proofed as matrix-free MS analysis platform for small molecule
analysis. High detection sensitivity has been demonstrated [9] using
model peptides. Compared to ESI or MALDI, nSi is a relatively
simple approach. However, despite these advantages, nSi-MS still
required an expensive mass spectrometer, which is not ideal for
onsite or portable POCT usage. Electrochemical biosensors provide
simple, rapid, and low-cost advantages, which are suitable for rapid,
high throughput onsite sample screening purpose. To integrate
these two techniques’ capabilities, we demonstrate the idea using nSi
surface for electrochemical sensing. In this paper, we choose glucose
as a standard sample to proof of the concept. For MS detection,
the samples on nSi surface first required to be ionized into charged
molecules. For glucose samples on the nSi surface, due to the catalyst
reaction. The gold nanoparticle decorated on the porous silicon
surface was used to catalyze glucose into a negative charged gluconic
acid. This negative charged gluconic acid enables the MS detection
in to identify the glucose level negative-ion mode [14]. This matrix-
free MS analysis is fully compatible with the electrochemical sensing
using the same nSi surface. For electrochemical sensing, the gold
nanoparticles decorated on the nanostructured silicon surface serves
as a stable enzyme-free working electrode for glucose sensing through
electrochemical oxidation mechanism [33]. The high surface-to-area
ratio nSi surfaces can also effectively increase the working surface
area to further enhance the electrochemical sensing sensitivity level.
In the following sections, critical process parameters including
etching and deposition time to surface nanostructured silicon surface
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Figure 1: Top SEM images showing nSi surface morphologies with metal-assisted etching times of (a) 300 (b) 600 and (c) 900 seconds. (d) Shows electrochemical
current intensity with etching time. It is noted that the first and second Au electroless deposition time were 30 and 15 seconds. The glucose sample concentration
is 10°°M.
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Figure 2: SEM/EDS elemental mapping of nanostructure silicon top surface with 300 seconds (a~c), 600 seconds (d~f), and 900 seconds (g~i) metal-assisted

Figure 3: Cross-sectional SEM images nSi surface with different etching time.

morphology and electrochemical sensing are evaluated.

Effects of metal-assisted etching time and nanostructured
silicon surface morphology to electrochemical sensing

In this section, we focus on investigating the effects of
nanostructured surface morphology to the electrochemical sensing.
The nSi surface was fabricated by one metal-assisted etching and two
electroless Au deposition steps. The first Au electroless deposition
step was used to coat a thin Au layer on the bare silicon surface for
the consequent metal-assisted etching. The second Au electroless
deposition was used to decorate the Au nanoparticles on the silicon
nanostructures. In our experiments, for the first Au electroless
deposition, we found excessive electroless Au deposition time
may result in gold grows into thin films rather than gold particles.
Therefore, an optimized 30 seconds was selected for the first Au
electroless deposition steps. We also found metal-assisted etching time
has significant impacts on the nSi surface morphology as well as the
electrochemical sensing performance. Therefore, the metal-assisted
etching time was first evaluated in this section. Figure la-1c shows
the silicon surface with various etching time from 300 to 900 seconds.
As shown in the figure, the silicon nanostructure pore size increases
with the etching time from ~50nm (Figure 1a) to ~2.0um (Figure 1c).

The current intensity also increased from ~1.7 x 10 A to ~3.7 x 10°
A for etching time from 300 to 900 seconds. According to Randles-
Sevcik equation, the peak current intensity potentially increased with
the working electrode area. Thus, in nSi electrochemical sensing, we
postulated that larger pore size promotes easy sample penetration
down to the nanostructured silicon surface, which allows more Au
nanoparticles to decorate onto the nanostructured silicon surface and
catalyst reaction for enhanced current density and sensitivity level.
We also test the time to 1,200 seconds. As shown in Fig 1d dash line,
the current intensity only slightly increased 2.7% to ~3.8x10° A, but
it increased the processing time. Therefore, we choose 900 seconds
etching time as optimized metal-assisted etching.

To further prove the hypothesis of larger pore sizes (increased
with etching time) promotes better Au nanoparticle decoration on
the nanostructure surface for electrochemical sensing. We performed
the SEM/EDS elemental analysis of the nanostructured silicon
surface. As shown in Figure 2, the red color presents Au element
(Figure 2b, 2e & 2h) and green color shows Si element (Figure 2c, 2f &
2i). The Au element increased with the pore size (etching time) from
0.47% (300 seconds), 0.74% (600 seconds) to 1.88% (900 seconds).
This suggests that under identical second Au decoration/deposition
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Figure 4: Top SEM images showing nanostructured silicon surface morphologies with second Au decoration/deposition time of (a) 15 (b) 30 and (c) 60 seconds.
(d) Shows electrochemical current intensity with second Au decoration/deposition time. It is noted that the first Au electroless deposition time was 30, and metal-
assisted etching time was 900 seconds. The glucose sample concentration is 10°°M.

Combined (SEM+Si +Au Au el

> —

30 seconds 15 seconds

60 seconds

deposition time.

Figure 5: SEM/EDS elemental mapping of nanostructure silicon top surface with 15 seconds (a~c), 30 seconds (d~f), and 60 seconds (g~i) Au decoration/

ement Si element

time of 15 seconds, more gold nanoparticles are decorated on the
nanostructure surface with bigger pore size surface morphology. This
promotes better electrochemical sensing performance due to more
reaction sites (electrode area) for higher current intensity.

Figure 3 displayed cross-sectional SEM images of nanostructured
silicon surface with different etching times. As the etching times
increase, the etching depth and the pore width also increase with the
etching time. Although the silicon morphology becomes random at
the nanostructure bottom, the silicon nanostructures (red-dash box

in Figure 2) were uniformly distributed on the top surface. The gold
nanoparticles are decorated on the top size, where electrochemical
sensing and MS analysis take place. From Figure 2, it can be observed
that gold nanoparticles (red-color dots) are uniformly distributed on
the silicon nanostructures (green-color clusters).

Effectsof Audecoration/depositiontimeto electrochemical
sensing

The Au nanoparticles on the nSi surface acts as reaction sites for
electrochemical sensing. Thus, the second Au decoration/deposition
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Figure 6: CV curves for (a) 15 and (b) 30 seconds Au decoration condition with glucose concentration from 102 to 10 M. The nSi surface was fabricated from
optimized 15 seconds first electroless etching and 900 seconds metal-assisted etching time.
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Figure 7: nSi-MS analysis of glucose sample using the nanostructure silicon surface. Glucose sample concentration: 10° M [14].

time may potentially affect the electrochemical sensing. Figure 4a-
4c shows the nSi surface morphologies with second Au decoration/
deposition time from 15 to 60 seconds. During the second electroless
Au grating steps, the surface pore size also increased with decoration/
deposition time from ~2.0um (Figure 4a) to ~4.0um (Figure 4c).
The current density also increased from ~3.8x10° A to ~4.2x10° A.
This phenomenon is similar to the observation of the etching time
effects as previously discussed. Due to larger pore sizes and longer Au
decoration/deposition time, more Au nanoparticles were decorated
on the nSi surfaces, which increases the working electrode area for
higher electrochemical sensitivity.

Figure 5 shows the SEM/EDS elemental analysis of the
nanostructured silicon surface with 15, 30, and 60 seconds Au
decoration/deposition time. Au nanoparticles were uniformly
decorated on the nSi surface as expected. And more Au nanoparticles
are decorated on the nSi surface with longer decoration/deposition
time. The Au element weight percentage increased from 1.88% (15
seconds), 2.33% (30 seconds) to 3.18% (60 seconds) as displayed in
Figure 5.

Detection sensitivity of electrochemical sensing and LDI-
MS on nanostructured silicon platform

After evaluating the key process parameter effects to the nSi
electrochemical sensing performance, the detection sensitivity was

finally evaluated. Figure 6 shows CV curves for 15 seconds (Figure
6a) and 30 seconds (Figure 6b) Au decoration/deposition nSi surface
with glucose sample concentration ranging from 10°M to 10°M.
Results indicated that high detection sensitivity of 10’M and 10°
°M were achieved for 15 and 30 seconds conditions. Comparing to
current high sensitive electrochemical glucose biosensors with a
limit of detection from 1~10 x 10° M range [34,35], the nSi-based
electrochemical sensor exhibits good sensing performance.

As demonstrated in previous investigation, the nSi platform is
also capable for the used as LDI-MS target substrate. Therefore, both
electrochemical sensing and LDI-MS detection can be performed on
the same analytical platform. In our previous investigation, we proved
the nSi surface detecting glucose sample at high sensitivity [14]. Based
on the key nSi process parameters as previously investigated, the nSi
surface fabricated from 30 seconds first electroless deposition, 900
seconds metal-assisted etching, and 15 seconds second Au deposition.
The mass spectrum displayed in Figure 7, showing a highly discernible
peak at 196 m/z indicates the gluconic acid molecules with nSi LDI-
MS detection sensitivity of 10-8 M on the nSi surface.

Conclusion

Electrochemical biosensor provides simple, rapid, and low-
cost advantages, which is ideal for rapid and high throughput on-
site sample screening purposes. In this study, we demonstrate the
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feasibility of using nanostructure silicon surface for electrochemical
sensing on the nSi-MS surface based on the same fabrication process.
Effects of critical fabrication parameters on the electrochemical
sensing were investigated. This integrated nSi surface is fabricated
from the one first electroless Au deposition step followed by metal-
assisted etching and second electroless Au decoration/deposition. We
used standard glucose samples as standard proof-of-concept. Results
find that longer metal-assisted etching time and Au decoration/
deposition time enhanced the electrochemical sensing sensitivity.
And detection sensitivity of 10 M for electrochemical sensing on the
nSi-MS platform.
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