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ABSTRACT: As the major redox couple and nonprotein thiol source in human
tissues, the level of glutathione (GSH) has been a concern for its relation with
many diseases. However, the similar physical and chemical properties of
interference molecules such as cysteine (Cys) and homocysteine (Hcy) make
discriminative detection of GSH in complex biological fluids challenging. Here we
report a novel surface-enhanced Raman scattering (SERS) platform, based on
silver-nanoparticle-embedded porous silicon disks (PSDs/Ag) substrates for highly
sensitive and selective detection of GSH in biofluids. Silver nanoparticles (AgNPs)
were reductively synthesized and aggregated directly into pores of PSDs, achieving
a SERS enhancement factor (EF) up to 2.59 × 107. Ellman’s reagent 5,5′-ditho-bis
(2-nitrobenzoic acid) (DTNB) was selected as the Raman reactive reporting agent,
and the GSH quantification was determined using enzymatic recycling method, and
allowed the detection limit of GSH to be down to 74.9 nM using a portable Raman
spectrometer. Moreover, the significantly overwhelmed enhancement ratio of GSH
over other substances enables the discrimination of GSH detection in complex biofluids.
KEYWORDS: biosensor, porous silicon, silver nanoparticles, SERS, glutathione, signal amplification

■ INTRODUCTION

As the main nonprotein cellular thiol, glutathione (GSH) exists
in most mammalian tissues with an approximate concentration
of 0.5−10 mM in cells and biological tissues.1 The tripeptide,
in the form of reduced GSH and oxidized GSH, maintains
intracellular thiol−disulfide balance to adjust various biological
processes.2 Also, as an essential antioxidant, the thiol functional
group in GSH captures toxic metal ions and harmful free
radicals.3 Therefore, a variety of diseases are closely associated
with GSH deficiency such as cancers, HIV progressions, and
Parkinson’s diseases.4−6 Consequently, its significant biological
role drives the need of the GSH level’s assessment in biological
systems.7−10 However, other biothiols such as cysteine (Cys)
and homocysteine (Hcy) hold similar physical and chemical
properties as compared to GSH, which makes their selective
detection challenging. The conventional methods generally use
techniques such as high-performance liquid chromatography
(HPLC), electrochemistry, and colorimetry.11−13 HPLC
requires sophisticated time-consuming manipulations; electro-
chemical probes with complex electrode modifications lack
stability, and colorimetry methods suffer from relatively low
sensitivity (∼1 μM). Recently, fluorescence spectroscopy and

electrochemiluminescence methods have been developed
rapidly and achieve higher sensitivity and selectivity in
biosensing.14−19 For example, the 4,4-difluoro-4-bora-3a,4a-
diaza-s-indacene-based (BODIPY-based) fluorescent probes
emit fluorescence signals upon encountering GSH, which
enables the differentiation of GSH from Cys and Hcy.20

However, the molecular fluorescent probes require a tedious
synthesis procedure, and the fluorescent bioimaging in real
samples suffers from background interference. Semiconductor
quantum-dot-based fluorescent probes are concerning because
of their potential toxicity; electrochemiluminescence-based
methods require a complicated procedure of luminophore
preparation, which limits its application in clinical use.21,22

Thus, there still exists an urgent need for the development of
novel and simple methods for GSH detection.
Since the first observation of pyridine on the electrochemi-

cally roughened Ag electrode, surface-enhanced Raman
scattering (SERS) has been continuously developed and
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dramatically explored in molecular detection.23−27 Even
though enhanced SERS detection sensitivity of biomolecules
benefits from aggregated noble metal (gold, silver, and copper)
nanoparticles, the insufficient enhancement factor (EF) and
poor stability caused by not well-defined structures limit the
SERS applications. Therefore, the fabrication of an arrayed
structure for the controllable nanostructure’s gap distance has
been widely investigated.28−30 Xu et al. have shown that
nanoparticles with sub-10 nm space distance have almost 1010

SERS enhancement on molecules.31 However, the develop-
ment of uniformed metal nanoclusters with a proper gap
distance between the neighboring nanostructure remains
challenging. Another possible method to produce abundant
hot spots and enhance the SERS signal is by adopting a
nanosurface with roughness, and the correlation between
surface roughness and plasmon intensity has been proven and
studied.32,33 However, the complicated fabrication process for
demanding nanostructured SERS substrates results in higher
cost and lower reproducibility. Porous silicon (pSi) materials
hold a great potential in biosensing and drug delivery, for their
larger surface-to-volume ratio, easier chemical modification,
and biodegradable features.34,35 The pSi’s reducibility also
enables the metal deposition with the oxidation of silicon to
SiO2 and provides a promising matrix for structural support to
control the spacing between metal nanoparticles formed and
aggregated in the porous structure.36−38 Such hybrid particles
also produce a rough surface, which exhibits intense hot spots
for SERS detection. To overcome the self-fluorescence
disturbance which limits SERS application in direct detections
of biomolecules, various reporting-agent-based indirect meth-
ods have been developed by researchers, using Raman active
molecules such as rhodamine 6G (R6G), 4-mercaptobenzoic
acid (MBA), Prussian blue (PB), and crystal violet (CV).39−42

5,5′-Dithio-bis(2-nitrobenzoic acid) (DTNB), being not just
an Ellman’s reagent to detect thiols in solutions, also plays the
role as a Raman reporter.43−45 A typical colorimetric method
first explored by Frank Tietze utilized the thiol−disulfide
exchange reaction between GSH and the sulfhydryl reagent
DTNB, and the enzymic method for determining GSH
concentration was based on catalytic action of reduced GSH
in reducing DTNB with TPNH and yeast glutathione
reductase.46 The produced Raman active 2-nitro-5-thiobenzi-
ate (TNB2−) has absorption at 412 nm, which was monitored
by a plate reader, and also leaves the possibility to monitor the
GSH level by SERS detections.
Here in this study, a novel SERS platform was developed,

based on silver-nanoparticle-embedded porous silicon disks
(PSDs/Ag) substrates for highly sensitive and selective
detection of GSH. Aggregated silver nanoparticles (AgNPs)
were synthesized directly into pores by the PSDs’ reducibility;
(3-aminopropyl) triethoxysilane (APTES) was applied as the
capping agent for controlling the morphology of silver
nanoparticles as well as surface functional ligands. Sub-
sequently, various surface modifications, reagent concentra-
tions, and volumes were adjusted to optimize the conditions
for the SERS detection. DTNB was used as the Raman
reporter, and shows activity toward thiols by producing Raman
active TNB2− with a SERS signal enhancement ratio, which
can be used for quantitative study. For realization of the
sensitive and discriminative detection of GSH in complex
biological fluids, the enzymatic recycling method using
glutathione reductase (GR) and dihydronicotinamide-adenine

dinucleotide phosphate (NADPH) was adopted, to validate
the analysis of GSH in PBS and human serum.

■ EXPERIMENTAL SECTION
Materials and Reagents. Silver nitrate, APTES, poly(sodium 4-

styrenesulfonate) solution (average Mw ∼ 70 000, 30 wt % in H2O),
poly(allylamine hydrochloride) (average Mw 50 000), 5,5′-ditho-bis
(2-nitrobenzoic acid), β-nicotinamide adenine dinucleotide phos-
phate reduced, yeast glutathione reductase, L-glutathione reduced, L-
cysteine, L-homocysteine, L-arginine, L-histidine, L-isoleucine, L-
leucine, L-lysine, L-methionine, L-phenylalanine, L-threonine, L-
tyrosine, and L-valine were purchased from Sigma-Aldrich. P-type
wafer was purchased from Silicon Quest (Santa Clara, CA). Isopropyl
alcohol (IPA) and phosphate buffered saline were purchased from
Fisher Scientific. All chemicals are reagent grade, and deionized water
was obtained from a Milli-Q ultrapure (18.2 MΩ cm) system.

Fabrication of Mesoporous Silicon Microparticles. PSDs
(porous silicon disks, 1000 (diameter) × 400 (thickness) nm, pore
size ranges from 20 to 60 nm) were produced by the combination of
photolithography and electrochemical etching according to our
group’s previously reported protocol.47 Briefly, starting with a p-
type wafer with resistivity of 0.005 Ω cm as the substrate, the wafer
was exposed to 1:3 HF (49%)/ethanol solution, and electrochemically
etched with a dc current density of 16 mA/cm2 for 45 s to form a 400
nm thick porous silicon layer. The current density was then jumped to
76 mA/cm2, and kept for 6 s to form a second porous layer, the high-
porosity release layer. After deposition of 80 nm thick low-
temperature oxide (LTO) on the porous film, photolithography
process was carried out using an i-line contact aligner (KARL SUSS
MA6) and NR9-500P photoresist (Futurrex, Franklin, NJ). The
patterns were transferred into the double-layer porous films by a
Reactive Ion Etch instrument in CF4 plasma (Plasmatherm
BatchTop). After stripping the LTO in dilute HF, the monodisperse
PSDs were released by ultrasound in isopropyl alcohol (IPA).

Synthesis, Modification, and Characterization of PSDs/Ag
Composites. A simple synthesis of PSDs/Ag composites was realized
by applying the reducibility of porous silicon disks (PSDs). Briefly, 20
μL of 40 mM silver nitrate (AgNO3) aqueous solution was added in 1
mL of PSD (particle number = 1.5 × 108) suspension containing 20
μL of APTES in IPA. After 30 min of reaction under ultrasonication,
the formed composites were centrifuged at 13 000g and washed
thoroughly by IPA three times. Finally, the composites were stored in
1 mL of IPA. PSDs were quantified by using a Coulter counter
(Beckman Mutisizer 4). For evaluation of the influence of surface
charges on the SERS effect of PSDs/Ag composites, poly(sodium 4-
styrenesulfonate) (PSS) and poly(allylamine hydrochloride) (PAH)
were applied to modify PSDs/Ag composites. Briefly, after
centrifugation, PSDs/Ag composites were vacuum pumped to remove
excess IPA; then 0.5% (w/v) PSS and PAH aqueous solutions were
added separately and stirred for 90 min. The modified PSDs/Ag
composites were washed by deionized (Milli-Q) water three times
and finally restored in IPA before SERS measurement.

The morphology of PSDs/Ag composites was characterized by a
Nova Nano scanning electron microscopy 230 instrument (SEM, high
vacuum, HV = 8 kV, spot size 3.5) and a JEM-2100 field emission gun
transmission electron microscope (TEM). A UV−vis spectrometer
(DU730, Beckman Coulter) was applied to measure the absorption
spectra. The surface ζ potential of PSDs/Ag composites was
determined by a Zetasizer Nano (Malvern) instrument.

Surface-Enhanced Raman Spectroscopy Measurement.
GSH, Cys, and Hcy standard solutions with various concentrations
diluted by Milli-Q water/PBS/human serum were prepared. In this
work, DTNB was used as Raman reporter for SERS detections;
DTNB was dissolved in deionized water at a variety of concentrations
(ranging from 10−3 to 10−9 M) and stored in the dark before use. For
the determination of the analyte’s concentration, 10 μL of 100 μM
DTNB was mixed with 10 μL of analyte, and then, 4 μL of GR/
NADPH (1:1) was added to this mixture; after 30 min of incubation
at 37 °C, this was mixed with 10 μL of PSDs/Ag composites (particle
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number = 3.75 × 105) thoroughly before taken to SERS measure-
ments.
Biologically relevant amino acids including L-arginine, L-histidine, L-

isoleucine, L-leucine, L-lysine, L-methionine, L-phenylalanine, L-
threonine, L-tyrosine, and L-valine were selected as the interference
molecules. Typically, each of these amino acids including GSH, Cys,
and Hcy was mixed with 10 μL of 10−4 M DTNB and 4 μL of GR/
NADPH (1:1), and incubated for 30 min at 37 °C. Next, the SERS
measurement was performed as described above. All Raman spectra
were obtained using a portable Raman spectrometer (StellarNet, Inc.)
with a 785 nm laser system operating at a power of 350 mW. The

exposure time for each sample was set to a fixed 5 s accumulation.
Triplicate measurement was conducted for each sample.

■ RESULTS AND DISCUSSION

Sensing Strategy and Optimization of the PSDs/Ag
SERS Platform. The sensing strategy toward GSH is depicted
in Scheme 1. The PSDs/Ag SERS substrates were fabricated by
using a simple one-step deposition process. Silver ions were
reduced directly into pores by taking advantage of pSi’s
reducibility, forming aggregated silver-nanoparticle-embedded

Scheme 1. Schematic Illustrations of PSDs/Ag Composites as the Substrates in SERS Measurements: (a) In-Pore Synthesis of
Silver Nanoparticles, and (b) SERS Signal Amplification for GSH Detection

Figure 1. (A) SEM and EDS element mapping images of PSDs/Ag composites. (B) SEM/TEM images of PSDs and (C) TEM image of PSDs/Ag
composite 70 nm slices (porous silicon filled with Ag nanoparticles).
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porous silicon disks (PSDs/Ag). The silver deposition process
can be explained by the following equations:38

+ → + ++ −Si 2H O SiO 4H 4e (oxidation)2 2 (1)

+ →+ −Ag e Ag (reduction) (2)

The pSi performed as not only a reducing agent but also a
vector that guaranteed the aggregated state of silver nano-
particles because the porous structure bordered the reaction
sites. As previously reported, the morphology and size
distribution of metal nanoparticles have an impact on the
SERS effect of substrates.48 Here, the uniformed hierarchical
nanoporous structure of our well-defined PSDs forms a
controlled nanoscale roughness and restricts the distribution
(size and spacing) of aggregated silver nanoparticles. Applied
as the capping agent, the APTES controls the morphology of
silver nanoparticles as well as surface functional ligands,
affecting SERS performance. Here, the optimized APTES
concentration (20 μL in 1 mL of IPA) was adopted through an
optimization process to maximize the Raman signal of 100 μM
DTNB. As shown in the Supporting Information (Figure S1),
the amount of APTES is critical for forming suitable particle
size and aggregation degree of the silver nanoparticles by
providing numerous nucleation sites for the silver growth;
excessive volume of APTES results in the blockage of pore
structure, thereby preventing the in-pore formation of silver
nanoparticles. The concentration of AgNO3 precursor solution
was further optimized (Figure S2); the size of in-pore-
synthesized silver nanoparticles increases with higher AgNO3
concentration, and the corresponding SERS signal of 100 μM
DTNB achieved the maximum when 40 mM AgNO3 was
added to the deposition process. Redundant AgNO3 fails to
grow silver nanoparticles inside the pore structure, as shown in
Figure S2. Under the optimized condition, the SEM and EDS
images shown in Figure 1A indicate that the silver nano-
particles (diameter, 20−60 nm) were well-distributed in the
porous silicon matrix in the form of an aggregated status. The
large surface area of PSDs improves the capability of absorbing
silver ions into the pores, thereby forming abundant silver
nanoparticle aggregates for SERS detection. Meanwhile, the
penetration depth at a Raman excitation wavelength of 785 nm
can reach at least several hundred nanometers into silicon,
which makes the laser penetrable through the silicon porous
disks, enabling the silver nanoparticles inside the pores to serve
the SERS function.49 In addition, the ∼10 nm wall thickness of
silicon nanopores implements the stationary distance between

the neighboring silver nanoparticles (Figure 1B,C). The
property of mesoporous silicon, which enables the reduction
of various noble metal ions from solutions, simplified the
synthesis procedure, as the silver ions were reduced directly in
the PSD matrix by reducibility of porous silicon. On the basis
of the enzymatic recycling method raised by Frank Tietze, the
thiol−disulfide exchange reaction between GSH and DTNB
forms TNB and GS-TNB, and then, GS-TNB is reduced by
GR and NADPH with the generation of GSH and TNB, which
specifically recycles the GSH to generate more TNB for the
signal amplification and enables selective GSH detection over
other biothiols.46 In neutral or alkaline water solution, TNB
can be ionized to Raman reactive TNB2− dianions. Therefore,
the PSDs/Ag substrates were modified to alter its surface ζ
potential easily to adsorb analyte with various charges. Here,
for the selective GSH detection, positively charged PSDs/Ag
substrates were specially designed for adsorbing TNB2−

dianions to the surface through their electrostatic interaction,
leading to an intensity increase of the SERS signal. The
intensity differences (enhancement ratios) were then used for
quantification of GSH concentration.
For further optimization toward SERS detection, the as-

prepared PSDs/Ag composites were modified with PSS or
PAH to test the influence of surface charges on SERS spectra
of DTNB. Figure 2A shows the ζ potential of PSDs/Ag
composites in PBS solution (pH = 7.4) under different surface
modifications; the results indicate that the surface charge of
PSDs/Ag composites exhibited an impact on SERS spectra of
DTNB molecules. After addition of DTNB (pI = 3.5) to
PSDs/Ag composite solution, the SERS signal was dominated
because the negatively charged DTNB in PBS (pH = 7.4)
could easily bind to the substrate’s surface. The influence of
pH value was further investigated in the Supporting
Information (Figure S3); results show that the neutral or
weak alkaline environment serves as the ideal condition for
DTNB detection. Compared with negatively charged PSS-
modified PSDs/Ag (denoted as PSS−PSDs/Ag) composites,
the PAH-modified PSDs/Ag (denoted as PAH−PSDs/Ag)
composites with positive surface charge exhibited a much
stronger SERS effect; the optimization of PAH concentration
used for surface modification was achieved, as shown in the
Supporting Information (Figure S4). Moreover, the PAH−
PSDs/Ag composites showed higher SERS signal intensities
than APTES-modified ones. Meanwhile, free silver nano-
particles showed the weakest signals among the composite
substrates. The peaks of DTNB molecules at 1330 and 1550

Figure 2. (A) Influence of different surface charges on SERS spectra of 100 μM DTNB solution with PSDs/Ag mixture. Inset figure: the ζ potential
of PSDs/Ag composites with different surface modifications. (B) SERS spectra of 10 μM DTNB solution with PAH−PSDs/Ag mixture before and
after adding standard 10 μM GSH. Radiation of a 785 nm laser was applied for excitation, and exposure time was set to a single 5 s accumulation.
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cm−1 represent symmetric nitro stretch vs NO2 and an
aromatic ring stretching mode, separately. CH3 rocking and
C−N stretching and bending were reflected at 1139 and 1048
cm−1 on the Raman spectrum. Notably, the Raman signal at
1330 cm−1 was extremely enhanced after GSH addition
(Figure 2B). The Raman signal’s enhancement occurs with the
cleavage of equimolar DTNB into two TNB2− molecules by
the thiol band in GSH in the alkaline environment. The
generation of cleaved TNB2− after the addition of GSH
provides the Raman reporting signal source; the TNB2− can be
adsorbed to aggregated silver nanoparticles and the PAH-

modified positively charged surface along with the enormous
surface area enlarge the adsorption capacity, thus enhancing
the Raman signal, while no significant changes in active peak
positions were found. Therefore, it is beneficial to apply PAH−
PSDs/Ag as the SERS substrates in the measurement of
bioactive molecules, and the signal differences of DTNB before
and after reaction with thiol groups can be adopted for
quantification of thiol-containing molecules. For investigation
of the influence of PAH−PSDs/Ag’s concentration on the
SERS signal of DTNB, Raman spectra were collected, and the
highest peaks at 1330 cm−1 were used for presenting SERS

Figure 3. (A) Validation of PSDs/Ag substrates in detecting GSH in human serum, PBS, and DI. The blue bars designate the SERS intensities of
100 μL DTNB, and the red bars designate the SERS intensities after DTNB-GSH reaction. SERS signal enhancement ratios were calculated from
the mean values. (B) Corresponding Raman spectra for GSH detection in DI, PBS, and human serum; characteristic 1330 cm−1 peaks are indicated
by the shaded box. All measurements were conducted in triplicate.

Figure 4. (A) Raman signal intensities increase along with the increase in GSH concentrations. (B) SERS signal enhancement ratio against
concentration profile of GSH/Cys/Hcy detected using PSDs/Ag as the substrates. (C) Variation of SERS signal enhancement ratio at 1330 cm−1

with the GSH concentration in the low-concentration region. (D) SERS signal enhancement ratios of 10 μM GSH, Cys, and Hcy, and 1 mM
arginine, histidine, isoleucine, leucine, lysine, methionine, phenylalanine, threonine, tyrosine, and valine were calculated from Raman spectra
obtained from the enzymatic recycling method with PSDs/Ag as the SERS substrates. Blue bar: 1 mM GSH-spiked serum diluted 1000 times by 1×
PBS. All measurements were conducted in triplicate.
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intensities (height value = I1330 − I1304; Figure S5A). There was
an optimal ratio between amounts of PSDs/Ag composites and
DTNB molecules where the identical peak reached the highest
value when there was 20 μL of PAH−PSDs/Ag composites in
the mixture (Figure S5B). The PSDs/Ag SERS platform
showed a limit of detection (LOD) of 10 nM toward DTNB
molecules (Figure S6); the SERS signal variation was also
observed from the SERS signal distribution of 15 repeated
experiments as shown in Figure S7, demonstrating that the
PAH surface modification improves reproducibility as well as
signal intensities. A time-dependence test of signal stability
ranging from 0 to 72 h in Figure S7C proves a higher stability
than conventional AgNPs. The magnitude of EF in the
detection of DTNB was calculated according to the equation
EF = (ISERSNRaman)/(NSERSIRaman), in which ISERS and IRaman are
intensities for SERS and normal Raman signals at 1330 cm−1,
respectively; NRaman and NSERS are the number of DTNB
molecules contributing to normal Raman and SERS signals.
The calculated value of EF is 2.59 × 107 for the SERS
detection of DTNB under the optimized condition.
SERS Signal Enhancement Effect. For determination of

the GSH’s concentration under the enzymatic recycling
method using GR and NADPH, the observed SERS intensities
were recorded against incubation time from 0 to 90 min as
shown in Figure S8. The figure shows that the SERS intensities
of the GSH group ascend gradually and reach the plateau after
30 min of incubation at 37 °C, while the Cys group remains at
a lower level throughout until 90 min. The signal difference
proves the formation of TNB2− under the existence of GR and
NADPH, which indicates the distinct specificity toward GSH
detection of this method. As previously discussed, the signal
enhancement caused by the enzymatic recycling-reaction-
generated TNB2− can be used for quantitative determination of
GSH’s concentration. For validation of the signal enhancement
effect, measurements under different solution environments
were carried out, as shown in Figure 3. In deionized water, 100
μM pure DTNB exhibits a higher SERS signal than in serum or
PBS, which is ascribed to the more efficient adsorption of
DTNB to the PSDs/Ag substrates in the simpler solution
system. After incubation for 30 min with GR and NADPH, the
signal enhancement ratios (calculated as IDTNB+GSH/IDTNB at
1330 cm−1) achieve 13.3 in PBS, and 3.2 in human serum,
respectively. A ratio of only 1.7 was achieved by direct reaction
of DTNB and GSH in deionized water. In complex solution
systems (PBS/serum), the DTNB molecules are less prone to
bind to the PAH−PSDs/Ag substrates. The TNB2− dianions
generated from DTNB during the thiol−disulfide exchange
reaction then bound to surface positively charged PAH−
PSDs/Ag substrates via the strong electrostatic interaction,
leading to a significant SERS signal enhancement, which
enables quantitative measurements of analytes with higher
sensitivity in complex biofluids.
Sensitivity and Selectivity of the PSDs/Ag SERS

Platform. For an investigation of the sensitivity of the
PSDs/Ag SERS platform in detection of GSH in PBS using the
enzymatic recycling method, a GSH standard solution of
certain concentration was spiked and diluted with PBS to
gradient concentrations. For demonstration of the selectivity of
this method toward GSH over other interference molecules,
Cys and Hcy samples are included as well. For quantitative
measurements, SERS spectra were collected after 30 min of
incubation at 37 °C for each sample. Particularly, the signal
intensities as a function of the GSH concentrations are

demonstrated in Figure 4A, which increase along with the
increase in GSH concentrations. The SERS signal enhance-
ment ratios were calculated as IDTNB+GSH/IDTNB at 1130 cm−1,
and the relationship between concentrations of analyte (GSH,
Cys, or Hcy) and SERS enhancement ratios was plotted, as
shown in Figure 4B. The plot shows a rapid increase of signal
enhancement ratio, which approaches a saturated plateau at an
analyte concentration higher than 3 μM. This trend presents
similarly for GSH, Cys, and Hcy, while GSH exhibits a much
higher signal enhancement ratio than the other two, which
indicates the specific detection toward GSH using this method.
Figure 4C shows a linear response to GSH concentrations in
PBS against SERS signal enhancement. GSH concentrations
lower than 568.9 nM produce a good linear relation, with a
regression coefficient R2 = 0.9881, and the estimated detection
limit for GSH in PBS with the PSDs/Ag SERS platform is 74.9
nM, which is lower than that for the conventional colorimetric
method (∼1 μM). The specific enzymatic recycle method
generates more TNB for the signal amplification and enables
selective GSH detection over other biothiols. The positively
charged surface in our proposed method is specially designed
for adsorbing negatively charged substances including the
TNB2−. As shown in Figure 4D, for the diminishment of
interference of other substances in complex biofluids, the blue
bar indicates the process of treating serum samples by diluting
with PBS, acquiring better sensing sensitivity with a higher
signal enhancement ratio. The dilution process can also be
adopted for real samples with high GSH concentrations. For
further investigation on the selectivity for the detection of
GSH in human serum, several biologically relevant amino acids
including L-arginine, L-histidine, L-isoleucine, L-leucine, L-
lysine, L-methionine, L-phenylalanine, L-threonine, L-tyrosine,
and L-valine were chosen as the interference molecules, and
were spiked in human serum to achieve 1 mM solutions, then
examined using the proposed method. Their SERS signal
enhancement ratios were calculated along with Cys, Hcy, and
GSH spiked human serum samples, as shown in Figure 4D.
The result reveals that the PSDs/Ag SERS-based platform
displays unique selectivity toward GSH over Cys/Hcy and
other amino acids in human serum, which holds great potential
for GSH detection in complex biological samples.

■ CONCLUSION

We have developed a novel SERS platform for the highly
sensitive and selective detection of GSH, based on PSDs/Ag as
the SERS substrates fabricated with a simple synthesis process.
The well-defined porous silicon disks with uniformed
hierarchical porous structure form a controlled nanoscale
roughness of aggregated silver nanoparticles, which provides a
high SERS enhancement factor. The large surface area of PSDs
improves the capability of adsorbing silver ions into the pores,
thereby forming abundant silver nanoparticles aggregated for
SERS detection and providing more reaction sites for analyte
molecules. We demonstrated that the thiol group’s specific
interaction with DTNB that produces Raman active TNB2−

exhibits the SERS signal enhancement effect, and the signal
enhancement ratios were calculated for the quantitative
determination of the analytes. By adoption of the enzymatic
recycling method using GR and NADPH, higher SERS
enhancement ratios for GSH were achieved over Cys/Hcy,
allowing a detection limit of 74.9 nM in PBS. This platform
was further applied toward the validation of selectivity for the
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detection of GSH over other substances in human serum,
showing its potential for GSH detection in vivo.
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