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ABSTRACT: Bilirubin (BR) is a product of hemoglobin break-
down, and its increasing levels in the blood may indicate liver
disorders and lead to jaundice. Kernicterus is most dangerous in
newborns when the unconjugated BR concentration can quickly
rise to toxic levels, causing neurological damage and even death.
The development of an accurate, fast, and sensitive sensor for BR
detection will help reduce diagnostic time and ensure successful
treatment. In this study, we propose a new method for creating a
surface-enhanced Raman scattering (SERS)-active substrate based
on gold-decorated silicon nanowires (Au@SiNWs) for sensitive
label-free BR detection. Gold-assisted chemical etching of
crystalline silicon wafers was used to synthesize SiNWs, the tops
of which were then additionally decorated with gold nanoparticles. The low detection limit of model analyte 4-mercaptopyridine
down to the concentration of 10−8 M demonstrated the excellent sensitivity of the obtained substrates for SERS application. The
theoretical full-wave electromagnetic simulations of Raman scattering in the Au@SiNW substrates showed that the major
contribution to the total SERS signal comes from the analyte molecules located on the SiNW surface near the gold nanoparticles.
Therefore, for efficient BR adsorption and SERS detection, the surface of the SiNWs was modified with amino groups. Label-free
detection of BR using amino modified Au@SiNWs with high point-to-point, scan-to-scan, and batch-to-batch reproducibility with a
detection limit of 10−6 M has been demonstrated. Artificial urine, mimicking human urine samples, was used as the matrix to get
insights into the influence of different parameters such as matrix complexity on the overall BR SERS signal. The signal stability was
demonstrated for 7 days after adsorption of BR with a concentration of 5 × 10−5 M, which is the required sensitivity for clinical
applications.
KEYWORDS: bilirubin, gold-decorated silicon nanowires, label-free SERS detection, jaundice, sensor

■ INTRODUCTION
Bilirubin (BR) is a breakdown product of heme catabolism in
aged red blood cells in all mammals. Free BR is toxic yellow
tetrapyrrol, which exists in human serum as an unconjugated
form and has a lipophilic nature.1 In the blood circulatory
system, most of the unconjugated BR is tightly bound to serum
albumin; then, it is conjugated in the liver with glucuronic acid
and is excreted in the bile.2 The human neonate has an
undeveloped capability of conjugation and excretion and,
consequently, accumulates BR in the blood plasma. This
results in yellow staining of the skin, icterus neonatorum, and
usually subsides in the course of several days.2,3 Kernicterus is
most dangerous in newborns when the free BR concentration
quickly rises to toxic levels, causing neurological damage and
even death.4,5 An increase in the level of free BR in the blood
can also be diagnosed in an adult due to liver problems caused
by infections (hepatitis A), pathologies (Gilbert’s syndrome,
Rotor syndrome, etc.), or diseases (e.g., cirrhosis of the liver).6

The normal level of free BR is <25 μM (<12 mg/L) in
healthy human blood,7,8 and it plays the role of a potent
physiological antioxidant that may provide important protec-
tion against atherosclerosis, coronary artery disease, and
inflammation. A low concentration of BR is associated with
coronary artery disease and iron deficiency.9 At high levels of
free BR (>50 μM, >25 mg/L), the so-called hyper-
bilirubinemia leads to jaundice, hepatitis, mental disorders,
cerebral palsy, brain damage, and death (especially in the case
of neonates).5,10,11 Therefore, the development of an accurate,
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rapid, and sensitive sensor for BR detection is an urgent task
that will help reduce diagnostic time and ensure successful
treatment.
The problem of finding an accurate and specific method to

determine the BR level has long attracted the attention of
specialists. Historically, Ehrlich in 1883 treated BR in urine
with diazo reagent and described the formation of a red-blue
colored pigment. Later, Van den Bergh and Muller found that
BR in normal serum reacts with Ehrlich’s diazo reagent
(diazotized sulfanilic acid).11 Currently, the most common
methods for the determination of BR in blood serum in the
clinic are direct spectroscopic measurement and the method of
the diazo reaction.11−13 However, direct spectroscopic
measurements can be inaccurate due to interference with
other heme proteins, including carotenoids, which absorb light
at the same wavelengths. The pH dependence of the diazo
reaction reduces the accuracy of this method.14

Surface-enhanced Raman scattering (SERS) has been
proven to successfully detect different biomarkers of diseases,
viruses, bacteria, etc.15−17 SERS was first observed by Martin
Fleischmann and his co-workers during their measurements of
Raman scattering, inelastic light scattering, on the surface of a
rough silver electrode in 1974.18 Due to the SERS effect, the
intensity of Raman scattering of light by molecules adsorbed
on the nanostructured surfaces of noble metals usually
increases by 6−8 orders of magnitude. The observed increase
in Raman intensity can be explained by two mechanisms:
electromagnetic, which is associated with localized surface
plasmon resonance in the nanostructures of noble metals, and
chemical, caused by the charge transfer between adsorbed
molecules and the nanostructures.15,19 The main character-
istics of a proper SERS substrate are its homogeneity and
batch-to-batch reproducibility; the stability of the SERS signal
intensity and easy and cost-effective fabrication are also
needed.
There are several reports describing the detection of BR

using SERS-active substrates; for example, a graphene isolated
Au nanocrystal, loaded on cellulose paper strips, has
demonstrated the ability to detect BR directly from a newborn
baby patient with jaundice.20 Geng et al. developed a
recyclable SERS substrate by modifying functional boron
nitride monolayer nanosheets on silver nanoarrays for label-
free detection of BR in complex biological samples.21 A
graphene oxide−gold nanostar hybrid was loaded on filter
paper for label-free SERS detection of serum BR.22 The Ag@
Fe2O3 hybrid substrate was successfully applied to detect
bilirubin in human blood.23 However, despite the observed low
detection limit of BR, the signal homogeneity is not well
demonstrated, and the process of manufacturing the SERS
substrates seems to be challenging. Also, the direct contact
between the metal and BR will produce unnecessary light/
chemical reactions, which will cause deformation of the
molecular structure.21 Thus, the task of developing easily
synthesized highly sensitive substrates with good signal
reproducibility for label-free SERS diagnostics of BR does
not lose its relevance.
Arrays of silicon nanowires (SiNWs) are attractive objects

for creating sensitive sensors due to the simplicity of their
preparation methods and silicon surface tailorability.24−26

Since arrays of nanowires have a huge surface area, a high
number of metallic nanoparticles (NPs) could be packed on
them, which would yield a high enhancement factor when
using such nanostructures as SERS-active substrates.27,28 For

example, a hybrid photonic/plasmonic platform based on gold-
decorated porous silicon with surface biofunctionalization by
polyelectrolytes, which are engineered with bioreceptors to
enable label-free detection of target analytes, was proposed by
Mariani et al.29,30

SiNWs can be obtained by several different methods, but
among them, metal-assisted chemical etching is the simplest
method that does not require expensive equipment and is
attracting more and more attention in the large-scale
production of SiNWs.28,31 Usually, silver-assisted chemical
etching is used to obtain SiNW arrays, and in most cases, the
surface of the nanowires is also decorated with silver
nanoparticles (Ag NPs) to provide them the properties of
SERS activity.28 However, the stability of the enhancement
factor for the Raman signal of such substrates is not obvious
due to the tendency of Ag NPs to oxidize with the release of
ions and ROS,32 which can rapidly occur when nanoparticles
interact with biological fluids and can also adversely affect the
studied bioanalytes.
In the current study, we present SERS-active gold-decorated

SiNW (Au@SiNW) substrates for label-free detection of BR
for the first time. We propose a new method for producing
SiNWs in which gold nanoparticles (Au NPs), directly reduced
on a crystalline silicon wafer from a solution of gold chloride
and hydrofluoric acid, are used as catalysts for a chemical
reaction in metal-assisted chemical etching (MACE). To
achieve SERS activity of the obtained substrates, the tops of
the nanowires are additionally coated with Au NPs. The low
detection limit of the model analyte 4-mercaptopyridine down
to 10−8 M demonstrated the superior sensitivity of Au@SiNW
for SERS applications. It is shown that the modification of the
surface of the SiNWs with amino groups provides hydro-
phobization of the SERS substrates and effective adsorption of
bilirubin. Label-free detection of BR using amino modified
Au@SiNWs up to concentrations of 10−6 M has been
demonstrated. Artificial urine matrix (AUM) simulating
human urine samples and human serum albumin (HSA)
solution were used to gain insight into the effect of various
parameters, such as matrix complexity, on the overall SERS BR
signal. Signal stability is shown for 7 days after adsorption of
BR from the AUM with a concentration of 5 × 10−5 M, which
is the required sensitivity for clinical applications. This,
together with the ease of the developed method for the
production of Au@SiNWs, high point-to-point, scan-to-scan,
and batch-to-batch reproducibility of the BR signal, and the
sensitivity required for clinical applications, opens the
possibility of using this SERS-active substrates as platforms
for point-of-care clinical diagnostics.

■ MATERIAL AND METHODS
Chemicals. Hydrofluoric acid 48% (HF), hydrogen peroxide

(H2O2, 30%), isopropanol, and acetone were purchased from
Mosreactiv, Russia. 50% gold(III) chloride (AuCl3(H2O)2) from
ABCR, Germany, and 3-aminopropyl(triethoxyl)silane (APTES) from
Gelest, USA, were used. CaCl2, Na2SO4, MgSO4, NH4Cl, KCl, urea,
NaH2PO4·2H2O, Na2HPO4, sodium citrate, NaCl, 4-mercaptopyr-
idine (4MPy, 95%), human serum albumin (HAS) powder (>98%),
bilirubin (BR) powder (>98%), and phosphate-buffered saline (PBS)
were purchased from Sigma-Aldrich, Germany.
Fabrication of Gold-Decorated Silicon Nanowires. The

SiNW arrays were created by metal-assisted chemical etching
(MACE) of 1−5 Ωcm boron-doped single crystalline silicon (c-Si)
wafers (Silicon Materials, Germany). First, before the MACE
procedure, the c-Si wafers were rinsed in acetone and isopropanol
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in an ultrasound bath (Elmasonic S, Germany) for 2 min to remove
organic and inorganic residues and then rinsed in 5 M HF aqueous
solution to remove the native oxide. In the first step of MACE, gold
nanoparticles (Au NPs) were deposited on the c-Si surfaces by
immersing them in an aqueous solution of 0.01 M AuCl3 and 5 M HF
at a volume ratio of 1:1 for 30 s. In the second step, the c-Si surfaces
covered with Au NPs were immersed in the second etching solution
containing 5 M HF and 30% H2O2 at a volume ratio of 10:1 in a
Teflon vessel for 3 min. The etching step was performed at room
temperature (RT). After the MACE procedure, the typical SiNW
arrays of vertically aligned nanowires with native Au NPs at the
bottom were obtained, as schematically shown in Figure 1.

To deposit Au NPs at the top of SiNWs, the substrates were
immersed in 0.01 M AuCl3 and 5 M HF at a volume ratio of 1:1 for
30 s at RT (Figure 1). Finally, the samples were rinsed several times in
deionized water and dried at room temperature. After fabrication, a
silicon wafer with the Au@SiNWs layer was cut into 5 × 5 mm chips.
Note that more than 200 chips are obtained from one 4 in. silicon
wafer.
Sample Characterization. The scanning electron microscope

(SEM; Zeiss Supra-40, Germany) was used to study the morphology
and composition of the obtained Au@SiNWs substrates. Energy
dispersive X-ray fluorescence spectroscopy was performed using a M1
Mistral Micro-X-ray fluorescence analyzer equipped with an Rh target
and 30 mm2 Peltier cooled silicon drift detector (Bruker, Germany).
For area-averaged spectra, the collimator was set to 1.5 mm excitation.
The specular reflection spectra of the Au@SiNW substrates before
and after the modification process with the amino groups were
measured in the range of 800−1900 cm−1 using a Bruker IFS 66v/S
FT-IR spectrometer, Germany, at an incidence angle of 13° at a
pressure of 2 mbar.
SERS Measurements of 4-Mercaptopyridine. To verify the

ability of the obtained substrates to amplify the Raman signal, 4-
mercaptopyridine (4-MPy) was used. First, stock solutions of 10−4 M
for 4-MPy were prepared in high-purity water by adding the
appropriate amount of powder. Next, stock solutions were diluted
to final concentrations of 10−5−10−8 M. For the SERS measurements,
the samples were incubated for 30 min in the as-prepared solutions of
the analytes and then air-dried. The SERS measurements were
performed using a commercially available Confotec MR350 Raman
spectrometer (SOL Instruments, Belarus) equipped with a 633 nm
laser. During the measurements, a 600 lines/mm grating was used,
and a 50× Zeiss objective (N.A. 0.65; W.D. 1.6 mm) was employed to
focus the laser beam on the sample and to collect the backscattered
light. Focusing was carried out according to the signal intensity. The
laser power at the surface of the sample was 0.5 mW. For every
substrate, 3 different areas of 10 × 10 μm size were measured using a
1 μm step; this resulted in 300 spectra per scan. Scan areas were

chosen randomly at a significant distance from each other. The
integration time for every spectrum was 30 s.
Silicon Nanowire Surface Modification. For efficient adsorp-

tion of bilirubin (BR), the surface of the SiNWs was modified with
amino groups (−NH2). The procedure was similar to that described
in a previous work.33 The Au@SiNW substrates were thoroughly
washed in ethanol and then in ultrapure water for 5 min using an IKA
VXR basic Vibrax orbital shaker (Germany) to remove possible
contamination from the surface. To attach OH groups, the substrates
were immersed in 30% H2O2 for 30 min; after that, the residues of
hydrogen peroxide were washed away by rinsing the substrate for 5
min in ethanol and ultrapure water using the orbital shaker. After air
drying, the substrates were immersed in a solution of ethanol and 3-
aminopropyl(triethoxyl)silane (APTES) at a ratio of 10:1 overnight
(about 17 h) with stirring on an orbital shaker. Finally, the substrates
were washed three times on an orbital shaker in ethanol for 10 min.
The modified substrates were dried in a closed Petri dish. A schematic
representation of the surface modification of the SiNWs is shown in
Figure 1.
Measurement of the Substrates’ Surface Hydrophobicity.

Hydrophilicity and hydrophobicity of the Au@SiNW substrates
before and after the modification process was studied by contact angle
measurements using a self-made system equipped with an optical
microscope MicMed 5.0 300× (Russia). For this, a drop (5 μL) of
phosphate-buffered saline (PBS) was placed onto the surface of the
samples and the angle between the solid−liquid interface was
measured once equilibrium was reached.
SERS Measurements of Bilirubin. Since BR is hydrophobic, its

powder was first diluted with dimethyl sulfoxide (DMSO) to a
concentration of 10−2 M. All actions with the BR were carried out in a
dark room with a red-light source since BR tends to photodegrade
under sunlight. The DMSO solution then was diluted in PBS down to
BR concentrations of 10−4−10−6 M. The Au@SiNW substrates were
incubated in solutions for 2 h in a dark place and dried in air, and the
Raman measurements were immediately taken. The same measure-
ment conditions were used as described above for 4-MPy. For every
substrate, 3 different areas of 10 × 10 μm size were measured using a
1 μm step; this resulted in 300 spectra per scan. Scan areas were
chosen randomly at a significant distance from each other. The
integration time for every spectrum was 15 s, and the laser power was
1 mW.

To measure the selectivity of the developed platform, the presence
of BR was evaluated in a model solution with competing human
serum albumin (HSA) molecules. HSA was added into PBS or into a
PBS solution of BR with concentrations of 10−5 M to achieve an
albumin concentration of 10−4 M. The Au@SiNW substrates were
incubated with a solution of HSA or with an HSA and BR solution,

Figure 1. Schematic representation of the formation of Au@SiNWs substrates and their subsequent surface modification.
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and the SERS signals were measured in the same way as described
above.

An artificial urine matrix, simulating human urine, was used to gain
insight into the effect of various parameters, such as matrix
complexity, on the overall SERS BR signal. Artificial urine was
synthesized according to a modified protocol published by Hidi et
al.34 Briefly, the aqueous solution contains 13.72 mM CaCl2, 34.21
mM Na2SO4, 5.92 mM MgSO4·7H2O, 85.99 mM NH4Cl, 162.71 mM
KCl, 832.5 mM urea, 17.05 mM NaH2PO4·2H2O, 7.25 mM
Na2HPO4, 5.46 mM sodium citrate, and 23.69 mM NaCl and has a
pH value of 5. The DMSO solution of BR with a concentration of
10−2 M was then diluted in the AUM down to BR concentrations of 5
× 10−5 M. The Au@SiNW substrates were incubated in solutions for
2 h in a dark place and dried in air in the dark, and the Raman
measurements were taken immediately and after 1, 2, 3, 5, and 7 days
of storing the sample in the dark at 4 °C.
Simulation of Surface-Enhanced Raman Scattering. The

simulations of SERS near SiNW and Au@SiNW substrates were
carried out using the finite element method (FEM) in COMSOL
Multiphysics.
Processing of Results. Raman spectra were processed using

Origin and Excel. Raman intensities from three maps (300 scans) for
each substance and each concentration were averaged, and the mean
deviation was calculated. The water contact angles from the obtained
images of the PBS drops were determined using the Contact Angle
plugin in ImageJ.

■ RESULTS AND DISCUSSION
Characterization of the Au@SiNW Substrates. Figure 2

shows planar and cross-sectional SEM images of the obtained
Au@SiNW substrates. According to the presented micro-
graphs, as a result of the Au-assisted chemical etching, arrays of
nanowires with a diameter of about 50 nm are formed. The
nanowire layer thickness for the chosen etching time of 3 min
was 400 nm. 50−100 nm agglomerates of gold nanoparticles
(Au NP) about 20 nm in diameter, which act as catalysts for
the chemical etching reaction of the crystalline silicon
substrate, are seen in Figure 2b at the base of the SiNWs.
Thus, the distance between the nanowires was also 50−100
nm.
The gold coating of the SiNWs was performed at room

temperature by chemical deposition of the Au NPs due to the

reduction of gold(III) chloride (AuCl3) in HF.35 It can be seen
from SEM cross-sectional microphotographs that Au NPs
cover the tops of the nanowires and form branched structures
consisting of nanoparticles of about 20 nm in size. During the
deposition of Au NPs, the tops of the nanowires are partially
etched, and the nanoparticles literally adhere to the nanowire.
The thickness of the top layer of the nanowires decorated with
gold is about 120 nm.
The presence of gold in both the initial silicon nanowire

substrates after Au-assisted chemical etching and the Au@
SiNW substrates after additional gold layer deposition was
confirmed with energy dispersive X-ray fluorescence spectros-
copy (Figure S1). Both the samples indicate well-defined
emission from Au L-line series with an intensity growing ∼1.5
times in the sample with the top gold additional layer. When
one assumes an attenuation length of Au of ∼5 μm at 10 keV
and the thickness of deposited Au NPs of ∼20 nm, the
intensity rise can be addressed assuredly to the proportional
increase of the gold quantity in the samples.
Investigation of the SERS Activity of the Au@SiNW

Substrates. To evaluate the SERS activity of the obtained
Au@SiNWs, a probe molecule, 4-mercaptopyridine (4-MPy),
was used. 4-MPy is a typical aromatic thiol compound
consisting of a thiol group (R−S−H) located in the para
position with respect to the nitrogen atom in a pyridine ring.
This special structure allows it to form well-ordered self-
assembled monolayers on metal surfaces, which have great
promising uses in many fields such as sensors, catalysts, and
optics.33

Figure 3 shows the Raman spectrum of the 4-MPy powder
and the Au@SiNW substrate as well as the SERS spectra of
various concentrations of 4-MPy.
In the SERS spectra of 4-MPy, shown in Figure 3, the peak

at 1010 cm−1 attributed to the ring breathing mode was
enhanced and shifted to the higher wavenumbers compared to
the spectrum of the powder. The peak at 1092 cm−1

corresponds to the C−H out-of-plane bend, and the one at
1209 cm−1 is assigned to the C−H with N−H bending. The
peak at 1576 cm−1 is attributed to C−C stretching.
Insignificant shifts in the SERS spectra in comparison with

Figure 2. SEM images of the Au@SiNW substrates: (a) top-view; (b) cross-sectional view.
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the Raman spectrum of 4-MPy powder can be explained by the
loss of intramolecular hydrogen bonding, the interaction
between 4-MPy and water in solution, and the specific
interaction of the molecule with Au NPs.36,37 According to the
data presented, 4-MPy was successfully detected down to the
concentration of 10−8 M. At the same time, the absence of
parasitic Raman peaks of the Au@SiNW substrate indicates its
purity, and the presence of a crystalline silicon peak at about
520 cm−1 allows wavenumber normalization of the SERS
spectra. All of this points to the great potential of Au@SiNW
substrates for SERS applications.
Note that the 4-MPy detection limit for the SiNW substrate

without subsequent gold coating was 10−5 M (Figure S2).
Thus, the additional decoration of SiNW tops with Au NPs
provides an increase in the 4-MPy signal by 3 orders of
magnitude.
Surface Modification. BR is a hydrophobic, negatively

charged molecule.38,39 Thus, for effective adsorption of
bilirubin, it is necessary to provide hydrophobization and a
positive charge of the Au@SiNWs. Since silicon nanostructures
are easily modified, they were silanized with 3-aminopropyl-
(triethoxyl)silane (APTES) in order to form the amine-
terminated SiNW surface (Figure 1). This provided a positive
charge of the nanowire surface.39

Infrared (IR) specular reflectance spectra of the Au@SiNWs
before and after the modification process are presented in
Figure 4a. Si−O−Si stretching modes in the range of 1050−
1150 cm−1 indicate the presence of silicon oxide on the surface
of the nanowires before and after the modification process.

The appearance of modes at 1484 and 1564 cm−1, which are
associated with the deformation modes of the NH2 amino
groups40,41 in the samples after APTES treatment, indicate the
successful modification of the sample surface.
To determine how the modification affects the hydro-

philicity/hydrophobicity of Au@SiNW, the water contact
angles (WCAs) of the unmodified and modified substrates
were measured. A drop of PBS (5 μL) was placed onto the
surface of the samples, and the angle between the solid−liquid
interface was measured once equilibrium was reached. Figure
4b shows that the surface of the unmodified substrate is
hydrophilic with a WCA of 34.9°, and after chemical
modification, it is more hydrophobic, as evidenced by changes
in the WCA to 71.3°.
Thus, the properties of Au@SiNW substrates, acquired after

the described process of the chemical modification, as well as
the electrostatic interaction between the positively charged
amino group of the SiNWs and the carboxyl anion of BR39 will
ensure its effective adsorption.
SERS Detection of Bilirubin. Figure 5 shows the Raman

spectra of the BR powder, PBS, in which bilirubin was diluted
as well as the mean SERS spectra of various concentrations of
BR adsorbed on modified Au@SiNW substrates. The SERS
spectra clearly show characteristic Raman BR bands: the
dominant mode at 685 cm−1 corresponds to the twisting of the
C�O bond in the COOH group, the peak at 755 cm−1 is
assigned to out-of-plane ring deformation, and the weak peak
at 826 cm−1 is due to the ring vibrations;42,43 the band at 941
cm−1 is assigned to out-of-plane C−H bending mode
presumably coupled to a stretching C−CH3 mode,44 and the
peak at 986 cm−1 corresponds to an asymmetric C−H3
deformation.43 As can be seen, the characteristic triple peak
from the BR powder spectrum at 1247−1290 cm−1, which
corresponds to oscillating C−H vibrations,44 tends to merge
into a double peak at 1249 and 1292 cm−1 in the SERS

Figure 3. Raman spectrum of 4-MPy powder, Au@SiNW substrate
(denoted as background), and average SERS spectra of various
concentrations of 4-MPy. The gray shading in the average spectra
shows the standard deviations calculated from about 300 spectra: 100
spectra each for three different regions of the substrate.

Figure 4. Properties of the Au@SiNW surface: (a) IR specular
reflectance spectra of the Au@SiNWs before (black) and after (red)
modification with amino groups; (b) WCA of PBS drop deposited on
the surface of Au@SiNW substrates before and after modification.
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spectrum. The bands at 1611 and 1570 cm−1 in the Raman
spectra of the BR powder is assigned to aromatic C−C
stretching and asymmetric C−N stretching in a ring42,43 and
merge into one band at 1582 cm−1 in the SERS spectra. Note
that, according to the data obtained, the signal from PBS was
insignificant and did not contribute to the spectra of BR.
The limit of detection (LOD) for BR was determined at the

signal-to-noise ratio of 3 and amounted to 10−6 M. See the
details of the estimation in Figures S3 and S4. Note that this
sensitivity of the developed Au@SiNW substrates is sufficient
for their clinical applications. Indeed, neurological dysfunctions
such as kernicterus or bilirubin encephalopathy may develop
when the BR concentration rises above 0.03 mg/mL (5 × 10−5

M).3 Jaundice can usually be detected when the serum
bilirubin level exceeds 0.02 to 0.025 mg/mL (3.4 to 4.3 × 10−5

M). When the level of bilirubin is between 0.01 and 0.02 mg/
mL (1.7 to 3.4 × 10−5 M), it is known as latent jaundice.11 The
various prominent analytical methods used for BR measure-
ments are detailed in the work of Ngashangva et al.45

According to the data presented, the SERS BR analysis
method is not inferior in sensitivity to many previously
proposed optical methods.
Figure 6a presents the point-to-point SERS reproducibility

of the BR (10−4 M) measurements within one map. The
intensity of the characteristic peak of BR at 685 cm−1 was
examined for 100 spectra and plotted as a function of spectrum
number. The relative standard deviation (RSD) is also shown
on a picture as a light red area and is approximately 20%. The
point-to-point SERS reproducibility of the BR with a
concentration of 10−5 M is shown in Figure S5 and has a
RSD of 27%. This demonstrates that the investigated SERS
substrate is capable of generating SERS signals with good
reproducibility.
Figure 6b demonstrates the signal variation for 5 different

maps within the same substrate mentioned above. Each box
represents 100 spectra of one map, and the outside points on
the third and fifth scans most likely appear due to a slight
depth difference during the map measurements. However, the
variation demonstrates the good homogeneity of the substrate.

Figure 5. Raman spectrum of BR powder and average SERS spectra
of various concentrations of BR. The gray shading in the average
spectra shows the standard deviations calculated from about 300
spectra: 100 spectra each for three different regions of the substrate.

Figure 6. (a) Point-to-point SERS reproducibility of 10−4 M BR in PBS obtained from a 10 × 10 μm area with a 1 μm step. The red line shows the
average intensity, and the light red area represents the standard deviation of the obtained spectra. (b) The scan-to-scan SERS reproducibility of 5
different scans consisting of 100 spectra. Blue boxes show standard deviation; error bars represent 95% confidence interval, and dots represent data
outside the confidence interval.
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Each box represents 100 spectra of one map. The ANOVA and
post hoc Tukey honest significant difference (HSD) analyses
are shown in the Supporting Information. The analysis shows
that the results for different maps may be significantly different.
This could be explained by nonhomogeneity of analyte
deposition, variation of SiNW layer thickness, different
focusing conditions, etc. However, the difference is not big;
i.e., the mean intensity equals 480 arb. units, while the standard
deviation is 50 arb. units. Thus, the reproducibility from map
to map is estimated to be 10%.
Additionally, five batches of the substrates were prepared to

investigate the batch-to-batch SERS reproducibility. Here, the
substrate from each batch was investigated by measuring 100
spectra per substrate using a 10−4 M concentration of BR.
Similarly, as for previous analyses, the peak area at 685 cm−1

was calculated and plotted for individual batches of substrates
(Figure S6). These investigations reveal that all batches of
Au@SiNWs are SERS active and have a similar performance to
the RSD for the mean of around 25%. This indicates the good
reliability of the proposed method.
To measure the selectivity of the developed platform, the

presence of BR was evaluated in a model solution with
competing human serum albumin (HSA) molecules. Accord-
ing to the data presented in Figure S7, it can be seen that the
SERS signal from HSA is practically absent, which indicates the
absence of albumin binding to the Au@SiNW surface. At the
same time, a clear presence of the SERS signal from BR was
observed in the mixture of HSA and BR, which indicates the
possibility of its determination in multicomponent solutions.
Artificial urine was used to gain insight into the effect of

various parameters, such as matrix complexity, on the overall
SERS BR signal. Figure 7 shows the mean SERS spectra of BR
with a concentration of 5 × 10−5 M, adsorbed on modified
Au@SiNW substrates, and then stored in the dark at 4 °C; the
mean SERS spectrum of the artificial urine; the Raman
spectrum of the BR powder.
The SERS spectra in Figure 7 clearly show characteristic BR

bands, which were retained during storage of the substrate for
7 days after its adsorption. The Raman signal of artificial urine
shows a band at 990 cm−1, which corresponds to the C−N
stretching vibration of the urea.34 Note that here the
concentration of BR was 5 × 10−5 M, which is the required
sensitivity for clinical applications.
Theoretical Analysis of SERS in SiNW and Au@SiNW

Substrates. To qualitatively study the optical properties of
pure SiNW arrays and gold-decorated Au@SiNW arrays, we
develop a three-dimensional model in COMSOL Multiphysics
considering two types of structures (Figure 8). The first
structure is a periodic array of SiNW with a 50 nm diameter of
the nanowires, 400 nm height of the nanowires, and 120 nm
height of the tapered part, and the distance between the
nanowire axes is 80 nm, which is consistent with the SEM data
in Figure 2. The second structure is the gold-decorated
periodic array of Au@SiNW, where we cover the nanowires
and c-Si substrate from the first model with 30 nm diameter
gold spheres. We estimate the Raman enhancement factor in
the described systems as
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where E (E0) is a local (incident) electric field vector
electromagnetic wave at the wavelength of the pump laser;
the indices show the corresponding model, and A is an
integration surface with the shape of the nanowire repeated
and placed 0.1 nm from the nanowire boundaries. Equation 1
implies that (a) the local intensity of Raman scattering is
proportional to the local pump intensity; (b) the Raman shift
is small compared to the pump wavelength and can be
neglected in electromagnetic simulations.
The calculated electric field distribution for the first and

second models is presented in Figure 8. The presence of
plasmon resonances in the agglomerates of gold nanoparticles
leads to a local enhancement of the field near their surfaces, the
appearance of hot spots. As a result, the field scattered from the
molecules attached to the silicon nanowire near the
agglomerate is significantly enhanced. The values of the
enhancement coefficient for the considered structures are
estimated to be GSiNW ∼ 8.1 and GAn@SiNW ∼ 4 × 108, which
means the presence of gold nanoparticles sufficiently increases
the sensitivity of SERS. Therefore, the total enhancement
obtained from the presence of gold is ×5 10

G

G
7An@SiNW

SiNW
.

■ CONCLUSIONS
In summary, we have developed Au@SiNWs that could be
used for the sensitive label-free SERS detection of free
bilirubin. The SiNW arrays were created by gold-assisted

Figure 7. Average SERS spectra of BR with a concentration of 5 ×
10−5 M in artificial urine for Au@SiNWs at different storage times
(0−7 days) after BR adsorption, average SERS spectrum of artificial
urine, and Raman spectrum of BR powder. The gray shading in the
average spectra shows the standard deviations calculated from about
100 spectra.
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chemical etching and then were additionally decorated with Au
NPs using their simple reduction on crystalline silicon from
AuCl3 in the presence of HF. To the best of our knowledge,
this is the first time such a method for making the gold-
decorated SiNW substrates has been proposed. This
fabrication method has a short processing time, is cost-
effective, and provides structural variability with a high
potential for SERS applications. The obtained substrates
demonstrated a great SERS response for the model molecule,
4-MPy, which was successfully detected down to a
concentration of 10−8 M with an excellent homogeneous
signal. For effective absorption of the hydrophobic, negatively
charged BR molecule, a simple method has been proposed to
modify the surface of SiNWs with amino groups. This provided
a positive charge on the surface of the nanowires. We
developed a theoretical model in COMSOL Multiphysics to
study the influence of the gold decoration of SiNW substrates
on SERS effectiveness. We showed that the excitation of
plasmons in Au NPs increases the local field, which leads to a
strong enhancement of the local Raman response. The value of
the total Raman enhancement factor for the structure in the
study exceeds 5 × 107, which indicates a significant
enhancement of SERS sensitivity in the presence of a gold
coat. Since gold nanoparticles are located both at the top and
at the bottom of the nanowires, this makes it possible to record
the signal of analyte molecules adsorbed on the SiNWs. Thus,
the presented theoretical calculations confirm the success of
the SERS detection of BR adsorbed directly on the modified
surface of the nanowires. According to the data presented, BR
was successfully detected down to the concentration of 10−6 M
with high point-to-point, scan-to-scan, and batch-to batch
reproducibility by using the modified Au@SiNW substrates.
Note that such signal detection sensitivity is required for
clinical applications. The obtained results open the possibility
of using SERS-active Au@SiNW substrates as platforms for
point-of-care label-free clinical diagnostics of bilirubin.
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