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Abstract

A three-dimensional (3D) hierarchical plasmonic nano-architecture has been designed for a
sensitive surface-enhanced Raman scattering (SERS) immuno-sensor for protein biomarker
detection. The capture antibody molecules are immobilized on a plasmonic gold triangle nano-
array pattern. On the other hand, the detection antibody molecules are linked to the gold nano-
star@Raman-reporter@silica sandwich nanoparticles. When protein biomarkers are present, the
sandwich nanoparticles are captured over the gold triangle nano-array, forming a confined 3D
plasmonic field, leading to the enhanced electromagnetic field in intensity and in 3D space. As a
result, the Raman reporter molecules are exposed to a high density of “hot spots”, which amplifies
the Raman signal remarkably, improving the sensitivity of the SERS immuno-sensor. This SERS
immuno-sensor exhibits a wide linear range (0.1 pg/mL to 10 ng/mL), and a low limit of detection
(7 fg/mL) toward human immunoglobulin G (IgG) protein in the buffer solution. This biosensor
has been successfully used for detection of the vascular endothelial growth factor (VEGF) in the
human blood plasma from clinical breast cancer patient samples.
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Protein biomarkers are typically released from cells or organs, which are characteristic of
physiologic and pathophysiologic conditions. Prompt monitoring of biomarkers holds great
promise for early clinical diagnostics, which facilitates successful treatment of diseases and
provides an optimal chance of affecting patient survival. Therefore, immunoassay
techniques for biomarker measurement in complex biological samples are of fundamental
importance to biomedical research and to diagnosis/prognosis of diseases.1–3 Conventional
approaches for biomarker measurement include the enzyme-linked immunosorbent assay
(ELISA), radio-immunoassay, western blot and mass spectrometry.4–8 These techniques are,
however, complex, laboratory-based, time-consuming, and require experienced personnel to
conduct the assay analysis. In addition, the blood serum concentrations of protein
biomarkers associated with early-stage cancers and infectious diseases generally range from
10−16 M to 10−12 M.9 However, commercially available immunoassays are typically capable
of measuring proteins with a limit of detection (LOD) at the picomolar level,10 which cannot
optimally meet the critical need for protein detection. Moreover, these approaches cannot be
used as a point-of-care (POC) technique for rapid, high-throughput clinical diagnosis at low
cost. Therefore, various biosensors have been developed toward POC testing of biomarkers,
including fluorescent, electrochemical and surface plasmon resonance (SPR) devices,
etc.11–16 However, the critical need for POC testing remains unmet, in part, because of the
challenges in cost and interference from sample matrix background. Therefore, numerous
efforts are being made to address these challenges, especially to develop sensors for rapid,
accurate detection of biomarkers in real-world biological fluids (i.e., urine, blood, serum and
plasma).17–20

Surface-enhanced Raman scattering (SERS) is emerging as a powerful analytical technique
for chemical and biological sensing.21–24 Compared with conventional immunoassays based
on fluorescence, electrochemistry and ELISA, SERS immunoassays have a lot of
advantages.25–27 For example, SERS provides the spectral fingerprint signatures of analytes,
which endows SERS sensors with better anti-interference resistance to non-specific
molecules in the complex sample matrix as compared to electrochemical and fluorescent
sensors. Moreover, it has the multiplexing detection capability with a single laser excitation
due to its narrow-band Raman spectral signature and to its wide excitation wavelength.
These unique attributes endow the SERS immunoassays ideal for biomarker detection in
real-world biological samples. In general, SERS enhancement is attributed to
electromagnetic (EM) enhancement and chemical enhancement (CE). The EM enhancement
is typically much stronger than the CE enhancement. It is well-known that the EM
enhancement is concentrated on the “hot spots”, which are originated from the coupling of
the localized surface plasmon resonance (LSPR) fields. Optimization of SERS substrate in
size, shape and composition is critical to the improvement in sensitivity and reproducibility
of SERS assays.28–31 Our previous studies have shown that the star shape of SERS substrate
can concentrate the plasmonic field, and create “hot spots” near the sharp tips due to the
lightning-rod effect.25 It is expected that the SERS substrates with a high density of sharp
tips will provide high sensitivity for SERS sensing.20,25,32 In addition, several studies have
revealed that periodic and aperiodic nanostructures with the enhanced plasmonic field leads
to strong SERS enhancement.33–37 However, challenges still remain with the amplification
of SERS signals due to the extremely small cross-section of Raman scattering.38 In addition,
the application of SERS sensors in clinical samples are still rare.
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In the current study, a SERS immuno-sensor is constructed. The capture antibody is first
immobilized on the gold triangle nano-array chip. On the other hand, the detection antibody
is conjugated with the SERS probe (Au@Raman-reporter@SiO2 sandwich nanoparticle).
The antigen (analyte) is sandwiched between the capture antibody (linked to the nano-array
chip) and the detection antibody (conjugated to the SERS probe). This SERS sensor is
characteristic of a three-dimensional (3D) hierarchical plasmonic nano-architecture, in
which the Au nanostar@Raman-reporter@SiO2 sandwich nanoparticles are coupled to a
periodic Au triangle nano-array, generating a 3D plasmonic field. Under light excitation, a
lot of “hot spots” are created between the triangles in the Au triangle nano-array, and also
present between the sharp tips in the Au nano-stars in the SERS probe. When many Au
nanostar plasmonic antennas are brought close to the Au triangle nano-array, high-density
“hot spots” are generated in a 3D space. The resulting electromagnetic field is enhanced
both in the space and in the intensity, which allows the Raman reporter molecules to
experience the enhanced electromagnetic field, leading to remarkable amplification of the
Raman signal of malachite green isothiocyanate (MGITC), the Raman reporter used. Based
on this principle, the developed SERS immuno-sensor can be used for biomarker detection.

For comparative studies, three configurations of plasmonic nano-architectures are employed
as the SERS substrates, including (i) the Au nanosphere@MGITC@SiO2 particles coupled
on a planar Au film, (ii) the Au nanosphere@MGITC@SiO2 particles coupled on a Au
triangle nano-array, and (iii) the Au nanostar@MGITC@SiO2 particles coupled on a Au
triangle nano-array. This allows us to investigate the effects of the Au chip (the planar Au
film versus the Au triangle nano-array) and the Au core (the Au sphere versus the Au star)
on the performance of the SERS immuno-sensor. The three types of sensors are employed to
detect the human immunoglobulin G (IgG) in the buffer solution. It is found that the Au
nanostar/Au triangle nano-array exhibits the highest sensitivity while the Au nanosphere/Au
film is much less efficient. Therefore, the Au nanostar@MGITC@SiO2/Au triangle nano-
array system is selected for detection of the vascular endothelial growth factor (VEGF) in
human blood plasma of patients. VEGF is selected as the target analyte since it is a well-
known protein biomarker for tumor-associated angiogenesis.39–41 VEGF or its receptors are
up-regulated in several forms of human cancers. Targeting this protein with administration
of a therapeutic antibody is approved by the FDA for treatment of selected
malignancies.39–41 In short, this work has demonstrated that the developed SERS immuno-
sensor has great promise for detection of biomarkers in clinical blood plasma samples.

RESULTS AND DISCUSSION

Plasmonic nano-structures and their conjugation with antibody

When preparing the Au@MGITC@SiO2 particles,25 the MGITC molecules (Raman
reporter) were first adsorbed onto the surface of Au core. A thin silica layer was then coated.
As a result, the MGITC molecules were sandwiched between the Au core and the silica
shell. The silica shell enables the SERS probe water-soluble and provides a platform for bio-
conjugation.25,37 The plasmonic Au core is able to amplify the SERS signal25. The
sandwich structure also prevents from leaking of the Raman reporter molecules. In addition,
many Raman reporter molecules are concentrated in a single sandwich nanoparticle as the
SERS probe. As a result, the SERS signal results from a collection of Raman reporter
molecules even for a single antibody-antigen event, which is an effective way to improve the
sensitivity. Figure 1(a) and 1(b) show the TEM images of the Au sphere@MGITC@SiO2

and the Au star@MGITC@SiO2 sandwich nanoparticles, respectively. It can be clearly seen
that both the Au spheres and stars were coated with a 4–5 nm thick SiO2 layer. Figure 1(d)
shows the UV-visible absorption spectra of the Au sphere@MGITC@SiO2 and the Au
star@MGITC@SiO2 sandwich nanoparticles. The Au sphere@MGITC@SiO2 and Au
star@MGITC@SiO2 nanoparticles had the LSPR absorption bands at 520 nm and 690 nm,
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respectively. Also, the Au star@MGITC@SiO2 nanoparticles exhibited a strong absorption
shoulder at around 530 nm. The sandwich nanoparticles displayed strong SERS peaks of
MGITC molecules, as shown in Figure S1 in the Supporting Information. The SERS signal
from the Au star@MGITC@SiO2 nanoparticles were much stronger than that from the Au
sphere@MGITC@SiO2 nanoparticles, which was due to greater plasmon-induced
electromagnetic field enhancement in the Au stars.25 The gap between the adjacent triangle
corners in the Au triangle nano-array was about 40 nm (Figure 1(c)). Such a small gap
enabled the coupling of LSPR, generating a high density of “hot spots” for the SERS
enhancement.

As shown in Figure 2(a) and 2(b), the capture antibody and the detection antibody were
conjugated to the nano-array chip and the SERS probe (sandwich nanoparticle) by the
carbodiimide chemistry20, respectively. It should be noted that the concentration of antibody
solution applied in our protocols was quite high in order to ensure complete coverage of
antibody on the substrate surface. Free excessive antibodies were removed by centrifugation
and washing with the PBS buffer solution. The successful conjugation was confirmed by the
FT-IR and XPS spectra (Figure S2 and S3).

Operating principle of SERS immuno-sensor

Figure 2(c) schematically represents the operating principle of SERS immuno-sensor for
biomarker detection. The SERS immuno-sensor is designed based on the sandwich-type
configuration of antibody/antigen/antibody interaction. The SERS immuno-sensor included
two processes performed in a humid chamber. Firstly, the capture antibody-modified Au
chip was immersed into a solution containing the analyte. During the incubation, the analyte
(biomarker) bound to the capture antibody-modified Au triangle nano-array chip. Excessive
analyte was removed by washing with a PBS buffer solution. Next, the biomarker-antibody-
Au nano-array chip was incubated in a solution containing the Au star@MGITC@SiO2

nanoparticle conjugated with the detection antibody. Since the antigen (analyte) in the
present work had at least two binding sites, it can bind to both the detection antibody and the
capture antibody, leading to the formation of the nanoparticle/biomarker/chip sandwich
architecture. After washing with a PBS buffer solution, the free sandwich nanoparticles were
removed. Finally, the chips were illuminated with the laser; and the SERS signal from the
MGITC was recorded.

Comparison of immuno-sensor performance in various sandwich assemblies

In order to optimize the performance of the SERS immuno-sensor, three configurations of
plasmonic nano-architectures were employed as the SERS substrates, including (i) the Au
nanosphere@MGITC@SiO2 particles coupled on the planar Au film, (ii) the Au
nanosphere@MGITC@SiO2 particles coupled on the Au triangle nano-array, and (iii) the
Au nanostar@MGITC@SiO2 particles coupled on the Au triangle nano-array. For the sake
of optimization, IgG was selected as the protein analyte because the IgG and its antibodies
are much less expensive than VEGF and its corresponding antibodies.

Figure 3 and Figure S4 show the SERS spectra of all three types of sensors that responded to
various concentrations of IgG in the PBS buffer solution. The SERS intensity increased with
an increase in the IgG concentration. The calibration curves were obtained by plotting the
SERS peak intensity at 1578 cm−1 as a function of the IgG concentration (Figure 4). The Au
nanostar@MGITC@SiO2 particles on the Au triangle nano-array showed the strongest
SERS intensity at the corresponding IgG concentration in comparison with the Au sphere
sandwich nanoparticle/Au film and the Au sphere sandwich nanoparticle/Au triangle nano-
array. The Au sphere sandwich nanoparticle/Au film displayed the lowest SERS response.
Furthermore, the calibration curves showed 5–6 orders of magnitude dynamic linear ranges
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of the IgG concentration (Table 1). In the linear region, the calibration curves were fitted as
y=270.90•x+295.29 (R2=99.2%) for the Au sphere sandwich nanoparticle/Au film,
y=488.64•x+221.15 (R2=97.7%) for the Au sphere sandwich nanoparticle/Au triangle nano-
array, and y=1245.66•x+1251.88 (R2=93.8%) for the Au star sandwich nanoparticle/Au
triangle nano-array, respectively. Here y is the SERS intensity at 1578 cm−1 and x is the
logarithmic concentration of IgG (pg/mL). It should be noted that the highest sensitivity was
achieved by the Au star sandwich nanoparticle/Au triangle nano-array. In addition, the LOD
was obtained on the basis of 3S/N.42,43 The results showed that LOD was 45±3 fg/mL for
the Au sphere sandwich nanoparticle/Au film, 25±5 fg/mL for the Au sphere sandwich
nanoparticle/Au triangle nano-array, and 7±5 fg/mL for the Au star sandwich nanoparticle/
Au triangle nano-array, respectively. In short, the Au star sandwich nanoparticle/Au triangle
nano-array system exhibited the best performance in terms of LOD and sensitivity.
Furthermore, the performance of the current SERS immuno-sensor was compared with those
reported in the literature, including fluorescent, electrochemical, colorimetric and SPR
sensors, as listed in Table 2. It can be seen that the present sensor exhibited a lower LOD.

3D electromagnetic field enhancement

FDTD simulations were used to explore the origin of the enhanced performance of the Au
star/Au triangle array compared to the Au sphere/Au triangle array and the Au sphere/Au
film sensor. Although the exact geometry of the Au sphere and star on the top of the triangle
array cannot be simulated, the origin of the enhanced SERS can be explored by simulating
multiple symmetric positions and examining the average enhancement (Figure S5). For the
Au sphere/Au film, the coupled LSPR resulted in the SERS enhancement (|E/E0|4) of
~6,400. When the Au spheres were coupled to the Au triangle nano-array, the SERS
enhancement (|E/E0|4) increased slightly to ~8,000. The exact orientation of spheres on the
triangle array was unknown, but Figure S5(c) shows that an increased EM field of varying
strength existed regardless of position. Although the enhancement magnitude of the LSPR
field increased slightly when the Au spheres were coupled to the triangle array instead of the
film, the number of possible coupling positions increased greatly.

For the Au sphere/Au film sensor to have a measurable SERS signal, two spheres must
attach to the Au film in proximity (Figure S5(b)). The spheres can attach at any position on
the film, reducing the probability of coupling except for a high analyte level. In the Au
sphere/Au triangle array, the spheres can only attach to the triangle array and not the
surrounding area. This ensures a high probability of coupling and measurable SERS signal
even at a low analyte concentration. The average SERS signal therefore increases for a given
concentration when the Au film is replaced with the Au triangle array even if the LSPR peak
is comparable. It should be noted that the Au triangle array alone had similar strength to the
coupled Au sphere/Au triangle array (Figure S5(a)). This indicates that the LSPR field was
primarily from the Au triangle and not from the Au sphere-Au triangle resonance at 532 nm.

Figure S5(d) shows the electromagnetic field for the Au star/Au triangle array. The SERS
enhancement (|E/E0|4) was ~1,000,000, which was significantly higher than either the Au
sphere/Au triangle array or the Au sphere/Au film. As shown in our previous work, the 532
nm LSPR mode was originated from coupling of the spikes in the nanostar.25 When the tip
of the spike was brought near the triangle, further LSPR coupling occurred between the
spikes and the triangle, increasing the SERS signal. The spike-triangle coupling increases
the intensity and spatial extension of the local electromagnetic field. The enhanced area of
electromagnetic field means that more Raman reporters were subject to the SERS
enhancement. Although the exact shape of the star and their positions on the triangle array
were unknown, the relatively large size and multiple spikes of the star ensured that strong
coupling was present when attached to the triangle nano-array (Figure S5(d)). Therefore, the
3D hierarchical architecture generated a high density of “hot spots”.
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The enhanced SERS signal of the Au star/Au triangle array resulted from the increased
strength, area and probability of the LSPR coupling. In particular, the improved performance
of the Au star/Au array sensor came from the increased probability of coupling between the
capture and the signal structures. An effective way to improve the sensor performance is to
use a large signal structure (nanostar) with multiple LSPR active features on the surface.
This allows for a single capture event to create multiple points of increased SERS signal,
which effectively allows one Au nanostar to act as several nanospheres while only requiring
one signal analyte to be detected. This process allows the LOD to be further lowered.

Detection of VEGF in clinical blood plasma samples with the SERS immuno-sensor

The above-mentioned results showed that Au nanostar coupled to the Au triangle nano-array
was the best SERS substrate. Hence the Au star@MGITC@SiO2 sandwich nanoparticle/Au
triangle nano-array was selected for detecting VEGF in the human blood plasma. Before
testing clinical samples, the SERS immuno-sensor was calibrated with known
concentrations of VEGF spiked into blood plasma. Prior to addition of VEGF, the baseline
concentration of VEGF in the blood plasma matrices was estimated by a validated
commercial ELISA kit. Figure 5 shows the SERS spectra of the Au star sandwich
nanoparticle/Au triangle nano-array immuno-sensor system in the presence of various
concentrations of VEGF in blood plasma. Obviously, the intensity of SERS peak at 1578
cm−1 gradually increased with an increase in the VEGF concentration. The calibration curve
of the SERS peak intensity versus of the logarithmic concentration of VEGF was fitted as
y=3230.9•x-6716.6 with the relative coefficient (R2) of 98.4%, where y is the peak intensity
at 1578 cm−1, and x is the logarithmic concentration of VEGF. The calibration curve
indicated that our SERS assay system can work for VEGF detection in blood plasma.

After calibration, the developed SERS immuno-sensor was used for detection of VEGF in
blood plasma from clinical samples of patients with breast cancer. The VEGF concentration
in the same clinic samples was also measured using the standard ELISA method. Table 3
compared the mean VEGF concentration values measured by the SERS immuno-sensor and
the ELISA for three unknown clinical samples. The results show a high degree of similarity,
which suggested that the present SERS sensor was capable of detecting VEGF in clinical
samples. Obviously, the SERS immuno-sensor provides significant advantages over the
conventional ELISA approach. For example, robust detection in complex matrices, short
detection time, fewer washing steps and ease operation are evident with this novel approach.

CONCLUSIONS

In summary, an ultrasensitive SERS immuno-sensor was developed for protein biomarker
detection. The sandwich nanoparticles conjugated with the detection antibody were coupled
with Au triangle nano-array functionalized with the capture antibody via the protein
biomarker. Coupling of the sandwich nanoparticle-based SERS probes with the Au triangle
nano-array created a 3D hierarchical architecture, forming a 3D confined plasmonic field.
The resulting 3D plasmonic field was enhanced in intensity and in 3D space, which
generated a high density of “hot spots”. Therefore, the Raman signal of the MGITC
molecules embedded in the sandwich nanoparticles was greatly amplified. Furthermore, the
sandwich nanoparticle-SERS probes containing the Au star core led to much higher
sensitivity for the SERS immuno-sensor than the one with the Au sphere as the core; and the
Au triangle nano-array endowed much higher sensitivity than the planar Au film. The 3D
FDTD simulation confirmed that the enhanced plasmonic field both in intensity and in space
contributed to the high sensitivity of the SERS sensor. As a result, the developed SERS
immuno-sensor was able to sensitively detect the protein biomarker with a wide dynamic
linear range over several orders of magnitude. In addition, the present SERS immuno-sensor
was capable of detecting the VEGF biomarker in clinical blood plasma samples. It is
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believed that the present SERS immuno-sensor can be further developed for point-of-care
testing.

METHODS

Chemicals and Materials

Malachite green isothiocyanate (MGITC) was purchased from Molecular Probes, Inc. 3-
triethoxylsilylpropyl succinic anhydride (TEPSA) was purchased from Gelest Inc. Goat anti-
human IgG polyclonal antibody, IgG from human serum, (3-aminopropyl) trimethoxylsilane
(APTMS), 5 M NaCl solution, and sodium silicate stock solution (26.5% SiO2 in 10.6%
Na2O), N-hydroxysuccinimide (NHS), 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide
(EDC), 11-mercaptoundecanoic acid (MUA) and 11-mercapto-1-undecanol (MU) were
purchased from Sigma-Aldrich. Na2HPO4 (99.0%) and NaH2PO4 (99.0%) came from Alfa
Aesar. Human VEGF monoclonal antibody (capture antibody, cAb) and human VEGF165

biotinylated polyclonal antibody (detection antibody, dAb) were purchased from R&D
Systems, Inc. The planar gold film chips were purchased from EMF Corp. (Ithaca, NY).
Deionized (D.I.) water was produced by a Milli-Q Millipore system (18.2 MΩ·cm, Millipore
Corp.., USA). All solvents were obtained from commercial sources and used without further
purification. In addition, citrated blood samples were obtained from patients with breast
cancer and control patients without cancer following written informed consent according to
the West Virginia University Health Sciences Institutional Review Board guidelines.

Synthesis of sandwich nanoparticles and its conjugation with detection antibody

Au nanosphere and Au nanostar were synthesized according to our previous reports.20,25

Briefly, Au sphere@MGITC@SiO2 and Au star@MGITC@SiO2 sandwich nanoparticles
were prepared with the MGITC concentration of ~1.0 ×10−6 M.20,25 The resulting sandwich
nanoparticles were dissolved in 200 μL of phosphate buffered saline (PBS) (10 mM
Na2HPO4/NaH2PO4, 0.3 M NaCl and pH=7.0) buffer solution for further use. 100 μL of
TEPSA was added into 100 μL of PBS solution of the sandwich nanoparticles (Au
sphere@MGITC@SiO2 or Au star@MGITC@SiO2) obtained above, and then incubated for
2 h to achieve the carboxyl group-terminated sandwich nanoparticles. After centrifuged and
washed with the PBS buffer solution, the carboxyl group-sandwich nanoparticles were
incubated for 1 h in a PBS buffer solution containing 50 mM NHS and 200 mM EDC,
followed by addition of 100 μL of 1.0 g/L detection antibody (anti-human IgG polyclonal or
human VEGF165 biotinylated polyclonal antibody) and incubation overnight. The solution
was centrifuged and washed with a PBS buffer solution to remove free excessive antibody,
and then the resulting detection antibody-sandwich nanoparticle conjugates were stored in
100 μL of PBS buffer solution for future use.

Gold nano-array fabrication and functionalization of chips with capture antibody

The Au triangle nano-array on a glass slide was fabricated using nanosphere lithography as
shown in our previous reports.52,53 A monolayer of hexagonally close-packed polystyrene
spheres (200 nm in a diameter) was first self-assembled on a glass slide. A 10 nm thick
titanium and a 50 nm thick Au layer were then deposited using e-beam evaporation.
Subsequently, the chips were sonicated in ethanol to lift off the polystyrene spheres, leaving
an array of Au triangles on the glass slide.

For surface functionalization, the chips (Au planar film and Au triangle nano-array) were
firstly cleaned by successive immersion in CH2Cl2, ethanol and D.I. water each for 10 min,
and then dried in a vacuum oven at 60 °C for 1 h. The cleaned chips were incubated
overnight in an ethanolic solution containing 100 mM MUA and 100 mM MU, and then
washed with ethanol to remove free MUA and MU. The resulting MUA/MU modified chips
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were activated by immersion in a PBS solution containing 50 mM NHS and 200 mM EDC.
After washed with a PBS buffer solution, chips were incubated overnight in a PBS buffer
solution of 1.0 g/L capture antibody (anti-human IgG polyclonal or human VEGF
monoclonal antibody), followed by rigorously washing with PBS buffer solution to remove
free capture antibody, and kept in a humid chamber prior to assay.

SERS immuno-sensor

Two types of immunoassay experiments, the IgG immunoassay in a PBS buffer solution and
the VEGF immunoassay in blood plasma were conducted.

(a) IgG immunoassay in PBS buffer solution—The SERS immunoassay was carried

out in a two-step process. The anti-human IgG-chip was first immersed into a solution of
various IgG concentrations (0.1 pg/mL, 0.5 pg/mL, 1.0 pg/mL, 5.0 pg/mL, 10 pg/mL, 50 pg/
mL, 0.1 ng/mL, 0.5 ng/mL, 1.0 ng/mL, 10 ng/mL, 100 ng/mL, 500 ng/mL and 1.0 μg/mL),
and after incubation for 20 min, the chip was vigorously rinsed with PBS to remove free
IgG. Then, the chip was immersed into the solution of anti-human IgG-sandwich
nanoparticle conjugates, and incubated for 10 min, followed by rinsing with PBS to remove
free sandwich nanoparticles. The resulting sandwich nanoparticle@IgG@chip was subject
to the SERS measurement.

(b) VEGF immunoassay in anticoagulant human blood plasma—Firstly, the

baseline concentration of VEGF in human blood plasma was determined to be 158.3 pg/mL
by a validated commercial ELISA kit (R&D Systems, Minneapolis, MN). ELISA kit for
VEGF (R&D system). The human blood plasma was spiked with the VEGF stock solution
(1 ng/mL) in human blood plasma to achieve a standard curve, with an upper limit of 1.158
ng/mL. The concentration of VEGF in the plasma was measured with ELISA. Each of the
three samples used were completed in triplicate for the ELISA.

For measurement of VEGF with the immuno-sensor, the cAb-chip was incubated for 20 min
in human blood plasma of various VEGF concentrations, and then rinsed with PBS buffer
solution to remove free VEGF and other molecules. Then, the VEGF-bound cAb-chip was
immersed into the solution of dAb-sandwich nanoparticles obtained above, and incubated
for 10 min, followed by the same procedure as that for the IgG immunoassay to remove free
sandwich nanoparticles. The resulting sandwich nanoparticle@VEGF@chip was subject to
the SERS measurement. The resulting curve was used for the calibration curve of VEGF
concentration. The measurement for clinical samples followed a similar procedure except
for the replacement of VEGF solution.

Instrumentation

The Au triangle array chip was observed under a field-emission scanning electron
microscopy (SEM, JEOL JSM-7600F). The structure of nanoparticles was observed with a
transmission electron microscopy (TEM, JEOL JEM-2100F) at an acceleration voltage of
200 kV. UV-visible absorption spectra were acquired with a Shimadzu UV-2550
spectrometer. The chemical structure was measured with a Fourier transform infrared (FT-
IR) spectrometer (Thermo Nicolet 6700) under the attenuated total reflection (ATR) mode
and with a PHI 5000 Versa Probe X-ray photoelectron spectroscopy (XPS) system (Physical
Electronics, MN). XPS spectra were calibrated with the reference to the C 1s peak at 284.8
eV. Raman spectra were obtained with a Renishaw invia Raman spectrometer equipped with
a 532 nm laser. Three SERS spectra were collected from different sites for each sample and
then averaged to represent the SERS results. The maximum laser power on the sample,
which was measured by a power meter (Newport, Model-1918-R), was around 0.017 mW;
and the accumulation time was 10 s.
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Finite difference time domain simulation

Finite difference time domain (FDTD) simulations were performed using the open source
MEEP code.54 The dielectric function for Au was a series of four Lorentz sums fitted to the
data of Johnson and Christy.55 A background dielectric constant of 1.33 was used to
replicate the liquid phase of the sensor. The Au triangle array and nanospheres used for
simulations had identical dimensions to those shown in the SEM/TEM image (Figure 1(a)
and 1(c)). The absorption spectrum of the Au nanospheres was matched to the experimental
UV-visible measurement. The SiO2 shell was found not to have a large impact on the
simulation and was left out for computational simplicity. The Au nanostar’s shape was
approximated by a sphere of equal size to the core shown in the TEM image (Figure 1(b)),
covered by an array of cones. The shape was an idealization of the synthesized nanostar
which had a non-symmetric random structure. The simulated and experimental Au nanostar
absorption matched and our previous work indicated the electromagnetic field enhancement
predicted by this model matches experimental measurements, justifying the approximation
used.25 A plane wave, constant wavelength source at 532 nm was utilized. The 3D
electromagnetic field was output over several times and normalized against the input source
power. The incident wave vector was always perpendicular to the surface. Both the parallel
and the perpendicular polarizations were tested. The polarization corresponding to the
largest electromagnetic field enhancement was shown in the electromagnetic field
visualizations. The visualization was done in the open source MayaVI2 software.
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Figure 1.
TEM images of (a) the Au sphere@MGITC@SiO2 sandwich nanoparticles and (b) the Au
star@MGITC@SiO2 sandwich nanoparticles, (c) SEM image of the Au triangle nano-array,
and (d) UV-visible absorption spectra of the Au sphere@MGITC@SiO2 sandwich
nanoparticles and the Au star@MGITC@SiO2 sandwich nanoparticles
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Figure 2.
Schematic illustration of conjugation of (a) the SERS probe (sandwich nanoparticle) to the
detection antibody, and (b) the Au triangle nano-array chip to the capture antibody; (c)
Schematic illustration of the operating principle of SERS immuno-sensor for biomarker
detection. The structure of VEGF biomarker is created by PyMOL with a four-digit code:
1VPF.
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Figure 3.
SERS spectra of the Au star@MGITC@SiO2 sandwich nanoparticle coupled to the Au
triangle nano-array chip in various concentrations of IgG in the PBS buffer solution (0.1 pg/
mL, 0.5 pg/mL, 1.0 pg/mL, 5.0 pg/mL, 10 pg/mL, 50 pg/mL, 0.1 ng/mL, 0.5 ng/mL, 1.0 ng/
mL, 10 ng/mL, 100 ng/mL, 500 ng/mL and 1.0 μg/mL).
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Figure 4.
(a) Plots of SERS peak intensity at 1578 cm−1 as a function of the logarithmic concentration
of IgG, and (b) the linear range of (a). (■) the Au sphere coupled on the Au film, ( ) the
Au spheres coupled on the Au triangle nano-array, and ( ) the Au stars coupled on the Au
triangle nano-array.
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Figure 5.
(a) SERS spectra of the Au star@MGITC@SiO2 sandwich nanoparticle/Au triangle nano-
array immuno-sensor, which responded to various concentrations of VEGF biomarker in
blood plasma, and (b) the plot of the intensity of SERS peak at 1578 cm−1 as a function of
the logarithmic concentration of VEGF in blood plasma
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Table 1

Performance of SERS immuno-sensors with different configurations.

Assay system Linear range (pg/mL) Sensitivity (slope of fitted
curve)

LOD based on 3S/N (fg/
mL)

Au sphere@MGITC@SiO2 on Au film 0.1–5.0×105 270.9 45±3

Au sphere@MGITC@SiO2 on Au triangle nano-array 0.5–1.0×105 488.6 25±5

Au star@MGITC@SiO2 on Au triangle nano-array 0.1–1.0×104 1245.7 7±5
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Table 3

VEGF concentration in clinical blood plasma samples measured by both the developed SERS immuno-sensor
and a standard ELISA method

Sample No. [VEGF] via ELISA (pg/mL) [VEGF] via SERS biosensor (pg/mL)

#1 600.1±12.6 585.9±12.5

#2 337.7±14.6 301±9.6

#3 569.6±6.9 588.8±15.3
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