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Abstract

A surface-enhanced Raman scattering (SERS) biosensor has been developed by incorporating a
gold nanohole array with a SERS probe (a gold nanostar@Raman-reporter@silica sandwich
structure) into a single detection platform via DNA hybridization, which circumvents the
nanoparticle aggregation and the inefficient Raman scattering issues. Strong plasmonic coupling
between the Au nanostar and the Au nanohole array results in a large enhancement of the
electromagnetic field, leading to amplification of the SERS signal. The SERS sensor has been
used to detect Ag(i) and Hg(x) ions in human saliva because both the metal ions could be released
from dental amalgam fillings. The developed SERS sensor can be adapted as a general detection
platform for non-invasive measurements of a wide range of analytes such as metal ions, small
molecules, DNA and proteins in body fluids.

Introduction

Heavy metals'® are routinely released into the ecosystem from both human and natural
resources, ultimately accumulating in the human body via the food chain.®” Heavy metals
such as mercury, lead, chromium and arsenic are acutely toxic to humans, but can only be
detected in the body through physically invasive blood®® or privacy invading urine
testing.10 Saliva is an alternative, non-invasive testing base from both the physical and
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privacy viewpoints,11 making it an excellent candidate for measurement of heavy metal
uptake in the body. On the other hand, silver-mercury amalgams are widely used as dental
fillings.1213 The Ag(:) and Hg(i) ions can release into saliva from the dental fillings.12
Therefore, it is important to monitor the Ag(:) and Hg(x) ions in human saliva, especially for
the patients with silver—-mercury amalgams.

Currently metal ions are measured quantitatively by large-scale analytical techniques such as
inductively coupled plasma mass spectrometry (ICP-MS) and atomic absorption
spectroscopy# which are performed in a centralized laboratory, making them unsuitable for
rapid monitoring of metal ion exposure in the field or in point-of-care settings. Therefore,
various portable devices such as electrochemical, surface plasmon resonance (SPR), surface-
enhanced Raman scattering (SERS), colorimetric and fluorescent sensors have been
developed for metal ion detection.315-18 Among these sensors, SERS stands out for its
molecular distinguishing (or fingerprinting) and anti-interference capabilities,19-23 both of
which allow detection in complex matrices such as body fluids.

Plasmonic Au and Ag colloidal particles have previously been used as SERS substrates to
detect metal ions,24-27 but low sensitivity, instability and poor repeatability remain a
concern, especially in body fluids where a high ionic strength and the presence of abundant
bio-molecules (blood, serum, urine and saliva) aggravate these problems. These problems
can be partially overcome, however, by the use of a sandwich-structured colloidal SERS
substrate/probe in which the Raman reporter molecules are sandwiched between a plasmonic
Au core and a thin silica shell.28 The sandwich-structured SERS substrates/probes are water-
soluble and stable in aqueous solution even with a high ionic strength, which significantly
improves the repeatability of measurements. Solid-state chip-based SERS substrates with
periodic plasmonic patterns can further mitigate these issues, improving both sensitivity and
repeatability.29-32 For example, two-dimensional (2D) periodic nanostructures support both
localized surface plasmon resonance (LSPR) and surface plasmon polaritons (SPP),33-35
generating a high-density of “hot spots”, which enhance the SERS intensity, boosting
signals beyond that of colloids.

In the present work, a metal ion biosensor is constructed by coupling a sandwich-structured
SERS probe to a gold nanohole array pattern. This strategy combines the advantages of
stability and increased sensitivity of the sandwich-structured probe with the large area signal
enhancement of the nanohole array. For the SERS probe, malachite green isothiocyanate
(MGITC) Raman reporter molecules are sandwiched between a gold nanostar and a thin
silica shell. The silica shell prevents leaching of the Raman reporter molecules, renders the
water solubility of particles and provides a platform for bioconjugation.?® The LSPR peak of
the gold nanostar is overlapped with the excitation laser source (785 nm), providing optimal
SERS enhancement. The gold nanohole array LSPR peak is tuned to 785 nm, creating a
spatially distributed electromagnetic (EM) field with which the gold nanostar can hybridize
only when the heavy metal ions are present. It is expected that the distributed plasmonic
“hot spots” in the periodic pattern leads to significant amplification of the SERS signal. By
taking advantage of the large SERS amplification capability of the Au nanostar-nanohole
couple, a sensitive metal ion biosensor is developed for detection of Ag*™ and Hg2* ions in
human saliva.

Nanoscale. Author manuscript; available in PMC 2016 July 07.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zheng et al.

Page 3

Experimental section

Chemicals and reagents

Apparatus

DNA sequences of 5-NH,-(CH5)g-CTCCCCATA-3” and 5’-NH»-(CH,)s-TATCCCCAG-3
were designed for Ag™ detection. The 5’-NHy-(CH,)g-GTCTTTCTG-3’ and 5’-NHy-(CH»)g-
CAGTTTGAC-3 were designed for Hg2* detection. All DNA molecules were purchased
from Integrated DNA Technologies, Inc. (IDT, Coralville, 1A). Malachite green
isothiocyanate (MGITC) was purchased from Molecular Probes, Inc. (Carlshad, CA).
Chloroauric acid trihydrate (HAuCl4-3H,0), trisodium citrate dihydrate (Na3CgHs07:2H,0,
ACS, 90.0+%), sodium hydroxide, silver nitrate (AgNO3, Premion, 99.995%), Na,HPO4
(99.0%), NaH,PO,4 (99.0%), calcium nitrate tetrahydrate (Ca(NO3),-4H,0, 99.0%), iron(111)
nitrate nonahydrate (Fe(NO3)3-9H,0, 98+%), copper(ll) nitrate hemi(pentahydrate)
(Cu(NOg3),-2.5H,0), yttrium(l11) nitrate hexahydrate (Y(NO3)3- 6H,0, 99.9%), and
indium(111) nitrate hydrate (In(NO3)3-xH»0) were purchased from Alfa Aesar (Ward Hill,
MA). Sodium hydrobromide (NaBH,), poly(vinylpyrrolidone) (PVP, 10 000), N,N-
dimethylformamide (DMF), 11-mercaptoundecanoic acid (MUA), 11-mercapto-1-undecanol
(MU), N-hydroxysuccinimide (NHS), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
(EDC), cobalt(lIl) nitrate hexahydrate (Co(NO3),-6H,0, 98+%), and chromium(lll) nitrate
nonahydrate (Cr(NO3)3-9H,0) were purchased from Sigma-Aldrich (St Louis, MO).
Nickel(ll) nitrate 6-hydrate (Ni(NO3),:6H,0) was purchased from ScholAR Chemistry
(Rochester, NY). Aluminium nitrate nonahydrate (AI(NO3)3-9H>0, 99+%) was from Acros
Organics (Fair Lawn, NJ). Zinc nitrate hexahydrate (Zn(NO3),-6H,0, 98%) was from Strem
Chemicals (Newburyport, NA). 3-Triethoxysilylpropyl succinic anhydride (TEPSA) was
purchased from Gelest Inc. (Morrisville, PA). Deionized (D.l.) water was produced by using
a Milli-Q Millipore system (18.2 MQ cm, Millipore Corp., Billerica, MA) and was used in
the whole experiment for washing or reactions. All chemicals were directly obtained from
commercial vendors and used without further purification. Quartz slides were purchased
from AdValue Technology (Tucson, AZ). Human saliva samples were de-identified. Saliva
samples were screened for mercury and silver using an Agilent 7500CE ICP-MS from
Exova (Santa Fe Springs, CA). Mercury in the saliva sample was beyond the instrument
detection capability while silver was determined to be 0.12 ppb.

A JEOL JSM-7600F scanning electron microscope (SEM) and a JEOL JEM-2100F
transmission electron microscope (TEM) were used to observe the morphology of gold
nanoparticles and nanohole arrays. UV-Visible spectra of gold nanoparticles were acquired
by using a Shimadzu UV-2550 spectrometer. Transmission spectra of the Au nanohole
arrays were recorded using an Ocean Optics USB 4000 spectrometer and DT-MINI-2-GS.
Raman spectra were recorded by using a Renishaw InVia Raman Microscope with an
excitation wavelength of 785 nm. An Oxygen Plasma Asher (March PX-250 Plasma Asher)
was used to remove the organic groups adsorbed on the Au film substrates and to etch the
polystyrene microspheres.
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Preparation of Au nanostar@MGITC@SiO, sandwich nanoparticles

Gold nanostars were prepared as reported previously.28 A HAuCl,-3H,0 aqueous solution
(1 mL, 1 wt%) was first diluted with water (90 mL), followed by the injection of sodium
citrate (2 mL, 38.8 mM). A freshly prepared NaBH, solution was then added. The mixed
solution was stirred overnight to form a seed solution. Subsequently, PVP was dissolved in
50 mM of the above-prepared seed solution and stirring was continued for 24 h. Afterwards,
82 pL of 50 mM HAuCI, aqueous solution was mixed with 15 mL of PVP in DMF,
followed by rapid addition of 43 pL of PVVP-coated gold seed solution. The reaction lasted
about 13 h. The as-prepared gold nanostar solution was washed with absolute ethanol and
D.l. water three times, respectively, and then re-dispersed in D.l. water for further use.

To make the sandwich nanoparticles, 15 pL of MGITC was first added to 1 mL of Au
nanostar solution (the optical density was adjusted to be around 2.5) under stirring for 30
min. 200 L of 1% TEOS was then injected to grow the silica shell. The mixture was stirred
continuously for 30 min. Finally, the solution was left to stand for 2 days before being
washed with ethanol. The final product was dispersed in ethanol for further use.

Fabrication of Au nanohole arrays

Au nanohole arrays were fabricated on the quartz slides by nanosphere lithography (NSL).36
The quartz slides were first cleaned with a Piranha solution at 90 °C for 2 h (Precaution: the
Piranha solution is very dangerous and caution must be taken while handling it), and
subsequently sonicated in acetone, methanol and D.I. water. A monolayer of polystyrene
(PS) microspheres (600 nm in diameter) was dip-coated on the quartz slides. After drying
under ambient conditions, the monolayer-coated quartz slides were etched with oxygen
plasma, followed by deposition of a 5 nm thick Ti layer and then a 45 nm thick Au layer
with an e-beam evaporator. Finally, the Au nanohole array was obtained by removing the PS
template by sonication in methanol.

Functionalization of Au hanostar@MGITC@SiO- particles with DNA

The Au nanostar@MGITC@SiO», sandwich particles were first diluted to 1.5 mL. 20 uL of
TEPSA was then added. The mixed aqueous solution was incubated overnight to achieve
COOH-terminated Au nanostar@MGITC@SiO,. After washing with ethanol, the precipitate
was dissolved in 2 mL of the solution containing 50 mM NHS and 200 mM EDC. After
incubation for 4 h, the COOH group was activated, and 50 uL of 20 uM ssDNA solution was
then added. After overnight incubation, the solution was washed with a buffer solution, and
added into the following buffer solution for further use. For Ag* detection, the buffer
solution used was a 10 mM 3-(N-morpholino)propanesulfonic acid (MOPS) buffer solution
containing 30 mM NaNOs, pH 7.0. For Hg?* detection, the buffer solution employed was a
10 mM phosphate-buffered saline (PBS) solution, pH 7.0.

Functionalization of Au nanohole array chips

The Au nanohole array chips were cleaned by successive sonication in acetone, methanol
and D.I. water for 10 min at each step. After being dried with nitrogen gas, the chips were
cleaned by using an Oxygen Plasma Asher at 300 W for 2 min. The cleaned Au nanohole
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array chips were immersed in an aqueous solution containing 100 mM MUA and 100 mM
MU overnight. The resulting MUA/MU functionalized substrates were washed with ethanol
and D.l. water, and then incubated in 50 mM NHS and 200 mM EDC for activation.
Afterwards, 50 pL of 20 uM ssDNA solution was added. After overnight incubation, the
chips were successively washed with a buffer solution to remove the unattached ssDNA.

Finite-difference time-domain (FDTD) simulation

FDTD simulations were conducted with the commercially available Optiwave software.
Simulation cells with 3 nm grid size were created to mimic the Au nanohole array as well as
the Au nanostar. A monochromatic light source with 785 nm wavelength was used as the
input plane wave to match the laser used in experiments. The refractive index was taken
from the data of Palik.3" A refractive index of 1.53 was used for the quartz slides.
Simulation was conducted using both x and y polarizations. Periodic boundary conditions
were implemented to replicate the periodic nature of the Au nanohole arrays.

Results and discussion

Construction of SERS sensors

The bare gold nanostars were ~80 nm in size (Fig. 1(a)). The silica shell in the Au
nanostar@MGITC@SiO, sandwich nanoparticles was ~3 nm thick (Fig. 1(c) and (d)). The
bare gold nanostars exhibited a LSPR peak centered at 785 nm (Fig. 1 (b)). Coating the Au
nanostar surface with a thin silica layer led to a slight shift of the LSPR peak. The Au
nanohole array had a hole diameter of 420 nm with a pitch (hole center-to-center distance)
of 600 nm (Fig. 2(h)). The LSPR of the Au nanohole array can be found by reading the
transmission valley or reflection peak. The transmission spectrum in Fig. 2(i) reveals that the
LSPR was located at 785 nm, in agreement with the FDTD simulation result.

Fig. 3 shows the general experimental flow. To detect Ag* ions, the Au
nanostar@MGITC@SiO», nanoparticles and the Au nanohole arrays were modified with
single-stranded DNA (ssDNA) sequences of 5-NH,-(CH5)g-CTCCCCATA-3" and 5’-NH,-
(CH»)g-TATCCCCAG-3, respectively (Fig. 3). When the Ag* ions were absent in the
aqueous solution, the two ssDNAs cannot hybridize due to the presence of three mismatched
C-C pairs. When the Ag* ions are present, two ssDNAs hybridize to form a rigid double-
stranded DNA (dsDNA) due to the strong affinity of C~Ag*™—C (Fig. 3).38 To detect Hg?*
ions, the Au nanostar@MGITC@SiO, nanoparticles and the Au nanohole array were
functionalized with the ssDNA of 5’-NHy-(CH»)g-GTCTTTCTG-3’ and 5'-NH,-(CHy)g-
CAGTTTGAC-3, respectively. The HgZ* ions were recognized by DNA via the formation
of the T-Hg2*—T base pairs.3? The two different ions were tested to show that the sensor
design can be easily converted to detect other types of analytes by simply changing the
DNA.

During the operation of metal ion detection, first 35 pL of ssDNA-functionalized Au
nanostar@MGITC@SiO, nanoparticle solution was dropped on the ssDNA-functionalized
Au nanohole array substrate, immediately followed by another drop of 35 L of the sample
containing the analyte. After incubation for 16 min, the Au nanohole array chip was rinsed
with a buffer solution, and then dried with a nitrogen flow. Subsequently, the Raman
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spectrum was acquired. Since the number of dsDNA-bound SERS probes on the Au
nanohole array pattern is proportional to the number of ions captured, the resulting SERS
intensity correlates with the concentration of ions captured.

Detection of Ag* ions

For detection of Ag(1), Ag() ions were dissolved in the 10 mM MOPS buffer solution. First
the test conditions had to be optimized. The effects of the ionic strength and the pH value of
the buffer solution on the sensing performance are shown in Fig. S1.t The sensing signal
was found to be dependent on the incubation time. After incubation for 16 min, the sensing
signal reached a constant. The final testing conditions were therefore in an optimized 10 mM
MOPS buffer solution with 30 mM NaNOg at pH 7.0 for 16 min of incubation time.

SERS spectra were acquired from the Au nanostar@-MGITC@SiO, particles on the Au
nanohole array pattern at different levels of Ag() ions in a 10 mM MOPS buffer solution
containing 30 mM NaNOjs (Fig. 4(a)). The SERS peak at 1174 cm™~1 was proportional to the
logarithmic concentration of Ag* (Fig. 4(b)). At a concentration of >10 nM, the SERS signall
became saturated because the binding sites were fully occupied. The linear range was
determined to be from 2 pM to 10 nM with a fitting equation (y = 1400x + 110, RZ = 99%),
where y is the SERS intensity at 1174 cm™1, x is the logarithmic Ag(;) concentration (Fig.
4(b)). The performance was also compared with a SERS sensor constructed from a planar
gold film chip instead of the nanohole array pattern (Fig. S21). When the Au film was used,
the slope of the calibration curve decreased (Fig. 4(b)), giving a fitting equation (y = 370x +
330, R? = 98%) and indicating poorer sensitivity. This indicated that the Au nanohole array
pattern improved the sensitivity of the SERS sensor due to its increased density of
plasmonic “hot spots”. The limit of detection (LOD) was estimated with three times the
standard deviation/slope (3a/s) according to the International Union of Pure and Applied
Chemistry (IUPAC) standard.*? The results showed a LOD of 1.7 pM for the Au nanohole
array chip and 5 pM for the Au film chip.

A selectivity test was next conducted to check the anti-interference capability of the SERS
sensor. Various metal ions such as AI3*, Ca2*, Cr3*, Cu?*, Fe3*, In3*, In3*, Ni¢*, Y3* and
Zn2* plus a mixture of the above ions with Ag* were prepared with a concentration of 50
nM metal ions in the 10 mM MOPS buffer solution containing 30 mM NaNOs at pH 7.0.
The results showed that only the presence of Ag* ions induced a high SERS intensity (Fig.
S3t).

The Ag()) ions were next spiked into a mixture of MOPS buffer (2/3 vol.) and human saliva
(1/3 vol.). The SERS spectra obtained from these samples are shown in Fig. 4(c), and the
SERS peak intensity at 1174 cm™1 is plotted as the logarithmic concentration of Ag(y) ions in
Fig. 4(d). The fitting procedure gave an equation of y = 430x + 50, R2 = 95% in a linear
range of 0.4-2.4 nM with a LOD of 0.17 nM.

Detection of Hg2* in human saliva

To demonstrate the flexibility of the developed SERS sensor, the sSSDNA sequences used
were adapted to detect the Hg(i) ions*! released alongside the Ag() ions in the Ag-Hg
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dental alloy saliva samples. The Hg?* ions were first spiked into a mixture of PBS buffer
(2/3 vol.) and human saliva (1/3 vol.) (Fig. 5(a)). The SERS peak at 1174 cm~1 again
showed a linear dependence on the logarithmic concentration of Hg(s) ions in the range of 5
pM (1 ppt) to 100 nM (20 ppb), yielding a calibration equation of y = 670x + 50, R? = 98%
(Fig. 5(b)). The LOD was estimated to be 2.3 pM based on three times the standard
deviation/slope according to the IUPAC standard.4? Selectivity was also tested as shown in
Fig. S4.1 Studies have revealed that each additional amalgam filling increases the level of
mercury in saliva by 7.5 nM (1.5 ppb) on average.*! For example, 9 amalgam fillings (mean
number) in adults have yielded a median concentration of 58 nM (11.6 ppb) Hg(u) in the pre-
chewing saliva.#2 Another study has investigated the Hg(s) and Ag() levels in 53 patients
and found that the medium values of Hg() and Ag() levels in saliva were 47.5 nM (9.5 ppb)
and 32 nM (3.2 ppb), respectively.*3 Hence, the present SERS sensor can be used to
measure the Hg(i) level in human saliva of patients with the amalgam fillings.

FDTD simulations of the SERS sensor system

The success of the developed Raman sensor in detecting various analytes in a body fluid
results from selectively coupling sandwich-structured SERS probes to a metal nanohole
array. When the DNA and analyte change, the resulting field enhancement does not, making
the stability against aggregation and large signal enhancement necessary for detection.
FDTD simulations were performed to better understand the resulting EM field enhancement
that occurs in the presence of an analyte.

The EM field was extracted for several nanostar—nanohole coupling arrangements in order
to find the maximum enhancement which could be expected (Fig. 6). Four typical locations
of the Au nanostar on the Au nanohole array pattern were investigated, as shown in Fig. 6.
Point A is on the edge of the nanoholes. Point B is positioned in the middle of the gap
between two nearest holes. Point C is located at the closest point between three nanoholes.
Point D is at the center of a nanohole. The exact location of the nanostars cannot be imaged
during sensing, so instead averaging over several key positions for coupling must be relied
upon. Since LSPR has a decay length of only 10-30 nm,** strong plasmonic coupling
between the Au nanostar and the Au nanohole array should occur when the Au nanostar is
close to the rim of nanoholes (Fig. 6(b)). This is reflected when comparing the nanostar
alone (Fig. S51) with the coupled position in Fig. 6(b).

The idea that the maximum enhancement occurs around the edge is further supported by the
fact that the peak SERS enhancement factor, which is defined as (E/Eg)*, was calculated to
be 4.5 x 10° for point A when the Au nanostar was at the right-side rim of a hole, yet it was
1.1 x 10° when the nanostar was located at the center of the nanohole. It is worth noting that
the SERS enhancement factor (E/Eg)* was calculated to be 1.5 x 10° when a gold nanostar
was placed on a planar Au film instead of a gold nanohole array (Fig. S6t). The one order of
magnitude difference in enhancement correlates with the difference in experimental
sensitivities, further proving the key role that LSPR-LSPR coupling played in enhancing the
signal of the SERS sensor. Table S1t lists the maximum simulated SERS enhancement
factor for all positions between x and y polarization. The EM field for y-polarization is
shown in Fig. S7.1
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It should be pointed out that the pitch of the gold nanohole array has a significant effect on
the plasmonic properties, as shown in our previous study.3® The Au nanohole array with a
periodicity of 600 nm displayed a LSPR band at around 785 nm, verified by both the
experiments and simulation in Fig. 2(i). The overlap of the LSPR band with the excitation
wavelength of 785 nm results in resonant enhancement of the electromagnetic field. In the
meanwhile, the LSPR of the Au nanohole array can be effectively coupled with the LSPR
field of the Au nanostar at 785 nm, which is important to further enhance the SERS signal,
as confirmed in Fig. 6. Therefore, the Au nanohole array with a periodicity of 600 nm was
fabricated.

Conclusions

In summary, a facile SERS sensor system was developed for detection of analytes in body
fluids by incorporating the Au nanostar and the Au nanohole array into a single sensing
system. The high sensitivity of the sensor was due to the enhanced EM field that resulted
from coupling between the LSPR of the nanohole and nanostar. The sensor was applied to
Ag(1) and Hg(i) detection in saliva, with the specific C~Ag*—C and T-Hg2*—T bindings,
showing excellent selectivity. The SERS detection platform developed in this work can be
adapted for analysis of a wide range of analytes if DNA sequences or proteins are designed
as the molecular recognition probes for specific analysis purposes; this has provided the
possibility of portable, non-invasive, and on-site detection of analytes in body fluids.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Au nanostar@MGITC@SiO, sandwich nanoparticles. (a) SEM image of Au nanostars; (b)

UV-Vis absorption spectra of the bare Au nanostar and the Au nanostar@MGITC@SiOy;
(c) and (d) TEM images of the Au nanostar@MGITC@SiO».
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Fig. 2.

A%old nanohole array pattern. (a—g) Protocol for Au nanohole array fabrication; (h) SEM
image of a gold nanohole array with a hole diameter of 420 nm at a pitch of 600 nm, and a
film thickness of 50 nm; (i) experimentally measured (black curve) and FDTD simulated
(blue curve) transmission of the Au nanohole array.
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Fig. 3.
The operating principle of the SERS sensor. The Au nanostar@MGITC@SiO, sandwich

nanoparticles and Au nanohole arrays were functionalized with ssSDNA sequences. The two
ssDNA sequences hybridize only when Hg2* or Ag* was present due to T-T or C-C
mismatch.
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Detection of Ag(i) ions with the SERS sensor. (a) SERS spectra acquired from the Au
nanostar@MGITC@SIiO, particles captured by the Au nanohole array pattern for different
levels of Ag(y) ions in a 10 mM MOPS buffer solution containing 30 mM NaNOs; (b) fitting
curves and equations of the SERS peak intensity at 1174 cm™! vs. the logarithmic
concentration of Ag(:) ions. The black curve is for the detection conducted on a Au nanohole
array; the red curve is for the detection on a Au film. (c) SERS spectra obtained from the Au
nanostar@MGITC@SiO», nanoparticles captured by the Au nanohole array pattern for
different levels of Ag(y) ions in a mixture of MOPS buffer (2/3 vol.) and human saliva (1/3
vol.); (d) the fitting curve and equation of the SERS peak intensity at 1174 cm™1 vs. the

logarithmic concentration of Ag(;) ions.
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Fig. 5.

SEgRS sensor for Hg?* detection. (a) SERS spectra of Au nanostar@MGITC@SiO, on the
Au nanohole array in the SERS sensor for the detection of Hg2* in a mixed solution
containing one portion of human saliva (1/3 vol.) and two portions of PBS buffer solution
(2/3 vol.); (b) plots of the SERS peak intensity at 1174 cm™1 as a function of the logarithmic
concentration of Hg?*.
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Fig. 6.
Simulated EM field distributions. (a) FDTD simulation cells with four Au nanostars located

at point A (the rim of a nanohole), point B (the gap center between two nanoholes), point C
(the gap center between three nanoholes), and point D (the nanohole center); (b) simulated
EM field distribution of Au nanostars on Au nanohole arrays at points A, B, C, and D. The
simulations were conducted under x polarization with a 785 nm laser source. (E/Eg)°-2> was
used to represent the EM field enhancement for easy visualization.
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