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Au@gap @AuAg Nanorod Side-by-Side Assemblies
for Ultrasensitive SERS Detection of Mercury and its

Transformation

Aimeng Yuan, Xiaoling Wu,* Xiu Li, Changlong Hao, Chuanlai Xu, and Hua Kuang*

As one of the most toxic heavy metal elements, mercury ion (Hg?*) and its
methylated product, methylmercury (MeHg) can pose a threat to human
health and the environment. Herein, a novel Raman biosensor with cascade
sensitivity is developed for Hg?* detection through Au@gap @ AuAg nanorod
side-by-side assemblies. Due to the strong electromagnetic coupling from
the assemblies and core—shell structure, the Raman sensor possesses high
sensitivity with the limit of detection (LOD) of 0.001 ng mL™", which is about
one order lower than traditional atomic fluorescence spectrometer (AFS)
methods. Moreover, the fabricated biosensor is used to measure residual
mercury levels in tissues and eggs of hens fed high-mercury diets, and the
results show total mercury in collected egg yolks is 20 times higher than
whites. Furthermore, the form of mercury in the eggs is also analyzed by high-
performance liquid chromatography coupled with AFS, and, unexpectedly,
the methylated product MeHg tends to only be found in egg whites. These
interesting differences may indicate a new research direction for the toxicity
of mercury in living organisms, and the developed ultrasensitive Surface
Enhanced Raman Scattering (SERS) method could pave a broad way for the

application of biosensors in Hg detection.

1. Introduction

Mercury, mainly occurring in various forms of elemental
Hg, inorganic, and organic Hg, plays an essential role in the
environment.'™ However, because it is a persistently toxic
and biodegradable metal ion,>® inappropriate treatment, and
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excessive exposure to Hg could result in
massive accumulation in organisms. This
can cause different health problems, such
as nervous system, kidney diseases, and
so on.’" More importantly, increased
bioavailability of Hg associated with exces-
sive exposure leads to elevated levels of
methylmercury (MeHg) in the body, which
may also have adverse consequences
involving extreme fetal abnormalities and
neurotoxicity, and thus become a critical
environmental issue.[1271]

Given that mercury possesses the
potential to influence the health of
diverse populations, development of
methods to effectively monitor and con-
trol levels of Hg are necessary. Typi-
cally, numerous instrumental analysis
methods such as atomic fluorescence

spectrometry  (AFS),’®l  cold atomic
absorption spectrometry,['”) inductively
coupled  plasma-mass  spectrometry

(ICP-MS),'® and optical emission spec-

trometry!!’l are used for precise quan-
tification of Hg. These methods are all well-established but
inevitably have some problems such as long data acquisition
time, expensive instrument maintenance costs, and require-
ment of professional operation. Recently, some nanosensors
such with colorimetry,?% electrochemistry,!?!! fluorescence,??!
and surface enhanced raman scattering (SERS)**-%°! have
received interest for determination of Hg. In these sensors,
SERS-based biosensors are more unique because of their
nondestructive identification and distinct signal enhance-
ment.230 However, the limits of detection (LODs) of the
previous reports are on the g ml™ level, and not suitable for
the need of Hg detection. Therefore, the more fast and sensi-
tive method to monitor the environmental mercury are badly
in demand.

In this work, a novel Raman biosensor based on the
Au@gap@AuAg side-by-side nanorod assemblies has been
proposed for highly sensitive Hg ions detection, with strong
electromagnetic coupling from the side-by-side assembly and
core-gap-shell structure. Consequently, the linear response
of SERS intensity to the concentration of Hg?* was achieved.
Remarkably, the SERS biosensor was used to measure the total
mercury levels of tissues usually consumed by people and egg
whites and yolks from Rahman Brown laying hens exposed
to high Hg. The total mercury levels in egg yolks were about
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Scheme 1. A Schematic illustration of Au@gap@AuAg nanorod side-by-side assemblies for biosensing Hg ions.

20 times higher than in egg whites, while MeHg tend to only
exist in egg whites. This may be because more Hg bound with
the higher amount of protein or amino acid in the yolks than
that of whites, and higher amount of mercapto amino acid
or proteins and methylase enzyme content in the egg whites,
which help more inorganic Hg transformed to organic Hg.

2. Results and Discussion

2.1. lllustration of the Au@gap@AuAg Nanorod Side-by-Side
Assembly Biosensor

The mechanism of the probe for Hg detection is briefly shown
in Scheme 1. The developed SERS sensor for Hg?* detection was
depended on the T-Hg?*~T coordination chemistry and partly
complementary Au NR-DNA (Au NR-DNA1 and DNA1-DNA2-
Cy5.5) with deliberately designed A-T mismatches. The
PEG-modified Au NRs were conjugated with DNA1 by an
Au-S bond and then hybridized with DNA2-Cy5.5 by A-T
mismatches, whose fluorescence was likely to be quenched
due to close contact with Au NRs. Then, when in presence
of Hg target, it guided the transformation of free DNA-deco-
rated Au NRs to form nanorod side-by-side assemblies by the
strong T-Hg?*-T interaction, leading to the dissociation of A-T
partly complementary and the fluorescence recovery of Cy5.5
dye along with the enhancement of SERS signal. While at the
absence of Hg target, the mixture of dispersed AuNR-DNA1-
DNA2-Cy5.5 would be stably formed at the room temperature,
resulting in the low fluorescence intensity and SERS activity.
Thus mercury ions can be detected by the intensity change of
fluorescence and SERS. To further amplify the SERS response,
the Ag shell coating on the surface of the assemblies and the
small nanogap between Au@Ag nanorod assemblies with
strong electromagnetic coupling were creatively fabricated.
Therefore, the cascade amplified SERS signal could be used for
the ultrasensitive detection of mercury, which is reported for
the first time.

2.2. Construction of the Au Nanorod Side-by-Side Assemblies
The two methods of transmission electron microscopy

(TEM) and ultraviolet-visible (UV-vis) spectra were used to
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characterize the morphology of the prepared materials. As
shown in Figures S1 and S2 (Supporting Information), the
synthesized Au NRs, with an aspect ratio of =3.1 and UV
absorption at the wavelengths of 520 and 718 nm, exhibited
good uniformity and dispersity. During the self-assembly pro-
cess with Hg?* ranging from 0.01 to 10 ng mL™, as illustrated
in Figure S3 (Supporting Information), the blue shift of UV
absorption 720 nm wavelength had taken place, which likely
indicated a fattened layer after self-assembly.?13* Corre-
sponding TEM images were shown in Figure 1 and Figure S4
(Supporting Information), and they also displayed the larger
assemblies at higher Hg?" concentration, resulting from the
more formation of T-Hg?*~T and the more dissociation of A-T
partly complementary. In addition, as illustrated in Figure 2a,
the fluorescence intensity at 720 nm increased due to assembly
formation and the corresponding recovery of Cy5.5 fluores-
cence. The original fluorescence spectrum of Cy5.5 was shown
as Figure S5 (Supporting Information), which eventually
remained stable at 5 ng mL~!. Accordingly, the intensity of the
720 nm peak was chosen to establish a linear relationship with
Hg ion concentrations (Figure 2b) and the standard curve of the
fluorescence biosensor was calculated as Table S2 (Supporting
Information). Similarly, as demonstrated in Figure 2c, with
the increasing Hg ions, the larger assemblies provided more
sites for Raman tags-4-NTP. This original Raman spectra
of 4-NTP was exhibited as Figure S6 (Supporting Informa-
tion), showing Vv(CS), v(NO,), and v(CC) at the band of
1080, 1341, and 1573 cm™, respectively,?**! and the peak
at 1341 cm™! was the obviously characteristic SERS peak of
4-NTP which had been chosen for the Hg quantification.
Figure 2d and Table S2 (Supporting Information) displayed
the standard curve between Raman intensity at 1341.4 cm™!
and Hg concentration. It is noted that the limit of detection
(LOD) for Hg was 0.008 and 0.007 ng mL™!, based on fluo-
rescence and Raman biosensors, respectively, which is more
sensitive than most reported technologies (see Table S3 in the
Supporting Information).

2.3. Construction of the Au@gap@AuAg Nanorod
Side-by-Side Assemblies

To further advance Hg detection methods, more sensitive and
diverse sensors should always be under development. Taking
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Figure 1. The TEM images of side-by-side oriented gold nanorod assemblies with different Hg?* concentrations: a) 0.01 ng mL™", b) 0.05 ng mL™",
c) 0.1 ngmL™,d) 0.5 ngmL™", e) 1 ngmL™", f) 5 ng mL™".
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Figure 2. Detection of Hg?" by FL and SERS based on the side-by-side assembly of gold nanorods: a) Fluorescence spectra of the oriented assemblies
of gold nanorods at different Hg?* concentrations. b) The linear relationship between the concentration of Hg?" and the corresponding fluorescence
intensity. c) Raman spectra from various Hg?" concentrations. d) The standard curve of SERS peak intensities at 1341.4 cm™ over the various Hg?"

concentrations.
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into account the two main effects on enhancing the Raman
signal: electric field and charge-transfer processes,%¥ Au
nanorod side-by-side assemblies were coated with Ag and Au
aimed at triggering active electron transformation to increase
SERS intensity®® (see the Supporting Information). To clarify
the mechanism of the high sensitivity of the nanoprobes, the
electromagnetic simulations were carried out. As the electro-
magnetic simulations (Figure S7, Supporting Information)
shown, the electric field calculated for Au NRs dimer, Au NRs@
silver dimer, and the Au NRs@gap@Au shell dimer were
9.8, 19.9, and 50.3 V m™! respectively. The electric field enhance-
ment against the origin Au NRs dimer was calculated to be
1:2.03:5.13. The theoretical results further demonstrated that
the ultrastrong electromagnetic enhancement, resulting from
the electromagnetic coupling between side-by-side assembly
and core-gap-shell structure of the Au@gap@AuAg nanorod
assemblies, enabled the excellent sensitivity of the nanoprobes.

Figures S8 (Supporting Information) displayed the various
thicknesses of Ag shell with different AgNO; concentrations,
and at Figure S9 (Supporting Information), the absorbance of
Ag at 405 nm became much stronger with the thicker Ag shell.
And the elemental analysis of the Au@Ag NRs by EDS map-
ping was carried out as Figure S10 (Supporting Information),
from the representative EDS mapping images, Ag shell and
Au core were clearly observed, solidly proving the existence of
the Ag shell. Under the condition, the successful forming of
Au@Ag NR assemblies with Hg?* concentrations from 0.005 to
5 ng mL~! were illustrated as Figures S11 and S12 in the Sup-
porting Information. The results of the Au@Ag NR assembly
biosensor method as Figures S13 and S14 (Supporting Infor-
mation) exhibited, showed that LOD for Hg was 0.003 ng mL™},
which was twice as high as the LOD of the method using the
Au NR assembly.

-
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Given that a smaller gap could also improve the signal,’
Au@gap@AuAg was ultimately constructed after the optimi-
zation of gap size. As shown in Figure S15 (Supporting Infor-
mation), the UV-vis spectra exhibited two characteristic bands
with an increasing concentration of HAuCl, and AgNOs: one
at =720 nm, and the other near 400 nm. During the process,
the peak at 720 nm was most likely from the AuNR core as it
became weaker, whereas the other near 400 nm was possibly
from the AgAu shell because it became stronger. A shown in
Figure S16 (Supporting Information), HRTEM and TEM images
were taken of different Au@gap@AuAg nanorod assemblies at
0.01 ng mL™! of Hg, and some different small gaps (0.4, 0.8,
1.2, and 2.0 nm) between core and shell can be observed. The
bigger gaps occurred with the increasing concentrations of
HAuCl, and AgNO; along with the stronger Raman inten-
sity caused by 4-NTP attached to the AgAu shell (Figure S17,
Supporting Information). Finally, the Raman intensity reached
the highest value using 10 uL of 16 mm AgNO; and 30 pL of
0.125 mmM HAuCl, as Figure S18 (Supporting Information) dis-
plays, and the gap of =1.2 nm was finally chosen.

Then, the Au@Ag NR assemblies were coated with Au under
the optimized conditions. As shown in Figure S19 (Supporting
Information), the dominant UV-vis absorption of Au@gap@
AuAg NR assemblies near 720 and 400 nm both appeared, and
Figure 3 showed the successful assembly of Au@gap@AuAg
NRs superstructures. Figure 4a represents the corresponding
Raman intensities of different Hg concentrations, and the
system of Au@gap@AuAg NR assemblies had stronger inten-
sities than the Au@Ag and Au NRs assemblies at the same
Hg level. Overall, the Raman intensity significantly increased
in relation to not only the Au/Ag/Au substrate platform to
which the signal tags attached but also the gap space in which
the 4-NTPs existed. Meanwhile, the calibration plot, Figure 4b,

C L]
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S
S

it o
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Figure3. The TEM images of Au@gap@AuAg nanorod assemblies over various Hg?* concentrations: a) 0.005 ng mL™", b) 0.01 ng mL™", ¢) 0.05 ngmL™",

d) 0.1 ngmL™, ) 0.5 ng mL™", f) 1 ng mL™.
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Figure 4. Detection of Hg?" by SERS based on the side-by-side assembly of Au@gap@AuAg nanorods: a) Raman spectra collected from different
Au@gap@AuAg nanorod side-by-side assemblies at various Hg?" concentrations. b) The standard curve of SERS peak intensities at 1341.4 cm™

over the different Hg?" concentrations.

shows a good linear relationship between the peak intensities
and target concentrations in the range of 0.005-1 ng mL™!
with a detection limit of 0.001 ng mL™. In all, the LOD of
Au@gap@AuAg assemblies biosensor is seven times lower
than that based on the AuNR assemblies. Moreover, their LOD
is three times lower than that of Au@Ag assemblies.

The monodispersity of the proposed biosensor was explored
by the dynamic light scattering of different nanoprobes
(Figure S20, Supporting Information). As shown in DLS data,
there were no larger aggregations for the Au@gap@AuAg NRs
as well as other controls NPs. In addition, to study the stability
and reproducibility of the biosensor, the sensor was carried
out at different times (1, 2, 4, 8, 12 h) (Figure S21, Supporting
Information), and five parallel working sensor were prepared
for detecting Hg ions (Figure S22, Supporting Information).
The change in SERS intensity at 1341 cm™ remained 96.32%
of its original intensity, which indicated the good stability of
the biosensor and the relative standard deviation (RSD) of the
measurement for the five sensors was 3.82%, which showed
the biosensor possessed good reproducibility.

And in order to evaluate the selectivity of the proposed bio-
sensor, ten interfering chemicals were selected to be tested.
This reveals that interfering chemicals even in much higher
concentrations had almost no influence on the sensor as shown
in Figure S23 (Supporting Information), which further dem-
onstrated the high specificity of the developed method for the
Hg?* detection. Hence, the developed SERS biosensor showed a
lower detection limit with excellent selectivity for Hg detection
and would likely to have prospective applications in detecting
Hg ions.

2.4. Application in Assessing Total Hg Levels in Chicken
Tissues and Eggs

To evaluate the accuracy and practical application in real sam-
ples, the designed Raman biosensor was utilized to assess total
Hg levels in chicken tissues and eggs. As Figure 5a shows, the
content of mercury varied greatly among different tissues for
HgSO,-fed chickens. The highest total mercury levels of all tis-
sues were clearly found in the liver, in accordance with previous
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studies ¥ due to glutathione, cysteine, and other chemical sub-

stances containing sulfhydryl. Besides, the mercury contents
of the HgSO,-fed eggs (egg whites and egg yolks) were also
monitored by our developed method. Higher mercury content
was observed in egg yolks than in egg whites. Interestingly, the
10 d laid egg yolks and whites with significantly higher levels
than 5, 15, and 20 d (Figure 5b,c), indicated that laid eggs could
help chickens lower mercury burden in their body, which bioac-
cumulated at successive dietary exposure. And the total mer-
cury levels in egg yolks were about 20 times higher than that
of in egg whites, this may be because more Hg bound with
the higher amount of protein or amino acid in the yolks than
that of whites. These results were all confirmed by the tradi-
tional method (AFS), with a good agreement with that of AFS
(Figure 5d), indicating that the presented way was suitable for
the determination of Hg in biological samples.

2.5. Analysis of MeHg in Eggs by HPLC-AFS

Considering the observed significant differences in total mer-
cury levels between egg whites and yolks, the chemical forms
of mercury were analyzed by HPLC-AFS. It was found that
there was nearly no methylmercury in egg whites and yolks
for control group (Figures S24 and S25, Supporting Informa-
tion), while higher levels of methylmercury (retention time of
3.297 min) were found in egg whites than that in yolks for exper-
imental group (Figures S26 and S27, Supporting Information).
This may result from higher amount of mercapto amino
acid or proteins and methylase enzyme content in the egg
whites, which help more inorganic Hg transformed to organic
Hg. Besides, the 10 d laid egg yolks had significantly higher
methylmercury levels (0.017 mg kg™!) than 5, 15, and 20 d
(Figure S28, Supporting Information), which was consistent
with total mercury trends.*!] To briefly summarize, mercury
was removed from chickens’ bodies through deposition in the
egg yolks, but the methylated form accumulated mainly in the
whites.

In all, a novel Raman biosensor with excellent sensitivity
for detecting Hg ions has been successfully developed, which
will not be eliminated in the laboratory sample analysis

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. Detection of total Hg in chickens. a) The mercury levels in different tissues after 20 d of control-fed (diets without HgSO,) and HgSO,-fed
chickens as determined by our new method with concentrations in mg per kg dried mass. b) The mercury levels in egg whites at different times for
control and HgSO,-fed chickens. c) The mercury levels in egg yolks at different times for control and HgSO,-fed chickens. d) Comparing the detection
of mercury in tissues from control chickens at day 20 by AFS and our new sensor: (1) leg, (2) breast, (3) stomach, (4) liver, (5) egg white, (6) egg yolk.

P-values according to analysis of t-test: *p < 0.05, **p < 0.01, ***p < 0.001.

and can be used to measure the total Hg levels in cultured
chickens. These results were also confirmed by AFS. In addi-
tion, HPLC-AFS was utilized to assess the methylmercury
levels in eggs from cultured chickens. These results may
provide some inspiration for mercury detection and toxicity
research.

3. Experimental Section

Construction of the Hg Biosensor Based on Au@gap@AuAg Nanorod
Side-by-Side Assemblies: Au nanorods (Au NRs) were synthesized as
mentioned in the Supporting Information.*2#31 Then, 100 uL purified Au
NRs were modified with 4 UL single-stranded T-rich DNA1 (100 um) for
8 h and next connected by 4 uL A-rich DNA2-Cy5.5 (100 uwm) for 8 h
(see Table S1 in the Supporting Information). In the presence of Hg
ions, Au NR assemblies would be formed by the T-Hg?~T mispairing
interaction.[*#3] The Raman and fluorescence spectra of the assemblies
were measured in the solution. Moreover, 10 uL AgNO; (4 mm) and
5 puL ascorbic acid (50 mwm) were used to form the Ag shell, followed
by adding Raman reporter 4-NTP with a final concentration 10 pm.
The resulting Au@gap@AuAg was obtained by adding 30 pL HAuCl,
(0.125 mw) The different assemblies corresponding with the Raman
spectra of various Hg concentrations were able to be detected.

Measurement of Hg and MeHg in Cultured Chicken Tissues and Eggs:
Sample preparation for Hg detection based on the Raman biosensor
was conducted by wet digestion.[*¢47] Approximately 0.1 g dry weight of
tissues and eggs was separately put in 50 mL centrifuge tubes, which
was followed by adding 5 mL of 65% HNOs. Then, the solution was
heated to 120 °C on a graphite furnace digestion instrument for 30 min
before 2 mL of H,0, was added. Thirty minutes later, a pure liquid
was obtained. The digestion solution was analyzed by the established
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Raman biosensor and the results were validated by AFS. Furthermore,
an AMW/UV combined reactor with an AFS detection system was
used for reversed-phase chromatography (RPC) experiments to detect
MeHg 146491

Cultured Chicken Tissues and Eggs Samples: In the current study,
50 Rahman Brown laying hens were divided into two groups, one was
fed with 15 mg Hg?* per kg feed (22 mg kg ~' HgSO,) and the normal
feed without the additional HgSO, was used as the controlled group. A
total number of 50 egg samples (five samples per group) were collected,
both yolks and whites were separately analyzed according the culture
time. In addition, 12 samples of the tissues and organs (six replicates
from each group) were also obtained.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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