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Surface plasmon resonance (SPR) spectroscopy is a versatile
method for probing the binding of biomolecules through the
changes in refractive index occurring on thin metal films."!
One of the main drawbacks that impede further development
of SPR applications is the lack of sufficient sensitivity to
reliably detect small changes in refractive index caused by
compounds with low molecular weight or in low concentra-
tion at the sensing surface.””! Several approaches have been
reported to address such limitations. Specifically, Au nano-
particles, the localized SPR of which can be coupled with that
of a thin metal surface, were extensively explored to enhance
SPR response in biosensors.P!

Compared with Au, nanoparticles of Ag produce a much
stronger and sharper plasmon resonance,* which in principle
promises a wider range of potential applications, including not
only chemical and biological sensing,”! but also imaging™® and
catalysis.” It has been long recognized that the use of Ag may
lead to more sensitive SPR-sensing devices than Au.!
However, poor chemical and structural stability has been
the main issue that prevents broad use of Ag in place of Auin
SPR sensing, because the structures and plasmonic properties
of Ag nanoparticles are subject to changes when exposed to
water,”) acids"” halides™!! oxidative agents, UV irradia-
tion,'” and heat.® As a result, direct application of Ag
nanoparticles as amplified labels (enhancers) in SPR sensing
has been rarely reported. As an alternative method, the so-
called silver enhancement technique has sometimes been
used to enhance the SPR signal by selective deposition of Ag
on Au nanoparticles labeled with the target specimen,¥
which, however, suffers from complicated procedures and
high background signal from nonspecific silver deposition.
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It is therefore essential to develop strategies to stabilize
Ag nanostructures while retaining their excellent plasmonic
properties for use as effective enhancers in SPR sensing. A
conventional approach is to modify the surface of the Ag
nanostructures with an extra protecting layer of inorganic or
organic material, such as silica,'™ Au,'® and self-assembled
monolayers (SAMs) of organic thiols,*!”! to prevent direct
contact of Ag with external etchants. Although the stability of
the protected Ag nanostructures has been improved to some
extent, these existing methods are still problematic. For
example, burying the active Ag surface in an inert silica layer
provides limited protection against etching, but limits access
of the target molecules to the Ag surface and consequently
reduces the sensing efficiency. Au deposition, which is
typically achieved by galvanic replacement, is initiated at
specific sites of a Ag nanoparticle, so that the system is stable
only under very mild conditions because of partial Au
coverage.'® A thick Au shell that is produced through
galvanic replacement and subsequent refilling may further
enhance the stability, but can also limit use for SPR sensing, as
the plasmonic properties become dominated by Au.'® Thiol-
based organic molecules oxidize the surface of Ag, thus
causing a large decrease in the plasmonic activity and
problems for further surface derivatization.

An ideal protecting layer should provide sufficient
protection against disturbance from the environment over
a reasonably long period, but should not significantly alter the
plasmonic property and surface characteristics of the original
nanostructures. Herein, we report a novel method to produce
highly stable Ag nanoplates and demonstrate their superior
performance in SPR sensing of proteins. The Ag nanoplates
are stabilized by uniformly depositing a very thin layer of Au
to form an Ag@Au core/shell nanostructure without signifi-
cant involvement of galvanic replacement, and thus the
plasmonic property of the Ag nanostructures is retained. The
exposed Au surface provides opportunities for further
chemical modifications for SPR biosensing.

The key to uniformly depositing a thin layer of Au on the
Ag nanoplates is to minimize galvanic replacement. In
addition to its destructive etching effect on the original Ag
nanostructures, which dramatically changes the optical prop-
erty"® galvanic replacement also leads to nonuniform
deposition of Au because the reaction is initiated only locally
at certain high-energy sites."” To minimize galvanic replace-
ment, we first decreased the reduction potential of the Au salt
by complexation with I" to +0.56 V (versus standard hydro-
gen electrode, SHE),” which is much lower than those for Au
ions (E°(Au*") =+1.52, E°(AuCl;") =+0.93 V versus SHE).
Second, we introduced polyvinylpyrrolidone (PVP) as an
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additional ligand to stabilize the silver against replacement by
gold ions, by taking advantage of the strong coordination
between the O and N atoms of the pyrrolidone ring and the
metallic silver surface."™'"?!) Because PVP molecules are
known to be preferentially adsorbed on the (100) facets,” we
also introduced a small amount of diethylamine to help
eliminate the energy difference for etching/deposition
between different facets of silver. Since diethylamine is
known to be unselectively adsorbed on the surface of Ag
nanoplates without causing etching, we can ensure homoge-
neous Au deposition on the surface of the Ag nanoplates.['>*]

In a typical synthesis of Au-stabilized Ag nanoplates, an
aqueous solution containing HAuCl,, KI, and PVP was first
prepared as a growth solution, which was then slowly added to
a mixture containing PVP, diethylamine, ascorbic acid, and
Ag nanoplates.??*! In addition to the function of PVP as
a capping ligand for stabilizing silver nanoplates and prevent-
ing aggregation of the final products, our earlier work
suggested that PVP might also help to stabilize the Au
“monomers” resulting from the initial reduction, and thus
minimize the possibility of self-nucleation.”

Figure 1a shows a typical transmission electron micros-
copy (TEM) image of the Ag@Au core/shell nanoplates. The
original triangular/hexagonal shapes are well retained, as
expected by the uniform deposition of Au atoms on the plate
surface. Some plates contain small voids on their surfaces,
thus suggesting that galvanic replacement, although greatly
minimized, can still occur at the early stage. However, unlike
the reactions driven predominantly by galvanic replacement,
in which only a small amount of Au can be deposited at the
edges before incurring structural damage to the plate body,
thus resulting in very limited protection,"® in this work the
thickness of Au can be continuously and uniformly increased
by adding more growth solution, without causing problematic
changes to the plate structure.

ﬁg nanoplates

1.51
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P
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Figure 1. a) TEM image of the Ag@Au core/shell nanoplates. b) UV/
Vis/NIR spectra of the original Ag nanoplates and Ag@Au core/shell
nanostructures prepared by adding various amounts of Au growth
solution.

Most importantly, the plasmonic property can be main-
tained during Au coating, as monitored by UV/Vis/NIR
spectroscopy (Figure 1b). The intensity of the in-plane dipole
plasmon of Ag nanoplates at about 755 nm first decreased
slightly because of the coverage of the Ag surface by Au, and
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afterwards increased because of continuous deposition of the
Au layer and thus increased quantity of plasmonic materials.
The final intensity of the plasmon band is close to that of the
original Ag nanoplates, thus suggesting that the plasmonic
property of the Ag nanoplates has been mostly retained. The
position of the plasmon band shifted to the blue during Au
deposition, which can be explained by a decrease in the aspect
ratio of the plate structure. The blueshift of the plasmonic
peak suggests that the reaction is dominated by deposition,
which is completely different from prior works in which the
plasmonic peak shifts to the red because the plates were made
thinner during galvanic replacement.'® Furthermore, the
plasmon band of the Ag nanoplates quickly decreases in
intensity during typical galvanic replacement because of the
loss of more plasmonically active silver species,'*¥ which is
distinct from our reaction.

The Ag@Au core/shell nanoplates were further charac-
terized by high-resolution scanning transmission electron
microscopy (STEM) to investigate the distribution of Au
atoms (Figure 2a,b). The dark-field STEM image (Fig-
ure 2b), which is essentially a Z (atomic number)-contrast
image, shows a relatively bright edge surrounding the nano-
plate. An intensity profile across the edge of the nanoplate
clearly shows such increased contrast, and indicates deposi-
tion of a thin layer of Au on the Ag nanoplate surface. The
average thickness of the Au shells was measured to be about
5 A, which corresponds to approximately four layers of Au
atoms. Besides the economic benefits, a thin coating ensures
that the plasmonic property of the Ag core does not decay

a)

Figure 2. a, b) Bright-field and dark-field STEM images of a Ag@Au
nanoparticle. Inset: intensity profile of a line scan indicated by the
arrow. ¢) Atomic percentage profile of a Ag@Au nanoplate calculated
from the relative counts in the EDS line scan indicated by the arrow in
the STEM image below.
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significantly because of Au coverage. Furthermore, both the
bright-field and dark-field STEM images suggest a good
lattice match between the Au layer and the Ag core, which
favors effective isolation of the Ag nanostructures from their
external environment and thus high stability.

High-resolution energy-dispersive X-ray spectroscopy
(EDS) further confirmed such Ag(core)/Au(shell) structure.
A typical EDS line scan across the surface of a single
nanoplate is shown in Figure 2c. In the bulk area of the
nanoplate, the presence of both Ag and Au was detected, thus
suggesting that the Au has been deposited on the faces of the
original nanoplates. The atomic percentage of Au is about
26 % on average, which is close to the theoretical value of
21%, assuming 100 % yield of both Ag and Au during the
synthesis. About 0.5 nm from the edge of the nanoplates, the
atomic percentage of Ag drops to zero and that of Au rises to
100 %, which is consistent with the fact that the edge Au
atoms are deposited through reduction of Au cations instead
of partial replacement of Ag.

As the atomic layers of Au are uniformly deposited on the
Ag surface with minimal galvanic replacement, these nano-
plates are highly stable against chemical etching. Figure 3a—
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shows the change of the plasmonic bands of Ag@Au nano-
plates, as monitored by UV/Vis/NIR spectroscopy over time,
in a phosphate buffer solution, a NaCl solution, and
a phosphate-buffered saline (PBS) solution, respectively. In
all cases, the position and the intensity of the in-plane dipole
plasmon resonance bands remained essentially unchanged for
four days or longer. A slight decrease in peak intensity was
observed after long storage in solutions that contain a high
concentration of NaCl, which could be primarily attributed to
aggregation of the nanoplates in a solution of high ionic
strength. It is especially astonishing that the protected Ag
nanoplates are highly stable even in H,O,, a strong oxidant
that can easily destroy silver nanoplates protected by conven-
tional methods (Figure 3d). Ag@Au nanoplates stored in
H,0, for two hours appeared to be similar in morphology to
the original Ag nanoplates (Figure 3d, inset), thus confirming
their excellent stability against strong etching agents. Addi-
tionally, no obvious spectral change was observed when the
Ag@Au nanoplates were irradiated by a large dose of UV
light, that is, the Au layer can also effectively suppress
migration of surface atoms."
Control experiments were carried out for comparison. If
no protection was present, the original Ag

a) 2.5 —0min ) 25 — 0 min nanoplates were quickly etched by PBS,
5. :12hh 55) :1_2h NadCl, or.HZO2 (Figure 3e and Sl.lppioirting
1 —32h 1 —19h Information), as evidenced by a significant
§ 15 :gg: § 151 :g: shift in the peak position and a dramatic
5 —92h £ —92h decrease in the intensity over a relatively
i 101 —48days  if 101 ——48days  short period. This is again the main reason
0.5 0.54 that pristine Ag nanoplates have severe
limitations in many practical applications
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c) — 0 min d),e — O Ag nanoplates protected by thiols, such as
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y t 20 @ —20h was also very limited (Figure 3f).'” The
< S 15l B :‘;;: Ag-MHA nanoplates were only stable in
B 8 ‘ 50 nm —9h a phosphate buffer solution without NaCl,
x X 1.0 ——48 days while they gradually degraded in the pres-
- ence of NaCl or H,0,. Furthermore, it is
difficult to maintain a robust monolayer of
—————— " 0.0 — ——— MHA on the Ag surface when further
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Wavelength / nm—= el Fime—= . derivatization is required. 3
e) 5 ) 2.0 —0min The Ag nanoplates stabilized by Au
‘ ' :?5mrl:in coating are suitable for many bioanalytical
} 15l t sl :?Ohmin applications. Herein, we demonstrate their
g s —ah excellent performance when used for
ERT S 40l —7h enhancing SPR-based biosensing. We
& & (2N chose streptavidin as model protein.
0.5 0.5 Briefly, our SPR biosensor detects biomol-
ecules in a flow channel with a typical
0.0 T T 000 0.0+ T 0 " 10 Kretchmann configuration: a thin Au film
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Figure 3. Stability of the Ag@Au nanoplates in a) phosphate buffer solution (10 mm, pH 7.4,
PVP 0.5%), b) NaCl solution (20 mm, PVP 0.5%), c) PBS (10 mm, NaCl 150 mm, pH 7.4,
PVP 0.5%), and d) H,0, solution (2.1%), monitored by UV/Vis/NIR spectrophotometry. A
TEM image of the Ag@Au nanoplates after treatment in H,0, for 2 h is shown in the inset
to (d). Stability of ) pristine Ag nanoplates and f) MHA-stabilized Ag nanoplates in H,0,

2.1%).
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is deposited on a glass substrate, which is
then attached to a prism. When a laser
beam irradiates the Au substrate, the SPR
angle, which characterizes the change in
the refractive index on the thin Au film
because of binding of target molecules, is
determined and employed to quantify the
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target molecules absorbed on the sensing surface. In a typical
procedure, the Au film was modified with 11-mercaptounde-
canoic acid (MUA), and the carboxy group of MUA was
further coupled with biotin by amidation. Streptavidin was
then injected to allow saturated absorption on the Au film
through the specific biotin—streptavidin interaction. Finally,
biotinylated Ag@Au nanoplates were introduced to enhance
the SPR response. Throughout the process, the SPR angle was
monitored for quantitative analysis.

In Figure 4 a, the biotinylation of the Ag@Au nanoplates
is illustrated. The Ag@Au nanoplates were first functional-
ized with MHA through Au—S bonds, and then covalently

a) S *=0
‘/ : o:
H H H

Ag@Au nanoplate
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plates completely lost their plasmonic property after biotin-
ylation, and this suggests that the amidation reaction
destroyed the coverage of the MHA monolayer and desta-
bilized the Ag nanoplates.

Attachment of streptavidin on the Au surface only
generated 0.05° of SPR signal (Figure 4c). After the surface
was blocked by bovine serum albumin (BSA), specific binding
of the biotinylated Ag@Au nanoplates to streptavidin effec-
tively enhanced the SPR signal to 1.56°, which is about 30-fold
enhancement compared with direct immobilization. The
amplification by the Ag@Au nanoplates demonstrated high
specificity due to the biotin-streptavidin interaction, and the
hydroxy spacer molecule on the Ag@Au nano-
plate surface contributed to the low nonspecific
adsorption, as indicated by the control experi-
ment (curve 2 in Figure 4c). For comparison,
when Au nanoparticles (=~ 16 nm) were used as
enhancer, only limited amplification was
observed (Figure 4d). The Au nanoparticles,
which were functionalized with biotin tags by
using the same procedure, enhanced the strep-
tavidin binding signal to 0.15°, which is only

1) NHS/EDC ©

—
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C) 645 d) 645
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Wavelength / nm ——

BSA
Nanoparticles

three times better than direct streptavidin
binding. Therefore, the amplifying effect of
the Ag@Au nanoplates primarily stemmed
from the Ag core rather than the outside Au
coating. It is possible to adapt the Ag@Au
nanostructures to many other systems, includ-
ing sensors for DNA, RNA, peptides, and
carbohydrates, by modifying them with differ-
ent binding groups.

In summary, a high-performance SPR bio-

20 ' 60 100 140 = 180 " 20 60
Time / min —

Figure 4. SPR sensing of streptavidin by using Ag@Au nanoplates. a) Modification of
the Ag@Au nanoplates with biotin. b) UV/Vis spectra of the Ag@Au nanoplates
1) before and 2) after biotinylation. c) 1) Enhancement of SPR angle with the Ag@Au
nanoplates as enhancers for detection of streptavidin, and 2) control experiment.

" 100
Time / min —»

sensing system has been enabled by using
highly stable Ag@Au nanoplates as enhancers.
The Ag nanoplates were stabilized by deposit-
ing a uniform thin layer of Au on the Ag surface
while minimizing the disruptive galvanic-
replacement reaction. The thin Au layer

140 180

d) 1) Enhancement of SPR angle with conventional Au nanoparticles (16 nm) as
enhancers for detection of streptavidin, and 2) control experiment. c,d) c¢(streptavi-
din) =0.5 mg/mL, ¢(BSA) =1 mg/mL. Control experiments were carried out without
addition of streptavidin in order to evaluate nonspecific binding of the particles on the
substrate. AEE =2-(2"-aminoethoxy)ethanol, EDC = 1-(3-dimethylaminopropyl)-3-ethyl-

allows the plasmonic property of the original
Ag nanoplates to be retained while preventing
their contact with external etchants. The high
stability of the protected nanoplates under
various conditions allows multistep chemical

carbodiimide hydrochloride, NHS = N-hydroxysuccinimide.

coupled with biotin through the carboxy groups of MHA, to
prepare them for specific binding to streptavidin. Figure 4b
shows the UV/Vis/NIR spectra of the Ag@Au nanoplates
before and after biotinylation. The intensity of the plasmon
band decreased to some extent, which can be attributed to the
material loss typically associated with the repetitive centrifu-
gation and washing processes during the multistep chemical
modifications. The slight band broadening that can also be
observed indicates slight aggregation of nanoplates after
chemical modifications and redispersion in PBS solutions
with a high salt concentration. The band position remained
unchanged, thus confirming the chemical stability of the
nanoplate structure. For comparison, when MHA-protected
Ag nanoplates (without Au coating) were used, the nano-
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modifications which are routinely needed for

SPR sensing. Both the high stability and the
plasmonic property account for the outstanding SPR sensing
performance of the Ag@Au nanoplates. The highly stable Ag
nanoplates are believed to hold great promise for fabricating
a wide range of biosensors for detection of many other
biomolecules, and may also find many interesting opportu-
nities in the fields of biological labeling and imaging.
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