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ABSTRACT: An individual nanoparticle-based plasmonic nanotechnol-

ogy was used for real-time monitoring of lectin—sugar interactions,
which could be designed as novel plasmonic nanobiosensors for the
detection of trace concanavalin A (ConA) with high sensitivity and
selectivity. The localized surface plasmon resonance (LSPR) spectra of
Au@Ag nanocubes (NCs) are linearly shifted to a long wavelength with

LSPR shift

%
an increasing concentration of ConA. In fact, each Au@Ag NC can act V. BN
as a nanobiosensor for the quantified detection of trace ConA, which

enables the miniaturization of the biosensor system to nanoscale.
Furthermore, the results demonstrated the perfect biosensing ability with

Revealing Lectin-sugar Interactions
on Single Nanoparticle

the dual channel of dark-field microscopy images and LSPR spectra. We
expect that this nanobiosensor system can provide an alternative important method for monitoring the specific binding of

lectin—sugar at a single nanoparticle surface.
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1. INTRODUCTION

Glycosylation is one of the most important post-translational
modifications in eukaryotic organisms, which is widely present
on the cell membrane surface. Carbohydrates and lectin—sugar
interactions are widespread and exist in all living organisms,
governing a wide spectrum of pivotal biological and
pathological events including cell—cell recognition, signal
transduction, autoimmune stimulation, tumor metastasis, and
so forth.'™ Trace glycan analysis in the different courses of
diseases and related lectin—sugar interactions has drawn most
researchers’ attention recently.”’ For directly observing this
process in vitro or in vivo, there are critical needs for
developing effective new glycotechnology biosensors that are
sensitive, rapid, simple, and more smaller in size which could
be used for the real-time evaluation of binding mechanisms.”
Plasmonics on a single nanoparticle, which usually depended
on the coupling effect between adjacent plasmonic nano-
particles and inorganic compounds surrounding the nano-
particle, had offered a hopeful method for the trace analysis of
target molecules by using a nanoscale sensing system, such as
H,S, NADH, Cu®*, and so forth.””"* The plasmon resonance
energy transfer effect could also be used for the fabrication of
sensing chips for probing trace heavy metal ions">~"” or the
direct observation of chemical reactions.'®™>' These reports
had made a great breakthrough in biosensor size down to
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nanometer scale. Besides, individual plasmonic nanoparticle
localized surface plasmon resonance (LSPR) scattering spectra
exhibited great dependence with the reflective index (RI) of
the microenvironment around nanoparticles, which could be
employed for developing novel plasmonic nanobiosensors in
trace biomacromolecule analysis.”*~>’

Silver nanocubes (NCs), as two-dimensional plasmonic
nanostructures, with well-defined and controllable shapes, have
attracted intensive attention in the last decade because of their
unique shape-dependent optical properties. However, tradi-
tional synthesis methods of Ag NCs need harsh reaction
conditions with great difficulty in controlling the size and
shape. Seed-mediated growth methods of monodispersed Au@
Ag NCs use gold nanoparticles as seeds which could easily
control the thickness of the Ag shell and adjust its LSPR
scattering spectra. It was reported”® that Au@Ag NCs with a
silver medium layer of more thick surface showed plasmonic
characters similar with those of Ag NCs. Compared with
AuNPs, AuNCs, or AgNCs,zg_31 Au@Ag NCs were more
sensitive, stable, suitable for long-term preservation, and used
in biosensors.”*>* In addition, these were used as near-field
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Scheme 1. Scheme of Individual Au@Ag Nanocube-Based Plasmonic Biosensor
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Figure 1. (a) Synthesis route of thiolated p-mannose. (1) 1,2,3,4,6-peracetylated mannose, (2) bis(2-hydroxyethyl) disulfide, and (3) thiolated p-
mannose. (b) TEM of 2—3 nm Au nanocrystallites, 30 nm gold seeds, and Au@Ag NCs.
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Figure 2. (a) Typical DFM scattering images of Au@Ag NCs; (b) in situ SEM images of ROI (region of interest) in the DFM image; (c) color
change with time in the immobilization of mannose on the Au@Ag NC surface by adding 1 mM thiolated p-mannose; (d) typical LSPR spectra of
the corresponding single Au@Ag NC surface modification process (0—120 min) in the presence of 1 mM thiolated p-mannose; and (e) LSPR
scattering peak position of a selected time-dependent Au@Ag NC (4,,,,) red shift during mannose molecule modification.

optical sensors or contrast probes in biomedical applications,
which provided alternative research methods in catalysis,
photonics, and data storage.”>~** In our previous report, Au@
Ag NCs were employed for developing a smart plasmonic
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nanobiosensor with a single Au@Ag NC. Because of the high
sensitivity to the RI change around the Au@AgNCs, the
nanobiosensor not only could be used for monitoring the
dynamic process of DNA-specific hybridization with the target
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Figure 3. Deconvolution of the C, (a—c) and Ny, (d—f) XPS spectra of Au@Ag NC, Au@Ag@mannose, and Au@Ag@mannose—ConA. Solid

line: experimental data; dashed line: fitting curve.

miRNA at a single-molecule level but also enables enzymatic
DNA-based logic operations and biomemory cells.**

Herein, we present for the first time real-time monitoring of
lectin—sugar interactions with a single Au@Ag NC by its LSPR
scattering spectra, which could be designed for plasmonic
nanobiosensors for trace concanavalin A (ConA) analysis with
high sensitivity and selectivity. As shown in Scheme 1, Au@Ag
NCs were immobilized on an indium tin oxide (ITO) slide,
and then thiolated D-mannose molecules were modified on the
surface of Au@Ag NCs by the strong Ag—S bonds. The LSPR
scattering spectra of this plasmonic nanobiosensor would red-
shift to a long wavelength in the presence of different
concentrations of ConA. Furthermore, our studies demon-
strated the perfect biosensing ability with the dual channel of
dark-field microscopy (DFM) images and scattering spectra,
and the results could be certified by X-ray photoelectron
spectroscopy (XPS) spectra and in situ scanning electron
microscopy (SEM) methods.

2. EXPERIMENTAL METHODS

The compound thiolated pD-mannose was synthesized by Flitsch’s
method** (Figure 1a). Typically, D-mannose protected by acetic acid
was dissolved in pyridine and acetic anhydride, kept stirring for the
reaction overnight at room temperature in vacuum, and then the
residue was dissolved in ethyl acetate and washed successively with
NaHCOj; and NaCl for hydrolysis of the acetic acid group (details of
experimental procedures and corresponding characterization are
shown in the Supporting Information). The final products could be
used without further purification.

For the preparation of the plasmonic substrate (monodisperse 55
nm Au@Ag core—shell NCs) for fabricating optical plasmonic
nanobiosensors, the seed-mediated growth method reported by
Xia®® was employed (Figure 1b). The core—shell substructure of
Au@Ag NCs could be easily observed in the transmission electron
microscopy (TEM) image and the magnified TEM image (Figure 1b-
III) in the insert. The Ag shell was uniformly deposited on the Au
seeds, forming a complete coating. Further, there was a clear
boundary that could be observed between the Au core and the Ag
shell because of the difference in atomic number and thus attenuation
of electrons. The edge length was close to that of the calculated results
based on the addition of the amount of Au seeds and AgNO;.
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3. RESULTS AND DISCUSSION

Because of the good transparency, conductivity, and physical
adsorption capacity of ITO, it could not only be used as a
plasmonic biochip substrate but also for capturing in situ SEM
images without the spraying treatment procedure. The ITO
slides were cleaned in an ultrasonic bath for 30 min by using
detergent, acetone, ethanol, and water in turn. Diluted Au@Ag
NC solution was added on the ITO slides for a short time (1
min) to immobilize Au@Ag NCs onto the ITO slide surface by
physical absorption, so that a certain distance about 10—20 ym
could be maintained between Au@Ag NCs for distinguishing
each nanoparticle in the DFM images. Figure 2a shows a
typical DFM image, in which the single Au@Ag NC
correspondingly presented as a blue light spot. In addition,
the in situ SEM image of the as-prepared plasmonic biochip
further proved that the particular size of Au@Ag NC with a
detailed view was 55 nm. With the presence of 1.0 mM
thiolated p-mannose, the disulfide bond was broken and linked
to the Au@Ag NC surface, and this modification process could
be monitored real-time not only by the peak position (4,,,,) of
the LSPR scattering spectra on an individual Au@Ag NC
(initial A, located at S08 nm, Figure 2d) but also by the color
changing continually form blue to cyan and dark orange
(Figure 2c¢) in the DFM images. Over time, the LSPR
scattering intensity of Au@AgNCs went lower and lower
because of the limited detection sensitivity of the instrument;
60 min modification became the best choice for preparing
these plasmonic nanobiosensors. There was no change in the
shape of the Au@Ag NC in situ SEM images after the
modification process, and the TEM images of the Au@Ag@
mannose nanobiosensor colloid solution provide the same
conclusion in the surface modification process and analysis
application (Figure S6), indicating that the LSPR scattering
spectra shift is mainly dependent on the RI change of the
microenvironment surrounding Au@Ag NCs.

As shown in Scheme 1, the Au@Ag NC immobilization on
the ITO slide (step 1), functionalization by mannose
molecules (step 2), and specific binding between mannose
and the target molecules ConA (step 3) were assayed by XPS.
The high-resolution XPS spectra for C;; and N, of Au@Ag
NC, Au@Ag@mannose, and Au@Ag@mannose—ConA are
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Figure 4. (a) Peak shift with different initial 4,,,,; insert: schematic model of the mannose-substituted surface. (b) Selected Au@Ag@mannose
nanobiosensor red shift in different concentrations of ConA [(a—d) 0, 1, 8, and 50 nM]; inset: DFM color images of a typical Au@Ag@mannose
nanobiosensor incubated for 60 min in the corresponding ConA solution; (c) line relationship between A1 and ConA concentration, N = 30; (d)
scattering peak shift of Au@Ag@mannose nanobiosensors in BSA, PNA, WGA, SBA, and ConA; N = 30.

shown in Figure 3. After the Shirley background correction, the
C,, and Ny spectra could be good-fitted by applying the mixed
Gaussian/Lorentzian function.

The C,; XPS spectra could be deconvoluted into three
components corresponding to the carbon atoms in different
functional groups, including the nonoxygenated C (~284.8
eV), the carbon in C—N (~286.1 €V), and the carbonyl carbon
(C=0, ~287.9 eV). There were two C,, chemical shifts
located at ~284.8 and ~286.2 eV, which were caused by the
cetyltrimethylammonium chloride (CTAC) molecules coated
on the Au@Ag NC surface. In addition, there appeared a new
chemical shift located at 287.9 eV in step 2 that might
contribute to the substitution of mannose in place of CTAC.
After the specific binding between ConA and mannose
molecules, the component was notably decreased for the
carbon in C—N (from 34.80 to 19.11%) and increased for
carbonyl carbon (from 13.24 to 16.60%).

Before and after the modification of thiolated p-mannose
molecules, there was a N, chemical shift that appeared at
~402.0 eV which was attributed to the contributions from the
residual NH," group on the Au@Ag NC surface. During the
specific binding of ConA with the probe molecules, there was a
notable N, chemical shift that appeared at 400.2 eV which was
attributed to the high amino acid content. The assignment of
peaks in the N, spectra could further confirm the conclusions
of the previous analysis of the C;; components. More than this,
the extinction spectra of the Au@Ag@mannose nano-
biosensors had successfully verified that Au@Ag@mannose
nanobiosensors could directly bind to ConA (Figure S4).

Single-nanoparticle-based LSPR nanobiosensor-enabled sen-
sitive detection with clear spatial resolution had been reported
in previous researches,** but the sensitivity of the amount of
the red shift (A4,,,,) of the LSPR scattering spectra depended
strictly on the differences of the local electromagnetic
distribution in the nanoparticles with different sizes and
shapes. The A/, values of individual Au@Ag@mannose
LSPR scattering spectra were governed by the edge length and
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the rounded radius of Au@AgNCs. Although it was difficult to
control the Au@AgNCs to be in same shape and size in the
synthesis process, A4, reaches the maximum and then
decreases with the increasing initial 4, under a fixed ConA
concentration. Hence, the size of Au@Ag NCs must be
selected carefully (with the same initial 4,,) to obtain a
sufficient intensity of the LSPR scattering signal. When Au@
Ag@mannose was employed for the detection of ConA, we
found that the LSPR scattering spectra of all Au@Ag@
mannose nanobiosensors on the plasmonic biochip showed
varying red shifts (Figure 4a) in the same concentration of
ConA. The statistical results of a number of nanobiosensors
revealed that the initial A, located at around 528 nm was
significantly shifted after specific binding with the same
concentration of ConA. These results were similar with those
of the previous report by Kiessling and Corn.*” Further, the
reason could be attributed to the lower coverage density of
mannose molecules on Au@AgNCs with blue scattering that
would lead fewer ConA to bind to the Au@Ag@mannose
nanobiosensor, which limited the detection sensitivity of the
nanobiosensor. However, for the Au@Ag@mannose nano-
biosensor with red scattering, it mainly depended on the larger
size of Au@AgNCs, which led to a lower mannose coverage
after the same modification process and then fewer ConA
binding to the nanosensor. The amount of ConA binding on
Au@Ag@mannose would limit the interfacial reaction because
of steric hindrance.?’ For this reason, the result indicated that
the best modification time is 60 min, and the Au@Ag@
mannose nanobiosensor exhibited that its LSPR scattering
spectral peak position was located around 528 nm. According
to the previous report about the small-molecule adsorbates on
AgNPs by Van Duyne”>*® and the linear relation between the
surface coverage and LSPR spectral red shift,*’ we could
conjecture that there were fewer than 3000 mannose molecules
on every Au@Ag NC.

Similar with the modification procedure in Figure 2d, A, of
the LSPR spectra of single Au@Ag nanobiosensors exhibited
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higher sensitivity than that in colloid solution (Figure SS) and
continually shifted to a longer wavelength by the treatment of
ConA at different times. With the increasing ConA
concentration, the plasmonic nanobiosensor exhibited a dual-
channel sensing ability of the red-shift phenomenon of
different LSPR scattering spectra, and the color changed
from green to yellowish green (Figure 4b). The Al value
quickly reached the maximum value at a higher concentration
of ConA, which suggested a higher collision and binding
probability between ConA and p-mannose. To evaluate the
sensitivity of this nanobiosensor system, testing on AA_, at
different ConA concentrations was performed in the range of
10 nM to 10 uM. As shown in Figure 4c, A4, of the Au@
Ag@mannose nanobiosensors increased with the increasing
concentrations of ConA until it was saturated. Accordingly,
this sensing system could be used for the analysis of target
proteins in a large range, with a linear relation between A4,
and the ConA concentration (Cg,,4), and the results were
fitted by a regression equation which is expressed as Al =
0.057 X log Ccona + 0.026 (R* = 0.97). The successful analysis
of ConA by A/, of the LSPR scattering spectra of Au@Ag@
mannose nanobiosensors provided evidence for the following
specific binding process. One time of peanut agglutinin (PNA),
wheat germ agglutinin (WGA), soybean agglutinin (SBA) and
10 times of bovine serum albumin (BSA) were used as
interference factors for the analysis of the selectivity of
plasmonic nanobiosensors. Compared with the presence of
ConA, there was no notable red shift with the BSA-containing
solution. Although the scattering spectra of all the Au@Ag@
mannose nanobiosensors were red-shifted to various lower
degrees with PNA, WGA, and SBA, these results could still be
used for distinguishing the interference protein. As shown in
Figure 4d, there was a significant distinction in AA_,, of the
Au@Ag@mannose nanobiosensors with or without interfer-
ence.

4. CONCLUSIONS

In summary, we exhibited a novel plasmonic nanobiosensor for
the detection of ConA or real time, following the specific
binding process of lectin—sugar interactions on a single Au@
Ag NC, which enables the miniaturization of the biosensor
system to nanoscale. The LSPR spectra of the Au@Ag NCs
were linearly red-shifted as the concentration of ConA
increased (10 nM to 10 M), and the limit of detection of
these plasmonic nanobiosensors was as low as 2 nM.
Furthermore, the results demonstrated the perfect biosensing
ability with the dual channel of DFM images and LSPR
spectra. We believe that this nanobiosensor system can provide
an alternative important method for monitoring the lectin—
sugar specific binding at a single nanoparticle surface.
Accordingly, future efforts will be focused on to characterize
other specific binding processes using single plasmonic
nanoparticles in vitro.
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