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ABSTRACT: We demonstrated a practical method to analyze carbohydrate−
protein interaction based on single plasmonic nanoparticles by conventional
dark field microscopy (DFM). Protein concanavalin A (ConA) was modified on
large sized gold nanoparticles (AuNPs), and dextran was conjugated on small
sized AuNPs. As the interaction between ConA and dextran resulted in two
kinds of gold nanoparticles coupled together, which caused coupling of
plasmonic oscillations, apparent color changes (from green to yellow) of the
single AuNPs were observed through DFM. Then, the color information was
instantly transformed into a statistic peak wavelength distribution in less than 1
min by a self-developed statistical program (nanoparticleAnalysis). In addition,
the interaction between ConA and dextran was proved with biospecific recognition. This approach is high-throughput and real-
time, and is a convenient method to analyze carbohydrate−protein interaction at the single nanoparticle level efficiently.
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■ INTRODUCTION

Carbohydrate−protein interaction is correlated with multi-
farious biological processes, such as cell differentiation, virus
infections, and cancer metastasis.1−3 Many effectors affect the
occurrence of specific carbohydrate−protein interaction and its
strength to trigger relevant events. However, compared to
antigen−antibody interactions, carbohydrate−protein interac-
tions are typically low affinity, which makes relative studies
more difficult.4,5 The development of a new method to analyze
carbohydrate−protein interactions will raise a better under-
standing of pathophysiological and physiological processes in
living organisms, which is essential for the development of
clinical diagnostics and therapeutic methods.
Gold nanoparticles (AuNPs) are used mostly for character-

izing lectin−carbohydrate interactions due to their inherent
properties such as the accessibility of preparation with well-
defined shapes and sizes, robustness, easy surface modification,
and good biocompatibility.6−11 In addition, AuNPs exhibit
excellent optical properties such as strong optical absorption,
scattering due to localized surface plasmon resonance (LSPR)
which are influenced by local dielectric environment,12 as well
as nanoparticles’ shape and size.13−15 Generally, methods for
characterizing carbohydrate−protein interaction are involved in
such a plasmonic property of AuNPs;16−20 however, most of
the traditional approaches are based on the averaged signals
taken from multiple nanoparticles. Notably, each single
nanoparticle could function as an independent detection sensor
to provide significant signals with excellent signal-to-noise
ratio.21−23 Studies on the carbohydrate−protein interaction
based on single nanoparticles are very rare, and could only
detect the signal from several particles by special apparatus with

high cost and complex systems. For example, an inverted
fluorescent microscope and an electron-multiplied charge
coupled device were used to study carbohydrate−protein
interaction on single AuNPs,24 which is novel but also quite
expensive and complicated.
Herein, we developed a very simple and less costly method

for the real-time and high-throughput analysis of the
carbohydrate−protein interaction instantly. This approach
was carried out with a conventional dark field microscopy
(DFM) instrument with an imaging CCD at the single
nanoparticle level, and the data was finally analyzed by a self-
developed statistical program (nanoparticleAnalysis). DFM is
highly sensitive and direct to probe chemical analytes.25−27

However, the application of DFM to analyze chemical reactions
is rare,28 especially for the analysis of low affinity interactions.
As several plasmonic nanoparticles were in close proximity to
each other, a notable spectral red shift and obvious color
changes in DFM were observed due to their plasmonic
oscillations coupled together.29−32 When one AuNP was
modified with carbohydrate and another AuNP was conjugated
with protein, the interaction between protein and carbohydrate
could induce the two AuNPs coupled together, thus resulting in
a color change of AuNPs observed by DFM. Then the color
information on hundreds of nanoparticles in the DFM image
was instantly transformed into a wavelength shift within 1 min
by the nanoparticleAnalysis program.33,34 The protein used in
the experiment was concanavalin A (ConA), a carbohydrate

Received: March 30, 2015
Accepted: May 19, 2015
Published: May 19, 2015

Research Article

www.acsami.org

© 2015 American Chemical Society 12249 DOI: 10.1021/acsami.5b02744
ACS Appl. Mater. Interfaces 2015, 7, 12249−12253

www.acsami.org
http://dx.doi.org/10.1021/acsami.5b02744


binding protein isolated from Canavalia ensiformis (jack bean),
and the carbohydrate was dextran, a glucose polymer. Figure 1

shows the dark field microscope setup and our experimental
process. To the best of our knowledge, this is the first example
that a carbohydrate−protein interaction has been analyzed
according to the color change in DFM at the single
nanoparticle level, which is a valuable and low-cost technique
for real-time detection of low affinity interactions.

■ EXPERIMENTAL SECTION
Preparation of Dextran-Capped AuNPs. Dextran was used as

both a reducing agent and a stabilizer to prepare dextran-capped
AuNPs (Au−dex) in one pot as described previously.35 Briefly, 47.0
mL of Milli-Q purified water, 2.0 mL of 1.0% (w/w) HAuCl4, and 20.0
mg of dextran were mixed in a clean beaker with ultrasonic irradiation
for 20 min. Then, the pH of the solution was rapidly adjusted to 11 by
quickly adding 1.0 mL of 1.0 mol/L NaOH under vigorous magnetic
stirring, and the color of the solution changed to deep red within 30
min. The solution was washed three times through centrifugation
(9000 rpm for 8 min) and resuspended in 10 mM sodium phosphate
buffer solution (PBS) containing 0.1 mM Ca2+ and 0.1 mM Mn2+. The
concentration of prepared Au−dex was about 4.5 × 10−8 M, then the
dextran−capped AuNPs solution was stored at 4 °C for use.
Preparation of 60 nm AuNPs. The preparation of AuNPs seed

with diameters of 13 nm complied with a procedure that has been
described previously.36 Briefly, a 100 mL round-bottomed flask was
equipped with a condenser, then 50 mL of 0.01 wt % HAuCl4 was
added. The solution was heated under vigorous stirring until boiling.
Then 5 mL of 38.8 mM sodium citrate, which functioned as a reducing
agent, was rapidly added to the solution. The color of the solution
changed from yellow to red, which indicated the formation of seed
AuNPs. The solution was stirred for an additional 15 min in air after
heat treatment for 15 min.
The 60 nm gold nanoparticles were prepared from the seed

nanoparticles as described previously.37 Briefly, 1 mL of seed
nanoparticles solution, 25 mL water, and 100 μL of 0.2 M NH2OH·
HCl solution were mixed in a 50 mL beaker. Then 3.0 mL of 0.1 wt %
HAuCl4 was added under vigorous stirring. With the dropwise
addition of the HAuCl4 solution, the color of the mixture gradually
changed to brick-red. When the UV−vis wavelength was about 534
nm, it indicated that the gold nanoparticles diameter had come to 60
nm, and the addition of HAuCl4 solution could be stopped. At last, the

nanoparticle solution about 2.5 × 10−10 M was stored in a dark beaker
at 4 °C.

Preparation of Samples. ConA modified gold nanoparticles were
immobilized on a silanized glass slide. To perform scanning electron
microscopy (SEM) experiments, the indium tin oxide (ITO) slide was
selected due to its electroconductivity. First, the surfaces of ITO slides
were cleaned by the piranha solution. Caution: piranha solution is
aggressive and explosive. Never mix piranha waste with solvents. Check the
safety precautions before using it. The ITO slides (20 mm × 10 mm ×
1.1 mm) were immersed in 20 mL of piranha solution and heated at
80 °C for 1h. Then, ultrapure water and ethanol were successively
used to wash the ITO slides by ultrasonic irradiation for several times.
The clean ITO slides were silanized by incubating them in ethanol
solution containing 6% (v/v) Triethoxyoctylsilane for 4 h and were
then rinsed with ethanol several times before dried at 110 °C for 1 h.
The silanized ITO slides were then modified with AuNPs via
adsorption by means of placing them in a 1.25 × 10−10 M gold colloid
(60 nm) solution for 4 min. The AuNP functionalized ITO slides were
rinsed with deionized water and dried under a stream of nitrogen prior
to the addition of 0.1 μM ConA solution in 10 mM buffer solution
(PBS, pH = 7.4) containing 0.1 mM Ca2+ and 0.1 mM Mn2+. After 2 h,
ConA was modified on the AuNPs through physical adsorption. The
Au−ConA functionalized ITO slides were similarly rinsed with PBS
(pH = 7.4) and dried under a stream of nitrogen before observed
under the dark field microscope.

UV−vis Analysis of Carbohydrate−Protein Interaction. First,
the prepared Au−dex 200 μL was diluted with PBS solution for 1.5
times, and then ConA was added in with final concentrations of 4, 7,
10, 13, and 16 nM, respectively. Then, The UV−vis spectra were
acquired after 20 min.

Single Nanoparticle Measurement with Dark Field Micros-
copy. The dark field measurements were performed on an inverted
microscope (eclipse Ti−U, Nikon, Japan) that was equipped with a
40× objective lens (NA = 0.8) and a dark field condenser (0.8 < NA <
0.95). The AuNPs slides were immobilized on a platform, and a 100 W
halogen lamp providing a white light source was used to excite the
AuNPs and to produce plasmon resonance scattering light. The dark
field color images were acquired by a true-color digital camera (Nikon
DS-fi, Japan). At first, the dark field color image of the Au−ConA
nanoparticles was captured in the buffer solution. Then, the Au−dex
solution was added to the slides with a concentration of 1.5 × 10−9 M.
After reaction for 20 min, the water drop on the slide was removed
and replaced by the buffer solution, and a dark field image of single
nanoparticles was obtained to analyze carbohydrate−protein inter-
action.

■ RESULTS AND DISCUSSION

UV−vis Analysis of the Interaction between ConA and
Au−dex. First, we analyzed aggregation of the nanoparticles
due to the addition of ConA by UV−vis spectrometry. At pH
7.4 and room temperature, ConA is primarily present as a
tetramer with four binding sites and one per subunit.38

Therefore, the binding of ConA molecules to Au−dex
nanoparticles resulted in cross-linking of several nanoparticles.
When ConA was added to the Au−dex solution, there was an
obvious red shift in the UV−vis spectrum, and 20 min later,
there was no longer a peak shift observed (see the Supporting
Information, Figure S5), which indicated that the interaction
between ConA and dextran could be finished within 20 min.
ConA with concentrations ranging from 0 to 16 nM could lead
to the UV−vis peak wavelength shifted from 521 to 543 nm.
The red shift was increased apparently and a broadening of the
absorption spectrum was also observed with increasing
concentrations of ConA, as shown in Figure 2. This was
because with addition of ConA to the Au−dex solution,
multiple binding events occur between ConA and the dextran
immobilized on the particle surface, leading to cross-linking of

Figure 1. Schematic of carbohydrate−protein interaction analysis
system by conventional dark field microscopy based on single gold
nanoparticle. The left part is the setup of dark field microscopy
equipped with an imaging CCD; the upper right corner is the
schematic diagram of our experiment; the lower right part is the signal
transform pattern.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.5b02744
ACS Appl. Mater. Interfaces 2015, 7, 12249−12253

12250

http://dx.doi.org/10.1021/acsami.5b02744


the AuNPs. In addition, there was a clear color change of the
Au−dex solution when 16 nM ConA was added in (see the
inset picture in Figure 2). The color of the Au−dex solution
was red, and it obviously changed to dark-red in 20 min due to
Au−dex nanoparticles aggregated by ConA. Then we chose 20
min as the reaction time to do the following experiment.
Detection of Interaction between Au−ConA Nano-

particles and Au−dex at Single Nanoparticle Level. To
characterize the interaction between ConA and Au−dex at the
single nanoparticle level, we immobilized 60 nm gold
nanoparticles on a silanized ITO slide, and then modified the
gold nanoparticles with ConA by direct adsorption (for the
procedure, see the Experiment Section). Adsorption time of
AuNPs to the slide was 4 min, and after modified with ConA,
the concention of Au−dex added to the slide was 1.5 × 10−9 M
found to be the optimum condition (see the Supporting
Information, Figures S6−S8). The scattering green spots in the
captured DFM image corresponded to the individual nano-
particles modified with ConA (Au−ConA), as shown in Figure
3a.

When Au−dex nanoparticles were added to the slide, the
color of the green scattering spots in the DFM images gradually
turned yellow in 20 min, as shown in Figure 3b. The extent of
color change was not identical for different individual
nanoparticles. The binding ability and the number of ConA
absorbed on the gold nanoparticle could explain the difference.
This result indicated that ConA interacted with Au−dex, thus
resulting in an obvious color change observed in the DFM
images due to the two gold nanoparticles’ plasmonic
oscillations coupled together. To give exact proof that the
color change of these nanoparticles in DFM image resulted
from the coupling of the two particles, SEM images of
assembled nanoparticles after the carbohydrate−protein
interaction were taken, as shown in Figure 4. From the SEM
images, it was clear to see that each large sized gold

nanoparticle bound with three or four small sized gold
nanoparticles, which is related to the color of single
nanoparticle in DFM image, indicating that interaction between
ConA and dextran resulted in the coupling of the two particles.
The signals acquired from single nanoparticles revealed the
information on every individual nanoparticle, which provide
visualized results that help us a better understanding of
carbohydrate−protein interaction.

Dark Field Analysis of Interaction between ConA and
Dextran Statistically. As the DFM images of Au−ConA
nanoparticles were captured before and after interaction with
Au−dex, the scattering peak wavelength (λmax) distribution of
these single nanoparticles was calculated from the RGB (red,
green, and blue) information in DFM color images by the
nanoparticleAnalysis program, as shown in Figure 5a,b.

In color images, each pixel has 24 bits, including three 8-bit
integers (0−255) that indicate the RGB colors’ intensity. First,
each color is deconstructed into RGB values that reflect
information on the chromaticity and intensity, then the
chromaticity values are transferred into a spectral wavelength
of the scattering light. The spectral wavelength with the
maximum intensity is known as the peak wavelength. The
nanoparticleAnalysis program was used to acquire the peak
wavelength distribution in DFM image within less than 1
min.33,34 The red line is the Gaussian fitting for the histogram,
we could see that the calculated peak wavelength of Au−ConA
nanoparticles was at 556.7 nm before interaction (a) and it
shifted to 565.8 nm after interaction with Au−dex (b). There is
about a 9.1 nm red shift resulted from the carbohydrate−
protein interaction, which caused coupling of the two gold
nanoparticle. The statistic data showed overall change of
numerous nanoparticles and corresponded to the change of
single nanoparticles, which demonstrated that the statistic data
and the single nanoparticles’ signal could support each other.

Figure 2. UV−vis spectra of Au−dex with different concentrations of
ConA: 0 nM (a), 4 nM (b), 7 nM (c), 10 nM (d), 13 nM (e), and 16
nM (f); the inset figure illustrates the color change observed by naked
eye before and after the addition of ConA.

Figure 3. Dark field image of Au−ConA nanoparticles (a) and Au−
ConA interacted with Au−dex nanoparticles (b).

Figure 4. SEM images of Au−ConA nanoparticles (a) and Au−ConA
interacted with Au−dex nanoparticles (b).

Figure 5. Statistic peak wavelength distribution calculated by
nanoparticleAnalysis program: Au−ConA (a) and Au−ConA + Au−
dex (b).
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The convergent statistic data also manifested that this method
is reliable and highly reproducible
Selective Detection. We also investigated the selectivity

when Au−dex interacted with different proteins including
carbohydrate−binding proteins like WGA (wheat germ
agglutinin), PNA (peanut agglutinin), and SBA (soybean
agglutinin), and noncarbohydrate−binding proteins such as
PEP (pepsin) and BSA (bull serum albumin).
Color changes observed from dark field images and the peak

wavelength distribution changes acquired from Gaussian fitting
for the histogram of these gold nanoparticles after carbohy-
drate−protein interaction are shown in Figure 6. Table 1 lists

the calculated peak wavelengths for different Au−protein
nanoparticles before and after interaction with Au−dex
nanoparticles. Remarkably, when ConA was substituted by
these proteins, no matter the carbohydrate-binding proteins or
noncarbohydrate-binding proteins, neither the color changes in
the DFM image nor an apparent peak shift of the calculated
peak wavelength distribution was observed at the same
concentration of Au−dex (for the DFM images and the
Gaussian fitting of the statistic peak wavelength histogram, see
the Supporting Information, Figures S9−S18). Only the
presence of ConA could induce the coupling of the gold
nanoparticles, which affirmed that the coupling was mediated
by the interaction of ConA and dextran. These results further
confirmed that the interaction between ConA and dextran
occurred by means of biospecific molecular recognition.
Compared to sensing chemical reaction, a strong interaction
such as click reaction based on the scattering properties of gold
nanoparticles,39 the proposed high-throughput method could
be used to analyze the low binding affinity of carbohydrate−

protein interaction in real-time via conventional dark field
microscopy.

■ CONCLUSION
In conclusion, we developed an available and quite rapid
method for real-time analysis of the carbohydrate−protein
interaction with the example of ConA and dextran at the single
nanoparticle level by DFM. When large sized AuNPs modified
with ConA, small sized AuNPs conjugated with dextran,
carbohydrate−protein interaction on the surface of single gold
nanoparticles could lead to interparticle coupling, which
resulted in color changes in the DFM image. Not only could
we get the single nanoparticles’ signal but also we could acquire
statistic information on the scattering peak wavelength
calculated by nanoparticleAnalysis program. Our studies
demonstrated the feasibility to use DFM to investigate the
low affinity interaction between carbohydrate and protein at the
single nanoparticle level, which lay a foundation for the
application of practical sample related to carbohydrate−protein
interaction.
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