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A B S T R A C T

Monodisperse gold nanoparticles (GNPs) were synthesized in a water-in-oil emulsion system (reverse micelles)
composed of 80% N-methylmorpholine N-oxide (NMMO)/20% H2O and dodecane, stabilized with an anionic
surfactant: bis(2-ethylhexyl)sulfosuccinate sodium salt. Cellooligomers with a degree of polymerization of 6 or
15 (βGlc6 or βGlc15, respectively), which were labeled at each reducing end group with thiosemicarbazide
(TSC) and dissolved in the aqueous NMMO phase, were successfully conjugated to the surfaces of GNPs in situ
during spontaneous NMMO-mediated gold reduction. As-synthesized βGlc6-GNPs and βGlc15-GNPs had average
diameters of 11.3 ± 2.1 and 10.5 ± 0.7 nm, respectively, while their surface sugar densities were 0.21 and
0.51 chains nm–2, respectively. Concanavalin A (ConA), a lectin that recognizes non-reducing end groups of
glucose residues, aggregated with βGlc15-GNPs with higher sensitivity than it did with βGlc6-GNPs, possibly as
a result of the sugar density on the GNP surfaces. The aggregates were rapidly re-suspended by adding methyl-β-
D-glucopyranoside as a binding inhibitor. Other lectins and proteins showed no interaction with βGlc-GNPs.
Therefore, clustering of glucose non-reducing ends on the GNP surfaces via strong intermolecular association of
cellooligomers, possibly led to high affinity for ConA. This facile synthesis route to structural carbohydrate-
decorated GNPs has potential applications in carbohydrate–nanometal conjugate nano-biosensor development.

1. Introduction

Gold nanoparticles (GNPs) have recently attracted increasing at-
tention owing to their unique properties arising from size-dependent
electronic, magnetic, and optical properties (quantum size effects)
[1,2], which make them relevant for bio-medical applications [3,4]. In
particular, the characteristic surface plasmon resonance (SPR) of GNPs
shows a sensitive dependence on their size at a nanometer level, re-
sulting in an immediate color change from vivid red to deep purple with
increasing particle size [1–7]. Such stimuli-responsive properties are
required for high-performance sensing devices. Gold was chosen as it is
very stable and bio-inert; in addition, GNP surfaces readily undergo
spontaneous reactions with sulfur, amine, and carboxy moieties [8–10].
Thus, the bio-sensing applications of GNPs conjugated with biomole-
cules such as carbohydrates, nucleic acids, and peptides, which play
significant roles in all living systems, have aroused significant interest
in bio-active nanomaterial development [11–13].

Among the various substances used for the surface modification of
GNPs, carbohydrates have attracted particular attention owing to their

specific molecular characteristics and functions in various living sys-
tems, which result from their mutual interactions with proteins and
cells [14,15]. Most biological processes are regulated by sugar-medi-
ated noncovalent bonds, i.e. hydrogen bonds [16]. A diverse array of
carbohydrates such as glucose (Glc), mannose (Man), galactose (Gal),
N-acetylglucosamine (GlcNAc), and their oligomers/hybrids, which act
as bio-active sugars in vivo, have been employed for conjugation with
GNPs [17–21]. Uzawa et al. [22] reported that Gal-conjugated GNPs
could detect toxalbumin ricin with high sensitivity through Gal-medi-
ated binding. Duncan et al. [23] achieved the colorimetric detection of
concanavalin A (ConA) using Man-conjugated GNPs, based on the
specific interaction between Man and ConA. However, there are few
reports that directly correlate the measured sugar density on GNP
surfaces with such bio-interactions. Carbohydrate ligands in vivo as-
semble and reinforce their interactions with corresponding receptors,
this is known as the cluster glycoside effect [24]. For example, carbo-
hydrate-binding proteins, i.e. lectins, demonstrate a strong binding af-
finity for multivalent sugars several orders of magnitude greater than
for single (monovalent) sugar ligands [25]. Therefore, tailoring of the
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surface sugar density is a key factor in the functional design of carbo-
hydrate-conjugated GNPs. Chien et al. [26] reported that globotriose-
conjugated GNPs demonstrated a different affinity for the subunit of
Shiga toxin depending on the concentration ratios of conjugated sugars
and GNPs; however the actual sugar density on the GNP surfaces re-
mained unclear because of the difference in the conjugation efficiency
of the as-designed globotriose moieties for GNPs. Thus, in most cases,
the clustering effect of carbohydrates was insufficiently associated with
the interaction between sugar-conjugated GNPs and targeted proteins.

Cellulose, a β-1,4-linked D-glucopyranose polymer, is the most ty-
pical structural polysaccharide and is the major constituent of plant cell
walls [27]. Cellulose consists of water-soluble D-Glc only; however it
dissolves in neither water nor organic solvents when its degree of
polymerization (DP) is 7 or greater, owing to strong self-assembly
through the formation of regular intra- and inter-molecular hydrogen
bonds [28]. Such molecular features lead to a potential for amassing
functional carbohydrate moieties, giving a cluster glycoside-like effect,
on GNP surfaces; however conjugating cellulose with GNPs presents a
significant challenge as there are no suitable solvents for both. In our
previous study, the auto-redox synthesis of GNPs was achieved in an
80% N-methylmorpholine N-oxide (NMMO)/20% H2O system [29]: a
good solvent for various structural carbohydrates including cellulose. In
addition, cellulose chains with DP 7 (βGlc7), 15 (βGlc15), and 200,
which were labeled at their respective reducing end groups with thio-
semicarbazide (TSC), were successfully conjugated to GNP surfaces in
situ during GNP synthesis in the NMMO system. As-prepared cellulose-
GNPs demonstrated unique self-assembling behavior; however they
showed a broad size distribution due to the uncontrolled synthesis
process, resulting in uncertain sugar density on each GNP surface.

In this study, a water-in-oil (W/O) emulsion consisting of 80%
NMMO/20% H2O and dodecane as the water and oil phases, respec-
tively, which was stabilized with an anionic surfactant: sodium bis(2-
ethylhexyl)sulfosuccinate (Aerosol-OT; AOT), was designed as an ap-
propriate reaction medium for precise GNP synthesis and simultaneous
glyco-conjugation using TSC-labeled βGlc6 and βGlc15 (βGlc6-TSC and
βGlc15-TSC, respectively). It is thought that the limited volume of the
W/O emulsion particles provided suitable conditions for the formation
of monodisperse βGlcn-GNPs (n=6, 15). The size distribution of GNPs
and the surface sugar density were investigated to estimate the Glc-
clustering on the GNP surfaces. A carbohydrate-binding assay with
ConA lectin from Canavalia ensiformis was carried out to evaluate the
bio-sensing potential of βGlc-GNPs, and the cluster glycoside effect is
discussed with regard to the affinity for ConA.

2. Experimental

2.1. Materials

Cotton cellulose powder (CF1, DP: ca. 200) was purchased from
Whatman, UK. Water-insoluble cellooligomer with average DP values of
15 (βGlc15) were prepared from CF1 powder by phosphoric acid hy-
drolysis [30]. Water-soluble cellohexaose (βGlc6) was obtained from
Seikagaku Corp. Japan. N-Methylmorpholine-N-oxide (NMMO) and
tetrachloroauric acid (HAuCl4) were obtained from Sigma-Aldrich.
Thiosemicarbazide (TSC) and ConA were purchased from Wako, Japan.
Aerosol-OT was obtained from Tokyo Chemical Industry. Peanut ag-
glutinin (PNA) was purchased from J-OIL MILLS, Japan. Bovine serum
albumin (BSA) was obtained from Merck Chemicals. The water used in
this study was purified using a Milli-Q system (Millipore, USA). Other
chemicals were reagent grade and used without further purification.

2.2. TSC-modification and synthesis of cellulose–GNP conjugates

βGlcn samples (n=6, 15) were dissolved in 80wt% NMMO/H2O
solution at 100 °C with stirring (concentration: 2 wt%), followed by
aldehyde-selective thio-labeling by sequential addition of a molar

equivalent of TSC, and heating at 65 °C for 90min. The βGlcn-TSC
derivatives were precipitated with ethanol, purified by repeated cen-
trifugation (at least five times) to ensure complete removal of unreacted
TSC molecules; then freeze-dried for storage.

GNPs were prepared by NMMO-mediated reduction of gold ions in a
water-in-dodecane emulsion system stabilized with AOT. First, 0.089 g
(0.2mmol) of AOT in 2mL of dodecane and 20 μL of 80% NMMO/20%
H2O (wt/wt) were mixed, and the micellar suspension was stirred at
70 °C for 15min in an oil bath to maintain the temperature. Next,
HAuCl4/H2O (60mmol L–1, 20 μL) was added dropwise to the cloudy-
white micro-emulsion under vigorous stirring and the emulsion im-
mediately turned red.

In a similar manner, cellulose-conjugated GNPs were prepared using
the one-step GNP synthesis and simultaneous in situ glyco-surface
modification in NMMO/H2O solvent [29] as a reverse micelle system.
βGlcn-TSCs were dissolved in 80wt% NMMO/H2O solution at 100 °C
for 30min with stirring (βGlcn concentration: 1.0, 2.0, 4.0, and
8.0 mmol L–1) and added to the AOT/dodecane solution. Subsequently,
an aqueous HAuCl4 solution (60mmol L–1, 20 μL) was added dropwise
to each microemulsion (total volume: ca. 2mL) at 70 °C for 15min with
stirring. The emulsion also turned red immediately. An outline of the
preparation procedures is summarized in Fig. 1.

2.3. Characterization

UV–vis spectra of carbohydrate-free and carbohydrate-conjugated
GNPs were recorded at room temperature using a U-3000 spectro-
photometer (Hitachi, Japan). Transmission electron microscopy (TEM)
observation was carried out using a JEM1010 microscope (JEOL,
Japan) at an accelerating voltage of 80 kV. For TEM and elemental
analysis, as-synthesized GNPs samples were precipitated with methanol
and purified by repeated centrifugation (at least three times) to com-
pletely remove NMMO and AOT; the precipitates were then freeze-
dried. The simple precipitation with methanol also removed unreacted
βGlcn-TSCs. In the case of βGlc15-GNPs, additional washing with 1M
NaOH solution that completely dissolves βGlc15-TSCs at room tem-
perature was carried out to purify the βGlc15-GNPs through complete
removal of unreacted βGlc15-TSCs. Deep purple-red powders of car-
bohydrate-free and carbohydrate-conjugated GNPs were suspended in
deionized water, and mounted on carbon-coated Cu grids after being
hydrophilized by glow discharge. The average diameters of the GNPs
were determined from the TEM images by measuring ca. 500 particles
using Image J software (version 1.45, National Institutes of Health,
USA), and the surface areas of GNP particles were calculated from the
obtained average diameters. The amount of carbohydrate conjugated to
GNPs was quantified by elemental analysis after purification above
mentioned, and the number of sugar chains existing on one GNP par-
ticle was calculated based on the molecular weight of βGlcn (n=6;
990.89, n=15; 2450.19).

2.4. Lectin assay

ConA-mediated aggregation behavior was monitored in the pre-
sence of βGlcn-GNPs to evaluate the βGlcn-GNP affinity for ConA in
terms of surface sugar density. Glyco-conjugated GNPs were dispersed
in deionized water, and the initial absorbance was adjusted to ca. 0.5 at
ca. 520 nm. The designated glyco-conjugated GNP solution
(0.2mgmL–1, 600 μL) was added to the ConA solution (128 nmol L–1,
300 μL), and a half-value time—the time required to reach half absor-
bance—was determined. Reference lectins such as PNA that have no
Glc-binding properties, and typical protein BSA, were measured in a
similar manner as controls.
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3. Results and discussion

3.1. Structural characterization of cellooligomer-conjugated GNPs

The NMMO-mediated GNP synthesis that was established in a pre-
vious report [29] was applied to a W/O emulsion system to fine-tune
the nanosized morphology of glyco-conjugated GNPs. A dilute solution
of HAuCl4 was added dropwise to a W/O emulsion composed of βGlcn
containing-NMMO/water and dodecane stabilized by AOT, with stirring
at 70 °C; and the mixed W/O emulsion immediately changed from
colorless to a reddish-purple (Fig. 1). UV–vis absorption spectra of the
W/O emulsion displayed clear SPR band at ca. 520 nm as shown in
Fig. 2, and became sharper with an increase in the concentration of
βGlc15-TSCs without any wavelength shift. In contrast, the NMMO/
H2O single phase system without dodecane or AOT exhibited broader
SPR band at ca. 530 nm [29]. In general, the SPR absorbance behavior
depends on the size and shape of GNPs, and shorter wavelengths sug-
gest smaller GNPs [5]. The results revealed that NMMO-mediated GNP

synthesis was possible in the W/O emulsion system and that the ap-
proach contributed to the narrow size distribution of the as-synthesized
GNPs. In addition, the conjugation of βGlcn-TSCs resulted in a narrower
size distribution for βGlcn-GNPs, than for GNPs, possibly due to the
protection provided against GNP self-aggregation. As the βGlcn-TSC
concentration increased, the surfaces of GNPs were further covered by
the βGlcn sugar chains, resulting in inhibition of GNP self-aggregation
and increase in each absorbance in Fig. 2. There was little difference
found in the UV–vis spectra of the W/O emulsions containing high
concentrations of βGlc15-TSCs—4.0 and 8.0 mmol L–1. Thus, these
concentrations were regarded as limiting conditions.

As-synthesized GNPs and βGlcn-GNPs were thoroughly washed to
remove NMMO, AOT and unreacted βGlcn-TSCs (see Experimental
section). After freeze-drying, the purified GNPs and βGlcn-GNPs were
used for further study. Table 1 lists the average diameters obtained
from the TEM images (Figure S1) and the calculated coefficient of
variation (CV) values of βGlcn-TSCs. In the absence of sugar-TSCs, clear
GNP aggregation was observed due to unstable GNP surfaces (Figure
S2). In contrast, the conjugation of βGlcn-TSCs led to clear dispersion of
as-synthesized βGlcn-GNPs, while maintaining the size uniformity.
Both size and distribution improved with increasing βGlcn-TSC con-
centration, suggesting that the conjugated sugars served as effective
dispersants for GNPs. The βGlc15-GNPs had a uniform size distribution
compared with the βGlc6-GNPs, possibly indicating that longer sugar
chains were more effective for size control and dispersion. However,
excess βGlc15-TSCs had a negative influence on the nanomorphology,
possibly owing to partial precipitation of βGlc15-TSCs in the W/O
emulsion system; hence in this study, 4.0 mmol L–1 was the most sui-
table concentration to give βGlc15-GNPs with small size and narrow
size distribution. In the case of βGlc6-GNPs, a clear trend was not ob-
served. In a previous study, we reported the first preparation of GNPs in
hot 80% NMMO/20% H2O solution using the auto-redox mechanism
[29]; however the obtained sugar-conjugated GNPs were not uniform,
exhibiting a large distribution of average sizes (6.8 ± 1.7 nm, CV= ca.
25% for βGlc15-GNPs, and 4.8 ± 1.4 nm, CV = ca. 29% for βGlc7-
GNPs). In the batch reaction system using mL-scale NMMO solution,
aurate ions were very rapidly reduced to form GNPs, presumably
leading to uncontrolled crystal growth of GNPs. In contrast, the W/O
emulsion system provided the limited volume of the micro-emulsion
particles for reduction under mild controlled conditions; then the stable
growth of GNPs and in situ surface modification with βGlcn-TSCs

Fig. 1. Schematic illustration of the synthesis of carbohydrate-decorated gold nanoparticles (GNPs), and optical images before and after βGlcn-GNPs synthesis.

Fig. 2. UV–vis spectra of βGlc15-GNPs synthesized in a W/O emulsion system.
βGlc15-TSC concentrations in the water phase were 8.0mmol L–1 (a), 4.0 mmol
L–1 (b), 2.0mmol L–1 (c), 1.0 mmol L–1 (d), and 0.4mmol L–1 (e).
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occurred. Therefore, microreaction in a W/O emulsion system was ef-
fective for fine-tuning the nanomorphology of carbohydrate–GNP con-
jugates.

3.2. Regulation of surface sugar density on cellooligomers–GNP conjugates

The surface density of βGlcn chains immobilized on a single GNP
was determined from the results of elemental analysis of βGlcn-GNPs
and the relative surface areas calculated from the average diameters of
GNPs, estimated by TEM observation. The sugar densities of βGlcn-
GNPs ranged from 0.012 to 0.77 chains nm–2, depending on chain
length and concentration in the synthesis (Table 1). It was revealed that
the sugar concentrations in the preparations did not always correlate
with the final amounts of carbohydrate on the GNP surfaces owing to
different conjugation efficiencies in each case. We would therefore like
to highlight potential problems in previous reports in which the actual
sugar density on the GNP surfaces was not determined, and the con-
centrations of sugar used were regarded as being proportional to ap-
parent sugar density [22,23]. In contrast, in this study actual sugar
density was roughly determined using analytical techniques. The sugar
density of βGlcn-GNPs increased with increases in the βGlcn-TSC con-
centration of the W/O emulsion; however, it was not a linear re-
lationship, and plateau behavior was observed at high concentrations.
Thus, the conjugation efficiency was presumed to be reduced by in-
creasing molar ratios of carbohydrate-TSCs and gold species. Table 1
also shows that the βGlc15-GNPs had higher sugar densities than βGlc6-
GNPs at all concentrations, even though shorter chains presumably
have less steric hindrance. This is an interesting finding and could be
attributed to the stronger intermolecular interaction of βGlc15 com-
pared with water-soluble βGlc6, leading to a larger number of sugar
chains being accumulated on the βGlc15-GNP surfaces.

The achieved sugar densities, 0.21 and 0.77 chains nm–2 for βGlc6-
GNPs and βGlc15-GNPs, respectively, were relatively high compared
with those obtained using a general grafting-to approach to accumulate
long molecules on particle surfaces. The polymer chains must diffuse
through the existing polymer layer to reach the reaction sites, therefore,

only a small number of polymer chains can be immobilized on surfaces
using the grafting-to method [31]. In contrast, structural oligo-
saccharides are thought to arrange with high density on GNP surfaces
owing to molecular association via intermolecular hydrogen bonding,
as previously reported for the hybrid interface of βGlc6 and βGlcNAc6
[32]. Longer chains (βGlc15) would be expected to exhibit strong in-
teraction between chains to give a denser crowding arrangement than
shorter chains (βGlc6). However, long-chain cellooligomers are soluble
in neither water nor common organic solvents, and therefore it is
generally difficult to immobilize them on GNP surfaces. In this study,
our novel strategy enabled high-density functionalization with long-
chain cellooligomers, through the one-step NMMO-mediated GNP
synthesis and simultaneous in situ glyco-surface modification in the
same NMMO/H2O solvent. Hence, the specific self-assembly of cellulose
was successfully applied to increase the surface sugar density; longer
chains led to higher density. Self-assembly features based on the for-
mation of regular intra- and inter-molecular hydrogen bonds are ex-
pected to make a potential contribution to the functional clustering of
carbohydrates immobilized on GNP surfaces. Tailoring of βGlcn-GNPs
with controlled sugar density was achieved using this facile technique,
and in the following section the affinity of βGlcn-GNPs for ConA is
discussed in relation to the surface sugar density.

3.3. Lectin response behavior for cellooligomer-clustered GNPs

The addition of ConA to the suspension of βGlcn-GNPs immediately
caused a color change from red to purple and over time dark-purple
aggregates precipitated at the bottom of the test tube, as shown in
Fig. 3a. In addition, the self-assembly behavior depended on the con-
centration of ConA. In the case of Glc15-GNPs the half-value color
change occurred in 5 and 30min at final ConA concentrations of 42.7
and 5.3 nmol L–1, respectively. ConA-mediation gave rise to broader
spectra and the SPR band shifted to longer wavelength with time,
possibly as a result of the aggregation of βGlc15-GNPs suspended in
solution (Fig. 4a). ConA is a tetramer at physiological pH [33]. Each
subunit has a single saccharide binding site that recognizes glucoside at

Table 1
Characterization of βGlcn-GNPs.

Sample βGlcn concentration (mmol L–1) Particle size (nm) Coefficient of variation (%) Surface sugar density (chains nm–2) Time of half-absorbance (min)*

βGlc15-GNP-1 1.0 11.72 ± 2.13 18.2 0.033 20
βGlc15-GNP-2 2.0 11.62 ± 1.36 11.7 0.17 15
βGlc15-GNP-4 4.0 10.50 ± 0.74 7.05 0.51 5
βGlc15-GNP-8 8.0 11.39 ± 0.95 8.34 0.77 20
βGlc6-GNP-1 1.0 11.94 ± 3.57 29.9 0.012 60
βGlc6-GNP-2 2.0 11.92 ± 2.72 22.8 0.086 40
βGlc6-GNP-4 4.0 11.31 ± 2.10 18.6 0.21 30
βGlc6-GNP-8 8.0 11.67 ± 2.38 20.4 0.14 30

Carbohydrate-conjugated GNPs were synthesized with S-derivatized cellooligomers (βGlc15-TSC or βGlc6-TSC).
* Time of half-absorbance is the time required to reach half absorbance by adding 42.7 nmol L–1 of ConA.

Fig. 3. Specific interaction between βGlc15-GNPs and concanavalin A (ConA). a) ConA was added to a βGlc15-GNPs suspension, resulting in rapid aggregation of
ConA–βGlc15-GNPs. The aggregates were rapidly re-suspended by adding methyl-β-D-glucopyranoside (βMDG). b) BSA addition (no change in color).
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the non-reducing end of oligosaccharides [34], therefore ConA could
crosslink with multiple βGlc15-GNPs via glyco-receptors (see schematic
illustration in Fig. 3a). Native GNPs without βGlc15 showed no inter-
action with ConA (Fig. S3). Fig. 4b shows the absorbance changes of
βGlc15-GNP-4 (amount of βGlc15-TSC; 4mmol L–1) 10min after
adding a variety of ConA, PNA, and BSA concentrations
(0.11–42.7 nmol L–1). The absorbance of βGlc15-GNP-4 with ConA
gradually decreased as the ConA concentration increased. Neither PNA,
which exhibits specific recognition for D-Gal, nor typical protein BSA,
showed significant interactions with βGlc15-GNP-4 (Figs. 3b and 4b).
As-formed ConA–βGlc15-GNP-4 complex was immediately eliminated
by adding methyl β-D-glucopyranoside (βMDG) solution (2 μmol L–1), as
shown in Fig. 3a; the color of the suspension immediately recovered the
original red through the re-dispersion of βGlc15-GNPs detached from
ConA. Therefore, ConA specifically interacted with the non-reducing
ends of βGlc15 conjugated to the GNP surfaces, and reversibly dis-
sociated from βGlc15-GNPs in the presence of large amounts of free
carbohydrates such as βMDG. These dispersion and aggregation cycles
could be repeated through the addition of ConA and free βMDG. In
addition, the βGlcn-GNPs were easily recovered by centrifugation after
sonication, and could thus be used as a biosensor.

A clear relationship between sugar density and lectin-binding affi-
nity is shown in Table 1. Cellooligomer-clustered GNPs had unique
characteristics of ConA affinity. In the case of βGlc15-GNPs, the ap-
parent affinity increased with increasing surface sugar density, however
excess amounts of βGlc15 on the GNP surfaces reduced their affinity for
ConA. It is suggested that the lectin affinity is closely related to the
surface sugar density, and in this study a density of 0.51 chains nm–2

was found to be optimal for the interactive response to ConA. In this
case, apparent detection limit might be considered around 1.1 nmol L–1

for ConA. The ConA used in this work has four binding sites, which are
located in the distance of ca. 6.5 nm [35]. Therefore, an appropriate
distance of βGlcn on the GNP surface was assumed for optimal inter-
action with ConA. Longer chain βGlc15-GNPs showed higher interac-
tion with ConA in all cases. The highest density of βGlc6-GNPs was
almost the same as the lowest density of βGlc15-GNPs, however the
affinity of βGlc15-GNPs for ConA was stronger than that of βGlc6-
GNPs. This result suggests that the longer chains were preferably re-
cognized by ConA owing to the fluctuation of the non-reducing ends
compared with those of the shorter chains with less steric hindrance.
Our synthesized βGlc15-GNPs demonstrated a high affinity and sensi-
tive response to ConA, possibly as a result of β-D-Glc clustering on the
GNP surfaces. Tailoring the carbohydrate moieties conjugated to GNPs
would provide novel nanomaterials for the efficient detection of various
biomolecules and is expected to have applications in cell assays using
visual detection.

4. Conclusion

We successfully synthesized novel carbohydrate-conjugated GNPs in

a W/O emulsion system via NMMO-mediated GNP synthesis and si-
multaneous in situ conjugation of cellooligomers to the GNP surfaces.
Monodisperse carbohydrate-GNP conjugates were prepared in a one-
pot, one-step reaction. Molecular association of cellulose via inter-
molecular hydrogen bonding led to a high density of βGlcn moieties on
the GNPs surfaces. The sugar density was controllable, and closely re-
lated to the interaction with ConA. The high sensitivity response to
ConA aggregation was thought to be induced by the cluster glycoside
effect of as-designed glyco-GNPs. The lectin binding to glyco-ligands on
the GNPs was profoundly affected by how the ligands were displayed on
the GNP surface. This finding is of great significance for tuning func-
tional sugar-conjugated GNPs. The simple approach for preparation of
carbohydrate-decorated GNPs could open up significant opportunities
for glyco-nanomaterials engineering.
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