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ABSTRACT: Dual-modal fluorescent magnetic glyconanopar-
ticles have been prepared and shown to be powerful in probing
lectins displayed on pathogenic and mammalian cell surfaces.
Blood group H1- and Leb-conjugated nanoparticles were found to
bind to BabA displaying Helicobacter pylori, and Lea- and Leb-
modified nanoparticles are both recognized by and internalized
into DC-SIGN and SIGN-R1 expressing mammalian cells via
lectin-mediated endocytosis. In addition, glyconanoparticles block
adhesion of H. pylori to mammalian cells, suggesting that they can
serve as inhibitors of infection of host cells by this pathogen. It
has been also shown that owing to their magnetic properties,
glyconanoparticles are useful tools to enrich lectin expressing
cells. The combined results indicate that dual-modal glyconano-
particles are biocompatible and that they can be employed in
lectin-associated biological studies and biomedical applications.

■ INTRODUCTION

Multiple earlier studies have shown that interactions between
glycans and carbohydrate binding proteins (lectins) displayed
on the cell surface are involved in a variety of physiological and
pathological processes.1 For example, cell surface lectins in the
immune system recognize glycans expressed on the exterior of
pathogens, and these interactions lead to stimulation of
immune responses to pathogens.2 In addition, infections caused
by pathogens, including Helicobacter pylori and influenza virus,
takes place by initial adhesion of the pathogens to host cells
through interactions of the pathogenic lectins (adhesins) with
the host cell surface glycans.3 Consequently, detection of cell
surface lectins and an understanding of recognition events that
take place between lectins and glycans are of great importance
in both basic research and development of more efficacious
drugs and diagnostic tools.
H. pyroli, which colonizes the human stomach, is one of the

most widespread infectious pathogens affecting nearly one-third
of the world’s population. H. pyroli causes chronic gastritis,
which may lead to peptic ulcer disease and gastric cancer.4 The
cell surface of this pathogen frequently contains adhesins that
recognize specific host cell glycans,5 as exemplified by the well-
characterized blood group antigen-binding adhesin (BabA).6 In
this case, infection of hosts by H. pyroli is triggered by binding
of BabA to Leb present in the gastric mucosa. Because of their
unique roles, H. pylori adhesins have been actively investigated.
Because H. pyroli strains express carbohydrate binding proteins
on their surfaces, glycan-based detection methods have been

exploited as part of methods to diagnose diseases associated
with this pathogen,7 and materials that block associations of H.
pylori with host glycans have been developed to prevent
infections caused by this pathogen.8

Mammalian cells also express lectins on their surfaces. For
instance, human DC-SIGN (dendritic cell-specific ICAM-3-
grabbing nonintegrin) is a C-type lectin displayed on the
surface of dendritic cells and macrophages.9 Mouse SIGN-R1
(SIGN-related 1) is a homologue of human DC-SIGN that is
expressed largely on macrophages in the splenic marginal zone
and the medullar lymph nodes.10 Two lectins recognize
mannose-rich or fucosylated glycans in a Ca2+-dependent
manner with subtle differences in their glycan binding
properties.11,12 When DC-SIGN and SIGN-R1 interact with
glycans on host cells, bacteria or viruses, glycan antigens are
internalized into cells via lectin-mediated endocytosis to induce
immune activation. Because of their biological significance,
mammalian cell surface lectins have been widely studied for an
understanding of lectin-associated cellular processes.2,13

It is well-known that multivalent interactions of glycans with
lectins enhance otherwise weak binding affinities of monomeric
sugars to proteins.14 Over a decade, glycan-conjugated
nanoparticles have been constructed in biological and
biomedical research efforts because they have high surface
area-to-volume ratios in comparison to other glycoclusters, such
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as neoglycopeptides, glycolipid micelles and glycoproteins, and
thus provide higher lectin binding capacity.15 Gold nano-
particles were first used as metal-based multivalent scaffolds to
present glycan ligands.16 Later, glycan-conjugated single-modal
fluorescent17 or magnetic nanoparticles7,18 were prepared for
detection and capture of lectin displaying cells as well as
noninvasive imaging of glycan-protein recognition events in
animals. Although single-modal glyconanoparticles have been
prepared for glycan-associated biomedical and basic research,
dual-modal glyconanoparticles that integrate the advantageous
features of both fluorescent and magnetic properties have rarely
been employed for these purposes.19 In the study described
below, we prepared oligosaccharide-conjugated dual-modal
fluorescent magnetic nanoparticles (FMNPs) to probe
mammalian and pathogenic cell surface lectins. The results of
this effort show that dual-modal glyconanoparticles are useful
tools in studies aimed at gaining an understanding of the
biological roles of cell surface lectins, diagnosing pathogen-
associated diseases and preventing pathogen infection.

■ RESULTS AND DISCUSSION
Preparation and Characterization of Glycan-Conju-

gated FMNPs. FMNPs conjugated with multiple copies of
three types of fucose-bearing oligosaccharides [Lewis a (Lea)
and Lewis b (Leb) antigens and a blood group H type 1 (H1)]
were constructed to target pathogenic and mammalian cell
surface lectins (Figure 1). The required oligosaccharides were

synthesized in β-aminoethylated forms for conjugation to NPs
as delineated in Scheme S1−S3.20 The oligosaccharides were
then coupled to carboxylic acid moieties on the FMNPs (a
molar ratio of FMNPs to glycan = 1:30), which were composed
of cobalt ferrite magnetic nanoparticles coated with a shell of
amorphous silica containing rhodamine B isothiocyanate,21

under amide coupling conditions to afford Lea-, Leb- and H1-
FMNPs. Unreacted carboxylic acids on the NPs were then
capped with 2-aminoethanol to suppress nonspecific adsorption
during detection of cell-surface lectins.
The glycan-conjugated FMNPs were characterized by using

FT-IR, Zeta potential, dynamic light scattering and trans-

mission electron microscopy (TEM) techniques. FT-IR spectra
of glyconanoparticles showed the characteristic peaks of sugar
(Figure S1), providing evidence that nanoparticles are
successfully conjugated with sugars. The zeta potentials of
nanoparticles were observed to change from −39 mV to
between −10 and −15 mV after coupling to oligosaccharides
(Table S1). This result indicates that the negatively charged
carboxylates of FMNPs are converted largely to amide moieties.
The results of TEM imaging and dynamic light scattering
analyses reveal that glyconanoparticles are well dispersed
without forming severe aggregation as a result of the presence
of hydrophilic glycans on their surface (Figure 2A and S2). In

addition, the modified nanoparticles have a relatively
homogeneous size distribution with average hydrodynamic
diameters of ca. 80 nm. We also measured the efficiency of
glycan conjugation to nanoparticles by labeling the unreacted
carboxylic acids after glycan conjugation with a fluorescent dye
Cy5. Approximately 80% carboxylic acids on the surface of
nanoparticles were measured to be conjugated with three types
of glycans (see Supporting Information).
To demonstrate that the glycans attached to FMNPs

preserve their biological recognition activities, studies probing
binding of the glyconanoparticles to lectins were conducted.
TEM images show that the three glyconanoparticles form
aggregates with Aleuria aurantia lectin (AAL), which is a fucose
binding lectin,22 owing to multivalent interactions with lectin
(Figure 2B). In contrast, treatment with ConA, which is an α-
mannose/α-glucose binding lectin, does not lead to the
formation of aggregates of glyconanoparticles (Figure 2C).22

Furthermore, analysis of lectin microarrays containing five
lectins (ConA, AAL, wheat germ agglutinin; WGA, Ricinus
communis agglutinin I; RCA120 and Jacalin) after incubation
with glyconanoparticles shows that only AAL recognizes three
types of glyconanoparticles (Figure S3). Taken together, the
results demonstrate that FMNPs are successfully modified with
oligosaccharides and the resulting glyconanoparticles are
selectively recognized by lectin.

Figure 1. Preparation of glycan-conjugated dual-modal FMNPs.

Figure 2. TEM images of glycan-conjugated FMNPs (A) before and
after treatment with (B) AAL and (C) ConA (scale bar = 100 nm).

Journal of the American Chemical Society Article

DOI: 10.1021/jacs.5b00592
J. Am. Chem. Soc. 2015, 137, 5961−5968

5962

http://dx.doi.org/10.1021/jacs.5b00592


Fluorescent Detection and Magnetic Isolation of H.
pylori with Glyconanoparticles. Studies were performed to
determine if the glycan-conjugated FMNPs can be employed to
fluorescently detect H. pylori. First, expression of BabA in the
two H. pylori strains, J99 and 26695, was examined by reverse
transcription-polymerase chain reaction (RT-PCR). The results
indicate that H. pylori J99 expresses a BabA gene but H. pylori
26695 does not (Figure S4).23 In order to evaluate their ability
to recognize cell surface BabA, the individual glyconanopar-
ticles (100 μg/mL) were incubated for 1 h with H. pylori J99,
which was pretreated for 5 min with 1 μM Hoechst 33342 for
bacterial cell staining. In control experiments, H. pylori 26695
was incubated with the glyconanoparticles under the same
conditions. Analysis of confocal microscopy images shows that
whereas Leb- and H1-FMNPs but not Lea-FMNPs bind to
BabA expressing J99, the three glyconanoparticles do not bind
to BabA lacking 26695 (Figure 3 and Figure S5). To evaluate

the binding affinities of glycan-conjugated FMNPs to H. pylori,
surface plasmon resonance (SPR) assays were conducted using
a sensor chip immobilized by three types of glyconanoparticles.
SPR analysis reveals that BabA expressing J99 cells bind to Leb-
FMNPs more strongly than H1-FMNPs but interact with Lea

very weakly (Figure S6), a phenomenon which is consistent
with the previous results.6a,24

We investigated the effect of sugar densities on the surface of
nanoparticles on binding to AAL and H. pylori. For this
purpose, FMNPs were conjugated with glycans at various molar
ratios (a molar ratio of FMNPs to glycan = 1:5, 1:10, 1:20 and
1:30). Analysis of confocal microscope images of J99 cells
incubated with glyconanoparticles show that NPs with the
higher glycan density lead to more aggregation of cells via
multivalent interactions (Figure S7). Lectin microarray analysis
probed with glyconanoparticles also reveals that more densely
conjugated glyconanoparticles have the stronger binding affinity

to AAL (Figure S8). In particular, glyconanoparticles prepared
at a 1:30 molar ratio were found to provide the reproducible
and reliable binding data for protein and cell experiments.
As the dual-modal glyconanoparticles in this effort are

magnetic, they have the potential of being applicable in
magnetic methods for the isolation of adhesin displaying
pathogens. To demonstrate this potential, H. pylori strains J99
and 26695 were incubated separately with the three types of
glyconanoparticles (100 μg/mL) for 1 h. A magnetic field was
applied to each mixture for 0.5 h. Only J99 cells that were
treated with Leb- and H1-FMNPs were collected by using the
magnet (Figure S9A). For the purpose of separating adhesin
expressing cells from lacking cells, a mixture of H. pylori J99 and
lectin lacking E. coli HB101 was incubated with 100 μg/mL
Leb-FMNPs for 0.5 h and then subjected to a magnetic field.
The separated cells were subjected to RT-PCR with a BabA
gene in order to determine if two different cell types are
separated. As shown in Figure S9B, Leb-FMNP bound cells
were found to express this gene but unbound cells exhibit little
expression of the gene, indicating that glyconanoparticles can
be used to enrich adhesin expressing pathogens.

Blocking Adhesion of H. pylori to Mammalian Cells
Using Glyconanoparticles. Next, we tested the feasibility of
glyconanoparticles to block adhesion of H. pylori to mammalian
cells. Toward this end, AGS cells (human gastric carcinoma
cells) were incubated with H. pylori J99 for 0.5 h and then the
mixture was treated for 1 h with Leb- and H1-FMNPs at a
concentration of 100 μg/mL, where glyconanoparticles have no
cytotoxicity against AGS cells (Figure S10), in order to monitor
adhered pathogenic cells. Analysis of confocal microscope
images shows that H. pylori J99 adheres to the mammalian cells
(Figure 4A).25 The results of an experiment in which AGS cells
were incubated with glyconanoparticles (100 μg/mL) for 1 h
show that the glyconanoparticles neither bind to nor are
internalized into AGS cells (Figure S11). Then, to investigate
the effect of glyconanoparticles on suppression of adhesion of
H. pylori to mammalian cells, AGS cells were incubated for 0.5
h with H. pylori J99 in the presence of Leb- or H1-FMNPs at a
concentration of 500 μg/mL, where glyconanoparticles have no
cytotoxicity against AGS cells (Figure S10). Inspection of the
images shows that most pathogenic cells do not bind to
mammalian cells in the presence of glyconanoparticles (Figure
4B and S12). This observation indicates that glyconanoparticles
are efficacious in blocking adhesion of H. pylori to mammalian
cells. Taken together, the results suggest that glyconanopar-
ticles can serve as useful agents to detect and isolate adhesin
displaying pathogens and to block infection of pathogens in
host cells.

Uptake of Glyconanoparticles by DC-SIGN and SIGN-
R1 Expressing Mammalian Cells. We next turned our
attention to determine if glycan-conjugated FMNPs can be
employed to detect mammalian cell surface lectins. To test this,
glyconanoparticles (200 μg/mL) were exposed for 3 h to
DCEK cells stably expressing human DC-SIGN (DCEK-DC-
SIGN) and mouse SIGN-R1 (DCEK-SIGN-R1) in the
presence or absence of 200 μg/mL mannan (Figure S13), a
tight binding ligand of DC-SIGN and SIGN-R1.26 As a control
wild-type DCEK cells lacking these lectins were also incubated
with glyconanoparticles. Analysis of confocal microscope
images shows that strong red fluorescence arises from the
insides of DCEK-DC-SIGN and DCEK-SIGN-R1 cells after
treatment with Lea- and Leb-FMNPs (Figure 5), indicating that
the glyconanoparticles are internalized into these cells after they

Figure 3. Binding of glyconanoparticles to H. pylori J99. J99 cells
pretreated with 1 μM Hoechst 33342 for 5 min were incubated with
100 μg/mL of glyconanoparticles for 1 h. After washing, images were
obtained using confocal microscopy (scale bar = 10 μm).
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Figure 4. Glyconanoparticles block adhesion of H. pylori J99 to mammalian cells. (A) AGS cells, pretreated for 5 min with 1 μM Hoechst 33342 for
staining the nucleus, were incubated with J99 for 0.5 h. J99 cells adhered to AGS cells were detected by treatment with 100 μg/mL of (top) Leb- and
(bottom) H1-FMNPs for 1 h. (B) AGS cells, pretreated with 1 μM Hoechst 33342 for 5 min, were incubated with J99 for 0.5 h in the presence of
500 μg/mL of (top) Leb- and (bottom) H1-FMNPs. Images were obtained using confocal microscopy (scale bar = 10 μm).

Figure 5. Detection of lectins expressed on mammalian cell surfaces with glyconanoparticles. DCEK-SIGN-R1 and DCEK-DC-SIGN cells were
treated with 200 μg/mL of Lea- or Leb-FMNPs for 3 h in the presence or absence of 200 μg/mL mannan as a competitor. Images were obtained
using confocal microscopy (scale bar = 20 μm).

Figure 6. Time-dependent uptake of Lea-FMNPs by DCEK-DC-SIGN cells. The cells were incubated with 200 μg/mL of Lea-FMNPs during a given
time period. After washing, images were obtained using confocal microscopy (scale bar = 20 μm).
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bind to cell surface lectins.11,12 However, when mannan is
present, fluorescence intensity in lectin displaying cells is
greatly attenuated. Importantly, very weak fluorescence is
observed in wild-type DCEK cells treated with glyconanopar-
ticles as well as DCEK-DC-SIGN and DCEK-SIGN-R1 cells
treated with H1-FMNPs. The results of time-dependent studies
show that fluorescence comes from lectin expressing cells 30
min after the start of incubation with glyconanoparticles
(Figure 6). Taken together, the results demonstrate that
nanoparticle binding specifically results from interactions of
carbohydrates with cell surface lectins.
To test if glyconanoparticles are taken up by cells via lectin-

mediated endocytosis, DCEK-DC-SIGN-R1 and DCEK-DC-
SIGN cells were incubated with 200 μg/mL of Lea- or Leb-
FMNPs for 3 h and then treated with 50 nM LysoTracker
Green for 1 h. The fluorescence signals arising from the
glyconanoparticles overlap for the most part with those of
LysoTracker (Figure 7). To confirm this conclusion, the effect
of an endocytosis inhibitor on cellular uptake of glyconano-
particles was investigated. For this purpose, DCEK-SIGN-R1
and DCEK-DC-SIGN cells were treated for 1 h with either 250
nM phenylarsine oxide (PAO) or 0.05% w/v NaN3, both of
which are known inhibitors of endocytosis.27 The cells were
then incubated with 200 μg/mL of Lea- or Leb-FMNPs for 3 h.
Uptake of glyconanoparticles by the cells was observed to be
markedly reduced in the presence of either inhibitor (Figure 7),
demonstrating that cellular uptake of glyconanoparticles takes
place via lectin-mediated endocytosis.
Then, experiments were performed to enrich lectin

expressing mammalian cells using a magnet. The results show

that Lea- or Leb-FMNP treated DCEK-SIGN-R1 and DCEK-
DC-SIGN cells can be efficiently collected by using a magnet
and that the collection is suppressed in the presence of 200 μg/
mL mannan (Figure S14). In contrast, neither H1-FMNP
treated DCEK-SIGN-R1 and DCEK-DC-SIGN cells nor Lea-
and Leb-FMNP treated wild-type DCEK cells are not enriched
by employing this method.

ROS Production of DC-SIGN and SIGN-R1 Expressing
Cells by Glyconanoparticles. Observations made in previous
studies show that binding of glycan ligands to DC-SIGN and
SIGN-R1 cells induces the production of reactive oxygen
species (ROS).28 To evaluate if glyconanoparticle treated cells
also generate ROS after binding to lectin expressing cells,
DCEK-DC-SIGN-R1, DCEK-DC-SIGN and wild-type DCEK
cells were treated with 40 μM of a boronate-based fluorescent
H2O2 probe

29 for 1 h and then incubated with 200 μg/mL of
Lea- or Leb-FMNPs for 3 h. Glyconanoparticle treated DC-
SIGN and SIGN-R1 expressing cells display intense fluo-
rescence signals arising from the probe, indicating that H2O2 is
generated (Figure 8). Similar results arose when cells were
treated with 200 μg/mL mannan as a positive control (Figure
S15). In contrast, wild-type DCEK cells do not produce H2O2
under the same conditions. These results demonstrate that
glyconanoparticles act as functional ligands in lectin displaying
cells. Although great progress has been made in understanding
of DC-SIGN mediated biological processes, the functions of
SIGN-R1 have not been well-elucidated in comparison to those
of DC-SIGN. Therefore, it is expected that glyconanoparticles
could serve as useful probes for studies of the biological roles
played by SIGN-R1.

Figure 7. Glyconanoparticles are internalized into cells via lectin-mediated endocytosis. (Left three images) DCEK-SIGN-R1 and DCEK-DC-SIGN
cells were treated with 200 μg/mL of (A) Lea- and (C) Leb-FMNPs for 3 h in the presence of 50 nM LysoTracker Green. Images were obtained
using confocal microscopy. (Right two images) The cells were pretreated with either 250 nM phenylarsine oxide or 0.05% w/v NaN3 for 1 h and
then incubated with 200 μg/mL of (A) Lea- and (C) Leb-FMNPs for 3 h at 37 °C. Images were obtained using confocal microscopy (scale bar = 20
μm). Quantitative data of fluorescence intensity of (B) Lea- and (D) Leb-FMNPs in cells.
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■ CONCLUSION

We have constructed and successfully applied dual-modal
fluorescent magnetic glyconanoparticles to probe lectins
displayed on pathogenic and mammalian cell surfaces. Using
fluorescent cell imaging, we have demonstrated that dual-modal
glyconanoparticles serve as useful probes to detect mammalian
and pathogenic cells, which present specific lectins on their
surfaces. In addition, it has been also shown that dual-modal
glyconanoparticles are useful tools to enrich lectin expressing
cells owing to their magnetic properties. Interestingly, our
results show that the glyconanoparticles can be used as agents
to block binding of adhesin expressing H. pylori to mammalian
cells. The combined observations suggest that dual-modal
glyconanoparticles have great potential for aiding an under-
standing of biological roles played by lectins and for diagnosing
and/or preventing pathogen associated diseases. Consequently,
multivalent glyconanoparticles should have applications that go
beyond basic studies of glycan-lectin interactions.

■ EXPERIMENTAL SECTION
Preparation of Lea-, Leb- and H1-FMNPs. FMNPs (TMSR50,

Biterials, Korea; cobalt ferrite magnetic nanoparticles coated with a
shell of amorphous silica containing rhodamine B isothiocyanate, the
saturation magnetization; ± 33.5 emu/g at 273 K and ±1 T) were
washed twice and redispersed with 10 mM sodium bicarbonate buffer
(pH 8.7) under sonication. FMNPs were reacted with Lea, Leb or H1
in the presence of N-ethyl-N′-dimethylaminopropyl carbodiimide HCl
(EDC) at room temperature with shaking (a molar ratio,
FMNPs:oligosaccharide:EDC = 1:30:200). After 2 h, ethanolamine
solution (3% in 10 mM sodium bicarbonate, pH 8.7) was added to the
mixture in order to cap remaining activated carboxyl groups. The
glycan-conjugated FMNP mixture was centrifuged at 15 000 rpm for
10 min and washed with water to remove the remaining reagents. This
washing cycle was repeated 5 times, after which the conjugated
FMNPs were resuspended in water with the aid of sonication. The
final concentrations of Lea-, Leb- and H1-FMNPs are ca. 2 mg/mL.

Fourier Transform Infrared (FT-IR) Spectroscopy. The mid-IR
absorbance spectra (800−4000 cm−1) were recorded on a FT-IR
spectrometer (Vertex70, Bruker) equipped with a deuterated L-alanine
doped triglycene sulfate detector at room temperature. The spectral
resolution was 4 cm−1 and 128 scans were collected for each spectrum.
The background spectrum of air was obtained as a reference. The
glycan-conjugated FMNPs were measured on the ZnSe ATR crystal
plate.

Measurements of Zeta Potential and Hydrodynamic Size. In
a typical measurement, 200 μL of glycan-conjugated FMNPs (2 mg/
mL in water) was diluted in 1.8 mL of water and homogeneously
resuspended with the aid of sonication under an ice bath for 10 min.
Zeta potential and hydrodynamic size of glyconanoparicles were
measured using the Zetasizer (Malvern Instrument, UK) and a
minimum of three measurements per sample were made at 25 °C.

Transmission Electron Microscopy (TEM). In a typical measure-
ment, 2 μL glyconanoparticle sample (500 μg/mL in water) was
deposited on ultrathin-carbon type A, 300 mesh copper grids (Ted
Pella, Inc.) and left to dry at room temperature overnight before
visualizing with TEM. For aggregation studies of glycan-conjugated
FMNP induced by lectin, glyconanoparticle sample (500 μg/mL in
water) was mixed together with AAL or ConA (0.5 μg/mL) in 10 mM
sodium bicarbonate buffer (pH 8.7) at room temperature. It was left to
incubate at the same temperature for 3 h, and then the mixture was
deposited on ultrathin-carbon type A, 300 mesh copper grids and left
to dry at room temperature overnight. TEM images were collected on
a JEM-2010 operating at 200 kV using Gatan multiscan CCD camera
with Digital Micrograph imaging software.

Cell Culture. H. pylori strains 26695 and J99 (H. pylori Korean
Type Culture Collection, HpKTCC, Gyeongsang National University)
were grown on Brucella broth agar base plates (Neogen Corporation)
supplemented with 2.5% (w/v) Bacto-Agar (Becton, Dickinson and
company) and 10% (v/v) heat-inactivated horse serum. H. pylori cells
were cultured under microaerophilic conditions (3% O2, 10% CO2 and
87% N2) at 37 °C for 1 day before use. Wild-type DCEK, DCEK-DC-
SIGN, DCEK-SIGN-R1 and AGS cells (human gastric adenocarcino-
ma epithelial cells) were cultured in RPMI 1640 supplemented with
10% fetal bovine serum (FBS), 50 units/mL of penicillin and 50 μg/
mL of streptomycin at 37 °C in a humidified incubator with 5% CO2.

Detection of H. pylori with Glyconanoparticles. H. pylori
strains J99 and 26695 (106 cells) in PBS were treated with 1 μM
Hoechst 33342 for 5 min. The cells were centrifuged and washed with
PBS. The stained bacterial cells in PBS were incubated with 100 μg/
mL of Lea-, Leb- or H1-FMNPs for 1 h at room temperature. After
washing, images were obtained using confocal microscopy (LSM 700
META, Carl Zeiss, Germany).

Adhesion of H. pylori to Mammalian Cells. AGS cells (2 × 104

cells) in culture media were treated with 1 μM Hoechst 33342 for 5
min for staining the nucleus. After washing with culture media, the
cells in culture media were incubated with H. pylori J99 (2 × 107 cells)
for 0.5 h at 37 °C. After washing with PBS, the cells were incubated
with 100 μg/mL glyconanoparticles for 1 h to fluorescently detect

Figure 8. Production of ROS in mammalian cells treated with
glyconanoparticles. DCEK-SIGN-R1, DCEK-DC-SIGN and wild-type
DCEK cells were treated with 40 μM ROS probe for 1 h and then
incubated with 200 μg/mL of (A) Lea- and (C) Leb-FMNPs for 3 h.
Images were obtained using confocal microscopy (scale bar = 20 μm).
Quantitative data of fluorescence intensity of the ROS probe in cells
treated with (B) Lea- and (D) Leb-FMNPs.

Journal of the American Chemical Society Article

DOI: 10.1021/jacs.5b00592
J. Am. Chem. Soc. 2015, 137, 5961−5968

5966

http://dx.doi.org/10.1021/jacs.5b00592


adhered bacterial cells. After washing with PBS, cell images were
obtained using confocal microscopy.
Blocking of Adhesion of H. pylori to Mammalian Cells by

Glyconanoparticles. H. pylori J99 cells (2 × 107 cells) in PBS were
treated with 1 μM Hoechst 33342 for 5 min. After washing with PBS,
cells in PBS was incubated with 500 μg/mL of Leb- or H1-FMNPs for
1 h and then the mixture was added to AGS cells (2 × 104 cells) in
culture media. After incubation for 0.5 h, cell images were obtained
using confocal microscopy after washing with PBS.
Separation of Glyconanoparticle-Bound H. pylori Cells with

a Magnet. A mixture of H. pylori J99 and E. coli HB101 was incubated
with 100 μg/mL of glyconanoparticles for 1 h. A magnetic field was
applied to the mixture with a magnet for 0.5 h. Fluorescence images
were obtained using a G:BOX Chemi Fluorescent and Chemilumi-
nescent Imaging System (Syngene).
Uptake of Glyconanoparticles by Cells. Wild-type DCEK,

DCEK-DC-SIGN and DCEK-SIGN-R1 cells (2 × 104 cells) were
separately incubated with 200 μg/mL of Lea-, Leb- or H1-FMNPs in
culture media for 3 h at 37 °C. After washing twice with PBS to
remove the remaining nanoparticles, bright field and fluorescence
images of the cells were obtained using confocal microscopy.
For the mannan competition study, wild-type DCEK, DCEK-DC-

SIGN and DCEK-SIGN-R1 cells (2 × 104 cells) were pretreated with
200 μg/mL mannan in culture media at 37 °C. After 1 h, the cells were
treated with 200 μg/mL of Lea-, Leb- or H1-FMNPs in culture media
for 3 h at 37 °C. After washing with PBS twice, the treated cells were
imaged by using confocal microscopy.
Study of Lectin-Mediated Endocytosis. Wild-type DCEK,

DCEK-DC-SIGN and DCEK-SIGN-R1 cells (2 × 104 cells) were
incubated with 200 μg/mL of Lea-, Leb- or H1-FMNPs in culture
media for 3 h at 37 °C. After washing twice with PBS, the cells were
incubated with 50 nM LysoTracker Green (Invitrogen) in culture
media for 1 h at 37 °C. After washing twice with PBS, bright field and
fluorescence images of the cells were obtained using confocal
microscopy.
For the endocytosis inhibition study, DCEK-DC-SIGN and DCEK-

SIGN-R1 cells (2 × 104 cells) were pretreated with either 250 nM
phenylarsine oxide or 0.05% w/v NaN3 for 1 h and then incubated
with 200 μg/mL of Lea- or Leb-FMNPs in culture media for 3 h at 37
°C. After washing twice with PBS, the treated cells were imaged by
using confocal microscopy.
ROS Production of Cells by Glycan-Conjugated FMNPs.

Wild-type DCEK, DCEK-DC-SIGN and DCEK-SIGN-R1 cells (2 ×
104 cells) were incubated with 40 μM of a boronate-based ROS probe
in culture media without phenol red for 1 h at 37 °C. After washing
twice with PBS to remove the remaining ROS probe, the cells were
incubated with 200 μg/mL of Lea-, Leb- or H1-FMNPs in culture
media for 3 h at 37 °C. After washing twice with PBS, the treated cells
were imaged by using confocal microscopy.
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1998, 279, 373−377.
(7) Rouhanifard, S. H.; Xie, R.; Zhang, G.; Sun, X.; Chen, X.; Wu, P.
Biomacromolecules 2012, 13, 3039−3045.
(8) Lin, Y. H.; Tsai, S. C.; Lai, C. H.; Lee, C. H.; He, Z. S.; Tseng, G.
C. Biomaterials 2013, 34, 4466−4479.
(9) (a) Geijtenbeek, T. B.; Kwon, D. S.; Torensma, R.; van Vliet, S.
J.; van Duijnhoven, G. C.; Middel, J.; Cornelissen, I. L.; Nottet, H. S.;
KewalRamani, V. N.; Littman, D. R.; Figdor, C. G.; van Kooyk, Y. Cell
2000, 100, 587−597. (b) Geijtenbeek, T. B.; Torensma, R.; van Vliet,
S. J.; van Duijnhoven, G. C.; Adema, G. J.; van Kooyk, Y.; Figdor, C.
G. Cell 2000, 100, 575−585.
(10) Kang, Y. S.; Yamazaki, S.; Iyoda, T.; Pack, M.; Bruening, S. A.;
Kim, J. Y.; Takahara, K.; Inaba, K.; Steinman, R. M.; Park, C. G. Int.
Immunol. 2003, 15, 177−186.
(11) Guo, Y.; Feinberg, H.; Conroy, E.; Mitchell, D. A.; Alvarez, R.;
Blixt, O.; Taylor, M. E.; Weis, W. I.; Drickamer, K. Nat. Struct. Mol.
Biol. 2004, 11, 591−598.
(12) Galustian, C.; Park, C. G.; Chai, W.; Kiso, M.; Bruening, S. A.;
Kang, Y.-S.; Steinman, R. M.; Feizi, T. Int. Immunol. 2004, 16, 853−
866.
(13) Lepeniesa, B.; Lee, J.; Sonkaria, S. Adv. Drug Delivery Rev. 2013,
65, 1271−1281.
(14) (a) Lundquist, J. J.; Toone, E. J. Chem. Rev. 2002, 102, 555−
578. (b) Kiessling, L. L.; Gestwicki, J. E.; Strong, L. E. Angew. Chem.,
Int. Ed. 2006, 45, 2348−2368. (c) Tian, X.; Pai, J.; Baek, K.-H.; Ko, S.-
K.; Shin, I. Chem.Asian J. 2011, 6, 2107−2113. (d) Lee, M.-R.; Jung,
D.-W.; Williams, D.; Shin, I. Org. Lett. 2005, 7, 5477−5480.
(e) Mammen, M.; Choi, S.-K.; Whitesides, G. M. Angew. Chem., Int.
Ed. 1998, 37, 2754−2794. (f) Tian, X.; Baek, K.-H.; Shin, I. Mol.
BioSyst. 2013, 9, 978−986. (g) Lee, M. M.; Childs-Disney, J. L.;
Pushechnikov, A.; French, J. M.; Sobczak, K.; Thornton, C. A.; Disney,
M. D. J. Am. Chem. Soc. 2009, 131, 17464−17472. (h) Lee, M. M.;
Pushechnikov, A.; Disney, M. D. ACS Chem. Biol. 2009, 4, 345−355.
(i) Wittmann, V.; Seeberger, S. Angew. Chem., Int. Ed. 2000, 39, 4348−
4352. (j) Schwefel, D.; Maierhofer, C.; Beck, J. G.; Seeberger, S.;
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