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Abstract
Siglec-8, a lectin involved in the suppression of allergic responses, is considered a therapeutic target for developing glycan
materials that enable the regulation of inflammatory diseases. In developing such glycan materials, the “multivalent effect” is
essential for regulating immune responses. The “multivalent effect” dramatically increases the apparent affinities (avidities)
of glycan-lectin interactions by clustering the glycan ligand multivalently. Numerous lectin-glycan interactions utilize this
effect in immunological reactions, and Siglec-8 is thought to show an effect similar to those of other lectins. However, we
hypothesized that increasing the local concentration of glycan ligands and modulating the glycan density are essential in
allowing glycan ligands to interact effectively with Siglec-8. Here, we investigate the density-dependent changes in avidities
between Siglec-8 and sialyl sulfo-oligosaccharides with a quartz crystal microbalance (QCM) for the first time. As a result, it
was determined that Siglec-8 has an optimal glycan density (~9.2 × 102 molecules μm−2) for preferred interactions.
Additionally, this suggests that the regulation of glycan density is key to developing therapeutic materials targeting Siglec-8.
The results described here will promote the development of glycan materials that ameliorate immune disorders such as
inflammation and anaphylaxis.

Introduction

Sialic acid-binding immunoglobulin-like lectins (Siglecs)
are expressed on the surfaces of immune cells to regulate
their immune responses. Their unique property is recogni-
tion specificity toward sialic acid-containing glycan ligands

[1]. Siglec-8, which is mainly expressed on eosinophils,
mast cells and basophils, suppresses their activities through
recognition of the sialylated glycan ligands and inhibits
acute or chronic allergic diseases [2]. Thus, Siglec-8 is
considered an important therapeutic target for regulating
allergic responses, and the development of glycan materials
that efficiently bind Siglec-8 is required to synthesize pro-
mising anti-inflammatory drugs.

To develop synthetic glycan materials that recruit Siglec-
8 in the suppression of allergic reactions, two strategic steps
need to be considered. The first is to develop ligands with
high affinity (avidity) or even monovalency for Siglec-8
binding. Siglec-8 is known to recognize sialyl N-acet-
yllactosamine bearing a 6′-sulfate group [6′-su-SLacNAc;
Neu5Acα(2→ 3)Gal(6-SO3

−)β(1→ 4)GlcNAc], a terminal
structure of sialylated keratan sulfate chains, as a glycan
ligand [3, 4]. In addition, to allow the glycan ligands to
match the concave pocket of Siglec-8, sialyl type II sulfo-
hexasaccharides and pentasaccharides were recently devel-
oped, resulting in 2–7-fold increases in avidity toward
Siglec-8 than sialyl type II sulfo-tetrasaccharides [5, 6].
Thus, glycan materials targeting Siglec-8 should be deco-
rated with these sialylated keratan sulfate hexa- or penta-
saccharides to increase their therapeutic efficiencies.
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The second strategic step is to optimize the so-called
“multivalent effect” of glycan ligands [7, 8]. It is well
known that multivalently displaying glycan ligands, i.e.,
mimicking the cell surface “glycocalyx”, provides drama-
tically higher apparent avidities toward glycan-recognizing
proteins (lectins). Therefore, numerous studies have
mimicked and reenacted the formation of this glycocluster
with their glycan materials to improve their avidities with
the targeted lectin [9, 10]. In addition, it is known that the
three-dimensional arrangements of the lectin binding sites
of glycan ligands are crucial to maximizing the multivalent
effects [11]. When glycan ligands are densely oriented
(highly coated), the accessibility of the glycan ligands to
lectins is limited. On the other hand, when the glycan
ligands are sparse (poorly coated), multivalent effects are
ineffective in interacting with lectins, resulting in insuffi-
cient induction of biological responses. Therefore, we
hypothesized that an optimal glycan density would also
exist in the cases of Siglec-glycan interactions. However, to
the best of our knowledge, there have been no reports
describing the optimal densities for Siglec-glycan ligand
interactions; the results could lead to the establishment of
effective therapeutic methods due to the immune regulatory
nature of Siglecs.

In this study, we aimed to determine the optimal glycan
density for Siglec-8-glycan ligand interaction with quartz
crystal microbalance (QCM) measurements (Fig. 1). QCM

is a powerful tool with which to monitor biomolecular
interactions in real time and obtain the thermodynamic
dissociation constant (KD) [12]. By constructing self-
assembled monolayers (SAMs) with different glycan den-
sities on the gold electrode surface of the QCM sensor cell,
we estimated the avidities of the Siglec-8-glycan interac-
tions at various glycan densities by determining the
respective apparent KD values. In this experimental system,
the glycan density that showed the minimum KD value was
interpreted as the optimal glycan density for the Siglec-8-
glycan ligand interaction.

Materials and methods/experimental
procedures

Materials

α (2→ 3)-Sialyltransferase from Pasteurella multocida (lot
no. SLCC1110) and (±)-α-lipoic acid were purchased from
Sigma‒Aldrich (St. Louis, MO). Alkaline phosphatase from
E. coli C75 was obtained from Takara Bio Co. (Shiga,
Japan). Siglec-8 Fc chimera (lot no. TPX03201081, 50 μg)
was obtained from Funakoshi Co. (Tokyo, Japan) and dis-
solved in PBS(-) (Dulbecco’s phosphate-buffered saline,
Invitrogen, 500 μL), which was purchased from FUJIFILM
Wako Pure Chemical Co. (Osaka, Japan), before use. Other

Fig. 1 Illustration of the current research strategy and methodology for
determining the optimal glycan density for Siglec-8-glycan ligand
interactions. Glycan ligand 1 was newly designed for immobilization
on a gold electrode to investigate the Siglec-8 interactions. SAM

surfaces with different glycan densities were prepared, and the
apparent KD values were measured with QCM to investigate the
avidity of the glycan surface (see text for further explanation)
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chemical reagents were purchased from FUJIFILM Wako
Pure Chemical Co. (Osaka, Japan) in guaranteed grade. All
reagents were used without further purification unless
otherwise noted. Gold mica substrates (Grade V4 Muscative
Mica 25 mm × 25mm, 5 nm Ti/10 nm Au) used in the
atomic force microscopy (AFM) observation were pur-
chased from Waki Company (Chiba, Japan).

Characterization procedures

1H NMR spectra were recorded with a Bruker DPX-400
NMR spectrometer (Bruker Biospin, Rheinstetten,
Germany) at 25 °C and 400MHz. D2O was used as the
NMR solvent. Electrospray ionization mass spectrometry
(ESI-MS) was conducted with a Thermo Fisher Scientific
Exactive Plus Orbitrap Electrospray Ionization Mass Spec-
trometer (Thermo Fisher Scientific, Waltham, MA). The
purity of the final compound was confirmed by reversed-
phase chromatography performed with a RedisSep Rf Gold
C18 column (Teledyne ISCO Inc., Lincoln, NE).

Condensation with (±)-α-lipoic acid to prepare a
Au-attachable Siglec-8 glycan ligand 1

Compound 2 (0.31 mg, 0.30 μmol), synthesized by fol-
lowing the procedure previously reported [6], was dissolved
in methanol (180 μL). Pd(OH)2-C (1.1 mg) was added to the
solution and stirred at 25 °C for 3 h under H2. The resulting
mixture was filtered through filter paper to remove the
catalyst. The solution was collected and evaporated to
remove the excess solvent. To the resulting solid, a mixture
of methanol (200 μL), ethanol (200 μL) and 4-(4,6-dime-
thoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chloride
(DMT-MM, 0.21 mg, 0.84 μmol) was added. Next, (±)-α-
lipoic acid (0.40 mg, 1.5 μmol) was added to the solution.
After stirring at 25 °C under a dry atmosphere for 48 h, the
reaction mixture was purified by column chromatography
(C18, eluent; H2O/MeOH = 1:0 to 0:1 v/v) to obtain 1 as an
amorphous powder. The yield was 0.18 mg (51%). Here, we
provide the 1H NMR spectrum of 2 because 1 was not
stable enough to maintain a single molecule structure in
D2O due to disulfide-mediated polymerization.

ESI-MS for 1 (m/z): [M+ 2Na]− calcd. for
C41H68N3Na2O29S4, 1240.2622; found, 1240.7018. [M+Na] 2−

calcd. for C41H68N3NaO29S4, 608.6365; found, 608.6370.
1H NMR for 2 (400MHz, D2O, 25 °C, ppm): δ 4.70 (d,

1H, J1, 2= 8.0 Hz, H-1), 4.66 (d, 1H, J1', 2'= 7.6 Hz, H-1′),
4.52-4.49 (m, 2H, H-6a, H-6b), 4.33–4.30 (m, 2H, H-6′a,
H-6'b), 4.17–3.79 (m, 25H, H-2, H-3, H-3′, H-3'', H-4, H-4′,
H-5′′, H-5′ H-6′′, H-6′′, H-8′′, H-9′′a, H-9′′b, CH2 of
PEG×12), 3.74–3.56 (m, 6H, H-2′, H-5, CH2 of PEG×4)
2.32 (dd, 1H, J= 4.8, 12.8 Hz, H-3'' equatorial), 2.15
(s, 6H, CH3 of Ac×6), 1.91 (t, 1H, 12.4 Hz, H-3'' axial).

Preparation of a SAM-coated gold substrate for AFM

For preparation of the glycan-containing SAM solution
(200 μL), 3,3′-dithiodipropionic acid (DTPA; 4 mmol L−1)
was mixed with an aqueous solution of glycan ligand 1
(0.75 mmol L−1). The respective amounts of glycan ligand 1
solution mixed to contain 1 were 1/500 or 1/2500 times less
DTPA. Next, the gold-mica substrate (3 mm × 4mm) was
immersed in the respective SAM solutions and incubated at
4 °C for 14 h to form glycan-containing SAMs on the gold
surface. In addition, the gold substrates were immersed in a
DTPA solution (4 mmol L−1, 200 μL) or in deionized water
for preparation of the negative control. Afterward, the gold-
mica substrates were washed with deionized water to
remove the excess residues, dried and stored under vacuum
before observation.

AFM measurements

AFM measurements were performed on a SAM-coated gold
substrate by means of a Hitachi AFM 5300E system
(Hitachi High-Tech Science Cooperation, Tokyo, Japan)
using a silicon cantilever (SI-DF3, Hitachi High Tech Sci-
ence, Tokyo, Japan) with a spring constant of 1.7 Nm−1 in
air at 25 °C. Tapping mode was used to map the topo-
graphical images of the SAM constructed on the gold
substrate. The AFM height profiles were analyzed and
quantified by Gwyddion (Version 2.58).

Preparation of a SAM-coated gold surface for QCM

First, the gold substrate was washed with 1% SDS solution
(200 μL) and then rinsed with deionized water 3 times.
Next, the gold substrate was washed with 2 μL of Piranha
solution (30% hydrogen peroxide/98% sulfuric acid= 1:3)
4 times. Then, a SAM solution was prepared by dissolving
1 into DTPA solution (4 mmol L−1). The respective
amounts of 1 were dissolved at levels giving 500, 2500, and
5000 times more DTPA than 1. Afterward, the gold elec-
trode (gold surface area: 0.057 cm2) was immersed in
200 μL of the SAM solution at 4 °C for 14 h to construct a
SAM on the gold surface. The excess solution was
removed and washed with 400 μL of potassium phosphate
buffer (2 mmol L−1 containing 1 mmol L−1 NaCl) three
times. Finally, the sensor cells were filled with 500 μL of
potassium phosphate buffer (20 mmol L−1 containing
10 mmol L−1 NaCl).

QCM measurements

The QCM measurements were conducted at 25 °C with an
Affinix Q4 batch measurement system (Initium, Tokyo,
Japan). First, the SAM-coated sensor cells were attached

Optimal glycan density for interactions between Siglec-8 and sialyl sulfo oligosaccharides 1381



and the frequency was allowed to stabilize. After stabili-
zation, Siglec-8 solution (0.1 μg μL−1) was successively
added to the cells as shown (Table S1), and the frequency
changes were detected. After correcting these data, the KD

was determined by fitting the plots of ΔF versus the con-
centrations of Siglec-8 and using the Michaelis‒Menten
equation to obtain the regression line (1) with KaleidaGraph
(version 4.5.3, Synergy Software, Reading, PA). ΔFmax is
the maximal frequency shift for a fully saturated surface.

ΔF ¼ ½Siglec� 8�ΔFmax

KD þ ½Siglec� 8� ð1Þ

Results and discussion

Synthesis of a Siglec-8 glycan ligand containing
(±)-α-lipoic acid as a thiol anchor

To elucidate the glycan density dependence in the inter-
action with Siglec-8 by QCM, a glycan ligand that forms
SAMs on the surface of a gold electrode was synthesized.
Here, we aimed to synthesize such a glycan ligand by
modifying its aglycone structure to make it suitable for
immobilization and formation of a SAM on the gold
surface (Figs. 2, S1). As a starting material, we used a
trisaccharide ligand consisting of sialyl N-acet-
yllactosamine bearing 6,6′-disulfate groups (2), which was
reported as a Siglec-8 glycan ligand [3, 6]. Here, we chose
2 as a starting material, not only because it contains a
Siglec-8 glycan ligand moiety but also because it includes
an azido-terminated polyethylene glycol (PEG) linker. The
PEG linker enhances the solubility in aqueous solution,
which is ideal for QCM experiments in aqueous

conditions. Furthermore, we modified the aglycon struc-
ture of 2 using a (±)-α-lipoic acid moiety as an anchor for
the gold substrate to enable immobilization of the glycan
ligands on the gold surface via gold-sulfur bonds. This is
because (±)-α-lipoic acid is widely used to form unified
SAMs on gold surfaces by itself, and it undergoes con-
densation with amino groups derived from azido groups in
2 by catalytic reduction [13–18].

Starting from 2, first, catalytic hydrogenation was con-
ducted with Pd(OH)2-C under H2 in methanol to convert the
terminal azido groups in the aglycon moiety into amine
groups. Next, condensation of the converted amine group
and (±)-α-lipoic acid was performed in a mixture of
methanol and ethanol to synthesize 1, which can be
immobilized on a gold surface. In the condensation proce-
dure with the amine from 2 and the carboxylic acid of (±)-α-
lipoic acid, DMT-MM was used to give 1 in a good yield of
51%. The synthesis was confirmed by ESI-MS measure-
ments (Fig. S2). Glycan ligand 1 does not completely dis-
solve in water, methanol, ethanol and tetrahydrofuran.
Therefore, the addition of an ammonium solution dissolved
1 dissolve in water by suppressing the polymerization of
(±)-α-lipoic acid through intermolecular disulfide bond
formation. However, the added ammonia broadened the
signals in the NMR spectra, making it difficult to precisely
assign the NMR peaks of 1.

Construction of a glycan ligand-displaying SAM on
the gold-mica substrate

AFM was used to acquire topography information for the
glycan ligand-containing SAM to confirm that the SAMs
were constructed on the gold substrate (Figs. 3, S3). The
bare gold surface was covered with small particles (height;

Fig. 2 Synthesis of glycan ligand 1. a Glycan ligand 1 immobilized on a gold electrode. b Synthetic pathway for Siglec-8 glycan ligand 1 from
compound 2 immobilized on a gold electrode for QCM measurements
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3.0 nm), which was attributed to small aggregates that
were attached in the ambient air as previously reported
(height; 2.3 nm), resulting in a height greater than that of
the DTPA-coated gold surface [19]. Furthermore, the
imaged SAMs appeared to have relatively small particles
on the SAM-formed gold substrate, in contrast to the large
crystalline structures observed for the previously reported
SAMs formed with alkanethiols [20]. These small parti-
cles were attributed to decrystallization that occurred in air
after removal from the alkanethiol solution [21, 22]. Both
the bare gold surface and the SAMs were coated with
small particles. However, the diameters of the particles for
the former varied from 18 nm to 180 nm, while the dia-
meters of the particles on the SAM surfaces were con-
sistently ~100 nm (Fig. S4). Therefore, we considered that
small particles with sizes of ~100 nm were peculiar
topographical features of SAMs and only obtained height
profiles from 100 nm particles for the height profiles of the
SAMs (not for bare gold surfaces). Numerous studies have
reported surface roughness to prove SAM formation;
however, here, we only obtained the heights from 100 nm
particles (which are considered SAMs) and did not include
heights derived from other factors (i.e., contamination)
that happen when obtaining only the roughness of the
surface.

The particle heights observed for each surface were
relatively uniform, ranging from 1.60 ± 0.66 nm (DTPA
only, 1:0) to 3.04 ± 1.3 nm (bare gold surface), with the
glycan coating increasing from 3.90 ± 1.7 nm (2500:1) to
6.53 ± 1.6 nm (500:1). Based on these results, it was
confirmed that glycan SAMs with thicknesses of ~2–5 nm
were constructed on the gold substrate surface (Fig. 3c).
Furthermore, by increasing the ratio of 1 to DTPA in the
SAM solution from 2500:1 to 500:1, the AFM heights
increased from 3.90 ± 1.7 nm to 6.53 ± 1.6 nm. Since the

molecular length of 1 was roughly calculated as 3.0 nm,
these stepwise increments in the height profiles (~3 nm)
for the glycan-coated SAMs were attributed to the number
of 1 molecules attached to the surface. This suggested that
the number of 1 molecules on the SAM surface could be
regulated by varying the ratio of DTPA to 1 in the 4 mM
DTPA solution [23].

Dissociation constants to determine the optimal
glycan density for the Siglec-8-glycan interaction

To determine the optimal glycan density for the interac-
tion between Siglec-8 and the glycan, QCM measurements
were conducted using SAMs with different glycan den-
sities to quantitatively evaluate the avidities of the inter-
actions with various glycan densities. We chose the
optimal glycan density to be the density at which KD

calculated from the QCM measurements was at its mini-
mum value in this experimental system. QCM sensor-
grams were obtained from the QCM measurements
(Fig. S5, Table S1). Nonspecific binding between Siglec-8
and DTPA was observed in each experimental system.
This was attributed to the electrostatic interactions
between positively charged Siglec-8 in a pH 7.4 solution
(pI= 9.2) and the negatively charged carboxylate group of
DTPA (Fig. S5a) [9]. On the other hand, Figure S5a
suggests that nonspecific binding was saturated after the
first injection. Therefore, the frequency changes after the
second injection are thought to reflect the interaction of
Siglec-8 and 1, and KD was calculated by excluding the
first frequency change after injection of Siglec-8 to avoid
the effects of nonspecific binding in calculating KD. The
KD calculated here does not have a quantifiable meaning
but is an indicator for evaluating the avidity of the Siglec-
8-glycan interaction in this system.

Fig. 3 AFM images (1 μm× 1 μm) of a SAM on a gold substrate with
DTPA to glycan ligand 1 ratios of a 500:1 and b 2500:1. Scale bars,
200 nm. c Box plots of the height profiles for the small particles

observed in the AFM images (10 ≤ n ≤ 20). Statistical significance was
determined based on one-way ANOVA with Dunnett’s multiple
comparisons test (****P < 0.0001)
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The KD calculated from the glycan density is shown in
Fig. 4. These experiments showed that the apparent KD

values varied for the various glycan densities. When DTPA
and 1 were coimmobilized on the gold electrode, the KD

obtained from the 2500:1 SAM showed the lowest KD

(= 6.21 nM) compared to the other SAMs with different
glycan densities. We concluded that the 2500:1 SAM had
the best glycan density for high-avidity binding with the
Siglec-8-glycan interaction (Fig. 4a). The 500:1 SAM,
which had a higher glycan density than the 2500:1 SAM,
showed a higher KD (= 8.50 nM) (Fig. 4b). This was pos-
sibly due to steric hindrance from the bulky glycan ligand 1.
For the Siglec-8-glycan interaction, the glycan ligand
packed too densely on the surface prohibited the ligand
from entering the receptor pocket of the Siglec-8 molecule
and diminished recognition of the glycan ligand by Siglec-
8. On the other hand, 5000:1 SAM, which had a lower
glycan density than 2500:1, also showed a higher KD

(= 14.8 nM) (Fig. 4c). This can be explained by the
decreasing multivalent effect. A multivalent effect requires
a high local concentration of glycan ligands. Since the
ligand molecules 1 in the 5000:1 SAM were separated from
each other, it is thought that Siglec-8 was less likely to
interact with 1 but also lost its chelation effect so that the
Siglec-8 interaction was enthalpically disfavored [24, 25].

The glycan densities on the gold surface were calculated
as shown in Table 1. It is known that thiolate groups, with
densely packed structures of (

ffiffiffi

3
p

×
ffiffiffi

3
p

)R30° on the Au(111)
surface, form a density of 4.62 × 106 molecules μm−2 [26].
Therefore, we assumed that the density of the thiolate
groups in the SAMs was also 4.62 × 106 molecules μm−2,
and the density of 1 on the surface was estimated by mul-
tiplying the ratio of 1 to the total sulfur atoms on the gold
surface by 4.62 × 106 molecules μm−2. Based on this
assumption, the optimal glycan density, the glycan density

in the 2500:1 SAM, was ~9.2 × 102 [=4.62 × 106/
(2500 × 2+ 1 × 2)] molecules μm−2 (Here, we note that in
the calculation, the value “2” reflects two sulfur atoms in
DTPA and glycan ligand 1). Previously, it was reported that
the frequency change observed via QCM was maximized at
a glycan density of ~9.2 × 102 molecules μm−2 in the lectin-
glycan interaction of wheat germ agglutinin (WGA) and N-
acetylglucosamine (GlcNAc), suggesting that the optimal
glycan density for this interaction was near this range [23].
In addition, the glycan density of heparan sulfates, one of
the sulfated glycan chains that resemble keratan sulfates in
the human body, was reported as ~1200 molecules·μm−2 for
effective interactions with WGA [27]. Although the lectin
structure of WGA differs from that of Siglec-8, and it
recognizes glycans differently, it is similar to Siglec-8 in
that it recognizes sialic acid-containing glycoconjugates.
Therefore, it is understandable that the optimal glycan
density for the Siglec-8-glycan ligand 1 interaction calcu-
lated here was consistent with the ranges cited in these
previous reports. To the best of our knowledge, however,
there have been few reports of regulating the glycan density
on the SAM surface at lower than 104–105 molecules μm−2

Fig. 4 Plots of ΔF obtained from QCM measurements versus [Siglec-
8] among different glycan densities on the gold electrode (DTPA/
glycan ligand 1, a 2500:1, b 500:1, c 5000:1). The reported KD values

are the means ± SDs from separate fitting of plots obtained from
technical replicates (n= 3)

Table 1 Estimated glycan densities on the gold electrode for QCM
measurements

SAM solutiona Estimated glycan density on the gold electrodeb

500:1 mixture 4.6 × 103 molecules μm−2

2500:1 mixture 9.2 × 102 molecules μm−2

5000:1 mixture 4.6 × 102 molecules μm−2

aThe solution mixed with DTPA/glycan ligand 1 at the indicated ratio
was used to construct a SAM on the gold electrode surface
bEstimated glycan densities on the gold electrode from QCM
measurements. The glycan density was calculated as described in the
Results and Discussion section
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to study of the interactions between lectins and glycan
ligands, especially for studies on Siglecs [28]. Thus, further
investigation on regulating the glycan density on the sur-
face, especially at ~103 molecules μm−2, might provide a
better understanding of the avidity or specificity of Siglec-
glycan ligand interactions required to induce the immuno-
logical response. For Siglec-8, this suggests that the
development of glycan materials in which the glycans are
decorated with an appropriate density (~9.2 × 102 mole-
cules μm−2) would improve the avidity between Siglec-8
and the glycan materials and enable efficient induction of
immune responses involving Siglec-8 [2].

Conclusion

We developed the new Siglec-8 glycan ligand 1 and con-
structed a SAM of ligand 1 on the gold electrode surface of
a QCM sensor to quantitatively evaluate the effect of glycan
density on the avidity of the Siglec-8 interaction by calcu-
lating the apparent KD. As a result, we found for the first
time that the avidity of the interaction has a glycan density
dependence and suggested that the glycan density for the
Siglec-8-glycan interaction that maximizes the avidity is
~9.2 × 102 molecules·μm-2. Considering this estimate, gly-
can materials decorated with a glycan density of ~9.2 × 102

molecules μm−2 may be effective in regulating the immune
response of Siglec-8. Further investigation is required to
elucidate whether the avidity of the Siglec-glycan ligand
interaction varies with the glycan density, even with other
Siglecs. In addition, it is important to synthesize glycan
materials that are decorated with the optimal density to
efficiently and selectively induce immune responses via
Siglec-glycan ligand interactions. The development of these
glycan materials may lead to new methods to regulate
Siglec-involved immune responses and contribute to clin-
ical treatments of various diseases.
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