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Abstract: Sialic acids (Sias) are fascinating nine-carbon mon-

osaccharides that are primarily found on the terminus of the
oligosaccharide chains of glycoproteins and glycolipids on

cell surfaces. These Sias undergo a variety of structural modi-
fications at their hydroxy and amine positions, thereby re-
sulting in structural diversity and, hence, coordinating a vari-
ety of biological processes. However, deciphering the struc-

tural functions of such interactions is highly challenging, be-
cause the monovalent binding of Sias is extremely weak.

Over the last decade, several multivalent Sia ligands have

been synthesized to modulate their binding affinity with
proteins/lectins. In this Minireview, we highlight recent de-

velopments in the synthesis of multivalent Sia probes and
their potential applications. We will discuss four key multiva-
lent families, that is, polymers, dendrimers, liposomes, and
nanoparticles, and will emphasize the major parameters that

are essential for the specific interactions of these molecules
with proteins in biological systems.

1. Introduction

Sialic acids (Sias) are the major constituents of a wide variety

of glycoconjugates, including N- and O-linked glycoproteins
and glycolipids. Sialic acids share a characteristic nine-carbon

backbone, with carboxylic acid residues attached to the C2
carbon atom, and they occupy the distal end of glycan chains,

a location that makes them suitable for interactions with other
cells and with environmental agents. The negative charge on

the Sia unit has many modulatory roles. In mucins, sialoglycan

increases the viscosity of the proteins and protects epithelial
cells from bacterial infection.[1] Whereas in cancer cells, sialogly-

cans are overexpressed to safeguard malignant cells from the
immunoevasion of natural killer (NK) cells.[2] In addition to their

function of physically masking cellular biomolecules, Sias par-
ticipate in major biological events through specific carbohy-

drate–protein interactions (CPIs). There are more than 50 differ-

ent types of naturally occurring Sias, which differ in the type of
substituents on the hydroxy and amine groups.[3] N-Glycolyl, N-

hydroxy, N-acetimidoyl, N-acetyl, and N-lactyl substituents are
found on the 5-amino group of Sia, whilst O-acetyl, O-lactyl, O-

phosphate, and O-sulfate are examples of substituents that are
found on the hydroxy groups. Furthermore, Sias are also linked

to penultimate carbohydrate residues, either through a(2–6),

a(2–3), a(2–8) or by a(2–9) glycosidic linkages.[4] The structural
diversity and variety of glycosidic linkages articulate a wide
range of cellular events through specific CPIs.

Sia-binding proteins are ubiquitous. These proteins utilize

specific sialoglycan structures on cell surfaces to regulate path-
ogenicity and a multitude of physiological events. For example,

human H3N2 influenza viruses utilize the Sia a(2–6) linkage to
induce virulence, whereas avian H5N1 viruses recognize the

Sia a(2–3) linkage on cell surfaces.[5] Furthermore, Influenza C

and coronaviruses preferential bind to N-glycolylneuraminic
acid (Neu5Gc) and 9-O-acetylated Sia to infect mammalian

cells,[6, 7] whilst the simian virus (SV40) recognizes GM1 ganglio-
side (GM = ganglioside monosialic) as a preferred ligand.[8] A

large number of bacteria, such as E. coli, Streptococcus, Helico-
bacter, and parasites, such as Plasmodium falciparum, attack

vertebrate cells through Sia-mediated interactions. B. strepto-

coccus displayed a specific Sia a(2–3)Gal linkage, which binds
to a Sia-binding protein on neutrophils, weakens the immune

responses, and invades the human immune system.[9] Toxins
from Vibrio and Clostridium species also bind to sialoganglio-

sides.[10, 11] Surprisingly, the AB5 toxin secreted by Shiga toxi-
genic E. coli binds to Neu5Gc glycans and induces gastrointes-

tinal disease in humans.[12]

On mammalian cell surfaces, Siglecs (sialic-acid-binding im-
munoglobulin-type lectins) and selectins represent two distinct

classes of lectin that recognize sialoglycan. Siglecs belong to a
major subfamily of type-I lectins, which are widely expressed

on immune cells and provide an array of diverse functions
based on specific sialoglycan-mediated interactions.[13] Among

the family of Siglecs, Siglec-2 and Siglec-7 are attractive targets

for cancer therapy.[14, 15] Siglec-2 (CD22) is overexpressed on B-
cell lymphomas and leukemia; as such, human anti-CD22 has
been used to treat B-cell non-Hodgkin’s lymphoma.[15] Siglec-7
is expressed on natural killer (NK) cells and monocytes cells

and it selectively recognizes a(2–8) di-Sia ligands.[16] It has
been shown that up-regulating cell-surface Sia on cancer cells

helps them to escape Siglec-7-dependent attacks of NK cells ;
therefore, compounds that exhibit an inhibitory effect towards
Siglec-7 can activate NK cells and be used for cancer therapy.[17]

Another set of Sia-binding lectins are found on endothelial
cells, leukocytes, and platelets, which are classified as E-selec-

tins, L-selectins, and P-selectins, respectively.[18] P-selectin is
present on activated platelets and endothelial cells, whereas E-

selectin is exposed on the endothelium after activation by cy-

tokines, and leukocytes express L-selectin. Targeting P- and E-
selectins can be used to monitor endothelial cells in the early

phases of inflammation. Binding to L-selectin enables the visu-
alization of local concentrations of leukocytes or can even

modulate their function.[19] These lectins bind explicitly to sialyl
Lewisx (SLx) and sialyl Lewisa (SLa) glycans, respectively. Interest-
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ingly, tumor cells also express the SLx residue, which binds to
selectins. Such selectins have a role in tumor-cell migration

and metastasis.[20] Finally, the discovery that b-amyloid binds to
Sia has had a significant impact on the field of Alzheimer’s dis-

ease targeting.[21]

All of these aforementioned biological events and many
more demonstrate the importance of sialoglycans in biological
processes and highlight the potential of these molecules. How-
ever, investigating biological processes by using Sia monosac-

charide in the solution phase is a huge challenge, owing to its
very weak binding interactions with lectins/proteins, which are

within the range mm–mm.[22] To overcome this difficulty, multi-
valent systems have been developed in which clusters that

contain many Sia molecules with different topologies have
been developed, thus amplifying the effect of the CPIs.[23] Sev-

eral reviews have been published on the use of multivalent

probes in targeting a wide range of carbohydrate ligands.[24–28]

This Minireview primarily focuses on multivalent Sia probes to

investigate CPIs and biological potency. We will mainly high-
light the detailed synthesis of four important multivalent scaf-

folds, that is, sialo-polymers, sialo-dendrimers, sialo-nanoparti-
cles, and sialo-liposomes, which have been used to decipher

specific CPIs (Figure 1). We shall also describe the potential ap-
plications of multivalent Sia probes in drug delivery, imaging,

and biosensors.

2. Sialo-polymers

The primary recognition between lectins and sialoside conju-

gates relies on interactions between the non-reducing end of
the carbohydrate residue and the hydrophilic part of the

lectin, thus indicating that the inner skeleton of a glycoprotein
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or glycolipid could be modified without changing the CPIs.
The use of a polymeric network is one of the earliest known

examples of multivalent Sia probes.[29] The main synthetic ap-
proaches that have been developed to obtain glycopolymers

are: 1) the assembly of monomeric sialoside ligands by using
an acrylate free-radical polymerization method (convergent

strategy); and 2) the coupling of sialoside ligands on commer-

cially available well-defined polymer scaffolds (divergent strat-
egy). In 1995, Whiteside’s group reported a convergent free-

radical-based polymerization method to synthesize acrylamide-
based Sia copolymers.[30] They tested various adjuvants, such

as ionic, hydrophobic/hydrophilic, and bulky substituents, with
Sia ligands to modulate influenza-virus-mediated hemaggluti-
nin activity and found that the presence of hydrophobic and

charged species in the sialo-polymers enhanced the virus–pro-
tein binding affinity. Furthermore, the number of pendant Sia
residues on the polymer backbone had a direct influence on
the agglutination and illustrated the importance of multivalen-

cy in interfering with the viral binding to cell surfaces.
The synthesis of glycopolymers by using a convergent strat-

egy is typically suitable for monosaccharide ligands, because

they are easy to functionalize with polymerizable groups (e.g. ,
acrylate derivatives). However, such functionalization of higher

oligosaccharides is laborious and requires multistep syntheses.
To get around this problem, Kimura and co-workers combined

the copper(I)-mediated click reaction with an acrylate-polymer-
ization strategy and synthesized sialo-oligosaccharide copoly-

mers (Figure 2 a).[31] These sialo-polymers (Neu5Aca(2–

3)galb(1–4)gal, sialylated N-glycan) were functionalized on a
quartz crystal microbalance (QCM) to study their binding affini-

ty with influenza viruses. The sialylated N-glycan polymer was
found to exhibit stronger binding with human and avian influ-

enza A viruses compared to the Neu5Ac-polymer, which was
attributed to multivalency and synergistic effects of the

higher-oligosaccharide to afford sensitive virus–protein recog-
nition.

Free-radical-based polymerization methods lead to a high
rate of ligand conjugation, polydispersity, and wide molecular

mass distribution, which limit their potential biological applica-
tions. To overcome these drawbacks, the Kiessling group em-

ployed ring-opening metathesis polymerization (ROMP) to syn-

thesize sialo-copolymers.[32] They constructed a copolymer that
was composed of a B-cell receptor (BCR)-binding epitope and

the Siglec-2 (CD22) specific ligand to investigate the trans in-
teractions between Siglec-2 and Sia glycans, which were regu-

lated by the activation of BCR. They prepared the copolymers
by using BCR and CD22 antigens, such as 2,4-dinitrophenylnor-

bornene and Sia a(2–6) LacNAc@norbornene monomers

(LacNAc = N-acetyl-d-lactosamine), in the presence of a ruthe-
nium@carbene initiator. These copolymers enabled the simulta-

neous targeting of BCR and CD22 (Siglec-2) receptors, induced
trans interactions in the CD22 signaling, and activated several

pathways (Figure 2 b). Working under the same notion, Olsen
and co-workers synthesized a brush-like sialo-polymer by using

a ROMP synthetic strategy.[33] Based on the structural similari-

ties between the native mucins and synthetic sialo-polymers, it
was possible to use them as model systems to analyze antiviral

activities. Furthermore, their results also suggested that the
brush topology also contributed to the viscosity of the poly-

mer and the process of infection suppression.
Notably, free-radical and ROMP methods for direct polymeri-

zation were found to be efficient techniques for nonfunctional

carbohydrate ligands. However, most cell-surface glycans are
negatively charged sialoside ligands and it has been shown

that functional groups, such as sulfate or acid groups, lower
the efficiency of free-radical polymerization. Hence, an effective

method for the synthesis of structurally well-defined glycopoly-
mers is still required. Recently, Tanaka and co-workers reported

Figure 1. Multivalent sialosides and their potential biological applications.
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the p-allyl@nickel-catalyzed coordination polymerization of

allene monomers as an alternative method for the synthesis of
sialo-polymers that generated an excellent dispersity index.[34]

By using this technique, they prepared sialo-polymers that

could target Siglec-7 on NK-cells (Figure 2 c). Overall, in a con-
vergent strategy, several challenges must be met to synthesize

defined sialo-polymers. Alternatively, the functionalization of
sialoside ligands on polymer scaffolds, commonly termed a “di-

vergent strategy”, typically allows the large-scale synthesis of
glycopolymers. Savasta and co-workers explored a divergent

strategy for the synthesis of GM3-ganglioside-based polymers

to alter cell-signaling, thereby modulating cell-proliferation.[35]

The galactose/lactose ceramide ligands were coupled with an

acrylic acid polymer scaffold in different stoichiometric ratios
to generate lactose–ceramide polymers. These polymers were

enzymatically reacted with a Sia precursor to synthesize GM3
polymers. The cell-proliferation assay and cell-signaling assay

in the presence of these polymers revealed that the number of
GM3 units per polymer and hydrophobic residue of GM3 di-
rectly influenced the inhibition of cell proliferation.

A divergent strategy was also applied to the synthesis of
sialo-polypeptides, dextran-based sialo-polymers, and conduc-

tive sialo-polymers. Hidari and co-workers synthesized Neu5Gc-
carrying glycopeptides by using g-polyglutamic acid and

LacNAc/lactose precursors (LacNAc = N-acetyl-d-lactosamine;

Figure 3 a).[36] The lactose-conjugated polypeptide was enzy-
matically reacted with Neu5Gc to synthesize Neu5Gc a(2–3)/

a(2–6)-polypeptides (Figure 3 a). These polypeptides were sub-
jected to a hemagglutination inhibition (HI) assay with influen-

za viruses, which revealed that the Ne5Gc a(2–3)-polypeptides
selectively inhibited the H3N8-EIV-strain-mediated hemaggluti-

nations (EIV = equine influenza virus). Similarly, Usui and co-

workers also synthesized a variety of sialo-polypeptides by
using a divergent strategy to test their selective inhibition of

influenza virus strains (Figure 3 b).[37] They found that

Neu5Ac a(2–6)-polypeptides selectively inhibited human virus
H3N2 and the compositions of the inner glycans in the sialo-

polypeptides had the least influence on influenza recognition.
These studies illustrated the crucial role of terminal Sia compo-

sitions in the selective recognition of influenza virus strains. Fi-
nally, a divergent strategy was employed to synthesize a dex-

tran-based disialic acid-polymer (Figure 3 c).[38] These polymers

showed high binding affinity toward Siglec-7, thereby effec-
tively inhibiting Siglec 7-GD3 interactions.

Conductive polymers, such as poly(3,4-ethylene dioxythio-
phene) (PEDOT), have found tremendous application in biosen-

sors in bioelectronic devices. As such, conductive sialo-poly-
mers would constitute ideal scaffolds for the detection of the

influenza virus in blood and the development of point-of-care

devices. Miyahara and co-workers employed a divergent strat-
egy to synthesize PEDOT-based conductive sialo-polymers (Fig-

ure 3 d).[39] QCM (quartz crystal microbalance) and potentiomet-
ric analysis of a(2–6)-linked sialyllactose–PEDOT polymers

showed strong selectivity for the human influenza A virus
(H1N1), thus illustrating the potential of these polymers in

point-of-care devices.

Despite this broad range of methods that have been devel-
oped for the synthesis of sialo-polymers, these convergent and

divergent strategies failed to produce well-controlled sialo-
polymers with end-group functionalization, which is essential

for cell-surface engineering. Godula and co-workers tackled
this problem by using reversible addition–fragmentation chain-

Figure 2. Structures of sialo-polymers that were synthesized by using a convergent strategy. Gal = galactose, GlcNac = N-acetylglucosamine, Glc = glucosa-
mine, Neu5Ac = N-acetylneuraminic acid, Man = mannose.
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transfer (RAFT) polymerization to synthesize low-polydispersity
multivalent glycopolymers with simultaneous end-group func-

tionalization with a lipid chain and a fluorescent tag (Fig-

ure 4 a).[40–44] The sialo-polymers were prepared from the con-
densation of Sia glycans with polymethyl vinyl ketone scaffolds

through the formation of an oxime, which enabled the genera-
tion of a panel of sialo-polymers, which were used in cell-sur-

face bioengineering, modulating neural development and
stem-cell differentiation. Working under the same notion, Ber-

tozzi and co-workers reported the synthesis of sialo-RAFT co-

polymers and decorated them onto cancer cells to modulate
the activity of NK-cells through Sia–Siglec-7 interactions (Fig-

ure 4 b).[45]

3. Sialo-dendrimers

Dendrimers are important multivalent scaffolds that are used

to decorate ligands of interest in a distinct homogeneous sym-
metrical form. In comparison to polymers, dendrimers offer

more-controllable monodispersity and persistent shapes. More-
over, the 3D geometry of sialo-dendrimers closely mimics the

decoration of Sia groups over cell surfaces and it allows for the
fine-tuning of the microenvironment, which is essential for am-

plifying specific CPIs.

Sialo-dendrimers are typically prepared by using a divergent
synthesis from commercial or synthetic dendrimers. Good and

co-workers used poly(amidoamine) (PAMAM), a commercially

Figure 3. Structures of sialo-polymers that were synthesized by using a divergent strategy. Neu5Gc = N-glycolylneuraminic acid, Cy = cysteine.

Figure 4. Schematic representation of RAFT polymers. AF488 = Alexa Fluor 488.
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available scaffold, to decorate Sia ligands.[46, 47] They used two
different strategies to conjugate the Sia ligands on PAMAM:

1) a direct amide-coupling reaction between the Sia ligand and
PAMAM (Figure 5 a); and 2) a thiourea-based cross-coupling re-

action between Sia@amine-linker and the PAMAM scaffold (Fig-

ure 5 b). These sialo-dendrimers were used to target amyloid b

(Ab)-induced neurotoxicity. Both sialo-dendrimers showed simi-

lar binding affinities with Ab-protein, but the thiourea-based
sialo-PAMAM displayed stronger inhibition of Ab-mediated

neurotoxicity. These results clearly illustrated the significance
of having native Sia ligands on the PAMAM to control its bio-

logical activities. In another development, McReynolds and co-

workers synthesized sulfated sialo-PAMAM dendrimers by
using a divergent strategy to assess their anti-HIV activity (Fig-

ure 5 c).[48] They found that sulfated-Sia ligands on PAMAM
dendrimers showed strong binding to the gp120 of HIV pro-

tein and displayed micromolar-range inhibition of four host-
cell infections with HIV-1 strains.

Matsuoka and co-workers constructed a library of carbosi-

lane-based synthetic dendrimer scaffolds to decorate Sia li-
gands.[49–52] They employed different types of linker between

the dendron scaffold and the Sia moiety to study the struc-
ture–activity relationships (Figure 6). A sialidase-inhibition

assay showed that the ether- and amide-linkers were more
active than an aliphatic linker. Moreover, the sialyl a(2–3) lac-

tose moiety displayed strong antiviral activity.[51] Overall, the

authors concluded that the ether linker was the most suitable
for the biological study of Sia ligands. Working under the same

notion, Haag and co-workers prepared a series of polyglycerol-
based Sia dendrimers with diameters within the range 1–

100 nm by using a divergent strategy.[53] The antiviral activities

of these dendrimers revealed that large particle sizes improved
their activity compared to smaller-sized clusters. Overall, the

antiviral activity of sialo-dendrimers relies on the number of
sulfated groups on the Sia moiety and on the nature of the

linker between the Sia group and the dendrimer scaffold.
Even though dendrimers are nanostructural macromolecules

that have been successfully used to study carbohydrate–pro-

tein interactions, drug delivery, and targeting, their toxicity
issues limit their use in biological systems.

4. Sialo-liposomes

Apart from covalently conjugated glycodendrimers, multivalent
glycoclusters can also be synthesized through the self-assem-

bly of supramolecular architectures. In this way, liposomes and

micelles have been synthesized to target specific Sia-mediated
CPIs and carbohydrate–carbohydrate interactions. Furthermore,

liposomes and micelles can also be used to encapsulate drugs,
proteins, genes, and fluorescent dye molecules for applications

in imaging and controlled drug release. Sialo-liposomes can be
prepared from sialosidic phospholipids and amphiphilic precur-

Figure 5. Structures of PAMAM sialo-dendrimers that were synthesized by using a divergent strategy.

Figure 6. Different shapes of carbosilane sialo-dendrimers.
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sors. These precursors were subjected to mechanical, ultrason-

ic, cosolvation, dehydration–rehydration, and freeze–thaw–ex-
trusion methods to generate specific sizes of liposomes. The

nature of the liposomes also relied on their physicochemical
characteristics and on the concentrations of the precursors.

Paulson and co-workers synthesized liposomes that were la-

beled with Alexa Fluor 647 by using sialo-phospholipids of
Siglec-2 (Sia-binding immunoglobulin-like lectin-2) and siaload-

hesin (Sn)-specific Sia ligands to target B-cell- and Sn-positive
macrophages in vitro and in vivo (Figure 7 a).[54, 55]

Finally, the same authors reported a selective sialo-liposome-
mediated delivery of antigens and therapeutic agents into

macrophages and B-cells. Similarly, Yamazaki and co-workers

decorated liposomes with SLx-phospholipids and loaded them
with the drug cis-diammine(dinitrato)platinum(II) (CDDP).[56]

They used these liposomes to target tumor cells, driven by se-
lectin-mediated interactions. In another study, GM3[57] and

GD3-appended liposomes[58] (GD = disialoganglioside) were
prepared and loaded with the anticancer drugs paclitaxel and

docetaxel to generate systems that simultaneously released

two different potent drugs at the same time and site.[59] Zhang
and co-workers prepared polySia (PSA)-based amphiphiles that

self-assembled in aqueous solution to form spherical micelles
(Figure 7 b).[60] These micelles were used to encapsulate hydro-

phobic molecules and served as drug carriers that possessed
acceptable properties for the targeting of diseased regions.
The authors demonstrated their idea by using Cyclosporine A,

an immunosuppressant medication that is used to treat auto-
immune diseases. Similarly, PSA–octadecylamine-decorated lip-
osomes were successfully used for the neutrophil-mediated de-
livery of pixantrone.[61] In our lab, we synthesized sialo-amphi-
philes by conjugating aliphatic linkers at the C2 and C9 posi-
tions to determine the importance of the orientation of Sia in

CD22-mediated CPIs.[62]

Overall, liposomes offer prolonged circulation in the blood
and the slow release of drug molecules. However, the high

cost of production and stability issues have hampered further
clinical applications of this multivalent system.

5. Sialo-nanoparticles

Nanoparticles are well-organized, robust dendrimers that ex-
hibit large surface areas and have inherent optical, electro-

chemical, and magnetic properties that facilitate the sensing
and imaging of specific interactions. Several types of sialo-

nanoparticles have been reported in the literature, the most
prevalent of which are gold, silver, silica, iron, cadmium, seleni-

um, and virus-like nanoparticles. Owing to their unique physi-

cal properties, these nanoparticles are attractive biomaterials
for Sia research. Gold nanoparticles (AuNPs) have been widely

used in sialo-nanotechnology, because of their large surface
area, electronic conductivity, nontoxicity, facile synthesis, and

functionalizability, which characterize the sialo-conjugates.[63]

AuNPs were synthesized by reducing gold(III) chloride in the
presence of a suitable surfactant and sodium borohydride. Fi-

nally, these nanoparticles were functionalized by using suitable
sialoside ligands. Sialo-AuNPs can be formed by: 1) direct

ligand exchange between sialo-functionalized thiol linkers and
AuNPs; or 2) coupling reactions between Sia derivatives and

functionalized AuNPs. Process (1) offers several advantages, in-

cluding control over the number of sialoside ligands per nano-
particle and the resultant sialo-AuNPs do not contain addition-

al functional groups, which may induce nonspecific interac-
tions during CPIs. Ijiro and co-workers synthesized sialo-AuNPs

by using directed ligand exchange between sialylated oligosac-
charides that contained a thiol linker and AuNPs (5, 10, and

15 nm).[64] These nanoparticles were used to detect the John

Cunningham (JC) virus, which displayed 360 copies of Sia-bind-
ing virus protein 1 (VP1). The specific carbohydrate–protein in-

teractions between VP1 and sialo-AuNPs resulted in clustering
of the AuNPs on the surface of the viruses, and led to a signifi-

cant plasmonic shift in UV/Vis absorption spectrum of the
AuNPs, which ultimately allowed the sensitive detection of the

virus system. Similarly, Fairbanks and co-workers reported the

synthesis of bi-sialo bi-antennary N-glycan-AuNPs to detect the
influenza virus at nanomolar concentrations (Figure 8 a).[65]

First, they isolated N-glycan from egg yolk and conjugated it
to NHS-(S)-acetylthioacetic acid active ester (NHS = N-hydroxy-

succinimide). Mild deacetylation of the glycan afforded a good
amount of the N-glycan with the thiol linker for direct conjuga-

tion onto the AuNPs. The resultant sialo-AuNPs were subjected
to colorimetric detection of the influenza virus and the results
from these studies confirmed the development of an inexpen-
sive, sensitive platform for the detection of the influenza virus.
A similar goal has also driven Haag and co-workers to synthe-

size Sia-conjugated AuNPs (2 and 14 nm) for a sialo-ligand-de-
pendent hemaglutination assay with the influenza virus (Fig-

ure 8 b).[66] In yet another development, Russell and co-workers

synthesized sialo-AuNPs by using direct ligand exchange to
detect mSiglec-E which expressed on CHO cell lines by using a

colorimetric method (Figure 8 c).[67] Overall, direct ligand ex-
change afforded quick access to the sialo-AuNPs, which was an

efficient platform for the detection of the influenza virus. How-
ever, the major limitation of this strategy was the requirement

Figure 7. Structures of sialo-liposome precursors. PEG = poly(ethylene glycol).
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for a large quantity of sialoside ligands. In such a scenario, pro-
cess (2) is ideal. However, the critical requirement of process (2)
is to identify mild, efficient coupling reactions that result in
neutral epitopes. Tamiya and co-workers employed a click

chemistry reaction between a sialoside azide linker and acety-
lene-functionalized AuNPs to synthesize sialo-AuNPs, which

were coated onto a carbon electrode to fabricate an electro-

chemical Ab-peptides biosensor.[68] Similarly, Russell and co-
workers synthesized sialo-AuNPs by using click chemistry to

develop a biosensor for the detection of the influenza A virus
(Figure 8 d).[69] Nishimura and co-workers employed an oxide-

coupling reaction between aminooxy-functionalized AuNPs
and a sialoside ketone linker to synthesize sialo-AuNPs, which

were used to detect the influenza A virus.[70]

Gold and silver nanoparticles have similar optical properties,
large surface areas, and good conductance. In addition, silver

nanoparticles (AgNPs) display distinct antimicrobial activities.
As such, sialo-AgNPs are useful probes for the treatment of

health-threatening bacteria. Park and co-workers synthesized
sialo-AgNPs through the direct autoclaving or microwave irra-

diation of Sia ligands and silver(I)nitrate solution.[71] These
nanoparticles showed both antibacterial (pseudomonas aerugi-
nosa, Escherichia coli, and salmonella typhimurium) and antiviral
(influenza virus) activities.

Iron NPs exhibit a unique superparamagnetic nature and,
hence, enhanced contrast with background water molecules to

detect specific interactions by using magnetic resonance imag-
ing (MRI) techniques. Huang and co-workers synthesized sialo-
iron NPs or sialo-magnetic nanoparticles (Sialo-MGNPs) by

using an amide-coupling reaction between the Sia ligand and
amine-functionalized MGNPs.[72] These sialo-MGNPs displayed

low toxicity and bound to most of the cancer and normal cell
lines, thus indicating the presence of Sia-active receptors on

these cell lines. In another work, the same group utilized sialo-

MGNPs to decrease Ab-mediated cytotoxicity in neuroblasto-
mal cell lines and in vivo imaging of Ab-aggregation (Fig-

ure 9 a).[73] MRI analysis of sialo-MGNPs was well-documented
by the Seeberger[74] (Figure 9 b) and Davis groups[75] (Figure 9 c)

by synthesizing sialyl-Lewisx- and Lewisx-conjugated MGNPs
through amide-coupling reactions between sugar ligands and

Figure 8. Sialo-gold nanoparticles that were synthesized by using a direct-ligand-exchange strategy.
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iron nanoparticles. These MGNPs exhibited binding to E-selec-

tin protein in cerebral inflammation in mice models, thus
giving an opportunity for the live imaging of brain damage

during multiple sclerosis and ischemic strokes.
Sialo-quantum dots (sialo-QDs) are powerful multivalent

scaffolds that are widely used as imaging agents and sensor
platforms. Nishimura and co-workers synthesized sialo-QDs by

coupling aminooxy-functionalized QDs with a sialyl-Lewisx@
ketone linker.[76] Intravenous injection of these nanoparticles
led to prolonged lifetimes and wide biodistributions, thus illus-

trating that it is a versatile platform for bioimaging (Fig-
ure 10 a). Varki and co-workers used nanometal surface energy

transfer (NSET) signals between lectin-conjugated quantum
dots and carbohydrate-conjugated AuNPs to quantitatively

measure Sia levels in serum.[77] Similarly, Ju and co-workers re-

ported a method for the highly sensitive and selective in situ
evaluation of Sia groups on cell surfaces through the multiplex

sandwich binding of boric acid groups that were attached to
quantum dots to Sia groups on living cells.[78] Recently, we re-

ported the synthesis of sialo-QDs that contained a(2–6) and
a(2–6) sialosides by using a divergent strategy (Figure 10 b).[79]

The in vivo pharmacokinetics and biodistribution of these two

sialo-QDs in mice and zebrafish models illustrated the applica-
bility of the simple zebrafish model in Sia research.

Beside gold, silver, and magnetic sialo-nanoparticles, Sia li-
gands have also been conjugated to fullerene, virus-like nano-

particles, and selenium- and silica-based nanoparticles to de-

velop biosensors and imaging probes. Herczegh and co-work-

ers synthesized a sialo-fullerene by using a click reaction be-
tween fullerene@pyrrolidine and sialoside@azide-linker (Fig-

ure 10 c).[80] These sialo-fullerenes inhibited neuraminidase at
micromolar concentrations. Finn and co-workers prepared bi-

functional sialo-virus-like particles (sialo-VLPs) by using a click
chemistry reaction between alkyne-derivatized VLPs and sialo-

side@azide/porphyrin (photodynamic therapeutic agent) azide

linkers.[81] These particles were able to bind Siglect-2 and over-
expressed on CHO cell lines. Photoirradiation of these particles

resulted in an increase in the local concentration of singlet-
oxygen damage and killed the cells. Behrens and co-workers

prepared polySia-conjugated nonporous silica nanoparticles by
using click and amide coupling reactions between functional-

ized nanoparticles and polySia precursors.[82] An in vitro assay

showed that the click-chemistry-based nanoparticles decreased
cell viability and toxicity at high concentrations, thus indicating

that copper ions may be trapped in the porous silica and may
induce toxicity. Hence, amide coupling reactions are ideal for

nanoparticle-based sialoside functionalization and further bio-
logical studies. Chen and co-workers prepared sialo-selenium

nanoparticles and utilized the anticancer activity of selenium

to enhance the uptake and apoptosis of cancer cells.[83] In an
another development, Liu and co-workers synthesized sialo-se-
lenium nanoparticles that contained B6 peptides to cross the
blood/brain barrier and target amyloid-b-peptide aggregation

in Alzheimer’s disease models.[84]

Figure 9. Sialo–magnetic-nanoparticles that were synthesized by using a divergent strategy.

Figure 10. Structures of sialo-nanoparticles. Fuc = Fucose, QD = quantum dot.
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6. Conclusions

Over the past few decades, our knowledge of the functions of
sialic acid has improved substantially, thanks to multivalent sia-

losides. Many multivalent tools, such as polymers, dendrimers,
liposomes, and nanoparticles, have been functionalized with

sialoglycans, either through convergent or divergent strategies
and these probes have provided an in-depth knowledge of the

Sia-mediated influenza virus, Siglecs, selectin, and b-amyloid

interactions. However, despite the remarkable advances that
have been made in their synthesis, there are still tremendous

challenges in expanding the use of multivalent systems in clini-
cal research, primarily owing to their toxicity and synthetic

challenges. Thus, it is imperative to establish more-efficient
strategies for their synthesis. Suitable chemical and chemoen-
zymatic synthetic strategies are expected to procure sialogly-

cans on the gram scale to understand biological recognition
and have a positive influence on clinical studies. Moreover, the
solubility problems and aggregation of sialo-nanoparticles
does not allow in vivo applications. Therefore, we need appro-

priate linker systems between the Sia ligand and the nanopar-
ticles to enhance solubility and improve the selective target-

ing. With the sialo multivalent probes, there are still no defined

rules for the design of universal multivalent probes that can
meet the needs of a wide range of biological problems. Each

time, we need to synthesize a library of multivalent probes to
establish the efficacy of multivalency, ligand composition, and

concentration for a specific biological function. To alleviate this
problem, we need a standard sialo multivalent probe to com-

pare the relative activities.
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