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a b s t r a c t

We have succeeded in one-step synthesis of an efficient binding-inhibitor for influenza virus, which is
composed of only sugar chains. This binding-inhibitor utilizes the carbohydrate recognition of influenza
virus, thus it can prevent the virus from infection. We modified chitosan with multiple sialyl saccha-
rides, �2,6-sialyllactose or free sialyl glycan, using reductive amination reaction. The resulting inhibitors
showed sufficient inhibitory activity against influenza virus infection in MDCK cells compared to that of
vailable online 15 March 2010

eywords:
inding inhibitor

nfluenza virus
hitosan

�2,6-sialyllactose or free sialyl glycan. Unlike the other binding-inhibitors of influenza virus, this virus
inhibitor of sugar chains requires only one step in its synthesis. Therefore this inhibitor is suitable for use
in products such as filters and masks.

© 2010 Elsevier Ltd. All rights reserved.
ialic acid
ultivalent effect

. Introduction

Influenza virus is one of the most threatening pathogens for
uman especially due to its high ability to mutate (Suzuki, 2005).
mergence of new strains amongst human can lead to a pan-
emic and bring severe social and economic damages. There have
lready been efficient anti-influenza agents such as oseltamivir
nd zanamivir, however, they can only prevent the progeny virion
rom spreading after infection (Kim et al., 1998; Kim, Chen, &

endel, 1999; Wade, 1997). To remove or alleviate the threat of
he viral infection, other methodology is required. Influenza virus
nfects host cells via its protein, hemagglutinin (HA), which rec-
gnizes a specific saccharide structure containing sialic acid at
he end of the N- or O-glycans on the host cells. This HA recog-
ition is the beginning of the viral entry into host cells (Cross,
urleigh, & Steinhauer, 2001; Stevens & Donis, 2007). Utilizing this

arbohydrate recognition of the virus, we previously reported an
ffective binding-inhibitor of the virus, CDO-chitosan (Makimura
t al., 2006; Umemura et al., 2008). CDO-chitosan possesses mul-
iple sialic acids hanging from a polymer backbone, chitosan,

∗ Corresponding author. Tel.: +81 75 753 4003; fax: +81 75 753 4000.
E-mail address: umemura-m@kuchem.kyoto-u.ac.jp (M. Umemura).

144-8617/$ – see front matter © 2010 Elsevier Ltd. All rights reserved.
oi:10.1016/j.carbpol.2010.02.014
and can trap the virus before infection by the so-called glyco-
sidic cluster effect (Sashiwa, Shigemasa, & Roy, 2000a; Sashiwa,
Makimura, Shigemasa, & Roy, 2000b; Sashiwa, Shigemasa, & Roy,
2001a; Sashiwa, Shigemasa, & Roy, 2001b; Sashiwa, Shigemasa,
& Roy, 2001c; Sun, 2007). Although the compound exhibits an
efficient inhibitory activity, it would be difficult to manufacture
because of elaborate procedures in the synthesis. In this report, we
describe a quite simple and economical way to synthesize binding-
inhibitors for influenza virus. We synthesized this compound with
only sugar chains, that is, a polymer derived from natural marine
product, chitosan, and �2,6-sialyllactose (6SL) or free sialyl glycan
(FSG). We modified chitosan with multiple side chains including
N-acetylneuraminic acid (Neu5Ac) linking to galactose (Gal) by
�2,6-linkages that is recognized by the viral HA (Ito et al., 1997;
Rogers et al., 1983; Ryan-Poirier et al., 1998; Varki et al., 1999). As
the resulting inhibitor demonstrated sufficient inhibitory activities
against influenza virus infection through a quite simple procedure,
it is one of the most practical methods to prevent the influenza
virus infection. Although there are several compounds aimed at

binding inhibitors of influenza virus (Sigal, Mammen, Dahmann,
& Whitesides, 1996; Totani et al., 2003), the compound reported
herein has advantages in its quite simple synthesis and because
its constituents are limited to saccharides. In addition, as the com-
pound is composed of chitosan fibrils that are easy to be processed

http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:umemura-m@kuchem.kyoto-u.ac.jp
dx.doi.org/10.1016/j.carbpol.2010.02.014
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Auxenfans et al., 2009; Masotti & Ortaggi, 2009), it can be utilized
n a filter, a face mask, or clothes, to prevent the virus from entering
ur body or environment.

. Materials and methods

.1. Synthesis of binding-inhibitors

.1.1. Synthesis of 6SL-chitosan
The synthesis of the present compound is quite simple and easy.

e chose 6SL as the hand to trap the virus, which is one of the
risaccharides including the minimum structure, Neu5Ac�2,6Gal,
ecognized by viral HA. The reducing agent opened the reducing
erminal of saccharides, and made the amino groups of chitosan
cylated with the reducing sugar (Sashiwa & Shigemasa, 1999;
ashiwa et al., 2003; Yalpani & Hall, 1984). Using this procedure, we
angled the trisaccharide at the amino groups in chitosan only in
ne step (Fig. 1). To estimate the optimum amount of 6SL in the syn-
hesis, we tested two conditions: 0.5 or 1 molar equivalent of 6SL to
he glucosamine unit of chitosan. Chitosan (Wako, DP 392, deacety-
ation degree 81.8%) was dissolved with stirring in 1% acetic acid
t a concentration of 50 mg/mL, followed by neutralization with
M NaOH. Twenty microliters of the resulting solution (1.0 mg of
hitosan, 6.2 �mol of glucosamine (GlcN)) was diluted in 100 �L
f distilled water containing 3.9 or 2.0 mg of 6SL (1 or 0.5 molar
quivalent of chitosan GlcN, respectively). After adding 12.4 �L of
M sodium cyanoborohydride (Sigma–Aldrich Co.), reaction pro-
eeded for 24 h at 60 ◦C. The reaction product was ultra-filtrated
n MWCO 30K membrane devices (Millipore) and lyophilized. The
ields with 1.0 and 0.5 equiv. of 6SL (6SL-chitosan-1 and 6SL-
hitosan-0.5, respectively) were 2.8 and 2.4 mg, respectively. 1H
MR data of 6SL-chitosan-0.5 was (600 MHz, D2O, RT): ı 4.53 (br
, H-1 of chitosan-GlcN), 4.48 (br d, H-1 of Gal), 3.46–3.90 (br m,
4.66H, -NH-CH2-, H-4,5,6,7,8,9 of Neu5Ac, H-2,3,4,5,6 of Gal, Glc
nd chitosan-GlcN) 2.70 (br dd, 0.93H, H-3eq of Neu5Ac), 2.00, 2.02
2 s, 4.44H, AcN) and 1.67 (t, 1.00H, Jgem = J3ax,4 = 11.0 Hz, H-3ax of
eu5Ac). That of 6SL-chitosan-1 was similar to 6SL-chitosan-0.5.

.1.2. Preparation of FSG
The method described above can be applied to any saccharides

n principle. Therefore we synthesized another binding-inhibitor
sing a free sialyl glycan (FSG) to compare with 6SL-chitosan.
SG is a sialyloligosaccharide moiety of a sialylglycopeptide from

en egg yolk (SGP, kindly donated by Taiyo Chemical Industry Co.
td.) (Seko et al., 1997). SGP (71.6 mg, 25 �mol) was hydrolysed
y the recombinant endo-�-N-acetylglucosaminidase from Mucor
iemalis (Endo-M, 200 mU) in 0.1 M sodium phosphate buffer (pH
.0, 1 mL) at 30 ◦C for 16 h. Purification by high-performance liq-

Fig. 1. Synthesis of
olymers 81 (2010) 330–334 331

uid chromatography gave 45.5 mg of FSG (yield 90%): 1H NMR
(600 MHz, D2O, RT) ı 5.09 (d, 0.6H, H-1� of GlcNAc-1), 5.01 (s, 1H,
H-1 of Man-3), 4.93 (d, 0.4H, H-1� of GlcNAc-1), 4.83 (s, 1H, H-1 of
Man-3′), 4.72 (s, 1H, H-1 of Man-2), 4.49 (2d, 2H, J1,2 = 7.6 Hz, H-1 of
GlcNAc-4,4′), 4.33 (2d, 2H, J1,2 = 7.6 Hz, H-1 of Gal-5,5′), 4.14 (s, 1H,
H-2 of Man-2), 4.03 (s, 1H, H-2 of Man-3), 4.00 (s, 1H, H-2 of Man-
3′), 3.36–3.88 (br m, 49H, H-4,5,6,7,8,9 of Neu5Ac-6,6′, H-3,4,5,6 of
Man-2,3,3′ and H-2,3,4,5,6 of Gal-5,5′ and GlcNAc-1,4,4′), 2.55 (2dd,
2H, H-3eq of Neu5Ac-6,6′), 1.95, 1.94, 1.92, 1.91 × 2 (5 s, 15H, AcN)
and 1.60 (2t, 2H, Jgem = J3ax,4 = 12.37 Hz, H-3ax of Neu5Ac-6,6′).

2.1.3. Synthesis of FSG-chitosan
Using FSG, we synthesized another binding-inhibitor, FSG-

chitosan (Fig. 2). The procedure was the same as in 6SL-chitosan.
To a solution of chitosan (2.5 mg, GlcN 15 �mol) with FSG (9.1 mg,
4.5 �mol) 2 M NaBH3CN aqueous solution (20 �L) was added, and
gave 6.6 mg of FSG-chitosan: 1H NMR (600 MHz, D2O, RT) ı 4.99
(s, 0.98H, H-1 of Man-3), 4.81 (s, H-1 of Man-3′), 4.61 (br d,
H-1 of chitosan-GlcN), 4.31 (2d, 1.96H, J1,2 = 8.2 Hz, H-1 of Gal-
5,5′), 4.06 (s, H-2 of Man-2′), 4.03 (s, H-2 of Man-3), 3.92 (s, H-2
of Man-3′), 3.39–3.88 (br m, 129.06H, –NH–CH2–, H-4,5,6,7,8,9
of Neu5Ac-6,6′, H-3,4,5,6 of Man-2,3,3′ and H-2,3,4,5,6 of Gal-
5,5′, GlcNAc-1,4,4′ and Chitosan-GlcN), 2.53 (2dd, 2.00H, H-3eq of
Neu5Ac-6,6′), 1.93, 1.92, 1.89 × 2, 1.87, 1.80 (6 s, 27.32H, AcN) and
1.57 (2t, Jgem = J3ax,4 = 14.43 Hz, H-3ax of Neu5Ac-6,6′).

2.1.4. Synthesis of CDO-chitosan
CDO-chitosan was prepared according to the previously

described procedure (Makimura et al., 2006; Umemura et al., 2008):
1H NMR (600 MHz, D2O, RT) ı 7.23 (d, 2.12H, J2,3 = J6,5 = 6.9 Hz, H-
2 and H-6 of Ph), 6.94 (d, 2.11H, J3,2 = J5,6 = 7.6 Hz, H-3 and H-5 of
Ph), 5.04 (d, J1,2 = 12.4 Hz, of H-1 of GlcNAc-1), 5.03 (s, H-1 of Man-
4), 4.81 (s, 0.83H, H-1 of Man-4′), 4.50 (br d, H-1 of GlcNAc-2,5,5′,
chitosan-GlcN), 4.34 (2d, 1.96H, J1,2 = 8.3 Hz, H-1 of Gal-6,6′), 4.15
(s, 0.91H, H-2 of Man-3′), 4.09 (s, 0.91H, H-2 of Man-4), 4.01 (s,
0.91H, H-2 of Man-4′), 3.38–3.92 (br m, 130.16H, –NH–CH2–, H-
4,5,6,7,8,9 of Neu5Ac-7,7′, H-3,4,5,6 of Man-3,4,4′ and H-2,3,4,5,6
of Gal-6,6′, GlcNAc-1,2,5,5′ and Chitosan-GlcN), 2.56 (2dd, 1.74H, H-
3eq of Neu5Ac-7,7′), 1.99, 1.97 × 3, 1.96 × 2, 1.92 (7s, 23.98H, AcN)
and 1.61 (2t, 2.00H, Jgem = J3ax,4 = 12.3 Hz, H-3ax of Neu5Ac-7,7′).

2.1.5. DS estimation
The degree of substitution (DS) of sialic acid side chains over
d-glucosamine residues of chitosan was determined from the rel-
ative integrated values of 1H NMR signal areas between the axial
or equatorial H-3 protons in Neu5Ac and the methyl protons in
N-acetyl group that exist in Neu5Ac and N-acetyl-d-glucosamine
(GlcNAc). As chitosan is obtained by N-deacetylation of chitin, the

6SL-chitosan.
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Then we tested the inhibitory activity of each 6SL-chitosan
against influenza virus infection in MDCK cells. The used virus
strain was A/New Caledonia/20/99 (H1N1), which is one of the
most representative human influenza viruses. The compound 6SL-

Table 1
IC50 values of compounds used in the inhibition assay against A/New Caledo-
nia/20/99 (H1N1) in MDCK cells.

Compound DS (%) MW IC50 (mg/mL) IC50 (Sia �M)a

6SL – 634 5 7890
6SL-chitosan-0.5 37.9 155,000 0.2 192
6SL-chitosan-1 31.7 140,000 0.5 444
FSG – 2021 n.d.b n.d.b
Fig. 2. Synthe

omo-polymer of GlcNAc, GlcNAc residues remain in chitosan. We
an estimate the ratio of remained GlcNAc in chitosan from the
eacetylation percentage of the chitosan (DDS) as 81.8%. Therefore,
e can derive the DS value (%) from the following relation:

H-3 : IAcHN = DS × Nsialic : (DS × NAcHN + 100 − DDS) × 3

here IH-3 and IAcHN indicate the peak area of axial or equato-
ial H-3 proton in sialic acid and the methyl protons in N-acetyl
roups, respectively, and Nsialic and NAcHN do the number of sialic
cid and N-acetyl group in one side chain, respectively. In the case
f 6SL-chitosan, both Nsialic and NAcHN are 1, while those are 2 and
, respectively, in FSG-chitosan.

.2. Inhibitory assay against influenza virus infection

.2.1. Viruses
We tested the inhibitory activity of each binding-inhibitor

gainst influenza virus infection using a virus strain A/New Caledo-
ia/20/99 (H1N1). The virus was inoculated in Madin–Darby canine
idney (MDCK) cells and incubated in Dulbecco’s modified Eagle
edium (DMEM, Nissui Pharmaceutical Co. Ltd.) supplemented
ith 2.5 �g/mL purified trypsin (Sigma–Aldrich Co., St. Louis, MO)

t 34 ◦C for 3 days. Culture medium was harvested and stored
t −80 ◦C after centrifugation at 3000 rpm for 10 min. Titers of
he virus stocks were estimated by indirect immunofluorescent

ethod using MDCK cells and expressed as cell-infecting units
CIU)/mL (Kashiwazaki, Homma, & Ishida, 1965). Antibody used
as anti-influenza A virus nucleoprotein mouse monoclonal anti-

ody (Serotec) followed by FITC-conjugated anti-mouse IgG goat
erum (Medical and Biological Laboratories Co. Ltd., MBL).

.2.2. Procedure of inhibitory assay
Inhibitors were dissolved in phosphate-buffered saline (PBS) at

concentration of 4 mg/mL and serially diluted by 1:4, 1:16, 1:64,
nd 1:256. We used fetuin (Sigma–Aldrich), 6SL (Japan Tobacco
ndustry), and FSG as control inhibitors from the concentration of
0 (fetuin and 6SL) or 5 (FSG) mg/mL. A volume of 50 �L of each
iluted inhibitor was mixed with an equal volume of influenza virus
olution containing 4.0 × 105 CIU/mL and incubated at 25 ◦C for 1 h.
orty microliters of each inhibitor-virus mixture was then inocu-

ated in duplicate on a monolayer of MDCK cells in a 96-well plate.
fter 1 h adsorption at 37 ◦C in 5% CO2, 150 �L of DMEM supple-
ented with 5 �g/mL of soybean trypsin inhibitor (Sigma–Aldrich)
as overlayed. The infected cells were incubated at 37 ◦C in 5% CO2

or 14 h, and were then fixed by 1% paraformaldehyde in PBS for
FSG-chitosan.

1 h followed by treatment with 1% Triton X-100 for 15 min. After
washing with PBS, cells were stained by the indirect immunofluo-
rescent method. Antibodies used for each virus were the same as
those used in the virus titration. The positive cells were counted
using a fluorescent microscope (Carl Zeiss, Inc.) (N = 4, two fields
per each of two wells). The residual infectivity was expressed as a
percentage over the number of infected cells without inhibitor.

3. Results and discussion

After only one step of procedure, we obtained the binding-
inhibitor of influenza virus, 6SL-chitosan that have multiple
Neu5Ac�2,6Gal components recognized by the viral HA (Fig. 1).
We synthesized the binding-inhibitor with both 0.5 and 1 molar
equivalent of 6SL to the glucosamine unit of chitosan. Under each
condition, we obtained the intended compounds, 6SL-chitosan-
0.5 and 6SL-chitosan-1, respectively, with the different degrees of
substitution (DS) of opened 6SL for OH in chitosan glucosamine
residues. From NMR analysis, we estimated the DS of 6SL-chitosan-
0.5 as 37.9% while that of 6SL-chitosan-1 as 31.7% (Table 1). It might
be difficult to add 6SL on chitosan more than DS of 40% due to
the chitosan structure. It is interesting that the DS values of 6SL-
chitosan-0.5 and -1 were in inverted order of the amount of 6SL
in reaction solution. It is considered that the 0.5 equiv. of 6SL was
sufficient for this synthesis, and excessive amount of 6SL might
have caused too crowded condition for the reductive amination of
chitosan glucosamine.
FSG-chitosan 4.4 98,100 1 352
CDO-chitosan 15.0 199,000 0.02 12
Fetuin – 48,000 >20 >1600

a Molar concentration of sialic acid.
b Not detected.
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Fig. 3. Inhibitory activity of 6SL-chitosan against the virus strain A/New Cale-
donia/20/99 (H1N1). The solid lines with filled square and triangle denote
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SL-chitosan-0.5 and -1, respectively. The other two lines indicate the results of
onomeric 6SL (solid with open circle) and our another binding-inhibitor, CDO-

hitosan (dashed with open circle), respectively.

hitosan-0.5 or -1 showed much higher inhibitory activity than
onomeric 6SL (Fig. 3). The IC50 values of 6SL-chitosan-0.5 and

1 were 0.2 and 0.5 mg/mL, respectively, which were 25–10 times
ower than that of 6SL (Table 1). As the molecular weight of
SL (634) is quite lower than 6SL-chitosan-0.5 (155,000) or 6SL-
hitosan-1 (140,000), the IC50 value of 6SL in sialic acid molar
oncentration reached 41–18 times higher than those of 6SL-
hitosan-0.5 or -1. Although 6SL-chitosan was less effective than
ur previous binding-inhibitor, CDO-chitosan (Makimura et al.,
006; Umemura et al., 2008), it efficiently inhibited the virus infec-
ion.

The compound 6SL-chitosan-0.5 showed higher inhibitory
ctivity than 6SL-chitosan-1 in accordance with its DS, thus the
nhibition ability of 6SL-chitosan depends on the amount of sialic
cid in chitosan. Taking into account that CDO-chitosan has DS of
5%, however, the inhibitory activity of 6SL-chitosan is still low
espite its high DS over 30%. This result indicates other determining
actors of the inhibition than the amount of sialic acid in chitosan.
ne of the considerable factors is the length of the sialic acid side
hain. Sidechains that are too short to reach and fit in the receptor-
inding pocket of HA may increase steric hindrance for the sialic
cid recognition of HA, which leads to the low inhibition.

To compare with the inhibitory activity of 6SL-chitosan, we
ynthesized another binding-inhibitor, FSG-chitosan, by replacing
SG for 6SL (Fig. 2). FSG is a biantennary decasaccharide contain-
ng two sialic acid at each non-reducing terminal (Seko et al.,
997). The highest DS value reached only 4.4% with the result-

ng compound (Table 1). The low DS of FSG-chitosan is probably
ecause the sizable decasaccharide interrupted the reductive ami-
ation reaction in the solution. As observed with 6SL-chitosan,
xcessive amount of FSG decreased the DS (data not shown). The
nhibitory activity of FSG-chitosan was higher than FSG and fetuin, a
rotein containing �2,6sialylgalactose (Fig. 4), but lower than 6SL-
hitosan-0.5 and -1 as shown by IC50 (mg/mL), probably due to its
ow DS (Table 1). It is notable, however, that the IC50 value of FSG-
hitosan in sialic acid molar concentration was located between
SL-chitosan-0.5 and -1. This means that the ability of FSG-chitosan
er sialic acid to trap the virus was close to that of 6SL-chitosan
espite its quite low DS of 4.4%, one-fourth amount of sialic acid

n 6SL-chitosan. The result indicates that the length of the side
hains is quite important to achieve the high inhibitory activity

n addition to the amount of sialic acid conjugated to the backbone.
nfluenza virus was reported to recognize the N-acetylglucosamine
r glucose subsequent to Neu5Ac�2,6(3)Gal (Suzuki et al., 1986;
uzuki et al., 1992). Therefore, the inhibition behavior of the com-
Fig. 4. Inhibitory activity of FSG-chitosan against the strain A/New Caledonia
(H1N1). The solid line with filled square denotes FSG-chitosan. The other two lines
indicate the results of monomeric FSG and fetuin (solid and dashed with open circle,
respectively).

pounds should depend on the component of the side chain. While
FSG-chitosan contains above trisaccharide structure, 6SL-chitosan
remains only Neu5Ac�2,6Gal because the glucose at the reducing
end was opened by the reducing agent. This may be the reason
why the inhibitory activity of 6SL-chitosan was rather low despite
its high DS over 30%.

4. Conclusion

We have herein reported a notable simple synthesis of
binding-inhibitors against influenza virus. These influenza virus
binding-inhibitors, 6SL-chitosan and FSG-chitosan, intensified the
inhibitory activity of respective monomeric 6SL and FSG by assem-
bling on a chitosan backbone. These are the first binding-inhibitors
of influenza virus composed of only sugar chains to our knowledge.
Taking advantage of this simpleness and therefore high cost-
performance, there is a possibility of developing binding-inhibitors
with various sugar components for practical and commercial
use. Recently, sialyllactose has become available in abundance
as a result of biogenetic engineering (Endo, Koizumi, Tabata, &
Ozaki, 2000; Fierfort & Samain, 2008; Gilbert et al., 1998). The
biotechnology provides us the gram quantity production of the
pure sialyllactose from Escherichia coli expressing the appropri-
ate recombinant glycosyltransferase. Although sialyllactose has
long been considered as a favorable material for inhibitors against
influenza virus, no trial has succeeded yet. One of the main reasons
for this must be the unavailability and expensiveness of sialyllac-
tose. Short length of sialyllactose has disadvantage for the desirable
high inhibitory activity expressed by longer side chains, but on the
other hand, 6SL-chitosan maintained high DS because of the short-
ness of 6SL and therefore its sufficient inhibitory activity against
influenza virus infection. We expect that 6SL-chitosan will become
a promising inhibitor against influenza virus infection with stable
supply of 6SL.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.carbpol.2010.02.014.
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