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ABSTRACT: After the last epidemic of Zika virus (ZIKV) in Brazil that peacked in 2016, it has been demonstrated growing 
evidence of the link between this teratogenic flavivirus and microcephaly cases. However, no vaccine or antiviral drug has 
been yet approved. ZIKV and Dengue virus (DENV) entry to the host cell takes place through several receptors including 
DC-SIGN (dendritic cell-specific intercellular adhesion molecule-3-grabbing nonintegrin), so that the blockade of this re-
ceptor through multivalent glycoconjugates supposes a promising biological target to inhibit the infection process. In order 
to get enhanced multivalency in biocompatible systems, tridecafullerenes appended with up to 360 1,2-mannobiosides have 
been synthesized using a strain promoted cycloaddition of azides to alkynes (SPAAC) strategy. These systems have been 
tested against ZIKV and DENV infection, showing an outstanding activity in the picomolar range. 

INTRODUCTION 
The infection of humans by emergent and potentially 
highly pathogenic agents such as Ebola, Dengue and Zika 
has not been properly addressed so far. In particular, there 
are no approved vaccines or specific treatment for Zika vi-
rus (ZIKV) infection and, as the evidence of the teratogenic 
effects of Zika increases, it is more necessary to investigate 
in antiviral and preventive strategies to counteract its dev-
astating potential.1 The social and economic costs of the 
recent spread of ZIKV in Latin America and the Caribbean 
will total an estimated US$7-18 billion between 2015 and 
2017 (United Nations Development Program). 
ZIKV is a positive single-strand RNA virus transmitted by 
mosquito of the Aedes genus during epidemic spread and 
from human to human by vertical transmission (pregnant 
women to fetuses) and also through sexual contact since 
ZIKV is present at high concentrations in semen and geni-
tal fluids during and after symptomatic infection.2 Amaz-
ingly, the infective process of ZIKV is largely unknown. 
However, in experiments with human skin cells, it appears 
that ZIKV uses C-type lectin receptor DC-SIGN (dendritic 
cell-specific intercellular adhesion molecule-3-grabbing 
non-integrin) among other receptors on host cell surface 
to enter the cytoplasm by receptor-mediated endocytosis.3 
DC-SIGN has been shown to be a significant receptor in the 
infection and pathogenesis of another flaviviruses such as 
Dengue virus (DENV).4 

On the other hand, the interaction of Ebola virus (EBOV) 
with DC-SIGN in dendritic cells (DCs), and L-SIGN in spe-
cific endothelial cells has been reported.5 These observa-
tions have recently been confirmed in an in vivo murine 
model of EBOV infection in which, after intranasal inocu-
lation of wild type EBOV, the population of DCs expressing 
DC-SIGN is the first cell subset detected to be infected.6 
Since DC-SIGN recognizes a special pattern of N-linked 
glycosylation in the envelope glycoprotein of EBOV (high 
mannose glycans), we have developed some glycoconju-
gates to block the carbohydrate recognizing domain of DC-
SIGN as an antiviral target.7 This lectin recognizes man-
nose and fucose residues from glycoproteins and, typically, 
a multivalent effect takes place.  
A multivalent effect occurs when the binding affinity be-
tween the receptor and the multivalent ligand is drastically 
increased with respect to that found for the monovalent 
ligand.8 Well-designed multivalent inhibitors of infection 
by different pathogens are interesting weapons to reach 
strong therapeutic effects and fight current problems as 
high-dose drugs or drug resistance.9 Some multivalent lig-
ands based, for instance, on polymeric, carbon nanotubes 
or nanoparticle scaffolds have the drawback of the lack of 
control on the homogeneity of the materials and reproduc-
ibility of the synthetic process.10 However, in the recent 
years, some so called molecular nanoparticles defined as 
monodisperse nanometric sized molecular systems with 



 

defined chemical structure have been studied.11 In this con-
text, carbon nanostructures based on well-defined hexakis-
adducts of [60]fullerene with octahedral geometry and 
globular shape have been employed as multivalent scaf-
folds functionalized with different ligands for a variety of 
biological applications.12 In particular, glycofullerenes, 
hexakis-adducts in which a central [60]fullerene moiety is 
surrounded by carbohydrate units, have been assayed to-
wards some lectins13 as well as glycosidases14 and glycosyl-
transferases,15 finding interesting therapeutic potential. 
In particular, to inhibit the infection by EBOV we have re-
ported some glycofullerenes containing from 12 to 36 man-
nose units that interact with DC-SIGN showing an im-
portant multivalent effect.16 Moreover, tridecafullerenes 
containing up to 120 mannose residues have been reported 
as the most efficient inhibitors of the infection by an arti-
ficial EBOV with an IC50 value of 0.66 nM.17 
The synthetic pathway to multivalent ligands usually re-
quires the functionalization of a central multivalent core 
with several units of the desired functionality.18 To avoid 
polydisperse materials, an efficient functionalization pro-
cess has to be used. In the case of [60]fullerene, hexakis-
adducts with octahedral addition pattern are easily ob-
tained by direct cyclopropanation Bingel-Hirsch addition 
of adequately substituted malonates.19 We have developed 
a click chemistry approach based on the preparation of a 
hexakis-adduct endowed with twelve alkyne moieties to 
avoid the employ of sterically hindered malonates that 
leads to low yield syntheses.20 The post-functionalization 
of those hexakis-adducts can be efficiently and regioselec-
tively carried out by following a copper-catalyzed addition 
of azides to alkynes (CuAAC) procedure.21 This methodol-
ogy has allowed us to obtain hexakis-adducts of [60]fuller-
ene containing from 12 to 120 monosaccharide units. Fur-
ther increasing the multivalency of the glycoconjugate is, 
however, difficult by using this methodology owing to the 
chelation ability of the carbohydrate units, that complex 
the copper ion and produces a lowering in the yield of the 

process, together with the difficulty to remove the cyto-
toxic copper after the click reaction.22 To overcome these 
drawbacks, we have developed a strain promoted cycload-
dition of azides to alkynes (SPAAC)23 strategy by using a 
cyclooctyne based hexakis-adduct of [60]fullerene.24 This 
SPAAC building block allows the introduction of azide 
functionalized glycofullerenes very efficiently by heating 
the reaction mixture at 50°C under microwave irradiation 
for 30 min and avoiding the employ of copper, in contrast 
with the 48 h of reaction needed for a complete function-
alization and lower yields obtained by using the CuAAC 
strategy. 
For all the above considerations, we planned the prepara-
tion of highly efficient inhibitors of ZIKV and DENV by 
synthesizing multivalent mannose glycoderivatives built 
around a biocompatible [60]fullerene scaffold. In order to 
increase the multivalency of the ligands by keeping at the 
same time a copper free strategy, we have carried out the 
synthesis of a new asymmetric cyclooctyne based building 
block with an azide group at the focal point. This com-
pound has opened the door to groundbreaking tridecafull-
erenes appended with 120 (31) and 360 (32) carbohydrate 
functionalities, in a synthetic step which represents the 
fastest dendritic growth reported up to now in the litera-
ture (Figure 1). Furthermore, as several studies supported 
that the presence of α(1,2)mannobiosides increases by a 
factor of 3-4 the affinity of oligosaccharides to DC-SIGN in 
comparison with the use of mannose,25 we have employed 
the disaccharide 5 and the glycodendron 8 to functionalize 
the cyclooctyne-containing building block. It is worth 
highlighting that these disaccharide derivatives could not 
have been obtained by using the CuAAC strategy owing to 
their higher ability of chelating copper between the two 
monosaccharide units. These unprecedented derivatives 
have been tested against ZIKV and DENV infection, finding 
IC50 values for compound 32 endowed with 360 disaccha-
ride moieties in the picomolar range! To the best of our 
knowledge, these new molecules are the most efficient in-
hibitors of ZIKV and DENV infections reported so far. 
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Figure 1. Cartoon representing the tridecafullerene 32 appended with 360 1,2-mannobioside units by using the SPAAC synthetic 
pathway. 

RESULTS AND DISCUSSION 
Synthesis.  
The synthetic route to obtain mannobioside 5 and gly-
codendron 8 with an azide in the focal position is depicted 
in Scheme 1. The synthesis of disaccharide 4 was performed 

using the methodology previously reported by some of us 
to obtain in an efficient manner α(1-2)mannobiosides.26 
Applying the “consecutive synthesis” concept, the synthe-
sis of the 2-hydroxy free mannoside 2 was performed in six 
synthetic steps with only one silica gel chromatographic 
process with 62% yield, starting from the monoprotected 



 

mannoside 1.27 The disaccharide 4 was prepared by reac-
tion of the glycosyl donor 328 with the glycosyl acceptor 2 
using trimethylsilyl triflate (TMSOTf) as promoter at 0°C 
with excellent yield. Finally, the disaccharide 5 was ob-
tained by the deprotection of benzoyl groups using classi-
cal Zempler conditions (NaOMe/MeOH) to afford the final 
compound 5 in excellent yield. 
Mannobioside 5 was conjugated to 629 by a CuAAC reaction 
to generate the trivalent intermediate 7 in very good yield 
after two reaction cycles. The reaction was carried out us-
ing CuSO4 as a copper source, sodium ascorbate to reduce 
Cu(II) to Cu(I) in situ, and tris[(1-benzyl-1H-1,2,3-triazol-4-
yl)methyl]amine (TBTA) to stabilize Cu(I). The copper 
chelating ability of the disaccharides makes it necessary to 
carry out the reaction a second time to improve the yield 
on the fully substituted dendrimer 7. The solution was 
treated with the Quadrasil MP resin to remove any trace of 
copper that could cause interferences in the biological as-
says. Treatment of chloro derivative 7 with sodium azide in 
DMF at 60°C furnished glycodendron 8 in excellent yield 
after Sephadex LH20 purification. The monodispersity and 
integrity of this glycodendron were satisfactorily estab-
lished by both NMR and MS.  
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Scheme 1. Reagents and conditions: (i) TMSOTf, DCM, mo-

lecular sieves 4 Å, 0°C, 1h (80%); (ii) NaOMe, MeOH, r.t., 2h 
(94%); (iii) CuSO4·5H2O, TBTA, AscNa, DMSO/H2O (1/1), MW 
60°C, 1h (98%), (iv) NaN3, DMF, 60°C, 3 days (quant.). 

To obtain multivalent glycofullerenes we used the cy-
clooctyne [60]fullerene derivative 9 in order to use the 
SPAAC click reaction (Scheme 2). Thus, a DMSO solution 
of cyclooctyne building block 9 and the corresponding az-
ide was heated under microwave irradiation at 50°C for 30 
min. For comparison purposes, reaction with galactose and 
mannose monosaccharides 10-11 was also carried out. By 

using this procedure, we obtained the derivatives with 12 
monosaccharides (12-13) or 12 (14) and 36 (15) disaccha-
rides. The purification of these multivalent systems was 
performed by size-exclusion chromatography using Se-
phadex G-25 leading to the expected products. 
Characterization of hexakis adducts 12-15 was performed 
by FTIR, NMR and XPS. Thus, while the 1H NMR spectra of 
these compounds show broadened signals possibly due to 
intermolecular aggregation, 13C NMR allows complete 
characterization of hexakis-adducts. The signals for the cy-
clooctyne Csp are very characteristic, which are observed 
at 110.1 and 92.8 ppm in compound 9. These signals disap-
pear in the glycofullerenes, thus providing evidence of 
complete functionalization of the cyclooctyne moieties. 
Also, the signal of the CH2 bound to the azido group at ∼ 
50 ppm is very informative. The disappearance of the signal 
at 50 ppm coming from the sugar azide indicates that the 
purification of the compounds has been adequately carried 
out and the unreacted azide has been removed. Due to the 
lack of regioselectivity in the thermal cycloaddition to 
asymmetric cyclooctynes, a mixture of both regioisomers 
is obtained in all cases, giving rise to duplication of some 
signals in the NMR spectra. Assignment of these signals 
was based on COSY and HSQC bidimensional NMR exper-
iments. Thus, for instance, for compound 15 bearing 36 di-
saccharide units and with two different types of 1,2,3-tria-
zole rings, only two signals for the Csp2 of the C60 are ob-
served, as we expected from the hexa-substitution on the 
[60]fullerene skeleton (δ ∼ 140.8 and 145.1) (Figure 2). Also, 
two signals are observed for the two different carbons of 
the 36 triazole rings of the glycodendron moiety (δ ∼ 124.1 
and 144.0). However, we find two different sets of signals 
for the triazole rings fused to the cyclooctyne moieties cor-
responding to the two formed regioisomers (δ ∼ 134.4 and 
143.8 for the major isomer and δ ∼ 133.8 and 143.2 for the 
minor isomer) (Figure 2). 
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Scheme 2. Reagents and conditions: (i) DMSO, MW 50°C, 30 
min (quant.). 

In order to increase the multivalency of the synthesized 
glycofullerenes while maintaining the copper-free strategy, 

an asymmetric A10B macromonomer [60]fullerene deriva-
tive bearing 10 cyclooctynes and a chlorine atom at the fo-
cal point was prepared according to the procedure repre-
sented in Scheme 3. We first prepared monoadduct 21 from 
the Bingel-Hirsch addition of malonate 20 to [60]fullerene. 
To obtain the [5:1]-hexa- adduct 23, an excess of malonate 
22 (10 equiv.) and CBr4 (80 equiv.) were added to a solution 
of 21 using DBU (20 equiv.) as the base. After deprotection 
of the hydroxyl groups and esterification with carboxylic 
acid 25, the asymmetric compound 26 was obtained.  
This asymmetric compound 26 was submitted to the 
SPAAC reaction under MW irradiation with azide substi-
tuted disaccharide 5 and glycodendron 8 yielding the cor-
responding glycofullerenes 27-28 appended with either ten 
or thirty disaccharides, respectively, and a chlorine atom at 
the focal point. These derivatives, after replacement of the 
chlorine by an azido group, were employed as building 
blocks to react with the symmetric hexa-adduct 9 leading 
to giant tridecafullerenes 31-32, in which a central [60]full-
erene scaffold is covalently bound to twelve [60]fullerene 
units, completely surrounded by carbohydrate moieties. 
Thus, in one synthetic step we obtained glycofullerenes 
containing 120 (31) or 360 (32) disaccharides in an efficient 
copper-free strategy. Purification of the obtained deriva-
tives 31 and 32 was carried out by ultrafiltration (Amicon® 
Ultra-15, MWCO 50 kDa and 100 kDa respectively) of a wa-
ter solution. 
 

 

Figure 2. Partial view of the 13C NMR spectra of 14 (up) and 15 
(down) (DMSO-d6, 100 MHz). 
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Scheme 3. Reagents and conditions: (i) TBAHS, NaOH 50%, 45°C, overnight (83%); (ii) H2, Pd/C, DCM/MeOH (3/1), r.t., 5 h 
(quant.); (iii) Et3N, DMAP, dry DCM, r.t., overnight (quant.); (iv) C60, DBU, I2, dry toluene, 0°C, 4 h (71%); (v) DBU, CBr4, o-DCB, 
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R
O

O

R
O

O

O

O
O

O

O

O
O

O

R
OO RO

O

O OO

O

R
OO RO

O

R
O OR O

O

O
O

O
O O

O

O

O

R

O

O
X

3

N
N N

NN
N

OO

O
O

O
O

O
O

O

O O

O
O

O O
O

O
O

O

O
O

OO O

O O

RO
RO

RO

RO

OR

OR

OR
O

O

O
O

O

O
OR

O

OR
O

O
O

O

ORO

NN
N

OO

OR
OR

OR

OR

RO

RO

RO
O

O

O
O

O

O
RO

O

RO
O

O
O

O

RO O

N N
N

O

O

OR OR
RO

RO

OR
OR

RO

O

O

O O

O

O OR

O
OR

O
OO

O

RO

ON
NN

O
O

OR

OR

OROR

RORO

RO

O

O

O
O

O

O

OR
O OR

O

O
O

O

RO
O

N
NN

O
O

OR

OR

OROR

RORO

RO

O

O

O
O

O

O

OR
O OR

O

O
O

O

RO
O

N
NN

O

O

OR OR
RO

RO

OR
OR

RO

O

O

O O

O

O OR

O
OR

O
OO

O

RO

ON
NN

OO

OR
OR

OR

OR

RO

RO

RO
O

O

O
O

O

O
RO

O

RO
O

O
O

O

RO O

N N
N

O O

RO
RO

RO

RO

OR

OR

OR
O

O

O
O

O

O
OR

O

OR
O

O
O

O

ORO

NN
N

O

O

RORO
OR

OR

RO
RO

OR

O

O

OO

O

ORO

O
RO

O
O O

O

OR

O N
N N

O
O

RO

RO

RO RO

OR OR

OR

O

O

O
O

O

O

RO
ORO

O

O
O

O

OR
O

N
N N

O
O

RO

RO

RO RO

OR OR

OR

O

O

O
O

O

O

RO
ORO

O

O
O

O

OR
O

N
N N

O

O

RORO
OR

OR

RO
RO

OR

O

O

OO

O

ORO

O
RO

O
O O

O

OR

O N
N N

N3

= 5, 8

R
O

O

R
O

O

O

O
O

O

O

O
O

O

R
OO RO

O

O OO

O

R
OO RO

O

R
O OR O

O

O
O

O
O O

O

O

O

R

O

O
Cl

3

N3

27 (from 5), X = Cl
28 (from

 
8), X = Cl

(ii)
29 (from 27), X = N3
30 (from

 
28), X = N3

9

(iii)

31 (from 29)
32 (from

 
30)

26

(i)

 

Scheme 4. Reagents and conditions: (i) DMSO, MW 50°C, 30 min (quant.); (ii) NaN3, DMF, 60°C, 3 days (quant.); (iii) DMSO, 
MW 50°C, 30 min (31: 98%, 32: 94%). 

Characterization of these nanoballs was first carried out by 
FTIR and NMR. Thus, FTIR spectra of 31 and 32 do not 
show the characteristic signal of the azide group (∼ 2126 
and 2128 cm-1 in precursors 29 and 30 respectively, see ESI) 
confirming that the unreacted azide derivatives have been 

completely removed in the ultrafiltration process. 1H NMR 
spectra of 31-32 show, as previously mentioned, some of the 
signals duplicated as a consequence of the presence of a 
mixture of regioisomers resulting from the SPAAC cycload-
dition reaction to the cyclooctyne moiety (see ESI). The 13C 



 

NMR spectra of these derivatives are, despite the high 
number of carbon atoms, very representative due to the 
high symmetry of the compounds. It can be observed that 
the characteristic signals for the alkyne carbons of the cy-
clooctyne moiety are not present in the final products 31 
and 32, accounting for the complete functionalization of all 
the cyclooctynes (Figure 3). For both 31 and 32 only two 
broadened signals corresponding to the sp2 carbons of the 
[60]fullerene are observed (δ ∼ 140 and 145). Four signals 
are encountered for the quaternary carbons of the triazole 
rings fused to the cyclooctynes, showing the formation of 
two regioisomers (two signals around 143 ppm and the 
other two signals around 134 ppm). For derivative 32 other 
two signals are observed for the two carbons of the triazole 
ring present in the glycodendrimer (δ ∼ 124 and 144). 
 

 

Figure 3. Partial view of the 13C NMR spectra of 26 (up) and 32 
(down) (DMSO-d6, 100 MHz). 

While MS spectra of hexakis-adducts 12-14 showed the ex-
pected molecular ion peaks ([M+Na]+), those for 15 and 31-
32 were difficult to obtain and the molecular ion peak 
could not be clearly observed owing to the very high mo-
lecular mass of the compounds and high level of fragmen-
tation arising from both the sugar residues and the Bingel 
addition pattern on the [60]fullerene sphere.14d, 16-17, 30 
Therefore, additional characterization by dynamic light 
scattering (DLS) and X-ray photoelectron spectroscopy 
(XPS) was carried out. 
DLS analyses were carried out in water (2 mg/mL) (Figure 
4 and ESI). At this concentration, one or two main size dis-
tributions for glycofullerenes 12-15 and 31-32 are observed. 
The small size distribution is ∼ 6-8.5 nm for hexa-adducts 
12-15 and ∼ 11 nm for tridecafullerenes 31-32 and must cor-
respond to only one molecule. It is interesting to note that, 
in agreement to the introduction of the cyclooctyne moie-
ties with a longer spacer and disaccharides instead of mon-
osaccharides, these sizes are bigger than those observed for 
the previously reported tridecafullerenes (∼ 5-6 nm). The 

second size distribution observed for some of the new syn-
thesized compounds varies from 115 to 340 nm and shows 
the aggregation of several molecules. This aggregation is 
also observed by the broadening of the signals in the 1H 
NMR spectra, thus confirming the existence of a network 
of intramolecular H-bonds in the observed one-molecule 
tridecafullerenes as well as intermolecular H-bonds form-
ing the observed aggregates (Figure 4). 

 

Figure 4. DLS size distribution of a) 15 and b) 32 in water so-
lution. 

Further characterization of all new glycofullerenes (12-15 
and 31-32) was achieved XPS (Figure 5 and ESI). This sem-
iquantitative surface technique was a valuable tool to gain 
information about the atoms present in the molecular 
structure together with their chemical state and relative 
abundance. Although XPS is not properly a technique to 
demonstrate the purity of a compound, the data obtained 
in the XPS survey spectra of the new glycofullerenes (12-15 
and 31-32) displayed the corresponding peaks of C 1s, O 1s 
and N 1s with no other spectroscopic signature of impuri-
ties, which nicely support the proposed structures. The rel-
ative abundance of C, O and N recorded for each sample 
are in state agreement with the theoretically calculated val-
ues (Table S1). Moreover, analyzing the fitting of the high 
resolution spectra recorded for N 1s, we observed two main 
components for all glycofullerenes (inserts on Figures 5 
and S2-S7). The minor Gaussian-Lorentzian curve centered 
at higher binding energies was assigned to one nitrogen of 
the triazole ring while the major peak at lower binding en-
ergies to two N atoms bound to C atoms as near neigh-
bours.31 It should be highlighted the lack of nitrogen signal 
at 405 eV which is related to the presence of the azide 
band, confirming the efficiency of the click reaction form-
ing the triazole ring. 



 

 

Figure 5. XPS survey spectrum of compound 32 (C60-
360ManMan) with the N 1s deconvoluted components (inset 
right). 

Biological studies 
Multiple host cell receptors have been identified to facili-
tate Flaviviruses entry, including DC-SIGN which interact 
with Flavivirus envelope proteins (M and E) through their 
N-glycosylated residues.32 N-glycosylation of viral proteins 
was shown to affect infection of different viruses, facilitat-
ing viral interaction with cellular receptors, or modifying 
protein immunogenicity and thus changing recognition of 
the virus by the host immune system. Available data indi-
cate that glycosylation of envelope E glycoprotein is asso-
ciated with increased infectivity and proper release of ma-
ture viral particles and plays an important role in assembly 
of infective particles, cellular attachment, tropism, trans-
mission and pathogenesis.33 Although the number of N-
glycosylation sites of the envelope of ZIKV and DENV is 
lower than in the glycoprotein of HIV or EBOV, only 4 in 
comparison to 18-20, the role of these N-glycosylation res-
idues seems to be important for infectivity.34 
DC-SIGN recognizes mannosylated and fucosylated oligo-
saccharides presented in a multivalent manner on the sur-
face of several pathogens. Thus the preparation of multiva-
lent carbohydrate systems is necessary for the efficient in-
teraction with this receptor as well as for the effective com-
petition with the natural ligands. Therefore, DC-SIGN can 
function as a good model for studying the first steps of 
pathogenesis of Flaviviruses and screening the antiviral 
strategies based on DC-SIGN targeting compounds for vac-
cination and treatment purposes. In this respect glyco-
dendrimeric scaffolds have been shown to achieve antiviral 

activity at the µM range against DENV.35 DC-SIGN specific 
targeting for blocking ZIKV infection has not been ex-
plored so far and it is important to assess the potential an-
tiviral capability of interfering with the very first steps of 
the infective process of ZIKV with novel experimental ap-
proaches. 
In this study, we have evaluated the inhibitory effect of 
multivalent dissacharide/fullerene nanoballs in the exper-
iment of direct infection of Jurkat DC-SIGN+ with pseudo-
typed viral particles presenting ZIKV or DENV virus glyco-
proteins. These globular multivalent systems are water sol-
uble and show no cytotoxicity in cell lines allowing the 
study of their potential biological function in preventing 
viral infection (Figure S9). The efficiency of these multiva-
lent compounds to inhibit DC-SIGN mediated infection of 
ZIKV and DENV through blocking of DC-SIGN was studied 
in 6 independent experiments. As a control, infection with 
the DC-SIGN-independent VSV glycoprotein-pseudotyped 
lentiviral particles was performed in the same conditions. 
The results obtained in the infection experiment revealed 
the dependence of the inhibition effect on mannoses. For 
the initial testing of compounds, a screening threshold of 
IC50 was set up at 1 µM (Figure S8). Compound 12 display-
ing 12 galactoses, as expected, was not able to inhibit the 
infection process mediated by DC-SIGN (Figure S8).  
Antiviral activity of compounds 15, 31 and 32, designed to 
present 36, 120 or 360 α(1,2)mannobioside residues respec-
tively were thus further characterized. They showed very 
strong antiviral activity at picomolar to nanomolar concen-
trations (Figure 6 and Table S2). Compound 15 could effec-
tively block Zika and Dengue virus infection at low nano-
molar concentrations with the IC50 of 8.35 nM (95%CI = 4.8 
– 14.5 nM) for ZIKV and IC50 of 7.71 nM (95%CI = 4.85 – 
12.24 nM) for DENV pseudotypes repectively. Compound 
31 was almost one order of magnitude more potent at in-
hibiting infection showing the IC50 of 516 pM (95%CI = 
230pM – 1.150 nM) for ZIKV and IC50 of 98 pM (95%CI = 
45pM – 213 nM) for DENV. 
Finally, compound 32, containing a greater number of 
mannobiosides (360), shows the greatest inhibitory activ-
ity with the IC50 of 67 pM (95%CI = 39 pM – 116 pM) for 
ZIKV and IC50 of 35 pM (95%CI = 18 pM – 68 pM) for DENV 
(Table S2). These results have confirmed the efficiency of 
these systems to interact with DC-SIGN and to compete 
with Flavivirus glycoprotein-pseudotyped particles during 
their entry into target cells and highlight a potent mecha-
nism for antiviral design to specific receptors based on 
recognition of carbohydrates. 
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Figure 6. Sensitivity of (A) Zika-Paraiba and (B) DENV-1 virus transduction to the DC-SIGN inhibitors 15, 31 and 32.  

 

Conclusions 
By using a copper-free strategy based on the SPAAC click-
chemistry procedure, unprecedented tridecafullerenes 
bearing up to 360 disaccharide residues (compound 32) 
have been synthesized and characterized. It is important to 
note that the presence of disaccharides significantly in-
creases the biological activity when compared with previ-
ously published monosaccharides. Such compounds could 
not have been obtained by following a CuAAC methodol-
ogy owing to the chelating ability of the mannobiosides, 
making it difficult the complete functionalization of the al-
kyne appended fullerene scaffold. Although some aggrega-
tion is observed by DLS, the new hexakis-adducts, includ-
ing groundbreaking “giant” molecule 32 having 41.370 at-
oms (C, H, O, N) is totally soluble in water, thus allowing 
its use for biomedical purposes. 
Characterization of these new hexakis adducts 12-15 and 31-
32 was performed by FTIR, 1H and 13C NMR, DLS and XPS. 
Thus, whereas the 1H NMR spectra of these compounds 
show broadened signals possibly due to intermolecular ag-
gregation, 13C NMR allows complete characterization of 
hexakis-adducts based on the simplification of the spectra 
as a consequence of the octahedral symmetry of the respec-
tive hexakis adducts. Actually, the observed clean spectra 
precludes the existence of other multiadducts intermedi-
ates in the final products. This conclusion is also based on 
the lack of nitrogen signal at 405 eV in the XPS spectra, 
which is related to the presence of the azide band, thus 
confirming the efficiency of the click reaction affording the 
triazole ring. 
As DC-SIGN is one of the receptors intervening in the entry 
of ZIKV and DENV into the cells, the employ of the new 
multivalent hexakis adduct glycofullerenes appended with 
mannobiosides to block this receptor offers a new strategy 
to inhibit the viral infection process. Compound 32, with 
360 disaccharide functionalities appended on a tridecafull-
erene scaffold, shows the best IC50 value, which is in the 
picomolar range for both ZIKV and DENV. As there is not 

a specific antiviral therapy against ZIKV currently availa-
ble, the highly efficient inhibitors of viral infection re-
ported here open the door to the design of new antivirals 
based on the blockade of carbohydrate receptors. 
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