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After three decades of research, an effective vaccine against the pandemic
AIDS caused by human immunodeficiency virus (HIV) is not still available,
and a deeper understanding of HIV immunology, as well as new chemical
tools that may contribute to improve the currently available arsenal against
the virus, is highly wanted. Among the few broadly neutralizing human
immunodeficiency virus type 1 (HIV-1) monoclonal antibodies, 2G12 is the
only carbohydrate-directed one. 2G12 recognizes a cluster of high-mannose
glycans on the viral envelope glycoprotein gp120. This type of glycan has
thus been envisaged as a target to develop an HIV vaccine that is capable of
eliciting 2G12-like antibodies. Herein we show that gold nanoparticles
coated with self-assembled monolayers of synthetic oligomannosides
[manno-gold glyconanoparticles (GNPs)], which are present in gp120, are
able to bind 2G12 with high affinity and to interfere with 2G12/gp120
binding, as determined by surface plasmon resonance and saturation
transfer difference NMR spectroscopy. Cellular neutralization assays
demonstrated that GNPs coated with a linear tetramannoside could block
the 2G12-mediated neutralization of a replication-competent virus under
conditions that resemble the ones in which normal serum prevents infection
of the target cell. Dispersibility in water and physiological media, absence of
cytotoxicity, and the possibility of inserting more than one component into
the same nanoparticle make manno-GNPs versatile, polyvalent, and
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Abbreviations used: HIV, human immunodeficiency virus; HIV-1, human immunodeficiency virus type 1; GNP, gold
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multifunctional systems that may aid efforts to develop new multifaceted
strategies against HIV.

© 2011 Elsevier Ltd. All rights reserved.

Introduction

To date, highly active antiretroviral therapy is the
only regimen approved to treat people infected with
human immunodeficiency virus (HIV).1 The use of
antiretroviral drugs presents some inconveniences
such as viral resistance to therapy, adverse effects,
and high costs, which make this strategy unfeasible
for application in poor countries where HIV-induced
acquired immunodeficiency syndrome (AIDS) still
kills hundreds of thousands of patients every year.
Alternative strategies directed at also protecting
HIV-negative people from becoming infected or
getting sick have been proposed. Nevertheless,
attempts to generate effective microbicides and
vaccines against HIV have failed, so that integrated
systems and new strategies are urgently needed.2,3

The lack of an HIV vaccine is due to a series of
extraordinary obstacles,4 and a deeper understand-
ing of HIV molecular biology is required. Much of
the effort in human immunodeficiency virus type 1
(HIV-1; the worldwide predominant virus type)
research has been dedicated to immunogens that
are able to elicit antibodies against HIV-1 primary
isolates. One approach is to produce epitope mimics
of the broadly neutralizing monoclonal antibodies
(mAbs) isolated from patients. The outer envelope
glycoprotein gp120 of HIV is highly glycosylated.5

This dense carbohydrate array is composed by
immunogenically silent “self”-glycans that are used
by the virus as a defence mechanism to evade host

immune attacks.6–8 In spite of the poor immunoge-
nicity of these “self”-glycans, the broadly neutraliz-
ing mAb 2G12 exclusively targets the carbohydrates
of HIV gp120,9 namely a cluster of high-mannose
oligosaccharides.10 Crystal structures of 2G12 and its
complexes with the dimannose Manα1–2Man and
the undecasaccharide Man9(GlcNAc)2 (Scheme 1)
revealed a two-domain-swapped fragment antigen
binding as the prevalent form by which 2G12
recognizes gp120 and confirmed a multivalent
interaction with a conserved cluster of Manα1–
2Man-linked high-mannose-type carbohydrates of
gp120.11 On the basis of these data, a molecular
model for the 2G12/gp120 interaction in which three
separate Man9(GlcNAc)2 mediate the binding of
2G12 to gp120 was proposed. The terminal Manα1–
2Manα residues of the D1 arm of Man9(GlcNAc)2
account for most of the contacts with the fragment
antigen binding, although Manα1–2Man by itself is
less potent than the complete glycan in binding to
2G12. The relatively conserved nature of the 2G12
epitope and the protective role of viral envelope
glycans against antibodies make the gp120 carbohy-
drates a tempting target for drug and vaccine
design.12,13 A very recent article by Doores et al.
showed that Manα1–2Man-terminating glycans of
the type recognized by 2G12 are 3-fold more
abundant on the HIV-1 native envelope than on
the recombinant monomer and are also found on
isolates not neutralized by 2G12.14 Nevertheless,
there are still no examples of synthetic immunogens

Scheme 1. Structure of high-mannose Man9(GlcNAc)2 present in the envelope glycoprotein gp120.
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based on carbohydrates that can elicit effective
antibodies against HIV-1.
The critical role of multivalency within the

2G12/gp120 interaction was demonstrated by
different research groups.15–25 Synthetic Manα1–
2Man-containing oligomannosides were tested as
inhibitors of 2G12 binding to gp120 in ELISAs.26

Manα1–2Manα1–2Manα1–3Man (Man4) and
Manα1–2Manα1–3[Manα1–2Manα1–6]Man (Man5)
derivatives were identified as being as effective as
Man9 in inhibiting 2G12/gp120 interaction.26 This
result was confirmed by microarray-based studies.15

In particular, a multivalent presentation of Man4 and
Man5 on microtiter plates afforded an ∼10,000-fold
enhancement of binding to 2G12 compared to the
solution-phase ELISAs of the monomers.15 Micro-
arrays of Man9 conjugates and related substructures
corroborated the ligand specificity of 2G12 for
Manα1–2Man terminal oligosaccharides and the
importance of multivalency.16–19 These studies evi-
denced that more complex oligomannosides (Man6,
Man7, and Man8) are also good synthetic mimics of
2G12 epitope but do not generally improve the
affinity for 2G12 with respect to Man4. The multi-
merization of high-mannose-type oligosaccharides by
chemical systems has been achieved using
galactose,20 cholic acid,21 peptide scaffolds,22–24
dendrons,25,27 and icosahedral virus capsides.28

These synthetic oligomannoside clusters were able
to mimic the carbohydrate epitope of 2G12, being
effective in binding the antibody at micromolar and
submicromolar ranges (the gp120 affinity for 2G12
being at a nanomolar level). The incorporation of
T-helper epitope peptides29 or antigenic carrier
proteins23,24,27 into these scaffolds enhanced the
poor immunogenicity of the oligosaccharides. Al-
though most of these systems were able to induce a
carbohydrate-specific immune response in animals,
the IgG antibodies were unable to bind to gp120 or to
neutralize the virus.27–31 Strategies that are not based
on synthetic chemistry have also been proposed:
Man8-reach mutant strains of a yeast glycoprotein
elicited mannose-specific gp120-binding antibodies
that anyway were practically unable to neutralize the
virus,32,33 unless virions forced to exclusively express
high-mannose N-linked glycans were used.34 The
difficulty of eliciting high titers of antibodies to the
2G12 epitope remains a still-open challenge in search
for carbohydrate-based vaccines against HIV.
Our group has demonstrated that gold glycona-

noparticles (GNPs) (i.e., three-dimensional sugar-
coated gold nanoclusters) are multivalent35 and
multifunctional36 systems that can be straightfor-
wardly prepared in a controlled way and used to
study carbohydrate-based interactions.37 GNPs are
water dispersible and nontoxic to different cellular
lines and to mice.38 We have recently reported the
preparation of multivalent gold nanoparticles coat-
ed with sets of different structural motifs of high-

mannose-type glycans of gp120 (manno-GNPs).39

We have shown in cellular models that manno-
GNPs inhibit the DC-SIGN (dendritic-cell-specific
intercellular-adhesion-molecule-grabbing noninte-
grin)-mediated HIV-1 transinfection of T cells40 at
nanomolar concentrations.41 The interaction of
synthetic oligomannose dendrons with DC-SIGN
has been also reported.25,42 It is in fact known that
the high-mannose clusters of gp120 not only play a
crucial role in HIV immunity but are also involved
in different steps of viral infection through interac-
tion with dendritic cells.43

We have previously demonstrated that selected
manno-GNPs are promising HIV prophylactic anti-
viral agents.41 We herein describe the validation of
these glyconanoparticles as synthetic mimics of the
2G12 epitope using surface plasmon resonance
(SPR) technology and saturation transfer difference
(STD) NMR spectroscopy. manno-GNPs were able to
bind 2G12 and to inhibit 2G12/gp120 binding,
proving that the oligomannosides maintain their
functionality and enhance their ability to interact
with this antibody when clustered onto gold
nanoparticles. Depending on the oligomannoside
and its density on the gold surface, high levels of
affinity were reached. The capability of selected
manno-GNPs to interfere with the binding of 2G12
with a recombinant virus was evaluated in compe-
tition neutralization assays. These results may
validate GNPs as tools for developing new strategies
in the fight against HIV.

Results and Discussion

Design and synthesis

Gold nanoparticles coated with synthetic (oligo)
mannosides were prepared in one step from mixtures
of the high-mannose-type oligosaccharide conjugates
23,23′-Dithiobis[N-(ethyl α-D-Manp-(1–2)-α-D-Manp),
N′-(3,6,9,12-tetraoxa-tricosanyl)thiourea] (5), 23,23′-
Dithiobis[N-(ethyl α-D-Manp-(1–2)-α-D-Manp-(1–2)-
α-D-Manp),N′-(3,6,9,12-tetraoxa-tricosanyl)thiourea]
(6), 23,23′-Dithiobis[N-(ethyl α-D-Manp-(1–2)-α-D-
Manp-(1–2)-α-D-Manp-(1–3)-α-D-Manp),N′-(3,6,9,12-
tetraoxa-tricosanyl)thiourea] (7), and 23,23′-Dithiobis
{N-[ethyl (bis(α-D-Manp-(1–2)-α-D-Manp-(1–3,6))-α-
D-Manp)],N′-(3,6,9,12-tetraoxa-tricosanyl)thiourea} (8)
and 5-(thio)pentyl β-D-glucopyranoside (GlcC5S), as
previously described (manno-GNPs; Fig. 1).39 In this
way, oligomannosides 5–8 were incorporated (in
different and defined proportions with respect to the
GlcC5S conjugate) into the same gold nanoparticles,
allowing the control of their density loading. Some
of the synthetic oligomannosides used in this work
have comparable affinities for 2G12 as that of
Man9;16,18,20,22,26 for this reason, they were selected
for assembling onto the gold nanoplatform.

800 Gold Nanoparticles Mimic the Epitope of 2G12



Fig. 1. (a) Structures of the high-mannose-type oligosaccharides [structural motifs of Man9(GlcNAc)2] used for the preparation of manno-GNPs. (b) Glucose
conjugate used as an inner component ofmanno-GNPs. (c) Schematic representation ofmanno-GNPs. D, Tri, Te, and P stand for dimannose, trimannose, tetramannose,
and pentamannose conjugates, respectively; numbers indicate the percentages of the (oligo)mannosides ofmanno-GNPs, with the rest of the GNP surface being covered
with GlcC5S. (d) Schematic representation of GNPs 100% coated with glucose or mannose conjugates used as negative controls. M stands for monomannose conjugate. 801
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The (oligo)mannosides were functionalized with a
long amphiphilic linker in order to allow a proper
presentation of the antigens,while GlcC5S, containing
a short aliphatic linker, was used as inner component.
The aliphatic part of the linkers allows good self-
assembled monolayers packaging and confers rigid-
ity to the inner organic shell to protect the gold core,
while the external polyether moiety, due to its
flexibility upon solvation in water, ensures accessibil-
ity to the (oligo)mannosides, assists water solubility,
and prevents nonspecific adsorption of proteins.39
The nanometric gold platform is a rigid core that

displays a large number of carbohydrates in a three-
dimensional arrangement on a reduced surfacewith a
high local concentrationof sugars (∼ 100molecules on
a 2-nm-diameter core gold).39 The average number of
(oligo)mannosides per GNP and their average mo-
lecular weights were calculated from elemental
analysis and gold cluster size (1–2 nm, as determined
by transmission electron microscopy; see Table S1).
Nanoparticle Au-SC5Glc that is 100% coated with

GlcC5S and M-100 bearing an α-mannose conjugate
functionalized with the same amphiphilic linker as
the oligomannosides were used as controls (Fig. 1d).

Studies of manno-GNP binding to 2G12 by SPR
experiments

SPR was used to study the binding ofmanno-GNPs
to 2G12 covalently immobilized on a sensor chip (see
Materials and Methods). GNP serial dilutions from
1 μg mL−1 to 0.03125 μg mL− 1 (six different
concentrations) were made to study binding to
2G12 (Figs. S1–S10). The response at 150 s in the

association phase of the sensorgrams using 1 μg
mL−1 manno-GNPs, negative controls (M-100 and
Au-SC5Glc), and positive control (gp120)‡ is
reported in Table 1. The sensorgrams of GNPs at
this concentration are shown in Fig. 2a. At 1 μgmL−1,
the GNPs coatedwith 50% dimannoside 5 (D-50) and
100% dimannoside 5 (D-100) showed apparent
binding to 2G12 immobilized on the chip surface
(Table 1, entries 2–3), while D-10 did not give any
apparent response neither at this concentration (entry
1) nor at 10 μg mL−1 (data not shown). Although it is
known that 2G12 needs terminal Manα1–2Man-
linked moieties for effective recognition,10,11 synthetic
multivalent systems functionalized with the basic
Manα1–2Manα unit have not been tested so far. Our
result demonstrates that 2G12 recognizes high-
affinity Manα1–2Manα units when presented in
adequate density onto a gold nanocluster.
D-100 gave a response of 26 response units (RU)

(Table 1, entry 3), a value that is lower than the one
(77 RU) obtained with D-50 (Table 1, entry 2). It has
to be considered that the concentration of these
GNPs (1 μg mL−1) corresponds to a molarity of
dimannoside 5 that is much higher for D-100 than
for D-50 and D-10 (0.94 μM versus 0.55 μM and
0.13 μM, respectively; see Table 1). A comparison
between the response units of manno-GNPs at the
same concentration of dimannoside (0.1 μM) is

Table 1. Binding of GNPs (1 μg mL−1) and gp120 (1.6 μg mL−1) to 2G12

Entry manno-GNP
Binding
(RU)a

Mannoside
chainsb

GNP
concentration

(μM)c

Mannoside
concentration

(μM)d

1 D-10 b2 9 0.014 0.13
2 D-50 77 22 0.025 0.55
3 D-100 26 59 0.016 0.94
4 Tri-10 b5 13 0.012 0.16
5 Tri-50 66 62 0.010 0.62
6 Te-10 85 7 0.021 0.15
7 Te-50 113 56 0.008 0.45
8 P-10 b5 5 0.017 0.09
9 P-50 39 28 0.010 0.28
10 gp120 20e —f 0.011 —
11 M-100 0 40 0.024 0.96
12 Au-SC5Glc 0 0 0.027 0

a Taken at 150 s in the association phase of the sensorgrams.
b Taken from Martínez-Ávila et al.39
c Calculated using the average molecular formulas (see Table S1).
d Calculated from the number of oligomannosides per GNP (see Table S1).
e The SPR values of gp120 are not directly comparable with those of manno-GNPs: although the molecular weights are in the same

ranges (e.g., Te-50 and gp120 have nearly the same molecular weight), the lower SPR response of gp120 with respect to manno-GNPs can
be due to the gold colloid SPR-enhancing effects.44

f The glycoprotein gp120 used in this work was recently part of an immunogenicity study.45 This included a glycan analysis that
showed mostly Man3—but some Man9—structures. It is assumed that all 23 sites are occupied, and there is no complex glycan from the
insect cell source.

‡ In analogous SPR experiments, a response of around
170RU was found for gp120 (at 5μg mL− 1, 30s) binding to
2G12 (10,000RU immobilization levels); see Dudkin et al.23

Under our conditions (2G12 at 2600RU immobilization
levels), gp120 (at 6.4μg mL− 1, 150s) gave 56RU.
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reported in Fig. 2b and confirms that the affinity for
2G12 is D-50ND-100. These data show that a 100%
coverage of dimannoside 5 on GNPs does not
improve the binding affinity, presumably because
of steric hindrance. The demonstration that 50%
oligomannoside loading is able to achieve efficient
recognition by 2G12 opens up the opportunity for
further functionalization of the same gold nanoclus-
ter with other molecules. Thus, we carried out 2G12
binding studies and 2G12/gp120 inhibition screen-
ings with GNPs functionalized with 50% and 10%
densities of oligomannosides (Table 1).
Among the testedmanno-GNPs with a 10% density

of oligomannoside, Te-10 was the only nanoparticle
that showed strong binding to 2G12 at 1 μg mL−1

(85 RU; Table 1, entry 6). This concentration
corresponds to a tetramannoside molarity around
0.15 μM. The bar diagrams in Fig. 2b show a
comparison of the binding of GNPs at 0.1 μM in
terms of the corresponding oligomannoside and
confirm that Te-10 has a very high affinity for 2G12.
This result is in agreement with previous findings
that Man4 is an excellent epitope mimic,26 and a
multivalent display of this antigen results in a high
affinity for 2G1215,18,19 and efficiency to interfere in
the 2G12/gp120 interaction.18,24,25 All the 50%
density manno-GNPs gave an apparent response at
1 μg mL−1 (∼0.3–0.6 μM oligomannoside). Te-10
and Te-50 have the highest and similar binding
affinities for 2G12 (Fig. 2a; Table 1, entries 6 and 7,
respectively), as confirmed by interpolation at
0.1 μM oligomannoside (Fig. 2b; Scheme S1). In all
cases, the association and dissociation do not follow
ideal Langmuir curves, in agreement with the results
obtained for other multivalent systems.22–24

As control experiments, GNPs coated with a 100%
density of α-mannose conjugate (M-100; Fig. 1d) and

β-glucose conjugate (Au-SC5Glc; Fig. 1d) were also
tested by SPR experiments. These GNPs gave no
response at 1 μg mL−1 (Fig. 2a; Figs. S1 and S11),
demonstrating that neither gold nor the amphiphilic
linker or the glucose conjugate is involved in binding
to 2G12. The divalent oligomannoside conjugates
5–8 (disulfides) were also submitted to biosensor
analysis (see Supplementary Data). Tetramannoside 7
did not give an appreciable response at 1 μg mL−1

(0.44 μM); a response of 76 RU was observed, but
only at 10 μM (20 μM Man4) (Figs. S13–S16).
Injection of up to 100 μM solution of monovalent
aminoethyl oligomannosides 2-(α-D-Manp-(1–2)-α-D-
Manp)ethanamine (1), 2-(α-D-Manp-(1–2)-α-D-Manp-
(1–2)-α-D-Manp)ethanamine (2), 2-(α-D-Manp-(1–2)-
α-D-Manp-(1–2)-α-D-Manp-(1–3)-α-D-Manp)ethana-
mine (3), 2-{bis[α-D-Manp-(1–2)-α-D-Manp-(1–3,6)]-α-
D-Manp}ethanamine (4) resulted in no measurable
response (data not shown). Although a comparison
in terms of response units between gold manno-
GNPs and the corresponding monovalent com-
pounds 1–4 and divalent compounds 5–8 is not
possible due to the colloidal gold enhancement of SPR
signal,44 these data confirm that multimerization of
oligomannosides 5–8 onto gold nanoparticles results
in enhanced SPR responses.

Inhibition of 2G12/gp120 interaction by
manno-GNPs as observed by SPR experiments

After analyzing the binding of manno-GNPs to
the antibody 2G12, we also studied the interaction
of 2G12 with gp120 in competition with the
nanoparticles. The biosensor chip was functiona-
lized with gp120, and increasing amounts of the
multivalent GNPs, together with a fixed concentra-
tion of 2G12, were then coinjected (see Materials

Fig. 2. Biosensor binding analyses. (a) Selected SPR sensorgrams of the binding of manno-GNPs at 1 μg mL−1 passing
over a GLC chip channel functionalized with 2600 RU of 2G12. (b) Binding ofmanno-GNPs to 2G12, interpolated at 0.1 μM
of the corresponding oligomannoside (see Scheme S1).
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and Methods). In the presence of Te-10 and Te-50,
the 2G12 binding response decreased with increas-
ing concentrations of these GNPs, indicating a dose-
dependent 2G12 binding inhibition with the gp120-
immobilized surface (Fig. 3a and b). From the
analysis of concentration–response curves, it was
possible to estimate a half-maximal inhibitory
concentration (IC50) for Te-10 and Te-50. The IC50
values were expressed in terms of the concentra-
tions of GNP and tetramannoside by taking into
consideration the average molecular weights of the
GNPs and the number of tetramannosides per
nanoparticle. These manno-GNPs proved to be
potent inhibitors of 2G12/gp120 interaction, with
IC50 values in the submicromolar range in terms of
GNP concentrations [IC50(Te-10)=17.5 μg mL−1

(0.37 μM); IC50(Te-50)=8.6 μg mL−1 (0.07 μM)] and
in the micromolar range in terms of tetramannoside
concentrations [IC50(Man4)=2.6 μM for Te-10 and
IC50(Man4)=3.9 μM for Te-50] (Fig. S25). GNP Te-10,
which incorporates an average of seven units of
tetramannoside conjugate 7, displayed inhibition
potency as good as Te-50 (56 units of Compound
7), indicating that a low-grade multimerization of
Compound 7 is enough to reach a strong inhibition
of the binding of 2G12 to gp120.
The other manno-GNPs showed slight effects

(D-50 andTri-50) tomoderate effects (D-100 and P-50)
at the tested concentrations (up to 20 μM oligo-
mannoside) and were not able to reach levels of
inhibition to estimate an IC50 (Figs. S19, S20, S22,
and S24). GNPs D-10, Tri-10, and P-10 were not
able at all to influence the binding of 2G12 to gp120
at the concentrations tested (Figs. S18, S21, and
S23). This result was expected from the 2G12
binding data (Fig. 2a; Table 1, entries 1, 4, and 8),
and it is further evidence that neither gold nor
glucose conjugate is able to interfere with the
interaction of 2G12 with gp120.

Titration experiments by NMR techniques

The interactions between manno-GNPs and
2G12 were also investigated in isotropic solution
by STD-NMR. In this technique,46 signals are
caused by magnetization transfer from the protons
of a large receptor (such as a protein or an antibody)
to the protons of the corresponding ligand (a small
or medium molecule). During the residence time of
the ligand in the binding pocket of the receptor, the
protons of the small molecule that make closer
contacts with the receptor yield more intense
signals than remote protons in the final difference
spectrum. Recently, we reported a systematic study
of molecular recognition in the solution of synthetic
aminoethyl oligomannosides 1–4 (Fig. 1) by 2G12
(large receptor) using STD-NMR.47 In that work, the
dissociation constants (Kd) in the solution of
oligomannosides 1–4 as monovalent ligands were
obtained following a protocol based on the initial
slopes of the buildup curves of the STD amplifica-
tion factor against ligand concentration. This
protocol has been validated for well-studied sys-
tems and has successfully increased the accuracy of
Kd determination by STD-NMR.48

Although STD-NMR cannot give details of the
direct interaction of manno-GNPs with 2G12 as both
are large molecular systems, affinities can be
obtained by indirect measurements through com-
petitive titrations. Competition experiments have
been extensively used since the early days of STD-
NMR spectroscopy to obtain dissociation constants
of unknown ligands from their IC50 values obtained
after competition with known ligands.49 In these
experiments, a sample containing a receptor and
the known ligand is titrated with the unknown one,
and the STD signal of the first one is monitored.
The displacement of the first ligand from the
receptor binding site translates into a significant

Fig. 3. Sensorgrams of the inhibition of binding between 2G12 (100 nM) and gp120 (immobilized at 8000 RU on the
sensor chip) by different concentrations of (a) Te-10 (0 μM, 0.625 μM, 1.25 μM, 2.5 μM, 5 μM, and 10 μM, referring toMan4)
and (b) Te-50 (0 μM, 0.625 μM, 1.25 μM, 2.5 μM, 5 μM, and 10 μM, referring to Man4). The black line in the orange curve of
(b) was obtained using the artifact removal function of the ProteOnManager Software in order to remove a spike from this
sensorgram.
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reduction of its STD signal. The decaying curve is
fitted to a Cheng–Prussof equation, which allows
us to obtain the Kd value from the experimentally
determined IC50.
We have carried out competitive titrations of

the previously characterized 2G12/trimannoside 2
system or 2G12/tetramannoside 3 system and the
corresponding GNPs (Tri-10, Tri-50, Te-10, and
Te-50). In each case, a sample containing 2G12
(micromolar range) and a large excess of ligand 2 or
ligand 3 (millimolar range) was titrated by increas-
ing concentrations of a given GNP. We monitored
the decay of the STD signals of the monovalent
oligomannosides (Fig. S27) while displaced from
the antibody binding pockets (see Materials and
Methods). Aminoethyl oligomannosides 2 and 3
were selected as monovalent ligands for the
inhibition experiments because they displayed a
higher affinity for 2G12 (Kd∼ 400 μM) than diman-
noside 1 and pentamannoside 4 (KdN2 mM).47 The
high concentrations of Compounds 1 and 4 required
to saturate the binding pocket of 2G12 could give
rise to nonspecific contacts with the antibody.
Figure 4a shows the decrease in the STD signal

intensity of the proton H1 at the nonreducing
mannose A (see Fig. 1) of the monovalent ligand 3
after addition of increasing amounts of Te-10 and
Te-50. The decrease in the STD signal is related to
the efficiency of GNPs in displacing Compound 3
from the binding sites of 2G12. In agreement with the
SPR results, Te-10 and Te-50 efficiently inhibited the
interaction between Compound 3 and 2G12. At
100 μM, in terms of Man4 (268 μg mL−1 and 340 μg
mL−1 for Te-50 and Te-10, respectively), these GNPs
were able to displace from the binding sites up to
60% of Compound 3 used at a concentration of 8 mM.

GNPs Tri-10 and Tri-50 could not displace
Compound 2 from 2G12 binding sites even at
high concentrations (up to 50 μM Man3 on GNP)
(Fig. 4b). Although both Compound 2 and Com-
pound 3 display the Manα1–2Manα1–2Manα unit
and showed approximately the same affinity for
2G12,47 the multimerization of trimannoside conju-
gate 6 into gold nanoparticles does not lead to a
favorable multivalent effect, which, in contrast, has
been evidenced by two-dimensional microarrays.16

However, when Te-10 (∼100 μM Man4) was
added to the sample containing the 2G12/2 complex,
Tri-10, and Tri-50, the STD intensity of the proton H1
of mannose A of Compound 2 decreased by up to
50% of the initial value (Fig. S31). This result is
analogous to the one obtained with Te-10 to displace
Compound 3 (Fig. 4a) and confirms that Te-10
interacts with 2G12 with higher affinity than Tri-10
and Tri-50. The competition between Te-10 and
Compound 2 or Compound 3 resulted in compara-
ble STD intensities for the monovalent ligands,
confirming that Compounds 2 and 3 have similar
affinities for 2G12 in solution and that an α1–3Man
extension at the nonreducing end of Compound 2
does not improve the binding affinity for 2G12.47

GNPs P-10, P-50, D-10, and D-50 were not able to
generate any significant decrease in the STD signals
of aminoethyl oligomannosides (Figs. S28 and S30).
GNP Au-SC5Glc, used as negative control, con-
firmed that neither GlcC5S nor gold interacts with
the antibody (Fig. S29).
The STD data obtained from the titrations

experiments with Te-10 and Te-50 were mathemat-
ically fitted to a competitive model (Eq. (S1))50

derived from the seminal Cheng–Prusoff equation51

to obtain the inhibition constant (Ki) of the studied

Fig. 4. (a) Competitive titration of 2G12/monovalent aminoethyl tetramannoside 3 complex with Te-10 and Te-50. The
decrease in the STD intensity of the anomeric proton H1 of the mannose ring at the nonreducing end of Compound 3
(mannose A) is monitored as a function of the GNP concentration expressed in terms of tetramannoside conjugate 7. (b)
Competitive titration of the 2G12/monovalent aminoethyl trimannoside 2 complex with Tri-10 and Tri-50. The STD
intensity of the anomeric proton H1 of the mannose ring at the nonreducing end of Compound 2 (mannose A) is
monitored as a function of the GNP concentration expressed in terms of trimannoside conjugate 6, and no decrease is
observable. In these experiments, the concentration of the monovalent aminoethyl oligomannoside 2 or 3was set to 8 mM.
Symbols correspond to experimental data. Lines represent a three-order polynomial fitting (for visualization purposes).
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GNP. Inhibition constants of 4.2±0.5 μM and
3.6±0.6 μM (expressed in terms of Man4) were
obtained for Te-10 and Te-50, respectively. The
affinity of Compound 3 for 2G12 (Kd∼400 μM)47

was ∼100-fold enhanced by the multimerization of
Man4 onto gold nanoparticles. In agreement with
the SPR data and with the model of recognition of
the antibody 2G12,11 NMR results point out that an
increase in the loading of tetramannoside onto
GNPs does not necessarily involve an enhancement
of the affinity for 2G12.

Effect of selected manno-GNPs on HIV-1
neutralization by 2G12

The inhibitory effect of the GNPs coated with
tetramannoside conjugate 7 (Te-10 and Te-50) on the
2G12-mediated neutralization of the HIV-1 infection
of TZM-bl cells (Table S3 and Fig. S32) was
evaluated. Briefly, these GNPs were preincubated
with 2G12 and then added to HIV-1 (NL4-3 strain).
The GNP–2G12–HIV mixture was then incubated
with TZM-bl cells, and neutralization activity was
reported as the percentage of luciferase activity
measured from cell lysates (see Materials and
Methods). Te-10 and Te-50 caused a reproducible
inhibition of 2G12 neutralization within the micro-
molar range in experiments using TZM-bl cells. At
5.5 μM, Te-10 could block the neutralization of the
NL4-3 strain by 2G12 (Fig. 5 and Table 2). At this
concentration of Te-10, the amount of 2G12 required

to reduce 50% of viral infectivity (IC50) is three
times higher (13.3 nM) than the concentration
required when no GNP is blocking the antibody
(4.3 nM). The highest effect to block 2G12 was
observed when a concentration of 11 μM was used.
At this concentration of Te-10, the amount of
antibody required to inhibit 50% of the infectivity
is seven times higher (30 nM). At 1.4 μM (0.06 mg
mL−1), Te-10 was not able to increase the IC50 of
2G12 (Fig. 5; Table S4). When Te-50 was used,
similar results were observed. In this case, the 2G12-
blocking effect was even higher, with an IC50 13
times higher when the antibody was preincubated
with this GNP at a concentration of 4 μM (Fig. 5 and
Table 2).
No significant effect of these GNPs tested on

viral infectivity was observed (data not shown).
Au-SC5Glc was also tested as a negative control
for nonspecific blocking of 2G12 neutralization. No
inhibition of neutralization was observed when
Au-SC5Glc was used even at the highest concen-
tration tested (0.5 mg mL−1, 13.5 μM).

Conclusions

GNPs Te-10 and Te-50 inhibited the binding
between 2G12 and gp120 with IC50 values in the
micromolar range (Man4 concentration), as mea-
sured by SPR technology and STD-NMR spectros-
copy. Synthetic oligomannosides, which are known

Fig. 5. Inhibition of the 2G12-mediated neutralization of the HIV infection of TZM-bl cells by Te-10 at 11 μM and
5.5 μM, and by Te-50 at 4 μM and 2 μM (see also Fig. S33).

Table 2. Inhibition of the 2G12-mediated neutralization (IC50) of the HIV infection of TZM-bl cells by Te-10 at 11 μM and
5.5 μM, and by Te-50 at 4 μM and 2 μM

Te-10 IC50 (2G12)a Te-50 IC50 (2G12)a

mg mL−1 μM μM (Man4) μg mL−1 nM mg mL−1 μM μM (Man4) μg mL−1 nM

0.5 11 74 4.5 30 0.5 4 229 9.0 60
0.25 5.5 37 2.0 13.3 0.25 2 114 2.0 13.3
0 0 0 0.65 4.3 0 0 0 0.7 4.7

a Concentration of 2G12 required to inhibit 50% of viral infectivity.
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to interact with 2G12, improve their affinity when
tailored into a nanometric gold core. Furthermore,
lowering the tetramannoside density onto the gold
nanoplatform up to 10% does not affect the high-
affinity recognition of these GNPs towards 2G12, as
observed by SPR and NMR experiments. On the
contrary, GNPs decorated with trimannoside Man3
or pentamannoside Man5, which showed slightly
lower affinities for 2G12 than Man4 as free ligands,
were not capable of generating such result. The
inhibitory effect of Te-10 and Te-50 on the 2G12-
mediated neutralization of a replication-competent
HIV infection of TZM-bl cells was also demonstrated
under conditions in which normal antibodies inhibit
infection.
The in vitro screening of manno-GNPs, which

mimic the oligomannoside-rich spikes of a viral
envelope, adds information on some key molecular
requirements for the exploration of synthetic
carbohydrate-based vaccines against HIV. The
validation of manno-GNPs as efficient 2G12 ligands
represents a necessary step prior to increasing the
degree of complexity of the gold nanoparticles to
obtain improved synthetic anti-HIV agents. Besides
the sugars, additional components (adjuvants,
immunogenic peptides, and/or anti-HIV molecules)
can be inserted into the same nanocluster in order
to create synergetic effects. Due to their versatile,
polyvalent, and multifunctional characteristics,
manno-GNPs may supply an alternative to other
synthetic systems that have been used for mimick-
ing the gp120 glycan shield and may offer novel
strategies against HIV.

Materials and Methods

SPR experiments

SPR analyses were performed at 25 °C using the
ProteOn™ XPR36 Protein Interaction Array System (Bio-
Rad Laboratories, Inc.) with research-grade GLC sensor
chips. 2G12 and gp120 were immobilized using standard
amine coupling chemistry, according to the manufac-
turer's instructions.

Binding studies

2G12 was immobilized on a GLC sensor chip with
the ProteOn™ amine coupling kit (for details, see
Supplementary Data) at a level of 2600 RU using
phosphate-buffered saline (PBS)–Tween 20 as running
buffer [i.e., PBS (10 mM Na3PO4 and 150 mM NaCl,
pH 7.4) with 0.005% of the surfactant Tween 20]. The
carboxylic groups of two different channels on the chip
surface were activated by injecting 30 μL (contact time:
60 s; flow rate: 30 μL min−1) of a 1:1 (by volume)
mixture of 1-ethyl-3-(3-dimethylaminopropyl)carbodii-
mide (16 mM) and N-hydroxysulfosuccinimide
(4 mM). One of the channels was further injected with

120 μL (240 s, 30 μL min−1) of a 2G12 solution in
acetate buffer (50 μg mL−1, 10 mM, pH 5.5). Only PBS–
Tween 20 was flown into the other channel, which was
thus used as reference. The surface of both channels
was then saturated by 100 μL of 1 M ethanolamine HCl
(200 s, 30 μL min−1). Binding experiments were carried
out in tris(hydroxymethyl)aminomethane (Tris)-buffered
saline [10 mM Tris and 150 mM NaCl (pH 7.4)]
containing 0.005% Tween 20.
The sensorgrams were obtained after injection of the

analytes (high-mannose oligosaccharides, manno-GNPs,
and control GNPs) at 25 °C (flow rate: 30 μL min−1;
contact time: 300 s; dissociation: 300 s) by automatic
subtraction of the reference surface signal from the 2G12
surface signal. The sensor surface between runs was
regenerated with a short pulse (flow rate: 100 μL min−1;
contact time: 300 s) of 3.5 M MgCl2. Glycoprotein gp120
was tested to verify that 2G12 maintains its recognition
properties after immobilization. 2G12 activity slightly
decreased during the experiments due to the regeneration
conditions and the instability of the antibody at 25 °C for
long periods.

Inhibition studies

Glycoprotein gp120 was immobilized on a GLC sensor
chip at a level of 8000 RU using the methodology
described above for 2G12. Tris-buffered saline was used
as running buffer. The sensor surface between runs was
regenerated with a short pulse of 0.1 M HCl. Antibody
2G12 (final concentration, 100 nM) was preincubated with
different concentrations of manno-GNPs for ∼ 10 min at
25 °C in Tris-buffered saline, and the mixture was then
coinjected into the gp120-functionalized sensor chip (flow
rate: 30 μL min−1; contact time: 300 s; dissociation: 300 s).
In each experiment, six different concentrations of manno-
GNPs (including a control channel where 2G12 was added
with buffer) were used. During the experiments, gp120
shows a slight loss of activity due to HCl regeneration
phases.

NMR experiments

NMR experiments were carried out using a Bruker DRX
500-MHz spectrometer with a broadband inverse probe at
25 °C. STD-NMR experiments were carried out by
selective irradiation of the aromatic side chains of 2G12
using a typical train of 50 ms Gaussian pulses, each one46

with a total saturation time of 2 s. The absence of aromatic
protons in the oligomannoside-containing manno-GNPs
allowed the selective excitation of antibody 1H resonances
without affecting the signals of any of the ligands
(Fig. S26). Blank experiments were carried out in the
absence of the antibody 2G12 to confirm that the ligands
were not indirectly saturated when the aromatic zone of
the spectrum was selectively irradiated.
Monovalent ligands 2 and 3, 2G12, and GNPs were

lyophilized twice against D2O (99.9% purity). The
competitive titrations were carried out in 10 mM
potassium phosphate buffer (pH 6.7). The samples
were prepared with a concentration of monovalent
ligand enough to occupy more than 90% of the binding
sites of the antibody, fulfilling the condition of compet-
itive inhibition titrations.51 Thus, the concentrations of

807Gold Nanoparticles Mimic the Epitope of 2G12



ligands 2 and 3 were set to 8 mM, and the antibody/
ligand ratio was 1:320 for each sample. All the tested
manno-GNPs were used in competitive titrations against
Compound 3, except for Tri-10 and Tri-50, which were
used against Compound 2.

Competition neutralization assay

The ability of selected manno-GNPs to block the 2G12
neutralization of HIV-1 infection was tested using a
luciferase reporter cell line (TZM-bl).52–54 TZM-bl is a
HeLa cell line that stably expresses CD4, CCR5, and
CXCR4 (viral receptor and coreceptors). These cells also
contain separate integrated copies of the luciferase and
β-galactosidase genes under the control of the HIV-1
promoter. This neutralization assay has been previously
validated by comparison with the current standardized
pseudotype assays, and a good agreement was found.55,56

GNPs Te-10 and Te-50 were preincubated with 2G12
antibody in triplicate for 30 min at 37 °C. The GNP–2G12
solution was added (1:1, by volume) to the HIV-1 virus
(NL4-3 strain), and the mixture was incubated for 1 h
at 37 °C. The virus–GNP–antibody mixture was added
(1:1, by volume) to 10,000 TZM-bl cells. The plate was
then placed in a humidified chamber within a CO2
incubator at 37 °C. Luciferase activity was measured
from cell lysates when levels were sufficiently over
background to give reliable measurements (at least 10-fold)
using the Luciferase Assay System (Promega) and
following the manufacturer's recommendations. Virus
equivalent to 4 ng of the p24 capsid protein (quantified
by an antigen-capture assay; Innogenetics, Belgium) of
the NL4-3 strain of HIV-1 was chosen as the lowest level
of viral input sufficient to give a clear luciferase signal
within the linear range on day 3 postinfection. Neutral-
ization activity was measured in triplicate and reported
as the percentage of luciferase activity compared to the
luciferase activity corresponding to the wells with virus
and no antibody. The 2G12 concentration required to
inhibit 50% of viral infectivity (IC50) was determined for
each GNP at different concentrations. Competition was
observed when the addition of GNP resulted in a
decrease in the neutralizing capacity of the antibody
(higher IC50).
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Introduction

The development of an efficient vaccine against pandemic ac-
quired immunodeficiency syndrome (AIDS) caused by human
immunodeficiency virus (HIV) is one of the unaccomplished
challenges of the last decades.[1] Some HIV-infected individuals
produce potent broadly neutralizing antibodies[2] that are able
to provide protection against viral challenge in animal
models.[3] Investigations of these types of antibodies can aid in
the rational design of a vaccine by affording key structural in-
formation.[3,4] Among these anti-HIV antibodies, 2G12 recogniz-
es a cluster of high-mannose N-glycans present on the “silent
face” of the viral envelope glycoprotein gp120.[5] Crystal struc-
tures of complexes of 2G12 with the dimannoside Mana1–
2Man and with the triantennary undecasaccharide Man9GlcN-
Ac2 (Scheme 1) showed that the antibody has a peculiar shape
in which two fragment antigen binding (Fab) sections are
exchanged.[6] On the basis of these data, a molecular model for
the 2G12–gp120 interaction was proposed in which up to
three separate Man9GlcNAc2 glycans mediate the binding of
2G12 to gp120.[6] The terminal Mana1–2Man disaccharide
moiety at the non-reducing end of the D1 arm of Man9GlcNAc2
(Scheme 1) is responsible for most of the contacts with the
Fab.[7] Nevertheless, the undecasaccharide Man9GlcNAc2 inhib-
its binding of 2G12 to gp120 ~50-fold better than the disac-
charide Mana1–2Man.[7]

The multivalent nature of the 2G12–oligomannosides inter-
actions, and the importance of the type of mannoside frag-

ments involved, have pushed several groups to multimerize
Man9GlcNAc2 and/or its constituent arms onto different scaf-
folds in order to mimic the multivalent presentation of the
2G12 epitope on gp120.[8,9] In some of these works, in vivo
immunization experiments were carried out in order to evoke
2G12-like antibodies. However, either ineffective or low titers
of gp120-binding antibodies were raised, and they were un-
able to neutralize the virus.[8g,9–15] These results highlight that

The human immunodeficiency virus type-1 (HIV-1) is able to
shield immunogenic peptide epitopes on its envelope spike (a
trimer of two glycoproteins, gp120 and gp41) by presenting
numerous host-derived N-linked glycans. Nevertheless, broadly
neutralizing antibodies against gp120 and gp41 have been iso-
lated from HIV-1-infected patients and provide protection
against viral challenge in animal models. Among these, the
monoclonal antibody 2G12 binds to clusters of high-mannose-
type glycans that are present on the surface of gp120. These
types of glycans have thus been envisaged as target structures
for the development of synthetic agents capable of eliciting
2G12-like antibodies. High-resolution structural studies of 2G12
and chemically defined glycan-type ligands, including crystallo-
graphic data, have been performed to gain an insight into this
interaction. Further studies are still required to design a carbo-

hydrate-based vaccine for HIV. Our previous NMR studies high-
lighted different recognition modes of two branched synthetic
oligosaccharides, a penta- and a heptamannoside, by 2G12 in
solution. In order to clarify the underlying structural reasons
for such different behaviors, we have herein “dissected” the
branches into the linear tri- and tetra- oligomannosides by
chemical synthesis and studied their interactions with 2G12 in
solution by saturation transfer difference (STD) NMR spectros-
copy. The results confirm the distinct preferences of 2G12 for
the studied branches and afford explanations for the observed
differences. This study provides important structural informa-
tion for further ligand optimizations. Possible effects of struc-
tural modifications on the solvent-exposed end of the ligands
are also discussed.
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important structural details are still lacking for a full under-
standing of the molecular basis of the 2G12–gp120 interac-
tion.[16]

Recently, we reported an NMR study in solution of the inter-
actions between structural motifs of Man9GlcNAc2 and the anti-
body 2G12.[17] Saturation transfer difference (STD) NMR[18a] and
transferred NOE[18b] experiments revealed that the branched
pentamannoside P (D2+D3 arms, Scheme 1) shows similar
affinity for 2G12 as the corresponding monovalent Mana1–
2Man moiety, while the non-natural branched heptamannoside
H shows less affinity than Mana1–2Mana1–2Man, despite the
divalent presentation of this latter motif (Scheme 1).[17] Addi-
tionally, these studies unveiled distinct binding modes for the
two branched oligomannosides P and H. Pentamannoside P
shows two alternate binding modes for the same binding site
of 2G12 involving both the D3-like and the D2-like arms. In
contrast, the heptamannoside H preferentially interacts with

2G12 through the structural motif Mana1–2Mana1–2Man at
position 3 of the mannose at the reducing end (i.e. , the D1-like
arm), although this motif is repeated at position 6 (the non-
natural arm, Scheme 1).[17]

In order to gain a deeper insight into the interactions of the
oligomannosides P and H with the human monoclonal anti-
body 2G12, we have synthetically “dissected” these Man9-like
branched oligomannosides onto their constituent arms
(Scheme 1). The interactions of the aminoethyl a-oligomanno-
sides Tri-1, Tri-2, and Te-4 with 2G12, as well as the competi-
tion between ligand Te-4 and the previously studied Te-3,[17]

were investigated in isotropic solution by STD NMR spectros-
copy. The present NMR study affords further structural informa-
tion on the molecular recognition processes underlying the
broad neutralization of the virus by 2G12 that may contribute
to the design of an appropriate synthetic epitope for a carbo-
hydrate-based vaccine against HIV.

Scheme 1. Structures of the undecasaccharide Man9GlcNAc2, representative of the high-mannose glycans present at the surface of the HIV glycoprotein
gp120, the branched pentamannoside P, the non-natural heptamannoside H, trimannosides Tri-1 and Tri-2, and tetramannosides Te-3 and Te-4. Tri-1 mimics
the D2 arm of Man9, Tri-2 the D3 arm, Te-3 the D1 arm, and Te-4 is a non-natural (NN) branch.
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Results

Synthesis of oligomannosides

The aminoethyl a-oligomannosides Tri-1, Tri-2, and Te-4 were
prepared by modification of the methodology proposed by
Wong (Scheme 2).[19] The donor disaccharide 3 was coupled to

acceptor 1 and then deprotected by sequential methanolysis
and Pd/C-catalyzed hydrogenation to afford trimannoside Tri-
1 (D2 arm) in 68% overall yield. In order to synthesize the tri-
mannoside Tri-2 (D3 arm) and the non-natural Te-4 (NN arm),
acceptor 1 was acetylated at position 3 (93% yield) and then
desilylated at position 6 (67% yield) to obtain acceptor 2 with
overall 62% yield. Donors 3 and 4 were coupled to acceptor 2
and then deprotected to give trimannoside Tri-2 (D3 arm) and
tetramannoside Te-4 (NN arm) in 40 and 47% overall yields,
respectively. Details of the synthesis (Scheme 2) are given in
the Supporting Information.

STD NMR experiments

In STD NMR spectroscopy, protein–ligand binding events lead
to magnetization transfer from the protons of the large recep-
tor (antibody 2G12, in this case) to the protons of the corre-
sponding ligand (the oligomannosides). The protons of the
small molecule in close contact with the receptor in the bound
state yield intense signals in the final difference spectrum,
whereas remote protons show lower or null STD intensities. In
this way, the analysis of STD NMR intensities of the proton sig-
nals allows the identification of the ligand-binding epitope. In
addition, as the magnitude of the STD signal is proportional to
the concentration of complex in solution, it is possible to eval-
uate the affinity of each ligand from titration experiments after
appropriate treatment.[20]

Addition of increasing concentrations of the oligomanno-
sides Tri-1, Tri-2 or Te-4 to a solution of 2G12 led to the obser-
vation of STD NMR signals in the corresponding difference
spectra. For each different antibody-to-ligand ratio used in the
various samples (1:11 to 1:200), an STD build-up curve was ob-
tained by increasing the saturation time (from 0.5 to 3 s). Next,

the experimental data were fitted to a mono-exponential
asymptotic function:

STDðtsatÞ ¼ STDmax½1�expðksattsatÞ� ð1Þ

From Equation (1), we obtained the initial slope of each
build-up curve (STD0) by the product : ksat·STDmax. We used the

initial slopes of the STD build-up
curves, instead of the STD
intensities themselves, to avoid
some of the factors that can
affect proper determination of
both the ligand-binding epi-
topes and the dissociation con-
stants (KD) when using STD NMR
spectroscopy.[20,21] The ligand
binding epitopes reflect the
main contacts of the ligand with
the antibody in the bound state
and are obtained by normalizing
the STD0 values for each ligand
against the largest STD value,
which is arbitrarily assigned as
100%.

Figure 1 shows expansions of the anomeric region (H1 pro-
tons) of the 1H STD NMR spectra of Tri-1 in the presence of
2G12 at different saturation times (from 0.5 to 3 s). As satura-
tion time increases, saturation transfer of the anomeric proton
at the non-reducing end is higher than the others (H1-A>H1-
B@H1-C). In order to obtain the best signal-to-noise ratio in
the STD spectra, the binding epitopes of the oligomannosides
were obtained at the largest antibody-to-ligand ratios reached
in the experimental setup (1:200; 25 mm 2G12). Figure 2 shows
the spectra and Scheme 3 the relative percentages of STD for
Tri-1, Tri-2, and Te-4, respectively. The corresponding STD
build-up curves (i.e. , reporting the experimental values at dif-
ferent saturation times) are in the Supporting Information.

In particular, STD intensities of the H1 protons at the non-re-
ducing end rings (mannoses A, E, and Z for Tri-1, Tri-2, and Te-
4, respectively, see Figure 2) are stronger than for the other H1
protons, indicating a similar binding mode. The same distribu-
tion of STD intensities along the different rings of the ligands
was also observed in all other protons, whose STD signals
could be unambiguously integrated (Figures S1–S3), showing
monotonically decreasing STD values from the non-reducing
to the reducing end of the oligosaccharide chain. For the sake
of simplicity, the analysis here focuses on the anomeric pro-
tons, as they show good chemical shift dispersion in the spec-
tra (Figure 1).

In order to obtain the affinities of the ligands towards 2G12,
the dissociation constants (KD) of Tri-1, Tri-2, and Te-4 were ex-
perimentally determined by using the recently developed STD-
AF initial slopes approach.[20] By using the so-called STD am-
plification factor18b at saturation time zero (STD-AF0) versus the
ligand concentration, and by fitting the experimental values to
a Langmuir equation, it was possible to obtain the KD. The
results are reported in Table 1. For the sake of comparison, the

Scheme 2. Reagents and conditions for the synthesis of Tri-1, Tri-2, and Te-4 : a) Ac2O, DMAP, Py, RT, 12 h, 93%;
b) TBAF, THF, RT, 15 h; c) NIS, TfOH, CH2Cl2 dry, �10 8C, 2 h; d) MeONa, MeOH, RT, 48 h; e) H2/Pd, MeOH, RT, 12 h.
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KD of Te-3, P, and H, determined in a previous work,[17] are also
shown in Table 1.

STD NMR competition experiments

The significant differences in affinities towards 2G12 between
the tetramannosides Te-3 and Te-4 (Table 1), which are struc-
tural analogues (Scheme 1), prompted us to carry out a compe-
tition STD NMR experiment between both oligomannosides in
the presence of 2G12. Te-4 was added to a sample containing
2G12 (25 mm) and Te-3 (1 mm), obtaining a final sample in
which both ligands were in equimolar conditions. If competi-
tion for the ligand binding site occurs between these oligo-
mannosides, Te-4 should displace Te-3 from the 2G12 binding
pocket but, due to the higher affinity of Te-3 towards the anti-
body, this displacement should be of less than 50% of the
original fraction of Te-3 bound to 2G12.

The STD NMR competition ex-
periment showed reduction in
the intensities of the STD signals
of Te-3 upon addition of the
other ligand, but this reduction
was significantly less than half of
the original STD intensities.
Moreover, in a sample contain-

Figure 1. Anomeric region of the 1H STD NMR spectra at increasing satura-
tion times for a sample containing Tri-1 (residues A–C, named in Scheme 3)
in the presence of 2G12 (antibody-to-ligand ratio 1:200; antibody concentra-
tion 25 mm). The bottom spectrum is the reference 1H NMR of Tri-1 in the
presence of 2G12.

Figure 2. 1H NMR (top) of aminoethyl oligomannosides A) Tri-1, B) Tri-2, and
C) Te-4, and corresponding 1H STD NMR spectra (bottom) obtained follow-
ing their addition to 2G12 solutions. Symbols on the proton signals corre-
spond to those on the structures in Scheme 3.

Table 1. Dissociation constants of the interactions of Tri-1, Tri-2, and Te-4 with antibody 2G12. Affinities were
calculated by using the STD-AF initial slopes approach.[20]

Ligand Tri-1 Tri-2 Te-4 Te-3[a] P[a] H[a]

KD [mm] 3.0(�1) 3.8(�0.3) 2.2(�0.3) 0.4(�0.1) 3.0(�0.2) 0.8(�0.08)

[a] Obtained from ref. [17] .
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ing equimolar concentrations of both ligands, the STD signals
corresponding to protons of Te-3 were higher in intensity
(Figure 3). As both ligands, Te-3 and Te-4, are recognized by
2G12 in the same binding mode (Figures 3 and 4; cf. Figure 1
in ref. [17]), the observed differences in intensities are direct in-
dications of their differences in affinities, confirming that Te-3
is preferentially recognized by the antibody 2G12. This result is
in good agreement with the previous study of the interaction
between the antibody and the whole branched heptamanno-
side H, in which it was shown that the antibody preferentially
recognizes the D1-like ramification (mimicked by Te-3).

Glycan microarray analysis

The synthesized oligomannosides Tri-1, Tri-2, Te-3, and Te-4
were printed on a microarray slide at different concentrations
(25, 50, 100, and 200 mm) following a reported methodology.[22]

The maintenance of glycan functionality after printing was
checked by using fluorescently labeled ConA (Supporting In-
formation). Solutions (100 mL) of fluorescently-labeled 2G12
(2G12*; 25 mgmL�1) were incubated in the dark over each mi-
croarray for 1 h at room temperature following a reported pro-
tocol.[23] Figure 4 shows that 2G12 (25 mgmL�1) interacts with
Te-3 at all tested concentrations, while no interaction was de-

tected with Tri-1, Tri-2, and Te-4. An aminoethyl b-glucoside
was used as negative control.

Discussion

The broadly neutralizing human anti-HIV-1 antibody 2G12 rec-
ognizes a cluster of a1,2-linked mannose residues on the outer
face of the viral glycoprotein gp120.[24] A previous NMR study
showed that the minimum epitope with good affinity for 2G12
in solution is the trisaccharide sequence Mana1–2Mana1–
2Man present on the D1 arm of the Man9(GlcNAc)2 glycan of
gp120.[17] Very recently, Doores et al. showed that HIV-1 native
envelope gp120 trimers mainly display Mana1–2Man-terminat-
ing N-glycans (Man6–9(GlcNAc)2) of the type recognized by
2G12 (high-mannose glycans) and an almost complete lack of
complex-type glycans, in contrast to recombinant gp120.[25]

We attempted to understand the importance of each branch
present in the high-mannose Man9(GlcNAc)2 structure for the
interaction with 2G12, with the aim of gaining a better com-

Scheme 3. Schematic representations of the oligomannosides with the bind-
ing epitopes expressed as percentage ranges per mannosyl moiety (relative
STD values). Symbols on the chemical structures correspond to the proton
signals that were unambiguously integrated into the NMR spectra.

Figure 3. Competition between Te-3 and Te-4 for 2G12 antibody. A) 1H NMR spectrum
(bottom) and STD NMR spectrum (top) of 2G12 and Te-3 (circles, anomeric protons).
B) 1H NMR spectrum (bottom) and STD NMR spectrum (top) of a sample of 2G12 and
equimolar concentrations of Te-3 (*) and Te-4 (^). Dashed boxes highlight key signals
confirming that 2G12 preferentially recognizes Te-3 in the presence of Te-4.

Figure 4. Microarray analysis of the interaction between fluorescently la-
beled 2G12 (25 mgmL�1) and printed Tri-1 (&), Tri-2 (&), Te-3 (&), Te-4 (&),
and the aminoethyl b-glucoside control (&). Histograms represent average
relative fluorescent units (RFU) for eight replicated spots.
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prehension of the molecular basis of the 2G12–gp120 interac-
tions. We used the ligand-based spectroscopic technique STD
NMR to study the interactions in solution between the 2G12
antibody and oligomannosides Tri-1, Tri-2, Te-3, and Te-4.
These oligomannosides mimic the arms of the branched li-
gands P and H (Scheme 1), which were studied previously.[17]

STD NMR build-up curves allowed the determination of their
binding epitopes and, following a recently developed proto-
col,[20] it was possible to obtain the dissociation constant (KD)
of each oligomannoside. We compared the affinities and epi-
topes of the branched oligomannosides P and H,[17] with those
of their constitutive linear oligomannosides (P was dissected
into Tri-1 and Tri-2, and H into Te-3 and Te-4, Scheme 1).

Trimannosides Tri-1 and Tri-2 of pentamannoside P

Both trimannosides Tri-1 and Tri-2 (D2- and D3-like branches
of pentamannoside P) interact with 2G12 by the terminal
moiety Mana1–2Man at the non-reducing end (Scheme 3)
with similar binding modes. This is in very good agreement
with the previous NMR study regarding 2G12 recognition of
the entire pentamannoside P (KD value of 3 mm). The antibody
recognizes both P branches in alternate binding modes in the
same binding pocket with a slight preference for the D3-type
branch (Scheme 1).[17] In the case of the trisaccharides (Tri-
1 and Tri-2) mimicking the individual ramifications of P, 2G12
recognizes the D2-like trimannoside Tri-1 with similar affinity
to the D3-like Tri-2 (Table 1). The affinities of Tri-1 and Tri-2
are on the same order of magnitude as that of the entire pen-
tamannoside P (Table 1),[17] confirming that the repetition of
Mana1–2Man motifs in the structure of the pentamannoside P
does not improve the affinity of this ligand towards the anti-
body 2G12.

Tetramannosides Te-3 and Te-4 of the non-natural hepta-
mannoside H

STD NMR data confirm that tetramannoside Te-4 is recognized
by the antibody 2G12 primarily through the non-reducing end
(mannose Z, Scheme 3), while the reducing end (mannose C,
Scheme 3) is mostly solvent exposed in the bound state. This
binding mode is reminiscent of that of the natural D1-like tet-
ramannoside Te-3, a constituent arm of heptamannoside H.
The binding of tetramannoside Te-3 has been extensively stud-
ied by using different techniques (X-ray,[6] ELISA,[7] microar-
rays,[7, 26–28] and NMR[17]). Among the three branches of the nat-
ural high-mannose glycan Man9, this tetramannoside is prefer-
entially recognized by 2G12 (KD=0.4 mm).[8f, 17] In contrast, the
tetramannoside Te-4 studied here shows a fivefold decrease in
affinity towards 2G12 (KD=2.2 mm, Table 1) in comparison to
natural Te-3. This is in good agreement with the previously ob-
served preferential recognition of the D1-type arm over the
non-natural branch in the entire heptamannoside H.[17] Further-
more, this is a key result in terms of structure–binding relation-
ships for this oligomannoside series, highlighting that a simple
structural change at the reducing end of the two tetrasacchar-
ides (a1,6 linkage in Te-4 versus a1,3 in Te-3, Scheme 1) has

a significant impact on the energetics of the molecular recog-
nition process, but not in the mode of binding. In addition, the
STD NMR competitive experiment between oligomannosides
Te-3 and Te-4 in the presence of the antibody 2G12 (Figure 3)
confirms that the antibody preferentially recognizes Te-3, even
though 2G12 recognizes both tetramannosides with the same
binding mode, as deduced from the epitopes as determined
by STD. NMR data indicates that the reducing end of Te-4
makes some contacts with the protein (Scheme 3), which most
likely restrict the conformational freedom characteristic of a
flexible a1,6-linkage in the bound state, leading to a greater
entropy penalty upon binding in comparison to the most rigid
a1,3-linkage of Te-3.

Microarray technologies are being widely used to map the
interactions between carbohydrates and proteins.[26] With re-
gard to high-mannose-type oligosaccharides, different groups
have employed glycan microarrays to screen their affinity to
2G12, reinforcing the importance of multivalency in this inter-
action.[7,19, 23] The results of glycan microarray analysis show
that 2G12 strongly interacts with Te-3 at the tested concentra-
tions but not with the other oligomannosides studied in this
work. This is in agreement with previous findings, which dem-
onstrate that Te-3 is an excellent mimic of the 2G12 epi-
tope,[7,19,23,29] and a multivalent display of this antigen results in
a high affinity[15,19,29] and efficiency for interference in the
2G12–gp120 interaction.[24] The Tri-1–2G12 interaction was also
studied by using a glycan microarray; however, no interaction
was detected,[26] in agreement with our results.[29] The Tri-2
and Te-4 oligomannosides have not been previously tested as
2G12 ligands.

The arrangement of the oligomannosides onto a printed
array is not directly comparable with the NMR studies, which
are performed in isotropic solution. Furthermore, a cluster
effect, which is absent in the NMR solution of free ligands, has
also to be taken into consideration with microarray slides.
However, the interactions between the oligomannosides and
2G12 in solution follow the same trend of the microarray anal-
ysis. Upon comparison of Te-3 and Te-4, both techniques sug-
gest that the a1,6-linkage at the non-reducing end strongly
influences the interaction with 2G12. During the preparation of
this manuscript, Walker et al.[30] reported that pentamannoside
Mana1–3(Mana1–2Mana1–2Mana1–6)Man, which corre-
sponds to Te-4 but incorporates a further mannose unit at po-
sition 3 of its reducing end, did not specifically bind to anti-
body 2G12 as measured by glycan array analysis, in contrast to
previous findings.[26] Multimerization of this type of oligoman-
noside onto a surface does not always result in an increase in
binding. For example, gold nanoparticles incorporating multi-
ple copies of the trimannoside Mana1–2Mana1–2Man, which
was shown to be a good 2G12 epitope as measured by STD,[17]

were not able to displace the trimannoside from 2G12 binding
sites even at high concentrations.[29] Although microarray anal-
ysis is straightforward, and profits of multivalent interactions
are similar to nanoparticles, the avidities and selectivity of spe-
cific interactions may depend on the density of the carbohy-
drates on the array and on the nature of the spacer which
links the carbohydrate to the scaffold.
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Conclusion

We have characterized the molecular recognition by the
human anti-HIV-1 antibody 2G12 of the biologically relevant
trimannosides Tri-1 and Tri-2, and tetramannosides Te-3 and
Te-4. By studying these ligands, we have provided important
structural information to clarify the molecular recognition by
2G12 of previously characterized branched oligomannoside
constituents of the triantennary high-mannose Man9GlcNAc2
glycan: the pentamannoside P, containing both the D2 and D3
arms of the natural high-mannose, and the heptamannoside H,
composed by the repetition of two Mana1–2Mana1–2Man tri-
mannosides, the minimum structural requirements to yield
good affinity towards 2G12.[17]

The affinities of the constitutive fragments of pentamanno-
side P (e.g. , Tri-1 and Tri-2) are about the same. The binding
to 2G12 of individual ligands Tri-1 and Tri-2 is in good agree-
ment with the previous observation of a bimodal binding of
the entire pentamannoside P. On the other hand, dissection of
heptamannoside H leads to the tetramannosides Te-3 and Te-
4, which show notably different affinities to 2G12. In particular,
Te-3 shows higher affinity than Te-4. The only difference be-
tween Te-3 and Te-4 resides in the a1,3- versus a1,6-linkage
between the reducing mannose and the trisaccharide at the
non-reducing end (Scheme 1).

Although 85% of the contacts between antibody 2G12 and
the gp120 high-mannose glycans occur through the non-re-
ducing Mana1–2Man motif of the D1 arm,[6] our experimental
results indicate that the mannose ring of the internal core can
have a key influence in the interaction with 2G12. These results
expand our comprehension of the molecular basis of the
2G12–gp120 interaction, affording key structural information
for the development of an HIV carbohydrate-based vaccine.

Experimental Section

General: All chemicals were purchased as reagent grade from
Sigma–Aldrich and used without further purification, unless other-
wise stated. CH2Cl2 was distilled from calcium hydride before use.
Dry MeOH was kept over 3 � molecular sieves. TLC was performed
on 0.25 mm pre-coated silica gel glass plates or aluminum-backed
sheets (Merck silica gel 60 F254) with detection by UV-light (254 nm)
and/or heating at >200 8C after staining either with 10% H2SO4

(aqueous solution) or p-anisaldehyde solution [p-anisaldehyde
(25 mL), H2SO4 (25 mL), EtOH (450 mL), and CH3COOH (1 mL)] . Or-
ganic solvents were removed by rotary evaporation under reduced
pressure at approximately 40 8C (water bath). Silica gel (0.041–
0.063 mm, Amicon; 0.063–0.200 mm, Merck) was used for flash
column chromatography (FCC). Size-exclusion column chromatog-
raphy was performed on a Sephadex LH-20 (GE Healthcare). NMR
spectra were recorded at 500 MHz (Bruker, 1H) or 125 MHz (13C) at
25 8C. If not otherwise stated, chemical shifts are given relative to
the residual solvent signal. Infrared spectra (IR) were recorded from
4000 to 400 cm�1 with a Nicolet 6700 FTIR spectrometer (Thermo
Spectra-Tech); solids were pressed into KBr pellets. Optical rota-
tions were determined with a Perkin–Elmer 341 polarimeter. Mass
spectrometric data was obtained from a Waters LCT Premier XE in-
strument with a standard ESI source by direct injection. The instru-
ment was operated with a capillary voltage of 1.0 kV and a cone

voltage of 200 V. Cone and desolvation gas flow were set to 50
and 500 Lh�1, respectively; source and desolvation temperatures
were 100 8C. High-resolution mass was determined by using glyco-
cholic acid (Sigma) as an internal standard ([2M+Na]+ , m/z
953.6058). MALDI-ToF spectra were recorded on a Bruker Reflex IV
with 2’,4’,6’-trihydroxy-acetophenone monohydrate (THAP) as
a matrix. HIV-1 gp120 monoclonal antibody 2G12 was kindly sup-
plied by Dr. Dietmar Katinger (Polymun Scientific, Vienna, Austria).

Synthesis of aminoethyl oligomannosides : Tetramannoside Te-3
was prepared according to the literature.31 Aminoethyloligomanno-
sides Tri-1, Tri-2, and Te-4 were obtained by deprotection of the
corresponding fully protected parent compounds whose prepara-
tions from acceptor 1 and acceptor 2 is reported in the Supporting
Information. General procedure : The fully protected oligomanno-
sides (0.06 mmol) were dissolved in MeOH (3 mL), and NaOMe
(1 equiv, 3.6 mg, 0.06 mmol) was added to the solution. The solu-
tion was stirred at room temperature for 48 h and was brought to
pH~7 with Amberlite IR-120 (Tri-1 and Tri-2) or to pH~2 with HCl
(1m; Te-4). The solvent was removed under reduced pressure to
yield a residue. The oligomannoside was dissolved in MeOH/
HCOOH (95:5, v/v, 3 mL) and 1.5 mass equiv Pd-Black was added to
the solution. The reaction mixture was flushed with H2 (three
times) and stirred at room temperature under H2 for 12 h. The re-
action mixture was diluted with MeOH and filtered through Celite.
The solvent was removed under reduced pressure. The resulting
residue was purified by size-exclusion chromatography on a Sepha-
dex LH-20 (MeOH/H2O 9:1). After freeze-drying, the desired prod-
ucts were collected as white solids.

Tri-1 formate salt : (yield 72%); [a]20D =++30 (c=0.1, H2O);
1H NMR

(500MHz, D2O): d=8.45 (s, 1H; HCOO�), 5.38 (d, J=1.4 Hz, 1H;
H1B), 5.05 (d, J=1.6 Hz, 1H; H1A), 4.89 (d, J=1.6 Hz, 1H; H1C),
4.14 (dd, J=3.2, 1.6 Hz, 1H; H2C), 4.10 (dd, J=3.2, 1.7 Hz, 1H;
H2B), 4.07 (dd, J=3.3, 1.8 Hz, 1H; H2A), 4.06–4.01 (m, 1H;
OCH2CH2NH3

+), 3.99 (dd, J=9.6, 3.3 Hz, 1H; H3B), 3.94–3.62 (m,
15H), 3.43–3.30 (m, 2H; CH2NH3

+) ; 1H,13C HSQC NMR (125MHz,
D2O): d=102.3 (d, 1C, C1A), 100.7 (d, 1C, C1B), 99.7 (d, 1C, C1C),
78.4 (d, 1C, C2B), 78.1, 73.2, 73.1, 70.2, 69.9, 69.8 (d, 1C, C2A), 69.3
(d, 1C, C2C), 66.8, 65.8, 60.9, 60.8, 61.4 (d, 1C, OCH2CH2NH3

+), 56.3
(t, 1C, CH2NH3

+) ; IR (KBr): ñ= ~3600–3050 (br), 2934, 2885, 1593
(s), 1385, 1344, 1131, 1054, 1033; HR-MS: calcd for C20H37NO16Na

+ :
570.201 [M�HCOOH+Na]+ ; found: 570.198.

Tri-2 formate salt : (yield 78%); [a]20D =++9 (c=0.5, H2O)
1H NMR

(500MHz, D2O): d=8.48 (s, 1H; HCOO�), 5.17 (d, J=1.4 Hz, 1H;
H1D), 5.04 (d, J=1.5 Hz, 1H; H1E), 4.90 (d, J=1.5 Hz, 1H; H1C),
4.09 (dd, J=3.2 Hz, 1H; 1.5), 4.03–3.67 (m, 18H), 3.63 (t, J=9.8 Hz,
1H), 3.28–3.21 (m, 2H; CH2NH3

+) ; 1H,13C HSQC NMR (125MHz,
D2O): d=102.3 (d, 1C, C1E), 100.1 (d, 1C, C1C), 97.9 (d, 1C, C1D),
78.7 (d, 1C), 73.2 (d, 1C), 72.7 (d, 1C), 71.1 (d, 1C), 70.6 (d, 1C),
70.3 (d, 1C), 70.2 (d, 1C), 69.9 (d, 1C), 69.7 (d, 1C), 66.9 (d, 2C),
66.4 (d, 1C), 65.7 (t, 1C), 63.4 (t, 1C), 61.1 (t, 1C), 60.9 (t, 1C), 39.0
(t, 1C, CH2NH3

+) ; IR (KBr): ñ= ~3600–3050 (br), 2937, 1591 (s),
1386, 1345, 1125, 1090, 1062; HR-MS: calcd for C20H37NO16Na

+ :
570.201 [M�HCOOH+Na]+ ; found 570.199.

Te-4 chloride salt : (yield 75%); [a]20D =++5 (c=0.5, H2O);
1H NMR

(500MHz, D2O): d=5.30 (s, J=1.4 Hz, 1H; H1E), 5.15 (s, J=1.4 Hz,
1H; H1D), 5.06 (s, J=1.5 Hz, 1H; H1Z), 4.90 (s, J=1.5 Hz, 1H;
H1C), 4.12 (dd, J=3.0, 1.4 Hz, 1H; H2E), 4.08 (dd, J=3.3, 1.5 Hz,
1H; H2Z), 4.03–3.59 (m, 24H), 3.19 (m, 2H; CH2NH3

+) ; 1H,13C
HSQC NMR (125 MHz, D2O): d=102.1 (d, 1C, C1Z), 100.6 (d, 1C,
C1E), 100.1 (d, 1C, C1C), 98.0 (d, 1C, C1D), 78.8, 78.4 (d, 1C, C2E),
73.1, 72.8, 70.9, 70.3, 69.8 (d, 1C, C2Z), 66.9, 66.8, 65.9, 61.0, 39.2 (t,
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1C, CH2NH3
+) ; IR (KBr): ñ= ~3600–3050 (br), 2925, 2877, 1131,

1058; HR-MS: calcd for C26H48NO21
+ : 710.272 [M�Cl�]+ ; found

732.252; calcd for C26H47NO21Na
+ : 732.254 [M�HCl+Na+]+ ; found

732.252.

NMR spectroscopy : For preparation of NMR samples, the majority
of maltose present in the antibody batch was first removed and
the sample buffer was exchanged by dialysis with a 20 kDa mem-
brane (Spectra/Por, Medicell International Ltd.). All the ligands
were lyophilized against 99% D2O twice and once with 99.99%
D2O from Sigma–Aldrich. All samples were prepared in 10 mm
phosphate-deuterated buffer solution at pH 6.7. The 1H NMR sig-
nals of each ligand were assigned by employing a combination of
COSY, TOCSY, NOESY, and 1H,13C HSQC experiments performed on
a Bruker DRX (500MHz) spectrometer. The temperature was 298 K
for all STD NMR experiments. The experiments were performed
without suppression of the residual HDO signal. The broad signals
of the antibody were deleted by adding a T11 filter to the STD
NMR pulse sequence. All STD NMR experiments were carried out
with 1 K scans. Build-up curves were obtained by using seven satu-
ration times (0.5, 0.75, 1, 1.5, 2, 2.5, and 3 s) varying the relaxation
delay (with a minimum of 0.1 s) inversely to the saturation time for
each experiment and keeping the total experimental time con-
stant. Each saturation time was composed of a train of Gaussian-
shaped pulses of 50 ms. Off- and on-resonance frequencies of 40
and 0.86 ppm (antibody aliphatic region), respectively, were used
for the STD NMR build-up curves. To check the selectivity of the ex-
perimental setup, STD NMR “blank” experiments were carried out
for each ligand on samples without protein. For the titration ex-
periments, antibody:ligand molar ratios were increased from 1:11
to 1:200 by adding different aliquots of the ligand to the NMR
sample from high concentration stocks of each ligand. For each
ratio, an STD build-up curve was calculated to obtain the initial
slopes (STD0) by mathematical fitting to Equation (1).

Dissociation constants (KD) for each oligomannoside were obtained
by fitting every isotherm composed of initial slopes from the STD
NMR build-up curves to a Langmuir equation of the type
(Bmax·[L])/(KD+[L]).[20] The binding epitopes of the ligands were ob-
tained at the largest antibody:ligand ratios reached in the experi-
mental setup by normalizing the STD-AF0 values for each ligand
against the largest STD value, which was arbitrarily assigned as
100%.

In the competitive experiments between Te-3 and Te-4, the
sample was prepared in the same buffer as those for the STD NMR
build-up curves, but the concentrations were [2G12]=25 mm and
[Te-3]=1 mm. Afterwards, Te-4 was added, obtaining a sample in
which both tetramannosides were in the same concentration with
antibody-to-ligand ratios of 1:40. These experiments were carried
out on a 600MHz NMR Bruker spectrometer.

Microarrays: Microarrays were printed on glass slides employing
a robotic noncontact spotter Piezorray (PerkinElmer). NHS-activated
Nexterion H glass slides were purchased from Schott AG, Mainz,
Germany. 2G12* and ConA* incubations were performed in Fast
Frame incubation chambers (Whatman, Maidstone, UK). Fluores-
cence measurements were performed in an Agilent G265BA micro-
array scanner system (Agilent Technologies). Quantification was
achieved by ProScanArray Express software from PerkinElmer.

Buffered solutions (200 mL, 300 mm, pH 8.5) of Tri-1, Tri-2, Te-3, Te-
4, and aminoethyl b-glucoside were placed into a 384-well source
plate and arrayed onto NHS-functionalized glass slides. Volumes
(0.7 nL) of the buffered solutions were spotted in eight replicates.
After printing, the slides were placed in a 75% humidity chamber

(saturated NaCl solution) at 25 8C for 18 h. The remaining NHS
groups were quenched by placing the slides in a 50 mm solution
of ethanolamine in sodium borate buffer (50 mm, pH 9.0) for 1 h.
The slides were then washed with a standard protocol and dried in
a slide spinner. A buffered solution (100 mL) of fluorescently-labeled
2G12 (25 mgmL�1) was incubated in the dark over each microarray
for 1 h at room temperature. After washing and drying, fluores-
cence was analyzed with a microarray scanner. For more details,
see the Supporting Information.
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Gold nanoparticles as carriers for a synthetic 
Streptococcus pneumoniae type 14 conjugate vaccine

Since carbohydrates are usually poorly immuno-
genic, strategies have been developed to improve 
their immune response [1]. One such strategy 
is the coupling of capsular polysaccharides of 
pathogens to suitable immunogenic protein 
carriers (conjugate vaccines) [2]. Although 
carbohydrate conjugate vaccines have been used 
to successfully prevent invasive pneumococcal 
infection [3] and the first synthetic human 
vaccine against Haemophilus influenzae type b 
has been approved [4], there are still many 
challenges and problems to be addressed in the 
area of carbohydrate vaccine design. One of these 
is the identification of the smallest protective 
epitopes for many pathogens. Furthermore, a 
main concern for synthetic vaccines is the risk 
of carrier-induced epitopic suppression [5].

Current advances in the identification and 
synthesis of carbohydrate epitopes have opened 
new ways to rationalize vaccine design [6]. 
Several strategies for the production of synthetic 
carbohydrate-based vaccines have been developed 
to overcome the hurdles encountered with the 
use of protein carriers and complex bacterial 
capsular polysaccharides [2,7]. These strategies 
include the use of liposomes [8,9], dendrimers 
[10], peptides [11] and micrometric beads [12] 
as scaffolds to obtain multivalent conjugate 

vaccines [2]. Three-component synthetic vaccines 
containing a tumor-associated glycopeptide, a 
peptide T-helper epitope, and a Toll-like receptor 
2 agonist [8] or L-rhamnose [13] were found to 
elicit high titers of IgG antibodies in mice.

Nanotechnology offers an alternative to 
conventional vaccine technologies and can improve 
vaccine development [14,15]. The conjugation 
of biomolecules to gold nanoparticles has been 
extensively explored because of their relative 
inertness, low toxicity and the chemistry of their 
surface is easy to control [16]. The opportunity 
of modifying the surface of nanoparticles to 
achieve simultaneous antigen-loading, adjuvant 
codelivery, improved circulation times and 
targeting properties has increased the interest 
in nanoparticle-based vaccines [14]. Micrometric 
gold particles have been used to administer 
DNA vaccines directly into human skin cells by 
‘gene gun’ inoculations [17] that facilitate DNA 
delivery and gene expression in order to induce 
protective levels of antibody against hepatitis B 
virus [18] and influenza [19]. Metallic nanoparticles 
(5–10 nm) coated with tiopronine [20] or Cys-
modified peptides [21] can trigger macrophage 
activation in vitro, demonstrating the possibility 
to modulate cell-mediated immune responses 
with suitable nanotools.

Aims: Coupling of capsular polysaccharides of pathogens to immunogenic protein carriers (conjugate 
vaccines) improves carbohydrate immune response. Our idea is to explore gold nanoclusters as carriers to 
prepare fully synthetic carbohydrate vaccines. Materials & methods: Gold glyconanoparticles bearing a 
synthetic tetrasaccharide epitope related to the Streptococcus pneumoniae type 14 capsular polysaccharide 
(Pn14PS), the T-helper ovalbumin 323–339 peptide (OVA323–339), and D-glucose were prepared by a one-pot 
method. Their immunogenicity was tested in mice. Cytokine levels after spleen cell stimulation with 
OVA323–339 were analyzed using a luminex-multiplex cytokine assay. The capacity of the evoked antibodies 
to promote the uptake of S. pneumoniae type 14 by leukocytes was assessed. Results & discussion: 
Glyconanoparticles containing 45% of tetrasaccharide and 5% OVA323–339 triggered specific anti-Pn14PS 
IgG antibodies. Cytokine levels confirmed that glyconanoparticles led to T-helper cell activation. The anti-
saccharide antibodies promoted the phagocytosis of type 14 bacteria by human leukocytes, indicating the 
functionality of the antibodies. Conclusion: Gold nanoparticles have great potential as carriers for the 
development of a great diversity of fully synthetic carbohydrate-based vaccines.
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This study explores the potential application 
of gold glyconanoparticles (GNPs) as a carrier 
for vaccine candidates against Streptococcus 
pneumoniae, a major cause of invasive respiratory 
tract infections in both infants and the elderly [22]. 
A nonconjugated polysaccharide vaccine against 
the 23 most prevalent pneumococcal serotypes 
is currently available [23]. However, this vaccine 
elicits a poor antibody response in high-risk 
groups, especially neonates and children. Three 
polysaccharide–protein conjugate vaccines against 
S. pneumoniae are currently licensed. Conjugate 
vaccines of natural capsular polysaccharides 
coupled to the carrier protein CRM

197
 (cross-

reacting material, a nontoxic variant of diphtheria 
toxin) are immunogenic in young children 
and protect against invasive pneumococcal 
disease [22,24]. In subsequent studies, synthetic 
oligosaccharide fragments of S. pneumoniae 
capsular polysaccharides conjugated to protein 
carriers have been investigated for their 
effectiveness as vaccine candidates [22]. The 
synthetic branched tetrasaccharide -D-Galp-
(1–4)- -D-Glcp- (1–6)-[ -D-Galp- (1–4)-]

-D-GlcpNAc-(1-) (Tetra), which corresponds 
to a single repeating unit of the S. pneumoniae 
type 14 capsular polysaccharide (Pn14PS), was 
identified as the smallest structure capable of 
evoking opsonophagocytic antibodies against 
S. pneumoniae type 14 when conjugated to 
CRM

197
 protein [25,26].

We have previously developed a simple and 
versatile method to prepare sugar-functionalized 
gold nanoclusters with a polyvalent carbohydrate 
display and a globular shape [27,28]. This method 
allows the generation of complex gold GNPs 
by combining different molecules on the same 
nanoplatform in a controlled fashion [29]. GNPs 
are water-soluble, noncytotoxic, and stable 
under physiological conditions and have turned 
out to be useful tools with which to study and 
intervene in carbohydrate-mediated biological 
processes [30,31]. Based on our experience in the 
preparation of multicomponent biofunctional 
gold nanoclusters [29], we reasoned that a 
synthetic vaccine could also be constructed 
using gold nanoparticles as carriers of the 
vaccine components. Our aim was to develop 
new carbohydrate vaccines by functionalizing 
covalently the surface of gold nanoparticles with 
sugar antigens and T-helper peptides.

Herein, a series of 2-nm hybrid gold 
nanoparticles (GNP-1–4) displaying different 
ratios of the branched tetrasaccharide unit 
of Pn14PS [26], the T-helper ovalbumin 
323–339 peptide (OVA

323–339
) [32,33], and the 

monosaccharide D-glucose, were prepared 
(FIGURE 1). The immunogenicity of the GNPs was 
studied in BALB/c mice.

Materials & methods
Preparation of thiol-ending 

conjugates
The synthesis of 1-(3-[ -D-Galp-(1–4)- -D-Glcp-
(1–6)-[ -D-Galp-(1–4)-] -D-GlcpNAc]propyl)-
3-(23-mercapto-3,6,9,12-tetraoxa tricosyl)thiou-
rea (1) has been carried out following a modified 
protocol [34] and is reported in the SUPPLEMENTARY 

MATERIAL (see online, www.futuremedicine.
com/doi/suppl/10.2217/nnm.11.151). 

5-(Thio)pentyl -D-glucopyranoside (2) was 
synthesized as previously described [28].

The OVA
323–339

 peptide with an addi-
tional glycine and mercapto-propionic acid 
linker at the N-terminus HS(CH

2
)

2
C(O)

GISQAVHAAHAEINEAGR (3) was obtained 
from GenScript Corp (Piscataway, NJ, USA).

Preparation of hybrid gold 
nanoparticles
A slight modification of an earlier reported single-
step procedure [29] was applied to prepare the GNPs. 
A solution of tetrachloroauric acid (HAuCl

4
, 

Strem Chemicals, 0.025 M, 1 equivalent) in 
water was added to a 0.012 M (five equivalents) 
methanolic solution of the mixture of thiol-
ending conjugates 1, 2 and 3 (FIGURE 1 & SUPPLEMENTARY 

FIGURE 1) in different ratios. An aqueous solution of 
NaBH

4
 1 M (21 equivalents) was then added in 

four portions, with vigorous shaking. The black 
suspension formed was shaken for an additional 
2 h at 25°C after which the supernatant was 
removed and analyzed. The residue was dissolved 
in a minimal volume of Nanopure® water and 
purified by dialysis or by centrifugal filtering. 
For the ligand ana lysis, proton nuclear magnetic 
resonance (1H NMR) spectra of the initial mixture 
and of the supernatant after GNP formation were 
recorded (SUPPLEMENTARY FIGURES 3–6). The ratio of the 
ligands in the GNPs (TABLE 1) was evaluated by 
integrating the signals of the anomeric protons 
of tetrasaccharide 1, the anomeric proton of 
glucoside 2 and the methyl groups of isoleucine 
and valine of OVA

323–339
 peptide conjugate 3. The 

particle size distribution (average gold diameter) 
of the gold nanoparticles was determined from 
the transmission electron microscopy (TEM) 
micrographs (SUPPLEMENTARY FIGURE 9). The average 
number of gold atoms were calculated on the 
basis of the average diameter obtained by TEM 
micrographs, and molecular formulas of the 
GNPs were estimated according to previous work 
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(TABLE 1) [35]. Details of the chemical syntheses and 
analytical data (1H NMR, infrared spectroscopy, 
TEM and UV–visible spectrophotometry) of the 
hybrid GNPs are provided in the SUPPLEMENTARY 

MATERIAL.

Mouse immunization studies
Inbred 6-week-old female BALB/c mice were 
immunized intracutaneously with a series of 
GNPs (6 μg), which contained the tetrasaccharide 
(approximately 3 μg per dose) and/or OVA

323–339
 

peptide (approximately 3 μg per dose), using a 
mixture of monophosphoryl lipid-A and Quillaja 
purified saponin (Quil-A) as adjuvants (10 μg 
monophosphoryl lipid-A [derived from Salmonella 
minnesota R595 LPS; Ribi ImmunoChem 
Research Inc., Hamilton, MT, USA] and 20 μg 
Quil-A [Quil-A was a gift from Erik B Lindblad, 
Brenntag Biosector, Vedbaek, Denmark]) as 
described previously (SUPPLEMENTARY TABLE 1) [26]. 
The GNPs were injected at four different sites in 
the proximity of the lymph nodes of the axillae 
and the groins. The following antigens served 
as positive controls: S. pneumoniae type 14 
polysaccharide conjugated to CRM

197
 (Pn14PS-

CRM
197

; Wyeth Research, Pearl River, NY, USA, 
2.5 μg of carbohydrate), free OVA

323–339
 peptide 

(2.5 μg), and OVA
323–339

 peptide conjugated to 
CRM

197
 protein (OVA

323–339
 peptide-CRM

197
, 

50 μg). The OVA
323–339

 peptide-CRM
197

 was 
constructed by coupling of the OVA

323–339
 peptide 

to CRM
197

 protein as described previously [26]. 
All control antigens were injected into mice in 
combination with the adjuvants mentioned above 
(SUPPLEMENTARY TABLE 1). All booster immunizations 
were given without adjuvant and were performed 
on weeks 5 and 10. Blood samples were taken 
before and after the booster and the sera were 
stored at -20°C.

Measurement of type-specific 
antibodies & phagocytosis titer
The ELISA was performed to measure the 
antibodies to native Pn14PS, to the synthetic 
branched tetrasaccharide, and to OVA as 
described previously [26].

The opsonophagocytosis assay was performed 
by using human polymorphonuclear leukocytes 
isolated from the peripheral blood of healthy 
donors, as previously described [26,36]. Details 
of the protocol are provided in the SUPPLEMENTARY 

MATERIAL.

In vitro spleen cell stimulation
Mouse spleens (n = 2) were isolated 3 weeks 
after the second booster immunization. Spleen 
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cell suspensions (107 cells/ml) were stimulated 
with OVA

323–339
 peptide (10 μg) in Roswell Park 

Memorial Institute 1640 tissue culture medium 
supplemented with 10% fetal calf serum and 
gentamycin. The cells were cultured at 37°C, in 
100% relative humidity, and with 5% CO

2
 in air. 

Finally, the supernatants were collected at 72 h after 
initiation of the cultures, and stored at -70°C until 
use. Six different cytokines were selected to screen 
the supernatants: IL-2 (171-G5003M), TNF-  
(171-G5023M), and IFN-  (171-G5017M) as 
Th1 cytokines; IL-4 (171-G5005M) and IL-5 
(171-G5006) as Th2 cytokines; and IL-17 
as Th17 marker (171-G50013M). We used a 
luminex-multiplex cytokine assay, following the 
manufacturer’s instructions (Bio-Rad, Hercules, 
CA, USA). The lower limits of detection were 
0.31 pg/ml (IL-2), 0.71 pg/ml (IL-4), 0.24 pg/ml 
(IL-5), 0.20 pg/ml (IL-17), 0.48 pg/ml (IFN- ), 
and 5.2 pg/ml (TNF- ).

Statistical methods
Unpaired t-test was used to determine differences 
in antibody titer or cytokine level with a p-value 

0.05 considered to be statistically significant 
(Graphad Prism 5.00).

Other methods
General information about chemicals and 
techniques, and details of the synthesis of 
branched tetrasaccharide conjugate 1, the 
preparation and characterization of hybrid gold 
nanoparticles GNP-1–4, detection of type-
specific antibodies by ELISA and phagocytosis 
titers can be found in the SUPPLEMENTARY MATERIAL.

Results
Preparation & characterization of 

hybrid gold GNPs
Hybrid gold GNPs (GNP1–4) used in this study 
were prepared by in situ reduction of an Au(III) 
salt in the presence of mixtures of thiol-ending 
conjugates 1, 2 and 3, as gold binds thiols with a high 

affinity [37]. Conjugates 1, 2 and 3 are constituted 
by the synthetic branched tetrasaccharide -D-
Galp-(1–4)- -D-Glcp-(1–6)-[ -D-Galp-(1–4)-]

-D-GlcpNAc-(1–), D-glucose, and the OVA
323–

339
 peptide and thiol-ending linkers of different 

length and nature (FIGURE 1). The conjugates were 
used in excess with respect to the Au(III) salt in 
order to assure full coverage of the nascent gold 
nanoclusters and to ensure that their molar ratios 
in solution are maintained on the nanoparticles 
surface. The one-step method, which has been 
used, allows the incorporation of the conjugates 
in different and defined proportions on the same 
gold nanoparticles [28,29]. GNP-1 and GNP-4 
were prepared from mixtures of 1, 2 and 3 in 
45:50:5 and 20:70:10 molar ratios, respectively. 
The preparation of GNP-1 was also repeated using 
a different batch of tetrasaccharide conjugate 1. 
The resulting nanoparticles (GNP-1b) showed the 
same physicochemical properties and elicited a 
similar immune response (see below), indicating 
that the methodology is reproducible. GNP-
2, containing tetrasaccharide conjugate 1 and 
glucose conjugate 2 in 50:50 ratio, was prepared to 
study the immune response to the tetrasaccharide 
in the absence of the immunodominant OVA 
peptide conjugate 3. GNP-3, containing 

10% of OVA peptide 3 and 90% of glucose 
conjugate 2, served as the control system. The 
presence of conjugates on the GNPs was assessed 
qualitatively by comparing the 1H NMR 
spectra of the initial mixtures and the formed 
GNPs (SUPPLEMENTARY FIGURES 3–6). The GNPs were 
monodisperse and showed exceptionally small 
gold core diameters, ranging from 1.7 to 1.9 nm 
(assuming a spherical shape), as demonstrated by 
TEM ana lysis (SUPPLEMENTARY FIGURE 9). The lack of a 
gold surface plasmon band at 520 nm in the UV–
visible spectra (SUPPLEMENTARY FIGURE 10) confirmed the 
small core size of the GNPs. All of the prepared 
GNPs were water-soluble and stable for months in 
solution. Moreover, they survived freeze-drying 
processes and could be redispersed in water 

Table 1. Physicochemical properties of the hybrid gold nanoparticles prepared in this study.

GNPs Mean metal core 
diameter (nm)†

Average number 
of gold atoms‡

Average molecular 
weight (kDa)

Molar ratio of 
Tetra:Glc:OVA323–339

§

Estimated average 
molecular formula

GNP-1¶ 1.8 ± 0.5 201 95 45:50:5 Au201(Tetra)32(Glc)35(OVA323–339)4

GNP-2 1.9 ± 0.3 225 97 50:50:0 Au225(Tetra)36(Glc)35

GNP-3 1.9 ± 0.5 225 76 0:90:10 Au225(Glc)64(OVA323–339)7

GNP-4 1.7 ± 0.7 201 84 20:70:10 Au201(Tetra)14(Glc)50 (OVA323–339)7
†Diameter of the gold nanocluster (as measured by transmission electron microscopy).  
‡Average number of gold atoms per nanoparticle was calculated from the size of the gold cluster obtained by transmission electron microscopy, as reported previously [35].  
§Molar ratio of conjugates per nanoparticle was determined by analyzing the mixtures using NMR before and after nanoparticle formation (SUPPLEMENTARY MATERIAL, 
METHODS SECTION).  
¶Two different batches of GNP-1 were independently prepared and displayed the same physicochemical and immunochemical properties. 
GNP: Glyconanoparticle; OVA: Ovalbumin.
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Figure 2. Specific anti-Streptococcus pneumoniae type 14 polysaccharide IgG total and IgG subclass distribution antibodies.  
Groups of mice were immunized with series of GNPs with adjuvant coadministration at the primary injection and sera were collected 
2 weeks after the second booster injection, which was given without adjuvant (for more details, see SUPPLEMENTARY TABLE 1). The GNPs 
differed in their tetrasaccharide:glucose:OVA-peptide molar ratio (TABLE 1). Pn14PS-CRM197 and saline buffer immunization served as the 
positive and negative control, respectively. ELISA was performed to measure the (A) specific anti-Pn14PS IgG total and (B) the IgG 
subclass distribution antibodies with the native polysaccharide of Pn14PS as a coating material. 
CRM: Cross-reactive material; GNP: Glyconanoparticle; NT: Not tested; OVA: Ovalbumin; Pn14PS: Streptococcus pneumoniae type 14 
capsular polysaccharide.
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without losing their physicochemical properties 
and integrity. Average molecular formulae and 
weights of the GNPs were estimated according 
to the literature [35], and are given in TABLE 1.

The immunogenicity of hybrid 
gold GNPs
Specific IgG antibodies against the native 
Pn14PS, the synthetic branched tetrasaccharide, 
and the OVA

323–339
 peptide were determined in 

the sera of the immunized mice using ELISA. 
The IgG antibodies induced by GNP-1 
(Tetra:Glc:OVA

323–339
 = 45:50:5) bound to 

native Pn14PS (FIGURE 2A), but the titer was one 
log

10
 lower than the response to the positive 

control antigen Pn14PS-CRM
197

. Immunization 
with GNP-2 (Tetra:Glc = 50:50) or with 
GNP-3 (Glc:OVA

323–339
 = 90:10), did not elicit 

any specific IgG antibodies against Pn14PS 
(FIGURE 2A). When GNP-2 + GNP-3 were admixed 
a marginal response was obtained. Immunization 
with GNP-4 (Tetra:Glc:OVA

323–339
 = 20:70:10) 

elicited an even lower level of specific IgG 
antibodies against Pn14PS than GNP-1, 
bearing twice as much tetrasaccharide 
(FIGURE 2A & SUPPLEMENTARY TABLE 1). It can thus be 
concluded that the presence of the T-cell epitope 
OVA

323–339
 peptide in the GNP is a prerequisite 

for the induction of an antibody response to the 
tetrasaccharide. The anti-Pn14PS IgG subclass 

antibodies distribution was also investigated. 
Immunization with GNP-1 or GNP-4 elicited 
anti-Pn14PS IgG

1
, IgG

2b
 and IgG

3
 antibodies 

(FIGURE 2B). The titer of IgG
2a

 antibody against 
Pn14PS was not detected in the mice group 
immunized with GNP comparing to the ones 
immunized with Pn14PS-CRM

197
 (FIGURE 2B).

The antibody response to the tetrasaccharide 
was determined on the conjugate constructed 
from the branched tetrasaccharide and 
bovine serum albumin protein. Sera 
obtained from mice immunized with GNP-1 
(Tetra:Glc:OVA

323–339
 = 45:50:5) recognized 

the branched tetrasaccharide structure (FIGURE 3B). 
The OVA

323–339
 peptide, a T-cell epitope 

of the OVA protein, when exposed on GNPs 
preparations elicited negligible levels of IgG 
antibodies against OVA (FIGURE 3A). Similar results 
[Safari D et al., Unpublished Data] were obtained by 
ELISAs using plates coated with the OVA

323–339
 

peptide conjugated to bovine serum albumin. 
Overall, these data indicate that immunization 
with OVA

323–339
-containing GNPs (GNP-1, 

GNP-3 and GNP-4) did not induce antibodies 
against the complete OVA protein or against this 
specific peptide (FIGURE 3A). In control groups of 
mice, significant specific IgG antibodies to OVA 
were induced with the OVA-CRM

197
 conjugate 

and to a lesser degree with the peptide alone 
(FIGURE 3A).
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CRM: Cross-reactive material; GNP: Glyconanoparticle; OD: Optical density; OVA: Ovalbumin; Pn14PS: Streptococcus pneumoniae 
type 14 capsular polysaccharide.
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Phagocytic capacity of sera obtained 
from the GNPs immunization
An opsonophagocytosis assay that serves as a 
correlate of protection for candidate vaccines 
was used to test the functionality of the 
anti-saccharide antibodies. To that end, the 
activity of sera from mice immunized with 
different GNPs was tested in a phagocytosis 
assay using S. pneumoniae type 14 bacteria 
and human polymorphonuclear cells. Sera 
obtained from mice immunized with GNP-1 
were able to opsonize S. pneumoniae type 14 
bacteria, although in a lower fashion than sera 
from mice immunized with Pn14PS-CRM

197
. 

The other GNPs, including GNP-4 and the 
mixture of GNP-2 + GNP-3, were not capable 
of inducing S. pneumoniae type 14-opsonizing 
antibodies (FIGURE 4).

Cytokine levels after spleen cell 
stimulation
To investigate whether OVA

323–339
 peptide-

containing GNPs can actually lead to 
T-lymphocyte activation, spleen cells from mice 
treated with GNP-1, GNP-2, GNP-3, and a 

mixture of GNP-2+GNP-3 were (re)stimulated 
in vitro with the OVA

323–339
 peptide and the 

cytokine levels were measured. Cytokines are 
important mediators of a number of critical steps 
during the immune response [38,39]. Spleen cells 
of mice previously immunized with OVA

323–339
 

peptide-containing GNPs (GNP-1, GNP-3 or 
the combination GNP-2+GNP-3) did respond 
to in vitro restimulation by producing IL-2, 
IL-4, IL-17 and IFN-  (FIGURE 5). Induction 
of IL-5 occurred only in the cells from mice 
immunized with GNP-1, which correlates with 
the production of specific IgG antibodies to 
Pn14PS in vivo (FIGURES 2 & 5C). In vitro stimulation 
with the complete OVA protein led to a lower but 
otherwise similar cytokine-production profile 
[Safari D et al., Unpublished Data]. Overall, the data 
indicate that immunization with either GNP-1, 
GNP-3, or the combination GNP-2 + GNP-3 
always resulted in the activation of T cells, but 
that specific antibody production to the branched 
tetrasaccharide structure or native Pn14PS 
only occurred, if both the tetrasaccharide and 
OVA

323–339
 peptide (GNP-1) were presented on 

the same gold GNP.
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Figure 4. Phagocytosis titer. The phagocytic capacity of sera was measured using 
fluorescein isothiocyanate (FITC)-labeled heat-inactivated Streptococcus pneumoniae 
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CRM: Cross-reactive material; GNP: Glyconanoparticle; Pn14PS: Streptococcus 
pneumoniae type 14 capsular polysaccharide.
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Discussion
Meta l-based GNPs are biofunctiona l 
nanomaterials that combine the unique 
physical, chemical and optical properties of 
the metallic nucleus with the characteristics of 
the carbohydrate coating [30,31]. In this study, 
we propose gold nanoclusters as a versatile 
carrier to incorporate the varying density of the 
synthetic branched tetrasaccharide -D-Galp-
(1–4)- -D-Glcp-(1–6)-[ -D-Galp-(1–4)-] -D-
GlcpNAc-(1–), related to Pn14PS, OVA

323–339
 

peptide and glucose. In order to prepare the 
gold GNPs, spacers ended in a thiol group were 
conjugated to the branched tetrasaccharide, 
D-glucose or OVA

323–339
 (FIGURE 1). The nature 

and length of the spacers have been selected to 
control the presentation of the tetrasaccharide 
on the cluster surface. The glucose conjugate 2 
was used as an inner component to assist water 
dispersibility and biocompatibility. The short 
linker (five aliphatic carbon atoms) of 2 was 
chosen to allow the tetrasaccharide fragment 
moiety to protrude above the glucose shell of 
GNPs. The tetrasaccharide was conjugated to 
a longer amphiphilic linker (eleven aliphatic 
carbon atoms + tetra-ethylene glycol). The 
aliphatic part of the linkers allows good self-
assembled monolayer packaging and confers 
rigidity to the inner organic shell to protect the 
gold core, while the external polyether moiety, 
due to its flexibility upon solvation in water, 
assists water solubility and prevents nonspecific 
adsorption of proteins [28,40].

In this study, a combination of two adjuvants 
(monophosphoryl lipid-A and Quil-A) was given 
at the time of primary immunization. In the 
booster immunizations no adjuvants were added. 
We selected these two adjuvants because of their 
excellent performance in previous studies from 
our group [41].

We found that GNPs coated with the 
tetrasaccharide and OVA

323–339
 peptide induce 

specific IgG antibodies that recognize the 
branched tetrasaccharide homologue -D-Galp-
(1–4)- -D-Glcp- (1–6)-[ -D-Galp- (1–4)-]

-D-GlcpNAc-(1–3)- -D-Gal-(1–) [26] and the 
native polysaccharide of Pn14PS. The different 
molar ratio of tetrasaccharide conjugate 1, 
glucose conjugate 2, and OVA

323–339
 peptide 

conjugate 3 in the GNPs has a key effect on 
the immunogenic response. The GNP-4 with 
a molar ratio Tetra:Glc:OVA

323–339
 = 20:70:10 

induced a very low titer of anti-Pn14PS IgG 
antibodies compared with the GNP-1, which has 
a molar ratio Tetra:Glc:OVA

323–339
 = 45:50:5. 

These experimental data indicate that the 

tetrasaccharide:peptide ratio on the gold surface 
is of crucial importance to obtain significant 
levels of IgG antibodies. GNPs bearing a 
40:10 tetrasaccharide: peptide ratio did not 
improve the immune response either against 
the tetrasaccharide or the Pn14PS [Safari  D 

et al., Unpublished Data]. Attempts to increase the 
amount of peptide up to 20% on the gold surface 
resulted in water-insoluble GNPs. The ligand 
density and the nature of spacers used to separate 
a selected ligand from the gold cluster are also 
important factors for immunogenicity.

It is worth mentioning that a different batch 
of GNP-1 (named GNP-1b) was also used in 
mice immunization (SUPPLEMENTARY FIGURE 11). 
While the primary immunizations were always 
performed with 6 μg of these nanoparticles, 
the booster dosage of GNP-1b was augmented 
fivefold (30 μg) with respect to GNP-1 (6 μg). 
Following this, an increase in the level of specific 
antibodies induced by GNP-1b against Pn14PS 
was observed [Safari D et al., Unpublished Data].

Another finding is that the presence of the 
T-cell-stimulating peptide OVA

323–339
 in the 

hybrid GNPs was crucial for the induction of 
specific carbohydrate-directed IgG antibodies. 
We found that GNPs that do not contain 
OVA

323–339
 peptide (GNP-2) were not able to elicit 
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Figure 5. Cytokine production profiles after in vitro stimulation of spleen cells. Spleens were 
obtained 2 weeks after the second booster injection and spleen cells (107 cells/ml) were stimulated 
in vitro for 72 h with 10 μg OVA323–339 peptide or medium. Levels of (A) IL-2, (B) IL-4, (C) IL-5, (D) IL-17, 
(E) IFN-  and (F) TNF-  in cell-free culture supernatants were measured using the luminex-multiplex 
cytokine assay. 
GNP: Glyconanoparticle; OVA: Ovalbumin.

4000

3000

2000

1000

0
G

N
P

-1

IL
-2

 (
p

g
/m

l)

G
N

P
-2

G
N

P
-3

G
N

P
-2

 +
 G

N
P

-3

OVA323–339 peptide Nonstimulant

500

400

300

200

100

0
G

N
P

-1

IL
-1

7 
(p

g
/m

l)

G
N

P
-2

G
N

P
-3

G
N

P
-2

 +
 G

N
P

-3

G
N

P
-1

G
N

P
-2

G
N

P
-3

G
N

P
-2

 +
 G

N
P

-3

100

80

60

40

20

0

IL
-4

 (
p

g
/m

l)

G
N

P
-1

G
N

P
-2

G
N

P
-3

G
N

P
-2

 +
 G

N
P

-3

500

400

300

200

100

0

G
N

P
-1

IL
-5

 (
p

g
/m

l)

G
N

P
-2

G
N

P
-3

G
N

P
-2

 +
 G

N
P

-3

1500

1000

500

0

G
N

P
-1

G
N

P
-2

G
N

P
-3

G
N

P
-2

 +
 G

N
P

-3

50

40

30

20

10

0

A B

C D

E F

Nanomedicine (2012) 7(5)658 future science group



Gold nanoparticles as carriers for synthetic carbohydrate-based vaccines RESEARCH ARTICLE

www.futuremedicine.comfuture science group 659

either anti-tetrasaccharide antibodies (FIGURE 3B) 
or anti-Pn14PS IgG antibodies (FIGURE 2A). The 
presence of the peptide was essential to evoke 
anti-saccharide antibodies, but it did not lead to 
anti-peptide antibodies and thereby avoids the 
risk of epitope suppression [5].

The activation of memory T cells was 
demonstrated by the cytokines’ prof iles 
after in vitro OVA

323–339
 peptide-mediated 

(re)stimulation of the spleen cells from 
immunized mice. The induction of IL-2 (FIGURE 5A) 
is significant because it is the major growth factor 
for T cells, including regulatory T cells [42]. It 
is important to note that spleen cells derived 
from mice immunized with GNPs containing 
the OVA

323–339
 peptide-produced cytokine 

IL-4, when stimulated by OVA
323–339

 peptide. 
This indicates a Th2 response to the peptide. 
These T cells provide help in the B-cell response 
(antibody formation) to the saccharide moiety 
on GNP-1. Induction of IL-5 occurred only in 
those cells from animals previously immunized 
with GNPs, which contain tetrasaccharide and 
peptide (GNP-1 and FIGURE 5C) and correlates 
with the production of specific anti-Pn14PS 
IgG antibodies in vivo. In fact, IL-5 produced 
by Th2 cells acts as a B-cell differentiation 
factor by stimulating activated B cells to secrete 
antibodies [43]. These results are in line with 
other immunization studies in which the same 
synthetic tetrasaccharide was conjugated to the 
CRM

197
 [26]. In human vaccination trials with the 

pneumococcal conjugate vaccine, an enhanced 
IL-5 secretion was observed in response to the 
carrier protein [44]. While cytokines IL-4 and 
IL-5 are well known Th2 markers, TNF-  
(regulatory cytokine), IFN-  (Th1 marker) and 
IL-17 (Th17 marker and regulatory cytokine) 
were studied because they play a key role in 
inf luencing the migration and pathogenic 
behavior during inflammatory diseases [45]. In 
particular, IL-17 has recently attracted much 
attention because of its role in protection against 
invasive pneumococcal infections [46,47].

The presentation of both the antigenic 
carbohydrate and the T-helper peptide on the 
same gold nanoplatform seems to be crucial 
for eliciting a significant antibody response, 
even though the T-helper peptide and the 
B-cell epitope are not covalently linked. This 
observation is substantiated by the fact that the 
cocktail of GNP-2 (lacking OVA

323–339
) and 

GNP-3 (lacking tetrasaccharide) elicited a much 
lower level of specific IgG antibodies against 
Pn14PS than GNP-1 that simultaneously present 
both OVA

323–339
 and tetrasaccharide. Hassane 

et al. have reported similar observations: 
liposomes displaying a pentadecasaccharide 
(B-cell epitope) and a Th epitope noncovalently 
linked induced an IgG-mediated immune 
response [9].

In phagocytosis assays, only antibodies in 
the sera of mice immunized with GNP-1 were 
able to render S. pneumoniae type 14 bacteria 
critically susceptible to the action of human 
polymorphonuclear leukocytes (FIGUR E 4) . 
Although the phagocytic titer was lower than 
the one obtained with Pn14PS-CRM

197
, this 

result indicates that GNP-1 is a promising 
S. pneumoniae type 14 vaccine candidate. 
No opsonophagocytosis of the bacteria was 
promoted by the sera from mice immunized 
with the other GNPs, including the cocktail of 
GNP-2 and GNP-3.

Conclusion & future perspective
Hybrid gold nanoparticles coated with a synthetic 
branched tetrasaccharide antigen, OVA

323–339
 

peptide, and glucose are capable of inducing 
IgG antibodies against native polysaccharide of 
S. pneumoniae type 14. The molar ratio between 
tetrasaccharide and peptide in the hybrid gold 
nanoparticles turned out to be critical for 
optimal immunogenicity: gold nanoparticles 
containing 45% tetrasaccharide, 5% peptide and 
glucoconjugate as inner components were able to 
trigger specific anti-Pn14PS antibodies. Three 
main factors emerged for the induction of a 
robust carbohydrate-directed immune response 
with GNPs: 

The tetrasaccharide:peptide ratio on the gold 
nanoplatform;

The presence of the T-cell-stimulating peptide 
OVA

323–339
 on the GNP;

The simultaneous presence of a combination 
of both T-helper peptide and B-cell sugar 
epitopes on the same GNP.

Although further optimization of vaccine 
efficacy is necessary, this study presents the 
first example of a fully synthetic carbohydrate 
vaccine based on gold nanoclusters that is able 
to induce specific IgG antibodies that react with 
native capsular polysaccharide of S. pneumoniae. 
The current results demonstrate the usefulness 
of gold nanoparticles as a versatile platform for 
the development of a great diversity of synthetic 
carbohydrate-based vaccines. New GNPs, 
incorporating mannose instead of glucose, are 
being prepared for targeting dendritic cells to 
increase their immunogenicity.
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Colloidal gold have been used in humans since 
the 1950s [48], but many concerns regarding the 
translation to clinic have still to be carefully 
addressed. Retention in organs (especially liver) 
and nanotoxicity [49] are the main concerns against 
systemic administration of metallic nanoparticles. 

Risk–benefit ana lysis may suggest that 
nanotechnology-based tools could be admitted 
for one-off or limited administration such as 
primary immunization/boosters for vaccination, 
diagnostics and thermal cancer treatments [50].

The opportunity of easily producing stable 
conjugate vaccines bearing arrays of carbohydrate 
antigens and simultaneously targeting various 
bacterial structures arranged on a single gold 
nanoparticle open new perspectives in the 
vaccine f ield and thus may promote gold 
nanoparticles to the frontline for tailor-made 
polyvalent carbohydrate vaccine candidates.
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Executive summary

 The preparation by a one-pot method of small ( 2 nm) hybrid gold glyconanoparticles (GNPs) coated with a conjugate of the branched 
tetrasaccharide -D-Galp-(1–4)- -D-Glcp-(1–6)-[ -D-Galp-(1–4)-] -D-GlcpNAc-(1–), which corresponds to a single repeating unit of 
Pn14PS, a conjugate of the ovalbumin 323–339 peptide (OVA323–339), and a conjugate of D-glucose is reported. 

 Immunogenicity studies in BALB/c mice showed that specific IgG antibodies against Streptococcus pneumoniae type 14 capsular 
polysaccharide (Pn14PS) were induced by the GNPs.
 The copresence of the T-cell-stimulating OVA323–339 peptide and the tetrasaccharide antigen on the gold nanoparticles was a 

prerequisite for the induction of the anti-Pn14PS IgG antibodies.
 The molar ratio between tetrasaccharide, OVA323–339 and glucose on the gold nanoparticles was critical for optimal immunogenicity.
 The OVA323–339 (T-cell epitope) on the nanoparticle does not lead to antibodies against the peptide and this avoids the risk of epitope 

suppression. 
 In the cytokine study, in vitro stimulation with the OVA323–339 peptide of spleen cells from immunized mice revealed cytokine levels 

(especially IL-5), which confirmed that GNPs led to helper Th cell activation.
 A phagocytic study demonstrated that the antibodies in sera of mice immunized with GNP-1 (tetrasaccharide:Glc:OVA323–339 = 45:50:5) 

were able to coat heat-inactivated fluorescein isothiocyanate-labeled S. pneumoniae type 14 and make the bacteria critically susceptible 
to the action of human polymorphonuclear leukocytes (opsonophagocytosis).

 This is the first example of a fully synthetic carbohydrate vaccine candidate based on gold nanoparticles capable of evoking specific 
antibodies against S. pneumoniae type 14.
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Abstract

After nearly three decades since the discovery of human immunodeficiency virus

(HIV) (1983), no effective vaccine or microbicide is available, and the virus

continues to infect millions of people worldwide each year. HIV antiretroviral

drugs reduce the death rate and improve the quality of life in infected patients,

but they are not able to completely remove HIV from the body. The glycoprotein

gp120, part of the envelope glycoprotein (Env) of HIV, is responsible for virus

entry and infection of host cells. High-mannose type glycans that decorate gp120
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are involved in different carbohydrate-mediated HIV binding. We have demon-

strated that oligomannoside-coated gold nanoparticles (manno-GNPs) are able

to interfere with HIV high-mannose glycan-mediated processes. In this chapter,

we describe the methods for the preparation and characterization of manno-

GNPs and the experiments performed bymeans of SPR and STD-NMR techniques

to evaluate the ability ofmanno-GNPs to inhibit 2G12 antibody binding to gp120.

The antibody 2G12-mediated HIV neutralization and the lectin DC-SIGN-mediated

HIV trans-infection in cellular systems are also described.

1. Introduction

In the fight against the transmission of the human immunodeficiency
virus (HIV), strategies are being developed to prevent (vaccines and micro-
bicides) or to eliminate infection (antiretrovirals, therapeutic vaccines).
None of these strategies have yet eradicated HIV infection or prevented
transmission. A renewed effort is needed to understand the molecular basis
of the complex mechanism of virus infection. The recent development of
biofunctional nanoparticles and their applications in biomedicine has opened
new opportunities to address this problem.

A remarkable feature of HIV is the dense carbohydrate coating of the
envelope glycoprotein gp120 (Allan et al., 1985; Barin et al., 1985). This
protein is heavily glycosylated with N-linked high-mannose type glycans
(Feizi and Larkin, 1990; Geyer et al., 1988; Mizuochi et al., 1988). The
glycans account for about 50% of the mass of this viral protein, the densest
array of carbohydrates observed among human glycoproteins. The carbohy-
drate coating promotes HIV infection by its interaction with the dendritic
cell-specific ICAM 3-grabing nonintegrin (DC-SIGN) expressed in dendritic
cells (DCs). The C-type lectin DC-SIGN plays a crucial role in the entry and
dissemination of HIV-1 from the mucosal site to T-cell areas in lymphoid
tissues (Engering et al., 2002; Fenouillet et al., 1994; Geijtenbeek et al., 2000).
The glycan coat also protects the virus from potential immunogenic response.
In spite of this role, the broadly neutralizing human antibody 2G12 that binds
oligomannoside clusters of gp120 with nanomolar affinity was isolated from
infected patients (Sanders et al., 2002; Scanlan et al., 2002; Trkola et al., 1996).
The crystal structure of the Fab fragment of 2G12 with oligosaccharide
Man9GlcNAc2 and disaccharide Mana1-2Man was determined (Calarese
et al., 2003). The X-ray structure, supported by electron microscopic data,
showed that the 2G12 Fab arms are locked together through the variable
heavy domain, forming a previously uncharacterized dimer interface region
for multivalent interaction with oligomannosides on gp120.

The multivalent presentation of the high-mannose glycans on the gp120 is
fundamental for establishing both gp120/DC-SIGN binding and gp120/2G12
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interactions. Mimicking the cluster presentation of gp120 high-mannose
oligosaccharides is a strategy for designing carbohydrate-based antiviral agents
and vaccines. Many different scaffolds were used to multimerize mannose
oligosaccharides: Cholic acid (Li and Wang, 2004), galactose (Wang et al.,
2004), peptides (Dudkin et al., 2004; Krauss et al., 2007; Wang et al., 2007),
dendrons (Kabanova et al., 2010; Wang et al., 2008), and icosahedral virus
capsids (Astronomo et al., 2010). Our laboratory has developed a methodol-
ogy based on gold nanoclusters as a scaffold to present carbohydrates in a
multivalent display (glyconanoparticles) (de la Fuente et al., 2001). The
carbohydrate ligands are linked to the metallic nucleus by a stable Au��S
bound. The carbohydrate molecules confer water solubility and biological
functionality to the inorganic core of the nanomaterial. The nanometric size
(1–3 nm) of these biofunctional materials is in the same order of magnitude of
biological macromolecules such as proteins and nucleic acids, and allows the
study, at themolecular level, of biorecognition processes where carbohydrates
are involved (de la Fuente and Penadés, 2006; Garcı́a et al., 2010).

To interfere with gp120 carbohydrate-mediated processes, gold glyco-
nanoparticles presenting different structural motifs of the N-linked high-
mannose glycans of gp120 (oligomannoside-coated gold nanoparticle,
manno-GNP) were designed and prepared (Fig. 2.1; Martinez-Ávila et al.,
2009a). The manno-GNPs were designed to mimic the carbohydrate cluster
of gp120. The calcium-dependent lectin DC-SIGN and the antibody 2G12
that bind gp120 through mannose oligosaccharides were chosen as
molecular targets to study the efficacy of manno-GNPs. We found that
oligomannoside-functionalized gold glyconanoparticles are able to inhibit
the HIV-1 DC-SIGN-mediated trans-infection of T cells at nanomolar
concentrations (Martinez-Ávila et al., 2009b), which validates manno-
GNPs as an antiadhesive barrier at an early stage of HIV-1 infection.

In this chapter, we describe the design, preparation, and characterization
of a set of manno-GNPs and methods to study their efficacy as inhibitors
of gp120 binding to DC-SIGN or 2G12. We also describe their use as
inhibitors of antibody 2G12-mediated HIV neutralization and DC-SIGN-
mediated HIV trans-infection in a cellular system that mimics the natural
route of infection of T-lymphocytes by DCs.

2. Design, Preparation, and Characterization

of manno-GNPs

There are essentially two strategies for the preparation of gold glycona-
noparticles: direct gold salt reduction in the presence of thiol-ending ligands
in aqueous solution, and ligand exchange on preformed gold nanoclusters
(Marradi et al., 2010).
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manno-GNPs are prepared by direct synthesis (Martinez-Ávila et al., 2009a)
using a modified protocol of the Brust–Schiffrin method (Brust et al., 1994).
Preparation of manno-GNPs require conjugation of the oligomannosides to a
spacer ending in a mercapto group. The selected oligosaccharides are structural
motifs of the gp120 undecasaccharide Man9(GlcNAc)2, except for a heptasac-
charide that results from adding two mannose residues to the pentasaccharide
(Fig. 2.1). To prepare the glycoconjugates, diverse types of spacers have been
usedwith a hydrophobic and/or hydrophilic nature: aliphatic chains (five carbon
atoms) to provide rigidity to the sugars on GNP or an amphiphilic mixed
aliphatic/polyethyleneglycol linker to provide flexibility and solubility to the
nanoparticle. The detailed protocols for the synthesis of the thiol-ending glyco-
conjugates have been described (Martinez-Ávila et al., 2009a). manno-GNPs
coated with variable density of oligomannosides (10%, 50%, and 100%) are
prepared to assess the effect of presentation on the cluster in their interactions.
Gold clusters of 2 nm size can bear up to 100 units of oligomannosides
(Barrientos et al., 2003). The mannoside density on the gold surface can
be controlled by incorporating a second thiol-ending ligand on the surface.
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Figure 2.1 (A) gp120 N-glycan undecasaccharide; (B) thiol-ending oligomannoside
conjugates used for manno-GNP preparation; (C) manno-GNPs. D, T, Te, P, and H
stand for di- tri-, tetra-, penta-, and heptamannoside conjugates, respectively; the
numbers indicate the percentages of oligomannosides on GNP, the rest being the
5-(mercapto)pentyl β-D-glucopyranoside (GlcC5) component; (D) control GNPs bear-
ing glucose and mannose conjugates.
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A glucose conjugate (GlcC5S) is used as a stealth component to control the
density of oligomannosides on themanno-GNPs.GNPs fully covered by glucose
or mannose thiol-ending conjugate are prepared and used as GNP controls.
The oligomannoside conjugates and manno-GNPs are shown in Fig. 2.1.

2.1. Preparation of manno-GNPs

The first step for the direct manno-GNPs formation is the preparation of
a solution of the thiol-ending neoglycoconjugates that will be linked to
the gold surface. The 1H-nuclear magnetic resonance (NMR) spectrum of
the neoglycoconjugates mixture is registered to confirm the ligand ratio.
Methanol and water are used as solvents for the direct GNP preparation.
Usually, peer-shaped flasks are used. However, 2.5 mL Eppendorf tubes are
preferably used for thiol-ending ligand amount below 10 mmol.

A typical manno-GNP preparation with tetramannoside conjugate and
glucose conjugate is carried out as follows: To a methanolic solution of
thiol-ending glycoconjugates in the desired ratio (total concentration
0.012 M; 3 eq), HAuCl4 (0.025M in H2O; 1 eq) is added.

A freshly prepared water solution of NaBH4 (1M; 21 eq) is added in four
times to the mixture under gentle shaking. It is convenient to perform some
holes in the top of the reaction vessel, to avoid overpressure caused by the
exothermic reaction of NaBH4 with H2O that produces H2. Mixture is left
2 h under shaking at room temperature and, after centrifugation (5 min,
10000 rpm), the dark solid is washed four to five times with methanol (or
ethanol). Supernatants containing unreacted ligands are collected and pur-
ified on Sephadex LH-20 (MeOH/H2O 9/1 as eluent). GNPs are dissolved
in the minimum volume of NANOPURE water (18.2 MO-cm obtained by
a Thermo Scientific Barnstead NANOpure DIamond Water System), and
purified by dialysis. Briefly, the GNP solution is loaded into 5–10 cm seg-
ments of SnakeSkin pleated dialysis tubing (Pierce, 3500MWCO) and placed
in a 3-L beaker full of H2O under gentle stirring. Water is changed seven to
eight times in 72 h; afterward the solution is freeze-dried. The dry dark solid
can be stored under Argon, in a dark dry place at 5 �C. It is better to avoid
the use of gloves handling the dry solid GNPs (weight them with a Teflon
spatula) because of electrostatic charges.

2.2. Characterization of manno-GNPs

The gold core of manno-GNPs is characterized by UV/Vis spectroscopy
and, transmission electron microscopy (TEM). The organic ligands are
determined by 1H-NMR and elemental analysis as previously reported
(Barrientos et al., 2003; Carvalho de Souza and Kamerling, 2006). The
UV/Vis spectra gave an indication of the GNPs’ dimensions: small GNPs,
with a diameter below 2 nm, do not show the plasmon absorption band at

Manno-Glyconanoparticles and HIV 25



520 nm at 0.1 mg mL�1 in water. UV/Vis spectra are registered in a Beck-
man Coulter DU 800 spectrophotometer. Infrared spectra (IR) on KBr
pellet is a qualitative technique that helps especially when small amounts of
ligands are attached on the gold surface. A GNPs spatula tip is enough to run
IR spectra. IR were recorded from 4000 to 400 cm�1 with a Nicolet 6700
FT-IR spectrometer (Thermo Spectra-Tech).

In order to determine the diameter of the gold nucleus, TEM analysis is
performed. A drop of a GNPs solution (10 mL; 0.1 mg mL�1 in milliQwater)
was placed onto a copper grid coated with a carbon film (Electron Micros-
copy Sciences) and left drying on air over night at room temperature. TEM
analyses are carried out in a Philips JEOL JEM-2100F microscope working
at 200 kV. Statistical determination of gold dimension is performed over 200
GNPs using ImageJ program (Java-based image processing program devel-
oped at the National Institutes of Health, NIH) (Fig. 2.2). The diameter of
the gold core can be correlated to the number of ligands present on the GNP
(Hostetler et al., 1998). The total amount of organic ligands is determined by
elemental analysis. The ratio of different neoglycoconjugates on the same
GNP can be deduced from 1H-NMR spectrum. 1H-NMR of the mixture of
unreacted ligands after purification compared to 1H-NMR of reactants before
the reaction gave a good qualitative indication about the ratio of different
neoglycoconjugates on the GNPs. In the case of manno-GNPs the ratio
between mannose and glucose ligands in the GNPs is deduced by comparing
integration of the mannoside anomeric protons signals with respect to those of
glucoside, as shown in Fig. 2.3.

By combining together TEM, elemental analysis and 1H-NMR data, it
is possible to calculate an average molecular formula for each manno-GNP.
As an example, we show the characterization steps of Te-10 GNP. From
TEM micrographs the diameter found is 1.4�0.7 nm that corresponds to a
gold nanocluster of 116 gold atoms which theoretically can arrange around 53
ligands (Hostetler et al., 1998). FromNMR, the ligands ratio of tetrasaccharide
and glucose (before and after the preparation of GNPs) is 1:9. From these data,

1.0

0

5

N
an

op
ar

ti
cl

es
 (

%
)

d (nm)nm

A
bs

300 400 500
0

1

600 700 800

10

15

20

25

1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0

Figure 2.2 Characterization of manno-glyconanoparticles: UV/Vis spectrum, TEM
micrograph in H2O, and size-distribution histogram of Te-50.
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the calculated molecular formula was (C46H85N2O25S2)7(C11H21O6-

S)59Au116, which correspond to an average molecular weight of 47 KDa and
a calculated elemental composition of C 24.63%, H 3.90%, N 0.41%, and S
4.94%. The elemental analysis obtained for the Te-10GNPwas: C 24.40%,H
4.36%, N 0.77%, and S 4.53% that fitted well with the calculated one. From
the obtained molecular formula, an average yield can be calculated. The yield
of GNPs reaction calculated based on “active” gold atoms (surface gold atoms)
is around 35%. The yield based on consumed neoglycoconjugate is 11%, but
the unreacted glycoconjugates can be recovered.

The use of enzymes to determine the amount of specific ligands attached
to the gold surface is a destructive technique that have been used for
the quantification of sialyl Lewis X attached to iron oxide nanoparticles (van
Kasteren et al., 2009). However, it has been observed that degradation of
lactose GNPs by b-galactosidase does not take place completely due probably
to the ligand presentation on the gold surface (Barrientos et al., 2009).
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Figure 2.3 1H-NMRof neoglycoconjugates ratio before and after GNP preparation.Top
panel: 1H-NMR (500 MHz,CD3OD) of themixture of tetrasaccharide/glucose conjugates
used to prepare GNP. Integration of selected signals show that the ratio between tetra-
saccharide and glucose conjugate is about 1:1. Middle panel: 1H-NMR (500 MHz, D2O,
water suppression) of Te-50 GNP. The selected signals show the presence of the
two components in the same nanoparticle. Bottom panel: 1H-NMR (500 MHz, CD3OD)
of the mixture used to prepare GNP after GNPs preparation. Integration of selected signals
show that the ratio between tetrasaccharide and glucose conjugates is 1:1.
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3. Evaluation of manno-GNPs as Inhibitors of

Carbohydrate-Mediated gp120 Interactions

The potency of the multimerized oligomannoside as inhibitors of the
gp120 binding to 2G12 is evaluated by biosensor and magnetic resonance
techniques. Biosensors with surface plasmon resonance (SPR) detectors
have become an established method of measuring molecular interactions
(Rich and Miszka, 2000). Many SPR studies are carried out in order to
understand the molecular basis of HIV viral life cycle, HIV drug discovery,
and anti-HIV mAb characterization (Rich andMiszka, 2003). manno-GNPs
were already evaluated by means of SPR in competition experiments as
inhibitors of gp120 binding to DC-SIGN (Martinez-Ávila et al., 2009a).
manno-GNPs bearing disaccharide Mana1-2Mana inhibited gp120/DC-
SIGN binding 20,000-fold more efficiently than the free oligosaccharide.

NMR has been widely used to study the interactions between biological
macromolecules (usually proteins and antibodies) and their small ligands in
solution. Transferred nuclear Overhauser effect enhancement experiments
provide dynamic information about a macromolecule–ligand interaction
( Jiménez-Barbero and Peters, 2003). An advance in this technique has been
achieved by saturation transfer difference (STD) experiments (Berger and
Braun, 2004; Mayer and Meyer, 1999; Meyer and Peters, 2003), where
selective irradiation of proton signals of protein side chains in a spectral
region free of small ligands proton signals causes a magnetization transfer to
the protons of the ligands that make closer contacts with the protein. These
protons can be identified because they yield more intense signals than
remote ones in the final difference spectrum and quantitative information
of the binding can be obtained. We found that manno-GNPs are synthetic
mimics of the 2G12 epitope using SPR technology and STD-NMR spec-
troscopy. We demonstrated the ability of manno-GNPs to bind 2G12 and to
inhibit 2G12/gp120 binding, proving that the oligomannosides maintain
their functionality and enhance their ability to interact with this antibody
when clustered onto gold nanoparticles (Marradi et al., 2011). We describe
now SPR and STD experiments which have been carried out to evaluate
the direct binding of manno-GNPs to 2G12 and the ability to inhibit gp120
binding to 2G12.

3.1. Binding study of manno-GNPs to 2G12 by SPR

3.1.1. Direct binding of manno-GNPs to 2G12
Interaction measurements are carried out using ProteOn XPR36 biosensor
with research-grade GLC sensor chips. Due to its unique technological
features, ProteOn is able to processes 36 binding event simultaneously
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(Bravman et al., 2006). Antibody 2G12was kindly supplied byDr D. Katinger
(Polymun Scientific, Vienna, Austria). Recombinant gp120 from HIV-1
CN54 clone (repository reference ARP683) was obtained from the Centre
for AIDS Reagents, NIBSC HPA UK (by Prof. Ian Jones, Reading Univer-
sity, UK). ProteOnGLC sensor chips are washed with a short pulse of NaOH
(50 mM ), HCl (100 mM ), and SDS (0.5%) before using. Channel activation is
performed at 25 �C using phosphate-buffered saline (PBS)–Tween 20 as
running buffer (PBS, 10 mM Na3PO4 and 150 mM NaCl, pH 7.4) with
0.005% of the surfactant Tween 20. Sensor chip channels are activated with
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC, 16 mM) and N-
hydroxysulfosuccinimide (sulfo-NHS, 4 mM). Thirty microliters of a 1:1
mixture of EDC/sulfo-NHS are injected (contact time: 60 s; flow rate: 30 mL
min�1). In channel 1, after activation, 120 mL of a 2G12 solution in acetate
buffer pH 5.5 (50 mg mL�1, 10 mM) are injected (240 s, 30 mL min�1) until
2600 RU. Channel 2 is used as control and only PBS–Tween 20 buffer is
injected. Both channels are then saturated with 100 mL of 1M ethanolamine
HCl (200 s, 30 mL min�1). Binding experiments are performed at 25 �C using
tris(hydroxymethyl)amino methane buffer (Tris-buffered saline: 10 mM Tris
and 150 mM NaCl, pH 7.4) containing 0.005% Tween 20, as running buffer.
This buffer is also used to prepare manno-GNPs solutions at different concen-
trations. Six dilutions for each analyte are prepared (1, 0.5, 0.25, 0.125, 0.06, and
0.03 mg mL�1) and injected simultaneously. Each analyte (manno-GNPs and
control GNPs) is injected under the same conditions (flow rate: 30 mL min�1;
contact time: 300 s; dissociation: 300 s). Sensorgrams are obtained by automatic
subtraction of the reference channel signal from the 2G12 channel signal. After
every injection, channels are regenerated with a short pulse of 3.5M MgCl2
(flow rate: 100 mL min�1; contact time: 30 s). The affinity of gp120 to 2G12 is
also evaluated to verify the binding features of the antibody after immobiliz-
ation on the sensor chip. 2G12 activity slightly decreased after the regeneration
conditions due to the instability of the antibody for long periods. To compare
the interactions of manno-GNPs to 2G12, sensorgrams corresponding to the
highest concentration tested (1 mg mL�1) are used. Data shown in Table 2.1
indicate that at this concentration the response of most of the manno-GNPs is
similar to the gp120 used.

When comparing at the same oligomannoside concentration (0.1 mM ),
the highest and similar binding affinities for 2G12 correspond to Te-10 and
Te-50 (Marradi et al., 2011).

3.1.2. Competition experiments
gp120 is immobilized on a GLC sensor chip (around 8000 RU) using
the same methodology described above for 2G12. Antibody 2G12 (final
concentration, 100 nM) is incubated with five different concentrations of
manno-GNPs for 10 min at 25 �C in Tris-buffered saline. 2G12/manno-
GNP complexes and 2G12 (control) are injected simultaneously onto
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gp120 and reference channels (flow rate: 30 mL min�1; contact time: 300 s;
dissociation: 300 s). The sensor surface between runs is regenerated with a
short pulse of 0.1M HCl. In repeated experiments, gp120 shows a slight loss
of activity due to HCl regeneration phases. Te-10 and Te-50 GNPs showed
the best binding activity to 2G12 (Marradi et al., 2011). The other manno-
GNPs showed slight effects (D-50 and Tri-50) to moderate effects (D-100
and P-50) at the tested concentrations.

3.2. Study of the 2G12/GNP interaction by STD-NMR

The dissociation constants (KD) of monovalent 1-aminoethyl oligoman-
noside/2G12 complex have been previously determined by STD-NMR
(Enrı́quez-Navas et al., 2011) following an improved protocol for single-
ligand STD-NMR titrations based on the initial slopes of the build-up
curves of the STD amplification factor against ligand concentration
(Angulo et al., 2010). The study of the direct interaction between
manno-GNPs and 2G12 in STD experiments is hampered by the fact
that both the antibody and the nanoparticles are macromolecules. We
overcame this impasse by carrying out indirect competition experiments
in which 2G12-oligomannoside mixtures were titrated with manno-
GNPs. The displacement of a monovalent oligomannoside from the 2G12
binding sites resulted in a significant reduction of its STD signal. This effect

Table 2.1 Direct binding of GNPs (1 mg mL�1) and gp120 (1.6 mg mL�1) to 2G12

manno-GNP

Binding

[Ru]a
Mannoside

chains

GNP conc.

[mM]b
Mannoside conc.

[mM]c

D-10 <2 9 0.014 0.13

D-50 77 22 0.025 0.55

D-100 26 59 0.016 0.94

Tri-10 <5 13 0.012 0.16

Tri-50 66 62 0.010 0.62

Te-10 85 7 0.021 0.15

Te-50 113 56 0.008 0.45

P-10 <5 5 0.017 0.09

P-50 39 28 0.010 0.28

gp120 20d – 0.011 –

M-100 0 40 0.024 0.96

Au-GlcC5 0 0 0.027 0

a Taken at 150-s in the association phase of the sensorgrams.
b Calculated using the average molecular formulas.
c Calculated from the number of oligomannosides per GNP.
d The lower SPR response of gp120 with respect to manno-GNPs can be due to the gold colloid SPR-
enhancing effects.
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has been used to obtain qualitative and quantitative information on the
affinity of manno-GNPs for antibody 2G12, as it will be shown in detail in
the following section.

3.2.1. Titration of 2G12-oligomannoside mixtures with
manno-GNPs

For the STD-NMR titration experiments in isotropic solution, the ami-
noethyl oligomannosides and manno-GNPs are lyophilized twice against
D2O (99.9% purity, Sigma-Aldrich). Antibody 2G12 (400 mL at 11.69 mg
mL�1, in 2 mM acetic acid, 10% maltose-sterile, no preservatives) is dialyzed
(10�10 mL in the reservoir, 30 min each) against 10 mM phosphate buffer
(pH 6.7) using a membrane with 100,000 MWCO (Float-A-Lyzer of 5 mm
diameter and 500 mL volume, Spectrum Laboratories, Inc.) following the
manufacturer’s instructions. Unlike SPR experiments, this step is necessary to
remove the excess of maltose. To verify whether 2G12 remained inside
the membrane, the dialysate is subjected to a Bradford-type protein assay
(Bradford, 1976).

3.2.2. 2G12 deuteration
After 2G12 dialysis with 10 mM phosphate buffer (pH 6.7), three additional
dialyses (3�10 mL, 30 min each) are performed with deuterated buffer. To
deuterate the buffer 35 mL of the phosphate buffer is freeze-dried and then
subjected to three solubilization–lyophilization cycles against 10 mL of D2O
(99% purity, Sigma-Aldrich) before final dissolution in 35 mL of D2O (99%
purity, Sigma-Aldrich). After dialysis with deuterated buffer, 2G12 is care-
fully recovered from the membrane and lyophilized twice against D2O
(99.9% purity, Sigma-Aldrich).

3.2.3. Competition experiments
For the inhibition experiments, we selected as monovalent ligands the
aminoethyl tetramannoside and aminoethyl trimannoside because they
have a high affinity for 2G12 (KD¼400 mM, Enrı́quez-Navas, et al., 2011).
STD-NMR titration experiments are recorded at 25 �C in a Bruker DRX
500-MHz spectrometer with a broadband inverse probe using 1 K scans
and 32 dummies scans without suppression of the residual HDO signal.
The broad signals of the antibody are eliminated by adding a T1r filter to the
pulse sequence (stddiff3, Bruker). Selective irradiation of the aromatic side
chains of 2G12 is achieved by using a typical train of 50 ms Gaussian pulses
(Mayer and Mayer, 1999), each one with a total saturation time of 2 s. The
absence of aromatic protons in the manno-GNPs and in the aminoethyl
oligomannosides allowed the selective excitation of antibody aromatic protons
without affecting the signals of the ligands.

In a typical experiment, special NMR tubes (3 mm�100 mm, Bruker)
adaptable to a BrukerMATCHTM holder are charged with 180 mL containing
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2G12 (25 mM) and aminoethyl tetramannoside (8 mM) in 10 mM deuterated
potassium phosphate buffer (pH 6.7). The high ligand/antibody ratio is set up
so that more than 90% of the 2G12 binding sites are occupied, fulfilling the
condition of competitive inhibition titrations (Cheng and Prusoff, 1973).
Increasing volumes (0.6, 2.46, 6.33, 7.85, 9.0, and 18.0 mL) of solution of
Te-50 GNP (733 mM in tetramannoside) in D2O are added to the 180 mL
solution of 2G12/aminoethyl tetramannoside mixture. The decrease in the
STD signals intensity of the anomeric proton at the nonreducing mannose of
aminoethyl tetramannoside is monitored. The STD signal intensity of this
proton decreased up to 60% of its original value (in the absence of GNPs) in a
dose-dependent way, as shown in Fig. 2.4. This indicates that Te-50 GNP
efficiently displaces the free tetramannoside ligand from the binding site of
2G12. Similar results are found with Te-10 GNP, proving that this tetra-
mannoside clustered onto gold nanoparticles enhances its ability to interact
with 2G12.

3.2.4. Calculation of the dissociation constant
To calculate the dissociation constant KD of the oligomannosides multi-
merised onto the manno-GNPs, the STD data obtained from the titrations
experiments with Te-10 andTe-50GNPs aremathematically fitted to Eq. (2.1)
(Benie et al., 2003). Equation (1) describes a competitive model and derives
from the seminal Cheng–Prusoff equation (Cheng and Prusoff, 1973).

40

Te-50

60
Conc. of tetramannoside conjugate onto Te-50 GNP [mM]

%
ST

D

80 100 1200
30

50

70

90

110

20

Figure 2.4 Competitive titration of 2G12/aminoethyl tetramannoside complex with
Te-50 GNP. The decrease in the STD intensity of the anomeric proton H1 of the
mannose ring at the nonreducing end of aminoethyl tetramannoside was monitored
as a function of the GNP concentration expressed in terms of tetramannoside. The
concentration of the monovalent aminoethyl tetramannoside was set to 8 mM. Symbols
correspond to experimental data. Lines represent a three-order polynomial fitting (for
visualization purposes).
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ISTD¼ 100 1� KD=L0½ � I0=KI½ �
1þ KD=L0½ � 1þ I0=KIð Þ½ �

� �
: ð2:1Þ

In Eq. (2.1), ISTD is the monitored STD 1H intensity of the monovalent
ligand, KD is the dissociation constant of the monovalent ligand, L0 is the
concentration of the monovalent ligand in the sample, I0 is the concentration
of the inhibitor (in these cases, the oligomannosides onto the manno-GNPs),
and KI is the dissociation constant of the oligomannoside onto manno-
GNPs. The calculated inhibition constants of Te-10 and Te-50 GNPs are
4.2�0.5 and 3.6�0.6 mM (expressed in terms of tetramannoside), respectively.
This indicates that the affinity of themonovalent aminoethyl tetramannoside for
2G12 (KD¼400 mM) was enhanced �100-fold by the multimerization of
tetramannoside onto gold nanoparticles (Marradi et al., 2011).

4. Validation of manno-GNPs as Inhibitors of

HIV-1/Cell Infection

4.1. Effect of manno-GNPs on HIV-1 neutralization by 2G12 in
cellular models

The inhibitory effect of Te-10 and Te-50 GNPs on the 2G12-mediated
neutralization of a replication-competent HIV infection of TZM-bl cells
was also demonstrated by competition neutralization assay under conditions
that resemble the ones in which normal serum prevents infection of the
target cells (Marradi et al., 2011).

4.1.1. Determination of 2G12 neutralizing concentration
Before testing the manno-GNPs, experiments to find the conditions in
which antibody 2G12 neutralizes the HIV-1 infection of TZM-bl cells is
performed. TZM-bl is a luciferase reporter HeLa cell line (Derdeyn et al.,
2000; Platt et al., 1998; Wei et al., 2002) that stably expresses CD4, CCR5,
and CXCR4 (viral receptor and coreceptors) and also contains separate
integrated copies of the luciferase and b-galactosidase genes under the
control of the HIV-1 promoter. We used a neutralization assay (see below
for further details) that has been previously validated by comparison with
the current standardized pseudotype assays and a good agreement is found
(Fenyo et al., 2009; Garcia-Perez et al., 2007). Different concentrations of
2G12 are tested against an HIV-1 strain NL4-3 laboratory isolate (Fang
et al., 1999; Salminen et al., 1995) to find the optimal conditions for
inhibiting the HIV infection of TZM-bl cells (Fig. 2.5A). At
29 mg mL�1, 2G12 could efficiently inhibit the infectivity of the NL4-3
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HIV-1 so that this concentration is used in the inhibition assays with the
manno-GNPs. The data reported in Fig. 2.5A are also used to calculate
the concentration of antibody 2G12 which is required to reduce by 50% the
HIV-1 infection of TMZ-bl cells in the absence of manno-GNPs (IC50,
Fig. 2.5B). The obtained IC50 (0.65 mg mL�1) is in agreement with the
literature (Binley et al., 2004).

4.1.2. Inhibition of manno-GNPs of 2G12-mediated
HIV-1 neutralization

Serial dilutions of GNPs Te-10 and Te-50 GNPs (the highest concentration
being 125 mg mL�1) are preincubated with antibody 2G12 (58 mg mL�1)
to a final volume of 50 mL in culture media, in triplicate, for 30 min at
37 �C. The GNP–2G12 solution is then added (1:1, by volume) to the
HIV-1 virus (4 ng of p24,NL4-3 strain) and themixture is incubated for 1 h at
37 �C. At this point, the concentration of 2G12 (29 mg mL�1) is able to
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Figure 2.5 (A) Sensitivity of HIV-1 NL4-3 to 2G12-mediated neutralization using
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mL�1. (B) IC50 of 2G12-mediated neutralization of HIV-1 infection of TZM-bl cells, in
the absence of manno-GNPs (aFour independent measurements; bPublished by Binley
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neutralize the virus (see Fig. 2.5). The virus–GNP–antibody mixture is added
(1:1, by volume) to 10,000 TZM-bl cells (final volume 200 mL). The plate is
then placed in a humidified chamber within a CO2 incubator at 37 �C.
Luciferase activity is measured from cell lysates when levels are sufficiently
over background to give reliable measurements (at least 10-fold) using the
Luciferase Assay System (Promega) and following the manufacturer’s recom-
mendations. Virus equivalent to 4 ng of the p24 capsid protein (quantified by
an antigen-capture assay; Innogenetics, Belgium) of theNL4-3 strain of HIV-
1 is chosen as the lowest level of viral input sufficient to give a clear luciferase
signal within the linear range on day 3 postinfection. Neutralization activity is
measured in triplicate and reported as the percentage of luciferase activity
compared to the luciferase activity corresponding to the wells with virus and
no antibody. The 2G12 concentration required to inhibit 50% of viral
infectivity (IC50) is determined for each GNP at different concentrations.
Competition is observed when the addition of GNPs resulted in a decrease in
the neutralizing capacity of the antibody (higher IC50).

It is found that Te-10 and Te-50 GNPs caused a reproducible inhibition
of 2G12 neutralization within the micromolar range in experiments using
TZM-bl cells. Te-10 GNPs could efficiently inhibit the 2G12-mediated
neutralization of the NL4-3 strain at 5.5 mM (37 mM of tetrasaccharide). At
this concentration of Te-10 GNP, the amount of 2G12 required to reduce
50% of viral infectivity (IC50) is three times higher (13.3 nM) than the one
required in the absence of GNPs (4.3 nM; Fig. 2.5). When Te-50 GNP is
used, similar results were observed (Marradi et al., 2011).

4.2. Inhibition of DC-SIGN-mediated HIV-1 trans-infection of
human T cells by manno-GNPs

DC-SIGN mediates interactions between DCs and resting T cells, by
binding ICAM-3 (Geijtenbeek et al., 2000). DCs in mucosal tissues capture
HIV-1 through DC-SIGN–gp120 interactions. After migration to lym-
phoid organs, DCs promote efficient trans-infection of T cells through
DC-SIGN, resulting in a vigorous viral replication.

The manno-GNPs are designed to target DC-SIGN receptors present on
DCs bymimicking the clustered carbohydrate display of gp120.We found that
oligomannoside-functionalized gold glyconanoparticles are able to inhibit
the HIV-1 DC-SIGN-mediated trans-infection of T cells at nanomolar con-
centrations and they could be an antiadhesive barrier at an early stage of
HIV-1 infection, preventing viral attachment to DC-SIGN-expressing cells
(Martinez-Ávila et al., 2009b).

For trans-infection experiments, Raji DC-SIGN transfected lympho-
blastoid B cells are used. manno-GNPs are nontoxic to Raji DC-SIGNþ
and to human-activated PBMCs at concentrations of 100 mg mL�1, as
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determined by the CellTiter cell viability assay. The activities of manno-
GNPs against R5 or X4 HIV-1 are evaluated through an original DC-
SIGN transfer assay in which inhibition of HIV-1 infection by GNPs is
assessed by use of recombinant viruses carrying the Renilla reporter genes in
their genomes (Garcia-Perez et al., 2007). Inhibition of viral replication is
proportional to Renilla-luciferase activity in cell lysates.

4.2.1. Cell culture and preparation of PBMCs from blood
Raji cells were kindly provided by Dr. Alfredo Toraño (Instituto de Salud
Carlos III, Madrid, Spain), and Raji DC-SIGNþ cells are kindly provided
by Dr. Fernando Arenzana-Seisdedos (Institut Pasteur, Paris, France). Both
cell lines are cultured in RPMI 1640 medium containing fetal bovine serum
(10% v/v), l-glutamine (2 mM), penicillin (50 IUmL�1), and streptomycin
(50 mg mL�1; all from Whittaker M.A. Bio-Products, Walkerville, MD,
USA). The 293T cells (used for the production of recombinant viruses) are
cultured in Dulbecco’s modified Eagle’s medium (DMEM) containing fetal
bovine serum (10% v/v), l-glutamine (2 mM), penicillin (50 IUmL�1), and
streptomycin (50 mg mL�1). The 293T cells are cultured at 37 �C in a
humidified atmosphere with CO2 (5%) and split twice a week. PBMCs are
obtained from buffy coats from healthy donors. PBMCs are harvested from
buffy coats by centrifugation over Lymphoprep (Sigma-Aldrich) gradient by
standard procedures, stimulated with interleukin-2 (300 IUmL�1; Chiron)
and phytohaemagglutinin (5 mg mL�1), and incubated at 37 �C under
humidified CO2 (5%) for 48 h.

4.2.2. Trans-infection assay
Raji or Raji DC-SIGNþ cells (105 cells per well) are incubated with GNPs
for 1 h prior to addition of either R5 or X4 tropic recombinant viruses (JR-
Renilla or NL4.3-Renilla, respectively; both 200 ng p24 per well) and left
for 2 h at 37 �C for efficient adsorption. Cells are washed extensively
with PBS and preactivated PBMCs (105 per well) are added. Viral replication
is followed by measurement of Relative luminescence unit (RLU) activity in
cell lysates. Briefly, cells are harvested and lysed after 48 h and sample activity
is measured with the Renilla-luciferase assay system (Promega) according to
the manufacturer’s protocol. RLUs are obtained by using a luminometer
(Berthold Detection Systems, Pforzheim, Germany) after the addition of
substrate to cells extracts. All the experiments are performed in parallel with
Raji cells as control. IC50 values are calculated with GraphPad Prism Software
(Sigmoidal dose-response analysis). The results are representative of at least
three independent experiments and are shown in Fig. 2.6.
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