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The anionic carbosilane (CBS) dendrimer with sulfonate groups G2-S16 is a promising compound for the
preparation of a microbicide gel to prevent HIV infection. However, until now its synthesis required
aggressive conditions. Hence, a reliable synthetic procedure is very important to face GMP conditions
and clinical trials. In this study, G2-S16 has been prepared by a new approach that involves the addition
of an amine-terminated dendrimer to ethenesulfonyl fluoride (C,H3zSOzF, ESF) and then transformation
to the sulfonate dendrimer by treatment with a base. This strategy also makes feasible the synthesis of
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Introduction

HIV infection continues to be a very important global health
problem. The main cause of this infection is unprotected sex,
among other reasons because of cultural/social prejudices. The
development of a topical microbicide should be very attractive
to reduce this serious health risk. Therefore, multivalent
macromolecules functionalized with anionic groups have been
developed.

The polyanionic surface of these systems interacts with virus
capsid proteins or cell receptors blocking the infection. One
type of these macromolecules are dendrimers, which are
hyperbranched molecules of well-defined structure, mono-
disperse and with a multivalent surface due to their step-by-step
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Interestingly, G2-S16-FITC enters into human peripheral blood mononuclear cells (PBMCs).

growing.' Regarding antiviral activity, anionic dendrimers have
also been explored.>” The sulfonate derivative SPL7013 (poly-
lysine framework) was shown to be a potent inhibitor against
some HIV-1 strains, and reached phase III clinical trials.’
However, it was not successful because of the lack of activity
against R5-HIV-1 strains and because it produced epithelial
inflammation, which favour HIV-1 infection.®

We have deeply studied other family of dendrimers, carbo-
silane (CBS) dendrimers, which framework is formed by low
polar C-Si bonds.”® Comparison of different anionic groups
(phosphonate, carboxylate and sulfonate), topologies (den-
drimers, dendrons, nanoparticles), dendrimer cores, and type
of functionalization®* allowed us to select a second generation
dendrimer containing sixteen sulfonate groups G2-S16 (Scheme
1)"* as a promising active principle for the development of
a topical microbicide. This dendrimer showed broad antiviral
spectrum even in the presence of semen,' and its safety as
topical vaginal microbicide in vitro and in vivo'*"” have been
addressed. The gate for sexual transmission of HIV-1 is the
cervical and foreskin epithelia and, hence, toxicology of den-
drimer in this area is mandatory. For this analysis, the presence
of a fluorophore moiety in the molecule is needed. However, the
aggressive synthetic conditions to obtain G2-S16 (120 °C for 48
h) has made impossible the introduction of such fragment
following the actual synthetic protocol.”* Moreover, this reac-
tion presents reproducibility problems.

In view of these drawbacks, we explored the preparation of
similar sulfonate dendrimers employing more selective reac-
tions as thiol-ene addition reactions, which successfully led to
anionic dendrimers with high yields in much softer reaction
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Schemel Synthesis and drawing of anionic sulfonate dendrimer G2-S16 (2) (sodium cations are omitted for clarity). (i) C,H3SO3Na, 120 °C, 48 h;

(i) ESF, RT., 12 h; (iii) NaOH, RT., 4 h.

conditions.'® This methodology allowed also obtaining labelled
dendrimers for in vitro and in vivo assays.” Sulfonate den-
drimers synthesized by these procedures were tested as antivi-
rals although the analogous of G2-S16 (the so called G2-STE16)
produced irritation and inflammation of vaginal epithelium, in
contrast to the non-inflammatory behaviour of G2-S16."” Hence,
the necessity of finding an alternative procedure to the actual
protocol for G2-S16 becomes of paramount importance. Addi-
tionally, the new procedure has to enable the labelling of this
dendrimer for complete functional analysis through the design
of in vivo experiments.

Nevertheless the problems described above, Michael-type
addition of a sulfonate precursor to the dendrimer covered
with amine groups G,Si(NH,)s is the best synthetic choice.
Ethenesulfonyl fluoride (C,H;SO;F, ESF) is a strong Michael
acceptor® and the -SO,F moiety presents low reactivity and
high stability, making this S-F bond available for subsequent
controlled reactivity.** Thus, these facts make this compound
also attractive as building block for dendrimer chemistry.
Herein we report that the use of ESF as reagent has given us the
access to G2-S16 through a less aggressive protocol and to the
labelling of this type of compound with a fluorophore (named
as G2-S16-FITC). Preliminary toxicity and cell internalization
assays with G2-S16-FITC has been carried out.

Results and discussion
Synthesis of anionic dendrimer G2-S16

Sulfonate dendrimer G2-S16 was previously prepared in our
laboratories by the reaction of an amine dendrimer (G,Si(NH,)s)
with excess vinyl sulfonate at 120 °C for 48 h (Scheme 1). Due to
the notable different solubilities of the starting derivatives and
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harsh reaction conditions, total addition of two vinyl sulfonate
equivalents to the terminal amine function is difficult to
quantify, since mono- and di-substitution present very similar
NMR data. Hence, G2-S16 can present incompletely function-
alized branches on its structure.'> Additionally, this procedure
lacks of reproducibility for amounts over 200 mg of compound,
observing also a remarkable yield reduction (from 75% to yields
below 20%).

The first step of the new synthetic approach described in this
work is the reaction of the amine dendrimer G,Si(NH,)s with
C,H3SO;F (ESF) in THF at room temperature leading to the
fluorosulfone derivative G,Si(SOsF);6 (1, Scheme 1 and Fig. S17)
as pale yellow oil in high yields (90%). The slight excess of ESF is
removed under vacuum, making purification very simple.
Further treatment of 1 with excess NaOH at R.T. led to the
desired sulfonate dendrimer G2-S16 (G,Si(SO; )i6, 2, Scheme
1), which was obtained as white solid in high yield.

NMR spectroscopy confirmed the formation of dendrimer 1.
The starting CH,N methylene in compound G,Si(NH,)s was
shifted from ¢ 2.61 (*H NMR) and ¢ 45.5 (**C NMR) to 6 2.51 ("H
NMR) and é 57.5 (**C NMR) in compound 1. Additionally, the
new chain NCH,CH,S were located at 6 3.09 ("H NMR) and 6 47.8
(**C NMR) (NCH,) and at 6 3.54 (*H NMR) and 6 49.3 (**C NMR)
(CH,S). Moreover, for this last resonance was observed the
coupling with the fluorine atom. The fluorine atom was detected
at 6 54.1 in "°F NMR spectroscopy. Regarding compound G2-516
(2), analytical and characterization data correspond with those
described previously (see experimental section).'

Synthesis of labelled anionic dendrimer G2-S16-FITC

To introduce a chromophore probe (fluorescein) to the struc-
ture of the anionic sulfonate dendrimer, first, one amine group
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of dendrimer G,Si(NH,)s was protected with trifluoroacetic
anhydride to give G,Si(NHTFA)(NH,), (3, Scheme 2 and Fig. 1).
It is important to note that this process of hetero-
functionalization cannot lead to monodisperse dendrimers,
although in the "H NMR spectra integral values fit well to
monosubstitution. This situation is inherent to any hetero-
functionalization of spherical dendrimers containing the same
type of groups. This is due to the fact that the steric or electronic
situation of the starting functional groups is not modified by
the change of only one group, mainly for groups located further
away from the modified unit. Next, remaining amine groups
were reacted with ESF, as described for 1, forming G-
Si(NHTFA)(SO3F)14 (4, Fig. 1). Deprotection of the amine group
and generation of anionic sulfonate groups were done simul-
taneously by addition of excess NaOH, leading to compound
G,Si(NH,)(SO3 )14 (5, Fig. 1). The solubility of 5 was very
different from its parent dendrimer 4, moving from organic
solvents like halogenated to water. This dendrimer was used
without further purification for next transformation. Finally,
the reaction of 5 with FITC afforded the labelled anionic den-
drimer G,Si(NH-FITC)(SO3 )14 (G2-S16-FITC, 6, Fig. 1). Kaiser's
test was very useful to check the success of this reaction, being
negative due to the transformation of the primary amine func-
tion. After purification by ultrafiltration, dendrimer 6 was ob-
tained as orange solid, soluble in water and with good yield.
Compounds 3-6 were characterized by NMR and elemental
analysis (Fig. S3-S77). The main data confirming these trans-
formations are discussed next. The protected methylene group
-CH,NHC(O)- in dendrimer 3 was observed in "H NMR spec-
troscopy at 6 3.26 and in '*C NMR spectroscopy at ¢ 42.8,
remaining the other resonances of the methylene groups
-CH,NH, at 6 2.60 ("H NMR) and ¢ 45.5 (**C NMR). The
carbonyl group of 3 was detected at 6 165.3 in the *C NMR
spectrum and the fluorine nuclei of the CF; moiety at 6 —75.8 in
F NMR spectroscopy. In compound 4, modification of the
outer amine groups with ESF gave, in NMR spectroscopy,
resonances for the new peripheral groups similar to those
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described for compound 1. The methylene group of the ~-CH,-
NHC(O) moiety was overlapped with resonances of peripheral
-CH,SO0, groups at 6 3.54 ("H NMR) and was observed at 6 42.8
in the "*C NMR spectrum. In dendrimer 5, broad resonances
were observed in the '"H NMR spectrum (D,0) due to the
hydrophobic character of the CBS framework. Both types of
outermost methylene groups of -CH,CH,SO;~ were overlapped
at ¢ 2.94 and the internal methylene CH,N was observed at
0 2.46. Qualitative Kaiser's test was positive, confirming the
presence of primary amine functions. Compound 5 was not
purified and was used as it for transformation to G2-S16-FITC
(6). As commented above, the qualitative Kaiser's test for 6
was negative, meaning absence of primary amine functions. 'H
NMR spectrum showed resonances expected for CBS framework
and external -CH,CH,SO;~ groups, together with new reso-
nances belonging to fluorescein unity (6 6.5-8.0). These signals
were very broad, again due to the hydrophobic character of this
fragment. DOSY "H NMR spectroscopy was also helpful, since
one diffusion coefficient was observed for all these resonances
(Fig. S51). Regarding '*C NMR spectrum, the new resonances
belonging of the fluorescein group were observed (6 100-150,
Fig. S61). As in the 'H NMR spectrum, resonances for CBS
framework and external -CH,CH,SO;~ groups were similar to
those of compound G2-S16 (2). IR spectroscopy (Fig. S8t)
showed the disappearance of the stretching band correspond-
ing to the isocyanate group from fluorescein (at ca. 2000 cm ™).
On the other hand, a stretching band corresponding to the
carbonyl group belonging to the fluorescein fragment was
detected (at ca. 1750 cm™'). Moreover, in the UV spectrum of
this dendrimer (Fig. S91), a broad band centered at about
500 nm was observed due to the presence of fluorescein.*

Toxicity assays

Peripheral blood mononuclear cells (PBMC) belong to the
immune system, playing a key role to fight bacterial and viral
infections. These cells are target for HIV and have been chosen
for toxicity and cellular uptake assays of the anionic dendrimers
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Scheme 2 Synthesis of the anionic sulfonate dendrimer labelled with fluorescein G2-S16-FITC (6). (i) Trifluoroacetic anhydride (TFA), K,COs; (ii)

ESF, R.T., 12 h; (iii) NaOH, R.T., 4 h; (iv) FITC, R.T., 12 h.

This journal is © The Royal Society of Chemistry 2020

RSC Adv, 2020, 10, 20083-20088 | 20085



RSC Advances

Paper

SO.F Fozsg
SO.F
> W

FO,S
2 \\—N
HzN\\\\ J/T'\le \\\\Si/ \S-J)
p i
15 Y
Si
o N A
HgN\ﬁ 8 N PO ‘\\\s-’ i \
S'/ \/.//' / I_\j A \ J \I
/ I\ﬁ \ ./—IS\I Y Sice~Si S
= Py T
. i
fS\I S| FOS A o / \N/\/SOZF
HoN si L
(( \W SOF >si. S DORF
.y /Sil ff L‘
///r /N N
HoN NH FOS~ S \soF
3 SO,F FO,S
4
o ©
& fos 03? o
0.S SO3
o, fos oa,s2 e 35 e
Y N S

i SiC
%03 J) SO3
S N St hl\/i\ e
038 , i . / SO,
Si Si
/ L . : \SJ \
|GG | P ] |
Wea gl
0sS ' )SLL ~_SO
3 V\N \SI N 3

9]

K/:Sl\ W\
S
¢
@OSS_/\N? HN NH
©
SO3 O OH

G2-S16-FITC (6) OH

Fig. 1 Structure of dendrimers 3—6. The circle highlights the additional function for labelling of the dendrimer.

here described. The biocompatibility of G2-S16 (2) and G2-S16-
FITC (6) in PBMCs was evaluated by an MTT assay (Fig. S107).
G2-S16 and G2-S16-FITC dendrimers concentrations with
viability above 80% were regarded as non-toxic (in comparison
with control). G2-S16 was not toxic at 50 uM. This value is the
same than previously reported, meaning that the synthetic
procedure does not alter toxicity.” Presence of the labelling
moiety reduces viability, being G2-S16-FITC not toxic at 2 uM,
and close to 5 uM.

Cellular uptake assays

To determine whether G2-S16-FITC enter into human PBMCs
and can be visualized in a biological environment, confocal
microscopy assays were performed (Fig. 2). Non-toxic
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concentration (2 pM) was used to treat the PBMCs at different
times. This experiment was analysed after 2 h and 24 h of
treatment. Cellular uptake of G2-S16-FITC by PBMCs was
observed at both times, although clearly higher signal was
detected after 24 h. As can be seen in Fig. 2 (arrows a, b, c), G2-
S16-FITC was able to penetrate in different types of PBMC as
macrophages, CD4 T and CD8 T lymphocytes.

Conclusions

In conclusion, ESF is an adequate reagent for the preparation of
the antiviral anionic sulfonate dendrimer G2-S16, removing an
important hurdle in the synthesis of this derivative. With this
reagent, G2-S16 can be obtained in much softer conditions with
a reproducible protocol for higher amounts than the previously

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Confocal microscopy images of ability of the polyanionic CBS dendrimer G2-S16-FITC (6) to enter into PBMCs. (I) G2-S16-FITC den-
drimer co-located with nuclei of treated cells labelled with DAPI; (II) anti-human CD4-APC co-located with G2-S16-FITC dendrimer; (ll1)
represents co-localization of G2-S16-FITC dendrimer, CD4 and nuclei of treated cells labelled with DAPI. Arrows point different cell types (a)

macrophage; (b) CD4 T lymphocyte; and (c) CD8 T lymphocyte.

published procedure. Moreover, with the use of this reagent and
employing protection-deprotection strategy of an amine func-
tion, a labelled derivative G2-S16-FITC (6) with a chromophore
has been also affordable.

The use of labelled G2-S16-FITC dendrimer for internali-
zation assays with PBMC justifies its synthesis. Analysis by
confocal clearly showed that different human cells as macro-
phages, CD4 T and CD8 T lymphocytes uptake our G2-S16
dendrimer. Hence, the new anionic dendrimer G2-S16-FITC
here designed can be proposed for further in vitro and in
vivo assays to test biodistribution of this promising antiviral
dendrimer. This will help to prove the mechanism of action of
this compound facilitating its use as active principle of
a topical microbicide that could be tested in phase I of clinical
trials.

This journal is © The Royal Society of Chemistry 2020
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