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es are suitable cores for building
tunable iminosugar multivalency†

C. Matassini,ab M. Marradi,‡*bc F. Cardona,a C. Parmeggiani,ad I. Robina,e

A. J. Moreno-Vargas,e S. Penadésbc and A. Goti*a

The first example of iminosugars multimerization based on gold nanoparticle cores was achieved by

a straightforward synthetic strategy based on the use of simple glycosides of a-D-mannose or b-D-

glucose to modulate the density of biologically active pyrrolizidine and piperidine iminosugars at the

gold surface. Exceptionally small and water dispersible gold colloids were obtained by self assembly of

thiol ending sugar and novel iminosugar conjugates on the surface of in situ forming gold nanoparticles.

The resulting nanostructures were characterized by different techniques. Preliminary screenings

demonstrated that the novel nanosized architectures retain their bioactivity and make possible its

modulation.
Introduction

Iminosugars are excellent tools for the exploration of glycosi-
dase inhibition.1 Glycosidase inhibitors have several biomedical
applications for the treatment of different pathologies ranging
from bacterial and viral infections, diabetes (e.g. Glyset) and
genetic metabolic disorders (e.g. Zavesca).2 The total synthesis
of natural iminosugars and their analogues is rather chal-
lenging due to the presence of numerous stereocenters.
Synthetic chemists have developed different approaches, either
starting from the chiral pool or through enantioselective
syntheses.3 Some of us have been involved in the total synthesis
of such compounds for several years, mainly exploiting carbo-
hydrate derived nitrones as key building blocks in 1,3-dipolar
cycloadditions or in organometallic additions.4 Recently, the
presentation of iminosugars in a multimeric fashion onto
a common scaffold has become a rather hot topic of research
with the aim of constructing multivalent glycosidase inhibi-
tors.5 The multivalent effect is dened as the affinity enhance-
ment of a monovalent bioactive molecule towards its receptor
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consequent to multimerization.6,7 It has been extensively
investigated in carbohydrate–lectin interactions,6a,f,g where
multiple binding sites are present in the receptors. However,
during the last ve years evidence for the implication of
a multivalent effect even for iminosugar–glycosidase interac-
tions have been collected. High avidity was reached with
synthetic multivalent iminosugars with some glycosidases of
therapeutic interest.8 Concerning glycosidase inhibition,
a statistical rebinding effect is likely to occur since glycosidases
have a single binding site, albeit other factors cannot be
excluded.5 Aer the rst report describing a signicant inhibi-
tion enhancement towards jack-bean a-mannosidase with
a trivalent iminosugar,9 different examples of scaffolds have
been reported for the creation of multivalent iminosugar
architectures, ranging from simple dendrimers,8c–e,10 to cyclo-
dextrins,8b,c,e,11 fullerenes,8a,12 calixarenes.8c,13 To date, the most
common synthetic approach to multivalent iminosugars uses
the copper-mediated azide-alkyne cycloaddition (CuAAC) as the
key step, that has inherent drawbacks connected with possible
contamination of the nal compounds by traces of the metal
catalyst.5b

We envisaged that gold glyconanoparticles (sugar-coated
gold nanoparticles, Au-GNPs)14 could be excellent novel scaf-
folds for a copper-free multimerization of bioactive iminosu-
gars. Indeed, Au-GNPs combine a good stability of the colloidal
system in water and cell permeability thanks to their carbohy-
drate shell and are readily assembled through one-pot insertion
of the active ligand(s) while creating the gold nanoparticles
themselves.14a,15 Moreover, evidence that sugars tailored onto
GNPs are more resistant to glycosidase cleavage,16 joined to
possible simultaneous graing of different ligands to the gold
core, prompted us to employ simple monosaccharides as inner
components and iminosugars as active ones in order to achieve
RSC Adv., 2015, 5, 95817–95822 | 95817
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our goal and target glycosidase inhibition. The planned
synthetic method is expected to afford biocompatible nano-
particles with a very small size (gold core <2 nm), enabling the
simultaneous graing of several iminosugar ligands onto their
small surface, thus reaching high local concentrations of the
bioactive molecule.

Furthermore, this approach would lead to multivalent imi-
nosugars with a tunable density, simply by varying the ratio
among the inner component (the carbohydrate ligand) and the
active component (the iminosugar ligand).17,18 This aspect is
particularly crucial concerning glycosidase inhibition since the
exact role of valency has not been totally understood (not always
the highest valency corresponds to the highest multivalent
effect). We report herein preliminary results of this study as
a proof of concept demonstration.

Results and discussion

Au-GNPs consist of self-assembled monolayers (SAMs) of thiol-
ending neoglycoconjugates bound to the metal surface by Au–S
bonds.19 Then, we explored rst the conjugation of selected
iminosugars with a proper thiol-ending linker (Scheme 1).
Among the biologically active iminosugars available in our
laboratories, we selected pyrrolizidine 1 10a and piperidine 2,20

both bearing an amino moiety suitable for functionalization
with a bifunctional linker ending with a thiol group through an
appropriate reacting group at the other terminus (–NCS, linker
4; –COOH, linker 7). We estimated this position as the most
suitable to our aims, since the sugar mimic portion of the
compounds responsible for recognition of the enzyme binding
site is unaltered. Additionally, we already collected evidence
that the biological response was not affected by structural
variation at C-7 of the pyrrolizidine iminosugar.10a

On the basis of previous ndings21 we chose a long and
amphiphilic linker to impart exibility and assist the water
Scheme 1 Different approaches for the conjugation of iminosugars 1 a
MeOH, rt, 18 h; (b) NaOMe, MeOH, rt, 8 h; (c) PPh3, CBr4, CH2Cl2, rt, 10 m
(f) acetone, Jones reagent, rt, 20 min, 69%; (g) HBTU, HOBt, DIPEA, DM

95818 | RSC Adv., 2015, 5, 95817–95822
dispersibility of the whole nanoparticle. We rstly investigated
the conjugation of the amino derivatives 1 and 2 with the linker
4 bearing an isothiocyanate group, obtained in three steps from
the commercially available alcohol 3 in 54% overall yield
(Scheme 1).22 Formation of the thiourea linkages, a well-
established reaction in bioconjugation, was performed in
MeOH at room temperature and gave the adducts 5 and 6 in
satisfactory yield aer purication and deprotection with
NaOMe (72% and 56%, respectively, over two steps). Unfortu-
nately, the GNPs subsequently synthesized with these conju-
gates were not dispersible in water, even aer vigorous stirring
and/or addition of different acids (AcOH, TFA, HCl) to yield the
iminosugar ammonium salts.

In order to bypass this impasse, alternative biocompatible
amide coupling was taken into account. The coupling of imi-
nosugar derivatives 1 and 2 with carboxylic acid 7,23 easily
synthesized by Jones oxidation of alcohol 3, afforded conjugates
8 and 9 under different coupling conditions (Scheme 1). The use
of 1–hydroxybenzotriazole (HOBt) and O-(benzotriazol-1-yl)-
N,N,N0,N0-tetramethyluronium hexauorophosphate (HBTU) as
coupling agents in dimethylformamide (DMF) at rt gave 8 in
51% yield. These conditions failed in the synthesis of the
piperidine analogue 9. Instead, this compound was obtained
in 89% yield using 1-ethyl-3-(3-dimethylaminopropyl)carbodi-
imide (EDC) as coupling agent in dimethylsulfoxide (DMSO).
The amide conjugates 8 and 9 were completely characterized,
while the corresponding deacetylated compounds 8a and 9a
(Scheme 2A) were directly employed in the GNPs synthesis
without further purication to prevent their oxidation to the
corresponding disuldes (see below). The inner component
ligands, namely 5-mercaptopent-1-yl b-D-glucopyranoside
(bGlcC5S, 10) and 5-mercaptopent-1-yl a-D-mannopyranoside
(aManC5S, 11) (Scheme 2B) were prepared following a well-
established protocol.21a,24 With the thiol-ending ligands 8a–9a
nd 2 to the thiol-ending linker. Reagents and reaction conditions: (a)
in, 80%; (d) NaN3, DMF, rt, 14 h; (e) PPh3, CS2, toluene, 50 �C, 16 h, 68%;
F, rt, 15 h, 51%; (h) EDC, HOBt, DIPEA, DMSO, Ar, rt, 65 h, 89%.

This journal is © The Royal Society of Chemistry 2015
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Scheme 2 (A) Pyrrolizidine and piperidine based thiol-ending ligands (active components); (B) b-D-glucose and a-D-mannose based thiol-
ending ligands (inner components); (C) new synthesized Au-GNPs with different active components, inner components and densities; (D) 100%
b-glucose (Au-bGlc) and 100% a-mannose (Au-aMan) Au-GNPs.
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and 10–11 in hand, novel GNPs were prepared in a one-pot
fashion by treating a water solution of Au(III) with a reducing
agent with the presence of an excess of the desired ligands as
reported below. Depending on the iminosugar based ligand
employed as the active component, pyrrolizidine alkaloid PA-
GNPs or piperidine alkaloid PIPA-GNPs were obtained
(Scheme 2C).

For the preparation of GNPs 12–17, iminosugar conjugates 8
and 9 were deacetylated to 8a and 9a which, without purica-
tion, were mixed in situ with bGlcC5S 10 or aManC5S 11 in the
proper ratio, before adding the Au(III) solution and the reducing
agent. Indeed, on purication through Sephadex 8a and 9a
underwent complete oxidation to the corresponding disuldes.
Conversely, bGlcC5S and aManC5S showed a lower tendency to
oxygen-mediated oxidation, giving no more than 20% of the
corresponding disuldes. Use of the puried ligands resulted in
a lower incorporation of the iminosugar compared to the sugar
ligands at gold surface, as attested by the 1H NMR spectra
performed before and aer nanoparticle formation. This result
is in agreement with the notion that formation of SAMs on gold
from solutions of a thiol and a disulde in mixture takes place
with preferential adsorption of the thiol.25 On the other hand,
when conjugates 8 and 9 were deacetylated under Ar
This journal is © The Royal Society of Chemistry 2015
atmosphere and immediately employed in the preparation of
GNPs without further purication (see “General Procedure for
the in situ deprotection of S-acetyl conjugates” in the ESI†), the
ratio between iminosugar and sugar ligands in solution was
maintained on the gold cluster surface. In particular, the PA-Au
GNPs were prepared by using bGlcC5S 10 (PA-Au-bGlc, 12 and
13) or aManC5S 11 (PA-Au-aMan, 14 and 15) as inner compo-
nent, in order to detect or rule out any additive or synergic
inhibitory effect of the bGlcC5S inner component towards b-
glucosidases.

Conversely, due to the extreme selectivity of PIPA towards a-
L-fucosidases,20 only bGlcC5S 10 was employed as inner
component for GNPs 16 and 17.

In all cases, water dispersible and stable gold GNPs of 2 nm
average diameter were obtained by adding an aqueous solution
of tetrachloroauric acid (HAuCl4) to a methanolic solution of
a mixture of the thiol-derivatized conjugates (3 equiv. overall
with respect to HAuCl4) in the desired proportion. The resulting
mixture was reduced in situ with NaBH4 (27 equiv.) and the
suspension was vigorously shaken for 2 h at 25 �C. The super-
natant was removed, the nanoparticles were washed with
methanol and the residue was dissolved in milliQ water, puri-
ed by dialysis and characterized by 1H NMR spectroscopy,
RSC Adv., 2015, 5, 95817–95822 | 95819
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Table 1 Inhibition of amyloglucosidase from Aspergillus niger (at 0.16
mg mL�1 in terms of Au-GNP)

Entry GNP
Effective active
component conc. (mM)

% of
inhibition IC50 (mM)

1 12 11 83% 4.4
2 13 29 91% 8.3
3 14 10 83% 4.0
4 15 38 90% 13.9
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transmission electron microscopy (TEM), infrared (IR) and
ultraviolet-visible (UV-vis) spectroscopies. Glyconanoparticles
with different densities of active component (20% and 40%)
were obtained varying the ratio of iminosugar conjugate to the
sugar derivative chosen as inner component (bGlcC5S 10 or
aManC5S 11) in the reacting mixture. Uniformity of the sugar/
iminosugar ligand ratio was ascertained by 1H NMR in the
reaction mixture and, aer cluster formation, either in the
supernatant and in the washings. Quantitative NMR (qNMR) of
GNPs in deuterium oxide with 3-(trimethylsilyl)propionic-
2,2,3,3-d4 acid (TSP-d4) as an internal reference was also per-
formed. The 1H NMR spectra of the GNPs featured broader
peaks compared to those of the corresponding free ligands. An
example of iminosugar GNP characterization is shown in Fig. 1
for 40% PA-Au-a-Man 15.

The synthesized GNPs showed an exceptionally small core
(most in the 1–2 nm range), as demonstrated by TEM analysis.
TEMmicro-graphs showed uniform dispersion of the GNPs and
no aggregation was evident. The UV/vis spectra were charac-
terized by a surface plasmon band at around 520 nm, except in
the case of the smallest core-sized GNPs, for which the plasmon
was barely visible. As mentioned above, all of the obtained GNPs
are water dispersible and are stable for months (no occulation)
under physiological conditions at room temperature. Based on
the gold core size (determined by TEM) average molecular
formulas and the corresponding molecular weights were
calculated by estimation of number of anchored ligands from
the literature26 and the ligand ratio obtained from qNMR (see
ESI†).

GNPs 100%-functionalized with b-glucoside 10 (Au-bGlc, 18)
or a-mannoside 11 (Au-aMan, 19) shown in Scheme 2D were
also prepared as control systems, following a reported
procedure.21a
Fig. 1 Characterization of glyconanoparticles 15 (40% PA-Au-Man):
(A) TEM micrograph in H2O; (B) size-distribution histogram obtained
by measuring 300 nanoparticles (average diameter 1.2 � 0.2 nm); (C)
1H NMR (D2O) spectra of a 3 : 2 mixture of aManC5S and derivative 8a
before (C-1) and after (C-3) GNP formation, and of the corresponding
GNP 15 (C-2); (D) UV/vis spectrum.

95820 | RSC Adv., 2015, 5, 95817–95822
A preliminary biological evaluation towards a panel of eleven
commercially available glycosidases (see ESI† for the complete
set of inhibition data) disclosed promising results, especially for
the inhibition of amyloglucosidase from Aspergillus niger. In
particular, PA-GNPs afforded IC50 values in the low micromolar
range (4.0–13.9 mM, Table 1), calculated per iminosugar unit
based on their evaluated density on the nanoparticles surface.
Taking the N-acetyl derivative of 1 as the monovalent reference
compound (N-acetyl-1,27 IC50 ¼ 1.7 mM), these results demon-
strate that the inhibitory activity properties are retained in these
multivalent architectures, besides displaying higher selectivity
(see ESI†).

As expected, the inner component (bGlcC5S or aManC5S) has
no effect on the inhibitory activity, as demonstrated by the same
IC50 values of GNPs 12 and 14 (cf. entries 1 and 3, Table 1).
Additionally, compounds 18 and 19 did not show any inhibition
towards amyloglucosidases at 0.16 mg mL�1 (see ESI†).

Interestingly, IC50 increased with the concentration of the
active component (entries 2 and 4 vs. 1 and 3, Table 1), showing
that the density of the active component is a crucial parameter.
Once again, this result suggests that increasing the multi-
valency of iminosugars over a certain limit is not benecial for
bioactivity.18
Conclusions

We have reported the rst examples of iminosugars multi-
merization on gold nanoparticles. Au-GNPs consisting of
a nanometric gold core bearing selected iminosugar derivatives
at different densities as active components and simple mono-
saccharides as inner components were prepared by a straight-
forward click approach. The novel Au-GNPs were characterized by
different techniques. It is worthy to note that this approach
represents one of a very few examples of copper free methods for
the synthesis of multivalent iminosugars, an added value for
biological applications. Preliminary biological assays towards
commercially available puried enzymes were encouraging,
showing inhibition in the low micromolar range towards amy-
loglucosidase. Further experiments are currently underway with
more relevant human enzymes as well as cellular systems, to
check whether the capacity of easy internalization of GNPs into
cells can reduce the minimal dose of iminosugar required to
signicantly inhibit targeted enzymes. These new nanosystems
decorated with different iminosugars may also serve as useful
tools for studying molecular mechanisms yet to be fully
elucidated.
This journal is © The Royal Society of Chemistry 2015
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