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Abstract: Selective and potent MMP-12 inhibitors endowed with 

improved hydrophilicity are highly sought for a potential use in the 

treatment of lung and cardiovascular diseases. In the present paper, 

we modified the structure of a nanomolar MMP-12 inhibitor (1) in order 

to incorporate an ionic liquid (IL) moiety able to improve its water 

solubility. Four biologically active salts (12a-d) were obtained by 

linking the sulfonamide moiety of 1 to imidazolium, pyrrolidinium, 

piperidinium and DABCO-based ionic liquids. The imidazolium-based 

bioactive salt, 12a, was tested on human recombinant MMPs and on 

monocyte-derived dendritic cells showing a comparable activity with 

respect to 1 associated to an improved water solubility. Then, 12a was 

used to prepare electrostatically stabilized MMP inhibitor-coated gold 

nanoparticles (AuNPs) able to selectively bind MMP-12. AuNPs were 

used to study subcellular localization of MMP-12 in monocyte-derived 

dendritic cells by TEM analysis.  

Introduction 

Matrix metalloproteinases (MMPs) are a family of 23 zinc-
dependent endopeptidases involved in the remodelling of the 
extracellular matrix (ECM). They catalyse the degradation of ECM 
macromolecules such as the interstitial and basement membrane 
collagens, proteoglycans and fibronectin.[1] Many MMPs have 

been recognized as potential drug targets useful for the treatment 
of different diseases such as cancer, rheumatoid arthritis, 
osteoarthritis and inflammatory diseases.[2] In particular an 
increased expression of macrophage metalloelastase (or MMP-
12) has been recognized to be involved in acute and chronic 
pulmonary inflammatory diseases, such as chronic obstructive 
pulmonary disease (COPD)[3] or asthma,[4] and in cardiovascular 
diseases such as aneurysms and atherosclerosis.[5] In our 
ongoing pursuit of MMP-12 selective inhibitors useful for the 
treatment of lung and cardiovascular diseases, we recently 
developed compound 1 (Figure 1), a carboxylate-based 
sulfonamide endowed with a nanomolar affinity for MMP-12. With 
the aim to improve the hydrophilicity and bioavailability of this very 
hydrophobic hit compound without decreasing its affinity for the 
target, we linked a β-N-acetyl-d-glucosamine (GlcNAc) moiety in 
P2' position. [6] Glycoconjugate 2 (Figure 1) maintained a 
nanomolar activity for MMP-12 and good selectivity over MMPs 
with an improved hydrophilicity (water solubility > 5 mM and 
cLogP = 3.15) with respect to 1. On the basis of these results, in 
this study we designed and synthesized new ionic liquid-based 
MMP-12 inhibitors (type 3 derivatives, Figure 1) as an alternative 
way to improve the water solubility of our hit compound. We chose 
to modify the structure of compound 1 by linking its sulfonamide 
moiety to an ionic liquid (IL), an organic salt liquid at/or near room 
temperatures. [7] Through this strategy we meant to maintain the 
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molecular portions responsible for biological activity (i.e. the 
carboxylate group and the biphenylsulfonamide moiety) while 
introducing an IL tail in P2' position. X-ray crystallography and 
molecular modelling studies[8,9] had already shown that P2' could 
be a proper position for derivatizing sulfonamido-based MMP 
inhibitors and to obtain functionalized ligands with a good affinity 
for the target enzyme.  
In the past few years ionic liquids have been exploited in the 
formulation of active pharmaceutical ingredients (API) because of 
their unique and tunable physicochemical and biological 
properties.[10] Many ILs bearing API in the cation or anion have 
been reported[11] to address problems such as low solubility, 
polymorphism and bioavailability of drugs. In fact, since ILs are 
liquid salts, turning a drug into an ionic liquid might result in a 
straightforward and efficient method to improve its bioavailability 
and to relieve the problem of polymorphs. Bioactive compounds 
linked to ILs could acquire the tunability of ILs and their 
physicochemical properties, including the ability to give 
spontaneous self-organized structures (micelles, vesicles) in 
aqueous media or through the interaction with selected supports 
(nanoparticles). Imidazolium-based ILs, the most investigated 
class of ILs, are indeed very often used as stabilizing agents in 
the synthesis of metal nanoparticles (NPs).[12] Possessing high 
dielectric constants, intrinsic ionic charge and a high polarity, the 

supramolecular networks that ILs give depending on cation and 
anion structure can form a protective shell for metal NPs, 
providing an electrostatic protection according to DLVO 
(Derjaugin-Landau-Verwey-Overbeek) theory.[13] The possibility 
of exploiting the IL part to obtain more complicated systems is an 
attractive challenge also in light of a recent document showing 
that AuNPs stabilized by non-covalent binders have the ability to 
turn off the electrons induced by radiation, opening potential 
applications in fields that range from radiotherapy to 
diagnostics.[14, 15] Recently, new ionic liquids (ILs) were 
synthesized and applied in synthesis of silver, gold and metal 
oxide nanoparticles through a simple approach.[16, 17, 18]  Bearing 
in mind this potential application of ILs, the second aim of the 
present study was to prepare gold nanoparticles (AuNPs) coated 
with a biologically active IL able to bind MMP-12 (Figure 1).  
In fact, recently the extracellular localization of MMPs boosted the 
research in the diagnostic field, promoting the development of 
modified MMP inhibitors (MMPIs) as imaging probes to visualize 
MMPs in vitro and in vivo. Fluorescence-labelled MMPIs were 
reported to be used for optical imaging [19, 20] and radiolabelled 
MMPIs were developed to be used for PET.[21, 22] In this context, 
MMPI-coated AuNPs that selectively bind a particular MMP could 
be of large interest for imaging purposes.  
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Figure 1. Chemical evolution of the new IL-based MMP inhibitors and MMPI-coated AuNPs. 
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Scheme 1. Synthesis of ligands 11 and 12a-d. Reagents and conditions: (a) CuSO4ꞏ5H2O, sodium ascorbate, 1:4 H2O-DMF, 80 °C, 1 h (87%); (b) CH3CN, 80 °C, 
3-10 days (91% for 8a, 77% for 8b and 78% for 8c) or EtOAc, rt, 3 days (82% for 8d); (c) potassium thioacetate, DMF, 120 °C, 2.5 h (98%); (d) 48% aq. HBr, H2O 
rt, 8-12 h (92% for 12a; 94% for 12b; 93% for 12c and 99% for 12d); (e) TFA, CH2Cl2, rt, 8 h (98%); (f) NH3-MeOH 3.5 N, rt, 4 h (89%). 

Currently, AuNPs represent an emerging new class of probes for 
cellular imaging suitable for protein visualization through electron 
microscopy (EM). AuNPs are particularly interesting since they 
are endowed with high chemical stability, low toxicity to 
mammalian cells and they are easily modifiable with the 
molecules of interest. [23]  

In the present study, IL-based MMP inhibitors 12a-d (Scheme 1) 
and MMPI-coated Au-IL (14) (Figure 1) were synthesized, 
characterized and tested on human recombinant MMPs to prove 
their activity in vitro. The sulfonamide moiety of 1 was linked to 
imidazolium, pyrrolidinium, piperidinium and DABCO-based ionic 
liquids on the basis of their wide use in literature. [7, 11] Then, the 
biological activity of the imidazolium-based bioactive salt, 12a, 
was tested on monocyte-derived dendritic cells (DC) in 
comparison with the parent compound 1. The activity of the 

electrostatically stabilized Au-IL (14), obtained using 12a, on 
recombinant MMPs was compared to the one of Au-S (13) 
(Scheme 2) obtained using the thiol 11, through the conventional 
Au-S bond. Finally, these AuNPs were used to visualize the 
subcellular localization of MMP-12 in DC by TEM analysis. 

Results and Discussion 

Chemistry  
The synthesis of IL-based MMP inhibitors 12a-d and their 
analogue thiol 11 is described in Scheme 1. The known alkynyl 
derivative 4[6] and 1-azido-6-bromohexane 5 [24] were prepared in 
according to published procedures. The azide 5 was conjugated 
to the alkyne 4 by copper-catalysed azide-alkyne cycloaddition 
(CuAAC) according to reported conditions. [25, 26] The reaction was 
performed in a mixture DMF-H2O (4:1) with copper(II) sulphate 

and sodium ascorbate as catalytic system, at room temperature 
for 1 h. The purification by flash chromatography of crude 
products yielded pure 6 (87%) with complete regiospecificity. 
NMR analysis (1H, 13C and 2D NMR experiments) of the isolated 
product showed indeed the exclusive formation of the 1,4-
disubstituted 1,2,3-triazole 6, which was identified on the basis of 
the large  (C4-C5) values (about 20 ppm) observed by 13C 
NMR spectroscopy for the cycloadducts.  
The bromine derivative 6 was a suitable precursor for the 
preparation of the ionic salts 8a-d through a SN2 type reaction 
using opportune amines (N-methyl-imidazole 7a; N-methyl-
pyrrolidine 7b; N-methyl-piperidine 7b; 1,4-
diazabicyclo[2.2.2]octane 7d). In particular, the preparations of 
8a-c were carried out in dry CH3CN at 80 °C (3-10 days) while the 
synthesis of 8d was conducted in dry EtOAc at room temperature 
(3 days). The purification by trituration of the crude products with 
Et2O afforded pure 8a-d in high yield (91-77%). The thiol 
derivative 11 was obtained from the thioester derivative 9 
(Scheme 1) by treatment of 6 with potassium thioacetate in dry 
DMF at 120 °C. The purification by flash chromatography on silica 
gel afforded thioester pure 9 in excellent yield (98%).  
The treatment of 9 with CF3COOH gave the corresponding 
carboxylic acid 10 (98%) after chromatography over silica gel of 
crude product. The removal of the tert-butyl group in 8a-d by 
treatment with commercial 48% aq. HBr in H2O gave the 
corresponding carboxylic acids 12a-d (92-99%), after trituration 
with Et2O of crude products. Finally, the de-O-acetylation of 10 by 
treatment with NH3-MeOH 3.5N afforded the deprotected thiol 
derivative 11 in good yields (89%), after trituration of crude 
product with Et2O. The structure of all compounds were confirmed 
by 1H, 13C and 2D NMR experiments. 
Traditional Au nanoparticles Au-S (13) were prepared as reported 
in Scheme 2 following a reported procedure [27] in heterogeneous 
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phase (CHCl3-H2O), using ALIQUAT 336 as phase transfer agent, 
the thiol derivative 11, and a solution of tetrachloroauric acid 
(HAuCl4) and sodium borohydride (NaBH4) as reducing agent 
(see experimental section). The purification of crude mixture by 
dialysis and elimination of solvent under reduced pressure yielded 
Au-S (13) as a dark brown syrup.  
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Scheme 2. Synthesis of Au-S (13) and Au-IL (14). Reagents and conditions: 
(a) 1) CHCl3, ALIQUAT 336, HAuCl4 2.5 x 10-3 M; 2) NaBH4 0.1 M. (b) 0.1:1 
CH3OH-H2O, HAuCl4 2.5 x 10-3 M, NaBH4 0.1 M. 

The UV-Vis spectrum of Au-S (13) was characterized by an 
intense absorption band at 268 nm, corresponding to the MMPI 
unit, and by a very weak band at 518 nm attributable to the surface 
plasmon resonance (SPR) of AuNPs (Figure 2). 

 

Figure 2. UV-vis spectrum showing the characteristic absorption band of 
biphenyl chromophore; in the inset, magnified LSPR band of Au-S (13). 

Although, the low intensity of the SPR band could suggest AuNPs 
agglomeration phenomenon, in our case the brown solution is still 
stable after 5 months and, therefore, the low intensity is more 
probably due to the very small size of the synthesized Au-S (13) 
that have the absorption in IR domain. [28] This hypothesis found 
his experimental support in the TEM measurements (Figure 3).  

 

Figure 3. (left) TEM brightfield image of the Au-S (13); (right) nanoparticles' 
diameter distribution. 

The average diameter and the standard deviation obtained from 
the measurements of 200 nanoparticles Au-S (13), resulted 1.5 ± 
0.2 nm. Furthermore, it is noteworthy that UV-Vis measurements 
using a calibration curve (see supporting information, Figure S1 
and S2) show that 53% of the charged biologically active 
compound (MMPI) remains bound to the Au-S (13). [29] 
The electrostatically stabilized AuNPs Au-IL (14) were instead 
synthesized starting from the ionic ligand 12a (Scheme 2). In 
particular, they were prepared through a single-step process by 
reducing a solution of HAuCl4 with NaBH4, in the presence of 
ligand 12a in 0.1:1 MeOH-H2O (see experimental section), 
followed by purification through centrifugal filtration with filter 
Millipore Amicon 14 kDa to remove residual small molecules. 
After centrifugation, Au-IL (14) were re-dispersed in water. The 
resulting solution, which did not show any evidence of 
aggregation, strongly suggested that the ionic ligand was able to 
make the resulting nanoparticles coated with bioactive molecules 
not only very soluble in the aqueous environment, in contrast with 
the starting MMPI, but also not prone to interact reciprocally. It is 
also to remark that the colour of the solution containing these 
AuNPs, synthesized using the imidazolium-based bioactive salt 
12a, immediately after purification appeared almost violet and the 
UV-Vis spectrum was characterized by the SPR maximum at 538 
nm (Figure 4a). 
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Figure 4. Stability with time of AuNPs Au-IL (14); (a) readings in 1 cm quartz 
cuvette: in the inset, the change of colour from violet to pink; (b) UV-vis spectrum 
after 14 days in 1 mm quartz cuvette. 

However, after two days the colour of the solution changed into 
ruby red and the SPR band blue shifted to 523 nm. This behaviour, 
i.e. the slow blue shift of the SPR band, although not usual for 
AuNPs, has been already reported for NPs stabilized with non-
covalent binding, such as electrostatic interactions. For example, 
it has been observed in the case of AgNPs capped with 
Rhodamine 6G and attributed to the close packing of the dye 
molecules on the charged particle surface that determines a time 
requiring tuning of the coating molecules on particles surface. [30] 

A phenomenon of this type could occur also in our case due to 
the presence in the imidazolium salt 12a of the biphenyl system 
of the MMPI that absorbs also in this region and has steric 
requirements. 
TEM measurements carried out on 200 nanoparticles allowed to 
evaluate for Au-IL (14) an average diameter of 3.0 ± 0.5 nm 
(Figure 5). 

  

Figure 5. (left) TEM brightfield image of Au-IL (14); (right) nanoparticles’ 
diameter distribution. 

As expected, the use of an ionic ligand (12a vs 11) for the 
preparation of AuNPs is important in terms of size control. 
Nonetheless, the stability of the colloidal solutions (experiments 
were carried out in triplicate) were monitored during the time 
(Figure 4a and 4b). Although, after the initial shift of the SPR band 
the absorption maximum remained practically unchanged, a 
progressive slow decrease of the same absorption band, 
attributable to the agglomeration of the AuNPs, was evidenced 
(see supporting information UV-Vis after 60 days, Figure S4).  
Finally, through a UV-Vis measurements (see supporting 
information, Figure S1 and S3) it was evaluated that 47% of the 
charged imidazolium derivative 12a remained adsorbed on 
nanoparticles Au-IL (14).  
 

 
AuNPs stability studies. 
Since the electrostatically stabilized MMPI-coated AuNPs Au-IL 
(14) should be tested on recombinant enzymes, their stability in 
buffer solution was preliminary checked using a fluorometric 
assay buffer (FAB), at pH 7.5. In particular, a known quantity of 
Au-IL (14) was added to FAB and the absorption at 526 nm was 
monitored during the time showing that the solution was stable 
under these conditions for few days (Table 1).  
Furthermore, the storage conditions were investigated splitting 
the same sample into two aliquots: one was stored in the dark the 
other in a lighted area. As reported in Table 1, no significant 
differences were registered in the UV-Vis spectrum.  
 

Table 1. λmax of SPR and biphenyl unit for Au-IL (14) in different conditions. 

AuNPs Conditions SPR  max biphenyl 

Au-IL (14) -- 525 nm 268 nm

Au-IL (14) After 12 h dark 524 nm 268 nm 

Au-IL (14) After 12 h light 527 nm 268 nm 

Au-IL (14) FAB pH 7.5 526 nm 268 nm 

 
The influence of the cationic moiety on AuNPs stability was also 
investigated. The N-methylimidazolium cation was indeed 
replaced with alicyclic quaternary ammonium cations such as 
piperidinium (Pip), pyrrolidinium (Pyrr) or the bicyclic system 
arising from monoalkylation of 1,4-diazabicyclo [2.2.2] octane 
(DABCO). In order to favour the comparison, the chemical 
structure of the linker, the MMPI and the anion were not modified. 
It is noteworthy that attempts to prepare AuNPs using the ionic 
ligands 12b-d (Scheme 1), in accordance with the procedure 
described above for AuNPs 14, failed (see Supporting Information, 
Figure S5 and S6). All the three salts based on aliphatic onium 
cations were unable to give stable Au colloidal solutions, since the 
agglomeration of the nanoparticles occurred during the synthesis. 
These data suggest that the aromatic imidazolium ring, 
characterized by a planar structure and a delocalized positive 
charge, is more incline to give self-assembled and well organized 
nanostructures on the metal surface playing therefore an 
important role in Au colloidal solution stabilization. [31] 
 
MMPs inhibition. 
The inhibitory activity of all the new potential MMPIs containing 
the biologically active sulfonamide moiety of 1, i.e. the IL-based 
MMPIs 12a-d, the thiol derivative 11 and the MMPI-coated AuNPs 
Au-S (13) and Au-IL (14), were tested on human recombinant 
MMPs by a fluorometric assay, [32] using the previously reported 
1 as reference compound. Activity was evaluated against MMP-
12, as target enzyme, and against MMP-2 and MMP-9 to assess 
the selectivity of the new compounds. The activity of 1 towards 
these enzymes was already demonstrated. [6] Results are 
reported in Table 2 as IC50 values (nM). 

Table 2. Inhibitory activity (IC50 nM values)[a] of 11, 12a-d, Au-S (13), Au-IL (14) 
and the reference compound 1. 

Compound MMP-2 MMP-9 MMP-12 

11 2300±200 5700±560 214±23

400 500 600 700 800
0.0

0.1

0.2

A
bs

o
rb

a
n
ce

Wavenumber (nm)

Au-IL (14) after 14 days b)

5
24

 



FULL PAPER    

6 
 

12a 200±11 2300±280 60±4.2 

12b 240±28 2850±300 72±9 

12c 200±29 2000±190 60±7 

12d 330±29 3700±380 88±7.3 

Au-S (13) 2400±120 6800±560 210±29 

Au-IL (14) 290±35 2000±110 100±7 

1[6] 170±13 510±44 35±2.3 

[a] Assays were run in triplicate. The final values given here are the mean ± SD 
of three independent experiments. 

 
Overall, all new compounds and nanosystems showed a higher 
affinity for MMP-12 than for MMP-2 and MMP-9. More in detail, 
whereas the replacement of the N-ethylene-benzamide group in 
P2' of 1 with a 1,2,3-triazole thioalkyl chain as in compound 11 led 
to a decrease of activity towards all tested enzymes, the 
introduction of a cationic head on the linear alkyl chain restored 
the inhibitory activity against the target MMP-12 (compounds 12a-
d). Among the four biologically active ILs, 12a-d, the best 
selectivity results were achieved by the DABCO derivative 12d, 
which showed a IC50= 88 nM on MMP-12 and a 42-fold selectivity 
over MMP-9, while the most active on MMP-12 were the 
piperidinium derivative 12c and the imidazolium derivative 12a 
(both with an IC50 = 60 nM). However, the small difference of 
activity characterizing the IL-based MMPIs suggests a positioning 
of the ionic portion of the molecule outside the active site of MMP-
12, in the water-exposed region of the catalytic domain. 
As initially hypothesized during the design of these ligands, IL-
based compounds 12a-d are characterized by a significantly 
increased hydrophilicity with respect to 1 and to the thiol derivative 
11, calculated as the partition coefficient between octanol and 
water, logP (o/w) reported in Table 3.  

Table 3. clogP[a] of 11, 12a-d and the reference compound 1. 

Compound clogP  Compound clogP 

1 5.89  12b 1.30

11 5.45  12c 1.86 

12a 0.95  12d 1.12 

[a] ACD laboratory software version 14.0 (Advanced Chemistry Development, 
Inc. Toronto, Canada). 

 

On the basis of these calculations, the most lipophilic inhibitors, 1 
and 11, have a clogP > 5 while the new IL-based MMPIs have 
clogP values ranging between 0.95 for 12a (the most hydrophilic 
of the four) and 1.86 for 12c. 
As regards the affinity for MMP-12 showed by MMPI-coated 
AuNPs, Au-S (13) and Au-IL (14), they both maintained the 
activity and selectivity profile of the corresponding MMPI ligands 
(11 and 12a, respectively). In particular, the ionic Au-IL (14), 
showed an IC50= 100 nM on MMP-12 and a 20-fold selectivity over 
MMP-9, thus maintaining a good binding with the target enzyme. 
The small decrease of activity shown by AuNPs with respect to 
the hit compound 1, could be correlated with the length of the 

linker introduced in P2' position, probably not sufficient to avoid 
interference of this type of multivalent NPs with the catalytic 
domain of several enzyme units.  
At this point, the biological activity of the imidazolium-based 
bioactive salt, 12a, was evaluated in an appropriate cell model in 
comparison with 1.  
 
Binding and biological activity of 12a on monocyte-derived 
DC. 
To compare the biological activity of the IL-based inhibitor 12a 
and its parental compound 1, Matrigel transmigration by DC 
obtained from four different donors was evaluated, as it is known 
that DC use MMP-12 to degrade and invade extracellular matrix. 
[33] The assay was performed in the absence or presence of 10 
µM 12a or compound 1. Figure 6 shows that both MMP-12 
inhibitors could reduce by 20-30% DC migration, although 
variability in drug response among donors (042 and 044 being 
high responders, while 039 and 044 behaved as low responders, 
Figure 6A) has been observed (SD in Figure 6B). 
 

Figure 6. Effect of 12a on Matrigel transmigration by DC in comparison with 1. 
DC (5x105) were pre-incubated for 1 h at 37 °C with compound 12a or 1 at 10 
µM, then added to Matrigel-coated transwell. After 24 h at 37 °C, cells recovered 
from the lower chamber were counted with MACSQuant Analyzer and results 
plotted as percentage migrated cells vs input (A) or mean percentage migrated 
cells vs input (B). 

Binding to MMP-12 in this cell model was checked by using a 
FITC-labeled derivative of 1, EDV2 (Supporting Information). The 
binding of this fluorescent probe was first assayed by FACS 
analysis upon incubation, at 10 to 1 µM concentrations, with DC 
obtained from 4 different donors. As shown in Figure 7, EDV2 
reacted with DC at 1 or 2 h (Figure 7A, left and central panels), 
and the staining was maintained up to 24 h (Figure 7A, right 
panel). Titration showed that the best binding is detected at 10 µM 
concentration after 24 h (Figure 7B). Confocal microscopy in 
Figure 7C, shows the staining of DC with 10 µM EDV2 and 1 μM 
Syto62 to define nuclei. EDV2 staining shows a partially 
cytoplasmic and nuclear distribution, with areas of co-localization 
(C: light blue dots with white arrows in c and white arrows in d and 
e). These results are consistent with recent literature data 
highlighting that MMP-12 can be located intra- and 
extracellularly.[34]
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Figure 7. Staining of fluorescent probe EDV2 in DC. A,B: DC were pre-incubated with EDV2 (dark grey: 10 μM, grey: 5 μM, light grey: 1 µM), reactivity of FITC IgG 
as negative control (CTR) for 1 h (left panel), 2 h (central panel) or o.n. (24 h, right panel). Samples were then washed and analyzed on a CyAn ADP Analyzer. 
Results are shown as mean fluorescence intensity (MFI, arbitrary units, a.u.) vs number of cells (A) or MFI ratio vs negative control (B). Negative control (white 
histograms): unrelated FITC-conjugated Ig. C: DC treated with 10 μM EDV2 and 1 μM Syto62 for 1 h at 37 °C were washed and seeded onto a glass slide and 
analyzed by confocal microscopy under a FV500 (Olympus Europe) with PlanApo 40x NA1.00 oil objectives and data analyzed with FluoView 4.3b software 
(Olympus). Images were taken in sequence mode and shown in pseudocolor. 

TEM analysis of Au-IL (14) and Au-S (13) uptake in 
monocytes. 
TEM analysis of cultured monocytes untreated (Figure 8A, CTRL), 
or exposed for 24 h to the gold nanoprobes Au-IL (14) (Figure 8B, 
C), or Au-S (13) (Figure 8D, E, F) showed a common repertoire 
of evidences including single-membrane or double layered 
vesicular structures, interspersed electron-dense particles, 
referable bona fide to endosomes, lysosome-like dense bodies 

and condensed lipids of different size and shape. Empty 
autophagic vesicles appeared as electron-translucent structures. 
Microvesicles in sub-micron scale (200-500 nm) of the 
endolysosomal compartment (indicated by arrows) enveloped 
Au-IL (14) and Au-S (13) aggregates.[35, 36] One Au aggregate 
was detectable in a membrane protrusion (D), magnificated in E), 
indicative of membrane dynamics involved in Au particle uptake 
or extrusion.
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Figure 8. Localization of gold-conjugates of MMPs inhibitors by TEM analysis. Monocytes untreated (CTRL) (A), or exposed for 24 h to the gold nanoprobe Au-IL 
(14) (B, C), or Au-S (13) (D, E, F). AuNPs were detectable as aggregates wrapped by microvesicles of the endolysosomal compartment (indicated by arrows). The 
vesicles size is in sub-micron scale (200-500 nm). The inset in A) represents negative controls incubated with unconjugated gold nanoparticles. A blebbing structure 
(D), enlarged in E), is indicative of exo- and endocytosis. m: mitochondria; n: nuclei; v: autophagic vesicles or vacuoles.

Conclusions 

In the present study, IL-based MMP-12 inhibitors have been 
synthesized for the first time as an alternative way to improve the 
hydrophilicity and bioavailability of a previously developed hit 
compound 1, a sulfonamido-based carboxylate with nanomolar 
activity towards MMP-12. Four biologically active salts (12a-d) 
were straightforwardly obtained by linking the sulfonamide moiety 
of 1 to imidazolium, pyrrolidinium, piperidinium and DABCO-
based ionic liquids. Furthermore, the imidazolium-based bioactive 
salt, 12a, was used to prepare electrostatically stabilized MMPI-
coated gold nanoparticles Au-IL (14), that selectively bind MMP-
12. Electrostatically stabilized AuNPs were characterized by 
transmission electron microscopy (TEM) and UV-Vis 
spectroscopy. Then, IL-based MMPI 12a-d and MMPI-coated Au-
IL (14), were tested on human recombinant MMPs to prove their 
activity in vitro. The activity of the electrostatically stabilized Au-IL 
(14), was compared to the one of Au-S (13), obtained through the 
conventional Au-S bond. 
The biological results showed that: 
1. IL-based MMPIs 12a-d are characterized by a significantly 

increased hydrophilicity (calculated as clogP) with respect 
to 1, associated to a comparable activity towards the target 
enzyme MMP-12; 

2. electrostatically stabilized AuNPs Au-IL (14), have an 
average diameter of 3.0 ± 0.5 nm, are soluble in water and 
are stable in buffer solution at pH 7.5 for a few days; 

3. Au-IL (14), have an IC50= 100 nM on MMP-12 and a 20-fold 
selectivity over MMP-9, thus maintaining a good binding 
with the target enzyme. The small decrease of activity with 

respect to the hit compound 1, could be due to the non-
optimized length of the linker introduced in P2' position. 

Finally, the biological activity of 12a was tested on monocyte-
derived DC in comparison with the parent compound 1. Both 
compounds showed a similar activity, inhibiting by 20-30% DC 
migration trough Matrigel. A FITC-labelled derivative of 1, EDV2, 
was synthesized and used to visualize the binding to MMP-12 in 
DC. EDV2 staining showed a partially cytoplasmic and in part 
nuclear distribution of MMP-12, with areas of co-localization. 
In conclusion, innovative IL-based MMP-12 inhibitors have been 
synthesized for the first time and could represent an effective way 
to improve the hydrophilicity and bioavailability of MMP inhibitors 
in general. Of course, to fully appreciate the effect of the improved 
bioavailability an in vivo assay would be necessary. 
Moreover, electrostatically stabilized AuNPs coated with a 
biologically active salt able to bind MMP-12 have been 
successfully obtained and might be used as an innovative 
bioimaging probe for cell studies. An example of subcellular 
localization study was conducted by TEM analysis using the gold 
nanoprobes to stain MMP-12 in monocyte-derived DC.  

Experimental Section 

Materials and methods. Melting points were determined with a Kofler hot-
stage apparatus and are uncorrected. 1H NMR spectra were recorded in 
appropriate solvents with a Bruker Avance II operating at 250.13 MHz. 13C 
NMR spectra were recorded with the spectrometer operating at 62.9 MHz. 
The assignments were made, when possible, with the aid of DEPT-135, 
HSQC and COSY experiments. The first order proton chemical shifts  are 
referenced to either residual CD3CN (H 1.94, C 1.28) or residual CD3OD 
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(H 3.31, C 49.0) and J-values are given in Hz. All reactions were followed 
by TLC on Kieselgel 60 F254 with detection by UV light and/or with ethanolic 
10% phosphomolybdic or sulfuric acid, and heating. Kieselgel 60 (Merck, 
230-400 mesh) was used for flash chromatography. Some of flash 
chromatography were conducted by the automated system Isolera Four 
SVTM (Biotage®), equipped with UV detector with variable wavelength 
(200-400 nm). All reactions involving air- or moisture-sensitive reagents 
were performed under argon atmosphere using anhydrous solvents. 
Anhydrous dimethylformamide (DMF), dichloromethane (CH2Cl2) and 
acetonitrile (CH3CN) were purchased from Sigma-Aldrich. Other dried 
solvents were obtained by distillation according to standard procedure[37] 

and stored over 4Å molecular sieves activated at least 12 h at 200 °C. 
MgSO4 was used as the drying agent for solutions.  
Tetrachloroauric acid (HAuCl4) was purchased from Cabro SpA (Arezzo, 
Italy). All the equipment used for the preparation of gold nanoparticles 
were previously washed with an aqueous solution of HNO3 10% and left 
for 24 h at 120 °C. The water used for the synthesis of the gold 
nanoparticles was MilliQ water (18 MΩ/cm). 
Filters Millipore Amicon® Ultra-4 10 kDa (Sigma-Aldrich) were used as 
received. The dialysis tubed 14 kDa (Sigma-Aldrich) was subjected to 
washing with H2O (3 h), treated with an aqueous solution of Na2SO3 0.3% 
(w/v) at 80 °C (1 minute), washing with H2O at 60 °C (2 minutes), 
acidification with H2SO4 0.2% (v/v) and, finally, washing with warm H2O to 
completely remove the acid. The centrifugation of gold nanoparticle was 
performed on a centrifuge REMI R-8D operating at 6000 RMP max. 
UV-visible spectra were obtained in CHCl3 or H2O on an Agilent Cary 300 
UV-Vis instrument, with a fixed slit width of 1 nm using 1 cm and 1 mm 
quartz cuvettes. 
Transmission Electron Microscopy (TEM) was performed on a Zeiss Libra 
120 plus operating at 120 kV and equipped with an in column omega filter 
for energy filtered imaging. The samples were prepared by deposition of 
Au nanoparticles suspended and sonicated in ethanol on a 300 mesh 
carbon coated copper grid. Compounds (R)-tert-Butyl 3-methyl-2-(N-
(prop-2-ynyl)biphenyl-4-ylsulfonamido)butanoate (4)[6] and 1-azido-6-
bromohexane (5)[24] were prepared according to the reported procedures. 
 
Preparation of 1,2,3-triazole derivative (6). A solution of the azide 5[24] 
(331 mg, 1.60 mmol) in a mixture of DMF-H2O 4:1 (30 mL) was treated 
with CuSO4∙5H2O (544 mg, 2.18 mmol), sodium ascorbate (867 mg, 4.37 
mmol) and the know alkyne 4[6] (624 mg, 1.45 mmol). The mixture was 
stirred at 80 °C until the TLC analysis (n-hexane/EtOAc 6:4) revealed the 
disappearance of the starting material (Rf = 0.62) and the formation of a 
major product at Rf = 0.33. The solvent was evaporated under reduced 
pressure and the residue was partitioned between saturated NH4Cl 
solution (15 mL) and CH2Cl2 (15 mL), the organic phase was separated 
and the aqueous layer extracted with CH2Cl2 (3 × 15 mL). The collected 
organic phases were dried, filtered and concentrated under reduced 
pressure. The flash chromatographic purification on silica gel (6:4 hexane-
EtOAc) of the crude residue (2.94 g) afforded triazole-linked derivative 
pure 6 (802 mg, 87% yield) as pale yellow oil; Rf = 0.33 (n-hexane/EtOAc 
6:4); 1H NMR (250.13 MHz, CD3CN) δ = 7.86 (m, 2H, 2 × Ar-H), 7.83-7.75 
(m, 3H, 2 × Ar-H, CH-triazole), 7.68-7.59 (m, 2H, 2 × Ar-H), 7.54-7.40 (m, 
3H, 3 × Ar-H), 4.85, 4.64 (AB system, 2H, JAB = 16.6 Hz, CH2NSO2), 4.29 
(t, 2H, Jvic = 7.1 Hz, CH2N), 3.92 (d, 1H, Jvic = 10.5 Hz, CHNSO2), 3.41 (t, 
2H, Jvic = 6.8 Hz, CH2Br), 2.20 (m, 1H, CHMe2), 1.83-1.73 (m, 4H, 
CH2CH2Br, CH2CH2N), 1.38 [m, 2H, CH2(CH2)2N], 1.25 [m, 2H, 
CH2(CH2)2Br], 1.23 (s, 9H, CMe3), 0.89 (d, 3H, Jvic = 6.5 Hz, CHMe2), 0.71 
(d, 3H, Jvic = 6.5 Hz, CHMe2); 13C NMR (62.9 MHz, CD3CN) δ =170.5 
(C=O), 146.1 (C-triazole), 145.8 (Ar-C-SO2), 140.0, 139.9 (2 × Ar-C), 
130.0-128.1 (Ar-CH), 125.0 (CH-triazole), 82.8 (Me3C), 67.6 (CHNSO2), 
50.5 (CH2N), 40.9 (CH2NSO2), 35.1 (CH2Br), 33.2 (CH2CH2Br), 30.7 
(CH2CH2N), 29.6 (CHMe2), 28.0 [CH2(CH2)2N], 26.1 [CH2(CH2)2Br], 27.8 
(Me3C), 19.9, 19.3 (Me2CH); Anal. calcd for C30H41BrN4O4S: C 56.87, H 
6.52, found: C 56.85, H 6.50.  

General Procedure for preparation of 8a-c. To a solution of the 1,2,3-
triazole derivative 6 (1 mmol, 1 eq) in dry MeCN or EtOAc (1.0 mL) was 
added a solution 1:10 v/v of the appropriate amines 7a, 7b, 7c or 7d (1 
mmol, 1 eq) in dry CH3CN or EtOAc. The mixture was stirred either at 80 °C 

or room temperature until the starting material was disappeared (3-10 days, 
TLC). The solvent was removed under reduced pressure and the 
purification of crude product by trituration with Et2O afforded pure salt 
derivatives 8a, 8b, 8c and 8d.  

Imidazolium salt tert-butyl ester (8a). The title compound was prepared 
in dry MeCN (55 L) from N-methyl-imidazole (7a) (0.055 mmol, 1 eq) and 
1,2,3-triazole derivative 6 (35.0 mg, 0.055 mmol, 1 eq) in accordance with 
the general procedure. The reaction was performed at 80 °C and stopped 
(TLC, n-hexane/EtOAc 1:1) after 3 days. Purification of the crude product 
(37 mg) by trituration with Et2O afforded pure imidazolium salt derivative 
8a (35.8 mg, 91% yield), as a very hygroscopic white solid; 1H NMR 
(250.13 MHz, CDCl3) δ = 10.2 (s, 1H, Im-H2), 7.83-7.76 (m, 3H, 2 × Ar-H, 
CH-triazole), 7.63 (m, 2H, 2 × Ar-H), 7.50-7.46 (m, 2H, 2 × Ar-H), 7.41-
7.21 (m, 5H, 3 × Ar-H, Im-H4, Im-H5), 4.91, 4.55 (AB system, 2H, JAB = 
16.7 Hz, CH2NSO2), 4.28 (m, 4H, 2×CH2N), 4.01 (s, 3H, CH3N), 3.89 (d, 
1H, Jvic = 10.3 Hz, CHNSO2), 2.19 (m, 1H, CHMe2), 1.82 (m, 4H, 2 × 
CH2CH2N), 1.27 (m, 4H, CH2CH2), 1.12 (s, 9H, CMe3), 0.82 (d, 3H, Jvic = 
6.5 Hz, CHMe2), 0.64 (d, 3H, Jvic = 6.5 Hz, CHMe2); 13C NMR (62.9 MHz, 
CDCl3) δ = 169.4 (C=O), 145.6, 145.5 (Ar-C-SO2, C-triazole), 139.1, 138.1 
(2 × Ar-C), 137.3 (Im-C2), 130.0-127.1 (Ar-CH), 124.3 (CH-triazole), 123.4, 
122.0 (Im-C4, Im-C5), 82.0 (Me3CO), 66.5 (CHNSO2), 49.7, 49.5 (2 × 
CH2N), 40.3 (CH2NSO2), 36.6 (CH3N), 29.8, 29.6 (2 × CH2CH2N), 28.9 
(CHMe2), 27.6 (CMe3), 25.3, 25.0 (CH2CH2), 19.7, 18.9 (CHMe2). Anal. 
calcd for C34H47BrN6O4S: C 57.05, H 6.62, M, found: C 57.03, H 6.64. 

Pyrrolidinium salt tert-butyl ester (8b). The title compound was 
prepared in dry MeCN (3.0 mL) from N-methyl-pyrrolidine (7b) (8.5 mg, 
0.099 mmol, 1.0 eq) and 1,2,3-triazole derivative 6 (63 mg, 0.1 mmol, 1.0 
eq) in accordance with the general procedure. The reaction was performed 
at 80 °C and stopped (TLC, n-hexane/EtOAc3:7) after 8 days. Purification 
of the crude product (73.3 mg) by trituration with Et2O afforded pure 
pyrrolidinium salt derivative 8b (56 mg, 77% yield), as a very hygroscopic 
white solid; 1H NMR (250.13 MHz, CDCl3) δ = 7.74-7.51 (m, 3H, 2 × Ar-H, 
CH-triazole), 7.40 (m, 2H, 2 × Ar-H), 7.31 (m, 2H, 2 × Ar-H), 7.28-7.13 (m, 
3H, 2 × Ar-H), 4.81, 4.45 (AB system, 2H, JAB = 16.6 Hz, CH2NSO2), 4.20 
(bt, 2H, Jvic = 6.4 Hz, CH2N), 3.80 (d, 1H, Jvic = 10.2 Hz, CHNSO2), 3.75-
3.46 (m, 6H, 3 × CH2N+), 3.08 (s, 3H, CH3N), 2.30 (m, 1H, CHMe2), 2.25-
1.95 (m, 4H, CH2CH2), 1.70-1.45 (m, 4H, CH2CH2N+, CH2CH2N), 1.40-1.10 
(m, 4H, CH2CH2), 1.04 (s, 9H, CMe3), 0.74 (d, 3H, Jvic = 5.5 Hz, CHMe2), 
0.58 (d, 3H, Jvic = 6.4 Hz, CHMe2); 13C NMR (62.9 MHz, CDCl3) δ = 169.3 
(C=O), 145.6, 145.7 (C-triazole), 145.5 (Ar-C-SO2, C-triazole), 139.0, 
138.1 (2 × Ar-C), 128.9-127.1 (Ar-CH), 124.3 (CH-triazole), 81.9 (Me3CO), 
66.6 (CHNSO2), 64.3 (2 × CH2N+), 63.7 (CH2N+), 49.8 (CH2N), 48.5 
(CH3N), 40.3 (CH2NSO2), 29.5 (CH2CH2N+), 23.5 (CH2CH2N), 28.8 
(CHMe2), 27.6 (Me3C), 25.5, 25.3 (CH2CH2), 21.5 (CH2CH2), 19.7, 19.9 
(CHMe2). Anal. calcd for C35H52BrN5O4S: C 58.48, H 7.29, found: C 58.47, 
H, 7.27.  

Piperidinium salt tert-butyl ester (8c). The title compound was prepared 
in dry MeCN (3.0 mL) from N-methyl-piperidine (7b) (9.80 mg, 0.099 mmol, 
1.0 eq) and 1,2,3-triazole derivative 6 (62.6 mg, 0.099 mmol, 1.0 eq) in 
accordance with the general procedure. The reaction was performed at 
80 °C and stopped (TLC, n-hexane/EtOAc 3:7) after 10 days. Purification 
of the crude product (74.6 mg) by trituration with Et2O afforded pure 
piperidinium salt derivative 8c (56.7 mg, 78% yield) as a very hygroscopic 
white solid; 1H NMR (250.13 MHz, CDCl3) δ = 7.73-7.50 (m, 3H, 2 × Ar-H, 
CH-triazole), 7.38 (m, 2H, 2 × Ar-H), 7.32 (m, 2H, 2 × Ar-H), 7.29-7.24 (m, 
3H, 3 × Ar-H), 4.80, 4.44 (AB system, 2H, JAB 16.7 Hz, CH2NSO2), 4.18 
(bt, 2H, Jvic = 6.8 Hz, CH2N), 3.79 (d, 1H, Jvic = 10.3 Hz, CHNSO2), 3.54-
3.33 (m, 6H, 3 × CH2N+), 3.10 (s, 3H, CH3N), 2.10 (m, 1H, CHMe2), 1.57-
1.45 (m, 10H, CH2CH2N, CH2CH2N+, CH2CH2CH2), 1.41-1.10 (m, 4H, 
CH2CH2), 1.03 (s, 9H, Me3C), 0.72 (d, 3H, Jvic = 6.6 Hz, Me2CH), 0.52 (d, 
3H, Jvic = 6.5 Hz, Me2CH); 13C NMR (62.9 MHz, CDCl3) δ = 169.3 (C=O), 
145.6, 145.4 (Ar-C-SO2, C-triazole), 139.0, 138.1 (2 × Ar-C), 128.9-127.1 
(Ar-CH), 124.3 (CH-triazole), 81.9 (Me3CO), 66.6 (CHNSO2), 62.9 
(CH2CH2N+), 60.7 (2×CH2N+), 49.8 (CH2N), 47.9 (CH3N), 40.3 (CH2NSO2), 
29.5 (CH2CH2N+) 21.5 (CH2CH2N), 28.8 (CHMe2), 27.6 (Me3C), 25.5, 25.3 
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(CH2CH2), 20.6, 20.0 (CH2CH2CH2), 19.5, 18.9 (CHMe2); Anal. calcd for 
C36H54BrN5O4S: C 59.00, H 7.43, found: C 58.88, H 7.44.  

DABCO salt tert-butyl ester (8d). The title compound was prepared in 
dry EtOAc (0.4 mL) from 1,4-diazabicyclo[2.2.2]octane (DABCO, 7d) (10.6 
mg, 0.095 mmol, 1.0 eq) and 1,2,3-triazole derivative 6 (60.3 mg, 0.095 
mmol, 1.0 eq) in accordance with the general procedure. The reaction was 
performed at room temperature and stopped (TLC, n-hexane/EtOAc 3:7) 
after 3 days. Purification of the crude product (68 mg) by trituration with 
Et2O afforded pure DABCO salt derivative 8d (65 mg, 92% yield), as a very 
hygroscopic white solid; 1H NMR (250.13 MHz, CDCl3) δ = 7.72 (m, 2H, 
2×Ar-H), 7.66 (s, 1H, CH-triazole), 7.53 (m, 2H, 2×Ar-H), 7.40 (m, 2H, 
2×Ar-H), 7.34-7.24 (m, 3H, 3×Ar-H), 4.79, 4.45 (AB system, 2H, JAB = 16.7 
Hz, CH2NSO2), 4.18 (bt, 2H, Jvic = 6.6 Hz, CH2N), 3.79 (d, 1H, Jvic = 10.3 
Hz, CHNSO2), 3.48 (m, 6H, 3×CH2N+), 3.31 (m, 2H, CH2N+), 3.08 (m, 6H, 
3×CH2N), 2.10 (m, 1H, Me2CH), 1.75-1.49 (m, 4H, CH2CH2N, CH2CH2N+), 
1.28-1.08 (m, 4H, CH2CH2), 1.03 (s, 9H, Me3C), 0.74 (d, 3H, Jvic = 6.6 Hz, 
Me2CH), 0.57 (d, 3H, Jvic = 6.5 Hz, Me2CH); 13C NMR (62.9 MHz, CDCl3) 
δ = 169.3 (C=O), 145.7, 145.4 (Ar-C-SO2, C-triazolo), 139.0, 138.1 (2 × Ar-
C), 129.0-127.1 (Ar-CH), 124.1 (CH-triazolo), 81.9 (Me3CO), 66.6 
(CHNSO2), 63.9 (CH2CH2N+), 52.2 (3 × CH2N+ dabco), 49.8 (CH2N), 45.2 
(3 × CH2N dabco), 40.2 (CH2NSO2), 29.5 (CH2CH2N+), 21.5 (CH2CH2N), 
28.8 (CHMe2), 27.6 (Me3C), 25.4, 25.3 (CH2CH2), 19.8, 18.9 (CHMe2); 
Anal. calcd for C36H53BrN6O4S: C 57.98, H 7.16, found: C 57.96, H 7.15%. 

Preparation of thioester derivative (9). To a solution of 1,2,3-triazole 
derivative 6 (249 mg, 0.393 mmol) in dry DMF (10 mL) was added 
potassium thioacetate (135 mg, 1.18 mmol) and the reaction mixture was 
stirred at 120 °C. After 2.5 h the solution was brown and TLC analysis (n-
hexane/EtOAc 6:4) showed one product having the same Rf (0.33) of the 
starting material 6. The solvent was evaporated under reduced pressure 
and the residue was partitioned between H2O (20 mL) and CH2Cl2 (20 mL). 
The phases were separated, the organic layer was washed with H2O (2 × 
20 ml) and dried, filtered and concentrated under reduced pressure. 
Purification of the residue (291 mg) by flash chromatography on silica gel 
(n-hexane/EtOAc 6:4) afforded pure thioester 9 (242 mg, 98% yield) as a 
red oil; Rf = 0.33 (n-hexane/EtOAc 6:4); 1H NMR (250.13 MHz, CD3CN) δ 
= 7.86 (m, 2H, 2 × Ar-H), 7.77 (m, 2H, 2 × Ar-H), 7.75 (s, 1H, CH-triazole), 
7.66 (m, 2H, 2 × Ar-H), 7.53-7.42 (m, 3H, 2 × Ar-H), 4.87, 4.68 (AB system, 
2H, JAB = 16.5 Hz, CH2NSO2), 4.28 (t, 2H, Jvic = 7.1 Hz, CH2N), 3.95 (d, 
1H, Jvic = 10.4 Hz, CHNSO2), 2.78 (t, 2H, Jvic = 7.1 Hz, CH2S), 2.27 (s, 3H, 
MeCOS), 2.26-2.13 (m, 1H, CHMe2), 1.84-1.72 (m, 2H, CH2CH2N),1.51-
1.40 (m, 2H, CH2CH2S), 1.35 [m, 2H, CH2(CH2)2N], 1.23 (s, 9H, CMe3), 
1.15 [m, 2H, CH2(CH2)2S], 0.89 (d, 3H, Jvic = 6.6 Hz, CHMe2), 0.72 (d, 3H, 
Jvic = 6.6 Hz, CHMe2); 13C NMR (62.9 MHz, CD3CN) δ = 196.4 (COS), 
170.4 (C=O), 146.1 (C-triazole), 145.8 (Ar-C-SO2), 140.0, 139.9 (2 × Ar-C), 
130.1-128.1 (Ar-CH), 125.0 (CH-triazole), 82.8 (Me3CO), 67.6 (CHNSO2), 
50.6 (CH2N), 41.0 (CH2NSO2), 29.4 (CH2S), 30.7 (CH2CH2N), 30.1 
(CH2CH2S), 31.3 (MeCOS), 29.6 (CHMe2), 28.6 [CH2(CH2)2N], 26.4 
[CH2(CH2)2S], 27.9 (CMe3), 20.4, 19.4 (CHMe2); Anal. calcd for 
C32H44N4O5S2: C 61.12, H 7.05, found: C 61.09, H 7.03.  

General procedure for the preparation of carboxylic acids 12a-d. The 
appropriate tert-butyl ester derivative (8a-d, 0.1 mmol) was dissolved in 
H2O (5.0 mL), treated with commercial 48% aq. HBr (0.59 mL) and stirred 
at room temperature. After 8-12 h, TLC analysis (CHCl3/MeOH 8:2, triple 
elution) revealed the complete disappearance of the starting material. The 
solution was co-evaporated with toluene (5 ×10 mL) under reduced 
pressure and the purification of crude product by trituration with Et2O 
afforded pure carboxylic acids derivatives 12a-d.  

Deprotected imidazolium salt derivative (12a). Acid hydrolysis of 8a (63 
mg, 0.087 mmol) was performed according to the general procedure. The 
reaction was stopped after 8 h (TLC, CHCl3/MeOH 8:2, triple elution) and 
the purification of crude product (32 mg) by trituration with Et2O afforded 
pure carboxylic acid 12a (52.8 mg, 92% yield), as a very hygroscopic white 
solid; Rf = 0.23 (CHCl3/MeOH 8:2, triple elution); 1H NMR (250.13 MHz, 
CD3OD/D2O) δ = 9.00 (s, 1H, Im-H2), 8.40 (m, 1H, CH-triazole), 7.94-7.82 

(m, 4H, 4 × Ar-H), 7.72-7.42 (m, 7H, 5 × Ar-H, Im-H4, Im-H5), 4.72, 5.00 
(2bd, each 1H, Jgem = 17.5 Hz, CH2NSO2), 4.54 (bt, 2H, Jvic = 7.1 Hz, 
CH2N), 4.21 (bt, 2H, Jvic = 7.2 Hz, CH2N), 4.09 (d, 1H, Jvic = 10.3 Hz, 
CHNSO2), 3.93 (s, 3H, CH3N), 2.18 (m, 1H, CHMe2), 1.96-1.87 (m, 4H, 2 
× CH2CH2N), 1.44-1.36 (m, 4H, CH2CH2), 0.99 (d, 3H, Jvic = 6.6 Hz, 
CHMe2), 0.80 (d, 3H, Jvic = 6.6 Hz, CHMe2); 13C NMR (62.9 MHz, 
CD3OD/D2O) δ = 173.4(C=O), 147.2 (Ar-C-SO2, C-triazole), 140.2,138.9 
(2 × Ar-C), 137.9 (Im-C2), 130.2-128.3 (Ar-CH), 125.0, 125.0, 123.7 (CH-
triazole, Im-C4, Im-C5), 67.4 (CHNSO2), 52.9, 50.6 (2×CH2N), 39.8 
(CH2NSO2), 36.7 (CH3N), 30.8, 30.6 (2×CH2CH2N), 29.9 (CHMe2), 26.5, 
26.4 (CH2CH2), 20.3, 19.6 (CHMe2); Anal. calcd for C30H39BrN6O4S: C 
54.62, H 5.96%, found: C 54.60, H 5.98.  

Deprotected pyrrolidinium salt derivative (12b). Acid hydrolysis of 8b 
(39.2 mg, 0.055 mmol) was performed according to the general procedure. 
The reaction was stopped after 8 h (TLC, CHCl3/MeOH 8:2, triple elution) 
and the co-evaporated with toluene under reduced pressure afforded a 
syrup constituted (NMR) by pure carboxylic acids 12b (34 mg, 94% yield), 
Rf = 0.33 (CHCl3/MeOH 8:2, triple elution); 1H NMR (250.13 MHz, CD3OD) 
δ = 7.96-7.65 (m, 7H, 6 × Ar-H, CH-triazole), 7.49-7.38 (m, 3H, 2 × Ar-H), 
5.05 (m, 2H, CH2NSO2), 3.91 (m, 1H, CHNSO2),3.70-2.90 (m, 8H, CH2N, 
3 × CH2N+), 3.10 (s, 3H, CH3N), 2.20-2.08 (m, 4H, CH2CH2), 2.05-1.63 (m, 
5H, CHMe2, CH2CH2N, CH2CH2N+), 1.55-1.20 (m, 4H, CH2CH2), 0.91, 
0.82 (2s, each 3H, Me2CH); 13C NMR (62.9 MHz, CD3OD) δ = 173.0 (C=O), 
145.5, 145.4 (Ar-C-SO2, C-triazole), 138.9, 137.7 (2 × Ar-C), 128.7-126.8 
(Ar-CH), 125.1 (CH-triazole), 66.2 (CHNSO2), 64.0 (2 × CH2N+), 63.4 
(CH2N+), 49.9 (CH2N), 47.4 (CH3N), 43.1 (CH2NSO2), 29.2 (CH2CH2N+), 
29.1 (CHMe2), 25.2, 25.1 (CH2CH2), 23.5 (CH2CH2N), 21.1 (CH2CH2), 19.0, 
18.2 (Me2CH); Anal. calcd for C31H44BrN5O4S: C 56.19, H 6.69, found: C 
56.17, H 6.67. 

Deprotected piperidinium salt derivative (12c). Acid hydrolysis of 8c 
(45 mg, 0.061 mmol) was performed according to the general procedure. 
The reaction was stopped after 48 h (TLC, CHCl3/MeOH 8:2, triple elution) 
and the purification of crude product (47 mg) by trituration with Et2O 
afforded pure carboxylic acids 12c (38.6 mg, 93% yield) as a very 
hygroscopic white solid; Rf = 0.35 (CHCl3/MeOH 8:2, triple elution); 1H 
NMR (250.13 MHz, CD3OD/D2O) δ = 7.90 (m, 3H, 2 × Ar-H, CH-triazole), 
7.81 (m, 2H, 2 × Ar-H), 7.70 (m, 2H, 2 × Ar-H), 7.51-7.45 (m, 3H, 3 × Ar-
H), 4.82, 4.65 (AB system, 2H, JAB = 16.1 Hz, CH2NSO2), 4.39 (m, 2H, 
CH2N), 4.09 (bd, 1H, Jvic = 10.1 Hz, CHNSO2), 3.48-3.20 (m, 6H, 3 × 
CH2N+), 3.32 (s, 3H, CH3N), 2.24 (m, 1H, CHMe2), 2.10-1.81 (6H, m, 3 × 
CH2CH2N+), 1.78-1.55 (m, 4H, CH2CH2N, CH2CH2CH2), 1.42-1.23 (m, 4H, 
CH2CH2), 0.95, 0.79 (2s, each 3H, CHMe2); 13C NMR (62.9 MHz, CD3OD) 
δ = 173.3 (C=O), 146.9, 146.8 (Ar-C-SO2, C-triazole), 140.4, 139.4 (2 × Ar-
C), 130.2-128.3 (Ar-CH), 126.2 (CH-triazole), 67.6 (CHNSO2), 64.9 
(CH2CH2N+), 62.2 (2 × CH2N+), 51.0 (CH2N), 47.7 (CH3N), 41.1 
(CH2NSO2), 30.8 (CH2CH2N+) 29.7 (CHMe2), 26.7, 26.6 (CH2CH2), 20.9 
(CH2CH2N+), 22.5, 22.1 (CH2CH2CH2, CH2CH2N), 20.3, 19.6 (CHMe2); 
Anal. calcd for C32H46BrN5O4S: C 56.80, H 6.85%, found: C 56.78, H 6.83.  

Deprotected DABCO salt derivative (12d). Acid hydrolysis of 8d (51.3 
mg, 0.069 mmol) was performed according to the general procedure. The 
reaction was stopped after 48 h (TLC, CHCl3/MeOH 7:3) and the 
purification of crude product (52.8 mg) by trituration with Et2O afforded 
pure carboxylic acids 12d (46.9 mg, 99% yield) as a very hygroscopic 
white solid; Rf = 0.22 (CHCl3/MeOH 7:3); 1H NMR (250.13 MHz, 
CD3OD/D2O) δ = 7.89 (m, 3H, 2 × Ar-H, CH-triazole), 7.78 (m, 2H, 2 × Ar-
H), 7.66 (m, 2H, 2 × Ar-H), 7.51-7.38 (m, 3H, 3 × Ar-H), 4.87, 4.61 (AB 
system, 2H, JAB = 15.7 Hz, CH2NSO2), 4.38 (bt, 2H, Jvic = 6.0 Hz, CH2N), 
4.03 (d, 1H, Jvic = 10.1 Hz, CHNSO2), 3.62-3.10 (m, 14H, 4 × CH2N+, 3 × 
CH2N), 2.22 (m, 1H, CHMe2), 1.90 (m, 2H, CH2CH2N+), 1.76 (m, 2H, 
CH2CH2N), 1.45-1.22 (m, 4H, CH2CH2), 0.96 (d, 3H, Jvic = 6.5 Hz, CHMe2), 
0.78 (d, 3H, Jvic = 6.3 Hz, CHMe2); 13C NMR (62.9 MHz, CD3OD/D2O) δ 
=173.2 (C=O), 146.8, 146.3 (Ar-C-SO2, C-triazole), 140.1, 138.9 (2 × Ar-
C), 129.9-128.1 (Ar-CH), 125.8 (CH-triazole), 67.4 (CHNSO2), 65.4, 64.6 
(4 × CH2N+), 52.9 (3 × CH2N), 50.8 (CH2N), 41.0 (CH2NSO2), 30.5 
(CH2CH2N+), 29.5 (CHMe2), 26.4, 26.2 (CH2CH2), 22.4 (CH2CH2N), 20.3, 
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19.6 (CHMe2); Anal. calcd for C32H45BrN6O4S: C 55.73, H 6.58, found: C 
55.70, H 6.55. 

Preparation of deprotected thiol derivative (11). The tert-butyl ester 9 
(30 mg, 0.048 mmol) was dissolved in CH2Cl2 (1.0 mL), treated with 
CF3COOH (0.18 mL) and stirred at 0°C for 1 h and then at room 
temperature. After 8 h, TLC analysis (n-hexane/EtOAc 3:7) revealed the 
complete disappearance of the starting material and the solution was 
coevaporated with toluene (5 × 10 mL) under diminished pressure. The 
purification of crude product by chromatography over silica gel (n-
hexane/EtOAc 3:7) afforded a crude product constituted exclusively 
(NMR) by carboxylic acid 10 (27 mg, 98% yield) as a very viscous yellow-
brown oil; Rf = 0.21 (n-hexane/EtOAc 3:7); 1H NMR (250.13 MHz, CDCl3) 
δ = 10.8 (bs, 1H, OH), 7.84 (m, 2H, 2 × Ar-H), 7.75 (m, 2H, 2 × Ar-H), 7.72 
(s, 1H, CH-triazole), 7.64 (m, 2H, 2 × Ar-H), 7.53-7.41 (m, 3H, 3 × Ar-H), 
4.89, 4.69 (AB system, 2H, JAB = 16.3 Hz, CH2NSO2), 4.31 (t, 2H, Jvic = 7.1 
Hz, CH2N), 3.92 (d, 1H, Jvic = 10.4 Hz, CHNSO2), 2.76 (t, 2H, Jvic = 7.1 Hz, 
CH2S), 2.25 (s, 3H, MeCOS), 2.20-2.11 (m, 1H, CHMe2), 1.82-1.70 (m, 2H, 
CH2CH2N),1.49-1.40 (m, 2H, CH2CH2S), 1.37 [m, 2H, CH2(CH2)2N], 1.15 
[m, 2H, CH2(CH2)2S], 0.92 (d, 3H, Jvic = 6.7 Hz, CHMe2), 0.75 (d, 3H, Jvic 
= 6.7 Hz, CHMe2); 13C NMR (62.9 MHz, CDCl3) δ = 196.4 (COS), 170.4 
(C=O), 146.1 (C-triazole), 145.8 (Ar-C-SO2), 140.0, 139.9 (2 × Ar-C), 
130.1-128.1 (Ar-CH), 125.0 (CH-triazole), 67.6 (CHNSO2), 50.6 (CH2N), 
41.0 (CH2NSO2), 29.4 (CH2S), 30.7 (CH2CH2N), 30.1 (CH2CH2S), 31.3 
(MeCOS), 29.6 (CHMe2), 28.6 [CH2(CH2)2N], 26.4 [CH2(CH2)2S], 20.4, 
19.4 (CHMe2).  

A solution of the crude thioester derivative 10 (27 mg, 0.047 mmol) in 
MeOH (0.77 mL) was treated with NH3-MeOH 7N (0.77 mL) and the 
solution was stirred at room temperature until TLC analysis (n-
hexane/EtOAc 3:7) shows the disappearance of the starting material (Rf = 
0.24) and the formation of a single product at Rf = 0.01. After 4 h the 
solution was neutralized with resin acid (Amberlite® IR120 H), stirred at 
room temperature (5 min), filtered and the resin was washed with MeOH. 
The collected organic phases were concentrated under reduced pressure 
and the trituration of crude product (25 mg) with Et2O afforded pure thiol 
derivative 11 (22.1 mg, 89% yield) as a hygroscopic white solid; Rf = 0.01 
(n-hexane/EtOAc 3:7); 1H NMR (250.13 MHz, CDCl3) δ = 9.29 (bs, 1H, 
OH), 7.83 (m, 1H, 2 × Ar-H, CH-triazole), 7.74 (m, 2H, Ar-H), 7.52 (m, 2H, 
Ar-H), 7.47-7.37 (m, 3H, Ar-H), 5.03, 4.85 (AB system, 2H, JAB = 16.3 Hz, 
CH2NSO2), 4.72 (bt, 2H, CH2N), 4.11 (d, 1H, Jvic = 10.1 Hz, CHNSO2), 2.61 
(t, 2H, Jvic = 7.1 Hz, CH2SH), 2.15 (m, 1H, CHMe2), 1.85 (m, 2H, CH2CH2N), 
1.61 (m, 2H, CH2CH2SH), 1.40 [m, 2H, CH2(CH2)2N], 1.18 [m, 2H, 
CH2(CH2)2SH], 0.87 (d, 3H, Jvic = 6.4 Hz, CHMe2), 0.69 (d, 3H, Jvic = 6.4 
Hz, CHMe2); 13C NMR (62.9 MHz, CDCl3) δ = 171.7 (C=O), 146.6 (C-
triazole), 145.8 (Ar-C-SO2), 139.8, 138.3 (2 × Ar-C), 129.6-127.9 (Ar-CH), 
125.0 (CH-triazole), 67.0 (CHNSO2), 51.2 (CH2N), 40.8 (CH2NSO2), 39.3 
(CH2SH), 30.6 (CH2CH2N), 29.5 (CH2CH2SH), 29.1 (CHMe2), 28.3 
[CH2(CH2)2N], 26.6 [CH2(CH2)2S], 20.3, 20.0 (CHMe2); Anal. calcd for 
C26H34N4O4S: C 58.84, H 6.46, found: C 58.83, H 6.44.  

Preparation of gold nanoparticles Au-S (13). To a solution of thiol 
derivative 11 (10.0 mg, 0.019 mmol) in CHCl3 (2.5 mL) was added 
ALIQUAT 336 (1.11 mg, 0.0027 mmol) and the mixture was stirred 
vigorously at room temperature. After 5 min was added an aqueous 
solution of HAuCl4 2.5×10-3 M (0.68 ml, 1.71×10-3 mmol) and the mixture 
was stirred until the aqueous layer became transparent. The dark-yellow 
organic phase was separated from the aqueous solution and transferred 
in a bottom flask (10 mL) with a magnetic bar. A fresh aqueous solution of 
excess of NaBH4 0.1 M (200 µl) was added to the organic layer under 
vigorous stirring. The color of solution immediately changes to dark-
red/brown and the reaction mixture was stirred at room temperature. After 
3 h the organic layer was separated and purified by dialysis using dialysis 
tubing (Sigma-Aldrich) 14 kDa previously washed and activated (see 
materials and methods). The solvent was evaporated under reduced 
pressure and the Au-S (13) (14.1 mg) was characterized by UV-Vis 
spectroscopy, NMR and TEM. 

Preparation of gold nanoparticles Au-IL (14). To a solution of the 
imidazolium salt 12a (19.5 mg, 0.029 mmol) in a 0.1:1 MeO-H2O (2.2 mL) 
was added an aqueous solution of HAuCl4 2.5 × 10-3 M (0.1 ml, 2.5 × 10-4 
mmol) and the solution was stirred vigorously at room temperature (5 min). 
A fresh aqueous solution of NaBH4 0.1 M (200 µl) was added drop by drop 
(1 h) to the mixture under vigorous stirring and the color of the solution 
slowly change from yellow to dark red-violet. The reaction mixture was 
stirred at room temperature (3 h) and the crude gold nanoparticles Au-IL 
(14) were purified by simple centrifugal filtering (4000 rpm for 40 min) using 
the Millipore filters Amicon Ultra-4. The residue in the AMICON filter was 
dispersed in milliQ water (3 mL) and centrifuged again, repeating this 
process (2-3 times) until the TLC analysis (CHCl3/MeOH 8:2, triple elution) 
showed the disappearance of the excess of the starting ligand 12a. The 
gold nanoparticles dispersed in water were characterized by UV-Vis 
spectroscopy and TEM. The gold nanoparticle Au-IL (14) were water 
soluble and stable for 2 months in solution (see Supporting Information, 
Figure S3). 

MMP inhibition assays. Recombinant human pro-MMP-2 and pro-MMP-
9 were purchased from Calbiochem (Merck-Millipore). Pro-MMP-12 was 
purchased by R&D Systems. Proenzymes were activated immediately 
prior to use with p-aminophenylmercuric acetate (2 mM APMA for 1 h at 
37 °C for MMP-2 and 1 mM APMA for 1 h at 37 °C for MMP-9). Pro-MMP-
12 was auto activated by incubating in Fluorometric Assay Buffer (FAB: 
Tris 50 mM, pH 7.5, NaCl 150 mM, CaCl2 10 mM, Brij-35 0.05%, and 
DMSO 1%) for 30 h at 37 °C. For assay measurements, the inhibitor stock 
solutions (DMSO, 10 mM) were further diluted in FAB. Activated enzyme 
(final concentrations of 0.56 nM for MMP-2, 1.3 nM for MMP-9, 2.3 nM for 
MMP-12) and inhibitor solutions were incubated in the assay buffer for 3 h 
at 25 °C. After the addition of 200 μM solution of the fluorogenic substrate 
Mca-Lys-Pro-Leu-Gly-Leu-Dap(Dnp)-Ala-Arg-NH2 (Bachem) for all the 
enzymes in DMSO (final concentration of 2 μM for all enzymes), the 
hydrolysis was monitored every 10 s for 15 min, recording the increase in 
fluorescence (λex = 325 nm, λem = 400 nm) with a Molecular Devices 
SpectraMax Gemini XPS plate reader. The assays were performed in 
duplicate in a total volume of 200 μL per well in 96-well microtiter plates 
(Corning black, NBS). Control wells lack inhibitor. The MMP inhibition 
activity was expressed in relative fluorescent units (RFU). Percent of 
inhibition was calculated from control reactions without the inhibitor. IC50 
was determined using the formula vi/v0 = 1/(1 + [I]/IC50), where vi is the 
initial velocity of substrate cleavage in the presence of the inhibitor at 
concentration [I] and vo is the initial velocity in the absence of the inhibitor. 
Results were analyzed using SoftMax Pro software and Prism Software 
version 5.0 (GraphPad Software, Inc., La Jolla, C.A.). 

Preparation of dendritic cells. Peripheral blood mononuclear cells 
(PBMC) were obtained after Ficoll-Hypaque density centrifugation of blood 
samples derived from healthy donors (institutional informed consent 
signed at the time of donation). Monocytes were isolated from PBMC using 
the anti-CD14 mAb (MEM18, IgG1, Exbio, Prague, CZ) and EasySep 
custom Kit (Stemcell Technologies) according to manufacturer’s 
instructions, with recovery of >97% CD14 positive cells.[38] Dendritic cells 
(DC) were obtained by culturing monocytes in RPMI 1640 medium with 
10% bovine serum, 20 ng/mL GMCSF and 20 ng/mL IL4 for 7 days.[39] DC 
were about 40-50% CD1a+, as evaluated by immunofluorescence (not 
shown). 

FACS analysis and confocal microscopy. FACS analysis was 
performed upon addition of EDV2 compound, at 10 to 1 µM concentrations 
and for 30 min at 37 °C to iDC or mDC. Unrelated FITC-conjugated 
immunoglobulins (Ig) were used as negative controls. Samples were then 
washed  and analyzed on a CyAn ADP Analyzer (Beckman Coulter, Milano, 
Italy). Results are shown as mean fluorescence intensity (MFI, arbitrary 
units, a.u.) vs number of cells or as MFI ratio (MFI sample/MFI negative 
control). In some experiments, DC were treated with 10 μM EDV2 and 1 
μM Syto62 for 1 h at 37 °C, washed, seeded onto glass slides and 
analyzed by confocal microscopy under a FV500 (Olympus Europe) with 
PlanApo 40x NA1.00 oil objectives and data analyzed with FluoView 4.3b 
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software (Olympus). Images were then taken in sequence mode and 
shown in pseudocolor. 

Matrigel invasion assay. DC (5x105) were seeded in the inset of 12w 
transwell chambers (Costar Corning, NY, USA, pore size 3 μm), coated for 
1 h at RT with Matrigel (Corning, 0.5 mg/mL), in the absence or presence 
of compound 1 or 12a at 10 μM concentration, and incubated overnight at 
37 °C in a CO2 humidified incubator. Cells were recovered from the lower 
chamber and counted at the MACS Quant Analyzer 10 (Miltenyi Biotech 
GmbH, Bergisch Gladbach, Germany). 

Statistical analysis. Data are presented as mean ± SD. Statistical 
analysis was performed using two-tails student’s t test. The cut-off value 
of significance is indicated in each figure legend. 

TEM analysis. mDC exposed to AuNPs Au-S (13) and Au-IL (14), at 2.5 
µM concentration, overnight, were washed and treated with cacodylate 
buffer 0.1 M (pH 7.5) for 5 min, centrifuged at 5,000 rpm for 5 min, prefixed 
in Karnovsky’s solution (1% paraformaldehyde, 2% glutaraldehyde, 2 mM 
calcium chloride, 0.1 M cacodylate buffer, pH 7.5) for 2 h at 4 °C, and finally 
washed with cacodylate buffer. Postfixing was carried out in 1% osmium 
tetroxide in cacodylate buffer for 1 h. After dehydration with 70% to 100% 
alcohol, the cells were embedded in Poly/Bed 812 resin (Polysciences, 
Inc., Warrington, PA) and polymerized. Ultrathin sections were stained by 
a double contrast method with a solution of uranyl acetate in 50% ethanol 
followed by 0.4% aqueous lead citrate and examined by TEM. To evaluate 
the size of gold nanoparticles, 5 µL of each sample solution were adsorbed 
for 1 min onto carbon coated 300-mesh Copper grids. All air-dried 
specimens were examined with TEM. TEM was performed with a Zeiss 
LEO 900 Electron Microscope (Zeiss, Stuttgart, Germany) operating at 80 
kV. Images flattening and analysis of size was performed by ImageJ 
software and Origin Pro8. 
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Ionic Liquids in Drug Synthesis: Ionic liquid-based MMP-12 inhibitors have been synthesized for the first time and used to prepare 
electrostatically stabilized MMP inhibitors-coated gold nanoparticles (AuNPs). These ionic AuNPs were water soluble, stable, able to 
selectively bind MMP-12 in vitro and have been used as an innovative bioimaging probe to stain MMP-12 in monocyte-derived dendritic 
cells. 

 

 


