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Abstract

In designing new tracers consisting of a small-peptide conjugated to a reporter of comparable size, 

particular attention needs to be paid to the selection of the reporter group which can dictate both 

the in vitro and in vivo performances of the whole conjugate. In the case of fluorescent tracers, this 

is particularly true given the large numbers of available dye moieties differing in their structures 

and properties. Here, we have investigated the in vitro and in vivo properties of a novel series of 

MMP-12 selective probes composed of cyanine dyes varying in their structure, net charge and 

hydrophilic character, tethered through a linker to a potent and specific MMP-12 phosphinic 

pseudo peptide inhibitor. The impact of linker length has been also explored. The crystallographic 

structure of one tracer in complex with MMP-12 has been obtained, providing the first crystal 

structure of a Cy5.5-derived probe and confirming that the binding of the targeting moiety is 

unaffected. MMP-12 remains the tracers privileged target as attested by their affinity selectivity 

profile evaluated in solution towards a panel of twelve metalloproteases. In vivo assessment of 

four selected probes has highlighted the impact of the dye structure, but also that of the linker 

length on the probes blood clearance rates and their biodistributions. These experiments have also 

provided valuable data on the stability of the dyes moieties in vivo. This has permitted the 

identification of one probe, which combines favorable binding to MMP-12 in solution and on cells 
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with optimized in vivo performance including blood clearance rate suitable for short-time imaging. 

Through this series of tracers, we have identified various critical factors modulating the tracers’ in 
vivo behavior, both useful for the development and optimization of MMP-12 selective radiolabeled 

tracers and informative for the design of fluorescent probes in general.

INTRODUCTION

MMPs (Matrix Metallo Proteinases) belong to the family of zinc endopeptidase which in 

humans comprise 23 members. These enzymes are synthesized as latent zymogens and thus 

require proteolytic activation by other proteases. Active forms have been associated with 

normal physiological processes such as tissue remodeling, embryonic implantation, organ 

development and wound healing1. Because uncontrolled MMP activity could have disastrous 

effects on the micro-environment, the level of MMP expression, cellular localization and 

their proteolytic activity are tightly controlled at both transcriptional and post-transcriptional 

levels. In contrast, pathological processes are characterized by enhanced MMP expression 

and uncontrolled proteolytic activity. In this respect, active forms have been proposed to be 

critical actors in several pathologies such as cancer initiation and progression2, 

neurodegenerative disorders3, osteoarthritis and inflammatory4,5 and vascular diseases6. 

Although our knowledge is expanding, the precise functional role of MMP active forms, 

both in normal and diseased tissues remains difficult to assess. This is particularly true in 

pathological cases where certain MMPs participate in disease progression while others play 

a protective role7–11.

Regarding MMP-12, the so-called macrophage elastase, its involvement in overcoming 

bacterial infection12, regulating antiviral immunity13 and resolving inflammation14 has been 

clearly demonstrated. Its therapeutic potential has been stressed from its implication in 

emphysema15, abdominal aortic aneurysm16 and atherosclerosis6. In this latter case, active 

MMP-12 has been shown to be involved in the progression, destabilization and rupture of 

atherosclerotic lesions, a leading cause of myocardial infarction and stroke17. Interestingly, 

among the 23 human MMPs, MMP-12 illustrates quite well the compartmentalization 

conundrum affecting several water-soluble enzymes. Indeed, this enzyme is first excreted 

and diffuses through the extracellular space in its zymogen form (full form at 54kDa 

comprising a propeptide, a catalytic domain and an additional hemopexin-like domain) that 

can be subsequently activated by proteolysis. The hemopexin-like domain contributes to 

improved MMP-12-mediated substrate catalysis18 although it is commonly shed during 

MMP-12 activation19. The resulting catalytic domain (22kDa) can remain in the 

extracellular space or, as recently suggested, localise near or at the cell’s surface20,21. Such a 

pericellular localisation may be consistent with MMP-12 driven shedding of Tumour 

Necrosis Factor-α (TNF-α) from leukocytes in smoke-exposed lungs22. Remarkably, active 

forms of MMP-12 (catalytic domain) can also penetrate virus-infected cells and further 

translocate to the nucleus where it activates Interferon-α transcription as a response to viral 

infection13. Interestingly in this latter case, both intracellular and extracellular MMP-12 

active forms are present and possess opposite function in vivo with the extracellular form 

degrading the circulating Interferon-α. Such a scenario highlights the need of developing 
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tools such as imaging probes able to precisely document the time, level as well as the 

location of MMP-12 activation in vivo.

In 2006, we reported the first highly potent and selective inhibitor of MMP-1223. This 

pseudo peptide (RXP470.1; Figure 1A), is an active site-directed reversible inhibitor with a 

Ki of 0.26 nM toward human MMP-12. In a mouse model of atherosclerosis, RXP470.1 has 

been shown to inhibit atherosclerotic plaque growth and to promote a “stable” plaque 

phenotype24. Remarkably, these results reproduce the phenotype observed in MMP-12 

knock-out mice, suggesting that this inhibitor is able to target MMP-12 in vivo. The 

potential therapeutic value of this inhibitor extends to other pathological contexts25,26 

including the treatment of viral infection achieved by selectively blocking interferon-α 
degradation by MMP-1213. Based on these observations, we considered that RXP470.1 may 

also be a valuable starting template for developing probes to selectively detect MMP-12 

active forms in vivo.

Molecular imaging allows the direct monitoring of the spatiotemporal distribution of 

molecular or cellular processes for biochemical, biological, diagnostic or therapeutic 

application. As the molecular targets are present in relatively low concentrations in living 

tissues, the imaging techniques must be highly sensitive. In this respect, radionuclide and 

optical imaging can be considered as the most appropriate modalities for molecular imaging 

due to their sensitivity and specificity for target detection. Specifically, fluorescence imaging 

in the near-infrared (NIR) region allows investigating the evolving pathological process at 

molecular level in vivo without ionizing radiation using comparatively simple and 

inexpensive instrumentation27,28. Furthermore, recent advances in fluorescent chemical 

probe development and imaging devices are pushing forwards the clinical adoption of NIR-

tracers in personalized medicine and image-guided surgery29. At the core of such 

applications is the design of the fluorescent chemical probes with optimized performances. 

As the reporter might have substantial influence on the overall properties of low molecular-

weight fluorescent tracers, particular attention should be given to its chemical structure and 

the way it is conjugated to the recognition element.

Here, we describe our efforts to identify RXP470-derived fluorescent probes with optimized 

in vitro and in vivo properties. The first probe 1, synthesized with a cyanine 5.5 (Cy5.5) NIR 

reporter was crystallized in complex with the MMP-12 catalytic domain. Subsequently, four 

probes with the same targeting moiety, but differing in their cyanine dyes and linker length, 

were developed and their in vitro affinity and selectivity profiles towards a panel of MMPs 

determined. In vivo studies were carried out on selected probes to examine their 

pharmacokinetics, bio-distribution and stability after intravenous administration. Finally, the 

most promising candidate was tested for its ability to bind and block MMP-12 activity at the 

surface of HeLa cells.

RESULT

Design and synthesis of RXP470-derived optical probes 1

RXP470.1 was the basis for an optical probe with a Cy5.5 fluorescent dye (compound 1, 

Figure 1). The probe’s design was based on the crystallographic structure of RXP470.1 in 
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complex with MMP-1230. The essential roles played by the RXP470.1 hydrophobic P1′ side 

chain as well as the two glutamate residues at the P2′ and P3′ positions in preserving the 

strong affinity and selectivity in favor of MMP-12 were taken into account30. We reasoned 

that a chemical elongation at the C-terminal position, should have a negligible impact on the 

binding of RXP470.1 motif within the active site and that steric clashes or long-distance 

electrostatic effects could be prevented by moving away the fluorophore from the MMP-12 

targeting moiety using a polyethylene glycol (PEG) spacer.

To prepare compound 1, the previous synthetic protocol affording the phosphinic building 

block 12 was substantially improved 23 (Scheme 1A).

Briefly, aldehyde 6 was obtained via a Suzuki cross-coupling reaction between 4-

bromobenzaldehyde and 3-chlorophenylboronic acid using palladium Tetrakis as a catalyst. 

This aldehyde was then converted to the corresponding oxime 7 which was employed as a 

dipole precursor in a subsequent 1,3-dipolar cycloaddition reaction using the one-pot 

Huisgen protocol31–33. To this purpose, 7 was first converted into the corresponding 

chlorinated oxime which underwent in situ base-mediated elimination leading to the nitrile 

oxide dipole. This intermediate then reacted with diethyl propargylmalonate yielding the 

isoxazole derivative 8. This compound was subsequently converted to acrylate 9 upon mono 

saponification and Knoevenagel condensation with formaldehyde34. This resulting 

electrophile then participated in a P-Michael addition reaction with p-bromophenyl 

phosphinic acid35 under mild, silylating conditions to give compound 1036. Finally, the 

phosphinic building block 12 was obtained in two steps after protection of the 

hydroxyphosphinyl moiety with an adamantyl protecting group (compound 11) followed by 

a saponification step37. Building block 12, as a racemic mixture of enantiomers, was 

synthesized in eight steps from commercially available precursors in an overall yield of 

57%.

From this block, pseudo peptide 13 with a free amine function in its C-terminal position was 

synthesized on solid support using standard Fmoc strategy (Scheme 1B). After cleavage 

from the support and RP-HPLC purification, 13 (17% yield) was coupled with the NHS-

activated Cy5.5 to yield probe 1 (60% yield).

Crystallization and molecular packing of probe 1/MMP-12 complexes

Crystallization experiments with the catalytic domain of MMP-12 in the presence of 

compound 1 yielded colored crystals of various morphologies. Several X-ray diffraction data 

sets were collected at the synchrotron Soleil beamlines Proxima 1 and 2A to determine the 

positioning of the fluorophore moiety within the crystal lattice of MMP-12 molecules. In the 

crystallization, the MMP-12 mutant F171D reported for the crystallization of RXP470.130 

and a second mutant with the additional K241A mutation were used. Both gave good quality 

diffracting crystals in two different polymorphs (Supporting Information, Table S1), a new 

monoclinic, P21 crystal form with two molecules in the asymmetric unit, never obtained 

before38, and the classical orthorhombic, P21212 crystal form30,39,40 with one molecule in 

the asymmetric unit (Supporting Information, Table S1). The molecular packing in the two 

polymorphs is strongly related. The orthorhombic space group can be imposed by seeding41. 
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The structure obtained from crystals grown with this technique shows some additional 

density for the PEG2 linker but there is no electron density for the Cy5.5 moiety of probe 1, 

as would be expected given the long linker and the non-specific nature of the interactions 

that the Cy5.5 can make with the surface of MMP-12. To obtain some electron density for 

the probe, due consideration was given to the hydrophobic and positively charged nature of 

cyanine in probe 1. To reduce non-specific hydrophobic interactions, dioxane or γ-

valerolactone were added to the precipitant and the pH optimized to favour specific salt-

bridge interactions. Crystallization was carried out at low levels of supersaturation without 

seeding for the initial crystals. Among all the crystals tested, the new P21 crystal form 

dominates (Figure 2). The two molecules in the asymmetric unit form a dimer where the 

RXP470.1 targeting moiety of 1 interacts with catalytic domain of one MMP-12 molecule of 

the dimer, whereas the Cy5.5 part makes contact with the second MMP-12 molecule. By 

contrast, in the P21212 crystal form, obtained with the MMP-12 F171D construct, the PEG 

linker is in poor electron density, so that it is equally likely that the Cy5.5 moiety of the 

probe may make an interaction with a symmetry related MMP-12 molecule positioned in a 

similar position to molecule B in the P21 crystal form (Supporting Information, Figure 

S1A). However, it is most likely that the crystallizing unit, matches the asymmetric unit, 

with both the RXP470.1 and Cy5.5 portions of the probe interact with the same MMP-12 

molecule (Supporting Information, Figure S1B). In both cases, the hydrophobic negatively 

charged Cy5.5 moiety of probe 1 tends towards the positively charged environment provided 

by Arg249, with a strong preference to stack against the guanidinium moiety (Supporting 

Information, Table S2). In the P21 crystal form one of the two Cy5.5 is better stabilized than 

the other. The improvement in the electron density is probably due to better positioning of 

one of the two benzo-indole disulfonate moieties in a groove between Lys233 and Arg249 of 

a symmetry related molecule. This suggests that the Cy5.5 fluorophore can influence the 

selection of the molecular packing, but because the contribution of the tethered Cy5.5 is 

minor the pathway to obtain acceptable electron density is challenging.

Crystal structure of probe 1 in complex with MMP-12

As reported previously for other MMP-12 structures30,39,40,42, the catalytic domain of 

MMP-12 consists of three α-helices, a twisted five- stranded β-sheet, and eight loops, with 

the S1′ loop forming part of the S1′ cavity (Figure 2A). The phosphinic pseudo peptide part 

of 1 binds to MMP-12 in a comparable manner to that observed for other phosphinic 

derivatives in interaction with this protease30. In this respect, the two oxygen atoms of the 

phosphoryl function are not placed symmetrically around the catalytic zinc ion and only one 

oxygen binds to this atom (Figure 2A and 2C). The P1′, P2′, P3′ pseudo peptide backbone 

interacts with the bulge-edge segment (Leu181-N and Gly179-CO) and the upper part of the 

S1′ subsite (Pro238-CO and Tyr240-N) by forming three hydrogen bonds (Figure 2C and 

supporting information Table S2). The P1′ isoxazolyl side chain inserts into the S1′ cavity 

of MMP-12 (Figure 2A). As anticipated, the polyethylene glycol spacer and the fluorophore 

moiety extend beyond the S3′ region (Figure 2B). Moreover, superimposition of probe 1/

MMP-12 complex with the one of RXP470.1/MMP-12 confirms that this PEG2-Cy5.5 group 

does not drastically impact the general binding of the RXP470.1 targeting moiety within the 

active site (Figure 2D). In this way, the positioning of their long hydrophobic side chain, as 

well as that of their pseudo peptide backbone, matches rather well between the two 
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compounds. These observations validated our structure-based design and suggested that 

further optical probes harbouring a similar scaffold could be developed.

Synthesis of RXP470-derived optical probes 2, 3, 4 and 5

A second set of four probes with PEG spacers of different lengths and various cyanine dyes 

were thus synthesized following the same synthetic route as the one described for compound 

1 (Scheme 1B). Probe 2 (55%), 3 (34%) and 4 (62%) with a Cyanine 5, a 6SIDCC and a 

CW800 dye respectively were isolated (Figure 1). Probe 5 with a long spacer (PEG29) and a 

Cy5.5 reporter was also developed (Scheme 1B). In this case, an additional BocNH-PEG27-

COOH block was incorporated on solid support. After cleavage and purification, the 

resulting intermediate 14 (34% yield) was coupled to the appropriate fluorescent moiety 

yielding probe 5 (67%). For each probe, purity was assessed by analytical RP-HPLC, NMR 

and mass spectrometry. All fluorescent probes were > 95% pure.

In vitro characterization

The affinity for human MMP-12 of the RXP470.1-derived probes 1-5 was initially 

determined (Table 1). The addition of the PEG2 spacer and a fluorescent tag to RXP470.1 

scaffold (compounds 1 to 4) perturbs only moderately the binding to MMP-12, but with a 

systematic decrease in potency. In this series, the Cy5 derivative 2 with an affinity constant 

of 6.7 nM appears as the least potent compound, while probe 1 retains a potency comparable 

to RXP470.1 (0.9 nM/1 vs 0.26 nM/RXP470.1). Surprisingly, increasing the spacer length 

between the cyanine dye and the targeting moiety (1/PEG2 vs 5/PEG29) hardly perturbs the 

binding to MMP-12 (0.34 nM/5 vs 0.9 nM/1). In parallel, the selectivity profiles of the five 

probes were determined on a set of ten human MMPs. In the PEG2 series (probes 1 to 4, 

Figure 3), as observed for MMP-12 and in comparison with RXP470.1, the spacer connected 

to a fluorophore, resulted in reduced potency towards all MMPs except MMP-3, for which 

probe 1 showed a slight gain. More importantly in this series, the nature of the NIR dye 

hardly affects the probe selectivity profile. Similarly, comparison between compounds 1 and 

5 showed that linker length impacts only slightly the binding to the MMPs tested. In this 

respect, probe 5 possesses a comparable selectivity profile to that of probe 1 (Figure 3).

Overall, probes 1 to 5 remain very potent and selective for MMP-12. These five probes were 

also evaluated on two other metzincines (TACE and ADAMTS-4) for which they displayed 

very low affinity (μM range, Supporting Information Table S3).

The propensity of probes 1, 3, 4 and 5 to bind plasma proteins, particularly albumin, was 

also evaluated in vitro. Thus, their ability to block MMP-12 activity in presence of human 

serum albumin (hSA) at 5 μM is reported in table 1. At this low serum albumin 

concentration, MMP-12 activity is not perturbed. Therefore, for any given probe, a drop in 

affinity towards MMP-12 reflects its propensity to bind serum albumin. RXP470.1 binds 

human serum albumin, as shown by the 8.5-fold shift of Ki (Table 1).

The addition of a short linker and a Cy5.5 dye (probe 1) significantly increases such a 

human serum albumin binding with a remarkable 88-fold drop in apparent Ki. Interestingly, 

elongation of the PEG spacer (1 vs 5) reduces binding to serum albumin and restores the 
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apparent affinity for MMP-12 to a value closer to that of RXP470.1. As illustrated by the 

PEG2 series (compounds 1, 3, and 4), the nature of the dye also impacts the probes ability to 

interact with serum albumin. In this regard, 6SIDCC and CW800 derivatives (compound 3 
and 4 respectively) behave similarly and display reduced binding to human serum albumin 

compared to probe 1 with the Cy5.5 reporter. In view of the human serum albumin results, 

the binding properties of compounds 1 and 5 towards MMP-12 were further investigated in 

presence of mouse serum albumin (5μM) and in diluted mouse plasma (Table S4). A similar 

behaviour was observed for probes 1 and 5 where the latter showed reduced binding to 

mouse serum albumin and better availability for interacting with MMP-12 in complex 

media, compared to its analogue with the shorter linker.

Pharmacokinetics, biodistribution and in vivo stability

To explore the in vivo behaviour of probes 1, 3, 4 and 5, these were injected into C57B black 

mice. Interestingly, probes 1 and 5 with the same Cy5.5 reporter, but very different linker 

lengths, have significantly different blood clearance profiles (Figure 4A: 1: black disks; 5: 

empty triangles).

Thus, probe 5 with the longer PEG29 has a lower blood residual time compared to probe 1 
resulting in a marked difference in the percentage of injected dose (%ID) remaining in the 

bloodstream 4h post-injection (%ID 1: 25.1±2.9; 5: 8.1±0.4). On the other hand, probes 3 
and 4 with 6SIDCC and CW800 dyes, respectively, have similar half-lives in blood but are 

cleared more rapidly than probe 1 with a Cy5.5, suggesting a substantial impact of dye 

structure on the probes’ blood clearance rates (Figure 4A: 3: black diamonds; 4: black 

squares). Consequently, the %ID remaining in the blood stream 4h post-injection for these 

two compounds is relatively low and comparable to 5 (<10%ID). Tissue fluorescence in 

organs (liver, spleen, kidneys and lungs) harvested at 4h post-injection was evaluated using 

appropriate excitation and emission wavelengths. The three Cy5.5 analogues (1, 3 and 5) 

displayed higher fluorescence signals in the kidneys relative to the liver, indicating a 

preferential renal clearance of these probes (Figure 4B). Probe 4 is also cleared by the 

kidneys, but its uptake by the liver is not negligible (Figure 4B). Urine of mice injected with 

probes 1, 3 and 4, was subsequently analysed by liquid chromatography coupled to a mass 

spectrometry device. For each compound, UV detection was realized at the wavelength 

corresponding to the maximal absorbance of its conjugated fluorochrome. In the case of 1, 

the probe was detected as the major compound (Figure 4C; 1: black disk) with some minor 

unidentified metabolites. Interestingly, probe 3 with the highly negatively charged Cy5.5 

(6SIDCC) was recovered intact in the urine (Figure 4C; 3: black diamond). By contrast, 

probe 4 with the CW800 dye was also detected, but was converted into a second metabolite 

by about 50% (Figure 4C; 4: empty circles). In this last case, attempts to identify this 

metabolite were unsuccessful.

Evaluation of probe RXP470-PEG2-6SIDCC on HeLa cells harbouring hMMP-12 at their 
surface

Probe 3, with the most favourable properties, particularly in terms of in vivo stability, was 

also tested on cells presenting hMMP-12 at their surface. To install active forms of 

hMMP-12 conjugated to a FITC Tag (hMMP-12-FITC) artificially onto the surface of HeLa 
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cells, a similar protocol to that described by Koppisetti et al21, was followed. After 15 min 

incubation at 4° C and washing steps, the proteolytic activity of a surface-bound hMMP-12-

FITC was measured as the release of the internal fluorescence quenching of a linear peptide 

substrate (Figure 5A).

Under these conditions, incubation of probe 3 (15 min. at 4°C at increasing concentrations, 1 

nM, 10 nM and 100 nM) resulted in a graduated inhibition of the proteolytic activity (Figure 

5A). On the basis of the activity assay, the hMMP-12 concentration can be estimated around 

2 nM and an apparent Ki around 11 nM can be deduced. A co-localization between 

hMMP-12-FITC (green) and probe 3 (red) at the cell surface was observed by confocal 

microscopy (Figure 5B). Such an observation is in accordance with our inhibition assay and 

confirms that probe 3 can indeed interact with MMP-12 catalytic domains anchored at the 

surface of cells.

DISCUSSION

Over the last fifteen years, a large number of chemical probes devoted to the detection and 

monitoring of MMPs activation in vivo have been reported29,43,44. Based on their chemical 

structures, two main categories can be distinguished: the substrate-derived probes and the 

ligand-derived ones. In the first case, MMP activatable optical probes such as MMPsense680 

have been used to visualize MMP activity in tumor tissue45 and in atherosclerosis46. Despite 

their high sensitivity and low background noise in vivo, these probes suffered from several 

disadvantages such as long time imaging and signal attenuation due to diffusion within the 

tissues. Although these issues have been partly overcome with ultrafast-acting activatable 

probes47 and with probes connected to cell-penetrating peptides enabling their cell 

penetration and thus limiting their tissue diffusion48, their ability to selectively target MMP 

in vivo remains questionable43. Indeed, such substrate-derived probes can be processed by 

other proteases present locally at much higher concentration, yielding a signal that cannot be 

attributed unambiguously to MMPs processing. Moreover, in pathological contexts where 

circulating MMP activity has been evidenced49–51, these probes may turn out to be unstable 

in the blood stream leading to poor target/non target contrast when imaging diseased 

tissues43. These stability and specificity issues can be overcome, at least in part, by MMP 

probes possessing an inhibitor-derived scaffold. Among the most successful candidates, 

RP782 and RP805 are SPECT tracers able to detect MMP active forms with high efficiency 

in several mouse models52–54. Although very promising, such tracers based on a panMMP 

inhibitor scaffold, cannot discriminate between the different MMPs and thus report on which 

MMP is activated in the evolving pathological process. Particularly, in the case of MMP-12, 

selective imaging tracers may help to clarify the function of this protease in inflammation 

and tissue remodeling in cardiovascular diseases as well as confirming its involvement in the 

pathogenesis of aneurysm16,55–57.

The optical RXP470.1-derived probes consist of a small pseudo peptide conjugated to a 

symmetric indocarbocyanine of comparable size. In such a situation, the physicochemical 

properties of the reporter dye and how it is attached to the core recognition element can 

substantially impact both the in vitro and in vivo performance of the probes29. The crystal 

structure of probe 1 in complex with MMP-12, the first X-ray crystallographic study with a 
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Cy5.5 probe, shows that the overall positioning of the RXP470.1 is largely unaffected by the 

C-terminal elongation (Figure 2). In this respect, probe 1 preserves the interactions that its 

parent molecule RXP470.1 establishes within the MMP-12 catalytic domain (Figure 2C and 

2D). This observation is corroborated by affinity measurements in solution where probe 1 
exhibits a similar affinity for MMP-12 as RXP470.1, with a comparable selectivity profile 

(Figure 3). In the same manner, probes 2, 3 and 4 derived from the same pattern, and only 

differing in their dye nature, share similar affinity and selectivity profiles with their parent 

molecule (Table 1 and Figure 3). Moreover, as shown with comparable affinity selectivity 

profiles between probe 1, 3 and 5 (Figure 3), neither the chemical nature of the linker (probe 

3) nor its length (probe 5) seems to impact significantly the probes binding profile in 

solution (Figure 3). Thus in this series of tracers, the MMP binding profile continues to be 

mainly ruled by the RXP470.1 motif.

On the other hand, marked differences in the in vivo properties of the probes were observed. 

Thus probes whose structures only differ in their dye nature (1, 3, and 4), possess distinct 

blood residual time (Figure 4A). Such features can be partly related to probes binding to 

plasma proteins in general and to serum albumin in particular. Indeed, a correlation between 

the binding to albumin and the in vivo performance has been proposed for cyanine dye-

peptide conjugates, where such a binding is mainly influenced by the hydrophilic character 

of cyanine core as well as its chemical structure58,59. Interestingly in our case, probe 1 with 

the highest binding performance to serum albumin (Table 1), presents a slower blood 

clearance rates compared to probes 3 and 4 with lower binding performance. The difference 

in serum albumin binding ability between probe 1 with a Cy5.5 and 3 with a 6SIDCC can be 

ascribed to a difference in hydrophilicity between the two dyes, the first containing three 

negative charges and the second five60. At a comparable net charge and beyond a slight 

difference in lipophilic character between the two compounds (see clogP in Table 1), the 

difference in binding observed between 1 with a Cy5.5 and 4 with a CW800 dye may be 

explained by the different position of the hydrophilic groups within the cyanine core, a 

parameter which has also been shown to affect the binding to serum albumin59. An 

important finding regards the impact that linker length has on the blood clearance rates of 

the probes (probe 1 vs 5, Figure 4A). Although the effect of branched PEG chains on in vivo 
half-life of pharmaceuticals is well documented61, there are only a few reports on the impact 

of PEG spacers and their relative length on in vivo tracer performance62–64. Unfortunately, 

no general rule can be drawn on the impact of the PEG spacer length, which needs to be 

evaluated through case-by-case experimentation. In our series of probes, we found that 

elongating the linker (PEG2/probe 1 vs PEG29/probe 5) yields to a tracer that is more rapidly 

cleared from the blood stream. These observations also correlate with those made in vitro. In 

presence of human serum albumin, probe 5 has ten times higher propensity to bind MMP-12 

than its homologue, 1, with a shorter linker, a trend confirmed for mouse serum albumin and 

in mouse plasma (Table S4). Accordingly, in this series of probes, the blood clearance rate 

appears to be mainly governed by their propensity to interact with serum albumin in vivo. 

Furthermore, tracers such as 3, 4 and 5 display sufficiently fast blood clearance for short-

time imaging purposes.
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The biodistribution profiles of the probes are dominated by a preferential renal clearance, 

which is particularly pronounced in the case of probe 5 (Figure 4B). This undoubtedly 

constitutes a major advantage for imaging purpose. This is rather surprising for tracers 

whose structures have been derived from MMP inhibitors scaffold. Indeed, despite a low 

molecular weight that could favor renal clearance, the hydrophobic character of the majority 

of these tracers, notably due to the presence within their structure of a hydrophobic P1′ side 

chain essential for a specific and efficient binding to MMPs, induces a predominant 

hepatobiliary excretion65–67. In our case, despite a rather hydrophobic P1′ side chain within 

RXP470.1 core, the presence of negative charges both on the targeting motif and on the dye 

reporter, as well as a PEG linker, confer a global hydrophilic characters to the probes 

resulting in a rapid and preferential renal clearance.

We also observed a marked difference between the three cyanine dyes in vivo stability. In 

this respect, the 6SIDCC dye appears to be the most stable, as probe 3 can be recovered 

intact in the urine four hours post-injection (Figure 4C). By contrast, compound 4 with a 

CW800 dye is partially degraded within the same period of time. Such a degradation may be 

explained by the labile ether linkage within the cyanine structure, which can be hydrolyzed 

in vivo as suggested in other series of cyanine dyes with similar structures68.

Considering its in vitro and in vivo properties, probe 3 with a 6SIDCC fluorescent reporter 

appeared as the most promising candidate. Nevertheless, as MMP-12 may adopt in vivo a 

preferential localization at the surface of cells, we also assessed the ability of this highly 

negatively charged tracer to interact with its main target in such a situation. In this regards, 

our preliminary evaluation on cells, clearly showed that such a capacity is preserved with an 

apparent Ki (11 nM) close to the Ki observed in vitro (5.2 nM), suggesting a minor non-

specific component in probe 3 binding. In addition, the persistence of the fluorescence signal 

of probe 3 at the cell surface after several cycles of washing (see supplemental information 

for details), is likely related to a rather high stability of the hMMP-12/probe 3 complex. 

Together with a rapid blood clearance, such a slow dissociation rate (koff) for probe 3 is 

highly desirable in order to favor a specific signal over a non specific blood signal. 

Nonetheless, probe 3 remains to be validated in several preclinical models where MMP-12 is 

over expressed. Particularly, since its capacity to exclude certain MMPs is reduced compared 

to its parent molecule (i.e. MMP-10 and MMP-13, see Table S3), this will imply to correlate 

its accumulation, in the target tissue, with the MMPs expression. In this respect, whether the 

modulation of the MMP-12 expression (i.e. by invalidation of the MMP-12 gene or 

blockade) results in an accumulation decrease within the tissue, this will reflect the probe 3 
capacity to selectively detect MMP-12 in vivo.

In summary, RXP470.1-derived probes developed in this study may help to assess the 

presence of active forms of MMP-12 in preclinical models and may constitute relevant tools 

for biomedical research and drug development. Furthermore, the observations that we made 

for this series of optical probes, particularly the factors governing their in vivo 
pharmacokinetics and bio-distribution, will be certainly useful for developing RXP470.1-

derived radiolabeled tracers with optimized properties. Such tracers are under development 

and, could find a broad range of application particularly in cardiovascular imaging.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Chemical structure of RXP470-derived probes 1 to 5. A) Chemical structure of parent 

molecule RXP470.1. B) Chemical structures of RXP470.1-derived optical probes 1-5 which 

consist of a recognition element (RXP470.1 motif), a PEG linker of variable size (PEG2 or 

PEG29) and carbo cyanine reporters of different structure.
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Figure 2. 
Crystal structure of probe 1 in complex with hMMP-12 catalytic domain (PDB code: 5L7F) 

(A) Compound 1 is bound to the MMP-12 active site. Carbon atoms of 1 are shown as sticks 

coloured in yellow and the electron density is shown in blue. The catalytic zinc ion is in 

magenta. Positions P1, P1′, P2′ and P3′ along the pseudo peptide sequence are specified. 

(B) For probe 1/hMMP-12 complex, the hMMP-12 is shown in surface representation (C) 

Zoom on the RXP470.1 targeting motif within the hMMP-12 active site. The hydrogen 

bonds are indicated in red dotted lines and the distances given in Ångstrom. (D) 

Superimposition of RXP470.1 (PDB code: 4GQL) and probe 1 targeting moiety (PDB code: 

5L7F; this work) within hMMP-12 active site. Carbon atoms of the RXP470.1 parent 

molecule are shown in pink while those of probe 1 are in yellow
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Figure 3. 
Comparison of affinity selectivity profiles between RXP470.1 and probes 1-5 towards a 

panel of ten human MMPs identified by the color code on right of the figure. Ki (M) values 

were determined in 50 mM Tris-HCl buffer, pH 6.8 with 10 mM CaCl2 at 25°C. Since the 

1/Ki values are reported in logarithm scale, the error bars are not included, for standard 

deviations on each value, refer to Table S3.
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Figure 4. 
Blood clearance profiles, biodistribution and urine analysis for probes 1, 3, 4 and 5 in 

C57BL/6 (n=3 for each probes, 1 nmol injected). (A) Comparison of blood clearance rates 

between the four probes (1: black circles, 3: black diamonds, 4: black squares and 5: empty 

triangles). (B) Biodistribution and fluorescence intensity patterns observed for probes 1, 3, 4 
and 5 in liver, spleen, kidneys and lungs harvested 4h after injection. Fluorescence is 

expressed as arbitrary units (AU). (C) Analyses by LC/MS of mouse urines at 4h after 

injection in the case of probes 1, 3 and 4.
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Figure 5. 
Evaluation of probe 3 binding to hMMP-12-FITC anchored at the HeLa cells surface. (A) 

hMMP-12-FITC activity was assayed at 25°C in presence of a fluorogenic substrate (Mca-

GluProGluLeuGluGluDpa) at 4μM. Probe 3 at three different concentrations (1nM, 10 nM 

and 100nM) was incubated at 4°C for 15 min before measuring the activity during 30 min at 

25°C. (B) Confocal microscopy of HeLa cells incubated with hMMP-12-FITC (green 

colour) and probe 3 (red colour). Blue (491 nm) and red (642 nm) lasers were used for 

excitation of hMMP-12-FITC and probe 3 with a Cy5.5-6SIDCC dye respectively. Bandpass 

filters of 525/45 nm and 692/40 nm allowed the detection of FITC and Cy5.5-6SIDCC 

respectively.
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Scheme 1. 
Scheme 1A Chemical pathway to access phosphinic building block 12, Scheme 1B: 

Synthetic route to access to fluorescent probes 1-5.
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