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General introduction
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In the past decades, matrix metalloproteinases (MMPs) and a disintegrin and me-
talloproteinases (ADAMs) attracted considerable interest due to their significant 
role in numerous diseases [1, 2]. Indeed, their powerful proteolytic activity is 
implicated in the remodelling of the extracellular matrix [3, 4], tissue destruction 
(e.g. in chronic obstructive pulmonary disease [5, 6] or rheumatoid arthritis [7, 8]), 
cancer [9-13], atherosclerotic plaque stability [14, 15], immunomodulation [16], 
neuronal development [17] and in regulatory events related to the liberation of 
adhesion molecules, growth factors and cytokines [18]. 

MMPs and ADAMs are therefore attractive targets for therapy and may be useful 
as biomarkers or targets for in vivo imaging to monitor disease progression and 
the efficacy of therapeutic intervention. Measuring only active enzyme is crucial, 
since measuring the overall amount of a certain MMP or ADAM (by, for instance, an 
immunoassay), does not provide a correct picture of the enzyme activity involved 
in the disease process nor of the enzyme localization within cells, tissues or the 
organism. Such information is pivotal for gaining a better understanding of the role 
of these enzymes in disease mechanisms and for validating them as targets for drug 
development.

The control of MMP/ADAM activity by inhibitors has therefore gained considerable 
interest as a possible therapeutic target [19].

MMPs and ADAMs are inhibited by nonspecific protease inhibitors such as α2-
macroglobulin and α1-antiprotease, and by a small family of specific natural inhibi-
tors towards metalloproteinase activity: tissue inhibitors of metalloproteinases 
(TIMPs). These endogeneous inhibitors have affinities for MMPs in the 10-10 to 10-16 
M range and seem the most suitable candidates for labelling and therapy but they 
lack selectivity and have other biological functions [20-22]. Therefore, synthetic 
and more specific MMP inhibitors (MMPIs) were prepared. In order to design an 
MMPI, the following structural features are needed: 
(i) at least one functional group that affords a hydrogen bond interaction with the 
enzyme backbone, 
(ii) one or more side chains, which are able of van der Waals interactions with the 
enzyme subsites and
(iii) a functional group (e.g., hydroxamate, phosphonate, carboxylate, thiol, barbi-
turate, etc.) which chelates the active-site zinc(II) ion (referred to as zinc binding 
group) [23-25].
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1
Positron emission tomography (PET) and single photon emission computed to-

mography (SPECT) [26] are non-invasive nuclear imaging techniques, which have 
the ability to monitor molecular events in vivo and in real time. They result in a 
detailed picture of fundamental biochemical and physiological processes in living 
organisms. In contrast to magnetic resonance imaging, X-rays, or ultrasound, PET 
and SPECT allow the monitoring of metabolic processes in living subjects. Those 
nuclear imaging techniques require an exogenous radioactive probe, injected in 
very low mass amounts, which provides a detectable signal of the biological pro-
cesses under investigation.

An MMP inhibitor-based radiotracer would allow the non-invasive visualization 
of MMPs/ADAMs in vivo which represents an important clinical parameter for 
physicians. PET is more sensitive, has a better spatial resolution and allows a more 
quantitative measurement than SPECT. As a result, a MMP inhibitor labelled with 
a positron-emitting radionuclide would be of great interest for the visualization/
quantification of active MMPs/ADAMs in vivo. On the other hand, SPECT is available 
in a greater number of hospitals and imaging centers than PET, therefore a MMP 
inhibitor radiolabelled for SPECT imaging would be of a high value as well. The 
overall goal of this thesis was the design, (radio)synthesis and evaluation of radio-
labelled MMP inhibitors, mainly by PET, to profile the levels of MMPs and ADAMs 
in vivo.

Chapter 2 gives an overview of several radiolabelled PET/SPECT probes for 
MMP/ADAM imaging. The radiosynthesis and their in vitro/in vivo evaluation are 
reported. For a better overview, the radiotracers are first of all classified according 
to the nature of their biomolecules: either based on an inhibitor or a peptide sub-
strate. Thereafter, the huge amount of synthetic inhibitors is described according to 
the structure of their zinc binding group: hydroxamate, carboxylate and barbiturate. 

Chapter 3 describes a radiolabelled derivative of the peptidic MMP/ADAM inhibi-
tor ML5: [18F]FB-ML5 for PET. The binding of the radiolabelled MMP/ADAM inhibi-
tor is evaluated in vitro, using 16HBE and MCF-7 cells. The inhibitory action of ML5 
and FB-ML5 was also evaluated in vitro, using the recombinant enzymes MMP-2, -9, 
-12 and ADAM-17. The nanomolar affinity inhibitor [18F]FB-ML5 is subsequently 
evaluated in a HT1080 xenograft mouse model.

Chapter 4 deals with the microPET evaluation of the hydroxamate-based MMP/
ADAM inhibitor [18F]FB-ML5 in an in vivo mouse model of cigarette smoke-induced 
acute airway inflammation. Following the microPET scan, a bronchoalveolar lavage 
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(BAL) assay and a cell differentiation assay are carried out to quantify MMP-9 (gela-
tinase B) levels and the amounts of mononuclear cells, eosinophils and neutrophils 
in BAL fluid.  

Chapter 5 describes the preparation of two non-peptidic hydroxamate inhibitors 
with different lipophilicities: 1-((4-[18F]fluorophenyl)sulfonyl)-N-hydroxy-4-
(methylsulfonyl)piperazine-2-carboxamide or [18F]-1A and 4-([1,1’-biphenyl]-4-
carbonyl)-1-((4-[18F]fluorophenyl)sulfonyl)-N-hydroxypiperazine-2-carboxamide 
or [18F]-2. The design, synthesis, radiosynthesis, in vitro and in vivo evaluation 
of these piperazine-based inhibitors are reported. The radiolabelling procedure 
employed for these inhibitors is the homoaromatic nucleophilic substitution with 
[18F]fluorine. A fluorogenic inhibition assays against MMP-2, -9 and ADAM-17 is 
performed. A HT1080 xenograft mouse model is employed for the in vivo evalua-
tion of [18F]-1A and [18F]-2.

Chapter 6 reports a new piperazine-based MMP/ADAM inhibitor, 4-(4-(1-(4-
(2-(2-(2-[18F]fluoroethoxy)ethoxy)ethoxy)butyl)-1H-1,2,3-triazol-4-yl)benzoyl)-
N-hydroxy-1-((4-methoxyphenyl)sulfonyl)piperazine-2-carboxamide [18F]-1B, 
prepared by copper-catalyzed azide-alkyne cycloaddition. The incorporation of a 
PEG chain is also performed in order to optimize the target affinity and pharma-
cokinetic properties of this tracer. [18F]-1B is evaluated in vitro by employing the 
recombinant enzymes MMP-2, -9 and ADAM-17. Thereafter, [18F]-1B is also evalu-
ated in vivo in mice bearing HT1080 tumors.

Chapter 7 summarizes all experimental results of this thesis. 
Chapter 8 contains a general discussion with some perspectives for future re-

search.
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Abstract 
Dysregulation of matrix metalloproteinase (MMP) activity can lead to a wide range 
of disease states such as atherosclerosis, inflammation or cancer. The ability to 
image MMP activity non-invasively in vivo, by radiolabelled synthetic inhibitors, 
would allow the characterisation of atherosclerotic plaques, inflammatory le-
sions or tumors. Here we present an overview of radiolabelled MMP inhibitors 
(MMPIs) and MMP peptides for positron emission tomography (PET) and single 
photon emission computed tomography (SPECT) for the detection of proteolytic 
activity of MMPs. So far, most studies are at a preliminary stage; however, some 
hydroxamate-based tracers such as the peptidomimetics [111In]DTPA-RP782, 
[99mTc](HYNIC-RP805)(tricine)(TPPTS), or Marimastat-ArB[18F]F3 and the picolyl-
benzenesulfonamide [123I]I-HO-CGS 27023A identified specifically the enzymatic 
action of MMPs in animal models of various pathologies. The development of new 
compounds that may lead to novel tracers (e.g. modification of zinc-binding group, 
variation of substituents attached to the S1’, S2’ and S3’ pockets of the MMP inhibi-
tors) and the use of antibodies and cell penetrating peptides are also discussed. In 
general, preclinical studies with atherosclerosis models proved to be more success-
ful than those with oncological models.

Keywords 
Hydroxamates, MMP inhibitors, MMP peptides, molecular imaging, PET, SPECT
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1 Introduction
Zinc proteinases [1-3], which are the best characterized zinc enzymes, are impli-
cated in many physiological and pathological processes. These proteinases are a 
multi-domain family which is classified based on the structure of their catalytic sites 
and include the metzincins, the inuzincins, the gluzincins, the carboxypeptidases, 
and DD carboxypeptidases (D-alanyl-D-alanine-cleaving carboxypeptidases). The 
metzincins are defined by a zinc binding consensus sequence HExxHxxGxxH which 
contains three histidine residues and a strictly conserved methionine containing 
tight 1,4 beta turn (the Met-turn) forming a hydrophobic cleft for the catalytic 
zinc ion. They are further subdivided according to the residue following the third 
histidine zinc ligand and the residues surrounding the methionine in the Met-turn. 
The metzincins comprise the matrixins, the serralysins, the astacins, and the ada-
malysins. Finally, the matrixins contain the well-known Matrix MetalloProteinases 
or MMPs and the adamalysins, the A Disintegrin And Metalloproteinases or ADAMs. 

1.1 Domains of MMPs and ADAMs
MMPs [Fig 1]; [4] are secreted proteins with four distinct conserved domains: the 
terminal pro-domain, the catalytic domain (which contains a Zn2+ ion in its active 
site), the hinge region and the terminal hemopexin domain. Except for MMP-7, 
MMP-23 and MMP-26, all MMPs contain a hemopexin carboxy-terminal domain. It 
functions as a recognition sequence for the substrate and stabilizes the interaction 
of TIMPs (Tissue Inhibitors of Matrix metalloProteinases) with active MMPs [5]. 

ADAMs [Fig 1] are membrane bound metzincins. They have a similar structure 
as the MMPs. The hemopexin domain is replaced by a cystein-rich domain, an EGF 
(Epidermal Growth Factor)-like domain and the disintegrin domain. The cystein-
rich domain and the disintegrin domain allow ADAMs to interact with proteins 
connected to the extracellular matrix (ECM) [6].

Under physiological conditions, three forms of MMPs/ADAMs are found, two 
inactive and one active. The first is the pro-form in which the pro-domain is still 
present, the second form is inhibited by TIMPs and the third is the active form 
lacking the pro-domain and not inhibited by TIMPs [7]. The mechanism of action 
of catalysis of protein substrates is carried out by activation of a zinc-bound wa-
ter molecule by the carboxylate group of the conserved glutamate residue in the 
catalytic pocket followed by attack of water on the polarized carbonyl group in the 
substrate’s scissile bond [Fig 2]. Therefore the Zn2+ ion acts as a Lewis acid [8]. 
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MMPs and ADAMs are activated under the influence of growth factors, hormones, 
cytokines and cellular transformation [9].

1.2 Classification of MMPs and ADAMs
In humans, MMPs form a group of 23 zinc-dependent enzymes (24 in mice) which 
are generally classified according to their substrate specificity [Table 1]; [10-12]. 
Approximately two-thirds of the MMPs are secreted as inactive proforms and 

Figure 1: Schematic representation of the domain structure of MMPs, MT-MMPs and ADAMs

A: pro-domain, B: catalytic domain, C: hinge region, D: hemopexin domain, E: transmembrane domain, F: 
cytoplasmic tail, G: disintegrin domain; H:cystein-rich domain; I: EGF (Epidermal Growth Factor)-like domain

 

Figure 2: Mechanism of action of catalysis of protein substrates by MMPs
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MMP 
No.

Enzyme nomenclature Principal substrate(s) Secreted or 
transmembrane 
metzincins

MMP-1 Collagenase-1 –  
Interstitial collagenase

Collagen types I, II, III, VII, and X Secreted 

MMP-8 Collagenase-2 – 
Neutrophil collagenase

Collagen types I, II, III, VII, and X Secreted 

MMP-13 Collagenase-3 Collagen types I, II, III, VII, and X Secreted 

MMP-2 Gelatinase A – 
72 kDa type IV collagenase

Gelatin types I, IV, V, and X; laminin V Secreted 

MMP-9 Gelatinase B – 
92 kDa type IV collagenase

Gelatin types I, IV, V, and X; laminin V Secreted 

MMP-3 Stromelysin-1 –  
Transin-1

Collagen types III, IV, IX, and X; gelatin; pro-MMP-1; laminin; 
and proteoglycan

Secreted 

MMP-10 Stromelysin-2 Collagen types III, IV, IX, and X; gelatin, pro-MMP-1; laminin; 
and proteoglycan

Secreted 

MMP-11 Stromelysin-3 Alpha-1-antiprotease Transmembrane 

MMP-12 Metalloelastase –  
Macrophage metalloelastase

Elastin Secreted 

MMP-7 Matrilysin-1 –  
Pump-1

Gelatin, fibronectin and pro-MMP-1 Secreted 

MMP-26 Matrilysin-2 –  
Endometase

To be determined Secreted 

MMP-14 Membrane type-1 MMP –  
MT1 MMP

Pro-MMP-2, gelatin, and collagens Transmembrane 

MMP-15 Membrane type-2 MMP –  
MT2 MMP

Pro-MMP-2 Transmembrane 

MMP-16 Membrane type-3 MMP –  
MT3 MMP

Pro-MMP-2 Transmembrane 

MMP-17 Membrane type-4 MMP –  
MT4 MMP

To be determined Transmembrane 

MMP-24 Membrane type-5 MMP –  
MT5 MMP

To be determined Transmembrane 

MMP-25 Membrane type-6 MMP –  
MT6 MMP

To be determined Transmembrane 

MMP-19 Human orthologue of Xenopus Gelatin Secreted 

MMP-20 Enamelysin Amelogenin (dentine), gelatin Secreted 

MMP-21 Human orthologue of Xenopus To be determined Secreted 

MMP-23 Cysteine array MMP –  
Femalysin

To be determined Secreted

MMP-27 None To be determined Secreted

MMP-28 Epilysin To be determined Secreted

Table 1: Classification of the 23 identified human MMPs
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activated extracellularly. However, MMP-11 and membrane-type MMPs are trans-
membrane metzincins. 

In humans, 22 ADAM proteases have been identified [Table 2]; [1, 6].

1.3 Role of the MMP/ADAM family 
MMPs and ADAMs are neutral endopeptidases which degrade and remodel struc-
tural proteins of the ECM [1]. They are involved in many physiological processes, 
such as embryo implantation, bone remodelling and organogenesis, and are im-
plicated in the reorganization of tissues during pathological conditions such as 
inflammation, wound healing and invasion of cancer cells [10].

Upregulation of MMP-2 and MMP-9 is associated with poor prognosis in oncology; 
therefore, these enzymes are the most widely studied metalloproteinases. MMP-2 
degrades type IV collagen and promotes angiogenesis and mitogenesis. This en-
zyme is overexpressed in many human malignancies and has been associated with 
breast cancers that are metastasizing to the lung. In gelatinase A-deficient mice, 
tumor-induced angiogenesis was suppressed, melanoma and lung cancer growth 
were inhibited and the number of lung metastases was reduced significantly [13]. 

MMP-9 exhibits both anti-cancer and tumor-promoting effects. In animal 
experiments, disturbance of MMP-9 function decreased tumor development 
whereas overexpression of MMP-9 induced angiogenesis and increased malignant 

ADAM Alternative names ADAM Alternative names

1 Fertilin α, PH-30 α 17 TACE, CD156b
Snake venom-like protease

2 Fertilin β, PH-30 β
Cancer/testis antigen 15

18 tMDC III, ADAM-27

3 Cyritestin, tMDC I 19 Meltrin β, MADDAM

6 tMDC IV 20 None

7 EAP-1, Sperm maturation-related glycoprotein GP-83 21 ADAM-31

8 Cell surface antigen MS2, CD156a 22 MDC 2

9 MDC9, Meltrin γ
Myeloma cell metalloproteinase

28 MDC-L, ADAM-23

10 Kuzbanian protein homolog, CD16c 29 Cancer/testis antigen 73

11 MDC 30 None

12 Meltrin α 32 None

15 Metargidin, MDC-15 33 None

Table 2: Overview of the 22 identified human ADAM proteases
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transformation. Although knock-down of MMP-9 decreased the occurrence of 
carcinogenesis in certain mouse models, the tumors that were formed in MMP-9 
deficient mice were significantly more aggressive and had more undifferentiated 
phenotypes. This result suggests that MMP-9 may exert tumor-promoting effects 
early in the process of carcinogenesis and anti-cancer effects at later stages of the 
disease [13].

1.4 Inhibition of MMPs/ADAMs
Dysregulation of MMP/ADAM activity is an important aspect of the pathophysiology 
of several diseases, including atherosclerosis, inflammation and cancer. In addition, 
MMPs and ADAMs are upregulated in a variety of other diseases such as dermato-
logic, ophthalmic (macular degeneration), infectious, immunologic, cardiovascular, 
and neurodegenerative conditions. The control of MMP/ADAM activity by inhibitors 
has therefore gained considerable interest as a possible therapeutic target [14].

MMPs and ADAMs are inhibited by nonspecific protease inhibitors such as 
α2-macroglobulin and α1-antiprotease, and by a small family of specific natural 
inhibitors towards metalloprotease activity: TIMPs. These physiological inhibitors, 
which form a group of 4 glycoproteins (TIMP 1-4) (21-30 kDa in size), have affini-
ties for MMPs in the 10-10 to 10-16 M range and seem ideal candidates for labelling 
and therapy but they lack selectivity and possess other biological functions [10, 
15, 16]. For instance, they stimulate growth of several cell types, induce changes 
in cell morphology and inhibit angiogenesis [12]. As a result, synthetic and more 
specific MMP inhibitors (MMPIs) were developed. The following structural features 
are required to design an MMPI: 
(i) at least one functional group that provides a hydrogen bond interaction with the 
enzyme backbone, 
(ii) one or more side chains, capable of van der Waals interactions with the enzyme 
subsites and 
(iii) a functional group (e.g., hydroxamate, phosphonate, carboxylate, thiol, bar-
biturate, etc.) capable of chelating the active-site zinc(II) ion (referred to as zinc 
binding group or ZBG) [Fig 3]; [11, 17, 18].

By structure-activity relationship (SAR) studies and combinatorial chemistry, a 
schematic representation of the binding mode of a peptidomimetic MMP/ADAM 
inhibitor [Fig 4] was proposed.  Three different binding pockets were defined. First 
of all, the S1´ pocket, commonly called the “selectivity pocket”, is a relatively deep 
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pocket for the majority of the enzymes except for MMP-1, -7 and -11. A “more” 
selective inhibitor is obtained when a large substituent (mainly hydrophobic) is 
attached to it while smaller P1´ substituents (generally aliphatic) resulted in a 
broad-spectrum inhibitor.  The S2´ pocket is a solvent-exposed pocket which has 
more affinity for hydrophobic P2´ residues. Then, the S3´ pocket is an ill-defined 
solvent-exposed region. Finally, activity of some MMP members can be increased 
by incorporating a substituent in the alpha position of the zinc-binding group of a 
MMPI [11, 19].

1.5 Quantification of MMPs 
Up to now, most research linking MMPs to diseases has been restricted to ex vivo 
assays on excised tissues or fluid samples using fluorescence detection kits, immu-
nohistochemistry, ELISA, zymography, or Western blotting, addressing the correla-
tion between protein quantity (immunological assays) or expression levels (mRNA 
analysis) and disease activity or state. As proteolytic activity is highly regulated and 
used as a marker for certain cancer types or inflammation, molecular imaging of 
locally up-regulated and activated matrix metalloproteinases in vivo could be used 
to improve the early detection of diseases, to image the efficacy of protease inhibi-
tors, to serve as an in vivo screening tool for drug development, to image transgene 
expression, or to understand how protease activities are regulated [20].
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Figure 1: Schematic representation of the domain structure of MMPs, MT-MMPs and ADAMs 

A: pro-domain, B: catalytic domain, C: hinge region, D: hemopexin domain, E: transmembrane domain, F: 
cytoplasmic tail, G: disintegrin domain; H:cystein-rich domain; I: EGF (Epidermal Growth Factor)-like 
domain. 
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Figure 2: Mechanism of action of catalysis of protein substrates by MMPs 

 

Chapter 2 - Figure 3 

                             
hydroxamates         phosphonates            thiols       carboxylates         barbiturates 

Figure 3: Structure of ZBGs in MMP/ADAM inhibitors 

 

 

Figure 3: Structure of ZBGs in MMP/ADAM inhibitorsChapter 2 - Figure 4 

 

 
Figure 4: Schematic representation of a peptidomimetic MMP/ADAM inhibitor 

	  

Chapter 2 - Figure 5 

 
Figure 5: Binding pose of the hydroxamate ZBG into the active site of MMPs 
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Here we review MMP inhibitors, MMP peptides, antibodies, as well as cell-pene-
trating peptides for the detection of proteolytic activity of MMPs and ADAMs, using 
single photon emission computed tomography (SPECT), and positron emission 
tomography (PET). 

2 Probes for MMP imaging

2.1 MMP inhibitors for PET/SPECT

2.1.1 Natural MMP inhibitors 
Logically, radiolabelled endogenous TIMPs were chosen as a target for the diagnosis 
of pathologies associated with upregulated MMP levels. TIMPs bind noncovalently 
to MMPs at very high Kd values [7]. Each TIMP is composed of two domains, the N- 
and C-terminal, which are both characterized by three disulfide bonds [21]. Among 
the TIMP family, TIMP-2 has generated the most interest because the N-terminal 
domain of TIMP-2 (N-TIMP-2) folds in the absence of the C-terminal domain and 
maintains inhibitory activity [22]. Moreover, N-TIMP-2 has affinities for MMPs in 
the 10-12 to 10-9 M range which is much higher than synthetic MMP inhibitors (usu-
ally 10-9 M). TIMP-2 demonstrated positive effects in a variety of animal models of 
disease such as ovarian cancer [23].

[111In]DTPA-N-TIMP-2, 1
Giersing et al. [24] conjugated the N-terminal domain of recombinant human 
TIMP-2 (127 amino acids) with the bifunctional chelator diethylenetriamine pen-
taacetic acid (DTPA) followed by radiolabelling to obtain [111In]DTPA-N-TIMP-2 1. 
Fluorogenic inhibition assay with the catalytic domain of MMP-3 (cMMP-3) was 
performed with N-TIMP-2 and 1. N-TIMP-2 and 1 inhibited cMMP-3 identically, 
which suggested no effect from the radiolabelling. 

As dysregulation of MMP expression was correlated with Kaposi sarcoma (KS) 
development and no tracer so far was able to detect specifically this pathology, 
Kulasegaram et al. [25] performed a pilot study with 1 in five patients with HIV in-
fection and KS. Patients did not exhibit significant retention of 1 in the established 
KS lesions. 
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[123I]rhTIMP-2, 2
As radiolabelling of rhTIMP-2 with [111In]DTPA could lead to a random DTPA-
conjugate, Oltenfreiter et al. [26] performed iodination of rhTIMP-2 with Na123I in 
order to obtain [123I]rhTIMP-2 2. Biodistribution in NMRI mice after administration 
of [123I]rhTIMP-2 was performed. 2 exhibited no long-term accumulation in heart, 
lungs, liver and kidneys. A rapid clearance by the kidneys was obtained due to the 
low molecular weight of rhTIMP-2 (21 kDa). The stomach showed a retention of 
24.5% ID/g 1 h p.i. suggesting dehalogenation of 2.

Since N-TIMP-2 was shown to bind specifically MT1-MMP, van Steenkiste et al. 
[27] evaluated 2 on MT1-MMP-overexpressing (S.1.5) and control (C.IV.3) tumor-
inoculated mice. TIMP-1 exhibits similar binding as TIMP-2 towards soluble MMPs. 
However, TIMP-1 is unable to bind MT1-MMP and was used as negative control. 
Preliminary studies with tumor-free nu/nu mice indicated a comparable clear-
ance rate for 2 and [123I]rhTIMP-1. Planar imaging allowed visualizing 2 in S.1.5 
tumor in contrast to contralateral background areas. Each time point demonstrated 
significant differences between 2 and [123I]rhTIMP-1 in S.1.5 tumor and 2 in S.1.5 
and C.IV.3 tumors. Although evaluation to demonstrate the specificity of [123I]rhT-
IMP-2 is necessary, 2 may be a potential tracer to visualize tumor associated with 
MT1-MMP overexpression.

Even though [111In]DTPA-N-TIMP-2 and [123I]rhTIMP-2 represent attractive 
tracers for imaging of MMP activity, no further evaluation was performed. Partially 
due to the difficult purification of N-TIMP-2, synthetic MMP inhibitors attracted 
much more interest.

2.2 Synthetic MMP inhibitors with a ZBG
The synthetic MMPIs are classified on the basis of the group that binds to the zinc 
atom: hydroxamate, carboxylate or barbiturate. 

2.2.1 Hydroxamate-based MMP inhibitors 
Most of the MMP/ADAM inhibitors belong to the hydroxamate category. Hydroxamic 
acid is a functional group which corresponds to a hydroxylamine inserted into a 
carboxylic acid. The hydroxamate is the most potent ZBG, the strength of the bind-
ing results from a five membered ring in which both oxygens are bound to the metal 
center [28]; [Fig 5]. It acts as a bidentate ligand with the active-site zinc ion. We 
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subdivided these MMPIs into two categories: peptidomimetic hydroxamates and 
nonpeptidomimetic sulfonamide hydroxamates.

Peptidomimetic hydroxamate inhibitors
Peptidomimetics mimic the structure of collagen (a substrate of MMP) at the MMP 
cleavage site. These compounds function as competitive inhibitors and chelate the 
zinc atom of the MMP enzyme activation site [13].

[111In]DTPA-RP782, 3; [111In]DTPA-RP788, 4; and [99mTc](HYNIC-RP805)
(tricine)(TPPTS), 5
Su et al. [29] performed preliminary nonimaging studies with [111In]DTPA-RP782 3 
and the negative control [111In]DTPA-RP788 4 [Fig 6], RP788 being the biologically 
inactive isomer of RP782.  Both SPECT-tracers were tested in control mice and in 
mice one week after myocardial infarction (MI) surgery. Microautoradiography 
allowed the detection of [111In]DTPA-RP782 in the MI, in contrast to [111In]DTPA-
RP788 [Fig 7]. 3 and 4 showed similar myocardial uptake in control mice.

A technetium tracer based on an analogue inhibitor of 3 was synthesized: [99mTc]
(HYNIC-RP805)(tricine)(TPPTS) 5 [Fig 6]. MMP fluorogenic assays were performed 
on the macrocyclic inhibitor RP805. RP805 showed nanomolar affinities in vitro 
against MMP-2, MMP-3, MMP-7, MMP-9, MMP-12, MMP-13, ADAM-10 and ADAM-
17 [Table 3]. The compounds 3 and 5 were evaluated in various settings.
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Vascular remodeling imaging
Su et al. [29] evaluated 5 in mice one, two and three weeks after MI surgery and in 
control mice with microSPECT/CT. About 5-fold increase of 5 uptake in the infarct 
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Figure 6: Structure of peptidomimetic hydroxamate-based MMP inhibitors for PET/SPECT  
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Figure 7: Fused microSPECT/CT images of mice, administered with 5, 2 weeks after left common carotid 
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region was obtained in mice having undergone MI surgery (after 1, 2 and 3 weeks) 
in contrast to control mice. Myocardial [99mTc](HYNIC-RP805)(tricine)(TPPTS) 
activity in the remote noninfarcted area was approximately 2-fold higher than in 
control mice, this difference being statistically significantly different at two and 
three weeks. In control mice, immunofluorescent staining was minimal for MMP-2 
and absent for MMP-9 whereas for mice after MI, strong staining was obtained for 
both gelatinases. Moreover, the fluorescence was significantly related to the MI 
region and was confirmed by zymography. 

Zhang et al. [30] evaluated 3 in injury-induced vascular remodeling in mice. Mice 
deficient in apolipoprotein E (apoE-/-) after one week of high-cholestrol (HC) 
diet underwent left common carotid injury. The right carotid was used as control. 
Specificity of 3 was tested with a 50-fold excess of unlabelled precursor RP782. 
Staining of the carotid wire injury resulted in significant hyperplasia and expansive 
remodeling over a period of 4 weeks. From one week after surgery, zymography 
supported that wire injury induced a measurable increase in MMP-2 and MMP-9 
activity, which was highest at 3 weeks. Retention of 3 in injured carotid arteries was 
visualized at 2, 3 and 4 weeks after surgery. Pre-blocking of binding in mice resulted 
in a substantial reduction in retention of 3. Blocking of sections of left-carotid ar-
teries at 3 weeks after surgery with the broad spectrum MMPI 1,10-phenanthroline 
(10 mmol/L) significantly inhibited binding of 3. Finally, an excellent correlation 

Figure 7: Fused microSPECT/CT images of mice, administered with 5, 2 weeks after left common carotid artery 
wire injury with a high fat diet or diet withdrawal
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was obtained between uptake of 3 and weekly variations in the vessel wall cross-
sectional area but not with modifications in the total vessel or luminal areas.

Tavakoli et al. [31] evaluated 5 in apoE-/- mice under high fat diet which received 
left common carotid artery wire injury. Two weeks after surgery, mice fed high 
cholesterol diet with carotid surgery, showed significantly higher uptake in the 
left carotid artery, compared to sham-operated mice or right carotid artery of both 
groups. [99mTc](HYNIC-RP805)(tricine)(TPPTS) retention was significantly reduced 
after diet withdrawal [Fig 7]. A longitudinal study showed persistence of the tracer 
uptake in the left carotid in high fat diet mice after two and four weeks of surgery. 
Removal of the high fat diet resulted in a significant decrease of retention of 5 in the 
left carotid. Significant decrease in MMP-2, -3, and -13 expression levels in injured 
arteries was obtained in mice with high fat diet withdrawal. Only MMP-12 remained 
significantly elevated in the injured artery in the withdrawal group. Removal of 
the high fat diet led to a significant decrease in left carotid neointima formation 
compared to high fat diet mice. Finally, high fat diet animals showed a significant 
increase in monocyte/macrophage infiltration in contrast to sham-operated mice.

Sahul et al. [32] analysed pigs, which underwent MI, with MRI and SPECT/CT 
imaging with 5. The left ventricular (LV) end diastolic volumes were significantly 
higher at each time point compared to control pigs. Pigs at 1, 2 and 4 weeks after 
surgery showed retention of 5 in the posterolateral wall, with a maximal uptake at 
2 weeks post-MI. Ex vivo imaging of LV slices substantially correlated with the in 
vivo accumulation of 5 in the region of perfusion defect even if some tracer uptake 
was also obtained in remote regions 1 and 2 weeks after surgery. An increase in 
uptake of 5 was obtained in all myocardial regions after 1 and 2 weeks MI surgery, 
with 4 times higher retention in the infarct region compared to controls. Pigs at 
4 weeks post-MI had similar uptake of 5 in the remote area than control pigs but 
showed higher accumulation in the infarct and border regions compared to con-
trols. Zymography demonstrated the expression of MMP-2, -7, -9 and -14 at each 
time point and different areas of myocardial segments; in addition an exponential 
correlation between the post MI-change in LV end diastolic volume and MMP 
activity was found by using a specific global MMP fluorogenic substrate. Ex vivo 
MMP-2 activity showed the best correlation with regional uptake of 5.
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Atherosclerotic lesions imaging 
Fujimoto et al. [33] tested 5 in rabbits with atherosclerotic lesions with SPECT/CT. 
Control rabbits did not show any accumulation of the tracer. 5 was clearly visualized 
in atherosclerotic lesions. In blocking experiments, [99mTc](HYNIC-RP805)(tricine)
(TPPTS) uptake in atherosclerotic lesions was reduced in a dose-dependent man-
ner. The tracer uptake was also significantly reduced after diet withdrawal and 
fluvastatin treatment (cholesterol-lowering drug) (1.0 mg/kg). Ex vivo gamma 
imaging studies of harvested aortas confirmed the in vivo SPECT/CT imaging [Fig 
8]. In addition, the retention of 5 was correlated with immunohistochemistry of 
macrophages, MMP-2 and MMP-9 in atherosclerotic plaques.

Ohshima et al. [34] investigated 5 in ApoE-/- mice, mice deficient in low-density-
lipoprotein receptor (LDLR-/-) and in control mice. Half of the apoE-/- mice and half 
of the LDLR-/- mice received a high-cholesterol diet. 5 showed the highest uptake 
in atherosclerotic lesions in apoE-/- mice with a high-cholesterol diet, followed by 
LDLR-/- mice with high-cholesterol diet, apoE-/-mice fed with a normal chow and 
LDLR-/- mice with normal chow. Control mice presented the lowest retention [Fig 
11]. Immunohistochemistry with the fluorescent staining of MMP-2, MMP-9 and 
macrophages correlated significantly with the uptake of 5. 

Ohshima et al. [35] evaluated the effect of fluvastatin and minocycline (an antimi-
crobial agent which exhibits significant MMP inhibitory activity) either separately 
or in combination in rabbits with atherosclerotic lesions injected with 5. Highest 
retention of 5 was observed in unmanipulated rabbits. A significant decrease was 
observed in the fluvastatin (1.0 mg/kg), high dose of minocycline (3.0 mg/kg) and 
a combination of low-dose minocycline (1.5 mg/kg) and fluvastatin. 5 was not 
significantly decreased in the low dose minocycline group. No synergistic effect 
was obtained for the combination of low-dose minocycline and fluvastatin. The 
tracer uptake was significantly correlated with MMP-2 and MMP-9 staining. 

Razavian et al. [36] tested 3 in atherosclerotic mouse aorta after dietary modi-
fication. Retention of 3 was significantly higher in the aorta than in the inferior 
vena cava (IVC) in vivo, with the highest accumulation in the proximal aorta. In 
vivo and ex vivo quantification of 3 in the aorta resulted in a significant correla-
tion. Oil red O staining of explanted areas showed a satisfactory concordance 
between atherosclerosis area and retention of 3; even if zones of divergence were 
found. Mice from one month to three months high fat diet presented a progressive 
increase of [111In]DTPA-RP782 uptake along the aorta. Heterogeneity of 3 along 
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the aorta increased over time. Pre-treatment with a 50-fold excess of nonlabeled 
precursor led to a significant reduction in tracer accumulation in the aorta. Oil red 
O staining showed that getting back to normal chow after two months of high fat 
diet resulted in about 30% reduction in the relative plaque area. A substantial and 
much more pronounced decrease in tracer uptake was obtained in the withdrawal 
group. A significant correlation was found between expression of MMP-2, -3, -12 
and -13 with uptake of 3 in vivo. However, MMP-9 did not show any substantial 
concordance. Dietary modification resulted in a significant decrease in MMP-2, -3, 
-12 and -13 (not MMP-9) in the proximal aorta. RT-PCR in aortae did not show any 
significant correlation between CD31 (endothelial cells) or SM α-actin (vascular 
smooth muscle cells) expression and uptake of 3; nevertheless CD68 and EMR-1 
expression (reflecting the presence of macrophages) was substantially correlated 
with tracer retention. Dietary modification did not affect CD31 and SM α-actin 
expression, however it significantly decreased aortic CD68 and EMR-1 expression.

Haider et al. [37] examined the relation between apoptosis and MMP release in 
a model of atherosclerosis in rabbits. Dual radionuclide imaging was performed 
with 5 and [111In]-labeled annexin A5 (AA5). The retention of 5 and AA5 was sub-

Figure 8: Ex vivo images of explanted aortas of (1) HC diet, (2) fluvastatin treatment, (3) diet withdrawal and (4) 
control animals administered with 5
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stantially higher in rabbits fed a high cholesterol diet than in controls. 5 and AA5 
uptake decreased significantly in rabbits after fluvastatin treatment (1.0 mg/kg) 
and diet withdrawal. MMP-9, macrophages, TUNEL (terminal deoxyribonucleotide 
transferase-mediated nick-end labeling) staining were significantly correlated with 
5 and AA5 uptake. In addition, culture medium apoptotic THP-1 monocytes con-
firmed MMP-9 release which suggests that apoptosis and MMP are interconnected 
in atherosclerotic lesions.

As MMP expression and apoptosis are both involved in early and in advanced 
atherosclerotic plaques, 5 and [99mTc](HYNIC-annexin V)(tricine)2 were tested to 
characterize more advanced atherosclerotic disease in apoE-/- mice [38]. In the 
youngest group of apoE-/- mice, neither 5 nor [99mTc](HYNIC-annexin V)(tricine)2 
accumulated in the chest or neck and showed minimal lesion. In aortic lesions, at 
20 weeks, retention of [99mTc](HYNIC-annexin V)(tricine)2 was slightly higher than 
5 and at 40 weeks 5 showed significantly higher uptake than annexin V. 20 and 40 
week-old mice showed significantly higher uptake of 5 compared to [99mTc](HYNIC-
annexin V)(tricine)2 in carotid. A substantial correlation was found between %ID/g 
of annexin V with % macrophages and caspase-3 positive cells. %ID/g of 5 showed 
also a significant relationship with % macrophages and with MMP-2 and -9 positive 
cells. No ex vivo correlation was possible due to the low number of animals. To 
conclude: 5 allowed to identify more advanced atherosclerotic lesions than [99mTc]
(HYNIC-annexin V)(tricine)2.

Aneurysm imaging 
Razavian et al. [39] evaluated 3 and 5 in murine carotid aneurysm. Arterial 
aneurysm was obtained by exposing the left common carotid artery of apoE-/- 
mice fed HC chow since 1 week to CaCl2. The right carotid artery was exposed to 
saline and was used as a control. Mice were scanned with 3 2, 4 or 8 weeks after 
surgery. A longitudinal study was performed at 2 and 4 weeks after surgery with 
5. 3 accumulated higher at 4 weeks after surgery [Fig 9] and a significantly higher 
uptake was obtained at each time point studied in the aneurysmal left carotid than 
in the control. Moreover the uptake of 3 was significantly correlated with MMP-2 
and MMP-9 activity evaluated by zymography. Administration of a 50-fold excess of 
non-labelled precursor 15 min before 3 led to a significantly decreased uptake of 3 
in the left carotid which was confirmed by autoradiography. Addition of 1,10-phen-
anthroline reduced substantially ex vivo binding of 3 in carotid aneurysm. Longitu-
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dinal study with 5 resulted in no significant correlation between retention of 5 and 
aneurysm size at 4 weeks; however the accumulation of 5 at 2 weeks substantially 
correlated with aneurysm size at 4 weeks. Although 5 gave a better quality image 
than 3, no quantitative difference between both tracers was observed. 

[111In]DTPA-RP782 3 and [99mTc](HYNIC-RP805)(tricine)(TPPTS) 5 have been 
rather well-characterized in vascular remodeling, atherosclerotic lesions and 
aneurysm. The observed target-to-nontarget ratios were acceptable for preclinical 
imaging. However, 3 and 5 were not tested in any tumor models, nor in models of 
inflammation such as asthma, COPD or rheumatoid arthritis.

Marimastat, 6a; Marimastat-FITC, 6b; Marimastat-ArB[18F]F3, 6c; and control-
ArB[18F]F3 lacking the Marimastat moiety, 6d
Keller et al. [40, 41] tested two modified versions of the drug Marimastat ((2S,3R)-
N-4-[(1S)-2,2-dimethyl-1-[(methylamino)carbonyl]propyl]-N-1,2-dihydroxy-3-(2-
methylpropyl)butanediamide) 6a [Fig 6] in a cancer model. 6a was transformed 
by addition of a linker in the S3’ pocket which was either coupled with fluorescein 
isothiocyanate (FITC) leading to Marimastat-FITC 6b [Fig 6] or with an aryl boronic 
ester for one-step [18F]-aqueous fluoride capture leading to Marimastat-ArB[18F]
F3 6c [Fig 6]. 67NR/CMV-luciferase murine mammary carcinoma xenograft mouse 
model was used for in vivo evaluation. Transcription of MMP-7, -13, -14 and -24 was 
significantly higher in controls than in tumors whereas MMP-2, -15, -23, -25 and 
-27 expression was higher in tumors compared to controls. 6a, 6b and Marimastat-
ArBF3 6c were tested in in vitro fluorogenic assays against MMP-2. They exhibited 

Figure 9: Example of fused microSPECT/CT images of a mouse, 4 weeks after surgery inducing carotid aneurysm, 
after administration of 3 
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all IC50 in the low nanomolar range [Table 3]. Comparable studies of murine tissue 
lysates with 6b indicated higher MMP activity in the tumors than in control mam-
mary gland tissue. 6b was tested in MDA-MB-231 cells transfected with human 
MMP-14 or empty vector followed by staining. Uptake of 6b correlated with MMP-
14 in MDA-MB-231 cells transfected with human MMP-14. The design of the in vivo 
experiment was the following: after 25 days of inoculation, a bioluminescent scan 
was performed which was followed the day after either by a PET scan with 6c or 
control-ArBF3 lacking the Marimastat moiety 6d [Fig 6]. Specificity of 6c was tested 
with injection of 300 nM 6a (>10-fold excess of 6a) 1 h before tracer administra-
tion. Tumors were imaged by luciferase bioluminescence. The uptake of 6c was low 
but detectable in the mammary carcinoma tumors while control-ArB[18F]F3 6d did 
not allow visualizing the tumor. The time activity curve indicated that a plateau 
level of radioactivity is reached in the tumor after 60 min. Blocking prior to tracer 
injection led to a decrease in retention of 6c in the tumor. To conclude, Marimastat 
was successfully radiolabelled with a novel [18F]-radiolabelling procedure in a low 
radiochemical yield. The newly obtained tracer Marimastat-ArB[18F]F3 allowed 
specific visualization of 67NR tumor with a relatively low signal to noise ratio. 

Nonpeptidomimetic sulfonamide hydroxamates
Nonpeptidomimetic MMPIs were designed based on the three-dimensional struc-
ture of the MMP active site. These inhibitors, which bind in a non-covalent mode, 
all contain a sulfonyl group which affords hydrogen bonding with the enzymes. Be-
cause of their structure-based design, these compounds exhibit greater specificity 
than peptidomimetic compounds [13].

Biphenylsulfonamide hydroxamate-based MMP inhibitors

2-(4’-[123I]iodo-biphenyl-4-sulfonylamino)-3-(1H-indol-3-yl)-propionamide, 7
Oltenfreiter et al. [42, 43] synthesized the SPECT-tracer 7 [Fig 10] by electrophilic 
aromatic substitution of the tributylstannyl derivative. In vitro fluorogenic assays 
were performed on the bromo and iodo inhibitors against pro-MMP-2, pro-MMP-9, 
the recombinant catalytic domain of MT1-MMP (cMT1) and MT3-MMP (cMT3). 
The bromo analogue shows nanomolar affinities in vitro against pro-MMP-2, pro-
MMP-9, cMT1 and cMT3 [Table 3]. Inhibition values of the iodo inhibitor against 
pro-MMP-2, pro-MMP-9, cMT1 and cMT3 are also in the nanomolar range [Table 
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3]. This radioiodinated tracer was evaluated in mice bearing A549 lung tumors. 
Tumor %ID/g were 0.72 ± 0.29 3 h p.i. and 0.07 ± 0.04 48 h p.i; the tumors were 
not visualised at both time points. A tumor/blood ratio of 1.20 and a tumor/muscle 
ratio of 3.21 were obtained 48 h p.i. The blood exhibited 66.2% of intact tracer 
whereas the tumor showed 87.8% of intact activity 2 h p.i. However, metabolism 
and strong uptake in liver/intestines suggest that 7 is not a suitable tumor-imaging 
agent.

2-(4’-[123I]iodo-biphenyl-4-sulphonylamino)-3-methyl-butyramide, 8
Oltenfreiter et al. [44, 45] prepared the analogue 8 of the previous SPECT-tracer 
7 [Fig 10] by adding an isopropyl group instead of a 1H-indol group at the alpha 
carbon of the hydroxamic acid. The iodo inhibitor was tested in in vitro fluorogenic 
assays against cMT1, cMT3, pro-MMP-2 and pro-MMP-9 [Table 3]. The iodo inhibi-
tor shows 10-8 to 10-6 M affinities against pro-MMP-2, pro-MMP-9, cMT1 and cMT3. 
This radioiodinated tracer was tested on an A549 adenocarcinoma xenograft 
mouse model. Tumors were slightly visualised in the scan and a low tumor uptake 
was obtained: 0.71 ± 0.08 ID/g 3 h p.i. and 0.17 ± 0.08 ID/g 48 h p.i. At 48 h p.i., a 
tumor/blood ratio of 1.04 and a tumor/muscle ratio of 1.57 were obtained. Two 
thirds of intact tracer and one metabolite were found in the plasma whereas the 
tumor showed approximately 90% of intact tracer 2 h p.i. Additional studies are 
necessary to show the specificity of the binding of 8.

N-Benzene-benzenesulfonamide hydroxamate-based MMP inhibitors

[11C]-(N-hydroxy-(R)-2[[(4’-[11C]methoxyphenyl)sulfonyl]benzylamino]-3-
methylbutanamide) – [11C]CGS 25966, 9
Fei et al. [46] synthesized 9 [Fig 10] by selective methylation of the phenol-hydroxyl 
group with [11C]methyl triflate. Inhibition values against MMP-1, -2, -3, -8, -9 and 
-12 were in the nanomolar range [Table 3].

Zheng et al. [47] evaluated 9 in mice bearing MCF-7 (transfected with IL-1a) or 
MDA-MB-435 tumors (models of human breast cancer metastasis, which express 
MMP activity). At 45 min p.i., the %ID/g, tumor/blood and tumor/muscle ratios 
were respectively 0.42, 1.09 and 0.84 for MCF-7/IL-1a and 1.53, 1.27 and 1.95 for 
MDA-MB-435 tumors. Tumors were not visible in either of the tumor models, which 
suggest that 9 is not a suitable PET tracer for cancer imaging. 
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Figure 10: Structure of nonpeptidomimetic sulfonamide hydroxamate-based MMP inhibitors for PET/SPECT
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Figure 10: Structure of nonpeptidomimetic sulfonamide hydroxamate-based MMP inhibitors for PET/SPECT 
(continued)
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[11C]Methyl-benzyl-CGS 25966, 10
Fei et al. [48] performed [11C]-methylation of CGS 25966 at the aminohydroxyl 
position leading to the lipophilic inhibitor 10 [Fig 10]. As the ZBG of O-methylated 
hydroxamic acid has an identical role as the ZBG of hydroxamic acid, the structural 
modification of CGS 25966 to methylated CGS 25966 10 was supposed not to alter 
its inhibitory property. A fibril degradation assay with fluorogenic substrates spe-
cific for MMP-1 was performed with 10 and CGS 27023A 11 (N-hydroxy-2(R)-[[(4- 
methoxyphenyl)sulfonyl](3-picolyl)-amino]-3-methyl-butanamide) [Fig 10]; [49]. 
11 has a similar structure as CGS 25966 except the N-substituent was replaced by 
a picolyl group. 11 is a potent MMP inhibitor for several MMP subtypes [46]; [Table 
3]. Thus, the fibril degradation assay demonstrated that the modified compound 10 
showed strong inhibitory effectiveness against MMP-1, compared to 11. 

[18F]Fluoroethoxy-CGS 25966 – [18F]BR351, 12a
A fluorinated MMP inhibitor 12a (called [18F]BR351) [Fig 10] based on the broad-
spectrum inhibitor CGS 25966 was prepared by Wagner et al. [50, 51]. A fluorogenic 
inhibition assay on the reference compound was performed. Measured inhibition 
constants are in the nanomolar range for MMP-2, -8, -9 and -13 [Table 3]. [18F]
Fluoroethoxy-CGS 25966 12a was tested in wild-type (WT) mice. Ex vivo analysis 
showed no tissue specific accumulation of 12a. Blocking with unlabelled 12a (10 
min previous tracer injection) did not exhibit a significant effect on the biodistribu-
tion and clearance, thus no specific binding of 12a to MMPs was observed in any 
tissues. Studies in cancer, inflammation, or atherosclerosis models have not yet 
been performed. 

Toxicological tests [52] of the reference compound 12a in rats were performed 
and no toxicity was observed when 12a was administered at the mg/kg-range to 
rats. 

Picolyl-benzenesulfonamide hydroxamate-based MMP inhibitors

[11C]Methyl-CGS 27023A, 13a; [11C]methyl-2-picolyl-CGS 27023A, 13b; [11C]
methyl-2-nitro-CGS 27023A, 13c; [11C]methyl-3-nitro-CGS 27023A, 13d; and 
[11C]methyl-4-nitro-CGS 27023A, 13e 
Fei et al. [48] prepared five analogues of CGS 27023A 11: [11C]methyl-CGS 27023A 
13a, [11C]methyl-2-picolyl-CGS 27023A 13b, [11C]methyl-2-nitro-CGS 27023A 13c, 
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[11C]methyl-3-nitro-CGS 27023A 13d and [11C]methyl-4-nitro-CGS 27023A 13e 
[Fig 10]. Those five inhibitors were also tested in a fibril degradation assay against 
active MMP-1. It demonstrated a substantial inhibitory effectiveness of these in-
hibitors similar to 11, although the nitro-inhibitors displayed a slightly reduced 
inhibitory potency.

[11C]Me-2-F-CGS 27023A, 14a; [11C]Me-4-F-CGS 27023A, 14b; [11C]Me-2-Cl-CGS 
27023A, 14c; [11C]Me-3-Cl-CGS 27023A, 14d; [11C]Me-4-Cl-CGS 27023A, 14e; 
[11C]Me-2-Br-CGS 27023A, 14f; [11C]Me-3-Br-CGS 27023A, 14g; [11C]Me-4-Br-
CGS 27023A, 14h; and [11C]Me-4-I-CGS 27023A, 14i 
Zheng et al. [53] synthesized a library of [11C]methyl-halo-CGS 27023A analogues: 
[11C]Me-2-F-CGS 27023A 14a, [11C]Me-4-F-CGS 27023A 14b, [11C]Me-2-Cl-CGS 
27023A 14c, [11C]Me-3-Cl-CGS 27023A 14d, [11C]Me-4-Cl-CGS 27023A 14e, [11C]
Me-2-Br-CGS 27023A 14f, [11C]Me-3-Br-CGS 27023A 14g, [11C]Me-4-Br-CGS 
27023A 14h and [11C]Me-4-I-CGS 27023A 14i [Fig 10]. A fibril degradation assay 
with fluorogenic substrates specific to MMP-1 was performed with the reference 
compounds of these inhibitors 14a-i and 9.  This library of inhibitors showed 
significant inhibitory effectiveness against MMP-1, similar to the parent compound 
CGS 27023A. No in vivo evaluation was performed.

I-HO-CGS 27023A, 15a; [123I]I-HO-CGS 27023A, 15b; [125I]I-HO-CGS 27023A, 
15c; I-CGS 27023A, 15d; [123I]I-CGS 27023A, 15e; and [125I]I-CGS 27023A, 15f
Kopka et al. [54] modified and radiolabelled CGS 27023A resulting in six iodo de-
rivatives of 12: I-HO-CGS 27023A 15a, [123I]I-HO-CGS 27023A 15b, [125I]I-HO-CGS 
27023A 15c,  I-CGS 27023A 15d, [123I]I-CGS 27023A 15e and [125I]I-CGS 27023A  
15f [Fig 10]. In vitro studies indicated that 15d has similar inhibitory potency as its 
parent compound 12, on the other hand, 15a showed decreased inhibitory effec-
tiveness compared to 12 [Table 3], which is probably due to the strain of the polar 
hydroxyl group for entry into the hydrophobic S1’ pocket supplemented by the 
steric hindrance of the bulky ortho iodine. An in vivo biodistribution study using 
15c in wild-type mice showed rapid blood and plasma clearance and low retention 
in normal tissues.

Schäfers et al. [55] evaluated 15e four weeks after left carotid ligation and 
cholesterol-rich diet in apoE-/- mice, WT mice and sham-operated controls. 
[123I]I-HO-CGS 27023A accumulated progressively in the left carotid lesion of 
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apoE-/- mice whereas neither carotid-ligated wild-type mice nor sham-operated 
apoE-/- mice exhibited any specific retention of 15e in the region of interest. 
ApoE-/- mice with surgery have approximately 1.5 fold increase of 15e in the left 
carotid ligation compared to apoE-/- mice injected with 1.2 µmol of CGS 27023A 
2 h before the scan. As vascular (carotid lesion) and paravascular accumulation of 
the radioligand cannot be distinguished by planar scintigraphy, ex vivo analysis was 
performed to confirm the specificity of the binding. A 2.72-fold higher uptake in the 
left-carotid artery compared to the right-carotid artery was achieved. Moreover, 
after administration of 1.2 µmol of CGS 27023A, the uptake in left carotid artery 
was significantly reduced compared to the untreated left carotid artery (approxi-
mately 10 times) and no difference in the right-carotid artery between unblocked 
and blocked apoE-/-mice was observed. Finally, microautoradiography with [125I]
I-HO-CGS 27023A 15e was performed in order to prove that binding of 15e coin-
cided with lesions that were rich in MMP activity. The autoradiographic signal in 
the carotid lesion matched with areas that were high in MMP-9 activity, confirmed 
by immunostaining. 15e allowed detecting specifically MMP activity in vivo in the 
MMP-rich vascular lesions developed after carotid artery ligation and cholesterol-
rich diet in apolipoprotein E–deficient mice.

[18F]Fluoroethoxy-CGS 27023A, 16 
Breyholz et al. [51, 56] performed fluoroalkylation of the phenolic hydroxyl group 
of CGS 27023A in order to produce [18F]fluoroethoxy-CGS 27023A 16 [Fig 10]. Fluo-
rogenic in vitro assays showed nanomolar affinities of fluoroethoxy-CGS 27023A 
against MMP-2, -8, -9 and -13 [Table 3]. [18F]Fluoroethoxy-CGS 27023A 16 was only 
tested in WT mice and showed no tissue specific accumulation.

[18F]CGS 27023A, 17
Wagner et al. [50, 57] synthesized 17 [Fig 10], a fluorinated analogue of CGS 27023A, 
by nucleophilic aromatic substitution of the corresponding bromide-precursor in 
one-step. 17 exhibited inhibitory potency in the low nanomolar range for MMP-2, 
-8, -9 and -13 [Table 3]. Only a preliminary in vivo study in wild-type mice was 
performed, which indicated low background in the healthy state. 
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N-(Benzene-triazole)-benzenesulfonamide hydroxamate-based MMP 
inhibitors and N-triazole-benzenesulfonamide hydroxamate-based MMP 
inhibitors

(R)-2-(N-((1-(2-[18F]Fluoroethyl)-1H-1,2,3-triazol-4-yl)methyl)-4-
methoxyphenylsulfonamido)-N-hydroxy-3-methylbutanamide, 18
Hugenberg et al. [58] synthesized eight fluorinated triazole-substituted 
hydroxamate MMPIs and radiolabelled one of them 18 [Fig 10]. A fluorogenic in-
hibition assay of 18 against MMP-2, -8, -9 and -13 resulted in picomolar affinities 
[Table 3]. The hydrophilic triazole nitrogen atoms could potentially give additional 
interactions with the Zn2+ ion or other functional groups of the enzyme backbone. 
18 exhibited excellent stability in human and mouse serum up to 120 min. 18 was 
tested in C57/Bl6 mice and did not exhibit any tracer specific accumulation. This 
MMPI was cleared rapidly and efficiently from the body through hepatic and renal 
elimination. 18 was not tested in any animal model of pathologies.

2.2.2 Carboxylate-based MMP inhibitors
Considering the importance of a ZBG for MMP inhibitors, compounds with other 
ZBGs have attracted large interest. The second most popular ZBG is the carboxylic 
acid moiety which interacts by mono-complexation with the zinc active site. It has 
been established that hydroxamate binding has a 3.5 kcal/mol advantage over car-
boxylate. The lower affinity is however counterbalanced by a superior metabolic 
stability [17].

Biphenylsulfonamide carboxylate-based MMP inhibitors

[11C]-((S)-2-(4’-[11C]Methoxybiphenyl-4-sulfonylamino)-3-methylbutyric acid) 
– [11C]MSMA, 19
Zheng et al. [47] prepared [11C]MSMA 19 [Fig 11] in a two-step procedure by  [11C]-
O-methylation of the benzyl ether precursor followed by a quick hydrolysis of the 
tert-butyl ester. MSMA showed nanomolar affinities for MMP-2, -3 and -13 and 
micromolar affinities for MMP-1, -7 and -9 [Table 3]. [11C]MSMA was tested in mice 
bearing breast cancer MCF-7 (transfected with IL-1a) or MDA-MB-435 tumors. At 
45 min p.i., the %ID/g, tumor/blood and tumor/muscle ratios were 0.95, 0.99 and 
1.21 for MCF-7/IL-1a xenograft and 0.98, 1.27 and 1.38 for MDA-MB-435 xenograft. 
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None of the tumors were visible in a microPET scan, which suggests that 19 is not 
a suitable PET tracer for cancer imaging.

(S)-3-Methyl-2-(2’,3’,4’-methoxybiphenyl-4-sulfonylamino)butyric acid 
[11C]methyl ester, 20a, 20b, 20c; (S)-3-methyl-2-(2’,3’,4’-fluorobiphenyl-4-
sulfonylamino)butyric acid [11C]methyl ester, 20d, 20e, 20f; and (S)-3-methyl-
2-(4’-nitrobiphenyl-4-sulfonylamino)butyric acid [11C]methyl ester, 20 g 
Fei et al. [59] synthesized a series of seven MMP inhibitors by [11C]methylation of 
the corresponding carboxylate precursors: (S)-3-methyl-2-(2’-methoxybiphenyl-
4-sulfonylamino)butyric acid [11C]methyl ester, 20a, (S)-3-methyl-2-(3’-methoxy-
biphenyl-4-sulfonylamino)butyric acid [11C]methyl ester, 20b, (S)-3-methyl-
2-(4’-methoxybiphenyl-4-sulfonylamino)butyric acid [11C]methyl ester, 20c, 
(S)-3-methyl-2-(2’-fluorobiphenyl-4-sulfonylamino)butyric acid [11C]methyl ester, 
20d, (S)-3-methyl-2-(3’-fluorobiphenyl-4-sulfonylamino)butyric acid [11C]methyl 
ester, 20e, (S)-3-methyl-2-(4’-fluorobiphenyl-4-sulfonylamino)butyric acid [11C]
methyl ester, 20f, and (S)-3-methyl-2-(4’-nitrobiphenyl-4-sulfonylamino)butyric 
acid [11C]methyl ester 20g [Fig 11]. The corresponding carboxylic acids of 20c, 
20f and 20g are 21a, 21b and 21c [Fig 11]. The reference compounds of 20a-g 
and 21a-c were tested in a fibril degradation assay with fluorogenic substrates 
specific for active MMP-13. This library of inhibitors showed significant inhibi-
tory effectiveness against MMP-13. Fei et al. preferred to make the [11C]-labelled 
methyl ester prodrug (neutral) rather than the [11C]-labelled acid drug (positively 
charged at physiological pH) because of the easier synthesis of the methyl ester 
prodrug compared to the parent carboxylic acid drug. Furthermore, the methyl 
ester is equivalent to carboxylic acid in binding zinc in SAR study [11]. None of the 
compounds 20a-g was tested in vivo. 

(2R)-3-Methyl-2-[[4-[(4-[11C]methoxybenzoyl)amino]benzenesulfonyl]amino] 
butanoic acid, 22
Kuhnast et al. [60] prepared (2R)-3-methyl-2-[[4-[(4-[11C]methoxybenzoyl)amino]
benzene sulfonyl]amino] butanoic acid 22 [Fig 11] by methylation of the phenol 
precursor. An in vitro gelatin degradation assay on the reference compound was 
performed and sub-micromolar IC50 values were obtained [Table 3]. Biodistribution 
and in vivo serum stability tests in normal mice were carried out. 22 showed rapid 
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excretion within the first 30 min after injection. In addition, 2 exhibited stability 
towards degradation up to 30 min p.i. 

2-(4’-[123I]Iodo-biphenyl-4-sulfonylamino)-3-(1H-indol-3-yl)-propionic acid, 23
Oltenfreiter et al. [42, 43] prepared the highly lipophilic tracer 2-(4’-[123I]iodo-
biphenyl-4-sulfonylamino)-3-(1H-indol-3-yl)-propionic acid 23 [Fig 11]. The cor-
responding bromo and iodo inhibitors were tested in in vitro fluorogenic assays 
against recombinant pro-MMP-2, pro-MMP-9, cMT1 and cMT3. They exhibited 
affinities in the 10-9 to 10-7 M range for the bromo-inhibitor and the iodo-inhibitor 
[Table 3]. 23 was evaluated in mice bearing A549 lung tumors. Tumor ID/g were 
0.27 ± 0.10 at 3 h p.i. and 0.04 ± 0.05 at 48 h p.i. but the tumors were not visualised 
at both time points. A tumor/blood ratio of 3.09 and a tumor/muscle ratio of 0.80 
were obtained 48 h p.i. 5% of intact tracer was found in the blood while the tumor 
exhibited 75.9% of intact activity at 2 h p.i. The rather negative outcome of this 
study (low tumor uptake, high metabolism, high uptake in liver/intestines) sug-
gests that 23 is not a suitable tumor-imaging agent. 

2-(4’-[123I]Iodo-biphenyl-4-sulphonylamino)-3-methyl-butyric acid, 24
Oltenfreiter et al. [44, 45] synthesized the SPECT-tracer 2-(4’-[123I]iodo-biphenyl-
4-sulphonylamino)-3-methyl-butyric acid 24 [Fig 11]. The reference compound 
showed 10-8 to 10-7 M affinities against pro-MMP-2, pro-MMP-9, cMT1 and cMT3 
[Table 3]. 24 was tested in a A549 xenograft mouse model. A low tumor uptake was 
found, tumors were faintly visualised in the scan. Tumor uptake was 2.00 ± 0.40 
ID/g at 3 h p.i. and 0.75 ± 0.44 ID/g at 48 h p.i. A tumor/blood ratio of 0.52 and a 
tumor/muscle ratio of 4.63 were obtained at 48 h p.i. Metabolite analysis showed 
hardly any degradation of 24 at 2 h p.i. Image quality was improved by decreasing 
the specific activity of 24 leading to a lower liver uptake due to saturable binding 
in the liver. Further analysis is required to prove the specificity of the binding of 24. 

Phenylsulfonamide carboxylate-based MMP inhibitors with a linear side chain

(2R)-2-[4-(6-[18F]Fluorohex-1-ynyl)benzene-sulfonylamino]-3-methylbutyric 
acid –  [18F]SAV03, 25a
Furumoto et al. [61] prepared 25a (called [18F]SAV03) [Fig 11] in a one-pot syn-
thesis by radiofluorination of the tosyl precursor followed by hydrolysis of the 
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Figure 11: Structure of carboxylate-based MMP inhibitors for PET/SPECT
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Figure 12: Binding pose of the barbiturate ZBG into the active site of MMPs 

	  

	  

 

Figure 10: Structure of nonpeptidomimetic sulfonamide hydroxamate-based MMP inhibitors for 

PET/SPECT 

	  

Chapter 2 - Figure 11 

 

 R X 

19 H O11CH3 

20a 11CH3 2-OMe 

20b 11CH3 3-OMe 

20c 11CH3 4-OMe 

20d 11CH3 2-F 

20e 11CH3 3-F 

20f 11CH3 4-F 

20g 11CH3 4-NO2 

21a H 4-OMe 

21b H 4-F 

21c H 4-NO2 

 

 

 
 

 

 

Figure 11: Structure of carboxylate-based MMP inhibitors for PET/SPECT (continued)
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methyl ester. The reference compound showed micromolar affinity against MMP-2 
[Table 3]. A biodistribution study of 25a using Ehrlich tumor bearing mice showed 
that uptake in tumor was higher than in other organs, except for the liver, small 
intestine and bone with %ID/g of 0.52 ± 0.16 at 30 min and 0.22 ± 0.07 at 120 min.  
Tumor/muscle and tumor/blood ratios were 2.31 ± 1.09 and 8.42 ± 3.31 at 120 min 
respectively.

(2R)-2-[4-(6-[18F]Fluorohex-1-ynyl)benzene-sulfonylamino]-3-methylbutyric 
acid methyl ester –  [18F]SAV03M, 25b
Furumoto et al. [61] prepared also the methyl ester of 25a, 25b [Fig 11] (called [18F]
SAV03M),  in the same way as 25a without the deprotection step. A comparative in 
vivo study by using 25b as a prodrug was performed. The uptake in the liver at 30 
min p.i. decreased by half and that in tumor increased by 2.4 times compared with 
25a. The tumor/muscle ratio was also much higher 13.9 ± 4.9, 120 min p.i. Radio-
thin-layer chromatographic analysis of 25b metabolites indicated that 25b was 
easily converted to the parent drug 25a in vivo and accumulated in tumor tissue. 
Specificity studies, such as pre-blocking mice or coinjection of unlabelled precur-
sor, should be performed in order to check if 25b is suitable for tumor imaging with 
PET.  

(2R)-2-[[4-(6-[18F]Fluorohex-1-ynyl)phenyl]sulfonylamino]-3-(1H-indol-
3yl)propionic acid, 25c; and (2R)-2-[[4-(6-[18F]fluorohex-1-ynyl)phenyl]
sulfonylamino]-3-methylbutyric acid, 25d
Furumoto et al. [62] prepared two [18F]-labeled MMP inhibitors 25c and 25d [Fig 
11] by variation of the substituents in α of the carboxylic acid. No in vitro or in vivo 
studies were performed. 

(2R)-2-[[4-(6-fluorohex-1-ynyl)phenyl]sulfonylamino]-3-methylbutyric acid 
[11C]methyl ester –  [11C]FMAME, 26
Zheng et al. [63] prepared the methyl ester prodrug 26 [Fig 11]. The reference 
compound was also prepared. The parent drug FMA exhibited an IC50 of 1.9 µM for 
MMP-2.  This [11C]methyl ester prodrug was tested in mice bearing MCF-7/IL-1a 
or MDA-MB-435 tumors. Biodistribution at 30 min p.i. revealed a %ID/g, tumor/
muscle and tumor/blood ratio of 1.13, 1.05 ± 0.29 and 0.77 ± 0.20 for MCF-7/IL-1a 
tumors and 1.37, 0.99 ± 0.35 and 1.44 ± 0.69 for MDA-MB-435 tumors. Pretreat-
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ment with 2.5 mg/kg of FMA 30 min before 26 administration did not lead to 
significant reduction of %ID/g, tumor/muscle and tumor/blood ratios for MCF-7/
IL-1a and MDA-MB-435 tumors. The tumors were visualized in the PET scan but 
tracer binding was non-specific suggesting that 26 is a not a suitable PET-tracer for 
tumor imaging. 

2.2.3 Barbiturate-based MMP inhibitors
Besides hydroxamates and carboxylates, another ZBG was tested for molecular 
imaging of metalloproteinase expression: pyrimidine-2,4,6-trione also named bar-
biturate. This novel ZBG [Fig 12]; [64] required a cyclic urea which coordinates the 
zinc monodentately via its carbonyl. One of the N-H groups from the urea is neces-
sary for hydrogen bonding with Gly amide carbonyl and the other N-H required 
a low pKa for hydrogen bonding to glutamate base. In addition, a linker which 
conformationally makes a U-turn between the ZBG and the P1’ pocket is necessary. 
The linker must have an H-bond acceptor for interaction with Gly and Leu amide 
N-H. Finally, the P1’ substituent should match the S1’ pocket. 

5-[4-(2-Hydroxy-ethyl)-piperazin-1-yl]-5-[4-(4-[125I]iodo-phenoxy)-phenyl]-
pyrimidine-2,4,6-trione, 27
Breyholz et al. [65] prepared a series of C-5-disubstituted barbiturate MMP in-
hibitors from which they only labelled one inhibitor with [125I]NaI from the bromo-
precursor to obtain 27 [Fig 13]. MMP-2 and MMP-9 fluorogenic assays on the 
nonradioactive reference compound were performed and low nanomolar values 
were obtained [Table 3]. No in vivo studies have been performed. 

5-[4-(2-[18F]Fluoroethyl)piperazin-1-yl]-5-(4-phenoxyphenyl)pyrimidine-
2,4,6-trione, 28
Breyholz et al. [66] radiosynthesized a [18F]fluoroethyl radioligand 28 [Fig 13] in 
a two-step procedure. 28 has only been tested in wild-type mice and preliminary 
biodistribution studies showed no tissue specific accumulation with a predomi-
nantly renal excretion.
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5-(4-{2-[2-(2-{2-[1-(2-[18F]Fluoroethyl)-1H-1,2,3-triazol-4-ylmethoxy]-
ethoxy}-ethoxy)-ethoxy]-ethyl}-piperazin-1-yl)-5-(4-phenoxyphenyl)-
pyrimidine-2,4,6-trione, 29
Schrigten et al. [67] prepared a library of barbituric acid-based MMP inhibitors of 
the second generation (less lipophilic). 29 [Fig 13] was radiolabelled in a two-step 
procedure by fluorination of the tosyl-ethylazide followed by copper(I) catalyzed 
1,3-dipolar cycloaddition. Fluorogenic inhibition assay of 29 against MMP-2, -8, -9 
and -13 resulted in nanomolar affinities [Table 3]. In vitro stability of this tracer 
in human serum for up to 120 min at 37 °C was excellent. In vivo evaluation in WT 
mice demonstrated no tissue specific retention of 29 with a more rapid clearance 
behaviour of 29 compared to 28.

[68Ga]-2,2’,2’’-(10-(2-((2-(4-Fluoro-1-(2-(2-(2-(2-(4-(2,4,6-trioxo-5-(4-
phenoxyphenyl)hexahydropyrimidin-5-yl)piperazin-1-yl)ethoxy)ethoxy)
ethoxy)ethyl)-4,5,6,7,8,9-hexahydro-1H-cycloocta[d][1,2,3]triazole-4-
carboxamido)ethyl)amino)-2-oxoethyl)-1,4,7,10-tetraazacyclododecane-
1,4,7-triyl)triacetate, 30
Claesener et al. [68] prepared the PET-tracer 30 [Fig 13] by copper-free cycloaddi-
tion of an azido moiety linked to the inhibitor backbone and a cyclooctyne-DOTA 
derivative. 30 was radiolabelled with 68Ga and was radiosynthesized in two man-
ners, either by a pre-labelling approach or a post-labelling one. The azido-precursor 
showed nanomolar affinities for the gelatinases: 24 nM for MMP-2 and 68 nM for 
MMP-9. No in vitro or in vivo studies were performed on 30.

2.3 MMP peptides 
Peptides [69] were also developed as probes for non-invasive detection of MMP 
expression. Koivunen et al. prepared a specific gelatinase inhibitor from phage 
display peptide library: CTTHWGFTLC (Cys-Thr-Thr-His-Trp-Gly-Phe-Thr-Leu-Cys) 
31 (abbreviated CTT). This cyclic decapeptide, which contains the motif HWGF, in-
hibited only gelatinases (IC50 (MMP-2) = 10 µM, IC50 (MMP-9) < 10 µM) whereas no 
inhibition was obtained for MMP-8, -13 and -14. Even if the inhibitory mechanism 
of this peptide is still unclear, the tryptophan residue fits probably the S1’ pocket 
whereas the histidine residue could act as a ligand for the catalytic zinc ion.  The 
cyclic conformation is essential for the activity of the peptide. CTTHWGFTLC was 
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found to inhibit the migration of human endothelial cells and tumor cells.  It also 
showed potent antitumor activity.

[125I]yCTTHWGFTLC, 32
Kuhnast et al. [70] modified the N-terminal of 31 with a D-tyrosine and labeled 
the resulting peptide with [125I]NaI in order to obtain [125I]yCTTHWGFTLC 32.
yCTTHWGFTLC inhibited MMP-2 in the range of 5 to 10 µM and the IC50 of MMP-
9 was more than 10-fold lower [Table 3]. Derivatisation of CTT did not affect its 
inhibitory properties towards gelatinases. After 60 min of incubation with the 
purified activated enzymes MMP-2 and MMP-9, the entire radioactivity was 
recovered as the intact tracer. 32 was tested in Lewis Lung cancer tumor bear-
ing mice. Excretion organs (liver, kidneys and intestines) show high uptake and a 
moderate accumulation of 32 was obtained in the tumor.  The tumor/muscle ratio 
was 2.56 at 2 h after injection. Metabolite analysis of the serum collected 10 min 
after injection indicated 75% of intact tracer with two metabolites, one of which 
is 3-[125I]iodo-D-tyrosine. Co-injection of 12 mg/kg of unlabelled peptide with 32 
led to a significant decrease (37%) in tumor uptake, however treatment with yCT-
THWGFTLC did not substantially affect the concentration of 32 in the blood. The 
poor metabolic stability and the small amount of specific binding of 32 make it 
unsuitable for targeting of gelatinases in vivo. 

[64Cu]DOTA-CTT, 33; and [64Cu]DOTA-STT, 34
Sprague et al. [71] prepared a PET tracer from 31 by conjugation with the bifunc-
tional chelator DOTA (1,4,7,10-tetraazacyclotetradecane-N,N’,N’’,N’’’-tetraacetic 
acid) for radiolabelling with 64Cu leading to 33. The linearly scrambled peptide 
STTGHFWTLS (Ser-Thr-Thr-Gly-His-Phe-Trp-Thr-Leu-Ser) (abbreviated STT), which 
was used as a negative control, was also radiolabelled to give [64Cu]DOTA-STT 34. 
33 and 34 were tested for in vitro stability with rat serum. After 1 h of incubation, 
both tracers did not show any degradation. From 1 to 6 h, more than 95% of the 
recovered radioactivity corresponded to 33. Nevertheless, after 24 h of incuba-
tion, the stability of 33 decreased substantially with 41.7 ± 8.1% of intact tracer. 
Fluorogenic substrate assays of CTT, Cu(II)-DOTA-CTT, STT and Cu(II)-DOTA-STT 
were performed against human MMP-2 (hMMP-2), mouse MMP-9 (mMMP-9) and 
human MMP-9 (hMMP-9). Cu(II)-DOTA-CTT exhibited low micromolar affinities 
[Table 3]. The conjugation of CTT to Cu(II)-DOTA did not substantially modify 
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the affinity of the ligand towards the gelatinases. STT showed EC50 of >1000 µM, 
104 µM and not determined (ND) and Cu(II)-DOTA-STT: >1000 µM, 20.4 µM 
and ND, respectively. STT has an affinity 10-fold lower than CTT for mMMP-9 
however Cu(II)-DOTA-STT and Cu(II)-DOTA-CTT inhibited mMMP-9 in the same 
range. Neither STT nor Cu(II)-DOTA-STT inhibited hMMP-2. 33 and 34 were tested 
in B16F10 tumor-bearing mice. Ex vivo analysis demonstrated a 2.7-fold higher 
uptake in the tumor for 33 than 34 (2.44 ± 0.26 vs 0.91 ± 0.10). However, [64Cu]
DOTA-CTT showed higher accumulation in every organ than [64Cu]DOTA-STT. The 
tumor/blood ratio of 33 and 34 was not significantly different (2.12 ± 0.70 vs 1.82 
± 0.68). MicroPET images also exhibited a two-fold higher uptake of 33 over 34. 
Zymography indicated MMP-2 and MMP-9 expression in B16F10 tumor extracts 
and to a lower extent in blood. 33 and 34 were evaluated in a second tumor model: 
MDA-MB-435 tumor-bearing mice. Zymography demonstrated that the expression 
of both gelatinases was not consistent among the evaluated tumors and only one 
out of 24 scanned mice exhibited retention of 33 in MDA-MB-435 tumor, which was 
confirmed by zymography. Micromolar affinities towards the gelatinases and poor 
in vivo stability indicated that [64Cu]DOTA-CTT is not a suitable radioligand for in 
vivo tumor imaging. 

[111In]DTPA-CTT, 35
Hanaoka et al. [72] attached the highly hydrophilic and negatively charged [111In]
DTPA to 31 in order to obtain [111In]DTPA-CTT 35. 35 exhibited lower IC50 than the 
mother compound CTT [Table 3]. After 3 h of incubation at 370C in murine serum, 
approximately 85% of the radioactivity represented intact tracer. 35 was tested in 
two xenograft mouse models: MDA-MB-231 and MDA-MB-435S. The % ID/g in the 
tumor 3 h p.i. was higher in MDA-MB-231 xenograft than MDA-MB-435S xenograft. 
However, the gelatinase activity was significantly stronger in MDA-MB-231 tumor 
than MDA-MB-435S tumor. The % ID/g in the tumor and the tumor-to-blood ratio 
demonstrated a substantial correlation with the amount of gelatinases, 0.735 and 
0.801 respectively. 
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[68Ga]DOTA-PEG(3)-GCGRGSRLCAG, 36; [68Ga](2-N-DOTA)-NH2-δ-D-Orn-(11-
amino-3,6,9-trioxaundecanoyl)-ALRSGRGQ, 37; and [68Ga]DOTA-PEG(3)-
GAALRSGRGAG, 38
Ujula et al. [73] evaluated a MMP-9 targeting peptide obtained from a phage dis-
play (by biopanning of tumor cells) and two modified versions in a C8161T/M1 
melanoma xenograft rat model. All three peptides were conjugated with DOTA and 
radiolabelled with 68Ga to lead to 36, 37 and 38. All three PET peptides were stable 
in saline up to 4 h. 37 did not show any degradation after 4 h of incubation in human 
plasma; however 36 and 38 exhibited lower stability, with a respective half-life of 
about 2.5 h and 1 h. The plasma protein of 36 was analyzed in vitro and resulted 
in about 35 ± 1% of the tracer complexed with plasma proteins. The stability of 
the peptides at 15 min and at 120 min p.i. was evaluated in vivo in a rat melanoma 
xenograft model in plasma, tumor and urine. It was shown that 37 exhibited the 
greatest stability in vivo, followed by 36, in contrast to 38 which showed a fast 
degradation in vivo. 36 and 37 allowed visualizing clearly the tumor in the PET scan. 
37 exhibited slower uptake in the tumor than 36, however a longer retention in the 
tumor was observed due to the higher stability of the peptide. 38 showed an overall 
background signal. The tumor/muscle ratios after 120 min of administration of 36, 
37 and 38 were respectively 5.5 ± 1.3, 3.2 ± 0.2 and 3.2 ± 0.6. 36 demonstrated a 
tumor/blood ratio of 1.2 ± 0.3 120 min p.i. Ex vivo biodistribution was performed 
on rats, after tumor growth from two to four weeks, administered with 36. The 
highest SUV and tumor/muscle ratios were obtained three weeks after inocula-
tion. Attempts to correlate MMP-9 levels by zymography with ex vivo data led to a 
weak correlation coefficient of 0.33. The parental compound 36 gave the highest 
retention in tumor. Even if the accumulation of 36 was low, additional studies have 
to be performed to prove its specificity. Modification of the peptide by a lactam 
bridge instead of a cystine bridge resulted in higher stability and should be further 
evaluated.

CRSGPLGVYKK-TMR, 39; PEG-CRSGPLGVYKK-TMR, 40; and PEG[18F]-
CRSGPLGVYKK-TMR, 41
Cheng et al. [74] prepared three probes from the hydrophilic peptide Cys-Arg-
Ser-Gly-Pro-Leu-Gly-Val-Thr-Lys-Lys (abbreviated CRSGPLGVYKK) to which was 
attached the hydrophobic fluorescent dye tetramethylrhodamine (TMR) leading 
to 39, 40 and 41. 39 was cleaved by purified MMP-2 or medium from HT1080 
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cells (MMP>0) to release TMR but not from MCF-7 cells (control). The cleavage 
of 39 was blocked by 10 µM 1,10-phenanthroline which demonstrated that 39 
was selectively hydrolyzed by MMP-2 and MMP-expressing cells. 40 was evaluated 
in vitro with HT1080 cells or MCF-7 cells cultured 48 h in serum-free medium. 
HT1080 cells exhibited strong fluorescence contrary to MCF-7 cells. Addition of 
MMP-2 to MCF-7 cells led to a retention of fluorescence at the MCF-7 cells. Treat-
ment of HT1080 cells with 10 µM 1,10-phenanthroline resulted in a substantial 
10-fold lower fluorescent signal. Both TIMP-1 (soluble endogenous MMP inhibitor) 
and TIMP-2 (membrane-anchored and soluble MMP inhibitor) reduced the TMR 
fluorescence in HT1080 cells. 40 was tested in mice bearing HT1080 and MCF-7 
tumors. Retention of 40 was observed in HT1080 tumors, with the highest uptake 
60 min p.i., but not in MCF-7 tumors. Moreover, the fluorescent signal of HT1080 
tumor slices was correlated with the fluorescent staining of MMP-2. 41 was tested 
in vitro and accumulated significantly higher in HT1080 cells than in MCF-7 cells. 
Furthermore, addition of 10 µM 1,10-phenanthroline decreased substantially 
the retention of 41 in HT1080 cells. In vivo evaluation in mice bearing HT1080 
and MCF-7 tumors showed a retention of 41 in HT1080 tumors, with the highest 
intensity 60 min p.i., contrary to MCF-7 tumors. Treatment with 20 mg/kg/day of 
1,10-phenanthroline three days before the microPET scan resulted in 1.3-, 3.6- and 
3.3-fold higher uptake of HT1080 tumors than MCF-7 tumors at 15, 60 and 120 min. 
Ex vivo biodistribution data were in accordance with in vivo experiments. Thus, 41 
allowed visualizing specifically MMP-expressing tumors in vivo.

[64Cu]BBQ650-PLGVR-K(Cy5.5)-E-K(DOTA)-OH, 42
Huang et al. [75] developed an activatable dual modality (PET/fluorescent) imaging 
agent 42  which consists of three parts: first of all, a MMP cleavable peptide sequence 
PLGVR, which is specially cleaved by MMP-7, -9, -12 and -13. Besides, 42 includes 
a pair of dye/quencher, with NIR Cy5.5 as a dye and BBQ650 as a fluorescence 
quencher group, which is nonfluorescent. Finally, the peptide was conjugated with 
DOTA for radiolabelling with 64Cu. 42 exhibited quite high stability in PBS and 
mouse serum at 370C for up to 24 h. BBQ650-PLGVR-K(Cy5.5)-E-K(DOTA)-OH was 
evaluated for its cleavage specificity by MMP-13 enzyme in vitro. The fluorescent 
intensity of this probe was time dependent, the signal has an 8.2-fold increase from 
0 to 120 min, which was blocked in the presence of a broad-spectrum MMP inhibi-
tor (MMP inhibitor III). This fluorescent probe was tested in mice bearing U87MG 
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human glioma xenograft tumors. The U87MG tumor was clearly visualized with 
high tumor-to-background contrast. Besides, the fluorescence intensity increased 
during the scanning period. Pre-injection with the MMP inhibitor III led to a lower 
intensity at the tumor site at each time point, which suggests specific uptake of 
this fluorescent probe. Due to the limited spatial resolution of NIRF, the quantita-
tive technique PET was used in order to correct the enzyme activity obtained from 
optical imaging. In one mouse was injected the same amount of MMP-13 enzyme 
at four different sites. At sites 1 and 3 were injected 15 µCi of 42 whereas at sites 
2 and 4 were administered 2.5 µCi of 42. Co-injection of the MMP inhibitor III was 
performed at site 3 and 4. By considering the optical signal, the blocking effects 
were 38.3% for site 1 vs site 3 and 10.7% for site 2 vs site 4. By normalization of 
the fluorescence signal per unit of radioactivity, the real fluorescent signal at each 
inhibition site was calculated. The inhibition percentages at site 3 and site 4 were 
79.6% and 79.7%, respectively. The blocking effect was more accurately quantified 
after the coregistration of PET/fluorescence signals. To conclude, 42 allowed spe-
cific visualization of U87MG tumors in vivo. Moreover, the quantitative PET signal 
allowed correction of the enzyme activity determined from optical imaging.

Perspectives and Conclusion

In vivo models for the evaluation of the MMP-targeting probes
The regional distribution of radiolabelled MMPIs has been rather well-characterized 
in vascular imaging, particularly atherosclerotic lesions and aneurysm. [111In]DTPA-
RP782 3, [99mTc](HYNIC-RP805)(tricine)(TPPTS) 5, and [123I]I-HO-CGS 27023A 15e 
exhibited specific binding in the aforementioned diseases. So far, most preclinical 
evaluation of radiolabelled MMPIs occurred only at the preliminary stage. The 
signal to noise ratios of most probes were rather low and comparisons of probe 
binding with ex vivo characterization of target expression (IHC or zymography) 
were rarely performed. Some work has been done in tumor models but very little 
work was done in models of inflammation (asthma, COPD, rheumatoid arthritis, 
etc). There is much opportunity for tracer evaluation in disease models other than 
atherosclerosis or aneurysm.
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Specific activity
A high specific radioactivity of PET/SPECT probes may be required considering 
that natural TIMPs bind to the same domain as MMPIs [76] with a very high af-
finity in the picomolar range. TIMP competition for probe binding is probably 
severe since most radiolabelled MMPIs have affinities in the nanomolar range with 
exception of the recently published compound 18. If possible, biological samples 
or experimental animals should be depleted of TIMPs because TIMPs tightly and 
irreversibly bind to active MMPs and will decrease the uptake of the radiolabelled 
probes. However, if radiolabelled MMPIs would visualize the net balance of MMPs 
not occupied by TIMPs, this fraction might be a clinically important parameter, 
which could reflect the protease activity in the extracellular matrix.

Affinity
The IC50 values of the reported synthetic MMP inhibitors and MMP peptides are 
summarized in Table 3. The parent compound of [99mTc](HYNIC-RP805)(tricine)
(TPPTS) 5, RP805, exhibited affinity in the low nanomolar range. Since [99mTc]-
labelled RP805 displayed specific binding in vivo and since the labeled probe 
probably has a decreased affinity compared to the parent compound, a nanomolar 
probe affinity appears sufficient for SPECT imaging, at least in cardiovascular 
diseases. 

Lipophilicity
The clog P, log P, clog D and log D of the reported synthetic MMP inhibitors and 
MMP peptides are reviewed in Table 4. As two thirds of MMPs are soluble, it is 
more logical to develop a hydrophilic MMPI. Moreover, some radiolabelled probes 
with a very high log P values such as 23 (5.48) which were developed have shown 
a very strong non-specific binding. Thus, log P values greater than 2.5 may better 
be avoided.

Alternative to hydroxamic acid
Agrawal et al. [77] demonstrated the importance of the ZBG for MMPIs and as a 
result, modification of the ZBG has more effect than change of the substituents 
in the different pockets. So much effort has to be focused on the development of 
alternative ZBGs. Even though the hydroxamic acid is a potent ZBG, it has some 
drawbacks such as a difficult synthesis, metabolic instability and most importantly, 
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MMP inhibitors /
MMP peptides

clog P log P clog D log D

RP805 2.53

6a [40];[41] 0.228

7 [42];[43] 4.24

8 [44];[45] 3.76

9 [46] 3.09

10 [48] 3.89

12a [50];[51] 2.02

13a [48] 2.40

13b [48] 2.40

13c [48] 1.79

13d [48] 1.97

13e [48] 1.97

14a [53] 2.37

14b [53] 2.37

14c [53] 2.64

14d [53] 2.94

14e [53] 2.94

14f [53] 2.59

14g [53] 3.09

14h [53] 3.09

14i [53] 3.35

15a [54] 1.40

15d [54] 0.14

16 [51];[56] 1.34

17 [50];[57] 1.85

18 [53] 0.60

19 [47] 3.80

20a [59] 3.46

20b [59] 4.02

20c [59] 4.02

20d [59] 4.23

20e [59] 4.23

20f [59] 4.23

20g [59] 3.90

22 [60] 2.88

23 [42];[43] 5.48

24 [44];[45] 5.00

Table 4: clog P, log P, clog D and log D values of synthetic MMP inhibitors/MMP peptides 
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a too high potency for zinc binding. Indeed, the hydroxamate binds many zinc 
proteases and can also chelate metals other than zinc such as iron (hydroxamates 
bind Fe(III) 106 to 1011-fold stronger than Zn(II)). Other ZBGs which are more selec-
tive than hydroxamic acid have been designed and developed such as hydantoins, 
1,3,4-triazol-2-ones and imidazol-2-ones [Fig 14]; [78] but labelled probes based 
on these structures were not yet tested in vivo.

Pro/active MMP binding
Many MMPIs bind to both active and pro-MMPs, for instance 7, thus the binding of 
most MMPIs is not activity-dependent. Therefore, the use of radiolabeled antibodies 
[79, 80] (e.g. [99mTc]-anti-MT1-MMP mAb [81, 82]) or cell-penetrating peptides [83, 
84] should be considered as alternatives for MMP imaging. A complementary ap-
proach with a MMPI and a MMP antibody could also be performed to target the 
activity and the density of MMPs. 

MMP inhibitors /
MMP peptides

clog P log P clog D log D

25a [61] 3.58

25b [61] 3.80

25c [62] 2.80

25d [62] 4.06

26 [63] 3.80

27 [65] 4.21

28 [66] 2.88 2.15

29 [67] 0.99 0.78

32 [70] 0.36

35 [72] -4.0

36 [73] -3.6

Table 4: clog P, log P, clog D and log D values of synthetic MMP inhibitors/MMP peptides (continued)
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To conclude, there is much opportunity to design, synthesize and evaluate a new 
generation of probes targeting MMPs.
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Abstract
Background: Numerous clinical studies have shown a correlation between 
increased matrix metalloproteinase (MMP)/a disintegrin and metalloproteinase 
(ADAM) activity and poor outcome of cancer. Various MMP inhibitors (MMPIs) 
have been developed for therapeutic purposes in oncology. In addition, molecular 
imaging of MMP/ADAM levels in vivo would allow the diagnosis of tumors. We se-
lected the dual inhibitor of MMPs and ADAMs, ML5, which is a hydroxamate-based 
inhibitor with affinities for many MMPs and ADAMs. ML5 was radiolabelled with 18F 
and the newly obtained radiolabelled inhibitor was evaluated in vitro and in vivo.
Materials and methods: ML5 was radiolabelled by direct acylation with N-succin-
imidyl-4-[18F]fluorobenzoate ([18F]SFB) for PET (positron emission tomography). 
The resulting radiotracer [18F]FB-ML5 was evaluated in vitro in human bronchial 
epithelium 16HBE cells and breast cancer MCF-7 cells. The non-radioactive probe 
FB-ML5 and native ML5 were tested in a fluorogenic inhibition assay against MMP-
2, -9, -12 and ADAM-17. The in vivo kinetics of [18F]FB-ML5 were examined in a 
HT1080 tumor-bearing mouse model. Specificity of probe binding was examined 
by co-injection of 0 or 2.5 mg/kg ML5.
Results: ML5 and FB-ML5 showed high affinity for MMP-2, -9, -12 and ADAM-17; 
indeed IC50 values were respectively 7.4 ± 2.0, 19.5 ± 2.8, 2.0 ± 0.2 and 5.7 ± 2.2 nM 
and 12.5 ± 3.1, 31.5 ± 13.7, 138.0 ± 10.9 and 24.7 ± 2.8 nM. Radiochemical yield of 
HPLC-purified [18F]FB-ML5 was 13-16% (corrected for decay). Cellular binding of 
[18F]FB-ML5 was reduced by 36.6% and 27.5% in MCF-7 and 16HBE cells, respec-
tively, after co-incubation with 10 µM of ML5. In microPET scans, HT1080 tumors 
exhibited a low and homogeneous uptake of the tracer. Tumors of mice injected with 
[18F]FB-ML5 showed a SUVmean of 0.145 ± 0.064 (n = 6) which decreased to 0.041 
± 0.027 (n = 6) after target blocking (p < 0.05). Ex vivo biodistribution showed a 
rapid excretion through the kidneys and the liver. Metabolite assays indicated that 
the parent tracer represented 23.2 ± 7.3% (n = 2) of total radioactivity in plasma, at 
90 min post injection.
Conclusion: The nanomolar affinity MMP/ADAM inhibitor ML5 was successfully 
labelled with 18F. [18F]FB-ML5 demonstrated rather low binding in ADAM-17 overex-
pressing cell lines. [18F]FB-ML5 uptake showed significant reduction in the HT1080 
tumor after co-injection of ML5. [18F]FB-ML5 may be suitable for the visualization/
quantification of diseases overexpressing simultaneously MMPs and ADAMs.
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1. Introduction
The metzincins are a superfamily of multi-domain zinc(II)-dependent endopepti-
dases which comprise the matrix metalloproteinases (MMPs) and the a disintegrin 
and metalloproteinases (ADAMs) [1, 2]. These proteins [3] possess similar domain 
structure for the signal peptide, the pro-domain and the catalytic domain. In addi-
tion, the catalytic activity exhibited by the metalloproteinase domain of the ADAMs 
is highly homologous with the MMP catalytic domain. MMPs and ADAMs are ex-
pressed as inactive pro-proteins and require enzymatic removal of the pro-domain 
to become proteolytically active [4]. In addition, active MMPs and ADAMs can be 
inhibited by endogenous inhibitors such as tissue inhibitors of metalloproteinases 
(TIMPs) [5]. 

The diversity of biological functions implies that MMPs and ADAMs are simulta-
neously involved in a wide range of physiological and pathological processes [6].  
To date, MMP-2 (gelatinase A, 72 kDa type IV collagenase), MMP-9 (gelatinase B, 
92 kDa type IV collagenase), MMP-12 (macrophage metalloelastase) and ADAM-
17 (TNF alpha converting enzyme) have attracted the most interest. MMP-2 and 
MMP-9 are the most extensively studied metalloproteinases because dysregulation 
of MMP-2 and MMP-9 is related to poor prognosis in oncology [7-9].  Many publica-
tions involving increased gelatinase expression and activity have been reported for 
instance in brain tumors [10], breast cancer [11], lung cancer [12],  skin cancer 
[13]. MMP-2 and MMP-9 are also upregulated in some inflammatory diseases 
[14, 15]. MMP-12, as well as MMP-8 and MMP-14, exert anti-cancer effects. More 
particularly, MMP-12 is the primary protease responsible for the proteolytic libera-
tion of angiostatin from plasminogen. Angiostatin is a protein with anti-angiogenic 
properties by the selective inhibition of endothelial proliferation [16-18]. Finally, 
ADAM-17 or TNF alpha converting enzyme (TACE) is definitely the ADAM which 
has attracted the most research since the discovery as the protease responsible for 
the release of soluble TNFα from cells [19-21]. ADAM-17 expression is upregulated 
in numerous tumors [22], identically as MMP-2 and MMP-9. Besides, as TNFα is an 
important pro-inflammatory mediator, ADAM-17 activity has been implicated in 
many diseases involving inflammation such as rheumatoid arthritis [23], Crohn’s 
disease [24] and inflammatory bowel disorder [25], similar as MMP-2 and MMP-9.

As both MMP and ADAM families have members which are related to some 
inflammatory and tumor progression processes, the ability to exploit possible 
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synergic effects of ‘cross-reactivity’ of a dual inhibitor of these enzymes would be 
of significant interest for the characterization of inflammatory lesions or tumors. 

Positron emission tomography (PET) is a molecular imaging technique which 
produces a detailed image of biochemical and physiological processes in living 
organisms by injection of a radiotracer [26].

To achieve detection of the proteolytic activity of MMPs and ADAMs, we selected 
the peptidomimetic inhibitor ML5, synthesized originally by Leeuwenburgh et al. 
[27, 28], which is a broad-spectrum MMP/ADAM inhibitor. We radiolabelled ML5 
with N-succinimidyl-4-[18F]fluorobenzoate ([18F]SFB) for PET. The binding of the 
obtained radiotracer [18F]FB-ML5 was assessed in vitro, using human bronchial 
epithelium 16HBE or breast cancer MCF-7 cells. Finally, [18F]FB-ML5 was tested in 
vivo in mice bearing HT1080 tumors.

2. Results and discussion

2.1 Design of ML5 - (R)-N1-((S)-1-(((S)-1,6-diamino-1-oxohexan-2-yl)amino)-
1-oxo-3-phenylpropan-2-yl)-N4-hydroxy-2-isobutylsuccinimide
In the design of ML5, a right hand-side inhibitor was selected. Indeed, a combined 
inhibitor where amino acid residues are linked on both sides of the zinc binding 
group (ZBG) or a left hand-side inhibitor where the amino acids are present on only 
the left side have shown modest inhibition [29].

The inhibitor ML5 consists of a succinylhydroxamate attached N-terminally to 
a phenylalanine – lysine dipeptide [Fig 1]. The hydroxamate functions as a Zn-
chelating group whereas the dipeptide part serves both as additional recognition 
element and as substitution handle (through the lysine residue). An isobutyl group 
was chosen as a P1’ substituent, a benzyl group for the P2’ substituent and a lysine 
for the P3’ substituent to fill respectively the S1’, S2’ and S3’ pocket of the active site 
of MMPs/ADAMs. The choice of a relatively small aliphatic substituent (isobutyl) 
as a P1’ residue results in a broad-spectrum affinity of ML5 for MMPs and ADAMs. 
The benzyl group, by its hydrophobicity, induces more affinity for MMPs and AD-
AMs. The need to incorporate a substituent in the third loop is still under debate 
considering that the S3’ pocket is an ill-defined solvent-exposed pocket. However, a 
lysine as a P3’ substituent can be employed for other purposes such as fluorescent 
labelling, biotinylation or radiolabelling through the ε-amino group.
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2.2 Synthesis of ML5 
The overall yield of the synthesis of the building block 9 (over 7 steps) was around 
16% [Scheme 1]. The coupling by solid phase peptide synthesis (SPPS) leading to 
ML5 (after HPLC purification) was obtained in a yield of around 5-8% [Scheme 2].

2.3 Strategy for radiolabelling ML5 
Our strategy was to radiolabel the free amine of the lysine of ML5 with the 
positron-emitter fluorine-18 (T1/2 = 109.8 min) for PET. The [18F]labelling of small 
molecules or peptides proceeds generally by conjugation of [18F]prosthetic groups 
by [18F]fluoroalkylation, [18F]fluoroacylation or [18F]fluoroamidation, or via click 
chemistry. To avoid the need of further modifications of ML5, by the incorpora-
tion of an azido or an alkyno-moiety for instance, we adopted the direct acylation 
in solution using N-succinimidyl-4-[18F]fluorobenzoate ([18F]SFB). [18F]SFB was 
chosen as the [18F]acylating agent because of its high in vivo stability and labelling 
efficiency [30-33].

2.4 Molecular modeling of ML5 and FB-ML5
The docking of ML5 and FB-ML5 into MMP-2, MMP-9, MMP-12 and ADAM-17 are 
reported in the supplementary information. According to the docking studies, the 
incorporation of a fluorobenzoyl substituent to the lysine moiety resulted to a 
moderate loss of affinity of FB-ML5 compared to the parent compound ML5 into 
MMP-2, MMP-9, MMP-12 and ADAM-17 [Table 1].

Chapter 3 - Figure 1 
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2.5 Synthesis of the acylating agent SFB
N-succinimidyl 4-fluorobenzoate (SFB) was prepared for further coupling with 
ML5 and for HPLC standard during the optimisation of the purification of [18F]
FB-ML5. This amide was synthesized from 4-fluorobenzoic acid (FBA) according 
to the literature in two different ways. In the first approach [33], 4-fluorobenzoic 
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acid was activated with N,N’-dicyclohexylcarbodiimide (DCC) and the resulting 
O-acylisourea was treated with N-hydroxysuccinimide (NHS) to give SFB. In the 
second method [31], 4-fluorobenzoic acid was treated with sodium carbonate and 
then with O-(N-succinimidyl)-N,N,N’,N’-tetramethyluronium tetrafluoroborate 
(TSTU). Both methods led to SFB in good yields of 79% and 85%, respectively.

2.6 Synthesis of the reference compound FB-ML5 
MMPI FB-ML5 was prepared as HPLC standard and for in vitro fluorogenic inhibi-
tion assays. FB-ML5 was prepared either by SPPS or by acylation in solution using 
SFB [Scheme 3]. The coupling in solution using an excess of SFB led to the forma-
tion of the doubly acylated ML5: 2FB-ML5 [Fig 2].

2.7 In vitro evaluation of ML5, FB-ML5 and 2FB-ML5 in a fluorogenic inhibition 
assay
The affinity of ML5, FB-ML5 and 2FB-ML5 to four selected recombinant metzincins 
was determined in a fluorogenic inhibition assay against MMP-2, MMP-9, MMP-12 
and ADAM-17.

The IC50 of ML5, FB-ML5 and 2FB-ML5 against MMP-2, -9, -12 and ADAM-17 are 
reported in [Table 2]. 

The incorporation of the fluorobenzoyl moiety did not result in a significant modi-
fication of the affinity for MMP-2, -9 and ADAM-17. However, FB-ML5 showed an 

MMP-2 MMP-9 MMP-12 ADAM-17

ML5 -133.4 -115.6 -128.0 -137.2

FB-ML5 -126.1 -118.9 -118.6 -112.9

Table 1: MolDock scores of ML5 and FB-ML5 with MMP-2, MMP-9, MMP-12 and ADAM-17

(a) 1.2 eq. n-BuLi, THF, 0 0C; (b) 1.2 eq. LiHMDS, 1.8 eq. tBu-bromoacetate, THF, -78 0C; (c) 2 eq. 
BnOH, 1.2 eq. n-BuLi, THF, 0 0C; (d) TFA, DCM, RT; (e) 5 eq. (COCl)2, cat. DMF, DCM, 0 0C; (f) 1.1 eq. 
TBSONHBoc, 2 eq. DMAP, ACN, 0 0C; (g) H2, Pd/C, MeOH; (h) 1 eq. PFP-OH, 1 eq. EDC, DCM, RT 
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almost 100-fold loss of affinity for MMP-12 compared to ML5. 2FB-ML5 exhibited 
affinity in the low micromolar range. The incorporation of a fluorobenzoyl moiety 
on the hydroxamic acid decreased considerably the inhibition potency of ML5.

2.8 Radiolabelling of ML5 with [18F]SFB
The prosthetic group [18F]SFB was prepared from 4-trimethylammonium ethylben-
zoate and was synthesized in a three-step procedure as described in the literature 
[30-33] with some modifications. The automated system produced [18F]SFB with a 
good radiochemical yield (about 35%) with a synthesis time of about 90 min from 
the end of bombardment (EOB). The radiochemical purity after SPE-formulation 
was always more than 95%, as determined by HPLC. 

The radiochemical yield of HPLC-purified [18F]FB-ML5 was 13-16% based on 
[18F]SFB (corrected for decay), the specific activity was 41-66 GBq/μmol at the end 
of synthesis (EOS) and the radiochemical purity > 95%. The total synthesis time of 
[18F]FB-ML5 was about 3 h (EOB).
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Figure 3: Time course of [18F]FB-ML5 binding to MCF-7 cells 
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Figure 4: Specificity study of [18F]FB-ML5 with MCF-7 cells 

Figure 2: Structure of 2FB-ML5

IC50 MMP-2 MMP-9 MMP-12 ADAM-17

ML5 7.4 ± 2.0 nM 19.5 ± 2.8 nM 2.0 ± 0.2 nM 5.7 ± 2.2 nM

FB-ML5 12.5 ± 3.1 nM 31.5 ± 13.7 nM 138.0 ± 10.9 nM 24.7 ± 2.8 nM

2FB-ML5 1.49 ± 0.08 µM 2.42 ± 0.40 µM nd 3.26 ± 1.70 µM

Table 2: IC50 values of ML5, FB-ML5 and 2FB-ML5 with MMP-2, MMP-9, MMP-12 and ADAM-17

nd: not determined
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2.9 In vitro stability of [18F]FB-ML5 in human plasma and saline
After 1 h and 3 h of incubation, 99% of the radioactivity still corresponded to the 
intact tracer both in human plasma and saline. This indicates that [18F]FB-ML5 is 
highly stable in vitro.

2.10 Octanol/water partition coefficient of [18F]FB-ML5
The measured log P of [18F]FB-ML5 was 1.11 ± 0.01, indicating intermediate lipo-
philicity. 

2.11 In vitro evaluation of [18F]FB-ML5 
Contrary to the majority of MMPs which are largely excreted proteins, ADAMs are 
membrane bound proteins. Therefore, the in vitro studies of [18F]FB-ML5 were 
focused on ADAMs. We quantified the binding of the latter analogue in vitro on two 
human cell lines. Two cell lines, which are both overexpressing ADAM-17, were 
selected: the human breast cancer cell line MCF-7 and the human bronchial epithe-
lium cell line 16HBE. MCF-7 cells were found to not express MT1-MMP (MMP-14) 
[34]. In addition, Köhrmann et al. [35] found that MCF-7 cells express inactive 
MMP-14, inactive MMP-15 (MT2-MMP) but not their active forms. They also found 
that MCF-7 cells do not express MMP-24 (MT5-MMP). However, our aim was not to 
use a subtype specific cell line but to use cells as a tool to estimate overall specific 
binding to MMPs/ADAMs.

The association kinetics of [18F]FB-ML5 was performed with MCF-7 cells by 
adding the radioligand at 0, 1, 2, 5, 17, 27 and 57 min [Fig 3]. At 57 min, 6.85 times 
more radioactivity were bound to the cells than at 0 min. The half-life of association 
was 7.85 min.

[18F]FB-ML5 [Fig 4] showed binding to MCF-7 cells which could be competed with 
non-radioactive ML5. The obtained reduction of the cellular binding was 36.6% by 
using 10 μM of ML5. PMA stimulation did not increase the level of binding of [18F]
FB-ML5 in agreement with previous work of our group.

Preliminary evaluation of [18F]FB-ML5 with 16HBE cells [Fig 5] demonstrated 
binding to the cells, with a binding decrease of 27.5% after blocking with 10 μM of 
ML5. The reduction of uptake with 10 µM of ML5 was expected to be higher, which 
may suggest that the non-specific binding of the tracer in 16HBE cells is apparently 
relatively high. As the lysine residue is solvent exposed and is not involved in the 
interaction with the MMP active site, the loss of affinity of [18F]FB-ML5 compared 
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to the parent compound ML5 was not anticipated. PMA and LPS stimulation did not 
increase the level of binding of [18F]FB-ML5.

2.12 Preclinical evaluation of [18F]FB-ML5 in a HT1080 xenograft mouse 
model
The radiotracer [18F]FB-ML5 was evaluated in a mouse model of cancer overex-
pressing many matrix metalloproteinases: the HT1080 xenograft mouse model. 
This model was already used for the evaluation of other MMP probes in fluorescent 
imaging notably [36].

Figure 3: Time course of [18F]FB-ML5 binding to MCF-7 cells

Figure 4: Specificity study of [18F]FB-ML5 with MCF-7 cells



74

Plasma samples at 90 min p.i. were analysed for parent and metabolite levels by 
HPLC. Metabolite assays showed that the parent tracer represented 23.2 ± 7.3 % (n 

= 2) of total radioactivity in plasma in control mice, at 90 min p.i. [Table 3]. The me-
tabolism of [18F]FB-ML5 was relatively fast in plasma. According to HPLC, only more 
polar radio-metabolite(s) was observed. This suggests that the radiometabolite(s) 
is structurally different from [18F]FB-ML5 and therefore probably unlikely to retain 
affinity for active MMPs/ADAMs.

The microPET/CT images [Fig 6] demonstrated a homogeneous uptake through-
out the tumor volume, suggesting tracer binding was not only to membrane-bound 
ADAMs but also to extracellular MMPs. Autoradiography of a tumor slice confirmed 
the regular uptake on the tumor. A high kidney uptake was also observed in the 
microPET/CT images.

The radioactivity uptake in the selected tissues (SUVmean data presented in mean ± 
SD) is reported in [Fig 7]. The SUVmean normalised to plasma and SUVmean normalised 
to muscle are reported in [Fig 8] and [Fig 9]. The uptake of the radioligand in the 
tumor substantially (** p = 0.0043) decreased after co-injection of non-radioactive 
ML5 from a SUVmean of 0.145 ± 0.064 in control mice to 0.041 ± 0.027 in block mice 
at 90 min p.i. The tumor to plasma ratio was 0.597 ± 0.170 vs 0.231 ± 0.171 (** 
p = 0.0039) and the tumor to muscle ratio was 3.035 ± 2.329 vs 1.084 ± 0.487 
(p = 0.0724) at 90 min p.i. The change of tumor to plasma ratio was statistically 
significant in contrast to the change of the tumor to muscle ratio. Therefore, the 
binding of [18F]FB-ML5 in the HT1080 xenograft mouse model was target mediated.

For the SUVmean, the following organs were statistically different between the con-
trol and the block mice: the bone 0.041 ± 0.007 vs 0.017 ± 0.001 (*** p < 0.0001), 

Figure 5: Specificity study of [18F]FB-ML5 with 16HBE cells
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the heart 0.111 ± 0.020 vs 0.043 ± 0.013 (*** p < 0.0001), the large intestine 1.800 
± 0.424 vs 2.750 ± 0.636 (* p = 0.0124), the liver 4.582 ± 0.989 vs 1.995 ± 0.148 (*** 
p < 0.0001), the lung 0.254 ± 0.072 vs 0.106 ± 0.045 (** p = 0.0016) and the plasma 
0.238 ± 0.039 vs 0.185 ± 0.020 (* p = 0.0142). 

For the tissue-plasma ratio, the bone 0.179 ± 0.060 vs 0.090 ± 0.006 (** p = 
0.0047), the heart 0.482 ± 0.163 vs 0.235 ± 0.093 (** p = 0.0091), the large intestine 
7.830 ± 3.069 vs 14.758 ± 1.870 (*** p = 0.0008) and the liver 19.208 ± 1.017 vs 
10.883 ± 1.959 (*** p < 0.0001) were statistically different. 

Finally, for the tissue-muscle ratio, the bone 0.769 ± 0.176 vs 0.478 ±  0.136 (** 
p = 0.0094), the heart 2.069 ± 0.462 vs 1.178 ± 0.065 (*** p = 0.0009), the large 
intestine 33.065 ± 5.514 vs 81.219 ± 37.415 (* p = 0.0109) and the lung 4.616 ± 
0.546 vs 2.897 ± 0.559 (*** p = 0.0003) were statistically different. 

Mouse # % of parent [18F]FB-ML5

Mouse # 1 28.3

Mouse # 2 18.1

Table 3: Percentage of parent compound in plasma from two control mice at 90 min p.i of [18F]FB-ML5
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Figure 6: In vivo [18F]FB-ML5 microPET/CT images of a HT1080 tumor bearing mouse shown in coronal (left) and 
transaxial (right) views. The microPET images correspond to the sum of all the frames from 2 to 90 min p.i. of  
[18F]FB-ML5
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Figure 7: Ex vivo biodistribution data of tumor-bearing mice scanned with [18F]FB-ML5 and tumor-bearing mice 
scanned with [18F]FB-ML5 and co-injection of 2.5 mg/kg of ML5, at 90 min p.i. of [18F]FB-ML5 ± ML5.

Bars represent average and error bars SD, n= 6 for each group, *: p < 0.05, ** p < 0.01 and *** p < 0.001

Figure 8: Tissue/plasma ratio of tumor-bearing mice scanned with [18F]FB-ML5 and tumor-bearing mice scanned 
with [18F]FB-ML5 and co-injection of 2.5 mg/kg of ML5, at 90 min p.i. of [18F]FB-ML5 ± ML5.

Bars represent average and error bars SD, n= 6 for each group, ** p < 0.01 and *** p < 0.001
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A low uptake in the bone was obtained which suggests no defluorination of the 
tracer. High uptakes of the radioactivity in the kidneys and to a lesser extent in the 
liver 90 min p.i. were obtained. This is probably due to the excretion of the radio-
tracer and radiometabolites. The amount of activity (i.e tracer and metabolites) 
excreted by the liver into the small and large intestines was very high. Indeed, for 
the control mice, the SUVmean obtained in the liver, small intestine and large intestine 
were respectively: 4.582 ± 0.989, 5.207 ± 4.058 and 1.800 ± 0.424.

The average time-activity curves in the tumor of the control and block animals 
are depicted in [Fig 10]. PET-SUVmean showed a significant decrease (p = 0.0406) of 
the tracer accumulation in the tumor: 0.125 ± 0.087 vs 0.037 ± 0.029 at 90 min p.i. 
[18F]FB-ML5 demonstrated a relatively fast wash out in the tumor. 

A similar MMPI based on a peptidomimetic scaffold, the radiolabelled Marimastat-
ArB[18F]F3, was preliminary evaluated in a 67NR breast tumor mice [37]. A low 
uptake in the tumor was obtained as well and a significant reduction was obtained 
after pre-treatment with a non-radioactive inhibitor, which suggests that our in 
vivo results are quite satisfactory. 

Finally, based on the multifactorial nature of numerous disease processes, the 
ability of a tracer to simultaneously target two pathways associated to the same 

Figure 9: Tissue/muscle ratio of tumor-bearing mice scanned with [18F]FB-ML5 and tumor-bearing mice scanned 
with [18F]FB-ML5 and co-injection of 2.5 mg/kg of ML5, at 90 min p.i. of [18F]FB-ML5 ± ML5.

Bars represent average and error bars SD, n= 6 for each group, *: p < 0.05, ** p < 0.01 and *** p < 0.001
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disease might represent an asset in PET. As a result, the dual MMP/ADAM inhibi-
tor [18F]FB-ML5 might afford a more efficient approach to overcome the complex 
processes of cancer.

3. Conclusions
The MMPI ML5 was successfully radiolabelled with [18F]SFB. [18F]FB-ML5 showed 
rather low binding in MCF-7 and 16HBE cells. [18F]FB-ML5 retention showed 
significant reduction in the HT1080 tumor after co-injection of ML5. [18F]FB-ML5 
may be suitable for the visualization/quantification of pathologies overexpressing 
simultaneously MMPs and ADAMs.

4. Materials and methods

4.1 General. 
All chemicals, reagents, and solvents for the (radio)synthesis of the compounds 
were analytical grade, purchased from commercial suppliers (Aldrich, Fluka, Sigma 
and Merck) and were used without further purification, unless otherwise specified. 
Solid phase extraction cartridges were obtained from Waters Chromatography 
Division, Millipore Corporation (for SepPak Light Accell plus QMA anion exchange 
cartridge and SepPak C18 plus cartridge) or Merck (for LiChrolut EN cartridge and 

Figure 10: Tumor time-activity curve of tumor-bearing mice scanned with [18F]FB-ML5 and tumor-bearing mice 
scanned with [18F]FB-ML5 and co-injection of 2.5 mg/kg of ML5, from 2 to 90 min p.i. of [18F]FB-ML5 ± ML5.

Points represent average and error bars SD, n= 6 for each group
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LiChrolut SCX cartridge). Flash chromatography was performed on silica gel 60 
(0.040-0.063, Merck). All reactions were monitored by thin layer chromatography 
on Merck F-254 silica gel plates. Detection of the compounds on the TLC plates was 
performed with UV light (254 nm). 1H-, 13C-, and 19F-NMR spectra were recorded 
on a Varian AMX400 spectrometer (400, 100 and 200 MHz respectively). Chemi-
cal shifts were determined relative to the signal of the solvent, converted to the 
TMS (tetramethylsilane) scale, and expressed in δ units (ppm) downfield from 
TMS (for chloroform-d: δ 7.261 for 1H and δ 76.98 for 13C, for DMSO-d6: δ 2.504 
for 1H and δ 39.98 for 13C and for MeOH: δ 3.312, 4.867 for 1H and δ 47.84 for 13C). 
Data are reported as follows: chemical shifts, multiplicity (s=singlet, d=doublet, 
t=triplet, q=quartet, dd=doublet of doublets, dt=doublet of triplets, td=triplet of 
doublets, m=multiplet, br=broad), coupling constants (Hz), and integration. Mass 
spectrometry was recorded on an AEI-MS-902 mass spectrometer by EI (70 eV) 
measurements. Radioactivity measurements for log P determination, plasma/sa-
line stability, biodistribution and metabolites were performed using an automated 
gammacounter (LKB Wallac, Turku, Finland).

4.2 Statistical analysis
Calculations were performed using Excel 2007 (Microsoft) and GraphPad prism 
5.0 for Windows (GraphPad Software, San Diego, USA). Results are expressed as 
mean ± SD. Comparisons between different experimental groups were made using 
unpaired two-sided student t-test. Data were considered statistically significant 
when p values were smaller than 0.05.

4.3 Molecular modeling of ML5 and FB-ML5
The crystal structures of MMPs and ADAM-17 were downloaded from the Protein 
Data Bank (PDB) with MMP-2 (PDB code 1HOV), MMP-9 (PDB code 2OW1), MMP-12 
(PDB code 1JK3) and ADAM-17 (PDB code 2I47). All molecules were drawn using 
ChemaxonMarvinSketch (www.chemaxon.com) and prepared (structure recogni-
tion and protonation) using SPORES (www.tcd.uni-konstanz.de/research/spores.
php). Molecular docking simulations were performed using PLANTS v1.6.140,141. 
The docking site center was determined by applying a constraint for the hydroxamic 
group to be able to form a coordination with the zinc in the active site. Fifteen poses 
were generated for each compound and the docking results were analyzed using 
Molegro Virtual Docker (www.molegro.com). Docking solutions were selected 
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based on the MOLDOCKSCORE and the docking solutions were evaluated manually, 
followed by energy minimization of the ligand.

4.4 Synthesis of ML5 
The peptidyl MMP inhibitor ML5 [Fig 1] was synthesized following slight modi-
fications of the literature procedures [27, 28]. Briefly, the Evan’s template 1 was 
prepared in a 3-step reaction from the Boc-(D)-phenylalanine. The latter analogue 
was treated with triethylamine and ethyl chloroformate in order to get the cor-
responding acid anhydride which was then reduced with sodium borohydride to 
give the corresponding alcohol. After treatment with thionyl chloride, the resulting 
tert-Bu-ester was transformed in its acyl chloride, which was then intramolecu-
larly attacked by the primary alcohol to obtain the Evan’s template 1. 4-Methyl-
pentanoyl chloride 2 was obtained after treatment of 4-methyl-pentanoic acid with 
thionyl chloride. N-Boc-O-TBS-hydroxylamine was prepared in a 2-step procedure 
from the hydroxylamine hydrochloride. The amino group of the latter analogue 
was protected with di-tert-butyl dicarbonate. The resulting compound was treated 
with tert-butyl dimethylsilyl chloride to give N-Boc-O-TBS-hydroxylamine. The 
building block 9 was prepared in 7 steps [Scheme 1], and started by deprotonation 
of the Evan’s template 1 with n-butyllithium, followed by acylation with 4-methyl-
pentanoyl chloride 2 to give 3. Removal of the acidic alpha-proton with lithium 
bis(trimethylsilyl)amide followed by reaction of the resulting enolate with tert-
butyl-bromoacetate gave 4. Treatment of 4 with lithium benzyl alcoholate led to the 
benzyl ester 5. The tert-butyl-ester 5 was then deprotected to give the intermediate 
6. The obtained carboxylic acid 6 was transformed into the corresponding acyl 
chloride, which was treated with N-Boc-O-TBS-hydroxylamine to give 7. The benzyl 
ester in 7 was hydrolyzed by catalytic hydrogenation to the acid 8. The carboxylic 
acid 8, after activation with N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide, was 
then acylated with pentafluorophenol to give the building block 9. Dipeptide 10 
was synthesized on Rink amide resin using standard protocols [Scheme 2]. After 
deprotection of the Fmoc group, the Fmoc-protected phenylalanine was incorpo-
rated. Subsequent removal of the Fmoc was followed by the coupling of the building 
block 9 under the agency of iPr2EtN. The resulting compound was cleaved from 
the resin and simultaneously deprotected with 95% aqueous TFA. The obtained 
compound was purified and characterized by LCMS. 
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4.5 Synthesis of the acylating agent SFB

Synthesis of SFB by the first approach
To a solution of 4-fluorobenzoic acid (1.0 g, 7.1 mmol) and N-hydroxysuccinimide 
(0.9 g, 7.8 mmol) in 20 mL of DCM and 1 mL of DMF at 0°C was added dropwise a 
solution of N,N’-dicyclohexylcarbodiimide (1.6 g, 7.8 mmol) in 10 mL of DCM at 0°C. 
The reaction was stirred overnight at room temperature. The reaction was filtered 
to remove the N,N’-dicyclohexyl urea and the obtained filtrate was concentrated 
under reduced pressure. The resulting residue was partitioned between EtOAc and 
water. The organic layer was washed with water (3 times), brine, dried over Na2SO4, 
filtered and concentrated under reduced pressure to give the crude product. The 
latter was recrystallized from EtOAc-hexane to afford SFB (0.67 g) as a white solid.

Synthesis of SFB by the second approach
To a solution of 4-fluorobenzoic acid (0.1 g, 0.7 mmol) and sodium carbonate (0.07 
g, 0.66 mmol) in 3 mL of ACN, stirred for 5 min, was added TSTU (0.21 g, 0.7 mmol). 
The mixture was stirred for 1 h at 50°C and was then filtered. The resulting filtrate 
was diluted with 10 mL 1% acetic acid and was passed through a Lichrolut EN 
cartridge. The cartridge was washed with 10 mL 0.01% AcOH/ACN (70/30) (v/v) 
and was dried with a stream of nitrogen. The cartridge was eluted with 3 mL of ACN 
and subsequent evaporation gave SFB (0.14 g) as a white product.

1H NMR (chloroform-d) δ 8.24 – 8.13 (m, 2H), 7.48 – 7.37 (m, 2H), 2.81 (s, 4H).

4.6 Synthesis of the reference compound FB-ML5

Synthesis of FB-ML5 by SPPS
The SPPS resulting to the reference compound FB-ML5 followed a procedure iden-
tical to the synthesis of ML5. 

Synthesis of FB-ML5 in solution 
The acylation in solution with NHS-coupling agents proceeds generally in borate 
buffer at pH 8.5. However, it was shown that boronic acid complex can be formed 
with hydroxamic acid moieties [38]. As ML5 contains a hydroxamic acid, we 
considered phosphate buffer as a substitute of borate buffer. This buffer was pre-
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pared by a Na2HPO4.12H2O 1 M /NaH2PO4.H2O 1 M (93.2/6.8) (v/v) solution and by 
adjustment of the pH to 8.5 with sodium hydroxide 1 M. ML5 (0.50 mg, 1.08 µmol, 
500 µL) dissolved in phosphate buffer pH 8.5 (0.01 M) was transferred to SFB (1.08 
µmol, 500 µL) in ACN. The reaction mixture was allowed to react for 30 min at 50 
°C. The reaction was quenched with HCl (1 mL, 0.25 M). Then an aliquot of 100 µL 
was injected through an analytical HPLC, using a Phenomenex Luna C18 column 
(4.6 mm x 250 mm, 5 μm) from Waters, preceded of a 20 x 4.6 mm2 precolumn. 
Gradient elution was performed using a mixture of H2O + 0.1% TFA (solvent A) and 
CH3CN + 0.1% TFA (solvent B). A linear gradient (overall time = 60 min) starting 
from 95% solvent A in solvent B to 100% solvent B at 60 min was employed at a 
flow rate of 1 mL.min-1. The column effluent was monitored using an Elite Lachrom 
VWR Hitachi L-2400 UV detector (λ = 254 nm, AUFS = 0.010) and a Bicron frisk-
tech radioactivity detector. Sample injection was carried out using an injector block 
with a loop of 100 µL. Fractions of 1 min were collected and the formed products 
were identified by mass spectrometry. 
The retention time of FB-ML5 was 37 min.
ESI-MS (m/z): 586.5 [M+H]+, calc. 586.7; 608.5 [M+ Na]+, calc. 608.7.

Synthesis of FB-ML5 in solution by using an excess of acylating agent
ML5 (0.50 mg, 1.08 µmol, 500 µL) dissolved in phosphate buffer pH 8.5 (0.01 M) 
was transferred to SFB (5.40 µmol, 500 µL) in ACN. The reaction mixture was al-
lowed to react for 30 min at 50 °C. The reaction was quenched with HCl (1 mL, 
0.25 M). Then an aliquot of 100 µL was injected through an analytical HPLC, as 
previously described. Fractions of 1 min were collected and the formed products 
were identified by mass spectrometry. 
The obtained product was 2FB-ML5 with a retention time of 26 min.
ESI-MS (m/z): 708.4 [M+H]+, calc. 708.8; 730.4 [M+ Na]+, calc. 730.8.

4.7 In vitro evaluation of ML5, FB-ML5 and 2FB-ML5 in a fluorogenic 
inhibition assay
Recombinant ADAM-17 (ectodomain) was purchased from R&D Systems (Minne-
apolis, MN, USA). Recombinant catalytic domain (CD) of human MMP-2 was from 
Biomol International (Butler Pike, PA, USA). Recombinant human MMP-12 CD and 
recombinant human MMP-9 CD without fibronectin type II insert (expressed in 
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E.coli as described in [39, 40]) were a kind gift from AstraZeneca R&D (Lund & 
Moelndal, Sweden).

This competitive enzyme activity assay was performed by monitoring the con-
version of the fluorogenic substrate Mca-PLAQAV-Dpa-RSSSR-NH2 (R&D systems) 
by recombinant ADAM-17 in the presence of increasing concentrations of ML5, 
FB-ML5 or 2FB-ML5. For MMP-2, -9 and -12, the conversion of the fluorogenic 
substrate Mca-Pro-Leu-Gly-Leu-Dpa-Ala-Arg-NH2 (Bachem, Bubendorf, Switzer-
land) was followed. Measurements were performed in Costar White 96-well plates 
(Corning, Schiphol-Rijk, The Netherlands), where each well contained 10 ng ADAM-
17 and a final concentration of 10 µM substrate in a final volume of 100 µL ADAM 
assay buffer (25 mM Tris pH 9.0, 2.5 µM ZnCl2, 0.005% w/v Brij-35). Inhibition of 
MMP proteolytic activity was determined with 10 ng of MMP-2, MMP-9 or MMP-12 
per well with a final concentration of 2 µM substrate in 100 µL MMP assay buffer 
(50 mM Tris pH 7.4, 0.2 M NaCl, 10 mM CaCl2, 2.5 µM ZnCl2, 0.05% v/v Brij-35). 
Proteolysis rates were followed by measuring fluorescence (λex,em = 320, 440 nm) 
increase using a Fluostar Optima plate reader (BMG Labtech, Offenburg, Germany), 
at 20°C for recombinant MMPs and at 37°C for recombinant ADAM-17, for 15 min 
(conditions of the experiments not in the stationary phase). For ML5, eleven-point 
inhibition curves (0, 0.5, 1, 2, 6, 12, 25, 50, 100, 500 and 1000 nM) were plotted 
in GraphPadPrism 5.0 for Windows (GraphPad Software, San Diego, USA). For FB-
ML5, nine-point inhibition curves (0, 5, 10, 20, 60, 125, 250, 500 and 1000 nM) 
were plotted. For 2FB-ML5, six-point inhibition curves (0, 0.1, 1, 5, 10 and 100 µM) 
were plotted. IC50 values were determined by sigmoidal fitting. Each experiment 
was performed in triplicate.

4.8 Synthesis of 4-trimethylammonium ethylbenzoate triflate
To a solution of ethyl-4-dimethylaminobenzoate (0.65 g, 3.36 mmol) dissolved in 
12 mL of anhydrous benzene was added dropwise methyltrifluoromethanesulfo-
nate (0.42 mL, 3.70 mmol). The mixture was heated to reflux for 6 h and was then 
stirred overnight at room temperature. The reaction mixture was concentrated 
under reduced pressure and the resulting crude precipitate was recrystallized with 
diethyl ether to yield 1.01 g (84%) of white product.
1H NMR (chloroform-d) δ 8.06 – 7.97 (m, 2H), 7.78 – 7.71 (m, 2H), 4.31 (q, J = 6.0 Hz, 
2H), 3.70 (s, 9H), 1.32 (t, J = 5.8 Hz, 3H).
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4.9 Radiosynthesis of no-carrier-added N-succinimidyl-4-[18F]fluorobenzoate 
([18F]SFB)
Aqueous [18F]fluorine was produced by irradiation of [18O]-water with a Scanditro-
nix MC-17 cyclotron via the 18O(p,n) 18F nuclear reaction. The [18F]fluorine solution 
was passed through a SepPak Light Accell plus QMA anion exchange cartridge (pre-
conditioned with 5 mL of sodium bicarbonate 1.4% and 100 mL of H2O and then 
dried under a flow of argon) to recover the [18O]-enriched water. The [18F]fluorine 
was eluted from the QMA anion exchange cartridge with 1 mg potassium carbonate 
in 1 mL of water and collected into a vial containing 5 mg kryptofix[2.2.2]. Subse-
quently, 1 mL of anhydrous acetonitrile was added and the solvents were removed 
at 130°C under an argon stream. The [18F]KF / kryptofix[2.2.2] complex was then 
dried by azeotropic distillation with 3 times addition of 0.5 mL anhydrous acetoni-
trile at 130°C. A solution of 10 mg 4-trimethylammonium ethylbenzoate triflate in 
250 µL anhydrous DMF was added to the [18F]KF / kryptofix[2.2.2] complex. The 
radiofluorination was performed at 90°C for 12 min. Thereafter, 0.5 mL of 1 M HCl 
was added and the hydrolysis of 4-[18F]fluoroethylbenzoate was performed for 5 
min at 100°C. After cooling, crude 4-[18F]fluorobenzoic acid ([18F]FBA) was passed 
through a SepPak C18 plus cartridge (preconditioned with 10 mL of EtOH and 10 
mL of H2O). The reaction vial was rinsed with 2 mL H2O which were passed through 
the SepPak C18 plus cartridge. To remove unreacted 4-trimethylammonium ethyl-
benzoate, a cation exchange extraction SCX cartridge (preconditioned with 3 mL of 
HCl 0.1 M and 100 mL of H2O and then dried under a flow of argon) was connected 
to the SepPak C18 plus cartridge. Purified [18F]FBA was eluted from the SepPak 
C18 plus/SCX cartridges with 2 mL acetonitrile in a vial containing 10 mg krypto-
fix[2.2.2], 5 mg K2CO3 and 50 µL H2O. As [18F]FBA is highly volatile, it was converted 
to [18F]fluorobenzoate which was coevaporated 3 times with 0.5 mL acetonitrile 
in the presence of kryptofix[2.2.2] and potassium carbonate. The resulting salt 
was treated with freshly dissolved O-(N-succinimidyl)-1,1,3,3-tetramethyluronium 
tetrafluoroborate (TSTU) in 0.5 mL acetonitrile for 5 min at 90°C to allow the 
formation of [18F]SFB. After cooling, the production of [18F]SFB was completed by 
addition of 1 mL HCl 0.03 M.

4.10 Purification of N-succinimidyl-4-[18F]fluorobenzoate by SPE
[18F]SFB was diluted with 15 mL of water for injection and passed through an Oasis 
HLB 30 mg (1 cc) cartridge for solid phase extraction. The cartridge was washed 
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with 10 mL of water and eluted with 500 µL acetonitrile to give the purified [18F]
SFB.

4.11 Radiosynthesis of [18F]FB-ML5
[18F]SFB dissolved in 500 μL acetonitrile was added to a solution of ML5 (0.50 mg, 
1.08 μmol) in 500 μL 0.01 M phosphate buffer pH 8.5. The reaction was performed 
at 500C for 30 min. After cooling, the reaction mixture was diluted with 600 µL 
acetonitrile and 600 µL H2O and was purified by semi-preparative reverse phase 
HPLC. HPLC was performed with Elite LaChrom Merck Hitachi L-7100 pump system 
using a Phenomenex reversed-phase Luna C18 column (10 mm x 250 mm, 5µm), 
preceded of a 20 x 4.6 mm2 precolumn, equipped with both UV (Elite LaChrom VWR 
Hitachi L-2400 UV detector set at 254 nm, AUFS = 0.5) and a Bicron radioactivity 
monitor. Sample injection was carried out using an injector block with a loop of 
1 mL. Gradient elution was performed using a mixture of 0.01 M monosodium 
phosphate buffer (NaH2PO4) pH 6.0 (solvent A) and ACN (solvent B). The following 
gradient profile (overall time = 47 min) at a flow rate of 2.5 mL.min-1 was used: 30% 
of ACN in solvent A over 5 min, followed by a linear gradient from 30% to 60% of 
ACN in solvent A over 40 min and followed by a linear gradient from 60% to 10% of 
ACN in solvent A over 2 min. The retention time of [18F]FB-ML5 was about 20.3 min. 
The HPLC-collected fraction was diluted with about 100 mL of water for injection 
and passed through an Oasis HLB 30 mg (1 cc) cartridge. The cartridge was washed 
with 10 mL of water for injection and eluted with 0.7 mL of EtOH. The obtained 
product was redissolved in saline to decrease the percentage of EtOH to less than 
10% for the subsequent cell/animal experiments. 

Quality control was performed as described for FB-ML5. The retention time of 
[18F]FB-ML5 was 37 min.

4.12 In vitro stability of [18F]FB-ML5 in human plasma and saline

Human plasma stability
The stability of [18F]FB-ML5 was evaluated in vitro in human plasma. Whole blood 
from a healthy donor, kept at room temperature for 15 min, was centrifuged at 
3000 rpm for 5 min, subsequently the supernatant was taken. 100 µL of formulated 
[18F]FB-ML5 was dissolved in 1 mL human plasma and incubated at 37°C for 3 h. 
After 1 h and 3 h of incubation, aliquots of 250 µL were taken. 750 µL of ACN were 



86

added in order to deproteinize the plasma, and the mixture was centrifuged for 3 
min at 3000 rpm. The supernatant was passed through a Millex Filter (0.22 µm), 
diluted with 600 µL ACN and 600 µL H2O and analysed by semi-preparative HPLC 
using a Phenomenex reversed-phase Luna C18 column (10 mm x 250 mm, 5µm), 
preceded by a 20 x 4.6 mm2 precolumn. Gradient elution was performed using a 
mixture of 0.01 M monosodium phosphate buffer (NaH2PO4) pH 6.0 (solvent A) and 
ACN (solvent B). The following gradient profile (overall time = 47 min) at a flow 
rate of 2.5 mL.min-1 was used: 30% of ACN in solvent A over 5 min, followed by a 
linear gradient from 30% to 60% of ACN in solvent A over 40 min and followed 
by a linear gradient from 60% to 10% of ACN in solvent A over 2 min. Fractions 
of the eluate were collected every minute and radioactivity in the fractions was 
determined with a gammacounter (LKB Wallac, Turku, Finland).

Saline stability
The stability of [18F]FB-ML5 was evaluated in vitro in saline. Formulated [18F]FB-
ML5 was dissolved in 1 mL saline and incubated at 37°C for 3 h. After 1 h and 3 h of 
incubation, aliquots of 250 µL were taken and diluted with 1 mL ACN and 1 ml H2O 
and analysed by semi-preparative HPLC as described above. Fractions of the eluate 
were collected every minute and radioactivity in the fractions was determined with 
a gammacounter (LKB Wallac, Turku, Finland).

4.13 Octanol/water partition coefficient of [18F]FB-ML5
About 5 kBq of formulated [18F]FB-ML5 diluted in 5 µL saline was diluted in 495 µL 
PBS (pH = 7.4) and 500 µL n-octanol in an Eppendorf cup. The mixture was vortexed 
for 5 min and the cup was centrifuged at 3000 rpm for 5 min.  Radioactivity in 100 
µL aliquots of the water and n-octanol layers was determined in a gammacounter 
(LKB Wallac, Turku, Finland). The experiment was performed in triplicate. The par-
tition coefficient (log P) was calculated as: log P = log10 (cpmoctanol layer / cpmaqueous layer).

4.14 In vitro evaluation of [18F]FB-ML5 
Human breast cancer MCF-7 cells and human bronchial epithelium 16HBE cells 
were obtained from American Type Culture Collection, Manassas, USA. MCF-7 and 
16HBE cells were maintained in 15 mL Eagle’s Minimum Essential Medium (EMEM) 
(Lonza, Walkersville, USA) supplemented with 10% fetal calf serum (FCS) in a T75 
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culture flask. Cells were grown in a humidified atmosphere containing 5% CO2 and 
were passaged twice per week.

For 16HBE cells
16HBE cells were seeded in a 24-well plate at 50.000 cells/mL 6 days before the 
experiment. An equal number of cells were dispensed in each well in 0.5 mL of 
serum-containing medium: EMEM supplemented with 10% FCS. Cells were grown 
to confluency and serum-starved overnight. One day before the experiment, the 
medium was changed to low serum medium: EMEM supplemented with 0.5% FCS.

For MCF-7 cells
MCF-7 cells were seeded in a 12-well plate 48 h before the experiment. An equal 
number of cells were dispensed in each well in 1 mL of serum-containing medium: 
EMEM supplemented with 10% FCS. Cells were grown to confluency and serum-
starved overnight. One day before the experiment, the medium was changed to low 
serum medium: EMEM supplemented with 0.5% FCS.

Binding/specificity studies were performed when confluency had reached 80-
90%. 

For binding study with MCF-7 cells
0.5 MBq of [18F]FB-ML5 in < 50 μL of saline (containing maximum 10% of absolute 
ethanol) were added to each well. After 57 min of incubation, the medium was 
quickly removed and the monolayer was washed 3 times with PBS. Cells were then 
treated with 0.2 mL of trypsin. When the monolayer had detached from the bottom 
of the well, 0.8 mL of EMEM supplemented with 10% FCS was added to stop the 
proteolytic action. Cell aggregates were resolved by repeated pipetting of the tryp-
sin/EMEM mixture. Radioactivity in the cell suspension (1 mL) was assessed using 
a gamma counter for 15 sec for [18F]FB-ML5. A sample of the suspension was mixed 
with trypan blue solution (1:1 v/v) and was used for cell counting. Cell numbers 
were determined manually, using a phase contrast microscope (Olympus, Tokyo, 
Japan), a Bürker bright-line chamber (depth 0.1 mm; 0.0025 mm2 squares) and a 
hand tally counter. All experiments were performed as a quadruplicate study with 
at least two repeats.
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For specificity study
For 16HBE cells
Four different experimental conditions were examined in quadruplicate: non-
stimulated cells, non-stimulated cells + 10 µM of non-radioactive ML5 (10 µL), 
stimulated cells (25 ng/mL PMA and 100 ng/mL LPS added 60 min before [18F]
FB-ML5 addition) and stimulated cells + 10 µM of ML5 (10 µL). Blocker was added 
2 min before tracer addition. 0.5 MBq of [18F]FB-ML5 in < 50 μL of saline (contain-
ing maximum 10% of absolute ethanol) was added to each well and incubated for 
60 min. After washing 3 times with 500 μL PBS, the cells were detached with 100 
μL of trypsin and transferred to test tubes. After addition of 400 μL of EMEM + 10% 
FCS and resuspension, radioactivity in the cell suspension (0.5 mL) was assessed 
using a gamma counter. A sample of the suspension was mixed with trypan blue 
solution (1:1 v/v) and was used for cell counting. Cell numbers were determined 
manually, using a phase contrast microscope, a Bürker bright-line chamber and a 
hand tally counter.

For MCF-7 cells
Six different experimental conditions were examined in quadruplicate: non-stimu-
lated cells, non-stimulated cells + 100 nM of ML5 (10 µL), non-stimulated cells + 10 
μM of ML5 (10 µL), stimulated cells (100 nM PMA added 2.5 h before [18F]FB-ML5 
addition), stimulated cells + 100 nM of ML5 (10 µL) and stimulated cells + 10 µM 
of ML5 (10 µL). Blocker was added 2 min before tracer addition. 0.5 MBq of [18F]
FB-ML5 in < 50 μL of saline (containing maximum 10% of absolute ethanol) was 
added to each well and incubated for 60 min. After washing 3 times with 1 mL PBS, 
the cells were detached with 200 μL of trypsin and transferred to test tubes after 
addition of 800 μL of EMEM + 10% FCS and resuspension. Radioactivity in the cell 
suspension (1 mL) was assessed using a gamma counter. A sample of the suspen-
sion was mixed with trypan blue solution (1:1 v/v) and was used for cell counting. 
Cell numbers were determined manually, using a phase contrast microscope, a 
Bürker bright-line chamber and a hand tally counter.
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4.15 HT1080 fibrosarcoma xenograft mouse model

Animals
Male BALB/c nu/nu (BALB/cOlaHsd-Foxn1nu) mice (nude mice) were obtained 
from Harlan (Lelystad, The Netherlands). The mice were housed in IVC cages with 
paper bedding on a layer of wood shavings in a room with constant temperature 
(~ 20°C) and fixed, 12-hour light-dark regime. Food (standard laboratory chow, 
RMH-B, Hope Farms, The Netherlands) and water were available ad libitum. After 
arrival, the mice were allowed to acclimatize for at least seven days. The study 
was approved by the Animal Ethics Committee of the University of Groningen, The 
Netherlands (DEC 6058B).

HT1080 inoculation
Human fibrosarcoma HT1080 cells were obtained from American Type Culture 
Collection, Manassas, USA. HT1080 cells were maintained in 15 mL EMEM supple-
mented with 10% FCS in a T75 culture flask. Cells were grown in a humidified 
atmosphere containing 5% CO2 and were passaged twice per week. (2-2.5) x 106 

HT1080 cells, in a 1:1 (v/v) mixture of Matrigel (extracellular matrix compound, 
Becton Dickinson) and EMEM with 10% FCS, were subcutaneously injected into the 
right shoulder of the BALB/c nude mice (7-8 weeks old). 

4.16 MicroPET studies
Animals were scanned when the tumors reached an adequate size (0.3-0.6 mL), 
14 to 21 days after inoculation. The mice were randomly divided into two groups: 
tumor-bearing mice scanned with [18F]FB-ML5 and tumor-bearing mice scanned 
with [18F]FB-ML5 and coinjection of 2.5 mg/kg of ML5. [18F]FB-ML5 (6.1 ± 2.3 MBq, 
0.15 ± 0.09 nmol), dissolved in saline, was intravenously injected into the penile 
vein of mice anesthetized with 5% isoflurane (Pharmacie BV, The Netherlands) in 
medical air at a flow of 2 mL.min-1, after which anesthesia was maintained with 2% 
isoflurane. Following induction of anesthesia, the mice were positioned on the bed 
of the microPET camera (Focus 220, Siemens Medical Solutions USA, Inc.) in trans-
axial position. The body temperature of the mice was maintained by electronically 
regulated heating pads. Data acquisition of the microPET camera was initiated and 
continued for a period of 90 min. After completion of the dynamic emission scan, a 
515 sec transmission scan with a Co-57 point source was performed for correction 
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of attenuation of 511 keV photons by tissue. After microPET scanning, the mice 
were terminated by administering a high dose of isoflurane (5%) for about 20 min.

4.17 MicroCT
After the microPET scan, a computed tomography (CT) scan was performed for 
attenuation correction and to provide anatomical localization. The dead mouse at-
tached to the bed was inserted to the microCT scanner (MicroCAT II, CTI Siemens) 
and a microCT image (exposure time = 1050 ms; X-ray voltage = 55 kvp; anode cur-
rent = 500 µA; number of rotation steps = 500; total rotation = 360°) was acquired 
for 15 min. 

4.18 Ex vivo biodistribution
After the microPET scan, the ex vivo biodistribution was performed on the sacri-
ficed mice. The following organs were taken: bladder, bone, brain, heart, kidney, 
large intestine, liver, lungs, muscle, pancreas, small intestine, spleen, stomach, 
tumor and urine. A small drop of infusate was taken for data correction. The blood 
was centrifuged in order to collect plasma and red blood cells. All the organs 
and infusate were weighed and analyzed for the amount of radioactivity, using a 
gammacounter (LKB Wallac, Turku, Finland). Tracer uptake was expressed as 
the standardized uptake value (SUVmean), defined as [tissue activity concentration 
(MBq/g)/(injected activity (MBq)/mouse body weight (g))]. The tumor-to-plasma 
and tumor-to-muscle ratios were also determined.

4.19 MicroPET image analysis
Emission sinograms were iteratively reconstructed (OSEM2d) after being 
normalized, corrected for attenuation, scatter and decay of radioactivity. The 
list-mode data of the emission scans were separated into 22 frame sinograms (15 
frames of 2 minutes, 3 frames of 5 minutes, 2 frames of 7.5 minutes, 2 frames of 
15 minutes). PET image analysis was performed using Inveon Research Workplace 
(Siemens) software. Regions of interest were drawn around the tumor. Tracer 
uptake in the region of interest was determined as Bq.cm-3 and converted to PET-
SUVmean using the following formula: [tissue activity concentration (MBq/cc)/
(injected activity (MBq)/mouse body weight (g))].
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4.20 Metabolite analysis (plasma) of [18F]FB-ML5 in a HT1080 xenograft 
mouse model
Metabolite analysis was performed on plasma collected after the ex vivo biodistri-
bution study. 750 µL of ACN was added to 250 µL of plasma, the mixture was then 
centrifuged for 3 min at 3000 rpm. The supernatant was passed through a Millex 
Filter (0.22 µm), diluted with 600 µL acetonitrile and 600 µL H2O, and analysed by 
semi-preparative HPLC. Fractions of the eluate were collected every minute and 
radioactivity in these fractions was then determined with a gammacounter (LKB 
Wallac, Turku, Finland).
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Supplementary information

Molecular modeling of ML5 and FB-ML5
The MolDock Scores for ML5 and FB-ML5 for MMP-2, MMP-9, MMP-12 and ADAM-
17 are summarized in [Table 1]. MolDock score is described as the fitness of pose 
into the binding site by evaluating the intermolecular interaction energy between 
the ligand and the enzyme, and the intramolecular interaction energy of the 
enzyme. Docking results of ML5 and FB-ML5 into MMPs shows alignment to the 
molecule design concept. The substituent construct on ML5 and FB-ML5 which are 
P1’, P2’ and P3’, correspond with MMPs and ADAM-17 pockets S1’, S2’, and S3’. The 
hydroxamic acid group was in position to form binding coordination with Zn2+. The 
detail of the ML5 and FB-ML5 docking results on MMPs and ADAM-17 are described 
below. 

ML5 with MMP-2
The distances between the hydroxamic acid group and Zn2+ are respectively 2.22 
and 2.26 Å.
The isopropyl chain is positioned inside the S1’ pocket, whereas the phenyl ring 
is in the S2’ pocket (S1’ and S2’ are hydrophobic cavities which contain non-polar 
residues (valine and leucine at S1’; isoleucine, alanine, proline and leucine at S2’).
The lysine side chain of ML5 is solvent exposed.
Several hydrogen bonds are formed with ML5.

FB-ML5 with MMP-2
The distances between the hydroxamic acid group and Zn2+ are respectively 2.15 
and 2.27 Å.
The isopropyl chain is positioned inside the S1’ pocket.
Both phenyl and para-fluorobenzoyl-chain are solvent exposed. The fluorobenzoyl-
lysine cannot adopt the same pose as the lysine on ML5 since it has a longer chain 
and is bulky.
The phenyl side chain does not fit into the S2’ pocket, possibly due to the fluoroben-
zoyl-lysine side chain which pulls the molecule to be solvent exposed. Moreover, 
the aromatic interaction between the tyrosine residue and the phenyl ring could 
contribute to the affinity of FB-ML5.
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ML5 with MMP-9
The distances between the hydroxamic acid group and Zn2+ are respectively 2.11 
and 2.26 Å.
The isopropyl chain is positioned inside the S1’ pocket.
The phenyl ring is solvent exposed.
The lysine chain of ML5 fits into the S3’ pocket.
Several hydrogen bonds are formed, which suggests that ML5 can bind tightly to 
the active site of MMP-9.

FB-ML5 with MMP-9
The distances between the hydroxamic acid group and Zn2+ are respectively 2.10 
and 2.18 Å.
The isopropyl chain is positioned inside the S1’ pocket.
The phenyl ring is solvent exposed.
The fluorobenzoyl-lysine side chain fits into the S3’ pocket and is solvent exposed. 

ML5 with MMP-12
The lysine side chain of ML5 fits into the S3’ pocket, a little space is left.

FB-ML5 with MMP-12
The fluorobenzoyl-lysine side chain is too large for the S3’ pocket and as a result, 
the group bends to another direction.

ML5 with ADAM-17
The benzene group is solvent exposed and forms a hydrophobic interaction with 
isoleucine.
The lysine side chain of ML5 fits nicely into the S3’ pocket and forms hydrogen 
bonds with alanine.

FB-ML5 with ADAM-17
The fluorobenzoyl-group goes to the S3’ pocket but as it is a big structure, it cannot 
go deep into this pocket.
The lysine side chain pulls out to the solvent and as a result, less hydrogen bonds 
can be formed by the backbone of ML5.
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Abstract
Purpose: Matrix metalloproteinases (MMPs) are the main proteolytic enzymes 
involved in the pathogenesis of chronic obstructive pulmonary disease (COPD). 
A radiolabelled MMP inhibitor, [18F]FB-ML5, was prepared and its in vivo kinetics 
were tested in a mouse model of pulmonary inflammation. 
Procedures: BALB/c mice were exposed for four days to cigarette smoke (CS) or 
air. On the fifth day, a dynamic microPET scan was made with [18F]FB-ML5. 
Results: Standardized uptake values (PET-SUVmean) were 0.19 ± 0.06 in the lungs 
of CS-exposed mice (n = 6) compared to 0.11 ± 0.03 (n = 5) in air-exposed controls 
(p < 0.05), 90 min p.i. MMP-9 levels in bronchoalveolar lavage fluid (BALF) were 
increased from undetectable levels to 4615 ± 1963 pg.mL-1 by CS exposure. 
Conclusions: Increased MMP expression in a COPD mouse model was shown to 
lead to increased retention of [18F]FB-ML5. 

Keywords 
BALF, COPD, lung imaging, microPET, MMP/ADAM inhibitor
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Introduction
Chronic obstructive pulmonary disease (COPD) is characterized by irreversible 
airway limitation and accelerated lung function decline.  The worldwide incidence 
of COPD is increasing and COPD has become the 5th cause of death [1-4]. Smoking 
is the major risk factor for the development and progression of COPD. An aberrant 
inflammatory response to noxious insults, with neutrophilic airway inflammation, 
underlies the symptoms of COPD, which include alveolar destruction (emphysema) 
and peripheral airway disease (chronic bronchitis), leading to dyspnoea, abundant 
sputum production, chronic cough and wheezing. A number of tests contribute to 
identify COPD, including differential diagnosis from pulmonary function depres-
sion due to congestive heart failure or asthma, however actual imaging procedures 
(e.g. scintigraphy with radiolabelled aerosols or particles) are not disease-specific 
[5].

Matrix metalloproteinases (MMPs) are neutral zinc endopeptidases that degrade 
and remodel structural proteins of the extracellular matrix (ECM) [6] and thereby 
play a crucial role in tissue repair and remodelling upon injury. MMPs are expressed 
as inactive pro-proteins and necessitate enzymatic removal of the pro-domain to 
become proteolytically active. Active MMPs can be inhibited by endogenous in-
hibitors, including tissue inhibitors of metalloproteinases (TIMPs) [7, 8]. Recently, 
an imbalance between MMP activity and inhibition has been associated with the 
pathogenesis of COPD [9, 10]. Among all the members of the MMP family, MMP-9 
(gelatinase B) attracted the most interest for its involvement in COPD. For instance, 
85% of COPD patients exhibited the activated form of MMP-9 (85 kDa) in their spu-
tum whereas this form was not present in control subjects [11]. Thus, the ability 
to image MMP activity non-invasively in vivo would allow the characterization and 
detection of COPD.

Some studies have been published on imaging of MMPs in relation to COPD. 
MMPSense 680, an MMP substrate, was labelled for near-infrared fluorescence 
(NIRF) imaging, and evaluated in vivo in a mouse model of pulmonary inflamma-
tion [12]. Susceptible C57BL/6j mice were compared to 129S2/SvHsd resistant 
mice. One day after exposure to three consecutive cigarettes and probe administra-
tion, the mice were scanned. Exposed susceptible mice exhibited a two-fold higher 
signal in their lung parenchyma than air-exposed mice of the same strain. However, 
resistant mice did not exhibit any difference between treated animals and controls. 
The ex vivo imaging data confirmed these findings, and uptake of the NIRF probe 
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was significantly correlated with MMP-9 levels as determined by Western blotting. 
Even if these results seem promising, NIRF has a limited spatial resolution, a low 
signal to background ratio and is restricted to animals and ex vivo studies [13]. 
As proteolytic activity of MMPs is highly regulated in the pathogenesis of COPD 
and since positron emission tomography (PET) is used for the imaging of systemic 
disorders, we radiolabelled a synthetic MMP inhibitor (MMPI) [14] to detect active 
MMPs in a mouse model of pulmonary inflammation by microPET.

Here we report our preclinical evaluation of the peptidomimetic MMP inhibitor 
[18F]FB-ML5 [Fig 1] in an established mouse model of cigarette smoke (CS)-induced 
neutrophilic airway inflammation [15, 16]. [18F]FB-ML5 has a hydroxamate as a 
zinc-chelating group, an isobutyl group in the S1’ pocket, a benzyl group in the S2’ 
pocket and a [18F]fluorobenzoyl-lysine in the S3’ pocket of the MMP binding site 
[14 and Suppl. information]. FB-ML5 is a broad-spectrum inhibitor that principally 
inhibits MMP-2 (gelatinase A, IC50 = 12.5 nM), MMP-9 (gelatinase B, IC50 = 31.5 nM), 
MMP-12 (macrophage metallo-elastase, IC50 = 138 nM) and ADAM-17 (a disintegrin 
and metalloproteinase-17, IC50 = 24.7 nM) [14]. 

Materials and methods
All chemicals were obtained from commercial suppliers (Aldrich, Fluka, Sigma 
and Merck) and were used without further purification. Solid phase extraction 
cartridges were obtained from Waters Chromatography Division, Millipore Corpo-
ration.

Chapter 3 - Figure 2S 

 
Figure 2S: Reconstructed radiochromatogram of a plasma extract from a control mouse (mouse # 1) at 90 

min p.i. of [18F]FB-ML5 
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Figure 1: Structures of ML5 and [18F]FB-ML5 

	  

 

 

 

 

 

Figure 1: Structure of ML5 and [18F]FB-ML5
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For tracer purification and metabolite analysis, high-performance liquid chro-
matography (HPLC) was performed with an Elite LaChrom Merck Hitachi L-7100 
pump system using a Phenomenex reversed-phase (RP) Luna C18 column (10 mm 
x 250 mm, 5 µm) equipped with both ultraviolet (UV) (UV detector set at 254 nm, 
AUFS = 0.5) and a Bicron radioactivity monitor. Gradient elution was performed 
using a mixture of 0.01 M monosodium phosphate buffer NaH2PO4 pH 6.0 (solvent 
A) and CH3CN (solvent B). The following gradient profile (overall time = 47 min) 
at a flow rate of 2.5 mL.min-1 was used: 30% of CH3CN in solvent A over 5 min, 
followed by a linear gradient from 30% to 60% of CH3CN in solvent A over 40 min 
and followed by a linear gradient from 60% to 10% of CH3CN in solvent A over 2 
min. An injector block with a loop of 1 mL was used for sample injection.
For quality control analysis, analytical HPLC was performed with an Elite LaChrom 
Merck Hitachi L-7100 pump system using a Phenomenex RP Luna C18 column (4.6 
mm x 250 mm, 5 µm) equipped with both UV (UV detector set at 254 nm, AUFS = 
0.010) and a Bicron radioactivity monitor. Gradient elution was performed using a 
mixture of H2O + 0.1% trifluoroacetic acid (TFA) (solvent C) and CH3CN + 0.1% TFA 
(solvent D). A linear gradient (overall time = 60 min) starting from 95% solvent C 
in solvent D to 100% solvent D at 60 min was employed at a flow rate of 1 mL.min-1. 
An injector block with a loop of 100 μL was used for sample injection.

Radiosynthesis of [18F]FB-ML5  
The radiosynthesis of [18F]FB-ML5 and its quality control has been previously 
described [14]. In brief, [18F]FB-ML5 ((R)-N1-((S)-1-(((S)-1-amino-6-(4-[18F]
fluorobenzamido)-1-oxohexan-2-yl)amino)-1-oxo-3-phenylpropan-2-yl)-N4-hydro-
xy-2-isobutylsuccinamide) [Fig 1] was prepared from the MMP inhibitor ML5 
((R)-N1-((S)-1-(((S)-1,6-diamino-1-oxohexan-2-yl)amino)-1-oxo-3-phenylpropan-2-
yl)-N4-hydroxy-2-isobutylsuccinamide) [Fig 1]. [18F]FB-ML5 was obtained by direct 
acylation of the ε-amino group of the lysine of ML5 with N-succinimidyl-4-[18F]
fluorobenzoate ([18F]SFB) in solution: 0.5 mg (1.08 μmol) of ML5 in 500 μL 0.01 M 
phosphate buffer pH 8.5 was transferred to a solution of [18F]SFB in 500 μL CH3CN. 
The reaction was performed at 50 0C for 30 min. [18F]FB-ML5 was purified by semi-
preparative RP HPLC. The retention time of [18F]FB-ML5 was about 20.3 min. The 
HPLC-collected fraction was diluted with 100 mL of water and passed through an 
Oasis HLB 30 mg (1 cc) cartridge. The cartridge was washed with 10 mL of water 
and eluted with 0.7 mL of absolute ethanol. The product was re-dissolved in saline in 
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order to decrease the ethanol fraction to < 10% for injection in experimental animals. 
Quality control was performed by analytical HPLC. The retention time of [18F]FB-ML5 
was 37 min.

Animals 
Inbred male BALB/c (BALB/cOlaHsd) mice were obtained from Harlan (Lelystad, 
The Netherlands). The mice were housed in individually ventilated cages on a 
layer of wood shavings in a room with constant temperature (~ 20 °C) and fixed, 
12-hour light-dark regime. Food (standard laboratory chow, RMH-B, Hope Farms, 
The Netherlands) and water were available ad libitum. After arrival, the mice were 
allowed to acclimatize for at least seven days. The study was approved by the Insti-
tutional Animal Care and Use Committee of Groningen University, The Netherlands 
(DEC 6058A).

Exposure of mice to CS and air
The animal model of pulmonary inflammation described by Vlahos et al. and van 
der Toorn et al. [15, 16] was used with some modifications. Mice were randomly 
divided into two groups: control animals (air-exposed, n = 6) and mice exposed to 
CS (n = 6). Mice were exposed to CS twice a day for four days, using respectively 1 
and 3 cigarettes for the initial CS exposure on day one and 5 cigarettes for every 
exposure on subsequent days. Kentucky 2R4F research reference cigarettes (To-
bacco Research Institute, University of Kentucky, Lexington, KY) were used. Filters 
were cut from the cigarettes, and each cigarette was smoked in 5 min with a 17 
mm butt remaining, using a peristaltic pump (Watson Marlow 603S, Rotterdam, 
The Netherlands). Whole body exposure was used; each cigarette was smoked at 
a rate of 5 L.h-1 in a ratio with 60 L.h-1 air. The gaseous-phase of CS was distributed 
inside 6-liter perspex boxes placed in a class II biosafety cabinet. Control mice were 
treated in an identical manner (frequency, duration of treatment), exposing them 
to 60 L.h-1 air without CS in similar boxes. On the fifth day, a microPET scan was 
made as described below. One mouse from the control group developed spontane-
ous illness during treatment and was therefore terminated. As a result, the number 
of mice from the air-exposed group was reduced to n = 5.
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MicroPET studies
The microPET study was performed with two animals scanned simultaneously: a 
CS exposed mouse and an air-control mouse. [18F]FB-ML5 (7.3 ± 4.3 MBq, 0.10 ± 
0.05 μg, 0.16 ± 0.08 nmol), dissolved in saline, was injected into the penile vein of 
mice anesthetized with a mixture of 5% isoflurane and medical air at 2 mL.min-1, 
after which anesthesia was maintained with 2% isoflurane. Following induction 
of anesthesia, the mice were placed above each other, in transaxial position in the 
microPET camera, with the thorax in the scanner field of view. The position of the 
animals was exchanged at the subsequent scan according to the treatment of the 
animals to avoid the variability in the dynamic curves from animal to animal. Body 
temperature of the animals was maintained by electronically regulated heating 
pads. Data acquisition of the microPET camera was continued for a period of 90 
min. After completion of the dynamic emission scan, a 515 sec transmission scan 
with a Co-57 point source was made for the correction of attenuation of 511 keV 
photons by tissue. 

Bronchoalveolar lavage and cell differentiation 
Immediately after the microPET scans, the lungs of mice were lavaged five times 
through a tracheal cannula. The first bronchoalveolar lavage (BAL) was performed 
with 1 mL phosphate buffered saline (PBS) containing bovine serum albumin (5%) 
and protease inhibitors (Complete mini, Roche Diagnostics, Penzberg, Germany). 
Cells were pelleted, and supernatants were stored at -80 0C for measurement 
of MMP-9. Subsequently, lungs were lavaged with 4 mL PBS, and BAL cells were 
pooled and counted using a microscope. The lungs were kept on ice. 
For differential cell counts, cytospin preparations were made using a cytocentri-
fuge (Shandon Life Science, Cheshire, UK), and cells were fixed and stained with 
Diff-Quick (Dade, Düdingen, Switzerland). Cells were identified and differentiated 
into mononuclear cells, eosinophils and neutrophils by standard morphology and 
staining. Per cytospin, 200 cells were counted and total numbers of each cell type 
were calculated.
For technical reasons, the BAL could not be acquired from two mice exposed to 
CS and from one air-exposed mouse. Therefore, four samples of bronchoalveolar 
lavage fluid (BALF) were analyzed from each group of mice.
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Ex vivo biodistribution
After the BAL, an ex vivo biodistribution study was performed. The following or-
gans were sampled: bladder, bone, brain, heart, kidney, large intestine, liver, lung, 
muscle, pancreas, small intestine, spleen, stomach and urine. A small drop of the 
infused tracer solution was taken for calculation of standardized uptake values 
(SUVs). Plasma and red blood cells were acquired by centrifugation of blood (5 
min at 13.000 rpm). All samples were weighed and radioactivity in the samples 
was counted (LKB Wallac CompuGamma, Turku, Finland). After gamma counting, 
the lungs were frozen in liquid nitrogen and stored at -80°C. Tracer uptake was 
expressed as the dimensionless standardized uptake value mean (SUVmean), defined 
as [tissue activity concentration (MBq/g) / (injected activity (MBq) / mouse body 
weight (g))]. 

MicroPET image analysis
Emission sinograms were iteratively reconstructed (ordered-subsets expectation 
maximization 2d - OSEM2d) after being normalized and corrected for attenuation 
and decay of radioactivity. The list-mode data of the emission scans were separated 
into 17 frames (7 frames of 3 min, 3 frames of 5 min, 5 frames of 7.5 min, 2 frames of 
15 min; zoom factor 2). PET image analysis was performed using Inveon Research 
Workplace (Siemens) software. Regions of interest (ROIs) were drawn around the 
lungs. A previously acquired micro computed tomography (microCT) scan was 
fused to the microPET image to define the position of the lungs. Uptake of the tracer 
in the ROIs was determined as Bq.cm-3 and converted to PET-SUVmean, defined as 
[tissue activity concentration (MBq/cc) / (injected activity (MBq) / mouse body 
weight (cc))].

Metabolite analysis of [18F]FB-ML5 in plasma
Metabolite analysis was performed on plasma after the ex vivo biodistribution. 
Plasma protein was precipitated by adding 750 µL of CH3CN to an aliquot of 250 
µL of plasma followed by centrifugation (3 min at 3000 rpm). The supernatant was 
passed through a Millex Filter (0.22 µm), diluted with 600 µL CH3CN and 600 µL 
H2O, and analysed by semi-preparative HPLC. One-minute fractions of the eluate 
were collected and radioactivity in the fractions was determined (LKB Wallac Com-
puGamma, Turku, Finland). 
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MMP-9 ELISA
MMP-9 levels were measured in supernatants of the first BALF using an enzyme-
linked immunosorbent assay (ELISA) kit for mouse MMP-9 (R&D systems) according 
to manufacturer’s instructions.

Statistical analysis
Excel 2007 (Microsoft) and GraphPad Prism 5.0 for Windows (GraphPad Software, 
San Diego, USA) were used for statistical calculations. Results are expressed as 
mean ± SD. Comparisons between different experimental groups were made using 
an unpaired two-sided student t-test. Differences were considered statistically 
significant when p < 0.05.

Results and Discussion

Synthesis of [18F]FB-ML5  
[18F]FB-ML5 was successfully prepared by acylation of the MMP inhibitor ML5 with 
the prosthetic group [18F]SFB in phosphate buffer/CH3CN. HPLC-purified [18F]FB-
ML5 was prepared with a good radiochemical yield of 13 ± 1 % (decay corrected, n = 
3) based on [18F]SFB. Purification by semi-preparative HPLC afforded [18F]FB-ML5 
in high radiochemical purity. The radiochemical purity determined by analytical 
HPLC with radiodetection was always > 95%. The chemical purity of [18F]FB-ML5 
was always measured as > 95%. Specific radioactivity was 37-49 GBq/μmol at the 
end of synthesis. The total synthesis time, including purification and formulation, 
was 3 h from end of bombardment.

Body weight of mice
Mice were weighed just before the microPET scan on the fifth day. The body weight 
of CS-exposed animals was 27.1 ± 0.8 g (n = 6) vs 27.7 ± 0.2 g for air-exposed mice 
(n = 5). This difference was not statistically significant (p = 0.139).    

Cell differentiation 
The total number of cells in BALF appeared to be higher in mice exposed to CS 
(2.96 ± 1.23 x 106; n = 4) than in air-exposed mice (1.40 ± 0.94 x 106; n = 4) but 
this difference was not statistically significant (p = 0.091). Monocyte numbers in 
the treated (2.95 ± 1.13 x 105; n = 4) and control groups (2.80 ± 1.87 x 105; n = 4) 
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were also not significantly different (p = 0.895). However, CS exposure resulted in 
a substantial upregulation of neutrophils, from undetectable levels in air-exposed 
animals to 2.94 ± 1.90 x 105 (n = 4) in BALF of CS-exposed mice. Neutrophilic airway 
infiltration is a specific characteristic of COPD. The number of eosinophils was also 
significantly increased, from undetectable levels in air-exposed animals to 5463 ± 
2386 (n = 4) in mice exposed to CS.

MMP-9 levels in supernatant of first BAL of mice after CS and air exposure  
High levels of MMP-9 were detected in the BALF of mice exposed to CS (4615 ± 
1963 pg.mL-1; n = 4) whereas MMP-9 was not detectable in air-exposed mice. These 
results are in line with data published by Vlahos et al. [15]. 

CS exposure led to an upregulation of neutrophils and eosinophils (to a lesser 
extent) but not of monocytes. The nature of the inflammatory process in COPD 
is primarily neutrophilic. Neutrophilic accumulation in the lung tissue [17] is a 
dynamic process, reflecting recruitment of neutrophils from the bloodstream and 
their clearance from the lungs due to efferocytosis of apoptotic cells. Defective effe-
rocytosis and higher numbers of apoptotic cells have been observed in the airways 
of patients with COPD [18]. Increased MMP-9 levels in sputum of COPD patients are 
correlated to neutrophil numbers suggesting that this cell type produces MMP-9 
[19, 20]. Neutrophils contain tertiary gelatinase granules formed at later stages of 
myelopoiesis which act as a main reservoir for the rapid exocytosis of MMP-9 [21]. 
This can result in local increases of the proteolytic activity because unlike other 
mononuclear leukocytes, this cell type does not express the inhibitor, TIMP-1 [22]. 
MMP-9 degrades collagen, elastin and gelatin and its levels are inversely correlated 
with airflow obstruction [19].

Metabolite analysis of [18F]FB-ML5 in plasma
Two plasma samples from mice exposed to CS and two plasma samples from air-
exposed mice were used for metabolite analysis by HPLC. The fraction of intact 
parent tracer in plasma was 22 ± 8% (n = 2) in mice exposed to CS and 20 ± 7% (n = 
2) in mice exposed to air. The metabolism of [18F]FB-ML5 was rather fast. The HPLC 
chromatograms suggested that all radioactive metabolite(s) were much more polar 
than the parent compound. It is thus unlikely that they retain significant affinity 
for active MMPs/ADAMs. In addition, [18F]FB-ML5 was previously evaluated for in 
vitro stability in saline and human plasma [14]. It was shown that after 1 h and 3 h 
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of incubation, 99% of the radioactivity still corresponded to the intact tracer both 
in saline and human plasma. Considering the value of the parent tracer obtained at 
90 min p.i. of [18F]FB-ML5 in both groups, the metabolism of [18F]FB-ML5 appeared 
quite fast in vivo.

MicroPET evaluation of [18F]FB-ML5 in a mouse model of CS-induced acute 
airway inflammation
Uptake of radioactivity in various tissues is presented in Figure 2. Tracer uptake 
in bone was low which suggests absence of defluorination of the tracer during the 
scan. Uptake of radioactivity in kidneys and liver was high at 90 min p.i., indicating 
excretion of the tracer and its metabolites. High levels of radioactivity in the small 
intestine suggested a biliary route of elimination. At 90 min p.i. and after BAL, 
SUVmean values from the lungs of mice exposed to CS (0.10 ± 0.05; n = 6) and mice 
exposed to air (0.10 ± 0.02; n = 5) were low and not significantly different. Trachea 
SUV was also not different in both groups. Radioactivity in BALF was low and no 
group difference was observed. No significant difference of uptake in any tissue 
between the CS-exposed group and the air-exposed group was obtained.

After administration of [18F]FB-ML5, the PET images [Fig 3] mainly showed kid-
neys and liver. Pulmonary uptake of the tracer was very low. The position of the 

Figure 2: Ex vivo biodistribution data of mice exposed to CS scanned with [18F]FB-ML5 and mice exposed to air 
scanned with [18F]FB-ML5, at 90 min p.i. Data are expressed as mean values ± SD, n = 6 for mice exposed to CS, n 
= 5 for mice exposed to air
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lungs was identified by fusing the microPET images with a previously acquired CT 
scan [Fig 4]and ROIs were drawn around the lungs. Care was taken to not include 
any heart tissue in the ROIs and to avoid the moving diaphragm by including only 
the upper part of the lungs. Pulmonary time activity curves are shown in Figure 
5. Tracer levels at 90 min p.i. were 2-fold lower in the air-exposed group (0.11 ± 
0.03; n = 5) compared to the CS-exposed group (0.19 ± 0.06; n = 6). The obtained 
difference was statistically significant (p = 0.029).

[18F]FB-ML5 has a high affinity for MMP-9 (IC50 = 31.5 nM) but is a broad-spectrum 
MMP inhibitor with affinity for many other metalloproteinases. Thus, binding of 
the probe to other MMPs may have contributed to accumulation of [18F]FB-ML5 in 
the tissue of interest. Several MMPs are known to be upregulated after exposure to 
CS. Increased levels of MMP-1 and MMP-9 have been observed in BALF of patients 
with emphysema [23]. In addition, patients with COPD showed a distinct increase 
in expression and activity of MMP-2, MMP-9 and MT1-MMP (MMP-14) in their lung 
parenchyma [24] and enhanced MMP-2 and MMP-9 activity in their sputum [25] 
compared to healthy subjects [11]. Higher collagenolytic activity was obtained in 
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Figure 2: Ex vivo biodistribution data of mice exposed to CS scanned with [18F]FB-ML5 and mice exposed 

to air scanned with [18F]FB-ML5, at 90 min p.i. Data are expressed as mean values ± SD, n = 6 for mice 

exposed to CS, n = 5 for mice exposed to air 
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Figure 3: In vivo [18F]FB-ML5 microPET/CT images of a mouse exposed to CS shown in sagittal view. The right view 
indicates the ROIs drawn in the lung. The microPET images correspond to the sum of all the frames from 12 to 90 
min p.i. of [18F]FB-ML5
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BALF of smokers with emphysema compared to smokers without emphysema, 
probably due to elevated levels of MMP-8 (collagenase-2 - neutrophil collagenase) 
[26]. Molet et al. [27] demonstrated that patients with COPD produce higher quan-

Figure 3: In vivo [18F]FB-ML5 microPET/CT images of a mouse exposed to CS shown in sagittal view. 

The right view indicates the ROIs drawn in the lung. The microPET images correspond to the sum of all 

the frames from 12 to 90 min p.i. of [18F]FB-ML5 
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Figure 4: In vivo microCT images of a mouse exposed to CS shown in sagittal view. The right view indicates the 
ROIs drawn in the lung

Figure 5: Average time activity curves of the lungs of mice exposed to CS scanned with [18F]FB-ML5 and mice 
exposed to air scanned with [18F]FB-ML5, from 12 to 90 min p.i. of [18F]FB-ML5. Points represent average and 
error bars SD, n = 6 for mice exposed to CS, n = 5 for mice exposed to air
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tities of MMP-12 in BALF than controls. Furthermore, mice exposed to CS expressed 
more MMP-12 mRNA than non-exposed mice [28]. Deletion of the MMP-12 gene in 
mice protects from the development of emphysema after long term exposure to CS 
[29].

Ex vivo SUVmean values of the lungs were low and not significantly different be-
tween both groups. These low values are attributable to the BAL procedure, which 
may have washed away most MMP protein in the ex vivo biodistribution studies 
since about two thirds of all MMPs are soluble. In addition, the low SUVmean may be 
due to the fact that the biodistribution study was performed after the PET study. 
Thus, most of the tracer had already been washed out from the lung.

The ex vivo data showed a significant upregulation of MMP-9 in the supernatant of 
BALF of mice exposed to CS compared to control mice. In vivo quantification of the 
binding of [18F]FB-ML5 indicated a two-fold higher accumulation of our PET probe 
in the lungs of treated animals compared to controls. The ELISA measurement 
corresponds to the total amount of MMP-9, including pro-MMP-9 as well as active 
MMP-9 and MMP-9 inhibited by TIMPs. In contrast, the PET probe is supposed to 
bind only to active MMP-9. 

Finally, the MMP/ADAM inhibitor [18F]FB-ML5 was evaluated in a HT1080 xeno-
graft mouse model [14] and showed significant reduction of tracer accumulation in 
the tumor after blocking with the non-radioactive inhibitor ML5, which indicates 
the ability of [18F]FB-ML5 to visualize the proteolytic activity of MMPs and ADAMs 
in vivo. In addition, in this animal model [14], the count in the lung was higher than 
in the muscle, which may indicate the loss of [18F]FB-ML5 binding during the BAL 
in the mice exposed to CS.

Conclusion
This study is the first evaluation of a radiolabelled MMP inhibitor in a mouse model 
of pulmonary inflammation using microPET. Exposure of mice to CS resulted in a 
strong increase of pulmonary MMP-9 levels and a significant, two-fold increase of 
the pulmonary signal of [18F]FB-ML5. Thus, increased MMP expression in a COPD 
mouse model was shown to lead to increased retention of [18F]FB-ML5. Further 
evaluation is required to validate this radiopharmaceutical as a potential biomarker 
for imaging MMP activity in COPD.
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Abstract
Background: Matrix metalloproteinases (MMPs) and a disintegrin and metallo-
proteinases (ADAMs) are zinc-dependent endopeptidases involved in the degra-
dation of specific protein components of the extracellular matrix (ECM). Several 
endogenous inhibitors, such as tissue inhibitors of metalloproteinases (TIMPs), 
regulate MMP/ADAM activity. The upregulation of MMP/ADAM activity is an im-
portant aspect of the pathophysiology of several diseases. Therefore, the ability 
to visualize the net balance of MMPs/ADAMs not occupied by TIMPs, would be 
clinically relevant as it might indicate the proteolytic activity of MMPs and ADAMs 
in the ECM. Here, we report the design, (radio)synthesis and evaluation of two 
members of a novel class of hydroxamate-based MMP/ADAM inhibitors: 1-((4-[18F]
fluorophenyl)sulfonyl)-N-hydroxy-4-(methylsulfonyl)piperazine-2-carboxamide 
([18F]-1A) and 4-([1,1’-biphenyl]-4-carbonyl)-1-((4-[18F]fluorophenyl)sulfonyl)-
N-hydroxypiperazine-2-carboxamide ([18F]-2) as PET probes for active MMPs/
ADAMs.
Materials and methods: Two broad-spectrum piperazine-based MMP/ADAM 
inhibitors were designed by molecular modeling. Fluoro containing inhibitors 1A 
and 2 and their nitro analogues were prepared from the dl-piperazine carboxylic 
acid using multi-step organic synthesis. The inhibitory potencies of 1A and 2 were 
examined in fluorogenic in vitro inhibition assays for MMP-9, -12 and ADAM-17. 
The non-peptidomimetic radiotracers [18F]-1A and [18F]-2 were prepared by aro-
matic nucleophilic substitution of their nitro-precursors and were evaluated in a 
HT1080 xenograft mouse model.
Results: Molecular modeling indicated a good binding pose of 1A and 2 to the 
MMP-9 active site. 1A and 2 and their corresponding nitro analogues were ob-
tained with overall yields of 24, 25, 22 and 26%, respectively. The IC50 values for 
MMP-9, -12 and ADAM-17 were 14.5 ± 2.57, 19.3 ± 4.96 and 620 ± 89.1 nM (for 1A) 
and 9.19 ± 2.07, 1.12 ± 1.08 and 10.6 ± 0.91 nM (for 2). After high-performance 
liquid chromatography (HPLC) purification, the radiochemical yields of [18F]-1A 
and [18F]-2 ranged 1 to 3% based on 18F-fluorine (corrected for decay). The specific 
activity was 34-78 GBq/µmol at the end of synthesis for [18F]-1A and 42-86 GBq/
µmol for [18F]-2. The log P values of [18F]-1A and [18F]-2 were 0.89 ± 0.03 and 2.92 
± 0.06. [18F]-1A and [18F]-2 exhibited low tumor uptake in microPET. Their SUVmean 
values were 0.14 ± 0.04 (n = 6) and 0.15 ± 0.03 (n = 6) under baseline conditions 
and were 0.11 ± 0.04 (n = 6) and 0.12 ± 0.02 (n = 6) after co-injection of 2.5 mg/kg 
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of the corresponding non-radioactive reference compound. Injected [18F]-1A and 
[18F]-2 were rapidly excreted through the kidneys and the liver.
Conclusion: Molecular modeling resulted in good candidates for MMP-9 targeting 
greatly differing in lipophilicity. The multi-step organic synthesis of the fluoro-con-
taining inhibitors and the nitro-precursors resulted in good overall yields. 1A and 
2 showed good affinities in vitro against MMP-9, -12 and ADAM-17. The synthesis 
of [18F]-1A and [18F]-2 led to low and variable radiochemical yields. These novel 
PET tracers exhibited low target-to-non-target ratios in a HT1080 xenograft mouse 
model, which may be due to rapid tracer elimination or low expression levels of 
active MMPs/ADAMs.

Keywords 
Hydroxamate, MMP/ADAM inhibitors, PET, SNAr



118

1. Introduction
Proteases are enzymes which are essential in tumor formation and metastatic 
spread. They are subdivided into four classes: cysteine-, aspartyl-, serine- and 
metallo-proteinases [1]. About 35% of the proteinases identified so far in the 
sequenced human genome correspond to metalloproteinases [2]. Among the me-
talloproteinases, the zinc metalloproteinases, particularly the matrix metallopro-
teinases (MMPs) and the a disintegrin and metalloproteinases (ADAMs), attracted 
much consideration as significant targets for a large range of therapeutic applica-
tions in cancer [3, 4]. Therefore, synthetic inhibitors were developed to study their 
biological functions [5, 6]. 

Matrix metalloproteinase inhibitors (MMPIs) are generally classified into two 
groups: peptidomimetic inhibitors and non-peptidomimetic inhibitors [7]. The 
latter demonstrated greater specificity due to their structure-based design, which 
is characterized by the three-dimensional structure of the MMP active site. These 
inhibitors bind in a non-covalent mode and they all contain a sulfonyl group which 
affords hydrogen bonding with the enzymes [8]. We designed two imaging agents 
based on a novel class of compounds whereby their synthetic approach allowed easy 
tuning of lipophilicity. These novel imaging agents were the piperazine-based MMP/
ADAM inhibitors (1-((4-fluorophenyl)sulfonyl)-N-hydroxy-4-(methylsulfonyl)
piperazine-2-carboxamide), 1A and (4-([1,1’-biphenyl]-4-carbonyl)-1-((4-fluo-
rophenyl)sulfonyl)-N-hydroxypiperazine-2-carboxamide), 2 [Fig 1] which target 
particularly MMP-9. These inhibitors have a hydroxamic acid as a zinc binding 
group, a fluorophenylsulphonamide group to fill the S1’ pocket of the enzymes and 
either a methanesulfonamide for 1A or a biphenylamide for 2 at the 4-N-position 
of the piperazine ring to optimize potency and vary the lipophilicity. Each of these 

  

Figure 1: Structure of 1-((4-fluorophenyl)sulfonyl)-N-hydroxy-4-(methylsulfonyl)piperazine-2-carboxamide 1A and 
4-([1,1’-biphenyl]-4-carbonyl)-1-((4-fluorophenyl)sulfonyl)-N-hydroxypiperazine-2-carboxamide 2
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inhibitors was synthesized in a multi-step organic synthesis from the dl-piperazine 
carboxylic acid and the inhibitory potencies of 1A and 2 were examined in fluoro-
genic in vitro inhibition assays for recombinant human MMP-9, -12 and ADAM-17. 

We prepared the [18F]fluoro analogues of 1A and 2 by homoaromatic nucleophilic 
substitution ([18F]-SNAr) of their corresponding nitro-precursors. Quality control 
and stability tests in saline and plasma of the obtained PET-tracers were carried 
out. Finally, [18F]-1A and [18F]-2 were evaluated in vivo in mice bearing HT1080 
tumor. 

2. Results and discussion
2.1 Design of the piperazine-based MMP/ADAM inhibitors 1A and 2
In order to evaluate the effect of probe lipophilicity on MMP/ADAM imaging, we se-
lected two radiolabelled MMP/ADAM inhibitors with different lipophilicities. Cheng 
et al. [9] developed a library of piperazine-based MMP inhibitors among which the 
N-hydroxy-1-((4-methoxyphenyl)sulfonyl)-4-(methylsulfonyl)piperazine-2-car-
boxamide 3 and 4-([1,1’-biphenyl]-4-carbonyl)-N-hydroxy-1-((4-methoxyphenyl)
sulfonyl)piperazine-2-carboxamide 4 [Fig 2]. 3 and 4 have nanomolar affinities for 
many matrix metalloproteinases, particularly MMP-9 (IC50 = 0.6 nM for 3 and 0.9 
nM for 4), and exhibit different lipophilicities (clog P = 0.24 for 3 and 3.29 for 4). In 
the design of a MMPI, one of the requirements is to have a functional group which 
provides a hydrogen bond interaction with the enzyme backbone. The substitution 
of the methoxy group with a fluoro atom (fluorine-18) to give the radiolabelled 
inhibitors [18F]-1A and [18F]-2 [Fig 1] could result in increased interaction with 
active MMPs/ADAMs, as a fluoro atom can be considered as a hydrogen substitute 
[10]. Moreover, the considered radiolabelling procedure was direct incorporation 
of fluorine-18 by [18F]-SNAr rather than the use of radiolabelled prosthetic groups. 
Finally, due to its low positron energy, 18F gives images with higher resolution than 
11C. 

2.2 Molecular modeling of the piperazine-based MMP/ADAM inhibitors 1A, 2, 
3 and 4
Modeling interaction of inhibitors 1A, 2, 3 and 4 with MMP-9 was performed by 
using Molegro Molecular Viewer. The calculated log P (clog P) and the MolDock 
Score are shown in Table 1. 
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Figure 2: Structures of N-hydroxy-1-((4-methoxyphenyl)sulfonyl)-4-(methylsulfonyl)piperazine-2-

carboxamide 3 and 4-([1,1'-biphenyl]-4-carbonyl)-N-hydroxy-1-((4-methoxyphenyl)sulfonyl)piperazine-2-

carboxamide 4 

	  

Chapter 5 – Scheme 1	  

 
Scheme 1: Synthesis of (1-((4-fluorophenyl)sulfonyl)-N-hydroxy-4-(methylsulfonyl)piperazine-2-

carboxamide) (1), (4-([1,1'-biphenyl]-4-carbonyl)-1-((4-fluorophenyl)sulfonyl)-N-hydroxypiperazine-2-

carboxamide) (2), N-hydroxy-4-(methylsulfonyl)-1-((4-nitrophenyl)sulfonyl)piperazine-2-carboxamide 

(11) and 4-([1,1'-biphenyl]-4-carbonyl)-N-hydroxy-1-((4-nitrophenyl)sulfonyl)piperazine-2-carboxamide 

(12) 

(a) 1.1 eq. (t-Boc)2O, 3 eq. NaOH, dioxane-water; (b) 1 eq. p-XPhSO2Cl (X = F or NO2)), Et3N/cat. 
DMAP; (c) SOCl2, MeOH; (d1) 1.3 eq. MeSO2Cl, Et3N/cat. DMAP; (d2) 1.3 eq. PhPhCOCl, Et3N/cat. 

Figure 2: Structures of N-hydroxy-1-((4-methoxyphenyl)sulfonyl)-4-(methylsulfonyl)piperazine-2-carboxamide 3 
and 4-([1,1’-biphenyl]-4-carbonyl)-N-hydroxy-1-((4-methoxyphenyl)sulfonyl)piperazine-2-carboxamide 4

DMAP; (e) NH2OH in KOH and MeOH; (f) 1.1 eq. EDC, 1.3 eq. HOBT, 6.3 eq. NMM, 2 eq. tert-
BuONH2, DCM; (g) TFA, DCM 
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Figure 3: In vivo [18F]-1/[18F]-2 (left/right) microPET image of a HT1080 tumor bearing mouse shown in 

coronal view. The microPET image corresponds to the sum of all the frames from 2 to 90 min p.i. of [18F]-

1 (or [18F]-2). The position of the tumor is indicated by the crosshair.  
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Figure 3: In vivo [18F]-1A/[18F]-2 (left/right) microPET image of a HT1080 tumor bearing mouse shown in coronal 
view. The microPET image corresponds to the sum of all the frames from 2 to 90 min p.i. of [18F]-1A (or [18F]-2). 
The position of the tumor is indicated by the crosshair
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Figure 4: Time-activity curve of a tumor-bearing mouse scanned with [18F]-1A (or [18F]-2) and a tumor-bearing 
mouse scanned with [18F]-1A (or [18F]-2) and co-injection of 2.5 mg/kg of 1A (or 2), from 2 to 90 min p.i. of [18F]-
1A ± 1A (or [18F]-2 ± 2). Note that the shape of the curve is not altered by pretreatment for [18F]-1A
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The MolDock Score is expressed as the fitness of pose into the binding site by 
evaluating the intermolecular interaction energy between the ligand and the 
enzyme, and the intramolecular interaction energy of the enzyme. The docking 
results of the reported inhibitors to MMP-9 show alignment to the molecule design 
concept. The substituent construct on 1A, 2, 3 and 4, which are P1’ and P2’, cor-
respond with MMP-9 pockets S1’ and S2’. The hydroxamic acid group was in the 
proper position to coordinate the Zn2+ atom. 

In the case of the inhibitors 1A and 3, substitution of the methoxy group by a 
fluoro atom does not affect the interaction with MMP-9, as suggested by very simi-
lar MolDock scores of the original and substituted compounds. However, for the 
inhibitors 2 and 4, incorporation of the fluoro atom led to significantly improved 
molecular docking to MMP-9.

2.3 Synthesis of the non-radioactive MMP/ADAM inhibitors 1A and 2
The MMP/ADAM inhibitors 1A and 2 were prepared as HPLC standards and for 
in vitro fluorogenic inhibition assays. 1A and 2 [Scheme 1] were prepared in five-
steps from the commercially available dl-piperazine carboxylic acid 5, according to 
the procedure of Cheng et al. [9] First, 5 was monoprotected with 1.1 eq. of di-tert-
butyl dicarbonate to give the monoamine 6. Addition of para-fluorophenylsulfonyl 
chloride to the crude amine 6 led to the sulfonamide 7, in an overall yield of 82%. 
Treatment with methanolic HCl to 7 produced the intermediate 8, obtained in a 
yield of 84%. 8 was thereafter acylated either with methanesulfonyl chloride or 
biphenyl-4-carbonyl chloride to result in the substituted piperazine derivatives 
9 and 10, with yields of 74% and 81%, respectively. Finally, the incorporation of 
the hydroxamic acid was performed with hydroxylamine in KOH-MeOH to give the 
inhibitors 1A and 2 with yields of 47 and 45%, respectively. The overall yields of 
the synthesis of 1A and 2 were 24 and 25%.

MMP/ADAM inhibitor Mol Dock Score clog P

3 -64.0 0.24

1A -63.2 0.22

4 -52.1 3.29

2 -119.3 3.26

Table 1: Mol Dock Scores and clog P of the MMP/ADAM inhibitors 3, 4, 1A and 2



122

2.4 Synthesis of the nitro precursors 11 and 12
The synthesis of the nitro precursors N-hydroxy-4-(methylsulfonyl)-1-((4-
nitrophenyl)sulfonyl)piperazine-2-carboxamide 11 and 4-([1,1’-biphenyl]-4-
carbonyl)-N-hydroxy-1-((4-nitrophenyl)sulfonyl)piperazine-2-carboxamide 12 
for the 18F-radiolabellings was prepared as their fluoro analogues for the first 
four steps [Scheme 1]. Monoprotection of dl-piperazine carboxylic acid 5 with 
1.1 eq. of di-tert-butyl dicarbonate produced the monoamine 6. Addition of para-
nitrophenylsulfonyl chloride to the crude amine 6 led to the sulfonamide 13, in an 
overall yield of 73%. Thereafter, 13 was treated with methanolic HCl to give the 
intermediate 14, obtained in a yield of 86%. 14 was subsequently coupled either 
with methanesulfonyl chloride or biphenyl-4-carbonyl chloride to afford the substi-
tuted piperazine derivatives 15 and 16, with yields of 61% and 66%, respectively. 

The incorporation of the hydroxamic acid with hydroxylamine in KOH-MeOH was 
not successful and another approach was adopted. The nitro moiety appeared to 
be unstable under basic conditions, as was reported by Fei et al. [11]. Therefore, an 
alternative approach by inserting the hydroxamic acid in acidic conditions was at-
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(12) 

(a) 1.1 eq. (t-Boc)2O, 3 eq. NaOH, dioxane-water; (b) 1 eq. p-XPhSO2Cl (X = F or NO2)), Et3N/cat. 
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Scheme 1: Synthesis of (1-((4-fluorophenyl)sulfonyl)-N-hydroxy-4-(methylsulfonyl)piperazine-2-carboxamide) 
(1A), (4-([1,1’-biphenyl]-4-carbonyl)-1-((4-fluorophenyl)sulfonyl)-N-hydroxypiperazine-2-carboxamide) (2), 
N-hydroxy-4-(methylsulfonyl)-1-((4-nitrophenyl)sulfonyl)piperazine-2-carboxamide (11) and 4-([1,1’-biphenyl]-4-
carbonyl)-N-hydroxy-1-((4-nitrophenyl)sulfonyl)piperazine-2-carboxamide (12)

(a) 1.1 eq. (t-Boc)2O, 3 eq. NaOH, dioxane-water; (b) 1 eq. p-XPhSO2Cl (X = F or NO2)), Et3N/cat. DMAP; (c) SOCl2, 
MeOH; (d1) 1.3 eq. MeSO2Cl, Et3N/cat. DMAP; (d2) 1.3 eq. PhPhCOCl, Et3N/cat. DMAP; (e) NH2OH in KOH and 
MeOH; (f) 1.1 eq. EDC, 1.3 eq. HOBT, 6.3 eq. NMM, 2 eq. tert-BuONH2, DCM; (g) TFA, DCM
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tempted. The methyl esters 15 and 16 were hydrolyzed to their corresponding car-
boxylic acids, followed by coupling with O-tert-butylhydroxylamine hydrochloride 
in the presence of N-[(dimethylamino)propyl]-N-ethylcarbodiimide hydrochloride 
(EDC), 1-hydroxybenzotrizole (HOBT) and N-methylmorphorine (NMM). The 
protected hydroxamic acids 17 and 18 were obtained with yields of 64 and 67%, 
respectively. Finally, the hydroxamic acids were obtained by deprotection with tri-
fluoroacetic acid in dichloromethane, with yields of 89 and 82%. The overall yields 
of the synthesis of 11 and 12 were 22 and 26%.

2.5 In vitro evaluation of 1A and 2 in a fluorogenic inhibition assay
The affinities of 1A and 2 were determined in fluorogenic inhibition assays against 
three selected recombinant human metzincins: MMP-9 (gelatinase B, 92 kDa type 
IV collagenase), MMP-12 (macrophage metalloelastase) and ADAM-17 (TNF-alpha 
converting enzyme). The broad-spectrum inhibitor 1A exhibited affinities in the 
low nanomolar range for both MMP-9 and MMP-12; a higher IC50 value was de-
termined for ADAM-17. The IC50 values were 14.5 ± 2.6, 19.3 ± 5.0 and 620 ± 89 
nM, respectively. Inhibitor 2 showed higher affinities for MMP-9, -12 and ADAM-17, 
compared to 1A. The IC50 values obtained for 2 were respectively 9.2 ± 2.1, 1.1 ± 1.1 
and 10.6 ± 0.9 nM. It can be noted that the introduction of a lipophilic moiety at the 
4-N-position of the piperazine ring, induces a considerable increase of affinity for 
ADAM-17. This was already indicated by the molecular modeling.

2.6 Radiosynthesis of [18F]-1A and [18F]-2 
The radiosynthesis of [18F]-1A and [18F]-2 was performed in one-step by [18F]-SNAr 
of the corresponding nitro-precursors 11 and 12. The radiochemical yields (RCYs) 
of HPLC-purified [18F]-1A and [18F]-2 ranged from 1 to 3 % based on 18F-fluorine 
(corrected for decay). The specific activity was 34-78 GBq/μmol at the end of 
synthesis for [18F]-1A and 42-86 GBq/μmol for [18F]-2. The radiosynthesis of [18F]-
1A and [18F]-2 led to very low RCYs and not reliable radiosynthesis. Using either 
microfluidics or microwave synthesis approaches did not improve RCYs.The low 
RCYs obtained may be attributed to the weak para sulfonyl activating group. 

The radiochemical purity of [18F]-1A and [18F]-2 was always > 95% (measured 
values). Total synthesis times of [18F]-1A and [18F]-2 were about 90 min from end 
of bombardment.
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2.7 In vitro stability of [18F]-1A and [18F]-2 in saline and human plasma 
After 1 h and 3 h of incubation, 95% of the radioactivity still corresponded to the 
intact tracer either in saline or human plasma. This indicates that [18F]-1A and 
[18F]-2 are highly stable in vitro.

2.8 Octanol/water partition coefficient
The log P of [18F]-1A was 0.89 ± 0.03, indicating moderate lipophilicity of this tracer. 
The log P of [18F]-2 was 2.92 ± 0.06, indicating that this probe is more lipophilic 
than [18F]-1A.

2.9 Preclinical investigation of [18F]-1A and [18F]-2 in a HT1080 xenograft 
mouse model
[18F]-1A and [18F]-2 were evaluated in a HT1080 xenograft mouse model. This 
animal model of cancer is overexpressing many matrix metalloproteinases and was 
already used for testing various biomarkers for imaging of MMP/ADAM proteolytic 
activity [12-15].

After administration of [18F]-1A and [18F]-2, the microPET images [Fig 3] 
demonstrated low levels of radioactivity in the tumors. For both tracers, the up-
take throughout the tumor volume was homogeneous, which indicates that tracer 
binding was not only to membrane-bound ADAMs but also to extracellular MMPs. 
In addition, for both radioligands, a high liver and kidney uptake was observed. 
The small and large intestines retained also much radioactivity. The time-activity 
curves of [18F]-1A and [18F]-2, in one control mouse and one mouse pretreated with 
blocking agent showed a slow wash-out of radioactivity from the tumor of both 
animals [Fig 4]. Based on these time courses it was determined that biodistribution 
at 90 min post injection was a good time point.

Biodistribution data (SUVmean as mean ± SD) for [18F]-1A are reported in [Fig 5]. 
Uptake of the radioligand in the tumor was not significantly decreased after co-
injection of non-radioactive 1A (from a SUVmean of 0.14 ± 0.04 to 0.11 ± 0.04 at 90 
min p.i.). A low uptake in bone was observed which indicates low defluorination of 
the tracer over the duration of the scan. High uptake of radioactivity in the kidneys 
and to a lesser extent in the liver at 90 min p.i. was observed. This is most likely 
due to excretion of the radiotracer and radiometabolites. The amount of activity 
(i.e. tracer and metabolites) excreted by the liver in the small and large intestines 
was very high, considering the enormous uptake obtained in the small and large 
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intestines. No significant differences in the SUVmean were noted between control and 
pretreated mice in other organs than tumor.

Biodistribution data for [18F]-2 are reported in [Fig 5]. Allthough the lipophilic-
ity was much higher for [18F]-2 than for [18F]-1A, biodistribution data were quite 
similar. In the past decades, several synthetic MMPIs have been developed and 
evaluated [7]. Most of these probes exhibited excellent in vitro data but disappoint-
ing in vivo results. Only the radiolabelled peptidic MMPIs Marimastat-ArB[18F]F3 
[16] and [18F]FB-ML5 [17] have shown specific accumulation in tumors. Our newly 
developed [18F]-1A and [18F]-2 - belonging to a novel class of piperazine-based 
imaging agents – were also not successful in imaging active MMP in a HT1080 
xenograft.

Since specific tracer accumulation is dependent on the ratio of target density 
(Bmax) and affinity of the probe for its target (Kd), the affinity of [18F]-1A and [18F]-2 
may have been not sufficient in consideration of the Bmax for MMP/ADAM imaging. 
Expression levels of active MMPs may have been too low for PET-labelled MMP-
inhibitors with affinities in the 10-8 M range to act as suitable imaging agents. The 
increased lipophilicity of [18F]-2 as compared to [18F]-1A did not result in increased 
tumor uptake. Greater lipophilicity could have resulted in better penetration of the 
probe into tumors. The specific radioactivities of [18F]-1A and [18F]-2 may have 

Figure 5: Ex vivo biodistribution data of tumor-bearing mice injected with [18F]-1A ([18F]-2) and tumor-bearing 
mice injected with [18F]-1A (or [18F]-2) and co-injection of 2.5 mg/kg of 1A (or 2), at 90 min p.i. of [18F]-1A ± 1A (or 
[18F]-2 ± 2).
Bars represent average and error bars SD, n= 6 for each group
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been too low for MMP/ADAM imaging as natural TIMPs bind to the same domain 
as MMPIs with a very high affinity in the picomolar range, and in an irreversible 
manner [18]. Thus, the competition of TIMPs with radioactive probes for MMP/
ADAM binding will probably be quite severe. The use of radiolabelled substrates (as 
opposed to radiolabeled inhibitors) could lead to better results because substrates 
can be expected to show signal amplification. 

In addition, in order to design a more suitable probe for MMP/ADAM imaging, 
the use of alternative zinc binding group may be attempted to overcome the 
rapid elimination problem. Finally, in order to increase the subtype specificity of 
an imaging probe, investigators may try to target a specific MMP by using antibody 
based recombinant protein.

3. Conclusion and future perspectives
Two novel MMP/ADAM inhibitors 1A and 2 with different lipophilicities were 
prepared with satisfactory overall yields. 1A and 2 exhibited good affinities against 
MMP-9, -12 and ADAM-17 in vitro. [18F]-1A and [18F]-2 were radiolabelled by 
aromatic nucleophilic substition of their corresponding nitro-precursors with very 
low RCYs and poor reliability. These novel [18F]-PET tracers exhibited low uptake in 
a HT1080 xenograft mouse model which was not reduced after pretreatment with 
cold compound. Thus, they cannot be considered as potential probes for imaging 
MMP/ADAM activity.

4. Materials and methods
4.1 General. 
All chemicals, reagents, and solvents for the (radio)synthesis of the compounds 
were analytical grade, purchased from commercial suppliers (Aldrich, Fluka, Sigma 
and Merck) and were used without further purification, unless otherwise specified. 
Solid phase extraction cartridges were obtained from Waters Chromatography Divi-
sion, Millipore Corporation. Flash chromatography was performed on silica gel 60 
(0.040-0.063, Merck). All reactions were monitored by thin layer chromatography 
on Merck F-254 silica gel plates using solvent mixture of ethyl acetate (EtOAc) and 
methanol (MeOH). Detection of the compounds on the TLC plates was performed 
with UV light (254 nm). 1H-NMR spectra were recorded on a Varian AMX400 
spectrometer (400 MHz). Chemical shifts were determined relative to the signal 
of the solvent, converted to the TMS (tetramethylsilane) scale, and expressed in δ 
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units (ppm) downfield from TMS (for DMSO-d6: δ 2.504 for 1H). Data are reported 
as follows: chemical shifts, multiplicity (s=singlet, d=doublet, t=triplet, q=quartet, 
dd=doublet of doublets, dt=doublet of triplets, td=triplet of doublets, m=multiplet, 
br=broad), coupling constants (Hz), and integration. Mass spectrometry was 
recorded on an AEI-MS-902 mass spectrometer by EI (70 eV) measurements. 
Radioactivity measurements for log P determination, saline/plasma stability, bio-
distribution and metabolite were performed using an automated gammacounter 
(LKB Wallac, Turku, Finland).

4.2 Statistical analysis
Calculations were performed using Excel 2007 (Microsoft) and GraphPad Prism 
5.0 for Windows (GraphPad Software, San Diego, USA). Results are expressed as 
mean ± SD. Comparisons between different experimental groups were made using 
unpaired two-sided student t-test. Data were considered statistically significant 
when p values were smaller than 0.05.

4.3 Molecular modeling of the piperazine-based MMP/ADAM inhibitors 1A, 2, 
3 and 4
The crystal structure of MMP-9 was downloaded from the Protein Data Bank 
(PDB) (PDB code 2OW1). All molecules were drawn using Chemaxon MarvinSketch 
(www.chemaxon.com) and prepared (structure recognition and protonation) using 
SPORES (www.tcd.uni-konstanz.de/research/spores.php). Molecular docking 
simulations were performed using PLANTS v1.6.140,141. The docking site center 
was determined by applying a constraint for the hydroxamic group to be able to 
form a coordination with the zinc in the active site. Fifteen poses were generated 
for each compound and the docking results were analyzed using Molegro Vir-
tual Docker (www.molegro.com). Docking solutions were selected based on the 
MOLDOCKSCORE and the docking solutions were evaluated manually, followed by 
energy minimization of the ligand.

4.4 Synthesis of 1A, 2, 11 and 12
4-(Tert-butoxycarbonyl)-1-((4-fluorophenyl)sulfonyl)piperazine-2-carboxylic 
acid (7)
An aqueous solution of sodium hydroxide (4.6 mL, 50% w/w, 19.4 N, 88.6 mmol) 
was slowly added to a solution of dl-piperazine carboxylic acid dihydrochloride 5 
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(5.99 g, 29.5 mmol) in 60 mL of p-dioxane and 30 mL of water at 00C. Addition of 
di-tert-butyl dicarbonate (7.09 g, 32.5 mmol) was followed and the mixture was 
stirred overnight at room temperature yielding 6. Freshly distilled triethylamine 
(8.23 mL, 59.0 mmol), 4-dimethylaminopyridine (721 mg, 5.90 mmol) and 4-fluo-
rophenylsulfonyl chloride (5.74 g, 29.5 mmol) were added to the mixture at 00C and 
the reaction was stirred overnight at room temperature. The reaction mixture was 
concentrated under reduced pressure and partitioned between EtOAc and 1 N HCl. 
The EtOAc layer (2 x 100 mL) was washed with brine, dried over Na2SO4, filtered, 
and concentrated in vacuo to give the title compound 7 (9.40 g, 82%): 
1H NMR (400 MHz, DMSO-d6) δ 12.07 (s, 1H), 7.80 – 7.71 (m, 2H), 7.21 – 7.11 (m, 
2H), 4.09 – 3.95 (m, 2H), 3.87 (dt, J = 12.5, 4.9 Hz, 1H), 3.53 (dt, J = 12.2, 4.8 Hz, 1H), 
3.38 – 3.22 (m, 2H), 3.17 (dt, J = 12.2, 4.8 Hz, 1H), 1.37 (s, 9H).
HRMS-ESI: calc for C16H22FN2O6S ([M + H]+), 389.4, found 389.1.

Methyl 1-((4-fluorophenyl)sulfonyl)piperazine-2-carboxylate hydrochloride (8)
Thionyl chloride (7.98 mL, 110 mmol) was added dropwise to a solution of 4-(tert-
butoxycarbonyl)-1-((4-fluorophenyl)sulfonyl)piperazine-2-carboxylic acid 7 (8.50 
g, 21.9 mmol) in 50 mL of methanol at 00C. The mixture was stirred overnight at 
room temperature. The reaction mixture was concentrated under reduced pres-
sure to a solid residue, which was triturated with 5% methanol/hexane to give the 
title compound 8 (6.23 g, 84%):
1H NMR (400 MHz, DMSO-d6) δ 7.82 – 7.71 (m, 2H), 7.21 – 7.12 (m, 2H), 3.79 (t, J = 
7.1 Hz, 1H), 3.42 (dt, J = 12.2, 4.9 Hz, 1H), 3.14 – 2.94 (m, 2H), 2.95 – 2.82 (m, 2H), 
2.71 (dt, J = 12.5, 5.0 Hz, 1H), 1.87 (s, 1H).
HRMS-ESI: calc for C12H16FN2O4S ([M + H]+ without HCl), 303.3, found 303.2.

Methyl 1-((4-fluorophenyl)sulfonyl)-4-(methylsulfonyl)piperazine-2-
carboxylate (9)
To a solution of amine hydrochloride 8 (2.50 g, 7.38 mmol) in 4 mL of water and 
16 mL of p-dioxane at 00C was added subsequently freshly distilled triethylamine 
(3.19 mL, 22.9 mmol), DMAP (91.0 mg, 0.74 mmol) and dropwise methanesul-
fonyl chloride (742 µL, 9.59 mmol). The reaction was stirred overnight at room 
temperature. The reaction mixture was concentrated under reduced pressure and 
partitioned between EtOAc and water. The organic layer was washed with 1 N HCl, 
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water, and brine, dried over Na2SO4, and concentrated under reduced pressure to 
give the title compound 9 (2.08 g, 74%):
1H NMR (400 MHz, DMSO-d6) δ 7.81 – 7.71 (m, 2H), 7.21 – 7.11 (m, 2H), 3.80 (t, J = 
6.7 Hz, 1H), 3.58 (dt, J = 12.5, 5.0 Hz, 1H), 3.45 (dd, J = 12.4, 6.8 Hz, 1H), 3.19 (dt, J = 
12.2, 5.0 Hz, 1H), 3.08 (dt, J = 12.2, 4.9 Hz, 1H), 3.01 – 2.82 (m, 5H).
HRMS-ESI: calc for C13H18FN2O6S2 ([M + H]+), 381.4, found 381.7.

1-((4-Fluorophenyl)sulfonyl)-N-hydroxy-4-(methylsulfonyl)piperazine-2-
carboxamide (1A)
Preparation of NH2OK/NH2OH solution: NH2OH.HCl (2.74 g, 39.4 mmol) was dis-
solved in MeOH (15 mL) by heating to reflux overnight. The solution was cooled at 
00C, and a solution of KOH (3.32 g, 59.1 mmol) in MeOH (10 mL) was added in one 
portion. The resulting suspension was used without prior removal of precipitated 
material. A solution of methyl ester 9 (1.50 g, 3.94 mmol) in NH2OK/NH2OH solu-
tion (as described above) was stirred at room temperature for 2 days. The reaction 
mixture was taken up in dilute aqueous HCl (pH = 3, 50 mL), extracted with EtOAc 
(3 x 50 mL), dried over Na2SO4, filtered, and concentrated in vacuo. The residue was 
purified by column chromatography (0-5% MeOH in EtOAc) to afford hydroxamic 
acid 1A (706 mg, 47%) as a white solid. 
1H NMR (400 MHz, DMSO-d6) δ 10.67 (s, 1H), 8.86 (s, 1H), 7.82 – 7.71 (m, 2H), 
7.20 – 7.11 (m, 2H), 3.62 (dt, J = 12.2, 4.9 Hz, 1H), 3.26 – 3.05 (m, 3H), 2.98 – 2.83 
(m, 5H).
HRMS-ESI: calc for C12H17FN3O6S2 ([M + H]+), 382.4, found 382.6.

Methyl 4-([1,1’-biphenyl]-4-carbonyl)-1-((4-fluorophenyl)sulfonyl)
piperazine-2-carboxylate (10)
To a solution of amine hydrochloride 8 (2.50 g, 7.38 mmol) in 5 mL of water and 10 
mL of p-dioxane at 00C was added subsequently freshly distilled triethylamine (3.19 
mL, 22.9 mmol), DMAP (91.0 mg, 0.74 mmol) and slowly biphenyl-4-carbonyl chlo-
ride (2.08 g, 9.59 mmol). The reaction was stirred overnight at room temperature. 
The reaction mixture was concentrated under reduced pressure and partitioned 
between EtOAc and water. The organic layer was washed with 1 N HCl, aqueous 
NaHCO3, water, and brine, dried over Na2SO4, and concentrated under reduced 
pressure to give the title compound 10 (2.88 g, 81%):
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1H NMR (400 MHz, DMSO-d6) δ 7.81 – 7.62 (m, 8H), 7.53 – 7.36 (m, 3H), 7.21 – 7.10 
(m, 2H), 4.29 (t, J = 6.7 Hz, 1H), 3.76 (dt, J = 12.0, 4.8 Hz, 1H), 3.70 – 3.60 (m, 4H), 
3.57 – 3.36 (m, 3H), 3.14 (dt, J = 12.2, 5.0 Hz, 1H).
HRMS-ESI: calc for C25H24FN2O5S ([M + H]+), 483.5, found 483.8.

4-([1,1’-Biphenyl]-4-carbonyl)-1-((4-fluorophenyl)sulfonyl)-N-hydroxypiperazine-
2-carboxamide (2)
Preparation of NH2OK/NH2OH solution: NH2OH.HCl (2.88 g, 41.5 mmol) was dis-
solved in MeOH (15 mL) by heating to reflux overnight. The solution was cooled at 
00C, and a solution of KOH (3.49 g, 62.2 mmol) in MeOH (10 mL) was added in one 
portion. The resulting suspension was used without prior removal of precipitated 
material. A solution of methyl ester 10 (2.00 g, 4.15 mmol) in NH2OK/NH2OH solu-
tion (as described above) was stirred at room temperature for 2 days. The reaction 
mixture was taken up in dilute aqueous HCl (pH = 3, 50 mL), extracted with EtOAc 
(3 x 50 mL), dried over Na2SO4, filtered, and concentrated in vacuo. The residue was 
purified by column chromatography (0-5% MeOH in EtOAc) to afford hydroxamic 
acid 2 (903 mg, 45%) as a white solid. 
1H NMR (400 MHz, DMSO-d6) δ 9.95 (s, 1H), 8.86 (s, 1H), 7.87 – 7.66 (m, 8H), 7.54 
– 7.35 (m, 3H), 7.21 – 7.10 (m, 2H), 4.46 (t, J = 6.8 Hz, 1H), 3.64 – 3.38 (m, 4H), 3.22 
(ddt, J = 29.9, 12.0, 4.9 Hz, 2H).
HRMS-ESI: calc for C24H23FN3O5S ([M + H]+), 484.5, found 484.7.

4-(Tert-butoxycarbonyl)-1-((4-nitrophenyl)sulfonyl)piperazine-2-carboxylic 
acid (13)
An aqueous solution of sodium hydroxide (4.6 mL, 50% w/w, 19.4 N, 88.6 mmol) 
was slowly added to a solution of dl-piperazine carboxylic acid dihydrochloride 5 
(5.99 g, 29.5 mmol) in 60 mL of p-dioxane and 30 mL of water at 00C. Addition of 
di-tert-butyl dicarbonate (7.09 g, 32.5 mmol) was followed and the mixture was 
stirred overnight at room temperature yielding 6. Freshly distilled triethylamine 
(8.23 mL, 59.0 mmol), 4-dimethylaminopyridine (721 mg, 5.90 mmol) and 4-nitro-
phenylsulfonyl chloride (6.54 g, 29.5 mmol) were added to the mixture at 00C and 
the reaction was stirred overnight at room temperature. The reaction mixture was 
concentrated under reduced pressure and partitioned between EtOAc and 1 N HCl. 
The EtOAc layer (2 x 100 mL) was washed with brine, dried over Na2SO4, filtered, 
and concentrated in vacuo to give the title compound 13 (8.95 g, 73%): 
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1H NMR (400 MHz, DMSO-d6) δ 12.13 (s, 1H), 8.42 – 8.33 (m, 2H), 8.07 – 7.97 (m, 
2H), 4.22 (t, J = 6.9 Hz, 1H), 3.97 (dd, J = 12.3, 7.0 Hz, 1H), 3.86 (dt, J = 12.3, 5.0 Hz, 
1H), 3.64 (dt, J = 12.2, 5.0 Hz, 1H), 3.42 – 3.28 (m, 2H), 3.19 (dt, J = 12.2, 5.1 Hz, 1H), 
1.37 (s, 9H).
HRMS-ESI: calc for C16H22N3O8S ([M + H]+), 416.4, found 416.4.

Methyl 1-((4-nitrophenyl)sulfonyl)piperazine-2-carboxylate hydrochloride (14)
Thionyl chloride (7.00 mL, 96.5 mmol) was added dropwise to a solution of 4-(tert-
butoxycarbonyl)-1-((4-nitrophenyl)sulfonyl)piperazine-2-carboxylic acid 13 (8.00 
g, 19.3 mmol) in 50 mL of methanol at 00C. The mixture was stirred overnight at 
room temperature. The reaction mixture was concentrated under reduced pres-
sure to a solid residue, which was triturated with 5% methanol/hexane to give the 
title compound 14 (6.07 g, 86%):
1H NMR (400 MHz, DMSO-d6) δ 8.43 – 8.34 (m, 2H), 8.15 – 8.08 (m, 2H), 3.72 (t, J = 
7.1 Hz, 1H), 3.44 (dt, J = 12.4, 5.0 Hz, 1H), 3.23 – 3.08 (m, 2H), 2.92 (dt, J = 12.5, 5.0 
Hz, 1H), 2.86 – 2.72 (m, 2H), 1.91 (s, 1H).
HRMS-ESI: calc for C12H16N3O6S ([M + H]+ without HCl), 330.3, found 330.1.

Methyl 4-(methylsulfonyl)-1-((4-nitrophenyl)sulfonyl)piperazine-2-
carboxylate (15)
To a solution of amine hydrochloride 14 (2.50 g, 6.84 mmol) in 4 mL of water and 
16 mL of p-dioxane at 00C was added subsequently freshly distilled triethylamine 
(2.96 mL, 21.2 mmol), DMAP (83.1 mg, 0.68 mmol) and dropwise methanesul-
fonyl chloride (687 µL, 8.89 mmol). The reaction was stirred overnight at room 
temperature. The reaction mixture was concentrated under reduced pressure and 
partitioned between EtOAc and water. The organic layer was washed with 1 N HCl, 
water, and brine, dried over Na2SO4, and concentrated under reduced pressure to 
give the title compound 15 (1.70 g, 61%):
1H NMR (400 MHz, DMSO-d6) δ 8.43 – 8.34 (m, 2H), 7.97 – 7.89 (m, 2H), 4.19 (t, J = 
6.5 Hz, 1H), 3.52 (dt, J = 12.5, 5.0 Hz, 1H), 3.38 – 3.23 (m, 2H), 3.21 – 3.03 (m, 2H), 
2.97 – 2.83 (m, 4H).
HRMS-ESI: calc for C13H18N3O8S2 ([M + H]+), 408.4, found 408.5.
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Methyl 4-([1,1’-biphenyl]-4-carbonyl)-1-((4-nitrophenyl)sulfonyl)piperazine-
2-carboxylate (16)
To a solution of amine hydrochloride 14 (2.50 g, 6.84 mmol) in 5 mL of water and 
10 mL of p-dioxane at 00C was added subsequently freshly distilled triethylamine 
(2.96 mL, 21.2 mmol), DMAP (83.1 mg, 0.68 mmol) and slowly biphenyl-4-carbonyl 
chloride (1.93 g, 8.89 mmol). The reaction was stirred overnight at room tem-
perature. The reaction mixture was concentrated under reduced pressure and 
partitioned between EtOAc and water. The organic layer was washed with 1 N HCl, 
aqueous NaHCO3, water, and brine, dried over Na2SO4, and concentrated under 
reduced pressure to give the title compound 16 (2.3 g, 66%):
1H NMR (400 MHz, DMSO-d6) δ 8.42 – 8.34 (m, 2H), 8.09 – 8.01 (m, 2H), 7.88 – 7.80 
(m, 2H), 7.78 – 7.66 (m, 4H), 7.54 – 7.36 (m, 3H), 3.98 – 3.81 (m, 2H), 3.64 – 3.48 
(m, 2H), 3.31 – 3.18 (m, 2H).
HRMS-ESI: calc for C25H24N3O7S ([M + H]+), 510.5, found 510.7.

N-(Tert-butoxy)-4-(methylsulfonyl)-1-((4-nitrophenyl)sulfonyl)piperazine-2-
carboxamide (17)
A solution of methyl ester 15 (1.20 g, 2.95 mmol) in 1 N HCl (60 mL) was refluxed 
overnight. The solution was cooled at room temperature and the solvent was 
removed under reduced pressure. The obtained residue was dissolved in CH2Cl2 
(20 mL). The solution was cooled at 00C, and N-[(dimethylamino)propyl]-N-ethyl-
carbodiimide hydrochloride (505 mg, 3.25 mmol), 1-hydroxybenzotrizole (519 mg, 
3.84 mmol) and N-methylmorphorine (2.05 mL, 18.6 mmol) were added. After stir-
ring 1 h at room temperature, O-tert-butylhydroxylamine hydrochloride (741 mg, 
5.90 mmol) was added. The reaction was stirred at room temperature for 2 days. 
The reaction mixture was concentrated in vacuo. The residue was diluted in EtOAc, 
washed with brine, dried over Na2SO4, and concentrated under reduced pressure. 
The residue was purified by column chromatography (0-5% MeOH in EtOAc) to 
afford protected hydroxamic acid 17 (877 mg, 64%). 
1H NMR (400 MHz, DMSO-d6) δ 11.25 (s, 1H), 8.42 – 8.34 (m, 2H), 7.85 – 7.77 (m, 
2H), 4.38 (t, J = 6.5 Hz, 1H), 3.59 (dd, J = 12.3, 6.5 Hz, 1H), 3.51 – 3.32 (m, 2H), 3.26 
– 3.05 (m, 2H), 2.98 (dd, J = 12.4, 6.6 Hz, 1H), 2.85 (s, 3H), 1.14 (s, 9H).
HRMS-ESI: calc for C16H25N4O8S2 ([M + H]+), 465.5, found 465.8.



133

CHAPTER

5

4-([1,1’-Biphenyl]-4-carbonyl)-N-(tert-butoxy)-1-((4-nitrophenyl)sulfonyl)
piperazine-2-carboxamide (18)
A solution of methyl ester 16 (1.50 g, 2.94 mmol) in 1 N HCl (60 mL) was refluxed 
overnight. The solution was cooled at room temperature and the solvent was 
removed under reduced pressure. The obtained residue was dissolved in CH2Cl2 
(20 mL). The solution was cooled at 00C, and N-[(dimethylamino)propyl]-N-ethyl-
carbodiimide hydrochloride (501 mg, 3.23 mmol), 1-hydroxybenzotrizole (516 mg, 
3.82 mmol) and N-methylmorphorine (2.05 mL, 18.6 mmol) were added. After stir-
ring 1 h at room temperature, O-tert-butylhydroxylamine hydrochloride (739 mg, 
5.88 mmol) was added. The reaction was stirred at room temperature for 2 days. 
The reaction mixture was concentrated in vacuo. The residue was diluted in EtOAc, 
washed with brine, dried over Na2SO4, and concentrated under reduced pressure. 
The residue was purified by column chromatography (0-5% MeOH in EtOAc) to 
afford protected hydroxamic acid 18 (1.12 g, 67%). 
1H NMR (400 MHz, DMSO-d6) δ 12.82 (s, 1H), 8.42 – 8.34 (m, 2H), 8.07 – 7.99 (m, 
2H), 7.85 – 7.66 (m, 6H), 7.54 – 7.36 (m, 3H), 4.52 (t, J = 7.7 Hz, 1H), 3.93 – 3.75 (m, 
2H), 3.59 – 3.48 (m, 2H), 3.37 (dd, J = 12.5, 7.5 Hz, 1H), 3.18 – 3.06 (m, 1H), 1.19 (s, 
9H).
HRMS-ESI: calc for C28H31N4O7S ([M + H]+), 567.6, found 567.7.

N-Hydroxy-4-(methylsulfonyl)-1-((4-nitrophenyl)sulfonyl)piperazine-2-
carboxamide (11)
Trifluoroacetic acid (10 mL) was added dropwise to a stirred solution of protected 
hydroxamic acid 17 (500 mg, 1.08 mmol) in CH2Cl2 (20 mL) at 00C under argon. Af-
ter stirring overnight at room temperature, the reaction mixture was concentrated 
in vacuo. The residue was treated with saturated aqueous NaHCO3 (100 mL) and 
extracted with CH2Cl2 (3 x 60 mL). The combined organic fractions were dried over 
Na2SO4, and concentrated under reduced pressure to give the hydroxamic acid 11 
(393 mg, 89%):
1H NMR (400 MHz, DMSO-d6) δ 10.49 (s, 1H), 8.87 (s, 1H), 8.42 – 8.34 (m, 2H), 
8.06 – 7.98 (m, 2H), 4.49 (t, J = 6.9 Hz, 1H), 3.81 – 3.67 (m, 2H), 3.59 – 3.48 (m, 1H), 
3.41 (dd, J = 12.3, 6.9 Hz, 1H), 3.11 – 2.97 (m, 2H), 2.85 (s, 3H).
HRMS-ESI: calc for C12H17N4O8S2 ([M + H]+), 409.4, found 409.6.
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4-([1,1’-Biphenyl]-4-carbonyl)-N-hydroxy-1-((4-nitrophenyl)sulfonyl)
piperazine-2-carboxamide (12)
Trifluoroacetic acid (10 mL) was added dropwise to a stirred solution of protected 
hydroxamic acid 18 (700 mg, 1.24 mmol) in CH2Cl2 (20 mL) at 00C under argon. Af-
ter stirring overnight at room temperature, the reaction mixture was concentrated 
in vacuo. The residue was treated with saturated aqueous NaHCO3 (100 mL) and 
extracted with CH2Cl2 (3 x 60 mL). The combined organic fractions were dried over 
Na2SO4, and concentrated under reduced pressure to give the hydroxamic acid 12 
(582 mg, 92%):
1H NMR (400 MHz, DMSO-d6) δ 11.11 (s, 1H), 8.87 (s, 1H), 8.42 – 8.34 (m, 2H), 
8.09 – 8.01 (m, 2H), 7.80 – 7.66 (m, 6H), 7.54 – 7.36 (m, 3H), 4.26 (t, J = 6.7 Hz, 1H), 
3.74 – 3.49 (m, 3H), 3.34 – 3.07 (m, 3H).
HRMS-ESI: calc for C24H23N4O7S ([M + H]+), 511.5, found 511.4.

4.5 In vitro evaluation of 1A and 2 in a fluorogenic inhibition assay
Recombinant ADAM-17 (ectodomain) was purchased from R&D Systems (Minne-
apolis, MN, USA). Recombinant human MMP-9 CD and recombinant human MMP-12 
CD without fibronectin type II insert (expressed in E.coli as described in [19, 20]) 
were a kind gift from AstraZeneca R&D (Lund &Moelndal, Sweden).
This competitive enzyme activity assay was performed by monitoring the conver-
sion of the fluorogenic substrate Mca-PLAQAV-Dpa-RSSSR-NH2 (R&D systems) by 
recombinant ADAM-17 in presence of increasing concentrations of 1A or 2. For 
MMP-9 and -12, the conversion of the fluorogenic substrate Mca-Pro-Leu-Gly-Leu-
Dpa-Ala-Arg-NH2 (Bachem, Bubendorf, Switzerland) was followed. Measurements 
were performed in Costar White 96-well plates (Corning, Schiphol-Rijk, The Neth-
erlands), where each well contained 10 ng ADAM-17 and a final concentration of 
10 µM substrate in a final volume of 100 µL ADAM assay buffer (25 mM Tris pH 
9.0, 2.5 µM ZnCl2, 0.005% w/v Brij-35). Inhibition of MMP proteolytic activity was 
determined with 10 ng of MMP-9 or MMP-12 per well with a final concentration 
of 2 µM substrate in 100 µL MMP assay buffer (50 mM Tris pH 7.4, 0.2 M NaCl, 
10 mM CaCl2, 2.5 µM ZnCl2, 0.05% (v/v) Brij-35). Proteolysis rates were followed 
by measuring fluorescence (λex,em = 320, 440 nm) increase using a Fluostar Optima 
plate reader (BMG Labtech, Offenburg, Germany), at 20°C for recombinant MMPs 
and at 37°C for recombinant ADAM-17, for 15 min (conditions of the experiments 
not in the stationary phase). Seven-point inhibition curves (0, 0.1, 1, 10, 100, 1000 
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and 10000 nM) were plotted. IC50 values were determined by sigmoidal fitting. 
Each experiment was performed in triplicate.

4.6 Radiosynthesis of [18F]-1A and [18F]-2
Production of n.c.a. 18F-fluorine and preparation of dry 18F-fluorine-cryptate 
complex
Aqueous 18F-fluorine was produced by irradiation of 18O-water with a Scanditronix 
MC-17 cyclotron via the 18O(p,n) 18F nuclear reaction. The 18F-fluorine solution was 
trapped on a SepPak Light Accell plus QMA anion exchange cartridge (precondi-
tioned with 5 mL of sodium bicarbonate 1.4% and 100 mL of H2O and then dried 
under a flow of Argon) to recycle the 18O-enriched water. The 18F-fluorine was eluted 
from the QMA anion exchange cartridge with 1 mg potassium carbonate in 1 mL of 
water and collected into a vial containing 5 mg kryptofix[2.2.2]. Subsequently, 1 
mL of acetonitrile was added and the solvents were removed at 130°C under an 
argon stream. The [18F]KF / kryptofix[2.2.2] complex was then dried by azeotropic 
distillation with 3 times addition of 0.5 mL anhydrous acetonitrile at 130°C.

1-((4-[18F]Fluorophenyl)sulfonyl)-N-hydroxy-4-(methylsulfonyl)piperazine-2-
carboxamide ([18F]-1A)
A solution of N-hydroxy-4-(methylsulfonyl)-1-((4-nitrophenyl)sulfonyl)piperazine-
2-carboxamide 11 (5.0 mg, 12.2 mmol) in anhydrous DMSO (400 μL) was added to 
the dry [18F]KF / kryptofix[2.2.2] complex and heated for 20 min at 1400C. After 
cooling, the reaction mixture was diluted with 250 µL acetonitrile and 750 µL H2O 
and was purified by semi-preparative reverse phase HPLC. HPLC was performed 
with Elite LaChrom Merck Hitachi L-7100 pump system using a Phenomenex 
reversed-phase Luna C18 column (10 mm x 250 mm, 5µm), preceded of a 20 x 4.6 
mm2 precolumn, equipped with both a UV (Elite LaChrom VWR Hitachi L-2400 UV 
detector set at 254 nm, AUFS = 0.5) and a Bicron radioactivity monitor. Sample 
injection was carried out using an injector block with a loop of 1 mL. The mobile 
phase used was a mixture of acetonitrile/water 25/75 at a flow rate of 2.5 mL.min-1. 
The retention time of [18F]-1A was about 18 min. The HPLC-collected fraction was 
diluted with about 100 mL of water for injection and passed through a Sep-Pak 
Light C18 cartridge. The cartridge was washed with 10 mL of water for injection 
and eluted with 0.7 mL of absolute EtOH. The obtained product was diluted with 
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saline to decrease the percentage of EtOH to less than 10% for the subsequent 
animal experiments. 
Quality control was performed by analytical HPLC, using a Phenomenex Luna C18 
column (4.6 mm x 250 mm, 5 μm) from Waters, equipped with a 20 x 4.6 mm2 
precolumn. The mobile phase employed was ACN / H2O 30 / 70 at a flow rate of 1.5 
mL.min-1. The column effluent was monitored using an Elite Lachrom VWR Hitachi 
L-2400 UV detector (λ = 254 nm, AUFS = 0.010) and a Bicron frisk-tech radioactiv-
ity detector. Sample injection was carried out using an injector block with a loop of 
100 µL. The retention time of [18F]-1A was about 8 min.

4-([1,1’-Biphenyl]-4-carbonyl)-1-((4-[18F]fluorophenyl)sulfonyl)-N-
hydroxypiperazine-2-carboxamide ([18F]-2)
A solution of 4-([1,1’-biphenyl]-4-carbonyl)-N-hydroxy-1-((4-nitrophenyl)sulfo-
nyl)piperazine-2-carboxamide 12 (5.0 mg, 9.79 mmol) in anhydrous DMSO (400 
μL) was added to the dry [18F]KF / kryptofix[2.2.2] complex and heated for 20 min 
at 1400C. After cooling, the reaction mixture was diluted with 450 µL acetonitrile 
and 550 µL H2O and was purified by semi-preparative reverse phase HPLC. HPLC 
was performed with Elite LaChrom Merck Hitachi L-7100 pump system using a 
Phenomenex reversed-phase Luna C18 column (10 mm x 250 mm, 5µm), preceded 
of a 20 x 4.6 mm2 precolumn, equipped with both UV (Elite LaChrom VWR Hitachi 
L-2400 UV detector set at 254 nm, AUFS = 0.5) and a Bicron radioactivity monitor. 
Sample injection was carried out using an injector block with a loop of 1 mL. The 
mobile phase used was a mixture of acetonitrile/water 45/55 at a flow rate of 2.5 
mL.min-1. The retention time of [18F]-2 was about 23 min. The HPLC-collected frac-
tion was diluted with about 100 mL of water for injection and passed through a 
Sep-Pak Light C18 cartridge. The cartridge was washed with 10 mL of water for in-
jection and eluted with 0.7 mL of absolute EtOH. The obtained product was diluted 
with saline to decrease the percentage of EtOH to less than 10% for the subsequent 
animal experiments. 
Quality control was performed by analytical HPLC, using a Phenomenex Luna C18 
column (4.6 mm x 250 mm, 5 μm) from Waters, equipped with a 20 x 4.6 mm2 
precolumn. The mobile phase employed was ACN/H2O 40/60 at a flow rate of 1.5 
mL.min-1. The column effluent was monitored using an Elite Lachrom VWR Hitachi 
L-2400 UV detector (λ = 254 nm, AUFS = 0.010) and a Bicron frisk-tech radioactivity 
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detector. Sample injection was carried out using an injector block with a loop of 
100 µL. The retention time of [18F]-2 was about 12 min.

4.7 In vitro stability of [18F]-1A and [18F]-2 in saline and human plasma
Saline stability of [18F]-1A and [18F]-2
The stability of [18F]-1A (or [18F]-2) was evaluated in vitro in saline. Formulated 
[18F]-1A (or [18F]-2) was dissolved in 1 mL saline and incubated at 37°C for 3 h. 
After 1 h and 3 h of incubation, aliquots of 250 µL were taken and diluted with 500 
µL ACN and 500 µL H2O and analysed by analytical HPLC using a Phenomenex Luna 
C18 column (4.6 mm x 250 mm, 5 μm), equipped with a 20 x 4.6 mm2 precolumn. 
The mobile phase employed was ACN/H2O 30/70 for [18F]-1A (or ACN/H2O 40/60 
for [18F]-2) at a flow rate of 1.5 mL.min-1. One-minute fractions of the eluate were 
collected and radioactivity in the fractions was counted with a gamma counter.

Human plasma stability of [18F]-1A and [18F]-2
The stability of [18F]-1A (or [18F]-2) was evaluated in vitro in human plasma. Blood 
from a healthy donor, kept at room temperature for 15 min, was centrifuged at 
3000 rpm for 5 min, subsequently the supernatant was taken. 100 µL of formulated 
[18F]-1A (or [18F]-2) was dissolved in 1 mL human plasma and incubated at 37°C for 
3 h. After 1 h and 3 h of incubation, aliquots were taken and analysed as described 
previously.

4.8 Octanol/water partition coefficient
About 5 kBq of formulated [18F]-1A or [18F]-2 diluted in 5 µL saline was diluted 
in 495 µL PBS (pH = 7.4) and 500 µL n-octanol in an Eppendorf cup. The mixture 
was vortexed for 5 min and the cup was centrifuged at 3000 rpm for 5 min.  A 
100 µL aliquot of both water and n-octanol layer was counted in a gammacounter. 
The experiment was performed in triplicate. The partition coefficient (log P) was 
calculated as: log P = log10 (cpmoctanol layer / cpmaqueous layer).

4.9 HT1080 fibrosarcoma xenograft mouse model
Animals 
Male BALB/c nu/nu (BALB/cOlaHsd-Foxn1nu) mice (nude mice) were obtained 
from Harlan (Lelystad, The Netherlands). The mice were housed in IVC cages with 
paper bedding on a layer of wood shavings in a room with constant temperature 
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(~ 20°C) and fixed, 12-hour light-dark regime. Food (standard laboratory chow, 
RMH-B, Hope Farms, The Netherlands) and water were available ad libitum. After 
arrival, the mice were allowed to acclimatize for at least seven days. The study 
was approved by the Animal Ethics Committee of the University of Groningen, The 
Netherlands (DEC 6058B).

HT1080 inoculation
Human fibrosarcoma HT1080 cells were obtained from American Type Culture 
Collection, Manassas, USA. HT1080 cells were maintained in 15 mL Eagle’s Mini-
mum Essential Medium (EMEM) (Lonza, Walkersville, USA) supplemented with 
10% fetal calf serum (FCS) in a T75 culture flask. Cells were grown in a humidified 
atmosphere containing 5% CO2 and were passaged twice per week. (2-2.5) x 106 

HT1080 cells, in a 1:1 (v/v) mixture of Matrigel (extracellular matrix compound, 
Becton Dickinson) and EMEM with 10% FCS, were subcutaneously injected into the 
right shoulder of the BALB/c nude mice (7-8 weeks old). 

4.10 Preclinical studies
Animals were injected with [18F]-1A or [18F]-2 when the tumors had reached 
an adequate size (0.3-0.6 mL), after 14 to 21 days of inoculation. The mice were 
randomly divided into two groups: tumor-bearing mice injected with [18F]-1A (or 
[18F]-2) and with or without coinjection of 2.5 mg/kg of 1A (or 2). [18F]-1A (1.55 ± 
1.38 MBq, 0.031 ± 0.028 nmol) (or [18F]-2 (2.12 ± 3.28 MBq, 0.043 ± 0.080 nmol)), 
dissolved in saline (maximum volume 200 μL per injection), was intravenously 
injected into the penile vein of mice anesthetized with 5% isoflurane (Pharmacie 
BV, The Netherlands) that was mixed with medical air at a flow rate of 2 mL.min-1, 
after which anesthesia was maintained with 2% isoflurane. For each tracer, 12 
mice were used. In each group (either baseline or block), one animal was scanned 
using PET. Following induction of anesthesia, the mice were then positioned in the 
bed of the microPET camera (Focus 220, Siemens Medical Solutions USA, Inc.) in 
transaxial position. The body temperature of mice was maintained by electronically 
regulated heating pads. Data acquisition of the microPET camera was initiated and 
continued for a period of 90 min. After the completion of the dynamic emission 
scan, a 515 sec transmission scan with a Co-57 point source was made for correc-
tion of attenuation of 511 keV photons by tissue. After microPET scanning, the mice 
were terminated by administering a high dose of isoflurane (5%) for about 20 min.
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Ex vivo biodistribution
Ex vivo biodistribution studies were performed on the sacrificed mice 90 min p.i 
of [18F]-1A (± 1A) or [18F]-2 (± 2). The following organs were taken: bladder, bone, 
brain, heart, kidney, large intestine, liver, lungs, muscle, pancreas, small intestine, 
spleen, stomach, tumor and urine. A small drop of infusate was collected for cal-
culation of SUVmean. The blood was centrifuged in order to collect plasma and red 
blood cells. All samples were weighed and levels of radioactivity were determined 
using a gamma counter. Tracer uptake was expressed as the standardized uptake 
value (SUVmean), defined as [tissue activity concentration (MBq/g)/(injected activity 
(MBq)/mouse body weight (g))]. 

MicroPET image analysis
Emission sinograms were iteratively reconstructed (OSEM2d) after being nor-
malized, corrected for attenuation, and corrected for decay of radioactivity. The 
list-mode data of the emission scans were separated into 22 frame sinograms (15 
frames of 2 minutes, 3 frames of 5 minutes, 2 frames of 7.5 minutes, 2 frames of 15 
minutes; zoom factor, 4). PET image analysis was performed using Inveon Research 
Workplace (Siemens) software. Regions of interest were drawn around the tumor. 
The uptake of the tracer in the region of interest was determined in Bq.cm-3, which 
was converted to PET-SUVmean using the following formula: [tissue activity concen-
tration (MBq/cc)/(injected activity (MBq)/mouse body weight (g))].
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Abstract 
Matrix metalloproteinases (MMPs) and a disintegrin and metalloproteinases 
(ADAMs) are zinc endopeptidases which are considered attractive targets for the 
pharmaceutical industry in anti-cancer therapy. Molecular in vivo imaging of locally 
up-regulated and activated MMPs/ADAMs could be used to understand and detect 
cancer progression. We developed a novel piperazine-based MMP/ADAM inhibitor 
4-(4-(1-(4-(2-(2-(2-[18F]fluoroethoxy)ethoxy)ethoxy)butyl)-1H-1,2,3-triazol-4-yl)
benzoyl)-N-hydroxy-1-((4-methoxyphenyl)sulfonyl)piperazine-2-carboxamide 
[18F]-1B as a potential PET tracer for imaging MMP/ADAM activity. The non-
radioactive analogue was tested in fluorogenic in vitro inhibition assays for MMP-2, 
MMP-9 and ADAM-17 affinity and the obtained IC50 values were 4.67 ± 0.85, 3.67 
± 0.49 and 43.4 ± 7.74 nM, respectively. The PET probe was prepared with a ra-
diochemical yield of 25-27% and a specific activity of 45-59 GBq/µmol at the end 
of synthesis. [18F]-1B was evaluated in a HT1080 tumor bearing mouse model. 
HT1080 tumor was visualized in the microPET images. Retention of [18F]-1B was 
shown to be MMP/ADAM-mediated.  Further evaluation in other disease models is 
required to validate this radiopharmaceutical as a potential biomarker for imaging 
MMP/ADAM activity. [18F]-1B provides a novel lead structure that should be fur-
ther optimized in order to obtain a suitable PET-tracer.

Keywords  
Click chemistry, hydroxamate, microPET, MMP/ADAM inhibitor, PEG 
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1. Introduction
Matrix metalloproteinases (MMPs) are a multi-domain zinc(II)-dependent enzyme 
family which comprises 23 members [1]. In addition to MMPs, this family also 
includes, A Disintegrin And Metalloproteinases (ADAMs), with 22 members [2]. 
MMPs and ADAMs are secreted as pro-enzymes (also called zymogens) and require 
enzymatic release of their pro-domains to render them proteolytically active. These 
enzymes are capable of digesting various structural components of the extracellular 
matrix (ECM) under physiological conditions. MMP/ADAM activity is involved at 
several stages of tumor development: tumor establishment, growth, angiogenesis, 
intravasation/extravasation and metastasis [3]. As a result, pharmacologic inhibi-
tion of MMP/ADAM activity could be used to halt the spreading of cancer cells [4, 
5]. 

Clinical trials of matrix metalloproteinase inhibitors in cancer were disappoint-
ing and the results were not fully understood [6-8]. To overcome these limitations 
and to improve the results of clinical trials as well as potentially tailor MMP/ADAM 
inhibitor treatments to the individual patient, markers of tumor progression should 
be developed and validated with the goal to improve early detection, response to 
treatment by imaging MMP/ADAM inhibition and to understand how MMP/ADAM 
activities are regulated. Positron emission tomography (PET) is a non-invasive 
imaging technology, which is sensitive, has a high spatial resolution and allows 
quantitative measurements [9]. By molecular modeling, we designed a library of 
five piperazine-based MMP/ADAM inhibitors [10]. These nonpeptidic inhibitors 
comprise a hydroxamate as a zinc binding group, a methoxyphenylsulfonamide 
group to fill the “selective” S1’ pocket of the proteinases and various substituents at 
the 4-N-position of the piperazine ring which is solvent-exposed. All residues at the 
4-N-position of the piperazine contain a 1,4-triazole to allow (radio)synthesis of 
the inhibitors by click chemistry. We applied the click chemistry reaction because 
this reaction is selective, reliable and fast under mild aqueous Cu(I)-promoted 
reaction conditions.

In this chapter, we report the synthesis, radiosynthesis and quality control of 
4-(4-(1-(4-(2-(2-(2-[18F]fluoroethoxy)ethoxy)ethoxy)butyl)-1H-1,2,3-triazol-4-yl)
benzoyl)-N-hydroxy-1-((4-methoxyphenyl)sulfonyl)piperazine-2-carboxamide 
[18F]-1B [Fig 1], a new synthetic MMP/ADAM inhibitor selected from the library of 
the five modeled inhibitors.  The in vitro fluorogenic inhibition assays of 1B for re-
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combinant human MMP-2, MMP-9 and ADAM-17 affinity are reported. Furthermore, 
[18F]-1B was evaluated in vivo in a HT1080 xenograft mouse model.

2. Results and discussion

2.1 Design of piperazine-based MMP/ADAM inhibitors by click chemistry
Our strategy for designing new MMP/ADAM inhibitors was based on the inhibitor 
4-([1,1’-biphenyl]-4-carbonyl)-N-hydroxy-1-((4-methoxyphenyl)sulfonyl)pipera-
zine-2-carboxamide 2 [Fig 2] developed originally by Cheng et al. [11]. 2 is a broad-
spectrum inhibitor with nanomolar affinities for a number of metalloproteinases, 
like MMP-9 (IC50 = 0.9 nM) for instance. Modifications of this inhibitor in order to 
optimize potency, tune the lipophilicity and allow a straightforward radiolabelling 
method were ideally achieved by changing the substituent at the 4-N-position of 
the piperazine ring which is solvent-exposed [12, 13]. The radiolabelling ap-
proach which was adopted was the reliable click chemistry between an azide and 
an alkyne. A phenyl-triazole linker was supposed to mimic the biphenyl group of 
2. Therefore, the biphenyl moiety of 2 was modified in order to incorporate an 
alkyne group. Several fluorine containing groups with varying size and lipophilicity 
were attached to the triazole moiety. The binding characteristics to MMP-9 of five 
different inhibitors were investigated by molecular modeling.
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2.2 Molecular modeling of a library of piperazine-based MMP inhibitors
The modeling of the interaction of different inhibitors with MMP-9 was performed 
by using Molegro Molecular Viewer in order to design a library of five piperazine-
based MMP inhibitors targeting specifically MMP-9. Cycloaddition of the alkyne 
3 was performed with five different azides and is reported in Table 1. The azido 
prosthetic groups considered were respectively:  1-azido-4-(fluoromethyl)ben-
zene, 1-azido-3-fluoropropane, 1-azido-4-fluorobutane, 1-azido-3-(2-(2-(2-fluo-
roethoxy)ethoxy)ethoxy)propane and 1-azido-4-(2-(2-(2-fluoroethoxy)ethoxy)
ethoxy)butane to give the corresponding MMP/ADAM inhibitors 16, 17, 18, 19 and 
1B. The calculated log P (clog P) and the MolDock Score are shown in Table 1. For 
comparison, the MMP inhibitor 2 is also reported. 

The MolDock Score is described as the fitness of pose into the binding site by 
evaluating the intermolecular interaction energy between the ligand and the 
enzyme, and the intramolecular interaction energy of the enzyme. The docking re-
sults of the reported inhibitors into MMP-9 show alignment to the molecule design 
concept. The substituent construct on 2, 16, 17, 18, 19, and 1B, which are P1’ and 
P2’, correspond with MMP-9 pockets S1’ and S2’. The hydroxamic acid group was in 
position to form binding coordination with Zn2+. 

As two thirds of MMPs are soluble and to minimize non-specific binding, it seemed 
more logical for us to develop a hydrophilic MMPI. As a result, the inhibitor 16 was 
discarded as a potential candidate for radiolabelling. Then, we discriminated the 
MMPIs according to their affinity for MMP-9 and selected the compounds 17, 19 and 
1B displaying the highest docking scores. Since the PEG-chains are not significantly 
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Structure MolDock Score clog P
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O
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N
H

HO

2

-52.1 3.29

The methoxy benzene group is solvent exposed.
Due to the rigidity of the piperazine moiety, the hydroxamic 
acid group had a tendency to move from the zinc binding 
site.

N

N

O2S

OMe

O

O

N
H

HO

N
N

N

F

16

-67.8 3.26

The inhibitor was forced to bend to opposite direction, most 
likely attributable to the rigidity and the bulky structure of 
the benzene-triazole-fluoromethyl benzene.
The benzene-triazole-fluoromethyl benzene appeared too 
long to be fitted into the cavity.

N

N

O2S

OMe

O

O

N
H

HO

N
N

N

18F

17

-118.1 1.40

The hydroxamic acid group is shifted from the zinc binding 
site.
The MolDock Score is increased most likely due to the 
hydrophobic interaction of leucine and arginine inside the 
cavity, the hydrogen bonding between the triazole and 
leucine and the aromatic interaction with tyrosine.

Table 1: Structure, MolDock Score and clog P of modeled MMP inhibitors
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Structure MolDock Score clog P
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-45.8 1.78

An additional carbon in the alkyl chain made the benzene-
triazole did not fit anymore to the cavity, compared to 17. 
Therefore, the benzene-triazole moiety became solvent 
exposed and made the inhibitor bent the other way around 
(similar to 16).
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19

-100.5 1.14

The hydroxamic acid group is moved away from the zinc 
binding site due to the force of the very long PEG chain. 
However, as the hydroxamic acid group could form three 
hydrogen bonds with glutamic acid and histidine residues, 
an increase in MolDok Score is obtained.

Table 1: Structure, MolDock Score and clog P of modeled MMP inhibitors (continued)
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defluorinated in vivo and are stable towards metabolism [14-16], we focused our 
work on the fluoropegylated triazoles 19 and 1B rather than the fluoroalkylated 
triazole 17. Since 1B demonstrated slightly better affinity and lower lipophilicity, it 
was selected as the most potent candidate to image active MMPs with PET. 

2.3 Synthesis of the terminal alkyne 3 
The alkyne 3 [Scheme 2], 4-(4-ethynylbenzoyl)-N-hydroxy-1-((4-methoxyphenyl) 
sulfonyl)piperazine-2-carboxamide, was prepared from the commercially available 
dl-piperazine carboxylic acid 4. The three first steps of the synthesis were per-
formed according to the procedure of Cheng et al. [11];[Scheme 1]. Monoprotec-
tion of 4 with 1.1 eq. of di-tert-butyl dicarbonate led to the monoamine 5. Para-
methoxyphenylsulfonyl chloride was added to the crude amine 5 and produced the 
sulphonamide 6, obtained in an overall yield of 86%. After addition of methanolic 
HCl to 6, the intermediate 7 was obtained in a yield of 82%. The protected alkyne 
4-((trimethylsilyl)ethynyl)benzoic acid 8 was transformed to acid chloride 9 by 
treatment with thionyl chloride [Scheme 2]. The intermediate 7 was acylated with 
4-((trimethylsilyl)ethynyl)benzoyl chloride 9 in order to get the desired substituted 
piperazine derivative 10. Then the trimethylsilyl group was deprotected with tetra-
butylammonium fluoride to produce the free alkyne 11. The hydroxamic acid was 

Structure MolDock Score clog P

 

-109.0 1.07

Table 1: Structure, MolDock Score and clog P of modeled MMP inhibitors (continued)
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finally incorporated with hydroxylamine in KOH-MeOH to yield the intermediate 3 
as precursor for 1,3-dipolar cycloaddition with 18F-azido prosthetic groups to form 
1,4-disubstituted triazoles. The overall yield of the synthesis of 3 was 29%.

2.4 Synthesis of the azides Tos-PEG-N3 17 and F-PEG-N3 18
The synthesis of the tosyl-precursor 17 and the non-radioactive azide 18 are 
reported in Scheme 3 and were conducted as previously described [17]. In brief, 
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commercially available triethylene glycol 12 was monoprotected with trityl chlo-
ride to produce the intermediate 13 in an 80% yield. Thereafter, a Williamson 
synthesis was performed on the primary alcohol of 13 with 1,4-dibromo butane 
to lead to the mono-bromide 14 in 35-38% yield. In the presence of an excess of 
sodium azide, the bromo-group was quantitatively substituted by the azido group 
to form compound 15. The trityl-ether protecting group was then cleaved with TFA 
and triethylsilane as cation scavenger in a 55% yield. The obtained primary azido-
alcohol 16 was reacted with tosyl chloride in a yield of 46% and resulted in the 
precursor for radiofluorination 17. The primary alcohol of 16 was fluorinated with 
DAST (diethylamino sulfur trifluoride) to give the fluoropegylated ligand 18. The 
overall yield of the synthesis of 18 was around 8%.

2.5 Synthesis of the fluorinated non-radioactive reference compound 1B
The hydroxamate-based MMPI 1B was prepared as HPLC standard and for in vitro 
fluorogenic inhibition assays. 1B was prepared by cycloaddition of 3 and 18. First 
of all, it was shown on model compounds that an excess of alkyne improves overall 
rate enhancement of the click reaction [18], so a slight excess of alkyne (1.2 eq.) was 
employed. The active copper(I) species was obtained by using the copper(II) salts 

Chapter 6 – Scheme 3 

 
Scheme 3: Synthesis of 1-azido-4-(2-(2-fluoroethoxy)ethoxy)butane 18 

(h) TrtCl, Py, 00C to RT; (i) 1,4-dibromobutane (7 eq.), NaH, DMF, 00C to RT ; (j) NaN3, DMSO, Δ; (k) 
DCM, Et3SiH, TFA, 00C, evaporation and direct chromatography; (l) TsCl, pyridine; (m) DAST 
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Scheme 3: Synthesis of 1-azido-4-(2-(2-fluoroethoxy)ethoxy)butane 18
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TFA, 00C, evaporation and direct chromatography; (l) TsCl, pyridine; (m) DAST
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CuSO4•5H2O in combination with an excess of the reducing agent sodium ascorbate. 
By employing an excess of reducing agent, the formation of the oxidative coupling 
products (most commonly alkyne homo-coupling products or bis-triazoles) was 
avoided [19]. The solvent tested for this reaction is a mixture of water and a polar 
solvent, either DMF (N,N-dimethylformamide), DMSO (dimethylsulfoxide) or tBuOH 
(tert-butanol). The use of water allows acceleration of the reaction and prevents the 
need of a base [20]. Reaction of 3 and 18 with 1 mol % of CuSO4•5H2O (0.01 eq.) and 
5 mol % of sodium ascorbate in a tBuOH/H2O mixture (1/3) led to the formation of 
the triazole products (as judged by LC-MS analysis of the reaction mixture), albeit 
at a slow rate not suitable for radiosynthesis with fluorine-18. Addition of 1.1 mol 
% of the ligand tris-(benzyltriazolylmethyl)amine (TBTA) to the reaction mixture 
again showed poor conversion (ca. 10%) after one hour, which increased to around 
50% conversion after 24 h. To obviate the diminished reactivity of the alkyne 3 
(electron-poor alkyne), a very large excess of copper salt and reducing agent was 
employed. In analogy to the report of Hugenberg et al. [21], the cycloaddition of 3 
with the fluoropegylated triazole 18 under optimized conditions proceeded at an 
acceptable rate when employing 50 mol % of CuSO4•5H2O and 60 mol % of sodium 
ascorbate in a DMF/H2O mixture (4/1) for 24 h. 1B was formed in around 90% 
yield (complete conversion observed after 6 h). 

Compound 1B was prepared by using a convergent synthesis, with an overall 
yield of 2.3%. The alkyne 3 was obtained with a satisfactory overall yield of 29%. 
On the other hand, the multistep organic synthesis of the azide 18 was achieved in 
a moderate yield of about 8%, partly due to the highly hydrophilic nature of all the 
intermediates. Given that only small amounts of 1B were needed for HPLC standard 
and IC50 measurements, improvement of the synthesis of 1B was not pursued.

2.6 In vitro evaluation of 1B in a fluorogenic inhibition assay
The affinity of 1B was determined in a fluorogenic inhibition assay against three 
selected recombinant human metzincins: MMP-2 (gelatinase A, 72 kDa type IV col-
lagenase), MMP-9 (gelatinase B, 92 kDa type IV collagenase) and ADAM-17 (TNF 
alpha converting enzyme). The broad-spectrum inhibitor 1B exhibited affinities 
in the low nanomolar range for both MMP-2 and MMP-9; a higher IC50 value was 
determined for ADAM-17, the IC50 values were 4.67 ± 0.85, 3.67 ± 0.49 and 43.4 ± 
7.74 nM, respectively. The introduction of a triazole moiety is an asset for gaining 
affinity. Indeed, Hugenberg et al. [21] (radio)synthesized a library of triazole-based 
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inhibitors with high affinity for a range of MMPs. The gain in affinity was attributed 
to attractive interactions between the hydrophilic triazole nitrogen atoms and the 
Zn2+ ion in the catalytic domain or other functional substituents in the enzyme.

2.7 Strategy for radiolabelling [18F]-1B
Two different approaches were considered for the radiosynthesis of the triazole-
based MMPI [18F]-1B.

First approach: in two steps by radiofluorination of the Tos-PEG chain 17 fol-
lowed by an intermediate purification either by SPE purification to remove the free 
fluorine with an Alumina N Sep-Pak light cartridge or by semi-preparative HPLC 
(or a combination of SPE and HPLC) to remove the non-reacted fluorine and the 
unlabelled precursor. Then, the second step would consist of the click chemistry of 
the resulting [18F]-18 with the cycloaddition mixture with a final HPLC purification 
and formulation. 

Second approach: a one-pot two step reaction [Scheme 4] by radiofluorination 
of 17 directly followed by the cycloaddition with 3. A final semi-preparative HPLC 
purification and formulation would be performed. 

 

Scheme 4. One-pot two step radiosynthesis of [18F]-1B 

(n) [18F]KF/K222, DMSO, 1100C then CuSO4.5H2O (500 mol%), Na Aascorbate (750 mol%), DMSO/H2O 4/1, 600C, 15 
min
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2.8 Radiosynthesis of [18F]-1B
First approach: the radiofluorination of 17 was performed at 1200C during 10 
min. [18F]-18 was purified by SPE with an Alumina N cartridge followed by semi-
preparative HPLC and was obtained with an average RCY of 21 ± 2% (corrected for 
decay) after purification. Considering the moderate RCY and the time-consuming 
isolation of the intermediate [18F]-18, also a one-pot two-step procedure was con-
sidered.

Second approach: the tosylate PEG azide 17 was radiofluorinated in DMSO at 
1200C during 10 min. After 10 min of cooling down, the alkyne 3 dissolved in DMSO 
and an aqueous mixture of CuSO4•5H2O and sodium ascorbate were added to the 
crude [18F]-18. The mixture was heated at 600C during 15 min. This approach 
successfully provided [18F]-1B in a total synthesis time of about 105 min. The 
radiochemical yield of HPLC-purified [18F]-1B was 25-27% based on “dried” 18F-
fluorine (corrected for decay), the specific activity was 45-59 GBq/μmol at the end 
of synthesis and the radiochemical purity > 95%. 

Different amounts of catalysts and temperatures were tested. Initially, the cyclo-
addition with 50 mol % of CuSO4•5H2O and 75 mol % of sodium ascorbate in a 
DMSO/H2O mixture (4/1) at room temperature for 30 min was attempted but no 
cycloaddition product was detected. So increase of the temperature to 400C and 
then 600C were performed but it did not afford the formation of [18F]-1B after 30 
min. Therefore, increase of the amount of copper salt and reducing agent 10 times 
more was carried out. By employing 500 mol % of CuSO4•5H2O and 750 mol % of 
sodium ascorbate at 600C, [18F]-1B was obtained with a satisfactory overall RCY of 
around 25-27%. 

The influence of the reaction time on the radiochemical yield of the cycloaddi-
tion process was also tested. The cycloaddition was quite fast and the reaction was 
complete within about 15 min. 

Click chemistry allowed the successful and reliable synthesis of [18F]-1B in a 
satisfactory overall RCY and radiosynthesis time. 

2.9 Octanol/water partition coefficient
The measured log P of [18F]-1B was 0.54 ± 0.1, showing the rather hydrophilic na-
ture of the tracer. The relative hydrophilicity of [18F]-1B is very suitable for imaging 
MMP activity as most MMPs are water-soluble enzymes.
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2.10 In vitro stability of [18F]-1B in saline, rat plasma and human plasma
After 1 h and 3 h of incubation, 99% of the radioactivity still corresponded to the 
intact tracer either in saline, rat plasma or human plasma. This indicates that [18F]-
1B is highly stable in vitro. Indeed, the 1,2,3-triazole bond is robust and is known 
to be stable toward oxidation and reduction. 

2.11 Preclinical evaluation of [18F]-1B in a HT1080 tumor bearing mouse 
model 
[18F]-1B was evaluated in a HT1080 tumor bearing mouse model. This animal 
model, overexpressing a high number of MMPs/ADAMs, was already employed for 
the assessment of various biomarkers for the non-invasive imaging of the proteo-
lytic activity [22-25].

Plasma, urine, tumor, kidney and liver samples at 90 min post injection (p.i.) were 
analysed for parent and metabolite levels by HPLC and radioTLC. In the control 
group, metabolite assays showed that parent tracer represented 55 ± 11%, 4.5 ± 
2.5%, 39 ± 11%, 18 ± 9% and 25 ± 23% of total radioactivity in plasma, urine, tumor, 
kidney and liver samples, respectively. In the blocking group, metabolite assays 
demonstrated that parent tracer represented 56 ± 19%, 5.8 ± 2.2%, 52 ± 18%, 20 ± 
6% and 18 ± 7% of total radioactivity, respectively. The metabolism of [18F]-1B was 
relatively moderate in plasma to reach more than half of parent compound present 
at 90 min p.i. According to HPLC and TLC, only more polar radio-metabolite(s) 
was detected, which indicates that the radiometabolite(s) is structurally different 
from [18F]-1B and, as a result, probably unlikely to have affinity for active MMPs/
ADAMs. The metabolism rate of [18F]-1B was very similar under both tracer and 
co-injection of 1B, therefore the effect of the co-injection of the non-radioactive 
inhibitor did not influence the metabolism of [18F]-1B. 

The radioactivity uptake in the selected tissues (SUVmean data presented in mean 
± SD) is reported in Figure 3. The uptake in the tumor was low and significantly 
decreased from an average SUVmean of 0.40 ± 0.06 for the control mice to 0.27 ± 0.12 
for the blocked animals (p = 0.0454) at 90 min p.i. A low uptake in the bone was 
observed which indicates neglectible defluorination of the tracer over the duration 
of the scan. High uptake of radioactivity in the kidneys and to a lesser extent in the 
liver 90 min p.i. was observed. This is most likely due to excretion of the radiotracer 
and radiometabolites. The amount of activity (i.e tracer and metabolites) excreted 
by the liver into the small intestine was very high, considering the enormous uptake 
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obtained in the small intestine. The rest of the dissected tissues did not show high 
accumulation of [18F]-1B. Except for the tumor, no significant different retention in 
any tissue between the control and the homologous block groups was obtained.  

Following administration of [18F]-1B, the microPET images [Fig 4] exhibited an 
homogeneous uptake throughout the tumor volume with a relatively low signal to 
noise ratio. This suggests that tracer binding was not only to membrane-bound 
ADAMs but also to extracellular MMPs. Indeed, soluble enzymes diffuse around 
their source. A high kidney uptake was also observed in the microPET images.

The average time-activity curves in the tumor of the control and blocked animals 
are depicted in Figure 5. [18F]-1B demonstrated a slow wash out in the tumor. PET-
SUVmean showed a significant reduction of the tracer accumulation in the tumor at 
90 min p.i. between both groups of mice: 0.37 ± 0.07 vs 0.25 ± 0.10 (p = 0.0380). 

In the past two decades, several synthetic MMPIs have been prepared and evalu-
ated [26]. Most of these compounds are nonpeptidomimetic, which were designed 
on the three-dimensional structure of the MMP active site. They bind in a non-
covalent mode and all contain a sulfonyl group which affords hydrogen bonding 
with the enzymes. Most of them are also hydroxamic acid-based MMPIs. Up to now, 

Figure 3: Ex vivo biodistribution data of tumor bearing mice scanned with [18F]-1B and tumor bearing mice 
scanned with [18F]-1B and co-injection of 2.5 mg/kg of 1B, at 90 min p.i. of [18F]-1B ± 1B. Bars represent average 
and error bars SD, n= 6 for each group, * p < 0.05
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none of this subtype of radiolabelled MMPIs was evaluated in an animal model of 
cancer. [18F]-1B represents the first in vivo evaluation with such model of disease. 

 
Figure 4: In vivo [18F]-1 microPET images of a HT1080 tumor bearing mouse shown in transaxial (left) 

and coronal (right) views. The microPET images correspond to the sum of all the frames from 2 to 90 min 

p.i. of [18F]-1. The arrows indicate the position of the tumor. 
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Figure 4: In vivo [18F]-1B microPET images of a HT1080 tumor bearing mouse shown in transaxial (left) and 
coronal (right) views. The microPET images correspond to the sum of all the frames from 2 to 90 min p.i. of [18F]-
1B. The arrows indicate the position of the tumor

Figure 5: Tumor time-activity curves of tumor-bearing mice scanned with [18F]-1B and tumor-bearing mice 
scanned with [18F]-1B and co-injection of 2.5 mg/kg of 1B, from 2 to 90 min p.i. of [18F]-1B ± 1B. Points represent 
average and error bars SD, n= 6 for each group
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In regard of the obtained results, further evaluation should be performed in order 
to know if [18F]-1B may be considered as a suitable radioligand for imaging/quan-
tification of the proteolytic activity. [18F]-1B provides a novel lead structure that 
should be further optimized in order to obtain a suitable PET-tracer. The affinity 
of [18F]-1B may have been too low in relation to the Bmax for MMP/ADAM imaging. 
Further information is also required on possible species differences with regard to 
MMP/ADAM Bmax to understand if there is scope for clinical translation of [18F]-1B. 

Previous work performed on radiolabelled MMPIs exhibited some accumulation 
in tissues with no MMP overexpression like the liver [27]. MMP levels in plasma 
and urine were reported to be elevated, for instance, in breast cancer [28]. [18F]-1B 
and most radiolabelled MMP-targeting probes are broad-spectrum inhibitors. As 
a result, MMP probes may bind or be activated directly in the bloodstream, which 
was suggested to lead to poor target/non-target contrast when imaging tissues. 
This finding can explain our small significant reduction obtained for the SUVmean in 
the tumor. In addition, Digilio et al. [29] demonstrated that high affinity albumin 
binding represents a limitation for the specificity reachable by MMPIs. Indeed, al-
bumin accumulates aspecifically in tumors, which decreases the binding potential 
of arylsulfone-based MMPIs.

On the other hand, a ‘more’ specific inhibitor targeting a specific MMP could be 
of great interest and led to high signal to noise ratio. However, the preparation of 
such a probe is very challenging, as for instance, MMP-2, -3, -7, -8 and -9 possess 
homologous active site features [26]. Therefore, antibody based recombinant pro-
teins might be more suited for the purpose of subtype selectivity.

3. Conclusion
[18F]-1B was successfully radiolabelled by click chemistry with a good overall RCY. 
This relatively hydrophilic tracer showed high in vitro stability in saline and rat/
human plasma. The hydroxamate-based MMPI 1B exhibited nanomolar affinities 
in vitro. HT1080 tumor was detected in the microPET image and uptake of [18F]-
1B was shown to be MMP-mediated. Further analysis regarding the Bmax for MMP/
ADAM imaging should be performed in order to validate [18F]-1B as a potential 
radiopharmaceutical for the non-invasive imaging of the proteolyic activity. [18F]-
1B provides a novel lead structure that should be further optimized in order to 
obtain an appropriate PET-tracer.
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4. Statistical analysis 
Calculations were performed using Excel 2007 (Microsoft) and GraphPad Prism 5.0 
for Windows (GraphPad Software, San Diego, USA). Results are expressed as mean 
± SD. Comparisons between different experimental groups were performed using 
unpaired two-sided student t-test. Data were considered statistically significant 
when p values were smaller than 0.05.

5. Experimental section 

5.1 General. 
All chemicals, reagents, and solvents for the (radio)synthesis of the compounds 
were analytical grade, purchased from commercial suppliers (Aldrich, Fluka, Sigma 
and Merck) and were used without further purification, unless otherwise specified. 
Solid phase extraction cartridges were obtained from Waters Chromatography Divi-
sion, Millipore Corporation. Flash chromatography was performed on silica gel 60 
(0.040-0.063, Merck). All reactions were monitored by thin layer chromatography 
on Merck F-254 silica gel plates using solvent mixture of ethyl acetate (EtOAc) and 
methanol (MeOH). Detection of the compounds on the TLC plates was performed 
with UV light (254 nm). 1H- and 13C-NMR spectra were recorded on a Varian AMX400 
spectrometer (400 and 100 MHz respectively). Chemical shifts were determined 
relative to the signal of the solvent, converted to the TMS (tetramethylsilane) scale, 
and expressed in δ units (ppm) downfield from TMS (for DMSO-d6: δ 2.504 for 1H 
and for MeOH: δ 3.312, 4.867 for 1H). Data are reported as follows: chemical shifts, 
multiplicity (s=singlet, d=doublet, t=triplet, q=quartet, dd=doublet of doublets, 
dt=doublet of triplets, td=triplet of doublets, m=multiplet, br=broad), coupling 
constants (Hz), and integration. Mass spectrometry was recorded on an AEI-MS-902 
mass spectrometer by EI (70 eV) measurements. Radioactivity measurements for 
log P determination, saline/plasma stability, biodistribution and metabolite were 
performed using an automated gammacounter (LKB Wallac, Turku, Finland).

5.2 Molecular modeling of a library of piperazine-based MMP inhibitors
The crystal structure of MMP-9 was downloaded from the Protein Data Bank 
(PDB) (PDB code 2OW1). All molecules were drawn using ChemaxonMarvinSketch 
(www.chemaxon.com) and prepared (structure recognition and protonation) using 
SPORES (www.tcd.uni-konstanz.de/research/spores.php). Molecular docking 
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simulations were performed using PLANTS v1.6.140,141. The docking site center 
was determined by applying a constraint for the hydroxamic group to be able to 
form a coordination with the zinc in the active site. Fifteen poses were generated 
for each compound and the docking results were analyzed using Molegro Vir-
tual Docker (www.molegro.com). Docking solutions were selected based on the 
MOLDOCKSCORE and the docking solutions were evaluated manually, followed by 
energy minimization of the ligand.

5.3 4-(Tert-butoxycarbonyl)-1-((4-methoxyphenyl)sulfonyl)piperazine-2-
carboxylic acid (6)
An aqueous solution of sodium hydroxide (4.6 mL, 50% w/w, 19.4 N, 88.6 mmol) 
was slowly added to a solution of dl-piperazine carboxylic acid dihydrochloride 4 
(5.99 g, 29.5 mmol) in 60 mL of p-dioxane and 30 mL of water at 00C. Addition of 
di-tert-butyl dicarbonate (7.09 g, 32.5 mmol) was followed and the mixture was 
stirred overnight at room temperature yielding 5. Freshly distilled triethylamine 
(8.23 mL, 59.0 mmol), 4-dimethylaminopyridine (721 mg, 5.90 mmol) and 4-me-
thoxyphenylsulfonyl chloride (6.09 g, 29.5 mmol) were added to the mixture at 00C 
and the reaction was stirred overnight at room temperature. The reaction mixture 
was concentrated under reduced pressure and partitioned between EtOAc and 1 
N HCl. The EtOAc layer (2 x 100 mL) was washed with brine, dried over Na2SO4, 
filtered, and concentrated in vacuo to give the title compound 6 (10.2 g, 86%): 
1H NMR (400 MHz, DMSO-d6) δ 12.97 (s, 1H), 7.83 – 7.74 (m, 2H), 7.10 – 7.01 (m, 
2H), 4.32 (t, J = 7.3 Hz, 1H), 4.06 (dd, J = 12.4, 7.3 Hz, 1H), 3.83 – 3.67 (m, 5H), 
3.56 – 3.40 (m, 2H), 3.32 (dd, J = 12.5, 7.3 Hz, 1H), 1.39 (s, 9H).
HRMS-ESI: calc for C17H25N2O7S ([M + H]+), 401.5, found 401.2; calc for C17H28N3O7S 
([M + NH4]+), 418.5, found 418.3; calc for C34H49N4O14S2 ([2M + H]+), 801.9, found 
801.5.

5.4 Methyl 1-((4-methoxyphenyl)sulfonyl)piperazine-2-carboxylate 
hydrochloride (7)
Thionyl chloride (8.72 mL, 120.0 mmol) was added dropwise to a solution of 
4-(tert-butoxycarbonyl)-1-((4-methoxyphenyl)sulfonyl)piperazine-2-carboxylic 
acid 6 (9.60 g, 24.0 mmol) in 50 mL of methanol at 00C. The mixture was stirred 
overnight at room temperature. The reaction mixture was concentrated under re-
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duced pressure to a solid residue, which was triturated with 5% methanol/hexane 
to give the title compound 7 (6.90 g, 82%):
1H NMR (400 MHz, DMSO-d6) δ 7.83 – 7.75 (m, 2H), 7.08 – 7.02 (m, 2H), 3.87 (t, J = 
8.1 Hz, 1H), 3.65 (s, 3H), 3.41 – 3.13 (m, 3H), 2.95 – 2.71 (m, 3H), 1.91 (s, 1H).
HRMS-ESI: calc for C13H19N2O5S ([M + H]+ without HCl), 315.4, found 315.2; calc for 
C26H37N4O10S2 ([2M + H]+ without HCl), 629.7, found 629.3.

5.5 4-((Trimethylsilyl)ethynyl)benzoyl chloride (9)
Thionyl chloride (6.25 mL, 86.0 mmol) was added dropwise to a solution of 4-((tri-
methylsilyl)ethynyl)benzoic acid 8 (4.69 g, 21.5 mmol) in 50 mL of chloroform 
at 00C. The mixture was kept under reflux for 2 h. The reaction mixture was con-
centrated under reduced pressure and coevaporated three times with chloroform 
to give the corresponding acyl chloride 9, which was immediately used without 
further purification.

5.6 Methyl 1-((4-methoxyphenyl)sulfonyl)-4-(4-((trimethylsilyl)ethynyl)
benzoyl)piperazine-2-carboxylate (10)
To a solution of amine hydrochloride 7 (5.02 g, 14.3 mmol) in 10 mL of water and 
20 mL of p-dioxane at 00C was added subsequently freshly distilled triethylamine 
(6.18 mL, 44.3 mmol), 4-dimethylaminopyridine (175 mg, 1.43 mmol) and drop-
wise 4-((trimethylsilyl)ethynyl)benzoyl chloride 9 freshly prepared as described 
above. The reaction was stirred overnight at room temperature. The reaction 
mixture was concentrated under reduced pressure and partitioned between EtOAc 
and water. The organic layer was washed with 1 N HCl, aqueous NaHCO3, water and 
brine, dried over Na2SO4 and concentrated under reduced pressure to give the title 
compound (6.11 g, 83%):
1H NMR (400 MHz, DMSO-d6) δ 8.15 – 8.07 (m, 2H), 7.92 – 7.84 (m, 2H), 7.78 – 7.70 
(m, 2H), 7.09 – 7.02 (m, 2H), 4.63 (t, J = 6.7 Hz, 1H), 3.79 (s, 3H), 3.59 – 3.37 (m, 3H), 
3.32 (dd, J = 12.5, 6.6 Hz, 1H), 3.25 – 3.13 (m, 2H), 0.08 (s, 9H).
HRMS-ESI: calc for C25H31N2O6SSi ([M + H]+), 515.7, found 515.3; calc for C25H34N3O6SSi 
([M + NH4]+), 532.7, found 532.3; calc for C25H30N2O6SSiNa ([M + Na]+), 537.7, found 
537.3; calc for C50H61N4O12S2Si2 ([2M + H]+), 1030.3, found 1029.6.
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5.7 Methyl 4-(4-ethynylbenzoyl)-1-((4-methoxyphenyl)sulfonyl)piperazine-2-
carboxylate (11)
To a solution of methyl 1-((4-methoxyphenyl)sulfonyl)-4-(4-((trimethylsilyl)ethy-
nyl)benzoyl)piperazine-2-carboxylate 10 (5.82 g, 11.3 mmol) in 60 mL of THF at 
00C was added subsequently acetic acid (403 μL) and acetic anhydride (403 μL). 
Dropwise addition of tetra-n-butylammonium fluoride (7.10 g, 22.5 mmol) in 60 mL 
of THF was followed and the mixture was stirred overnight at room temperature. 
The reaction mixture was concentrated under reduced pressure and partitioned 
between EtOAc and H2O. The EtOAc layer (2 x 100 mL) was washed with brine, 
dried over Na2SO4, filtered and concentrated in vacuo to give the title compound 11 
(4.75 g, 95%): 
1H NMR (400 MHz, DMSO-d6) δ 8.08 – 8.00 (m, 2H), 7.80 – 7.69 (m, 4H), 7.09 – 7.03 
(m, 2H), 4.33 (t, J = 6.5 Hz, 1H), 3.66 – 3.56 (m, 4H), 3.54 – 3.34 (m, 3H), 3.25 – 3.13 
(m, 2H), 3.04 (s, 1H).
HRMS-ESI: calc for C22H23N2O6S ([M + H]+), 443.5, found 443.2; calc for C22H26N3O6S 
([M + NH4]+), 460.5, found 460.3; calc for C22H22N2O6SNa ([M + Na]+), 465.5, found 
465.3; calc for C44H45N4O12S2 ([2M + H]+), 886.0; found 885.5; calc for C44H48N5O12S2 
([2M + NH4]+), 903.0, found 902.5; calc for C44H44N4O12S2Na ([2M + Na]+), 908.0, 
found 907.5.

5.8 4-(4-Ethynylbenzoyl)-N-hydroxy-1-((4-methoxyphenyl)sulfonyl)
piperazine-2-carboxamide (3)
Preparation of NH2OK/NH2OH solution: NH2OH.HCl (6.74 g, 97.0 mmol) was dis-
solved in MeOH (35 mL) by heating to reflux overnight. The solution was cooled at 
00C, and a solution of KOH (8.16 g, 145.5 mmol) in MeOH (20 mL) was added in one 
portion. The resulting suspension was used without prior removal of precipitated 
material. A solution of methyl ester 11 (4.29 g, 9.70 mmol) in NH2OK/NH2OH solu-
tion (as described above) was stirred at room temperature for 2 days. The reaction 
mixture was taken up in dilute aqueous HCl (pH = 3, 100 mL), extracted with EtOAc 
(2 x 100 mL), dried over Na2SO4, filtered and concentrated in vacuo. The residue was 
purified by column chromatography (0-5% MeOH in EtOAc) to afford hydroxamic 
acid 3 (2.24 g, 52%) as a white solid:
1H NMR (400 MHz, DMSO-d6) δ 10.44 (s, 1H), 8.87 (s, 1H), 8.08 – 8.00 (m, 2H), 
7.81 – 7.68 (m, 4H), 7.10 – 7.02 (m, 2H), 4.45 (t, J = 6.8 Hz, 1H), 3.64 (dd, J = 12.3, 
6.7 Hz, 1H), 3.55 – 3.37 (m, 3H), 3.26 – 3.15 (m, 2H), 3.04 (s, 1H).
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HRMS-ESI: calc for C21H22N3O6S ([M + H]+), 444.5, found 444.5; calc for C21H25N4O6S 
([M + NH4]+), 461.5, found 461.4; calc for C21H21N3O6SNa ([M + Na]+), 466.5, found 
466.5; calc for C42H43N6O12S2 ([2M + H]+), 888.0, found 887.5; calc for C42H46N7O12S2 
([2M + NH4]+), 905.0, found 904.5; calc for C42H42N6O12S2Na ([2M + Na]+), 909.9, 
found 910.0.

5.9 4-(4-(1-(4-(2-(2-(2-Fluoroethoxy)ethoxy)ethoxy)butyl)-1H-1,2,3-triazol-
4-yl)benzoyl)-N-hydroxy-1-((4-methoxyphenyl)sulfonyl)piperazine-2-
carboxamide (1B) 
1H-NMR (400 MHz, CD3OD): 8.41 (s, 1H), 7.88 (d, 2H, J = 8.4 Hz), 7.78 (d, 2H, J = 8.4 
Hz), 7.43 (d, 2H, J = 8.4 Hz), 7.08 (d, 2H, J = 8.8 Hz), 4.54 (dd, 1H, J = 4.0, 5.2 Hz), 4.52 
(t, 2H, J = 7.2 Hz), 4.42 (m, 1H), 3.89 (s, 3H), 3.74 (dd, 1H, J = 2.8, 4.0 Hz), 3.66-3.56 
(m, 11H), 3.53 (t, 2H, J = 6.4 Hz), 2.05 (m, 2H), 1.61 (m, 2H). 
HSQC-NMR (100 MHz, CD3OD): 130.8, 128.5, 126.4, 122.5, 115.4, 84.8, 83.1, 71.6, 
71.6,70.9, 70.6, 56.0, 50.9, 48.8, 43.2, 28.0, 27.2. 
HRMS-ESI: calc for C31H42FN6O9S ([M + H]+), 693.8, found 693.6.

5.10 Production of n.c.a. 18F-fluorine and preparation of dry 18F-fluorine-
cryptate complex
Aqueous 18F-fluorine was produced by irradiation of 18O-water with a Scanditronix 
MC-17 cyclotron via the 18O(p,n) 18F nuclear reaction. The 18F-fluorine solution was 
trapped on a SepPak Light Accell plus QMA anion exchange cartridge (precondi-
tioned with 5 mL of sodium bicarbonate 1.4% and 100 mL of H2O and then dried 
under a flow of argon) to recycle the 18O-enriched water. The 18F-fluorine was eluted 
from the QMA anion exchange cartridge with 1 mg potassium carbonate in 1 mL of 
water and collected into a vial containing 5 mg kryptofix[2.2.2]. Subsequently, 1 
mL of acetonitrile was added and the solvents were removed at 130°C under an 
argon stream. The [18F]KF / kryptofix[2.2.2] complex was then dried by azeotropic 
distillation with 3 times addition 0.5 mL anhydrous acetonitrile at 130°C.

5.11 1-Azido-4-(2-(2-(2-[18F]fluoroethoxy)ethoxy)ethoxy)butane ([18F]-18) 
(two-step reaction (first approach))
A solution of 17 (1.0 mg, 2.49 μmol) in anhydrous DMSO (500 μL) was added to 
the dry [18F]KF / kryptofix[2.2.2] complex and was heated for 10 min at 1200C. 
The mixture was allowed to cool down for 10 min and was then passed through an 
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Alumina N Sep-Pak light cartridge. The reaction vial was rinsed with 700 μL H2O 
which was passed through the Alumina N cartridge. The cartridge was then dried 
by airflow. To remove unreacted [18F]fluorine and unreacted 17, [18F]-18 was puri-
fied by semi-preparative reverse phase HPLC using a Symmetry Prep C18 column 
(7.8 mm x 300 mm, 7 μm) from Waters, equipped with a 20 x 4.6 mm2 precolumn. 
The mobile phase used was a mixture of 0.05 M monosodium phosphate buffer 
NaH2PO4/MeOH/THF 550/220/180 at a flow rate of 2.5 mL.min-1. The column 
effluent was monitored using an Elite Lachrom VWR Hitachi L-2400 UV detector 
(λ = 254 nm, AUFS = 0.5) and a Bicron frisk-tech radioactivity detector. Sample 
injection was carried out using an injector block with a loop of 1 mL. The retention 
time of [18F]-18 was 9.4-13.6 min (the retention time of 17 was 14.2 min). The 
HPLC-collected fraction was diluted with about 100 mL of water for injection and 
passed through a Sep-Pak Light C18 cartridge. The cartridge was washed with 10 
mL of water for injection and eluted with 700 μL of DMSO to yield purified [18F]-18. 

5.12 4-(4-(1-(4-(2-(2-(2-[18F]Fluoroethoxy)ethoxy)ethoxy)butyl)-1H-1,2,3-
triazol-4-yl)benzoyl)-N-hydroxy-1-((4-methoxyphenyl)sulfonyl)piperazine-2-
carboxamide ([18F]-18) (one pot two-step reaction (second approach))
The copper(I) species was prepared in situ by using copper(II) sulfate / sodium 
ascorbate 10 min before addition to the crude [18F]-18. To a solution of copper(II) 
sulfate pentahydrate (0.4 M, 31.1 μL, 12.4 μmol) was added sodium ascorbate (0.6 
M, 31.1 μL, 18.7 μmol) and 62.8 μL H2O. The mixture was stirred for 10 min. 
A solution of 17 (1.0 mg, 2.49 μmol) in anhydrous DMSO (400 μL) was added to 
the dry [18F]KF / kryptofix[2.2.2] complex and heated for 10 min at 1200C. The 
mixture was allowed to cool down for 10 min. A solution of 3 (1.66 mg, 3.74 μmol) 
in anhydrous DMSO (100 μL) and a solution of copper(II) sulfate pentahydrate / 
sodium ascorbate (as prepared above) were added. The mixture was heated at 600C 
during 15 min. The mixture was allowed to cool down for 5 min then it was diluted 
with a solution of 0.1 M Na2EDTA (15 mL) and passed through a Sep-Pak Plus C18 
cartridge (preconditioned with 10 mL of ethanol and 10 mL of water). The cartridge 
was washed with 10 mL of water for injection, followed by elution of crude [18F]-1B 
with 2 mL of absolute ethanol. The solvent was evaporated under reduced pressure 
and a stream of argon at 600C within 10-15 min. The dried crude product was re-
suspended in water. Separation of the radiosynthesized and unlabelled compounds 
was performed by semi-preparative reverse phase HPLC using a Symmetry Prep 
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C18 column (7.8 mm x 300 mm, 7 μm) from Waters, equipped with a 20 x 4.6 mm2 
precolumn. The mobile phase used was a mixture of 0.05 M monosodium phosphate 
buffer NaH2PO4/MeOH/THF 700/70/180 at a flow rate of 3.5 mL.min-1. The column 
effluent was monitored using an Elite Lachrom VWR Hitachi L-2400 UV detector 
(λ = 254 nm, AUFS = 0.5) and a Bicron frisk-tech radioactivity detector. Sample 
injection was carried out using an injector block with a loop of 1 mL. The retention 
time of [18F]-1B was 14.8-16.6 min (the retention time of 3 was 36.4 min). The 
HPLC-collected fraction was diluted with about 100 mL of water for injection and 
passed through a Sep-Pak Light C18 cartridge preceded of an Alumina N cartridge. 
The cartridge was washed with 10 mL of water for injection and eluted with 0.7 mL 
of absolute EtOH. The obtained product was redissolved in saline to decrease the 
percentage of EtOH to less than 10% for the subsequent animal experiments. 
Quality control was performed by analytical HPLC, using a X-Terra RP 18 column 
(4.6 mm x 250 mm, 5 μm) from Waters, equipped with a 20 x 4.6 mm2 precolumn. 
The mobile phase employed was ACN/H2O 30/70 at a flow rate of 1.5 mL.min-1. The 
column effluent was monitored using an Elite Lachrom VWR Hitachi L-2400 UV 
detector (λ = 254 nm, AUFS = 0.010) and a Bicron frisk-tech radioactivity detector. 
Sample injection was carried out using an injector block with a loop of 100 µL. The 
retention time of [18F]-1B was 13.0 min.
The cycloaddition of the alkyne 3 with [18F]-1B was monitored by silica gel TLC 
analysis using EtOAc/MeOH 9/1 as mobile phase. The reaction was followed from 
0 to 30 min and reaction mixture samples (2.5 μL of reaction mixture diluted in 1 
mL EtOAc) were taken every 5 min. 

5.13 In vitro evaluation of 1B in a fluorogenic inhibition assay
Recombinant ADAM-17 (ectodomain) was purchased from R&D Systems (Min-
neapolis, MN, USA). Recombinant catalytic domain (CD) of human MMP-2 was 
from Biomol International (Butler Pike, PA, USA). Recombinant human MMP-9 CD 
without fibronectin type II insert (expressed in E. Coli as described [30,31]) was a 
kind gift from AstraZeneca R&D (Lund & Moelndal, Sweden).
This competitive enzyme activity assay was performed by monitoring the conver-
sion of the fluorogenic substrate Mca-PLAQAV-Dpa-RSSSR-NH2 (R&D systems) 
by recombinant ADAM-17 in presence of increasing concentrations of 1B. For 
MMP-2 and -9, the conversion of the fluorogenic substrate Mca-Pro-Leu-Gly-Leu-
Dpa-Ala-Arg-NH2 (Bachem, Bubendorf, Switzerland) was followed. Measurements 
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were performed in Costar White 96-well plates (Corning, Schiphol-Rijk, The 
Netherlands), where each well contained 10 ng ADAM-17 and a final concentration 
of 10 µM substrate in a final volume of 100 µL ADAM assay buffer (25 mM Tris pH 
9.0, 2.5 µM ZnCl2, 0.005% w/v Brij-35). Inhibition of MMP proteolytic activity was 
determined with 10 ng of MMP-2 or MMP-9 per well with a final concentration 
of 2 µM substrate in 100 µL MMP assay buffer (50 mM Tris pH 7.4, 0.2 M NaCl, 
10 mM CaCl2, 2.5 µM ZnCl2, 0.05% (v/v) Brij-35). Proteolysis rates were followed 
by measuring fluorescence (λex,em = 320, 440 nm) increase using a Fluostar Optima 
plate reader (BMG Labtech, Offenburg, Germany), at 20°C for recombinant MMPs 
and at 37°C for recombinant ADAM-17, for 15 min (conditions of the experiments 
not in the stationary phase). For MMP-2 and MMP-9, nine-point inhibition curves 
(0, 0.5, 1, 2, 6, 12.5, 25, 50 and 100 nM) were plotted in GraphPad Prism. For ADAM-
17, nine-point inhibition curves (0, 20, 50, 100, 125, 250, 500, 750 and 1000 nM) 
were plotted. IC50 values were determined by sigmoidal fitting. Each experiment 
was performed in triplicate.

5.14 In vitro stability of [18F]-1B in saline, rat plasma and human plasma

5.14.1 Saline stability
The stability of [18F]-1B was evaluated in vitro in saline. Formulated [18F]-1B was 
dissolved in 1 mL saline and incubated at 37°C for 3 h. After 1 h and 3 h of incuba-
tion, aliquots of 250 µL were taken and diluted with 500 µL ACN and 500 µL H2O 
and analysed by analytical HPLC using a X-Terra RP 18 column (4.6 mm x 250 mm, 
5 μm) at a flow rate of 1.5 mL.min-1 with ACN/H2O 30/70 as mobile phase. One-
minute fractions of the eluate were collected and radioactivity in the fractions was 
counted with a gamma counter.

5.14.2 Rat plasma stability
The stability of [18F]-1B was evaluated in vitro in rat plasma. Blood from rats was 
centrifuged at 3000 rpm for 5 min, subsequently the supernatant was taken. 100 
µL of formulated [18F]-1B was dissolved in 1 mL rat plasma and incubated at 37°C 
for 3 h. After 1 h and 3 h of incubation, aliquots of 250 µL were taken. 750 µL of 
ACN were added in order to deproteinise the plasma; then it was centrifuged 3 min 
at 3000 rpm. The supernatant was passed through a Millex Filter (0.22 µm) and 
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subsequently diluted with 500 µL ACN and 500 µL H2O and analysed by analytical 
HPLC as described previously.

5.14.3 Human plasma stability
The stability of [18F]-1B was evaluated in vitro in human plasma. Full blood from a 
healthy donor, kept at room temperature for 15 min, was centrifuged at 3000 rpm 
for 5 min, subsequently the supernatant was taken. 100 µL of formulated [18F]-1B 
was dissolved in 1 mL human plasma and incubated at 37°C for 3 h. After 1 h and 3 
h of incubation, aliquots were taken and analysed as described previously.

5.15 Octanol/water partition coefficient
About 5 kBq of formulated [18F]-1B diluted in 5 µL saline was diluted in 495 µL PBS 
(pH = 7.4) and 500 µL n-octanol in an Eppendorf cup. The mixture was vortexed for 
5 min and the cup was centrifuged at 3000 rpm for 5 min.  A 100 µL aliquot of both 
water and n-octanol layers was counted in a gammacounter. The experiment was 
performed in triplicate. The partition coefficient (log P) was calculated as: log P = 
log10 (cpmoctanol layer / cpmaqueous layer)

5.16 HT1080 fibrosarcoma xenograft mouse model

5.16.1 Animals 
Male BALB/c nu/nu (BALB/cOlaHsd-Foxn1nu) mice (nude mice) were obtained 
from Harlan (Lelystad, The Netherlands). The mice were housed in IVC cages with 
paper bedding on a layer of wood shavings in a room with constant temperature 
(~ 20°C) and fixed, 12-hour light-dark regime. Food (standard laboratory chow, 
RMH-B, Hope Farms, The Netherlands) and water were available ad libitum. After 
arrival, the mice were allowed to acclimatize for at least seven days. The study 
was approved by the Animal Ethics Committee of the University of Groningen, The 
Netherlands (DEC 6058B).

5.16.2 HT1080 inoculation
Human fibrosarcoma HT1080 cells were obtained from American Type Culture 
Collection, Manassas, USA. HT1080 cells were maintained in 15 mL Eagle’s Mini-
mum Essential Medium (EMEM) (Lonza, Walkersville, USA) supplemented with 
10% fetal calf serum (FCS) in a T75 culture flask. Cells were grown in a humidified 
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atmosphere containing 5% CO2 and were passaged twice per week. (2-2.5) x 106 

HT1080 cells, in a 1:1 (v/v) mixture of Matrigel (extracellular matrix compound, 
Becton Dickinson) and EMEM with 10% FCS, were subcutaneously injected into the 
right shoulder of the BALB/c nude mice (7-8 weeks old). 

5.17 MicroPET studies
Animals were scanned when the tumors reached an adequate size (0.3-0.6 mL), 
after 14 to 21 days of inoculation. The mice were randomly divided into two 
groups: tumor-bearing mice scanned with [18F]-1B and with or without coinjection 
of 2.5 mg/kg of 1B. [18F]-1B (16.0 ± 5.1 MBq, 0.31 ± 0.11 nmol), dissolved in saline 
(maximum volume 200 μL per injection), was intravenously injected into the penile 
vein of mice anesthetized with 5% isoflurane (Pharmacie BV, The Netherlands) that 
was mixed with medical air at a flow rate of 2 mL.min-1, after which anesthesia 
was maintained with 2% isoflurane. Following induction of anesthesia, the mice 
were then positioned in the bed of the microPET camera (Focus 220, Siemens 
Medical Solutions USA, Inc.) in transaxial position. The body temperature of mice 
was maintained by electronically regulated heating pads. Data acquisition of the 
microPET camera was initiated and continued for a period of 90 min. After the 
completion of the dynamic emission scan, a 515 sec transmission scan with a Co-57 
point source was made for correction of attenuation of 511 keV photons by tissue. 
After microPET scanning, the mice were terminated by administering a high dose 
of isoflurane (5%) for about 20 min.

5.18 Ex vivo biodistribution
After the microPET scan, ex vivo biodistribution studies were performed on the 
sacrificed mice. The following organs were taken: bladder, bone, brain, heart, kid-
ney, large intestine, liver, lungs, muscle, pancreas, small intestine, spleen, stomach, 
tumor and urine. A small drop of infusate was collected for calculation of SUVmean. 
The blood was centrifuged in order to collect plasma and red blood cells. All 
samples were weighed and levels of radioactivity were determined using a gamma 
counter. Tracer uptake was expressed as the standardized uptake value (SUVmean), 
defined as [tissue activity concentration (MBq/g)/(injected activity (MBq)/mouse 
body weight (g))]. 
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5.19 MicroPET image analysis
Emission sinograms were iteratively reconstructed (OSEM2d) after being nor-
malized, corrected for attenuation, and corrected for decay of radioactivity. The 
list-mode data of the emission scans were separated into 22 frame sinograms (15 
frames of 2 minutes, 3 frames of 5 minutes, 2 frames of 7.5 minutes, 2 frames of 15 
minutes; zoom factor, 4). PET image analysis was performed using Inveon Research 
Workplace (Siemens) software. Regions of interest were drawn around the tumor. 
The uptake of the tracer in the region of interest was determined in Bq.cm-3, which 
was converted to PET-SUVmean using the following formula: [tissue activity concen-
tration (MBq/cc)/(injected activity (MBq)/mouse body weight (g))].

5.20 Metabolite analysis (plasma, urine, tumor, kidney and liver) of [18F]-1B in 
a HT1080 xenograft mouse model
Metabolite analysis was performed on plasma and urine after the ex vivo biodis-
tribution. Protein precipitation was carried out: 750 µL of ACN were added to an 
aliquot of 250 µL of plasma which was then centrifuged for 3 min at 3000 rpm. The 
supernatant was passed through a Millex Filter (0.22 µm) and subsequently diluted 
with 500 µL ACN and 500 µL H2O and analysed by analytical HPLC using a X-Terra 
RP 18 column (4.6 mm x 250 mm, 5 μm) at a flow rate of 1.5 mL.min-1 with ACN/
H2O 30/70 as mobile phase. One minute fractions of the eluate were collected and 
radioactivity in the fractions was determined with a gamma counter. Urine samples 
were treated in the same way as plasma. Tumor, liver and kidney were dissolved 
in 1 mL PBS and were triturated using an Ultra-Turrax mixer. Tissue homogenates 
were diluted with 10 mL H2O and passed through a normal C18 cartridge. Then, 0.5 
mL ACN was eluted through the cartridge for radio-TLC and radio-HPLC analysis.
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Matrix metalloproteinases (MMPs) and a disintegrin and metalloproteinases (AD-
AMs) are two families of zinc endopeptidases which are secreted in the extracel-
lular matrix (ECM) or attached on the extracellular side of the plasma membrane 
[1-3]. The diverse implications of MMPs and ADAMs in the regulation of the tissue 
microenvironment and in the remodeling of the ECM are of a crucial relevance for 
several types of cancer or inflammation [4, 5]. Therefore, the MMP/ADAM activity 
profile can be considered as a valuable tool for the staging of a tumor with respect 
to its invasiveness or for the detection of an inflammatory lesion.

The main focus of this thesis was the design, (radio)synthesis and evaluation of radio-
labelled matrix metalloproteinase inhibitors (MMPIs), principally by positron emission 
tomography (PET), to visualize/quantify the levels of MMPs and ADAMs in vivo.

Chapter 1 gives a general introduction and an outline of the thesis.
Chapter 2 provides an overview of radiolabelled MMPIs and MMP peptide sub-

strates for PET and single photon emission computed tomography (SPECT). This 
review concludes that, despite some hydroxamate-based tracers aimed at specific 
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identification of the proteolytic activity of MMPs and ADAMs in animal models of 
diverse diseases, most studies are at a preliminary stage. As a result, efforts to 
develop and assess novel probes targeting MMPs/ADAMs are needed.

Chapter 3 describes the preparation and evaluation of the radiolabelled MMP/
ADAM inhibitor [18/19F]FB-ML5 [Fig 1]. [18/19F]FB-ML5 was successfully prepared 
by direct acylation of the hydroxamate-based inhibitor ML5 with N-succinimidyl-4-
[18/19F]fluorobenzoate ([18/19F]SFB) [Table 1]. ML5 and FB-ML5 showed high affinity 
for MMP-2, -9, -12 and ADAM-17 [Table 2]. The incorporation of the fluorobenzoyl 
moiety did not result in a substantial modification of the affinity for MMP-2, -9 
and ADAM-17. However, FB-ML5 displayed an almost 100-fold loss of affinity for 
MMP-12 compared to ML5. [18F]FB-ML5 showed rather low binding to ADAM-17 
overexpressing cell lines. Binding of [18F]FB-ML5 was reduced by 36.6% and 27.5% 
in MCF-7 and 16HBE cells, respectively, after co-incubation with 10 µM of ML5. 
[18F]FB-ML5 was evaluated in a HT1080 tumor-bearing mouse model. This PET 

RCY (corrected for decay) Specific activity 
(at the end of synthesis)

Radiochemical purity

[18F]FB-ML5 13-16% based on [18F]SFB 41-66 GBq/μmol > 95%

[18F]-1A 1 to 3% based on [18F]F- 34-78 GBq/μmol > 95%

[18F]-2 1 to 3% based on [18F]F- 42-86 GBq/μmol > 95%

[18F]-1B 25-27% based on [18F]F- 45-59 GBq/μmol > 95%

Table 1: Radiochemical yield, specific activity and radiochemical purity of [18F]FB-ML5, [18F]-1A, [18F]-2 and [18F]-1B

IC50 MMP-2 MMP-9 MMP-12 ADAM-17

ML5 7.4 ± 2.0 nM 19.5 ± 2.8 nM 2.0 ± 0.2 nM 5.7 ± 2.2 nM

FB-ML5 12.5 ± 3.1 nM 31.5 ± 13.7 nM 138.0 ± 10.9 nM 24.7 ± 2.8 nM

1A nd 14.5 ± 2.57 nM 19.3 ± 4.96 nM 620 ± 89.1 nM

2 nd 9.19 ± 2.07 nM 1.12 ± 1.08 nM 10.6 ± 0.91 nM

1B 4.67 ± 0.85 nM 3.67 ± 0.49 nM nd 43.4 ± 7.74 nM

Table 2: IC50 values of ML5, FB-ML5, 1A, 2 and 1B

nd: not determined

Baseline Block (or treated)

HT1080 tumor PET-SUVmean([18F]FB-ML5) 0.13 ± 0.09 0.04 ± 0.03

COPD model PET-SUVmean([18F]FB-ML5) 0.11 ± 0.03 0.19 ± 0.06

HT1080 tumor SUVmean([18F]-1A) 0.14 ± 0.04 0.11 ± 0.04

HT1080 tumor SUVmean([18F]-2) 0.15 ± 0.03 0.12 ± 0.02

HT1080 tumor PET-SUVmean([18F]-1B) 0.37 ± 0.07 0.25 ± 0.10

Table 3: PET-SUVmean/SUVmean of [18F]FB-ML5, [18F]-1A, [18F]-2  and [18F]-1B
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radioligand showed accumulation in the tumor, which was significantly reduced 
upon blocking with cold ML5 (2.5 mg/kg). The average PET-SUVmean was 0.13 ± 0.09 
in the baseline group and 0.04 ± 0.03 in the block group [Table 3], at 90 min p.i.

Considering the encouraging results of [18F]FB-ML5 in the HT1080 xenograft 
mouse model, chapter 4 describes the evaluation of this peptidomimetic MMP/
ADAM inhibitor in a mouse model of pulmonary inflammation. Mice were exposed 
for four days to cigarette smoke (CS) or air and a dynamic microPET scan was per-
formed on the fifth day. The pulmonary uptake in both groups was relatively low. 
PET-SUVmean were 0.19 ± 0.06 in the lungs of CS-exposed mice compared to 0.11 ± 
0.03 in air-exposed mice [Table 3], at 90 min p.i. MMP-9 levels in bronchoalveolar 
lavage fluid (BALF) were increased from undetectable level to 4615 ± 1963 pg.mL-1 
by CS exposure. CS exposure resulted in an upregulation of neutrophils and eosino-
phils (to a lesser extent) but not of monocytes, as the nature of the inflammatory 
process in chronic obstructive pulmonary disease (COPD) is primarily neutrophilic. 
To conclude, the increased MMP expression in a COPD mouse model was associated 
with an increased uptake of [18F]FB-ML5. Although the probe seems to work, its 
absolute uptake in target tissues is quite low, thus the sensitivity of imaging will be 
limited. Better probes are definitely required.

As nonpeptidomimetic MMPIs may exhibit greater specificity compared to peptido-
mimetic compounds [6], chapter 5 describes the design, (radio)synthesis and evalua-
tion of two piperazine-based MMP/ADAM inhibitors [18F]-1A and [18F]-2 [Fig 1], with 
different lipophilicities. The non-radioactive hydroxamate-based inhibitors 1A and 2 
were successfully prepared, as well as their nitro-analogues for [18F]fluorination by 
homoaromatic nucleophilic substitution. 1A and 2 demonstrated good in vitro affini-
ties against MMP-9, -12 and ADAM-17 [Table 2]. The synthesis of [18F]-1A and [18F]-2 
led to low and variable radiochemical yields (RCYs) [Table 1]. [18F]-1A and [18F]-2 
demonstrated low target-to-non-target ratios in a HT1080 tumor-bearing mouse 
model [Table 3] and therefore cannot be considered as suitable imaging agents. 

Finally, chapter 6 reports the development and assessment of another piperazine-
based MMP/ADAM inhibitor [18F]-1B [Fig 1]. The non-radioactive analogue 1B was 
successfully prepared by click chemistry and exhibited nanomolar affinities against 
MMP-2, -9 and ADAM-17 [Table 2]. [18F]-1B was synthesized with a satisfactory RCY 
[Table 1]. Retention of [18F]-1B was shown to be MMP/ADAM-mediated in the HT1080 
xenograft mouse model [Table 3]. [18F]-1B provides a novel lead structure which should 
be further optimized in view of MMP/ADAM-specific tumor imaging by PET.
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In the present dissertation, the preparation and evaluation of four novel matrix 
metalloproteinase (MMP)/a disintegrin and metalloproteinase (ADAM) inhibitors 
radiolabelled with fluorine-18 ([18F]FB-ML5, [18F]-1A, [18F]-2 and [18F]-1B) are 
described. While most of the developed probes exhibited excellent in vitro results 
(IC50 ranged in the 10-9 to 10-7 M), they led to rather disappointing in vivo results. 
For PET, Marimastat-ArB[18F]F3 [1] and [18F]FB-ML5 (chapters 3 and 4) demon-
strated specific signal accumulation in tumor mouse model/mouse model of pul-
monary inflammation. However, overall, the signal-to-noise ratios were relatively 
low. The disappointing results may be caused by several reasons as listed below. 
These aspects should be taken into consideration in the design of new MMP/ADAM 
imaging probes for PET.

Affinity
As specific tracer retention is associated with the ratio of target density (Bmax) and 
affinity of the radioligand for its target (Kd), the affinity of the PET probes may have 
been not adequate in consideration of the Bmax for MMP/ADAM imaging. In addition, 
expression levels of active MMPs/ADAMs may have been too low for PET-labelled 
MMP/ADAM inhibitors with affinities in the 10-9 to 10-7 M range to be considered as 
suitable imaging agents.  

Specific radioactivity
The specifc radioactivities of [18F]FB-ML5, [18F]-1A, [18F]-2 and [18F]-1B may have 
been insufficient for MMP/ADAM imaging as endogenous tissue inhibitor of matrix 
metalloproteinases (TIMPs) bind to the same domain as MMPIs with very high 
affinity in the picomolar range, and in an irreversible manner [2]. Therefore, the 
competition of TIMPs with radioactive probes for MMP/ADAM imaging is most 
probably quite severe. After activation from pro-MMPs to MMPs, the fast majority 
of active MMPs is inhibited by TIMPs. As a result, the concentration of free active 
MMPs/ADAMs is very low.

Lipophilicity
In chapter 5, the effect of the lipophilicity was assessed and it did not result in a 
substantial difference in probe binding. As two thirds of MMPs are soluble, it is more 
logical to develop hydrophilic MMPIs. In addition, the radiolabelled probes with 
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very high log P values reported in chapter 2 resulted in very strong non-specific 
binding. Consequently, log P values higher than 2.5 should be avoided. 

Alternative to hydroxamic acid
In an MMPI, the modification of the zinc binding group (ZBG) has more of an effect 
on binding properties of the inhibitor to its target than change of the substituents 
in the different pockets [3]. Therefore, further research should be performed to 
develop and synthesize novel MMPIs with alternative ZBGs. Despite the potency 
of the hydroxamic acid, it has some disadvantages such as challenging synthesis, 
metabolic instability and most importantly a too high potency for zinc binding. 
Indeed, the hydroxamate binds many zinc proteases and can also chelate metals 
other than zinc such as iron. Other ZBGs, which are more selective than hydroxamic 
acids, have been designed and developed such as hydantoins, 1,3,4-triazol-2-ones 
and imidazol-2-ones, however radiolabelled probes with such alternative ZBGs 
were not yet assessed in vivo for PET. 

Antibodies
The use of radiolabelled monoclonal antibodies could also lead to improved re-
sults as they can lead to high selectivity and potency. In addition, radiolabelling 
of monoclonal antibodies is often straightforward. However, clearance is usually 
problematic except if low molecular weight fragments, like 15 kDA nanobodies, are 
used. Temma et al. [4] evaluated a 99mTc-anti-MT1-MMP antibody in breast tumor-
bearing rodents. They obtained promising results with about 38% of specificity by 
using a non-specific antibody as a negative control agent. Other groups developed 
a monoclonal antibody REGA-3G12 as a selective inhibitor of MMP-9 [5]. REGA-
3G12 is directed against the catalytic domain but not against the fibronectin or 
zinc-binding domain. Interestingly, the use of functional blocking antibodies often 
enables inhibition of specific inhibition of specific functions of the MMP rather 
than its general proteolytic activity. REGA-3G12 was not radiolabelled for nuclear 
imaging purposes.

Substrates
The use of radiolabelled substrates (contrary to radiolabelled inhibitors) could 
lead to better results as substrates can be expected to show signal amplification. 
However, the determinants of substrate specificity of MMPs/ADAMs are not well 
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understood. Contrary to other proteases, such as caspases, most MMPs/ADAMs 
have no obvious or strict consensus amino acid recognition sequence, which ham-
pers the production of substrate-based inhibitors.

Activatable cell penetrating peptides (ACPP)
Cell penetrating molecules consist of known peptide sequences which signal for the 
internalization of a molecule, or a positively charged sequence which will allow the 
agent to stick to the negatively cell membrane to be nonspecifically internalized. In 
the case of ACPP, the targeted MMP can bind and process the agent to remove an in-
hibiting moiety (antiCPP), allowing the agent to enter neighbouring cells. After en-
tering the cells, the agent is stuck in the tissue of interest, resulting in a long lasting 
contrast. Watkins et al. [6] developed a radiolabelled MMP-14 specific ACPP tracer, 
but in vitro results, in MDA-MB-231 cells, showed that further work is required 
since only 27% of the activated probe entered the cells. Van Duijnhoven et al. [7] 
tested both a negative (scrambled, non ACPP) and a positive (pre-activated, CPP) 
control along their novel MMP-2/MMP-9 ACPP probe in a HT1080 fibrosarcoma 
mouse model 24 h p.i. [8]. A great absolute accumulation of their ACPP probe was 
obtained (ACPP on non-ACPP ratio > 1), however, this higher retention was present 
in all organs, including the muscle in which the activity of MMP-2 and MMP-9 was 
found to be null by zymography. The authors concluded that activation was present 
in the vasculature, and that tissue accumulation was unspecific. The similitude in 
the distribution of the ACPP and the CPP positive control supports this conclu-
sion. Besides, van Duijnhoven et al. [8] tested their MMP-2/MMP-9 ACPP 3 h p.i. 
in mice with MMP-2/9 positive subcutaneous HT1080 tumors and in mice bearing 
subcutaneous BT-20 tumors with low MMP-2/9 expression. Ex vivo biodistribution 
showed no improved tumoral ACPP activation in HT1080 fibrosarcoma mice at 3 
h p.i. compared to 24 h p.i. In addition, tumoral uptake and relative tumoral acti-
vation for ACPP were similar in both BT20 and HT1080 tumor bearing mice. The 
authors suggest that tumoral ACPP uptake in these tumor models originates from 
probe activation in the vasculature instead of tumor-specific activation. Finally, 
van Duijnhoven et al. [9] tested their MMP-2/MMP-9 ACPP and Alb-ACPP, which is 
an ACPP modified with an albumin binding ligand that prolongs blood clearance, 
in a Swiss mouse model of myocardial infarction. Both peptides probes showed a 
significantly higher uptake in infarcted myocardium compared to remote myocar-
dium. The biodistribution for dual-isotope radiolabeled probes showed increased 
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retention of activated ACPP and activated Alb-ACPP in infarcted myocardium 
compared to remote myocardium. The enhanced retention correlated to gelatinase 
levels determined by gelatin zymography, whereas no correlation was found for the 
negative control (scrambled, non ACPP). In conclusion, radiolabelled MMP sensi-
tive ACPP probes ebnabled to assess MMP activity in the course of remodelling 
after myocardial infarction in vivo. 

Optical imaging of MMPs/ADAMs
Radiolabelled inhibitors or antibodies are used as 1:1 agents. As a result, they require 
a very large target concentration. The advantage of using activatable fluorescence 
probe is that they have the potential to be fully and directly quantitative, since the 
activation rate, a measurable quantity, can be related to the enzymatic activity of 
interest. However, even if  near infrared fluorescence imaging has a limited spatial 
resolution, a low signal to background ratio and is restricted to animals and ex vivo 
studies [10], it can be worth to explore this imaging modality for the vizualization/
quantification of the proteolytic activity of MMPs and ADAMs.

Applications of radiolabelled MMPIs
Although MMPs/ADAMs are a difficult target for imaging, with many challenges as 
listed above, they remain an attractive target since suitable probes could be applied 
in the study of many diseases. Indeed, MMPs/ADAMs are involved in cardiology 
[11], oncology [12] and further other disorders such as sepsis [13], intestinal in-
flammation [14] and brain inflammation [15-18]. 

General conclusion
To conclude, this dissertation exhibits novel lead structures in order to further 
optimize suitable PET tracers for MMP/ADAM imaging. Additional studies using 
MMPIs with alternative ZBGs or the use of antibodies should be explored to obtain 
an appropriate radioligand to target the proteolytic activity of MMPs and ADAMs.
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Nederlandse samenvatting
‘Matrix metalloproteinases’ (MMPs) en ‘a disintegrin and metalloproteinases’ 
(ADAMs) zijn twee families van zink endopeptidases die worden uitgescheiden in 
de extracellulaire matrix (ECM) of zijn gehecht aan de extracellulaire kant van de 
cel membraan [1-3]. De verscheidenheid aan functies toegeschreven aan MMPs en 
ADAMs in de regulering van de weefsel micro-omgeving en in de hermodellering 
van de ECM zijn van cruciaal belang voor verschillende soorten kanker of ontstek-
ing [4, 5]. Derhalve kan het MMP/ADAM activiteitsprofiel worden beschouwd als 
een waardevolle indicatie voor de stagering van een tumor met betrekking tot de 
kans op uitzaaiing of voor de identificatie van een ontsteking. 

De primaire focus van dit proefschrift is het ontwerp, de (radio)synthese en 
evaluatie van radioactief gemerkte matrix metalloproteinase remmers (MMPIs), 
voor de visualisatie en kwantificatie van de niveaus van MMPs en ADAMs in vivo 
met behulp van positron emissie tomografie (PET). 

Hoofdstuk 1 geeft een algemene inleiding en een overzicht van het proefschrift.
Hoofdstuk 2 geeft een overzicht van radioactief gemerkte MMPIs en MMP peptide 

substraten voor PET en ‘single photon emissie computed tomography’ (SPECT). Uit 
dit overzicht wordt duidelijk dat, ondanks de beschikbaarheid van enkele hydrox-
amaat gebaseerde tracers gericht op specifieke identificatie van de proteolytische 
activiteit van MMPs en ADAMs, de meeste studies in een vroege fase zijn en hooguit 
diermodellen van diverse aandoeningen betreffen. Dit benadrukt de noodzaak voor 
het verder ontwikkelen en evalueren van nieuwe tracers voor MMPs/ADAMs.

Hoofdstuk 3 beschrijft de bereiding en evaluatie van de radioactief gemerkte 
MMP/ADAM inhibitor [18/19F]FB-ML5 [Figuur 1]. [18/19F]FB-ML5 werd gemaakt door 
directe acylering van de hydroxamaat-remmer ML5 met N-succinimidyl-4-[18/19F]
fluorbenzoaat ([18/19F]SFB) [Tabel 1]. ML5 en FB-ML5 toonden hoge affiniteit voor 
MMP-2, -9, -12 en ADAM-17 [Tabel 2]. Het inbrengen van de fluorbenzoyl groep 
resulteerde niet in een wezenlijke verandering van de affiniteit voor MMP-2, -9 en 
ADAM-17. Echter, de affiniteit van FB-ML5 voor MMP-12 was bijna 100-voudig ver-
minderd ten opzichte van die voor ML5. [18F]FB-ML5 toonde een nogal lage binding 
in cellijnen met overexpressie van ADAM-17. Binding van [18F]FB-ML5 kon worden 
gereduceerd met 36,6% en 27,5% in respectievelijk MCF-7 cellen en 16HBE cellen, 
na co-incubatie met 10 μM oplossing van ML5. [18F]FB-ML5 werd geëvalueerd in 
een HT1080 tumor-dragend muismodel. Accumulatie van de tracer in de tumor 
was aanzienlijk verminderd na blokkeren met koud ML5 (2,5 mg/kg). De gemid-
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delde PET-SUVmean was 0,13 ± 0,09 in onbehandelde controledieren en 0,04 ± 0,03 
na blokkeren [Tabel 3], op 90 min na toediening van de tracer door middel van 
injectie.

Hoofdstuk 4 beschrijft de evaluatie van deze gelabelde peptidomimetische MMP/
ADAM-remmer in een muismodel van longontsteking gezien de bemoedigende 
resultaten van [18F]FB-ML5 in het HT1080 tumor-dragend muismodel. Muizen 
werden gedurende vier dagen blootgesteld aan sigarettenrook (CS) of normale lucht 
en een dynamische microPET scan werd uitgevoerd op de vijfde dag. De opname in 
de longen in beide groepen was relatief laag. PET-SUVmean waardes op 90 min na 
toediening van de tracer waren 0,19 ± 0,06 in de longen van aan rook blootgestelde 
muizen in vergelijking met 0,11 ± 0,03 bij aan lucht bloot gestelde muizen [Tabel 
3]. MMP-9 niveaus in bronchoalveolaire lavage vloeistof werden verhoogd van een 
niet-detecteerbaar niveau tot 4615 ± 1963 pg.mL-1 als gevolg van CS blootstelling. 
CS blootstelling leidde tot een verhoging van het aantal neutrofielen en (in mindere 
mate) eosinofielen in deze vloeistof, maar niet van monocyten. Dit komt overeen 
met de verwachting aangezien het ontstekingsproces bij chronische obstructieve 
longziekte (COPD) voornamelijk te wijten is aan de aanwezigheid van neutrofielen. 
Kort samengeavt: de verhoogde MMP expressie in een COPD muismodel resulteerde 
in een verhoogde opname van [18F]FB-ML5. Hoewel de tracer lijkt te werken is de 
absolute opname in doelweefsels erg laag, waardoor de gevoeligheid van een PET 
scan voor het detecteren van veranderingen ten gevolge van aandoeningen beperkt 
is. Meer onderzoek om betere tracers te ontwikkelen blijft nodig.

Non-peptidomimetische remmers kunnen een grotere specificiteit vertonen in 
vergelijking met peptidomimetische verbindingen [6]. In hoofdstuk 5 wordt het 
ontwerp, de (radio)synthese en evaluatie van piperazine-gebaseerde MMP/ADAM 
remmers [18F]-1A en [18F]-2 [Fig 1] met verschillende lipofiliciteiten beschreven. 
De referentie verbindingen 1A en 2 werden bereid en ook de respectievelijke [18F]
gemerkte analoga via aromatische nucleofiele substitutie reacties van de nitro 
precursors met cyclotron geproduceerd [18F]fluoride. 1A en 2 toonden goede in 
vitro affiniteiten voor MMP-9, -12 en ADAM-17 [Tabel 2]. De synthese van [18F]-
1A en [18F]-2 resulteerde in lage en variabele radiochemische opbrengsten (RCY) 
[Tabel 1]. [18F]-1A en [18F]-2 toonden lage target-tot-non-target-verhoudingen in 
een HT1080 tumor-dragende muismodel [Tabel 3] en kunnen daarom niet worden 
beschouwd als geschikte PET tracers. 
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Figuur 1: Struktuur van [18F]FB-ML5, [18F]-1A, [18F]-2 en [18F]-1B

Hoofdstuk 6, tot slot, beschrift de ontwikkeling en preklinische evaluatie van 
een andere piperazine gebaseerde MMP/ADAM remmer [18F]-1B [Figuur 1]. De 
referentie verbinding 1B werd met succes bereid door middel van klik chemie en 
toonde nanomolaire affiniteiten voor MMP-2, -9 en ADAM-17 [Tabel 2]. [18F]-1B 
werd gesynthetiseerd met goede radiochemische opbrengst [Tabel 1]. De opname 
van [18F]-1B bleek aan de MMP/ADAM concentratie in het HT1080 xenograft muis-
model  gerelateerd te zijn [Tabel 3]. [18F]-1B is daarom een veelbelovende nieuwe 
tracer die verder kan worden geevalueerd als specifieke MMP/ADAM tracer in 
tumoren met PET.
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RCY 
(gecorrigeerd voor verval)

Specifieke activiteit  
(aan het eind van synthese)

RCP

[18F]FB-ML5 13-16% gebaseerd op [18F]SFB 41-66 GBq/μmol > 95%

[18F]-1A 1 to 3% gebaseerd op [18F]F- 34-78 GBq/μmol > 95%

[18F]-2 1 to 3% gebaseerd op [18F]F- 42-86 GBq/μmol > 95%

[18F]-1B 25-27% gebaseerd op [18F]F- 45-59 GBq/μmol > 95%

Tabel 1: Radio-chemische opbrengst (RCY, gecorrigeerd voor verval), specifieke activiteit (aan het eind van 
synthese) en radiochemische zuiverheid (RCP) [18F]FB-ML5, [18F]-1A, [18F]-2 and [18F]-1B

IC50 MMP-2 MMP-9 MMP-12 ADAM-17

ML5 7.4 ± 2.0 nM 19.5 ± 2.8 nM 2.0 ± 0.2 nM 5.7 ± 2.2 nM

FB-ML5 12.5 ± 3.1 nM 31.5 ± 13.7 nM 138.0 ± 10.9 nM 24.7 ± 2.8 nM

1A nb 14.5 ± 2.57 nM 19.3 ± 4.96 nM 620 ± 89.1 nM

2 nb 9.19 ± 2.07 nM 1.12 ± 1.08 nM 10.6 ± 0.91 nM

1B 4.67 ± 0.85 nM 3.67 ± 0.49 nM nb 43.4 ± 7.74 nM

Tabel 2: IC50 waarden voor ML5, FB-ML5, 1A, 2 en 1B

nb: niet bepaald

Controle Na blokkade

HT1080 tumor PET-SUVmean([18F]FB-ML5) 0.13 ± 0.09 0.04 ± 0.03

COPD model PET-SUVmean([18F]FB-ML5) 0.11 ± 0.03 0.19 ± 0.06

HT1080 tumor SUVmean([18F]-1A) 0.14 ± 0.04 0.11 ± 0.04

HT1080 tumor SUVmean([18F]-2) 0.15 ± 0.03 0.12 ± 0.02

HT1080 tumor PET-SUVmean([18F]-1B) 0.37 ± 0.07 0.25 ± 0.10

Table 3: PET-SUVmean/SUVmean voor [18F]FB-ML5, [18F]-1A, [18F]-2  en [18F]-1B
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Abbreviations
AA5 annexin A5
ACN acetonitrile
AcOH acetic acid
ACPP activatable cell penetrating peptide
ADAM a disintegrin and metalloproteinase
ApoE apolipoprotein E

BAL bronchoalveolar lavage 
BALF bronchoalveolar lavage fluid

CD catalytic domain 
COPD chronic obstructive pulmonary disease
CS cigarette smoke
CT computed tomography

DAST diethylamino sulfur trifluoride
DCC N,N’-dicyclohexylcarbodiimide
DCM dichloromethane
DMF N,N-dimethylformamide
DMSO dimethylsulfoxide
DOTA 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid
DTPA diethylene triamine pentaacetic acid (or pentetic acid)

ECM extracellular matrix
EGF epidermal growth factor
ELISA enzyme-linked immunosorbent assay 
EOB end of bombardment
EOS end of synthesis
eq. equivalent
EtOAc ethyl acetate

FBA 4-fluorobenzoic acid 
FITC fluorescein isothiocyanate
HC high-cholesterol
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HPLC high-performance liquid chromatography
HYNIC hydrazinonicotinamide

IC50 50% inhibitory concentration
ID/g injected dose/gram
IVC inferior vena cava

LC-MS liquid chromatography - mass spectrometry 
LDLR low-density-lipoprotein receptor
LV left ventricular

MADDAM metalloprotease and disintegrin dendritic antigen marker
MI myocardial infarction
MMP matrix metalloproteinase
MMPI matrix metalloproteinase inhibitor
MRI magnetic resonance imaging

n.c.a. no-carrier-added
ND not determined
NHS N-hydroxysuccinimide
NI no inhibition
NIR near infrared
NIRF near-infrared fluorescence

OSEM ordered subsets expectation maximization

PBS phosphate buffered saline
PDB protein data bank 
PEG polyethylene glycol
PET positron emission tomography
p.i. post injection
PMA phorbol 12-myristate 13-acetate

qRT-PCR quantitative real time polymerase chain reaction
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RCY radiochemical yield
ROIs regions of interest 
RP reversed-phase

SAR structure-activity relationship
SFB N-succinimidyl-4-fluorobenzoate
SNAr homoaromatic nucleophilic substitution
SPE solid phase extraction
SPECT single photon emission computed tomography
SPPS solid phase peptide synthesis
SUV standardized uptake value

TACE TNF-alpha protease inhibitor
TBTA tris-(benzyltriazolylmethyl)amine 
tBuOH tert-butanol
TFA trifluoroacetic acid
TIMP tissue inhibitor of matrix metalloproteinase
TLC thin layer chromatography
(t)MDC (transmembrane) metalloprotease-like, disintegrin-like, cystein-rich pro-
tein
TMR tetramethylrhodamine
TNF tumor necrosis factor
TPPTS trisodium triphenylphosphine-3,3’,3’’-trisulfonate
TSTU O-(N-succinimidyl)-1,1,3,3-tetramethyluronium tetrafluoroborate
TUNEL terminal deoxyribonucleotide transferase-mediated nick-end labeling

UV ultraviolet

WT wild-type

ZBG zinc binding group


