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Matrix metalloproteinases (MMPs) have been identified as biomarkers for cancer, offering 

prognostic potential; however, non-invasive detection protocols are currently lacking. Herein, we 

describe the synthesis of a DOTA-containing peptide sequence that can be radiolabelled easily with 

68Gallium or can be incorporated with gadolinium for possible MRI applications with clear 

selectivity for MMP-2 over other members of the MMP family, giving MMP-2 selective cleavage 

of the labelled peptides. 

 

Introduction  

Matrix metalloproteinases (MMPs) are a family of zinc dependant endopeptidases that have 

long been accepted as biomarkers for specific cancer phenotypes since their discovery 

approximately 30 years ago.1, 2 MMPs have demonstrated a number of roles in facilitating 

cancer progression, most notably in metastasis and angiogenesis. Their structure is built up of 

three common domain structures – a pro-peptide, a catalytic domain and a C-terminal domain, 

with more than 50 MMPs already identified of three specific different sub types.3-5 MMPs are 

involved in a number of cellular processes, such as the processing of growth factors, in the 

regulation of cell adhesion and migration, and conversely, in the release of angiogenesis 

inhibitors.1 In particular MMP-2 and MMP-9 have been found to play important roles in tumour 

metastasis and angiogenesis, making them attractive drug targets. These two MMPs are highly 
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structurally related, thus making it difficult to differentiate targeting one without also targeting 

the other.  

      In order to improve the understanding of MMP activity and expression, molecular imaging 

has begun to be employed successfully. Non-invasive MMP imaging has the potential to 

increase understanding of the physiological roles of MMPs in vivo, and as such, could be used 

in either the diagnosis of patients, or the monitoring and staging of anti-cancer treatment. 

Broadly, there are two main approaches to image MMPs: i) by selective binding of a probe to 

the target MMP; ii) by activation of a probe upon enzymatic cleavage of a labelled MMP-

substrate. Currently, the majority of imaging of MMP-2/9 has been carried out using optical 

imaging.6 Whilst this can provide useful information, optical imaging is limited by its inability 

to look tomographically inside a patient due to low depth penetration. As a result of this, some 

work has been moving towards the use of radioisotopes such as 11C, 125I and 18F for PET.7,8 

While these types of probes overcome the problem of depth of penetration, and hence can be 

used for whole body imaging, they are not ‘switchable’ and hence cannot monitor MMPs’ 

enzymatic activity. In addition to PET, MRI is a suitable whole body imaging modality (no 

limitations regarding depth of penetration) and the signal recorded can be modulated by the 

activity of the enzyme (i.e. probes responsive to MMP activity).     

 Herein we report on the development of a new series of labelled peptides that are specific 

substrates for MMP-2 (Scheme 1). MMP-2 appears to be a promising target, as it has been 

demonstrated to be capable of degrading collagen, which leads to metastasis in tumours, whilst 

it has also been implicated in an MMP-9 activation pathway alluding to activation before other 

downstream effects.9, 10 By selectively targeting MMP-2, we may be able to draw out more 

information on its specific biological activity, in comparison to the other MMPs. By inclusion 

of a DOTA-chelating ring, we are able to use either a radioisotope such as 68Ga or, due to the 

close nature of the CF3 functional group on the terminal position of the peptide sequence, we 



could use 19F Magnetic Resonance Imaging (MRI). Incorporation of a Gd3+ metal in the DOTA 

ring would enable a large alteration in the T2 signal based around an MMP-cleavable peptide, 

due to the change in environment of the fluorine atoms (see Scheme 1).11This concept had been 

demonstrated before by Kikuchi and co-workers, who synthesised compounds for imaging of 

Caspase-3 with 19F in close proximity to Gd(III), which fragmented upon activation of 

Caspase-3, leading to a drastically altered T2 signal.12 Several responsive MRI agents based on 

different NMR nuclei have been previously reported.13-15 In particular, 19F MRI probes have 

been used for sensing cellular hypoxia,16 detection of protein-protein interactions17 as well as 

MMP-2 activity.18 

 

 

Scheme 1 - Proposed mode of action of MMP-2 probe with either 68Ga or Gd 

 

Results and Discussion 

 Initial work centred on the synthesis of a peptide sequence that had previously been shown 

to cleave in the presence of MMP-2 selectively (Scheme 2).19 The sequence SPAYYTAD was 

synthesised via manual Fmoc solid phase peptide synthesis on a Rink amide resin. An 



analogue of this, SLAYYTA, was also synthesised, as it had been shown to give 

improved specificity for MMP-2 (over MMP-9). This was attributed to a greater stability 

of the peptide with respect to hydrolysis caused by MMP-9, with a slight reduction in 

activity towards MMP-2 also found. The terminal CF3 groups, required for subsequent 

possible 19F MRI, were synthesised separately by derivatisation of Boc-protected 

aspartic acid with 4-trifluoromethyl benzylamine, and subsequent deprotection. Tri-

protected DOTA was coupled as the final step using HATU as the coupling agent. The 

modified peptides were obtained in 59 % (compound 1) and 40 % (compound 2) yields 

after HPLC purification. To help with characterisation of any MMP-2 cleaved 

compounds formed from these peptide sequences, the corresponding fragments were 

also synthesised in a similar fashion (see ESI for further details on these compounds). 

To further investigate the selectivity to MMP-2 and MMP-9, we synthesised a number 

of variants probes, with different spacer groups present in them – a 6-aminohexynoyl 

linker, a three polyethylene glycol (PEG) linker and a three amino acid sequence, serine-

glycine-glutamic acid (SGE) linker. Several publications within the literature have 

detailed the use of spacer groups to distance the somewhat bulky and charged chelator 

groups from the remaining sequence within the probe, and we hoped to take advantage 

of this (the yields for each of the solid phase peptide syntheses are summarised in Table 

1 in the SI).20-22  

 To study the reactivity of 1 and 2 with both MMP-2 and MMP-9, we carried out a 

radiochemical assay as a method of clearly detecting both the intact peptide sequences, 

and the cleaved subsections, against the background of biological molecules such as the 

active enzyme, giving us higher sensitivity when compared to the more traditional 

fluorescence assay. Despite our chelator for gadolinium, DOTA, being non-ideal for 

labelling with gallium, it can label with good yields usually with heating.23, 24  



Therefore, radiolabelling of each peptide was carried out using 68Ga (Scheme 3). Each 

peptide was dissolved in pH 5 NaOAc buffer, before being heated to 90 oC for 10 

minutes in the presence of 68GaCl3, before being purified by solid phase extraction on 

tC18 cartridge, giving a radiochemical incorporation of 98% for [68Ga]1 and 97% for 

[68Ga]2 (decay-corrected). Analogous radiolabelling of compounds 3 through to 8 was 

carried out, with similarly good incorporations of 68Ga after solid phase extraction (see 

Table 2 in SI for full summary). 



Scheme 2 – General scheme for the synthesis of compounds 1 and 2 

 

 

 



 

Scheme 3 – 68Ga-Labelling of 1 and 2 

 

Figure 1 - Comparison of enzymatic cleavage of [68Ga]1-8 using MMP-2 

  

   With the labelled compounds in hand, we initially moved on to our assay to determine the 

complexes’ reactivity towards MMP-2 (Figure 1). Each peptide was incubated with activated 

MMP-2 enzyme at 37 oC for intervals of up to 2 hours, and HPLC analysis of the crude mixture 

was taken. Pleasingly, compounds [68Ga]1 and [68Ga]2 showed cleavage in the presence of 

MMP-2, with [68Ga]1 giving the higher value at around 25% after 2 hours. To confirm that this 



cleavage was indeed being caused by MMP-2, and that it was selective in comparison to other 

members of the MMP family, a further assay examining MMP-2, MMP-9 and MMP-14 was 

carried out in an identical fashion (Figure 2). 

 

Figure 2 - Comparison of enzymatic cleavage of [68Ga]1, [68Ga]2 and [68Ga]3 incubated with 

MMP-2, MMP-9 or MMP-14 over a 2 hour period 

Incubation of [68Ga]1 and [68Ga]2 with MMP-9 led to a dramatic reduction in the % of 

peptide cleaved, from 25 and 19% to 4 and < 1% respectively, with similar reductions 

seen when using MMP-14 (to < 1 and 2%). These experiments clearly show that the 

CF3-tagged peptides 1 and 2 are cleaved in the presence of MMP-2. Incidentally, whilst 

both [68Ga]1 and [68Ga]2 have low to minimal cleavage in the presence of isolated 

MMP-9 enzyme, [68Ga]3 appears to have similar cleavage profiles for MMP-2 and 

MMP-9. More importantly, all three peptides hydrolysed selectively with MMP-2 when 

compared to the more widespread MMP-14. Indeed, the use of radioactivity, in 

preference to UV/fluorescence, gave clear and precise results instantaneously, and 

seems to be a good method of investigating biological processes such as this in future 



experiments. Interestingly, changes to the length of the linker between the DOTA and 

peptide sections of the compounds (e.g. with Ahx) led to the selectivity decreasing for 

MMP-2. We think this is most likely due to the linker being free to rotate and move, and 

this leads to it blocking the binding site of MMP-2, decreasing reactivity with it. As 

such, the non-linker containing compounds 1 and 2 appear to be most suitable for our 

purpose.  

 Each of the peptide substrates 1-8 were chosen for gadolinium complexation (Table 

1). T1 and T2 measurements of complexed and uncomplexed substrates confirmed that 

Gd(III) has a paramagnetic relaxation enhancement effect on the 19F atoms present in 

each of the peptide substrates, which was also evident on comparison of the 19F NMR 

spectrum (see Figure 3 and ESI for further details). 

  

Table 1 – Summary of complexation yields for 1-8 with measured T1 and T2 for both free and 

complexed peptides 

Peptide 

Yield of Gd 

Complexation 

T1(seconds) T2(seconds) 

DOTA-SPAYYTAD-Tfb 1 - 1.514 1.044 

[Gd]DOTA-SPAYYTAD-Tfb 

[Gd]1 

87% 0.051 0.009 

DOTA-SLAYYTAD-Tfb 2 - 1.518 1.061 

[Gd]DOTA-SLAYYTAD-Tfb 

[Gd]2 

70% 
0.065 0.011 

DOTA-Ahx-SPAYYTAD-Tfb 3 - 1.519 1.123 

[Gd]DOTA-Ahx-SPAYYTAD-

Tfb [Gd]3 

69% 
0.045 0.008 

DOTA-Ahx-SLAYYTAD-Tfb 4 - 1.536 1.041 



[Gd]DOTA-Ahx-SLAYYTAD-

Tfb [Gd]4 

78% 
0.050 0.013 

DOTA-SGE-SPAYYTAD-Tfb 5 - 1.523 1.031 

[Gd]DOTA-SGE-SPAYYTAD-

Tfb [Gd]5 

52% 
0.077 0.011 

DOTA-SGE-SLAYYTAD-Tfb 6 - 1.458 1.031 

[Gd]DOTA-SGE-SLAYYTAD-

Tfb [Gd]6 

79% 
0.083 0.013 

DOTA-PEG3-SPAYYTAD-Tfb 

7 

- 
1.542 1.193 

[Gd]DOTA-PEG3-SPAYYTAD-

Tfb [Gd]7 

62% 
0.058 0.012 

DOTA-PEG3-SLAYYTAD-Tfb 

8 

- 
1.482 1.282 

[Gd]DOTA-PEG3-SLAYYTAD-

Tfb [Gd]8 

85% 
0.050 0.012 

 

 

 

Figure 3 – Comparison of 19F spectra for 1 and [Gd]1 at identical concentrations measured at 

two time points from initial incubation of MMP-2; Top: 24 hours after addition; Bottom: At 

the point of addition.  



   

  In conclusion, we have been able to synthesise two new 19F NMR active peptides for the 

possible investigation of MMP-2 activity, using a gadolinium(III) head group in close 

proximity to a CF3 group which allows for a paramagnetic enhancement effect. Using gallium-

68 within the DOTA chelator, we have established a straightforward MMP-2 assay for 

measuring possible activation and subsequent cleavage caused by MMP-2, giving what we 

believe to be much clearer results than those from analogous fluorescent assays on MMP-2. 

Both substituted peptides, 1 and 2, demonstrate good selectivity for MMP-2 over MMP-9 and 

MMP-14 after 2 hours, whilst T1 and T2 relaxation times for complexed and uncomplexed 

forms differ significantly. Varying the spacer groups between the complexation group and the 

remaining peptide sequence also gave good yields upon successful completion of the cold 

peptide synthesis, the 68Ga radiolabelling and the Gd complexation.  Future work will be 

undertaken to apply this to an in vivo setting, to attempt to show that the matrix 

metalloproteinases are a valid target for specific tumour imaging, and we will divulge this work in 

due course. 
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