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A R, /R, Ratiometric Procedure to Assess Matrix Metalloproteinase-2
Activity by Magnetic Resonance Imaging™**
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The approach to molecular imaging of enzymes by MRI
typically relies upon imaging probes composed of an enzyme-
cleavable moiety conjugated with a paramagnetic imaging
reporter, such as a Gd"™ chelate.!!l Upon enzymatic process-
ing, the probe is transformed into a fragment with an altered
relaxivity, leading to a different capability to enhance contrast
in MR images with respect to the parent species. Ideally, the
unprocessed (intact) form of the probe should be completely
silent while the processed (cleaved) form should have a high
relaxivity (that is, high contrast enhancement). In such a way
the appearance of contrast within images can be unambigu-
ously attributed to the result of enzymatic activity and not to
dynamic changes of tissue probe concentration. However,
gadolinium-based agents as enzyme responsive agents are
never completely silent and both forms (unprocessed and
processed) contribute to the overall contrast enhancement as
a function of their respective relaxivities and tissue local
concentrations.”) Exact knowledge of the total concentration
of Gd is essential to translate image contrast enhancement
into the molar ratio of unprocessed versus processed forms,
and thus into true enzyme activity maps. A viable solution to
the concentration problem can be provided by the R,/R;,
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ratiometric approach, which is based on the measurement of
the ratio between the transverse and longitudinal paramag-
netic contributions to the water proton relaxation rate; that is,
R,, and R, (with R;=1/T;, i=1,2). Although ratiometric
approaches are well-established for CEST-MRI contrast
agents,” there are only a couple of examples of application
to Gd™ based relaxation agents, namely for pH and temper-
ature imaging.™"!

Let us consider two Gd complexes, GAL and GdF, each
characterized by its own transverse and longitudinal milli-
molar relaxivity (r, and r; terms respectively, in units of
mMm's™!). These species form the ratiometric pair, and the
total paramagnetic relaxation enhancement of a mixture of
the two can be expressed as:

Ry, = 1,%" [GdL] + r,“" [GdF] (1a)
Ry, = r,%" [GdL] + r, % [GdF] (1b)

where R;, (s™') is the total paramagnetic relaxation enhance-
ment (either transverse or longitudinal) and [GdL] and [GdF]
are the concentrations of the two gadolinium species (mm).
Equations (1a) and (1b) can be divided by the total concen-
tration of gadolinium C;=[GdL]+ [GdF], and combined to
obtain (see the Supporting Information S1 for the derivation):
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Here, the R,/R,, ratio is independent from the total
concentration of Gd (Cy), whereas it only depends on %",
defined as the molar ratio of GdL over total gadolinium.
Equation (2a) has the form of a rectangular hyperbola. The
maximum variation of the R,/R;, ratio, defined as Ay x =
(8% S — 9%y, 59F) increases with increasing the ratio of
the ratios p, whereas the term r,%%%/r, % affects the shape of
the curve (Eq. (2a) reduces to a straight line for r,%/r, 5% =1;
see Supporting Information S1 for simulations).

On the basis of these considerations, we have developed
a new system for the ratiometric assessment of the activity of
matrix metalloproteinases (MMPs), a family of extracellular
matrix (ECM) endoproteases whose expression profile is
strongly indicative of pathological conditions, including
tumor and neurodegeneration.’! Being MMP extracellular
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enzymes, either secreted into the ECM or membrane bound
ectoenzymes, they have been exploited as targets for molec-
ular imaging of disease by several imaging modalities,
including MRL!8! We have synthesized a MMP-2 cleavable
probe composed of the NIPVS*LYA sequence, inspired by
previous work,”! conjugated with a Gd-DOTA chelate at the
N-terminus and with an alkyl chain at the C-terminus
(Scheme 1). This amphiphilic probe has been inserted into
the membrane of a DPPC/DSPE-PEG stealth liposome (see
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Scheme 1. Structure and representation of the ratiometric couple GdL/
GdF.

the Supporting Information), to obtain a paramagnetic vesicle
taking the role of species GAL of Equations (1) and (2).
Liposome vesicles as carriers for MRI probes offer a number
of advantages, including the possibility to achieve high
relaxivities and to develop multimodal imaging probes.'*!!
The peptide sequence can be cleaved between Ser and Leu by
MMP-2 with release of the soluble GADOTA-Ink-NIPVS-
COOH fragment, which then takes the role of GdF
(Scheme 1).

The dependency of r, and r; with the magnetic field for the
two members of the ratiometric pair (GdL and GdF) is
reported as nuclear magnetic resonance dispersion (NMRD)
profiles in Figure 1a. As can be expected on theoretical
grounds, the liposome GdL shows a smooth 7, relaxivity
peak centered at 20-40 MHz followed by a steep dispersion to
3.7mm 's™! (at 600 MHz). The relaxivity peak at 20-40 MHz
is due to the so-called macromolecule effect, and it is
characteristic of systems whose correlation time for molecular
reorientation (tR) is slow, as it is the case of gadolinium
compounds inserted into liposome membranes.'? The
NMRD peak is not as high as it would be expected on the
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Figure 1. a) NMRD profiles (r, solid symbols; r, open symbols) of GdL
(squares) and GdF (circles) at 25°C, pH 7.2. b) R,,/R,, versus "
plots for mixtures of GdL/GdF measured at the indicated magnetic
field (25°C, pH 7.2). Solid lines are calculated from Equation (2) on
the basis of the relaxivities of 1 mm solutions as shown in the NMRD
profiles. Ratios were obtained from solutions at G;=1 mm (squares),
500 um (circles), 250 um (diamonds) and 125 pm (triangles).

basis of 7y typical of liposomes because the rotational
flexibility of the peptide chain makes local reorientation
motions at the Gd center partly decoupled and faster than
global reorientation, with a partial quenching of the macro-
molecule effect.®™ On the other hand, r,°" remains
approximately constant in the 20-600 MHz range, therefore
the r,%%/r,%" ratio increases with increasing magnetic field.
The GdF species (that is, the fragment that is released after
MMP-dependent cleavage) presents NMRD features that are
in line with those typical of Gd-DOTA-amide compounds of
comparable size with a single r; dispersion. Importantly, the
.9 relaxivity remains approximately constant in the whole
range, but markedly lower than that of the GdL liposome
counterpart.

Figure 1a shows the experimentally measured R,/R;,
ratios for a series of samples prepared by mixing different
amounts of GdL and GdF while keeping the total concen-
tration of gadolinium fixed at 1 mM. These mixtures approx-
imate a situation in which the GdL liposome is progressively
transformed into GdF by MMP-2. As expected (Eq. (2),
Figure 1a), the sensitivity of R,/R,, to " increases with
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increasing magnetic field because of an increasing value of p.
Figure 1b also shows the same measurements performed with
serial dilutions, to ascertain whether R, /R, ratios were truly
independent from the total Gd concentration Cp. At
600 MHz, R,,/R,, versus %" plots show a systematic devia-
tion from the ideal behavior with decreasing values of Cr. This
behavior is explained in terms of a subtle deviation from
linearity of the R,,°"" versus [GdL] plot, introducing a residual
dependency of R,,/R;, on the total Gd concentration (Eq. (1)
no longer holds true). Such a detrimental effect is greatly
attenuated at 300 MHz, where R,,/R,, ratios obtained within
the Crrange 125-1000 um are truly independent from Crand
responsive to y“" with sensitivity Ay,x =1.2 (Figure 2). R,/
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Figure 2. R,,/R,, ratios measured at 300 MHz as a function of C; at
five y° values: x“*=0 (m); 25% (®); 50% (); 75% (V¥), and 100%
(4). Straight lines represent each average +SD.

Ry, is responsive to x°" in a total Gd concentration

independent manner down to 125 MHz, but the sensitivity
becomes attenuated (Ayax = 0.6). Thus, the magnetic field of
300 MHz appears to be the best trade-off between sensitivity
of Ry/Ry, to x°"" and residual dependency of R,,/R,, on total
Gd concentration. Therefore, this magnetic field has been
selected to see whether our system was suitable to obtain R,/
R, maps under a MRI setting. R;, and R,, maps of a phantom
containing mixtures of GdL and GdF within the Cyrange 125-
1000 um were acquired at 300 MHz and the corresponding
Ry,/R,, parametric image was constructed on a pixel-by-pixel
basis (Figure 3a), while a plot of R,,/R,, with error bars as
a function of ROI numbering is provided in Figure 3c. The
contrast of the ratiometric map is independent from Cr and
appears responsive only to y%‘, but the measurement
uncertainty of R,,/R;, still shows a dependency on Cr. The
uncertainty of R,,/R;, is contributed by errors propagating
from the four quantities that are required to calculate the
ratio (these quantities are Ry, Ry, R g, Ry 40 Where R, are
the baseline relaxation rates, R; are the relaxation rates
observed in the presence of gadolinium, and R;, = Ri—R; ).
The uncertainty of R,/R,, increases when R,, and R,, are
small relative to the baseline relaxation rates R, g, and R, 4,;
that is, when Cp approaches the detection limit (50 um in
buffer; see the Supporting Information). Although C; does
not formally affect the R, /R, ratio, it comes back into play by
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Figure 3. Pseudo-colored parametric R,,/R;, images obtained at

300 MHz (7 T). a) Water phantom containing an array of 20 mixtures
of GdL/GdF with different molar ratios and different C; (25°C,

pH 7.2). Total Gd concentrations: 1 mm (1 to 5), 500 um (6 to 10),
250 uM (11 to 15), 125 um (16 to 20). Within each of these series,
is 100, 75, 50, 25, and 0% with increasing numbering order. Lines
connect samples with the same % but different Cy. b) 1% agar
phantom containing an array of 12 mixtures GdL/GdF. Wells with the
same numbering have the same composition. c) Plot of the R,,/R;,
ratio as a function of well number. C; and y°*" are given as label of the
x-axis. m agar phantom, @ water phantom. Error bars represent & one
SD.

affecting the precision by which R,/R;, (and thus x°"“) can be
measured. Although the uncertainity of R,,/R;, increases with
decreasing Cy, the difference of the R,/R,, ratio at y°"
100%, and 0% can still be appreciated at 125 um. Large
baseline relaxation rates (especially R,g4,) can be found in
tissue, leading to a negative impact on the sensitivity of the
ratiometric method. To better mimic tissue baseline relaxa-
tion rates, a number of mixtures of GAL/GdF were dispersed
within a 1% agar matrix and a ratiometric image was
acquired (Figure 3b). As expected, the larger R, , of the
agar matrix led to larger uncertainties of the R,/R;, ratio
(Figure 3c). However, the sensitivity of the R,,/R;, ratio to
%% in agar was greatly enhanced compared to water (o =4.8,
Apiax=7.6). Such a sensitivity enhancement is essentially
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linked to the increase of r,°" over r,%%, r,0 and r%F

(Supporting Information, Table S1), because the high micro-
viscosity of the agar matrix slows down the reorientation
dynamics of the paramagnetic liposome. As a result, the
sensitivity improvement makes up for the negative effects of
large baseline R, 4,, and the R,,/R;, ratio remains responsive
to the GAL/GdF mixing ratio down to the detection limit
(120 um in 1% agar).

Finally we evaluated the feasibility of the ratiometric
approach in kinetic experiments by incubating the MMP
responsive GdL liposomes with MMP-2 and measuring the
change of R,, and Ry, as a function of the incubation time. The
reaction, as far as followed by the change of R,, with time
(300 MHz, 25°C), is first-order with respect to the substrate
up to a substrate concentration of 1.0 mm, allowing for the
calculation of k., /K,,=1.9x10*M 's™'. The peptide cleavage
efficiency of the GdL system is smaller in respect to those
reported for other sequences that have been used as MMP-
responsive probes,” which is most likely because of steric
hindrance stemming from the insertion of the MMP-2
substrate into the liposome membrane. Figure 4 shows the
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Figure 4. Plot of Ry,/R;, versus time after incubation of the responsive
liposome with MMP-2 (25°C, pH 7.2, 300 MHz). Average +SD are
shown for ratios measured at C; of 230, 450, and 900 pm.

change of R,,/R,, as a function of incubation time (each point
in the graph is the average of kinetic experiments with an
initial Cp of 230, 450, and 900 um), showing a substantial
independence of the change of R,/R;, from Cr. A Aysx of
0.65 is observed in this system, because only a fraction of GdL
(for example, that protruding to the outer side of the liposome
membrane) is recognized by MMP-2 and transformed into
GdF, whereas Gd pointing to the inner liposome water cavity
is not affected and introduces an offset contribution to the
final observed relaxation rate.

In summary, we have presented a general ratiometric
approach to obtain enzyme activity maps by MRI, and have
exploited it to implement a novel liposome-based ratiometric
couple to detect MMP-2 activity. The proposed method
provides a means to evaluate the mixing ratio y°** between
the unprocessed (GdL) and the processed (GdF) form of
a ratiometric pair. In principle this parameter can be directly
related to the activity of MMP-2 in tissue. However, tissue
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influx/efflux rates of GdL and GdF are likely to be different,
making the ratiometric y°™ dependent upon a function of
both MMP activity and pharmacokinetics. To account for
pharmacokinetic effects, an empirical calibration curve link-
ing ratiometric ¥ measurements with histochemical/bio-
chemical evaluations of MMP activity is required. Without
a proper calibration, this method will not give a quantitative
number of enzyme activity, but a relative estimate. The
liposome-based MRI reporter is well amenable to combine
imaging and therapy in an all-in-one system, eventually
providing a theranostic approach to MMP-related patholo-
gies, including cancer.!"!

Experimental Section

Compounds GdL and GdF were synthesized by solid-phase peptide
synthesis essentially as described previously.®! Liposomes were made
by hydrating a thin film composed of DPPC/Methoxy-DSPE-PEG/
GdL 66:9:25 w/w, and sonication to obtain vesicles with typical
diameter of 80 20 nm and polydispersity index of 0.2 as measured by
DLS. MR images and relaxation rates measurements were carried out
with Bruker MRI scanners operating at 125 MHz (3 T) and 300 MHz
(7T). For T, maps, a RARE-VTR sequence was used with RARE
factor=1, 16 TR values from 80 to 15000 ms, TE 10 ms, NEX 4,
FOV =2.6 x2.6 cm, matrix 192x192 (spatial resolution 0.135 mm/
pixel), slice thickness 2 mm. T,-maps were obtained with a MSME
sequence with 32 variable TE (10 to 320 ms), TR 15000 ms, NEX 4,
FOV =2.6 x2.6 cm, matrix 192x192 (spatial resolution 0.135 mm/
pixel), slice thickness 2 mm. More experimental details can be found
the Supporting Information.
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