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A paramagnetic contrast agent with myeloperoxidase-sensing properties†
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Myeloperoxidase (MPO) is an essential component of inflammatory response in norm and
pathology. With an ultimate goal of non-invasive imaging of MPO we used a gadolinium-chelating
bis(5-hydroxytrytamide) derivative of diethylenetetraamine pentaacetic acid (L1–Gd3+salt) as a
paramagnetic sensor of enzymatic activity. We tested whether L1–Gd3+ is active in reducing the oxidized
form of myeloperoxidase, generated as a result of hydrogen peroxide reduction by the enzyme. We
expected that upon activation by MPO/H2O2 L1–Gd3+ would not only oligomerise but also bind to
other macromolecules present in the media and that the overall process will give rise to a net
T 1-weighted MRI signal increase.

Introduction

It is widely anticipated that magnetic resonance imaging (MRI)
would benefit from the use of “MR-responsive” contrast agents
(CAs) for specific visualization of molecules in vivo.1,2 Imaging at
the molecular level would eventually lead to a better understanding
of biological processes in intact living systems and, ultimately,
would lead to an improvement in diagnostic techniques.

To pursue the goal of MR imaging at the molecular level, CAs
with specific molecule targeting and/or specific “in situ” activation
are ultimately required.3,4 The need of such CAs is dictated by
a relatively low sensitivity of MRI to the presence of Gd in
tissue. Specific targeting and/or specific “in situ” activation are
expected to provide means of site-specific signal enhancement
either by CA controlled local accumulation and/or as a result
of site-specific relaxivity increase and concomitant site-specific
signal amplification. Several applications of the above CAs have
already been reported.5–8 Recently, CAs with biologically relevant
targeting moieties9–11 as well as “pseudo-biotic” nanoparticles12

were developed to gain MR signal intensity (SI) enhancement due
to specific delivery in vivo.

The most well-studied approaches enabling MRI SI enhance-
ment to be achieved involve either a change in CA water
coordination (q value), i.e. increasing the number of molecules
directly interacting with the paramagnetic center13,14 or decreasing
the rotational correlation times (sR) by increasing the size of the
CA.11,15 In the current study, we combined the above approaches
to obtain an enzyme-specific Gd-based CA enabling MRI SI
enhancement due to a synergism of two effects: 1) enzyme-
mediated structural changes; 2) specific site accumulation upon
enzyme activation. The driving force behind the aforementioned
MR SI enhancement is based on the ability of oxidoreductases
to generate phenolic radicals that, once formed, can undergo
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various permutations including: a) oligomerisation16–20 and b)
protein attachment via covalent bond formation with aromatic
amino acids present in the protein.21–27 This effect is not limited
to small molecules (tyrosine, tyramine, serotonin, etc.) but also
includes macromolecules (e.g. proteins), either directly, or via
intermolecular radical transfer mechanisms (Fig. 1).

Fig. 1 a) Phenyl radical resonance forms; b) phenyl radical reactivity in
the presence of other phenols and phenol-containing proteins.

We have previously demonstrated that DOTA-based gadoli-
nium (DOTA = 1,4,7,10-tetra(carboxymethyl)-1,4,7,10-tetraaza-
cyclododecane) CAs bearing a phenolic group (Fig. 2a) can
interact “in situ” with oxidoreductases generating oligomers as
a result. The oligomerisation process has been shown to produce
a net increase in MRI signal. Initially, a Gd–DOTA derivative
mono-functionalized with a catechol moiety was shown to reduce
oxidized horseradish peroxidase (HRP). In this experiment, MR
imaging detected picomolar concentrations of HRP. The same
system also allowed imaging of E-selectin on the surface of
endothelial cells.28 Later, the catechol unit was substituted by
a serotonin moiety (Fig. 2b).29 Serotonin is a naturally occur-
ring neuromediator that also functions as a donor-substrate of
inflammation-related enzyme myeloperoxidase (EC 1.11.1.7).30,31

It is also known that monocytes and macrophages present in
atherosclerotic lesions in the arterial intima secrete catalytically
active myeloperoxidase (MPO) in plaques. Ample clinical data
suggest that MPO is a biomarker that can serve as a predictor of
acute coronary events.31–33 Since MPO catalyzed a 1.7-fold increase
in relaxivity of serotonin–DOTA(Gd), we proposed a concept of
vulnerable plaque detection that is based on enzymatic activity.
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Fig. 2 Oxidoreductase sensitive chelating compounds: a, b) chelat-
ing units for Gd(III),28,29 c) chelating unit for 67Ga.34

Recently, MPO-mediated chemical bond formation concept has
been adapted for a radioactive 67Ga probe for single photon
computed tomography (SPECT, Fig. 2c).34 Initially we tested the
extent of probe attachment to protein upon MPO activation in
order to assess the possibility of site-specific accumulation. Pre-
liminary results confirmed site-specific targeting/accumulation
within MPO rich areas.

In this research, to achieve further improvement in enzyme-
mediated MRI SI enhancement, we linked two groups35 prone
to oligomerisation onto each chelate in order to increase the
possibility of oligomerisation/protein attachment. For the above
purpose, DTPA (diethylenetriaminepentaacetic acid) was chosen
as a chelate since its bis(anhydride) derivative is easily avail-
able and DTPA–bis(monomethyl)amides were shown to have
no toxicity and are approved for clinical use. The goals of
this work were: a) to assess the possibility of enzyme-mediated
MRI signal amplification; b) to estimate the possibility of site-
specific CA protein attachment; c) to test the combined effect of
CA oligomerisation/protein attachment for MPO detection and
potential atherosclerotic vulnerable plaque imaging.

Results

Preliminary oligomerisation formation and relaxometry

Characterization. Scheme 1 shows the synthesis of com-
pounds L1 and L2. The synthesis was carried out as described
previously.35 The relaxivity value for compounds L1–Gd3+ and L2–
Gd3+, measured at pH = 7.4 (PBS buffer), were 4.3 mM−1 s−1 at
40 ◦C, 0.47 T in both cases. R1 (relaxation rate = 1 T−1) values
were higher if measured at 1.5 T and 25 ◦C (5.3 and 5.1 mM−1 s−1,
respectively). After the purification of L1–Gd3+ and L2–Gd3+ we
investigated the possibility of oligomer formation. Solutions of
50 mM L1–Eu3+ and L2–Eu3+ were incubated in the presence of
20 iU of either HRP or MPO and 10 mM of H2O2, at 40 ◦C
for 2 hours. With the exception of the grouping L2–Eu3+–MPO,
all samples showed the formation of oligomers as monitored by
MALDI-TOF. Our previous experiments with HRP showed the
formation of oligomers consisting of up to 9 monomeric units in
the case of L2–Eu3+. The compound L1–Eu3+ showed the formation
of oligomers with 8 and 5 units, depending on the enzyme used (see
ESI†). No signal could be obtained with L2–Eu3+–MPO, possibly,
due to the poor solubility.

Further, compound L1–Gd3+ in a concentration of 0.5 mM
was incubated with 5 iU of MPO and a large excess of H2O2

for two hours. After incubation, the mixture was analyzed with
C18-HPLC. Fig. 3 shows the chromatogram before and after the
enzyme addition. The sharp peak assigned to L1–Gd3+ disappeared
giving rise to a broad band that can be assigned to oligomerisation
products. Intensities, in arbitrary units, for the peaks at 21.6 min
(top) and 21.5 min (bottom), were 1 and 0.05, respectively,
suggesting a conversion degree that exceeded 90% (Fig. 3).

Further, we tested the effect of molecular weight increase over
the relaxometric properties of these complexes (Table 1).

Relaxometric experiments at 0.47 T and 40 ◦C. First we tested
the effect of 4 iU of HRP in the presence of an excess of H2O2

(10 mM) in L1–Gd3+ and L2–Gd3+ solutions after a 90 min
incubation (Table 1). In all cases r1 (relaxivity = R1 normalized
to 1 mM concentration) changes ranged from 3.7-fold in L2–
Gd3+ to 2.4-fold in L1–Gd3+ solutions, respectively. If MPO was
used instead of HRP, a value of 5.9 mM−1 s−1 (apparent 37%
increase in relaxivity) was reached for L1–Gd3+. Compound L2–
Gd3+ did not show enzymatic conversion during the 90 min
incubation. When T 1 kinetics of this compound were followed
in the presence of MPO, anomalous behaviour was detected.

Scheme 1 Synthetic scheme for the preparation of the CAs used in the present work: 5-hydroxytrytamide (5-HT, serotonin) or tyramine were reacted
with DTPA–bis(anhydride) in the presence of Et3N to afford either L1 (di-5HT–DTPA) or L2 (di-tyramido–DTPA). Reaction of the previous ligands with
an excess of GdCl3 afforded the corresponding Gd–CAs.
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Table 1 Relaxometric results obtained at various reaction conditions at 40 ◦C and 0.47 T

Compound Buffer components Enzyme (iUe) Peroxide source r1o
d/mM−1 s−1 r1o Increase K f/s−1

L1–Gd3+ PBS — — 4.3 — —
L2–Gd3+ PBS — — 4.3 — —
L1–Gd3+ PBS +HRP (4) 10 mM 10.5 2.4-fold 4.50 × 10−3

L2–Gd3+ PBS +HRP (4) 10 mM 15.9 3.7-fold 5.00 × 10−3

L1–Gd3+ PBS +MPO (4) 10 mM 5.9 37% 0.70 × 10−3

L2–Gd3+ PBS +MPO (4) 10 mM 5.3b 23%b na
L1–Gd3+ PBS +MPO (0.5) GOXa 6.2 44% 0.43 × 10−3

L1–Gd3+ PBS +HRP (0.5) GOXa 9.1 2.1-fold 5.60 × 10−3

L2–Gd3+ PBS +MPO (0.5) GOXa 5.1b 18%b na
L2–Gd3+ PBS +HRP (0.5) GOXa 11.8 2.7-fold 4.83 × 10−3

L1–Gd3+ HSA (40 mg per mL PBS) — — 5.5 27% —
L1–Gd3+ Lys (40 ng per mL PBS) — — 5.5 27% —
L1–Gd3+ HSA (40 mg per mL PBS) +MPO (0.5) GOXa 6.6 54% (20%c) —

a Buffer contained 5.5 mM glucose. b Different R1o values taken at different time-points. c Relative to a reference buffer containing HSA in the absence
of MPO and GOX. d Atomic relaxivity values were obtained by using linear fitting of observed R1o vs. initial gadolinium concentration, 4 points/fitting.
The concentration range 0.07 mM−1 mM. e International units. f Obtained by fitting R1o versus time from samples containing initial concentration of CA
in the range: 0.10–0.13 mM.

Fig. 3 Chromatograms of compound L1–Gd3+. Starting material (top),
after reaction with MPO in the presence of H2O2 (bottom).

The values for T 1 kept decreasing for a period ranging from
5 to 25 min (depending upon concentration) followed by an
increase of T 1 due to apparent precipitation of reaction products.
At minimum T 1, r1 was equal to 5.3 mM−1 s−1 (apparent
23% relaxivity increase). At longer incubation times, no linear
correlation between R1o and Gd concentration was observed due
to the precipitation of CA oligomerisation products. Pseudo-first
order kinetic analysis of R1o at 0.1 mM gave K values of 4.5 ×
10−3 s−1, 5.0 × 10−3 s−1 and 0.7 × 10−3 s−1 for the pairs L1–Gd3+ +
HRP, L2–Gd3+ + HRP and L1–Gd3+ + MPO, respectively.

Oligomerisation conditions of controlled H2O2 production. We
showed above not only the possibility of enzyme-mediated re-
laxivity increase but also that related enzymes interacted with
the same substrates rather differently with very different results.

Based on the above results, compound L1–Gd3+ was used in
further experiments as a suitable donor-substrate of MPO. In the
following set of experiments two main modifications have been
introduced to better mimic physiological conditions. First, the
amount of enzyme has been reduced to 0.5 iU, second, H2O2

required by the enzyme catalytic cycle has been provided via a
more controlled mechanism and at lower concentrations by using
glucose oxidase (GOX)/glucose system.36–39 Hydrogen peroxide
concentration plays a very important role in the complex catalytic
cycle of oxidoreductases and especially in the catalytic cycle of
MPO since the excess of H2O2 renders the enzyme inactive towards
the reaction with phenolic donor-substrates.40 The use of the
glucose oxidase/glucose system allowed H2O2 to be generated at
pseudo-zero order rate under saturation conditions. Therefore,
H2O2 is formed at a constant rate given the GOX concentration.
Variation of GOX concentration from 0.25 iU to 12.5 iU did not
show any remarkable differences.

Initially we studied the effect of 0.5iU of MPO at 0.13 mM of
compound L1–Gd3+ in PBS buffer containing 5.5 mM of glucose
(Table 1). Myeloperoxidase-mediated reactions were studied under
four conditions by keeping MPO and L1–Gd3+ concentrations
constant and testing sources of hydrogen peroxide: a) 10 mM
H2O2, b) 10 lg GOX, c) 1 lg GOX, d) 50 lg GOX. The
corresponding T 1 values of these test reactions were: 1150 ms,
832 ms, 815 ms and 825 ms, respectively. A value of 831 ms was
also obtained when a solution 0.13 mM L1–Gd3+ in 5.5 mM
glucose, 10 mM of H2O2 was treated with a 10-fold amount
of MPO (5 iU). To further validate the experiment, the same
conditions were chosen if HRP was used instead of MPO and
this resulted in a similar T 1 value around 664 ± 20 ms in all
four cases. When 1.1 mM L1–Gd3+ solutions were combined with
GOX in the presence of glucose with no HRP or MPO present,
no changes in T 1 were seen. These results suggest that the use
of the GOX/glucose H2O2 generating system results in higher
levels of relaxivity enhancement. When the effect of this system
was measured at several different concentrations of L1–Gd3+, the
relaxivity at 0.47 T (40 ◦C) was 6.2 mM−1 s−1 that corresponds to a
relaxivity increase of 44% over that of the control. Glucose alone
has no effect on relaxivity. Furthermore, the GOX/glucose system
resulted in stable reaction products for at least 24 h as opposed
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to H2O2 and 5 iU of MPO that resulted in the early formation
of insoluble reaction products. By replacing MPO with HRP, a
relaxivity of 9.1 mM−1 s−1 was obtained suggesting that HRP is not
affected by H2O2 concentration. When the MPO–GOX/glucose
system was assayed using L2–Gd3+, partial insolubility of the
product did not allow further characterization. As before, T 1

changes at various concentrations were continuously monitored
until a T 1 descending trend was reversed. The final relaxivity value
of 5.1 mM−1 s−1 has to be interpreted with caution because of
inhomogeneity of the system.

In order to estimate the pseudo-first order kinetics constant of
reactions in the presence of GOX/glucose, T 1 kinetics of 0.13 mM
of compound L1–Gd3+ using MPO and 0.10 mM L2–Gd3+ in
the presence of HRP were continuously monitored (Fig. 4). The
apparent kinetic constants were 0.43 × 10−3 s−1, 5 × 10−3 s−1

and 4.83 × 10−3 s−1, respectively. HRP catalysis resulted in
kinetics that were10-fold faster than MPO-mediated catalysis. This
allowed 90% conversion after approximately 90 min. The catalytic
conversion of the substrate in the presence of MPO took up to
4 hours with precipitation of oligomeric products.

Fig. 4 Kinetics of T1 changes. a: 1) L1–Gd3+ + MPO–GOX, 2) L1–Gd3+ +
HRP–GOX, 3) L2–Gd3+ + HRP–GOX. b: 1) L1–Gd3+ + MPO–GOX.
Graph a shows a time-span of 120 minutes, graph b shows a time-span of
1000 minutes for situation 1.

Changes in composition were detected by using spectrophotom-
etry when solutions of both L1–Gd3+ and L2–Gd3+ were reacted
with enzymes under various conditions at 40 ◦C. Fig. 5 shows
several representative spectra obtained using L1-Gd3+. In the
case of L2–Gd3+ all spectra showed the presence of insoluble
products after ∼5 min. Insolubility resulted in spectra showing
a continuous increase of absorbance in the far-red range (800 nm)
due to insoluble particles of polymerized product. In general, the
UV/Vis spectrum of compound L1–Gd3+ reacted in the presence
of either MPO or HRP, showed a shift of the bands into the
visible range. While in the case of MPO–H2O2 the spectral changes
were comparatively slow and continuous, the rest of the reaction
mixtures showed a new band at 440 nm, which emerged within
1 min of enzyme addition. While the overall absorbance kept
increasing for a period of at least 4 h, the major change took
place within the first hour. In general, the band corresponding to

the serotonin aromatic ring that shows a maximum at 275 nm with
a shoulder at 315 nm in the absence of enzyme transformed into a
broader band with two maxima if hydrogen peroxide was provided
by the GOX/glucose system.

Interaction with proteins

It is widely accepted that in the presence of peroxidases serotonin
or tyrosine do not exclusively oligomerise but either transfer
the radical to other aromatic groups present in the media, or
get covalently attached to other macromolecules or molecular
aggregates. If the above holds true for the systems described in
this paper, two main effects are to be expected: 1) attachment to
other macromolecules, i.e. proteins, should result in a relaxivity
increase due to the increase in the overall size of the paramagnetic
system with a concomitant change of the tumbling rate; 2) the
formation of large aggregates should change the pharmacokinetics
of the compounds transforming them into products with longer
retention times. These points are further exemplified below.

HSA interactions. It is well known that Gd-based CAs bearing
aromatic groups interact with human serum albumin (HSA) with
the formation of non-covalent adducts showing drastic relaxivity
improvements due to the size increase.11 To test whether this was
true in the case of L1–Gd3+ we titrated 1.3 mM solution of this com-
pound with increasing amounts of either HSA (Mw = 66 000 Da)
or lysozyme (Mw = 15 000 Da). T1 in both cases increased
from 0.83 s−1 in the absence of protein to 1.25 s−1 and 1.17 s−1

at 40 mg mL−1 of HSA or lysozyme (0.6 mM HSA; 2.6 mM
lysozyme), respectively. These values suggest the absence of non-
covalent binding between L1–Gd3+ and proteins used (effective
KD < 200 M−1; binding efficiency <1%).41–43 Further, we titrated
solutions containing 40 mg protein mL−1 with various amounts
of L1–Gd3+. The relaxivity of compound L1–Gd3+ was estimated
as 5.5 mM−1 s−1 in both cases. Identical relaxivities suggested no
true interaction with the proteins but rather could be attributed to
the differences in relaxivity caused by high protein concentration
in the solutions.

Further, HSA titration experiments were conducted in the
presence of 0.5 iU MPO using the GOX/glucose system as a
source of H2O2 that resulted in relaxivity of 6.6 mM−1 s−1. This
value reflects a 54% relaxivity increase if compared with the
relaxivity of compound L1–Gd3+ in PBS alone, or a 20% increase
for compound L1–Gd3+ in the presence of 40 mg HSA per mL. The
presence of HSA (r1o = 6.6 mM−1 s−1) also resulted in a further
increase of 8% when compared with MPO effects in the absence of
HSA (r1o = 6.2 mM−1 s−1). It should be noted that in the absence
of HSA and in the presence of MPO–GOX/glucose, R1o keeps
increasing over a period of approximately 3 hours, whereas the
presence of albumin results in maximum relaxivity in 15–20 min.

In another experiment we set a goal to determine whether pre-
formed oligomers bind HSA and also if those preformed oligomers
are adequate substrates for MPO. We used 5.6 mM L1–Gd3+

solution and incubated it with 2 iU of MPO in the presence of
GOX/glucose. After 40 ◦C incubation for 18 hours, the solution
was sonicated to produce a clear solution of “oligomerised L1–
Gd3+” with relaxivity r1o = 10.1 mM−1 s−1. This product was
used to titrate HSA solutions either in the absence, or in the
presence of MPO–GOX/glucose. The relaxivity values obtained
where similar in both experiments −13.1 and 12.4 mM−1 s−1,
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Fig. 5 UV/Vis spectra of L1–Gd3+ in the presence of: a) MPO–GOX, b) HRP–GOX, c) MPO–H2O2, d) HRP–H2O2. Insets show the time evolution of
the newly formed band at 440 nm.

respectively. The obtained results suggested that although the pre-
formed oligomers could have some affinity for albumin, further
addition of the enzyme does not play any significant role, which
means that oligomers are poor substrates of MPO at best. The
observed high relaxivity values are associated with the use of
larger enzyme activities (i.e. 10-fold) during longer periods of time
(18 h). Finally, we estimated the overall size of the oligomerisation
products. Solutions of L1–Gd3+ were prepared as follows: solution
A contained MPO–GOX/glucose, solution B contained 40 mg
mL−1 HSA and solution C had all components above present
(i.e. HSA–MPO–GOX/glucose). The solutions were incubated at
40 ◦C overnight followed by exhaustive dialysis using membranes
with a 10 000 Da cut-off.

The dialysis experiment (see Table 2) suggested that com-
pound L1–Gd3+ does not interact with HSA in the absence of
MPO. Furthermore, the presence of the MPO–GOX system lead
to a population of oligomers that contained 40% of molecules with
masses exceeding 10 000 Da. If HSA was additionally present, the
amount of retained oligomers post dialysis increased to 65%. The
observed differences can be assigned to the covalent binding of L1–
Gd3+ to HSA.

Radioisotope labelling study. To test the potential attachment
of MPO reaction products to proteins, we labelled L1 with
111In by trans-chelation from a 111In–oxiquinoline complex. trans-
Chelation and purity of the resultant product was controlled

Table 2 [Gd] values pre and post-dialysisa

Composition [Gd], pre-dialysis/mM [Gd], post-dialysis/mM Gd loss (%)

L1–Gd3+–HSA + MPO + GOX 0.18 0.07 60
L1–Gd3+ + HSA 0.35 0.02 95
L1–Gd3+ + HSA + MPO + GOX 0.29 0.19 35

a Values are average of two independent experiments. Error, defined as the observed difference/average, was below 5% in all cases.

This journal is © The Royal Society of Chemistry 2006 Org. Biomol. Chem., 2006, 4, 1887–1895 | 1891



by HPLC (Fig. 6). The labelled complex was incubated with
MPO to test the effect of oligomerisation. Chromatography
revealed various radioactive products of MPO catalysis. L1–
111In was subsequently tested in experiments performed in the
presence of complete human plasma. In these experiments, size
exclusion columns with a cut-off of 6000 Daltons were used.
Under these conditions, only molecules bound to plasma proteins
would appear in the void volume of the columns. After activation
with MPO in the presence of plasma, a much larger fraction
of radioactivity was eluted, an observation consistent with the
increased binding to plasma proteins. The difference in eluted
radioactivity measured in the presence or in the absence of MPO
was more than 3-fold.

Fig. 6 L1–111In chromatograms: Labeling (top), after incubation with
MPO–H2O2 (bottom). Chromatograms show both radioactivity (upper)
and UV (lower) traces.

In vivo model studies

To further evaluate the combined effect of oligomerisation and
protein attachment of CA we devised an in vivo experiment that
included mice harbouring implants containing human MPO. The
animal model used for MPO imaging was obtained by injecting
subcutaneously 0.4 mL of MatrigelTM (Beckton–Dickinson) in
both right and left thighs of a mouse. MatrigelTM when injected
subcutaneously undergoes a gelation thereby creating a permeable
and dynamic reservoir within the interstitium allowing extravasa-
tion of CA while keeping the enzyme trapped in the implant due to
the higher molecular mass. The experimental implant contained
6 iU of human MPO (final concentration 1.5 iU mg−1 protein;
for comparison, MPO concentration in human atherosclerotic
plaques ranges between 71 and 511 U mg−1 protein44) and
10 lL GOX, whereas the left thigh was injected with MatrigelTM

only. We subsequently performed T 1-weighted MR imaging after

intravenous injection of L1–Gd3+ at a dose of 0.3 mmol kg−1

(Fig. 7a). The comparison of contrast-to-noise ratio MR signal
intensities measured in the right (MPO-containing) and the left
(control) extremities of animals increased 1.6–1.9-times during the
3 h of in vivo monitoring (Fig 7b). The same kinetic experiment
performed using Gd–DTPA–dimeglumine (MagnevistTM, Scher-
ing) did not result in any appreciable signal difference between
MPO-containing and control MatrigelTM implants.

Fig. 7 a) MR image of MatrigelTM implants obtained at 2 hours after
the addition of CA. The right extremity contains exogenous-MPO, the left
one contains only MatrigelTM and works as an internal control. b) MRI
signal evolution along the time-span of the experiment.

The possibility of in vivo accumulation due to the ability of the
MPO reaction product to bind to the proteins was assessed by
injecting L1–111In at a tracer dose (80–100 lCi) into a mouse using
the above MatrigelTM implant model and performing SPECT/CT
imaging (Fig. 8). Monitoring of the radioactivity levels for 3 hours
after injection revealed a 2.3-fold difference between the right and
the left extremities of the animals. Excision of the implants after
6 hours followed by radioactivity measurements showed a 4-times
higher radioactivity for the MPO-containing implant.

Fig. 8 Fused SPECT-CT image of MatrigelTM implants 3 hours after the
injection of L1–111In imaging agent. Red colour indicates the hot-spot of
radioactivity.

Discussion

Mammalian oxidoreductases are multifunctional enzymes, in-
volved in the biosynthesis of thyroid hormones (thyroid per-
oxidase) and in antimicrobial defence (myeloperoxidase). The
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mature form of myeloperoxidase is found in secretory azurophilic
granules of polymorphonuclear leukocytes and monocytes. Usu-
ally, MPO secretion is associated with oxidative burst where
NADPH-oxidase generates superoxide and hydrogen peroxide.
MPO amplifies the oxidative power of hydrogen peroxide by
using it as a substrate for hypochlorous acid synthesis from
chloride anion. Activated MPO is also capable of further reacting
with various organic substrates producing undesirable chemical
reactions with proteins that contribute to atherosclerosis plaque
formation and rupture, i.e. LDL oxidation,45,46 HDL inactivation47

and metalloproteinase activation.48,49

To develop MPO activity sensing probes, we investigated the
ability of peroxidases to generate reactive organic species. The
concept of such probes is based on tyrosine reactivity patterns in
the presence of oxidoreductases, especially MPO (see Fig. 1). We
synthesized paramagnetic prototype probes L1–Gd3+ and L2–Gd3+

that in the presence of either HRP or MPO and peroxide showed
a formation of complex mixtures containing oligomers of various
lengths. MALDI-TOF of these oligomers showed the formation
of 9-mer molecules. This qualitative preliminary evidence sug-
gested a complex MPO-catalyzed reaction. Importantly, striking
differences between relaxivities of reaction products were observed
when MPO was compared to HRP. While HRP resulted in 2.4- to
3.7-fold relaxivities of paramagnetic products compared to the
initial monomers, MPO yielded a net relaxivity increase close
to 23–37%. Furthermore, pseudo-first order kinetic constants
used to compare bulk oligomerisation were 10-times lower in the
case of L1–Gd3+ in the presence of MPO if compared with the
corresponding constants of HRP-mediated reactions. The above
differences suggested fundamental differences between MPO and
HRP. Percent homology analyses and X-ray data suggested two
superfamilies of peroxidases: superfamily I found in prokaryotes,
fungi and higher plants, and superfamily II found in mammals.50,51

In general, the peroxidase catalytic cycle is a feature shared by
both superfamilies (shown in Fig. 9).40,52–55 The rate of formation
of enzyme intermediates I and II with the different substrates and,
hence, native enzyme regeneration, depends on several character-
istics of electron donors51 including not only redox potentials (E),
but also molecular structure. HRP has very similar E values for
compounds I and II (0.9 V). The existing literature data suggest
that MPO theoretically is better suited for radical formation than
HRP (compound I has E > 1.015 V, and compound II has E =
0.97 V).51,56–59 However, the main feature determining selectivity to
a substrate is the accessibility to the active site of the enzyme. While
HRP shows very similar and exposed geometries for compounds
I and II in a single 40 kDa subunit, the MPO active site is located
in a narrow hydrophobic cleft within a larger 60 kDa subunit.
This hinders MPO reactivity towards bulky and/or hydrophilic

Fig. 9 MPO catalytic cycle. Boxes show the different MPO oxidation
states along the cycle.40

compounds and could eventually restrict the enzyme regeneration
cycle.27,50,60 It is now accepted that HRP can interact directly
with phenolic compounds in proteins. Some data suggest that
this is also a possibility with MPO although at much lower rates
and probably with surface-exposed residues only. MPO mediated
protein cross-linking is postulated to occur via radical transfer
catalysts, e.g. tyrosine in the range 100–200 lM in plasma.22

Therefore, though MPO is electrochemically better suited for the
formation of radicals and covalent protein modification, steric
restriction in its active site shortens the catalytic cycle turn-over as
higher molecular weight substrates replace small, more suitable,
substrates from the catalytic cycle. Consequently, the step-wise
formation of oligomers exhausts MPO regeneration far more
effectively than HRP regeneration sources since oligomers can
still react efficiently with HRP-II but not with MPO-II.

In view of the above, our preliminary experiments showed that:
a) enzyme mediated oligomerisation of reducing substrates results
in a net increase in MRI signal, and b) L1–Gd3+ is a better substrate
for MPO than L2–Gd3+ (see also reference 29). Under physiological
conditions the following factors are of prime importance: 1) the
presence of macromolecules (e.g. serum albumin) due to covalent
and non-covalent binding of the substrate and the reaction
products; 2) enzyme concentration (0.5 iU MPO was used, which
is lower than 71–511 iU mg−1 of human atherosclerotic plaques44);
3) the amount of hydrogen peroxide: the production of peroxide
in vivo from O2 via NADPH-oxidase in humans proceeds at the
rate of 0.2 lM s−1 (although leukocytes can yield micromolar
concentrations in inflammation).61 Importantly, the excess of
peroxide can render MPO inactive via two pathways (Fig. 9).

An excess of peroxide results in a transformation of native
enzyme into MPO-II that reacts very slowly with small organic
substrates and is nearly inactive in the presence of medium or large
organic substrates. A large excess of hydrogen peroxide transforms
MPO-I and MPO-II into inactive MPO-III,40 attainable also in
the presence of considerable amounts of superoxide (Fig. 9).
Unlike the glucose oxidase/glucose system (see Results section),
manual addition of hydrogen peroxide always resulted in lower
R1o values. Conversely, HRP catalysis did not show differences
associated with H2O2 administration confirming that compound
II reactivity differs in the case of MPO if compared to HRP. The
use of enzymatic hydrogen peroxide production vs. peroxide
administration resulted in higher relaxivities although the levels
achieved with the use of HRP where still unattainable.

As mentioned previously, tyrosyl radicals interact with proteins
resulting in protein cross-linking and covalent attachment of
tyrosine to proteins. Experiments performed using MPO, L1–
Gd3+, HSA or lysozyme (a protein with no known affinity to
indole) suggested that the presence of the enzyme always afforded
a net increase in relaxivity. Although relaxivity increased in the
presence of proteins and in the absence of MPO, the magnitude
of this increase was not sufficient to cause high levels of non-
covalent binding of L1–Gd3+ to proteins. The lack of changes in
R1o upon titration of the substrate with proteins and similarity
to GdDTPA titrations suggested that the degree of non-covalent
binding was negligible (i.e. below 1% at physiological levels of
albumin concentrations). Overall, albumin not only produced an
increase in relaxivity but also resulted in substantial stabilization of
the oligomerisation products in solution. The presence of protein
molecules in solution could result in either diffusion-limited
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quenching of radicals, and, therefore, hindering of the oligomeri-
sation process, or, in accelerating competing reactions, i.e. protein
cross-linking or an increase in the rate and patterns of oligomeriza-
tion and protein attachment. Furthermore, we assessed whether: 1)
the pre-formed oligomers could interact non-covalently with HSA,
and 2) if oligomers could host radicals and therefore covalently
react with HSA. We found that covalent binding of preformed
oligomers to HSA can be ruled out. The above results suggest
that enzyme mediated relaxivity increase in the presence of HSA
is mainly associated with the covalent attachment of monomers to
proteins.

Dialysis experiments were aimed not only at assessing oligomer
size but also as a final probe of covalent attachment to proteins.
The results showed that a large proportion of the monomeric
starting material (i.e. 40% and 65% in the presence of HSA)
is incorporated into the aggregates with the masses exceeding
10 000 Da. The above result has been confirmed using
MALDI, which often shows under-representation of high-mass
components.62

In the absence of HSA and MPO HSA solutions did
not retain any gadolinium. In the presence of MPO higher
amounts of gadolinium were associated with HSA, suggesting
enzyme-mediated covalent attachment which agrees with the
gel-permeation chromatography study that used 111In-labeled
substrate. The assessment of the above combined effect on signal
enhancement in vivo showed that systemic administration of L1–
Gd3+ and Gd–DTPA demonstrated similar initial signal increases
as could be expected due to similarities in molecular mass.
However, the use of non-reactive Gd–DTPA in conjunction with
MPO did not show any lasting signal intensity after the initial
period. The same was true when L1–Gd3+ enhancement of MPO-
free implants was studied.

We believe that the above mechanistic study could potentially
result in methods enabling early detection and staging of vulnera-
ble atherosclerotic plaque.

Conclusions

1. The MRI signal amplification/accumulation effects observed
after catalytic conversion of reducing 5-HT-containing substrates
of peroxidase is a combined result of: a) enzyme-mediated increase
in contrast agent size; b) covalent attachment of the contrast agent
to macromolecular species present in MPO rich areas.

2. Imaging at clinical magnetic field strength can identify MPO
rich zones even when the MPO activities are far below the actual
values reported in the literature for MPO vulnerable plaque
contents.

Further experiments that use realistic animal models i.e.
lipopolysaccharide-induced inflammation in mice and direct
imaging of atherosclerotic aorta in rabbits, are currently being
performed and the obtained animal imaging results will be
submitted for publication in the future.
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