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ABSTRACT: Rapid detection and precise evaluation of myocardial viability is
necessary to aid in clinical decision making whether to recommend
revascularization for patients with myocardial infarction (MI). Three novel
18F-labeled 1-hydroxyanthraquinone derivatives were synthesized, character-
ized, and evaluated as potential necrosis avid imaging agents for assessment of
myocardial viability. Among these tracers, [18F]FA3OP emerged as the most
promising compound with best stability and highest targetability. Clear PET
images of [18F]FA3OP were obtained in rat model of myocardial infarction and
reperfusion at 1 h after injection. In addition, the possible mechanisms of
[18F]FA3OP for necrotic myocardium were discussed. The results showed [19F]FA3OP may bind DNA to achieve targetability
to necrotic myocardium by intercalation. In summary, [18F]FA3OP was a more promising “hot spot imaging” tracer for rapid
visualization of necrotic myocardium.
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In clinical practices, timely myocardial revascularization is
recognized as the most effective therapy for myocardial

infarction (MI) to salvage reversible myocardium. However, it
is not suitable for all MI patients. Related studies show that the
survival of patients who have little reversibly viable myocardium
in the MI area was significantly decreased after revasculariza-
tion.1 Thus, it is essential to assess myocardial viability before
revascularization to guide clinical intervention.
Necrosis avid agents (NAAs) could selectively localize in

nonviable infarct myocardium, which may be helpful for the
assessment of myocardial viability and prognosis.2 Currently,
there are no FDA-approved infarct avid imaging agents for
evaluating myocardial vitality within the time frame necessary
to direct decisions for early revascularization therapy to achieve
maximal myocardial salvage (the window for maximal patient
benefit from thrombolytic therapy is within the first 6 h of chest
pain3). Therefore, developing probes for fast and accurate
imaging of necrotic myocardium is particularly important.
Our group has been focusing on infarct avid agents for the

fast imaging of necrotic myocardium. Hypericin (Hyp), a

dimeric anthraquinone compound, is regarded as a powerful
naturally occurring necrosis avid agent (NAA).4,5 In previous
studies, radioiodine-labeled Hyp showed high affinity for
necrotic myocardium in reperfused MI models.4 However,
the long plasma half-life and high blood pool activity make it
impossible for early in vivo visualization of necrotic
myocardium.5,6 To seek for superior necrosis avid agents in
imaging, we further evaluated the necrosis targetability of
monomeric anthraquinones. The results showed that mono-
meric anthraquinones exhibited necrosis targetability and
shorter plasma half-life times.7 Considering their excellent
pharmacokinetic properties, monomeric anthraquinone(s)
would be used as vehicles of infarct avid imaging agents for
visualizing necrotic myocardium at early time points.
Currently, positron emission tomography (PET) has been

widely used due to its superiority to single photon emission
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computed tomography (SPECT) in spatial resolution, high
sensitivity, and accurate attenuation correction. In addition, 18F-
labeled tracers, with their longer half-life, would facilitate
clinical protocols.8 Herein, 18F and monomeric anthraqui-
none(s) were chosen to build necrosis avid probes. In addition,
in order to improve tracers’ blood clearance in vivo, we
introduced hydrophilic polyethylene glycol (PEG) into
monomeric anthraquinone(s) for exploring the potential of
rapid visualization of necrosis myocardium.
The synthesis route9,10 of tosylate precursors and non-

radioactive reference compounds was shown in Scheme 1. All
key compounds were analyzed by 1H and 13C NMR
spectroscopy and ESI high-resolution mass spectroscopy to
confirm the identity.

The labeling procedures of [18F]FA1OP, [18F]FA2OP, and
[18F]FA3OP have been shown in Scheme 2. The total reaction
time was within 90 min, and the overall radiochemical yield was
approximately 15−20% (no decay corrected, n = 3).

The specific (radio)activity was about 72.25 ± 14% GBq/
μmol (n = 4). Quality control of [18F]FA1OP, [18F]FA2OP,
and [18F]FA3OP were performed with HPLC analyses (Figure
1 and Figure S2).

The radiochemical purity was >95%. The octanol−PBS
distribution coefficient (Log P) of 18F-hydroxyanthraquinone
derivatives were 1.21, 1.02, and 0.87 for [18F]FA1OP,
[18F]FA2OP, and [18F]FA3OP, respectively. The hydrophilicity
of tracers increased with the extension of polyethylene glycol
chain. The HPLC profiles of stability studies are shown in
Figure 1 and Figure S2. After storage in 80% ethanol solution at
room temperature for 1 h, 66% of [18F]FA1OP was intact.
Other tracers are stable during at least a 5 h period. For the
radiotracers incubated in rat serum at 37 °C for 1 h, only about
10% of [18F]FA1OP was intact. However, other tracers are
stable during at least a 6 h period in rat serum. Therefore, in the
studies performed afterward, the relatively stable [18F]FA2OP
and [18F]FA3OP were selected for further evaluation.
Bearing in mind that an aim of this work was to investigate

the targetability to necrotic tissues of 18F-hydroxyanthraqui-
none derivatives, a set of biological studies were carefully
designed. The biologic distribution results in mice model of
muscular necrosis are shown in Table S1. The two tracers
showed different necrosis targetability in vivo. The necrotic
uptake and radioactivity ratio of [18F]FA3OP was higher than
[18F]FA2OP at three time points (p < 0.05). As described in
Table S1, the clearance of [18F]FA3OP from normal organs was
favorable for imaging. The results obtained from the
biodistribution study encouraged us to further evaluate
[18F]FA3OP by in vivo microPET/CT imaging in rats with MI.
Representative PET-CT images of control rats and model

rats of MI/R at 1 h after administration of [18F]FDG or
[18F]FA3OP are shown in Figure 2. PET/CT showed that the
outline of the heart was clear (Figure 2A1) and that obvious
uptake defect in infarct region was observed in model rats
(Figure 2A3) after intravenous injection [18F]FDG. Figure 2A4
reveals a high radioactivity uptake of [18F]FA3OP in necrotic
myocardium compared with the control rat (Figure 2A2). A
perfect match between uptake defect area of [18F]FDG and
area of high [18F]FA3OP uptake on PET is seen (Figure
2A3,A4). The results of PET/CT imaging demonstrated a
selective accumulation of [18F]FA3OP in necrotic myocardium.
The ratio necrotic myocardium/viable myocardium obtained

following i.v. injection of [18F]FA3OP into model rats was
shown in Figure 2B. Injection of [18F]FA3OP to model rats

Scheme 1. Synthesis Route of Tosylate Precursors and
Nonradioactive References [19F]FA1OP, [19F]FA2OP, and
[19F]FA3OPa

aReagents and conditions: (a) TsCl, KOH, CH2Cl2, 0 °C; (b) DMF,
NaH, rt to 40 °C; (c) TBAF (1.0 M in THF), THF, 70 °C.

Scheme 2. Radiolabeling Routes of [18F]FA1OP,
[18F]FA2OP, and [18F]FA3OPa

aACN = acetonitrile; K222 = Kryptofix2.2.2.; KF = potassium fluoride.

Figure 1. [19F]FA3OP (A) and [18F]FA3OP (B). Profiles of stability
study of [18F]FA3OP after incubation in rat serum at 37 °C for 6 h
(C) and in 80% ethanol solution for 5 h (D).
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resulted in distinct accumulation of radioactivity around the
damaged area of the left ventricular lateral wall (Figure S4).
The SUVs in the infarcted myocardium were higher than those
measured for the viable myocardium of the same animals from
20 min postinjection, with a highest SUV ratio of 1.61 between
the damaged and the healthy walls at 1 h postinjection, which is
consistent with the PET imaging time window.
We further proved the presence of necrotic tissues with

enzymatic histochemical staining using TTC. On the TTC-
stained heart (Figure 2C1), the infarcted myocardium remained
pale, whereas viable myocardium was stained brick red. A
homogeneous high radioactivity uptake (in red) only occurred
in the infarcted areas on PET image of isolated heart (Figure
2C2), which corresponded well to the pale region on TTC
stained specimen.
During myocardial infarction (MI), necrosis of myocardial

cells releases large amounts of DNA, representing a potential
target for molecular imaging of necrotic myocardium.11

Research suggested that hochest-IR12 and Gd-To13 can image
necrotic tissue of myocardial infarction by binding to exposed
DNA (E-DNA). Meanwhile, anthraquinone with a planar
tricyclic structure is the backbone of many known antitumor
drugs like doxorubicin capable of targeting at the molecular/
DNA level.14 Thus, we speculated that anthraquinone-based
radiotracers may bind to E-DNA for necrotic myocardium
imaging. The binding mechanism on the reaction of
[19F]FA3OP with DNA was investigated by UV−visible
spectrophotometry and fluorescence quenching technique in
vitro. The results were shown in Figure 3.

When a small molecule interacts with DNA and forms a
complex, changes in absorbance and in the position of the
absorption maximum occurs. Hypochromism was generated
through an intercalative mode of binding between an aromatic
chromophore and the base pairs of DNA.15 When increasing
concentration of DNA was continuously added to the solution,
hypochromism was observed on [19F]FA3OP and Ct-DNA
interaction. The percentage of hypochromism was found to be
32.6% from spectral titration. The DNA binding constant (Kb)
was 2.2 × 103 M−1. This indicated that [19F]FA3OP may bind
to Ct-DNA by intercalation mode. The results are shown in
Figure 3A.
The binding of [19F]FA3OP with Ct-DNA was studied by

evaluating the fluorescence emission intensity of the EB−DNA
system upon successive addition of the [19F]FA3OP, which
acted as quencher. When [19F]FA3OP was added into the EB−
DNA solution, fluorescence intensity decreased regularly. The
KSV value for [19F]FA3OP was 1.60 × 104 mol−1. This
suggested that the partial replacements of EB bound to DNA
by the [19F]FA3OP and [19F]FA3OP binds to DNA in
intercalative mode, which is consistent with the result of UV−
visible absorption spectroscopy. The results are shown in
Figure 3B. According to the results of spectroscopy,
[19F]FA3OP may be interacting with DNA for targeting
necrotic tissues. However, the interaction behavior between
them has not been investigated in vivo. Thus, the necrosis
avidity mechanism of [19F]FA3OP needs to be explored further
in following experiments.
Potential reversibility of myocardium is an important

consideration in CAD patients when being considered for
revascularization. [18F]FDG has been considered the gold
standard for detection of the reversibility of injured

Figure 2. Representative PET/CT images of control rats and model
rats of MI/R at 1 h after administration of [18F]FDG (A1,A3) and
[18F]FA3OP (A2,A4). (B) Ratio necrotic myocardium/viable
myocardium of [18F]FA3OP in a MI/R rat. V = viable myocardium,
N = necrotic myocardium. (C) Post-mortem analyze of isolated heart
from model rats of [18F]FA3OP: the digital photographs of TTC
staining image of whole heart (C1) and representative PET image of
isolated heart (C2). Arrows indicate the location of necrotic
myocardium.

Figure 3. Absorption spectra of [19F]FA3OP in the absence and
presence of increasing amounts of DNA at room temperature in Tris−
HCl buffer (pH = 7.35). The arrow shows the absorbance change
upon increasing the DNA concentration (A). Emission spectra of EB
bound to DNA in the presence of [19F]FA3OP (B). The arrow shows
the intensity changes upon increasing the compound concentration.
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myocardium with PET.16 However, FDG uptake is influenced
by confounding factors such as individual differences and
myocardial inflammation of infarcted region, which often leads
to false negatives and positives.17 The use of radiolabeled
necrosis-avid probes may provide depiction of infarcted
myocardium to guide clinical decision-making. Compared
with [18F]FDG, necrosis-avid tracers have the following
advantages. First, they were designed with high avidity and
specificity; second, they were not affected by individual
differences and inflammation. Furthermore, imaging necrosis
can avoid functional impairment of salvageable myocardium
caused by the absorption of tracers. Moreover, it may allow
evaluation of patient follow-up and outcome assessment of
revascularization therapies. To the best of our knowledge, this
is the first attempt to label anthraquinone derivatives with 18F
and explore their targetability to necrotic tissues and imaging
necrotic myocardium in vivo by PET. Furthermore, the
possible mechanisms of [18F]FA3OP for necrotic myocardium
were discussed. [19F]FA3OP may bind DNA to achieve
targetability to necrotic myocardium by intercalation in vitro.
In summary, [18F]FA3OP is a promising agent for fast imaging
of necrotic myocardium.
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