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The growing use of molecular imaging helps to control
and monitor dosage for increased safety and effectiveness.
Molecular imaging agents become the scientific tools for
moving a concept from bench work to clinic product de-
velopment. This special issue provides original research
and review of new trends in molecular imaging agent
development.

Among clinic molecular imaging modalities, radionu-
clide imaging technique is the most sensitive and could pro-
vide target-specific information. The radiotracer could non-
invasively assess disease treatment endpoints which used
to rely almost exclusively on biopsies and histopathological
assays.

L.-H. Shen et al. (Taiwan) reviewed molecular imaging
in the diagnosis and management of CNS disorders. F.-L.
Kong et al. (USA), N. Tsao et al. (USA), and C.-L. Ho et al.
(Taiwan) report pharmacokinetics and dosimetry of molec-
ular imaging compounds in oncology. M.-H. Liao et al.
(Taiwan), X. Wang et al. (China), C. Wu et al. (China)
and M. Tian et al. (USA) reported that molecular imaging
techniques play a major role in the development of novel
therapies since they measure target expressions (apoptosis,
glycolysis) as well as function, pathway activities, and cell
migration in the intact organism. Y.-F. Wang et al. and
M.-Y. Chao et al. (Taiwan) described the kit probe for
99mTc-labeling which is crucial for centralized drug process.
The kit probe may allow theranostic concept. A theranostic
agent would be more accurate in the evaluation of patient
response to treatment. The radiotracer could also be used
for radionuclide therapy as reported by C. Wang et al.
(China). Hybrid molecular imaging modalities (PET/CT,

SPECT/CT) provide high-sensitivity functional and high-
resolution anatomical imaging which are important in
design-personalized treatment. M.-C. Chen et al. (Taiwan)
reported the value of using I-131 NP-59 SPECT/CT to
diagnose patients with subclinical or atypical features of
primary aldosteronism. To proof of concept for molecular
biology findings using different imaging modalities (optical,
sonography) were described by Z. Pu et al. (China).

In summary, molecular imaging enables the comprehen-
sive characterization of therapeutic intervention and can be
used in preclinical studies, pharmacokinetic studies, dose-
finding studies, and proof-of-concept studies. Molecular
imaging technologies promote the discovery and develop-
ment of personalized medicine.

Hong Zhang
Mei Tian

Carrio Ignasi
Zhen Cheng

Lie-Hang Shen
David J. Yang
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Neuropsychiatric disorders are becoming a major socioeconomic burden to modern society. In recent years, a dramatic expansion
of tools has facilitated the study of the molecular basis of neuropsychiatric disorders. Molecular imaging has enabled the
noninvasive characterization and quantification of biological processes at the cellular, tissue, and organism levels in intact living
subjects. This technology has revolutionized the practice of medicine and has become critical to quality health care. New advances
in research on molecular imaging hold promise for personalized medicine in neuropsychiatric disorders, with adjusted therapeutic
doses, predictable responses, reduced adverse drug reactions, early diagnosis, and personal health planning. In this paper, we
discuss the development of radiotracers for imaging dopaminergic, serotonergic, and noradrenergic systems and β-amyloid
plaques. We will underline the role of molecular imaging technologies in various neuropsychiatric disorders, describe their unique
strengths and limitations, and suggest future directions in the diagnosis and management of neuropsychiatric disorders.

1. Introduction

Modern neuroimaging offers tremendous opportunities for
gaining insights into the molecular basis of neuropsychiatric
disorders. Molecular imaging shows how specific tissues
are functioning. This contrasts with conventional diagnostic
imaging procedures, which simply provide anatomical or
structural pictures of organs and tissues. Several techniques
including functional magnetic resonance imaging (fMRI)
and nuclear medicine imaging can measure regional changes
in cerebral activity; however, nuclear medicine imaging is
the only tool for direct measurements of neurotransmitter
levels and the distribution, density, and activity of receptors
or transporters. In contrast to fMRI, nuclear medicine
imaging involves the administration of radioactively labeled
tracers, which decay over time by emitting gamma rays
that can be detected by a positron emission tomography
(PET) or single photon emission computed tomography
(SPECT) scanner. The radioisotopes used in PET can reach
a more stable configuration by the emission of positrons,
which travel a short distance and collide with electrons. The

annihilation of positron and electron produces 2 gamma
rays, 511 keV each, which are emitted in opposite directions.
In PET, annihilation coincidence detection is used in lieu of
absorptive collimation to determine the directionality of the
detected photons; this partially explains the greater spatial
resolution and sensitivity of PET. However, compared with
SPECT, PET is more expensive and less readily available.
The most commonly used radioisotopes for labeling PET
radiopharmaceuticals are 11C and 18F. 11C has a short half-
life of approximately 20 min, which allows multiple studies
in the same day. In contrast, 18F has a half-life of nearly
2 h, which allows shipment of tracers over considerable
distances to PET centers that do not have a cyclotron. SPECT
radiotracers typically have longer physical half-lives than
most PET tracers; this may partially compensate for their
disadvantages, particularly when measurements over several
hours are required to eliminate nonspecific binding and
reach equilibrium.

A major advantage of nuclear medicine imaging is the
extraordinarily high sensitivity (10−9 to 10−12 M), many
orders of magnitude greater than the sensitivities available



2 Journal of Biomedicine and Biotechnology

with MRI (10−4 M). Because many molecules relevant to
neuropsychiatric disorders are present at concentrations
below 10−8 M, nuclear medicine imaging is currently the
only available in vivo method capable of quantifying subtle
cerebral pathophysiological changes that might occur before
neurostructural abnormalities take place [1].

PET and SPECT can measure biological processes, like
glucose consumption and regional cerebral blood flow
(rCBF), which may change in various neuropsychiatric dis-
orders. In PET imaging, 18F-fluorodeoxyglucose (18F-FDG)
is the most commonly used radiopharmaceutical. Active
neurons have higher metabolic rates and higher glucose
uptake rates than less active neurons. Similarly, active brain
regions have higher regional cerebral blood flow (rCBF)
compared to less active brain regions. With PET, intravenous
15O-H2O can be administered to measure rCBF. In SPECT
imaging, 99mTc-hexamethylpropyleneamine oxime (99mTc-
HMPAO) is the most commonly used radiopharmaceutical.

Radioligands must fulfill several criteria for successful
PET or SPECT imaging, including stability of labeling,
sufficient affinity and high selectivity for the specific receptor,
combined with low nonspecific binding to brain tissues
that do not contain the receptor of interest, and rapid
permeation through the blood-brain barrier to permit
tracers access to receptors [2]. Selective radioligands are
available for various transmitter systems; these enable the
visualization of receptor distributions in the normal brain
and the detection of changes in receptor binding during
various physiologic activities or under pathologic conditions.
Quantitative imaging has gained clinical importance for
measuring the activities of several receptors/transporters and
molecular targets, for example, quantification of dopamine
transporters for detecting loss of functional dopaminer-
gic neuron terminals in the striatum, quantification of
dopamine D2 receptors for studies of movement disorders
and for assessments of receptor occupancy by neuroleptic
drugs, quantification of serotonin (5-hydroxytryptamine,
or 5-HT) receptors in affective disorders, quantification of
serotonin and norepinephrine transporters for assessment
of occupancy of antidepressants, and quantification of β-
amyloid and acetylcholinesterase as markers of cognitive
and memory impairments. The clinical and experimental
relevance of these findings should not be underestimated.
Neuroprotective and disease-modifying drug research has
intensified, and results rely heavily on accurate, early diag-
noses.

New advances in neuroimaging offer the promise of more
personalized treatment for individuals with neuropsychiatric
disorders. Molecular imaging can provide patient-specific
information that allows treatment to be tailored to the
specific biological attributes of both the disease and the
patient. The eventual success of experimental therapies
rests on understanding the mechanisms of the various
neuropsychiatric disorders, early and accurate diagnoses, and
noninvasive approaches for monitoring the progression of
disease and the response to treatment.

Although nuclear imaging is a promising technique,
several barriers must be addressed to facilitate its successful
application to neuropsychiatric disorders. The major barrier

to nuclear medicine imaging of molecular targets may be
the difficulty in developing radiotracers. Another barrier
is the lack of current evidence to support the use of
molecular imaging as a diagnostic tool in clinical practice.
The radiotracers used as biomarkers in neuropsychiatric
disorders must have both biologic relevance and a strong
linkage to the clinical outcome of interest. Despite the
development of a large number of radioactive ligands for
receptors, most do not fulfill the criteria for a good label, and
only a few have been applied in clinical nuclear medicine.
Physical barriers include limited anatomic resolution and the
need for higher sensitivity. However, recent developments
in improved detector crystals and three-dimensional image
acquisition have markedly enhanced both sensitivity and
resolution. Radiotracer imaging with PET and, to a lesser
extent, with SPECT is ideally suited for in vivo applications,
due to its superior anatomic resolution.

2. Parkinson’s Disease and Related Disorders

Parkinson’s disease (PD), the second most common neu-
rodegenerative disorder, is characterized by severe loss of
nigrostriatal neurons, which results in a deficiency of the
neurotransmitter, dopamine [3]. Clinical diagnosis of PD
relies on the presence of characteristic motor symptoms,
including bradykinesia, rigidity, and resting tremors. In
addition, nonmotor features have been increasingly rec-
ognized as early symptoms [4, 5]. Nonetheless, an early
differential diagnosis can be difficult, particularly because the
initial presentation may include overlapping clinical features,
like essential tremor, vascular parkinsonism, drug-induced
parkinsonism, and atypical parkinsonian syndrome (i.e.,
multiple system atrophy and progressive supranuclear palsy).
Often, the clinical diagnosis of PD is supported by a positive
response to dopaminergic drugs, particularly levodopa.
However, some patients with pathologically confirmed PD
respond poorly to levodopa; conversely, other patients with
early multiple system atrophy or progressive supranuclear
palsy respond well to drug treatment. Previously, the rate of
misdiagnosis of idiopathic PD was as high as 24% [6, 7].

The evolution of neuroimaging techniques over the past
several years has yielded unprecedented information about
the degenerative processes in PD and other movement
disorders. PET and SPECT techniques have been successfully
employed in identifying dopaminergic dysfunction in PD by
detecting changes in brain levodopa, glucose metabolism,
and dopamine transporter binding. Several tracers can be
employed to assess the integrity of dopamine terminals
in PD. First, dopa decarboxylase activity and dopamine
turnover can both be measured with 18F-FDOPA PET. Sec-
ond, the availability of presynaptic dopamine transporters
(DATs) can be assessed with various tracers, which are
typically tropane based. Third, vesicle monoamine den-
sity in dopamine terminals can be evaluated with 11C-
dihydrotetrabenazine PET [8, 9].

The uptake of 18F-FDOPA reflects both the density
of the axonal terminal plexus and the activity of the
striatal aromatic amino acid decarboxylase (AADC), the
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Normal

Parkinson’s disease

Figure 1: 99mTc-TRODAT-1 imaging on four patients with Parkinson’s disease at different stage and one normal control. The differentiation
between normal and PD is primarily based on shape that reflects differences of uptake intensity.

enzyme responsible for the conversion of 18F-FDOPA to
18F-dopamine [3, 10]. Therefore, particularly in the early
stages of disease, 18F-FDOPA PET may underestimate the
degenerative process, due to the compensatory upregulation
of AADC in the remaining terminals. Moreover, because
AADC is present in the terminals of all monoaminergic neu-
rons, measurements of 18F-FDOPA uptake into extrastriatal
areas provide an index of the density of the serotonergic,
noradrenergic, and dopaminergic terminals [3, 10].

DAT is a protein complex located in presynaptic do-
paminergic nerve terminals, which serves as the primary
means for removing monoaminergic neurotransmitters from
the synaptic cleft. It is therefore a potential marker of the
integrity of nigrostriatal projections. Several PET ligands
(11C-CFT, 18F-CFT, 18F-FP-CIT, and 11C-PE2I) and SPECT
tracers (123I-β-CIT, 123I-FP-CIT, 123I-altropane, 123I-PE2I,
and 99mTc-TRODAT-1) are now available to measure DAT
availability [10, 11]. The technetium-based 99mTc-TRODAT-
1 has the advantage of being relatively inexpensive and
available in kit form [12]. However, its specific signal
is lower than the 123I-based SPECT tracers. In general,
all the DAT markers have shown efficacy in PD similar
to that achieved with 18F-FDOPA PET; all are able to
differentiate patients with early PD from healthy subjects
with a sensitivity and specificity of approximately 90% [13–
15]. A multicenter, phase III trial conducted at Institute
of Nuclear Energy Research (INER) indicated that patients
with PD were easily distinguished from healthy volunteers
with the 99mTc-TRODAT-1 SPECT, which had a sensitivity
of 97.2% and a specificity of 92.6% (unpublished data).
Figure 1 depicts the typical dopamine transporter images in

4 patients with PD for different stage and a healthy control.
The differentiation between normal and Parkinson’s disease
is primarily based on shape, which reflects differences of
uptake intensity. The high sensitivity and specificity of DAT
images make them useful in both the clinical diagnosis of
PD and preclinical screening for asymptomatic individuals.
To date, only DaTSCAN (123I-FP-CIT) and 99mTc-TRODAT-
1 are available on the market and licensed for detecting
loss of functional dopaminergic neuron terminals in the
striatum. In contrast to 18F-FDOPA, the striatal uptake of
DAT ligands in early PD may overestimate the reduction in
terminal density due to the relative downregulation of DAT
in the remaining neurons as a response to nigral neuron
loss; this is a compensatory mechanism that acts to maintain
synaptic dopamine levels. DAT binding falls with age in
healthy subjects, but striatal 18F-FDOPA uptake does not
appear to be age dependent [3, 12, 16].

Dopaminergic neurotransmission plays an important
role in regulating several aspects of basic brain function,
including motor behavior, motivation, and working mem-
ory. Dopaminergic systems are also a central element in
the brain reward system that controls learning. There are
five subtypes of dopamine receptors, D1, D2, D3, D4,
and D5. D1 and D5 receptors are members of the D1-
like family of dopamine receptors, and D2, D3, and D4

receptors are members of the D2-like family. The assessment
of D1-like receptors has not achieved clinical significance;
therefore, in the past, many investigations have focused on
the D2-like receptor system. Positron-emitting ligands, like
11C-raclopride, 18F-spiperone, and 18F-methyl-benperidol
have been developed for the visualization of dopamine
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D2 receptors in vivo with PET; alternatively, single-proton
emitting ligands, like 123I-iodobenzamide (123I-IBZM), 123I-
epidrpride, and 123I-IBF have been developed for SPECT
imaging. 11C-raclopride, a derivative of benzamide, is cur-
rently the gold standard PET tracer for D2 receptors [17].

It is important to discriminate between idiopathic
Parkinson’s disease (IPD) and other neurodegenerative
parkinsonian syndromes (non-IPS), because there are
marked differences in the prognoses and therapies. DAT
imaging with 99mTc-TRODAT-1 SPECT has proven success-
ful in the differential diagnosis between PD and vascular
parkinsonism; patients with PD displayed a significant
decrease in striatal 99mTc-TRODAT-1 uptake compared to
patients with vascular parkinsonism (P < .01) [18]. Higher
diagnostic accuracy in the differential diagnosis of parkin-
sonism may be achieved by combining pre- and postsynaptic
quantitative information about the dopaminergic system.
Previous imaging studies with the most commonly used
dopamine D2 receptor tracers, 11C-raclopride and 123I-
IBZM, have consistently shown that DATs, which represent
the integrity of the nigrostriatal neurons, are downregulated
in patients with early IPD, but D2 receptors are normal or
even upregulated. In contrast, patients with multiple system
atrophy (MSA) typically show reductions in both DAT and
D2 binding [19, 20]. However, with progression of PD,
striatal D2 receptor activity returns to normal or may fall
below normal levels [2], and the small differences in D2

binding make it difficult to distinguish between PD, IPD, and
healthy control groups (unpublished data).

Gradually, we have attained a broader understanding of
the genetic linkages among different aspects of parkinsonism.
Approximately 20% of patients with PD have genetic muta-
tions [21]. Several genes, including PINK1, SNCA, parkin,
UCHL1, DJ1, and LRRK2, have been associated with familial
parkinsonism and/or sporadic early onset Parkinson’s disease
(EOPD). A 99mTc-TRODAT-1 scan showed that patients
with the PINK1 mutation displayed a rather even, symmet-
rical reduction of dopamine uptake; in contrast, patients
with late-onset Parkinson’s disease (LOPD) displayed a
dominant decline in dopamine uptake in the putamen
[22]. In addition, 99mTc-TRODAT-1 SPECT revealed that
the dopamine transporter concentration was significantly
reduced in patients with Machado-Joseph Disease and in
asymptomatic gene carriers compared to healthy volunteers
(P < .001). This indicated that the brain SPECT was capable
of detecting early alterations in dopamine neurons of the
striatal region [23].

Molecular imaging is also a major tool for the eval-
uation of new experimental therapeutic strategies in PD,
particularly for those that aim to restore or protect striatal
dopaminergic innervation. Neuroprotective and disease-
modifying drug research has intensified, and the results
rely heavily on accurate early diagnosis [24]. Several
teams of investigators have reported the results from
double-blind, placebo-controlled trials of human embry-
onic dopaminergic tissue transplantation for the treat-
ment of PD. Evaluations with 18F-FDOPA scans have
shown that significant declines in the motor scores
over time after transplantation (P < .001), based on

the Unified Parkinson Disease Rating Scale (UPDRS),
were associated with increases in putamen 18F-FDOPA
uptake at 4-year posttransplantation followups (P < .001).
Furthermore, posttransplantation changes in putamen PET
signals and clinical outcomes were significantly intercor-
related (P < .02) [25, 26]. Current imaging biomarkers
may be a valuable adjunct to clinical data for assessing
both the mechanism and efficacy of neuroprotective agents.
To date, functional imaging studies in these trials have
failed to demonstrate a clear-cut neuroprotective effect on
nigrostriatal degeneration. In addition, discordance between
clinical and imaging outcomes has been reported in studies
that compared a dopamine agonist versus levodopa [10, 27].

Gene therapy may be potentially useful for ameliorating
the motor symptoms of PD and the motor complications of
PD treatments. Several gene therapy studies in humans inves-
tigated transductions (with various viral vectors) of glial-
derived neurotrophic factor (GDNF), neurturin (NTN),
AADC, or glutamic acid decarboxylase (GAD) [28]. Brain
imaging with 18F-FDODA PET, 18F-FFMT, or 18F-FDG PET
was used to evaluate clinical outcomes adjunct to the UPDRS
scores [29–33].

3. Alzheimer’s Disease

Alzheimer’s disease (AD) is the most common form of
dementia. AD is characterized by progressive impairments
in cognitive function and behavior [34]. Data suggest
that the number of patients with AD worldwide will
increase from 26.6 million in 2006 to 106.8 million in
2050 [35, 36]. Beta amyloid (Aβ 1–42) is considered
a primary cause of AD, but there are numerous other
ongoing processes, including oxidative stress, inflammatory
reactions, microglial activation, tau phosphorylation, and
neurotransmitter impairments, that can lead to cognitive
impairments [36, 37]. Some methods have shown promise
as diagnostic tools for AD, including MRI measurements
of medial temporal lobe atrophy, PET imaging of glucose
metabolism and Aβ deposits, and cerebral spinal fluid (CSF)
biomarkers. A substantial number of studies have shown that
MRI measurements of hippocampal atrophy can distinguish
between subjects with AD and older subjects with normal
cognition with 80–90% accuracy [34, 38].

PET tracers have been developed for studies of functional
activity, neurotransmitter activity, and pathologic processes
in different dementia disorders. PET imaging with 18F-FDG
has shown that AD was associated with metabolic deficits
in the neocortical association areas, but normal activity was
observed in the basal ganglia, thalamus, cerebellum, primary
sensory motor cortex, and visual cortex [39]. During disease
progression, glucose metabolism continues to decline, and
this is associated with declining scores on cognitive tests
[40]. A large multicenter study showed 93% sensitivity and
specificity for distinguishing between individuals with AD
and normal individuals [34]. This indicated that 18F-FDG
PET can serve as a biomarker in clinical trials [36].

Imaging techniques that include radiolabeled PET tracers
that can bind to aggregated Aβ peptides in Aβ plaques have
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the potential of directly assessing relative brain Aβ plaque
pathology. Several research groups have applied the small-
molecule approach to the development of tracers suitable
for amyloid imaging; for example, derivatives of Congo
red, thioflavin, stilbene, chrysamine-G, and acridine were
developed for PET and SPECT imaging. This opens up new
possibilities for early diagnosis and provides new tools for
monitoring antiamyloid therapy in AD [36, 41–44].

18F-FDDNP was the first PET tracer used in vivo for
detecting cerebral amyloid plaques. Increased 18F-FDDNP
binding was observed in the temporal, parietal, and frontal
regions of the AD brain, compared with brains from older
control subjects with no cognitive impairments. 18F-FDDNP
binds to both neuritic plaques and neurofibrillary tangles
[45]. Pittsburgh compound B (11C-PIB), a derivative of
thioflavin-T, binds with high affinity and high specificity
to neuritic Aβ plaques, but it shows no binding to diffuse
plaques or neurofibrillary tangles [46]. 11C-PIB PET is
presently the most used amyloid PET ligand; it has been
studied in over 2000 subjects [39, 40]. Imaging with11C-
PIB PET showed significantly higher retention in the frontal,
temporal, parietal, and occipital cortices and the striatum
of patients with AD compared to healthy controls (1.9-
to 1.5-fold differences). Interestingly, the increase in 11C-
PIB retention observed in mild AD patients relative to age-
matched healthy controls was larger than the decrease in 18F-
FDG uptake in AD patients relative to controls [47]. Figure 2
illustrates cerebral glucose metabolism as assessed by 18F-
FDG PET and amyloid plaque burden as assessed by 11C-PIB
PET in two AD patients and a healthy control [43].

The memory predominant subtype, amnestic mild cog-
nitive impairment (MCI), has been suggested to constitute
a transitional stage between normal aging and AD [34].
Clinical studies suggested that about 12% of patients with
the amnestic form of MCI progressed to AD within one year
and up to 80% progressed to AD after 6 y [48]. Glucose
metabolism is a sensitive measure of change in cognition and
functional ability, both in AD and in MCI; therefore, accurate
detection of changes in glucose metabolism has value in
predicting future cognitive decline [49]. Clinical follow-up
studies have shown that patients with MCI who converted to
AD showed significantly higher 11C-PIB retention than those
with MCI that did not convert; this suggested the possibility
of identifying prodromal AD with β-amyloid imaging [36,
50].

To date, 11C-PIB PET is the most widely used imaging
approach for the visualization of Aβ. Although 11C-PIB can
be used for academic studies, the 20-minute half-life of
11C and limited manufacturing access makes the molecule
unsuitable for widespread use as a routine diagnostic agent.
18F, with a half-life of 110 minutes, offers much better
potential for manufacturing and distribution. In addition to
18F-FDDNP, several 18F-labeled Aβ tracers have been suc-
cessfully investigated in clinical trials, including 18F-PIB (18F-
flutemetamol), 18F-AV-1 (18F-BAY94-9172), and 18F-AV-45
(Florbetapir F-18). 18F-AV-45, a derivative of stilbene, has
demonstrated high binding to the Aβ aggregates in patients
with AD. In a pilot study, patients with AD and healthy
controls displayed averages of 1.67 ± 0.18 and 1.25± 0.18,

respectively, in standard uptake value ratios (SUVRs) of 18F-
AV-45 for the cortical area relative to the cerebellum [51].
The interim results of a phase III study demonstrated that
the 18F-AV-45 PET images correlated strongly with the post-
mortem histopathology findings. The PET images correctly
identified subjects that had β-amyloid deposits and showed
where in the brain the deposits had accumulated. Recently, a
marketing application for Florbetapir was submitted to the
FDA.

In the regions of the highest retention, the specific signal
from 18F-FDDNP was only 0.3 times that of the reference
tissue; this contrasts with the 1.5–2.0-fold specific signal
with respect to the reference tissue that was associated
with the 11C-PIB [47] and 11C-SB13 tracers [52]. Visual
assessment of 11C-PIB PET images demonstrated promise as
a supportive diagnostic marker for AD with both sensitivity
and specificity values of 0.95. Additionally, 18F-PIB showed
promise as an AD biomarker with both sensitivity and
specificity values of 0.93; in contrast, 18F-FDDNP PET
images showed only moderate accuracy, with a sensitivity of
0.81 and a specificity of 0.72 [53, 54].

Development of amyloid probes applicable to both PET
and SPECT in AD may provide a cost-effective approach,
particularly when effective antiamyloid therapy becomes
available. Accurate and early diagnoses of dementias will
become increasingly important as new therapies are intro-
duced. The presently available imaging ligands will be valu-
able for monitoring any reduction in Aβ plaques. Ongoing
studies with antiamyloid therapies, including a vaccination,
an Aβ fibrillization inhibitor, or a secretase modulator, have
described some difficulties in the assessment of drug effects
at autopsy. Assessments of the efficacy of antiamyloid therapy
could be greatly facilitated with the visualization of amyloid
plaques in the brains of living patients with AD [55].

One hypothesis holds that there is a cholinergic mech-
anism underlying AD; this hypothesis proposes that degen-
eration of cholinergic neurons in the basal forebrain nuclei
causes disturbances in presynaptic cholinergic terminals in
the hippocampus and neocortex, which are important for
memory disturbances and other cognitive symptoms [34].
The most important degrading enzyme for acetylcholine in
the human cortex is acetylcholinesterase, which is present
in cholinergic axons. The PET tracers, 11C-PMP and 11C-
MP4A, have been used to measure acetylcholinesterase activ-
ity. These tracers showed a decline in acetylcholinesterase
activity in patients with AD compared to healthy controls.
Reduction in acetylcholinesterase activity has also been
reported in patients with MCI, particularly in those that later
converted to AD. This suggested that acetylcholinesterase
changes might precede the development of clinical AD
[56]. The inhibition of acetylcholinesterase with specific
therapeutic drugs, like donepezil, can also be measured with
these tracers [57].

4. Affective Disorders

Serotonin (5-hydroxy-tryptamine, 5-HT) is a modulatory
neurotransmitter in the human brain that regulates mood,
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Figure 2: Cerebral glucose metabolism (18F-FDG) and 11C-PIB amyloid imaging in two AD patients and one healthy control. The PET scans
show 18F-FDG and 11C-PIB at a sagittal section. MMSE: Mini Mental State Examination. Adapted from [43].

anger, reward, aggression, and appetite [58]. Serotonergic
neurotransmission is altered in many neuropsychiatric dis-
orders, including depression, anxiety disorders, biopolar
disorders (BD), compulsive disorders, autism, schizophrenia,
AD, and PD [2, 59].

There is broad heterogeneity in the postsynaptic sero-
tonin receptors; however, the only suitable radioligands
available are for 5-HT1A and 5-HT2A receptors [2]. For
visualization of brain 5-HT1A receptor activity, the 11C-
WAY-100635 (WAY) and 18F-labeled analogs of WAY (18F-
trans-FCWAY) exhibited high affinity. 5-HT1A receptors
are present in high density in the hippocampus, septum,
amygdala, hypothalamus, and neocortex of the human
brain. PET imaging with 18F-FCWAY demonstrated that
abnormalities of 5-HT1A receptors were present in affective
disorders, particularly in depression and panic disorder [60–
62]. However, there were only small differences between
the study population and the healthy control groups; this
may indicate considerable overlap between groups, which
would impede a clear diagnostic cutoff. 5-HT2A receptors are
present in all neocortical regions, with lower densities in the
hippocampus, basal ganglia, and thalamus. 5-HT2A receptors
have been quantified with 18F-altanserin, 18F-setoperone,
and 123I-2-ketanserin [58]. 18F-setoperone showed specific
binding in the cortex, reversibility, and a favorable ratio of
specific binding to nonspecific binding and unbound label
[63]. PET studies with 18F-Setoperone showed significantly
decreased 5-HT2A receptor densities in neuroleptic-naı̈ve
patients with schizophrenia and in patients with AD [64, 65].

The serotonin transporter (SERT, 5-HTT) plays an
important role in modulating presynaptic serotonergic func-
tion. It removes serotonin from the synaptic cleft and
terminates its function [66]. SERT is the primary target
for selective serotonin reuptake inhibitors (SSRIs), which
are commonly used for treatment of psychiatric disorders,
and as the first-line treatment for major depression and
anxiety disorders. SERT imaging provides information on
the integrity of serotonergic neurotransmission in vivo. 123I-
β-CIT was the first SERT marker to be applied; however,
it binds all the monoamine transporters, including SERT,
DAT, and norepinephrine transporters (NETs). The first
PET radiotracer that was selective for brain SERT was
11C-McN5652 [67, 68]. Subsequently, two excellent PET
tracers were developed for visualization of SERT in human
brains; these are known as 11C-DASB and 11C-MADAM,
and both exhibit high affinity and selectivity for SERT
[69]. Alternatively, a promising SPECT tracer was also
developed for visualization of SERT in humans; this 123I-
ADAM, a derivative of 403U76, displays high affinity and
selectivity for SERT. 123I-ADAM was efficiently taken up in
the hypothalamus, brain stem, pons, and medial temporal
lobe [70]. Compared with previous radioligands, 11C-DASB
offers both high selectivity and a favorable ratio of specific
binding relative to free and nonspecific binding. Therefore,
11C-DASB PET imaging is considered as the state-of-the-art
method for quantifying SERT in humans.

In vivo imaging studies of SERT have generally been
conducted in patients with acute depression; however, the
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results have been somewhat inconsistent [71]. Parsey et al.
used 11C-McN5652 PET in unmedicated patients with major
depression. Those patients had lower SERT binding potential
in the amygdala and midbrain region compared to healthy
subjects [72]. In a study with 11C-DASB PET, brain SERT
density was investigated in subjects with a history of major
depressive episodes (MDEs). Those patients displayed no
regional differences in SERT binding potential compared to
healthy subjects [73, 74]. Newberg et al. used 123I-ADAM
SPECT and found reduced SERT binding potential in the
midbrain regions of patients with depression compared to
healthy volunteers [75]; however another study with 123I-
ADAM SPECT found no difference between similar groups
[76]. Dysfunction in serotonin neurotransmission is likely to
play a critical role in BD [77]. BD is defined on the basis
of manic symptoms of varying severity. Bipolar I disorder
(BD I) is defined by a full-blown episode of mania, whereas
bipolar II disorder (BD II) is defined by hypomanic episodes
and depressive episodes [78]. Assessment of SERT binding
in the midbrain with 123I-ADAM SPECT demonstrated no
differences in brain SERT binding between healthy controls
and patients with BD that were in a euthymic state. However,
the SERT binding was lower in patients with BD I compared
to those with BD II. Furthermore, the decreased specific
uptake ratios (SURs) in BD I patients were well correlated
with the duration of the illness (R = −0.742,P = .014)
[79]. In addition to the serotonin system, the DAT gene was
also shown to play a role in the etiology of both adult and
pediatric BD. Using 99mTc-TRODAT-1 SPECT, Chang et al.
found that striatal DAT availability was significantly higher in
patients with euthymic BD than in healthy volunteers [80].

Aggression is one of the most extensively studied areas
of human behavior. Central serotoninergic function has
been linked to both normal and pathological aggressiveness.
Because hostility shares some similarities with aggression, it
is possible that central serotonin activity is also related to
hostility. 123I-ADAM SPECT imaging indicates that central
serotoninergic activities may play a role in hostility. The
hostile attribution subscore was negatively correlated with
SERT availability (r = −0.71,P < .05) [81].

Although imaging of the serotonin system has many
potential clinical uses, currently, serotonin imaging is not
used for the routine diagnosis of any neuropsychiatric
diseases. Perhaps one of the most valuable current uses
of molecular imaging technology is the determination of
the in vivo brain occupancy of a putative pharmaceutical
at the target of interest when developing a pharmaceutical
treatment for depression. Currently, there is no other method
available for in vivo determinations of receptor occupancy
in humans [58]. Drug concentrations in plasma may vary
by over tenfold when identical doses are administered to
different patients. Therapeutic drug monitoring can reduce
the number of nonresponders and decrease the risk for
developing side effects by identifying patients with either
insufficient or excess serum concentrations of the drug
[82]. The first SSRI occupancy study with 11C-DASB PET
found 80% striatal occupancy in multiple regions after 4
weeks of antidepressant treatment, with doses of paroxetine
and citalopram known to have clinical effects distinct from
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Figure 3: (a) Effect of citalopram on 11C-DASB PET scan of the
serotonin transporter in a depressed subject. Treatment was with
20 mg/day of citalopram for 4 weeks. Adapted from [73]. (b) Striatal
serotonin transporter (5-HTT) occupancy in depressed subjects
after 4 weeks of treatment at minimum therapeutic doses of five
SSRIs. Adapted from [74].

placebo [73]. Thereafter, occupancy measurements of citalo-
pram, fluoxetine, sertraline, paroxetine, or venlafaxine with
11C-DASB PET suggested that 80% occupancy of the SERT
was a necessary minimum for SSRI efficacy for depressive
episodes. Moreover, occupancy increased as the dose or
plasma level increased, and occupancy reached a plateau at
saturating doses [74]. Figure 3(a) illustrates a typical occu-
pancy study of citalopram on the serotonin transporters with
11C-DASB PET scan in a depressed subject [73]. Figure 3(b)
summaries the striatal SERT occupancy in depressed subjects
after 4 weeks of treatment at minimum therapeutic doses of
five SSRIs [74]. Given the association between the clinically
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relevant dose and SERT occupancy for all SSRIs, it is now
generally believed that an 80% SERT occupancy with an SSRI
is therapeutically useful. Consequently, antidepressant drug
development aims for 80% serotonin transporter occupancy.
This practical approach can be applied in phase I trials
to assess whether potential new antidepressant drugs can
adequately penetrate the brain and in phase II clinical trials
to guide dosing selections [69].

NETs are responsible for the reuptake of norepinephrine
into presynaptic nerves, and they are a primary target of
antidepressants. With the development of NET tracers, like
18F-FMeNER-D2 [83] and 11C-MRB [84], it is currently pos-
sible to investigate NET occupancy for antidepressants that
are selective norepinephrine reuptake inhibitors (SNRIs). In
an investigation with 18F-FMeNER-D2, the NET occupancy
of nortriptyline was 16% to 41%, which corresponded to a
dose of 10–75 mg [83]. In addition to NET, antidepressants
also target DAT. Bupropion is thought to exert its antidepres-
sive effect by blocking the DAT and NET with an efficacy
comparable to that of SSRIs. With bupropion treatment, the
average DAT occupancy was 20.84%, measured by 99mTc-
TRODAT-1 SPECT [85]. To achieve SNRI efficacy, the
optimal and minimal occupancies of NET remain to be
determined.

For antipsychotic drugs, it was shown that the occu-
pancy of dopamine D2-like receptors was better correlated
to plasma concentrations than to the doses administered
[82]. In association with the analysis of clinical effects,
Farde et al. established the concept that at least 60–70%
dopamine receptor occupancy was necessary for treating
positive symptoms of schizophrenia. However, occupancies
above 80% were associated with extrapyramidal side effects
[82, 86].

5. Conclusions and Future Directions

With the appropriate radioligands, molecular imaging en-
ables the visualization of presynaptic and postsynaptic
sites in the dopaminergic system. This can provide crucial
information for the assessment and monitoring of neuro-
protective agents, gene therapies, and stem cell strategies
for the treatment of PD. Future studies are needed in the
development of new radiotracers to target nondopaminergic
brain pathways and the glial reaction to disease.

Accurate and early differentiation of dementias will
become increasingly important as new therapies are intro-
duced. Recently, reliable PET tracers for assessing the Aβ
burden in the brain have been introduced; these tracers
may be valuable for early diagnosis of the presymptomatic
stages of AD. The measurement of β-amyloid in vivo
will greatly facilitate our understanding of the underlying
pathophysiological mechanisms of AD; in addition, these
measurements will promote the testing of new antiamyloid
drugs and therapies. Although early studies were performed
with 11C-PIB, several groups have developed fluorinated
compounds for widespread and routine diagnostic uses.

Although serotonin imaging has many potential clinical
applications, currently, serotonin imaging is not used for the
routine diagnosis of any neuropsychiatric diseases. Perhaps

one of the most valuable current uses of molecular imaging
technology is the determination of in vivo brain occupancy
of a putative pharmaceutical agent when developing a
treatment for depression. Finally, to achieve SNRI efficacy,
the optimal and minimal occupancies of NET remain to be
determined.

In the future, the role of molecular imaging may
become more significant in guiding therapy. Enhancements
in image resolution and specific molecular tags will permit
accurate diagnoses of a wide range of diseases, based on
both structural and molecular changes in the brain. For
widespread application, advances in molecular imaging
should include the characterization of new radiotracers,
application of modeling techniques, standardization and
automation of image-processing techniques, and appropriate
clinical settings in large multicenter trials. The growing field
of molecular imaging is helping nuclear medicine physicians
identify pathways into personalized patient care.
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Purpose. This study was to develop an efficient synthesis of 99mTc-O-[3-(1,4,8,11-tetraazabicyclohexadecane)-propyl]-α-methyl
tyrosine (99mTc-N4-AMT) and evaluate its potential in cancer imaging. Methods. N4-AMT was synthesized by reacting N4-oxalate
and 3-bromopropyl AMT (N-BOC, ethyl ester). In vitro cellular uptake kinetics of 99mTc-N4-AMT was assessed in rat mammary
tumor cells. Tissue distribution of the radiotracer was determined in normal rats at 0.5–4 h, while planar imaging was performed in
mammary tumor-bearing rats at 30–120 min. Results. The total synthesis yield of N4-AMT was 14%. Cellular uptake of 99mTc-N4-
AMT was significantly higher than that of 99mTc-N4. Planar imaging revealed that 99mTc-N4-AMT rendered greater tumor/muscle
ratios than 99mTc-N4. Conclusions. N4-AMT could be synthesized with a considerably high yield. Our in vitro and in vivo data
suggest that 99mTc-N4-AMT, a novel amino acid-based radiotracer, efficiently enters breast cancer cells, effectively distinguishes
mammary tumors from normal tissues, and thus holds the promise for breast cancer imaging.

1. Introduction

18F-fluoro-deoxy-glucose (FDG), an 18F-labeled glucose ana-
log, is the most common radiotracer for positron emission
tomography (PET) in cancer diagnosis [1]. However, FDG-
PET has several limitations in practice, for example, FDG
cannot distinguish tumor tissues from inflammatory or
normal brain tissues. Therefore, 18F-labeled amino acid-
based radiotracers have been reported as an alternative,
which is based on the fact that tumor cells take up and
consume more amino acids to maintain their sustained fast
growth. Among those radiotracers, 18F-labeled alpha-methyl
tyrosine (AMT) has shown high tumor uptake and great
ability to differentiate tumor tissue from inflammatory sites
in brain tumors and squamous cell carcinoma [2]. 18F-AMT
enters the tumor cells via L-type amino acid transporters
(LAT), which is the only system that can transport large
neutral amino acids with aromatic rings [3]. LAT, especially
its subtype LAT1, was reported to be highly expressed in
many cancer cell lines and positively correlates with tumor
growth [4, 5]. So far, 18F-AMT is the most suitable amino

acid transporter-targeting radiotracer for tumor imaging,
regardless of low synthesis yield and requirement of an on-
site cyclotron to produce 18F.

Although PET has emerged as an advanced imaging tool
for cancer diagnosis, only limited facilities around the world
can afford complete armamentarium of PET and cyclotron
for the local production of short-lived positron-emitting
radionuclides such as 11C and 18F. Therefore, mature tech-
nologies, that is, single photon emission computed tomogra-
phy (SPECT) or its combination with computed tomography
(CT), still play important and irreplaceable roles in nuclear
imaging area [6]. The most common radionuclide for SPECT
is technetium-99m (99mTc, t1/2 = 6.02 h), which is produced
by in-house generator and does not require the cyclotron [7].
Due to their similar chemistry, the diagnostic radioisotope
99mTc and the therapeutic radioisotope rhenium-188 (188Re)
could be labeled to the same ligand, which leads to the
diagnostic/therapeutic matched pair. Unlike most of the
cyclotron-produced radionuclides that utilize the covalent
chemistry for labeling, 99mTc requires a “chelator” to conju-
gate the radionuclide with the target ligand. The nitrogen,
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oxygen, and sulfur combinations have been shown to be
stable chelators for 99mTc such as N4 (e.g., DOTA, cyclam-
14), N3S (e.g., MAG-3), N2S2 (e.g., ECD), NS3, S4 (e.g.,
sulfur colloid), diethylenetriamine pentaacetic acid (DTPA),
O2S2 (e.g., DMSA), and hydrazinonicotinamide (HYNIC)
[8–13].

Here, we report the synthesis of precursor O-[3-(1,4,8,11-
tetraazacyclotetradecan)-propyl]-α-methyl tyrosine (N4-
AMT) and its radiolabeling with 99mTc. In vitro cellular
uptake kinetics and planar scintigraphic imaging of 99mTc-
N4-AMT were also evaluated.

2. Materials and Methods

All chemicals of analytical grade and solvents of HPLC grade
for compound synthesis were purchased from Sigma-Aldrich
(St. Louis, MO). 1H-, 13C-NMR spectra were performed
on Bruker 300 MHz spectrometer in CDCl3, CD3OD, and
D2O. Tetramethylsilane was used as an external standard.
Chemical shifts were reported in δ (ppm) and J values
in hertz. Sodium pertechnetate (Na99mTcO4) was obtained
from 99Mo/99mTc generator in Mallinckrodt (Houston, TX).

2.1. Synthesis of Precursor N4-AMT

2.1.1. α-Methyl Tyrosine Ethylester 2. The synthetic strate-
gies for precursor N4-AMT are demonstrated in Figure 1.
Thionyl chloride (10 mL; 137.42 mmol) was added to a
solution of α-methyltyrosine 1 (10.00 g; 51.22 mmol) in
anhydrous ethanol (60 mL) at 0◦C, and then heated at 78◦C
for 4 h while stirring. After cooling, the reaction mixture
was reduced to 20 mL, and then 10 mL of triethylamine
was added into it. The mixture was poured into 100 mL
of water and extracted with chloroform. The combined
organic layers were dried over MgSO4 and evaporated. The
desired compound was obtained as white solid. Yield: 9.00 g
(40.32 mmol, 78.75%). 1H-NMR (CDCl3) δ = 7.02 (d, 2H, J
= 8.4 Hz), 6.70 (d, 2H, J = 8.4 Hz), 4.22 (dd, 2H, J = 7.2 Hz,
J = 7.8 Hz), 3.14 (dd, 2H, J = 13.5 Hz, J = 13.5), 1.42 (s, 3H),
1.33 (t, 3H, J = 16.2 Hz) ppm. 13C-NMR δ = 175.47, 156.36,
130.66, 126.39, 114.87, 61.05, 58.65, 45.29, 24.08, 13.07 ppm,
MS: m/z = 224.23 [M]+.

2.1.2. N-t-Butoxycarbonyl-α-Methyl Tyrosine Ethylester 3.
Compound 2 (2.09 g; 9.36 mmol) was dissolved in 40 mL
of anhydrous DMF under nitrogen and treated with tri-
ethylamine (2.78 mL; 20 mmol) while stirring. Ditertiarbutyl
dicarbonate (3.27 g; 15 mmol) was added to the reaction
mixture and stirred over night at room temperature. The
solvent was removed under reduced pressure to yield a
residue, which was extracted with ethyl acetate and dried
with anhydrous MgSO4. The extraction was filtered and
evaporated to give yellow oil which was purified by column
chromatography on silica gel and eluted with hexane: ethyl
acetate (5 : 1.5 v/v). After evaporation of the solvent, yellow
oil 3 was obtained. Yield: 2.00 g (6.18 mmol, 66.20%). 1H-
NMR (CDCl3) δ = 6.97 (d, 2H, J = 8.4 Hz), 6.75 (d,
2H, J = 8.7 Hz), 4.22 (dd, 2H, J = 2.7 Hz, J = 7.2 Hz),

3.32 (dd, 2H, J = 15.0 Hz, J = 13.5), 1.55 (s, 3H), 1.48 (s,
9H), 1.32 (t, 3H, J = 18.0 Hz) ppm. 13C-NMR δ = 174.16,
155.04, 154.51, 131.16, 128.50, 115.14, 77.25, 61.64, 60.54,
40.99, 28.39, 23.55, 14.77 ppm, MS: m/z = 324.36 [M]+.

2.1.3. N-t-Butoxycarbonyl-O-[3-Hydroxypropyl]-α-Methyl Ty-
rosine Ethylester 4. Sodium metal (0.09 g; 14.02 mmol) was
dissolved in 30 mL of anhydrous ethanol with stirring under
nitrogen. Compound 3 (1.00 g; 3.09 mmol) was dissolved in
50 mL of anhydrous ethanol and treated with sodium ethox-
ide solution and refluxed for 2.5 h at 70◦C. 3-Bromopropanol
(0.56 mL; 6.18 mmol) was added and continued heating over
night. The ethanol was removed under reduced pressure and
replaced with 40 mL of ethyl acetate, washed with water,
and dried over MgSO4. After removal of the solvent, it
was purified by silica gel column chromatography (hexane:
ethylacetate 2 : 1), giving 0.83 g (2.17 mmol, 71% yield) of
the product as clear yellow oil. 1H-NMR (CDCl3) δ = 7.01
(d, 2H, J = 6.3 Hz), 6.81 (d, 2H, J = 6.6 Hz), 4.20 (dd, 2H, J
= 5.1 Hz, J = 5.1 Hz), 4.12 (t, 2H, J = 15.0 Hz), 3.86 (t, 2H,
J = 10.2 Hz), 3.16 (dd, J = 13.5 Hz, J = 12.9 Hz), 2.06 (m,
2H), 1.54 (s, 3H), 1.47 (s, 9H), 1.31 (t, 3H, J = 12.3 Hz) ppm.
13C-NMR δ = 174.01, 171.91, 157.73, 154.35, 131.07, 128.65,
114.14, 79.39, 65.65, 61.54, 60.40, 60.24, 40.79, 32.01, 28.39,
23.58, 14.15 ppm, MS: m/z = 381.033 [M]+.

2.1.4. N-t-Butoxycarbonyl-O-[3-Br-Propyl]-α-Methyl Tyro-
sine Ethylester 5. A solution of 4 (5.44 g; 16.82 mmol)
and 1,3-dibromopropane (136.74 g; 677.30 mmol) in 100 mL
acetone was purged with nitrogen for 15 min. Potassium
carbonate (22.62 g; 163.69 mmol) was added to the reaction
mixture, the mixture was then refluxed for 12 h at 75◦C. After
the removal of solvents and excessive reagents under reduced
pressure, the residue was dissolved in chloroform, washed
with water, and dried in anhydrous magnesium sulfate. A
yellow liquid was purified by silica gel flash chromatography
(hexane: ethylacetate, 2 : 1) to furnish compound 5 as pale
yellow liquid. Yield: 4.80 g (7.52 mmol, 64.69%). 1H-NMR
(CDCl3) δ = 7.02 (d, 2H, J = 9.00 Hz), 6.82 (d, 2H, J =
9.00 Hz), 4.23 (dd, 2H, J = 27.00), 4.09 (t, 2H, J = 12.00 Hz),
3.61 (t, 2H, J = 12.00 Hz), 3.32, 3.16 (d, 2H, J = 15.00,
12.00 Hz), 2.34 (dd, J = 24.00 Hz), 1.54 (s, 3H), 1.47 (s, 9H),
1.32 (t, 3H, J = 15.0 Hz) ppm. 13C-NMR δ = 173.96, 157.63,
154.32, 131.09, 128.78, 114.18, 77.48, 65.24, 61.51, 60.35,
40.80, 30.00, 28.40, 23.60, 14.19 ppm. MS: m/z = 446.3 [M]+.

2.1.5. N1, N4-Dioxylyl-1,4,8,11-Tetraazabicyclotetradecane
(N1,N4-Cyclooxamide) 6. 1,4,8,11-tetraazacyclotetradecane
(cyclam) (15.00 g; 74.88 mmol) was dissolved in 150 mL of
anhydrous ethanol, and diethyl oxalate (10.94 g; 74.88 mmol)
was added. The reaction mixture was refluxed 18 h
at 75◦C. The solvent was rotary evaporated, and the
crude product was recrystallized in acetone: ethanol to
yield white crystals of N1,N4-dioxylyl-1,4,8,11-1,5,8,12-
tetraazabicyclotetradecane (N1,N4-cyclooxamide) 6. Yield:
13.64 g (17.31 mmol, 72.00%). 1H-NMR (CDCl3) δ =
4.35 (m, 2H), 375 (m, 2H), 3.40 (m, 2H), 2.77 (m, 2H),
2.68 (m, 2H), 2.54 (m, 2H), 2.43 (m, 4H), 1.75 (m, 2H),
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Figure 1: Synthetic scheme of precursor N4-AMT.

1.24 (m, 2H)) ppm. 13C-NMR δ = 158.55, 49.92, 49.38,
47.73, 44.13, 25.42 ppm. MS: m/z = 255.33 [M]+.

2.1.6. N-t-Butoxycarbonyl-O-[3-(N1,N4-Dioxylyl-1,4,8,11-
Tetraazabicyclotetradecane)-Propyl]-α-Methyl Tyrosine Ethyl-
ester 7. Compound 6 (1.00 g; 3.93 mmol) was dissolved in
20 mL of anhydrous DMF and treated with a solution of N-
t-Butoxycarbonyl-O-[3-Br-propyl]-α-methyl tyrosine eth-
ylester 5 (1.74 g; 3.93 mmol) in 40 mL of DMF under
nitrogen atmosphere. The reaction mixture was heated to
reflux for 18 h at 75◦C and then allowed to cool down to
room temperature. The solvent was removed in vacuo. The
residue was dissolved in chloroform (30 mL), washed with
water and 1 M Na2CO3, (12 mL), and then separated for
the organic layer. It was dried with anhydrous Magnesium
sulfate, filtered, and evaporated. The crude compound was
purified by silica gel column chromatograph (chloroform:
methanol 9 : 1). Yield: 1.00 g (1.63 mmol, 42.00%). 1H-NMR
(CDCl3) δ = 7.00 (d, 2H, J = 9.00 Hz), 6.79 (d, 2H, J =
9.00 Hz), 4.56 (m, 2H), 4.22 (t, 2H, J = 12.0 Hz), 3.95 (m,
2H), 3.67 (m, 2H), 3.55 (t, 2H, J = 15.0 Hz), 3.30 (m, 4H),
2.81 (m, 12H), 1.88 (m, 6H), 1.54 (s, 3H), 1.47 (s, 9H),
1.32 (t, 3H, J= 15.0 Hz) ppm. 13C-NMR δ = 173.97, 158.65,
158.06, 157.91, 154.31, 131.01, 128.34, 114.04, 79.38, 77.27,
66.01, 61.50, 60.26, 53.76, 52.76, 49.20, 48.41, 47.54, 46.15,
45.83, 44.50, 42.60, 40.84, 28.40, 26.39, 23.57, 23.36, 23.07,
14.14 ppm. MS: m/z = 618.38 [M]+.

2.1.7. O-[3-(N1,N4-Dioxylyl-1,4,8,11-Tetraazabicyclotetrade-
cane)-Propyl]-α-Methyltyrosine Ethylester 8. Compound 7
(0.25 g; 0.40 mmol) was dissolved in dichloromethane
(10 mL), and trifluoroacetic acid (1.0 mL) was added to it.
The solution was stirred over night at room temperature,
and volatiles were removed in vacuo. The crude compound
was purified by chromatography over silica gel (chloroform:
methanol 9 : 1) as white solid. Yield: 0.20 g (0.39 mmol;
95.69%). 1H-NMR (CD3OD) δ = 7.14 (d, 2H, J = 9.0 Hz),

6.94 (d, 2H), 4.33 (m, 4H), 4.05 (t, 2H, J = 9.0 Hz),
3.85 (m, 2H), 3.71 (m, 2 H), 3.26 (m, 13H), 2.07 (m,
6H), 1.58 (s, 3H), 1.33 (t, 3H, J = 15.0 Hz) ppm. 13C-
NMR δ = 170.65, 161.87, 161.42, 159.70, 159.02, 158.67,
131.01, 125.14, 118.79, 114.65, 65.34, 62.47, 60.33, 56.92,
52.16, 51.26, 45.64, 45.31, 44.50, 43.20, 42.05, 24.31, 22.00,
21.39, 21.03, 16.96, 12.90 ppm, MS: m/z = 517.63 [M]+.

2.1.8. O-[3-(1,4,8,11-Tetraazabicyclohexadecane)-Propyl]-α-
Methyl Tyrosine (N4-AMT) 9. To a solution of compound 8
(0.20 g; 0.39 mmol) in a 5 mL of water, 10 N NaOH (2 mL)
was added, stirred, and refluxed over night at 90◦C. The
solvent was evaporated under vacuum, giving white solid,
which was dissolved in 5 mL of water and neutralized
with 5 N HCl solution to pH = 7. It was lyophilized and
obtained as white solid. The solid was stirred in 25 mL
anhydrous methanol, filtered, and evaporated to afford an
off white solid. Yield: 0.20 g (0.46 mmol: 99.0%). 1H-NMR
(D2O) δ = 7.21 (d, 2H, J = 9.00 Hz), 7.00 (d, 2H, J =
9.00 Hz), 4.14 (t, 2H, J = 12.0 Hz), 3.10 (m, 5H), 2.94 (m,
2H), 2.84 (m, 13H), 1.95 (m, 6H), 1.33 (s, 3H) ppm.13C-
NMR δ = 180.69, 163.42, 163.16, 162.88, 162.60, 157.06,
131.40, 129.19, 117.57, 115.26, 115.10, 112.93, 66.25, 60.73,
53.69, 51.46, 49.88, 49.26, 48.04, 47.84, 46.60, 45.42, 45.07,
43.94, 24.71, 24.32, 23.62, 22.55 ppm. MS: m/z = 436.327
[M]+.

2.2. Radiosynthesis of 99mTc-N4-AMT. Radiolabeling of N4-
AMT with 99mTc was performed in a standard manner [14].
Briefly, radiosynthesis of 99mTc-N4-AMT was achieved by
adding a required amount of sodium pertechnetate into
a vial containing precursor N4-AMT and SnCl2 (100 μg).
Radiochemical purity was assessed by high-performance
liquid chromatography (HPLC), equipped with NaI and UV
detector (274 nm), and was performed using a C-18 reverse
column with a mobile phase of acetonitrile : water (7 : 3) at a
flow rate of 0.5 mL/min.
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Figure 2: HPLC analysis of 99mTc-N4-AMT at a flow rate of 0.5 mL/min using a C-18 reverse column under UV absorbance of 274 nm.
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Figure 3: In vitro cellular uptake of 99mTc-N4-AMT. The cellular
uptake kinetics of 99mTc-N4-AMT and 99mTc-N4 was conducted in
the rat breast tumor cell line 13762. Data were expressed in mean ±
S.D. percent of cellular uptake (%Uptake).

2.3. In Vitro Cellular Uptake of 99mTc-N4-AMT. Rat mam-
mary tumor cell line 13762 was obtained from American
Type Culture Collection (Rockville, MD). The same cell line
was used to create the animal model for in vivo evaluation.
Cells were maintained at 37◦C in a humidified atmosphere
containing 5% CO2 in Dulbecco’s modified Eagle’s medium
and nutrient mixture F-12 Ham (DMEM/F12; GIBCO,
Grand Island, NY). Cells were plated to 6-well tissue culture
plates (2 × 105 cells/well) for two days before the study, and
incubated with 99mTc-N4-AMT (0.05 mg/well, 8 uCi/well)
or 99mTc-N4 chelator itself (0.025 mg/well, 8 uCi/well) for
15 min–4 h. After incubation, cells were washed with ice-cold
PBS twice and detached by adding 0.5 mL of trypsin. Cells
were then collected and the radioactivity was measured with
gamma counter (Cobra Quantum; Packard, MN). Data was
expressed in mean ± S.D. percent of cellular uptake.

2.4. In Vivo Tissue Distribution Studies. All animal work was
carried out in the Small Animal Imaging Facility (SAIF)
at University of Texas MD Anderson Cancer Center under
the protocol approved by Institutional Animal Care and Use

Committee (IACUC). Tissue distribution studies of 99mTc-
N4-AMT (study I, n = 9) or 99mTc-N4 (study II, n = 9) were
conducted by using normal female Fischer 344 rats (150 ±
25 g, n = 18) (Harlan Sprague-Dawley, Indianapolis, IN). For
each radiotracer, nine rats were divided into three groups
for three time intervals (0.5, 2, 4 h). The injection activity
was 25 ± 0.5 μCi/rat intravenously. At each time interval,
the rats were sacrificed, and the selected tissues were excised,
weighed, and measured for radioactivity by gamma counter.
Data from each sample were represented as the percentage
of the injected dose per gram of tissue wet weight (%ID/g).
Counts from a diluted sample of the original injection were
used as the reference.

2.5. Planar Scintigraphic Imaging Studies of 99mTc-N4-AMT.
Female Fischer 344 rats were inoculated subcutaneously
with 0.1 mL of 13762 rat mammary tumor cell suspension
(105 cells/rat) into the right posterior legs using 22-gauge
needles. Imaging studies were performed 14 to 17 days after
inoculation when tumors reached approximately 1 cm in
diameter. The anesthetized rats were injected intravenously
with 99mTc-N4-AMT (0.3 mg/rat, 300 μCi/rat; n = 3) or
with 99mTc-N4 (0.15 mg/rat, 300 μCi/rat; n = 3), respectively.
Planar scintigraphic images were obtained using M-CAM
(Siemens Medical Solutions, Hoffman Estates, IL) equipped
with a Low-Energy High-Resolution collimator at 30–
120 min. The field of view was 53.3 cm × 38.7 cm. The
intrinsic spatial resolution was 3.2 mm and the pixel size was
from 19.18 mm (32 × 32, zoom = 1) to 0.187 mm (1024 ×
1024, zoom = 3.2). Computer outlined regions of interest
(ROI) (counts per pixel) of tumors, and normal muscle
tissues at symmetric sites were used to calculate tumor-to-
muscle (T/M) ratios.

3. Results and Discussion

3.1. Chemistry. N4-AMT was synthesized via an eight-
step procedure (Figure 1). Commercially available α-
methyl tyrosine 1 was converted into corresponding acid
chloride, then to ethyl ester by reacting with thionyl
chloride in ethanol. The amine in α-methyl tyrosine
ethyl ester 2 was protected as its Boc-derivative N-
t-butoxycarbonyl-α-methyl tyrosine ethylester 3 with
triethylamine and di-t-butyldicarbonate in DMF. The
chain at the –OH group was extended when compound
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Figure 4: Planar scintigraphic imaging studies of 99mTc-N4-AMT. Scintigraphic images of Fisher 344 tumor bearing rats were acquired, and
computer outlined regions of interest (counts per pixel) in the tumors (T) and the symmetrical muscle tissues (M) were used to determine
T/M count density ratios.

3 was treated with 1, 3-dibromopropane and obtained as
N-t-butoxycarbonyl-O-[3-bromopropyl]-α-methyl tyrosine
ethylester 4. Acylation of 1,4,8,11-tetraazacyclo-tetradecane
(cyclam) with diethyloxalate led to N1,N4-dioxalyl 1,4,8,11-
tetraazacyclotetradecane (N1,N4-cyclamoxamide) 5. Under
SN2 condition 4 and 5 were efficiently converted to alkylated
compound N-t-butoxycarbonyl-O-[3-(N1,N4-dioxalyl-1,4,
8,11-tetraazacyclotetradecane)-propyl]-α-methyl tyrosine
ethylester 6. Exposure of 6 to trifluoroacetic acid in
CH2Cl2 caused qualitative de-t-butoxycarboxylation to yield
O-[3-(N1, N4-dioxalyl 1,4,8,11-tetraazacyclotetradecane)-
propyl]-α-methyl tyrosine ethylester 7. 10 N NaOH in water
at 75◦C promoted the hydrolysis of ester to acid and a
simultaneous deoxalation of 7 to yield the final compound
O-[3-(1,4,8,11-tetraazacyclotetradecan)-propyl]-α-methyl
tyrosine (N4-AMT) 8. The total synthesis yield was 14%,
which can be adapted to industrial manufacturing. The
structure and purity of the compounds at each step were
validated by 1H- and 13C-NMR, mass spectra, and HPLC.

3.2. Radiosynthesis. As shown in Figure 2, precursor N4-
AMT could be labeled with 99mTc successfully in a high
radiochemical purity (>96%). The retention time of 99mTc-
N4-AMT was 6.899 min. Given that 99mTc-N4-AMT is a
kit-product and labeled without any further purification,
the radiochemical yield was assumed to be identical to its
radiochemical purity. In this study, we labeled amino acid
α-methyltyrosine AMT with 99mTc using cyclam N4 as the
chelator because of its stable chelating ability and fast renal
clearance. 99mTc was selected as the radionuclide due to its
favorable physical characteristics, suitable half-life, and cost-
effectiveness.

3.3. In Vitro Cellular Uptake of 99mTc-N4-AMT. The cellular
uptake kinetics of 99mTc-N4-AMT and 99mTc-N4 in rat
breast tumor cell line 13762 is shown in Figure 3. There

was a drastically increased uptake for 99mTc-N4-AMT in the
tumor cells at 15–240 min, but not for 99mTc-N4 chelator.
These findings suggest that by adding the amino acid AMT,
99mTc-N4-AMT can enter and accumulate into tumor cells
effectively and rapidly. To further investigate the transport
mechanisms of 99mTc-N4-AMT, the competitive inhibition
study using various types of transporter inhibitors will be
conducted in the future.

3.4. In Vivo Evaluation of 99mTc-N4-AMT. The result of the
in vivo biodistribution studies in the normal Fischer rats at
0.5, 2, and 4 hours after intravenous administration of 99mTc-
N4-AMT is shown in Table 1. Planar scintigraphic images
of 99mTc-N4-AMT and 99mTc-N4 at 30, 60, and 120 min in
breast tumor-bearing rats are shown in Figure 4. T/M ratios
of 99mTc-N4-AMT were 2.3–4.0, whereas those of 99mTc-N4
were 1.9–2.5, respectively. Tumors could be clearly visualized
by 99mTc-N4-AMT, but not by 99mTc-N4. In addition, the
rat kidneys showed intense activity of 99mTc-N4-AMT in
the planar images, which was consistent with the results
from the in vivo biodistribution studies in the normal rats.
This may be due to the nature of AMT, an inhibitor of
tyrosine hydroxylase that cannot be excreted from kidneys
and hence crystallized in the proximal tubules because of
its poor solubility at the hydrogen ion concentrations of
body fluids (pH 5–8) [15]. In the future, in vivo uptake
blocking study using the unlabeled AMT will be performed
to ascertain whether accumulation of 99mTc-N4-AMT in the
kidney is attributed to AMT module.

4. Conclusion

In conclusion, efficient synthesis of N4-AMT was achieved.
In vitro cellular uptake and in vivo imaging findings collec-
tively suggest that 99mTc-N4-AMT is a potential radiotracer
for breast cancer imaging. In compliance with the chelating
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Table 1: Biodistribution of 99mTc-N4-AMT in Normal Fischer 344 Rats.

30 MIN 120 MIN 240 MIN

blood 0.74 ± 0.024 0.28 ± 0.010 0.18 ± 0.008

heart 0.18 ± 0.013 0.08 ± 0.006 0.05 ± 0.003

lung 0.44 ± 0.029 0.22 ± 0.004 0.13 ± 0.008

thyroid 0.57 ± 0.040 0.31 ± 0.015 0.24 ± 0.012

pancreas 0.18± 0.006 0.09 ± 0.005 0.06 ± 0.002

liver 1.40 ± 0.077 0.83 ± 0.045 0.60 ± 0.023

spleen 0.24± 0.004 0.19 ± 0.002 0.18 ± 0.011

kidney 5.77 ± 0.355 5.32 ± 0.180 4.74 ± 0.332

stomach 0.50± 0.029 0.42 ± 0.031 0.43 ± 0.026

intestine 0.33 ± 0.019 0.18 ± 0.010 0.13 ± 0.006

uterus 0.34 ± 0.014 0.14 ± 0.023 0.08 ± 0.004

muscle 0.09± 0.007 0.03 ± 0.002 0.02 ± 0.001

bone & joint 0.27 ± 0.061 0.11 ± 0.006 0.06 ± 0.003

brain 0.03 ± 0.005 0.01 ± 0.001 0.01 ± 0.000

Each value is the percentage of injected dose per gram weight (n = 3)/time interval. Each datum represents the mean of three measurements with standard
deviation.

capability of N4, N4-AMT could be labeled with positron
emitting radionuclides such as Gallium-68 or with short-
ranged beta emitters for internal radiotherapeutic purposes
hereafter.
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Technetium-99m human serum albumin (99mTc-HSA) is an important radiopharmaceutical required in nuclear medicine studies.
However, the risk of transfusion-transmitted infection remains a major safety concern. Autopreparation of serum component
acquired from patient provides a “personal-exclusive” source for radiolabeling. This paper is to evaluate the practicality of on-
site elusion and subsequent radiolabeling efficacy for serum albumin. Results showed that the autologous elute contained more
albumin fraction than serum without extraction procedure. Good radiochemical purity and stability were demonstrated after
radiolabeling. Biodistribution study showed that labeled albumin accumulated immediately in the lung, liver, and kidney. It was
cleared steadily and excreted in the urine. The biologic half-life was defined, and all samples passed the pyrogenicity and sterility
tests. In conclusion, autoalbumin could be extracted and radiolabeled properly in a nuclear medicine setting. Moreover, the risk
of transfusion-transmitted infection associated with nonautologous, multisource 99mTc-HSA agents can be reduced.

1. Introduction

Technetium-99m-labeled human serum albumin (99mTc-
HSA) is an important radiopharmaceutical commonly used
in nuclear medical services. It is routinely used in lymphosci-
ntigraphic studies, sentinel lymph node mapping, blood
pool imaging, and protein-losing gastroenteropathy [1–7].
However, preparing and maintaining stocks of 99mTc-HSA
remain a challenge due to a shortage in the supply of com-
mercially available kits and a lack of awareness regarding
unknown transfusion-induced infectious diseases.

HSA is the major protein component of human plasma
and is crucial for maintaining plasma volume and the
osmotic pressure of circulating blood [8]. Plasma-derived
HSA (pHSA) is used clinically to correct circulating plasma
volume and improve colloid osmotic pressure. Nevertheless,
the pHSA supply is limited as it is manufactured from
a fractionation of pooled, donated human plasma. This

nonautologous, multisource approach introduces significant
risks of allergic reactions and contamination by blood-
derived pathogens, such as human immunodeficiency virus
(HIV), viral hepatitis, and Creutzfeldt-Jakob disease prions
[9, 10]. Since 99mTc-HSA is widely applied to nuclear
medicine techniques, constant and stable sources of albumin
are necessary to sustain these diagnostic procedures.

Serum products created from a single-source or limited
domestic supplies are safer than those obtained from pooled
commercial sources, according to the World Health Organi-
zation (WHO) [11–13]. In our previous study, a protocol
was formulated using a domestic serum product to pre-
pare 99mTc-HSA on site in a nuclear medicine laboratory
[14]. This preparation proved safer than the commercially
supplied pooled serum products, biologically stable, and
clinically effective.

However, the risks of introducing an unknown infec-
tious agent could not be completely eliminated. Therefore,
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a need for a protocol to create a single-source autologous
serum albumin (autoalbumin) still exists. Autologous blood
donation is the safest means by which clinical transfusion
products can be prepared for an individual [15, 16]. In this
article, we describe the development of a 99mTc-HSA prepa-
ration technique using autologous serum elution, the 99mTc-
autoalbumin. In addition to labeling efficiency and stability
studies, we performed in vivo biodistribution and biological
half-life studies and tested sterility and pyrogenicity.

2. Materials and Methods

2.1. Extraction of Albumin from Serum. Fresh serum was
collected following centrifugation (3,500 rpm for 5 minutes)
of single-source blood samples from healthy volunteers.
Affinity chromatographic columns, which is cross-linked
agarose gel with covalently coupled Cibacron Blue [17]
(Aurum Affi-Gel Blue column; Bio-Rad catalog no. 732-
6708, CA, USA), were prepared by washing with low-salt
20 mM Tris buffer solution (pH 8.3) and desiccated in a mic-
rocentrifuge (7,000 rpm for 5 seconds). Serum samples were
prepared by dilution with Tris buffer solution at 1 : 3. Serum
sample (800 μL) was then added to the column, and the
column was gently vortexed for 5 to 10 minutes. The column
was allowed to drain and washed twice with Tris buffer
solution. All flow-through was discarded, and the serum
protein remained bound to the column’s resin beads. Two
elution buffer solutions were used to remove the protein
fraction from the bead.

Preparation 1 (Pre-1). Laemmli sample buffer (Bio-Rad cat-
alog no. 161-0737).

Major content: 62.5 mM Tris-HCl (pH: 6.8), 25% glyc-
erol, 2% SDS, and 0.01% Bromophenol blue.

Preparation 1 (Pre-1). Preparation 2 (Pre-2): ReadyPrep seq-
uential extraction reagent 3 (Bio-Rad catalog no. 163-2104).

Major content: 5 M urea, 2 M thiourea, 2% CHAPS, 2%
SB 3–10, 40 mM Tris, and 0.2% Bio-Lyte 3/10 ampholyte.

Five hundred microliters of elution buffer were added,
and the column was spun for 5 seconds at 7,000 rpm in
a microcentrifuge. The residual elution was collected and
labeled as “serum protein.”

Albumin fraction and amount of the serum protein sam-
ples were obtained by cellulose acetate strip electrophoresis.
Briefly, Tris-barbital-sodium barbital buffer solution (Electra
HR Buffer, Helena laboratories catalog no. 5805, TX, US)
was added to the electrophoresis tank (SPIFE 3000, Helena
Laboratories). Serum sample was applied to the plate (Titan
III Cellulose Acetate, Helena laboratories catalog no. 3023)
and electrophoresed at 180V for 25 minutes. After the
electrophoresis was done, the plates were removed from
the electrophoresis chamber and stained (Ponceau S Stain,
Helena Laboratories catalog no. 5526) for 5 minutes. A
scanning densitometer (QuickScan 2000, Helena Labora-
tories) was employed for the estimation of the results of
electrophoresis.

A serum sample without any extraction procedure (Pre-
3) was also examined as an internal control. The preparation
group with the highest albumin fraction was chosen, and the
radiolabeling procedures described below were performed.

2.2. Preparation of the 99mTc-Labeled Autoalbumin. After
proper serum extraction of the albumin, radiolabeling was
initiated. Sodium pertechnetate (99mTc-pertechnetate) was
eluted from an 99Mo/99mTc generator (Ultra-Techne Kow;
Daiichi Radioisotope Laboratories, LTD., Tokyo, Japan), fol-
lowing manufacturer’s instructions. Stannous solution (Am-
erscan Stannous Agent, Amersham plc, Buckinghamshire,
UK) was prepared fresh by careful addition of 10 mL 0.9%
sodium chloride to the kit’s vial. The final concentration
of the stannous fluoride in the stannous solution was
0.4 mg/mL.

Labeling was carried out by mixing autoalbumin with the
stannous solution and 99mTc-pertechnetate. Two different
preparation protocols of 99mTc-autoalbumin were prepared,
with (Protocol A) and without (Protocol B) stannous solu-
tion. First, 0.5 mL autoalbumin was measured and aliquoted
into a sterile tube (BD Vacutainer; Becton, Dickinson and
Company, NJ, US), then the stannous solution (0.5 mL)
was added to the Protocol A test tubes using volumetric
pipettes. After 99mTc-pertechnetate elution was completed;
total activity was measured by a dose calibrator (CRC-15R;
Capintec, Inc., NJ, US). 1.11 GBq of 99mTc-pertechnetate
was collected and added with 0.9% sodium chloride to bring
the final volume to 0.5 mL, and then it was placed in a
sterile tube. The autoalbumin and stannous mixtures were
then transferred aseptically to the tubes containing 99mTc-
pertechnetate using a syringe to carefully deliver the solution
down the side wall of the tubes. Mixing was performed by
gentle manual shaking to avoid bubble formation.

2.3. Radiochemical Purity and Stability. Radiochemical pu-
rity and stability were determined by instant thin-layer
chromatography (ITLC). Initially, ITLC silica gel plate was
cut into 0.8 × 10 cm2 strips. Using a Hamilton syringe,
one drop of the specimen was placed at 1.5 cm above the
bottom of the strip. The strip was developed by acetone, and
the radioactivity distribution over the strip was determined
with a radio-TLC imaging scanner (AR-2000; Bioscan, Inc.,
Washington, DC, US). Radiochemical purity was calculated
as the fraction of radioactivity that remained at the origin
and was designated as %RCP. After preparation, the stability
of the mixture was acquired from sequential repeats (n = 6)
of the %RCP procedure at 10 min, 30 min, 1 hour, 2 hours, 4
hours, 6 hours, and 24 hours, respectively.

2.4. Biodistribution. A gamma camera (DST-XLi, General
Electric Medical Systems, Buc, France) was used to view rats
(Wistar strain, male, weighing from 200 to 250 gm) that
had been injected, via the tail vein, with 74 MBq of 99mTc-
autoalbumin. The rats were anesthetized with an intraperi-
toneal injection of pentobarbital (0.006 mg/100 gm). The
gamma camera was fitted with a low-energy, high-resolution
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Table 1: Serum protein components separated by different elution buffers.

Pre-1 Pre-2 Pre-3 Reference [18]

Total protein (gm/dL) 2.00± 0.16 3.12± 0.36 7.26± 0.19 6.0–8.4

Electrophoresis (%)

Albumin 77.50± 2.24 4.36± 1.15 55.14± 4.82 52–68

Globulin α1 2.86± 0.57 2.08± 0.62 2.34± 0.21 4.2–7.2

Globulin α2 6.12± 1.88 87.02± 2.52 8.36± 1.06 6.8–12

Globulin β 7.04± 1.41 3.40± 1.03 13.36± 1.52 9.3–15

Globulin γ 6.48± 3.23 3.14± 1.13 20.80± 3.53 13–23

collimator, and the images were processed by a gamma-
camera working station (POWERstation SPX, IBM RS6000,
Vision 5.2.0, General Electric Medical Systems). Each rat was
studied by taking 750 frames of 0.4 seconds, followed by 1
frame of 60 seconds (total study time, ∼6 minutes).

In addition to the imaging studies, an examination of
biodistribution changes over time was performed. Rats were
injected via tail vein. The animals (n = 5, each group)
were sacrificed by direct decapitation at 5, 10, 30, 60, 120,
and 240 min after administration of 99mTc-autoalbumin,
followed by dissection. Organs and tissues were separated,
and the radioactivity was determined using a gamma
counter (COBRAII, Packard, Netherlands). Organ activity
was expressed as a mean of percentage of injected dose per
grams (%ID/gm) of tissue.

2.5. Blood Clearance. Blood clearance studies were per-
formed to understand the in vivo behavior of the injected
99mTc-autoalbumin. Rats (n = 5) without previous admin-
istration of any radiopharmaceutical were acquired. The
radiolabeled preparations were diluted with 0.9% sodium
chloride to a final concentration of 74 MBq/mL, and 0.2 mL
of this preparation was injected into the proximal portion of
the tail vein. At fixed time intervals (5, 10, 15, 30, 60, and
120 min), 0.2 mL blood samples were withdrawn from the
distal end of the tail vein. All of the samples were counted
in a gamma well counter and were compared with a value
obtained for a standard radiopharmaceutical. The blood
clearance rates were calculated by means of the logarithmic
equation as follows:

%Radioactivity, blood = q × [ln(Time)] + b. (1)

Time: minutes after injection, q: slope, b: intercept.

2.6. Pyrogenicity and Sterility Testing. Pyrogenicity was de-
termined using a bacterial endotoxin test called the limulus
amebocyte lysate (LAL) test. The sensitivity of the LAL
reagent is 0.25 endotoxin units (EU)/mL. According to the
requirement, as specified in USP32/NF27 [19], the limit
with regard to endotoxin content of the 99mTc-autoalbumin
preparation is 175/V USP EU/mL of the injection, where V is
the maximum recommended dose in milliliters.

The sterility of the 99mTc-autoalbumin preparation was
tested, as stated in USP32/NF27 [20]. One milliliter of our
preparation was added to a test tube containing 15 mL
of SCD and TGC medium. The tubes were observed for

turbidity, and results were recorded every day for 14 days. A
negative result was indicated by a clear culture medium (no
turbidity noted) over the 14 days of observation.

2.7. Ethics. This study was approved by the Institutional
Review Board of the Buddhist Dalin Tzu Chi General
Hospital. All the animal experiments were performed in
accordance with the Animal Protection Act of the Council of
Agriculture, and were approved by the Institutional Animal
Care and Use Committee of Dalin Tzu Chi General Hospital.

3. Results

3.1. Autoalbumin Fraction of the Elution. Five serum samples
were prepared according to the protocol described above and
were arranged into three groups: preparation 1 (Laemmli
sample buffer; Pre-1), preparation 2 (ReadyPrep sequential
extraction reagent 3; Pre-2), and preparation 3 (serum
without any extraction; Pre-3). The Pre-3 served as an
internal control for the electrophoresis analysis, and our data
showed evenly distributed protein elements (Table 1) upon
comparison to the reference range [18], with the exception
of a slightly lower fraction than the globulin α1. Both Pre-1
and Pre-2 exhibited diminished total protein concentrations
(2.00 gm/dL and 3.12 gm/dL, resp.) as compared to Pre-3
(7.62 gm/dL), which was caused by inevitable loss from the
extraction procedure. Pre-1 yielded a higher extraction ratio
of the albumin fraction from the serum protein (77.5%) as
compared with Pre-2 (4.36%) and Pre-3 (55.14%) while the
Pre-2 showed a high fraction in the globulin α2 (87.02%)
then Pre-1 (6.12%) and Pre-3 (8.36%) (Table 1). This result
indicated that Pre-1, the extraction serum with Laemmli
sample buffer, effectively isolated a higher proportion of
autoalbumin. All of the radiolabeling studies were performed
with high-purity autoalbumin from Pre-1.

3.2. Radiochemical Purity and Stability. Protocol A con-
tained 0.5 mL autoalbumin, 0.5 mL stannous solution, and
1.11 GBq of 99mTc-pertechnetate. Protocol B contained
0.5 mL autoalbumin with 1.11 GBq of 99mTc-pertechnetate.
Figure 1 demonstrates that the radiochemical purity ob-
tained with Protocol A was 95.82% at 10 min and maintained
the 94.42% out to 6 hours after preparation. Twenty-four
hours after radiolabeling, the average RCP still reached
72.77% (n = 6). Protocol B, however, resulted in substan-
tially poorer labeling efficiency and was deemed unsuitable
for clinical application.
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Figure 1: (a) Examples of the radiochemical purity studies from Protocol A and Protocol B. Both showed the RCP result of 30 min after
radiolabeling. Radiochromatograms were acquired with a radio-TLC scanner. (b) Radiochemical purity and stability tests of the preparation
protocols, determined by ITLC and presented as %RCP with mean ± SD (n = 6).

Table 2: In vivo biodistribution of the 99mTc-autoalbumin, expressed as percentage of administered dose per gram of organ (%ID/gm)
(mean values ± s.e.m.).

Time (min) Brain Lung Liver Stomach Spleen Kidney Muscle Bone

5 0.14± 0.09 0.93± 0.60 1.46± 0.63 0.43± 0.23 0.48± 0.20 2.91± 0.72 0.19± 0.10 0.08± 0.02

10 0.23± 0.13 1.03± 0.64 1.27± 0.25 0.57± 0.12 0.73± 0.21 2.44± 1.10 0.64± 0.13 0.23± 0.10

30 0.02± 0.01 0.09± 0.02 0.94± 0.52 0.22± 0.08 0.30± 0.12 3.37± 0.95 0.06± 0.01 0.05± 0.01

60 0.01± 0.01 0.04± 0.01 0.76± 0.11 0.07± 0.01 0.13± 0.07 3.29± 0.86 0.12± 0.03 0.07± 0.01

120 0.02± 0.02 0.09± 0.03 0.70± 0.24 0.15± 0.08 0.30± 0.09 4.48± 0.39 0.03± 0.01 0.07± 0.02

240 0.01± 0.01 0.05± 0.02 0.52± 0.13 0.11± 0.03 0.52± 0.17 4.12± 0.69 0.04± 0.03 0.05± 0.02

3.3. Biodistribution. When the 99mTc-autoalbumin, prepared
as Protocol A, was injected intravenously into a rat, the
main vessels, heart, lung, liver, and kidneys were immediately
visualized (Figures 2(a) and 2(b)). Results from the animal
biodistribution studies were expressed as percentages of
injected doses per gram and presented in Table 2. Five

minutes after initiation of the study, a percentage of the
injected dose of radiolabeled autoalbumin was detected in
the lung (0.93%), liver (1.46%), and kidneys (2.91%). The
distributions to the lung (1.04%) and liver (1.27%) were
highest at 10 minutes after intravenous injection of the
radiotracer. These levels were reduced in lung and liver, but
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Figure 2: Image studies for the biodistribution of the 99mTc-autoalbumin. (a) Dynamic images, rats were studied by taking 750 frames of
0.4 seconds interval; (b) static image taken at 5 min after injection with an acquisition time of 60 seconds.
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Figure 3: Blood clearance of the 99mTc-autoalbumin in study
animals (n = 5).

in the kidneys gradually increased to 4.48% over the first 2
hours. The radiodistribution of the stomach and other inter-
nal organs, such as spleen, showed no apparent difference
(stomach: 0.57% to 0.11%; spleen: 0.73% to 0.13%).

3.4. Blood Clearance. The serum elimination of this radio-
labeled autoalbumin has been shown in Figure 3. A decline
in percentage of injected dose in blood was observed over
time. The formula used to calculate the blood clearance is
“%Radioactivity = 0.55−0.1×[ln(Time)]” (r2 > 0.95), and
the biological half-life calculated was 32.29 minutes.

3.5. Pyrogenicity and Sterility Testing. After 6 hours, remain-
ing 99mTc-autoalbumin was used to perform pyrogen and
sterility tests (n = 5). In the pyrogenicity tests, those
samples diluted 50-fold and 83-fold (the maximum valid
dilution value) yielded negative results. In addition, after
being incubated for 14 days, our culture medium remained
clear in appearance. All samples were found to be sterile and
pyrogen-free.

4. Discussion

The term autologous transfusion describes any procedure by
which donated blood (or serum component) is transfused
(or reinfused) into the donor/patient [21]. The primary
purpose of autologous transfusion is to prevent exposure to
blood-borne infectious agents. This has become increasingly
critical as awareness of the risks of allergenic blood products
has grown in the decades following the AIDS epidemic that
plagued the late 1980s and early 1990s.

The first step of this study was designed to establish
an autoalbumin extraction procedure from single-source,
autologous serum. Specifically, the serum sample was placed
in a resin bead column to capture the protein component.
Upon release from the column, total protein and separated
component fractions were examined by electrophoresis. An
internal control sample provided the reference range of
serum protein distribution, with the exception of a relatively
lower fraction of the globulin α1. Elution by Laemmli sample
buffer yielded a high albumin elution fraction (77.5%) while
elution by ReadyPrep sequential extraction reagent 3 yielded
a higher fraction in the globulin α2. Serum samples subject
to resin bead column isolation and elution by Laemmli
sample buffer were determined to be suitable for use with
the subsequent radiolabeling procedure.

Radiolabeling was performed by carefully mixing 99mTc-
pertechnetate and autoalbumin. Stannous is essential for
good radiolabeling efficiency. Our data showed that the ra-
diochemical purity and stability were sufficient, because 6
hours after radiolabeling, the %RCP still reached more than
94%. When the radiolabeled autoalbumin was injected intra-
venously into a rat, the lung, liver, and kidneys were promptly
visualized. The distribution to the lung and liver was highest
within the initial 10 minutes and then vanished gradually.
In the kidney, the accumulation of radioactivity became
progressively prominent, suggesting the major excretory
pathway of radiolabeled autoalbumin may be the genitouri-
nary tract. The radioactivity to the gastric mucosa showed no
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significant difference as other internal organs, for example,
spleen, could be an in vivo demonstration of stable labeling
of Technetium-99m and autoalbumin in study animals.

A previous literature report of the biodistribution in
rat with 99mTc-HSA demonstrates a rapid accumulation of
tracer to the liver immediately after injection while the time-
activity cure showed slightly decreased radio-uptake with
time [22]. Excretion of tracer through the kidneys could be
also identified right after injection of tracer. Another study
described the biodistribution of the recombinant human
serum albumin (rHSA) also showed major initial distribu-
tion to the liver [23]. However, progressive decrement of
liver uptake and increment of renal activity were also ob-
served. In this study, time series sacrifices and dissection of
organs/tissues were performed. Our results were consistent
with these reports for the biodistribution study.

Autologous blood and blood components are widely
believed to be the safest blood products available for clinical
application; however, certain complications are still possible
and should be kept under a strict watch. Contamination
by bacteria or other pyrogens during the preparation steps
remain a risk. Our autoalbumin preparation procedure was
determined to be free from pyrogenicity and passed sterility
tests; however, operator errors or negligence may still occur.
Prevention of contamination is of ultimate importance in
clinical practice of nuclear medicine. Another operator error
that may occur is mislabeling of serum tubes. This mistake
yields the identical risks associated with nonautologous
transfusion and can lead to serum product administration
to an incompatible patient.

Autologous preparations of blood component techniques
are generally intended to replace as much of the allogenic ori-
gin as possible by reinfusion of autologous blood products.
Our study demonstrates that the separation of autoalbumin
takes no longer than 2 hours and radiolabeling may be
carried out immediately after separation. This implies that
the collection and reprocessing of radiolabeled autoalbumin
and the subsequent nuclear medical procedure could be
performed as a daily practice. Even though 99mTc-albumin
labeling has demonstrated some clinical advantages, it is still
a significantly hazardous procedure. Therefore, it may not be
worth the risk if a kit formulation is available to be used.

The most recent development of nonserum sources of
human albumin has been the rHSA [23–26]. Both rHSA
and pHSA have been shown to be identical in structure and
physiochemical and immunochemical properties [27, 28]. In
the future, rHSA promises to be an ideal source for a “clean”
HSA.

5. Conclusions

Radiolabeled human serum albumin is an important nuclear
medicine radiopharmaceutical. However, the safety of pool-
ed serum products remains a concern. Our study demo-
nstrates that autoalbumin can be efficiently extracted within
a nuclear medicine laboratory and immediately radiolabeled.
This radiolabeled autoalbumin exhibited sufficient radio-
chemical purity and stability. The most important advantage

to this technique is that the risk of infection could be sig-
nificantly eliminated by this preparation of autoalbumin.

References

[1] C. Vanhove, N. Walgraeve, F. De Geeter, and P. R. Franken,
“Gated myocardial perfusion tomography versus gated blood
pool tomography for the calculation of left ventricular
volumes and ejection fraction,” European Journal of Nuclear
Medicine and Molecular Imaging, vol. 29, no. 6, pp. 735–741,
2002.

[2] S. Ferraro, P. Perrone-Filardi, A. Desiderio et al., “Left ven-
tricular systolic and diastolic function in severe obesity: A
radionuclide study,” Cardiology, vol. 87, no. 4, pp. 347–353,
1996.

[3] N. T. Chiu, B. F. Lee, S. J. Hwang, J. M. Chang, G. C. Liu,
and H. S. Yu, “Protein-losing enteropathy: diagnosis with
(99m)Tc-labeled human serum albumin scintigraphy,” Radi-
ology, vol. 219, no. 1, pp. 86–90, 2001.

[4] I. Bedrosian, A. M. Scheff, R. Mick et al., “99mTc-human
serum albumin: an effective radiotracer for identifying sen-
tinel lymph nodes in melanoma,” Journal of Nuclear Medicine,
vol. 40, no. 7, pp. 1143–1148, 1999.

[5] Y. C. Chen, S. J. Hwang, J. S. Chiu, M. H. Chuang, M. I.
Chung, and Y. F. Wang, “Chronic edema from protein-losing
enteropathy: scintigraphic diagnosis,” Kidney International,
vol. 75, no. 10, p. 1124, 2009.

[6] R. Kim, A. Osaki, J. Kojima, and T. Toge, “Significance of
lymphoscintigraphic mapping with Tc-99m human serum
albumin and tin colloid in sentinel lymph node biopsy in
breast cancer,” International journal of oncology, vol. 19, no. 5,
pp. 991–996, 2001.

[7] M. Momose, S. Kawakami, T. Koizumi et al., “Lymphoscintig-
raphy using technetium-99m HSA-DTPA with SPECT/CT in
chylothorax after childbirth,” Radiation Medicine, vol. 26, no.
8, pp. 508–511, 2008.

[8] B. R. Don and G. Kaysen, “Serum albumin: relationship to
inflammation and nutrition,” Seminars in Dialysis, vol. 17, no.
6, pp. 432–437, 2004.

[9] L. T. Goodnough, “Risks of blood transfusion,” Critical Care
Medicine, vol. 31, no. 12, pp. S678–S686, 2003.

[10] C. Madjdpour, V. Heindl, and D. R. Spahn, “Risks, benefits,
alternatives and indications of allogenic blood transfusions,”
Minerva Anestesiologica, vol. 72, no. 5, pp. 283–298, 2006.

[11] W. R. Mayr, “The reality of self-sufficiency,” Transfusion Clin-
ique et Biologique, vol. 12, no. 5, pp. 362–364, 2005.

[12] The President’s Emergency Plan for AIDS Relief, “Report on
blood safety and HIV/AIDS,” June 2006, http://www.pepfar
.gov/progress/76858.htm.

[13] Centers for Disease Control and Prevention (CDC), “Progress
toward strengthening blood transfusion services—14 coun-
tries, 2003-2007,” Morbidity and Mortality Weekly Report, vol.
57, no. 47, pp. 1273–1277, 2008.

[14] Y. F. Wang, M. H. Chuang, J. S. Chiu, T. M. Cham, and M.
I. Chung, “On-site preparation of technetium-99m labeled
human serum albumin for clinical application,” Tohoku
Journal of Experimental Medicine, vol. 211, no. 4, pp. 379–385,
2007.

[15] L. T. Goodnough, M. E. Brecher, M. H. Kanter, and J. P.
Aubuchon, “Transfusion medicine: II. Blood conservation,”
New England Journal of Medicine, vol. 340, no. 7, pp. 525–533,
1999.



Journal of Biomedicine and Biotechnology 7

[16] R. Karger and V. Kretschmer, “Modern concepts of autologous
haemotherapy,” Transfusion and Apheresis Science, vol. 32, no.
2, pp. 185–196, 2005.

[17] E. Gianazza and P. Arnaud, “Chromatography of plasma pro-
teins on immobilized Cibacron Blue F3-GA. Mechanism of the
molecular interaction,” Biochemical Journal, vol. 203, no. 3, pp.
637–641, 1982.

[18] “Case records of the Massachusetts General Hospital. Weekly
clinicopathological exercises. Normal reference values,” The
New England Journal of Medicine, vol. 314, no. 1, pp. 39–19,
1986.

[19] U.S. Pharmacopeia, “Bacterial endotoxin test,” in USP32/
NF27: United States Pharmacopeia and National Formulary,
pp. 93–96, The United States Pharmacopeial Convention Inc.,
2009.

[20] U.S. Pharmacopeia, “Sterility test,” in USP32/NF27: United
States Pharmacopeia and National Formulary, pp. 80–86, The
United States Pharmacopeial Convention Inc., 2009.

[21] P. T. Toy, R. G. Strauss, and L. C. Stehling, “Predeposited
autologous blood for elective surgery. A national multicenter
study,” New England Journal of Medicine, vol. 316, no. 9, pp.
517–520, 1987.

[22] K. Kristensen, “Biodistribution in rats of 99mTc-labelled
human serum albumin,” Nuclear Medicine Communications,
vol. 7, no. 8, pp. 617–624, 1986.

[23] A. C. Perkins and M. Frier, “Experimental biodistribu-
tion studies of 99mTc-recombinant human serum albumin
(rHSA): a new generation of radiopharmaceutical,” European
Journal of Nuclear Medicine, vol. 21, no. 11, pp. 1231–1233,
1994.

[24] S. Matsushita, Y. Isima, V. T. Chuang et al., “Functional
analysis of recombinant human serum albumin domains for
pharmaceutical applications,” Pharmaceutical Research, vol.
21, no. 10, pp. 1924–1932, 2004.

[25] K. Kobayashi, “Summary of recombinant human serum
albumin development,” Biologicals, vol. 34, no. 1, pp. 55–59,
2006.

[26] K. Langer, M. G. Anhorn, I. Steinhauser et al., “Human serum
albumin (HSA) nanoparticles: reproducibility of preparation
process and kinetics of enzymatic degradation,” International
Journal of Pharmaceutics, vol. 347, no. 1-2, pp. 109–117, 2008.

[27] A. Kasahara, K. Kita, E. Tomita, J. Toyota, Y. Imai, and H.
Kumada, “Repeated administration of recombinant human
serum albumin caused no serious allergic reactions in patients
with liver cirrhosis: a multicenter clinical study,” Journal of
Gastroenterology, vol. 43, no. 6, pp. 464–472, 2008.

[28] W. Ohtani, Y. Nawa, K. Takeshima, H. Kamuro, K. Kobayashi,
and T. Ohmura, “Physicochemical and immunochemical
properties of recombinant human serum albumin from Pichia
pastoris,” Analytical Biochemistry, vol. 256, no. 1, pp. 56–62,
1998.



Hindawi Publishing Corporation
Journal of Biomedicine and Biotechnology
Volume 2011, Article ID 101497, 8 pages
doi:10.1155/2011/101497

Research Article

Molecular Imaging, Pharmacokinetics, and Dosimetry of
111In-AMBA in Human Prostate Tumor-Bearing Mice

Chung-Li Ho,1 I-Hsiang Liu,1 Yu-Hsien Wu,1 Liang-Cheng Chen,1

Chun-Lin Chen,1 Wan-Chi Lee,1 Cheng-Hui Chuang,1 Te-Wei Lee,1

Wuu-Jyh Lin,1, 2 Lie-Hang Shen,1 and Chih-Hsien Chang1, 2

1 Isotope Application Division, Institute of Nuclear Energy Research, Taoyuan 32546, Taiwan
2 Department of Biomedical Imaging and Radiological Sciences, National Yang-Ming University, Taipei 11221, Taiwan

Correspondence should be addressed to Chih-Hsien Chang, chchang@iner.gov.tw

Received 7 December 2010; Accepted 7 March 2011

Academic Editor: Hong Zhang

Copyright © 2011 Chung-Li Ho et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Molecular imaging with promise of personalized medicine can provide patient-specific information noninvasively, thus enabling
treatment to be tailored to the specific biological attributes of both the disease and the patient. This study was to investigate the
characterization of DO3A-CH2CO-G-4-aminobenzoyl-Q-W-A-V-G-H-L-M-NH2 (AMBA) in vitro, MicroSPECT/CT imaging,
and biological activities of 111In-AMBA in PC-3 prostate tumor-bearing SCID mice. The uptake of 111In-AMBA reached highest
with 3.87 ± 0.65% ID/g at 8 h. MicroSPECT/CT imaging studies suggested that the uptake of 111In-AMBA was clearly visualized
between 8 and 48 h postinjection. The distribution half-life (t1/2α) and the elimination half-life (t1/2β) of 111In-AMBA in mice were
1.53 h and 30.7 h, respectively. The Cmax and AUC of 111In-AMBA were 7.57% ID/g and 66.39 h∗% ID/g, respectively. The effective
dose appeared to be 0.11 mSv/MBq−1. We demonstrated a good uptake of 111In-AMBA in the GRPR-overexpressed PC-3 tumor-
bearing SCID mice. 111In-AMBA is a safe, potential molecular image-guided diagnostic agent for human GRPR-positive tumors,
ranging from simple and straightforward biodistribution studies to improve the efficacy of combined modality anticancer therapy.

1. Introduction

Prostate cancer is estimated to rank first in number of
cancer cases and second in number of deaths due to
cancer among men in the Western world [1]. Gastrin-
releasing peptides (GRPs), including Bombesin-like peptides
(BLPs), are involved in the regulation of a large number
of biological processes in the gut and central nervous
system (CNS) [2]. They mediate their action on cells by
binding to members of a superfamily of G protein-coupled
receptors [3]. There are four known subtypes of BN-related
peptide receptors, namely, gastrin-releasing peptide receptor
(GRPR, BB2, BRS-2), neuromedin B receptor (NMBR, BB1,
BRS-1), orphan receptor (BRS-3), and amphibian receptor
(BB4-R) [4]. Except the BB4-R, all the receptors were
widely distributed, especially in the gastrointestinal (GI)
tract and central nervous system (CNS). The receptors
have a large range of effects in both normal physiology
and pathophysiological conditions [5]. GRPRs are normally

expressed in nonneuroendocrine tissues of the pancreas,
breast, and neuroendocrine cells of the brain, GI tract, lung,
and prostate, but are not normally expressed by epithelial
cells in the colon, lung, or prostate [6, 7].

Molecular imaging enables the visualization of the
cellular function and the followup of the molecular process
in living organisms without perturbing them [8]. The
radionuclide molecular imaging technique is the most
sensitive and can provide target-specific information. The
radiotracer could also be used for radionuclide therapy.
Thus, the development of a personalized theranostic (image
and treat) agent would allow greater accuracy in selection
of patients who may respond to treatment, and assessing
the outcome of therapeutic response [9]. Gastrin-releasing
peptide receptors (GRPRs) are overexpressed in several
primary human tumors and metastases [5]. Markwalder and
Reubi reported that GRPRs are expressed in invasive prostate
carcinomas and in prostatic intraepithelial neoplasms at high
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density, whereas normal prostate tissue and hyperplastic
prostate tissue were predominantly GRPR negative [10].
These findings suggest that GRPR may be used as a molecular
basis for diagnosing and staging prostate cancer, further for
imaging-guided personalized medicine using radiolabeled
bombesin analogues.

Previous studies have evaluated the 111In-radiolabeled
BN analogues which bind rapidly into GRP receptor-
positive tumor cells, including PC-3, CA20948, and
AR42J using gamma camera imaging after administra-
tion [11–14]. AMBA (DO3A-CH2CO-G-(4-aminobenzoyl)-
QWAVGHLM-NH2) (Figure 1), a BBN-related peptide ago-
nist, has a DO3A structure that can chelate tripositive
lanthanide isotopes, such as 68Ga, 90Y, 111In, and 177Lu.
Thus, it can formulate many kinds of radiolabelled probes
for various purposes [15]. Indium 111 emits γ-photons
of two energies (172 and 245 keV) as well as Auger and
internal conversion electrons. 111In-AMBA was initially
used for diagnostic purposes but remains the potential for
radiotherapy. Auger electron, with a maximum energy of
<30 keV, is a high linear energy transfer (LET) radiation
with subcellular pathlength (2–500 nm) in tissues [16]. For
imaging the presence or absence of GRPR, the 111In-AMBA
could be used for patient selection for further radiotherapy
(177Lu-AMBA), chemotherapy (BLP antagonists), or thera-
peutic response monitoring as imaging-guided personalized
medicine. Although 111In-AMBA has been evaluated as an
imaging agent [17–20], the pharmacokinetics and dosimetry
of the agent have not been reported yet. In this study, 111In-
AMBA was designed as an image-guided diagnostic agent
for human GRPR-positive tumors, which only retain the last
eight amino acids (Q-W-A-V-G-H-L-M-NH2) from native
BN. The pharmacokinetics, biodistribution, dosimetry, and
micro-SPECT/CT imaging of 111In-AMBA were evaluated in
human androgen-independent PC-3 prostate tumor-bearing
SCID mice.

2. Materials and Methods

2.1. Chemicals. Protected Nα-Fmoc-amino acid derivatives
were purchased from Calbiochem-Novabiochem (Laufel-
fingen, Switzerland), Fmoc-amide resin and coupling reagent
were purchased from Applied Biosystems Inc. (Foster City,
CA, USA), and DOTA-tetra (tBu) ester was purchased
from Macrocyclics (Dallas, TX, USA). Fmoc-4-abz-OH
was obtained from Bachem (Chauptstrasse, Switzerland).
Bombesin was purchased from Fluka (Buchs, Switzerland).

2.2. Synthesis of AMBA. AMBA was synthesized by
solid phase peptide synthesis (SPPS) using an Applied
Biosystems Model 433A full automated peptide synthesizer
(Applied Biosystems, Foster City, CA, USA) employing the
Fmoc (9-fluorenylmethoxy-carbonyl) strategy. Carboxyl
groups on Fmoc-protected amino acids were activated
by (2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium
hexafluorophosphate (HBTU), forming a peptide bond
with the N-terminal amino group on the growing peptide,
anchored via the C-terminus to the resin, provided

for stepwise amino acid addition. Rink Amide resin
(0.25 mmole) and Fmoc-protected amino acids (1.0 mmoL),
with appropriate side-chain protections, and DOTA-tetra
(tBu ester) were used for SPPS of the BBN conjugates. Side
chain protecting groups in the synthesis were Trt for Gln and
His, and Boc for Trp.

The protected peptide-resin was cleaved and deprotected
with mixture of 50% trifluoroacetic acid (TFA): 45%
chloroform, 3.75% anisole, and 1.25% 1, 2-ethanedithiol
(EDT) for 4 h at room temperature (RT). The crude peptide
was isolated by precipitating with cool diethyl ether. After
centrifugation, the collected precipitate was dried under
vacuum. The crude peptide sample was purified by reverse
phase high-performance liquid chromatography (HPLC)
using a column of XTerra prep, MSC18, 5 μm, 18 × 50 mm
(Waters Corp., MA, USA) with an acetonitrile/water gradient
consisting of solvent A (0.1% TFA in H2O) and solvent
B (0.1% TFA in acetonitrile), with a 14.8% yield; flow:
6 mL/min; gradient: 20%–40% B for 20 min. The molecular
weight was determined with a MALDI-TOF Mass Spectrom-
eter (Bruker Daltonics Inc, Germany). M/z determined for
the peptide was AMBA, 1,502.6 [M+H].

2.3. Radiolabeling of 111In-AMBA. AMBA was radiolabeled
with 111In as previously described by Zhang et al. [21].
Briefly, AMBA was labeled with 111In (111InCl3, Institute
of Nuclear Energy Research (INER), Taoyuan (Taiwan),
16430 MBq/mL in 0.05 N HCl, pH 1.5–1.9) by reaction of
6.66 × 10−4 μmole (1 μg) peptide in 95 μL 0.1 M NH4OAc
(pH 5.5) with 64.75 MBq 111InCl3 in 5 μL 0.04 N HCl for
10 min at 95◦C. The specific activity of 111In-AMBA was
9.72 × 104 MBq/μmole. The radiolabeling efficiency was
analyzed using instant thin-layer chromatography (ITLC SG,
Pall Corporation, New York. USA) with 0.1 M Na-citrate
(pH 5.0) as solvent (indium citrate and 111InCl3: Rf = 0.9∼
1.0, peptide-bound 111In: Rf = 0∼0.1) [22]. Radio high-
performance liquid chromatography (Radio-HPLC) analysis
was performed using a Waters 2690 chromatography system
with a 2996 photodiode array detector (PDA), a Bioscan
radiodetector (Washington, DC, USA), and an FC 203B
fraction collector by Gilson (Middleton, WI, USA). 111In-
AMBA was purified by an Agilent (Santa Clara, CA, USA)
Zorbax bonus-RP HPLC column (4.6 × 250 mm, 5 μm)
eluted with a gradient mixture from 10% B to 40% B in
40 min. Flow rate was 1 mL/min at RT, and the retention time
for 111In-AMBA was 22.5 min. After purification by HPLC,
100% ethanol was used instead of acetonitrile by solvent
exchange with Waters Sep-Pak Light C18 cartridge (Milford,
MA, USA). Normal saline was added after evaporation, and
pH value was at the range 7∼7.5.

2.4. Receptor Cold Competition Assay. Cold competition
binding assay was studied using human bombesin 2 receptor
expressed in HEK-293 cells as the source of GRP receptors
(PerkinElmer, Boston, MA, USA). Assays were performed
using FC96 plates and the Multiscreen system (Millipore,
Bedford, MA). Binding of 125I-Tyr4-Bombesin (PerkinElmer,
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Figure 1: Representative structure of AMBA.

Boston, MA, USA) to human bombesin 2 receptor (0.16 μg
per well) was determined in the presence of increasing
concentrations (0.001 nmole/L to 1000 nmole/L) of unla-
beled AMBA in a buffer solution (20 mmol/L HEPES, pH
7.4, 3 mmol/L MgCl2, 1 mmol/L EDTA, and 0.3% BSA)
with a total volume of 250 μL per well. After incubation
for 60 min at RT, membranes were filtered and washed with
ice-cold Tris-HCl buffer (50 mmol/L). The filters containing
membrane-bound radioactivity were counted using a Cobra
II gamma-counter (Packard, Meriden, CT). The inhibitory
concentration of 50% (IC50) was calculated using a four-
parameter curve-fitting routine using the KELL software for
Windows version 6 (Biosoft, Ferguson, MO, USA) [13].

2.5. Cell Culture and Animal Model. Human androgen-
independent prostate cancer PC-3 cells (Bioresource Collec-
tion and Research Center, Taiwan) were cultured in Ham’s F-
12K medium supplemented with 10% heat-inactivated fetal
bovine serum (all from GIBCO, Grand Island, NY, USA) con-
taining 5% CO2 at 37◦C. For animal inoculation, an aliquot
was thawed, grown and used within 10 passages. Five-week-
old male ICR SCID (severely compromised immunodefi-
cient) outbred mice were obtained from the National Animal
Center of Taiwan (Taipei, Taiwan, ROC) and maintained on
a standard diet (Lab diet; PMI Feeds, St. Louis, MO, USA)
at RT, with free access to tap water in the animal house
of INER). Thirty-three SCID mice were subcutaneously
injected with 2 × 106 PC-3 cells in the right hind flank.
The animal experiments were approved by the Institutional
Animal Care and Use Committee (IACUC) of the INER.

2.6. Biodistribution Studies. At 4 weeks after PC-3 cell
inoculation, the weight of the developed tumors ranged from
0.05 to 0.2 g. Twenty-five PC-3 xenograft SCID mice (n =
5 for each group) were injected with 0.37 MBq (0.1 μg) of
the 111In-AMBA in 100-μL normal saline via the tail vein.
The mice were sacrificed by CO2 asphyxiation with tissues
and organs excised at 1, 4, 8, 24, and 48 h postinjection
(p.i.). Subsequently, the tissues and organs were weighed,
radioactivity was counted in a Packard Cobra II gamma-
counter by Perkin-Elmer (Waltham, MA, USA), and the
percentage of injected dose per gram (% ID/g) for each organ
or tissue was calculated [23].

2.7. Pharmacokinetic Studies. Six PC-3 xenograft SCID mice
were injected with 0.37 MBq (0.1 μg) of the 111In-AMBA in
100-μL normal saline via the tail vein. At 0.25, 1, 4, 16,
24, 48, 72, 96, and 168 h p.i., 20 μL of blood was collected
from the heart puncture, then the blood was weighed,
radioactivity was counted in the Cobra II gamma-counter,
and the percentage of injected dose per gram (% ID/g) was
calculated. The data were fitted to a two-compartment model
and the pharmacokinetic parameters were derived by the
WinNonlin 5.0 software (Pharsight Corporation, Mountain
View, CA, USA).

2.8. Micro-SPECT/CT Imaging. Two male SCID mice bear-
ing human PC-3 tumors of approximately 0.1 g were i.v.
injected with 12.2 MBq/4μg 111In-AMBA after purification
by radio-HPLC. The SPECT and CT images were acquired
by a micro-SPECT/CT scanner system (XSPECT; Gamma
Medica-ideas Inc., Northridge, CA, USA). SPECT imaging
was performed using medium-energy, parallel-hole colli-
mators at 1, 4, 8, 24, and 48 h. The source and detector
were mounted on a circular gantry allowing them to rotate
360 degrees around the subject (mouse) positioned on a
stationary bed. The field of view (FOV) was 12.5 cm. The
imaging acquisition was accomplished using 64 projections
at 90 seconds per projection. The energy windows were set
at 173 keV ± 10% and 247 keV ± 10%. SPECT imaging was
followed by CT imaging (X-ray source: 50 kV, 0.4 mA; 256
projections) with the animal in exactly the same position. A
three-dimensional (3D) Feldkamp cone beam algorithm was
used for CT image reconstruction, and a two-dimensional
(2D) filtered back projection algorithm was used for
SPECT image reconstruction. All image processing soft-
wares, including SPECT/CT coregistration, were provided
by Gamma Medica-Ideas Inc (Northridge, CA, USA). After
coregistration, both the fused SPECT and CT images had 256
× 256 × 256 voxels with an isotropic 0.3-mm voxel size.

2.9. Absorbed Radiation Dose Calculations. The relative
organ mass scaling method was employed to extrapolate
the animal data to humans [24, 25]. The mean absorbed
dose in various tissues was calculated from the radionuclide
concentration in tissues/organs of interest, assuming a
homogeneous distribution of the radionuclide within any
source region [26]. The calculated mean value of percentage
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Figure 2: Competitive binding assay of AMBA versus 125I-Tyr4-
Bombesin with human bombesin 2 receptors.

of injected activity per g (% IA/g) for the organs in mice was
extrapolated to uptake in organs of a 70-kg adult using the
following formula [24]:
[(

%IA
gorgan

)
animal

×
(

KgTB weight

)
animal

]
×
⎛
⎝ gorgan

KgTB weight

⎞
⎠

human

=
(

%IA
organ

)
human

.

(1)

The extrapolated values (% IA) in the human organs at 1, 4,
8, 24, and 48 h were fitted with exponential biokinetic models
and integrated to obtain the number of disintegrations in
the source organs. This information was entered into the
OLINDA/EXM computer program. The integrals (MBq-s)
for 15 organs, including heart contents (blood), brain, mus-
cle, bone, heart, lung, spleen, pancreas, kidneys, liver, and
remainder of body were evaluated and used for dosimetry
evaluation. The code also displays contributions of different
source organs to the total dose of target organs. For the
estimation of the tumor absorbed dose, it was assumed that
once the radiopharmaceutical is inside the tumor, there is no
biological elimination.

3. Results

3.1. Radiolabeling and In Vitro Receptor Binding Assay.
The radiolabeling efficiency of 111In-AMBA was 95.43 ±
1.37% (n = 11). The in vitro competitive binding assays
were determined in the human bombesin 2 receptor using
125I-Tyr4-Bombesin as the GRP-R specific radiotracer, and
unlabeled AMBA and native BN as competitors. The IC50

of the AMBA and native BN in human bombesin 2 receptor
(Figure 2) is 0.82 ± 0.41 nmol/L and 0.13 ± 0.10 nmol/L,
respectively, in a single, direct, nanomolar range, demon-
strating high specificity and affinity for the GRP receptor.

The Ki of AMBA and native BBN were 0.65 ± 0.32 nmol/L
and 0.10 ± 0.08 nmol/L, respectively.

3.2. Biodistribution. 111In-AMBA accumulated significantly
in tumor, adrenal, pancreas, small intestine, and large
intestine (Table 1). Fast blood clearance and fast excretion
from the kidneys were observed. High levels of radioactivity
were found in the kidneys before 24 h, indicating that the
radioactivity was excreted rapidly in the urine within 24 h.
The levels of radioactivity reached the highest with 3.87 ±
0.65 % ID/g at 8 h and then declined rapidly. The highest
tumor/muscle ratio (Tu/Mu) of 111In-AMBA was 11.79 at
8 h after injection and decreased progressively to 4.82 and
5.16 at 24 and 48 h after administration, respectively. Other
GRPR-positive organs (small intestine and large intestine)
also showed the specific binding of 111In-AMBA (Table 1).
The tumor/muscle ratios were decreased conspicuously at 4
and 24 h postadministration.

3.3. Pharmacokinetic Studies. The radioactivity declined
to under detection limit after 24 h. The pharmacokinetic
parameters derived by a two-compartment model [27] indi-
cated that the distribution half-life (t1/2α) and distribution
half-life (t1/2β) of 111In-AMBA were 1.53 ± 0.69 h and 30.73±
8.56 h, respectively (Table 2).

3.4. Micro-SPECT/CT Imaging. Micro-SPECT/CT imaging
of 111In-AMBA indicated significant uptake in the tumors at
8 and 24 h after intravenous injection (Figure 3). The longi-
tudinal micro-SPECT/CT imaging showed high accumula-
tion of 111In-AMBA in pancreas and gastrointestinal tract at
4, 8, 24, and 48 h after intravenous injection.

3.5. Radiation Absorbed Dose Calculation. The radiation-
absorbed dose projections for the administration of 111In-
AMBA to humans, determined from the residence times
in mice, are shown in Table 3. The highest absorbed doses
appear in the lower large intestine (0.12 mSv/MBq−1),
upper large intestine (0.13 mSv/MBq−1), kidneys
(0.12 mSv/MBq−1), osteogenic cells (0.22 mSv/MBq−1),
and pancreas (0.25 mSv/MBq−1). The effective dose appears
to be approximately m0.11 mSv/MBq−1. The red marrow
absorbed dose is estimated to be 0.09 mSv/MBq−1. For a
2-g tumor, the unit density sphere model was used and the
estimated absorbed dose was 8.09 mGy·MBq−1.

4. Discussion

Growth factor receptors are involved in all steps of tumor
progression, enhancing angiogenesis, local invasion, and
distant metastases. The overexpression of growth factor
receptors on the cell surface of malignant cells might be
associated with a more aggressive behavior and a poor
prognosis. For these reasons, tumor-related growth factor
receptors can be taken as potential targets for therapeutic
intervention. Over the last two decades, GRP and other BLPs
may act as a growth factor in many types of cancer. GRPR
antagonists have been developed as anticancer candidate
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Figure 3: MicroSPECT/CT images of 111In-AMBA targeting PC-3 tumors xenograft SCID mice. 12.2 MBq/4 μg 111In-AMBA was
administered to each mouse by intravenous injection. The images were acquired at 1, 4, 8, 24, and 48 h after injection. The energy window
was set at 173 keV± 10% and 247 keV± 10%; the image size was set at 80 × 80 pixels. The color map shows the SPECT pixel values from 0
to the maximum expressed with an arbitrary value of 100.

Table 1: Biodistribution of 111In-AMBA after intravenous injection in PC-3 prostate tumor-bearing SCID mice.

Organ 1 h 4 h 8 h 24 h 48 h

Blood 0.95± 0.09 0.50± 0.06 0.42± 0.02 0.19± 0.03 0.09± 0.02

Brain 0.06± 0.01 0.05± 0.01 0.05± 0.00 0.02± 0.00 0.03± 0.00

Skin 0.99± 0.22 0.60± 0.16 0.55± 0.02 0.36± 0.02 0.28± 0.02

Muscle 0.57± 0.19 0.33± 0.14 0.33± 0.02 0.21± 0.04 0.14 ± 0.02

Bone 1.02± 0.18 0.92± 0.21 1.57± 0.18 0.90± 0.13 0.60± 0.07

Heart 0.62± 0.09 0.48± 0.04 0.56± 0.08 0.41± 0.05 0.32± 0.04

Lung 1.78± 0.23 1.88± 0.46 1.70± 0.65 0.60 ± 0.17 0.26± 0.03

Adrenals 5.79± 1.21 7.08± 1.22 17.8± 4.65 7.41± 1.99 5.20± 1.11

Spleen 2.80± 1.49 6.90± 1.87 8.90± 2.34 4.41± 0.58 2.19± 0.51

Pancreas 6.14 ± 0.99 12.9± 2.44 54.9± 2.51 15.9± 1.94 9.80± 2.21

Kidney 3.56± 0.15 4.23± 0.28 3.92± 0.91 4.10± 0.72 2.74 ± 0.30

Liver 7.26± 0.53 8.22± 1.05 7.04± 0.24 8.64± 1.31 6.59± 1.83

Bladder 7.63± 2.94 1.75± 0.75 1.07± 0.12 0.64± 0.06 0.46 ± 0.10

Stomach 0.81± 0.09 0.80± 0.07 3.97± 1.15 0.97± 0.29 0.47± 0.05

SI 1.67± 0.22 1.56± 0.17 4.42± 0.61 1.48± 0.27 0.74± 0.10

LI 1.77 ± 0.25 3.42± 1.10 7.04± 1.48 2.39± 0.38 0.99± 0.16

Tumor (PC-3) 2.24± 0.66 1.86± 0.71 3.87± 0.65 1.02± 0.09 0.75 ± 0.08

Tumor/muscle 3.89 5.69 11.79 4.82 5.16

Values are expressed as % ID/g, mean ± SEM (n = 4-5 at each time point). SI: small intestine; LI: large intestine.

compounds, exhibiting impressive antitumoral activity both
in vitro and in vivo in various murine and human tumors
[28, 29]. Clinical trials with GRPR antagonists in cancer
patients are in its initial phase as anticipated by animal
toxicology studies and preliminary evaluation in humans
[29]. Presently, efforts at the identification of the most
suitable candidates for clinical trials and at improving drug
formulation for human use are considered priorities. It
may also be anticipated that GRPRs may be exploited as

potential carriers for cytotoxins, immunotoxins, or radioac-
tive compounds. Thus, the visualization of these receptors
through molecular image-guided diagnostic agents may
become an interesting tool for tumor detection and staging
in personalized medicine.

The present study showed the highest accumulation
of 111In-AMBA in pancreas in mice (Table 1). However,
interspecies differences in structure and pharmacology of
human and animal GRP receptors have been reported [30].
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Table 2: Pharmacokinetic parameters of plasma in PC-3 tumor-
bearing mice after intravenous injection of 10 μCi/mouse 111In-
AMBA (mean ± SEM, n = 5).

Parameter Unit Value

A % ID/g 6.15± 0.69

B % ID/g 1.43± 0.61

α 1/h 1.19± 0.85

β 1/h 0.03± 0.01

AUC0−168 h h × (% ID/g) 66.4± 17.3

t1/2α h 1.53± 0.69

t1/2β h 30.7± 8.56

Cmax % ID/g 7.37± 0.64

A, B, α, β: macro rate constants; t1/2α, t1/2β: distribution and elimination
half-lives; AUC0−168 h: area under concentration of 111In-AMBA versus
time curve; Cmax: maximum concentration in plasma.

Table 3: Radiation dose estimates for 111In-AMBA in humans.

Organ Estimated dose (mSv/MBq−1)∗

Adrenals 1.5E − 01

Brain 3.1E − 02

Breasts 7.7E − 02

Gallbladder Wall 1.5E − 01

LLI Wall 1.2E − 01

Small Intestine 1.3E − 01

Stomach Wall 1.1E − 01

ULI Wall 1.3E − 01

Heart Wall 7.2E − 02

Kidneys 1.2E − 01

Liver 2.0E − 01

Lungs 7.4E − 02

Muscle 7.0E − 02

Ovaries 1.2E − 01

Pancreas 2.5E − 01

Red Marrow 8.8E − 02

Osteogenic Cells 2.2E − 01

Skin 5.8E − 02

Spleen 1.2E − 01

Testes 5.9E − 02

Thymus 9.0E − 02

Thyroid 9.2E − 02

Urinary Bladder Wall 1.1E − 01

Uterus 1.3E − 01

Total Body 9.2E − 02

Effective Dose 1.1E − 01
∗

Radiation-absorbed dose projections in humans were determined from
residence times for 111In-AMBA in SCID mice and were calculated by use
of OLINDA/EXM version 1.0 computer program.

Because the pancreas is the primary normal tissue in
these animals that expresses a high density of bloodstream-
accessible GRPRs, the accumulation of 111In in the pancreas
is a direct reflection of the efficacy of radiolabeled BN analogs
for in vivo targeting of cell-surface-expressed GRPRs [31].
Retention of 111In-AMBA in the pancreas may be due to the

characteristic of a radioagonist with effective internalization
and cell retention. Waser et al. reported that in contrast
to the strongly labeled GRPR-positive mouse pancreas with
177Lu-AMBA, the human pancreas did not bind 177Lu-AMBA
unless chronic pancreatitis was diagnosed [32].

The majority of research efforts into the design of
bombesin-based radiopharmaceuticals have been carried out
using GRPR agonists. The main reason for using agonists is
that they undergo receptor-mediated endocytosis enabling
residualization of the attached radiometal within the targeted
cell [33]. Micro-SPECT/CT imaging is a noninvasive imaging
modality that can longitudinally monitor the behavior of
GRPR expression in the same animal across different time-
points before and during therapy. In the present study, tumor
targeting and localization of 111In-AMBA was clearly imaged
with micro-SPECT/CT after 1 to 48 h of administration,
suggesting that micro-SPECT/CT imaging with 111In-AMBA
is a good tool for studying the tumor targeting, distribution,
and real-time therapeutic response in vivo.

The effective dose projected for the administration of
111In-AMBA to humans (0.11 mSv/MBq−1) (Table 3) is com-
parable to that for 111In-pentetreotide (0.12 mSv/MBq−1)
[34], the only 111In-labeled peptide receptor-targeted radio-
therapeutic agent to be used clinically [35, 36]. The
intestines, osteogenic cells, kidneys, and pancreas appear
to receive absorbed doses around 0.2 mSv/MBq−1 of 111In-
AMBA. At a maximum planned administration of 111 MBq
for diagnostic imaging, the total radiation-absorbed dose to
these organs kidneys would be about 12 mSv. The use of
animal data to estimate human doses is a necessary first
step, but such studies give only an estimate of radiation
doses to be expected in human subjects. More accurate
human dosimetry must be established with imaging studies
involving human volunteers or patients. The dosimetry data
presented here will be valuable in the dose planning of these
studies, and for application of 111In-AMBA to Investigational
New Drug (IND) research.

Clinically, primary prostate cancer and the metastases
may be heterogeneous, demonstrating a spectrum of phe-
notypes from androgen-sensitive to androgen-insensitive.
177Lu-AMBA, a conjugated bombesin compound for imag-
ing and systemic radiotherapy, is now in phase I clini-
cal trials [15]. 177Lu-AMBA has been evaluated in early
stages of prostate cancer represented by the androgen-
dependent, prostate-specific antigen-secreting hormone-
sensitive prostate cancer cell line LNCaP [6], derived from
a lymph node metastasis, and also in PC-3 cell line,
derived from bone metastasis, is androgen-independent
and is thought to represent late-stage hormone-refractory
prostate cancer (HRPC) [37]. 177Lu-AMBA will be clinically
efficacious as a single-agent radiotherapeutic for heteroge-
neous metastatic prostate cancer and be a valuable adjunct
to traditional chemotherapy. Thus, the visualization of
GRPR receptors through 111In-AMBA as an image-guided
agent may contribute to the use of radiotherapeutic, 177Lu-
AMBA, and other traditional chemotherapy in personalized
medicine.

Targeted therapeutic and imaging agents are becoming
more prevalent and are used to treat increasingly smaller



Journal of Biomedicine and Biotechnology 7

population of patients. This has led to dramatic increases in
the costs for clinical trials. Biomarkers have great potential
to reduce the numbers of patients needed to test novel
targeted agents by predicting or identifying nonresponse
early on and thus enriching the clinical trial population with
patients more likely to respond. GRPRs are expressed on
prostate tumor cells, making it a potential biomarker for
cancer. The imaging of 111In-AMBA indicated the stage of
prostate cancer for determining the therapeutic approach to
prostate cancer and for monitoring the therapeutic efficacy.
The expression of GRPR will vary from patient to patient
due to the stages and individual difference. If such patients
could be prescreened with 111In-AMBA to identify those with
higher tumor expression of GRPR, then it would be possible
to select cases for receiving BLPs-specific treatment, while
cases with low tumor expression of GRPR can consider other
treatment options. Consequently, the proposed approaches
enable optimized and individualized treatment protocols and
can enhance the development of image-guide personalized
medicine.

By visualizing how well drug targeting systems deliver
pharmacologically active agents to the pathological site,
111In-AMBA furthermore facilitates “personalized medicine”
and patient individualization, as well as the efficacy of
combination regimens. Regarding personalized medicine, it
can be reasoned that only in patients showing high levels
of target site uptake with high expression of GRPR should
treatment be continued; otherwise, alternative therapeutic
approaches should be considered.

5. Conclusion

111In-AMBA showed a characteristic of agonist, a good
bioactivity in vitro and uptake in human GRPR-expressing
tumors in vivo. The molecular image-guided diagnostic
agent can be used for various different purposes, ranging
from simple and straightforward biodistribution studies to
extensive and elaborate experimental setups aiming to enable
“personalized medicine” and to improve the efficacy of
combined modality anticancer therapy.
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Accumulating evidence has shown the adverse effect of long-term hyperaldosteronism on cardiovascular morbidity that is
independent of blood pressure. However, the diagnosis of primary aldosteronism (PA) remains a challenge for patients who
present with subtle or atypical features or have chronic kidney disease (CKD). SPECT/CT has proven valuable in the diagnosis of
a number of conditions. The aim of this study was to determine the usefulness of I-131 NP-59 SPECT/CT in patients with atypical
presentations of PA and in those with CKD. The records of 15 patients with PA were retrospectively analyzed. NP-59 SPECT/CT
was able to identify adrenal lesion(s) in CKD patients with suspected PA. Patients using NP-59 SPECT/CT imaging, compared with
those not performing this procedure, significantly featured nearly normal serum potassium levels, normal aldosterone-renin ratio,
and smaller adrenal size on CT and pathological examination and tended to feature stage 1 hypertension and non-suppressed
plasma renin activity. These findings show that noninvasive NP-59 SPECT/CT is a useful tool for diagnosis in patients with
subclinical or atypical features of PA and those with CKD.

1. Introduction

Primary aldosteronism (PA) is the most common cause of
surgically curable secondary hypertension and affects more
than 10% of the general hypertensive population [1]. Stage
2 hypertension according to the Seventh Joint National
Committee (JNC 7) [2] with or without symptomatic
hypokalemia leads to a higher probability of PA detection,
and the diagnostic approach is straightforward in three steps:
case-finding screening testing of elevated plasma aldosterone
concentration (PAC), susppressed plasma renin activity

(PRA), and a high aldosterone to renin ratio (ARR), followed
by aldosterone suppression confirmatory testing and subtype
studies of computed tomography (CT) imaging, adrenal
vein sampling, or I-6-beta-iodomethylnorcholesterol (I-131
NP-59) scintigraphy. However, normotensive PA patients,
featured as elevated PAC, have been reported [3], and
the ARR is not reliable in patients with chronic kidney
disease (CKD) [4]. Therefore, diagnosing PA can be tricky
when clinical and biochemical features vary widely and the
criteria for PA cannot be met, especially in patients with
CKD or who present with subclinical symptoms featured as
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stage 1 hypertension or are found to have atypical laboratory
testing.

It has been reported that an increased serum aldosterone
level in normotensive individuals leads to the development of
sustained hypertension in the future [5]. Moreover, patients
with PA are at greater risk than those with the same degree
of blood pressure (BP) but without PA for cardiovascular
events and stroke because long-term hyperaldosteronism
leads to vessel and heart damage that is independent of
BP [6]. Therefore, normalization of circulating aldosterone
is the paramount therapeutic goal for PA [7], and timely
identification of subclinical or atypical features of PA is of
clinical value.

The common modalities used for subtype identification
of PA also have limitations. Adrenal CT scan is considered the
initial diagnostic modality for the identification of adrenal
nodules; however, its diagnostic sensitivity is estimated to be
50% [8]. Adrenal CT imaging cannot correctly detect adrenal
microadenoma smaller than 1 cm in diameter and bilateral
adrenal hyperplasia, both of which may present normal-
appearing adrenals. Adrenal vein sampling is the diagnosis
of choice to differentiate unilateral from bilateral disease in
patients with PA; however, this technique is invasive and
difficult to access the right adrenal vein [9] and inevitably
carries some risk of adrenal hemorrhage [10], despite
being performed by an experienced radiologist. Moreover, it
appears to be rarely applied to patients with CKD and an
increased bleeding tendency. Dexamethasone-suppression
NP-59 scintigraphy has a high affinity for adrenocortical
tissue, but traditional planar imaging has low sensitivity and
specificity for detection of early adrenal activity, especially
adenoma smaller than 1 cm in diameter [11]. Therefore,
diagnosis can be challenging in patients who have CKD
or/and present with subclinical symptoms or/and are found
to have atypical laboratory testing or/and negative imaging
studies.

Single photon emission computed tomography
(SPECT)/CT imaging is a significant technical innovation
that simultaneously provides anatomic and functional
information to allow for better localization of tracer activity
and to enhance diagnostic accuracy and sensitivity [12].
SPECT/CT has proven valuable in oncology and neurology
[13] and has the advantage of identifying small lesions
demonstrated in several case reports of nephrology [14, 15].
Recently, I-131 NP-59 SPECT/CT has been recommended
as a diagnostic method of choice for patients with clinically
confirmed PA, but inclusive CT or adrenal vein sampling
results, because of its high sensitivity (up to 81.8%) and
diagnostic accuracy [16]. To the best of our knowledge, there
has been no clinical study of the use of NP-59 SPECT/CT in
patients with subclinical or atypical PA or CKD patients with
suspected PA. Thus, this aim of this study was to determine
the usefulness of I-131 NP-59 SPECT/CT in patients with
atypical presentations of PA and in those with CKD.

2. Materials and Methods

2.1. Patients. The records of 14 patients with PA (5 males,
10 females) with a median age of 55.9 years (range,

27–72 years) who underwent adrenalectomy at our insti-
tution from April 2007 to April 2010 were retrospectively
reviewed. Patients were followed until October 2010. One
patient who did not undergo adrenalectomy because of
clinically confirmed bilateral adrenal hyperplasia was also
included in the analysis. Therefore, the study included 15
patients, 14 with pathologically confirmed PA, and one with
clinically confirmed PA. Of the 15 patients, 6 who received
NP-59 SPECT/CT imaging served as the SPECT/CT group,
and the other 9 who did not receive NP-59 SPECT/CT
imaging served as the control group. The complete data
of these 15 patients are presented in Tables 1 and 2 and
summarized in Figure 1 . The median period of followup was
216 days (range: 183–527 days). The study was approved by
our Institutional Review Board.

2.2. Data Collection. We collected clinical data including
age, gender, systolic and diastolic BP at admission, chief
complaints, laboratory results (serum potassium [K], plasma
aldosterone concentration [PAC], plasma renin activity
[PRA], aldosterone-renin-ratio [ARR], and transtubular
potassium gradient [TTKG]) or 24-hour urinary potassium
excretion, and confirmatory tests results (including saline
loading test or/and captopril test) if done, followup out-
comes, and imaging and pathological data. PAC and PRA
were measured by commercial RIA kits (ALDOCTK, #P2714,
Diasorin Inc., MN, USA, and GAMMACOAT PLASMA
RENIN ACTIVITY, #CA-1533, Diasorin Inc., MN, USA,
resp.). Normal ranges for PAC and PRA are 3.7–24 ng/dL and
0.15–2.33 ng/mL/h, respectively.

2.3. Definitions. The definition of hypertension stage was
based on the JNC 7 classifications [2], that is, stage 1
hypertension was defined as a BP of 140/90 mm Hg or
greater, and stage 2 hypertension was defined as a BP of
160/100 mm Hg or greater. A positive captopril test was
defined as PAC suppression >30% after oral administration
of 25 mg of captopril, taken 2 hours before sampling [17]. A
positive saline loading test was defined as PAC > 10 ng/dL
after intravenous infusion of 2 L of 0.9% saline over 4 h
[17]. An ARR > 30 was considered to be positive [10].
All drugs that can affect the ARR were discontinued for 2
weeks before performing confirmatory tests. Symptomatic
hypokalemia was defined as serum K < 3.0 mEq/L. A TTKG
> 4 was considered positive for kaliuria. Improvement was
defined as a well-controlled BP with no or a decreased dose of
antihypertensive medications, and normalization or decrease
of PAC, PRA, and serum K. CKD was defined as an estimated
glomerular filtration rate (eGFR) < 60 mL/min/1.73 m2,
based on the National Kidney Foundation Kidney Disease
Outcome Quality Initiative guidelines [18]. Stage 3 CKD was
defined as an eGFR of 30 to 59 mL/min/1.73 m2. Stage 4 was
defined as an eGFR of 15 to 29 mL/min/1.73 m2. Stage 5 was
defined as an eGFR of less than 15 mL/min/1.73 m2.

2.4. Patient Preparation and NP-59 Planar, SPECT, and
SPECT/CT Imaging. A dexamethasone suppression regimen
(1 mg orally 4 times daily) was initiated 7 days before
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SPECT/CT SPECT/CT SPECT/CT

Patient 12

(stage 3 CKD)

(kaliuria)
Patient 7

(kaliuria)

Screening testing and

confirmatory testing

PAC↑, PRA↓, ARR↑
(typical features)

test-p

test-n

test-nd

test-p

test-n

test-n

test-nd

test-nd

PAC↑, PRA—, ARR↑

PAC↑, PRA—, ARR—

PAC—, PRA—, ARR↑

Category 1# (n = 8) Category 2# (n = 2) Category 3# (n = 2) Category 4# (n = 3)

Control Control
(n = 6) (n = 2) Control (n = 2) (n = 1) (n = 1) (n = 3)

CT-p CT-p CT-p CT-p CT-pCT-n CT-n
BP-imp BP-imp BP-imp BP-imp BP-impBP-not

Pathology-p (n = 14)∗

Patient 2
(kaliuria) Patient 1, 3

Patient 8

Patient 4

Patient 14

(kaliuria)

(kaliuria)

Patient 10

Patient 9 (kaliuria)

Patient 13

Patient 15

(stage 4 CKD)

Patient 11

Patient 6

Patient 5 (kaliuria)

Abbreviations: p, positive; n, negative; nd, not done; BP-imp, BP improve; BP-not, BP not improve; ↑,elevate; ↓, suppressed; –– , within normal range;
test, confirmatorytest; other abbreviations are the same as Tables 1 and 2.

Arrow from left to right denotes symptoms presented from severe to mild form; arrow from up to down denotes screening testing from typical to
atypical features.
∗Exclude patient 15 because of bilateral adrenal hyperplasia.
#Four categories were ordered by the severity of symptoms: category 1, stage 2 hypertension and hypokalemia; category 2, stage 1 hypertension and
hypokalemia; category 3, stage 1 hypertension and low-normal potassium level; category 4, stage 1 hypertension and normal potassium level.

(Figure 2)

Figure 1: Qualitative analysis of Tables 1 and 2.

tracer injection and this was continued throughout the
imaging procedure and for 5 days postinjection [12]. Patients
were also given 5 drops daily of Lugol’s solution 3 days
before the start of imaging to block thyroid uptake of
free I-131, and This was continued until the end of the
imaging period. All drugs that can interfere with NP-59
uptake were discontinued for 4 weeks before imaging [12].
NP-59 scanning was performed on days 1 through 5 to
obtain planar images after intravenous injection of 1.5 mCi
(56 MBq) NP-59. SPECT/CT scanning was performed on
days 2 through 5 with a dural-head gamma camera (DST-
XLi; GE Medical Systems, Buc, France) to obtain SPECT and
merged SPECT/CT images.

2.5. Imaging Interpretation. CT images with fine cuts (3 mm)
were obtained and interpreted by a well-experienced radiolo-
gist. The NP-59 planar, SPECT, and SPECT/CT images were
interpreted by 2 nuclear medicine specialists. Aldosteronism
on the affected side(s) was considered if there was early
visualization of the tracer on imaging before the fifth
postinjection day and intense uptake greater than that in the
liver [12].

2.6. Adrenalectomy and Pathological Interpretation. Of the 15
patients, 14 underwent laparoscopic adrenalectomy by an

experienced surgeon. The histopathological examinations of
the surgical specimens were performed by an experienced
pathologist.

2.7. Statistical Analysis. All data are expressed as median
(range). The differences between the SPECT/CT group and
the control group were compared by Fisher’s exact test
for categorical variables, or by Mann-Whitney U test for
continuous variables. A two-sided P value less than .05 was
considered statistically significant. All data were analyzed
using SPSS version 13.0 (SPSS Inc., Chicago, IL).

3. Results

Pathological examination showed that 12 of 15 patients
had unilateral adenomas, 1 had a micronodule, and 1 had
unilateral focal nodular hyperplasia (Table 2). 1 had clinically
confirmed bilateral adrenal hyperplasia (Figure 2).

3.1. Differences of Clinical Pictures between the Control and
SPECT/CT Groups (Table 1). In the control group (n =
9), 6 subjects had stage 2 hypertension along with symp-
tomatic hypokalemia; 2 had stage 1 hypertension along with
symptomatic hypokalemia; one had stage 1 hypertension
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(a)

96 hours
Post-abdomen

(b)

SPECT

(c)

Fused SPECT/CT

(d)

Figure 2: A 27-year-old woman (patient 15) who had stage 4 CKD presented with stage 1 hypertension alone due to bilateral adrenal
hyperplasia, whose PAC was elevated, but whose serum potassium level was normal, whose PRA was nonsuppressive, whose ARR was
negative, whose confirmatory testing was negative, whose bilateral adrenal lesions had normal appearing on CT (a) and faint uptakes on
planar imaging (b) but true positive on SPECT (c) and coronal SPECT/CT (d) imaging. After treatment with 25 mg of spironolactone, her
BP and PAC were normalized.

without symptomatic hypokalemia. In the SPECT/CT group
(n = 6), 4 subjects had stage 1 hypertension without
symptomatic hypokalemia; 2 had stage 2 hypertension along
with symptomatic hypokalemia.

3.2. Differences of Screening Testing and Confirmatory Testing
between the Control and SPECT/CT Groups (Table 1). In
the control group (n = 9), 8 subjects had elevated PAC
and one had normal PAC; 5 had suppressed PRA and 4
had nonsuppressed PRA; 8 had positive ARR and one had
negative ARR; 4 had positive confirmatory testing and 5
had absent results. In the SPECT/CT group (n = 6), 6
subjects had elevated PAC; one had suppressed PRA and
5 had nonsuppressed PRA; 2 had positive ARR and 4 had
negative ARR; 4 had negative confirmatory testing and 2 had
absent results.

3.3. Differences of Imaging Modalities between the Control
and SPECT/CT Groups (Table 2). CT produced 9 (100%)

true positive results in the control group. CT produced 2
(33%) false negative and 4 (67%) true positive results in
the SPECT/CT group. NP-59 planar imaging produced 2
(33%) true positive and 4 (67%) false negative results. NP-
59 SPECT and SPECT/CT produced 6 (100%) true positive
results, indicating 100% sensitivity.

3.4. Integrated Analysis of All Features between the 2 Groups
(Figure 1). We divided all 15 patients into 4 categories
based on the severity of hypertension and hypokalemia:
category 1 (stage 2 hypertension and hypokalemia; n = 8;
6 in the control group and 2 in the SPECT/CT group);
category 2 (stage 1 hypertension and hypokalemia; n = 2;
all in the control group); category 3 (stage 1 hypertension
and low-normal potassium level; n = 2; 1 in the control
group and 1 in the SPECT/CT group); category 4 (stage
1 hypertension and normal potassium level; n = 3; all in
the SPECT/CT group). The screening testing from typical
to atypical features was ordered from the top to bottom. PA
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Table 2: Imaging and pathological data of study subjects.

Patient Age (y) Gender
CT result NP-59 result Pathological result Followup

improvementAppearance
(side)

Size (mm) Planar SPECT SPECT/CT Finding
Size

(mm)

Control group (n = 9)

1 50 F Nodule (L) 20 — — — Adenoma 21 PAC, PRA, K

2 34 F Nodule (L) 18 — — — Adenoma 16
PAC, PRA, K,

BP

3 58 F Nodule (R) 17 — — — Adenoma 17 PAC, PRA, K

4 32 F Nodule (L) 20 — — — Adenoma 20 PAC, K, BP

5 71 F Nodule (L) 17 — — — Adenoma 25
PAC, PRA, K,

BP

6 59 M Nodule (L) 11 — — — Adenoma 10 PAC, BP

7 60 F Nodule (R) 21 — — — Adenoma 20 PAC, K

8 72 M Nodule (R) 22 — — — Adenoma 20
PAC, PRA, K,

BP

9 56 F Nodule (L) 17 — — — Adenoma 17 PAC, K, BP

SPECT/CT group (n = 6)

10 55 F Normal — N R R Micronodule 0.8 PAC, K, BP

11 48 F Nodule (L) 17 L L L Adenoma 17
PAC, PRA, K,

BP

12† 57 M Enlarge (L)
9 (in

thickness)
N L L

Focal nodular
hyperplasia

6
PAC, PRA, K,

BP

13 56 M Nodule (L) 12 N L L Adenoma 10 PAC, BP

14 39 M Nodule (R) 14 N R R Adenoma 12 PAC, K, BP

15† 27 F Normal — Faint Bil Bil —# —# PAC, BP

Abbreviations: CT: computed tomography; L: left; R: right; Bil: bilateral; other abbreviations are the same as Table 1.
†Patients 12 and 15 had stages 3 and 4 chronic kidney disease with serum creatinine level of 2.2 and 2.5 mg/dL, respectively.
#Patient 15 did not undergo adrenalectomy because of bilateral adrenal hyperplasia.

was easily diagnosed from the typical clinical presentations of
stage 1 or 2 hypertension along with hypokalemia and typical
screening testing followed by positive CT results (patients
1–3, 5, and 8). Despite the presence of atypical screening
testing, PA also could be diagnosed from typical clinical
presentations together with positive CT results (patients 4, 7,
and 9). However, we found that the SPECT/CT group had a
higher percentage of mild clinical presentations, such as stage
1 hypertension and low-normal or normal serum potassium
level (patients 10, 11, 13, and 15), atypical laboratory features
of PA (patients 10, 12–15), and negative CT results (patients
10 and 15). All patients were found to have an improvement
of BP after adrenalectomy and/or medical treatment, except
for patients 1, 3, and 7 in the control group. This table implies
that the timing of using NP-59 SPECT/CT tends to categories
3 and 4, as well as atypical screening and confirmatory
testing.

3.5. Relationship of NP-59 SPECT/CT Lateralization Results
to Clinical Outcome and to Pathological Features (Table 2 and
Figure 1). NP-59 SPECT/CT correctly identified 3 adenomas
(median size, 12 mm; range 10–17 mm), 1 micronodule
(0.8 mm in size), 1 focal nodular hyperplasia (with the
largest micronodule 6 mm in size), and 1 bilateral adrenal

hyperplasia (Figure 2) in 6 patients. Of these 3 adenomas,
2 were not detected on planar images. 2 (33%) of the
SPECT/CT group had stages 3 and 4 CKD, both of which
had atypical laboratory testing. All 6 patients had a clinical
improvement of BP and normalization of PAC, 4 of whom
had stage 1 hypertension and cured BP.

3.6. Comparison of Parameters between the Control and
SPECT/CT Groups (Table 3). The median level of serum
potassium was significantly higher in the SPECT/CT group
than in the control group (3.6 versus 2.6 mEq/L, resp., P =
.029), and the median level of ARR was significantly lower
in the SPECT/CT group than in the control group (18.7
versus 352.3, resp., P = .025). The median size of the affected
adrenal gland on CT scan and pathological examination was
significantly less in the SPECT/CT group than in the control
group (10.5 versus 18 mm, resp., P = .007; 10 versus 20 mm,
resp., P = .015). Compared with the control group, the
SPECT/CT group featured lower systolic BP (147 mm Hg)
and nonsuppressed PRA (1.47 ng/mL/h) although the dif-
ference was not statistically significant. Furthermore, both
groups had elevated PAC (32.1 versus 28.4 ng/dL in the
control and SPECT/CT group, resp.) although the difference
was not statistically significant.
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Table 3: Comparison of variables between the control and SPECT/CT groups.

Variable Control group (n = 9) SPECT/CT group (n = 6) P‡

Age (y)† 58 (32–72) 51 (27–57) .157

Male gender (n [%]) 2 (22%) 3 (50%) .329

Systolic BP (mm Hg)† 180 (146–230) 147 (144–206) .077

Diastolic BP (mm Hg)† 105 (71–130) 90 (80–115) .237

Serum potassium (mEq/L)† 2.6 (1.6–3.49) 3.6 (2.2–4.32) .029

PAC (ng/dL)† 32.1 (21.7–110.7) 28.4 (25.3–37.2) .239

PRA (ng/mL/h)† 0.06 (0.05–0.53) 1.47 (0.06–2.52) .058

Aldosterone-renin ratio (ARR)† 352.3 (23–642) 18.7 (13–447) .025

CT size (mm)† 18 (11–22) 10.5# (9–17#) .007

Pathological size (mm)† 20 (10–25) 10∗ (0.8–17∗) .015

Abbreviations are the same as Tables 1 and 2.
†Data are expressed as median (range).
#n = 4; patients 10 and 15 were excluded in this variable because of normal appearance of adrenal glands on the CT scan.
∗n = 5; patient 15 was excluded in this variable because of bilateral adrenal hyperplasia.
‡P < .05 as significant.

4. Discussion

This is the first study to report the use of NP-59 SPECT/CT
in patients with normal renal function and those with CKD
who are clinically suspected to have PA but have subtle
clinical symptoms, atypical results on screening tests, nega-
tive confirmatory tests, or negative CT findings. This study
adds novel data to existing knowledge of PA by qualitatively
analyzing the associations between clinical symptoms and
screening tests (Figure 1), as well as quantitatively comparing
clinical and pathological parameters between control and
SPECT/CT groups (Table 3). First, our findings show that the
screening testing and confirmatory testing may be unreliable
in subclinical PA characterized by stage 1 hypertension
without symptomatic hypokalemia, and in the setting of
CKD, and second, They show that NP-59 SPECT/CT imaging
adds value in the diagnosis of probable PA when elevated
PAC and stage 1 or 2 hypertension coexists, but the other
criteria were not present.

The first part of this study qualitatively analyzed the
application of NP-59 SPECT/CT in patients suspected of
having PA, but clinically not confirmed, as shown in Figure 1.
Only 5 patients (patients 1–3, 5, and 8) presented with
typical clinical pictures, which lead to a rapid diagnosis.
Most of the patients presented with atypical signs and
symptoms: subclinical (stage 1 hypertension in the absence
of symptomatic hypokalemia) PA (n = 5), nonsuppressed
PRA (n = 9), negative ARR (n = 5), negative confirmatory
tests (n = 4), and negative CT results (n = 2). This finding
is consistent with the viewpoint of Mosso et al. [19] that
PA should be considered a continuous pathological disorder,
in which most of the patients present with normokalemia
and a mild form, and only a minority of patients present
with a classical clinical picture of PA. Furthermore, it has
been reported that the saline loading testing has low accuracy
in patients with normokalemic PA [9]. The lower right
area of Figure 1 corresponds to difficulty in arriving at
a diagnosis of PA because of subtle symptoms, atypical
screening testing, inclusive confirmatory testing, or negative

CT findings and is where NP-59 SPECT/CT is useful because
it allows accurate localization of tumors because of its
high sensitivity and diagnostic accuracy [16]. Therefore, the
diagnosis of subclinical PA cannot rely on screening testing
and confirmatory testing.

In addition, it is worth noting that 2 patients with CKD
(patients 12 and 15) were diagnosed with PA by means
of NP-59 SPECT/CT in this study. The diagnosis of PA
in patients with CKD is difficult and easily missed, and
only 2 cases have been reported in the English literature
[20, 21]. This is because CKD masks the typical hallmarks
of PA (hypertension, hypokalemia, and low PRA), shares
some features with PA (such as hypertension and elevated
PAC) [22], and disturbs the renin-angiotension-aldosterone
system leading to a further decrease of the response of
renin/aldosterone to stimuli or suppressive manoeuvres [23].
Furthermore, PRA varies from low to high level [22], the
ARR is not reliable, and there are no clear-cut levels of PAC,
PRA, and ARR for the diagnosis of PA in patients with
CKD [4]. Adrenal vein sampling is more risky in patients
with CKD than in those with normal renal function. In
this setting, NP-59 SPECT/CT allows safe lateralization and
prompt decision-making.

The second part of our study analyzed the differences in
clinical and pathological parameters between the 2 groups,
as shown in Table 3. We found that patients using NP-
59 SPECT/CT imaging tended to feature stage 1 hyper-
tension (median BP, 147 mm Hg) and nonsuppressed PRA
(median level, 1.47 ng/mL/h) and significantly had negative
ARR, nearly normal serum potassium level, and smaller
adrenal size on CT imaging and pathological examination.
Taking together, patients with probable PA who required
NP-59 SPECT/CT imaging featured subclinical or atypical
presentations. We also found that PAC was elevated, but
not statistically significant, in both groups, and that the
control group had higher PAC and systolic BP (median
level, 32.4 ng/dL; median BP, 180 mm Hg, resp.) than the
SPECT/CT group (median level, 28.4 ng/dL; median BP,
147 mm Hg, resp.). These findings implied that this clinical
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clue of stage 1 hypertension along with elevated PAC may
be useful when initially assessing the potential for subclinical
PA and that elevated PAC precedes evident hypertension
in patients with subclinical PA. It has been reported that
the existence of normotensive PA was featured as elevated
PAC [3]. Since PA is a continuous pathological disorder
[19] and prolonged hyperaldosteronism causes subsequent
hypertension [5] and excessive cardiovascular damage [6],
non-invasive NP-59 SPECT/CT can provide value for early
diagnosis and intervention of subclinical PA and may be a
reliable method to distinguish between patients with low-
renin essential hypertension and subclinical PA.

The Framingham offspring study has shown that an
excess of circulating aldosterone in normotensive individuals
results in the development of sustained hypertension [5] and
cardiovascular morbidity and mortality that is beyond the
effect of hypertension alone [6]. The cost effectiveness of a
workup for subclinical PA remains to be determined. How-
ever, a timely identification of subclinical PA is rewarding for
a number of reasons because a long-term cure implies saving
the costs of lifetime antihypertensive medications, testing
for monitoring the target organ damage, and treatment of
complications [24]. Furthermore, long-term cure rate of
hypertension correlates with the duration and severity of
hypertension and ranges from 30 to 60% [7]. In the present
study, 4 patients in the SPECT/CT group presented with
stage 1 hypertension and had cured hypertension, and 2
patients with stage 2 hypertension merely improved BP.
Therefore, vascular remodelling and duration of hyperten-
sion emphasize the importance of an early diagnosis of
subclinical or atypical features of PA for a more favorable
outcome.

The present study has some limitations. First, this was
a retrospective study, and confirmatory testing and NP-
59 SPECT/CT were not performed in all patients. Second,
the specificity and diagnostic accuracy of NP-59 SPECT/CT
cannot be established because of the small number of cases.
Third, all patients did not undergo adrenal vein sampling.

5. Conclusion

In summary, our findings demonstrated that NP-59
SPECT/CT could be a reliable and non-invasive tool for an
early diagnosis of PA in patients with subclinical or atypical
features of PA and in CKD patients with suspected PA. NP-
59 SPECT/CT imaging may transform the diagnostic process
and lead to early identification and prompt management of
these patients to achieve the cure of hypertension.

6. Conflict of Interests

The authors have no conflict of interests.

Acknowledgments

The authors would like to thank Professor Shih-Hua Lin,
the Chief of Division of Nephrology, Department of Internal
Medicine, Tri-Service General Hospital, Taipei, Taiwan,

and Professor Shang-Jyh Hwang, Division of Nephrology,
Department of Internal Medicine, Kaohsiung Medical Uni-
versity, Kaohsiung, Taiwan, to challenge us to complete this
study.

References

[1] S. Douma, K. Petidis, M. Doumas et al., “Prevalence of
primary hyperaldosteronism in resistant hypertension: a ret-
rospective observational study,” The Lancet, vol. 371, no. 9628,
pp. 1921–1926, 2008.

[2] A. V. Chobanian, G. L. Bakris, H. R. Black et al., “Seventh
report of the Joint National Committee on Prevention, Detec-
tion, Evaluation, and Treatment of High Blood Pressure,”
Hypertension, vol. 42, no. 6, pp. 1206–1252, 2003.

[3] M. C. Vantyghem, N. Ronci, F. Provost et al., “Aldosterone-
producing adenoma without hypertension: a report of two
cases,” European Journal of Endocrinology, vol. 141, no. 3, pp.
279–285, 1999.

[4] P. F. Plouin and X. Jeunemaitre, “Would wider screening for
primary aldosteronism give any health benefits?” European
Journal of Endocrinology, vol. 151, no. 3, pp. 305–308, 2004.

[5] R. S. Vasan, J. C. Evans, M. G. Larson et al., “Serum aldos-
terone and the incidence of hypertension in nonhypertensive
persons,” New England Journal of Medicine, vol. 351, no. 1, pp.
33–41, 2004.

[6] C. Mattsson and W. F. Young, “Primary aldosteronism:
diagnostic and treatment strategies,” Nature Clinical Practice
Nephrology, vol. 2, no. 4, pp. 198–208, 2006.

[7] W. F. Young, “Minireview: primary aldosteronism—changing
concepts in diagnosis and treatment,” Endocrinology, vol. 144,
no. 6, pp. 2208–2213, 2003.

[8] P. Mulatero, R. G. Dluhy, G. Giacchetti, M. Boscaro, F. Veglio,
and P. M. Stewart, “Diagnosis of primary aldosteronism: from
screening to subtype differentiation,” Trends in Endocrinology
and Metabolism, vol. 16, no. 3, pp. 114–119, 2005.

[9] G. Giacchetti, P. Mulatero, F. Mantero, F. Veglio, M. Boscaro,
and F. Fallo, “Primary aldosteronism, a major form of low
renin hypertension: from screening to diagnosis,” Trends in
Endocrinology and Metabolism, vol. 19, no. 3, pp. 104–108,
2008.

[10] A. Ganguly, “Primary aldosteronism,” New England Journal of
Medicine, vol. 339, no. 25, pp. 1828–1834, 1998.

[11] M. D. Gross, B. Shapiro, and J. E. Freitas, “Limited signifi-
cance of asymmetric adrenal visualization on dexamethasone-
suppression scintigraphy,” Journal of Nuclear Medicine, vol. 26,
no. 1, pp. 43–48, 1985.

[12] A. M. Avram, L. M. Fig, and M. D. Gross, “Adrenal gland
scintigraphy,” Seminars in Nuclear Medicine, vol. 36, no. 3, pp.
212–227, 2006.

[13] G. Mariani, L. Bruselli, T. Kuwert et al., “A review on the
clinical uses of SPECT/CT,” European Journal of Nuclear
Medicine and Molecular Imaging, vol. 37, no. 1, pp. 1959–1985,
2010.

[14] Y. C. Chen, C. K. Wei, P. F. Chen, J. E. Tzeng, T. L. Chuang, and
Y. F. Wang, “Seeking the invisible: I-131 NP-59 SPECT/CT for
primary hyperaldosteronism,” Kidney International, vol. 75,
no. 6, p. 663, 2009.

[15] Y.-C. Chen, Y.-C. Su, J.-S. Chiu, C.-K. Wei, and Y.-F. Wang,
“Peritoneo-scrotal shunting diagnosed by Tc-99m DTPA
SPECT/CT imaging,” Kidney International, vol. 78, no. 5, p.
523, 2010.



Journal of Biomedicine and Biotechnology 9

[16] R. F. Yen, V. C. Wu, K. L. Liu et al., “I-6β-iodomethyl-19-
norcholesterol SPECT/CT for primary aldosteronism patients
with inconclusive adrenal venous sampling and CT results,”
Journal of Nuclear Medicine, vol. 50, no. 10, pp. 1631–1637,
2009.

[17] J. W. Funder, R. M. Carey, C. Fardella et al., “Case detection,
diagnosis, and treatment of patients with primary aldostero-
nism: an endocrine society clinical practice guideline,” Journal
of Clinical Endocrinology and Metabolism, vol. 93, no. 9, pp.
3266–3281, 2008.

[18] S. G. Massry, J. W. Coburn, G. M. Chertow et al., “K/DOQI
clinical practice guidelines for bone metabolism and disease in
chronic kidney disease,” American Journal of Kidney Diseases,
vol. 42, no. 4, supplement 3, p. S1S201, 2003.

[19] L. Mosso, C. Carvajal, A. González et al., “Primary aldostero-
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Technetium-99m ethyl cysteinate dimer (Tc-99m-ECD) is an essential imaging agent used in evaluating the regional cerebral blood
flow in patients with cerebrovascular diseases. Determination of active pharmaceutical ingredient, that is, L-Cysteine, N, N′-1,2-
ethanediylbis-, diethyl ester, dihydrochloride (ECD) in ECD Kit is a relevant requirement for the pharmaceutical quality control in
processes of mass fabrication. We here presented a direct solid sample determination method of ECD in ECD Kit without sample
dissolution to avoid the rapid degradation of ECD. An elemental analyzer equipped with a nondispersive infrared detector and a
calibration curve of coal standard was used for the quantitation of sulfur in ECD Kit. No significant matrix effect was found. The
peak area of coal standard against the amount of sulfur was linear over the range of 0.03–0.10 mg, with a correlation coefficient (r)
of 0.9993. Method validation parameters were achieved to demonstrate the potential of this method.

1. Introduction

To date, technetium-99m ethyl cysteinate dimer (Tc-99m-
ECD or bicisate) is one of the most essential single-photon
emission-computed tomography (SPECT) imaging agents
in hospitals. According to the practice guidelines of the
American College of Radiology (ACR) and the European
Association of Nuclear Medicine Neuroimaging Committee
(ENC), clinical indications of Tc-99m-ECD include evaluat-
ing the regional cerebral blood flow (rCBF) in patients with
(i) cerebrovascular diseases, (ii) transient ischemic attack,
(iii) various forms of dementia, (iv) symptomatic traumatic
brain injury, (v) encephalitis, (vi) vascular spasm following
subarachnoid hemorrhage, (vii) inflammation, (viii) epilep-
tic foci, and (ix) lacunar infarctions [1, 2].

The indications of Tc-99m-ECD in SPECT brain per-
fusion imaging of neuropsychiatric disorders and chronic
fatigue syndrome have not been fully characterized [1, 2].
However, investigations of the conversion in patients of mild
cognitive impairment (MCI) to Alzheimer’s disease (AD)

[3], the functional compensation mechanism in incipient
AD [4], the mechanism for suppression of parkinsonian
tremor by thalamic stimulation [5], the mechanism by which
thyroid hormone availability affects cerebral activity [6],
brain glucose metabolism in hypothyroidism [7], reduction
in the bifrontal regions and diffusion-weighted imaging of
Creutzfeldt-Jakob disease [8, 9], quantitation and differenti-
ation in patients with Tourette’s syndrome [10–12], and ab-
normal rCBF in patients with Sjögren’s syndrome [13] were
reported.

For clinical implements, Tc-99m-ECD is obtained by ra-
diolabeling of active pharmaceutical ingredient (API), that
is, L-Cysteine, N, N′-1,2-ethanediylbis-, diethyl ester, dihy-
drochloride (ECD) with Tc-99m. Radiochemical purity
(RCP) of Tc-99m-ECD is used for the quality control (QC)
purpose [14–16]. Although the characteristics of Tc-99m-
ECD, such as in vivo kinetics and biodistribution studies in
healthy human [15, 17], pharmacological studies in primates
[14, 18], uptake, clearance, and brain retention [19–22], bi-
otransformation, metabolites, and stability [14, 21, 23], have
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Table 1: Optimized parameters of elemental analyzer for quantita-
tion of ECD in ECD Kit.

Parameters

Operation mode CHNS

Combustion temperature (◦C) 1150

Reduction temperature (◦C) 900

Flush gas/time (sec) He/10

O2 dosing time (sec) 120

Column standby temperature (◦C)

CO2 Ambient temperature

H2O Ambient temperature

SO2 140

Column desorption temperature (◦C)

CO2 240

H2O 150

SO2 220

Carrier gas/Flow rate (mL/min)(1) He/230

Flow rate of O2 (mL/min) 15

Flow rate of O2 during combustion
(mL/min)

30–35

(1)
Same as the mass flow control (MFC) TCD flowing gas and flow rate.

been well-investigated, the chemical properties (such as pu-
rity and content) of ECD in ECD Kit (Vial A), that is, API in
drug product, which might significantly disqualify the effi-
cacy of Tc-99m-ECD have not been much discussed. More-
over, no analytical method for the determination of content
and uniformity of ECD in ECD Kit has been published.

Analysis of the content and uniformity of ECD in ECD Kit
is a relevant requirement for the pharmaceutical QC in
processes of mass fabrication. In the stability study of Mi-
kiciuk-Olasik and Bilichowski, they demonstrated that ECD
decomposed as soon as it was dissolved in phosphate buffer
solutions [24]. Our earlier observations also agreed with
findings of Verduyckt et al. [25], showing that the composi-
tion of ECD Kit is the major obstacle to determine stability of
ECD in (non)aqueous solutions.

ECD is the only component which contains sulfur in
ECD Kit. Methods for the determination of sulfur, including
Eschka method [26], gas chromatography-mass spectrome-
try (GC-MS) [26], inductively coupled plasma atomic emis-
sion spectrometry (ICP-AES) [27], instrumental neutron
activation analysis (INAA) [27], X-ray fluorescence [27, 28],
and elemental analyzer coupled with a thermal conductivity
detector (EA-TCD) [29] or an isotope ratio mass spectrome-
ter (EA-IRMS) [30], have been developed. We here presented
a direct solid sample determination method of ECD in ECD
Kit without sample dissolution to avoid the rapid degrada-
tion of ECD in aqueous solution using elemental analyzer
(EA) coupled with a nondispersive infrared detector (NDIR).
Method validation parameters were achieved to demonstrate
the potential of this method.

2. Experimental

2.1. Materials and Reagents. ECD (purity: 97.53%) was ob-
tained from ABX (Radeberg, Germany). Coal standard
(ELTRA coal standard no. 92510-50; C: 76.6%, S: 3.07%)
was purchased from ELTRA (Neuss, Germany). All chemicals
and reagents were of analytical grade and used as received
without further purification.

2.2. Elemental Analyzer. An elemental analyzer (EA) (vario
EL cube, Elementar Analysensysteme GmbH, Hanau, Ger-
many), equipped with a microbalance (Mettler-Toledo XP6,
Mettler-Toledo GmbH, Giessen, Germany), a nondispersive
infrared detector (NDIR), and a thermal conductivity detec-
tor (TCD) was employed for the measurement of sulfur. The
microbalance was connected to control a personal computer
(PC) of the EA for automatic transmission of the sample
weight to the PC. The measurement of sulfur was switched
to NDIR photometer in operation mode of “CHNS”. Since
the NDIR detector is sensitive to water vapor, the measured
gas was dried with a U-tube filled with Sicapent (phosphorus
pentoxide drying agent) before entering the NDIR.

For EA analysis, the samples were sealed in a tin container
and were dropped automatically into a combustion tube
filled with catalytic material (WO3 granulate) and main-
tained at a temperature of 1150◦C. As the sample entered the
combustion tube, a fixed amount of oxygen was injected into
the helium carrier. Time for oxygen dosing was set at 120
seconds. The exothermic oxidation of tin made the samples
combust completely. After passing through a reduction tube
(silver wool, corundum balls, and copper) at a temperature
of 900◦C, elements of nitrogen, carbon, sulfur, and hydrogen
in the samples were converted into gases of nitrogen, carbon
dioxide, sulfur dioxide, and water, respectively. The mixture
of gases was separated by gas chromatographic column,
and the TCD or NDIR signals of CO2, H2O, and SO2

were recorded. Data were acquired and processed with
software from Elementar (vario EL version of 1.3.1., Hanau,
Germany). The optimized EA parameters are presented in
Table 1. Figure 1 shows the typical EA analytical chromato-
gram of ECD in ECD Kit.

2.3. Method Development/Validation

2.3.1. Preparation of Standards, QC, and Blank Samples. The
preparation of ECD Kit (Vial A) was done according to the
procedure of Walovitch et al. [14], which was freeze-dried
under an N2 headspace and contained 0.90 mg ECD, 72 μg
SnCl2·2H2O, 360 μg Na2EDTA·2H2O, and 24 mg mannitol.

Compositions of ECD calibration standards (StdECD),
blanks (BkKit), and QC samples (QCECD: QC-L, QC-M, QC-
H) for method validation were prepared by Isotope Applica-
tion Division, Institute of Nuclear Energy Research (INER,
Taoyuan, Taiwan) and summarized in Table 2. ECD Kit and
Kit blank samples were grounded by using an agate mortar
for 40 seconds before determination.

Coal calibration standards (Stdcoal) were freshly prepared
daily by weighing 1.00 to 3.50 mg of coal standard. Coal QC
samples (QCcoal) were prepared in the same way as the coal
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Figure 1: Typical elemental analyzer chromatogram of ECD in ECD
Kit.

calibration standards by weighing 2.00 ± 0.20 mg of coal
standard.

2.3.2. Method Validation. The method was modified and val-
idated according to the International Conference on Harmo-
nization (ICH) guidelines for the validation parameters of
analytical method, including specificity, linearity, precision,
accuracy, stability, robustness, and system suitability.

Three tin blanks (tin container without sample) and
three 7.60 mg Kit blanks (Table 2) were analyzed. Peak areas
appeared on the retention time of sulfur were determined
to evaluate the specificity (selectivity) of the method in
resolution between sulfur and other elements. The calibra-
tion curves of five coal standards (1.08 to 3.39 mg) were
plotted against the peak areas. The linearity was evaluated
by the linear least squares regression method with three coal
QC samples determined at concentration of 2.10 mg. The
precision of the method was assessed by the same batch
of ECD Kit at five concentrations (1.08 to 3.39 mg) and
three QC samples determined at concentration of 2.10 mg.
Intraday precision (repeatability) and inter-day precision
(reproducibility) were evaluated by one analyst within one
day and on two different days, respectively. The accuracy was
determined by the recovery test. ECD quality control (QC)
samples of low (QC-L), medium (QC-M), and high (QC-
H) concentration at 0.23, 0.27, and 0.31 mg/vial (nominal
weight of ECD per vial of ECD Kit, Table 2) and one coal
QC sample at concentration of 2.15 mg were analyzed by
the proposed method. Experimental values (Sulfur(mg)exp

or Sulfur(%)exp) were obtained by interpolation to the
linear least squares regression equation of a fresh prepared
calibration curve (1.08 to 3.45 mg) and compared to the
theoretical values (Sulfur(mg)nominal or Sulfur(%)nominal):

Recovery yield (%) = Sulfur
(
mg
)

exp

Sulfur
(
mg
)

nominal
× 100%, (1)

or

Recovery yield (%) = Sulfur(%)exp

Sulfur(%)nominal
× 100%. (2)

The bench-top stabilities were examined by analyzing
2.05 ± 0.05 mg of coal standards and 7.52 ± 0.03 mg of
ECD Kit samples for three consecutive days. The samples
were kept in an autosampler at ambient temperature for EA
analysis over this period. Experimental data were obtained
by comparing the linear least squares regression equations of
calibration curves. The robustness of an analytical method is
a basic measurement of its capacity to remain unaffected by
small variations in method parameters. In this case, method
robustness was evaluated through the effects of dosing time
of oxygen, temperatures of combustion tube and reduction
tube. The system suitability was assessed by the triplicate
analyses of tin blanks and Kit blanks with acceptance crite-
rion of 5,000 counts.

3. Results

3.1. Method Development. Various sulfur forms are pre-
sented in coal, that is, pyrite, ferrous sulfate, gypsum, organic
sulfur, and elemental sulfur [26, 28, 31]. For direct solid
sample analysis of sulfur, effects of matrix, chemical form,
and homogeneity of the analyte in sample are relevant to the
reliability of analytical results [32–34].

The matrix effect on the determination of sulfur was ex-
amined as shown in Table S1 in Supplementary Material
available online at doi:10.1155/2011/196238. The average
peak area of Kit blanks was ten times higher than that
of tin blanks. The linear least squares regression equations
of coal standard without and with the existence of Kit
blanks were Y = 1.565 × 10−6X + 3.174 × 10−3 and Y =
1.547 × 10−6X + 8.932 × 10−3, respectively. No significant
differences of linear equations, linearities, and linear ranges
were detected. Determination of different concentration
ECD standards (0.78 to 1.07 mg, Table 2) in Kit blank using
coal for calibration curve were shown in supplemental Table
S2. Again, no significant difference of inter-day study coal
standard curves was found. Some results of the recovery
yields of StdECD no. 2 and StdECD no. 4 were outside the
acceptance criterion (±5.00%).

3.2. Method Validation. In supplemental Table S1, it is shown
that the peak areas on the retention time of sulfur were 248±
11 and 2438± 642 for tin blanks and Kit blanks, respectively.
Data are expressed as average ± SD. Although the peak areas
of Kit blanks were higher than those of tin blanks, the areas
were approximately half of the acceptance criterion of system
suitability (5000 counts).

Standard curves were constructed by plotting peak areas
(counts) against the amounts of coal standard and were
linear over the range of 1.08 to 3.39 mg (X in weight of
sulfur = 0.033–0.104 mg). The linear least squares regression
equation of the standard curve in this range was Y = 1.615 ×
10−6X + 4.747 × 10−3, with a correlation coefficient (r) of
0.9993.
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Table 2: Preparation and composition of ECD calibration standards, blank, and quality control samples.

Sample WECD
(1) (mg/vial) WKit

(2) (mg/vial) WS
(3) (mg/vial) %WS

(4) (%, w/w)

Kit blank (BkKit) 0.00 25.61 0.00 0.00

ECD Calibration standards

StdECD no. 1 0.78 26.27 0.123 0.47

StdECD no. 2 0.89 26.00 0.140 0.54

StdECD no. 3 0.97 26.10 0.152 0.58

StdECD no. 4 1.07 26.04 0.168 0.65

ECD QC samples (QCECD)

QC-L 0.23 7.27 0.036 0.48

QC-M 0.27 7.23 0.042 0.57

QC-H 0.31 7.19 0.049 0.65
(1)

Nominal weight of ECD in ECD Kit.
(2)Total weight of ECD Kit.
(3)Nominal weight of sulfur in ECD Kit.
(4)Percentage of sulfur (%, w/w) in ECD Kit.

Table 3: Precision and accuracy in the analysis of QC samples and ECD in ECD Kit.

Day
Standard curve(1) Sulfur weight (%)(2) Recovery yield (%)

Dynamic range of
sulfur (mg)

Linear least squares regression
equation

Correlation
coefficient (r)

QCcoal QCcoal QCECD
(3)

1 0.033 –0.104 Y = 1.615 × 10−6X + 4.747 × 10−3 0.9993 3.13 ± 0.07 (2.25%) 102.08 ± 2.29 —

1 0.031–0.105 Y = 1.623 × 10−6X + 1.741 × 10−3 0.9989 3.10 ± 0.02 (0.60%) 100.89 ± 0.60 —

2 0.034–0.107 Y = 1.634 × 10−6X + 1.034 × 10−3 0.9994 3.08 ± 0.04 (1.21%) 100.15 ± 1.21 —

3 0.033–0.106 Y = 1.576 × 10−6X + 4.202 × 10−3 0.9996 3.18 103.79

102.78
(QC-L)

100.00
(QC-M)

102.08
(QC-H)

(1)
Standard curves of coal.

(2)Content percentage of sulfur in coal standard: 3.07% (w/w); data are expressed as average ± SD (%R.S.D.), n = 3.
(3)Purity of ECD: 97.53%; compositions of ECD QC samples (QC-L, QC-M, and QC-H) were shown in Table 2.

Table 3 provides the results of repeatability, reproducibil-
ity, and accuracy of the proposed method. The Intraday pre-
cisions of sulfur weight (%) in coal QC samples were 0.60%
to 2.25%. The inter-day precisions of sulfur weight (%) and
slope of the calibration curve in coal QC samples were 1.69%
and 1.56%, respectively. Average recovery yield of ECD in
ECD QC samples was 101.62% ± 1.45% (R.S.D. = 1.42%).

The samples for bench-top stability study were kept in
the EA autosampler under ambient environment for a three-
consecutive-day experiment (Table 4). Average recovery
yields for the determination of sulfur in coal QC samples and
ECD in ECD QC samples were 100.88% ± 1.46% (R.S.D. =
1.45%) and 98.93% ± 3.24% (R.S.D. = 3.28%), respectively.
The recovery yield of QCcoal was approximately 100%.
However, recovery yields of QCECD increased gradually from
96.02%± 2.33% (day 1) to 102.31%± 1.63% (day 3).

The method robustness was evaluated through the effects
of dosing time of oxygen, temperatures of combustion tube
and reduction tube as shown in Table 5. Optimal dosing
time of oxygen, temperatures of combustion tube and reduc-
tion tube were 120 sec, 1150◦C and 900◦C, respectively. No

statistically significant difference of linear equations and cor-
relation coefficients were found.

The acceptance criterion of system suitability was as-
sessed by triplicate analyses of the tin blanks and Kit blanks
for peak area and was set at 5000 counts.

3.3. Real Sample Analysis. Analytical data of three batch real
samples are summarized in Table S3. One in five QCcoal

samples was outside the acceptance criterion (±5.00%). The
determined (experimental) value of ECD by the proposed
method gradually increased from 0.934 ± 0.021 mg (batch
1) to 0.984 ± 0.007 mg (batch 3).

4. Discussion

No significant matrix effect of Kit blank on the peak area,
linearity of calibration curve, and selectivity of sulfur was
found (Table S1). The findings suggest that coal standard
(without being spiked into Kit blank) is more convenient
and stable (Table S2) than ECD standard to construct the
calibration curve.
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Table 4: Stability study of QC samples analysis.

Day
Standard curve Recovery yield (%)(1)

Dynamic range of sulfur (mg) Linear least squares regression equation Correlation coefficient (r) QCcoal
(2) QCECD

(3)

1 0.032–0.105 Y = 1.627 × 10−6X + 4.149 × 10−3 0.9994 101.10 ± 0.94 96.02 ± 2.33

2 0.033–0.103 Y = 1.629 × 10−6X + 2.390 × 10−3 0.9994 99.82 ± 0.90 98.48 ± 1.96

3 0.031–0.105 Y = 1.609 × 10−6X + 2.608 × 10−3 0.9997 101.72 ± 2.00 102.31 ± 1.63
(1)

Data are expressed as average ± SD, n = 3.
(2)QCcoal: 2.05 ± 0.05 mg of coal QC samples (S = 3.07%, w/w) were analyzed.
(3)QCECD: 7.52 ± 0.03 mg of ECD QC samples (ECD = 3.61%; S = 0.58%, w/w) were analyzed.

Table 5: Robustness study in the analysis of ECD.

Parameter
Standard curve of coal(1) QCcoal

(2)

Linear least squares regression
equation

Correlation
coefficient (r)

Sulfur weight
(%)

Recovery yield
(%)(3)

Dosing time (sec)

90 Y = 1.544 × 10−6X + 3.394 × 10−3 0.9992 3.14 ± 0.06 102.36 ± 2.58

120 Y = 1.615 × 10−6X + 4.747 × 10−3 0.9993 3.13 ± 0.07 101.91 ± 2.30

150 Y = 1.604 × 10−6X + 7.508 × 10−4 0.9999 3.05 ± 0.10 99.17 ± 2.84

Temperature of
combustion tube
(◦C)

1120 Y = 1.605 × 10−6X + 8.215 × 10−4 0.9997 3.13 ± 0.06 102.01 ± 1.85

1150 Y = 1.615 × 10−6X + 4.747 × 10−3 0.9993 3.13 ± 0.07 101.91 ± 2.30

1180 Y = 1.586 × 10−6X + 1.126 × 10−3 0.9985 3.03 ± 0.03 98.68 ± 1.14

Temperature of
reduction tube
(◦C)

850 Y = 1.621 × 10−6X + 9.226 × 10−5 0.9997 3.12 ± 0.06 102.01 ± 1.75

900 Y = 1.615 × 10−6X + 4.747 × 10−3 0.9993 3.13 ± 0.07 101.91 ± 2.30

950 Y = 1.649 × 10−6X − 1.288 × 10−3 0.9996 3.00 ± 0.02 97.97 ± 0.87
(1)

Standard curves were constructed by the coal concentration range of 1.01 to 3.49 mg.
(2)Data are expressed as average ± SD, n = 3.
(3)Recovery yield (%) = Sulfur(mg)exp/Sulfur(mg)nominal × 100%.

In this investigation, background peak area of sulfur is
attributed to the sample moisture and usage of EA tubes
such as Sicapent tube, combustion tube, and reduction tube.
Although the background peak area of sulfur is variable, the
proposed method has sufficient selectivity (resolution) to the
sulfur determination.

The system suitability can be simply assessed by back-
ground peak areas of tin blanks and Kit blanks. Background
of coal standard and ECD Kit can be deducted by tin and Kit
blanks, respectively. Although samples of multiple batches
can be assayed within one single day, background peak
area of each batch should be determined separately. Each
analytical batch should consist of tin blanks, Kit blanks,
coal QC samples, calibration coal standards, and unknown
samples.

Coal standards are grounded and dried under 110∼
120◦C for at least 2 hours before determination and prepared
for the standards curve freshly.

The number of QC samples (in multiples of three) de-
pends on the total number of samples in a batch. Table
S3 demonstrates that triplicate QC samples analyses are
necessary to ensure quality of the assay for a batch within 10–
20 samples. Acceptance criterion is suggested to set at least
67% (2 out of 3) of QC samples, which should be within
±5% of their respective nominal value, and 33% of the QC
samples may be outside ±5% of nominal value.

Nominal content of ECD in each ECD Kit vial is 0.900
± 0.135 mg/vial, which is equal to the weight of sulfur in

the range of 0.033–0.104 mg/vial. Therefore, one-third to half
of content of ECD Kit was suggested to sample for EA anal-
ysis.

The observation of three-day stability study of ECD Kit
in Table 4 (recovery yields of QCECD increased gradually) is
difficult to explain, but it might be related to the degradation
of ECD in ECD Kit due to the moisture. For example, an
intermolecular sulfur-sulfur bonding compound was found
in our preliminary forced degradation study.

In Table 5, the results of method robustness evaluation
further support the optimal conditions of Table 1. Addition-
ally, the results of method validation in Tables 3, 4, and 5
indicate the potential of this method in pharmaceutical QC.

However, this method is limited to QC analysis of
“fresh prepared” ECD Kit, where purity of ECD should be
determined prior to mass fabrication processes. Based on
the test specification in practice guidelines of the American
College of Radiology (ACR) and the European Association
of Nuclear Medicine Neuroimaging Committee (ENC), the
radiochemical purity (RCP) determinations of Tc-99m-ECD
should be performed on each vial prior to injection and can
also be used to verify the quality of ECD Kit [1, 2].

5. Conclusion

Since the composition of ECD Kit may cause degradation of
ECD as soon as it is dissolved in (non)aqueous solutions, the
best way to adopt for the quantitation is highly restricted to
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a method of direct solid samples analysis. This investigation
provides a method for the intended purpose, for example,
routine QC of chemical manufacturing. ECD is one of the
diamino dithiol (DADT) derivatives to form stable com-
plexes with radiorhenium or radiotechnetium. Therefore,
this method can be also a useful tool to investigate the QC
quantitation and properties of thiol-contained derivatives.
Finally, this research not only enhances our understanding
of ECD Kit about its stability but also raises some questions
that require further investigation, especially the degradation
pathways, degradation compounds of ECD in ECD Kit and a
more stable ECD Kit, formulation design.
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Many radiopharmaceuticals used for medical diagnosis and therapy are beta emitters; however, the mechanism of the cell death
caused by beta-irradiation is not well understood. The objective of this study was to investigate the apoptosis of human breast
carcinoma MCF-7 cell lines induced by Strontium-89 (89Sr) and its regulation and control mechanism. High-metastatic Breast
Carcinoma MCF-7 cells were cultured in vitro using 89Sr with different radioactive concentration. The inhibition rate of cell
proliferation was measured by MTT color matching method. The cell cycle retardation, apoptosis conditions, mitochondrion
transmembrane potential difference and Fas expression were tested and analyzed. The genes P53 and bcl-2 expressions was also
analyzed using immunity histochemical analysis. After being induced by 89Sr with various of radioactive concentration, it was
found that the inhibition of cell proliferation of MCF-7 cells was obviously, the retardation of cell cycle occurred mainly in G2-M.
It was also found that the obvious apoptosis occurred after being induced by 89Sr, the highest apoptosis rate reached 46.28%. The
expressions of Fas acceptor and P53 gene increased, while bcl-2 gene expression decreasesd. These findings demonstrate that in
the ranges of a certain radioactive concentration, the inhibition rate of MCF-7 cell proliferation and retardation of cell cycle had
positive correlation with the concentration of 89Sr. And the mitochondrion transmembrane potential decrease would induce the
apoptosis of MCF-7 cell notably, which were controlled by P53 and bcl-2 genes, involved with the Fas acceptor.

1. Introduction

Cancer is a major public health problem in the United States
and other countries. Currently, one in four deaths in the
United States is due to cancer [1]. Among the major therapy
approaches, ionizing radiation is used as a widespread
therapeutic modality for cancer treatment. Currently, one of
the challenges in radiobiology and oncology is to understand
how the cells respond to oxidative stress resulting from
exposure to radiation, whether they will die by an apoptotic
process or will survive and proliferate. From the point of
view of neontology, DNA and cell membrane are the targets
of ionization radiation therapy, which gives rise to a series
of biochemical and physiological changes of cells, and then
induce the inhibition of cell proliferation and retardation
of cell cycle, even apoptosis and necrosis. The therapeutic
change has relation to the sensitivity, time phase of cell cycle,
absorbed radiation dose, and the type of ray [2–4].

It is well known that cell exposure to radiation results in
direct and indirect DNA damage, and the extent of damage
will depend on the type of radiation and the dose applied, as
well as other factors. The higher the ionization density, that
is, the higher the radiation linear energy transfer (LET), the
greater the complexity of the lesions, and, therefore, repair
of the induced lesions is more difficult. When activated by
gamma irradiation, p53 induce apoptosis pathways by its
positive transcriptional activity on proapoptotic molecules
[5]. DNA damage and p53 activation may be initial events
in gamma-irradiation-induced apoptosis [5]. In addition,
mitochondria-directed apoptotic stimuli induce a variety
of mitochondrial changes, including production of oxygen
radicals and the opening of membrane pores. This leads
to the release of apoptogenic factors such as cytochrome c,
apoptosis-inducing factor (AIF). The status of cell prolifera-
tion and cell cycle are also thought to be important factors
to radiation-induced apoptosis [6]. Radiation-induced cell
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cycle arrest at the G1 and G2 restriction points allows cells to
repair DNA damage before cells proceed with DNA synthesis
and cell division. It is known that irradiated non-small-
cell lung cancer (NSCLC) cell lines with wild-type p53 pass
beyond the G1 and G2 blocks with delayed and markedly
lower probability than cell lines with inactive p53. As a result,
the fraction of late post-G2 apoptosis, induced in NSCLC
cell lines with intact p53, was lower than in cell lines with
functionally inactive p53 [7].

Studying the effects of β radiation at the cellular level is of
particular interest for direct application in nuclear medicine.
Many radiopharmaceuticals used for diagnosis and therapy
are β emitters (e.g., 153Sm-EDTMP, Na131I, 186Re-HEDP, and
89SrCl), which showed promising therapeutic results. How-
ever, the mechanism by which cell death is caused by β
irradiation is not well understood. 89Sr therapy has the best
effect on breast carcinoma and prostate carcinoma; breast
carcinoma MCF-7 is a high metastatic cell type, so we
choose MCF-7 as the model. In this study, we investigated
the mechanism for apoptosis in response to 89Sr, one of
the significant and effective β radiation emitting therapeutic
radioisotopes, in breast carcinoma MCF-7 cells.

2. Materials and Methods

2.1. Cell Culture. Human breast carcinoma MCF-7 cells were
grown in RPMI 1640, containing 10% fetal calf serum.
Cells were incubated in a 37◦C incubator with 95% air, 5%
CO2, and 100% humidity. Fresh medium was supplemented
every 2 days. Passaging was carried out every 3-4 days and
consisted of a gentle mechanical dissociation using a polished
Pasteur pipette. The cells in the logarithmic growth phase are
adopted in all the experiments.

2.2. Inhibition of Cell Proliferation by 89Sr. The equilibrium
dose constant for 89Sr is 9.32 × 10−14 Gy kg Bq−1 s−1

(1.24 g rad μCi−1 h−1). The mean emitted energy of the β-
particle from 89Sr is 0.583 MeV (Emax = 1.492 MeV). 89Sr
solution was purchased from Shanghai Anshen Kexing
Corporation as a kind of leuco transparent liquid, pH value =
8.0, radiochemical purity >98%, radioactive specific activity
= 3.7 × 107 Bq/mL. MCF-7 cell solution was adjusted as
1 × 105/mL. Every orifice inoculated 100 μL MCF-7 cell
solution on the 96-orifice cell culture plate, applied with
89Sr solution in different concentrations of 37 Bq/mL,
74 Bq/mL, 148 Bq/mL, 296 Bq/mL, 592 Bq/mL, 1184 Bq/mL,
2368 Bq/mL, and 4736 Bq/mL. Every group has 3 duplicate
orifices as control orifice of normal cells. MCF-7 cells were
incubated with 89Sr at 37◦C with 95% air, 5% CO2, and
100% humidity for 24 h. At the time of 4 hours before the
culturing finished, 10 μL MTT (5 mg/mL) was added to every
orifice, continued to incubate 4 hours, and then carried
through level centrifugal cleaning culturing plate. 150 μL
DMSO was added to each orifice and fully blended, and then
absorbance was determined using a spectrophotometer at
570 nm absorbance.

2.3. Determination of Cell Cycle Phase. Cells at different
stages of the cell cycle can be distinguished by their

DNA content. Experimentally, cellular DNA content can be
determined by incubation with a fluorescent dye (propid-
ium iodide) that binds to DNA, followed by analysis in
fluorescence-activated cell sorter (FACS). In this study, col-
lected MCF-7 cells were added 70% ethanol, kept steady for
24 hours at −20◦C, and washed twice by PBS, adjusted cells
solution to be 1 × 106/mL. Then 100 μL of cell suspension
was added to test tube with 200 μL PI, reacted at 4◦C, no
light, for 30 minutes, then tested by using a flow cytometer
(FACScan, Becton Dickinson) and analyzed the results. The
Cycletest Plus DNA Reagent Kit (BD Corporation) was used
in detecting the distribution of cells within the different
phases of cell cycle.

2.4. Measurement of Cell Apoptosis. 1 × 105/mL MCF-7 cells
were moved to 6 orifices, then 89Sr solution in different con-
centrations of 37 Bq/mL, 74 Bq/mL, 148 Bq/mL, 296 Bq/mL,
592 Bq/mL, 1184 Bq/mL, 2368 Bq/mL, 4736 Bq/mL, 185 kBq/
mL, 370 kBq/mL, 740 kBq/mL, 1480 kBq/mL, 2960 kBq/mL,
3330 kBq/mL, 6660 kBq/mL, and 13320 kBq/mL, respecti-
vely, and incubated at 37◦C, 5% CO2 for 24 hours. After
twice centrifugal washing of the cells with precooling PBS,
the cells were resuspended in 100 μL of PBS and then were
added 5 μL AnnexinVFITC (Bender MedSystems Corpora-
tion) solution and fully blended. Then the cells were tested
using flow cytometer soon after 15-minute reaction at 4◦C
without light and adding 10 μL PI. This measurement was
repeated for the 3330 kBq/mL group at time points of 36 h,
48 h, and 72 h.

2.5. Measurement of Mitochondrial Membrane Potential.
Mitochondrial membrane potential, ΔΨm, is an important
parameter of mitochondrial function used as an indicator of
cell health. To evaluate ΔΨm, MCF-7 cells were incubated
with 89Sr with the above concentration for 24 hours, then
treated with Rh123C and followed by analysis on a flow
cytometer (FACScan, Becton Dickinson).

2.6. Fas Detection. The cell surface Fas (CD95/APO-1) is
a 45 kD type I membrane protein, and Fas ligand (FasL)
is a 37 to 40 kD type II membrane protein that belongs
to the tumor necrosis factor (TNF) receptor and ligand
families [8]. Activation of Fas by crosslinking with agonistic
antibodies or by binding with FasL resulted in apoptotic cell
death in susceptible cells [9]. The three MCF-7 cell groups
were incubated separately with 3330 kBq/mL, 6660 kBq/mL,
and 13320 kBq/mL for 24 hours, then collected cells and
suspended in PBS and adjusted cells concentration as 1 ×
106/mL. The 100 μL of cells suspension was incubated in two
tubes, one with 20 μL mouse IgG fluorescein isothiocyanate
(FITC) used as homotype reference, and another tube with
20 μL Fas FITC was incubated at 4◦C without light for 15
minutes. The cells were analyzed for surface Fas expression
by flow cytometer.

2.7. DNA Gel Electrophoresis. DNA damage and cell apopto-
sis were detected by DNA gel electrophoresis. DNA of MCF-7
cells were extracted after being induced by 89Sr at different
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concentrations as shown previously for 24 hours. After
air drying, cells were conserved in the TE buffer solution.
DNA sample was taken out and electrophoresed in 1.2%
agarose gel with 100 V for 30 to 60 minutes and detected by
pigment EB staining. The DNA samples were investigated by
ultraviolet spectrometry and then imaged.

2.8. Immunohistochemical Analysis. The cell coverslips were
incubated with 100 uL rabbit anti-Bcl-2 and rabbit anti-P53
over night at 4◦C. After rinsing with tris-buffered saline
(TBS) for five times, 5 min each rinse, the coverslips were
incubated in rabbit antimouse secondary antibodies for
30 min at 37◦C. The coverslips were subsequently rinsed with
TBS for five times, 5 min each rinse and then added 100 uL
DAB solution to each coverslip and incubated coverslips for
1 minute at room temperature.

2.9. Estimation of the Cell Integral Absorbed Dose by 89Sr. The
estimation of the cell integral absorbed dose by 89Sr was
calculated based on the following formula [4]: D = AE/m,
where D is absorbed dose, A the radioactive activity of 89Sr
internal radiation (unit: kBq), E the average energy of 89Sr
ray, and m the mass of the irradiated cell.

2.10. Statistical Analysis. All data are calculated as percent-
age. X2 verification is adopted between groups.

3. Results

3.1. MCF-7 Cell Integral Absorbed Dose by 89Sr Internal Rad-
iation. After being induced by 89Sr with various radioactive
concentrations (37 Bq/mL, 74 Bq/mL, 148 Bq/mL, 296 Bq/
mL, 592 Bq/mL, 1184 Bq/mL, 2368 Bq/mL, 4736 Bq/mL, 185
kBq/mL, 370 kBq/mL, 740 kBq/mL, 1480 kBq/mL, 2960 kBq/
mL, 3330 kBq/mL, 6660 kBq/mL, and 13320 kBq/mL), the
accumulative absorbed doses are measured as 0.025 mGy,
0.05 mGy, 0.1 mGy, 0.2 mGy, 0.4 mGy, 0.8 mGy, 1.6 mGy,
3.2 mGy, 0.125 Gy, 0.25 Gy, 0.5 Gy, 1 Gy, 2 Gy, 2.25 Gy, 4.5 Gy,
and 9 Gy, respectively. If induced by 89Sr with the radioactive
concentration of 3330 kBq/mL for 36 hours, 48 hours, and 72
hours, the accumulative absorbed doses are 3.38 Gy, 4.5 Gy,
and 6.76 Gy, respectively.

3.2. MCF-7 Cellular Morphological Change and Cell Prolifera–
tion Inhibition. After being induced by 89Sr with various
radioactive concentrations (74 Bq/mL, 148 Bq/mL, 296 Bq/
mL, 592 Bq/mL, 1184 Bq/mL, 2368 Bq/mL, and 4736 Bq/mL)
and cultured for 24 hours, the numbers of MCF-7 cells
obviously decreased and cellular morphological change
occurred obviously, the outline shrank, and the function of
adhering to the cell wall layer was found to be obviously
weakened compared with the control group (Figure 1).

No obvious inhibition was found at 37 Bq/mL. With the
increase of the concentration (exceeding 74 Bq/mL), the pro-
liferation inhibition rate obviously rose, showed a positive
correlation with the concentration (Figure 2, P < .05).

3.3. MCF-7 Cell Cycle Retardation. After being induced by
89Sr with various radioactive concentrations (185 kBq/mL,

(a)

(b)

Figure 1: Digital photo before (a) and after (b) being induced by
89Sr (3330 kBq/mL) (microscopically).
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Figure 2: MCF-7 cell proliferation inhibition rate due to being
induced by 89Sr of various concentrations.

370 kBq/mL, 740 kBq/mL, 1480 kBq/mL, 2960 kBq/mL, 3330
kBq/mL, 6660 kBq/mL, and 13320 kBq/mL) and cultured for
24 hours, the retardation appeared obvious. The retarda-
tion became significant when the concentration increased.
The retardation was mainly found in the cycle G2-M
at the concentration less than 6660 kBq/mL, reached the



4 Journal of Biomedicine and Biotechnology

G0/G1-phase
S-phase
G2/M-phase

0
10
20
30
40
50
60
70
80
90

0 185 370 740 1480 2960 3330 6660 13320

C
yc

le
re

ta
rd

at
io

n
(%

)

Concerntrations of 89Sr (kBq/mL)

Figure 3: MCF-7 cell cycle retardation due to being induced by 89Sr
of various radioactive concentrations.
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Figure 4: Percentage of MCF-7 cell apoptosis due to being induced
by 89Sr of various radioactive concentrations.
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Figure 5: Cell apoptosis of 4 groups of the experimental group
3330 kBq/mL.

peak at 78.09%. When the concentration was more than
13320 kBq/mL, the retardation in the cycle G2-M decreased
obviously, but the retardation in the cycle S became obvious,
reached the peak at 62.97% (Figure 3).
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Figure 6: The mitochondrion ΔΨm of MCF-7 cell apoptosis due to
being induced by 89Sr of various radioactive concentrations.
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Figure 7: The Fas expression of MCF-7 cell due to being induced
by 89Sr of various concentrations.

3.4. MCF-7 Cell Apoptosis. Again after being induced by 89Sr
with the same radioactive concentrations and cultured for
24 hours, all the rates of cell apoptosis were lower than
10% (Figure 4). There were no obvious differences in all the
groups (P > .05). The DNA electrophoresis analysis in each
group found no typical “ladder diagram” band distribution.

According to our previous study, the experimental group
3330 kBq/mL was divided into 4 groups: 36 h, 48 h, 72 h, and
96 h. With the time passing, the numbers of cell apoptosis
increased obviously, reached the peak at 46.28% at 72 h, and
had a dosage-dependency relationship. However, most of
cells died after 96 hours (Figure 5).

3.5. The Variation of MCF-7 Cell Mitochondrion ΔΨm. After
being induced by 89Sr of radioactive concentrations and
cultured for 24 hours, the cell mitochondrion ΔΨm did
not decrease obviously but increased slightly when the
concentration was lower than 3330 kBq/mL. When the con-
centration was above 3330 kBq/mL, the cell mitochondrion
ΔΨm decreased obviously (Figure 6).
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(a) (b)
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Figure 8: (a) P53 coloration before being induced; (b) bcl-2 coloration before being induced; (c) P53 coloration after being induced; (d)
bcl-2 coloration after being induced.

3.6. The Fas Expression of MCF-7 Cell. Based on the pre-
test, induced MCF-7 cells in all the 3 experimental groups
(3330 kBq/mL, 6660 kBq/mL, and 13320 kBq/mL) for 24
hours, their Fas receptor expressions were obviously higher
than their respective control groups (Figure 7).

3.7. Immunohistochemical Analysis. For the control group,
the positive rate of P53 expression was 95%, but the
coloration generally weakened, weakly positive. While the
positive rate of bcl-2 expression was 91%, the coloration
deepened.

For the experimental group 3330 kBq/mL, after being
induced for different periods, the positive rate of P53
expression was 97%, but the coloration was obviously darker
than the control group. While the positive rate of bcl-
2 expression was 88%, the coloration generally weakened,
especially in the group 72 h (Figure 8).

4. Discussion

89Sr is a short-lived artificial radioisotope with a half-life of
50.5 days, which has very high energy (8 mm penetration).
89Sr is used for the medical treatment of high metastatic
bone tumor. Due to its simple treatment method and good
curative effect, it has been found in widespread application
[5, 6], but the unsatisfactory curative effect on some patients
occurred due to their tumor cell resistance to the radiation.
89Sr treatment mechanism primarily is to inhibit the growth

of the tumor cells or to kill them by radiation damage.
The previous studies on the radiation damage were mainly
focused on the external radiation, especially X-ray or γ-ray,
and few reports focus on the internal radiation of β-ray
remitted by radionuclide. Because the internal radiation has
the characteristics, selectivity of action spot and durability
of acting time, it is very important to study the mechanism
and contributing factors of the radiation damage by internal
radiant of radionuclide.

The research findings showed that MCF-7 cells were
induced by 89Sr and irradiated by β-ray for 24 hours, the
inhibition of cell proliferation was obvious, and had a
positive correlation with the concentration of 89Sr. When the
concentration reached 1480 kBq/mL and the cell absorbed
dose reached 1 Gy, the cell cycle retardation appeared
obviously; this is mainly manifested in G2-M the cells in the
cycle retardation time phase and other time phases had a
proportional relation with the accumulative absorbed dose.
In 1968, it is reported that the cell cycle G1 retardation
was induced by X-ray. There were also many studies which
reported that the tumor cell cycle retardation was induced by
γ-ray radiation, and most of people thought that the tumor
cell cycle G2-M retardation was induced by γ-ray radiation
[7, 8]. Such case was also found when MCF-7 tumor cells
were induced by 89Sr and irradiated by β-ray. In the exper-
imental group 13320 kBq/mL, the accumulative absorbed
dose reached 9 Gy, mass mortality of cell was found, and the
cycle S retardation of the residual cells was obvious.
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The patterns of MCF-7 cell death induced by 89Sr
were apoptosis and necrosis, and they coexisted. When
the radioactive concentration was lower than 2960 kBq/mL
and the cell accumulative absorbed dose was less than
2 Gy, although the inhibition of cell proliferation and cycle
retardation were obvious, the cell apoptosis was not obvious
and was independent of the time of irradiation. When
the radioactive concentration reached 3330 kBq/mL, after
being cultured for 72 hours, the cell accumulative absorbed
dose reached 6.76 Gy, and the percentage of cell apoptosis
increased obviously, reached the peak at 46.28%, and had
correlation with irradiation time. When the radioactive
concentration reached 13320 kBq/mL, the cell accumulative
absorbed dose exceeded 9 Gy, the percentage of cell necrosis
increased obviously, and even total necrosis, and there were
little apoptosis. That is because the cell apoptosis is an active
process that needs gene expression and protein synthesis,
when the radiation dose exceeds 9 Gy which is sufficient
for destroying genetic transcription or directly destroying
the integrality of membrane, it makes the cell unable to
support the ion gradient inside and outside of cell, thus
will make the loop of cell apoptosis unable to be initiated.
When the accumulative absorbed dose falls in a certain
range, both apoptosis and necrosis exist, and the ratio of
necrosis to apoptosis is related to irradiation time and dose
effect. The apoptosis rate as the function of the dose of
89Sr was not significant, that is because the apoptosis rate is
related to irradiation time, dose, and some other factors. For
the accumulative absorbed dose 4.5 Gy, apoptosis was few
when the cell was induced by the radioactive concentration
at 6660 kBq/mL for 24 hours, while apoptosis increased
obviously when the cell was induced by the radioactive
concentration at 3330 kBq/mL for 48 hours. It is explained
that if the cell absorbed the same dose in a short or long
period, the pattern of cell death is different. It is because
DNA damage caused by high dose once in a short period was
more serious than that caused by low dose for many times;
the cell was unable to heal caused by high dose once. The
above manifestation, basically, is the same as the changes of
cells irradiated externally. But some research findings showed
that, if the same dose was adopted, the proportion of cell
apoptosis induced by γ-ray is higher than that induced by
β-ray; similarly, the loop was initiated earlier [4].

The radiation-induced inhibition of proliferation did not
appear to be related to apoptosis, but rather to delayed
progression through the cell cycle [6].

In the process of MCF-7 cell apoptosis induced by 89Sr,
there are many genes involved in regulation and expression.
Among them, gene P53 and bcl-2 play an active role. The
gene P53, as a transcription, combines and involves in genetic
regulation, plays an important role in the cell apoptosis
induced by the radiation or other factors [9–11]. The gene
bcl-2 can inhibit the cell apoptosis induced by many factors,
including ionizing radiation, over oxidation of plasma
membrane, and lack of blood serum and growth factor
[12–14]. In the experimental group with obvious apoptosis
in this research, the coloration of cell karyon deepened
obviously, p53 expression was reinforced, and the coloration
of cell cytoplasm weakened obviously, bcl-2 expression was

depressed. It shows that the cell apoptosis induced by β-ray
radiation was initiated by the high expression of p53 and is
depressed by bcl-2 expression.

In the process of MCF-7 cell apoptosis induced by 89Sr,
Fas and plastosome are also involved in regulation and
expression. It is proved that Fas plays an important role in the
process of cell apoptosis induced by radiation damage and
other DNA damage [15–17]. In the experimental group with
obvious apoptosis in this research, Fas expression is higher
than that of the control group. It shows that Fas expression
is also involved in the signal transmission of apoptosis in
the process of cell apoptosis induced by β-ray radiation.
There are probably two ways of Fas expression mediates the
signal transmission of the next level: through the actions
of cystic death domain (DD) and cystic connector proteins,
Fas initiates the caspase-8 and leads to the cell apoptosis;
Fas plays a role in inducing the cell apoptosis through
the ceramide, as second messenger [18]. Similarly, in the
experimental group with obvious apoptosis, the plastosome
ΔΨm decreased obviously, comparing with any other group,
which shows that the plastosome is also involved in the
cell apoptosis induced by β-ray radiation. The probable
mechanism is that the plastosome initiates the caspases
through releasing Cyt c, plays an important controlling role
[19]. In some other cancer cells, apoptosis induced by 89Sr
is regulated by decreasing the bcl-2 expression protein, thus
decreasing bcl-2/bax [20].

In short, after being irradiated by β-rays, the inhibition
of MCF-7 cell proliferation and its rate in various periods
are changing with the amount of radiation dose. If the
accumulative absorbed dose falls in a certain range, β-ray can
induce the cell apoptosis and also the cell necrosis, and there
is a dose-effect curve. Many genes are involved in regulation
and expression in the process of cell apoptosis, and the signal
transmission and regulation are very intricate. It is very
important to the tumor radiotherapy in the further research.
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Radiolabeled annexin V (ANV) has been widely used for imaging cell apoptosis. Recently, a novel ANV-Kunitz-type protease
inhibitor fusion protein, ANV-6L15, was found to be a promising probe for improved apoptosis detection based on its higher
affinity to phosphatidylserine (PS) compared to native ANV. The present paper investigates the feasibility of apoptosis detection
using radioiodinated ANV-6L15. Native ANV and ANV-6L15 were labeled with iodine-123 and iodine-125 using Iodogen method.
The binding between the radioiodinated proteins and erythrocyte ghosts or chemical-induced apoptotic cells was examined. ANV-
6L15 can be radioiodinated with high yield (40%−60%) and excellent radiochemical purity (>95%). 123I-ANV-6L15 exhibited a
higher binding ratio to erythrocyte ghosts and apoptotic cells compared to 123I-ANV. The biodistribution of 123I-ANV-6L15 in
mice was also characterized. 123I-ANV-6L15 was rapidly cleared from the blood. High uptake in the liver and the kidneys may limit
the evaluation of apoptosis in abdominal regions. Our data suggest that radiolabled ANV-6L15 may be a better scintigraphic tracer
than native ANV for apoptosis detection.

1. Introduction

Apoptosis (programmed cell death) plays an important role
in the maintenance of physiological homeostasis as well
as in the pathogenesis of a number of disorders including
cerebral and myocardial ischemia, autoimmune diseases,
and neurodegeneration [1–3]. Apoptosis also plays a crucial
role in tumor response to radiation, chemotherapy, and
photodynamic therapy (PDT) [4]. The extent and time frame
of cancer cell apoptosis induced by anticancer treatments
provide crucial clinical information on both the disease
status and the therapeutic efficacy.

The plasma membrane phospholipids of mammalian
cells are normally asymmetrically distributed, in which
the phosphatidylserine (PS) and phosphatidylethanolamine
(PE) are segregated to the internal leaflet whereas the
phosphatidylcholine (PC) and sphingomyelin (SM) reside
on the outer leaflet [5, 6]. Once apoptosis has been initiated,
the caspase-mediated signaling cascade of cells is activated.
One of the earliest events occurred in apoptotic cells is
the externalization of PS to the outer leaflet of the plasma
membrane.

Annexin V (ANV), an endogenous human protein with
a molecular weight of 35.8 kDa, binds to membrane-bound



2 Journal of Biomedicine and Biotechnology

PS in a Ca2+-dependent manner with a high affinity (Kd =
0.5–7 nM). Since externalization of PS occurs in the early
stage of apoptosis, fluorescein- and radionuclide-labeled
ANV have been used for detection of apoptosis in vitro
and under development for in vivo imaging as well [3, 7].
However, the physiological concentration of Ca2+ is lower
than that required for optimal binding of native ANV to PS
[8], rendering a suboptimal binding condition for apoptosis
detection in vivo. In addition, excessive uptake by the liver
and the kidney further limits the application of native ANV
for in vivo apoptosis imaging [9]. In light of these drawbacks
of native ANV concerning the in vivo detection of apoptosis,
the development of derivatives of ANV with an improved
binding profile to PS and pharmacokinetic properties has
been under intensive investigation recently.

ANV possesses anticoagulant and antithrombotic activ-
ity by forming 2-dimensional arrays on anionic mem-
brane surfaces, and thus making the anionic phospholipids
unavailable for assembly of coagulation enzyme complexes
[10]. In attempts to developing potent thrombogenesis
inhibitors, a series of recombinant anticoagulant fusion
proteins, consisting of an ANV moiety and a Kunitz protease
inhibitor (KPI) domain that binds to various coagulation
factors with high affinity and specificity, were reported
recently [11]. One of these constructs, ANV-6L15, was found
to possess a higher binding affinity to PS compared to native
ANV at physiological Ca2+ concentrations; the apparent
dissociation constant for ANV-6L15 binding to erythrocyte
ghosts was approximately 4-fold lower than that of ANV
at 1.2–2.5 mM Ca2+ [12]. The previous study reveals that
ANV-6L15 may provide improved detection of PS exposed
on the membrane surfaces of pathological cells in vitro and in
vivo. The present study investigates the use of radioiodinated
ANV-6L15 as an imaging agent for apoptosis detection.

2. Materials and Methods

2.1. Materials and Reagents. 123I-NH4I was produced by
a compact cyclotron (Ebco TR30/15, Vancouver, Canada)
at the Institute of Nuclear Energy Research (INER, Long-
tan, Taoyuan, Taiwan). 125I-NaI was supplied by IZO-
TOP Institute of Isotopes (Budapest, Hungary). Iodogen
(1,3,4,6-tetrachloro-3,6-diphenylglycoluril) precoated iodi-
nation tubes were purchased from Pierce Biotechnology
(Rockford, IL, USA). ANV-6L15 was produced by expression
in Escherichia coli as described previously [9]. ANV and
FITC-ANV apoptosis detection kit were obtained from
Becton Dickinson (Franklin Lakes, NJ, USA). Nanosep 10 K
Centrifugal Devices were purchased from Pall Life Science
(Ann Arbor, MI, USA). Stabilized 5C Cell Control was a
generous gift from Beckman Coulter (Fullerton, CA, USA).
Camptothecin (CPT) was purchased from Sigma (Cam-
bridge, MA, USA). Acute lymphoblastic cell line of human
Jurkat T-cell was obtained from Bioresource Collection and
Research Center (Hsinchu, Taiwan). Cell culture materials
were obtained from Gibco BRL (Grand Island, NY, USA).
All other chemicals were purchased from Merck (Darmstadt,
Germany).

2.2. Radioiodination of ANV and ANV-6L15. The Iodogen
method [13, 14] was adopted for radiolabeling of ANV
and ANV-6L15 with 123I or 125I. Briefly, ten μg of ANV
and ANV-6L15 were dissolved in 15 μL of 0.1 M KH2PO4

(pH 8) solution and reacted with radioiodide (370 MBq
123I-NH4I or 185 MBq 125I-NaI) in a tube precoated with
50 μg of Iodogen. After gentle agitation of the tube at room
temperature for 10 min, the reaction mixture and the rinse
of the tube (with 400 μL 0.01 M KH2PO4 solution, pH
7.4) were loaded on a Nanosep 10 K Centrifugal Device
prewashed with 400 μL 0.01 M KH2PO4 solution (pH 7.4).
After centrifugation of the Nanosep tube at 15,000×g for
5 min and washing twice with 400 μL 0.01 M KH2PO4 (pH
7.4) solution, the radioiodinated protein on the membrane
of Nanosep tube was harvested.

2.3. Radiochemical Analysis by High-Pressure Liquid Chro-
matography. The radiochemical purities of radioiodinated
ANV and ANV-6L15 were determined on an analytical
HPLC system (Waters 600E, Milford, MA, USA) equipped
with a size-exclusion column (Waters Ultrahydrogel 250
column, 7.8 × 300 mm, 6 μm) and a Waters Ultrahydrogel
guard column (6.0 mm × 40 mm, 6 μm). After loading
10 μL of diluted radiolabeled protein, the column was eluted
with 0.01 M KH2PO4 solution (pH 7.4) at a flow rate of
0.8 mL/min. The radioactivity of the eluate was monitored
online by a flow detector (FC-1000, Bioscan, Washington,
DC, USA).

2.4. Erythrocyte Ghost Binding Assay. Stabilized erythrocyte
ghosts were prepared by hypotonic treatment of 5C Cell
Control (Beckman Coulter) to expose more PS sites. The
cell control erythrocytes were incubated alternatively with
water and 10 mM HEPES buffer (containing 137 mM
NaCl, 4 mM KCl, 0.5 mM MgCl2, 0.5 mM NaH2PO4, 0.1%
D-glucose, and 0.1% BSA; pH 7.4) twice at 37◦C for
45 min. Following centrifugation at 16,000×g for 5 min, the
pellet of stabilized erythrocytes was resuspended in 10 mM
HEPES buffer. For the binding studies, erythrocyte ghosts
(1.1 × 109 cells/mL) were incubated with 125I-ANV and
125I-ANV-6L15, respectively, in binding buffers (10 mM
HEPES buffer, pH 7.4, with 1.2–10 mM calcium chloride
solution) at room temperature for 30 min. Bound and
free radioiodinated proteins were then separated by
centrifugation at 16,000×g for 10 min. The radioactivities
in the pellet and the supernatants were measured using
an automatic gamma counter (Wizard 1470, PerkinElmer
Wallac, Turku, Finland), and the percentage of radioactivity
bound to erythrocyte ghosts was calculated. Binding of
125I-NaI to erythrocyte ghosts served as a negative control.

2.5. Apoptotic Cell Binding Assay. Apoptotic Jurkat T-cells
were prepared by treatment with an anticancer drug camp-
tothecin (CPT; 8 μM) for 24 hours [15, 16]. In brief, cell
culture flasks with RPMI 1640 medium (5 mL containing
107 cells) mixed with CPT-DMSO solution (5 μL; 8 mM)
and DMSO (5 μL) served as CPT-treated and vehicle-
treated groups, respectively. Apoptosis of Jurkat T-cells was
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Figure 1: Representative HPLC radiochromatograms of (a) 123I-ANV and (b) 123I-ANV-6L15. HPLC analysis was performed on a Waters
Ultrahydrogel 250 column, (7.8×300 mm, 6 μm) guarded with a Waters Ultrahydrogel guard column (6.0 mm× 40 mm, 6 μm), with mobile
phase of isocratic 0.01 M KH2PO4 solution (pH 7.4) at a flow rate of 0.8 mL/min.

confirmed by flow cytometry using FITC-ANV and pro-
pidium iodide (PI) staining. Apoptotic cells were identified
as ANV+PI− and live cells as ANV−PI− on a FACScan
analyzer (Becton, Dickinson and Company, CA, USA). For
binding assay, untreated (neither CPT-DMSO nor DMSO
mixed), vehicle-treated and CPT-treated Jurkat T-cells were
incubated with approximately 66.6 MBq 123I-ANV, 123I-
ANV-6L15, or 123I-NH4I, respectively, in 0.5 mL binding
buffer (10 mM HEPES, 137 mM NaCl, 4 mM KCl, 0.5 mM
MgCl2, 0.5 mM NaH2PO4, 0.1% glucose, 0.1% BSA, 1.2 mM
CaCl2, pH 7.4) at room temperature for 15 min. The cells
were pelleted, washed once with the binding buffer, and
resuspended in the same buffer. The radioactivity bound to
the cells was measured using an automatic gamma counter
(Wallac 1470 Wizard).

2.6. Biodistribution and Imaging of Radioiodinated ANV-
6L15. All animal experiments were approved by the Institu-
tional Animal Care and Use Committee (IACUC) of INER.
All animals were kept in a temperature-controlled room (at
22.5 ± 2◦C) with illumination cycle of 12 hours per day and
were maintained on a standard diet (Lab diet; PMI Feeds, St.
Louis, MO, USA) with free access to tap water.

For biodistribution study, 18 eight-week-old male
BALB/c mice (obtained from the National Animal Center,
Taipei, Taiwan) were injected intravenously via the lateral tail
vein with 444 ± 37 kBq 123I-ANV-6L15 and sacrificed at 2,
10, 30, 60, 120, and 180 min after injection (three mice for
each time point) under isoflurane anesthesia. Blockade of
specific uptake of free iodide was achieved by intraperitoneal
injection of KI (3.9 mg per mouse) 30 min before radiotracer
injection. At the selected time, main organs and tissues were
obtained, weighed, and counted for radioactivity on a Wallac
1470 gamma counter. The distribution data were expressed
as percentage of the injected dose per organ (%ID/organ)
and per gram of tissue (%ID/g).

For in vivo imaging study, one BALB/c mouse was
injected via tail vein with 18.5 MBq of 123I-ANV-6L15 in
physiological saline (100 μL). Under isoflurane anesthesia,
whole body scans were acquired on an X-SPECT (Gamma
Medica, Northridge, CA, USA) equipped with an HRES

Table 1: Labeling yields and radiochemical purities of radioiodi-
nated ANV and radioiodinated ANV-6L15.

Labeling yield
(%)

Radiochemical purity
(%)

123I-ANV 51.4 ± 8.4 96.0 ± 3.9 (n = 7)
123I-ANV-6L15 44.2 ± 4.9 98.0 ± 2.6 (n = 6)
125I-ANV 74.0 ± 6.6 97.6 ± 1.0 (n = 4)
125I-ANV-6L15 74.5 ± 7.3 96.1 ± 1.4 (n = 4)

Data expressed as mean ± SD.

(high resolution electronic system) collimator 60–210 min
after injection.

2.7. Statistical Analysis. Data were expressed as mean ±
standard deviation (SD). The binding of 123I-ANV and 123I-
ANV-6L15 in CPT-treated Jurkat T-cells were compared
using Student’s t-test, with P < .05 indicating statistical
significance.

3. Results and Discussion

3.1. Radiochemical Profile of Radioiodinated Proteins. ANV-
6L15 as well as native ANV were successfully labeled with
radioiodine using Iodogen method. The representative size-
exclusion chromatograms of radioiodinated ANV and ANV-
6L15 were shown in Figure 1. The retention times of radioio-
dinated ANV, ANV-6L15, and radioiodide were 8.33 ±
0.07 min, 9.20 ± 0.15 min, and 15.5 ± 0.25 min, respectively.
Since the molecular weight of ANV-6L15 (contains 378
amino acids) is larger than that of ANV (contains 319 amino
acids), the slightly longer retention time of radioiodinated
ANV-6L15 compared to that of 123I-ANV possibly reflected
the difference in molecular conformation and/or interaction
with the chromatographic medium rather than the difference
in molecular size. The labeling yields of 123I-ANV, 123I-
ANV-6L15, 125I-ANV, and 125I-ANV-6L15 were 51.4± 8.4%,
44.2 ± 4.9%, 74.0 ± 6.6%, and 74.5 ± 7.3%, respectively.
The radiochemical purities of 123I-ANV, 123I-ANV-6L15,
125I-ANV, and 125I-ANV-6L15 were 96.0 ± 3.9%, 98.0 ±
2.6%, 97.6 ± 1.0%, and 96.1 ± 1.4%, respectively (Table 1).
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Figure 2: Binding of 125I-ANV and 125I-ANV-6L15 to erythrocyte ghosts. (a) Time course of binding of 125I-ANV or 125I-ANV-6L15 to ghost
erythrocytes in the presence of 2.5 mM Ca2+ at room temperature. (b) Binding of 125I-ANV or 125I-ANV-6L15 to ghost erythrocytes under
various concentrations of Ca2+. Data are expressed as mean ± SD of three independent experiments.

The radioiodinated proteins were stable at room temperature
for up to 10 hours (data not shown).

The most commonly used techniques for radioiodination
of proteins are Iodogen, Iodobead and chloramine-T meth-
ods. Previously reported labeling yields of radioiodinated
ANV using Iodogen and Iodobead were 70% and 40%,
respectively [13, 14, 17]. The labeling yields of radioiodinated
ANV and ANV-6L15 in this study were comparable with the
data reported in the literature.

Due to limited availability of 123I, we used 123I mainly
for animal studies (biodistribution and SPECT imaging)
and related Jurkat T-cell binding assay. To prevent frequent
shortage of 123I during the course of study, we used relatively
longer half-lived and commercially available 125I for in vitro
study on erythrocyte ghost cell. We assume similar binding
characteristics between radiolabels of 123I and 125I.

3.2. Erythrocyte Ghost Binding Assay. To determine whether
ANV-6L15 maintained its biological activity after radioiodi-
nation, erythrocyte ghost binding assay was performed. The
results showed that the binding of 125I-ANV or 125I-ANV-
6L15 to erythrocyte ghosts was time- and Ca2+-dependent
(Figures 2(a) and 2(b)). Maximal binding of either 125I-
ANV or 125I-ANV-6L15 to erythrocyte ghosts occurred
after 30 min incubation in the presence of 2.5 mM Ca2+;
the binding ratio was 16.97 ± 0.66% and 35.07 ± 0.53%
for 125I-ANV and 125I-ANV-6L15, respectively (Figure 2(a)).
The binding of either radioiodinated protein to erythrocyte
ghosts steeply increased as Ca2+ concentration increased
from 1.2 mM to 10 mM, and the binding ratio reached 77.3
± 0.45% and 84.7 ± 0.26% for 125I-ANV and 125I-ANV-
6L15, respectively, at 10 mM Ca2+ (Figure 2(b)). 125I-ANV-
6L15 exhibited higher binding ratios than 125I-ANV (Figures
2(a) and 2(b)). Thus, radioiodinated ANV-6L15 appeared

to possess a higher affinity to membrane PS-binding sites
compared to radioiodinated ANV.

Lahorte et al. [13] reported that the optimal incubation
time for maximal platelet binding was 20 min or longer in
the presence of 5 mM Ca2+ and reached a plateau at 20 mM
Ca2+ when incubated for 30 min. Our data showed that the
maximal binding of either 125I-ANV or 125I-ANV-6L15 to
erythrocyte ghosts appeared at 30 min in the presence of
2.5 mM Ca2+ and reached a plateau at 8 mM Ca2+ when
incubated for 30 min.

The mechanism for the increased binding affinity of
ANV-6L15 for erythrocyte membranes compared with
ANV is currently unknown. The coexpression of phos-
phatidylethanolamine (PE) on the erythrocyte membranes
was proposed to contribute importantly to the increased
affinity of ANV-6L15 compared with ANV [12].

3.3. Apoptotic Cell Binding Assays. Figure 3 showed a typical
flow cytometric dot plot for the untreated and apop-
totic CPT-treated Jurkat T-cells. An increased proportion
of apoptotic (ANV+PI−) and necrotic (ANV+PI+) cells
was observed in CPT-treated cells. The binding of 123I-
ANV-6L15 to CPT-treated cells (23.3 ± 2.1 cpm/104 cells)
was significantly higher than those of untreated- (8.2 ±
0.4 cpm/104 cells) and vehicle- (DMSO-) treated Jurkat T-
cells (P < .03; Figure 4). In contrast, the binding of 123I-ANV
(approximately 4 cpm/104 cells) or 123I-iodide (<1 cpm/104

cells) was far below those of 123I-ANV-6L15 among different
groups, and no increase of 123I-ANV binding to apoptotic
Jurkat T-cells was observed (Figure 4). The lack of increased
123I-ANV binding to apoptotic Jurkat T-cells was possibly
due to relatively low binding affinity of 123I-ANV for PS-
exposed membranes at the physiological concentration Ca2+

(1.2 mM).
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with camptothecin (CPT, 8 μM) and/or vehicle (5 μL DMSO).

3.4. Biodistribution and Imaging of Radioiodinated ANV-
6L15 in Mice. The biodistribution of 123I-ANV-6L15 in
BALB/c mice are depicted in Table 2. After bolus injec-
tion via tail vein (approximately 25 ng protein/mouse),

123I-ANV-6L15 showed an initial rapid clearance from the
blood (40.01 ± 6.25% and 12.29 ± 1.22% ID/organ at
2 min and 60 min after injection, resp.). The liver had
the highest radioactivity (11.40 ± 1.34% ID/organ) at
2 min after injection. The organ with the second highest
radioactivity was the kidneys (8.61 ± 0.35% ID/organ
at 10 min after injection). 123I-ANV-6L15 fusion protein
did not cross the blood-brain barrier as indicated by the
low brain uptake (<0.5% ID/g in average). Low uptake
in the thyroid reflected low level of radioiodide dissoci-
ation from the radiolabeled protein in vivo. The slight
increase of thyroid uptake at 120 and 180 min could be
due to in vivo 123I dissociation from the radiolabeled
protein.

As reported previously [3, 14], 123I-ANV was rapidly
cleared from the blood following a biexponential decay and
predominant uptake in the kidneys, liver, and gastrointesti-
nal tract. The result of this study revealed that 123I-ANV-6L15
also excreted via kidneys.

In vivo imaging of 123I-ANV-6L15 distribution in a
BALB/c mouse after bolus injection via tail vein (approx-
imately 1 μg protein/mouse) showed high uptake of the
tracer in the liver and the kidneys (Figure 5). The uptake
of 123I-ANV-6L15 in these organs may limit the evaluation
of apoptosis in abdominal regions. Further studies of
biodistribution and SPECT imaging will be performed at
later time points. We will conduct dosimetry calculation
for 123I-ANV-6L15 and compare with 123I-ANV. The novel
tracer will be evaluated in animal models with stress-induced
apoptosis in the future.
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Figure 5: In vivo SPECT images of 123I-ANV-6L15 fusion protein in an eight-week-old male BALB/c mouse. 123I-ANV-6L15 (18.5 MBq in
100 μL physiological saline) was injected via tail vein of the mouse under isoflurane anesthesia. Whole body scan was acquired at 60–210 min
after injection.

4. Conclusions

ANV-6L15 was successfully labeled with radioiodine using
Iodogen method. Radioiodinated ANV-6L15 showed signifi-
cantly higher binding to PS-exposed erythrocyte ghosts and
camptothecin-induced apoptotic Jurkat T-cells at physiologi-
cal concentration of Ca2+ compared to that of radioiodinated
ANV in vitro. Biodistribution study showed that 123I-ANV-
6L15 was rapidly cleared from the blood. Further imaging
studies in animal models of apoptosis are warranted. Owing
to higher binding affinity to PS, radioiodinated ANV-
6L15 could be more sensitive than radioiodinated ANV to
detect the apoptosis-associated treatment and human dis-
orders, such as radiation/chemotherapy efficacy, myocardial
ischemia or infarct, infectious diseases, and neurodegen-
erative diseases. Taken together, these results suggest that
the radioiodinated ANV-6L15 may be a better scintigraphic
tracer for apoptosis detection compared with ANV.
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[4] M. Subbarayan, U. O. Häfeli, D. K. Feyes, J. Unnithan, S.
N. Emancipator, and H. Mukhtar, “A simplified method for
preparation of 99mTc-annexin V and its biologic evaluation
for in vivo imaging of apoptosis after photodynamic therapy,”
Journal of Nuclear Medicine, vol. 44, no. 4, pp. 650–656, 2003.

[5] R. F. A. Zwaal and A. J. Schroit, “Pathophysiologic implications
of membrane phospholipid asymmetry in blood cells,” Blood,
vol. 89, no. 4, pp. 1121–1132, 1997.

[6] E. Kazuo, T. S. Noriko, K. Hajime, I. Keizo, and U. Masato,
“Exposure of phosphatidylethanolamine on the surface of
apoptotic cells,” Experimental Cell Research, vol. 232, no. 2, pp.
430–434, 1997.



8 Journal of Biomedicine and Biotechnology

[7] B. L. Wood, D. F. Gibson, and J. F. Tait, “Increased erythro-
cyte phosphatidylserine exposure in sickle cell disease: flow-
cytometric measurement and clinical associations,” Blood, vol.
88, no. 5, pp. 1873–1880, 1996.

[8] J. F. Tait, C. Smith, Z. Levashova, B. Patel, F. G. Blankenberg,
and J. L. Vanderheyden, “Improved detection of cell death in
vivo with annexin V radiolabeled by site-specific methods,”
Journal of Nuclear Medicine, vol. 47, no. 9, pp. 1546–1583,
2006.

[9] G. Niu and X. Chen, “Apoptosis imaging: beyond annexin V,”
Journal of Nuclear Medicine, vol. 51, pp. 1659–1662, 2010.

[10] W. L. Van Heerde, P. G. De Groot, and C. P. M. Reutel-
ingsperger, “The complexity of the phospholipid binding
protein annexin V,” Thrombosis and Haemostasis, vol. 73, no.
2, pp. 172–179, 1995.

[11] H. H. Chen, C. P. Vicente, LI. He, D. M. Tollefsen, and
T. C. Wun, “Fusion proteins comprising annexin V and
Kunitz protease inhibitors are highly potent thrombogenic
site-directed anticoagulants,” Blood, vol. 105, no. 10, pp. 3902–
3909, 2005.

[12] T.-C. Yen, S.-P. Wey, C.-H. Liao et al., “Measurement of
the binding parameters of annexin derivative-erythrocyte
membrane interactions,” Analytical Biochemistry, vol. 406, no.
1, pp. 70–79, 2010.

[13] C. Lahorte, G. Slegers, J. Philippé, C. Van de Wiele, and R.
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11C-choline and 18F-FAMT are known to correlate with tumor cell proliferation and amino acid metabolism. We investigated the
ability of 11C-Choline and 18F-FAMT PET in diagnosis of musculoskeletal tumors in thirty-six patients in comparison of 18F-FDG
PET. 11C-Choline and 18F-FDG PET were positive in all the malignant tumors (n = 13), whereas 18F-FAMT was positive in 11
tumors. The mean SUVs for malignant tumors were significantly higher than those for benign lesions in all three tracers imaging.
A moderate correlation was found between 11C-Choline and 18F-FDG (r = 0.540, P < .05), or 18F-FAMT and FDG (r = 0.596,
P < .05). The diagnostic sensitivity and specificity for malignancy were 91.7% and 71.4%, respectively, using 11C-choline with
a SUV cut-off of 2.69. The sensitivity and specificity of 18F-FAMT for malignancy were 66.7% and 85.7%, respectively, using a
SUV cut-off of 1.26. For 18F-FDG, using a SUV cut-off of 2.77, the sensitivity and specificity were 83.3% and 71.4%, respectively.
According to ROC analysis, the ROC curves for 11C-Choline, 18F-FAMT, and 18F-FDG were 0.855, 0.734, and 0.847, respectively.
11C-Choline PET is superior in the visualization of musculoskeletal tumors with high contrast imaging, whereas the combination
of 18F-FAMT and 18F-FDG PET provides valuable information for the preoperative planning in patients with musculoskeletal
tumors.

1. Introduction

Musculoskeletal tumors generally present clinically as large
masses that are often heterogeneous and have different
biological behaviors. The diagnosis and treatment of such
lesions is often complex [1]. Generally, the anatomical
imaging methods, such as conventional radiology, CT, and
MRI, are very important for the assessment of tumor
location, form, size, infiltration, and extent. However, the
radiographic appearance of many tumors is indeterminate,
especially CT and MRI have limited ability to allow distinc-
tion of malignant from benign lesions and final diagnosis
may only be achieved using biopsy and histopathologic
evaluation. Furthermore, in case of large-size tumors, the

highest-grade part of the lesion may be missed on a biopsy of
only a small region [2]. This results in errors in the diagnosis
and grading of the tumor and thus suboptimal management
of the disease. An imaging technique that enables reliable
distinction of malignant from benign musculoskeletal lesions
would thus be of considerable clinical value.

During the last decade, positron emission tomography
(PET) has become an essential tool in the management of
a growing number of cancer patients [3–5]. 2-[18F]fluoro-
2-deoxy-D-glucose (18F-FDG) is by far the most common
radiopharmaceutical for PET in clinical use and has shown
a high sensitivity for diagnosing and staging a wide variety of
malignant diseases. However, there are several limitations for
the use of 18F-FDG in discriminating benign lesions from soft
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tissue sarcomas [6]. Glucose metabolism is not significantly
increased in some bone tumor types [7]. The most significant
drawback of 18F-FDG for oncologic purpose results from
the absence of specificity for musculoskeletal tumor [8].
Infection, inflammation, granulomatous diseases, and many
other physiologic or pathologic conditions can also show
high 18F-FDG uptake. To overcome these limitations, new
PET imaging agents and its applications are required.

So far, only few PET imaging agents have been developed
and used for the detection of musculoskeletal tumors.
One potential imaging agent is radiolabeled amino acid,
which can be used as the marker of cell proliferation and
microvessel density of the tumors [3, 9]. Various studies
have demonstrated that increased uptake of amino acid
compound is predominantly due to a higher L-amino acid
transporter (LAT) activity. Transport of the amino acid into
the cell can be followed by rapid metabolization and trapping
inside the cell, for example, as in the case for L-3-[18F]-6
α-methyltyrosine (18F-FAMT). Although the exact trapping
mechanism is not known, this selective uptake pattern results
in a very high tumor-to-background (T/B) ratio enabling
clear delineation of the tumor [10–12].

Another attractive imaging agent is [methyl-11C] choline
(11C-choline), which has been increasingly used for the
evaluation of various cancers [4]. Choline is quaternary
amine that is ubiquitously distributed in cells, mostly in
the form of phospholipids. In vivo and in vitro studies
have shown that the increased 11C-choline uptake in the
tumor cells is proportional to the rate of tumor duplication
[13–15]. 11C-choline PET imaging shows that liver and
kidney are the major sites for choline oxidation or excretion;
negligible activity is present in the bone and soft tissues,
which indicates its noteworthy advantage for the detection
of musculoskeletal tumors.

Since the differences in uptake mechanism are present, it
will be interesting to find out the correlations and differences
in the patterns of PET imaging of 18F-FDG, 18F-FAMT and
11C-choline, especially during the same time period within
the same setting. However, until now, there has as yet only
limited experience of use of 18F-FAMT and 11C-choline PET
in patients with musculoskeletal tumors [4, 16]. The aim
of this study was to compare the characteristics of 18F-
FDG, 18F-FAMT, and 11C-choline PET for the detection of
musculoskeletal tumors in the same patient population.

2. Materials and Methods

2.1. Patients. Thirty-six consecutive patients (14 female and
22 male; age range: 11 to 84 years) with or suspected of hav-
ing malignancies in the musculoskeletal system were enrolled
in this prospective study. All the patients underwent 18F-FDG
PET, 18F-FAMT, 11C-choline, and computed tomography
(CT) or magnetic resonance imaging (MRI) in a random
order within a maximum interval of 2 weeks. No therapeutic
medication has been changed during this period, and none
of the patients had diabetes mellitus. The blood glucose level
during the PET study was ranged from 64 to 95 mg/dL (3.5–
5.3 mmol/L). Patients had surgical operation or biopsy after
the completion of the above imaging examinations based on

the information of tumor PET imaging and CT and MRI
images, and the resected tumor specimens were submitted
for the pathological diagnosis. The imaging protocols of 18F-
FDG PET, 18F-FAMT, and 11C-choline were approved by
the Institutional Review Board of the Institute of Gunma
University. Informed consents of this study were obtained
from all patients.

2.2. PET Imaging. PET imaging agents of 18F-FDG, 18F-
FAMT, and 11C-choline were prepared using a cyclotron
and automated synthetic apparatuses that were reported by
Hamacher et al. [17], Tomiyoshi et al. [10], and Hara and
Yuasa [13], respectively. PET scans were performed with a
SET-2400 W (Shimadzu Corporation, Kyoto, JAPAN), which
had a large 20 cm axial field of view and 59.5 cm transaxial
field of view, giving 63 two-dimensional imaging planes.
The transaxial spatial resolution was 4.2 mm full width at
half maximum (FWHM) at the center of the field of view,
and the axial resolution was 5.0 mm FWHM. Each patient
had an overnight fasting before 18F-FDG, 18F-FAMT, and
11C-choline PET. 18F-FDG and 18F-FAMT PET were started
40 min after the administration of approximately 320 MBq
18F-FDG and 260 MBq 18F-FAMT, and static image data
was acquired for 8 min per bed position, respectively. 11C-
choline PET was performed 5 min after the intravenous
injection of approximately 370 MBq 11C-choline, and static
image data was acquired for 5 min per bed position. PET
data was acquired by simultaneous transmission-emission
method [18]. Images were reconstructed by the order subsets
expectation maximization (OSEM) algorithm into a 128 ×
128 matrix with pixel dimensions of 4.0 mm in plane and
3.125 mm axially. The image with 9.4 mm thickness was
generated for interpretation and semiquantitative analysis.

2.3. Image Analysis. PET images were separately interpreted
by two nuclear medicine physicians until consensus was
reached. Clinical information and conventional images such
as radiographys, CT scans, and MRI images were available at
the time of image interpretation. The 18F-FDG, 18F-FAMT,
and 11C-choline uptakes were evaluated by both qualitative
and semiquantitative methods. The qualitative analysis was
performed by the visual evaluation of tumor tracer uptake.
Tumor lesions were identified as areas of focally increased
uptake, exceeding that of surrounding tissues or organs. The
degree of tracer uptake was visually classified as negative (−)
and positive (+ or ++) results. The semiquantitative analysis
was performed using the standardized uptake value (SUV).
The regions of interest (ROI) in 1 cm diameter were drawn
on the lesions including the highest activity. SUV was then
determined as the average of the radioactivity in the tumors
divided by the injected radioactivity normalized to the body
weight. The mean value per pixel in the ROI for assessing
SUV was employed for semiquantitative analysis. All PET
findings were finally compared with CT and/or MRI images,
and the results of pathological diagnosis.

2.4. Statistical Analysis. Data were expressed as mean ± SD
or total number (%). A linear regression analysis was
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Table 1: Patient characteristics and results of PET studies.

Patient no. Age Sex
Histological
diagnosis

Grade Location
Lesion

size (mm)
Choline FAMT FDG

Visual SUV Visual SUV Visual SUV

Benign

1 44 F Xanthofibroma — Tibia 40 × 40 × 40 ++ 4.90 ++ 1.10 ++ 3.30

2 51 F Enchondroma — Scapular 27 × 30 × 60 + 0.75 + 0.72 + 0.70

3 50 M
No definite

residual tumor
cells

— Knee 50 × 50 × 50 ++ 0.98 ++ 1.24 ++ 1.74

4 58 M Schwannoma — Thigh 35 × 35 × 35 ++ 1.80 + 0.71 ++ 1.70

5 59 F
Bursitis with

synovitis
— Knee 20 × 20 × 20 ++ 1.13 — — + 0.60

6 15 F
Eosinophilic
granuloma

— Eosinophilic 30 × 30 × 55 ++ 2.20 ++ 0.90 ++ 2.69

7 57 M Fibroma — Scapula 30 × 30 × 50 + 0.62 ++ 1.70 ++ 1.53

8 62 F Schwannoma — Carpal 5 × 9 × 10 ++ 1.50 ++ 0.91 ++ 1.80

9 60 M Neurofibroma — Femur 50 × 60 × 150 ++ 5.10 ++ 1.40 ++ 3.49

10 53 M Giant cell tumor — Knee 35 × 35 × 35 ++ 4.20 + 0.65 ++ 4.36

11 53 M
Degeneration of
skeletal muscle

— Lower leg 27 × 30 × 60 ++ 0.90 + 0.74 + 0.60

12 26 F Giant cell tumor — Femur 28 × 31 × 42 ++ 8.00 ++ 1.10 ++ 8.39

13 15 F Desmoid tumor — Lower leg 40 × 60 × 70 ++ 3.30 + 0.76 ++ 2.20

14 27 F Giant cell tumor — Knee 30 × 30 × 40 ++ 1.12 + 0.71 ++ 3.23

15 48 M Desmoid tumor — Carpal 30 × 40 × 60 ++ 3.10 ++ 1.00 ++ 2.77

16 61 M Desmoid tumor — Back 40 × 40 × 70 ++ 2.30 ++ 1.17 ++ 2.14

17 55 M Lymphangioma — Knee 30 × 40 × 50 ++ 1.69 ++ 0.92 ++ 1.37

18 51 M Lymphangioma — Axilla 30 × 40 × 50 ++ 1.70 ++ 1.26 ++ 2.10

19 31 M Schwannoma — Lower leg 10 × 20 × 30 ++ 0.88 + 0.56 ++ 0.81

20 47 M Desmoid tumor — Thigh 65 × 46 × 68 ++ 2.46 ++ 1.64 ++ 3.27

21 58 M Aseptic necrosis — Talus 30 × 30 × 30 ++ 2.40 ++ 1.20 ++ 1.74

22 20 M
Pigmented

villonodular
synovitis

— Poples 30 × 30 × 50 ++ 2.69 ++ 0.86 ++ 2.60

23 53 F
Degenerative joint

disease
— Femur 40 × 70 × 110 ++ 2.24 + 0.58 ++ 2.40

Malignant

24 47 M Liposarcoma 1 Thigh 70 × 70 × 120 ++ 0.82 — — + 0.61

25 43 F Osteosarcoma 2 Tibia 20 × 24 × 55 ++ 9.30 ++ 2.00 ++ 6.00

26 53 F
Malignant
lymphoma

3 Clavicle 27 × 28 × 30 ++ 4.50 ++ 0.91 ++ 4.90

27 17 M Ewing’s sarcoma 3 Femur 54 × 50 × 150 ++ 2.60 + 0.58 ++ 0.89

28 54 F
Metastatic
carcinoma

3 Carpal 50 × 50 × 60 ++ 9.00 ++ 1.06 ++ 3.19

29 83 F
Malignant
lymphoma

3 Femur 50 × 80 × 196 ++ 7.30 ++ 7.00 ++ 14.49

30 12 M Osteosarcoma 3 Femur 50 × 50 × 60 ++ 6.40 ++ 2.62 ++ 3.15

31 14 F Osteosarcoma 3 Femur 60 × 70 × 160 ++ 4.12 ++ 1.27 ++ 13.66

32 11 M Osteosarcoma 3 Femur 60 × 70 × 170 ++ 3.68 ++ 2.12 ++ 4.90

33 12 M Osteosarcoma 3 Femur 50 × 100 × 140 ++ 3.03 ++ 1.38 ++ 5.37
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Table 1: Continued.

Patient no. Age Sex
Histological
diagnosis

Grade Location
Lesion

size (mm)
Choline FAMT FDG

Visual SUV Visual SUV Visual SUV

34 64 M Myeloma 3 Sacrum 40 × 51 × 60 ++ 3.60 ++ 1.80 ++ 2.55

35 84 M Liposarcoma 3 Femur 230 × 280 × 360 ++ 3.20 — 0.30 ++ 6.00

36 44 M
Metastatic
carcinoma

3 Femur 11 × 22 × 40 ++ 5.10 ++ 1.90 ++ 1.90

(a) (b) (c) (d)

Figure 1: A 43-year-old female with osteosarcoma. 18F-FDG (SUV = 6.0) (a), 18F-FAMT (SUV = 2.0) (b), and 11C-choline (SUV = 9.3) (c)
demonstrated high tracer uptake in the tumor of the left tibia, which corresponded to the area that was enhanced on MRI image (d).

Table 2: Results of the ROC analysis of FDG, FAMT, and choline
PET in musculoskeletal tumors.

Tracer AUC
SUV
cutoff

Sensitivity
(%)

Specificity
(%)

Accuracy
(%)

FDG 0.847 2.77 83.3 71.4 69.7

FAMT 0.734 1.26 66.7 85.7 78.8

Choline 0.855 2.69 91.7 71.4 78.8

AUC: area under the ROC curve.

performed for the correlation study. A multiple comparison
test and t-test were used for the statistical analysis. A receiver
operating characteristic (ROC) analysis was performed to
compare the diagnostic abilities of 18F-FDG, 18F-FAMT, and
11C-choline PET. A P value <.05 was considered statistically
significant.

3. Results

This study population included 36 patients with 36 muscu-
loskeletal lesions. Patient clinical characteristics and imaging
findings of 11C-choline, 18F-FAMT, and 18F-FDG PET were
summarized in Table 1. Three typical cases are illustrated in
Figures 1, 2, and 3.

3.1. Visual Analysis. In all 36 patients, 13 patients had
malignant tumors and 23 had benign lesions, based on
pathological findings of biopsy or surgical specimens. The
diameter of the lesions ranged from 5 × 9 × 10 mm to
230 × 280 × 360 mm as determined by CT, MRI, or
dissected surgical specimen. 11C-choline and 18F-FDG PET
was positive in all the 36 patients (100%), whereas 18F-FAMT
PET imaging were positive in 33 patients (84%) and negative
in 3 patients (1 bursitis with synovitis and 2 liposarcoma).

3.2. Semiquantitative Analysis. The mean (±SD) SUVs for
malignant tumors were significantly higher than those for
benign lesions in all 18F-FDG, 18F-FAMT, and 11C-choline
PET analysis (5.2 ± 4.3, n = 13 versus 2.5 ± 1.7, n = 23,
P < .002; 1.9± 1.7, n = 13 versus 1.0± 0.3, n = 23, P < .02;
4.8 ± 2.5, n = 13 versus 2.4 ± 1.8, n = 23, P < .001, resp.).
The P value showed a trend of significant relationship as 11C-
choline >18F-FDG >18F-FAMT for distinguishing malignant
tumors from benign lesions.

As shown in Figure 4, the mean SUV of 18F-FDG and
11C-choline was significantly higher than that of 18F-FAMT
in either malignant tumors or benign tumors (P < .002,
P < .001 and P < .0001, P < .0002, resp.), but there was
no significant difference between 18F-FDG and 11C-choline
in either malignant tumors or benign tumors (n.s.).

The linear regression analysis was performed between
11C-choline and 18F-FDG, as well as 18F-FAMT and 18F-FDG
(Figure 5). Moderate correlations were noted between 11C-
choline and 18F-FDG in all lesions (r = 0.540, n = 36) and
18F-FAMT and 18F-FDG (r = 0.596, n = 36).

3.3. ROC Analysis. The results of ROC analysis using
histopathological diagnosis as the gold standard were shown
in Figure 6. The area under the curve (AUC) of 18F-FDG PET,
18F-FAMT, and 11C-choline PET was 0.847, 0.734, and 0.855,
respectively. Table 2 summarized the sensitivity, specificity,
and accuracy of 18F-FDG, 18F-FAMT, and 11C-choline PET.
For example, in 18F-FDG PET, the sensitivity, specificity, and
accuracy were 83.3%, 71.4%, and 69.7%, respectively, when
2.77 of SUV was used as a cutoff. This would be 66.7%,
85.7%, and 78.8%, respectively, for 18F-FAMT as using a
cutoff of SUV 1.26. 11C-choline PET was 91.9%, 71.4%,
and 78.8%, respectively, when 2.69 of SUV was used as a
cutoff. The trend observed in the ROC analysis was that 18F-
FDG PET and 11C-choline PET had almost the same detect
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(a) (b) (c) (d)

Figure 2: A 53-year-old male with giant cell tumor in the left knee. 18F-FDG (SUV= 4.36) (a) and 11C-choline (SUV = 4.20) (c) demonstrated
high tracer uptake in the tumor of the left knee, whereas 18F-FAMT (SUV = 0.65) (b) showed mild uptake, which corresponded to the area
that was shown on MRI image (d).

(a) (b) (c) (d)

Figure 3: A 60-year-old male with neurofibroma in the left femur. 18F-FDG (SUV = 3.49) (a), 18F-FAMT (SUV = 1.40) (b), and 11C-choline
(SUV = 5.10) (c) showed clear tracer uptake in the tumor of the left femur, which corresponded to the area that was enhanced on MRI image
(d).

FDG FAMT Choline FDG FAMT Choline

Malignant lesions Benign lesions

1.9± 1.7
4.8± 2.5

2.4± 1.6 2.4± 1.8

5.2± 4.3

P < .002

P < .001

P < .0001 P < .0002

n.s.
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P < .002
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Figure 4: Standardized uptake value (SUV) of 18F-FDG, 18F-FAMT,
and 11C-choline in malignant and benign lesions. 18F-FDG, 18F-
FAMT, and 11C-choline revealed significant higher SUV in malig-
nant lesions than in benign lesions (P < .002, P < .02, and P <
.001, resp.). Differences of tumor SUVs between 18F-FDG and 11C-
choline were not significant in both malignant and benign lesions,
whereas both 18F-FDG and 11C-choline SUVs were significantly
higher than that of 18F-FAMT.

ability in this patient population and showed better detection
performance than that of 18F-FAMT PET.

4. Discussion

The results of the present study indicate that 11C-choline
and 18F-FDG PET perform better than 18F-FAMT in the

detection of musculoskeletal tumors on the whole data
analysis. However, in some benign lesions, such as bursitis
or synovitis, 18F-FAMT PET performed better than 11C-
choline and 18F-FDG PET in visualizing focal lesions. On the
other hand, 11C-choline and 18F-FAMT PET showed higher
contrast compared with 18F-FDG PET. Our findings were
interpreted based on the pathological findings and analyzed
to compare simultaneously the 3 PET imaging modalities.

Unsurprisingly, 18F-FDG PET detected all the malignant
tumors successfully; however, some benign lesions, such as
benign giant cell tumor, desmoids tumor, and synovitis, also
showed focal intensive uptakes. Although 18F-FDG PET has
been widely used for the evaluation of various tumors, recent
reports suggested that 18F-FDG PET could not be used as a
screening method for differential diagnosis between benign
and malignant musculoskeletal lesions. A high accumulation
of 18F-FDG can be observed in histiocytic, fibroblastic, and
some neurogenic lesions, regardless of whether they are
benign or malignant. More specific uses of 18F-FDG PET,
such as grading, staging, and monitoring of musculoskeletal
sarcomas, should be considered for each tumor of a different
histologic subtype [19].

The original application of 11C-choline was for detection
of brain tumor and prostate cancer [20, 21]. 11C-choline PET
can give clearer images of brain tumors, whereas 18F-FDG
PET does not always delineate the border of the tumor. The
high uptake of 18F-FDG in the normal brain tissue frequently
obscures the tumor uptake. Our present results showed
that all the malignant tumors showed significant intensive
accumulation in 11C-choline PET imaging. This was superior
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Figure 5: Relationship among 18F-FDG, 18F-FAMT, and 11C-choline uptakes in musculoskeletal tumors. Moderate correlation was observed
between 11C-choline uptake and 18F-FDG uptake, and 18F-FAMT and 18F-FDG in all lesions.
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Figure 6: Comparison among 18F-FDG, 18F-FAMT, and 11C-choline
PET in differential diagnosis between malignant tumors and benign
lesions by ROC analysis in musculoskeletal tumors.

to 18F-FDG PET and 18F-FAMT in differentiation between
malignant and benign lesions. Thus, 11C-choline PET might
be useful as a screening method for malignant bone and
soft tissue tumors. The application of 11C-choline PET in
evaluation of bone and soft tissue tumors is not yet well
known.

Similarly, 18F-FAMT was also developed for the detection
of brain tumors [22]. Watanabe et al. previously reported
that 18F-FAMT may be superior to 18F-FDG in the differenti-
ation between benign and malignant tumors, while 18F-FDG
may be the better choice for noninvasive malignancy grading
[16]. In the present patient population, the 18F-FAMT uptake
was significantly higher in malignant tumors than in benign
lesions, which partly supported the previous study.

To the best of our knowledge, this is the first study to
compare the clinical utility of 18F-FDG, 18F-FAMT, and 11C-
choline PET in detection of musculoskeletal tumors in a
same patient population. We found that 11C-choline PET
could detect and differentiate malignant musculoskeletal
tumors with high sensitivity, as well as 18F-FDG PET,
compared with 18F-FAMT PET. Based on visual evaluation,
PET imaging clearly demonstrated intensive radioactive
accumulation in 100% of the musculoskeletal tumors by
using18F-FDG and 11C-choline, but only 84% if using 18F-
FAMT. The uptakes of all the 3 imaging agents, 18F-FDG,
18F-FAMT, and 11C-choline, were significantly higher in
malignant musculoskeletal tumors than those in benign
lesions. 11C-choline and 18F-FDG showed equal ability in
detection of musculoskeletal tumors, followed by 18F-FAMT.

A considerable overlap of SUVs was observed in the
present study, due to a relatively large number of benign
cases with various histological types included. It is noted that
high 11C-choline uptake (SUV > 2.4) was found in 2 of 3
giant cell tumors, 3 of 4 desmoid tumors, 1 xanthofibroma, 1
neurofibroma, and 1 pigmented villonodular synovitis. Such
false-positive cases were similar in 18F-FDG PET. High FDG
uptake (SUV > 2.4) was noted in all 3 giant cell tumors,
2 of 4 desmoid tumors, 1 xanthofibroma, 1 neurofibroma,
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1 eosinophilic granuloma, and 1 pigmented villonodular
synovitis. Most of the false-positive cases in this study
could be classified as histiocytic or giant cell-containing
lesions [23, 24]. Histiocytes and giant cells in a tissue
are in monocyte-macrophage lineage. Macrophages play a
central role in the host response to injury and infection,
and their energy is predominantly supplied by means of
intracellular glucose metabolism [25, 26]. High uptake of
18F-FDG in inflammatory lesions found in this study was
consistent with previous studies [27–29]. Although it is still
controversial whether histiocytes and giant cells in primary
bone tumors are reactive or neoplastic, these cells might
partially contribute to the high uptake of 18F-FDG in the
benign bone and soft tissue lesions [30]. It may be reasonable
to consider that high uptake of 11C-choline in reactive or
neoplastic cells of histiocytes and giant cells is due to the high
11C-choline utilization by these cell membranes. Further
investigation is necessary to verify this point. The overlap
of SUVs was also observed in 18F-FAMT PET. High 18F-
FAMT uptake (SUV > 1.0) was found in 1 of 3 giant cell
tumors, 2 of 4 desmoid tumors, 1 xanthofibroma, 1 fibroma,
1 neurofibroma, 1 lymphangioma, and 1 aseptic necrosis.
This may also be explained from the above reasons.

The differentiation of malignant from benign lesions is
crucial to preoperative planning for treatment of muscu-
loskeletal tumors. This study in the current patient popu-
lation showed that the sensitivity of 11C-choline PET was
higher than that of 18F-FDG PET in musculoskeletal tumors.
This is consistent with our previous study [31], which
could be explained as follows. A high uptake of 18F-FDG
in tumors is accomplished only if the tumor metabolism is
biased toward excessive glycolysis by activation of the glucose
transporter and hexokinase [32]. This may occur, although
there seemed to be rare exceptions, if the tumor size is large
and the tumor environment is hypoxic because of insufficient
blood (oxygen) supply. In contrast, the uptake of 11C-choline
in tumors is the result of cell membrane synthesis. When
11C-choline is incorporated in tumors, it is rapidly phos-
phorylated (yielding 11C-phosphorylcholine) and chemically
trapped inside the cell membranes. 11C-phosphorylcholine
may be the major chemical derived from 11C-choline at
the time of PET scanning. Thereafter, it is further metab-
olized and converted to 11C-phosphatidylcholine and then
integrated in tumor cell membrane [33]. This is the only
metabolic pathway known for choline in tumors, although
there are other metabolic pathway in other normal organs.
Thus, it could be assumed that the 11C-choline uptake in
tumors is proportional to the tumor cell proliferation rate
[15]. When the cut-off value was set at 1.26, the sensitivity
of 18F-FAMT PET for correctly diagnosing malignancy was
66.7% with a specificity of 85.7%, resulting in an accuracy of
78.8%. The sensitivity of 18F-FAMT PET was lower than that
of 18F-FDG and 11C-choline, whereas it is noteworthy that
the specificity was clearly higher than that of 18F-FDG and
11C-choline.

In this study, we did not evaluate the ability of the agents
in grading of malignancy, due to the small histopathological
types and tumor grades. Almost all the tumors were in
Grade 3. It should be noted that almost all (12/13) the

malignant musculoskeletal tumors were correctly diagnosed
by 11C-choline PET using a cutoff of 2.6 of SUV. It is
recommended that 11C-choline PET might be used as a
screening method for malignant musculoskeletal tumors.
Watanabe et al. reported [16], in a 75 musculoskeletal tumors
patients study, that 18F-FAMT appeared to be inferior to 18F-
FDG with regard to malignancy grading, and the latter tracer
consequently may be more useful for noninvasive grading
in the surgical staging of musculoskeletal sarcoma. Use of
18F-FAMT PET in combination with 18F-FDG PET might
be a useful approach for preoperative planning in patients
with musculoskeletal tumors. Due to the differences in the
accumulation mechanisms of the 3 imaging agents and the
difference in patient selection, larger patient populations
might be considered to determine which agent is more useful
for evaluating the histological grade of musculoskeletal
tumors.

5. Conclusion

Our findings indicate that 11C-choline, 18F-FDG, and 18F-
FAMT are useful agents for the evaluation of musculoskeletal
tumors. In particular, 11C-choline may be superior to the 18F-
FDG and 18F-FAMT in detection of musculoskeletal tumors
and, thus, may be important for preoperative planning. The
use of 18F-FAMT PET in combination with 18F-FDG or 11C-
choline PET might be a useful approach for preoperative
planning in patients with musculoskeletal tumors. The
high uptake of 18F-FDG and 11C-choline in some benign
musculoskeletal tumors and tumor-like lesions, especially
histiocytic and giant cell-containing lesions, should be aware
of in clinical practice.
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The aims of the study are to explore the effect of ursolic acid (UA) on the growth of gastric cancer cell line BGC-803 and
hepatocellular cancer cell H22 xenograft and to understand the mechanism. UA inhibits growth of BGC-803 cells in vitro in
dose-dependent and time-dependent manner. Treated with UA in vivo, tumor cells can be arrested to G0/G1 stage. The apoptotic
rate was significantly increased in tumor cells treated with UA both in vitro and in vivo. DNA fragmentation was found in BGC-803
cells exposed to UA. UA activated caspase-3, -8, and -9 and down regulated expression of Bcl-2 in BGC-803 cells. The expression
of caspase-3 and -8 was elevated in tumor cells from xenograft treated with UA. 18F-FLT PET-CT imaging confirmed tumor
model and UA effectiveness. Our results indicated that UA inhibits growth of tumor cells both in vitro and in vivo by decreasing
proliferation of cells and inducing apoptosis.

1. Introduction

Gastric cancer is the second cause of cancer-related death
worldwide, and it has now become the first cancer-related
death in China. Hepatocellular carcinoma is a primary
ma-lignancy of the liver and is the third leading cause
of cancer-related death worldwide. There are about 110,000
people died of gastric cancer and hepatocellular carcinoma
in China every year, which accounts for 45% (for both cancer
combined) mortality worldwide. In addition to surgery,
radiotherapy, and chemotherapy, it is essential to find a
more effective way to treat gastric cancer and hepatocellular
carcinoma.

More and more clinical practice shows that the Chinese
medicinal herbs have antitumor activity, which sheds a light
on new therapeutic strategy for cancer treatment [1–3].
Ursolic acid (UA) is a pentacyclic triterpene compound and
exists in medicinal herbs such as Oldenlandia diffusa and
Radix actinidiae. UA has been shown to have the effects of

anti-inflammatory, antioxidant, and antitumor [4–6]. Stud-
ies have found that UA can inhibit the activities of DNA
polymerase and DNA topoisomerase and decrease the rate
of cell proliferation [7]. Moreover, UA can induce apoptosis
of tumor cell by increasing the level of intracellular calcium
ion [8], suppressing the expression of FoxM1 [9], and upreg-
ulating of death receptors [10]. In this study, we evaluated
the effect of UA treatment on the gastric cancer cell and the
hepatocellular carcinoma xenograft.

2. Materials and Methods

2.1. Material. UA was purchased from Shanxi Huike Plant
Development Corporation (UR: 2003 0610 purity ≥98%).
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) and DMSO were purchased from SIGMA
Company. Annexin-V-FITC apoptosis kit was purchased
from BD Biosciences. RPMI 1640 and calf serum was pur-
chased from GIBCO, Invitorgen. All the antibodies used in
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western blot (rabbit antihuman β-actin, mouse antihuman
procaspase-3, mouse antihuman procaspase-8, mouse anti-
human procaspase-9, mouse antihuman Bcl-2, and mouse
antihuman Bax antibodies) were purchased from SANTA
CRUZ Biotechnology. Far infrared-marked goat antirabbit or
mouse secondary antibodies were purchased from ROCK-
LAND Immunochemicals. Odyssey far infrared scanner was
purchased from LI-COR Biosciences (USA).

2.2. Cell Lines and Culture Conditions. BGC-803 cell and he-
patocellular carcinoma cell line H22 (ATCC, USA) were gen-
erous gifts from Dr. Yang Ke at the Cancer Research Center,
Peking University. Gastric cancer cell line BGC-803 was
maintained in RPMI-1640 with 10% calf serum. Cells were
grown at 37◦C in a CO2 incubator. The cells in the expo-
nential growth phase were collected for cell proliferation, cell
cycle, and apoptosis assay.

2.3. Mouse Model. Ten male and ten female kunming mice
were bought from The Research Center for Laboratory
Animal Science in Beijing, and H22 cells of exponential
growth phase were injected subcutaneously into right front
axilla of kuming mice. The mice were divided into two
groups with equal numbers of male and female mice. One
group was given 0.2 mL/mouse physiological saline by oral
administration as negative control; another group was given
2.53 mg/mouse UA everyday for 10 days. Mice were sacrificed
at the end of the treatment. Tumors tissues were either fixed
in 75 ethanol filtered after treated by 500 mesh to get the
single cell suspension for flow cytometry analysis or fixed
in 4% paraformaldehyde for pathological analysis. Samples
prepared from tumor tissues were also flash frozen in liquid
nitrogen for Western blot analysis. All animal experiments
were approved by Animal Care and Use Committee, Inner
Mongolia Medical College.

2.4. Cell Proliferation Assay. Cell proliferation was assessed
by MTT staining. 250 μL of BGC-803 cells (1.2 × 104/mL)
were added to each well in the 96-well plate. UA was added
to the final concentration of 10–60 μM. DMSO and culture
medium were added as control. Each group was performed
in 8 wells. MTT was added 12 h, 24 h, 36 h, and 48 h,
respectively, after incubation, and the absorbance values were
examined. The inhibiting proliferation rates were calculated
using the following equation:

Inhibiting proliferation rate (%)

=
(
A values of control group− A values of treated group

)
A values of control group

× 100%.

(1)

2.5. 18F-FLT PET-CT Imaging. Proliferation of tumor cells in
mouse xenograft model was examined with positron-emis-
sion tomography-computed tomography (PET-CT) using
18F fluoro-L-thymidine (FLT). 18F-FLT was given to the

mouse by tail intravenous injection. Mice were anesthetized
by ether and then were imaged by PET-CT.

2.6. Cell Cycle and Apoptosis Assay. BGC-803 cells were
treated with UA either at concentration of median inhibition
concentration (IC50) (24 h) for 24 h, or at concentration
of IC50 (36 h) for 36 h, and then cells were fixed in 75%
ethanol. Tumor cells obtained from xenograft were also fixed
in 75% ethanol after filtered by 500 mesh. The single-cell
suspension obtained above was used for apoptosis analysis
using flow cytometry and for cell cycle analysis using ModFit
analysis. DNA was extracted from BGC-803 cells according
to protocol provided by manufacturer and then isolated
in the 1.5% agarose gel by electrophoresis (65 V, 1.75 h).
Photographs were taken using a gel-imaging system to detect
DNA Ladder.

2.7. Western Blot Analysis. Expression of procaspase-3, -8,
and -9, Bcl-2, and Bax in BGC-803 treated with UA for
36 h at IC50 and expression of caspase-3 and -8 in tumor
cells obtained from xenograft was determined by western
blot. Cells were treated with RIPA buffer (1% deoxycholate,
0.1% SDS). Concentration of protein was determined by
BCA assay. Proteins were transferred to PVDF membrane
after separation by SDS-PAGE and incubated with proper
primary and secondary antibodies. The signal was detected
by far infrared scanner. Result was analyzed by Quantity One.
The relative amount of protein expressed was determined by
using β-actin as an internal control.

2.8. Statistical Analysis. Statistical analysis was performed
using the program SPSS13.0. In each experimental group,
one-factor analysis of variance and MANOVA of repeated
measuring were used. The t-test was used for comparison
between groups. A value of P < .05 was considered to be
statistically significant. IC50 values at different time points
were calculated by Probit Analysis.

3. Results

3.1. Inhibition of Proliferation in BGC-803 Cells. Proliferation
of BGC-803 cells was examined to assess whether UA had
inhibitory effect on BGC-803. Cells were treated with dif-
ferent concentrations of UA (10, 20, 30, 40, 50, 60 μmol/L)
for 12, 24, 36, 48 h, respectively. Compared with control,
UA (20–60 μmol/L) inhibited BGC-803 cell proliferation in
dose- and time-dependent manners. However, 10 μmol/L of
UA did not show inhibitory effect (Figure 1(a)). The IC50 of
UA at different time points (12 h, 24 h, 36 h and 48 h) were
61.29 μM, 43.78 μM, 35.94 μM, and 24.95 μM, respectively
(Table 1).

3.2. Induction of Apoptosis in BGC-803 Cells. Morphological
changes of BGC-803 cells after UA treatment. Cells not
treated with UA showed single-layer adherence growth with
rich cytoplasm, round or oval nuclei. Cells exposed to
UA rounded up, lacked cell-cell contact with low density
of cell (Figure 1(b)). Furthermore, H&E staining revealed
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Table 1: IC50 of UA at different time points in human gastric cancer
cell BGC-803.

IC50 (uM) X2 P Probit

12 h 61.29 0.005 1.0 7.60-13.5x

24 h 43.78 0.027 1.0 5.49-9.01x

36 h 35.94 0.07 0.99 3.08-4.79x

48 h 24.95 0.018 1.0 5.74-8.08x

that cells treated with UA showed typical morphology for
apoptosis: nuclear fragmentation, chromatin condensation,
and loss of membrane asymmetry (Figure 1(c)). In addition,
fragments of degraded DNA were observed in agarose gel
electrophoresis for BGC-803 cells treated with 43.78 and
35.94 μM UA. This was an indication that apoptosis occurred
in the cells. For the control cells without treatment, no
fragment of DNA was observed (Figure 1(d)). We further
evaluated the apoptotic rate by Annexin-V staining. BGC-
803 cells treated with UA had more apoptotic cells than
cells treated with DMSO or without treatment (F = 72.579,
P < .01, Figures 1(e) and 1(f)), while there was no significant
difference in apoptosis between cells treated with DMSO or
without treatment indicating that apoptosis was specifically
induced by UA treatment.

We investigated the mechanism how UA induced apop-
tosis. Expression of Pro caspase-3, -8, and -9, Bcl-2, Bax was
detected by Western blot (Figure 1(g)). Relative amount of
protein was calculated (Figure 1(h)). Our data showed that
expression of pro caspase-3, -8, and -9 protein declined after
UA treatment (P < .05), indicating that activated caspase-3,
-8, -9 proteins were induced by UA treatment. Expression of
Bcl-2 protein was downregulated by UA treatment (P < .05),
while Bax protein expression did not show significant change
with and without UA treatment. Our result suggested that
UA may activate caspase cascade and downregulate Bcl-2
protein to induce apoptosis in gastric cancer cell line BGC-
803.

3.3. Inhibition of Tumor Growth in Mouse Xenograft Model.
Compared to negative control, xenografts which were treated
with UA were robust and had more weight (Table 2). There
was 52.8% inhibition rate of tumor growth in UA treatment
xenografts. Tumor tissue was examined under optical micro-
scope after H&E staining. Tumor cells in negative control
resembled nests or cords and showed vigorous mitosis.
Nuclei of tumor cells were round or oval; while there was
more necrosis and apoptosis in UA treatment group, density
of tumor cells decreased. We examined the proliferation of
tumor cells in xenografts by PET-CT. Xenografts was injected
with 18F-FLT, and the whole mouse was imaged by PET-
CT. Focal 18F-FLT uptake could be observed in tumor and
abdominal cavity in xenografts of PS control (Figure 2(a)
upper panel). Xenografts with UA treatment showed lower
18F-FLT uptake in tumor (Figure 2(a) lower panel). The
image of PET-CT showed directly that proliferation of tumor
cells declined by UA treatment in vivo. To elucidate the
mechanism how UA inhibited proliferation of tumor cells,
we examined cell cycle of these tumor cells in xenografts.

Percentange of 38.71±3.27 of the tumor cells treated with UA
were in G0/G1 stage (P < .05, Figure 2(b)), but 48.97±3.96%
and 23.53 ± 5.97% cells were in S or G2/M stage for the
negative control, suggesting that UA treatment decreased
proliferation of tumor cells in mouse xenograft model.

3.4. Induction of Apoptosis in Mouse Xenograft Model. In ad-
dition to cell cycle, we also examined the apoptosis of tumor
cells in xenografts. Tumor cells in xenografts treated with
UA had more apoptosis as shown in Figure 2(b) (sub-
G1). The apoptotic tumor cells were quantified by flow
cytometry after cells were incubated with FITC conjugated
Annexin-V. Comparison of apoptotic rate of the PS control
to the UA treatment group revealed statistically significant
different (12.91 ± 1.43 for PS control versus 37.24 ± 3.85
for UA treatment, P < .05, Figure 2(c)), indicating that
UA treatment could induce apoptosis of tumor cells in
mouse xenograft model. Furthermore, we examined the
expression of Caspase-3, -8 in these tumor cells. The result
of western blot showed that the protein level of Caspase-
3, -8 was elevated after treatment with UA (Figure 2(d)).
Our data suggested that UA may induce apoptosis through
upregulation of Caspase-3 and 8.

4. Discussion

UA is one anticancer active compound in Chinese anticancer
herbal medicines. Previous studies showed that UA could
inhibit growth of colon cancer cells, endometrial cancer cells,
and melanoma cells [11–13]. It has been reported that UA
inhibited growth of tumor cells through multiple functions,
such as cytotoxicity [14, 15], induction of apoptosis [9, 10,
16, 17], and prevention of angiogenesis [18, 19].

Our results showed that UA decreased proliferation of
tumor cells both in vitro and in vivo. UA inhibited prolifera-
tion of BGC-803 cells in dose- and time-dependent manners.
Inhibition rate of tumor growth is 52.8% in H22 xenografts
treated with UA. Cell cycle of tumor cells from xenagrafts
treated with UA was arrested in G0/G1 stage. Our data
are consistent with the results of lung cancer cell A549
treated with UA [20], Hsu showed that UA up-regulated P21
expression through a P53-dependent manner and decreased
expression of cyclins and their activating partner cdks. UA
may block cell cycle progression in G0/G1 stage in gastric
cancer cell and tumor cells from xenografts by activat-
ing P53/P21 pathway concomitant with inactivating cy-
clins/cdks.

Mammalian cell apoptosis is initiated either by mito-
chondria-mediated or Fas receptor coupled extrinsic signals
mediated pathways. Many apoptotic-related genes involved
in these processes, including proapoptotic genes (Bax, Bid,
and Bak), antiapoptotic genes (Bcl-Xl and Bcl-2), and cys-
teine proteases called caspases (caspase-3, -8, and -9). Bcl-
2 family plays an important role in preventing apoptosis.
The ratio of Bax to Bcl-2 can be used to assess apoptosis.
The higher this ratio is, the more possibility apoptosis would
happen, and vice versa. We found that the expression of
Bcl-2 protein decreased, but the level of Bax protein did
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Figure 1: UA inhibited proliferation and induced apoptosis in gastric cancer cell BGC-803. (a) Inhibition of proliferation of BGC-803 was
assessed by MMT staining. (b) Morphological changes of BGC-803 cells after UA (IC50 (24 h)) treatment for 24 h (Bar represents 200 μm);
magnified image of cells was showed in corner (Bar represents 200 μm). (c) H&E staining of BGC-803 cells after UA (IC50 (24 h)) treatment
for 24 h (Bar represents 200 μm), and arrows indicated apoptotic cells; magnified image of cells was showed in corner (Bar represents
200 μm). (d) DNA ladder was found in BGC-803 cells treated with UA (IC50 (24 h) and IC50 (36 h)), not in BGC-803 cells treated with
0.2% DMSO or without treatment. (e) Apoptosis of BGC-803 cells induced by UA was detected by Annexin-V staining and flow cytometry.
(f) was the quantified data from experiment showed in (e). Apoptotic rate was 0.66± 0.15, 0.67± 0.08, and 1.69± 0.11 in control, DMSO,
and UA treated cells, respectively, (∗P < .01). (g) Western blot showed expression of apoptotic related genes in BGC-803 cell treated with
DMSO, UA and without treatment; β-actin was used as internal control. (h) showed related amount of protein from (g) (∗P < .05).



6 Journal of Biomedicine and Biotechnology

P
S

co
n

tr
ol

U
A

tr
ea

tm
en

t

(a)

500

400

300

200

100

0

N
u

m
be

r

N
u

m
be

r

Channels (FL2-A)

280

210

140

70

0
0 50 100 150 200

Channels (FL2-A)

0 50 100 150 200

PS control

PS control

UA treatment

UA treatment

Cell cycle distribution (%)

G0/G1 S G2/M

21.5± 2.82 48.97± 3.96 23.53± 5.97

38.71± 3.27∗ 41.83± 1.37∗ 19.4± 1.91∗

(b)

PS control UA treatment
1000

1000

800

800

600

600

400

400

200

200

0

0

100

100

101

101

102

102

103

103

104

104

FSC height

Annexin-V

SS
C

h
ei

gh
t

1000

1000

800

800

600

600

400

400

200

200

0

0

FSC height

SS
C

h
ei

gh
t

P
ro

pi
di

u
m

io
di

de

100

100

101

101

102

102

103

103

104

104

Annexin-V

P
ro

pi
di

u
m

io
di

de

PS control 12.91± 1.43

37.24± 3.85∗UA treatment

AI (X% ± S)

(c)

Figure 2: Continued.



Journal of Biomedicine and Biotechnology 7

Procaspase-3

Procaspase-8

β-actin

17

28

43

PS UA PS UA

(k
D

a)

(d)

Figure 2: UA inhibited proliferation and induced apoptosis in hepatocellular carcinoma cell H22 mouse xenograft. (a) Xenografts treated
with PS or UA were imaged by PET-CT. (b) Cell cycle of tumor cells from xenografts treated with PS or UA was examined. Cell cycle
distribution was showed in the table (∗P < .05). (c) Apoptosis of tumor cells from xenografts induced by UA was detected by Annexin-V
staining and flow cytometry. Quantified data showed in the table below (∗P < .05). (d) Western blot showed expression of Caspase-3 and
Caspase-8 in tumor cells from xenografts treated with PS or UA.

Table 2: Weight of xenografts treated with PS or UA.

Day 1 Day 3 Day 5 Day 7 Day 9 Day 11

PS control (g) 22.04± 0.73 23.93± 0.83 25.41± 0.65 27.46± 1.35 29.51± 1.47 30.05± 1.51

UA treatment (g) 21.88± 0.57 24.85± 0.53 27.17± 0.89 29.39± 1.62 31.66± 2.43 32.68± 2.65

not change in BGC-803 cells treated with UA. The ratio
of Bax/Bcl-2 increased, which would lead to apoptosis.
Previous studies showed that Bax expression increased and
Bcl-2 expression decreased in lung cancer cell line A549
treated with UA [20]. Expression of Bax protein significantly
increased in human breast cancer cell line MCF-7 [21]. The
results above are different from ours, suggesting that UA
may function differently in different type of cancer cells to
induce apoptosis. Caspase-3 is a key protease in mammalian
cell apoptosis. We found that caspase-3 was activated in
BGC-803 cells and H22 cell xenograft treated with UA. It
is reported that cytochrome C was released and caspase-3
was activated in BGC-823 cells with UA treatment [22]. Our
data showed that caspase-8 and -9 were all activated in BGC-
803 cells, indicating that UA induced apoptosis through two
classical apoptotic pathways. Studies have demonstrated that
caspase-3, -8, and -9 are necessary for UA inducing tumor
cell apoptosis [23]. Our findings of decreased level of Bcl-2
with no change of Bax and activated caspase-8 and -9 in cell
line BGC-803 enrich the understanding of mechanisms how
UA induces apoptosis in gastric cancer cell line BGC-803.
Furthermore, we found expression of caspase-8 was elevated
in tumor cells obtained from H22 xenograft, indicating that
UA also can induce apoptosis in vivo.

5. Conclusions

In summary, we found that UA inhibited growth of gastric
cancer cell line BGC-803 in dose-dependent and time-
dependent manner in vitro. UA treatment arrested tumor
cells from xenograft to G0/G1 stage in vivo. The apoptotic
rate was significantly increased in tumor cells treated with
UA both in vitro and in vivo (P < .05). DNA fragmentation

was found in BGC-803 cells exposed to UA. UA activated
caspase-3, -8, -9 and downregulated expression of Bcl-2 in
BGC-803 cells, but had no effect on expression of Bax.
Expression of caspase-3 and -8 were elevated in tumor cells
from xenograft treated with UA. UA inhibited growth of
tumor cells in vitro and vivo by decreasing proliferation and
inducing apoptosis. Understanding the mechanism of UA
will help us fully understand how Chinese medical herbs
work.
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Brown adipose tissue (BAT) is emerging as a potential target for treating human obesity. It has been indicated that BAT is rich in
innervations of sympathetic nerve control. Using 18F-FDG microPET imaging, this study aims at evaluating how factors related
to sympathetic activation/inhibition changed BAT metabolism of mice. BAT 18F-FDG uptake were semiquantitatively evaluated
in different groups of mice under temperature (cold or warm stimulus) or pharmacological interventions (norepinephrine,
epinephrine, isoprenaline, or propranolol) and were compared with the corresponding controls. It was found that BAT activation
can be stimulated by cold exposure (P = 1.96×10−4), norepinephrine (P = .002), or both (P = 2.19×10−6) within an hour before
18F-FDG injection and can also be alleviated by warming up (P = .001) or propranolol lavage (P = .027). This preliminary study
indicated that BAT function could be evaluated by 18F-FDG PET imaging through short-term interventions, which paved the way
for further investigation of the relationship between human obesity and BAT dysfunction.

1. Introduction

Brown adipose tissue (BAT) is a kind of fat tissue different
from white adipose tissue (WAT). In mammals, BAT has its
function mainly in nonshivering thermogenesis, responsible
for control of body temperature and regulation of energy
balance [1]. BAT is commonly found in human newborns
and small mammals, and it is previously thought that
there is only a vestigial amount of BAT in adulthood [2].
Recently, 18F-FDG PET/CT demonstrated a relatively broad
distribution of functional BAT in adult human, mainly along
the way of sympathetic nerve control, such as paravertebral
and periadrenal regions [3, 4]. These functional BATs have
drawn our attention as a potential therapeutic target for
inducing weight loss through its energy expenditure pathway
[2, 5], because excision or denervation of interscapular BAT
can produce abnormal increase in the amounts of WAT in
those animals, meaning that they are becoming fatter [6].
Some other studies, though showing limited success, have
already tried to activate BAT by stimulating SNS to control

body weight, using, for instance, β3-adrenoceptor agonists
CL-316243 or L-796568 [7, 8]. But none of them monitored
BAT metabolic function during their researches.

Cold stimulus has been proved to increase 18F-FDG
uptake, an indicator of BAT metabolism, in either animal
or human studies [9, 10]. Cold can activate sympathetic
nerve system (SNS) to excrete norepinephrine, and then
the BAT, which is rich in sympathetic nerve terminals, will
produce more heat [11]. Genomic studies have indicated
that the heat production is related to uncoupling protein 1
(UCP1), which is highly expressed in the mitochondria of
BAT cells and can convert glucose and free fatty acid into
heat [12]. For further evaluation of how the influence factors
related to SNS changed the BAT metabolism, this study
investigated several interventions to stimulate or inhibit SNS
and BAT metabolism of mice, and under the application
of microPET, BAT metabolic statuses were clearly seen in
vivo, showing different degree of FDG uptake under different
interventions which could be semiquantitatively analyzed in
real time. MicroPET served as a useful tool in monitoring
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BAT function under different interventions and showed the
potential to guide further study of the relationship between
BAT metabolism and obesity and diabetes.

2. Materials and Methods

2.1. Animals and Grouping. Five-to-ten-wk female Kunming
mice (provided by Beijing Medical College Animal Breeding
Center) were enrolled in this study (mean body weight =
25 g). All animals were kept in the Animal Breading Center
of PUMCH with constant room temperature of 21◦C. Food
and water were given ad libitum. Control mice (n = 12)
were examined under room temperature of 20-21◦C. Three
intervention groups were involved in this study (Table 1).
In physical intervention group, mice were exposed to cold
(n = 6, 6◦C-7◦C, t = 1 h), cold and then warm (n = 6,
6◦C-7◦C, t = 1 h, and then 35◦C-36◦C, t = 1.5 h), or
only warm (n = 6 and t = 1.5 h). For pharmacological
stimulation group, under 21◦C mice received intraperitoneal
injection of norepinephrine (NE, 0.4 mg/kg, n = 5),
epinephrine (0.02 mg/kg, n = 5), isoprenaline (0.016 mg/Kg,
n = 6), respectively, or both cold and NE (NE: 0.04 mg/kg,
n = 7). For pharmacological inhibition group, cold pre-
exposure mice received intragastric administration of pro-
pranolol (13.2 mg/kg, n = 3) or saline (n = 3).

2.2. Temperature Interventions. Control mice were kept in
the examination room with constant temperature of 20◦C-
21◦C without physical intervention or pharmacological stim-
ulation. For cold intervention, we put the mice in a plastic
box and kept them in a temperature-regulative refrigerator
(BC-185FA, Aucma, China) with a constant temperature of
6◦C-7◦C (measured by a thermometer in the refrigerator) for
1 h. For warm stimuli, we placed the mice in a plastic box
laid above a power-regulative heating pad (ML-1.5-4, Tianjin
Tester Company, China) with the temperature of 35◦C-36◦C
(measured by a thermometer in the box) for 1 h and kept
warming the mouse for 0.5 h after FDG injection. All these
animals were provided with food and water supply during
the interventions.

2.3. Pharmacological Interventions. Norepinephrine (Tianjin
Jinhui Amino Acids Co.), epinephrine (Beijing Yongkang
Phar Co.), and isoprenaline (Shanghai Harvest Phar Co.)
were diluted with saline and injected into peritoneal cavity
of mouse in the volume of 100 μL (0.4 mg/kg), 100 μL
(0.02 mg/kg), and 30 μL (0.016 mg/Kg), respectively, 1 h
before FDG injection. Propranolol tablets (Tianjin Lisheng
Phar Co.) were dissolved in saline to 1 mg/mL and adminis-
tered intragastrically through a small animal lavage needle in
the volume of 300 μL (13.2 mg/kg) per mouse 1 h before FDG
injection. To monitor the combination effect of cold stimuli
and NE, we performed the cold stimuli protocol as stated and
gave NE injection with 0.04 mg/kg 1 h before FDG injection.
All of these pharmacological interventions were performed
under room temperature of 21◦C, and after interventions,
water and food were provided.

Table 1: Groups according to interventions and the number of mice
in each group.

Interventions Mouse number

Temperature intervention 18

Cold exposure 6

Cold exposure + warm stimuli 6

Warm stimuli 6

Pharmacological stimulation 23

Norepinephrine (NE) 5

epinephrine 5

isoprenaline 6

NE + cold exposure 7

Pharmacological inhibition 6

Cold + propranolol 3

Cold + saline 3

Controls 12

2.4. MicroPET Protocol. All mice were examined under
nonfasted status. After physical or pharmacological interven-
tions, 3.7 MBq 18F-FDG was injected into peritoneal cavity
for each mouse. Water and food was supplied after FDG
injection. Anesthesia using Summit AS-1-000-7 animal anes-
thesia system (USA) was performed with 1.5% isoflurane
(with O2 combination of 2 liter per minute) 40 min later. PET
data acquisition procedure was performed under Siemens
Inveon system 10 min after anesthesia when mice were totally
unconscious. Acquisition procedure lasted for 300 sec for
each mouse. Anesthesia was continued during the scanning
process with the same flow rate through a facemask designed
for small animal.

2.5. Data Analysis. All microPET images were studied by
two researchers (Wu and Cheng) on a high-resolution
computer screen applying ASIPro VM software. Both visual
and semiquantitative analyses were performed for each
mouse. For visual analysis, the two researchers compared the
interscapular BAT 18F-FDG uptake color intensity of mouse
from different intervention groups. For semiquantitative
analysis, 3D round regions of interests (ROI) were placed
carefully over the interscapular BAT and brain on microPET
images for each mouse, respectively. 18F-FDG uptake value
was acquired in the form of nanocurie per cubic centimeter
(nCi/cc) automatically after placing ROIs. Uptake ratio (R)
of maximum interscapular BAT uptake and mean brain
uptake was calculated for each mouse and compared between
different interventions.

2.6. Statistical Analysis. Data were reported as means ±
SD. Statistical analysis was performed using SPSS software,
Version 17.0. One way ANOVA was used, and P < .05 was
considered significant.
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(a) (b) (c) (d) (e)

Figure 1: Comparison of interscapular BAT uptake in mice receiving different interventions from microPET sagittal images. For visual
analysis, microPET images showed that mouse interscapular BAT 18F-FDG uptake (arrow) varied under different interventions. (c) Cold
plus NE interventions showed highest BAT uptake (R = 15.64± 5.58, P = 2.19 × 10−6) compared to (b) cold exposure (R = 10.22± 4.13,
P = 1.96× 10−4) and (a) control (R = 4.08± 1.32), while (d) warming (R = 2.13 ± 0.43, P = .001) and (e) propranolol (R = 1.30± 0.16,
P = .027) showed decreased BAT uptake in cold pre-exposure mice.
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Figure 2: Comparison of the effects of different interventions to stimulate interscapular BAT in mice. (a) BAT FDG uptake ratio in cold,
cold + NE and control group. Cold together with NE intervention showed the highest uptake in BAT. (b) BAT FDG uptake ratio in NE,
epinephrine, isoprenaline, and control group. All these pharmaceutics increase BAT activity, but only NE showed significant difference
(P = .002).

3. Results

In visual analysis, different interscapular BAT 18F-FDG
uptake intensity was found under different interventions
as demonstrated by the microPET images (Figure 1). Cold
and NE exposure caused the highest BAT uptake, followed
by cold exposure and the control, while propranolol lavage
and warming up showed decreased BAT uptake in cold pre-
exposed mice.

In semiquantitative analysis, BAT 18F-FDG uptake was
significantly higher under cold exposure compared to control
mice under room temperature (R: 10.22± 4.13 versus 4.08±
1.32, P = 1.96× 10−4) and highest with both cold exposure
and NE stimulations (R: 15.64 ± 5.58 versus 4.08 ± 1.32,

P = 2.19 × 10−6). A stimulation with only NE (R: 10.55 ±
5.85), epinephrine (R: 4.57 ± 0.86), or isoprenaline (R:
4.64 ± 2.67) at room temperature all increased BAT uptake
compared with the controls (R: 4.08 ± 1.32), but only NE
showed significant difference compared with the controls
(P = .002) (Figure 2).

For BAT inhibition, warming could significantly reduce
BAT uptake in mice with cold pre-exposure (R: 2.13 ± 0.43
versus 10.22±4.13, P = .001) and without cold pre-exposure
(R: 2.48 ± 0.88 versus 4.08 ± 1.32, P = .017). In addition,
propranolol could significantly reduce BAT uptake in cold
pre-exposed mice (R: 1.30±0.16 versus 3.09±0.90, P = .027)
(Figure 3).
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Figure 3: Comparison of the effects of warming and propranolol to inhibit interscapular BAT in mice. (a) BAT FDG uptake ratio under
warm intervention. Warming could significantly decrease BAT metabolism in mice with or without cold pre-exposure (P = .001 and .017,
resp.). (b) BAT FDG uptake ratio under propranolol intervention. Propranolol could significantly decrease BAT activity in cold pre-exposure
mice (P = .027).

4. Discussion

Brown adipose tissue (BAT) has been shedding new light on
weight control of human recently, but few researches focused
on monitoring BAT metabolic function using molecular
imaging. It is well known that BAT has more sympathetic
innervations than WAT [13], which means that BAT may
be activated by stimulating SNS. For future investigation of
new methods to control obesity through activation of BAT
function, the present study aimed mainly at establishing a
technology platform using microPET to evaluate the BAT
function through interventions with factors related to SNS
activation or inhibition. Considering that the SNS might
probably be modulated by short-term interventions, the
temperature control or drug administration was generally
set as 1 h before FDG injection in this study. Moreover,
peritoneal injection or lavage was used to obtain a more
stable effect. The results proved that these choices were
feasible.

BAT can bring in false positive results in PET images of
human by showing increased radioactive uptake especially
in the supraclavicular area [14, 15]; many studies, therefore,
try to find methods to inhibit BAT uptake in humans, for
instance, by keeping the patients warm or giving orally pro-
pranolol administration [16–18]. Our study provided new
data concerning these two methods in inhibiting BAT uptake
that only 1.5 hour of warm intervention (1 h before and
0.5 hour after FDG injection) could quickly and markedly
inhibit BAT metabolism (R: 2.48 ± 0.88 versus 4.08 ± 1.32,
P = .017), and compared with propranolol intervention,
warming seemed to be more effective in reducing BAT
activity (P = .001). Based on this result, in clinics, to prevent
BAT uptake in PET images, providing a warm environment
for patients right before PET scan would be a more effective,
convenient, and safer way than propranolol intake.

Cold stimulus was proved useful to increase BAT
metabolism in either animal or human studies [9, 10]
because it can activated sympathetic nerve terminals sur-
rounding the BAT to excrete NE for more heat production
[11]. In our study, cold exposure also significantly increased
BAT activity (R: 10.22± 4.13 versus 4.08± 1.32, P = 1.96 ×
10−4), and this effect was more obvious when combined
with NE injection (P = 2.19 × 10−6), well confirming
that BAT metabolism was correlated with catecholamine
system. Moreover, cold effect could be quickly suppressed by
warming (R: 2.13 ± 0.43 versus 10.22 ± 4.13, P = .001) or
propranolol administration afterwards (R: 1.30±0.16 versus
3.09 ± 0.90, P = .027), both of which were antagonistic to
sympathetic-adrenal system, thus prohibiting BAT activity.

In our present study the β-adrenoceptor agonists (NE,
epinephrine and isoprenaline) all increased interscapular
BAT activity in mouse, but only NE showed a significant dif-
ference to controls (P = .002, .459, and .293, resp.). We think
the dosage insufficiency of epinephrine and isoprenaline we
gave mice may answer this question. With limited researches
and few examples to follow, we gave a tentative dosage of
epinephrine (0.02 mg/kg) and isoprenaline (0.016 mg/Kg) to
mice, which is about the clinical dosage for children (about
half of adult dose), much smaller than the advised dose for
mouse (about 9-fold clinical dosage for adults) based on
surface area per kilogram [19]. However, the dosage of NE
(0.4 mg/kg) we gave mice was 11 times the dosage for human
adult, so only NE was effective in activating BAT metabolism.
Baba et al. [20] used epinephrine in 5 mg/kg, and microPET
scan showed significant BAT uptake compared to controls;
therefore, we think increasing dosage in future study may
overcome this problem.

There are some limitations in this study. For instance,
only female mice were enrolled in this study, and the mouse
number in each intervention group was not big enough
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(n = 3 ∼ 7). Furthermore, some uncontrollable factors such
as environmental noise and stimuli caused by experimental
handling may potentially influence the nerve system of
mouse and thus the activity of BAT. In future studies, we will
make improvement in these aspects.

In general, this preliminary study gives new prospective
in studying the stimulation and inhibition of BAT of mouse
by a quantitative analyzing tool of microPET. By applying
microPET, the BAT activate status can be evaluated in vivo
semiquantitatively in real-time.

5. Conclusion

Environment temperature control can significantly stimulate
or alleviate BAT uptake of 18F-FDG within 1 h in mice.
Stimulating sympathetic nerve system by norepinephrine
can significantly increase the metabolism of BAT within
1 h, while inhibiting SNS by warming or propranolol can
alleviate BAT function. This preliminary study with 18F-FDG
microPET warrants further investigations of the mechanism
of BAT and various methods of intervention according to
clinical purposes. However, better optimization of different
intervention conditions as well as some other methods for
activating BAT should be further explored and studied in the
hope of future human application.
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Objective. This study was aimed to study tissue distribution and tumor imaging potential of 68Ga-glycopeptide (GP) in tumor-
bearing rodents by PET. Methods. GP was synthesized by conjugating glutamate peptide and chitosan. GP was labeled with 68Ga
chloride for in vitro and in vivo studies. Computer outlined region of interest (counts per pixel) of the tumor and muscle (at the
symmetric site) was used to determine tumor-to-muscle count density ratios. To ascertain the feasibility of 68Ga-GP in tumor
imaging in large animals, PET/CT imaging of 68Ga-GP and 18F-FDG were conducted in New Zealand white rabbits bearing VX2
tumors. Standard uptake value of tumors were determined by PET up to 45 min. To determine blood clearance and half-life
of 68Ga-GP, blood samples were collected from 10 seconds to 20 min. Results. Radiochemical purity of 68Ga-GP determined by
instant thin-layer chromatography was>95%. Tumor uptake values (SUV) for 68Ga-GP and 18F-FDG in New Zealand white rabbits
bearing VX2 tumors were 3.25 versus 7.04. PET images in tumor-bearing rats and rabbits confirmed that 68Ga-GP could assess
tumor uptake. From blood clearance curve, the half-life of 68Ga-GP was 1.84 hr. Conclusion Our data indicate that it is feasible to
use 68Ga-GP to assess tumor angiogenesis.

1. Introduction

With progress of molecular biology in recent years, imaging
techniques are undergoing tremendous development and
improvement. These imaging modalities play a major role
in the development of novel therapies, since they generate
information about target expression as well as function,
pathway activity, and cell migration in the intact organism.
For instance, angiogenesis, the proliferation of endothelial
and smooth muscle cells to form new blood vessels, is
an essential component of the metastatic pathway. These
vessels provide the principal route by which tumor cells
exit the primary tumor site and enter the circulation. For
many tumors, the vascular density can provide a prognostic
indicator of metastatic potential, with the highly vascular
tumors having a higher incidence of metastasis than poorly

vascular tumors [1]. Experimental research suggests that it is
possible to block angiogenesis by specific inhibitory agents,
and that modulation of angiogenic activity is associated
with tumor regression in animals with different types of
neoplasia. The promising angiosuppressive agents for clinical
testing are naturally occurring inhibitors of angiogenesis
(angiostatin, endostatin, platelet factor-4, and others). Mea-
suring angiogenesis (blood vessel density) and/or its main
regulators such as vascular endothelial growth factor (VEGF)
and basic fibroblast growth factor (bFGF), or the levels of
apoptosis after treatment in solid tumors provides new and
sensitive markers for tumor progression, metastasis, and
prognosis [2, 3].

Polysaccharides such as heparin, chitosan, and chon-
droitin play a potent role in tumor growth, tissue repair, and
angiogenesis. Chitosan, an angiogenesis biomer, interacts



2 Journal of Biomedicine and Biotechnology

with vascular endothelia cells and potentiates the fibrob-
last growth factor (FGF-2) activity. Chitosan is known as
a wound-dressing and tissue-adhesive material showing bio-
compatibility, anti-infective activity, and the ability to accel-
erate wound healing [4–6]. During the healing process, chi-
tosan enhances macrophage activation, cytokine (IL-8) pro-
duction by macrophages and fibroblasts, anti-inflammatory
action, angiogenesis stimulation, granulation, and scar for-
mation. Though chitosan has made outstanding advantage
in the field of angiogenesis, some significant limitations still
remain in the treatment of cancer via intracellular delivery
of cytotoxic drugs. In order to enhance therapeutic index
of chitosan in cancer treatment, we conjugated glutamate
peptide with chitosan.

The excitatory amino acid glutamate (Glu) is a potent
neurotransmitter in the central nervous system and exerts
its action via a variety of glutamate transporters [7]. It is
known that cellular uptake of polyglutamate peptide (GAP)
is specific to glutamate transporter [8]. Chain of 5 or more
glutamic acids could reduce renal uptake in animal models
[9]. Conjugation of GAP with chitosan resulting in GP
would be a novel agent to target tumor vascular and cellular
component. Radiolabeled GP would support this concept.

Imaging science enables the comprehensive characteriza-
tion of therapeutic intervention and can be used in pre-
clinical studies, pharmacokinetic studies, dose-finding stud-
ies, and proof-of-concept studies. Positron emission tomog-
raphy (PET) and single photon emission computed tomog-
raphy (SPECT) permit mapping and measuring the rate
of physiological, biochemical, and molecular processes with
radiolabeled compounds and appropriate tracer kinetic
models. Cellular imaging by PET and SPECT provides
valuable information in monitoring and guiding clinical trial
using cell-based therapies in the treatment of malignant
and other diseases. 68Ga and 99mTc are the most attractive
radiometals obtained from generators for PET and SPECT
clinical applications due to their energy (511 and 140 keV),
half-life (68 min and 6 h), and simple coordination chem-
istry. We previously have reported that glycopeptide (GP),
a copolymer of chitosan and glutamate peptide, provides
an opportunity to target tumor vasculature and cellular via
glutamate transporters [10]. In vitro assays revealed that cell
uptake of 99mTc-GP was via glutamate transporters. 99mTc-
GP was able to measure tumor uptake changes after paclitaxel
treatment. Biodistribution of 99mTc-GP showed increased
tumor-to-tissue count density ratios as a function of time.
Planar images confirmed that it is feasible to use 99mTc-GP
to assess tumor angiogenesis. To evaluate whether GP could
also be labeled with a different isotope for PET imaging of
tumors, here, we report the tissue distribution and tumor
imaging potential of 68Ga-GP.

2. Materials and Methods

2.1. Synthesis of 68Ga-Glycopeptide (GP). To a stirred solu-
tion of chitosan (200 mg, MW 3,500–5,000) in water (4 mL)
and 3-ethyl-3-(3-dimethylaminopropyl) carbodiimide-HCl
(EDC) (128.5 mg, 0.67 mmoL) (Pierce Chemical Company,
Rockford, IL) was added. Glutamate peptide sodium salt
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Figure 1: Structure of glycopeptide (GP).

Table 1: Biodistribution of 68Ga-GP in breast tumor-bearing Rats.
% of injected dose per gram of tissue weight (n = 3/time, interval,
iv)∗.

30 min 60 min 120 min

Blood 2.61 ± 0.18 1.81 ± 0.05 1.37 ± 0.05

Heart 0.59 ± 0.06 0.43 ± 0.02 0.32 ± 0.02

Lung 2.34 ± 0.45 2.58 ± 0.16 1.38 ± 0.06

Thyroid 1.10 ± 0.11 1.40 ± 0.87 0.59 ± 0.06

Pancreas 0.38 ± 0.03 0.34 ± 0.04 0.28 ± 0.02

Liver 3.81 ± 0.32 4.83 ± 0.54 4.94 ± 0.38

Spleen 2.13 ± 0.07 2.65 ± 0.14 2.97 ± 0.11

Kidney 1.35 ± 0.02 1.36 ± 0.01 1.41 ± 0.11

Stomach 0.58 ± 0.04 0.65 ± 0.07 0.74 ± 0.18

Intestine 0.54 ± 0.12 0.53 ± 0.07 0.78 ± 0.22

Uterus 0.70 ± 0.02 0.65 ± 0.05 0.57 ± 0.03

Tumor 0.68 ± 0.12 0.89 ± 0.10 1.18 ± 0.09

Muscle 0.12 ± 0.02 0.12 ± 0.00 0.10 ± 0.02

Bone 0.45 ± 0.12 0.46 ± 0.09 0.59 ± 0.03

Brain 0.08 ± 0.01 0.07 ± 0.01 0.07 ± 0.01

Tumor/blood 0.26 ± 0.03 0.49 ± 0.07 0.86 ± 0.09

Tumor/muscle 6.12 ± 1.87 7.20 ± 0.83 13.26 ± 4.41
∗

Value shown represent the mean ± standard deviation of data from 3
animals at (Count at 460–560 keV window).

(200 mg, MW 1,308) was then added. The mixture was
stirred at room temperature for 24 hr. The mixture was
dialyzed for 48 hr using Spectra/POR molecular porous
membrane with cutoff at 5,000 (Spectrum Medical Indus-
tries Inc., Houston, TX). After dialysis, the product was
filtered and dried using a freeze dryer (Labconco, Kansas
City, MO). The GP in the salt form weighed 320 mg. The
chemical structure is shown in Figure 1. Gel permeation
chromatogram (GPC) and capillary electrophoresis (CE)
were used to analyze the purity of GP.
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Figure 2: Gel permeation chromatogram (GPC) analysis of GP
showed the purity of GP was greater than 95%. The spectrum
showed the retention time of 9.645 min and the estimated molecular
weight of 7,484.

2.2. Radiolabeling of GP with 68Ga. Radiolabeling of GP with
68Ga was performed in a standard manner [11]; briefly, GP
(5 mg) was dissolved in 0.2 ml of water, and 68Ga chloride
(5 mCi) evaporated to dryness and reconstituted in 0.1 ml
of sterilized water at room temperature, followed by heating
up to 55◦C for 10 min. Radiochemical purity was deter-
mined by instant thin-layer chromatography (ITLC Silica-
Gel coated, Gelman Sciences, Ann Arbor, MI) eluted with
saline.
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Figure 3: Capillary electrophoresis (CE) analysis of GP. The spectra
showed that the purity of GP was greater than 95%.

Table 2: Biodistribution of FDG in breast tumor-bearing rats. % of
injected dose per gram of tissue weight (n = 3/time, interval, i.v.)∗.

30 min 60 min 120 min

Blood 0.40 ± 0.04 0.13 ± 0.01 0.06 ± 0.00

Heart 1.57 ± 0.06 1.38 ± 0.13 1.08 ± 0.07

Lung 0.55 ± 0.06 0.42 ± 0.02 0.46 ± 0.03

Thyroid 1.07 ± 0.08 1.04 ± 0.04 1.05 ± 0.07

Pancreas 0.26± 0.03 0.21 ± 0.01 0.20 ± 0.02

Liver 0.40 ± 0.05 0.16 ± 0.01 0.13 ± 0.01

Spleen 0.82± 0.08 0.74 ± 0.03 0.86 ± 0.07

Kidney 0.71 ± 0.05 0.37 ± 0.01 0.24 ± 0.02

Stomach 0.61± 0.08 0.44 ± 0.03 0.39 ± 0.03

Intestine 0.69 ± 0.07 0.53 ± 0.03 0.52 ± 0.02

Uterus 0.51 ± 0.04 0.42 ± 0.03 0.41 ± 0.03

Tumor 2.13 ± 0.11 2.49 ± 0.08 2.03 ± 0.18

Muscle 0.33 ± 0.04 0.34 ± 0.03 0.74 ± 0.02

Bone 0.33 ± 0.04 0.44 ± 0.06 0.50 ± 0.03

Brain 2.00 ± 0.15 1.99 ± 0.05 1.39 ± 0.09

Tumor/blood 5.19 ± 0.38 19.78 ± 1.37 34.37 ± 1.76

Tumor/muscle 5.88 ± 0.57 7.54 ± 0.56 2.87 ± 0.24
∗Value shown represent the mean ± standard deviation of data from 3
animals at (Count at 460–560 keV window).

2.3. In Vitro Stability Assays of 68Ga-GP. 68Ga-GP was pre-
pared in the concentration of 5 mg/1 mCi/ml. 0.1 mL of
68Ga-GP was incubated with 0.1 mL phosphate buffered
saline (pH = 7.4) at 37◦C for 30–120 min. In vitro stability
of 68Ga-GP was determined by chromatographic analysis, as
described in the above section. There was no breakdown of
68Ga-GP up to 2 hr.

2.4. Biodistribution Studies. Female Fischer 344 rats (150–
175 g) (Harlan Sprague-Dawley, Inc., Indianapolis, IN) were
inoculated subcutaneously in the right leg with breast cancer
cells (106 cells in 0.1 mL/rat) from the 13762 cell line
(known as DMBA-induced breast cancer cell line). Biodistri-
bution studies were performed on day 14 after inoculation.
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Figure 4: 68Ga-GP was prepared in the concentration of
5 mg/1 mCi/1 mL. 0.1 mL of 68Ga-GP was incubated with 0.1 mL
phosphate buffered saline (pH = 7.4) at 30–120 min. There was no
breakdown of 68Ga-GP up to 120 min.

A group of Female Fischer 344 tumor-bearing rats was
injected intravenously with 68Ga-GP or 18F-FDG (30 μCi/rat,
n = 3 rats/time point) through the tail vein. The injected
mass was 30 μg of 68Ga-GP per rat. At 30, 60, and
120 min following administration of the radiotracers, the
animals were sacrificed, and the tumor and selected tissues
were excised, weighed, and counted for radioactivity with
a gamma counter (Packard Instruments, Downers Grove,
IL). The biodistribution of 68Ga-GP or 18F-FDG in each
sample was calculated as a percentage of the injected dose
per gram of the tissue’s wet weight (%ID/g).

2.5. MIRD Dosimetry Estimates. Rat absorbed doses esti-
mates for 68Ga-GP were computed from their respective
biodistribution data. Fitted residence time functions were
plotted and multiplied by the exponential decay functions

Table 3: Radiation dose estimates of reference adult for 68Ga-GP
from rabbits.

Organs (5 rem annual/15 rem total)

Target organ rad/mCi Human dose (mCi) rad

adrenals 2.54E− 04 20 0.005

brain 7.37E− 06 20 0.000

breasts 2.78E− 04 20 0.006

gall bladder wall 1.03E− 04 20 0.002

lli wall 8.24E− 06 20 0.000

small int 2.34E− 05 20 0.000

stomach 1.69E− 04 20 0.003

uli wall 3.02E− 05 20 0.001

heart wall 2.30E− 02 20 0.460

kidneys 7.92E− 05 20 0.002

liver 2.13E− 04 20 0.004

lungs 4.62E− 04 20 0.009

muscle 9.27E− 05 20 0.002

pancreas 2.54E− 04 20 0.005

bone surfaces 8.54E− 05 20 0.002

skin 4.65E− 05 20 0.001

testes 2.09E− 06 20 0.000

thymus 8.81E− 04 20 0.018

thyroid 5.34E− 05 20 0.001

urine bladder wall 5.92E− 06 20 0.000

uterus 1.11E− 05 20 0.000

eff dose 1.48E− 04 20 0.003

Blood-forming organs (3 rem annual/5 rem total)

ovaries 1.16E− 05 20 0.000

red marrow 1.29E− 04 20 0.003

spleen 1.18E− 04 20 0.002

eff dose eq 1.60E− 03 20 0.032

total body 1.92E− 04 20 0.004

(i.e., half-life) for 68Ga-GP. These functions were then
integrated analytically to determine the area under the
curve (AUC) to yield the residence time of each organ.
It was assumed that the injected activity distribution was
uniformly distributed throughout the body immediately
following injection. It was further assumed that no excretion
occurred after the last time point and that the activity
distribution remained unchanged after this time point; that
is, no biological excretion was assumed after the last time
point. Mass correction factors were used to account for the
different ratios of organ to total body weights in the rat and in
humans and allowed for the scaling of the rat residence times
to human residence times. For the organs where total organ
weight was unavailable, the organ weights derived from the
Cristy-Eckerman mathematic phantoms for the adult male
were used to estimate total tissue activity. Residence times
were then used to calculate target organ absorbed radiation
doses with S-value tables for a standard 70 kg male model
using the MIRDose Olinda software package (Oakridge,
TN). Each organ dose was computed from the sum of self-
dose plus the dose it received from each source organ in
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Figure 5: Dynamic mPET Imaging of 68Ga-GP (a) and 18F-FDG (b) in breast tumor bearing rats (0.003 mg, 600 uCi/rat, iv) at 0–20 min
showed tumor could be visualized by both compounds.
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Figure 6: PET whole body at 45 min in New Zealand white rabbits
bearing VX2 tumors.

the body or from the remainder of the body. The estimated
human radiation absorption dose was determined.

2.6. PET Imaging Studies. For microPET imaging, the images
were acquired on a microPET R4 scanner, a dedicated 3D
small-animal PET (Concorde Microsystems, Knoxville TN).
A group of female Fischer 344 tumor-bearing rats was
injected intravenously with 68Ga-GP or 18F-FDG (n = 3
rats/compound) through the tail veins. Each animal will
be anesthetized and secured onto the microPET. Cradle
notches, laser lights, and animal felt pen markings will be
used to ensure reproducible animal positioning before and
after administration of 68Ga-GP and 18F-FDG. Each animal
will then be injected with 1.62 μCi/g body weight of 68Ga-GP
and 18F-FDG and imaged for 2 hr in a dynamic mode. A min-
imum of ∼20 million events will be acquired in 120 minutes
covering the tumor bearing area. The acquired list mode
data will then be histogramed into frames of varying dura-
tions using Fourier rebinning. The corresponding images
will be reconstructed into 128∗128∗63(0.72∗0.72∗1.3 mm)
matrix using ordered subset expectation maximization tech-
niques. All corrections for attenuation, scatter, dead-time,
and randomizations were applied to generate quantifiable
images. Computer-outlined region of interest (counts per
pixel) of the tumor and muscle (at the symmetric site) was
used to determine tumor-to-muscle count density ratios.
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Figure 7: 45 minutes dynamic image with PET-CT of 68Ga-GP in a New Zealand white rabbit bearing VX2 tumor showed SUV of the tumor
was 3.25.

For PET/CT imaging in large animals, New Zealand
white rabbits were inoculated with VX-2 tumor mass (rabbit-
driven squamous tumors). The rabbits were administered
intravenously (iv) 2 mCi of 68Ga-GP and 18F-FDG (control).
The images were acquired on a dedicated Advance 3D
PET/CT (GE Medical system) at 0.5–2 hr after i.v. injection
of the radiotracers. Standard uptake value of tumors was
determined by dynamic PET up to 45 min.

2.7. Kinetic Study of Blood Clearance of 68Ga-GP in New
Zealand White Rabbit. New Zealand white rabbits were
administered intravenously (iv) 2 mCi of 68Ga-GP. To deter-
mine blood clearance and half-life of 68Ga-GP, 0.1 ml blood
samples were collected from 10 seconds to 20 min (14
time points) after injection. Blood samples were weighted,
and the radioactivities were counted by gamma counter
(Packard Instruments, Downers Grove, IL). The radioac-
tivity of each sample was calculated as a percentage of
the injected dose per gram of the blood’s net weight
(%ID/g).

3. Results

3.1. Chemistry. Elemental analysis of GP (C11H14N2Na2O6,
C, H, N) showed C: 41.54, H: 10 : 62, and N: 7.19. (calculated
C: 41.77, H: 8.86, and N: 4.43). The estimated purity of GP
was greater than 95% (based upon carbon content). Gel per-
meation chromatogram (GPC) and capillary electrophoresis
(CE) spectra showed that the purity of GP was greater
than 95% (Figures 2 and 3). From radio-TLC (Bioscan,
Washington, DC) analysis, the radiochemical purity was
more than 95% (Rf = 0.1). In vitro stability assays indicated
that the radiation yield is 98.67% at 30 min and 97.73% at
2 hr after labeling. There was no breakdown 68Ga-GP up to
2 hr (Figure 4).

3.2. Biodistribution Studies. There was an increased uptake in
tumors (percent of injected dose per gram of tissue), tumor-
to-blood and tumor-to-muscle count density ratios by 68Ga-
GP at 0.5–2 hr, whereas the optimum tumor uptake and
tumor-to-muscle count density ratios for 18F-FDG were at
1 hr after administrations (Tables 1 and 2). In biodistribution
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Figure 8: 45 minutes dynamic image with PET-CT of 18FDG in New Zealand white rabbit bearing VX2 tumor showed SUV of the tumor
was 7.04.

studies at 30, 60, and 120 min, tumor uptake values,
tumor/blood, and tumor/muscle ratios for 68Ga-GP were
0.68 ± 0.12 to 1.18 ± 0.09, 0.26 ± 0.03 to 0.86 ± 0.09, and
6.12 ± 1.87 to 13.26 ± 4.41 and for 18F-FDG were 2.03 ±
0.18 to 2.49 ± 0.08, 5.19 ± 0.38 to 34.37 ± 1.76, and 2.87 ±
0.24 to 7.54 ± 0.56, respectively (Tables 1 and 2).

3.3. MIRD Dosimetry Estimates. The rabbit imaging data was
used to calculate residence times for each organ through
analytical integration. The residence times were scaled from
rabbit to human (70 kg reference adult model) using organ
correction factors to generate human residence time esti-
mates. The kidneys and spleen are the primary and secondary
contributors for 68Ga-GP, respectively. The MIRD output
was multiplied by a proposed human dose of 20 mCi for
68Ga-GP to yield total absorbed dose shown in Table 3. 68Ga-
GP showed total rad absorbed by each organ was below the
proposed annual and total limits. Radiation exposure to the
whole body, blood-forming organs (red marrow and spleen),
gonads (testes and ovaries), and effective dose equivalent for
the proposed human single dose at 20 mCi fall below the
limits of 3 rad annually and 5 rad total. The absorbed dose

in all other organs (e.g., kidneys) was below the limits of
single dose of 5 rad annually and 15 rad total (Table 3). These
radiation exposure values are commonly accepted as criteria
for in vivo radiation safety measurement.

3.4. PET Imaging Studies. Tumors could be well visualized
both in breast tumor-bearing rats and VX-2 tumor-bearing
rabbits (Figures 5 and 6). From PET image ROI analysis,
standard tumor uptake values (SUVs) for 68Ga-GP and 18F-
FDG in VX-2 tumor-bearing rabbits were 3.25 and 7.04,
respectively (Figures 7 and 8). PET images in tumor-bearing
rats and rabbits confirmed that 68Ga-GP could assess tumor
uptake. PET dynamic scan showed fast tumor uptake of
68Ga-GP in a New Zealand white rabbit bearing VX2 tumor
(Figure 9). Furthermore, there is no intestine uptake in 68Ga-
GP PET imaging indicated the radioisotope labeling of 68Ga-
GP is stable in vivo.

3.5. Kinetic Study of Blood Clearance of 68Ga-GP in New
Zealand White Rabbit. The blood clearance of 68Ga-GP
showed both distribution phase and elimination phase
(Figure 10(a)). The elimination phase was used to calculate
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Figure 9: 45 Minutes dynamic tumor uptake of 68Ga-GP in a New
Zealand white rabbit bearing VX2 tumor. The axial view from PET-
CT showed the location of tumor.

the half-life (T1/2) of 68Ga-GP (Figure 10(b)). Regression
line formulation (y = −0.0018x + 0.3967, R2 = 0.8375)
was estimated using Microsoft Office Excel 2003. The T1/2
of 68Ga-GP was 1.84 hr and the elimination rate constant (k)
was 0.377 hr−1.

4. Discussion

Chitosan, a cationic biopolymer derived by deacetylation of
chitin. Chitin and chitosan derivatives are used as excipients
and drug carriers in the pharmaceutical field. For instance,
films prepared using chitin or chitosan have been devel-
oped as wound dressings, oral mucoadhesive, and water-
resisting adhesive by virtue of their release characteristics and
adhesion. Intratumoral administration of gadopentetic acid-
chitosan complex nanoparticles (approximately 430 nm in
diameter) has been more effective for gadolinium neutron-
capture therapy compared with a group treated with the
solution. Chitin and chitosan derivatization contributed to
expansion of application in drug delivery and sustained drug
release [12–14]. It has been reported that chitosan could
directly conjugate drugs or be modified by the introduction
of thioglycolic acid (TGA) resulting in chitosan-TGA con-
jugates with thiol groups. Chitosan-thioglycolic acid conju-
gates has been found to be a promising candidate in tissue

Blood clearance profile of 68Ga-GP (NZW rabbit)
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Figure 10: Blood clearance (a) and half-life analysis (one compart-
ment) of 68Ga showed the half-life of 68Ga-GP was 1.84 hr with K
value of 0.377 hr.

engineering due to their physicochemical properties [15].
Despite the broadened application of chitosan derivatives,
one major limitation of chitosan is lack of cellular targeting.

Previous studies have shown that glutamate peptide is
a candidate of drug carrier [16, 17]. Radiolabeled glutamic
acid has shown to be useful in tumor cellular imaging [18].
To optimize the intracellular uptake of chitosan derivatives,
we have synthesized glutamate peptide, chitosan, and a GP
copolymer. This copolymer would be ideal to conjugate the
drugs with either amino or acid groups which provides
an advantage over either chitosan or glutamate peptide. In
addition, results from our previous in vitro cellular uptake
and animal imaging studies showed that GP is a target
drug carrier via glutamate transporters [10]. This targeted
drug carrier may provide an advantage not only to improve
drug solubility but also to overcome drug resistance during
chemotherapy.

In our previous findings, 99mTc-GP was able to measure
uptake differences after cells treated with paclitaxel and
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uptake difference between tumor and inflammation. In vitro
cellular uptake assay indicated that cellular uptake of 99mTc-
GP was via glutamate transporters. In this study, we further
tested the 68Ga-GP imaging using PET/CT.

In summary, PET imaging studies indicated that it is
feasible to use 68Ga-GP to image tumors. GP has multiamino
and acid groups which broaden its chemistry application.

5. Relevance

At present, there is no angiogenesis imaging agent focused on
both vascular endothelial adhesiveness and cellular targets.
GP interacts with vascular endothelial and cellular targets.
GP also has multiple amino and carboxylic groups, which
allows anticancer drug conjugate for targeted imaging and
therapy. Our data indicate that 68Ga-GP accumulates actively
in tumors both in small and large animal models (Figures 4
and 5). The imaging data obtained from 68Ga-GP not only
provide an impact on improving the diagnosis of cancer
but also provide a basis for internal radionuclide targeted
therapy.
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Ultrasound-targeted microbubble destruction (UTMD) has been proposed as a new technique for organ-specific gene transfer
and drug delivery. This study was performed to investigate the effect of UTMD on marrow mesenchymal stem cells (MSCs)
transfected with pcDNA3.1−-hVEGF165.pcDNA3.1−-hVEGF165 were transfected into the third passage of MSCs, with or without
UTMD under different ultrasound conditions. Protein expression was quantified by hVEGF165-ELISA kit after transfection for 24,
48, and 72 hours. UTMD-mediated transfection of MSCs yielded a significant protein expression. UTMD of mechanic index (MI)
0.6 for 90 seconds led to the highest level of protein expression.

1. Introduction

Heart disease currently remains the leading cause of death
worldwide. With the development of tissue engineering, stem
cell technology has been widely used and highlights the
latest advances in these exciting fields [1]. Mesenchymal stem
cells (MSCs) have demonstrated the ability to differentiate
into cardiomyocytes, but are still limited to construct the
vessels [2, 3]. Vascular endothelial growth factor (VEGF)
could induce vascular endothelial cell proliferation and
angiogenesis [4]. Because of its short half-life, VEGF could
not maintain effective concentration in blood after injec-
tion [5]. In recent years, Ultrasound-targeted microbubble
destruction (UTMD) has been proved to be a promising
technique for organ-specific gene and drug delivery [6]. In
this experiment, we transferred pcDNA3.1−-hVEGF165 into
MSCs by UTMD and observed the effect of the protein
expression.

2. Materials and Methods

2.1. Separation and Cultivation of MSCs. Our experiment
was performed in the Clinical Research Center, the Second
Affiliated Hospital, School of Medicine, Zhejiang University,
China. Five male Sprague-Dawley rats, weighing 80–100 g,
were provided by the animal center of Zhejiang University.
All experiments have adhered to the National Institutes of
Health guide for the care and use of laboratory animals (NIH
Publications no. 8023, revised 1978). Approval from the
Institutional Animal Care and Use Committee at Zhejiang
University Health Science Centre was also obtained to
perform the described experiments. MSCs were harvested
from the bone marrow of femurs of these rats. Briefly,
bone marrow cells were flushed out with 30 mL complete
Dulbecco’s modified Eagle’s medium (DMEM, Gibco, USA)
containing 10% heat-inactivated fetal bovine serum (FBS,
Gibco, USA), 5 mg/mL glutamine (Gibco, USA), 100 U/mL
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penicillin (Gibco, USA), and 100 U/mL streptomycin (Gibco,
USA). The cells were grown in a humidified atmosphere
containing 5% CO2 and 95% O2. The medium was replaced
24 hours later and refreshed every 2 days. Cells were sub-
cultured according to 1 : 2 ratio when they reached approx-
imately 80% confluence by trypsinization (0.25% trypsin,
Gibco, USA). The third passage of MSCs was adopted for
transfection.

2.2. Recombinant pcDNA3.1−-hVEGF165 Gene Transfer into
MSCs by UTMD. The third passage of MSCs were planted
into three 6-well plate (Becton Dickinson, USA) at 1.0×
105 cells/per well and cultured for 24 hours in 37◦C, 5% CO2

conditions. Before transfection, 5 mL normal saline were
added to the microbubble contrast agent SonoVue (Bracco,
Italy) powder (25 mg) and thoroughly mixed for 20 seconds.
4 μg/per well pcDNA3.1−-hVEGF165 recombinant (Future
Biotech, China) were mixed with 10 mL lipofectamin 2000
transfection reagent (Invitrogen, USA) for 20 s [7].

In this study, all the cells were divided intothe following
five groups:

(1) the blank control group: MSCs with culture fluid,

(2) the control group A: 4 μg pcDNA3.1−-hVEGF165 re-
combinant were transfected into MSCs,

(3) the control group B: 4 μg pcDNA3.1−-hVEGF165 re-
combinant mixed with 300 μl SonoVue microbubble
were transfected into MSCs,

(4) the control group C: 4 μg pcDNA3.1−-hVEGF165 re-
combinant were transfected into MSCs by ultrasonic
exposure (illustrated by the example of mechanic
index (MI) 1.0 and exposure time (ET) 60 s),

(5) the UTMD group: 4 μg pcDNA3.1−-hVEGF165 re-
combinant were transfected into MSCs by UTMD
(MI 1.0, ET 60 s).

The UTMD group was also divided into three groups accord-
ing to different MI and ET.

Ultrasound-targeted microbubble was ruptured as fol-
lowing: Acuson Sequoia 512 ultrasound’s 3V2C transducer
(Siemens, German) was placed on the bottom of each well
plate according to the preset ultrasonic exposure condition.
The ultrasound parameters were set as follows: the frequency
was 4 MHz, the depth was 4 cm, MI was 0.6, 1.0, and 1.4
respectively, and ET was 30 s, 60 s, and 90 s, respectively.

MSCs cultural supernatant was collected after transfec-
tion for 24, 48, and 72 hours, respectively. Five samples were
applied in each group.

2.3. Detection of VEGF165 Protein Expression after Transfection
by ELISA Quantitative Assay. hVEGF165-ELISA kit (Jingmei,
China) was used to determine VEGF165 protein expression
after transfection for 24, 48, and 72 hours according to the
instructions.This was repeated five times in this experiment.

2.4. Statistical Analysis. All the parameters were expressed as
mean ± standard deviation. A one-way analysis of variance

Table 1: Protein expression of VEGF165 in mesenchymal stem cells
supernatant after transfection (n = 25, ng/mL).

Groups
Protein expression of VEGF165

24 h 48 h 72 h

(1) The blank control
group

12.5± 1.8 12.1± 0.6 11.8± 0.1

(2) The control group A 73.1± 0.4 74.0± 1.2 70.4± 1.0

(3) The control group B 67.3± 2.1 79.4± 0.8 74.1± 1.5

(4) The control group C 63.7± 2.6 82.1± 1.7 76.3± 1.3

(5) The UTMD group 218.6± 0.9∗ 269.2± 2.2∗ 199.4± 2.1∗
∗
P < .05, versus each other non-UTMD groups.

(1) The blank control group: MSCs with culture fluid.
(2) The control group A: 4 μg pcDNA3.1−-hVEGF165 recombinant were
transfected into MSCs.
(3) The control group B: 4μg pcDNA3.1−-hVEGF165 recombinant mixed
with 300 μl SonoVue microbubble were transfected into MSCs.
(4) The control group C: 4 μg pcDNA3.1−-hVEGF165 recombinant were
transfected into MSCs by ultrasonic exposure (illustrated by the example of
Mechanic index (MI) 1.0 and exposure time (ET) 60 s).
(5) The UTMD group: 4μg pcDNA3.1−-hVEGF165 recombinant were
transfected into MSCs by UTMD (MI 1.0, ET 60 s).

(ANOVA), followed by a LSD (least significant difference)
test was used to compare VEGF165 protein expression among
different groups. All analyses were performed using SPSS
statistical software, version 13.0 (SPSS, Inc., USA). A two-
sided P < .05 was considered statistically significant.

3. Results

The results showed that the VEGF165 protein expression
increased at 24 hours and reached the maximum level at 48
hours, then decreased at 72 hours (Table 1). Compared with
the control group, protein expression of the UTMD group
was significantly increased (P < .05).

Table 2 also demonstrated that VEGF165 protein level
varied according to different ultrasound conditions. The
group with ET 90 s and MI 0.6 showed the highest protein
level at 48 hours, which has statistical significance compared
with every group with ET 30 s and MI 0.6, 1.0, and 1.4,
respectively (P < .05).

4. Discussion

The lack of suitable autologous grafts has produced a
need for artificial grafts, but the patency of such grafts is
limited compared to natural materials. Tissue engineering,
whereby living tissue replacements can be constructed, has
emerged as a solution to some of these difficulties [8].
MSCs have demonstrated the ability to differentiate into
cardiomyocytes, This, in turn, is limited by the availability
of MSCs to construct the vessels [9].

VEGF, a class of molecular weight of 34∼45 KD glycopro-
tein, could induce vascular endothelial cell proliferation and
angiogenesis. VEGF165 protein-induced differentiation of
MSCs directional vascular endothelial cells plays a vital role
in neovascularization of ischemic tissues [10, 11]. However,
because of its short half-life, VEGF could not maintain
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Table 2: Protein expression of VEGF165 in mesenchymal stem cells supernatant after transfection under different ultrasound conditions
(n = 25, ng/mL).

Various ultrasound conditions Protein expression of VEGF165

ET MI 24 h 48 h 72 h

0.6 118.2± 0.7 133.1± 0.3 112.7± 0.8

30 s 1.0 140.5± 1.1 142.0± 0.5 131.5± 0.1

1.4 136.6± 0.7 154.1± 1.1 121.8± 0.9

0.6 177.6± 1.2 168.8± 2.3 159.1± 0.8

60 s 1.0 218.6± 0.9 269.2± 1.2 199.4± 2.1

1.4 254.6± 0.7 289.6± 3.6 249.1± 0.8

0.6 289.9± 1.5∗ 319.1± 2.1∗ 268.7± 1.4∗

90 s 1.0 161.2± 1.8 186.5± 0.8 151.6± 1.3

1.4 160 .0± 3.5 175.2± 1.6 148.2± 2.5
∗
P < .05, versus groups with ET 30 s and MI 0.6, 1.0, and 1.4, respectively.

effective concentration in blood after injection because of
rapid degradation of deoxyribonucleic acid (DNA) [12–14].
Thus, intravenous injection of plasmid DNA does not lead to
detectable transfection [15]. In the present study, UTMD, a
promising technique for organ-specific gene and drug deliv-
ery, was tried aiming to transfer VEGF into MSCs efficiently.

UTMD has evolved as a promising tool for organ-specific
gene and drug delivery [16]. This technique has initially been
developed as a method in myocardial contrast echocardio-
graphy, destroying intramyocardial microbubbles to charac-
terize refill kinetics. When loading similar microbubbles with
a bioactive substance, ultrasonic destruction of microbubbles
may release the transported substance in the targeted organ
[17]. Furthermore, high-amplitude oscillations of microbub-
bles increased capillary and cell membrane permeability
and facilitated tissue and cell penetration of the released
substance [18–20].

As the target cell of gene transfer, MSCs could promote
expression of VEGF protein and vascularization of tissue
engineering bone by transfected VEGF165. VEGF165 was
a kind of secretary protein, whether the transfected gene
could express effectively was the critical point of the present
experiment.

Table 1 showed that VEGF165 protein production in-
creased after MSCs was transfected with VEGF165 by UTMD.
The VEGF165 protein expression reached maximum at
48 hours and decreased later, which had statistical sig-
nificance compared with all other non-UTMD group at
all set moments (P < .05). It could be explained by
three mechanisms: firstly, electron microscopy has demon-
strated pore formation on cell membranes immediately
after destruction of microbubbles, the pores are transient
and disappeared after 24 hours [21]. Such “sonoporation”
effects may help facilitating gene or drug entry into the cell.
Studies on single bubbles in vitro have shown that even
linear bubble oscillations are sufficient to achieve rupture of
lipid membranes [22]. Secondly, sudden violent collapse of
microbubbles (inertial cavitation) can produce high-velocity
fluid microjets that may penetrate adjacent membranes
[23]. Thirdly, inertial cavitation, which is dependent on
microbubble shell composition, ultrasound frequency, pulse

duration, and acoustic power, can lead to secondary shock
waves, transient local high temperatures, and shear stress, all
of which could potentially contribute to gene or drug delivery
by UTMD [24, 25].

Table 2 showed that VEGF165 protein level changed under
different ultrasound conditions. The group with UTMD of
MI 0.6 for 90 s showed the highest peak protein level at
48 hours, which has statistical significance compared with
other groups with ET 30 s. Studies have confirmed that
the disruption force of microbubbles is greater when the
ultrasound frequency used matches the resonant frequency
of microbubbles. Even low acoustic pressures can result in
microbubble destruction, but higher pressures will lead to
more forceful reactions [26]. However, too higher acoustic
pressure will hurt the cells, this is why the VEGF165 protein
level of groups with MI 1.4, ET 90 s was lower in this study.

5. Limitations

The first limitation of this present study is that the number
of samples is small. However, even with this small number
of samples, we were able to reach our primary goal of investi-
gating the protein expression of UTMD on MSCs transfected
with pcDNA3.1−-hVEGF165. Secondly, the cell proliferation
and angiogenesis of transfected MSCs by UTMD will not
be traced, which is very important for tissue engineering.
Thirdly, this study is limited in vitro. So further investigation,
especially in larger animal models, is needed.

6. Conclusion

UTMD-mediated transfection of MSCs yielded a significant
protein expression. UTMD of mechanic index (MI) 0.6 for
90 seconds led to the highest level of protein expression.
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Hydrogen peroxide is a signal molecule of the tumor, and its overproduction makes a higher concentration in tumor tissue
compared to normal tissue. Based on the fact that peroxalates can make chemiluminescence with a high efficiency in the presence
of hydrogen peroxide, we developed nanomicelles composed of peroxalate ester oligomers and fluorescent dyes, called peroxalate
nanomicelles (POMs), which could image hydrogen peroxide with high sensitivity and stability. The potential application of the
POMs in photodynamic therapy (PDT) for cancer was also investigated. It was found that the PDT-drug-loaded POMs were
sensitive to hydrogen peroxide, and the PDT drug could be stimulated by the chemiluminescence from the reaction between
POMs and hydrogen peroxide, which carried on a self-therapy of the tumor without the additional laser light resource.

1. Introduction

Reactive oxygen species (ROS), a vital substance in organ-
isms, not only involved in many signaling pathways that
maintain cellular homeostasis in physiological processes [1]
but also can induce severe damage in turn which is called
oxidative injury [2]. Hydrogen peroxide (H2O2), one of
the ROS, produced in cellular mitochondria, plays a major
role in mediating cell growth and apoptosis [3]. In healthy
organs, cells produce necessary H2O2 to mediate diverse
physiological progresses. However, abnormal overproduc-
tion implicates the development of various pathological
conditions, even severe diseases, such as cancer. Moreover, its
concentration spans four orders of magnitude from 10−8 M
in proliferation to 10−4 M in apoptosis [4]. Therefore, hydro-
gen peroxide is a very important signaling molecule acted as
an intracellular indicator in the development of cancer [5].

Recently, the detection of hydrogen peroxide in vitro or
in vivo has been received much interests [6–8]. By using flu-
orescence probe techniques, the concentration of hydrogen
peroxide can be obtained through fluorescence intensity,

helping us to understand the state of cells under physiological
and pathological conditions [9]. Another way is peroxalate
chemiluminescence (POCL) whose mechanism can be sum-
marized in two progresses [10]. First, peroxalate derivatives
can be oxidized only by hydrogen peroxide to generate
a high-energy and unstable intermediate: dioxetanedione;
then, the intermediate degrades to carbon dioxide as well
as transfers energy to nearby molecules, such as fluo-
rescent dye, to give a particular fluorescence [11, 12]. Using
such a feature, a new type of imaging H2O2 is offered as
reported like peroxalate polymeric nanoparticles [13]. These
nanoparticles have attractive advantages beyond fluorescence
probe, such as tunable wavelength emission, excellent sensi-
tivity, and high specificity for H2O2, so they can be widely
applied in the diagnosis of the diseases related to H2O2 [14].
However, a major barrier to POCL-based systems application
is that peroxalate derivatives are not so stable and inclined
to hydrolyze in aqueous or protic solvents [15]. Therefore,
the protection of peroxalate esters from hydrolysis is the key
factor to peroxalate NPs, for example, the formation of min-
isize organic reactor in aqueous systems through copolymer
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micelles [16] or microemulsions [17]. Meanwhile, with the
peroxalate esters and the fluorescent dyes together in the
same phase, the energy transfer is expected to be improved
[18].

Photodynamic therapy (PDT) is a new technology for
cancer treatment. Photodynamic agents can be excited by
laser with specific wavelength, transfer energy to the nearby
oxygen, generate strong active singlet oxygen molecules.
Then singlet oxygen causes microvascular acute injury, and
blood vessel blockage in tumor and induces tumor cells
apoptosis, achieving the purpose of local treatment [19].
However, the conventional photodynamic therapy in cancer
treatment faces many problems [20]. These photodynamic
drugs are hydrophobic and can only dissolve in an organic
solvent, which is difficultly to be directly injected into
the body. Conventional excitation laser light, ranging from
600 nm to 700 nm, cannot reach tumor site deeper than
10 mm from the skin. In addition, in the photodynamic
treatment, the tumor localization must be accurately distin-
guished, because excitation light should only irradiate the
tumor tissue, without damaging the normal organs [21].
Therefore, the general photodynamic therapy can only treat
superficial tumors, limiting its clinical applications.

In this paper, a novel PDT method is developed by
integrating peroxalate ester oligomers, fluorescent dyes, and
photodynamic drugs simultaneously inside the PEG-PCL
micelles. The hydrophobic core of PEG-PCL micelles can
protect the peroxalate ester oligomer from directly contacting
the water and postpone their hydrolysis. And the hydrophilic
PEG shell outside the PEG-PCL micelles stabilizes these
micelles in the aqueous solution, giving them long circula-
tion in the blood, which makes them suitable to be used
in biomedical field. The energy between the peroxalate and
H2O2 reaction is effectively transferred to the fluorescent
dyes within a confined space, and then dyes release the pho-
ton energy for PDT. Within the same micelle, photodynamic
drugs easily get the chemiluminescence to generate active
singlet oxygen molecules to kill cancer cells. Further, photo-
dynamic drugs encapsulated inside peroxalate nanomicelles
(POMs) not only improve their solubility in aqueous
solution, but also can be delivered to the tumor site and
increase the drug concentration inside the tumor due to
the small size of POMs [22]. All can improve the effect of
photodynamic therapy with the PDT drug-loaded POMs.
Since the excitation is endogenous and does not require
external laser light source, this inner “light stick” can be
applied in PDT wherever inside the body, no matter how
the tumor is deep or close to the skin. The coencapsulated
fluorescent dye as a light source for a photosensitizing PDT
drug is feasible [23], and intraparticle energy transfer and
fluorescence photoconversion are theoretically and experi-
mentally valid [24]. Evidence exists that the apoptosis of
tumor cell mainly depends on the content of singlet oxygen,
rather than that of hydrogen peroxide [25]. The presence of
excess hydrogen peroxide is not only toxic to the normal
tissues and cells, but also can induce a malignant tumor.
It is very important to reduce the content of hydrogen
peroxide and increase the singlet oxygen concentration in
the tumor site. Therefore, these PDT drugs-loaded POMs are

valuable on the function that not only effectively consumes
the hydrogen peroxide in the tumor site, but also transfers the
H2O2 to singlet oxygen through the PDT method. It should
be a partial solution to the shortcoming of PDT method
such as the short laser wavelength and difficulty in reaching
the internal tumor inside the body and have a potential
application in photodynamic therapy field.

2. Materials and Methods

2.1. Materials. Methoxypolyethyleneglycol (MPEG, Mw:
2 kDa, Fluka) was dried in vacuum at 85◦C for 4 hours before
use. E-caprolactone (CL, Sigma) was dehydrated by CaH2

overnight at room temperature and distilled under reduced
pressure. Stannous octoate (Sigma) is used as received.
Oxalyl chloride (Acros) was distilled under reduced pressure
before use. 4-Hydroxybenzyl alcohol (Alfa Aesar), 1, 8-octan-
ediol (Alfa Aesar), 9, 10-diphenyl anthracene (ACROS),
rubrene (ACROS), rhodamine B (ACROS), mesotetraphen-
ylporphine (TPP, ≥97%, Sterm), and aqueous hydrogen per-
oxide (H2O2, 30%, Sinopharm Chemical Reagent Co.) were
used as received. All the other chemicals were of analytical
grade and were used without further purification.

2.2. Synthesis of Poly(ethyleneglycol)-poly(caprolactone)
(PEG-PCL) and Peroxalate Ester Oligomer. PEG-PCL was
synthesized by a classical ring-opening polymerization meth-
od. Briefly, a small amount of stannous octoate (0.1%
wt/wt) was added into a polymerization tube containing
MPEG (3 g, 1.5 mmol) and CL monomer (9.3 mL). The tube
was sealed off after being evacuated and then immersed in oil
bath at 130◦C for 48 hours. Then the crude polymerization
product was dissolved in CH2Cl2 and precipitated in an
excess mixture of n-hexane and ethyl (v/v : 4/1) and then
filtered and redissolved in CH2Cl2. After concentrated with
a rotary evaporator, the final product was dried in vacuum.
Molecular weight of copolymer was determined by a gel
permeation chromatography (GPC, Waters 515 systems)
equipped with Waters 525 pump, Waters 2487 Ultraviolet
absorbance Detector, and Wyatt Technology Optilab rEX
refractive index detector and an STYRAGEL HR3, HR4, and
HR5 (300 × 7.8 mm) columns in tetrahydrofuran (THF)
solution. The poly-dispersity index was calculated based on
polystyrene standards with molecular weights in the range
from 900 to 1.74 × 106 g/mol.

Peroxalate ester oligomer was synthesized with 4-hydrox-
ybenzyl alcohol (16 mmol), 1, 8-octanediol (2.4 mmol) and
oxalyl chloride (18.3 mmol). These two kinds of dialcohol
were first dissolved in dry tetrahydrofuran (THF, 10 mL),
with the addition of triethylamine (40 mmol) by an injector
under vacuum. The mixture was kept at 0◦C and then
added to oxalyl chloride in dry tetrahydrofuran (20 mL)
protected by a nitrogen atmosphere. The reaction was
kept at room temperature overnight and quenched with
a saturated brine solution. The product was extracted with
ethyl acetate and the combined organic layers were dried
by anhydrous Na2SO4 over 8 hours. After concentrated
under vacuum, it was isolated by precipitating in excess
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Figure 1: (a) FT-IR and (b) 1H-NMR spectra of peroxalate ester
oligomers.

dichloromethane/hexane (v/v : 1/1) solution, then filtered,
and dried in vacuum. The chemical structure of the product
was measured with FT-IR (Bruker, Vector 22) using the solid
product directly and 1H-NMR (Bruker DQX-300) in CDCl3
solution.

2.3. Preparation of Chemiluminescent Nanomicelles. The na-
nomicelles were achieved by the self-assemble block copoly-
mers through a cosolvent evaporation method [16]. PEG-
PCL (50 mg), peroxalate esters oligomer (5 mg), and the
fluorescent dye rubrene (1 mg) were first dissolved in 2 mL
of acetone. The mixture was added dropwise into deionized
water (20 mL) to form micelles with magnetic stirring. Then
the organic solvent was removed under reduced pressure at
0◦C, and the resulting micelle solution was used for further
experiments.

The hydrodynamic diameter and size distribution of
the as-prepared micelles were determined by dynamic light
scattering (DLS) using a Brookhaven BI-9000AT system
(Brookhaven Instruments Corporation, USA) at a concen-
tration of 1 mg/mL in deionized water. Morphology of these
micelles was conducted on transmission electron microscopy
(TEM, JEM-100S, JEOL, Japan).

2.4. Chemiluminescent Characterization of POMs. The na-
nomicelles solution was used directly with a final concent-
ration of 2.5 mg/mL in deionized water. The images of chem-
iluminescence produced by POMs and different concentra-
tion of hydrogen peroxide solution (in phosphate buffer pH
7.4, 0.1 M) in a 96-well plate were caught by an imaging
system equipped with a −29◦C CCD (EC3, UVP). And
the mean density of chemiluminescence was statistical by
the software. The chemiluminescent intensity of POMs and
different concentration of hydrogen peroxide solution (in
phosphate buffer pH 7.4, 0.1 M) were measured using a lumi-
nometer (YN FG-1, Xunjie Corporation, China) and each
with three times measurements. Chemiluminescent emission
spectrum of peroxalate ester oligomers (5 mg) and dyes
(1 mg) in dimethyl phthalate (2 mL) with hydrogen peroxide
(200 μL, 2 μM) was measured using a fluorometer spectroflu-
orometer (RF-5301-PC, Shimadzu) with a turn-off lamp.
The stability of POMs in aqueous system was investigated
by incubating them in deionized water for various time
and then mixed with 0.2 μM hydrogen peroxide solution (in
phosphate buffer pH 7.4, 0.1 M). The chemiluminescent
intensity was subsequently measured for 100 seconds using
a luminometer (YN FG-1, Xunjie Corporation, China), and
the integrated areas under CL intensity curves were calcu-
lated as the value.

2.5. Preparation of TPP-Encapsulated POMs. Mesotetra-
phenylporphine (TPP) was a kind of drug used in photo-
dynamic therapy (PDT). TPP-encapsulated POMs were pre-
pared using the same method as described above with TPP
(1 mg) dissolved in acetone. The size of TPP-encapsulated
POMs was also investigated by DLS. The chemiluminescence
intensity of nanomicelles with TPP or without TPP was mea-
sured using a luminometer, at the same time, the influence of
TPP to the CL of POMs was also observed.

2.6. The Antitumor Properties of TPP-Encapsulated POMs.
Cytotoxicity of TPP-loaded nanomicelles against two kinds
of cancer cell lines was assessed by 3-(4, 5-dimethylthiazolyl-
2)-2, 5-diphenyltetrazolium bromide (MTT) assay. 100 μL
cells with a density around 5,000 cells/well were seeded in
96-well plate and were grown in completed media having
90% Dulbecco’s Modified Eagle Media (DMEM), 10% fetal
bovine serum, and 100 units/mL penicillin/streptomycin.
The cells were maintained at 37◦C under 5% CO2 for 24
hours, then different POMs groups and H2O2were added
into the cultured media and incubated for another 24
hours. Cytotoxicity with or without H2O2-treated cells
was compared in each drug group. The control cells and
only H2O2-treated cells were also cultured under the same
condition. MTT in phosphate buffer saline (PBS) was added
into each well and incubated for 4 hours after the media
was refreshed. Then the solution was discarded and dimethyl
sulphoxide (DMSO, 150 μL) was added into the wells. The
optical intensity was measured at 570 nm using microtiter
plate reader. Data were expressed as an average of three
times.
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Figure 2: (a) Hydrodynamic diameter distribution and (b) TEM image of the nanomicelles.
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Figure 3: (a) Imaging of chemiluminescence produced by the POMs (2.5 mg/mL) with H2O2 at various concentrations; (b), (c), and (d)
Correlation of the POMs (2.5 mg/mL) to various concentrations of H2O2 in PBS under different operating voltage (OV). (b) OV =−500 eV;
(c) OV = −600 eV; (d) OV = −400 eV.
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3. Results and Discussion

3.1. The Composition of the Nanomicelles. The amphiphilic
copolymer PEG-PCL was chosen as the scaffold of the POMs
because it is biodegradable and biocompatible that had been
extensively used for drug delivery [26, 27]. The hydrophilic
PEG corona should enhance the biocompatibility and sta-
bility in physiologic environments, while the hydrophobic
PCL cores could stabilize encapsulated peroxalate esters from
water hydrolysis. In the present work, the copolymer PEG-
PCL was synthesized by ring-opening polymerization, and
its molecular weight was determined by GPC to be 12 kDa
with polydispersity index (PI) of 1.32. Peroxalate ester
oligomer was synthesized with 4-hydroxybenzyl alcohol, 1,
8-octanediol, and oxalyl chloride. The structure of product
was confirmed by FT-IR and 1H-NMR (Figure 1). In

FT-IR spectrum, the two groups of split peaks around
1732 cm−1/1688 cm−1 and 1193 cm−1/1165 cm−1 indicated
the structure of mixed aromatic/aliphatic peroxalates. In 1H-
NMR spectrum, the characteristic resonances of 7.3 ppm (b),
5.4 ppm (c), 4.3 ppm (a), and 1.4 ppm (d) were observed,
which further identified this structure. The molecular weight
of peroxalate ester oligomer determined by GPC was 600 Da
with PI of 1.21. Thus, it was clear that the oligomer
synthesized had a trimer structure of peroxalate ester based
on GPC result. During the preparation procedure of POMs,
peroxalate ester oligomers together with fluorescent dyes
could be totally encapsulated inside the hydrophobic core of
PEG-PCL nanomicelles, which could protect the peroxalate
from contacting the water and postpone the hydrolysis. The
hydrophilic PEG segment would surround outside the POMs
to stabilize these micelles in the aqueous solution.

3.2. The Size and Morphology of POMs. Peroxalate ester oli-
gomer and the fluorescent dye (rubrene) were encapsulated
in the PEG-PCL copolymer micelles forming the POMs
during preparation procedure. As determined by DLS, the
obtained POMs had a number-weighted hydrodynamic
diameter of 119 ± 0.9 nm (Figure 2(a)). The transmission
electron microscopic (TEM) image manifested that these na-
nomicelles were spherical in outline with an average diameter
of about 60 nm (Figure 2(b)), which is smaller than that
from DLS because they were observed in the dry state. The
small size of the nanomicelles should make them suitable for
imaging hydrogen peroxide in cellular mitochondria because
micelles in this size range had a higher opportunity for cell
penetrating [28].

3.3. Chemiluminescence of POMs with Hydrogen Peroxide.
These obtained POMs reacting with hydrogen peroxide
produced high-energy intermediate, which could chemically
excite fluorescent dye to give an extent chemiluminescence.
Although its intensity was too weak to be recognized by
naked eye, the image of chemiluminescence could be
acquired by a low-temperature CCD camera. In Figure 3(a),
the chemiluminescence image of hydrogen peroxide and
POMs in a 96-well plate was shown. It was clear that with the
increase of the hydrogen peroxide concentration from 0.025
to 3 μM (in PBS pH = 7.4), the brighter wells could be seen.
The quantitative analyses above the image confirmed that
the higher hydrogen peroxide concentration was, the higher
chemiluminescence intensity would be.

Meanwhile, the chemiluminescence intensity was linearly
related to the concentrations of hydrogen peroxide. As
shown in Figure 3(b), the chemiluminescence intensity
increased linearly with the concentration of the hydrogen
peroxide in the range of 0.1–1 μM, which indicated that the
concentration hydrogen peroxide in the cells or organs could
be quantitatively calculated according to the standard curve.
Further, by changing operating voltage of luminometer,
the sensitivity of the device was adjusted and adopted to
cover both lower (Figure 3(c)) and higher (Figure 3(d))
concentration ranges. These results demonstrated that the
POMs were quite sensitive to hydrogen peroxide and could
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be used to detect physiological concentration of hydrogen
peroxide.

The chemical reaction between peroxalate and hydrogen
peroxide formed an intermediate 1, 2-dioxetanedione which
was potential to excite a variety of fluorescent dyes, suitable
for a particular application. The tunable wavelength of
peroxalate chemiluminescence system was investigated by
encapsulating different dyes in the POMs and measuring
their emission spectra. Figure 4 demonstrated that peroxalate
esters oligomers could excite diphenyl anthracene, rubrene,
and rhodamine in the presence of hydrogen peroxide, pro-
ducing fluorescence at 430, 560, and 600 nm, respectively.
The chemiluminescence emission wavelength could be read-
ily tuned to near infrared region by using a near-infrared
fluorescent dye and therefore this method can be used poten-
tially in deep tissue imaging owing to the minimal tissue scat-
tering and absorption to the near infrared [29].

Although the POMs have been proved a good carrier
to detect the H2O2 in the aqueous solution, the most chal-
lenging matter of this system is the instability of peroxalate
against water because of a fast hydrolysis in aqueous
solutions which makes them unsuitable for physiological
applications. However, the encapsulation of peroxalate esters
oligomers inside the PEG-PCL micelles could protect them
from water hydrolysis by providing a hydrophobic environ-
ment with low water permeability [30]. Hence, we investi-
gated the stability of these POMs by incubating them in water
for different time and measuring their chemiluminescence in
the presence of hydrogen peroxide. Figure 5 demonstrated
the chemiluminescence intensity from the reaction between
peroxalate esters, and H2O2 decreased as the incubation
time in water extended. The POMs had a half-life longer
than 2 hours, suggesting that the POMs effectively prevented
the peroxalate esters from water hydrolysis, compared to an

analogous work with a half-life of 30 min [16]. It suggested
that the polymer nanomicelles effectively improved the
stability of the peroxalate esters. The improved stability of
the peroxalate ester oligomers should allow them to image
hydrogen peroxide in physiological condition.

3.4. Characterization of the TPP-Encapsulated POMs. The
photodynamic therapy agent (mesotetraphenylporphine,
TPP) was encapsulated in POMs using the same method as
described above. And the size of TPP-encapsulated POMs is
to have similar average size with no TPP-encapsulated POMs
by DLS measurement. As shown in Figure 6(a), the TPP-
encapsulated POMs did not have detectable luminescence
because the high-energy intermediate could not directly
transfer chemical energy to TPP molecule. Although POMs
could not directly excite TPP, it could stimulate rubrene for
a remarkable chemiluminescence. Meanwhile, with the same
concentration of POMs and rubrene, the addition of TPP
weakens the fluorescence of rubrene dye, which indicated
that part of energy had transferred to TPP. Rubrene played
as an effective switchover for transferring chemical energy to
photon energy.

In order to further verify whether TPP has absorbed the
fluorescence produced by rubrene, a subtle designed exper-
iment was carried on. According to the work reported [10],
in the absence of fluorescence dyes, the high-energy inter-
mediate dioxetanedione can maintain its energy for a while
until being exposed to the dyes. In this experiment, firstly,
only POMs with and without TPP were incubated in the
presence of 0.2 μM H2O2. No luminescence was observed
in these systems as displayed in Figure 6(b). Both of these
two systems had no rubrene inside them. After 10 minutes,
when 0.2 mg rubrene was added into these two kinds of
POMs, respectively, significant chemiluminescence signals
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Figure 7: The cytotoxicity of H2O2 to (a) C6 and (b) LoVo cell lines at various concentrations in PBS (pH = 7.4); (c) the cytotoxicity of a
diversity of POMs to C6 cell lines without H2O2. The cytotoxicity of a diversity of POMs to (d) C6 cells and (e) LoVo cells in the presence of
0.2 μM H2O2 or not, control means only H2O2 treated. All concentrations of POMs were 20 μg/mL, Rubrene 0.3 μg/mL, and TPP 2 μg/mL.
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were observed in the systems. However, the POMs encap-
sulating TPP showed a reduced chemiluminescence signal
compared to the blank POMs, which clearly supporting
that TPP absorbed part of the energy. Therefore, part of
the chemical energy from the reaction between POMs and
H2O2 could be transformed to light energy with the help of
rubrene, which indicated that the POMs and rubrene played
the role of a laser light in the presence of H2O2. Even the
chemiluminescence intensity was quite low compared with
a real laser source, this system opened a new window in the
PDT field because no additional laser light was needed in
this system. For the traditional PDT system, external laser
light was needed to excite the PPT in the tumor treatment
procedure. However, restricted by its penetration depth of
the laser light, only the tumor close to the skin could be killed
effectively. In our system, The TPP drug was excited by the
inner chemiluminescence, which avoided the use of external
laser resource, consequently overcoming the problem of the
depth of the tumor site. Furthermore, particles with nanosize
had been proved to be accumulated in the tumor site by
the EPR effect or targeting strategy [31]. So the TPP-loaded
POMs may greatly improve the therapy effect compared to
the traditional PDT method.

3.5. The Anticancer Properties of the TPP-Encapsulated POMs.
The chemiluminescence radiation produced by the POMs
in the presence of hydrogen peroxide could act as an inner
light source to excite PDT drug to play curative effect. To
verify the antitumor effect of the TPP-encapsulated POMs,
in vitro cytotoxicity tests of the TPP-loaded POMs against
C6 and LoVo cell lines were conducted. As well known, high
concentration of hydrogen peroxide was cytotoxic to cells.
The control experiment of cells coincubated with different
concentration of hydrogen peroxide was performed, and
their cytotoxicities were also evaluated by MTT assay. The
results clearly showed that the critical cytotoxic concentra-
tion of hydrogen peroxide is 0.3 μM for C6 cells (Figure 7(a))
and 0.4 μM for LoVo cells (Figure 7(b)), respectively, helping
us to choose a safe H2O2 concentration which was nontoxic
to cells but could acquire maximum chemiluminescence.
Therefore, hydrogen peroxide concentration 0.2 μM was
chosen for all the cell cytotoxicity experiments. The cyto-
toxicity of different kinds of POMs (e.g., with or without
rubrene) was checked without hydrogen peroxide treatment
(Figure 7(c)). No obvious cytotoxicity was observed at low
concentration except a slight cytotoxicity at high concen-
tration. So it seemed safe to conclude that the blank POMs
have no or little cytotoxicity against the test cells. Therefore,
the POMs used in the following experiment were fixed on
the concentration of 20 μg/mL, and the hydrogen peroxide
was the same concentration of 0.2 μM. For C6 cells, when
they were treated with the POMs, in the absence of hydrogen
peroxide, no or little cytotoxicity was observed in all the
samples as shown in Figure 7(d). However, when hydrogen
peroxide was added into the wells, an increasing cytotoxicity
is observed. Furthermore, C6 cells treated with the POMs
having both rubrene and TPP showed lowest cell viability
compared with other groups, indicating TPP and rubrene

having a combined antitumor effect, which might resulted
from the chemiluminescence-stimulated PDT effect of TPP.
Similar results were also observed in the LoVo cell line
cytotoxicity experiment (Figure 7(e)).

4. Conclusion

Chemiluminescent POMs were successfully developed to
image tumor signal molecules: hydrogen peroxide. These
POMs could improve the stability of peroxalates in aqueous
system and were sensitive to low concentration of hydrogen
peroxide within the physiological range. According to the
linear correlation between chemiluminescent intensity and
the concentration of hydrogen peroxide, a facile and robust
approach for monitoring hydrogen peroxide molecules was
established, which should be helpful to clinical diagnosis.
When PDT drug TPP was encapsulated inside the POMs
together with rubrene, the TPP-encapsulated POMs per-
formed an anticancer property in the presence of hydrogen
peroxide which was stimulated by self-produced chemilu-
minescence not an external laser. This system enabled us to
open a new window in the PDT field without using external
laser light resource to treat the malignant tumor.
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