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ABSTRACT

Introduction: Apoptosis is a major consequence of ionizing radiation in proliferative tissues and quantification of the
apoptotic cells could be helpful for noninvasive assessment and estimation of the radiation absorbed dose. Annexin V
conjugated with super paramagnetic iron oxide nanoparticles (ANX-SPIO) is a biological probe for detection of apoptotic
cells using magnetic resonance imaging. This study aimed at assessing the biodistribution alterations of the labeled ANX-
SPIO within the mice body shortly after exposure to different doses of ionizing radiation.

Methods: *™Tc-EC-ANX-SPIO was prepared and its in vitro stability was tested. The binding affinity of radiocomplex to
apoptotic cells was validated in vitro. Mice irradiated whole body with 2, 4 and 6 Gy (**Co gamma rays) and six hours later,
radiocomplex was administrated intravenously and the biodistribution study was conducted 0.5, 1 and 2 hours later.

Results: The radiochemical purity of radiocomplex was 94% + 3.4% and it showed a good stability in PBS and serum. The
radiocomplex maintained its efficacy for in vitro binding to apoptotic cells. radiocomplex accumulated in the bone marrow
of all irradiated mice (p <0.05). However, statistical analysis did not show significant correlation between the %ID/g of the
femoral bones and the received radiation doses.

Conclusion: Quantification of ANX-SPIO in bone marrow can be used as an indicator for radiation exposure but
development and optimization of the assay are necessary for discrimination between different radiation doses.
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INTRODUCTION

Apoptosis or programmed cell death is critical in
many physiologic and pathologic processes [1].
Shortly after exposure to ionizing radiation, apoptosis
is a major consequence in the proliferative tissues
such as the hematopoietic system [2]. Tracing and
quantification of the apoptotic cells could be helpful
for noninvasive assessment and rapid estimation of
the radiation absorbed dose to the patients [3]. To
date, several biochemical features in cells have been
identified and used for visualization of apoptosis [4-
5]. An early event in apoptosis is translocation of
phosphatidylserine from the cytoplasmic face of the
membrane to the extracellular domain [6]. Annexin V
(ANX), a human protein with a molecular weight of
36 kDa, has a high specific affinity for cells with
exposed Phosphatidylserine and suggested as a
biological probe for apoptotic cells [7]. ANX has
been labeled with different fluorescein for fluorescent
detection [8-10], magnetic particles for MRI
detection [11-12] and with different radionuclides [3,
13-16] for either single-photon emission computed
tomography (SPECT) or positron emission
tomography (PET) detection of apoptosis.

Superparamagnetic iron oxide nanoparticle (SPIO) is
a highly sensitive magnetite nano cluster for MRI
imaging that has many applications in biologic and
biomedical studies [17-18]. ANX has been
conjugated with SPIO and the sites containing
apoptotic cells were detected through negative
contrast in T, or T,  weighted images [19]. MRI has
the potential to be used as a noninvasive technique
for the detection and measurement of the apoptosis in
living tissues [11, 20], but in the irradiated tissues,
optimum time of tracer administration after
irradiation, MRI  imaging time  following
administration of tracer and target organs must be
determined. In the present study, we labeled ANX-
SPIO with ™Tc¢ (™ Tc-EC-ANX-SPIO) followed by
administration to whole-body gamma-irradiated
normal mice in order to evaluate its biodistribution
change after different doses of ionizing radiation. The
objective of this study was developing a noninvasive
imaging agent for in vivo detection of radiation
exposure.

METHODS

Chemicals

ANX-SPIO was obtained from Miltenyi Biotec
(Gladbach, Germany). It was consisting of an iron
oxide core (size of single iron oxide grains 10 — 12
nm) coated with dextran, conjugated to ANX protein.
The concentration of iron and ANX in Miltenyi
ANX-SPIO were 0.054 mg and 30 pg per ml

respectively [21]. Other chemical agents were
supplied from Sigma.

Radiolabeling and radiochemical purity analysis

ANX-SPIO (0.108 mg iron and 60 ug ANX) was
chelated with 0.019 mmol ethylenedicysteine (EC),
0.019 mmol N-Hydroxysulfosuccinimide (sulfo-
NHS) and 0.019 mmol Ethyl-3-(3-
dimethylaminopropyl)-carbodiimide (EDC). The
mixture was stirred at room temperature for 24 hrs.
After 24 hours, the EC-ANX-SPIO were
magnetically separated, re-suspended in PBS
(phosphate buffer saline) and stored at 4° C. For
radiolabeling, 2 mCi of *Tc-pertechnetate and 30
ug SnCl, were added to 500 uL of EC-ANX-SPIO
(Figure 1).
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Figure 1. Synthesis of *”"T¢-EC-ANX-SPIO

Radiochemical purity of the **"Tc-EC-ANX-SPIO
(radiocomplex) was determined by  paper
chromatography (PC) and thin layer chromatography
(TLC) techniques to find out the percentage of
reduced radioisotope bound to the radiocomplex and
percentage of the free pertechnetate. Whatman paper
strips were developed in 100% acetone and the silica
gel-coated thin-layer chromatography (TLC-SG)
strips in saline.

In vitro stability of the radiocomplex

In vitro stability of radiocomplex was assessed at
various time intervals (up to 4 h) in PBS buffer and
human blood serum at room temperature. Aliquots of
the radiocomplex were applied on Whatman paper
and TLC-SG strips. Acetone was used as a mobile
phase for PC and saline for TLC. Dissociation of the
radiocomplex was determined as the percentage of
the free pertechnetate at that time.

In vitro model of apoptosis

Human peripheral blood mononuclear cells (PBMCs)
were isolated from the heparinized venous blood of
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two healthy volunteers, using density-gradient
centrifugation on Ficoll-Hypaque (Lymphoprep,
Nyegaard). The PBMCs were washed twice in RPMI
1640 cell culture medium (Gibco, Belgium). PBMCs
(1.0x10° cells in 1 ml RPMI 1640 culture medium)
were irradiated (5 Gy) at 37°C using *’Co source
(dose rate 0.5 Gy/min). Control samples (none
irradiated cells) and irradiated cells (6 samples in
each group) were maintained in RPMI 1640 culture
medium for 24 h at 37° C in a 95% air plus 5% CO,
fully humidified incubator. The culture medium was
supplemented with 0.05% L-glutamine, 20 mM
HEPES buffer, 50 IU/ml penicillin, 50 mg/ml
streptomycin and 15% (v/v) heat inactivated fetal calf
serum (Gibco, Scotland) [22].

Binding assay of radiocomplex with apoptotic cells

Cells were withdrawn from culture medium after 24
h of incubation and washed twice with the binding
buffer at room temperature. The pellets were re-
suspended in the 80 pl of 1 x binding buffer. An
aliquot (20 pl) of the radiocomplex was added to the
cell suspension and incubated at 6° C for 15 min.
Then cells were withdrawn and rinsed three times
with the cold binding buffer. The radioactivity in the
pellets and supernatants were measured by a well
type gamma counter.

Animal model of apoptosis

Swiss male albino mice (20-30 g, 8-10 weeks old,
Pasteur Institute, Tehran-Iran) housed in the
university animal house with good conditions and
given standard mouse pellet and water ad libitum. All
animals were kept under controlled lighting
conditions (light: dark, 12:12 hours) and temperature
(23 £2° Q).

All the experiments followed a protocol approved by
the Institutional Animal Care and Use Committee of
the Iranian Institute of Radiological and Medical
Sciences. Animals were randomly divided into one
control group and three irradiated groups and each
group containing nine mice.

Irradiation

Mice were placed in a ventilated Plexiglas cage and
irradiated (whole body) with gamma rays (2, 4 and 6
Gy) using a “Co radiotherapy unit (Theratron, 780C,
Canada). The dose rate was 50 cGy/min, the source
to subject distance (SSD) was 80 cm and the
temperature was ~23°C. After irradiation, mice were
returned to the animal house.

Biodistribution study

Six hours after irradiation, mice were injected with
100 pL of radiocomplex (=120 uCi) via the tail vein

and were sacrificed at 30 min, 1 h and 2 h after
injection. Animals were dissected and the brain, liver,
heart, lung, stomach, kidney, spleen, intestine, blood
and femoral bones were removed quickly. The
radioactivity in the tissues was measured using a Nal
well type gamma counter. The measured values were
corrected for decay and expressed as percent of the
injected dose per gram of the tissues (%ID/g).

Statistical analyses

Data were averaged and expressed as mean =+
standard deviation (SD). Mann—Whitney U test was
used to investigate the possible difference between
the groups and p <0.05 were considered statistically
significant. Statistical analyses were performed using
spss software.

RESULTS

Radiochemical purity and in vitro stability

The radiochemical purity of radiocomplex was 94%
+ 3.4% as determined by PC and TLC techniques.
The radiocomplex showed a good stability in PBS
buffer and human serum at room temperature (Figure
2). The stability of the radiocomplex was 93% =+
3.6% and 88% + 2.9% in PBS buffer and human
blood serum at 4 h, respectively.
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Figure 2. Stability of *"Tc-EC-ANX-SPIO in phosphate buffered
saline and fresh human serum.

Binding affinity of radiocomplex to irradiated cells

The in vitro affinity of radiocomplex for binding to
the PBMCs was determined as the activity of the cell
pallets after centrifugation. The measured activity
was 249 £ 47 and 2263 + 194 counts per second in
non-irradiated and irradiated PBMCs respectively
(Figure 3). Comparison of the measured activity
clearly showed that radiocomplex retained its
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specificity for binding to irradiated apoptotic PBMCs
compared to the control PBMCs.
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Figure 3. Uptake of *"Tc-EC-ANX-SPIO by the 5 Gy-irradiated
and control lymphocyte (Mean + SD).

Biodistribution of radiocomplex in mice

The results of the animal biodistribution studies for
radiocomplex in control (non-irradiated), 2 Gy, 4 Gy
and 6 Gy irradiated mice are summarized in Figures
4-7, respectively.
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Figure 4. Biodistributions of " Tc-EC-ANX-SPIO in control mice
(n=3).
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Figure 5. Biodistributions of *"Tc-EC-ANX-SPIO 6 Hours after
whole body irradiation of mice with 2 Gy gamma radiation (n=3).
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Figure 6. Biodistributions of *"Tc-EC-ANX-SPIO 6 Hours after
whole body irradiation of mice with 4 Gy gamma radiation (n=3).
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Figure 7. Biodistributions of *"Tc-EC-ANX-SPIO 6 Hours after
whole body irradiation of mice with 6 Gy gamma radiation (n=3).

The data points are presented as mean = SD of the
calculated %ID/g. In all groups, tracer concentrated
primarily in reticuloendothelial system (liver and
spleen). The spleen uptake of the radiocomplex in 4
Gy and 6 Gy irradiated mice was remarkably higher
than the uptake in control mice at all time points (30
min, 1 h and 2 h) after administration (p < 0.05).
Radiocomplex significantly accumulated in the
femoral bones of all the irradiated mice as compared
to the non-irradiated mice (p < 0.05). However,
statistical analysis did not show significant
correlation between the %ID/g of the femoral bones
and the received radiation doses (Figure 8). On the
other hand, the %ID/g of other organs such as
intestine, stomach, brain and heart did not show
statistically significant differences between the
control and irradiated mice (p > 0.05).

DISCUSSION

Tissue damages is a serious complication of exposure
to ionizing radiation and finding a suitable imaging
agent for noninvasive estimation of absorbed dose
has high priority for emergency triage and clinical
management of the radiation victims [23].
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Figure 8. %ID/g of *"Tc-EC-ANX-SPIO in femoral bones 6
hours after whole body irradiation of mice with different doses of
gamma radiation.

As MRI scanners are now available in many general
hospitals, finding a new imaging probe that can
detect the radiation induced organ or tissue damages
prior to the development of severe symptoms is of a
critical issue.

In many investigations, ANX has been used for the
detection of apoptosis [4]. ANX conjugated with
SPIO has already been used as targeting agent for
MRI imaging of the apoptotic cells in cardiac tissues
through negative contrast in T,-weighted spin echo
images [11, 24-25].

In the present study we radiolabeled the ANX-SPIO
as a noninvasive imaging agent for in vivo detection
of radiation exposure to living tissues. As the first
step, we evaluated the binding ability of
radiocomplex to irradiated PBMCs. The measured
radioactivity in the 5 Gy irradiated PBMCs was about
9-fold greater than the activity in the control PBMCs.
The results clearly showed that radiocomplex
maintains its efficacy for binding to apoptotic
PBMCs proving the potential capability of the
radiocomplex to attach to apoptotic cells.

In order to investigate the capability of the
radiocomplex to attach to the apoptotic cells in in-
vivo condition we conducted a biodistribution study
in the mice that received different doses of ionizing
radiation. In the biodistribution study, the irradiated
mice presented significantly higher levels of
radioactivity in the bone marrows compared to the
control mice, showing significant accumulation of
radiocomplex in femoral bone marrow even at the
low whole body dose of 2 Gy. Therefore ANX-SPIO
as apoptosis tracer agent seems to meet the
requirement for early detection of radiation-induced
bone marrow damage. On the other hand, in order to
prove the active accumulation of radiocomplex in
bone marrow of the irradiated mice, the
biodistribution study of **"Tc-SPIO without ANX
was conducted and the results did not show any
accumulation of *™Tc¢-SPIO in the bone marrow of
the control and irradiated mice (data not shown).

Studies have shown that the percentage of the
apoptotic cells increases along with the increase of
radiation doses [26-27]. We also observed some
increase in the accumulation of the radiocomplex as
the radiation dose increased however; statistical
analysis did not prove significant relationship
between the radiation doses and the %ID/g of the
radiocomplex in the bone marrows of the mice
(Figure 8).

As most of the ANX-SPIO metabolically
accumulates in reticuloendothelial system [28]; so the
agent may not be suitable for evaluating the tissue
apoptosis of abdominal organs. Recently, **™Tc-hiss-
annexin A5 with low accumulation in
reticuloendothelial system is proposed as an imaging
probe for the abdominal organs shortly after high
radiation dose [3].

The sensitivity to radiation and the time for
maximum apoptosis varies in different tissues. In
vivo apoptotic cells are engulfed by phagocytosis and
broken down in the late stage of apoptosis, which
may confound in vivo tracing of the apoptotic cells
[13]. Since in proliferative tissues, apoptosis occurs
shortly after radiation, thus we have selected 6 hours
post irradiation for administration of the tracer. It has
been shown that in highly proliferated normal tissues
such as bone marrow, maximum apoptosis occurs in
few hours after radiation and rapidly decreases as the
time passing by [29]. Thus, one of the major
drawbacks for in vivo tracing of apoptosis is transient
nature of this phenomenon and the time of tracer
administration after radiation exposure is an
important  factor that affects the results.
Administration of tracer in different times after
irradiation should be tested for effectiveness of the
assay.

CONCLUSION

In summary, Quantification of ANX-SPIO in bone
marrow can be used as an indicator for radiation
exposure but development and optimization of the
assay are necessary for discrimination between
different radiation doses.
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