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Introduction: In this study, novel 99mTc(III)-azide complexes [99mTc(N3)(CDO)(CDOH)2B-R] (99mTc-ISboroxime-
N3: R= IS; 99mTc-MPboroxime-N3: R=MP; 99mTc-PAboroxime-N3: R=PA; 99mTc-PYboroxime-N3: R=PY; and
99mTc-Uboroxime-N3: R = 5U) were evaluated as heart imaging agents.
Methods: Complexes [99mTc(N3)(CDO)(CDOH)2B-R] (R = IS, MP, PA, PY and 5U) were prepared by ligand ex-
change between NaN3 and [99mTcCl(CDO)(CDOH)2B-R]. Biodistribution and imaging studies were carried out
in Sprague–Dawley rats. Image quantification was performed to compare their initial heart uptake and myocar-
dial retention.
Results: 99mTc-ISboroxime-N3,

99mTc-PYboroxime-N3 and
99mTc-Uboroxime-N3 were prepared with high RCP

99m 99m
(93–98%) while the RCP of Tc-MPboroxime-N3 and Tc-PAboroxime-N3 was 80–85%. The myocardial re-
tention curves of 99mTc-ISboroxime-N3, 99mTc-PYboroxime-N3 and 99mTc-Uboroxime-N3 were best fitted to
the bi-exponential decay function. The half-time of the fast component was 1.6 ± 0.4 min for 99mTc-
ISboroxime-N3, 0.7 ± 0.1 min for 99mTc-PYboroxime-N3 and 0.9 ± 0.4 min for 99mTc-Uboroxime-N3. The 2-
min heart uptake from biodistribution studies followed the ranking order of 99mTc-ISboroxime-N3 (3.60 ±
0.68%ID/g) N 99mTc-PYboroxime-N3 (2.35 ± 0.37%ID/g) ≫ 99mTc-Uboroxime-N3 (1.29 ± 0.06%ID/g). 99mTc-
ISboroxime-N3 had the highest 2-min heart uptake among 99mTc radiotracers revaluated in SD rats. High quality
SPECT imageswere obtainedwith the right and left ventricular walls being clearly delineated. The best image ac-
quisition window was 0–5 min for 99mTc-ISboroxime-N3.
Conclusion: Both azide coligand and boronate caps had significant impact on the heart uptake andmyocardial re-
tention of complexes [99mTc(N3)(CDO)(CDOH)2B-R]. Among the radiotracers evaluated in SD rats, 99mTc-
ISboroxime-N3 has the highest initial heart uptake with the heart retention comparable to that of 99mTc-
Teboroxime. 99mTc-ISboroxime-N3 is a promising alternative to 99mTc-Teboroxime for SPECT MPI.

© 2016 Elsevier Inc. All rights reserved.
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1. Introduction

Coronary artery disease (CAD) is a leading cause of premature death
and permanent disability. Myocardial perfusion imaging (MPI) with ra-
diotracers is an integral component in evaluation of the patients with
known or suspected CAD [1–10]. If the patient has CAD, there will be
an area with the reduced radiotracer uptake in the myocardium in re-
sponse to reduced blood flow. If the reduced uptake is worse under
stress conditions than that at rest, the perfusion defect is most likely
due to ischemia. If the reduced uptake is the same under stress and at
rest conditions, the perfusion defect is most likely caused bymyocardial
infarction. In order to evaluate areaswith accuracy, the radiotracermust
be taken up into myocardium in proportion to the regional blood flow
rate [3–10]. Precise measurement of regional blood flow has significant
clinical importance in identifying the ischemia, defining the extent and
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severity of disease, assessing the myocardial viability, establishing the
need for surgical intervention, and monitoring the effects of treatment
in CAD patients [7–10].

99mTc-Sestamibi is the most widely used radiotracer in nuclear car-
diology over the last 30 years. A significant drawback of 99mTc-
Sestamibi is its low first-pass extraction fraction and lack of linear rela-
tionship between heart uptake and regional blood flow at N2.5 mL/min/
g [3–7]. In contrast, 99mTc-Teboroxime has the highest first-pass extrac-
tion fraction among all 99mTc perfusion radiotracers [7–20]. The linear
relationship between its heart uptake and blood flow permits accurate
detection of CAD and precise delineation of perfusion defects
[7–10,13–17]. However, clinical experiences were disappointing due
to its short myocardial retention [12–16]. The heart washout is too
fast for standard SPECT cameras to acquire high-quality heart images.
With recent developments in CZT-based cardiac SPECT cameras (e.g.
D-SPECT from Spectrum Dynamics, IQ SPECT® developed by Siemens
Medical Solutions and CardiArc® manufactured by CardiArc Inc.) over
the last several years [6,21–29], the leaders in nuclear cardiology have
been repeatedly calling for more efficient perfusion radiotracers with
longer myocardial retention and improved biodistribution properties
[9,29–32].

We have been interested in cationic and neutral 99mTc complexes as
heart imaging agents [33–45]. Recently, we reported 99mTc(III) com-
plexes [99mTcCl(CDO)(CDOH)2B-R] (Fig. 1: 99mTc-ISboroxime: R =
IS; 99mTc-MPboroxime: R = MP; 99mTc-PAboroxime: R = PA; 99mTc-
PYboroxime: R = PY; and 99mTc-Uboroxime: R = 5U) as radiotracers
for heart imaging [45]. The results from biodistribution and imaging
studies showed that 99mTc-PAboroxime had the heart uptake compara-
ble to that of 99mTc-Teboroxime, but it had much longer myocardial re-
tention time [45]. We also found that 99mTc-Teboroxime-N3 had longer
heart retention time than 99mTc-Teboroxime [44]. These promising re-
sults lead us to prepare complexes [99mTc(N3)(CDO)(CDOH)2B-R]
(Fig. 1: 99mTc-ISboroxime-N3, 99mTc-MPboroxime-N3, 99mTc-
PAboroxime-N3, 99mTc-PYboroxime-N3, and 99mTc-Uboroxime-N3).

As an extension of our continuing efforts,wenowpresent the syntheses
and preliminary evaluations of complexes [99mTc(N3)(CDO)(CDOH)2B-R]
for their potential as heart imaging agents. We kept the CDOH2-core in
order to maintain the high initial heart uptake for 99mTc(III) complexes
Fig. 1. Chemdraw structures of 99mTc(III) complexes [99mTcCl(CDO)(CDOH)2B-R] (Left: 99mTc
PYboroxime: R = PY; and 99mTc-Uboroxime: R = 5U), and new 99mTc(III)-azide complexes
R = MP; 99mTc-PAboroxime-N3: R = PA; 99mTc-PYboroxime-N3: R = PY; and 99mTc-Uboroxim
[99mTcCl(CDO)(CDOH)2B-R] were derived from those of complexes [ReCI(CDO)(CDOH)2BPh], [T
R = CH3 and C4H9) and [Tc(NCS) (CDO) (CDOH)2BMe] [46–48].
[99mTc(N3)(CDO)(CDOH)2B-R]. The azide coligand is of our particular inter-
est because 99mTc-Teboroxime-N3 has a longer myocardial retention than
99mTc-Teboroxime [44]. The main objective of this study is to explore the
impact of azide coligand and boronate caps on biodistribution properties
(initial heart uptake and myocardial retention times) of 99mTc(III)-azide
complexes [99mTc(N3)(CDO)(CDOH)2B-R]. Our ultimate goal is to develop
a new 99mTc radiotracer that has longer myocardial retention than that of
99mTc-Terboroxime while maintaining the high initial heart uptake and
high first-pass extraction fraction. A more stable heart uptake and longer
myocardial retentionwill help tomaintain the initial linear relationship be-
tween the radiotracer uptake and regional blood flow [18].

2. Experimental methods

2.1. Materials

Chemicals (citric acid, γ-cyclodextrin, cyclohexanedione dioxime
(CDOH), diethylenetriaminepentaacetic acid (DTPA), isoxazole-4-
boronic acid (IS), 1H-pyrazol-3-ylboronic acid (PA), 3-pyridineboronic
acid (PY), N-methylpyridinium-4-boronic acid iodide (MP), sodium
chloride, stannous chloride dihydrate, and uracil-5-boronic acid (5U))
were purchased from Sigma/Aldrich (St. Louis, MO), and were used
without further purification. Na99mTcO4 was obtained from Cardinal
HealthCare® (Indianapolis, IN).

2.2. Radio-HPLC method

The radio-HPLCmethod for routine analysis of 99mTc(III)-azide com-
plexes [99mTc(N3)(CDO)(CDOH)2B-R] (R= IS, MP, PA, PY and 5U) used
an Agilent HP-1100 HPLC system (Agilent Technologies, Santa Clara,
CA) equipped with a β-ram IN/US detector (Tampa, FL) and Zorbax C8
column (4.6 mm × 250 mm, 300 Å pore size; Agilent Technologies,
Santa Clara, CA). The flow rate was 1 mL/min. The mobile phase was
isocratic between 0 and 5minwith 30% solvent A (10mMNH4OAc buff-
er, pH = 6.8) and 70% solvent B (methanol), followed by a gradient
from 70% solvent B at 5 min to and 90% solvent B at 20 min. The
radiochemical purity (RCP) was reported as the percentage of area for
the expected radiometric peak on each radio-HPLC chromatogram of
-ISboroxime: R = IS; 99mTc-MPboroxime: R = MP; 99mTc-PAboroxime: R = PA; 99mTc-
[99mTc(N3)(CDO)(CDOH)2B-R] (99mTc-ISboroxime-N3: R = IS; 99mTc-MPboroxime-N3:
e-N3: R = 5U) evaluated as heart imaging agents in this study. Structures of complexes
cX(dioxime)3B-R] (X=Cl, Br; dioxime= dimethylglyoxime, cyclohexanedione dioxime;
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each 99mTc(III) radiotracer. The ITLC method used Gelman Sciences
silica-gel strips and a 1:1 (v:v) mixture of acetone and saline as the mo-
bile phase. 99mTc radiotracers and 99mTcO4

− migrated to solvent front
while [99mTc]colloid stayed at the origin.

2.3. Preparation of [99mTc(N3)(CDO)(CDOH)2B-R] (R = IS, MP, PA, PY
and 5U)

All 99mTc(III) radiotracers were prepared using the kit formulation
[44,45]. Each lyophilized vial contains 2mgof CDOH2, 4–5mgof boronic
acid, 50–60 μg of SnCl2°2H2O, 9 mg of citric acid, 2 mg of DTPA and
20 mg of NaCl and 10 mg of γ-cyclodextrin. To a lyophilized vial was
added 1.0 mL 99mTcO4

− solution (370–1110 MBq) in saline. The
reconstituted vial was then heated at 100 °C for 10–15 min. After addi-
tion of NaN3 (4–5 mg dissolved in 0.2 mL saline), the vial was heated at
100 °C for another 10–15min. A sample of the resulting solutionwas di-
lutedwith saline containing ~20%propylene glycol. The diluted solution
was analyzed by HPLC and ITLC. The RCPwas 80–98% withminimum of
[99mTc]colloid (b0.5%). The RCP must be N90% for biodistribution and
imaging studies of new 99mTc radiotracers. Their solution stability was
monitored by radio-HPLC at 0, 2, 4, and 6 h post-labeling.

2.4. Doses preparation

Doses for biodistribution were prepared by dissolving radiotracer to
~1.1MBq/mLwith saline containing 20%propylene glycol. Doses for im-
aging studies were made by dissolving the radiotracer to ~370MBq/mL
with saline containing 20% propylene glycol. All dose solutions were fil-
tered with a 0.20 μm filter unit to eliminate foreign particles and make
the injectate sterile before being injected into animals. The injection vol-
ume was ~0.1 mL per animal for biodistribution and 0.2–0.5mL per an-
imal for imaging studies.

2.5. Animal preparation

Animal studies were conducted in compliance with the NIH animal
experiment guidelines (Principles of Laboratory Animal Care, NIH Publi-
cation No. 86-23, revised 1985). The protocols for biodistribution and
imaging studies were approved by the Purdue University Animal Care
and Use Committee (PACUC). The SD rats (200–250 g) were purchased
fromHarlan (Indianapolis, IN), andwere acclimated for more than 24 h.
Animals were anesthetized with intramuscular injection of a mixture of
ketamine (80 mg/kg) and xylazine (19 mg/kg) before being used for
biodistribution and planar imaging studies.

2.6. Protocol for biodistribution

Twelve SD rats (200–250 g) were divided randomly into three
groups. Each animal was administered with 100–111 KBq of 99mTc ra-
diotracer via the tail vein injection. Four animals were sacrificed by so-
dium pentobarbital overdose (100–200 mg/kg) at 2, 15 and 30 min
p.i. Blood was withdrawn directly from the heart. Organs of interest
(heart, brain, intestines, kidneys, liver, lungs, muscle, and spleen)
were harvested, rinsed with saline, dried with absorbent tissues,
weighed and counted for total radioactivity accumulation on a Perkin
Elmer Wizard — 1480 γ-counter (Shelton, CT). The organ uptake was
reported as the percentage of injected dose (%ID/organ) or the percent-
age of injected dose per gramofwetmass (%ID/g). Comparison between
two radiotracers was made using one-way ANOVA test (GraphPad
Prism 5.0, San Diego, CA). The level of significance was set at p b 0.05.

2.7. Protocol for dynamic planar imaging

Dynamic planar imaging studies were performed in SD rats
(200–250 g). Five animals were used for each radiotracer. Each animal
was administered with 99mTc radiotracer (40–80 MBq) through the
tail vein injection. Once the 99mTc radiotracer was administered, the
animal was immediately placed prone on a single head mini γ-camera
(Diagnostic Services Inc., NJ). The 1-min static images were acquired
during first 5 min p.i., followed by the 2-min static images at 6–30, 40,
50 and 60 min p.i. The planar imaging data were stored digitally in a
128 × 128 matrix. After imaging, animals were returned to a lead-
shielded cage to recover. Since all new radiotracers virtually had no ex-
cretion via hepatobiliary and renal routes, the planar images were
analyzed by drawing regions of the heart (the heart radioactivity) and
whole body (the total radioactivity injected into each animal). The back-
ground activity was corrected by drawing the region right above the
heart. The results were expressed as the percentage of injected radioac-
tivity (%ID). The exponentialfit of heart retentionwas determined using
GraphPad Prism 5.0 (GraphPad Software, Inc., San Diego, CA).

2.8. Protocol for SPECT

SPECT study was performed the u-SPECT-II/CT scanner (Milabs,
Utrecht, The Netherlands) equipped with a 1.0 mm multi-pinhole
collimator. The SD rat was placed into a shielded chamber connected
to an isoflurane anesthesia unit (Univentor, Zejtun, Malta). Anesthesia
was induced using an air flow rate of 350 mL/min and ~3.0% isoflurane,
andmaintained using an air flow of ~250mL/minwith ~2.5% isoflurane
during image data acquisition (6 frames: 75 projections over 5 min
per frame). 99mTc-ISboroxime-N3 (~185 MBq dissolved in 0.5 mL
saline containing ~20% propylene glycol) was injected into the animal
via tail vein through a catheter, followed with 0.5 mL saline solution
flash. Rectangular scan in regions of interest (ROIs) from SPECT and
CT were selected one the basis of orthogonal X-ray images provided
by CT. After SPECT acquisition, the animal was allowed to recover in
a cage.

2.9. Image reconstruction and data processing

SPECT reconstruction was performed using a POSEM (pixelated or-
dered subsets by expectationmaximization) algorithmwith 6 iterations
and 16 subsets. CT data were reconstructed using a cone-beam filtered
back-projection algorithm (NRecon v1.6.3, Skyscan). After reconstruc-
tion, the SPECT and CT data were automatically co-registered according
to the movement of the robotic stage, and re-sampled to equivalent
voxel sizes. Co-registered images were further rendered and visualized
using the PMOD software (PMOD Technologies, Zurich, Switzerland). A
3D-Guassian filter (1.2 mm FWHM) was applied to smooth noise, and
the LUTs (look up tables) were adjusted for good visual contrast. The
imageswere visualized as both orthogonal slices andmaximum intensi-
ty projections.

3. Results

3.1. Radiochemistry

New complexes [99mTc(N3)(CDOH)2B-R] (R = IS, MP, PA, PY and
5U) were prepared according to Chart I. First, complexes
[99mTcCl(CDO)(CDOH)2B-R] (R= IS, MP, PA, PY and 5U)were prepared
using the literature method [11,44,45], and then were allowed to react
with NaN3. Heating at 100 °C was needed to complete the Cl-N3 ligand
exchange because their RCPwas b5%when the reactionwas performed
at room temperature. 99mTc-ISboroxime-N3, 99mTc-PYboroxime-N3 and
99mTc-Uboroxime-N3 were prepared with the RCP being N93%. In con-
trast, the RCP for 99mTc-MPboroxime-N3 and 99mTc-PAboroxime-N3

was only 80–85% despite our efforts to improve their RCP by altering
component levels in each vial or changing the radiolabeling conditions.
All new 99mTc(III)-azide complexes [99mTc(N3)(CDOH)2B-R] (R = IS,
MP, PA, PY and 5U) were stable in solution for N6 h post-labeling (data
not shown), and had higher lipophilicity than their corresponding
99mTc(III)-chloride complexes [99mTcCl(CDOH)2B-R] (R = IS, MP, PA,



Table 1
Radiochemical purity data and HPLC retention times of 99mTc(III)-azide complexes
[99mTcL(CDO)(CDOH)2B-R] (L = Cl and N3; R = Me, IS, MP, PA, PY and 5U).

Radiotracer HPLC Retention Time (min) Radiochemical Purity (%)

99mTc-Teboroximea 15.5 N95%
99mTc-Teboroxime-N3 18.3 N95%
99mTc-ISboroximeb 11.2 N93%
99mTc-ISboroxime-N3 15.2 N95%
99mTc-MPboroximeb 9.3 90–95%
99mTc-MPboroxime-N3 14.5 80–85%
99mTc-PAboroximeb 9.5 90–95%
99mTc-PAboroxime-N3 14.5 80–85%
99mTc-PYboroximeb 13.7 N95%
99mTc-PYboroxime-N3 18.7 N95%
99mTc-Uboroximeb 10.5 N95%
99mTc-Uboroxime-N3 15.5 90–95%
99mTc-Trioxime 4.4 N95%
99mTc-Trioxime-N3 7.2 N95%

a Data from Ref. [46].
b Data from Ref. [47].
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PY and 5U), as indicated by their significantly longer HPLC retention
times (Table 1).

The main radio-impurity was the radiometric peak at ~7 min in
radio-HPLC chromatograms of 99mTc(III) complexes [99mTc(N3)
(CDO)(CDOH)2B-R] (R = IS, MP and PA) (Fig. 2), likely from
the 99mTc(III)-species without the boronate cap. To prove this hypothe-
sis, we prepared complexes [99mTcCl(CDO)(CDOH2)2] (99mTc-
Trioxime) and [99mTc(N3)(CDO)(CDOH2)2] (99mTc-Trioxime-N3) with-
out using boronic acid. Fig. 3 shows radio-HPLC chromatograms
of 99mTc-Trioxime and 99mTc-Trioxime-N3. The HPLC retention
time of 99mTc-Trioxime-N3 matches perfectly with the 7-min peak
observed in the radio-HPLC chromatograms (Fig. 2) of complexes
[99mTc(N3)(CDO)(CDOH)2B-R] (R = IS, MP and PA).

3.2. Dynamic planar imaging

Dynamic planar imaging is an important tool to evaluate the heart
washout kinetics of new 99mTc radiotracers without sacrificing a large
number of animals. By semi-quantification of planar images, it is
possible to estimate the heart uptake expressed as the percentage of
injected dose (%ID). However, it is much more difficulty to do the
same for liver radioactivity due to its larger size and difficulty to identify
the boundary between liver and other organs in the same region. There-
fore, planar dynamic imaging studies focused on the initial heart uptake
and heart retention times of 99mTc-ISboroxime-N3, 99mTc-PYboroxime-
N3 and 99mTc-Uboroxime-N3. We excluded 99mTc-MPboroxime-N3 and
99mTc-PAboroxime-N3 from these studies because of their low RCP
(b90%). The presence of radio-impurities makes it difficult to accurately
quantify the heart uptake at a specific time and to interpret the
experimental results from planar imaging studies. Fig. 4 displays pla-
nar images of the SD rats after administration of 99mTc-ISboroxime-
N3, 99mTc-PYboroxime-N3 and 99mTc-Uboroxime-N3. Image quantifi-
cation data were summarized in Fig. 5 to compare their initial heart
uptake (%ID) and myocardial retention times, expressed as the fast
phase half-life. The heart retention curves were best fitted to a bi-
exponential function all three new radiotracers.

All new radiotracers shared very similar heart clearance kinetics
with 99mTc-Teboroxime (Fig. 5). The initial heart uptake of 99mTc-
ISboroxime-N3 (5.5 ± 0.4%ID) and 99mTc-PYboroxime-N3 (4.7 ±
0.7%ID) was comparable to that reported for 99mTc-Teboroxime
(5.6 ± 0.7%ID), 99mTc-ISboroxime (5.0 ± 1.1%ID) and 99mTc-
PYboroxime (4.1 ± 0.8%ID), respectively, within the experimental er-
rors [44,45]. The initial heart uptake of 99mTc-Uboroxime-N3 (4.6 ±
0.9%ID) was higher (p b 0.05) than that for 99mTc-Uboroxime (3.2 ±
0.7%ID) [45]. Itsmyocardial retention time (0.9±0.4min)was also lon-
ger than that for 99mTc-Uboroxime (0.3± 0.1min) [45], suggesting that
the use of azide coligand increases the heart uptake and myocardial re-
tention time of 99mTc(III) radiotracer. However, this effect is not always
same for different 99mTc(III) radiotracers. Themyocardial retention time
followed the ranking order of 99mTc-ISboroxime-N3 (1.6 ±
0.4 min) ~ 99mTc-Teboroxime (1.7 ± 0.8 min) N 99mTc-Uboroxime-N3

(0.9 ± 0.4 min) ~ 99mTc-PYboroxime-N3 (0.7 ± 0.1 min).
Chart I. Synthesis of Complexes [99mTc(N3)(CDO)(CDOH)2B-R] (R = IS, MP, PA, PY and 5U).
3.3. Biodistribution properties

We used the 2-min heart uptake data as another screening tool to
evaluate new radiotracers. The selected 2-min biodistribution data of
99mTc-PYboroxime-N3, 99mTc-Uboroxime-N3 and 99mTc-Trioxime in SD
rats are summarized in Table 2. We obtained the 2-min biodistribution
data for 99mTc-Trioxime to illustrate the impact of radio-impurity.
Table 3 lists the biodistribution data of 99mTc-ISboroxime-N3 at 2, 15
and 30 min p.i. Fig. 6 compares their 2-min heart uptake of 99mTc-
ISboroxime-N3, 99mTc-PYboroxime-N3, 99mTc-Uboroxime-N3 and 99mTc-
Trioxime with those for 99mTc-Teboroxime and 99mTc-Sestamibi [44].
We found that the 2-min heart uptake followed the general ranking
order of 99mTc-ISboroxime-N3 (3.60 ± 0.28%ID/g) ≥ 99mTc-Teboroxime
(3.00 ± 0.37%ID/g) N 99mTc-Sestamibi (2.56 ± 0.31%ID/g) ≥ 99mTc-
PYboroxime-N3 (2.35 ± 0.37%ID/g) N 99mTc-Trioxime (1.75 ±0.07%ID/
g) ≫ 99mTc-Uboroxime-N3 (1.29 ± 0.06%ID/g). 99mTc-ISboroxime-
N3 had the highest 2-min heart uptake among all 99mTc radiotracers
revaluated in SD rats. These results were also consistent with the
general trend observed in dynamic planar imaging studies (Fig. 5).

We were particularly interested in 99mTc-ISboroxime-N3 for full-scale
biodistribution study due to its high initial heart uptake (Fig. 5). 99mTc-
PYboroxime-N3 and 99mTc-Uboroxime-N3 were excluded because of
their much faster heart washout (Fig. 5). We found that the 2-min heart
uptake of 99mTc-ISboroxime-N3 (3.60 ± 0.28%ID/g) was almost identical
to that reported for 99mTc-ISboroxime (3.75 ± 0.68%ID/g) [45]. Howev-
er, 99mTc-ISboroxime-N3 (1.06 ± 0.18 and 0.62 ± 0.09%ID/g 15 and
30 min p.i., respectively) had a lower heart uptake at later time points
than 99mTc-ISboroxime (1.68 ± 0.69 and 1.33 ± 0.34%ID/g 15 and
30 min p.i., respectively). The heart washout kinetics of 99mTc-
ISboroxime-N3 was very similar to that of 99mTc-Teboroxime (heart up-
take: 3.00± 0.37, 1.25 ± 0.09 and 0.86± 0.17%ID/g at 2, 15 and 30min
p.i., respectively). The blood radioactivity level of 99mTc-ISboroxime-N3

(0.31 ± 0.04, 0.21 ± 0.01 and 0.16 ± 0.01%ID/g at 2, 15 and 30 min



Fig. 2. HPLC chromatograms for 99mTc-Teboroxime-N3 (RCP N 98%), 99mTc-ISboroxime-N3 (RCP N 95%), 99mTc-MPboroxime-N3 (RCP ~ 80%), 99mTc-PAboroxime-N3 (RCP ~ 85%), 99mTc-
PYboroxime-N3 (RCP N 98%) and 99mTc-Uboroxime-N3 (RCP N 93%). The radiometric peak at ~7 min is from a 99mTc-species without boronate-capping group. 99mTc-Teboroxime(N3)
was used for comparison purpose.
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p.i., respectively) was lower than that for 99mTc-ISboroxime (0.54 ±
0.20, 0.35 ± 0.10 and 0.39 ± 0.08%ID/g at 2, 15 and 30 min p.i., respec-
tively) over the same study period [45]. The lung uptake of 99mTc-
ISboroxime-N3 (1.08 ± 0.32, 0.83 ± 0.06 and 0.70 ±0.14%ID/g at 2, 15
and 30 min p.i., respectively) was also lower (p b 0.05) than that of
99mTc-ISboroxime (2.34 ± 0.93, 1.27 ± 0.33 and 1.59 ± 0.76%ID/g at 2,
15 and 30 min p.i., respectively) and 99mTc-Teboroxime (2.90 ±
0.35, 1.64 ± 0.28 and 1.41 ± 0.25 and 0.94 ±0.25%ID/g at 2, 15 and
30 min p.i., respectively). Even though 99mTc-ISboroxime-N3

(4.42 ± 0.38%ID/g) had higher 2-min liver uptake than 99mTc-
ISboroxime (3.24 ± 0.55%ID/g), its liver clearance was faster
(Table 2). The blood vessel activity for 99mTc-ISboroxime-N3
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(0.47 ±0.05%ID/g) at 2 min p.i. was lower than that for 99mTc-
ISboroxime-N3 (1.92 ± 0.19%ID/g) [45]. However, they had almost
identical blood vessel radioactivity levels at 15 and 30 min p.i.
Fig. 4. Thewhole-body planar images of the SD rats administeredwith 99mTc-ISboroxime-
N3, 99mTc-PYboroxime-N3 or 99mTc-Uboroxime-N3 over the first 5 min p.i. 99mTc-
Teboroxime were used for comparison purpose. Animals were anesthetized with intra-
muscular injection of amixture of ketamine (80mg/kg) and xylazine (19 mg/kg). Eachan-
imal was administered with 1.0–1.5 mCi of 99mTc radiotracer. Red circles indicate the
presence of heart radioactivity.
3.4. SPECT imaging

A SPECT study was performed with 99mTc-ISboroxime-N3 due to its
high initial heart uptake (Table 2). Fig. 7A illustrates SPECT images of
the SD rat administered with 99mTc-ISboroxime-N3. High quality SPECT
imageswere acquired despite its high liver uptake. The right and left ven-
tricularwalls were clearly delineated. The interference from liver radioac-
tivity in coronal and sagittal images was not significant over the 30-min
period. However, the liver radioactivity overlapped significantly with
that in the inferior wall of the heart in the transaxial images. The best
image acquisition window is 0–5 min for 99mTc-ISboroxime-N3

(Fig. 7A). Longer acquisition time did not improve the image quality be-
Radiotracer Initial Heart Uptake

(%ID)

Fast Phase Half-life

(min)

99mTc-ISboroxime(N3) 5.5±0.3 1.6±0.4

99mTc-PYboroxime(N3) 4.±0.77 0.7±0.1

99mTc-Uboroxime(N3) 4.6±0.9 0.9±0.4

99mTc-Teboroxime 5.6±0.7 1.7±0.8

99mTc-Uboroxime-N3

99mTc-ISboroxime-N3
99mTc-Teboroxime 
99mTc-PYboroxime-N3

Fig. 5. Image quantification data to compare the initial heart uptake and heart retention
times of 99mTc(III)-azide complexes [99mTc(N3)(CDO)(CDOH)2B-R] (R = IS, PY and 5U)
over the first 5 min. 99mTc-Teboroxime was used purely for comparison purpose. All ex-
perimental data in this figure were derived from planar images. The initial heart uptake
was expressed as the %ID at 0–1 min p.i. The curve lines and standard error bars were
omitted for the purpose of clarity.



Table 2
The 2-min biodistribution data and heart-to-background ratios for 99mTc-PYboroxime-N3,
99mTc-Uboroxime-N3 and 99mTc-Trioxime in SD rats.

Radiotracer 99mTc-PYboroxime-N3

(%ID/g)

99mTc-Uboroxime-N3

(%ID/g)

99mTc-Trioxime
(%ID/g)

Blood 0.25 ± 0.03 0.63 ± 0.09 0.50 ± 0.06
Brain 0.07 ± 0.01 0.02 ± 0.00 0.02 ± 0.00
Heart 2.35 ± 0.37 1.29 ± 0.06 1.75 ± 0.07
Intestines 0.77 ± 0.19 0.97 ± 0.16 1.04 ± 0.03
Kidneys 2.82 ± 0.46 3.32 ± 0.50 2.70 ± 0.29
Liver 3.73 ± 0.53 5.87 ± 1.09 3.23 ± 0.23
Lungs 1.31 ± 0.38 1.23 ± 0.11 0.78 ± 0.05
Muscle 0.16 ± 0.02 0.16 ± 0.04 0.21 ± 0.04
Spleen 1.55 ± 0.28 1.02 ± 0.60 0.93 ± 0.08
Vessels 0.94 ± 0.73 0.43 ± 0.05 0.67 ± 0.18
Heart/Blood 9.54 ± 0.75 2.07 ± 0.30 3.56 ± 0.56
Heart/Liver 0.65 ± 0.14 0.23 ± 0.06 0.55 ± 0.06
Heart/Lung 1.85 ± 0.21 1.06 ± 0.13 2.25 ± 0.06
Heart/Muscle 14.64 ± 3.17 8.58 ± 2.40 8.83 ± 1.57

Fig. 6. Direct comparison of the 2-min heart uptake values (%ID/g) of 99mTc-ISboroxime-
N3, 99mTc-PYboroxime-N3 and 99mTc-Uboroxime-N3 with known radiotracers: 99mTc-
Sestamibi and 99mTc-Teboroxime. #: p b 0.01 and *: p b 0.05 vs. 99mTc-ISboroxime-N3.
The 2-min heart uptake values for 99mTc-Sestamibi and 99mTc-Teboroxime were from
our previous study [44]. The 2-min heart uptake of 99mTc-Trioximewas obtained for com-
parison purpose.
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cause of its fast myocardial washout (Fig. 7B) and the prolonged liver ra-
dioactivity accumulation (Fig. 4). The heart radioactivitywashoutwas too
fast to acquire high quality SPECT images at N5 min p.i. Similar results
were obtained with 99mTc-Teboroxime (Fig. 7B).

4. Discussion

In this study, we evaluated five 99mTc(III)-azide complexes
[99mTc(N3)(CDO)(CDOH)2B-R] (R= IS, MP, PA, PY and 5U) for their po-
tential as heart imaging agents. 99mTc-MPboroxime-N3 and 99mTc-
PAboroxime-N3 had relatively low RCP (80–85%) while the RCP was
N93% for 99mTc-ISboroxime-N3, 99mTc-PYboroxime-N3 and 99mTc-
Uboroxime-N3. Since all complexes [99mTc(N3)(CDO)(CDOH)2B-R]
(R= IS, MP, PA, PY and 5U) had longer HPLC retention times than com-
plexes [99mTcCl(CDO)(CDOH)2B-R] (R = IS, MP, PA, PY and 5U)
(Table 1), it is reasonable to believe that the chloride ligand in
[99mTcCl(CDO)(CDOH)2B-R] is replaced by the N3

− ligand. This state-
ment is consistent with the fact that completion of the Cl-N3 ligand ex-
change requires 100 °C heating for 10–15 min. Structures of complexes
[ReCI(CDO)(CDOH)2BPh] and [TcX(dioxime)3B-R] (X = Cl, Br;
dioxime = dimethylglyoxime, cyclohexanedione dioxime; R = CH3

and C4H9) have been reported in the literature [46,47]. The structures
of complexes [99mTc(N3)(CDO)(CDOH)2B-R] (R = IS, MP, PA, PY and
5U) are not known. The structural characterization of complexes
[M(N3)(CDO)(CDOH)2B-R] (M=Tc and Re) is difficult because organic
azides and heavy metal azide salts tend to be highly heat and shock-
sensitive explosives (https://en.wikipedia.org/wiki/Azide). Due to the
Table 3
Selected biodistribution data and heart-to-background ratios for 99mTc-ISboroxime-N3 in
SD rats.

Organ 2 min (n = 4)
(%ID/g)

15 min (n = 4)
(%ID/g)

30 min (n = 3)
(%ID/g)

Blood 0.31 ± 0.04 0.21 ± 0.01 0.16 ± 0.01
Brain 0.12 ± 0.01 0.08 ± 0.01 0.06 ± 0.01
Heart 3.60 ± 0.28 1.06 ± 0.18 0.62 ± 0.09
Intestines 1.23 ± 0.41 1.78 ± 0.60 2.36 ± 1.31
Kidneys 2.81 ± 0.41 1.19 ± 0.06 0.90 ± 0.03
Liver 4.42 ± 0.38 2.33 ± 0.30 1.55 ± 0.25
Lungs 1.08 ± 0.32 0.83 ± 0.06 0.70 ± 0.14
Muscle 0.16 ± 0.02 0.27 ± 0.04 0.24 ± 0.03
Spleen 1.02 ± 0.60 0.64 ± 0.09 0.44 ± 0.05
Vessels 0.47 ± 0.05 1.02 ± 0.15 1.52 ± 0.62
Heart/Blood 14.63 ± 4.78 5.10 ± 0.83 4.00 ± 0.61
Heart/Liver 0.82 ± 0.11 0.45 ± 0.02 0.41 ± 0.06
Heart/Lung 4.42 ± 1.80 1.27 ± 0.13 0.92 ± 0.13
Heart/Muscle 26.90 ± 6.66 3.93 ± 0.49 2.57 ± 0.20
similarity (isoelectronic) between SCN− and N3
−, it is reasonable to be-

lieve that complexes [99mTc(N3)(CDO)(CDOH)2B-R] would share very
similar structures with those of [M(NCS)(CDO)(CDOH)2B-Me] (M =
Tc and Re), which have been determined by X-ray crystallography
[48]. This assumption is completely consistent with the fact that
99mTc-Teboroxime-NCS and 99mTc-Teboroxime-N3 shared almost iden-
tical HPLC retention times of under the same chromatographic condi-
tions [44].

Among the radiotracers evaluated in planar imaging studies, 99mTc-
ISboroxime-N3 has the highest initial heart uptakewith the heart reten-
tion comparable to that of 99mTc-Teboroxime (Fig. 5). This observation
was further substantiated by the biodistribution data (Table 2) and re-
sults from SPECT/CT studies (Fig. 7). The impact of azide coligand on
the heart uptake and myocardial retention times depends on boronate
caps. For example, 99mTc-ISboroxime-N3 shares similar biodistribution
properties with 99mTc-ISboroxime [45]. 99mTc-Uboroxime-N3 (Fig. 5)
has much higher initial heart uptake with longer myocardial retention
than 99mTc-Uboroxime [45]. In contrast, 99mTc-PYboroxime-N3 has
Fig. 7. A: Selected coronal, sagittal and transaxial views of SPECT images of the SD rat ad-
ministered with ~80 MBq of 99mTc-ISboroxime-N3 obtained at 0–5 min p.i. B: Coronal
views of SPECT images of SD rats administered with 80–90 MBq of 99mTc-ISboroxime-N3

and 99mTc-Teboroxime obtained at 0–5, 5–10, 10–15 and 15–20 min p.i. Animals were
anesthetized with intramuscular injection of a mixture of ketamine (80 mg/kg) and
xylazine (19 mg/kg). SPECT imageswere obtained over thefirst 5min after its administra-
tion with camera being focused in the heart region. 99mTc-Teboroxime was used for com-
parison purpose. The best image acquisition window is 0–5min for both radiotracers. The
heart radioactivity washed out too fast to acquire high quality SPECT images at N5min p.i.

https://en.wikipedia.org/wiki/Azide


Chart II. Proposed Equilibrium between Different 99mTc(III) Complexes.
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lower initial heart uptake and shorter myocardial retention time than
99mTc-PYboroxime [45]. It seems that this effect might be related the
“increased lipophilicity” of 99mTc(III)-azide complexes. There is always
a subtle balance between the lipophilicity, initial heart uptake andmyo-
cardial retention of radiotracers [37].

It was reported that the linear relationship between the heart uptake
of 99mTc-Teboroxime and the regional blood flow is well maintained at
1–2min after administrationwhen the bloodflow rateswere 1–5mL/m/g
[18]. However, its heart uptake underestimates theflowchanges at high or
moderate flow rates N5min after administration due to the “roll-off” phe-
nomena,which leads to a progressive reduction in the slope of the uptake-
flow relation and the loss of uptake-flow linearity at N2.5 mL/m/g [18].
That is why the 2-min biodistribution data were used to screen
new 99mTc radiotracers. If the new 99mTc radiotracer has the 2-min
heart uptake value very close to or better than that of 99mTc-
Teboroxime, a full-scale biodistribution would be warranted. If the
new 99mTc radiotracer has the 2-min heart uptake much less than that
of 99mTc-Teboroxime, the full-scale biodistribution will not be worthy
of further efforts, unless it is needed for comparison purposes. We
found that this screening approach is quite cost-effective.

The heart uptake mechanism of 99mTc(III) complexes
[99mTcL(CDO)(CDOH)2B-R] is not known. It has been suggested that
[99mTc(H2O)(CDO)(CDOH)2BCH3]+ is responsible for the high heart up-
take of 99mTc-Teboroxime [11]. This hypothesis seems consistent with
the heart localization mechanism of many cationic 99mTc radiotracers
[33–43,49–51]. However, it is not consistent with the fact that the
99mTc-azide complexes [99mTc(N3)(CDO)(CDOH)2B-R] have a high ini-
tial heart uptakewith themyocardial retention comparable to or longer
than that of their corresponding 99mTc-chloride complexes
[99mTcCl(CDO)(CDOH)2B-R]. There must be an alternative mechanism
for complexes [99mTcL(CDO)(CDOH)2B-R].

Based on experiences with cationic 99mTc radiotracers
[33–43,49–51], we believe that the high initial uptake of [99mTcL(CDO)
(CDOH)2B-R] might be related to the neutral charge while their myocar-
dial retention is associated to their unique capability to form the equilib-
rium (Chart II) between [99mTcL(CDO)(CDOH)2B-R] and [99mTcL
(CDOH)3B-R]+. The neutral complex [99mTcL(CDO)(CDOH)2B-R] is able
to across cellular andmitochondrial membranes with ease. The complex
cation [99mTcL(CDOH)3B-R]+might be able to across the “leaky” cellular
membrane, but it is much more difficult for [99mTcL(CDOH)3B-R]+ to
penetrate the highly packed rigid mitochondrial membranes. This may
explain why the neutral radiotracers like 99mTc-Teboroxime tend to
have higher first-pass extraction fraction than cationic 99mTc radio-
tracers, such as 99mTc-Sestamibi.

The conversion from [99mTcL(CDO)(CDOH)2B-R] to [99mTcL
(CDOH)3B-R]+ by protonation is easy (Chart II), particularly at lower
pH. The same is true for the conversion (Chart II) between
[99mTc(CDO)(CDOH)2B-R]+ and [99mTc(CDOH)3B-R]2+. However, it is
more difficult to convert [99mTcL(CDO)(CDOH)2B-R] to [99mTc
(CDO)(CDOH)2B-R]+ by ligand dissociation. This statement is support-
ed by the fact that heating is needed to complete the ligand exchange
reaction between [99mTcCl(CDO)(CDOH)2B-R] and sodium azide to
form the 99mTc(III)-azide complexes [99mTc(N3)(CDO)(CDOH)2B-R]. Li-
pophilic cations, such as [99mTcL(CDOH)3B-R]+ and [99mTc(CDO)
(CDOH)2B-R]+, are able to localize and retain in mitochondria due to
the negative potential (ΔѰ=120–180mV) across the innermitochon-
drial membrane [40]. It would be difficult for [99mTc(CDO)(CDOH)2B-R]
2+ to penetrate the rigidmitochondrial membranes due to its 2 positive
charges (Chart II). This might explain the fact that complexes
[99mTc(N3)(CDO)(CDOH)2B-R] tend to have longer heart retention.

One might wonder why the heart uptake values from planar image
quantification are so different from those from biodistribution studies.
The answer lies in the way of planar imaging. Firstly, the radioactivity
from planar image quantification is accumulative over a specific period
of time (e.g. 0–1min)while the heart uptake from biodistribution is ob-
tained at a specific time after administration of the radiotracer. Second-
ly, the heart uptake values from the planar image quantification include
parts of the radioactivity in blood pool and surrounding normal tissues
(background). While the heart uptake values can be corrected by
deducting the radioactivity in normal organ above or beside the heart,
it is impossible to separate the blood-bool radioactivity from that in
the myocardium. Tissue γ-counting is the most accurate way to deter-
mine the heart uptake and biodistribution properties of a specific radio-
tracer at different time points. However, dynamic planar imaging
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remains an important tool to compare the heart retention ormyocardial
washout kinetics of new 99mTc(III) radiotracers without sacrificing a
large number of animals.

5. Conclusions

In conclusion, both boronate caps and azide coligand have
significant impact on the radiochemistry, heart uptake and myocardial
retention times of 99mTc(III)-azide complexes [99mTc(N3)(CDO)
(CDOH)2B-R]. Among radiotracers evaluated in SD rats, 99mTc-
ISboroxime-N3 shows high initial heart uptake with the retention time
comparable to that of 99mTc-Teboroxime. 99mTc-ISboroxime-N3 is a
promising alternative to 99mTc-Teboroxime for SPECT MPI. Our future
researchwill focus on new 99mTc(III) radiotracerswith a longermyocar-
dial retention. High initial heart uptake and long myocardial retention
will help tomaintain the linear relationship between the radiotracer up-
take and regional blood flow for an extended period,which is important
for precise measurement of regional blood flow in cardiac patients.
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