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Development of kit formulations for
99mTcN-MPO: a cationic radiotracer for
myocardial perfusion imaging
Yumin Zheng,a,b Shundong Ji,a Elena Tomaselli,a and Shuang Liua*
The objective of this study was to develop a kit formulation
 for [99mTcN(mpo)(PNP5)]+ (MPO=2-mercaptopyridine oxide),
(99mTcN-MPO) to support its clinical evaluations as a SPECT radiotracer. Radiolabeling studies were performed using three
different formulations (two-vial formulation and single-vial formulations with/without SnCl2) to explore the factors
influencing radiochemical purity (RCP) of 99mTcN-MPO. We found that the most important factor affecting the RCP of
99mTcN-MPO was the purity of PNP5. 99mTcN-MPO was prepared >98% RCP (n=20) using the two-vial formulation. For
single-vial formulations with/without SnCl2, β-cyclodextrin (β-CD) is particularly useful as a stabilizer for PNP5. The RCP
of 99mTcN-MPO was 95–98% using β-CD, but its RCP was only 90–93% with γ-cyclodextrin (γ-CD). It seems that PNP5 fits
better into the inner cavity of β-CD, which forms more stable inclusion complex than γ-CD in the single-vial formulations.
The results from biodistribution and imaging studies in Sprague–Dawley rats clearly demonstrated biological equivalence
of three different formulations. Single photon-emission computed tomography data suggested that high quality images
could be obtained at 0–30-min post-injection without significant interference from the liver radioactivity. Considering
the ease for 99mTc-labeling and high RCP of 99mTcN-MPO, the non-SnCl2 single-vial formulation is an attractive choice for
future clinical studies.
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ethoxyethyl-N,N-bis[2-(bis(3-methoxypropyl)phosphino)ethyl]amine) and DBODC, N,N
bis(ethoxyethyl)dithiocarbamate); 99mTcN-NOET 99mTcN(NOET)2 (NOET, N-ethoxy-N
ethyldithiocarbamato); 99mTcN-MPO ([99mTcN(mpo)(PNP5)]+ (mpo, 2-mercaptopyridine
oxide); 99mTc-sestamibi [99mTc(MIBI)6]

+ (MIBI, 2-methoxy-2-methylpropylisonitrile); and
99mTc-tetrofosmin [99mTcO2(tetrofosmin)2]

+ (tetrofosmin, 1,2-bis[bis(2-ethoxyethyl
phosphino]ethane).
Introduction

More than 70 million Americans live with cardiovascular diseases,
which lead to >910,000 deaths each year. Accurate diagnosis is
highly desirable so that appropriate therapy can be given before
irreversible damage occurs in patients with CAD. MPI with
radiotracers is a well-established noninvasive method of assessing
the coronary blood flow. MPI is capable of identifying regional
abnormalities in coronary artery and determining their physiological
relevance to myocardial function and viability.1–7 Despite the recent
development in echocardiography and coronary computed
tomography angiography, MPI with SPECT radiotracers remains
the only reliable imaging modality for assessment of physiological
consequence of coronary stenosis or myocardial infarction and can
be combined exercise with pharmacological stress,8,9 particularly
with the development of the dedicated ultrafast cardiac camera.10–14

99mTc has a 6.02h half-life with the single photon energy of
140 keV. The combination of its nuclear properties and diverse
coordination chemistry makes 99mTc the ideal isotope to develop
new perfusion imaging agents. Since the 1980s, intensive research
efforts have been directed toward using cationic and neutral 99mTc
complexes (Figure 1) as radiotracers for MPI.1,15–18 As a result of
these extensive efforts, 99mTc-sestamibi and 99mTc-tetrofosmin
(Figure 1) have been approved as commercial radiotracers for SPECT
MPI. More than nine million SPECT MPI studies are performed in the
USA alone each year. The overwhelming success of SPECTMPI is due
to widespread clinical applications of 99mTc-sestamibi and 99mTc-
tetrofosmin. It is expected that SPECT MPI will continue to play a
major role for nuclear cardiology for many years ahead.
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Despite their widespread clinical applications, 99mTc-sestamibi
and 99mTc-tetrofosmin do not meet the requirements of an
ideal perfusion agent, at least in part, due to their high liver
uptake, which makes it difficult to obtain high quality images at
<30-min post-injection (p.i.) and accurately interpret heart
radioactivity in the inferior and left ventricular walls.8,9,15–18 In
order to overcome this shortcoming, 99mTcN-DBODC5 (Figure 1)
was developed as a new SPECT radiotracer since its fast liver
clearance kinetics.19–22 However, a kit formulation is needed for
its routine preparation in order to achieve widespread clinical
Copyright © 2014 John Wiley & Sons, Ltd
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Figure 1. Structures of cationic
99m

Tc radiotracers:
99m

Tc-Sestamibi,
99m

TcN-DBODC5, and
99m

TcN-MPO.
99m

Tc-Sestamibi is the most widely used radiotracer for SPECT
MPI.

99m
TcN-DBODC5 and

99m
TcN-MPO have fast liver clearance kinetics, and both are currently under clinical evaluations as new radiotracers for SPECT MPI.
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utility.20 99mTcN-MPO (Figure 1) is another cationic 99mTc-nitrido
complex with very fast liver clearance kinetics.23–28 Studies in
Sprague–Dawley (SD) rats showed that 99mTcN-MPO has
the heart uptake between that of 99mTc-sestamibi and 99mTcN-
DBODC5, and the heart/liver ratio of 99mTcN-MPO was more than
twice that of 99mTcN-DBODC5 and ~4 times higher than that of
99mTc-sestamibi at 30-min p.i.23 High heart/liver ratios will allow
early acquisition of high-quality images, which would be
extremely convenient to patients with known or suspected
CAD. 99mTcN-MPO is a promising SPECT radiotracer.
Previously, it was shown that 99mTcN-MPO could be prepared

with RCP being 90–93% using the two-step synthesis, and the
radioimpurities were mainly caused by oxidation of PNP5 during
Chart 1. Radiosynthesis of
99m

TcN-MPO with Two-Vial and Single-Vial Formulations.

Copyright © 2014 JohnJ. Label Compd. Radiopharm 2014, 57 584–592
preparation, storage, and 99mTc-labeling.23 To support future
clinical evaluations of 99mTcN-MPO, this study sought to explore
the factors (99mTc-labeling conditions, stabilizer, and the amount
of components in each lyophilized vial) influencing its RCP.
The focus of this study was to stabilize PNP5 with cyclodextrins
(CDs). γ-CD has been an excipient and stabilizer for bisphosphines
in kit formulations of radiopharmaceuticals, 19–21,29,30 some of
which have been widely used for MPI studies in humans.29 The β-
CD derivatives were found to be useful for stabilization of
monosulfonated triphenylphosphine.31 The objective of this study
was to develop a single-vial kit formulation for the widespread
clinical availability of 99mTcN-MPO, consistency, and reproducibility
during its routine radiosynthesis.
www.jlcr.orgWiley & Sons, Ltd.
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Results

Two-vial formulation

In the two-vial formulation, SnCl2 was a reductant for 99mTcO4
�,

and SDH was a source of the [99mTc≡N]2+ core, which was
stabilized by PDTA. PNP5 and MPO were chelators to form
99mTcN-MPO.23 γ-CD was used as an excipient for lyophilization
and a stabilizer for PNP5. Sodium phosphate (Na2HPO4

. H2O and
NaH2PO4) was a buffering agent to control the pH during
manufacturing and 99mTc-labeling. 99mTcN-MPO was prepared
in two steps according to Chart 1. First, 99mTcO4

� was allowed
to react with SDH in the presence of excess PDTA and SnCl2 to
afford the 99mTc-nitrido intermediate, which was allowed to react
with a mixture of PNP5 and MPO at 100 °C to afford 99mTcN-MPO
in high yield and RCP (>98% and n=20) with minimal amount of
[99mTc]colloid (<0.5%). It was found that the chemical purity of
PNP5 was critically important in order to achieve high RCP for
99mTcN-MPO. Its RCP remained relatively constant as long as
PNP5 (1–10mg per vial) was not oxidized during its synthesis,
preparation of stock solutions, vial dispensing, lyophilization,
storage, and 99mTc-labeling. Oxidization of PNP5 would result
in many 99mTc-containing impurities (Figure 2: small radiometric
peaks before and/or after the main peak at ~15min due to
99mTcN-MPO). We also found that β-CD could be used to replace
γ-CD without changing the yield and RCP of 99mTcN-MPO. Once
99mTcN-MPO was formed, it was able to remain stable in kit
matrix for more than 8-h post-labeling at ambient temperature
(Figure 2B).
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Figure 2. Solution stability data of
99m

TcN-MPO prepared from the two-vial
formulation. The RCP was >98% (n= 20).
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SnCl2-containing single-vial formulation

In this formulation, all components (SnCl2, SDH, PDTA, PNP5, MPO,
β-CD, Na2HPO4

.H2O, and NaH2PO4) were lyophilized in a single vial.
99mTc-labeling was completed in one step by simply adding
99mTcO4

� solution and heating the reaction mixture at 100 °C for
10min (Chart 1). The RCP was 95–98% (n=10) depending on the
total radioactivity in each vial (370–1110MBq). Higher radioactivity
levels often resulted in more radioimpurities (2–5%), as evidenced
by the presence of multiple peaks before and after the main
15-min peak from 99mTcN-MPO. The amount of PNP5 and MPO
in each lyophilized vial had very little impact on the RCP of
99mTcN-MPOwhen they were used at the scale of 1–10mg per vial.
The presences of air in the reconstituted vials also had little impact
on RCP of 99mTcN-MPO as long as β-CD was used as the stabilizer,
and PNP5 was not exposed to air for a long time during vial
reconstitution and/or 99mTc-labeling. 99mTcN-MPO from the
single-vial formulation (Figure 3A) was chemically equivalent to
that from the two-vial formulation.
Non-SnCl2 single-vial formulation

This formulation is identical to that discussed previously except
that PNP5 was used as both a reducing agent for 99mTcO4

� and a
co-ligand in 99mTcN-MPO. 99mTc-labeling was completed
by adding 1.0mL of 99mTcO4

� solution and heating the reaction
mixture at 100 °C for 10–15min (Chart 1). The RCP of 99mTcN-MPO
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Figure 3. Radio-HPLC chromatograms of
99m

TcN-MPO prepared with the SnCl2-
containing single-vial (top: n= 10) and non-SnCl2 single-vial (bottom: n= 10)
formulations. The RCP was 95–98%. Many

99m
Tc-containing species (2–5%

radioimpurity depending on the radioactivity level in each reconstituted vial) were
formed before and after the peak at 15.5min from

99m
TcN-MPO.

n Wiley & Sons, Ltd. J. Label Compd. Radiopharm 2014, 57 584–592



Chart 2. Schematic Illustration of PNP5 Stabilization with β-CD and γ-CD.
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Figure 4. Typical radio-HPLC chromatograms of
99m

TcN-MPO prepared using the
SnCl2-containing single-vial (top: n= 5) and non-SnCl2 single-vial (bottom: n= 5)
formulations containing γ-CD. The RCP was only 90–93%. The radioimpurities are
radiometric peaks at 11–12min (3–8% of the total radioactivity).
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was 95–98% with no detectable [99mTc]colloid. It is well-
documented that triarylphosphines and trialkylphosphines are
excellent reducing agents for 99mTcO4

�.32–37 Actually, trisodium
triphenylphosphine-3,3′,3′′-trisulfonate was used for preparation
of 99mTcN-NOET and 99mTcN-DBODC5.19–21,32–37 99mTcN-MPO
prepared from this formulation had identical HPLC retention time
(Figure 3B) to that from the SnCl2-containing single-vial formulation.

β-cyclodextrin versus γ-cyclodextrin

Cyclodextrins are cyclic oligosaccharides that consist of (α-1,4)-linked
α-D-glucopyranose units and are used as excipients in phar-
maceutical formulations.38–40 Natural α-CD, β-CD, and γ-CD consist
of 6, 7, and 8 glucopyranose units, respectively. Because of the chair
conformation of glucopyranose units, CDs are shaped like a
truncated cone rather than cylinders (Chart 2). The central cavity is
lined by lipophilic skeletal carbons and ethereal oxygens of glucose
residues. CDs can interact with appropriately sized molecules to
result in the formation of inclusion complexes (Chart 2), which offer
significant advantages over the unmanipulated drug substances,
including the increased water solubility and solution stability.
Because it has better water solubility than β-CD (~20mg/mL in
0.1-M phosphate buffer), γ-CD (>250mg/mL in 0.1-M phosphate
buffer) is preferred in the pharmaceutical and radiopharmaceutical
formulations.19–21,29,30 In this study, we found that β-CD is much
better than γ-CD for stabilization of PNP5 in single-vial formulations
with/without SnCl2, as evidenced by lower RCP of 99mTcN-MPO
with γ-CD. Using β-CD (~20mg/vial), the RCP of 99mTcN-MPO
was 95–98% with/without removal of air (Figure 3). Its RCP was
only 90–93% using γ-CD (Figure 4). The radioimpurities were
mainly from the small radiometric peaks at 11–12min (3–8%
depending on the total radioactivity level in each reconstituted
vial) in its HPLC chromatograms (Figure 4).

Biodistribution properties

Table 1 lists the selected 30-min biodistribution data of 99mTcN-
MPO to compare the biological performance of three
Copyright © 2014 JohnJ. Label Compd. Radiopharm 2014, 57 584–592
formulations. The 30-min biodistribution data were chosen
because the radioactivity accumulation in the blood and muscle
was low at this time point. Clearly, all three formulations afforded
www.jlcr.orgWiley & Sons, Ltd.
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Table 1. Selected 30-min biodistribution data (%ID/g) in SD rats for 99mTcN-MPO prepared from three
different formulations

Organ
Two-vial

formulation (n=4)
Single-vial (SnCl2)
formulation (n=8)

Single-vial (non-SnCl2)
formulation (n= 8)

Blood 0.03 ± 0.01 0.09 ± 0.03 0.08 ± 0.02
Brain 0.01 ± 0.00 0.01 ± 0.00 0.02 ± 0.01
Heart 2.29 ± 0.07 2.17 ± 0.19 2.23 ± 0.13
Intestines 1.62 ± 0.20 1.48 ± 0.42 2.05 ± 0.55
Kidneys 4.33 ± 1.61 2.58 ± 0.52 3.54 ± 0.60
Liver 0.33 ± 0.05 0.40 ± 0.14 0.46 ± 0.16
Lungs 0.49 ± 0.14 0.53 ± 0.08 0.61 ± 0.15
Muscle 0.24 ± 0.10 0.21 ± 0.09 0.21 ± 0.04
Spleen 0.35 ± 0.03 0.34 ± 0.11 0.37 ± 0.10
Heart/blood 83.99 ± 13.86 24.89 ± 7.25 29.37 ± 7.26
Heart/lungs 4.67 ± 0.53 4.32 ± 1.06 4.06 ± 0.39
Heart/liver 6.86 ± 1.50 6.22 ± 1.52 5.87 ± 0.77
Heart/muscle 9.36 ± 0.72 11.20 ± 5.04 11.01 ± 2.52

15 min 30 min 60 min

Two-Vial 
Formulation

SnCl2

Single-Vial 
Formulation

SnCl2

Single-Vial 
Formulation
Non-SnCl2

Figure 5. Comparison of whole-body planar images of SD rats (n= 5)
administered with

99m
TcN-MPO prepared by three different formulations to show

their biological equivalence. Each rat was injected with 0.5–2.0mCi of
99m

TcN-
MPO. Images were obtained at 15-min, 30-min, and 60-min p.i.
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99mTcN-MPO with very similar uptake values in most organs
(Table 1), which strongly suggested that 99mTcN-MPO from three
different formulations was biologically equivalent. It is
important to note that the biodistribution data and T/B ratios
of 99mTcN-MPO described in this study were slightly different
from those presented in our previous reports,23,24 wherein
99mTcN-MPO was purified before being used for biodistribution
studies. Of course, future clinical studies will use 99mTcN-MPO
to be prepared from the kit formulation without any
chromatographic purification.

Planar imaging data

Planar imaging was performed to further compare biological
performance of three formulations. Figure 5 shows the
whole body anterior images of SD rats administered with
99mTcN-MPO at 15-min, 30-min, and 60-min p.i. Clearly, all the
15-min images showed a relatively low uptake in the liver. By
30-min p.i., the liver radioactivity accumulation was nearly
undetectable, whereas its heart radioactivity remained high.
Figure 6 shows the myocardial retention and liver clearance
curves of 99mTcN-MPO prepared from three different
formulations. A slight difference was seen between the two-vial
formulation and the single-vial formulations with/without SnCl2,
most likely because of their small variations in the RCP of
99mTcN-MPO. However, this difference was not significant with
experimental errors, as indicated by overlapping of the heart
retention and liver clearance curves. The results from image
quantification were in good agreement with those reported in
our previous study.23 Both planar imaging and quantification
data supported our conclusion that 99mTcN-MPO from three
formulations is biologically equivalent.

SPECT imaging data

Single photon-emission computed tomography studies were
performed to explore the time window for data acquisition and to
further compare biological performance of the two-vial formulation
and the non-SnCl2 single-vial formulation. Figure 7 shows the SPECT
images of SD rats administered with 99mTcN-MPO from these
two formulations. SPECT images were acquired at 0–30min and
www.jlcr.org Copyright © 2014 Joh
30–60min after administration of 99mTcN-MPO. In all cases, the
quality of heart images (coronal, sagittal, and transaxial) was
high with a clear delineation of left and right ventricular walls. The
separation between different parts of myocardium was seen
because of high resolution of the U-SPECT-II. Because of the
fast liver clearance of 99mTcN-MPO, there was little significant
interference from the liver radioactivity. SPECT data strongly
suggested that 99mTcN-MPO from both formulations is biologically
equivalent.
n Wiley & Sons, Ltd. J. Label Compd. Radiopharm 2014, 57 584–592



Heart Retention

Liver Clearance

Figure 6. Image quantification data to compare heart retention and liver excretion kinetics of
99m

TcN-MPO prepared from three different formulations. The experimental
data were expressed as a percentage of the initial radioactivity at 0–2-min p.i.

Coronal Sagittal Transaxial

0 – 30 min

30 – 60 min

0 – 30 min

Two-Vial Formulation (350 MBq)

Single-Vial Formulation (550 MBq)
TransaxialSagittalCoronal

30 – 60 min

Figure 7. Selected EKG-gated SPECT (coronal, transaxial and sagittal) images of the SD rats administered with
99m

TcN-MPO prepared from the two-vial (~350MBq) and
non-SnCl2 single-vial (~550MBq) formulations. These images were acquired at 0–30-min and 30–60-min p.i. There was no significant interference from the liver
radioactivity due to its fast liver clearance.
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Discussion

Discovery of a new 99mTc radiotracer is just the first step of a
long development process. 99mTc is obtained from 99Mo-99mTc
generators as Na99mTcO4 in saline. Therefore, 99mTc radiotracer
synthesis must be performed in aqueous solution, and
completed within 30 min due to its short half-life (~6 h). Since
radiotracers are administered by intravenous injection,
radiosynthesis has to be performed under sterile conditions.
The RCP of radiotracer must be ≥ 95% with high solution
stability. Otherwise, post-labeling purification is needed to
remove the radioimpurities. Injection of a mixture of 99mTc
species will decrease organ specificity. In this study, we show
that 99mTcN-MPO can be prepared from three different
formulations. In all cases, the purity of PNP5 was the most
important factor influencing the RCP of 99mTcN-MPO. The
impurities are caused by oxidation of PNP5 during synthesis,
storage, vial reconstitution and 99mTc-labeling. Because PNP5 is
sensitive to oxygen, removal of air in reconstituted vials is highly
recommended.

A significant advantage of two-vial formulation is the high
RCP (>98%) of 99mTcN-MPO. However, radiosynthesis with this
formulation is more time consuming (>30min). In contrast,
99mTcN-MPO could be readily prepared in ~10min with slightly
lower RCP (95–98%) using single-vial formulations. The advantage
of non-SnCl2 single-vial formulation is the use of PNP5 as a
reducing agent. The non-SnCl2 formulation is preferred in order
tominimize [99mTc]colloid formation. The RCP of 99mTcN-MPO from
the non-SnCl2 formulation is comparable with that from the SnCl2-
containing single-vial formulation (Figure 3). 99mTcN-MPO from
three different formulations is chemically identical, as illustrated
by its identical HPLC retention times and biologically equivalent
because 99mTcN-MPO prepared from three different formulations
has almost identical biodistribution properties (Table 1) and the
same imaging quality (Figure 5).

The results from this study also show that β-CD is a better
stabilizer for PNP5 than γ-CD in the single-vial formulations with/
without SnCl2. Using β-CD, 99mTcN-MPO could be prepared in
95–98% RCP, whereas its RCP is only 90–93% using γ-CD under
the same experimental conditions. The impact of CDs (β-CD vs.
γ-CD) on the RCP of 99mTcN-MPO can be explained in terms of
their inner cavity sizes. It seems that PNP5 fits better into the
inner lipophilic cavity of β-CD (6.0–6.5Ǻ) as compared with that
of γ-CD (7.5–8.3Ǻ),39,40 thereby forming the more stable
inclusion complex with β-CD (Chart 2). As a result, PNP5 is better
stabilized by β-CD during preparation of stock solutions, vial
dispensing, lyophilization, and 99mTc-labeling (Figure 4).

The identity of radioimpurities remains unknown. Because the
RCP of 99mTcN-MPO from the two-vial formulation is 2–3% higher
than that from the single-vial formulations with/without SnCl2, it
is reasonable to believe that these multiple 99mTc-containing
species are originated during reduction of 99mTcO4

�. Oxidation of
PNP5 involves extraction of oxygen from 99mTcO4

�. Bonding of
the oxidized PNP5 to 99mTc(V) will result in many 99mT-containing
species because it might be monodentate with phosphine-P as
the donor atom, bidentate with phosphine-P and amine-N atoms
or tridentate with phosphine-P, amine-N, and phosphine-oxide-O
atoms in bonding to 99mTc(V).

Radiosynthesis of 99mTcN-MPO represents an excellent example
of 99mTc-centered one-pot synthesis from multi-components
(99mTcO4

�, SnCl2, SDH, PNP5, and MPO). Unlike traditional organic
synthesis, which may involve formation of multiple C–C and
www.jlcr.org Copyright © 2014 Joh
C–heteroatom bonds, the one-pot synthesis of 99mTcN-MPO is
performed at the tracer level (10�7–10�6M) and results in
formation of multiple coordination bonds between 99mTc and
donor atoms (N, O, S, and P) in a single step. 99mTc-Labeling is
accomplished by simply adding 99mTcO4

� into a kit formulation
and heating the reactionmixture for 10min. During 99mTc-labeling,
the 99mTc(VII) in 99mTcO4

� is reduced to 99mTc(V) to generate the
99mTc-nitrido intermediate (Chart I), which undergoes rapid ligand
exchangewith PNP5 andMPO to afford 99mTcN-MPO in high purity
(RCP >95%) without post-labeling chromatographic purification.
Because 99mTc-labeling is performed under sterile conditions,
99mTcN-MPO can be used directly for intravenous injection into
patients.
SnCl2 is a common reducing agent for 99mTcO4

� in
radiopharmaceutical formulations. SDH and PDTA are key
components for preparation of 99mTcN-NOET and 99mTcN-
DBODC5,19–21,32–37 both of which have been used in humans.
β-CD and γ-CD are recognized as safe pharmaceutical and
radiopharmaceutical excipients.30,31,38–40 Because PNP5 and
MPO are used in such a small mount (1–2mg per vial), it is
reasonable to believe that their toxicity will be minimal. This
statement is completely consistent with the fact that
administration of part of the kit matrix causes no significant
adverse effects (vomiting, short breath, or death) in animals
used for SPECT studies, in which each animal was injected up
to 350–550MBq of 99mTcN-MPO (equivalent to one-third or half
of the whole kit or more than 120× of the human dose for a
75-kg patient administered with 925MBq of 99mTcN-MPO).
Therefore, these three formulations are all amendable for wide
clinical applications.
It is interesting to note that the high quality SPECT images could

be acquired at 0–30min after administration of 99mTcN-MPO due
to its fast liver clearance. This suggests that the same imaging
protocol might be used with 99mTcN-MPO in clinical settings.
The quality of SPECT images of the rat heart is better than
those obtained using micro-PET in the same animal model with
18 F-BMS747158-02,41–43 which is currently under clinical
evaluations as a PET radiotracer for MPI.44 Despite its low sensitivity
(>370MBq required to obtain high quality gated SPECT images),
U-SPECT-II is an excellent imaging platform to evaluate 99mTc
perfusion radiotracers in small animals, such as SD rats.

Conclusions

In conclusion, the major findings of this study are as follows: (1)
99mTcN-MPO could be prepared in high yield and RCP (>95%) from
all three different formulations (two-vial formulation and single-vial
formulations with/without SnCl2); (2) β-CD is a better stabilizer than
γ-CD for PNP5 in the single-vial formulations with/without SnCl2; (3)
99mTcN-MPO from three formulations is chemically identical and
biologically equivalent; and (4) high quality SPECT images can be
obtained at 0–30-min p.i. without significant interference from
the liver radioactivity accumulation in SD rats administered with
99mTcN-MPO. The combination of easy 99mTc-labeling with high
RCP for 99mTcN-MPO makes the non-SnCl2 single-vial formulation
an attractive choice for future clinical studies.

Experimental

Materials

β-CD, γ-CD, PDTA, MPO, stannous chloride dihydrate (SnCl2·2H2O)
and SDH were purchased from Sigma/Aldrich (St. Louis, MO, USA).
n Wiley & Sons, Ltd. J. Label Compd. Radiopharm 2014, 57 584–592
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PNP5 (N-ethoxyethyl-N,N-bis[2-(bis(3-methoxypropyl)phosphino)ethyl]
amine was prepared with >98% purity (on the basis of 31P NMR)
according to the literature method.28 Na99mTcO4 was obtained from
Cardinal HealthCare® (Chicago, IL, USA).

Radio-HPLC and instant thin layer chromatography (ITLC)
methods

The HPLC method used an Agilent HP-1100 HPLC system (Agilent
Technologies, Santa Clara, CA, USA), equipped with a β-ram IN/US detector
(Tampa, FL, USA) and Zorbax C8 column (4.6mm×250mm, 300Å-pore size;
Agilent Technologies, Santa Clara, CA, USA). The flow rate was 1mL/min.
The mobile phase was isocratic with 30% solvent A (10mMNH4OAc buffer,
pH=6.8) and 70% solvent B (methanol) between 0 and 5min, followed by
a gradient from 70% solvent B at 5min to 90% solvent B at 20min. The
RCP for 99mTcN-MPO was calculated as the percentage of peak area over
the total area. ITLC used Gelman Sciences silica-gel strips and a 1:1 mixture
of acetone/saline (v:v) as eluent. 99mTcN-MPO and 99mTcO4

� migrated to
solvent front, whereas [99mTc]colloid stayed at the origin. [99mTc]colloid
was reported as the percentage of radioactivity at the origin over the total
radioactivity on each strip.

Preparation of 99mTcN-MPO from two-vial formulation

The two-vial kit formulation is composed of two lyophilized vials (A and B),
where vial A contains 5-mg SDH, 5-mg PDTA, 0.1-mg SnCl2·2H2O, 3.1-mg
Na2HPO4

. H2O, and 10.9-mg NaH2PO4 in freeze-dried form, and vial B
contains 2-mg PNP5, 2-mg MPO, and 20-mg γ-CD also in freeze-dried form.
To vial A was added 1.0mL of 99mTcO4

� solution (370–1850MBq). The
reconstituted vial A was kept at room temperature for ~15min to form
the 99mTc-nitrido intermediate. To vial B was added 1.0mL of saline,
followed with sonication to make sure that all components were dissolved.
The liquid in vial B was completely transferred into vial A. The resulting
mixture was then heated in a boiling water-bath for 10min. After
radiolabeling, vial A was allowed to stand at room temperature for 5min.
A sample of the resulting solution was diluted to 185–370Bq/mLwith saline
and was then analyzed by radio-HPLC and ITLC.

Preparation of 99mTcN-MPO from SnCl2-containing
single-vial formulation

Each lyophilized vial contains 5-mg SDH, 5-mg PDTA, 0.1-mg SnCl2·2H2O,
2-mg PNP5, 1-mg MPO, 20-mg β-CD, 3.1-mg Na2HPO4

. H2O, and 10.9-mg
NaH2PO4. To a lyophilized vial was added 1.0mL of 99mTcO4

� solution
(370–1110MBq). The reconstituted vial was then heated at 100 °C for
10–15min. After radiolabeling, a sample of the resulting solution was
diluted to 185–370 Bq/mL with saline and was then analyzed by radio-
HPLC and ITLC.

Preparation of 99mTcN-MPO from non-SnCl2 single-vial
formulation

Each lyophilized vial contains 5-mg SDH, 5-mg PDTA, 2-mg PNP5, 1-mg
MPO, 20-mg β-CD, 3.1-mg Na2HPO4

. H2O, and 10.9-mg NaH2PO4. To
each vial was added 1.0mL of 99mTcO4

� solution (370–1110MBq). After
it was evacuated twice with 5-mL syringe to completely remove air,
the vial was then heated at 100 °C for 10–15min. After cooling at
room temperature, a sample of the resulting solution was diluted to
185–370 Bq/mL and analyzed by radio-HPLC and ITLC.

Doses preparation

Doses for biodistribution were prepared by dissolving the 99mTcN-MPO
kit solution to a concentration of ~1110 kBq/mL with saline containing
15–20% (w/w) propylene glycol. The resulting dose solution was filtered
with a 0.20-μm Millex-LG filter unit before being injected into animals.
The injection volume was ~0.1mL for each animal. Doses for planar
imaging studies were made by dissolving the 99mTcN-MPO kit
Copyright © 2014 JohnJ. Label Compd. Radiopharm 2014, 57 584–592
solution to ~370MBq/mL with saline containing 15–20% (w/w)
propylene glycol. The injection volume was 0.25–0.50mL for each animal
in the imaging studies.

Animal preparation

All animal studies were conducted in compliance with the NIH animal
experiment guidelines (Principles of Laboratory Animal Care, NIH
Publication No. 86–23, revised 1985). The SD rats (200–250 g) were
purchased from Harlan (Indianapolis, IN, USA) and were acclimated for
>24 h before being used for biodistribution and imaging studies. The
protocols were approved by the Purdue University Animal Care and
Use Committee (PACUC).

Biodistribution

Animals were anesthetized with intramuscular injection of a mixture of
ketamine (80mg/kg) and xylazine (19mg/kg) before being used for
planar imaging and biodistribution studies. Eight SD rats (four female rats
and four male rats) were selected. Each animal was administered with
100–110 kBq of 99mTcN-MPO via the tail vein. Animals were sacrificed
by sodium pentobarbital overdose (100–200mg/kg) at 30-min p.i. Blood
was withdrawn from the heart. Organs of interest (heart, brain, lung, liver,
spleen, kidneys, muscle, and intestine) were excised, rinsed with saline,
weighed, and counted on a Perkin Elmer Wizard—1480 γ-counter
(Shelton, CT, USA). Organ uptake was calculated as the percentage of
injected dose per gram (%ID/g). Biodistribution data and T/B ratios were
reported as an average± standard deviation on the basis of the results
from eight animals in each group unless specified. Comparison between
two formulations was made using a one-way ANOVA test. The level of
significance was set at p< 0.05.

Planar imaging

Five female SD rats (200–250 g) were used for planar imaging studies.
Animals were anesthetized with intramuscular injection of a mixture of
ketamine (80mg/kg) and xylazine (19mg/kg) before being used for
planar imaging and biodistribution studies. Each animal was
administered with 99mTcN-MPO (25–50MBq) via the tail vein injection.
The animal was then placed prone on a single head mini γ-camera
(Diagnostic Services Inc., NJ, USA) equipped with a parallel-hole, low-
energy, and high-resolution collimator. A standard radiation source was
placed beside animal. Static images were acquired at 15-min, 30-min,
and 60-min p.i. and were stored digitally in a 128× 128 matrix. The count
limits were set at 300 K. For dynamic imaging, the 2-min static images
were acquired at 0–30-min p.i., followed with whole body static images
at 40-min, 50-min, and 60-min p.i. After imaging, animals were returned
to the lead-shielded cage for recovery. Planar images were analyzed by
drawing regions of the heart, liver, and standard radiation source. The
results were expressed as a percentage of the initial radioactivity in that
organ. The exponential fit of the heart retention and liver clearance was
determined using GraphPad Prim 5.0 (GraphPad Software, Inc., San
Diego, CA, USA). The image quantification data were reported as an
average plus/minus standard deviation on the basis of the results from
five animals in each group. Comparison between two formulations was
made using a one-way ANOVA test. The level of significance was set
at p< 0.05.

Protocol for EKG-gated SPECT

Two SD rats were used for electrocardiography (EKG)-gated SPECT studies.
One was injected with 350MBq of 99mTcN-MPO, whereas the other was
administered with 550MBq of 99mTcN-MPO via the tail-vein injection. The
EKG-gated SPECT images were obtained using a u-SPECT-II/CT scanner
(Milabs, Utrecht, Netherlands) equipped with a 1.0-mm multi-pinhole
collimator. The SD rat was anesthetized connected to an isoflurane
anesthesia unit (Univentor Limited, Zejtun, Malta) using an air flow rate
of 350mL/min with ~3.0% isoflurane, and was maintained using the air
www.jlcr.orgWiley & Sons, Ltd.
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flow rate of ~250mL/min with ~2.0% isoflurane during the whole time of
preparation and data acquisition (two frames: 75 projections over 30min
per frame). The hair of the entire chest and the inner side of the right
hind limb was shaved. A 24G (0.67 × 19mm) catheter (Somerset, NJ,
USA) was inserted to the tail vein and connected with a 1.0-ml syringe
filled with sterilized saline. After the animal was placed supine on
the scanning bed, EKG leads were attached to a piece of tape. After the
EKG gel was added on each lead, the tape was attached tightly onto
the chest or right hind limb to achieve a good electric connection. The
gain and threshold parameters were adjusted to make sure that the
waveform (not the noise) broke the threshold consistently. Rectangular
scan area limited to the region of heart was selected on the basis of
orthogonal X-ray images provided by the integrated CT. The SD rat was
administered with 99mTcN-MPO dissolved in 0.5-mL saline containing
~20% propylene glycol through the aforementioned catheter, followed
with 0.5-mL saline solution flash. After SPECT data acquisition, the animal
was allowed to recover in a lead-shielded cage.

Image reconstruction and data processing

Single photon-emission computed tomography reconstruction was
performed using a pixelated-ordered subsets by expectation maximization
on a 0.375-mm isotropic voxel grid with eight iterations and 12 subsets. The
total number of detected photons was determined for each scan in a 20%
energy window around 140 keV. For image reconstruction, four frames
were used per cardiac cycle. The beat acceptance window was set at the
center of the average R–R interval calculated just before starting image
acquisition. The width of the heart beat acceptance window was set at
50% of this average R–R interval.45 A 3D-Guassian filter (1.0-mm Full width
at half maximum (FWHM)) was applied to smooth noise. The look up tables
were adjusted for good visual contrast, the rotate tool in the PMOD software’s
view tool was used to get the coronal, transaxial, and sagittal images.
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