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[. Introduction

A. Radiopharmaceuticals

Radiopharmaceuticals are drugs containing a ra-
dionuclide and are used routinely in nuclear medicine
departments for the diagnosis or therapy of various
diseases. They are mostly small organic or inorganic
compounds with definite composition. They can also
be macromolecules such as monoclonal antibodies
and antibody fragments that are not stoichiometric-
ally labeled with a radionuclide. Radiopharmaceuti-
cals can be divided into two primary classes: those
whose biodistribution is determined exclusively by
their chemical and physical properties and those
whose ultimate distribution is determined by their
receptor binding or other biological interactions. The
latter class is often called target-specific radiophar-
maceuticals.

The successful use of 11 In—-DTPA—Octreotide (Oc-
treoScan, Figure 1) in diagnosis of somatostatin
receptor-positive tumors has intensified the search
for new target-specific radiopharmaceuticals based
on small biomolecules. Many small biomolecules have
been synthesized, radiolabeled, and studied for their
potential use as new diagnostic imaging agents for
various diseases. These have been recently re-
viewed. 10 Table 1 shows some examples of radio-
labeled receptor ligands (peptides and non-peptides)
used for receptor imaging. These include %MTc-
labeled chemotactic peptides,’*~2? leukotriene B,
(LTB,) receptor antagonists,?~26 and tuftsin receptor
antagonists?’~2° for imaging focal sites of infection;
somatostatin analogues,®°~3° bombesin analogues,*~4*
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folate receptor antagonists,** 4" and vasoactive in-
testinal peptide (VIP)*52 for imaging tumors; and
platelet GPIIb/ll1a receptor antagonists for imaging
thrombi.>3-64 Other radiolabeled receptor ligands
such as neurotransmitter receptor antagonists, dopa-
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Figure 1. Structure of 1In—DTPA-Octreotide (Oc-
treoScan).
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Bifunctional Approach

Figure 2. Schematic representation of two strategies of
radiopharmaceutical design.

mine transporter antagonists, progestin receptor
antagonists, and sigma receptor ligands have been
recently reviewed.! Many excellent reviews have been
published in the past decade discussing the techne-
tium chemistry,55-74 technetium radiopharmaceu-
ticals,”># radiolabeled antibodies for diagnosis and
therapy,® % potential radionuclides for diagnosis and
therapy,® 9 99mTc-labeled target-specific small mol-
ecule radiopharmaceuticals,?9°71% radiolabeling of
highly potent small peptides,?® and pharmacokinetic
characteristics of ®*"Tc-labeled small peptides.1%

B. This Review

This review will focus on some fundamental aspects
in the design and development of target-specific
radiopharmaceuticals based on small peptide recep-
tor ligands. It will also discuss the technetium
chemistry associated with the ®™Tc-labeling of highly
active small peptides, technetium cores and bifunc-
tional coupling agents (BFCAS), conjugation groups
for peptide attachment, different radiolabeling ap-
proaches, three routes to prepare the ®"Tc—BFCA—
peptide complexes, quality control and characteriza-
tion of °°MTc-labeled small peptides, and some
examples of " Tc-labeled receptor ligands as target-
specific diagnostic radiopharmaceuticals.

II. Strategies for *"Tc Radiopharmaceutical
Design

A. Integrated Approach

Figure 2 shows two strategies, the bifunctional
approach and the integrated approach, for the design
of receptor-based *"Tc radiopharmaceuticals. Both
have been used in the design of *®*™Tc-labeled receptor
ligands for imaging both extra- and intracellular
receptors. The integrated approach involves the
replacement of part of a known high-affinity receptor
ligand with the requisite “unnatural” *"Tc chelate
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Table 1. Examples of Radiolabeled Receptor Ligands as Diagnostic Radiopharmaceuticals

receptor ligand receptor radiolabeled compound targeted disease ref
Peptides

RGD-containing peptides GPIlIb/llla/platelet RP419/DMP444 thrombosis 56—59, 189

CSVTCR CD36/platelet 9MTc—~GAGG—Aba—CSVTCR thrombosis 391

RGD-peptidomimetic GPIlIb/llla/platelet 99mTc—P280/Thromboscan thrombosis 61, 388, 394

TKPR-containing peptides  tuftsin 99MTc—RP128 infection/inflammation 28, 29, 414
chemotectic peptides CTR/WBC? f-MLFK—HYNIC—%mT¢ infection/inflammation  12—22
P483 platelet factor 4 9OMTc—P483HP infection/inflammation 413
octreotide somatostatin 1 In—DTPA—Octreotide tumor (neuroendocrine) 420, 422—424
P-829 somatostatin 9mMTc—P829 tumor (neuroendocrine) 33, 425, 426
vasoactive intestinal OMTc—~MAG;—VIP/ tumor 49, 237
peptides VIP 9OMTc—1666
vasoactive intestinal OMTc—~GAGG—Aba—VIP tumor 234
peptides vip
bombesin analogues bombesin/GRP¢ 9mTc—Lys!3(DADT)—Bombesin  tumor 41, 42
P,S,—bombesin bombesin/GRP¢ 99MTc—P,S,—Bombesin tumor 43
HYNIC—bombesin bombesin/GRP¢ 9mTc—HYNIC—Bombesin tumor 44
RGD-containing peptides  vitronectin/integrin 1251 —p-Tyr—cyclo(RGDyV) tumor 443
YIGSR laminin/angiogenesis  !1-YIGSR tumor 445
o-MSH¢ o-melanocyte 99MT¢/188Re—~CCMSH tumor (breast, prostate) 235, 236

Non-Peptides

leukotriene B4 antagonists LTB4/WBC
folate antagonists folate

RP517/RP532
W In—-DTPA—folate tumor

23-26
45—-47

infection/inflammation

aWhite blood cell. ® 9°™T¢c—P483 and heparin complex. ¢ Gastrin release peptide. ¢ Melanocyte stimulating hormone.

in such a way that there are minimal changes in size,
conformation, and receptor binding affinity. The
technetium chelate is a vital part of the receptor
binding motif. Unfortunately, this approach often
results in a more synthetically challenging target
molecule or the loss of receptor binding affinity.!
Apparently, the replacement of the C—C or C—het-
eroatom bonds with Tc—N or Tc—S coordination
bonds usually has a significant impact on the size
and conformation of the targeting molecule, which
are critical for receptor binding. In addition, the
introduction of the [Tc=0]%" core will lead to the
change in the lipophilicity of the receptor ligand.

B. Bifunctional Approach

Unlike the integrated approach, the bifunctional
approach uses a high binding affinity receptor ligand
as the targeting molecule, a BFCA for the conjugation
of the receptor ligand and the chelation of the
radionuclide (°*™Tc), and a linker as the pharmaco-
kinetic modifier (PKM). In this approach, the tech-
netium chelate is often far apart from the receptor
binding motif to minimize possible interference of the
receptor binding by the technetium chelate. This is
the more popular approach in the design of new
receptor-based radiopharmaceuticals, in part, due to
the likelihood of retaining the receptor binding af-
finity with a careful selection of the BFCA for the
9mTc-labeling and, in part, due to the fact that much
of the coordination chemistry of small ®"Tc chelates
has already been well explored and understood.
Therefore, it is not surprising that all the new
receptor-based target-specific %™ Tc radiopharmaceu-
ticals approved or under clinical investigation use the
bifunctional approach.

lll. Fundamentals of Receptor Imaging

A. Target-Specific Radiopharmaceuticals

In general, a receptor-based target-specific radio-
pharmaceutical using the bifunctional approach

(Figure 2) can be divided into four parts: a targeting
molecule, a linker, a BFCA, and a radionuclide. The
targeting molecule serves as the vehicle, which
carries the radionuclide to the receptor site at the
diseased tissue. The targeting molecules can be
macromolecules, such as antibodies, or small biomol-
ecules, including peptides, peptidomimetics, and non-
peptide receptor ligands. The choice of biomolecule
depends on the disease target. The radionuclide is
the radiation source. Between the targeting molecule
and the radionuclide is the BFCA, which strongly
coordinates to the metal ion and is covalently at-
tached to the targeting molecule either directly or
through a linker. Selection of a BFCA is largely
determined by the nature and oxidation state of the
metallic radionuclide. The linker can be a simple
hydrocarbon chain or a long poly(ethylene glycol)
(PEG), which is often used for modification of phar-
macokinetics. Sometimes, a metabolizable linker is
used to increase the blood clearance and to reduce
the background activity, thereby improving the target-
to-background (T/B) ratio.10”

The use of metallic radionuclides offers many
opportunities for designing new radiopharmaceuti-
cals by modifying the coordination environment
around the metal with a variety of chelators. The
coordination chemistry of the metallic radionuclide
will determine the geometry of the metal chelate and
influence the solution stability of the radiopharma-
ceutical. Different metallic radionuclides have their
different coordination chemistries and require BFCAs
with different donor atoms and ligand frameworks.
For “metal essential” radiopharmaceuticals, there is
no targeting moiety and the biodistribution is exclu-
sively determined by the physical properties of the
metal chelate. For target-specific radiopharmaceuti-
cals, the “metal tag” is not totally innocent because
the target uptake and biodistribution will be affected
by the metal chelate, the linker, and the targeting
biomolecule. This is especially true for radiopharma-
ceuticals based on small molecules, such as peptides,
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due to the fact that in many cases the metal chelate
contributes greatly to the overall size and molecular
weight. Therefore, the design and selection of the
BFCA is very important for the development of a new
radiopharmaceutical.

B. Receptors and Receptor Imaging

The term “receptor” was first introduced by Paul
Ehrlich to describe the interaction of tetanus toxin
with a specific protoplasmic site.1° He is also credited
with concept of the “magic bullet.” Traditionally,
biochemists define receptors as entities that can
recognize a receptor ligand with high affinity and
selectivity. The receptors are usually proteins embed-
ded in a double layer of lipid molecules, the cell
membrane, which separate the extracellular environ-
ment from the intracellular compartment. Since
there are only a few structural determinations of
receptors, a receptor is often characterized by its
biological properties, including high ligand affinity,
specificity, saturability, and distribution in relation
to the physiological response.’®® The determination
of these properties has to be performed experimen-
tally and has been made possible by the development
of high specific activity radiotracers such as ?°I-
fibrinogen for the in vitro assay of the binding affinity
of GPIIb/Illa receptor antagonists. On the other
hand, studies of various receptors and their connec-
tion with various diseases or disease states help the
development of new imaging agents, which can be
used to monitor changes in receptor and receptor
function as the disease progresses.

Receptor imaging is usually reserved for localiza-
tion of a radiolabeled compound that binds to recep-
tors with high affinity and specificity. The high
specificity of receptor binding results in selective
uptake and distribution of the radiolabeled receptor
ligand at the tissues, which are known to contain a
substantial concentration of the target receptor. It
is this high receptor binding affinity and specificity
that makes receptor imaging advantageous over
traditional scintigraphic imaging using simple tech-
netium complex radiopharmaceuticals and over other
diagnostic modalities such as magnetic resonance
contrast imaging (MRI).

In general, the receptor protein is present in a
limited concentration (10°6—1071° M or 10°-10"13
mol per gram of tissue).!%9-11 MRI contrast imaging
requires much higher concentrations of the imaging
agent to achieve a reasonable contrast. It has been
estimated that the minimal concentration required
to achieve a 50% increase in image enhancement is
about 1074 M (~10~7 mol per gram of tissue) at 2 T
using a standard T1 (spin lattice relaxation time)
weighted spin—echo pulse sequence.!' At this con-
centration, most receptors can be easily saturated.
Therefore, it is virtually impossible to perform recep-
tor imaging using monomeric gadolinium complex
MRI contrast agents.

C. Agonists and Antagonists

Receptor binding is only the first step in both
pharmacological and hormonal signaling. It is usually
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followed by a cascade of biological effects after
receptor interaction. Some receptor ligands bind to
the receptor site, compete with the “native ligand”,
and cause a cascade of biochemical effects. They are
usually called “agonists”. Some receptor ligands bind
to the receptor site with comparable binding affinity
and cause no physiological and biochemical reactions.
They are considered as antagonists. For a receptor
ligand to be useful as a targeting molecule, it should
have very high receptor binding affinity with 1Cs
value in the nanomolar range. Low receptor binding
affinity will result in low radioactivity uptake and
short residence time at the receptor site. The receptor
ligand should also have high specificity because the
same peptide sequence or receptor binding motif
might be able to bind to two or more receptors with
a different affinity. For example, the RGD tripeptide
sequence is known to bind the GPIIb/Illa receptor
on activated platelets''?11® and vitronectin receptors
(such as avpl, avp3, and avp5) on endothelial
Ce”S.lM_llG

A radiopharmaceutical kit typically contains an
excess of BFCA-derivatized receptor ligand relative
to the amount of total technetium (°*™Tc and %°Tc)
in order to achieve a high radiolabeling yield, a
reducing agent such as stannous chloride, if neces-
sary, and other components such as a bulking agent
or a weak transfer ligand. Kits can be purchased and
stored for daily preparation. In many cases, the *™Tc-
labeling can be accomplished simply by adding [*°™Tc]-
pertechnetate to the Kit. It is very important to note
that the excess BFCA-derivatized receptor ligand
does not cause receptor saturation and blockage of
the binding of the radiolabeled receptor ligand. It also
should not cause any side effects or unwanted
pharmacological responses either. Thus, receptor
antagonists are the candidates of choice for the
development of receptor-based radiopharmaceuticals.

D. Intracellular and Extracellular Receptors

Receptors can be either intracellular or extracel-
lular. The location of the receptor determines the
radiopharmaceutical design, the selection of BFCA,
and the degree of tolerance of the receptor ligand
toward chemical modification such as attachment of
the BFCA and the radionuclide. If the receptors are
intracellular, the radiolabeled receptor ligand has to
cross the cell membrane to reach the receptor site.
In this case, the receptor ligand is usually small and
has little tolerance for chemical modifications. The
metal chelate has to be neutral unless a specific
intracellular transport mechanism is accessible. If the
receptor is extracellular, the radiolabeled receptor
ligand will not have to cross the cell membrane to
interact with the receptor. In this situation, there is
usually a higher degree of tolerance toward chemical
modifications.! The metal chelate can be neutral or
charged depending on the pharmacokinetic require-
ments. It is not surprising that most of the new
radiopharmaceuticals approved or under clinical
investigation are targeted to extracellular receptors.
Examples include 1 In—DTPA—Octreotide and *™Tc—
P829 for somatostatin receptors on the cell mem-
branes of carcinoid tumors, as well as *"Tc—P280
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and DMP444 for GPIlIb/llla receptors on activated
platelets.

The choice of a receptor system must be made on
both chemical and clinical grounds. First, one has to
identify a clinical need for a new radiopharmaceutical
to diagnose a disease and the relationship between
the disease and the expression of the receptors. There
is no point to develop a radiopharmaceutical without
clinical need. Second, the receptor concentration has
to be sufficiently high. There is no value in developing
a radiolabeled receptor ligand for a clinically impor-
tant disease if the radiolabeled receptor ligand is not
concentrated in the target tissue in such an amount
that an external image can be obtained. Third, the
receptor must be able to recognize the targeting
molecule with high affinity and specificity. Other-
wise, the new radiopharmaceutical will not be able
to provide the necessary target uptake and target-
to-background ratio and it will be difficult to dif-
ferentiate various diseases or disease states with high
sensitivity and specificity.

From a chemical equilibrium point of view, the
number of radiolabeled molecules bound to the recep-
tor is directly related to the affinity constant (K) and
the receptor concentration (R,). If one assumes that
both the receptor and radiolabeled receptor ligands
are homogeneous and there is no excess unlabeled
receptor ligand to compete with the radiolabeled
receptor ligand, the Scatchard form of the law of mass
action is often used to describe the relationship
between the target (bound, B) to background (free,
F) ratio and the equilibrium constant (K) and the
receptor concentration (R,).100.105.107

B/F = KR, — KB ~ KR,

If the receptor concentration (R,) is much higher
than that of the radiolabeled receptor ligand, the
target-to-background ratio (B/F) is almost equal to
KR,. Obviously, both the receptor binding affinity and
receptor population are important to the target-to-
background ratio. It should be pointed out that this
is an oversimplified equation useful only when the
receptor concentration is in large excess over the
receptor ligand (bound and free) and there is no
excretion of radiolabeled receptor ligand. In practice,
receptor imaging is much more complicated, particu-
larly when receptors are intracellular.

E. Sensitivity of Receptor Imaging

The clinical application of a radiolabeled receptor
ligand for receptor imaging will depend ultimately
on its sensitivity, the counts recorded for a given
amount of activity in a specific focus.® It is not
surprising to observe that the greater the percentage
of injected dose taken up by the tumor, the smaller
the lesion detected. There are many factors that could
influence the sensitivity of the radiopharmaceutical.
These include the physical characteristics of the
radionuclide, the properties of the radiopharmaceu-
tical (receptor binding affinity and hydrophilicity),
the size and location of the disease, receptor popula-
tion, the rate and route of elimination of the radio-
labeled receptor ligand, metabolism, nonspecific pro-
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tein binding, competition from the unlabeled receptor
ligand, internalization of receptors, and heterogeneity
of the receptor population.

In general, higher receptor concentration gives
better sensitivity. Receptor heterogeneity results in
a lower number of binding sites for the radiolabeled
receptor ligand and, consequently, leads to a decrease
in the amount of radioactivity that is targeted to the
disease and a loss of sensitivity for detection.'® Small
superficial lesions are more readily detectable than
deep-seated ones. It is very important to remember
that only a small portion of the injected radiophar-
maceutical is delivered to the receptor site. The
higher the amount of radiopharmaceutical delivered
to the receptor site, the better the sensitivity of the
radiopharmaceutical will be. The delivery of the
radiopharmaceutical to the receptor site is dependent
on the rate of blood clearance, the rate of diffusion
across the cell membrane, and metabolic cleavage of
the radiolabel from the receptor ligand.

F. Targeting Molecules

In the last two decades, monoclonal antibodies and
their fragments have been studied for their potential
applications in both diagnostic and therapeutic nuclear
medicine. Radiolabeled monoclonal antibodies are
often referred as “magic bullets”. Although consider-
able progress has been made in this area,®* % clinical
studies with radiolabeled antibodies have often dem-
onstrated limited accumulation in the target and
relatively slow blood clearance due to their high
molecular weight, resulting in only modest target-
to-background ratios. The lack of effectiveness of
radiolabeled antibiodies is attributed, in part, to the
inaccessibility of macromolecules to the tumor cells
in solid masses and, in part, to the heterogeneous
distribution of tumor-associated antigens on the
tumor surface.’® Antibodies have a high receptor
binding affinity and high specificity. However, if the
radiolabeled antibodies cannot be delivered to the
target efficiently and clear from the nontarget organs
fast enough, they are not good targeting molecules
for receptor imaging. As Dr. Britton'? stated “it is
common to talk about the magic bullet. There are
plenty of bullets but no magic, just a lot of hard
work”.

Peptides are compounds that contain amino acids
(a-amino carboxylic acids) linked by amide (peptide)
bonds. In mammals, 80% of the hormonal messengers
are peptides, 15% are steroids, and 5% are tyrosine
derivatives, the catecholamines and iodinated ty-
rosines.’® Designed by nature for stimulating, in-
hibiting, or regulating numerous life functions, pep-
tides have been considered ideal agents for therapeutic
applications. Although the '*'In-labeled peptide was
first explored for the use in nuclear medicine in
1981,'%! it was not until recently that ®°™Tc-labeled
peptides have emerged as an important class of
radiopharmaceuticals in diagnostic nuclear medi-
cine.2"10

The difference between proteins and peptides is
their sizes. The term “peptides” is usually used to
refer to those containing less than 100 amino acids
with a molecular weight of about 10 000 Da.® Small
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peptides refer to peptides with less than 30 amino
acids or a molecular weight less than 3500 Da.
Compared to antibodies, small peptides offer several
advantages. Peptides are necessary elements in more
fundamental biological processes than any other class
of molecule, and in many cases, the affinities of small
peptides for their receptors are significantly greater
than that of antibodies or their fragments. They can
also tolerate harsher chemical conditions for modi-
fication or radiolabeling.’® Small peptides are easy
to synthesize and modify, less likely to be im-
munogenic, and can have rapid blood clearance. The
faster blood clearance results in adequate T/B ratios
earlier so that it is practical to use °°"Tc, which is
the preferred radionuclide for diagnostic nuclear
medicine. In most cases, the primary sites of interac-
tions of the peptides are specific receptors on the
outer surface of the cell membrane (extracellular).
All these factors make small peptides excellent
candidates for the development of target-specific
radiopharmaceuticals. In addition, other small mol-
ecule receptor antagonists such as peptidomimetics
may also be used as targeting molecules.

Many biologically active peptides are known, and
some of them are available commercially. These
peptides are often developed as therapeutic drugs for
the treatment of various diseases.'?>1%% In some way,
radiopharmaceutical research can take advantage of
the new development in the therapeutic pharmaceu-
tical industry, using the peptide lead compounds as
a platform and modifying them with a BFCA for
radiolabeling. For peptide-based therapeutic phar-
maceuticals, bioavailability remains a major ob-
stacle.’® For radiopharmaceuticals, however, this is
not an issue because they are administered via
intravenous injection. At the same time, the results
from radiopharmaceutical research will help the
therapeutic pharmaceutical industry to have a better
understanding of the possible biodistribution, excre-
tion, and metabolism of the peptide lead compounds.

There are also disadvantages of using small pep-
tides as targeting molecules. The first obstacle is
their rapid proteolysis in plasma by endogenous
peptidases and proteases. The peptides must be
“molecularly engineered” to inhibit their enzymatic
metabolism or destruction in order to increase their
biological half-life in plasma. There are several ways
to block the enzymatic destruction of peptides, in-
cluding the use of p-amino acids (such as in Oc-
treoscan),'?! substitution of the peptide bonds, re-
placement of the disulfide bond with a thioether
linkage,®® and insertion of unusual amino acids.
Another obstacle to overcome in using small peptides
as targeting molecules is the loss of binding affinity
when conjugated to the BFCA and labeled with a
radionuclide. In many cases, the peptide molecule
contains only 4—6 amino acid residues. The attach-
ment of a BFCA and the radionuclide has a signifi-
cant contribution to the overall molecular weight and
may cause conformational changes in the peptide
receptor binding sequence. Therefore, whenever pos-
sible, the attachment of the BFCA and the radiolabel
should be kept apart from the receptor binding
sequence.
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Table 2. Metallic Radionuclides Useful for Diagnosis

radio- half- y-energy decay

nuclide life (keV) mode  source
64Cu 12.8h 511 (10%), 185 (24%) EC reactor
5'Ga 78.3h 93 (10%), 185 (24%) EC generator

296 (22%)

99mMTc 6.02h 141 (89%) IT generator
N 2.83d 171 (88%), 247 (94%) EC cyclotron
Wmgn 14.0d 159 (87%) IT cyclotron

G. Radionuclide

Table 2 shows several metallic radioisotopes useful
for diagnostic nuclear medicine. The choice of the
radionuclide depends largely on the physical and
nuclear properties (half-life and vy-energy), avail-
ability, and cost. Nearly 80% of all radiopharmaceu-
ticals used in the nuclear medicine department are
99mMTc-labeled compounds. The 6 h half-life is long
enough to allow a radiochemist to carry out radio-
pharmaceutical synthesis and for nuclear medicine
practitioners to collect useful images. At the same
time, it is short enough to permit the administration
of millicurie amounts of *™Tc radioactivity without
a significant radiation dose to the patient. The
monochromatic 140 keV photons are readily col-
limated to give images of superior spatial resolution.
Furthermore, %"™Tc is readily available from com-
mercial **Mo—2"Tc generators at low cost.

9mMTc is produced from a parent radionuclide, **Mo,
a fission product with a half-life of 2.78 days. In a
9Mo—°"Tc¢ generator, [**Mo]molybdate is absorbed
to an alumina column and %°™Tc is formed by decay
of *Mo. The *°*™Tc¢ in the form of [*®™Tc]—pertechne-
tate is eluted from the column with saline. The **™Tc¢
produced by the generator is never carrier-free
because 15% of ®*Mo decays directly to the long-lived
isotope *°Tc (ty, = 2.13 x 10° y), which is also the
single decay product of ®"Tc. The specific activity of
eluted *°™Tc is very high and is dependent upon the
prior-elution time. In general, the total concentration
of technetium (**™Tc and °°™Tc) in the **Mo—%"Tc
generator eluent is in the range of 1077—10"¢ M.

H. Bifunctional Coupling Agents

A BFCA can be divided into three parts: a binding
unit, a conjugation group, and a spacer (if necessary).
An ideal BFCA is that which is able to form a stable
99mTc complex in high yield at very low concentration
of the BFCA—peptide conjugate. There are several
requirements for an ideal BFCA. The binding unit
can selectively stabilize an intermediate or lower
oxidation state of Tc so that the ®®™Tc complex is not
subject to redox reactions; oxidation state changes
are often accompanied by transchelation of *™Tc from
a ®"Tc—BFCA—peptide complex to the native chelat-
ing ligands in biological systems. The BFCA forms a
9mTe complex which has thermodynamic stability
and kinetic inertness with respect to dissociation. The
BFCA forms a °M™Tc complex with a minimum
number of isomers since different isomeric forms of
the °™MTc chelate may result in significantly different
biological and pharmacokinetic characteristics of the
9mMTc—BFCA—peptide complex. Finally, the conjuga-
tion group can be easily attached to the peptide.
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In simple technetium complex radiopharmaceuti-
cals such as 9"mTc—sestamibi, [**"Tc(MIBI)g]"
(MIBI = 2-methoxy-2-methylpropylisonitrile), and
®mTc-bicisate [**"TcO(ECD)] (ECD = l,l-ethylene
dicycteine diethyl ester), the ligand (MIBI or ECD)
is always present in large excess. The main factor
influencing the *°™Tc-labeling kinetics is the nature
of the donor atoms and the radiolabeling conditions.
For receptor-based peptide radiopharmaceuticals,
however, the use of a large amount of BFCA—peptide
may result in receptor site saturation, blocking the
docking of the ®*™Tc-labeled BFCA—peptide conju-
gate, as well as unwanted side effects. To avoid these
problems, the concentration of the BFCA—peptide
conjugate in each kit has to be very low (1076-10"°
M). Otherwise, a postlabeling purification is often
needed to remove excess unlabeled peptide, which is
time-consuming and thus not amenable for clinical
use. Compared to the total technetium concentration
(~5 x 1077 M) in 100 mCi of [*®*™Tc]pertechnetate (24
h prior-elution), the BFCA—peptide conjugate is not
in overwhelming excess. In this situation, the ®°™Tc-
labeling yield and the labeling kinetics may be
affected by the amount of both BFCA—peptide con-
jugate and total technetium (®*™Tc and °™Tc) in the
kit. Therefore, the BFCA attached to the peptide
must have very high radiolabeling efficiency. It
should be noted that the amount of BFCA—peptide
conjugate is largely dependent on the receptor popu-
lation, the type of receptor ligand, and the possible
side effect caused by the use of a large amount of
receptor ligand. A careful “peptide sensitivity” study
is required to determine the optimum amount of
BFCA—peptide conjugate in the kit formulation.

IV. General Considerations for %°™T¢
Radiopharmaceuticals

A. Requirements for %™Tc Radiopharmaceuticals

Discovery of a new class of drug is just the
beginning of a long development process. In the
development of a new °™Tc¢ radiopharmaceutical,
several factors need to be considered to satisfy the
clinical requirements. The new radiopharmaceutical
has to demonstrate its biological efficacy (high uptake
in the target tissue, high target-to-background ratio,
high specificity and sensitivity for the targeted
disease or disease state). A kit formulation is required
due to the 6 h half-life of ®*"Tc. The new radiophar-
maceutical should have high radiochemical purity
(RCP = 90%) and high solution stability (shelf life
preferably > 6 h). The %™Tc-labeling should be
accomplished in 10—30 min, preferably at room
temperature.

B. Pharmacokinetic Considerations

For a new radiopharmaceutical, pharmacokinetics
is one of the most important factors to consider.
Pharmacokinetics is a term used conventionally to
refer to the movement of a drug in the body. This
includes absorption, distribution, metabolism, and
elimination. When it is used in the context of radio-
pharmaceuticals, the term pharmacokinetics is often
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used to refer to the distribution and elimination of
the radionuclide following administration of the
radiopharmaceutical. Modification of pharmacoki-
netics of a new radiopharmaceutical involves weigh-
ing various factors such as blood retention time,
receptor binding Kinetics (fast binding and slow
dissociation), and the excretion route.

The main pharmacokinetic consideration in the
development of new imaging agents is that the
radiolabeled compound is able to have its highest
target uptake with a diagnostically useful signal-to-
noise ratio in a short period of time.'% To achieve
this goal, the new radiopharmaceutical should have
a relatively short blood residence time. The fast blood
clearance is necessary to minimize nontarget radio-
activity. On the other hand, the blood retention time
should be long enough to allow the radiopharmaceu-
tical to reach the receptor sites and achieve adequate
accumulation of radioactivity at the targeted tissue
or region of tissue. The time for the radiopharma-
ceutical to reach the target should also be short.
Otherwise, it will take a long time to get diagnosti-
cally useful images. One of the problems associated
with radiolabeled antibodies is their slow kinetics to
reach the targeted tissue and to clear from circulating
blood. The receptor binding rate of a radiopharma-
ceutical should be fast and the dissociation rate slow.
In this way, the radioactivity accumulation at the
target tissue can be maximized. Finally, the new
radiopharmaceutical must have a rapid renal clear-
ance to avoid accumulation of radioactivity in the
gastrointestinal tract, which may obscure visualiza-
tion of abdominal targets. It should be emphasized
that the peptide and the **"Tc—BFCA—peptide com-
plex should have high and specific receptor binding.
However, if the " Tc—BFCA—peptide complex does
not show favorable pharmacokinetics, it would still
be difficult to develop it into a commercial product
for routine clinical applications.

C. Modification of Pharmacokinetics

There are several ways to modify the pharmaco-
kinetics of a radiopharmaceutical. These include
chemical modification of the targeting molecule or
technetium chelate, the use of a linker as the phar-
macokinetic modifier, and the choice of different
technetium coligands if possible. The chemical modi-
fication of the targeting molecule can be achieved by
introducing various hydrophilic or lipophilic groups
onto the side chains of amino acids. Sometimes, an
“innocent” peptide sequence such as polylysine, poly-
glycine, or polyaspartic acid can be used to improve
the hydrophilicity of the targeting molecule. The
chemical modification of the technetium chelate can
be achieved using BFCAs with different charge and
hydrophilicity. It has been demonstrated that BFCAs
have a profound impact on the physical and biological
properties of the ™ Tc-labeled small peptides.>®5” The
choice of a linker depends on the pharmacokinetic
requirement for the radiopharmaceutical. It can be
a simple hydrocarbon chain to increase the lipophi-
licity, a poly(amino acid) sequence such as polyglycine
to increase the hydrophilicity and renal clearance,
or a long poly(ethyleneglycol) to slow extraction by
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Table 3. Oxidation States and Stereochemistry of Technetium

Liu and Edwards

oxidation coordination coordination magnetic

state example geometry number moment (uB)

+7 (d°) [TcHo]>™ trigonal prism 9 diamagnetic
TcO4™ tetrahedron 4 diamagnetic

+6 (dY) TcO42 tetrahedron 4 1.60

+5 (d?) [Tc(NCS)e]~ octahedron 6 diamagnetic
[Tc(Diars),Cla]* dodecahedron 8 0.9 (?)
TcOCly~ square pyramid 5 diamagnetic
[TcO(l, I-ECD)] square pyramid 5 diamagnetic
[TcO(d,I-HM-PAOQ)] square pyramid 5 diamagnetic
[TcOy(tetrofosmin)]* octahedron 6 diamagnetic

+4 (d3) [TcCle)> octahedron 6 4.05

+3 (d% [Tc(Diars),Clo]* octahedron 6 diamagnetic

+2 (d®) [TcCl(PhP(OEL)2)4] octahedron 6 14

+1 (d®) [Tc(CNC(CH3)3)s]™ octahedron 6 diamagnetic
[Tc(CO)s([9]aneNs)]™ octahedron 6 diamagnetic

0 (d") [Tc2(CO)10] octahedron 6 diamagnetic

—1 (d?) [Tc(CO)s]™ trigonal bipyramid 5 diamagnetic

the hepatocytes. It has been reported that the linker
groups have a significant effect on the biodistribution
of 12In- or ®™Tc-labeled antibodies.?5-128 Metaboliz-
able linkers have been used to modify the pharma-
cokinetics of 1In-labeled somatostatin analogues.10”
Depending upon the radionuclide and the BFCA,
linker functional groups capable of rapid metabolism
such as esters or disulfides can increase the clearance
of radiolabeled receptor ligand from the blood via the
renal system.

V. Technetium Chemistry

A. Diverse Redox Chemistry

Technetium chemistry has been reviewed exten-
sively.%5=73 One of the characteristics of technetium
is its rich and diverse redox chemistry. Table 3
summarizes various oxidation states and coordina-
tion geometries of technetium. Thus far, there is no
effective chemistry that can be used to attach the
pertechnetate anion to a small peptide. Therefore, the
Tc(VI) in ®°MTcO,4~ has to be reduced to a lower
oxidation state in order to produce a stable *™Tc—
peptide complex or to a reactive intermediate complex
from which ®™Tc¢ can be easily transferred to the
BFCA—peptide conjugate. When **MTcO," is reduced,
the oxidation state of technetium depends on the
nature of the reducing agent, the chelator, and
reaction conditions. The following examples illustrate
this quite dramatically. On the macro-scale (using
9TcO47), the brown-black insoluble TcO,:2H,0 is
readily produced in an aqueous solution when Na;S,04
is used as the reducing agent.'? If ethane-1,2-dithiol
is present, an orange Tc(V) complex, [TcO(SCH,-
CH>S),], is obtained.**® If pentane-2,4-dione is used
as a ligand, the red Tc(Ill) complex, [Tc(acac)s],*3!
results while the N-substituted pyridinone ligands
form very stable tris-ligand Tc(IV) complexes [Tc-
(L)s]" (L = N-substituted pyridinonate).’3? If the
ligand contains P donors, Tc(1V), Tc(l11), and Tc(l)
complexes are isolated depending on the number of
P donors and coligands in the complex.'33-135 |soni-
trile ligands form colorless Tc(l) complexes, [(Tc-
(CNR)s]", almost quantitatively.'®® In the presence
of carbon monoxide, *°TcO,~ can be reduced by
sodium borohydride to form the Tc(l) complex cation

[(Tc(H20)3(CO)3]™.1%7 The rich and diverse redox
chemistry of technetium makes it difficult to control
the oxidation state and the stability of the Tc
complex. At the same time, it provides more op-
portunities to modify the structure and properties of
Tc complexes by the choice of the chelating system,
through the use of donor atoms having a high affinity
for a specific oxidation state of the Tc, as well as the
introduction of nondonating functional groups.

B. Isomerism

Another aspect of technetium chemistry is isomer-
ism, including geometric isomers, epimers, enanti-
omers, and diastereomers. Epimers are often found
in square pyramidal or octahedral oxotechnetium
complexes containing chelating ligands with substit-
uents on the ligand backbone or a tertiary amine-N
donor atom.38-165 The formation of these isomers is
due to the relative orientation (anti and syn) of the
substituents to the [Tc=0]3" core. Enantiomers are
often found in oxotechnetium complexes such as
[TcO(MAG:3)]™ because of the asymmetrical bonding
of MAG;*~ to the [Tc=0]3" core even though the free
ligand H4MAG3; does not have a chiral center. If a
technetium complex contains two or more chiral
centers, diastereomers may be formed. Diastereomers
can often be separated using appropriate HPLC
methods.

Isomers often have different lipophilicities and
biodistributions in biological systems. This is par-
ticularly true for simple technetium complex radio-
pharmaceuticals as their biological properties are
determined exclusively by the physical and chemical
characteristics of the technetium complex. For ex-
ample, the complex [TcO(map)]”- (map = 2,3-bis-
(mercaptoacetamido)propanoate) has two epimers
(anti and syn) due to the disposition of the COOH
group on the chelate ring relative to the Tc=0O
moiety. It was reported that in humans 58% of the
syn isomer was excreted at 30 min as compared to
only 19% of the anti isomer.'%81€0 For receptor-based
radiopharmaceuticals, the target uptake is largely
dependent on the receptor binding affinity of the
radiolabeled receptor ligand, receptor population and
the blood clearance, which is determined by the
physical properties of both the peptide and techne-
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Figure 4. Bifunctional BATOs.

tium chelate. Therefore, the formation of isomers for
the technetium chelate can have a significant impact
on the biological properties of a radiopharmaceutical.
The choice of BFCA should be those which form
technetium complexes with minimal isomerism.

VI. Technetium Cores and Bifunctional Chelators

The technetium core determines the design of the
BFCA framework and the choice of donor atoms.
Figure 3 shows some technetium cores, which can be
used for ®*™Tc-labeling of biomolecules. Table 4 lists
examples of technetium cores and BFCAs that have
been used for ™ Tc-labeling of biomolecules such as
antibodies, antibody fragments, peptides, peptidomi-
metics, and other non-peptide receptor ligands.

A. “Naked” Tc Atom

In Figure 3A, the technetium core is a “naked” Tc
atom. The oxidation state for the Tc can be +3 or +4
depending upon the donor atoms. The donor atoms
can be all imine nitrogens such as those in BATOs
(boronic acid adducts of technetium dioximes)66-168
or a combination of amine nitrogens and phenolate
oxygens as in amine phenols.'® In case of N3Oz amine
phenols, the Tc(1V) is completely wrapped by three
amine-N and three phenolate-O donor atoms with a
coordination geometry between octahedron and a
trigonal prism. For BATOs, the Tc(lll) is seven-
coordinate with six imine-N donors and a monoden-
tate chloride coligand in a trigonal prismatic geom-
etry.’6 BATOs (Figure 4) have been used as BFCAs
for the ®*™Tc-labeling of antibodies,'’®1"* as well as
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Figure 5. CE-DTS as a BFCA.

small molecules such as a nitroimidazole!’?2 and a
muscarinic acetylcholine receptor ligand.'"?

B. [Tc=0J** Core

The [Tc=0]*" core (Figure 3B) is very stable in the
presence of a strong chelating group in aqueous
media. It is the most frequently used technetium
core for °9MTc-labeling of biomolecules (Table 4).
The [Tc=O0J*" core forms square pyramidal oxo-
technetium complexes with tetradentate chelators,
including N4 propylene amine oxime (PnAO),*
NsS triamidethiols,56139.141-144 N,S, diamidedithi-
ols (DADS),%6:138 N,S, monoamidemonoaminedithi-
ols (MAMA),56:152162.164 and N,S, diaminedithiols
(DADT)_1457153

p-Carboxyethylphenylglyoxal-di(N-methylthiosemi-
carbazone) (CE-DTS, Figure 5) contains an NS,
donor set. It has been used for the ®"Tc-labeling of
antibodies."417® Conjugation of CE-DTS with IgG at
a 1:1 molar ratio was carried out by the phosphoryl
azide method, but the yield was only 16.5% with
retained immunoreactivity.'’* The purified CE-DTS—
IgG conjugate was incubated with ®™TcO, in the
presence of SNCl, and ascorbic acid to give the **™Tc-
(CE-DTS)—1gG complex with 60% incorporation of
99mTc at 30 min, rising to 87—90% incorporation of
9MTc at 3 h.17 Despite reported good in vivo stability
of the **™Tc-labeled antibody, potential application
of CE-DTS as a BFCA is severely limited by the high
lipophilicity and low radiolabeling efficiency (slow
radiolabeling and low labeling yield).

An NS, diaminetetrathiol (Figure 6) containing
two amine-N and four thiolate-S donors has been
used for the °°™Tc- and '8%Re-labeling of antibod-
ies.176.177 1t was designed not only to form a stable
complex with °™Tc, but also to use one of the four
thiols in coupling with an antibody via a disulfide
linkage. The N,S,;-modified antibody was labeled by
transferring *°*™Tc from [*®*™Tc]glucoheptonate with
the labeling yield of 95%. Since the transfer of **™Tc
to the NS, modified antibody was fast and nearly
guantitative, no postlabeling purification was re-
quired. The radiolabeling could also be achieved by
coupling the antibody with a [**™TcO(N,S4)] complex,
which was preformed by reacting N,S; with [*°™Tc]-
pertechnetate in the presence (or absence) of sodium
borohydride. The labeling yield in this way was only
50%. It has been suggested that an one-to-one
coupling took place between the antibody and N,S,
BFCA through a disulfide linkage."® Although there
is no structural evidence in the technetium literature
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Table 4. BFCAs and Technetium Cores Useful for °*mTc-Labeling of Biomolecules?

Liu and Edwards

BFCA donor atoms Tc core biomolecule conjugation group ref

BATO NeClI Te(l11) antibody isothiocyanate 170-173
CE-DTS N,S; [Tc=073" antibody activated carboxylate 174, 175
N,S, aminethiol N2S2(?) [Tc=0J** antibody disulfide linkage 176, 177
DADS N2S; [Tc=0]3" peptide/antibody activated ester 56, 178—181
MAG; NsS [Tc=0]3* peptide/antibody activated ester 56, 182, 183
DADT N,S; [Tc=0]3" peptide/antibody activated ester 194-212
MAMA NS, [Tc=0]3* peptide/antibody activated ester 56, 214—-217
PnAO N4 [Tc=0]3" peptide activated ester 30, 31, 225—-228
Gly—Gly—Cys NS [Tc=0]3* peptide amide/peptide 9, 61, 413
Me,Gly—Ser—Cys N3S [Tc=0]3" peptide amide/peptide 232
Pic—Ser—Cys NS [Tc=0]3* peptide amide/peptide 27
DAP—-Gly—Cys N3S [Tc=0]3" peptide amide/peptide 33,34
Lys—Gly—Cys NsS [Tc=0]3" peptide amide/peptide 9, 61
Cys—Gly—Cys N2S; [Tc=0]3" peptide amide/peptide 9,61
Gly—Ala—Gly—Gly N4 [Tc=0]3" peptide amide/peptide 234,391
cyclam/tetraamine N4 [TcO ]t peptide/antibody disulfide linkage 31, 274, 275
dithio—bisphosphine SoP2 [TcO ]t peptide activated ester 42,282, 283
PADA N.O [Tc(CO)s]t biomolecules activated esyer 137

Cp Cs [Tc(CO)s]t biomolecules ? 306

HYNIC hydrazido/O4(?) [Tc]HYNIC peptide/antibody activated ester 12—-21, 307—-18
HYNIC diazenido/NOzP [Tc]HYNIC peptide/non-peptide activated ester 55, 58
HYNIC diazenido/ NNO3 [Tc]HYNIC peptide/non-peptide activated ester 318, 321, 323

a BATO= boronic acid adducts of technetium dioximes; CE-DTS = p-Carboxyethylphenylglyoal-di(N-methylthiosemicarbazone);
DADS = diamidedithiol; DADT = diaminedithiol; MAG; = mercaptoacetylglycylglycylglycine; MAMA = monoamine-monoamide-

dithiol; PNAO = propylenediamine dioxime.

g N SH SN S

NI
/Tc<
HS N SH SL/N
AN, e
N,S, Diaminetetrathiol [TcO(N2S3)]

Figure 6. N,S, diaminetetrathiol as BFCA.
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Figure 7. N,S; diamidedithiol (DADS) and N3S triamide-
thiol BFCAs.

where a sulfur atom coordinates to a [Tc=0]3" core
in complexes containing the N,S, diaminedithiol
systems, it is still quite possible for the N,S3; donors
to coordinate to the [Tc=0]* core and form the six-
coordinate technetium complex because of the neu-
trality requirement.

The NS, diamidedithiols (DADS, Figure 7) contain
two amide-N and two thiolate-S donors and form
stable anionic oxotechnetium complexes with the
[Tc=013" core.1301%8 | jke N,S, diamidedithiols, N3S
triamidethiols also form very stable anionic oxotech-
netium complexes.13%141-144 Eritzberg and co-workers
first reported the use of 4,5-bis(thioacetamido)pen-
tanoate (mapt) as the BFCA in labeling antibodies

(0]
Xo\
NH HN
o e e e
SH HS” “Me SH HS
N232 Diaminedithiol stz Diaminedithiol
(CPB-DADT) (CBO-DADT)
H

(@) AN
H
6 ST
O

_H
NQN N N "
NP e[ S KMo
Me~ S ST "Me Me™ S S Me

[TcO(N2S, CPB-DADT))] [TcO(N2S, CBO-DADT)]
Figure 8. N,S, diaminedithiol (DATS) BFCAs.

and their fragments with *"Tc by the preformed
chelate approach.”® It was found that the attachment
of BFCA and incorporation of the radionuclide (°**™Tc
or ®mRe) does not significantly affect the physical and
biological properties of the antibodies or antibody
fragments since the radiolabeling occurs only on a
small portion of these macromolecules. Other N,S;
diamidedithiols and N3S triamidethiols have also
been used as BFCAs for the %™Tc-labeling of bio-
molecules, including proteins,'7°~18 biotin,8” pep-
tides, 56188192 gnd antisense oligodeoxynucleotides.®?

N,S, diaminedithiols (DADT, Figure 8) represent
another class of BFCAs that bind the [Tc=0]** core
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strongly to form stable technetium(V) complexes.
They can be tribasic utilizing two thiolate sulfurs,
one deprotonated amine nitrogen, and one neutral
amine nitrogen to form neutral Tc(V) oxo com-
plexes*>~1%0 or dibasic using two thiolate sulfurs and
two tertiary amine nitrogens to form cationic Tc(V)
oxo complexes.'3 Studies on antibody labeling with
9mTc using the N-hydroxysuccinimide ester of 6-
[4'-(p-carboxyphenoxy)butyl]-2,10-dimercapto-2,10-di-
methyl-4,8-diazaundecane(CPB-DADT) as the BFCA
have been reported.’®4200 The *MT¢c—DADT—IgG
antibody conjugate was stable, and the presence of
1000-fold excess of DTPA did not cause transchela-
tion of %°MTc.1% Other DADT-based BFCAs were also
synthesized and used for the °*™Tc-labeling of pro-
teins and other biomolecules.?01~212

The BFCA 4-[2[(2-mercapto-2-methylpropyl)methyl-
amino]ethyl]-6,6-dimethyl-2-thiomorphilinone (MATP-
DSDT, Figure 9) is of particular interest because it
contains a thiomorpholinone ring, which can be used
to react with primary amino groups of lysine resi-
dues. MAPT-DADT could be easily coupled to pro-
teins under mild conditions, and the radiolabeling
proceeded efficiently by transferring *™Tc from a
weak ®"Tc intermediate. The ®MTc-labeled proteins
were highly stable both in vivo and in vitro with ®™Tc
binding to DADT.2%0212 MATP-DSDT has also been
used for the **MTc-labeling of muscarinic cholinergic
receptor ligands?:%212 and small peptides.t*4%41 One
major drawback of using N,S, diamidedithiol BFCAs
is the high lipophilicity of their technetium chelate.
The high lipophilicity often leads to high liver uptake
and hepatobillary excretion of the radiolabeled com-
pound. However, the lipophilicity of DADT chelators
can be controlled by introducing various hydrophilic
groups.

N.S, monoamidemonoaminedithiols (MAMA, Fig-
ure 10) contain a secondary amine nitrogen, an amide
nitrogen and two thiolate sulfur donors. They bind
to the [Tc=O0]*" core as tribasic ligands to form
neutral complexes, [*™TcO(MAMA)],2: provided that
the functional group is not charged. N,S, MAMA
BFCAs have been used for the °°mTc-labeling of
biomolecules such as progesterone receptor ligands,?
platelet GPIlIb/llla receptor antagonists,®®18 and
dopamine transporters.160.162.215-217 |t has been re-
ported that the °°™Tc-labeled GPIIb/Illa receptor
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antagonists remain stable for 24 h in saline solution
after HPLC purification.%

Tetradentate ligand PnAO (3,3,9,9-tetramethyl-4,8-
diazaundecane-2,10-dione dioxime) was first shown
by Troutner and co-workers to react with the [Tc=
O]*" core and form a neutral technetium complex
[TcO(PNnAO)],%*8 which demonstrates transient flow-
related brain uptake in animal models and in hu-
mans.?’® As a result, a large number of PnAO
derivatives were synthesized and studied as brain
imaging agents.??°-2?4 |t has been shown that PnNAO
technetium-oxo complexes all have a square pyrami-
dal coordination geometry with the two amine N
being deprotonated and the two hydroxy groups
sharing the same proton via hydrogen bonds.??9221
The PnAO chelating group, an example of which is
shown in Figure 11, has been used for the %°™Tc-
labeling of a nitroimidazole,??>=2%7 biotin,??® and a
somatostatin analogue.®®3! The advantage of using
PnAO type of BFCAs is that the radiolabeling can
be performed at ambient temperature.??® The disad-
vantages include low specific activity for the radio-
labeled biomolecules, solution instability, and ex-
tremely high lipophilicity of the technetium chelate.

For the last several years, there has been a growing
interest in using small peptides, such as Gly—Ala—
Gly—Gly and Gly—Ser—Cys, as BFCAs. There are
several advantages of using small peptides as BFCAs.
First, the attachment of the BFCA can be easily
incorporated into solid-phase peptide synthesis. Sec-
ond, these tripeptide chelating sequences usually
form stable technetium complexes with the [Tc=0]%"
core. Finally, the hydrophilicity of the technetium
chelate can be tuned by changing side chains of the
tripeptide or polypeptide chelating sequence.

Tetrapeptides contain a common N4 aminetriamide
chelating unit and have been investigated as a
replacement of MAG; (by substituting the thiol with
an amino group).??%230 Unlike the N3S triamidethiol,
the tetrapeptide can be stored as the unprotected
form. The ®™Tc-labeling of the tetrapeptide can be
achieved without a boiling step. Figure 12 shows the
structures for the technetium complexes of several
tripeptide sequences which have been used for the
99mTc-labeling of various biomolecules.?31-237 They all
form stable square pyramidal technetium complexes
with the [Tc=0]%* core. Recently, complexes [MO-
(RP294)] (M = Tc and Re; RP294 = Me,N—Gly—Ser—
Cys(Acm)—Gly—NH;) were reported.?%? These com-
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plexes can serve as models for ®*MTc-labeled peptides
containing an N3S monoaminediamidethiol BFCA.
The Acm (acetamidomethyl) protecting group is
removed upon coordination to the [M=O]** core. It
was found that RP294 forms neutral technetium- and
rhenium-oxo complexes with two isomeric forms (syn
and anti), which interconvert rapidly in aqueous
solution at room temperature. The syn isomer of the
complex, [ReO(RP294)], was isolated from the solu-
tion. A structural study of the syn isomer revealed a
distorted square pyramidal coordination geometry
with the N3S donor set occupying the four basal sites
and the oxo-O atom at the apical site.?%?

In 1989, Pietzsch?*® and co-workers found that
technetium-oxo complexes, [TcO(L)(L")] (L = triden-
tate thioetherdithiols or aminedithiols; L' = mono-
dentate thiolate), could be readily prepared by re-
acting [TcO(gluconate),] with a mixture of mono-
thiolate and tridentate ligand. The combination of a
dianionic tridentate SNS or SSS ligand with a
monodentate thiolate produces a binary ligand sys-
tem (3 + 1) that can bind to the [M=O]** (M = Tc
and Re) core and form neutral metal complexes with
the distorted square pyramidal or trigonal bipyra-
midal coordination geometry.154-157.239-249 The tech-
netium complexes are useful as brain imaging
agents.’®#~15 The “3 + 1” concept could be expanded
to “n + 1” systems (Figure 13). It has been used for
9mTc-labeling of dopamine transporters,245.249.250 for
the synthesis of 5-HT,a serotonin receptor ligands,?51252
and for the synthesis of an estrogen receptor lig-
and.?%2253 |n the case of serotonin receptor ligands,
the integrated approach is used for the radiophar-
maceutical design. The technetium chelate mimics
the quinazoline—dione portion of ketanserin and is
designed as a vital part of the whole molecule for
receptor binding.

It was also found that at the tracer (*®™Tc) level
the mixed ligand 3 + 1 complex has to be prepared
in two steps.?** First, the monodentate thiolate ligand
reacts with [TcO(gluconate),] to give the intermediate
complex [TcO(L'") 4]". The tridentate dithiol ligand is
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then reacted with the intermediate complex to form
the mixed binary ligand complex, [TcO(L)(L")]. The
best results (radiolabeling yield = 70—90%) were
obtained with 0.2—0.5 mg of the monothiolate and
0.02—0.05 mg of the tridentate ligand. Using one-
step synthesis, the mixed ligand 3 + 1 complexes
were obtained in ~40% yield.?5%25* The mixed-ligand
3 + 1 complexes, [TcO(L)(L"], were found to be stable
for up to 24 h.2%* However, the monodentate thiolate
ligand could be substituted by “native” thiol-contain-
ing molecules such as cysteine.?%®

C. [Tc=N]** Core

The [Tc=N]?* core (Figure 14) is isoelectronic with
the [Tc=0]3* core. The nitrido ligand is a powerful
m-electron donor and shows a high capacity to sta-
bilize the Tc(V) oxidation state. The [Tc=N]?>" core
forms technetium(V) nitrido complexes with a variety
of chelators.?67273 The technetium(V) nitrido com-
plex, [**™TcN(noet),] (noet = N-ethyl-N-ethoxydithio-
carbamato), has been developed as a new myocardial
imaging agent by CIS—Bio International.?®® However,
very little effort has been made to use the [Tc=N]?"
core for the ®*™Tc-labeling of biomolecules.

D. [0=Tc=0]* Core

The [O=Tc=0]" core (Figure 15) forms octahedral
technetium complexes with linear or macrocyclic
tetraamines such as cyclam. It has been used in the
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9mTc-labeling of cyclam- or tetraamine-derivatized
biomolecules such as antibodies?”* and a somatostatin
analogue.®1?75 The radiolabeling efficiency of a cy-
clam-based BFCA is very low. Bidentate phosphines
also form octahedral technetium complexes with the
[O=Tc=0]" core.?’® An example of a technetium
radiopharmaceutical using the [O=Tc=0]" core is
[**™TcO,(tetrofosmin),] ™ (tetrofosmin = 1,2-bis[bis(2-
ethoxyethyl)phosphino]ethane), in which the two
phosphine ligands bind to the Tc at the four equato-
rial positions with the oxo-O donors at the two apical
positions.?’® This complex was developed as a heart
imaging agent.276-278

Water-soluble phosphines (Figure 16) also form
stable metal complexes with the [O=M=Q]" core
(M = Tc and Re).?79283 A water-soluble dithiobisphos-
phine and its technetium and rhenium complexes
were reported.?’°=281 |n the rhenium complex, [ReO,-
(S2P2)]*, the S,P, ligand binds to the Re at four
equatorial positions and the two oxo-O donors at the
remaining two apical sites. The hydroxy-O atoms are
not used as donor atoms. The presence of the hy-
droxymethyl groups is believed to be responsible for
the fast clearance of the ®°™Tc complex from blood
and nontarget tissues.?®? The combination of thio-
ether-S with phosphine donors produces *°™Tc com-
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plexes with high in vitro and in vivo stability. A
functionalized dithiobisphosphine BFCA has been
synthesized and used for the %™Tc-labeling of a
bombesin antagonist.4?282.283

E. [Tc(CO);]* Core

The chemistry of technetium radiopharmaceuticals
has been dominated by compounds containing the
[Tc=0]3" core with technetium in its +5 oxidation
state. Organometallic complexes of technetium in its
low oxidation states received little attention until
Davison and co-workers discovered that monodentate
isonitrile ligands form very stable water-soluble
organometallic Tc(l) complexes, [Tc(CNR)s]", in al-
most quantitative yields.*3¢ Because of his pioneering
efforts in this area, ®™Tc—Sestamibi, [*™Tc(MIBI)e]",
has been developed as the first successful organome-
tallic radiopharmaceutical for myocardial imaging.

In an effort to develop new organometallic precur-
sors for radiopharmaceutical applications, Alberto
and co-workers recently published a new atmospheric
pressure synthesis for complexes [EtsN];[MX3(CO)s]
(M = Tc and Re; X = Cl and Br).2* It was found that
these complex anions are water soluble and remain
stable in aqueous solution as the cationic form
[M(H20)3(CO)s]*, which readily undergoes ligand
exchange reactions (Scheme 1) with a variety of
chelators.?8572% |t was also found that the cationic
complex [Re([9]aneSs3)(CO)3]™ was extremely stable
under widely varying chemical conditions. Function-
alization of macrocyclic or tripodal chelators is ex-
pected to result in a variety of BFCAs (Figure 17)
useful for the ®™Tc-labeling of biomolecules. A bi-
dentate dithioether has been used to prepare Tc(l)
and Re(l) complexes, [MX(SS-estradiol)(CO)z] (M =
Tc, X = Cl; M = Re, X = Br).2°6 However, neither
tracer (**™Tc) level chemistry nor the solution stabil-
ity of these complexes was reported. Functionalized
macrocyclic thioethers have been proposed as BFCAs
for the radiolabeling of biomolecules. The advantage
of using thioethers as BFCAs is that the radiolabeling
of the BFCA—peptide conjugate is not pH dependent.

Recently, Alberto and co-workers®®” reported a one-
step synthesis of the complexes [M(H0)3(CO)s]"
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Scheme 1. Reactions of [Tc(H,0)3(CO)s]™ with Various Ligands

Bu 2HN. NH2
]
Bu, 'ml ,Bu NH2 W NH2
N G N 2|—|N&S S ) NH2
c. | ¢ N y
AN P4
TE® /T\®\
7N oc
oC (‘)O coO co coO
[Tc(C3)(CO)3] [Tc(S3)(CO)al
|
X Be X
: 0
X \ /
@ H0 | OH, \ / NN
| HN e T;cé N /N
Tc
T¢®
o | o
co [Tc(CO H,0)3] o
(CaTe(CO)| / [Te(N3)(CO)s]
N
oc co
\‘ 5Tc<
c @
\ e
co
[Tc(Ng)(CO)a] [Tc(S5)(CO)5)

(M = 97T¢ and 88Re) by direct reduction of [*°™Tc]-
pertechnetate or ['®Re]perrhenate with sodium boro-
hydride in aqueous solution in the presence of carbon
monoxide. The yield of the **™Tc complex was >95%.
The reaction of the complex [**™Tc¢c(H20)3(CO)s]* with
PADA (picolinamine-N,N-diacetic acid) produces a
neutral complex [**™Tc(PADA)(CO);] with very high
yield and specific activity. The complex [**"Tc(PA-
DA)(CO);] can also be prepared by an one-step
synthesis from the direct reduction of [**™Tc]pertech-
netate with sodium borohydride in the presence of
PADA. A structural study of the corresponding **"Tc
analogue [**Tc(PADA)(CO)s] showed a tridentate
PADA with one carboxylic group remaining uncoor-
dinated. The free carboxylic group can be used for
attachment of biomolecules. This study clearly dem-
onstrates that the complexes [M(H,0)3(CO);]* (M =
9mMTc and 18618Re) are versatile intermediates for
synthesis of both diagnostic M = *"Tc¢ and thera-
peutic 189188Re organometallic radiopharmaceuticals.
The [Tc(CO)s]™ core is an emerging new technetium
core. Some important issues have not been fully
addressed on the use of the [Tc(CO)3]" core for the
9mTc-labeling of biomolecules. These include the
possible toxicity of carbon monoxide, the CO-generat-
ing source if CO gas cannot be directly used in the
radiolabeling process, and the possibility for a kit
formulation.

There have been recent efforts to prepare n°-
cyclopentadienyl—tricarbonyl technetium(l) and rhe-
nium(l) complexes, CpM(CO)s, because of their small
size and high stability.3%0-3% The coordination chem-
istry of these organometallic complexes is very dif-
ferent from traditional coordination complexes of both

metals. It is not surprising that preparation of these
organometallic species has been cumbersome and
often requires harsh chemical conditions. Recently,
Katzenellenbogen and co-workers reported an “one-
pot” three-component reaction for the synthesis of
halo-, carbonyl-, and hydroxy-substituted CpRe(CO);
complexes using diazocyclopentadiene (CpNy,) as the
Cp precursor.®%® It was found that the complex
[EtsN]2[ReBr3(CO);] could readily react with CpN; in
acetonitrile to form the complex (Br—Cp)Re(CO)s.
The bromide anion can be replaced by acetate or
other protected amino acids. The amino group of
amino acids is ideal for attachment of biomolecules.
It should be noted that all these reactions were
performed in acetonitrile. It is not practical to develop
a kit formulation for the diagnostic °*"Tc radiophar-
maceutical. For therapeutic radiopharmaceuticals,
however, the drug substance has to be made on the
manufacturing site and is then delivered to hospitals.
Therefore, this discovery will have very important
applications for future development of therapeutic
186/188Re radiopharmaceuticals.

F. [TC]HYNIC Core

Abrams and co-workers first reported the use of
the [Tc]HYNIC core (Figure 3F) for the **™Tc-labeling
of polyclonal 1gG.%%7~310 Since then, the [Tc]HYNIC
core has been used for °™Tc-labeling of chemo-
tactic peptides,'>~21311 somatostatin analogues,3'2-316
“Stealth” liposomes,3'” antisense oligonucleotides,3!®
and a GPIIb/llla receptor antagonist.>558:318-323 Since
the HYNIC can only occupy one or two coordination
sites, a coligand such as tricine is required to
complete the square pyramidal or octahedral coor-
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dination sphere of the technetium (Figure 18). The
advantage of using HYNIC as the BFCA is its high
labeling efficiency (rapid and high yield radiolabeling)
and the choice of various coligands such as tricine
and glucoheptonate, which allows easy modification
of the hydrophilicity and pharmacokinetics of the
9mTc-labeled small peptides. However, the use of
tricine or glucoheptonate as coligands suffers two
major drawbacks: the solution instability of techne-
tium complexes [*™Tc(HYNIC—BM)(L).] (BM = bio-
molecule; L = tricine, glucoheptonate, and EDDA) in
the absence of excess coligand and the presence of
multiple species of these complexes in solution due
to different bonding modalities of HYNIC and the
tricine or glucoheptonate coligands.

A ternary ligand system has been used in the ®™Tc-
labeling of HYNIC-derivatized biomolecules, includ-
ing a GPIIb/llla receptor antagonist, chemotactic
peptides,®t and LTB, receptor antagonists?®—26 using
tricine and water-soluble phosphines as coligands
(Figure 19). It is surprising that three different
ligands (HYNIC—BM, tricine, and a phosphine)
combine with technetium and form ternary ligand
complexes [*"Tc(HYNIC—BM)(tricine)(phosphine)]
in high yield and high specific activity. It was found
that these ternary ligand technetium complexes have
extremely high solution stability and often show two
isomeric forms if the BM contains one or more chiral
centers. Like phosphines, imine-N containing het-
erocycles (Figure 19) have also been used as coligands
for the ®MTc-labeling of HYNIC—BM.318:321.322 |t was
found that the complexes, [**™Tc(HYNIC—BM)(tri-
cine)(heterocycle)] (heterocycle = ISONIC, ISONIC-
L-Asp-(OMe)-OMe, ISONIC—HE, MTE, PA, PES, and
PSA), are also formed as equal mixtures of two
isomers. It has been demonstrated that the presence
of two radiometric peaks is due to the resolution of
two diastereomers resulting from the chiral centers
on the peptide backbone and the chiral technetium
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chelate.?'8320 The 1:1:1:1 composition for Tc:HYNIC:
L:tricine (L = phosphines or imine-N heterocycle) was
determined through a series of mixed-ligand experi-
ments®8318 and has been confirmed by the FAB-MS
and LC-MS spectral data for technetium complexes
at both **™Tc and °°Tc levels.32®

Obviously, the use of these ternary ligand systems
offers several advantages. The biomolecule can be
radiolabeled with extremely high specific activity.
Three different ligands (HYNIC—BM, tricine, and
phosphine/heterocycle) combine with Tc and form
ternary ligand ®™Tc complexes with only two detect-
able isomers if the HYNIC—BM or imine-N contain-
ing heterocyclic coligand contains one or more chiral
centers. These ternary ligand technetium complexes
have very high solution stability. The hydrophilicity
of the ternary ligand ®™Tc complexes can be tuned
by changing functional groups on the phosphine
coligand or imine-N containing heterocycle. The
tricine coligand can also be substituted by other
aminocarboxylates such as dicine (N-bis(hydroxy-
methyl)methylglycine) and bicine (N,N-bis(hydroxy-
methyl)glycine).

In principle, these ternary ligand systems can be
used for the °°™MTc-labeling of any biomolecules:
peptides, peptidomimetics, and non-peptide receptor
ligands. There are also limitations using these ter-
nary ligand systems. Problems may arise when they
are used for **™Tc-labeling of biomolecules containing
one or more disulfide linkages, which are often vital
to keep the rigid cyclic conformation of the biomol-
ecule and to maintain the high receptor binding
affinity. The use of reducing agents such as SnCl,
and TPPTS in combination with high-temperature
heating may reduce the S—S disulfide bonds and
adversely affect the biological properties of the
HYNIC—BM conjugate.

While the composition of the ternary ligand *°™Tc
complexes has been determined via a series of mixed-
ligand experiments and by LC-MS at the tracer
(°*™Tc) level, the technetium oxidation state remains
unclear. It has been proposed that the technetium
oxidation state in the [**™Tc]tricine complex is +5.3%8309
The oxidation state might change when HYNIC and
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phosphine or an imine-N containing heterocyclic
coligand are bonded to the Tc center. Since organo-
hydrazides are good reducing agents, the reaction of
HYNIC with [*®"Tc]pertechnetate or a intermediate
complex such as [*°™TcO(tricine),] should be treated
as a redox reaction instead of simple deprotonation
of the hydrazine functionality. Therefore, the charge
on the organohydrazide ligand cannot be assigned
simply as a function of the number of hydrogens lost
when it is bonded to the Tc center.

Complexes containing Tc—hydrazido and Tc—dia-
zenido bonds have been previously reported and
characterized by X-ray crystallography.342-34° Davi-
son, Zubieta, and co-workers recently reported a
series of Tc(I11)/Re(111) complexes of 2-hydrazinopy-
ridine (HYPY) and hydrazinopyrimidine.324734° Al-
though there are many possible bonding modalities
for organohydrazides such as HYPY,3* only four
bonding modalities have been structurally character-
ized by X-ray crystallography, including neutral
monodentate pyridiniumdiazenido (Figure 20 A),
anionic monodentate pyridyldiazenido (Figure 20B),
neutral bidentate pyridyldiazene (Figure 20 C), and
anionic bidentate pyridyldiazenido (Figure 20 D).
There is no structural information available for the
monodentate pyridylisodiazene (Figure 20 E) and
anionic monodentate pyridyldiazenido (Figure 20F).
The pyridine-N atom is not “innocent”. Unlike phe-
nylhydrazine, HYPY can be a bidentate ligand in
bonding to the Tc and form a five-membered chelate
ring. In addition, the pyridine-N is an electron-
withdrawing heteroatom and the aromatic pyridine
ring is electron-deficient, which makes it easier for
the g-nitrogen to be deprotonated.

It should be noted that the binding modality of
HYPY and the number of HYPY ligands in the Tc
complex are largely dependent on the nature and
availability of the coligand. For example, the reaction
of NH4[TcO,] with HYPY-2HCI in the presence of
other coligands produces a complex [TcCls(HN=
NCsH4N)(N=NCsH4;NH)]3*5346 in which the Tc is
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bonded by three chlorides, a neutral bidentate pyr-
idyldiazene, and a neutral pyridiniumdiazenido. The
reaction of HYPY-2HCI with [n-BusN][TcOCl4] or
[NH4][TcO4] in the presence of excess tricine and
PPh; produces Tc(l11) complexes [Tc(HYPY)(PPhs),-
Cl;] (major product) and [Tc(HYPY)(tricine)(PPhs3)]
(minor product).®?° The HYPY ligand in [Re(HYPY)-
Cly(PPhg);] was found to be a neutral bidentate
pyridyldiazene.3*¢ The complex [Tc(HYPY)(tricine)-
(PPh3)] serves as a model compound for ternary
ligand *°*™Tc complexes [**™Tc(HYNIC—BM)(tricine)-
(L)] (L = TPPTS, TPPDS, and TPPMS). The NMR
(*H and 3C) spectral data suggests that the complex
[Tc(HYPY)(tricine)(PPhs)] has a distorted octahedral
coordination sphere with a monodentate HYPY, a
tetradentate tricine, and a monodentate PPh; colig-
and.3?° However, the exact bonding modality of the
HYPY in [Tc(HYPY)(tricine)(PPhs)] remains unclear
due to the difficulty in determining which atom is
bonded to the exchangeable hydrogen (Figure 21A—
C). In aqueous solution, the hydrogen is deproton-
atable and there is no difference between these three
modalities.

Like HYPY, the HYNICtide bonds to the Tc most
likely via a Tc—diazenido linkage. The technetium
chelate is chiral due to the asymmetrical bonding of
the tricine coligand and should be formed in an equal
mixture of b and L enantiomers. These enantiomers
in combination with the chiral centers on the peptide
backbone of HYNIC—BM result in the formation of
two diastereomers. Therefore, it is not surprising that
the HYNIC—BM with one or more chiral centers
forms ternary ligand °™Tc complexes showing two
radiometric peaks in their radio-HPLC chromato-
grams while the HYNIC—BM without a chiral center
forms ternary ligand ®°*™Tc complexes showing only
one radiometric peak in their radio-HPLC chromato-
grams.

G. ¥MTc-Labeling Efficiency

The *°™Tc-labeling efficiency is a term used to
describe the ability of a BFCA to achieve a high
radiolabeling yield (>90%) of its ®°™Tc complex. There
are several factors that influence the labeling ef-
ficiency of a BFCA. These include the identity of
donor atoms, the chelator concentration, and reaction
conditions such as temperature, time, and pH.3%° If
the chelator concentration is fixed, the conditions
used for the °°™Tc-labeling are largely dependent
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upon the nature of donor atoms. For example, high
pH and heating at 100 °C for 30 min is required for
the successful ®*™Tc-labeling of N3S triamidethiol and
NS, diamidedithol at low concentrations (10~5—10-6
M) while the N,S; monoamidemonoaminedithiol can
be well labeled under milder conditions. For the NS,
diaminedithiol, the ligand exchange with [*™Tc]-
glucoheptonate can be completed within 60 min at
room temperature. In general, HYNIC and N,S;
diaminedithiols are better candidates as BFCAs due
to their high **™Tc-labeling efficiency for labeling
small peptides with very high potency. In some cases,
N3S triamidethiol, N,S, diamidedithol, or N,S; mono-
amidemonoamine—dithiol can be used as BFCAs if
the use of larger amounts (>100 ug/mL) of BFCA—
biomolecule conjugate does not cause unwanted side
effects. For example, there is 100 ug of bibapcitide
(P280) in each lyophilized AcuTect vial. This allows
the use of less than 50 mCi of [*®*™Tc]pertechnetate
for the radiolabeling.

The *MTc-labeling efficiency of a BFCA is also
affected by the presence of protecting groups on the
donor atom(s) and the identity of the exchange ligand
or coligand. For example, it has been reported that
tricine gives a much higher specific activity for the
9mTc-labeled HYNIC—IgG than glucoheptonate.31°
The use of protecting group(s) for thiol-containing
chelators usually slows down the rate of radiolabel-
ing.%! The use of the appropriate combination of
BFCA and exchange ligand (or coligand) is needed
for the successful %mTc-labeling of small biomol-
ecules.

VII. Three Conjugation Groups for Peptide
Attachment

A conjugation group is part of a BFCA and is used
for attachment of the biomolecule. Peptides are
polymers of amino acids containing a number of
possible active side chains. In addition to these
intrinsically reactive groups such as the w-amino
group from lysine, phenol moiety from tyrosine, thiol
group from cysteine, and carboxylate group from
aspartic or glutamic acid, specific reactive groups can
be introduced into the peptide by chemical modifica-
tion. These reactive groups, whether they are natu-
rally part of the peptide or artificially introduced, can
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molecule
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serve as “handles” for the attachment of a BFCA
using the following three conjugation groups (Scheme
2).

A. N-Hydroxysuccinimide (NHS) Esters

The NHS-activated esters can be attached to a
lysine primary amine group or an amino group from
the linker through an amide bond. The NHS-
activated esters have intermediate reactivity toward
amines, with high selectivity for aliphatic amines.
The optimum pH for reaction in aqueous systems is
8.0—9.0. The amide bond is very stable under physi-
ological conditions. Virtually any molecule that con-
tains a carboxylic group can be converted into its
NHS ester, making the NHS-activated ester groups
among the most powerful and the most commonly
used conjugation groups for proteins and small bio-
molecules.

B. Isothiocyanates

Like NHS esters, isothiocyanates are amine-reac-
tive groups with an intermediate reactivity and form
thiourea bonds with primary amines of proteins or
peptides. They are somewhat more stable in water
than the NHS esters with respect to hydrolysis and
react with amines in aqueous solution optimally at
pH 9.0—9.5. Thus, isothiocyanates may not be suit-
able for modifying biomolecules that are sensitive to
alkaline pH conditions.

C. Maleimide

Maleimide is a thiol-reactive group and reacts
selectively with a thiol from the antibody or peptide
to form a thioether bond without any interference
from histidine and other reactive groups. The opti-
mum pH for the reaction is near 7. At pH higher than
8, maleimides may hydrolyze to form nonreactive
maleamic acids.

VIIl. Three Radiolabeling Approaches

There are several approaches for the *°™Tc-labeling
of biomolecules. The choice of radiolabeling approach
depends on the type of biomolecules to be labeled and
the purpose of the study (just for proof of principle
or for product development). In the last two decades,
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Scheme 3. Direct Labeling Approach
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a large number of techniques have been developed
for the **MTc-labeling of biomolecules and extensively
reviewed.3>7366 They are often classified into three
main categories: the direct labeling approach, the
prelabeling approach, and the postlabeling approach.

A. Direct Labeling Approach

The direct labeling approach (Scheme 3) usually
uses a reducing agent such as stannous chloride to
convert a disulfide linkage into free thiols, which are
able to bind the Tc. The advantage of this approach
is that it is easy to carry out. However, very little is
known about the number of donor atoms and the
coordination geometry around the Tc center. There
is little control over the stability of the °*™Tc complex.
In addition, this method applies only to antibodies
or antibody fragments because many small peptides
do not have any disulfide bonds or in some cases the
disulfide bond is too critical for maintaining their
biological properties to be reduced.

Somatostatin analogues (e.g., BIM-23014, RC-160,
and Sandostatin), which contain a S—S disulfide bond
in the cyclic peptide backbone, have also been radio-
labeled by the direct labeling approach.® It is be-
lieved that when the S—S bond is reduced, the
thiolate-S atoms bond to the Tc center and form
stable °™Tc complexes. It was also reported that
these M Tc-labeled somatostatin analogues have not
shown any apparent loss of biological activity nor
have they shown any abnormal blood clearance in
experimental animals compared to that with *1In—
DTPA—octreotide. However, several critical questions
remain to be answered for this approach. What is the
oxidation state of technetium? How many peptides
are bonded to the Tc center? If only one peptide binds
to the Tc, which tripeptide sequence (Cys—AA—AA
or AA—AA—Cys) is involved in Tc bonding? How
many %°™Tc species are in the radiolabeled kit? What
is the impact of ®®*™Tc-labeling on the receptor binding
affinity of the cyclic peptide?

B. Prelabeling Approach

The prelabeling approach (Scheme 4) involves
formation of the °°*™Tc complex with a BFCA and
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Scheme 4. Prelabeling Approach
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conjugation of the **™Tc—BFCA complex to a protein
or peptide in a separate step on the tracer level. In
this approach, the chemistry is better defined and
the peptide or protein is not exposed to the sometimes
forcing conditions used in the chelation step. For
research purposes, this approach is very useful to
demonstrate the proof of principle in a short period
of time before making extensive efforts in preparing
the peptide—BFCA conjugate. However, it is too
complex and time-consuming for routine clinical use.
The multiple-step tracer-level synthesis makes it very
difficult to develop a kit formulation.

The prelabeling approach has been used for the
99mTc-labeling of antibodies and small peptides such
as cyclic GPIIb/l11a receptor antagonists using NS,
diamidedithiols, N3S triamidethiols, and an NS,
monoaminemonoamidedithiol as BFCAs.58188 |t was
found that the **™Tc-labeled cyclic GPI1b/I11a receptor
antagonists remain stable in solution for at least 24
h. It was also found that BFCAs have significant
effects on the physical and biological properties of the
9mTc—BFCA—peptide complex.585” This is probably
due to the fact that the *®"Tc—BFCA chelates con-
tribute nearly one-third of the total molecular weight
of the ®®*"Tc—BFCA—peptide conjugates.

C. Postlabeling Approach

In the postlabeling approach (Scheme 5), a BFCA
is first attached to the peptide to form a BFCA—
peptide conjugate. The BFCA can be attached to the
C- or N-terminus of the peptide. It can also be
attached to the side chain of the peptide or incorpo-
rated in the peptide backbone provided that incor-
poration of the BFCA does not significantly affect the
receptor binding affinity. This approach involves
multiple-step organic synthesis. However, the radio-
labeling can be accomplished by direct reduction of
9MTcO,~ in the presence of a BFCA—peptide conju-
gate or by ligand exchange with an intermediate
99mTc complex such as [*™Tc]glucoheptonate. This
approach combines the ease of direct labeling with
the well-defined chemistry of the preformed chelate
approach. The indirect labeling is the most practical
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Scheme 5. Postlabeling Approach
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approach for the development of commercial peptide-
based target-specific radiopharmaceuticals.

IX. Three Routes to Prepare ®"Tc—BFCA—-Peptide
Complexes

A. Direct Reduction

Once it is decided to use the indirect labeling
approach, the next question will be how to synthesize
the " Tc—BFCA—peptide complex. There are three
routes for preparation of the *®"Tc—BFCA—peptide
complex. The first one is the reduction route, in which
9¥mMTcO," is reduced in one step in the presence of the
BFCA—peptide conjugate or a mixture of the BFCA—
peptide conjugate and a weak chelating agent. Many
of the synthetic conditions employed in these prepa-
rations are dictated by the 6 h half-life of ®°™Tgc, the
low concentration of *"TcO, , and the chemical
stability of the BFCA—peptide conjugate. The reac-
tion generally produces a mixture of reduced *°™Tc
species, and in many cases, the chemical form and
the oxidation state of these species are not known.%®
However, the " Tc—BFCA—peptide complex can be
prepared as the predominant product by the choice
of the appropriate reducing agent and an efficient
BFCA under well-controlled conditions.

A variety of reducing agents can be used for the
reduction of ®™TcO,.1?° These include Sn(Il), Ti(lll),
Cu(l), Fe(l1), Sn(0), Zn(0), sodium borohydride, dithion-
ate, dithionite, hypophosphoric acid, organic hydra-
zine, hydroxamine, formamidine sulfinic acid, dithio-
threitol, and water-soluble phosphines. While most
of these reductants can be used for the synthesis of
small technetium complex radiopharmaceuticals,
only a few of them have been used for commercial
kits of the peptide-based target-specific radiophar-
maceuticals. This is mainly due to limitations im-
posed by the stability of the BFCA—peptide conju-
gate. Special attention must be paid to make sure
that the reducing agent matches the type of BFCA
and the chemical stability of the peptide. For ex-
ample, the use of borohydride and thiols may prove
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to be detrimental for cyclic peptides containing one
or more S—S disulfide bonds because they are able
to reduce the S—S disulfide bonds, particularly at
elevated temperatures. This will lead to the destruc-
tion of the cyclic configuration, which is often vital
for the receptor binding. Cu(l) is not suitable for the
99mTc-labeling of an N,S; diaminedithiol conjugated
peptide because it forms stable Cu(l) complexes with
the NS, diaminedithiols. Organic hydrazines and
hydroxamine may not be able to reduce *™TcO,™ to
the required oxidation state in a short period of time
(<30 min). Sodium dithionite and sodium dithionate
are often used at pH = 10 for effective reduction of
99mTcO,~. Harsh reaction conditions such as high pH
should be avoided during the radiolabeling because
the BFCA—peptide conjugate may decompose or
undergo racimization under these conditions.

Sn(ll) is the most commonly used reducing agent
in commercial kits for the rapid preparation of ®™Tc
radiopharmaceuticals due to its fast reduction kinet-
ics. However, the use of Sn(l1) often leads to several
problems.367:3688 For example, during the synthesis of
a ®MTc radiopharmaceutical, initial reduction of
9mTcO,~ leads rapidly to the formation of the Tc(VI)
intermediate **MTcO,4?~, which is unstable with re-
spect to disproportionation to ™ TcO,~ and insoluble
99MTcO,. The reduction of ®"TcO,~ can lead to the
formation of Tc(1V), which undergoes rapid hydrolysis
in aqueous solution to form °°™TcO,. Sn(IV) also
undergoes rapid hydrolysis to form insoluble SnO,
colloid. The formation of colloids (**MTcO,/Sn0O,)
compromises the radiolabeling yield of the ®™Tc—
BFCA—peptide complex. Therefore, a weak chelating
agent such as glucoheptonate (GH) or tricine is often
used to stabilize both Sn(ll) and Tc in its intermedi-
ate oxidation state.

B. Ligand Exchange

The second route for the °°™Tc-labeling of the
BFCA—peptide is the two-step ligand exchange syn-
thesis. This route involves reduction of *™TcO,~ by
a reducing agent in the presence of a chelating agent
such as glucoheptonate to form the intermediate
complex [**™TcO(GH),]"", which is then allowed to
react with the BFCA—peptide conjugate under milder
conditions to give the final product, the ®mTc—
BFCA—peptide complex. This route is often used for
the ®*™Tc-labeling of biomolecules such as antibodies
and antibody fragments, which are sensitive to harsh
reaction conditions (e.g., high pH and heating at
elevated temperatures). [**"TcO(GH),]™ has also been
used for the ®°*™Tc-labeling of small peptides.?23334
The intermediates [**™TcO(L),]~ (L = tricine, man-
nitol, and glucamine) have been used for %MTc-
labeling of HYNIC-conjugated biomolecules such as
polyclonal 1gG and small peptides.11~2%.307-310 Unlike
tetradentate thiol-containing chelators, which replace
the glucoheptonate in [**™Tc]glucoheptonate complex,
HYNIC reacts with the [Tc=0]3" core. The exchange
ligand is the oxo-O atom, while the Tc is reduced to
Tc(111) when HYNIC binds to the Tc center. Tricine
or glucoheptonate serves two purposes: as a ligand
to stabilize the reduced ®°™Tc in its Tc(V) oxidation
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state and as a coligand to stabilize the [*®*"Tc]HYNIC
core.

C. Reduction—Substitution

The third route is the reduction—substitution
route, which involves the use of a reducing ligand
such as bidentate dmpe (1,2-bis(dimethylphosphino)-
ethane)®%370 and monodentate triphenylphosphine or
sulfonated triphenylphosphine?56.257371 which become
incorporated into the coordination sphere of the
technetium. First, the reducing ligand reduces
®MTcO,~ to a lower oxidation state, the exact nature
of which is largely dependent upon other chelators/
ligands bonded to the Tc center and serves as a lig-
and in bonding to the Tc. Examples include dmpe in
the complex [**"Tc(dmpe).Cl,]" and TPPTS in ter-
nary ligand complex [**™Tc(HYNIC—BM)(tricine)-
(TPPTS)].32 If the phosphine coligand is replaced by
an imine-N containing heterocycle, SnCl, has to be
used for the reduction of **"TcO,. TPPTS has also
been used as a reducing agent for the synthesis of
nitrido technetium complexes [**"TcN(dithiocarbam-
ate),].%8

X. Quality Control of the *™Tc-Labeled Peptides

A. Thin-Layer Chromatography (TLC)

TLC is the most frequently used procedure for the
quality control of ®™Tc-labeled small peptides. It is
simple and quick, usually taking only 10—15 min to
complete the whole procedure. In the radiolabeled kit,
there are several ®*MTc species: [*°"Tc]pertechnetate,
[**"Tc]colloid, the °™Tc—BFCA—peptide complex,
and other radioimpurities. Ideally, one TLC paper
strip or plate is needed for the separation of [**™Tc]-
pertechnetate, [*®*™Tc]colloid, and the **"T¢c—BFCA—
peptide complex. The mobile phase is often comprised
of an organic solvent (acetone, ethanol, acetonitrile,
methyl ethyl ketone, or isopropyl alcohol) and saline
or a buffer. The [**™Tc]colloid remains at the origin,
while the [**™Tc]pertechnetate migrates to the sol-
vent front. The **MTc-labeled BFCA—peptide conju-
gate appears in the middle of the paper strip or plate.
In some cases, two paper strips or TLC plates are
needed for quality control. In this situation, saline
(0.9% sodium chloride solution) is usually used for
checking the presence of [**™Tc]colloid. Organic sol-
vents are usually used to check the presence of
migrating [**™Tc]pertechnetate at the solvent front
and the water-soluble *°*™Tc-labeled BFCA—peptide
conjugate at the origin. It should be noted that TLC
methods give only the radiolabeling yield, which
includes all ®*™Tc species containing the peptide. It
does not tell the radiochemical purity (RCP) for the
9mTc—BFCA—peptide complex and is not suitable for
separation of different isomeric forms.

B. High-Pressure Liquid Chromatography (HPLC)

For the past decade, HPLC has become a routine
quality control technique for " Tc radiopharmaceu-
ticals. The advantage of radio-HPLC is its capability
to determine the RCP for the ®*™Tc—BFCA—peptide
complex and to separate different %™Tc species in the
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kit matrix. It is also a very powerful tool for separa-
tion of different isomers such as epimers and dia-
stereomers. The separation of optical isomers re-
quires the use of chiral chromatographic conditions
(chiral column or chiral mobile phase). Radio-HPLC
also has its limitations. For example, the radio-HPLC
cannot be used for the assessment of the [**™Tc]colloid
formation. A TLC method is needed in combination
with HPLC to assess both the radiolabeling yield and
the RCP for the ®"™Tc-labeled peptide.

It should be emphasized that a single peak in the
radio-HPLC chromatogram does not mean that there
is only one °*™Tc species. It is particularly true when
the chromatographic conditions are not appropriately
developed. For example, it has been reported that the
complex [®*"Tc(FMLFK—HYNIC)(glucoheptonate),]
showed a single peak in its radio-HPLC chromato-
gram using a sharp gradient HPLC method with
acetonitrile from 0% to 100% over 10 min.%72373 The
same complex showed several radiometric peaks
using a slower gradient reverse phase HPLC meth-
0d.® Therefore, it is very important to develop a good
radio-HPLC method for the accurate assessment of
the RCP of the " Tc—BFCA—peptide complex. It is
also important that one should use different chro-
matographic conditions to confirm that one peak in
the chromatogram is really one peak and there are
no other radioimpurities or isomeric forms coeluting
with the ®m™Tc—BFCA—peptide complex because these
impurities often have different biological properties
(biodistribution and excretion route) in biological
systems.

XI. Characterization of the ®"Tc-Labeled Peptides

One of the most important aspects of radiochem-
istry is to know the composition and structure of the
radiopharmaceutical prepared in the radiolabeled Kit.
A quick and accurate method would help radiochem-
ists understand the fundamental chemistry at the
tracer (*™Tc) level. As discussed previously, the total
technetium (*®*™Tc and %°™Tc) concentration in the
generator eluate is very low (1078-10"% M). At this
concentration, it is impossible to use classical spec-
troscopic (IR, UV/vis, NMR, and FAB-MS) methods
for the characterization of °™Tc¢ radiopharmaceuti-
cals.

Traditionally, characterization of a new radiophar-
maceutical involves synthesis of the corresponding
99Tc complex at the macroscopic level. The composi-
tion and structure of the *°Tc complex are determined
by IR, NMR, FAB-MS, and X-ray crystallography. An
HPLC concordance experiment is performed to dem-
onstrate that the same technetium complex is pre-
pared at both the macroscopic and the tracer levels.
For peptide-based technetium radiopharmaceuticals,
isolation of the *°Tc—peptide complex usually involves
multiple-step synthesis and tedious HPLC purifica-
tion. It is also very difficult to grow single crystals
for the highly water-soluble ®Tc—peptide complex.
In addition, the chelation chemistry for some chelat-
ing systems may differ at the macroscopic and tracer
levels. Therefore, there is a growing need for a quick
and accurate method to determine the composition



9mTc-Labeled Small Peptides

Chemical Reviews, 1999, Vol. 99, No. 9 2255

Table 5. LC-MS Data for Ternary Ligand ™Tc Complexes, [*®*"Tc(HYNICtide)(tricine)(L)]

L formula formula weight found (M + H)* found (M + 2H)?*
TPPTS Ce2H78N14023PS3Tce 1613.44 1614.6 807.2
TPPDS Ce2H79N14020PS,TcC 1533.38 1534.5 768.2
TPPMS Ce2HgoN14017PSTC 1453.31 1454.3 727.2
TPPTS Ce2H78N14023PS3Re 1700.3 1701.1 850.2
TPPDS Ce2H79N14020PS;Re 1620.4 1620.2 810.1
TPPMS Ce2HsoN14017PSRe 1500.3 1501.3 770.2
ISONIC—HE Cs2H73N16016TC 1276.4 1277.3 639.3
ISONIC—Asp—(OMe)—OMe CseH77N16019TC 1377.2 1378.3 689.5
ISONIC—Sorb Cs6Hg1N16020TC 1397.3 1398.3 699.2

and structure of the radiopharmaceutical in the
radiolabeled kit at the tracer level.

A. Mixed-Ligand Experiment

The mixed-ligand experiment was used to deter-
mine the composition of ternary ligand °*™Tc com-
plexes, [ Tc(HYNICtide)(tricine)(L)] (L = water-
soluble phosphines or imine-N containing hetero-
cycles), at the tracer (**™Tc) level.%8318 |n this experi-
ment, the HYNICtide and a model compound,
HYNIC—b-Phe—OMe, were used in the same reac-
tion mixture. After the radiolabeling, the reaction
mixture was analyzed by HPLC. If only one HYNIC-
tide is bonded to the Tc, the chromatogram is
expected to show two sets of peaks, one set from the
complex [*°*™Tc(HYNICtide)(tricine)(TPPTS)] and the
other from the complex [*™Tc(HYNIC—b-Phe—OMe)-
(tricine)(TPPTS)]. If there were two HYNIC-contain-
ing ligands in each complex, a third set of peaks from
the mixed-ligand complex, [*®*"Tc(HYNICtide)-
(HYNIC—b-Phe—OMe)(tricine)(TPPTS)], is expected.
The presence of only two sets of peaks in the HPLC
chromatogram demonstrates clearly that there is
only one HYNICtide bonded to the Tc in [**™Tc-
(HYNICtide)(tricine)(L)]. The same experiment was
used to determine the number of tricine and phos-
phine or imine-N containing heterocyclic coligand.
This methodology also applies to the composition
determination for °*™Tc complexes with other binary
or ternary ligand systems. The mixed-ligand experi-
ment is simple and only takes several hours to know
composition of the *™Tc complex.

B. LC-MS Method

Mass spectrometry has been a powerful tool for the
study of drug metabolism and biodeposition for a
number of years.3”4737® These types of studies have
been traditionally carried out by GC-MS techniques.
However, the use of LC-MS has been growing in
importance, especially since the introduction of the
thermospray interface, which works well for com-
pounds of moderate polarity. More recently, with the
advent of modern liquid-phase ionization techniques,
such as electrospray, it has become possible to use
LC-MS methods for the structural characterization
of highly polar molecules at very low concentrations.

LC-MS has been used for the characterization of
ternary ligand °°™Tc complexes, [*®°*™Tc(HYNICtide)-
(tricine)(L)] (L = TPPTS, TPPDS, and TPPMS). The
LC-MS spectral data (Table 5) supports the proposed
structure (Figure 18) and is consistent with the
composition determined via the mixed-ligand experi-

ments on the tracer (°*™Tc) level 8323 Using LC-MS,
the amount of sample can be as low as 107! mol,
particularly for complexes with a lower molecular
weight and neutral charge. For example, the amount
of sample for [*°*"TcO(ED)] and [**™Tc(MIBI)g]" can
be as low as 10~1? mol.®?2 Compared to FAB-MS, LC-
MS shows much lower fragmentation due to the use
of the electrospray interface. While the MS is used
for determination of the composition, the LC—UV and
MSD profiles are commonly used for identification
of the radiolabeled compound to be analyzed. For
short-lived radionuclides such as *°™Tc, the short
half-life results in high specific radioactivity for the
radiolabeled compound. In this situation, it is much
better to use the radiodetector for identification of
the radiopharmaceutical. In combination with a
radiation detector, LC-MS can be used to determine
the chemical composition of both the radiopharma-
ceutical and radioimpurities in the radiolabeled kit.
LC-MS is a powerful technique for composition and
structural studies at the tracer level and will become
a routine technique for characterization of new
radiopharmaceuticals.

XII. ®™Tc-Labeled Peptides as
Radiopharmaceuticals

For the last several years, a large number of
radiolabeled receptor ligands have been synthesized
and studied for potential use as target-specific ra-
diopharmaceuticals. In general, they can be classified
into three major categories according to their diag-
nostic applications: thrombus imaging, infection/
inflammation imaging, and tumor imaging. These are
the three major areas in which radiolabeled receptor
ligands have been well-investigated in both preclini-
cal and clinical studies. Some of them have been
developed successfully into marketable products,
while some of them are still in clinical trials.

A. Thrombus Imaging

Venous and arterial thrombus formation are com-
mon and potentially life-threatening events. A venous
thrombus is an intravascular deposit predominantly
comprising fibrin and aggregates of platelets. Intra-
arterial platelet—fibrin thrombus formation is the
final common pathway that leads to most complica-
tions of atherosclerosis, including acute myocardial
infarction, unstable angina, stroke, and sudden death.
In addition, intra-arterial thrombus is a major cause
of the complications associated with intravascular
prosthetic materials such as arterial bypass grafts
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and heart valves. Thus, the development of a non-
invasive imaging agent that is able to detect throm-
bus (both arterial and DVT) with high accuracy
would be a significant advance in diagnostic nuclear
medicine.

In the rapidly growing thrombus, platelets are
activated. The activated platelets express the GPIIb/
I11a receptor which recognizes proteins and peptides
bearing the RGD tripeptide sequence, while non-
activated circulating platelets express virtually none
of the receptor in its active conformation. A number
of RGD-containing GPIlIb/Illa receptor peptide an-
tagonists have been synthesized and studied for their
antithrombotic activities.3"7385 These small peptides
represent a rapidly growing class of antithrombotics.

RP419 (Figure 22) is a cyclic platelet GPIIb/Illa
receptor antagonist. It can be prepared by either
the prelabeling approach® or the postlabeling ap-
proach.*91%9 |n a canine AV shunt model, RP419 was
found to be incorporated into the growing thrombus
under both arterial and venous conditions. In the
canine DVT model, RP419 showed rapid uptake in
thrombi with images clearly diagnostic within 15 min
postinjection.5’

DMP444 (Figure 22) is another GPIIb/l11a receptor
antagonist. HYNIC is used as the BFCA in DMP444
while tricine and TPPTS are used as coligands. In
the canine AV shunt model,® DMP444 was ad-
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equately incorporated into the arterial and venous
portions of the growing thrombus (7.8—9.9% and 0.2—
3.7% ID/g, respectively). In the canine DVT model,
the thrombus uptake (%ID/g = 2.86 + 0.4) of DMP444
was much higher than that of the negative control,
[**"Tclalbumin. DMP444 showed a moderate blood
clearance with a ty; of approximately 90 min. Visu-
alization of DVT can be as early as 15 min post-
injection and improves over time with a thrombus/
muscle ratio of 9.7 + 1.9 at 120 min postinjection.
Phase | clinical trials demonstrated an excellent
safety profile and acceptable dosimetry.38 Prelimi-
nary results from phase 11 trials showed that DMP444
could detect DVT within 60 min with 93% sensitivity,
75% specificity, and 82% accuracy.®®” [**Tc]DMP444
and its two diastereomers were evaluated in an in
vitro assay against fibrinogen binding to activated
canine platelets. It was found that both isomers have
the same binding affinity (ICsp = 12 £ 1 nM).3%0
Compared to the unlabeled peptide (Figure 23,
ICso = 6 £ 2 and 8.1 + 1.7 nM against fibrinogen
binding to the activated human and canine platelets,
respectively); [*°*Tc]DMP444 remains a high-affinity
GPlIb/llla receptor antagonist. The incorporation of
the radionuclide did not significantly decrease the
receptor binding affinity, even though the technetium
chelate contributes more than 50% of the total
molecular weight of DMP444.
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P280 (Figure 23) is a small oligopeptide consisting
of two identical cyclic 13 amino acid monomers. Each
monomer contains a —(S-aminopropylcysteine)—Gly—
Asp tripeptide sequence, which is mimetic of the RGD
sequence found in molecules such as fibrinogen and
fibronectin. P280 has high affinity for the GPIIb/Il1a
receptor with the 1Cso of 87 nM for inhibition of
human platelet aggregation.® Each monomer con-
tains a Cys(Acm)—Gly—Cys(Acm) tripeptide se-
quence, which can be used for ®®*™Tc-labeling. Because
of the low labeling efficiency of N,S, diamidedithiols
and the presence of the Acm protecting groups on the
two thiol groups, the specific activity for the *™Tc—
P280 complex is low (60 mCi/umol) compared to that
of DMP444 (20 000 mCi/umol). ®°™Tc—P280 was
reported to give excellent images of DVT in a canine
DVT model, while the thrombus uptake is only
0.0059 + 0.0025%1D/g at 4 h postinjection.®! The low
thrombus uptake is most likely related to the lower
binding affinity of P280 (ICso = 87 nM) for the GPI1b/
Il1a receptor and fast blood clearance. Clinical expe-
rience showed that *°™Tc—P280 may enable imaging
of venous thrombus within 60 min postinjection with
78% (7/9) accuracy.38 #°mTc—P280 has recently been
approved as a commercial product (AcuTec). How-
ever, there is no structural and compositional data
available for both °*™Tc—P280 and *°Tc—P280. Re-
cently, the solution coordination mode of a %*"MTc-
labeled endothelin derivative (Asp—Gly—Gly—Cys—
Gly—Cys—Phe—(p-Trp)—Leu—Asp—Ile—Ille—Trp),which
contains the identical Cys—Gly—Cys tripeptide se-
quence for the ®MTc-labeling, was determined by
X-ray absorption spectroscopy (XAS). XAS analysis

revealed that two peptide molecules bond to the
[TcO" core to form the purely S-coordinate 2:1
complex.38°

P748 (Figure 23) is another GPIIb/llla receptor
antagonist. ®"Tc—P748 is under investigation for
imaging pulmonary embolism. P748 has a higher
receptor binding affinity (ICso = 28 nM against
aggregation of human platelets) than P280. %" T¢c—
P748 shows slower blood clearance with t;,a = 9.6
min and t;»8 = 145 min, higher thrombus uptake
(%ID/g = 0.018 + 0.0068 at 4 h postinjection), and a
higher target-to-background ratio than %®m™Tc—P280.96!
Unlike P280, P748 uses an N3S monoamine diamide-
thiol chelating unit for the **™Tc-labeling. Because
of the asymmetric character of the chelator, two
epimers are seen, one of which is predominant. It was
reported that P748 can be easily labeled by ligand
exchange with [**™Tc]glucoheptonate at room tem-
perature. The specific activity for %"Tc—P748 is
about 2000 mCi/umol. Apparently, the presence of the
amine-N donor and an unprotected thiol in the
chelator improves the radiolabeling efficiency.

CYT-379 (acetyl-SYGRGDVRGDFKCTCCA-amide)
is a low molecular weight small peptide. It was
derived from a sequence present in the CDR region
of the monoclonal antibody PAC 1.1 and contains two
RGD sequences which bind to the GPIIb/Il1a receptor
on the activated platelets. It also contains a techne-
tium chelating group (KCTCCA). The animal studies
showed that ™ Tc—CYT-379 preferentially localizes
in fresh thrombi in rabbits and dogs 1—2 h postin-
jection.®%° A phase I clinical study showed that **™Tc—
CYT-379 has an initial component of rapid clearance
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with typ0 of 12 min, followed by a slow component
with ty,8 = 160 min. It was also found that M Tc—
CYT-379 has a low sensitivity and accuracy (43%,
3/7) in detecting thrombi in patients, particularly
those who were receiving heparin at the time of
administration of ®"Tc—CYT-379. The low sensitivity
and accuracy of ®™Tc—CYT-379 was also attributed
to its slow clearance from blood plasma and the
partial heptabilary excretion.3%

Other ®™Tc-labeled receptor ligands for thrombus
imaging include TP-1300 (CSVTCR),%%* snake venom
peptides,3923% and MP-2026 (Thromboscan),®** which
is an N3S-conjugated RGD peptidomimetic analogue.
TP-1300 was modified with an N4 Gly—Ala—Gly—Gly
binding group for °™Tc-labeling and an Aba (2,4-
diaminobutanoic acid) linker. It has been shown that
the %*™Tc-labeled TP1300 was able to accumulate on
thrombin-activated platelets. In humans, MP-2026
has been shown to monitor the localization and the
functional activity of fresh thrombi. No structural
information was disclosed for Thromboscan. Bitista-
tin, a 9000 Da peptide isolated from Bitis arietans
venom, was labeled with %"Tc using HYNIC as
BFCA and glucoheptonate as the coligand. In a
canine PE model, the **"Tc—HYNIC—bitistatin com-
plex showed rapid PE accumulation with the PE
uptake of 2.5%1D/g and the PE/Blood ratio of 90 +
13_392

B. Infection/Inflammation Imaging

For a number of years, imaging of inflammation
and infection has been performed using either Ga—
citrate or *In-labeled white blood cells (WBCs).3953%
99mTc-labeled polyclonal 1gG was also used for detec-
tion of infection foci.3?7~403 Although these agents are
well-accepted and efficacious, it usually takes 24 h
to obtain diagnostically useful images. Imaging using
9mTc—hexamethylpropylene amine oxime (HMPAO)—
WBCs494:405 gnd *°*™Tc[albumin] colloid—WBCs*% can
be completed on the same day; but these procedures
may impose significant risks to laboratory personnel
and patients, particularly with the increasing preva-
lence of human immunodeficiency virus in the popu-
lation.*®” Radiopharmaceuticals for imaging inflam-
mation and infection have recently been reviewed
extensively.408-410

White blood cells (WBCs), particularly polymor-
phonuclear leukocytes (PMNLSs) and monocytes, ac-
cumulate in high concentrations at sites of infection.
Therefore, research has been directed toward radio-
labeling small molecules that bind to both circulating
granulocytes and leukocytes. Fischman and co-work-
ers have investigated a series of radiolabeled chemo-
tactic peptides as infection/inflammation imaging
agents.’? 18 These peptides were modified with HYNIC
(for ®mTc-labeling) or DTPA (for *In-labeling) at the
C-terminus. The ®™Tc-labeling of HYNIC-modified
chemotactic peptides can be achieved using various
coligands such as glucoheptonate, mannitol, and
glucamine.'® It was reported that very high specific
activity (20 000 mCi/umol) could be achieved using
glucoheptonate as the coligand. Different biodistri-
butions were observed for various coligands.'® Re-
cently, van der Laken®*~2! and co-workers also re-
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ported the use of the **™Tc-labeled fMLFK—HYNIC
for imaging acute infection and sterile inflammation.
Animal studies have shown evidence of binding to
leukocytes and localization at sites of infection.
However, these studies have not addressed problems
associated with the presence of multiple species of
the binary ligand *°™Tc complexes and their solution
stability.

The conjugate fTMLFK—HYNIC was recently ra-
diolabeled using a ternary ligand system: fMLFK—
HYNIC, tricine, and TPPTS.3!! The ternary ligand
technetium complex [®*™Tc(fMLFK—HYNIC)(tricine)-
(TPPTS)] (RP463) was evaluated in two animal
(guinea pig and rabbit) models of focal infection. It
was found that RP463 was incorporated rapidly into
the infected tissues with a T/B of 5—7:1 at 4 h
postinjection. In the rabbit infection model, a tran-
sient decrease in the white blood cell count of 35%
was observed during the first 30 min after injection
of the HPLC-purified RP463. Similar neutropenic
response was also reported for the °™Tc-labeled
thienylalanyl—leucyl—phenylalanyl chemotactic pep-
tides,*tt ®¥mT¢—RP050 and °°™Tc¢—RP056.22 Since
RP463 was purified by HPLC, it should be free of
unlabeled fMLFK—HYNIC. The neutropenic effect is
probably due to the fact that RP463 is a high-affinity
agonist for chemotactic peptide receptors on leuko-
cytes.

The use of ®™Tc-labeled potent agonists as radio-
pharmaceuticals suffers a major drawback, severe
reduction of peripheral leukocyte count. There are
several approaches to avoid this problem. The first
approach is to separate the radiolabeled peptide from
the excess unlabeled peptide using HPLC. This
results in a product almost at its theoretical specific
activity but is inconvenient for routine clinical use.
This approach may not be enough because even the
HPLC-purified *MTc-labeled peptide can still cause
the neutropenic effect if the °™Tc complex itself is a
very potent agonist. The second approach involves
using less active agonists with similar binding char-
acteristics. However, lower binding affinity may
result in less accumulation of the radioactivity at the
receptor sites. The third approach is to use antagonist
peptides as targeting molecules. Unfortunately, the
receptor binding affinity of the antagonists tested to
date appear to be much lower than that of the
agonists.*12

Peptide P483 (Figure 25) is an analogue of the
C-terminal tridecapeptide of human PF-4, which is
a 29-K Da homotetrameric protein. It contains a
Cys—Gly—Cys tripeptide chelating unit for °°™Tc-
labeling. The pentalysine sequence on the N-termi-
nus was used to promote renal clearance.*® It was
reported that complexation of °"MTc—P483 with
heparin substantially enhanced the binding to WBCs
and resulted in improved uptake in sites of infection
in a rabbit infection model.**® The in vitro distribu-
tion in human blood suggests that *°"Tc—P483H
associates with specific WBCs, particularly mono-
cytes. In a rabbit infection model, *°*"Tc—P483H
showed slightly higher infection uptake (0.062 +
0.022%I1D/g) than !In—oxine—WBCs (0.051 =+
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0.008%1D/g) and a 6-fold higher target-to-background
ratio, probably due to rapid blood clearance.*'?

Tuftsin is a tetrapeptide (TKPR) derived from the
Fc portion of IgG. It promotes phagocytosis and
chemotaxis of neutrophils and monocyte/macophages.
Recently, a ®™Tc-labeled tuftsin receptor antagonist
(Pic—SC(Acm)G—TKPPR; Pic = picolinic acid) was
used for imaging inflammation.?” The Pic—SC(Acm)G
sequence forms an N3S chelating unit for ®MTc
bonding. Radiolabeling was achieved by ligand
exchange with [**"Tc]glucoheptonate. Animal studies
showed that the ®™Tc-labeled tuftsin antagonist was
able to give excellent images with target-to-back-
ground ratios of 3.6, 5.0, and 16.2 at 0.5, 3, and
17 h postinjection, respectively. Another %MTc-
labeled tuftsin receptor antagonist is **"Tc—RP128
(RP128 = dimethylGSC(Acm)G—TKPPR). In an in-
flammatory bowel disease (IBD) model, " Tc—RP128
showed much better imaging quality than *'In—
oxine—WBCs.?® Target (inflamed terminal colon) to
background (proximal noninflamed colon) ratios of
2.14, 2.51, 2.90, and 1.90 were obtained at 0.5, 1, 3,
and 18 h postinjection, respectively. Both agents were
rapidly excreted via the renal system.?® A pilot phase
Il clinical study demonstrated that *°"Tc—RP128
could be used to visualize inflammatory lesions in
patients with Crohn’s disease within 4 h postinjec-
tion.414

Radiolabeled cytokines are a promising class of
peptide radiopharmaceuticals that may have diag-
nostic potential in several pathological conditions.#1®
Cytokines act via an interaction with specific surface
receptors expressed on known cell populations. Cy-
tokine receptors, usually of high affinity, are gener-
ally expressed at low levels on resting cells, but their
expression can be upregulated during activation
infections, autoimmune diseases, and other patho-
logical conditions. Although radiolabeled cytokines
have the potential for the study of pathophysiology
of several diseases, very few ®°*™Tc-labeled cytokines
have been used for diagnosis of inflammation or
infection.41®

C. Tumor Imaging

The incidence of malignancies in the United States,
Europe, and Japan may be estimated to be 3.3 MM
in 1997. The most common malignancies in the
United States and European countries are lung,
colorectal, breast, and prostate. Despite a number of
imaging modalities currently available in the clinic,
there is still an unmet need for the development of
new diagnostic agents, which can detect both the
primary and metastastic tumors with more specificity
and accuracy. Radiolabeled receptor-based biomol-
ecules such as small peptides are of great interest
because they have the potential to detect primary
sites, identify occult metastatic lesions, guide surgical
intervention, stage tumors, and predict the efficacy
of therapeutic agents. When labeled with a suitable
radionuclide, they can also be used as therapeutic
radiopharmaceuticals.

The peptide that has attracted the greatest interest
is somatostatin, a tetradecapeptide which exhibits an
inhibitory effect on the secretion of numerous hor-
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mones, including growth hormone, thyrotrophin,
insulin, glucogon, vasoactive intestinal peptide (VIP),
and secretin. Somatostatin receptors are overex-
pressed on a number of human tumors and their
metastases*!6~41° thereby serving well as the target
for tumor imaging. Although the first report of in vivo
imaging with a somatostatin analogue appeared in
1976,*° further development was hampered due to
rapid degradation of the native peptide by plasma
and tissue proteases.*?* For this reason, analogues
of somatostatin have been synthesized using b-amino
acids to prolong the in vivo half-life by inhibiting the
action of amino and carboxypeptidases. Octreotide
(Sandostatin, SMS 201-995) is a metabolically stable
analogue of somatostatin and has been successfully
used for the treatment of acromegaly and GEP
tumors.#?2-424 11In—DTPA—octreotide (OctreoScan)
has become one of the most commonly used radio-
pharmaceuticals in the clinic for tumor imaging.
However, it suffers several drawbacks such as the
long half-life (t;, = 67 h, g = 173, (89%) and 247 keV
(94%)) and the high cost of !In. For diagnostic
purposes, ®"Tc is more desirable because of its low
cost, easy availability, and ideal nuclear character-
istics, which better match the rapid blood clearance
and fast tumor accumulation of octreotide.

In the last several years, various somatostatin
analogues have been labeled with %™Tc using differ-
ent BFCAs. Of particular interest are ®™Tc-labeled
peptides P587 and P829 (Figure 24). Both peptides
contain the Tyr—(p-Trp)—Lys—Val sequence, which
is responsible for somatostatin receptor binding. The
cyclic peptide backbone does not contain the S—S
disulfide linkage and is not susceptible to reductive
cleavage. In P587, the Gly—Gly—Cys tripeptide con-
stitutes an N3S triamidethiol chelator for °*MTc-
bonding while P829 uses the (-Dap)—Lys—Cys tri-
peptide sequence to form an N3S monoaminediamide—
thiol chelating unit. Studies in CA20948 tumor-
bearing rats showed that the tumor uptake of " Tc—
P587 and **™Tc—P829 is comparable to or better than
that of OctreoScan.3® *mTc—P829 is excreted pre-
dominantly through the renal system. Preliminary
clinical results showed that *®*"Tc—P829 is useful not
only for the detection of primary nonsmall cell lung
cancer (NSCLC) with an accuracy of 100% (7/7), but
also for metastatic sites of NSCLC with 82% accuracy
(9/11).#?> In 23 non-Hodgkin's lymphoma and 8
Hodgkin's lymphoma patients, the sensitivity and
specificity were 81% and 93%, respectively.*?®> In 18
breast cancer patients, the sensitivity and specificity
were 86% and 91%, respectively.*?® No adverse events
were experienced in any of the patients. The diag-
nostic quality is such that when FDG is not available,
9MTc—P829 can be used as an alternative for detec-
tion of NSCLC.#?5 #¥mT¢—P829 has been submitted for
FDA approval as a new radiopharmaceutical for
tumor imaging.

HYNIC was also used to label somatostatin ana-
logues with 99MT¢ 37383127316 The use of tricine as a
coligand produced a very high specific activity (~6000
mCi/umol). In a tumor-bearing mouse model (AR4—
2J), all three ®"Tc-labeled HYNIC—octreotide con-
jugates showed comparable tumor uptake to *'In—
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DTPA—octreotide.33 The observed high blood activity
is probably related to the instability of °°™Tc—
HYNIC—octreotide—tricine complexes and plasma
protein binding. This assumption is supported by the
fact that imine-N containing heterocycles can act as
coligands and form stable ternary ligand complexes
with the ®"Tc-labeled HYNIC—peptide conjugates.?°

A major drawback of somatostatin receptor imag-
ing is the fact that several categories of tumors such
as pancreatic carcinomas are not visualized because
they do not express the somatostatin receptor.®® For
CNE (central nervous system) tumors, somatostatin
receptor imaging shows different results depending
on whether the tumor is within or outside the brain
blood barrier (BBB).#?” When the tumor is outside the
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(Gly)o-Pro-Leu-(Lys)o-(lle)o-(Lys)o-(Leu)o-Glu-Ser

BBB, it can be easily visualized and the intensity of
the scintigraphic signal correlates well with the
tumor cell somatostatin receptor density. In tumors
located inside the BBB, however, somatostatin recep-
tor imaging provides only limited clinical information
depending on the integrity or disruption of the BBB.
Therefore, it has been of interest to search for
alternative neuropeptide receptors expressed par-

ticularly in tumors that lack somatostatin recep-
tor.99~102

Like somatostatin receptors, a large number of
high-affinity receptors for VIP are expressed on
various tumors including adenocarcinoma, endocrine-
related tumors, melanoma, and lymphoma. There-
fore, the *°™Tc-labeled vasoactive intestinal peptide
(VIP) and its derivatives (agonists and antagonists)
may become new classes of tumor imaging agents.
Studies using *»1-VIP have clearly demonstrated its
utility in localizing intestinal adenocarcinoma and
endocrine tumors as well as metastatic tumor sites
in humans.*®-52 Recently, Lister-James and co-work-
ers reported a **™Tc-labeled VIP analogue (P1666 =
[des-Met'’, S-(CH,CO—Gly—Gly—Cys—Lys—amide)-
HcyVIP).2%7 It was found that the metal complex
[ReO(P1666)] has a much higher receptor binding
affinity than the parent peptide P1666. The ®"Tc—
P1666 complex showed low GI uptake and fast blood
clearance and has the potential for imaging colorectal
cancer. Thakur and co-workers also reported the
9mMTc-labeling of VIP using cyclam, HYNIC, and
MAG; as BFCAs. The gamma camera imaging shows
the tumor/blood ratio to be less than 1, and the
results from the cell binding assay were also discour-
aging.*

For the past decade, radiolabeled somatostatin
analogues and VIP receptor ligands have demon-
strated their utility for imaging neuroendocrine
tumors positive with somatostatin receptors.®102
However, endocrine tumors are only a small part of
the tumor population, and not all tumors express
somatostatin and/or VIP receptors. This, in turn,
results in only limited use of radiolabeled somatosta-
tin and VIP receptor ligands in clinical applications.
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Therefore, there is a growing interest in radiolabeled
small peptides targeted at receptors with a larger
tumor population.

Angiogenesis, the formation of new blood vessels,
is a requirement for malignant tumor growth and
metastasis.*?®~43 Clinical studies have demonstrated
that the degree of angiogenesis is correlated with the
malignant potential of several cancers, including
breast cancer, colorectal carcinoma, and malignant
melanoma.*3*~436 The angiogenic process depends on
vascular endothelial cell migration and invasion,
regulated by cell adhesion receptors.*34-43 The inte-
grin av3 (vitronectin receptor) is such a cell adhe-
sion receptor#*°—442 and interacts with proteins and
peptides containing the RGD tripeptide recognition
sequence.116:428-440 Many peptide vitronectin receptor
antagonists have been shown to inhibit neovascular-
ization, tumor-induced angiogenesis, and tumor
growth.116440 These antagonists have a very high
binding affinity for the vitronectin receptor. There-
fore, they can serve as targeting molecules to carry
the radionuclide for imaging angiogenesis and tumor
vasculature.

Recently, a synthetic linear decapeptide oP2 (RGD-
SCRGDSY) was radiolabeled with *™T¢ by ligand
exchange with [**™Tc]glucoheptonate.**® The peptide
contains two RGD sequences for receptor binding. It
was believed that the cysteine residue inserted in the
primary structure is responsible for the ®™Tc bind-
ing. There is no structural information reported for
the corresponding *™Tc complex. In humans, six out
of eight lymph node metastases (75%) and all other
neoplastic sites (11 sites) were successfully imaged
using the °™Tc-labeled peptide oP2.44 The *™Tc-
labeled peptideaP2 shows rapid clearance from cir-
culation via the renal system.

The RGD sequence is part of the proteins in the
extracellular matrix such as vitronectin and throm-
bospondin. It also occurs in the blood protein fibrino-
gen, which decisively contributes to blood coagula-
tion. Peptides containing the RGD sequence will bind
to both the platelet GPIlIb/llla receptor and the
vitronectin receptor. A major problem in the design
of vitronectin receptor antagonists is their selectiv-
ity.1® It has been shown that incorporation of the
RGD sequence in a cyclic pentapeptide (Figure 25)
results in improved selectivity for the vitronectin
receptor.*4~446 Further SAR studies showed that the
amino acid substitution in position 5 has no influence
on the activity.**” Recently, Kessler**® and co-workers
reported two *?°I-labeled cyclic pentapeptides (Figure
25): 3-151—p-Tyr*-cyclo(RGDyV) and 3-1251—p-Tyr*-
cyclo(RGDyK(SAA1)) (SAA = sugar amino acid). It
was found that 3-'2°1—-bp-Tyr*-cyclo(RGDyV) has fast
hepatobiliary and renal excretion. The tumor/muscle
and tumor/blood ratios for melanoma in nude mice
were 5.5 and 9.5, respectively, at 60 min postinjec-
tion. Substitution of leucine with a SAA-functional-
ized lysine amino acid residue resulted in improved
blood retention time, renal excretion, and better
target-to-background ratio.**® A blocking study using
3 mg/Kg of the av3 selective cyclo(RGDfV) demon-
strated that the localization of radioactivity in the
tumor is due to av3 receptor binding.
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Laminin is a major cell-binding molecule of base-
ment membranes.**® Basement membrane binding
capacity is strongly related to the metastatic poten-
tial of cancer cells. The interactions between the
metastatic cell surface and laminin play a critical role
during metastasis because of the specific laminin
binding sites on the cancer cell surface.*°~452 Various
laminin-derived synthetic peptides have been shown
to inhibit experimental metastasis by competing with
laminin.*5374%5 A radioiodinated peptide YIGSR (*3'1—
YIGSR) was recently reported for lung carcinoma
imaging in mice.*®® It was found that the radiolabeled
peptide is excreted via the renal system, and the
tumor uptake was 1.15% ID/g at 24 h postinjection.
Autoangiography showed that the peptide did ac-
cumulate on the surface of certain tumor cells but
not on the surface of any normal cell, demonstrating
the specific binding of the radiolabeled peptide on
cells that are rich in high-affinity laminin receptors.
Similar results were obtained for the *™Tc-labeled
YIGSR with better imaging quality due to the in-
trinsic nuclear characteristic of %MTc.4%7

XIll. Conclusions

Development of a target-specific radiopharmaceu-
tical is a long and complicated process. It involves a
clear definition of the clinical need for a specific type
of radiopharmaceutical, the selection of receptor
system and peptide receptor ligand for the intended
disease or disease state, identification of lead peptide
based on a series in vitro and in vivo assays, selection
of an efficient BFCA, modification of pharmacokinet-
ics, proof of biological efficacy based on the biological
performance in various animal models, and the
development of a kit formulation. Once a new com-
pound and a kit formulation is identified, it must
undergo clinical evaluations (phases I—IlI) in hu-
mans to assess its safety and efficacy for the intended
disease or disease state, as well as specificity, sen-
sitivity, and accuracy as compared to other well-
established diagnostic modalities. Once clinical stud-
ies are completed, the results will be submitted to
the FDA for approval as a commercial radiopharma-
ceutical product.

Significant progress has been made in the develop-
ment of peptide-based target-specific radiopharma-
ceuticals. In a very short period of time, ®™Tc-labeled
peptides have become an important class of imaging
agents for the detection of various diseases or disease
states such as tumors, thrombosis, and infection/
inflammation. DMP444, %™ T¢—P280, *°*"Tc—P483H,
9OMTc—P748, 9¥MTc—P829, and *®MTc—P128 represent
successful examples of *™Tc-labeled peptides as a
new generation of radiopharmaceuticals. ®™Tc—P280
has been approved by the FDA as a commercial
product (AcuTect) for thrombus imaging; **"Tc—P829
has been submitted for FDA approval as a tumor
imaging agent, while others are still under clinical
evaluation. In general, results from preclinical and
clinical studies have lived up to their expectations:
high specificity, high uptake in the target organ, and
high target-to-background ratios due to high receptor
binding affinity and rapid blood clearance of the
99mTc-labeled small peptides.
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The term “magic bullet” was originally used for
antibodies (radiolabeled or unlabeled) for diagnosis
and therapy of various diseases. This term also
applies to radiolabeled small molecules including
peptides, peptidomimetics, and non-peptide receptor
ligands. The magic is not just the high receptor
binding affinity and specificity. It is a combination
of several factors: receptor binding affinity, receptor
population, receptor specificity, and favorable phar-
macokinetics. There will be no magic if the radiola-
beled receptor ligand does not have a favorable
pharmacokinetic profile (fast receptor binding, long
receptor residence time, and fast blood clearance via
the renal system).

Radiolabeled small peptides continue to attract
interest because of their favorable physical and
biological characteristics compared to antibodies.
Small peptides, once the receptor binding sequence
is identified, can be easily synthesized and modified
according to their pharmacokinetic requirements.
The isotope of choice for radiolabeling will continue
to be MTc for diagnostic radiopharmaceuticals be-
cause of its ideal nuclear properties, low cost, and
easy availability. The experience learned from %°mTc-
labeling of small peptides can be applied to other
highly potent receptor binding small molecules. In
addition, these biologically active small peptides can
also be used for the development of therapeutic
radiopharmaceuticals when labeled with appropriate
radionuclides such as ®™Y and #Re.

99mTc-labeling of highly potent small peptides is
different from that of simple organic chelators. For
the development of receptor-based radiopharmaceu-
ticals, it is very important to remember that the
receptor population is often limited to10-8—10"% M.
The use of a large amount of the BFCA—peptide
conjugate may saturate the receptor sites and cause
unwanted side effects. Therefore, the BFCA—peptide
conjugate has to be labeled with a high specific
activity. One of the challenges for inorganic chemists
is to design new ligand systems that have a very high
labeling efficiency and form technetium complexes
with high stability and minimal isomerism.

It should be emphasized that the discovery of a new
class of biologically active peptides for the intended
receptor is just the first step of a long process. The
development of new ®"MTc-labeling technologies is
equally important. Pharmacokinetics is an important
characteristic of a new *°*"Tc-labeled peptide radio-
pharmaceutical. If the ®*™Tc-labeled peptide does not
have a good pharmacokinetic profile, it will be very
difficult to develop into a product for routine clinical
use even if the peptide has a high receptor binding
affinity and specificity. Improvement of the pharma-
cokinetics of ™ Tc-labeled peptides can be achieved
by modification of both the peptide and the Tc
chelate. The development of a new *™T¢ radiophar-
maceutical is a multidisciplinary effort and requires
the collaboration from scientists in organic chemistry,
inorganic chemistry, analytical chemistry, biochem-
istry, formulation chemistry, and nuclear medicine.
As Jurrisson®® stated, “Without their joint efforts
nuclear medicine would not be where it is today, nor
will it progress”.

Liu and Edwards
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