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Recent advances if°"Tc radiopharmaceuticals

Yasushi A&Rano

Department of Molecular Imaging and Radiotherapy,
Graduate School of Pharmaceutical Sciences, Chiba University

99T ¢ radiopharmaceuticals play an important role in widespread applications of nuclear medicine.
When®°"T¢ radiopharmaceuticals first came into use, major efforts were directed toward the
development of°™T¢ radiopharmaceuticals for bone imaging and for the excretory functions of the
liver and kidneys. In the past 20 years, a significant advance has been made in technetium chemistry,
which provided®®™Tc radiopharmaceuticals for assessment of regional cerebral and myocardial
blood flow. Recent efforts have been directed toward the desf§fiTatlabeled compounds for
estimating receptor or transporter functions. A number of bifunctional chelating agents that provide
99MT¢ labeled proteins and peptides of higkivostability with high radiochemical yields have also

been developed. More recently, organometallic technetium and rhenium compounds have been
introduced as another clasS%fTc radiopharmaceutical design. In this manuscript, recent progress

in °°™T¢ radiopharmaceuticals is reviewed with the major emphasis laid on key innovations in this
field to provide thé°™T¢ radiopharmaceuticals available today.

Key words: technetium-99m, radiopharmaceutical, bifunctional chelating agent, conjugated
design, integrated design, peptides, proteins

1. INTRODUCTION major efforts were focused on imaging bone and excre-
tory organs such as the liver and kidney, since it was
Technetium-99m%™Tc) is one of the most desirable thought that Tc is a foreign substance and recognized as
radionuclides for external imaging in diagnostic nuclear such by the body. In 1982, Yokoyama et al. reported
medicine, due to the emission of gamma ray of optimalthat a®*™Tc-dithiosemicarbazone complex®aTc-N.S,
energy (140 keV), a suitable half-life (6 h), and availa- type complex) with a glucose backbone (Fig. 1A) could
bility from 9Mo-%9"Tc generator systems. In addition, penetrate the intact blood-brain barrier of laboratory
development of°"Tc radiopharmaceuticals for tumor animals!.2 They also reported th&2"Tc-dithiosemi-
imaging paves the way for therapeutic radiopharma-carbazone complexes appended with a tertiary (Fig. 1B)
ceuticals with high energy beta emitté¥Re and'®®Re or a quarternary amine group showed myocardial up-
because of similar chemical properties between technetakel3 These findings encouraged further efforts to
tium and rhenium. develop®*"Tc radiopharmaceuticals for brain and myo-
Technetium (Z = 43) is situated in the middle of the cardial functions. Meanwhile, the Davison and Jones
second-row transition series and has no stable isotopeggroup made another important finding in technetium
which retarded the development of its chemistry. At the chemistry, demonstrating that pentavalent oxotechnetium
initial stage of°"Tc radiopharmaceutical development, (5+) forms a five-coordinated mononuclear complex of
high stability with a NS, ligand (Fig. 1C). They also
developed the first organometallic low-oxidation state
For reprint contact: Yasushi Arano, M.D., Department of T(.:(I) hexakis(isonitrile) complex (Fig. 1D), which con-
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Fig. 1 99™Tc complexes that paved the way for currently
available°*"Tc¢ radiopharmaceuticals. (AP°™Tc-dithio-
semicarbazone (}%,) derivative of glucose, (By*™Tc-
dithiosemicarbazone (#$,) derivatives of tertiary amine,
(C) oxdTc(V) complex of containing #TcON;S; core, and
(D) hexakis(isocyanide) complex #Tc(l).
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Fig. 2 Chemical structures of neutral, lipophilic and stable

mononuclea®® T¢ complexes that cross the intact blood-
brain barrier. (Af*™Tc complexes of diaminodithiolate (DADT
or BAT), (B) propylene amine oxime (PnAO), and (C)
bis(thiosemicarbazone).

technetium complexé&< including nitrido®®™Tc com-
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Fig. 3 Two stereoisomers df-substituted®™Tc complexes of
DADT (BAT).
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Fig. 4 Chemical structures of brain perfusion agents?{Ajc-
L,.-ECD, (B)%™Tc-HM-PAO, and (Cy°™Tc-MRP-20.

etrate the intact BBB with significant uptake in the brain,
they were also marked by rapid wash out from the brain,
due to a lack of an appropriate functional group that fixed
the?9"T¢ complexes in the brain. The success in measur-
ing cerebral blood flow by radioiodinated compounds
with amine derivatives such as32fi]N-isopropyl-
iodoamphetamine {3]IMP) and 23] N,N,N'-trimethyl-
N'-(2-hydroxy-3-methyl-5-iodobenzyl)-1,3-propane di-
amine ([23]HIPDM) 1213 stimulated an incorporation of
an amine functional group to the neutral and lipophilic
mononucleaf®Tc complexes. This chemical modifi-

plexes of dithiocarbamate and trans-dioxo Tc(V) complex cation provided®™Tc complexes with longer cerebral
of cyclam, which provided a good basis for the develop- residence times (e.g., &piperidinylethyl derivative

ment of currently availab®™T¢ radiopharmaceuticals.
In this paper, progress in developif{§'Tc radio-

of °°*"T¢c-DADT). However, such chemical modification
resulted in the formation of tw&™Tc complexes with

pharmaceuticals for perfusion imaging is first mentioned, different biological characteristi¢8.Chemical studies

then,®®™Tc radiopharmaceuticals for receptor and trans-

with 9°Tc revealed that the twR™Tc complexes were

porter functions follow, since the chemistry developed for synandanti isomers (one isomer has the amine group
99mT¢ perfusion agents provided the basic structures forlocatedsynto the Tc oxo core whereas the other has the
designing the latter. Progress in protein- and peptide-amine group locateahti to the Tc oxo core), as shown in
based®"Tc radiopharmaceuticals is then briefly reviewed. Figure 3, so that the formation of isomers in relation to the
In the last part of this review, new approaches for chemi-central®®™TcO** core constituted a major disadvantage in
cal design of new radiopharmaceuticals are described. this chemical design 8f™Tc radiopharmaceuticals for
cerebral perfusion agents. In 1989, Walovitch et al. found
thatN,N'-1,2-ethanediylbig-cysteine diethylester (ECD)
(Fig. 4A) overcame the problem associated with the
isomer formation and provided excellent uptake and
2-1. Regional Cerebral Blood Flow retention characteristics for SPECT imaging of the Brain.
To determine regional cerebral blood flow, coordination Metabolic studies showed that the brain retention of
molecules (ligands) were required to proviéferc com- 99MT¢c-ECD would be the result of the rapidvivobrain
plexes that can penetrate the intact blood-brain barriemmetabolism to a more polar monoester-monoacid me-
(BBB) in response to the blood flow. A variety of ligands tabolite which is trapped in the brain. Although high

2. 99MT¢c RADIOPHARMACEUTICALS FOR
PERFUSION IMAGING

were developed that form mononuclear, neutral, lipo-

philic and stable®®™Tc complexes. These include
diaminodithiolate (DADT or BAT) bis(thiosemi-
carbazone) derivatives (DT%$°propylene amine oxime
(PnAO) M as illustrated in Figure 2. Although &1 Tc

initial brain uptake was observed witf"Tc-p,0-ECD
isomer, rapid elimination from the brain was observed,
suggesting enzyme-mediated hydrolysis of the ester in
99MT¢-ECD. Clinical studies showed comparable results
to those obtained by PET brain perfusion agent.

complexes prepared from these ligands showed to pen- Meanwhile, based on previous findings that-8133-
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propanediyldiimino)bis(3-methyl-2-butanone)dioxime AN - Joon
T.

(PnAO) (Fig. 2B) forms macrocyclic complexes with o P P

Ni%* and C8*,'®Fair et al. synthesized and characterizec .. /™ .. - i ... ._---T- s 3 3

a technetium complex of PnAO as a neutral complex witl o P i FEgin L

a square pyramidal structuréVolkert et al. found that oy £ AN e --:E._-:E"--i'r.'l-.

9MTc-PnAO passively penetrated the intact blood-brain . .=, =,
barrier in laboratory animals with a first-pass efficiency o, L-*' b

80%, followed by rapid wash out from the bréain a W e
search for a ligand which not only transp8?&c across ~ Fig.5 The “3 + 1" mixed ligand concept f#Tc brain perfu-
the BBB, but allows the radiotracer to be retained with a sion agent.

fixed distribution for a time sufficient to permit SPECT

imaging, Neirinckx et al. selected d,|-diastereoisomer of Y = iz
hexamethyl propyleneamine oxime (HM-PAO) (Fig. [ . 3 N * I | . mi
4B)1899MTc-HM-PAO showed rapid uptake in the brain, _U;..I...&J | A PR T |
followed by high retention in the brain up to 24 h | Iw'L! ,I,; ik |..ﬂ ’ik.l | 'f-.f_:}.:f_
postinjection, due to the conversion of lipoph#&Tc- | AL | A P |
HM-PAO to more hydrophilic secondary complexes. i ith " ™

Further studies showed that intracerebral glutathione - -~ 3 r s [ 5%l gOp e e 1E
(GSH) may play an important role in timevivo conver- bl T | --;\r‘»1 |
sion of%*™T¢c-HM-PAO to hydrophilic forms and may be 2l Pl e rhe
the mechanism for trapping tA¥"Tc complex in brain ""_,.IL- 4 A _I, Lt ,';. | |

and other cell$? !

Morgan et al. developed another type of neutral, lipo- Fig. 6 9"Tc cationic complexes with diarsine or diphosphine
philic ®°™Tc¢ complex withN-(2-(1H pyrolylmethyIN'- ligand for measuring myocardial perfusion. (A)
(4-pentene-3-one-2))ethane-1,2-diamine (MRP-20) as the **"Tc(l11)(DIARS)2Clz]*, (B) [**™Tc(Il)(DIMPE)2Cl2]*,
ligand2°21 The chemical structure of this complex is (C) [**"™Tc(I11)(N,N'-ethylenebis(acetylacetone-
shown in Figure 4C°™Tc-MRP-20 showed good brain  iminato))bis(triphenylphosphin€)] (D) [**"Tc()(DMPE)] ",
uptake retention after administration. It was suggested® [**"Te(V)Oo(DMPE]*, and (F) " TcOx(tetrofosmin)].
that MRP-20 would be hydrolyzed to tridentate ligand in
the brain, which would account for the brain retention of
the complex. 2-2. Myocardial Perfusion Agents

Another class of neutral, lipophilf™Tc complexes  In a search fo?°"Tc radiopharmaceuticals that provide
for brain perfusion were recently developed by diagnostic information compatible to those 28T,
Mastrostamatis et al., who prepared mixed lig&iic efforts were made to synthesize catidfiiéTc complexes
complexes of the general formPATcOLL?, where  with appropriate lipophilicity so that the complexes can
LH; is anN-substituted bis(2-mercaptoethylamine) and reflect myocardial blood flow.
L2H is a monodentate thiét.The tridentate ligands react ~ The first cationi€®™Tc chelate that exhibited significant
with the®¥™TcO?* core, leaving open orayssite to the  myocardial uptake in animals was Tc complexeg-of
oxo group in the coordination sphere of the metal. The[*°*™Tc(DIARS)X2]*, where DIARS represents tloe
neutral mixed ligan8®™Tc(V) complexes can be formed phenylenebis(dimethylarsine) ligand and X represents
by occupation of the open site by a monodantate ligand, ashloride or bromidé® as shown in Figure 6A. Since the
shown in Figure 5. The complexes were formed by ligandlipophilicity of the complexes was considered too high,
exchange reaction wiff™Tc-glucoheptonate as precur- emphasis shifted to less lipophilic analogs. The displace-
sor and equimolar quantities of the two ligands. Most of ment of the arsine ligands with diphosphine ligands such
the ®¥™Tc complexes in this series showed high initial as 1,2-bis(dimethylphosphino)ethane (DMPE) provided
brain uptake, and this uptake remained nearly constant focationic®®™Tc complexes dir-[**"Tc(DMPERCI,]* (Fig.
more than 30 mif The retention mechanism $fTc 6B).27 Although this®*"Tc complex accumulated in the
complexes of this type would involve rapid nucleophilic myocardium of laboratory animals, low myocardial up-
attack by intracerebral glutathione (GSH) on the complextake with intense hepatic activity levels of this complex
metal center, substitution of the monodentate ligand byhampered its further clinical application. This interfer-
GS-, and formation of the hydrophiliZ’['Tc](SNS/SG) ence appeared to be causedrbyivo reduction of the
metabolite?*?° Since the GSH concentration in the brain cationic®*™c complexes to their neut@c(ll) form,
decreases in the diseased stff&[c complexes of this  [*°"Tc(Il)(DMPE).Cl2]°.28 In order to avoid the deleteri-
type may also be useful to assess intracerebral GSH levelsus effects ofn vivo reduction, a new class of non-
by selecting appropriate tridentate and monodentatereducible Tc cation was developed (Fig. 6€yvhich
ligands. provided diagnostic accuracy comparable to th&t'af
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for overall coronary disease detection and detection of oAl
individual coronary artery stenosis in patiefits. g 1ee b ,' i m]
During the studies, it was also found that besides the | "n—s_ 'rx,.‘i—“-.'.'l.l if::” At N &
9mT¢(111) complex, DMPE ligand formed®§™Tc(1)- g A = '
(DMPE)]" (Fig. 6D) and sPﬂﬂTC(V)OZ(DMPE)Z]_Jr_(_lz'g' Fig. 7 Chemical structures of Tc(V)-nitrido complexes. (A)
6E) complexed’ Kelly et al. explored the possibility that  p(diethyldithio-carbamato)nitrido technetium(V) and (B)
the limitations encountered with tAR¥™Tc(l1)) DMPE 99T c-NOET.
complex might be overcome by the introduction of
hetero-atomic functions to modify non-target uptake.
They synthesized cationic and lipophflffTc complex
99mTc-tetrofosmin had good heart uptake and retention, 4@/ e
together with rapid clearance from the liver, lung and
blood. Clinical studies also showed T c-tetrofosmin
produced high quality myocardial images from 5 min to
several hours postinjectida.
Another type of cationi®®™Tc complex was developed gt Call
by Jones et al. who prepared organometdfid@c(l)
hexakis(isonitrile) complexe¥:3® The Tc(l) oxidation
derivatives, hexakis(2-methoxy-isobutylisonitrile; MIBI)
technetium(l) shown in Figure 1D was found to improve after reflow, which provided diagnostic information simi-
the biodistribution properties when compared with the lar to that of%ITl,4%41although°™Tc-NOET had subcel-
prototype compound, hexakis(tert-butylisonitrile) tech- lular distribution profiles different from those #fT1.42
netium(l), due to rapid clearance of radioactivity from the
liver and lung. This could be attributed to the metabolism 3. °°"Tc RADIOPHARMACEUTICALS FOR

of diphosphine ligand, 1,2-bis[bis(2-ethoxyethylene)
phosphinolethane (tetrofosmin) witP¥TcO, core as
shown in Figure 6F? Preclinical studies showed that

state is particularly advantageous because of the kinetiézg'g' 8 Schematic drawing of two chemical approaches to design
inertness inherent in its low-spig donfiguration. After "Tc-labeled receptor-specific radiopharmaceuticals.
extensive structure-distribution studies of the isonitrile

of the ether groups in MIBI ligand to hydrophilic hy- TARGETED IMAGING

droxyl groups. Further studies showed that the funda-

mental myocellular uptake mechanism®¥fTc-MIBI A large number of organic compounds labeled W@
involves passive distribution across plasma and mito-8F and'?3 have been designed and synthesized as
chondrial membranes and that at equilibriSfTc-MIBI radiopharmaceuticals for targeted imaging of receptors,
is sequestered within mitochondria by the large negativetransporters and enzymes. Owing to progress in techne-
transmembrane potentiafs38 tium chemistry, further efforts were directed toward the

While most of the myocardial perfusion agents possessdesign and development ¥f"Tc radiopharmaceuticals.
cationic and lipophilic characteristics, another effort was The chemical design 8#™Tc compounds for targeted
made to design myocardial perfusion agents with neutralimaging is conceptually divided into two approaches.
and lipophilic®®™TcN complexes. The first complex with One constitutes conjugating iné€fTc complexes to
a TcN triple bond was reported by Baldas et al. in 1981, carrier molecules that possess high and specific binding
who synthesized and characterized bis(diethyldithio- abilities to target cells. The carrier molecules vary form
carbamato)nitridotechnetium(V) complex as shown in high molecular weight polypeptides such as monoclonal
Figure 7A% Pasqualini et al. investigated the chemical antibodies to small molecular weight compounds such as
and biological properties 8™TcN complexes of dithio-  receptor antagonists. Another strategy invoRR8F ¢
carbamate, and found that t"#8TcN complexes were  complexes that acquire biological abilities to localize the
prepared through a simple procedure involving the target tissues after complexation with appropriate ligands
initial reaction of?*™TcO,~ with S-methyl N-methy! that do not localize to their targets in the absence of the Tc.
dithiocarbazate, in the presence of a reducing agent sucfthe former approach is named bifunctional radiopharma-
as Sndl, followed by the addition of the sodium salt of the ceutical or conjugated (or tethered) design, and the latter
ligand. The resulting complexes remained stable over ais called integrated design. The two approachéd"aic
period of 6 h and the complexes localized selectively in radiopharmaceuticals are schematically shown in Figure
the myocardial of experimental animdfksThey also 8 with receptor-specifit’®™Tc complexes as models.
found that®®™TcN complex of big{-ethyl, N-ethoxy
dithiocarbamate) (NOET) (Fig. 7B) exhibited redstribution
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i m e ine presynatpic transporter, indicating that both sites in
tropane molecule possess steric tolerance to substitution

L :i";"h oy o [ :.:L with neutral and lipophili€®™Tc chelate. Specific uptake
Jpomn [Tat T B pea, MM of TRODAT-1 in dopamine transporter located in the
'm-‘-a:r Sl VO s ek, O basal ganglia was demonstrated in human stddias.
A = recent clinical study suggested that TRODAT-1 may
P ] serve as a useful imaging agent for the early detection of
ﬁ“i ﬂlhi*’i“ S |§$ A _ Parkinson’s diseadg.
i, N ™ Jx |~' ik o Katzenellenbogen and co-workers synthesized a series
ﬂ.,j,,,ca.___.. =~ Ty of progestins conjugated with neutP8Tc chelates at

_ ) _ positions known to tolerate sizeable substitutfol They
Flg. 9 Conjugated_ deS|gn 81T c-labeled compoun(:,is. Dopa- st conjugated 8™ c-DADT ligand to progestin by
mine transporter imaging agents (B) Technephine and (C)alkylating one of the secondary amines of the ligand.

TRODAT-1 were designed by replacing methyl or carboxylate . . . .

group of cocaine (A). Conjugated design was also applied toBeS|de_s the formaﬂo_q of isomers, th_ls cqmpound suf‘fer_ed

prepare (D) steroid hormone analog and (E) medium chain fatty"omM high non-specific binding to sites in liver and adi-

acid analog recognized as substrate for energy production. POS€ tissue, presumably due to high lipophilicity of the
resulting compouné® In a follow-up study, they reduced

the lipophilicity of the whole molecule by replacing the

o 1 b /X o 9MTc-DTDT complex with?®Tc-MAMA (monoamine
-~ I~ 45 R monoamide dithiols) chelate (Fig. 9D). This compound
Qe pr o5 4 e ditiols) ) .
wenl b '?'H'F 1 el showed higher affinity and had specific receptor-medi-
.;“‘;I T r.h"Tr': L ,J ’!"J"é' ated uptake in rat uterus. However, high uptake of this
oo gl 5D il compound was still observed in non-target tissues such as
the liver>!
Fig. 10 Integrated design 8#™Tc-labeled compound®™Tc The conjugated design was also appliet¥tdc com-

labeled QNB analog (B) for muscarinic acetylcholine receptor pounds for metabolic studies. Yamamura et al. conju-
was synthesized by replacing iodobenzen group of iodinatedgated the MAMA ligand to thex-position of hexanoic
QNB (A) with a neutral an_d Iipophili%ngc-DATID_ chelatg. acid (HA), as shown in Figure 9E. They showed that
The B an_d C rings of steroid hormone_were_ mimicked v_wth Re 9omT . MAMA-HA was metabolized by beta-oxidation to
cgelate ring structure after complexation with two NS ligands 99T - MAMA-butyric acid in the liver, indicating that the
© 99MT¢c complex was recognized as a substrate for energy
production by hepatocytés.
3-1. Bifunctional Radiopharmaceuticals (Conjugated or
Tethered Design) 3-2. Integrated Design
This design involves the attachment of a stable and neutralhe integrated design constitutes another approach in
9MT¢ chelate to a compound that possesses a specifidesigning and developif§™Tc radiopharmaceuticals
localization mechanism to target tissues (e.g. receptorsfor targeted imaging. In this design, a neutral, lipophilic
transporters and enzymes). This approach is analogous tand stabl€®°™Tc chelate is mimicked as a part of the
the strategy employed for proteins and peptide labelinglipophilic moiety of parent compounds. By incorporating
with 9¥MTc. The potential of this chemical design was the?™Tc¢ unit into the bioactive molecule, the steric bulk
indicated by Yokoyama et al., who succeeded in manipu-and the resulting mass of t#&Tc-based ligand are much
lating thein vivobehavior of®™Tc-dithiosemicarbazone  lower than those of a comparable conjug&#dic com-
(DTS) complexes by varying functional groups appended pounds. Based on this concept?8rc complex oR-3-
to the ligand skeletof?¥*>When the chemical design is quinuclidinl-benzilate (QNB) derivatives (Fig. 10B) was
further applied to small molecular weight compounds, designed as a ligand for muscarinic acetylcholine recep-
strategic replacement 8f"Tc chelate moiety at a steri- tor in the hope tha&®™Tc-DADT ligand could act as the
cally tolerant site of mother molecule plays a critical role diphenyl methanol portion of QNB (Fig. 10A3In ani-
in order in minimizing the loss of the original bioactivity. mal studies, this complex penetrated the BBB and showed
Representativé®™Tc compounds based on the chemical some limited affinity for the receptor. A heterodimer of
design were clearly demonstrated by dopamine trans+two different amino thiol derivatives was also applied to
porter imaging agents simultaneously reported by two design®™Tc-labeled steroid analogs by forming a mixed
research groug¥:4” Both tropane derivatives were de- ligand chelate (Fig. 10C/-5% It was thought that the
signed to conjugate®d™Tc chelate of MS; ligand to a  general structure of thex2& complex of oxotechnetium(V)
tropane molecule at different sites (Technephine: Fig. 9Bcould replace the BC ring system of steroid so that a metal
and TRODAT-1; Fig. 9C). In biodistribution studies, both complex system of considerable size and shape resem-
compounds cross the intact BBB and bind to the dopam-bling a steroid may be prepared. Although further studies
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™ " useful for visualizing various skeletal cancet&? The

& .I,_y'---f'-.,-'w"--[%l ;.{3__‘,5 first 99'_“Tc-t_3isph03phonate to be o!eveloped was the che-
o e = o N M late with tripolyphosphat®: Soon it was demonstrated
S, = it e B i that the functional species in tFR&'Tc complexes would
g S 8, T e be a®™Tc-pyrophosphate. Althougt™Tc-pyrophos-
I_,.,_I_Jlrh‘“ T ] p_hate is still used_, mo3%t"Tc-labeled bone agents utilize
P N NF bisphosphonate ligands, where the metabolically unstable
H-.{”-fa P-O-P backbone of pyrophosphate is replaced with a

stable P-C-P backbone. Representative bisphosphonate

Fig. 11 Integrated design 8"Tc-labeled compounds by “3 +  igands currently used f8P™Tc bone imaging agents are
1" mixed ligand approach for imaging (A) serotonin receptor, spown in Figure 12A-12D.

(B) dopamine transporter, and (C) estrogen receptor. It is known that bisphosphonates have strong binding

affinity for Ca*. Bisphosphonates also act as bidentate
chelating agents to forfif™Tc polynuclear complexés.

(L% (1 i
T In addition, the reaction of Co(ethylenediamine)
|:|||| -;}ll ||'|--| il'll l'llllmrlln'l_'l. ) K R )
Ol DL n—;— e (bisphosphonate) complexes with®andicated that a
el i s coordinated bisphosphonate can bind'Gary strongly
il IEi . . .
iy o in an aqueous solutidi.These studies suggested that
-,_Lf:p..;. i e 99MT ¢c-bisphosphonate complexes accumulate on bone by
UHEHEH : ;u:' binding of the coordinated bisphosphonate to calcium in

the bone matrix. Thus, the ultimate chemical rationale for
bone imaging would be the ability of bisphosphonates to
bridge the®®™Tc¢ center and calcium on bone matrix. High
accumulation of*"T¢ bisphosphonate to cancerous bone
promotes palliative treatment of bone metastases with
186Re complexes of bisphosphonéte?’

In °°™T¢ bisphosphonate complexes, bisphosphonate
ligands play an important role in bone localization. On the
are required for optimizinf™Tc chelate structures, this other hand, &™Tc-labeled tumor seeking agent was
approach may pave another way to desigffific radio- developed using dissociation characteristi®f ¢ poly-
pharmaceuticals for targeted imaging. nuclear complex per se. Based on the findings of hydro-

The “3 + 1" mixed ligand complex was also applied to Iytic polynucleation of gallium citrate as relevant to tumor
9nT¢ radiopharmaceutical design for targeted imaging. cell accumulatiorf® °*™Tc polynuclear complexes were
Starting from the lead structure of ketanserin, a prototypicdesigned as radiopharmaceuticals for tumor imaging.
serotonin (5-HT) antagonist, Johannsen et al. synthesizedfter screening of various ligands, dimercaptosuccinic
a new oxotechnetium(V) compléXA lipophilic com-  acid (DMS; Fig. 12D) was found to be suitable as a ligand
plex consisting of a small S4 thiolate/thioether chelateto form a pentavalent technetium polynuclear complex.
unit, protonable nitrogen-containing spacer, and simpleStudies on tumor accumulation $fTc-DMS indicated
benzyl moiety (Fig. 11A) significantly inhibited the specific that the increase in the tumor uptaké®%fTc DMS was
binding of ketanserin with I§g values between 10 and 50 observed by dilution-induced complex equilibrium dis-
nM. Meeglla et al. applied this approach to prepare aplacement®’*A good correlation was also indicated
%nTc-tropane analog for dopamine transporter imaging between regional pH distribution of the tumor and re-
(Fig. 11B)>” This approach was also applied to such gional radioactivity localization; the enhanced radio-
rhenium complexes as estrogen and mimics (Fig. $8C). activity localization was observed in lower pH tumor

tissues. This was supported by a significant increase in

4. 99MTc POLYNUCLEAR COMPLEXES tumor accumulation of*"Tc-DMS when the animals

were loaded with a large amount of glucose to facilitate
%nTc polynuclear complexes constitute another approachglycocylation in the tumor celi&73These findings sug-
for targeted imaging®™Tc complexes of bisphosphonate gested the following mechanisms of tumor localization of
(diphosphonate), the most widely used radiopharma-"Tc-DMS: upon administration 8#™Tc-DMS into the
ceuticals in clinical studies, involve representative com-blood stream?°™Tc complex equilibria are altered by
pounds of this class. They accumulate in bone, especiallyiilution with plasma, and depolymerization or dissocia-
at sites of high calcium turnover in new actively growing tion occurs, inducing the formation of act®&Tc spe-
or cancerous bone with easily accessible unsaturatedies or dissociate??™Tc species capable of crossing the
coordination sphere of €&in the basic bone structure tumor cell membrane and being retained within the cells.
hydroxyapatite, which render the radiopharmaceuticalsThe lower pH environment of tumor cells would act as a

Fig. 12 Chemical structures of representative ligand§¥8rc
polynuclear complexes. (A) pyrophosphate, (B) methylene-
diphosphonate, (C) hydroxymethylenediphosphonate, (D) 1-hy-
droxyethylidenediphosphonate, and (E) dimercaptosuccinic
acid.
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trigger to promote the formation of the activated (or i 8 _J-H!I--

dissociated?°™Tc species. Numerous clinical studies qjh.._ s .4-_‘“ HOBE, o i |

have indicated the usefulnesS¥fTc-DMS for imaging o e A, S % *"—l,h .

medulally thyroid carcinomad-"°These findings stimu- i o - ot

lated the synthesis &f¢*8Re analog of DMS for targeted o m " gl

radiotherapy?® o {:""'"'“
E-\E.L"-q"_'x“‘:’" rtoT-"" '“-I -l rlh_l,,;x-

5. BIFUNCTIONAL CHELATING AGENTS FOR :i ._L.- OO gy e

99mTc-LABELED PROTEINS AND PEPTIDES sy oo

Fig. 13 Bifunctional chelating agents f8#Tc labeling of
Radiolabeled proteins have been extensively investigategroteins. (A) cyclic DTPA dianhydride, (B) CE-DTS, (C)3¥
for imaging thrombosis, infection, inflammation and tu- diaminedithiol (DADT) derivative, (D) BB triamidethiol, de-
mors. Recent genetic engineering has provided a new typevative, and (E) NS, diamidedithiol (DADS) derivative.
of antibody fragment that consists of antibody variable
heavy and light regions linked with a short peptide or a

disulfide bond to form a single molecule of low molecular 1 i

weight (LMW) 81-84 Antibody fragments showed much N gy W f“]ﬂl
faster pharmacokinetics and even distribution in the tu- § o

mor mass in a size-related manf®et® The successful o Mo o
visualization of somatostatin-positive tumor Byin- i o

labeled synthetic somatostatin angfBm-DTPA-b-Phé- r-*h

octreotid€”-28 stimulated the applications of small mo- .
lecular weight peptides as alternative vehicles to deliver
radioactivity to target tissues. The rapid pharmacokinet- Fig. 14 Thiol-free bifunctional chelating agents f8fTc label-
ics of LMW polypeptides and peptides is well matched to ing of prot_eins. (A)\I-hydroxysuccini_mid_yl hydrazinonicotinate
the physical half-life of°™Tc, and efforts were focused on 2" (B) bis(hydroxyamamide) derivative.
developing radiolabeling procedures suitable for the
biomolecules witf?*™Tc. In this section, the advent in
chemistry for labeling LMW polypeptides and peptides stability without reducing the bioactivity of the original
with °°™Tc is briefly reviewed. proteins, a large number of BCAs have been developed.
Two procedures have been developed to prédare p-Carboxyethylphenylglyoxal dN-methylthiosemi-
labeled proteins. The direct coordination of red #é&tic carbazone) (Fig. 13B) was the first BCA that satisfied the
specie(s) to amino acid residues of the proteins constituteswo criteria of°®™Tc labeled antibodie¥. A variety of
a convenient way to prepat@Tc-labeled proteing’ BCAs followed that possess$, NsS or N coordination
This procedure, however, is not applicable to small mo-molecules (Fig. 13C—13E) to provide stabl&Tc-la-
lecular weight peptides without appropriate chelating beled proteins without inducing their biological activi-
sites. In additionin vivo dissociation of initially bound  ties?>-°° Although the thiol groups in most of the BCA
99MT¢ species from the protein molecules was demon-facilitate the formation of mononucle®fTc complexes
strated so that although easy to prepare even as a kitwith high stability, the presence of the free thiol groups
formulation, only a limited number of studies were per- may restrict the conjugation reactions with polypeptides
formed to prepar®™Tc-labeled LMW polypeptides and  since the thiol groups in the chelators may undergo
peptides by this procedure. exchange reactions with disulfide bonds in the proteins.
Another approach involves the attachment of strong To avoid such undesirable side-reactions, protection of
chelating groups to protein molecules through the use ofthe thiol groups in the chelators was performed in conju-
the bifunctional chelating agent (BCA), a molecule con- gation of a NS chelating molecule to an antibody frag-
sisting of a chelating molecule (e.g., DTS, DADT, DADS) ment, which necessitated a deprotection step b&fére
and a binding moiety (e.g., carboxylic acid) available to complexation reactiot° Thus, thiol-free chelating agents
conjugate with polypeptides and peptides of interest. Athat provide®®™Tc complexes with high stability and high
cyclic derivative of diethylenetriaminepentaacetic acid specific activities under mild conditions were required to
(cDTPA; Fig. 13A) was introduced as a BCA to prepare prepare®®™Tc-labeled LMW polypeptides and peptides
99mTc-labeled proteind! since the chelator had been of interest for diagnostic applications. Two types of thiol-
applied as the BCA fdi*lin labeling of proteing? How- free chelating agents have now become available; 2-
ever, this procedure induced intramolecular cross-link- hydrazinonicotinamide (HYNIC; Fig. 14A3 and a
ing, which reduces the stability of the radiolabel, as bis(hydroxyamamide) derivative (Fig. 1487%.103
demonstrated if'in-DTPA-conjugated protein¥.In HYNIC has extensively been applied®®Tc labeling
order to prepar®™Tc labeled proteins with high vivo of bioactive molecules such as monoclonal antibod-
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ies 10110410 hemotactic peptid®®1%8somatostatin ana- et
logst®®-113and oligonucleotides:* Previous studies show 7 e’

that HYNIC acts as a monodantate or bidentate ligand to 'y b

form a mixed ligand complex wiff™Tc in the presence “‘T'”"‘r"“"'“]" ‘1‘1’:’“-_1 pri
of two tricine molecules as coligant$:**However, g (i o | p
99mTc-labeled HYNIC-conjugated peptides included i, W _'__f?i'-' o
multiple radioactive species, presumably due to different o o

bonding modalities of either the hydrazine moiety of the =¥
HYNIC or the two tricine coligands (Fig. 153 In ﬁ, E‘_-JI
addition,*®™Tc-labeled HYNIC-conjugated peptides and uy M
proteins showed slow elimination rates from the blood ﬂnﬂ_r'/-"‘"'ru T...em"i'a-fﬂ« ik
and persistent localization of the radioactivity in the Ha i o m#'j"-l't-r—‘;‘r\\__é
excretory organs such as the liver and kidney, due to the qu "Vng et @ e
progression of an exchange reaction of one tricine coligand - Ho .

; e 118
with proteins in plasma and lysosonié§t®Several co-  Fig 15 possible coordination isomers from the tricine coligand
ligands were developed to improve the problems associng the hydrazine moiety of HYNIC ligand.

ated with®*™T¢c-HYNIC labeled peptides when tricine
was used as coligand. Recent studies demonstrated the

utility and advantages of a ternary ligand systéfiTc - S
(HYNIC-peptide) (tricine) (L) (L = water soluble phos- o - )
phine or imineN-consisting heterocycles) (Fig. 186¥:12° "T L
The resulting®™Tc-HYNIC-peptides contained less ra- ] i
dioactive specié$®'2%and were eliminated more rapidly "‘E' U T
from the blood after administratidft !
Thus, the progress in bifunctional chelating agents now Flay 1 E,.--"?"f’:' __ibr,-h-.-‘
allows us to prepaf®™Tc-labeled proteins and peptides “ul | “H[-' 3| ni
in high radiochemical yields without impairing the origi- il :;H\;V"E_I'I':" ;.‘.*1_“

nal bioactivity of parental biomolecules. These findings
may also pave the way to prepaf&'®Re-labeled pro-  Fig. 16 Possible reaction 8P™Tc(HYNIC)(tricine), with
teins and peptides for targeted radiotherapy. Nevertheimine-N containing heterocyclic coligand (L) to form a ternary
less,®™Tc labeled LMW polypeptides and peptides suf- mixed ligand of®™Tc(HYNIC)(tricine)L.
fer from high and persistent localization of the radioactivity
in the kidney, as has been observed Witn-labeled
proteins and peptides. Such radioactivity localization to free amino acid during a short contact time with the
compromises diagnostic accuracy and limits therapeuticbrush border enzymes present on the lumen of renal
application with'8%18Re as the radionuclides. In other tubules!?°This suggests that the renal radioactivity levels
words,?*™Tc-labeled LMW polypeptides and peptides of peptides would be reduced if radiometabolites of uri-
would become much more attractive in diagnostic nuclearnary excretion are liberated from parental peptides by the
medicine if the undesirable radioactivity localization in action of brush border enzymes before the peptides are
the kidney could be overcome. taken up by renal cells. Based on this hypothesis, a glycyl-
Recently it has become apparent that the persistentysine linker was placed between Fab fragmentraeté
localization of the radioactivity after administration of ['?3]benzoic acid to releasaeta[*29]iodohippuric acid
radiolabeled LMW polypeptides and peptides was attrib- at the renal brush border, since the glycyl-lysine sequence
utable to slow elimination rates of radiometabolites gen-is a substrate of a brush border enzyme. The chemical
erated after lysosomal proteolysis of the parental peptidesiesign of this approach is shown in Figure 17. Animal
in renal cells'?2-12%Efforts were made to facilitate the studies demonstrated that the glycyl-lysine bond was
elimination of the radiometabolites from the lysosomal selectively cleaved in the kidney and the resulting
compartment to urine through the use of cleavable link-radiometabolitemeta['23]iodohippuric acid, was rap-
ages between antibody fragments and radiolabeled comidly excreted in the urine. This resulted in significantly
poundst®127.128though the rationale behind the radio- lower radioactivity levels in the kidney from an early
chemical design is strongly supported by the metabolicpostinjection time onward when compared with directly
studies mentioned above, this approach may also impairadioiodinated Fab® Metabolic studies reconfirmed that
target radioactivity levels when applied to LMW polypep- release of radioiodinated hippuric acid from the antibody
tides and peptides that are internalized into target cells. fragments took place in the membrane fractions of the
Meanwhile, studies of renal handling of peptides show renal cells!3! These findings would provide a good basis
that some glomerularly-filtered peptides are hydrolyzed for designing®®™Tc-labeled LMW polypeptides and pep-
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Fig. 17 Chemical design of radiolabeled low molecular weight
polypeptides for low renal radioactivity. The chemical linkage

(Glycyl-lysine) is cleaved by brush border enzymes present on

ous solution with over 95% yield33 %°™T¢(OH,)3(CO)
formed stable complexes with histidine and a histidine-
conjugated peptide (neurotensin) with high yields and
specific activity. The resultingd™Tc(CO)-conjugated
histidine and peptide remained stabte vivo.'34
99MT¢(OH,)3(CO) also formed a neutral complex with
picolinamineN,N-diacetic acid (PADA) with one car-
boxylate remaining uncoordinated (Fig. 18). This com-
plex also remained stable in serum or in the presence of
cysteine, which rendered tPRETc complex applicable to
the design of a variety of neW"Tc radiopharma-
ceuticalst®® More recently, Dyszlewski et al. developed
a freeze-dry formulation for the preparation of the
99MTc(COX(OH)s core in aqueous solutidi®

the lumen of renal tubules before the polypeptide is internalized ~ Cyclopentadienyl (CPP™c(l) and'®Re(l) tricarbonyl

into renal cells. The resulting iodohippuric acid is rapidly
excreted into urine.

N - e __;-".l-ll-l
i e |, A
"‘l'—l b S TI"' - o | "'H...U '::._.I
T o, o A,
ac” pg B9 = aa | o ;
o e rn—ﬁ-ﬁ_
= ; b,
,.*" TTeRIO, 1, k] ac. 'Iq _.“]
i T R S
| 1 o o a
L -y L 0]
| (s
. o "-{"1:- r :1.]-..‘.-;',
g |- e
o s [EH

Fig. 18 Chemical reactions of an organometallic technetium(l)
complex, Po"Tc(COB(OH2)3]*, with a variety of ligands for
radiopharmaceutical design.

tides that manifest target-selective radioactivity localiza-
tion.

6. ORGANOMETALLIC Tc(CO) 3
COMPOUNDS

complexes [CpM(CQ] (M = Tc or Re) constitute an-
other interesting precursors f§fTc radiopharmaceuti-
cals (Fig. 18). CpTc(CQ)s a kinetically inert, lipophilic
core to which biomolecules can be appended through
modification of the Cp ring. Spradau et al. reported a
unique synthetic procedure for CpRe(l)(G®Y means

of a double ligand transfer reaction, which can be appli-
cable to®™T¢(1).13” The CpTc(CO) was applied to
labeling proteins, peptid€$13°and an estradiol deriva-
tive 140 Although further studies are required to prepare
the °*™T¢(I) complex with high radiochemical yields
under simple procedures, this class of organometallic
99MT¢(1) complexes may also provide a variety of mol-
ecules that are thought “impossible” to radiolabel with
99MT¢ without impairing their bioactivity. The organome-
tallic °°™Tc complexes also exhibit chemical and biologi-
cal characteristics similar to those'8#'8Re counter-
parts, which renders the organometallic approach attractive
to the design and development of therapeutic agents with
186/18Re as the radionuclides.

7. CONCLUSION

In this manuscript, recent progress in develogiigc

radiopharmaceuticals was briefly reviewed. There is much
work that was left out of this review because of space and
time limitation. For the past 20 years, great progress in

Tremendous efforts are being made to apply organometechnetium chemistry has contributed to the development

tallic technetium and rhenium complexes to radiophar-

of a variety of®"Tc radiopharmaceuticals that are now

maceutical design. Organometallic technetium complexesused in clinical studies. Future advances in technetium

attracted little attention until the development of Tc(l)
isonitrile complexe8which stimulated the chemistry of

chemistry will also provid&€™Tc radiopharmaceuticals
useful for diagnostic nuclear medicine. At the same time,

low oxidation state Tc(l) complexes. Alberto and co- significant knowledge has become available in the design
workers recently published a new atomospheric synthesisf radiopharmaceuticals based on their characteristics of
for complexes [MX%(CO)]* (M = Tc or Re; X =Cl or high sensitivity and extremely low substance amount.
Br).132 These complexes were water-soluble and remainedThe metabolic trapping strategy constitutes a representa-
stable in aqueous solution as [M(@CO)]*. They tive approach to the design. This approach has already
further reported one-step synthesis of the complexesbeen applied for quantitative assessment of enzymatic
[M(OH2)3(CO)]* (M ="Tc and'®Re) by direct reduc-  activities in the braid*! Chemical design of radiolabeled
tion from [P°"Tc]pertechnetate or perrhenate with sodium polypeptides that can reduce renal radioactivity levels
borohydride in the presence of carbon monoxide in aque-may constitute another example of the radiopharmaceuti-
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cal design. Future combination of the radiopharmaceuti-

cal design and technetium chemistry may pave the way to

molecular imaging of a variety of disorders witATc
radiopharmaceuticals. The development of a &iic
radiopharmaceutical is a multidisciplinary effort and
should need the collaboration of scientists in a variety of
chemical and nuclear medicine fields. Without their joint
efforts, nuclear medicine would not be where it is today,
nor will it progress:#?
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