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With the increasing focus on a more personalized approach to
medicine using imaging techniques to select patients for targeted
treatment or theranostic strategies, interest in the development
of new radionuclides is expanding. Through the development
of production and radiochemistry techniques, several new radio-
metals are being added to the toolbox of the nuclear imaging
community. 43449.mSc, 529Mn, and 4°Ti are all emerging transition
metal radionuclides and will be discussed in this short review.
Each of these nuclides has unique imaging characteristics
and shows promise for the development of new molecular
imaging agents.
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The field of PET imaging has changed considerably in
the last 5 y, shifting toward production and use of metal
radionuclides in addition to continued research for '3F and
HC compounds. Transition metal PET research is a rapidly
growing area of interest. Specifically, this review will focus
on work over the last 5 y involving 43#4&mSc, 322Mn, and
45T,

Although scandium itself is not a true transition metal, its
chemical properties are similar enough to that of transition
metals to earn it the title of “transition metallike element.”
Because of the imaging and therapeutic characteristics of
the scandium radionuclides #>#*2™mS¢ and 4’Sc, respectively,
scandium is a potential candidate for the development of
theranostic strategies that use complementary imaging and
therapeutic compounds labeled with matching isotope pairs.

Interest in using manganese as a contrast agent for
manganese-enhanced MRI has increased in recent years as
an alternative to gadolinium-based contrast agents because
of the toxicity issues of the latter (/). During the develop-
ment of new agents for this technique, PET imaging with

Received Jul. 2, 2018; revision accepted Sep. 17, 2018.

For correspondence or reprints contact: Suzanne E. Lapi, University of
Alabama at Birmingham, Wallace Tumor Institute 310F, 1824 6th Ave. S.,
Birmingham, AL 35233.

E-mail: lapi@uab.edu

Published online Sep. 27, 2018.

COPYRIGHT © 2018 by the Society of Nuclear Medicine and Molecular Imaging.

52Mn can also help quantitatively determine the distribu-
tion, uptake, and excretory patterns of manganese-based
MRI agents.

43Ti is a promising candidate for radiolabeling peptides.
Its half-life of 3.08 h, although slightly shorter than that of
the scandium radionuclides discussed, is longer than that of
68Ga, making it favorable for longer imaging times and
centralized distribution. Additionally, its economical pro-
duction makes implementation in many centers possible if
chemistry challenges can be overcome.

PRODUCTION OF 43:44G.MgC

Recently, scandium nuclides have been of interest be-
cause of the potential therapeutic properties of 4’Sc, which
can be combined with #3#42Sc for imaging. An excellent
review article describes the production routes of these 3
scandium isotopes using proton beams, a-particles, neu-
trons, and various target materials (2). “3Sc (B* = 88.1%,
Eg+ = 476keV) and *¢Sc (B* = 94.3%, Eg = 632keV)
have half-lives of 3.89 and 3.97 h, respectively, (3). Al-
though the 2 isotopes are similar, the main difference is
the high-energy vy-ray (1.157 MeV, emitted 99.9% of the
time) associated with #42Sc. Additionally, 44™Sc, which is
coproduced with #4€Sc, has a half-life of 58.6 h and has
been suggested for use as an in vivo PET generator for
44eSc (4). However, the longer half-life coupled with the
high-energy y-ray emitted from #*€Sc, may lead to unfa-
vorable dosimetry for shorter studies.

Production routes for 43-442m-47S¢ use either calcium or
titanium targets, typically enriched for the desired isotope.
43Sc can be produced via proton irradiation of 3Ca or 4°Ti,
as well as a-irradiation of “°Ca or deuteron irradiation of
44Ca (5-7). *#™mSc can be produced via proton irradiation
of #4Ca, #7Ti, or *>Sc or deuteron irradiation of **Ca (2,4—
20). Enriched targets are preferred to avoid production of
contaminants such as 4®#8Sc (18). Production studies of
44g.44mGc ysing deuterons yielded up to 90 MBq (4 h after
the end of bombardment) with a 3-h bombardment (27). In
a similar study, “4244mSc was produced via deuteron irra-
diation of enriched 4*CaCOj targets, and the authors con-
cluded that production of ##MSc via calcium targets is
preferable to 43Sc because of the higher natural abundance
of #4Ca than of “3Ca (7,22). Researchers have also studied
the *°Ti(p,a)*3Sc reaction and showed that this pathway
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produced “3Sc of higher radionuclidic purity than when using
the 43Ca(p,n)*3Sc production route; however, the latter route
produced “3Sc in higher yields (I8). Another source for 2S¢
is the “Ti/**Sc generator (8,23). Although the generator
method has been investigated, only a small number of facilities
in the world have these generators in use.

Purification of 43Sc is detailed in a recent report that
included various methods by several researchers (9). This
article described separation methods summarized in Table
1, all of which had favorable separation efficiency and re-
covery yields of more than 80% (9). Finally, another report
detailed the separation of #4£Sc, showing recovery of up to
80% using H,O as the final eluent on a UTEVA resin
(Eichrom Technologies, LLC) (/). These methods for pro-
duction and separation of *3442Sc enhance the availability
of these nuclides for further development.

RADIOCHEMISTRY AND IMAGING OF 4344SC

43:44gS¢ has been proposed as a matched-pair theranostic
radioisotope that is a longer-lived alternative to °3Ga for
imaging analogs of '77Lu. Scandium exists in the +3 oxi-
dation state and is suitable for labeling of DOTA-deriva-
tized biomolecules (24). In studies investigating **2Sc as an
imaging surrogate for !77Lu, 448Sc-labeled cm09 (DOTA-
folate conjugate) was determined to have comparable prop-
erties, with pharmacokinetics nearly identical to the same
compound labeled with 7"Lu (25).

However, using 2 different elements may create prob-
lems if they show different biodistributions. Radioscandium
allows for the development of true matched-pair theranos-
tics using chemically identical constructs as opposed to
chemically similar constructs. In this case, the pair would
be 43#4eSc as the diagnostic agent and 4’Sc as the therapeutic
agent. Studies have compared the labeling efficiencies of %®Ga,
177Lu, and #4£Sc for DOTA-HPMA (N-(2-hydroxypropyl)
methacrylamide) conjugates and showed that the 448Sc-
labeled polymer was highly stable for up to 24 h, showing
promising characteristics for in vivo imaging (/2). A sim-
ilar study determined that reaction rates were increased

when buffers including EtOH were used, allowing for
lower temperatures and a reduced time to achieve label-
ing yields above 90% for DOTA complexes with these 3
radioisotopes (26).

44eSc was used to radiolabel DOTA-NAPamide for tar-
geting of the melanocortin-1 receptor, with higher uptake in
melanocortin-1 receptor—positive B16-F10 xenografts than
in melanocortin-1 receptor—negative A375 xenografts (27).
In another study, 4*¢Sc-DOTANOC was synthesized with
high radiochemical yields and used for dynamic PET im-
aging, showing continuous uptake and high-quality images
in AR42]J tumor xenografts, encouraging the transition into
clinical applications (24). A similar study optimized radio-
labeling conditions for peptides such as DOTANOC and
NODAGANOC with ##8Sc. After this, the authors deter-
mined that compounds labeled with 448Sc had similar bio-
distribution to the same compounds labeled with ®8Ga
except for a higher liver uptake seen in the latter (28). As
these studies have indicated, 43**2Sc shows promise for the
development of matched-pair theranostic agents with 47Sc.

PRODUCTION OF 52MN

With a longer half-life of 5.6 d, a B+ branching ratio of
29.4%, and Eg . of 242 keV, 32¢Mn has characteristics com-
plementary to the shorter-lived nuclides discussed and is a
promising candidate for imaging of longer biologic process-
es or compounds that intrinsically contain manganese.
However, >22Mn emits multiple high-energy y-rays, making
work less favorable with 2¢Mn than with some other ra-
dioisotopes (29). 322Mn can be produced via the 3*Cr(p,x)*?¢Mn
reaction, but radioisotope contaminants, including the
long-lived >*Mn, can be produced via the >*Cr(p,n) re-
action when natural chromium targets are used (27-29). Several
groups have studied cross sections of these reactions to attain
the highest yields with the fewest impurities (30,31). Various
natural chromium target configurations have been studied, in-
cluding metal targets, electrodeposition, and pressed powder
targets (29,32,33). Targets have been irradiated with 16-MeV
protons or less, because of the desirable cross section

TABLE 1
43Sc Production Routes Highlighted by Walczak et al. (9)
Resin Target dissolution Target material eluent 43Sc eluent Reference

50 mg of UTEVA resin 1 mL of 9 M HCI 5 mL of 9 M HCI 400 pL of H,O (14)
First, 70 mg of DGA resin 3 M HCI 2-3 mL of 0.1 M HCI 1 M ammonium acetate, pH 4 (13)
Second, 100 mg of

Dowex* 50
Chelext 100 bed size, 1 M HCI 30 mL of 0.01 M HCI 0.5-mL fractions of 1 M HCI 9

0.8 x4.0cm

*Dow Chemical Co.
TBio-Rad Laboratories, Inc.
DGA = N,N,N’,N’-tetra-n-octyldiglycolamide.
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TABLE 2
52Mn Separation Methods

Resin Target dissolution Target material eluent 529Mn eluent Reference
Dowex* 50 WX8 1 mL of fuming HCI 0.1 M HySO,4 0.067 M ammonium (83)
citrate, pH 7.3-7.4
AGT 1-X8 11.3 M HCI 5 mL of 0.1 M HCI, 10 mL 2mL 0.1 M HCI (29,32,35,36)
of Hx0, 3% (v/v) 11.3 M HCI
AGt 50W-X8 Diluted HCI 0.1 M sulfuric acid 6 M HCI (88)
AGT 1-X8, organic 12.1 M HCI Chromium ions remained in 10 mL 0.8 M trioctylamine in (32)
extraction aqueous phase cyclohexane, organic phase

*Dow Chemical Co.
TBio-Rad Laboratories, Inc.

between 6 and 20 MeV, illustrating production of 32Mn
with low-energy cyclotrons (29,30,32-34).

Several separation methods have been developed for
the purification of 322Mn and are summarized in Table 2
(35,36). Although further optimization of the purification
chemistry is required, these purification strategies have
enabled the availability of this nuclide for research use.

RADIOCHEMISTRY AND IMAGING OF 52MN

The radiochemistry of manganese has been deemed
challenging because manganese and chromium have mul-
tiple oxidation states and because Mn(II) and Cr(IIT) behave
similarly (32). Recent studies have noted that >>¢Mn can be
chelated with EDTA, DTPA, and DOTA, with straightfor-
ward labeling chemistry similar to radionuclides of scandium
previously discussed (36).>>2Mn has been used in several
imaging applications. For example, recent studies showed
that Mn2* can enter neurons, and thus, 26Mn has been
studied as a neural imaging agent (37). Because manganese is
also used as a contrast agent in manganese-enhanced MRI,
MRI tools can benefit from the use of 322Mn to enhance
the understanding of the pharmacokinetics of these agents
(38). An excellent example of using >?2Mn for dual PET/
MRI made use of Mn?" for manganese-enhanced MRI and
52¢Mn for PET imaging studies on neural progenitor cells
that overexpress divalent metal transporter 1 (32). Researchers
found that the effectiveness of cell therapy could be measured
using the dual-modality PET/MRI method by applying diva-
lent metal transporter 1 as a reporter gene (32). In another
study, the use of 22Mn coupled with a DOTA antibody con-
jugate (DOTA-TRC105) for PET imaging of mice bearing
4T1 xenografts was reported (34). That study showed that
328Mn can be used as a PET agent for imaging time points
of up to 120 h and resulted in high-quality images as shown
in Figure 1. Although DOTA-coupled compounds can be
labeled with both 322Mn and +3*4€Sc, the application is im-
portant for radionuclide selection, with the former having
longer imaging times and the latter being used for the devel-
opment of true theranostics (28).

Another interesting study showed the uptake of >?2Mn-
Mn?* in monkeys after nostril administration of the radio-
tracer (37). Brain uptake in rhesus macaque monkeys was
determined over 8 sessions with at least 6 mo between each
session. After 7 d, activity was seen in parts of the brain
after following the olfactory tract, which demonstrated that
322Mn-Mn?* can be used to for neuronal imaging (39).
52¢Mn-Mn(oxinate), was synthesized and determined to
have suitable in vitro stability to study extravasation in vivo
when conjugated with a liposomal nanomedicine (40). In an-
other study, which leveraged the biologic properties of Mn>*,
S2eMn?*t-Mn?* was successfully used to image functional
B-cell mass in mice with type 1 and type 2 diabetes (41).
Finally, 228Mn?*"-Mn?* was used to investigate the biodistribu-
tion of manganese when administered intravenously or through
inhalation (38). That study found most organs to have higher
uptake when the dose was administered intravenously, with the
highest uptake being in the kidney and liver (38). In summary,
the implementation of >22Mn could provide a new way to
image long-circulating compounds and to enhance the results
from manganese MRI tools.

52Mn-DOTA-TRC105
30 %ID/g

1 %IDlg

24 h

72h

FIGURE 1. Results of 32Mn-DOTA-TRC105 injection into 4T1
xenograft tumor—bearing mice. %ID = percentage injected dose.
(Reprinted with permission from (34).)
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PRODUCTION OF 45Tl

45Ti has many favorable characteristics for PET imaging,
including a naturally monoisotopic target material, a half-
life of 3.08 h, low maximum positron energy (Eg+ = 439
keV), and a high positron branching ratio (3% = 84.8%).
Compared with the previous nuclides discussed, *>Ti pro-
duction may be the most economical. Although not heavily
studied to date, recent articles showed the utility of 4>Ti.
#Ti is produced via proton bombardment of natural scandium
foils through the “3Sc(p,n)*Ti reaction. Promising results were
achieved using 11.8-MeV protons to avoid production of the
long-lived #*Ti (42). An excellent review article has described
the historical interest and significance of “*Ti, as well as some
of the most recent advances in its production and separation
methods (43). For the purification of *Ti, studies have used
hydroxamate resin with reported yields of up to 42% = 6%,
with a separation time of an hour (42). Production yields of
4.6 = 0.4 GBq (20 pnA,11.8-MeV protons, 1 h) have been
reported, compared with previously calculated theoretic
yields of 2.165 GBq (5 pA, 14.5-MeV protons, 1 h)
(42,44-46). A novel separation method achieved 93% =
3% recovery via use of a HypoGel 200 (Rapp Polymere
GmbH) 1,3-diol resin to retain *>Ti on the column and
then subsequently introduced salan followed by dipic in
pyridine for radiolabeling on the same column, to produce
4Ti-(salan)Ti(dipic) (47). These production parameters indi-
cate that *3Ti can be readily produced in significant quantities
using low-cost target material.

RADIOCHEMISTRY AND IMAGING OF 4TI

Radiochemistry with 4Ti, which exists in the +3 and +4
oxidation states, is challenging because of the potential
oxidation of Ti to TiO,, its instability in an aqueous envi-
ronment, and the challenge of finding stable titanium che-
lators (47). Researchers illustrated that 4°Ti could be used
to radiolabel mesoporous silica nanoparticles using a chelator-
free radiolabeling technique (42). In another study using
an on-column radiolabeling technique, the radiolabeled
antitumor agent “°Ti-(salan)Ti(dipic) was applied for
PET/CT imaging and biodistribution studies and showed
rapid clearance from blood and liver, whereas the uptake
in the tumor remained constant for 400 min (47). Previous
studies showed that 3Ti could be used to radiolabel apo-
transferrin, which forms a complex that remains intact in
vivo, demonstrating transport of **Ti to tumors for 24 h
after injection (48). 43Ti can yield high-resolution images
as illustrated with recent phantom imaging studies in our
group. Figure 2 shows a miniature Derenzo phantom im-
aged with 3.7 MBq of “Ti on the small-animal PET
scanner at the University of Alabama at Birmingham.
When isotopes with moderate half-lives are compared,
43Ti and 43-448Sc are comparable; however, the straight-
forward production may make “*Ti more appealing as a
diagnostic radionuclide if chemistry challenges can be
overcome.
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FIGURE 2. Miniature Derenzo phantom image (3.7 MBq of
45Ti; image taken after 60-min scan time).

CONCLUSION

The field of nuclear imaging is growing rapidly, with
many recent advancements being made in the area of
radioisotope development and implementation. Each of
these isotopes possesses unique properties. The character-
istics of 43-44&mS¢ may allow for implementation as thera-
nostic agents when combined with 4’Sc. The long half-life
of 3?2Mn is promising for longer imaging studies and
could be used for the development of PET/MRI agents.
45Ti is an interesting isotope that has much to offer, with
its favorable half-life and potential ease of production.
With additional development, 43>#4¢mSc, 322Mn, and *Ti,
may prove to be useful additions to the PET isotope toolbox.
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