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ABSTRACT: Titanium-45 (45Ti) is a radionuclide with desirable
physical characteristics for use in positron emission tomography
(PET) imaging including a moderate half-life (3.08 h), decay by
positron emission (85%), and low mean positron energy of 0.439
MeV. Despite these promising characteristics, the radiochemistry
for 45Ti including the development of suitable bifunctional
chelators is relatively unexplored compared to that of other
radiometals. This work investigated three hydroxypyridinone
compounds, viz., 3,2,3-(LI-1,2-HOPO) or C8-HOPO, 3,3,3-(LI-
1,2-HOPO) or C9-HOPO, 3,4,3-(LI-1,2-HOPO) or C10-HOPO
as potential chelators for 45Ti. Radiolabeling optimization, stability,
and biodistribution results demonstrated C9-HOPO to be a
promising chelator for 45Ti. In vivo evaluation of the [45Ti]Ti-C9-
HOPO complex indicated rapid clearance with no signs of decomplexation.

1. INTRODUCTION
The selection of radionuclides and the choice of suitable
chelators are important steps in the development of metal-
based radiopharmaceuticals. A significant shift has been
observed in the field of nuclear imaging in the last few
decades with the wider availability of new radiometals and
tailored chelators. Several metal-based radiopharmaceuticals
have been approved by the United States Food and Drug
Administration (FDA) incorporating radiometals such as 68Ga,
64Cu, 111In, 201Tl, 99mTc, 90Y, and 177Lu.1−3 Additionally, even
more metal-based radiopharmaceuticals are in development at
several stages of clinical trials for diagnosis and treatment,
generating further interest in exploring novel radioisotopes
with suitable properties for radiopharmaceutical development.
Titanium-45 (45Ti) is a radionuclide with excellent physical

properties for positron emission tomography (PET), including
a half-life of 184.8 min and a decay producing a moderate
energy positron (β+ = 81% and β+

mean = 439 keV). Recent
literature reports on 45Ti focus on production and purification
methods,4−7 and some focused studies on radiochemistry
development.8−12 However, the potential of titanium-45 as an
imaging agent has been affected by the challenging chemistry
of Ti4+.
With the interest toward exploring novel metals, a

simultaneous need for suitable chelators is also developing.13

The majority of commercially used chelators such as DOTA
are not ideal because of ineffective binding due to the oxophilic
preference of 45Ti4+. Ideally, chelators for radiometals require

fast radiolabeling under mild conditions and high kinetic
inertness toward in vivo demetalation.14 Several studies have
been published investigating chelators for 45Ti, as detailed in
Table 1. Previous studies by our group investigated the DFO
chelator for 45Ti, which required a high pH for efficient
radiolabeling, potentially limiting its application.4 Recently, our
group also investigated [45Ti]Ti-THP (hydroxypyridinone
functional moiety) and [45Ti]Ti-TREN-CAM (catechol func-
tional moiety) chelators, and both chelators showed rapid
radiolabeling (under 30 min) at physiological pH conditions
and high in vitro serum stability. In vivo results for [45Ti]Ti-
THP indicated signs of decomplexation, while [45Ti]Ti-TREN-
CAM showed promising results.9 More recently, studies with
[45Ti]Ti-THP-PSMA indicated promising radiolabeling and in
vitro studies, while a low overall tumor uptake was observed
through in vivo studies.15 Recently, Carbo-Bauge et al.
investigated a hexadentate 1,2-hydroxypyridinone ligand for
applications in PET imaging with 45Ti. While this complex was
radiolabeled under physiological conditions (pH 7, 37 °C), in
vivo stability studies indicated a labile complex with signs of
decomplexation as observed by uptake in heart, liver, and
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bone.16 This further indicates a need for structural
modification for a stable in vivo formulation. On the other
hand, the lack of a stable functionalization site proved a
challenge in transitioning the TREN-CAM chelator to the 45Ti
radiopharmaceutical stage. A hexacoordinated siderophore
enterobactin (Ent) was recently reported by Koller et al. for
evaluating catechol-based chelators for 45Ti.17 Further, a
targeting conjugate Ent-DUPA was synthesized, and the
radiopharmaceutical potential was evaluated with 45Ti.17 This
was by far the most promising study with 45Ti with significantly
higher tumor uptake (8 ± 5%ID/g) in a prostate cancer
xenograft model with no signs of decomplexation of radio-
labeled complex in vivo. Recently, porphyrin derivatives were
labeled with 45Ti by Yekney et al. The complex [45Ti]Ti-TFPP
was synthesized by refluxing the solution for 1 h at 60 °C and
pH 5.5.10 Though the complex was formed at high
radiolabeling yields (>98%), the reaction time of 1 h, rigorous
labeling conditions, and requirement of multistep synthesis
might affect the potential of this complex for clinical
applications.

1,2-Hydroxypyridinone (HOPO) chelators are known to
have a high affinity for hard metal ions in the +3 and +4
oxidation states and form complexes with several radiometals
including 68Ga, 43Sc/44Sc/47Sc, 89Zr, 177Lu, and 227Th.18−20

HOPO complexes have been utilized for multiple applications
including MRI contrast agents,21,22 imaging agents for
neurodegenerative disease (Parkinson’s and Alzheimer’s
disease),23,24 targeted alpha therapy,25 and photodynamic
therapy.26 The structural features of hydroxamate HOPO
compounds allow the formation of a five-membered ring upon
metal coordination through the oxygen atoms.27 Combining
the highly basic oxygen donor atoms of four 1,2-HOPO
moieties provides an octadentate coordination environment
that may result in ligands that would be suitable for the
formation of very stable complexes of 45Ti.
The present work investigated the potential of the 1,2-

hydroxypyridinone moiety for chelation of [45Ti]Ti4+ (Figure
1). Three acyclic ligands (C8-HOPO (3-2-3-(LI-1,2-HOPO)),
C9-HOPO (3-3-3-(LI-1,2-HOPO), and C10-HOPO (3-4-3-
(LI-1,2-HOPO) were synthesized, characterized, and radio-
labeled with 45Ti. These ligands differ by the length of their

Table 1. Radiolabeling of Chelators Reported in the Literature

# chelator functional group

radiolabeling conditions

specific activity (MBq/nmol) single step referencepH temperature

1. DFO Hydroxamate 11 37 °C 0.26 yes 4
2. THPMe Deferiprone 7−10 37 °C 1.85 yes 9
3. TREN-CAM Catechol 6 37 °C 18.5 yes 9
4. TFPP Porphyrin 5.5−7 60 °C 0.9 no 10
5. Ent Catechol 7 RTa 0.1 yes 17
6. HOPO-O6-C4 1,2-hydroxypyridinone 7 37 °C 2.4 yes 16
7. C8-HOPO 1,2-hydroxypyridinone 6 37 °C 13.4 yes this work
8. C9-HOPO 1,2-hydroxypyridinone 6 37 °C 2.7 yes this work
9. C10-HOPO 1,2-hydroxypyridinone 6 37 °C 2.8 yes this work

aRT: room temperature.

Figure 1. Structures of (A) C8-HOPO (3-2-3-(LI-1,2-HOPO)), (B) C9-HOPO (3-3-3-(LI-1,2-HOPO) and (C) C10-HOPO (3-4-3-(LI-1,2-
HOPO).

Scheme 1. Schematic of Synthesis of 1,2-HOPO Ligands
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linear backbone, and the naming reflects the number of carbon
atoms separating the four amine groups in the backbone which
each link to one of the 1-2-HOPO units. Macroscopic studies
were performed by synthesizing the nonradioactive Ti-HOPO
complexes to allow for more complete characterization of the
formed Ti-HOPO complexes. In vitro stability in the presence
of competing metals and serum proteins was also analyzed,
resulting in a lead candidate. In vivo biodistribution studies in
naiv̈e mice were performed to understand the kinetic stability
of the radiolabeled complexes. Overall, these studies indicated
that C9-HOPO holds promise as a ligand for 45Ti.

2. RESULTS AND DISCUSSION
2.1. Synthesis of 1,2-HOPO Ligands. Benzyl protected

ligands (C8-HOPO-OBn, C9-HOPO-OBn, and C10-HOPO-
OBn) were synthesized using the same synthetic protocol as
the published procedure.18 Then, the targeted ligands (C8-
HOPO, C9-HOPO, and C10-HOPO) were synthesized after
deprotecting benzyl groups using BCl3 as the reagent (Scheme
1). All of these compounds were purified using reverse phase
HPLC. C10-HOPO was previously synthesized and used as
the ligand for different radiometals.18 All synthesized ligands
were flexible and formed rotamers, which resulted in broad
multiple peaks in 1H NMR. Multiple peaks were also observed
in 13C NMR due to several conformers in each of these ligands.
The purity of these ligands was confirmed by HRMS and
HPLC. 1H NMR and 13C NMR of C8-HOPO-OBn are
available in the Supplementary Figures 1 and 2. 1H NMR and
13C NMR of C9-HOPO-OBn are available in the Supple-
mentary Figures 3 and 4. 1H NMR and 13C NMR of C8-
HOPO are available in the Supplementary Figures 5 and 6. 1H
NMR and 13C NMR of C9-HOPO are available in the
Supplementary Figures 7 and 8.
2.2. Synthesis of Ti-HOPO Complexes. For macroscopic

studies, Ti-HOPO complexes were synthesized, and HPLC
purified as a single compound. All the synthesized Ti-HOPO
complexes were confirmed using analytical HPLC with bare
chelators as control (Supplementary Figure 9). The full 1H
NMR spectra are shown in Supplementary Figure 10. 13C
NMR of Ti-HOPO complex is available in Supplementary
Figures 11, 12 and 13 for Ti-C8-HOPO, Ti-C9-HOPO, and
Ti-C10-HOPO, respectively. Coelution of the stable Ti-
HOPO and radioactive [45Ti]Ti-HOPO complexes on
analytical HPLC are shown in Supplementary Figure 14.
HRMS confirms each of the Ti-HOPO complexes as shown in
Supplementary Figure 15.
Both HPLC and LC-MS chromatograms of all three Ti-

HOPO complexes indicated a single species. Analytical HPLC
chromatograms for Ti-HOPO complexes are shown in
Supplementary Figure 9. The aromatic region of the 1H
NMR spectra of the Ti-labeled HOPO complexes is shown in
Figure 2. Supplementary Figure 10 shows the full 1H NMR
spectra. The aromatic regions of Ti bound HOPO ligands
show binding of Ti4+ to hydroxypyridinone, and multiple peaks
were observed. Two triplets between 7.5 and 8.0 ppm chemical
shifts were consistently observed for the protons labeled as Ha.
In addition, the aromatic region of Ti-C10-HOPO was
indicated by four doublets between 6.2 and 7.2 ppm for
protons labeled as Hb (Figure 2A). The NMR pattern was
consistent with the previous studies published with Sc-C10-
HOPO28 and Zr-C10-HOPO.18 Deblonde et al. previously
conducted studies with C10-HOPO with hexa and hepta-
coordinated species.29 However, the proposed studies

concluded that the hexacoordinating nature of Ti(IV) using
C10-HOPO could result in coordination of 6 out of 8 1,2-
HOPO oxygens, while the other 2 oxygen atoms would be
available for protonation. As no speciation results were
available for comparison, a direct correlation is not possible.
For Ti-C9-HOPO (Figure 2B), three doublets were observed
between 6.2 and 7.2 ppm. The peak integration for the doublet
indicated 2, 4, and 2 protons, indicating a symmetrical
structure. The Ti-C8-HOPO structure spectra (Figure 2C)
yielded 2 doublets and a triplet indicating overlapping peaks.
The number of protons in the aromatic regions summed to 12
for all three ligands. Titanium (Ti4+) complexes are known to
have hexa-coordination complexes, while hepta-coordinated
and octa-coordinated species are also mentioned in the
literature.30−33 NMR and mass spectra of the synthesized
compounds indicated the formation of a single species.
2.3. DFT Calculations. All three complexes are 8-

coordinated with respect to the titanium center, and the
average Ti−O bond distance exhibits only slight variations
(Figure 3). In particular, all Ti−O bond distances are very
similar to each other (2.06−2.14 Å), and thus, computation
does not predict the ligand backbone to have a large effect on
the metal−ligand interactions. In addition to these metal−
ligand coordination interactions, a clear intramolecular hydro-
gen bonding interaction is present between the ligand-based
H6 and O2 atoms. We propose that this noncovalent
interaction plays a key role in stabilizing the overall complex
by restricting the degrees of freedom of the ligand. Intriguingly,
the strength of this hydrogen bonding interaction unequiv-
ocally increases when going from Ti-C8-HOPO, Ti-C9-HOPO
to Ti-C10-HOPO, which may play a crucial role in their
stabilities within biological systems (Table 2). So far, these
predictions do not match the trends in the stability observed
experimentally.
2.4. [45Ti]Ti-HOPO Radiolabeling Optimization. Radio-

labeling studies were performed for C8, C9, and C10-HOPO
complexes. All three HOPO complexes were radiolabeled with
45Ti rapidly under 30 min incubation at 37 °C. Maximum
reaction ratios for >95% radiolabeled complex were 13.4 MBq/
nmol (500 μCi/μg), 2.7 MBq/nmol (100 μCi/μg), and 2.8
MBq/nmol (100 μCi/μg) for [45Ti]Ti-C8-HOPO, [45Ti]Ti-
C9-HOPO, and [45Ti]Ti-C10-HOPO, respectively. Mass
optimization results for the three complexes are represented
in Figure 4. HPLC was used to confirm the radiolabeling yield

Figure 2. 1H NMR spectra for the aromatic region of (A) Ti-C10-
HOPO, (B) Ti-C9-HOPO, and (C) Ti-C8-HOPO.
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(Supplementary Figure 11). A single peak for radiolabeled
complexes was observed at retention times of 11.20, 11.29, and

11.47 min for [45Ti]Ti-C8-HOPO, [45Ti]Ti-C9-HOPO, and
[45Ti]Ti-C10-HOPO, respectively. In addition, iTLC-SG was
also used to confirm the radiolabeling where 0.1 M citric acid
(pH 5) was used as a mobile phase. Under these conditions,
the radiolabeled complex remained at the baseline, while
unlabeled [45Ti]Ti-citrate moved with the solvent front.
HPLC coelution studies with [45Ti]Ti-HOPO compounds

were performed by injecting with the corresponding stable Ti-
C8-HOPO, Ti-C9-HOPO, and Ti-C10-HOPO complexes
(Supplementary Figure 11).
2.5. Serum Stability and Metal Challenge Studies.

After confirming >95% radiolabeling of HOPO complexes with
45Ti, 100 μL of each radiolabeled complex was mixed with 400
μL of mouse serum and incubated for 6 h. Fractions were
collected for analysis at 1, 3, and 6 h time points. [45Ti]Ti-C8-
HOPO and [45Ti]Ti-C10-HOPO complexes showed signs of
decomplexation, and these complexes were only 55.9 ± 4.9
and 55.5 ± 0.5% intact after 6 h time point (Figure 5A,C).

Figure 3. DFT optimized lowest-energy conformers of (A) Ti-C8-HOPO, (B) Ti-C9-HOPO, and (C) Ti-C10-HOPO complexes. Color code:
silver = titanium, gray = carbon, red = oxygen, and blue = nitrogen.

Table 2. DFT Optimized Bond Lengths for Ti-C8-HOPO, Ti-C9-HOPO, and Ti-C10-HOPO Complexes at the B3LYP Level
of Theory

Ti-C8-HOPO Ti-C9-HOPO Ti-C10-HOPO

Ti83-O2 2.1208 Å Ti86-O2 2.0929 Å Ti89-O2 2.1416 Å
Ti83-O69 2.0775 Å Ti86-O72 2.1050 Å Ti89-O75 2.0959 Å
Ti83-O26 2.0787 Å Ti86-O26 2.0863 Å Ti89-O26 2.1142 Å
Ti83-O46 2.0565 Å Ti86-O49 2.0825 Å Ti89-O52 2.0961 Å
Ti83-O1 2.1032 Å Ti86-O1 2.1429 Å Ti89-O1 2.1215 Å
Ti83-O68 2.1159 Å Ti86-O71 2.0954 Å Ti89-O74 2.1287 Å
Ti83-O25 2.1137 Å Ti86-O25 2.1256 Å Ti89-O25 2.0803 Å
Ti83-O45 2.1439 Å Ti86-O48 2.0948 Å Ti89-O51 2.0873 Å
H6-O2 1.8229 Å H6-O2 1.8626 Å H6-O2 1.8982 Å

Figure 4. Mass optimization results for [45Ti]Ti-C8-HOPO, [45Ti]Ti-
C9-HOPO, and [45Ti]Ti-C10-HOPO. Representative studies were
performed at pH 6 and incubation temp of 37 °C for 30 min
incubation time.

Figure 5. HPLC chromatograms of in vitro stability studies for (A) [45Ti]Ti-C8-HOPO, (B) [45Ti]Ti-C9-HOPO, and (C) [45Ti]Ti-C10-HOPO in
mouse serum. HPLC samples were collected at 1, 3, and 6 h postincubation time points (n = 3).
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[45Ti]Ti-C9-HOPO was 100% intact with no signs of
decomplexation for the entire incubation time of 6 h (Figure
5B). [45Ti]Ti-C8-HOPO and [45Ti]Ti-C10-HOPO complexes
degraded as shown by multiple peaks forming as identified by
HPLC. Previous studies with C10-HOPO were performed
with [47Sc]Sc-HOPO and [89Zr]Zr-HOPO.28 The results
indicated the [89Zr]Zr-C10-HOPO complex to be stable up
to 7 d time period in mouse serum as tracked through the
longer 78.41 h half-life of 89Zr.18 Although no direct
comparison could be estimated for the stability studies for
C8-HOPO and C9-HOPO complexes, DFT structural
calculations for Zr-C9-HOPO predicted a tight linkage
between the ligand and metal compared to Zr-C10-HOPO
(16). This along with the smaller ionic radii for Ti4+ can be
predicted to contribute toward the better stability of [45Ti]Ti-
C9-HOPO complex.
In vitro stability results showed [45Ti]Ti-C9-HOPO as a

promising candidate for further studies. [45Ti]Ti-C9-HOPO
complexes were 100% intact with EDTA challenge study
indicating high stability through 6 h incubation (Supplemen-
tary Figure 13). However, metal challenge studies indicate
decomplexation in the presence of iron, copper, and zinc metal
ions. Metal challenge studies were performed with [45Ti]Ti-
C8-HOPO and [45Ti]Ti-C10-HOPO, and the results are
reported in Supplementary Figure 13. Both [45Ti]Ti-C8-
HOPO and [45Ti]Ti-C10-HOPO decomplexed in the
presence of FeCl2 and CuCl2 within 1 h incubation with
<10% intact complex. However, the complexes were
completely intact in EDTA for the entire incubation. Previous
studies with [89Zr]Zr-C10-HOPO confirmed that the complex
was stable in the presence of competing metal ions for up to 7
days,18 while [47Sc]Sc-C10-HOPO complex was not stable for
metal ions Cu(II), Fe (II), and Zn(II), and complete
decomplexation was observed within the first 30 min of
incubation.28

2.6. Log POCT/PBS Measurement. The lipophilicity of
radiolabeled HOPO complexes was analyzed by incubating the
radiolabeled HOPO chelators with octanol and PBS. Log P
values for [45Ti]Ti-C8-HOPO, [45Ti]Ti-C9-HOPO, and
[45Ti]Ti-C10-HOPO were found to be −1.37, −1.28, and
−1.36, respectively, indicating that all complexes are hydro-
philic.
2.7. In Vivo Imaging and Ex Vivo Biodistribution

Analysis. Based on the results from serum stability studies,
[45Ti]Ti-C9-HOPO was found to be suitable for further
investigation. Therefore, further in vivo stability was
investigated for [45Ti]Ti-C9-HOPO. Mice were imaged
immediately after injection for 60 min and at 3 h post-
injection. Maximum intensity projections (MIP) were
generated and are shown in Figure 6. The first 10 min post-
injection frame indicated high blood pool activity and uptake
in the liver, kidney, and stomach, which was rapidly cleared
from the liver and kidney 1 h postinjection. At 3 h
postinjection, the [45Ti]Ti-C9-HOPO complex was mainly
cleared with some signal remaining in the large intestine
indicating clearance through the hepatobiliary pathway (Figure
6A). PET/CT images indicate a high uptake in gall bladder,
which is a common uptake organ for hydroxypyridinone
complexes28.18 Control imaging studies were performed with
unchelated Ti ([45Ti]Ti-citrate) to compare the biodistribu-
tion and understand the kinetic stability of the tracer. [45Ti]Ti-
citrate images showed high background images with visible
uptake in vital organs such as the heart, liver, and lung (Figure

6B). Uptake in vital organs was persistent after 3 h injection
time point indicating high blood pool activity.
Regions of interest were generated for the calculation of

SUVmean for kidney, heart, lung, muscle, and the combined
liver and gall bladder, and time activity curves were generated
for these organs with comparison to unchelated Ti ([45Ti]Ti-
citrate), as shown in Figure 7. SUVmean data of heart indicated
a significantly lower uptake in the heart for [45Ti]Ti-C9-
HOPO than [45Ti]Ti-citrate (p < 0.0001) (Figure 7A). The
SUVmean values indicated a high activity in blood initially, but
the compound was rapidly cleared from the heart, as shown in
Figure 7A. Conversely, [45Ti]Ti-citrate had persistent uptake
in the heart after 3 h time frame as well. Uptake in the liver and
gall bladder was high initially in [45Ti]Ti-C9-HOPO, but the
uptake was rapidly cleared within 30 min and minimal uptake
remained at the 3 h time frame (Figure 7B). Uptake in liver
and gall bladder for [45Ti]Ti-citrate was high, and a slow
clearance was observed. Uptake in the lungs was significantly
lower in [45Ti]Ti-C9-HOPO compared to [45Ti]Ti-citrate (p <
0.0001), while persistent uptake in the lungs was observed for
[45Ti]Ti-citrate (Figure 7C). Uptake in the kidneys was
initially high, but a rapid clearance from the kidneys was
observed, as shown in Figure 7D. Low uptake in muscles was
observed throughout the 3 h SUVmean time activity frame,
while the uptake was significantly lower than [45Ti]Ti-citrate at
later time points (p = 0.0004) (Figure 7E). Detailed table of
time activity curve for heart, liver + gall bladder, lung, kidney
and muscle is shown in Supplementary Table 1.
Ex vivo biodistribution data were analyzed to compare the

uptake in each organ. [45Ti]Ti-citrate was studied as a control,
and the biodistribution patterns were compared to [45Ti]Ti-
C9-HOPO. [45Ti]Ti-citrate showed a significant uptake in

Figure 6. Representative PET/CT images of (A) [45Ti]Ti-C9-HOPO
and (B) [45Ti]Ti-citrate. Maximum Intensity Projection slices are
compared at 10, 30 min, 1, and 3 h time frames. All images are
displayed with SUV scale 0−10.
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blood, heart, liver, and femur, as indicated in Figure 8.
Comparing the biodistribution with [45Ti]Ti-C9-HOPO,
significantly different biodistribution in blood (2.3 ± 0.4% vs
0.05 ± 0.01%), heart (7.8 ± 0.6% vs 0.16 ± 0.01%), liver (4.2
± 0.9% vs 0.1 ± 0.1%), and femur (8.5 ± 2.2% vs 0.1 ± 0.1%)
was observed for [45Ti]Ti-citrate and [45Ti]Ti-C9-HOPO,
respectively. The biodistribution data confirm the kinetic
inertness of [45Ti]Ti-C9-HOPO in vivo and no signs of
decomplexation. Detailed table of biodistribution for each
organ is shown in Supplementary Table 2.
Intending to optimize chelators for the development of 45Ti,

we aimed to investigate 1,2-HOPO chelators. The single
species [45Ti]Ti-C9-HOPO complex was obtained through
mild labeling conditions with high specific activity and in vivo
stability. Macroscopic chemistry and tracer studies corre-
sponded well together with a single species formation, as
confirmed by HPLC analysis. Mass spectra of nonradioactive
Ti-HOPO species further confirmed a 1:1 binding of Ti and
1,2-HOPO derivatives. In vivo imaging study results for Ti-C9-
HOPO were promising, with a stable complex with faster
clearance through the hepatobiliary excretion route. Though

the in vivo studies with [45Ti]Ti-C9-HOPO point toward a
stable complex that is rapidly cleared from the body, it would
be interesting to see if the complex is stable with a targeting
moiety.
Several efforts have been made to improve the solubility and

stability of titanium complexes. Heptadentate salan and salen
derivatives have been used previously for better solubility and
stability. However, even with the improved stability, titanium
complexes illustrated low tumor uptake indicating the need to
explore more chelator systems.30 The present study with 1,2-
HOPO derivative displayed a high solubility, and C9-HOPO
was found to be stable during in vitro and in vivo studies.
Future studies require a functionalized version to conjugate
HOPO with a targeting vector to further validate the results.

3. MATERIAL AND METHODS
All chemicals were purchased from Sigma-Aldrich unless
otherwise stated. Production and separation of Titanium-45
(45Ti) were performed based on previously published
methods.4 45Ti was eluted as [45Ti]Ti-citrate. Commercially
available reagents and solvents (HPLC grade) were purchased

Figure 7. Time activity curves of SUVmean of [45Ti]Ti-C9-HOPO and [45Ti]Ti-citrate for (A) heart, (B) liver and gall bladder, (C) lung, (D)
kidney, and (E) muscle for 3 h post-injection imaging time point.

Figure 8. Biodistribution of [45Ti]Ti-C9-HOPO and unchelated [45Ti]Ti-citrate at 1 and 3 h post-injection time point.
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from Sigma-Aldrich and Acros and used without further
purification. 1H NMR and 13C NMR spectra were obtained
using Bruker Avance III 400 MHz, Bruker Avance DRX 500
MHz, or Bruker Avance III 600 MHz instruments; chemical
shifts are expressed in ppm relative to CDCl3 (7.26 ppm, 1H;
77.0 ppm, 13C). Data processing was performed using Bruker
topspin 4.1.4 software (Carteret, NJ, USA). NMR spectra were
referenced to solvent peaks and expressed on a δ scale. Mass
analyses were conducted at the CUNY Mass Spectrometry
Facility at Hunter College on an Agilent iFunnel 6550 Q-ToF
LC/MS System (for electrospray ionization high-resolution
mass spectrometry, HRMS-ESI). The electrospray ionization
was run in 95% methanol with 0.1% formic acid. Reactions
were monitored by TLC with Analtech Uniplate silica gel G/
UV 254 precoated plates (0.2 mm). TLC plates were visualized
by iodine vapor. C10-HOPO-OBn was synthesized as per the
published procedure, and C10-HOPO was synthesized using
BCl3 instead of HCl.18 High-performance liquid chromatog-
raphy (HPLC) purification was performed with 10 × 250 mm
(Shimadzu Shim-packed GIST C18 column, H2O/ACN +
0.1% TFA, 15−25% ACN over 20 min, 10 mL/min) or
(Waters Symmetry C18 Column, 100 Å, 5 μm, 4.6 mm × 100
mm, H2O/ACN + 0.1% TFA, 5−35% ACN over 10 min, 10
mL/min). For macroscopic studies, Agilent 1200 infinity
HPLC system was used for analysis and purification.
Preparative HPLC purification was performed with Symme-
tryPrep C18 19 × 100 mm column, while analytical HPLC
chromatograms were obtained using a Kromasil Universal C18
4.6 × 250 mm column. UV−Vis spectroscopy was performed
on a Thermo Scientific Evolution 220 UV−Visible spectro-
photometer. All compounds are >95% pure by HPLC.
All 45Ti samples were analyzed using a CRC-25R dose

calibrator from Capintec Inc. (Florham Park, NJ, USA)
(calibration # 8445). The dose calibrator was cross-calibrated
with Canberra S5000 High-Purity Germanium detector
(HPGe). A 1260 Infinity HPLC system (Agilent Technologies,
Santa Clara, CA, USA) was used to confirm the radiolabeling
yields using a Hypersil gold C18 reverse phase column
(Thermo Scientific, Waltham, MA USA). HPLC analysis used
a gradient elution with solvent A: H2O + 0.1% tetrafluoroacetic
acid (TFA) and solvent B: acetonitrile (ACN) + 0.1% TFA
starting with 100% solvent A (0−5 min) with a gradual
increase to 100% solvent B (5−25 min) and switching back to
100% solvent A (25−30 min). T-cell-deficient male mice were
purchased from Charles River Laboratory (Wilmington, MA,
USA). PET/CT data were acquired on a Sofie GNEXT PET/
CT scanner (SOFIE, Dulles, VA, USA). Imaging data were
analyzed using Vivo quant (VioQuant 4.0, Invicro Imaging
Service and Software, Boston, USA). Data plots were
generated with GraphPad Prism software. Ex vivo tissue
biodistribution analysis was performed on the HIDEX
automatic gamma counter (HIDEX, Turku, Finland).
3.1. Synthesis of 1,2-HOPO Ligands. The synthesis of

C10-HOPO (3-4-3-(LI-1,2-HOPO) was previously de-
scribed.28 The novel synthesis of C8-HOPO (3-2-3-(LI-1,2-
HOPO)) and C9-HOPO (3-3-3-(LI-1,2-HOPO) synthesis is
shown in Scheme 1.

3.1.1. 1-(Benzyloxy)-6-oxo-1,6-dihydropyridine-2-carbon-
yl Chloride. 6.048 g portion (24.69 mmol, 1 equiv) of 1-
hydroxy-6-oxo-1,6-dihydropyridine-2-carboxylic acid was sus-
pended in 240 mL of dry dichloromethane under nitrogen.
The reaction mixture was placed under ice, and 5.3 mL (7.83 g,
61.72 mmol, 2.5 equiv) of oxalyl chloride was added dropwise,

followed by 1 mL catalytic DMF extra dry. Fumes developed.
The reaction mixture was left to stir at room temperature for 5
h, a period in which total dissolution of C9-HOPO-OBn was
observed, and the solution became dark brown and clear. The
reaction mixture was then evaporated to dryness, and the green
residue was used directly and immediately in the next reaction
without further purification.

3.1.2. Synthesis of 3,2,3-LI(1,2-HOPO)Bn/C8-HOPO-OBn.
0.116 g of N1,N1′-(ethane-1,2-diyl)bis(propane-1,3-diamine)
(0.667 mmol, 1 equiv) and 0.01 g (0.073 mmol, 0.10 equiv) of
DMAP were added with 0.65 mL (0.473 g, 4.67 mmol, 7
equiv) and 0.65 mL of trimethylamine over ice and stirred for
15 min in 25 mL of dry dichloromethane. 1-(Benzyloxy)-6-
oxo-1,6-dihydropyridine-2-carbonyl chloride, 0.87 g (33.366
mmol, 5 equiv), in 25 mL of dry dichloromethane was added
dropwise to the mixture containing N1,N1′-(ethane-1,2-
diyl)bis(propane-1,3-diamine) over ice, and the reaction
mixture was mixed at room temperature for 24 h. The final
mixture was evaporated under reduced vacuum and was
dissolved in DCM and washed twice with 10% NaHCO3. The
organic phase was dried over anhydrous Na2SO4, filtered over
cotton, and evaporated under reduced vacuum. The crude
compound was purified through silica column chromatography
using 2−6% of methanol in dichloromethane eluent producing
white crystalline foam C8-HOPO-OBn. Yield 60%. 1H NMR
(500 MHz, CDCl3): δ 7.63−4.77 (m, 40H), 3.61−1.25 (m,
16H); 13C NMR (125 MHz, CDCl3): δ 162.1, 161.4, 160.8,
160.7, 160.6, 158.5, 158.4, 158.3, 157.9, 143.3, 142.4, 142.2,
139.0, 138.7, 138.6, 138.5, 138.3, 133.5, 133.3, 132.8, 132.6,
131.4, 131.3, 131.2, 131.0, 130.9, 130.8, 130.6, 130.4, 130.3,
130.2, 130.1, 130.0, 129.9, 129.8, 129.7, 129.6, 129.5, 129.4,
128.8, 128.7, 128.6, 128.5, 123.4, 123.3, 123.2, 123.1, 105.1,
105.0, 104.8, 104.7, 104.6, 103.1, 102.2, 80.3, 80.2, 80.1, 45.8,
37.2, 37.0, 36.7.; HRMS calculated for C60H59N8O12 ([M +
H]+), 1097.4403, found 1097.4409; calculated for
C60H58N8O12Na ([M + Na]+), 1119.4223, found 1119.4224.

3.1.3. Synthesis of 3,3,3-LI(1,2-HOPO)Bn/C9-HOPO-OBn.
0.125 g of N1,N1′-(propane-1,3-diyl)bis(propane-1,3-dia-
mine) (0.667 mmol, 1 equiv) and 0.01 g (0.073 mmol, 0.10
equiv) of DMAP were added with 0.65 mL (0.473 g, 4.67
mmol, 7 equiv) and 0.65 mL of trimethylamine over ice and
stirred for 15 min in 25 mL of dry dichloromethane. 1-
(Benzyloxy)-6-oxo-1,6-dihydropyridine-2-carbonyl chloride,
0.87 g (33.366 mmol, 5 equiv), in 25 mL dry dichloromethane
was added dropwise to the mixture containing N1,N1′-
(propane-1,3-diyl)bis(propane-1,3-diamine) over ice, and the
reaction mixture was mixed at room temperature for 24 h. The
final mixture was evaporated under a reduced vacuum and was
dissolved in DCM and washed twice with 10% NaHCO3. The
organic phase was dried over anhydrous Na2SO4, filtered over
cotton, and evaporated under a reduced vacuum. The crude
compound was purified through silica column chromatography
using 2−6% of methanol in dichloromethane eluent producing
white crystalline form C9-HOPO-OBn. Yield 58%. 1H NMR
(500 MHz, CDCl3): δ 7.58−4.99 (m, 40H), 3.19−1.15 (m,
18H). 13C NMR (125 MHz, CDCl3): δ 161.7, 161.3, 161.0,
160.7, 160.6, 158.6, 158.4, 158.2, 157.8, 143.7, 143.6, 143.3,
143.0, 142.7, 142.4, 142.0, 139.0, 138.7, 138.6, 138.3, 138.2,
138.1, 133.6, 133.5, 133.4, 133.3 133.0, 132.8, 132.5, 131.4,
131.1, 131.0, 130.8, 130.7, 130.4, 130.3, 130.2, 129.8, 129.6,
128.8, 128.7, 128.6, 124.0, 123.9, 123.4, 123.2, 123.1, 122.9,
122.8, 121.9, 105.3, 104.7, 104.6, 104.0, 102.4, 102.2, 102.1,
80.5, 80.5, 46.1, 45.7, 43.3, 37.0, 36.9, 26.5. HRMS calculated
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for C61H61N8O12 ([M + H]+), 1083.4247, found 1083.4240;
calculated for C61H60N8O12Na ([M + Na]+), 1105.4066, found
1105.4067.

3.1.4. Synthesis of 3,2,3-LI(1,2-HOPO)/C8-HOPO. 0.065 g
of C8-HOPO-OBn was dissolved in 70 mL of dry dichloro-
methane and placed under ice. 1 mL of BCl3 in p-xylene was
added to a vial containing 20 mL of dry dichloromethane. The
reaction was run at room temperature for 24 h, during which a
light brown precipitate formed. The solid precipitate was
filtered over vacuum (0.031 g crude weight), dissolved in
water, and purified by preparative HPLC to yield C8-HOPO in
50% yield. 1H NMR (500 MHz, DMSO-d6): δ 7.49−7.61 (m,
4H), 6.84−6.51 (m, 8H), 3.87−3.24 (m, 12H), 2.22−1.71 (m,
4H). 13C NMR (125 MHz, DMSO-d6): δ 163.5, 163.4, 163.3,
163.2, 162.4, 162.0, 161.9, 160.1, 159.9, 159.8, 140.7, 140.5,
140.4, 140.2, 140.1, 139.9, 139.7, 139.6, 139.4, 139.0, 120.9,
120.8, 120.7, 120.4, 120.1, 120.0, 117.5, 108.8, 108.7, 108.3
108.2 106.6, 106.1, 106.0, 47.2, 46.9, 45.7, 45.1, 43.3, 42.6,
27.2, 27.01, 25.6, 25.4. HRMS calculated for C32H35N8O12
([M + H]+), 723.2369, found 723.2369; calculated for
C32H34N8O12Na ([M + Na]+), 745.2188, found 745.2175.

3.1.5. Synthesis of 3,3,3-LI(1,2-HOPO)/C9-HOPO. 0.065 g
portion of C9-HOPO-OBn was dissolved in 70 mL of dry
dichloromethane and placed under ice. 1 mL of BCl3 in p-
xylene was added to a vial containing 20 mL of dry
dichloromethane. The reaction was run at room temperature
for 24 h, during which a light brown precipitate formed. The
solid precipitate was filtered over vacuum (0.031 g crude
weight,), dissolved in water, and purified by preparative HPLC
to yield C9-HOPO in 50% yield. 1H NMR (500 MHz, DMSO-
d6): δ 7.50−7.59 (m, 4H), 6.83−6.54 (m, 8H), 3.48−3.26 (m,
12H), 2.03−1.92 (m, 6H). 13C NMR (125 MHz, DMSO-d6):
δ 163.0, 162.9, 162.7, 162.4, 162.00, 161.9, 160.1, 160.0, 159.8,
140.8, 140.7, 140.6, 140.5, 140.0, 139.8, 139.7, 139.6, 139.4,
139.0 120.9, 120.8, 120.3, 120.2, 120.0, 119.8, 117.4, 115.1,
108.8, 108.7, 108.2, 108.1, 106.2, 106.0, 105.9, 46.7, 46.6, 46.4,
46.1, 42.7, 42.4, 42.3, 27.1, 25.9 25.8, 25.6, 25.4, 24.1. HRMS
calculated for C33H37N8O12 ([M + H]+), 737.2525, found
737.2520; C33H36N8O12Na ([M + Na]+), 759.2345, found
759.2330.
3.2. Synthesis of Ti-HOPO Complexes. Ti-HOPO

complexes were synthesized by mixing an equimolar ratio of
titanium(IV) chloride (0.09 M TiCl4 in 20% HCl) and each of
the HOPO derivatives (20 mg, C8-HOPO or C9-HOPO or
C10-HOPO) in water (10 mL). Upon mixing, a yellow color
was observed immediately. This suggested complex formation
due to ligand-to-metal charge transfer. Previous literature
studies support the formation of yellow coloration with Ti-
3,4,3-HOPO complex, as suggested by Deblonde et al.29 The
reaction vial was sonicated in a water bath for 30 min. After 30
min, 2 M K2CO3 was used to redissolve the precipitates by
increasing the pH of the solution to 8. The reaction vial was
sonicated for 30 min followed by a 10 min centrifuge at 4000 g.
The supernatant was collected and filtered with a 0.2 μm filter
before lyophilization. Lyophilized, Ti-HOPO complexes were
dissolved in water and purified by preparative HPLC. Purified
fractions were lyophilized and dissolved in D2O for 1H NMR
and 13C NMR. High-resolution mass spectrometry (HRMS) of
all three Ti-HOPO compounds was conducted on samples
dissolved in water. Ti-C8-HOPO 13C NMR (125 MHz,
DMSO-d6): δ 162.7, 160.3, 159.8, 158.7, 158.6, 140.1, 139.2,
136.4, 136.0, 113.2, 111.6, 110.2, 43.4, 37.6, 26.7. HRMS was
calculated for C32H31N8O12Ti ([M + H]+), 767.1539, (found

767.1539); calculated for C32H30N8O12TiNa ([M + Na]+),
789.1358, (found 789.1354). Ti-C9-HOPO 13C NMR (125
MHz, DMSO-d6): δ 161.6, 159.8, 159.5, 158.3, 140.2, 138.7,
135.6, 135.4, 112.8, 111.1, 110.5, 109.9, 46.1, 44.3, 36.9, 25.5,
23.3. HRMS was calculated for C33H33N8O12Ti ([M + H]+),
781.1696, (found 781.1716); calculated for C33H32N8O12TiNa
([M + Na]+), 803.1515, (found 803.1538). Ti-C10-HOPO
13C NMR (125 MHz, D2O): δ 163.1, 162.9, 162.8, 161.6,
160.0, 159.9, 139.1, 137.9, 137.1, 136.8, 119.8, 117.5, 115.2,
114.4, 112.8, 112.6, 111.9, 110.8, 45.4, 45.2, 36.7, 27.1, 26.5.
HRMS was calculated for C34H35N8O12Ti ([M + H] +),
795.1852, (found 795.1853); calculated for C34H34N8O12TiNa
([M + Na]+), 817.1672 (found 817.1676).
3.3. DFT Calculations. Density functional theory calcu-

lations for Ti(IV)-C8-HOPO, Ti(IV)-C9-HOPO, and Ti(IV)-
C10-HOPO complexes were carried out with Gaussian-16
software package34 at unrestricted B3LYP level of theory,35

with an LANL2DZ basis set36 with core potential on titanium
and 6-311+G(d,p)37 on the rest of the atoms (e.g., C, N, O,
and H). All of the geometry optimizations and frequency
calculations were carried out to verify that none of the local
minima contained imaginary frequencies. The bulk solvent
effects were modeled using a conductor-like polarizable
continuum model (CPCM)38 with a dielectric constant
mimicking H2O as solvent at temperature = 298.15K.
3.4. [45Ti]Ti-HOPO Radiolabeling Optimization. Radio-

labeling optimization studies were conducted for all three
[45Ti]Ti-1,2-HOPO complexes. 1 mg/mL stocks for all of the
chelators were prepared in water. For initial screening, 18.5
MBq (500 μCi) 45Ti was mixed with varying masses of
chelators between 0.6 and 13 nmol (0.5−10 μg) in HEPES
buffer (0.1 M, pH 7). The final pH was adjusted to between 5
and 6 for all the radiolabeling studies using NaOH (5 M)
keeping the final reaction volume 120 μL. All the reactions
were maintained at 37 °C and incubated for 30 min.
Radiolabeling yields were confirmed using HPLC and instant
thin-layer chromatography (iTLC). No further purification was
performed after the radiolabeling yields were confirmed.
Coelution studies were performed by injecting [45Ti]Ti-
HOPO and a macroscopic Ti-HOPO complex on the HPLC
system. All the radiolabeling reactions were repeated 3 times,
and the data were plotted on GraphPad Prism.
3.5. Stability and Metal Challenge Studies. The

stability of radiolabeled 1,2-HOPO complexes was investigated
using mouse serum. 100 μL of radiolabeled complexes were
incubated with 400 μL of mouse serum at 37 °C, and samples
were collected after 1, 3, and 6 h incubation. For each
incubation time point, a 40 μL fraction of incubated complexes
was collected in a microcentrifuge tube, and 40 μL of ACN was
added to precipitate the serum protein. This mixture was
vortexed at 14 × 1000 g for 5 min, and supernatant was
collected for HPLC analysis. Each stability study was repeated
at least three times, and data plots were generated using
GraphPad Prism.
The stability of radiolabeled complexes was further

investigated with EDTA and competing metal ions such as
FeCl2, CuCl2, and ZnCl2. For the challenge studies, 50 μM
radiolabeled complexes were incubated with 5 mM EDTA and
0.5 mM competing metal ions (Fe2+, Cu2+, and Zn2+). Samples
were incubated at 37 °C, and fractions were collected for iTLC
analysis at 1, 3, and 6 h time points. All analysis was performed
in triplicate, and the results were plotted using GraphPad
Prism.
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3.6. Log P Measurement. Log POCT/PBS measurements
were performed with 45Ti radiolabeled HOPO complexes
according to Young et al.39 Briefly, 450 μL of PBS was mixed
with 500 μL of 1-octanol, and this mixture was added to 50 μL
fraction of the radiolabeled 1,2-HOPO complexes. After a 30
min incubation, the reaction vial was centrifuged for 10 min at
10,000 rpm to separate the organic (1-octanol) and aqueous
phase (PBS). Each phase was collected in a different
microcentrifuge vial, and the amount of radioactivity was
measured using dose calibrator. The results were reported as
logarithms of octanol and PBS concentration.
3.7. In Vivo Imaging and Biodistribution Analysis.

PET/CT imaging studies were performed with the [45Ti]Ti-
C9-HOPO complex followed by biodistribution analysis. C9-
HOPO was radiolabeled with 45Ti at a specific activity of 2.7
MBq/nmol (100 μCi/μg). An injectable dose was prepared by
mixing the radiolabeled complex with sterile PBS (1×) with a
final injection dose of 2.4 ± 0.2 MBq/100 μL (65 ± 5 μCi/100
μL). Mice were anesthetized under isoflurane and injected
retro-orbitally. Immediately after injection, mice were trans-
ferred to a small animal PET scanner for a 60 min dynamic
PET scan (6 frames; 10 min/frame) followed by a 3 min CT
scan. PET data were reconstructed in 6 frames of 10 min each.
A second group of mice was imaged 3 h postinjection for 20
min static scan followed by 3 min CT. Images were processed
using VivoQuant, and region of interest (ROI) was drawn for
heart, kidney, lung, combined liver and gall bladder, and
muscle to calculate the mean standard uptake value (SUVmean).
After imaging, 50 μL of blood was drawn by cardiac

puncture, while mice were under isoflurane anesthesia. Mice
were sacrificed immediately after blood was drawn, and organs
of interest were harvested for analysis. Analysis of radiotracer
uptake in each organ was performed using a gamma counter,
and data were analyzed to calculate the % ID/g. A controlled
study with unchelated titanium-45 ([45Ti]Ti-citrate) was also
performed to compare the differences in biodistribution results
between chelated and unchelated complexes.

4. CONCLUSIONS
We evaluated three 1,2-HOPO ligands to investigate their
complexation with titanium-45 (Ti4+). The complexes were
synthesized, and macroscopic studies were performed with
stable Ti-HOPO complexes. Radiolabeling studies were
performed with all three chelators, and rapid radiolabeling
was observed at pH 6 and 37 °C incubation under 30 min.
High labeling yields of 13.4, 2.7, and 2.8 MBq/nmol were
achieved for [45Ti]Ti-C8-HOPO, [45Ti]Ti-C9-HOPO, and
[45Ti]Ti-C10-HOPO, respectively. In vitro serum stability
assay confirmed [45Ti]Ti-C9-HOPO to be the most stable. Ex
vivo biodistribution studies indicated a kinetically stable
complexation. The biodistribution of [45Ti]Ti-C9-HOPO
was significantly different than that of unlabeled [45Ti]Ti-
citrate. Rapid clearance of the chelator was observed in vivo
through the hepatobiliary pathway, and no decomplexation
was observed 3 h post-injection. This work aims to develop
chelators for 45Ti and utilize the characteristic properties of
45Ti for developing a suitable PET imaging isotope. Future
work requires a bifunctional conjugation to translate the work
toward diagnostic applications.
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