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Investigation of 4°Ti-transferrin was pursued to provide insight
into the mechanism of action of titanocene dichloride, a che-
motherapeutic agent currently in clinical trials. Methods:
Plasma protein-binding studies of processed 4°Ti were per-
formed by solubilizing the 45Ti residue in 0.05N HCI, of which
1.22 MBq (33 pCi) in 10 pL were added to 250 pL of dog
plasma. 4°Ti-Transferrin was prepared by redissolving the pro-
cessed “5Ti in 25 pwmol/L apotransferrin or by in vivo incorpora-
tion through preparation and introduction of 4°Ti-citrate. Biodis-
tribution studies were performed on normal Sprague-Dawley
rats and EMT-6 tumor-bearing BALB/c mice with 45Ti-transferrin
coinjected with $’Ga-citrate for direct comparison. microPET
was performed on mice bearing EMT-6 tumors and the images
were analyzed for tumor-to-muscle uptake ratios. Results: Di-
rect labeling of apotransferrin in situ with 4°Ti was achieved as
well as in vivo incorporation by 2 h after injection with 45Ti-
citrate. The biodistribution of 45Ti-transferrin and %’Ga-citrate
showed similar trends. In Sprague-Dawley rats, initial blood
uptake was higher for the 45Ti-transferrin, whereas bone uptake
increased more for the 6’Ga-citrate. EMT-6 tumor uptake in both
cases was relatively high (14.6 = 1.83 %ID/g for 45Ti and 8.72 +
0.98 %ID/g for 67Ga [%ID/g = percentage injected dose per
gram]) and remained elevated even out to 24 h after injection.
The tumor-to-muscle ratio of the 6’Ga-citrate reached 6.7 at
24 h, whereas the ratio of the “5Ti-transferrin increased to 4.3 at
this time point. Uptake of “°Ti-transferrin was visualized in the
EMT-6 murine mammary carcinoma tumor with microPET. In all
cases, the tumor was clearly delineated from the surrounding
tissue with tumor-to-muscle ratios on the order of 1.6. Conclu-
sion: 45Ti forms a complex with apotransferrin that remains
intact in vivo. Results of the biodistribution in mice showed that
the tumor had increased uptake compared with nontarget or-
gans (e.g., muscle). The microPET images of tumor-bearing
mice clearly delineate the tumors from the surrounding tissue.
Comparison of the data suggests that tissue uptake is similar
whether injecting “Ti-transferrin directly or as “5Ti-citrate, which
transchelates to transferrin before the time of imaging.
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Titanium(IV) complexes have been shown to exhibit
high antitumor activity against a wide range of tumors (7).
One of these compounds, titanocene dichloride, is currently
in phase II clinical trials as an anticancer agent (2,3). Tit-
anocene dichloride is effective against cisplatin-resistance
cancers and with fewer toxic side effects. In contrast to the
many areas of toxicity of cisplatin, titanocene dichloride
appears to show only toxicity in the liver when given in
therapeutic doses (4,5).

The specific pathway of transport of the pharmaceutical
to tumor cells remains unclear, but numerous studies have
demonstrated that titanium accumulates in nucleic acid-rich
regions of the nucleus (6,7). Further elucidation of the
mechanism of action of these compounds remains difficult
due to their rapid hydrolysis under physiologic conditions
(8). It has been demonstrated that Ti(IV) is readily taken up
by human transferrin from titanocene dichloride (9). Trans-
ferrin is an iron-binding protein that shuttles iron between
sites of uptake and utilization. This 80-kDa protein is com-
prised of 678 amino acids divided into 2 homologous lobes
that each have an individual binding site deep inside a cleft.
Normally, only 30% of transferrin is saturated with iron in
vivo, leaving it available for the binding and transport of
other metals. This protein may act as a natural carrier for
anticancer drugs since tumor cell surfaces are known to
contain high levels of transferrin receptors (10,11).

The metal-binding capabilities of transferrin have been
investigated with >30 different metals and anions (/2).
Although no metal, with a known binding constant, binds as
strongly as the endogenous iron, many are incorporated
rather easily and remain bound for hours or days under
physiologic conditions. Titanium-transferrin was first re-
ported in 1998 (/3) and confirmed by another group using
similar methods in the following year (/4). These results
show that on titration with Ti(IV)citrate, apotransferrin is
able to bind 2 atoms of Ti(IV). Through nuclear magnetic
resonance studies, titanium was shown to be bound in the
specific iron-binding site by association with tyrosines
known to be involved in each of the 2 lobes of the protein.

Ga(IIT) and Ru(III) used in cancer imaging agents have
been shown to use transferrin for transport (15,16). “’Ga-
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Citrate has long been used as a tracer for soft-tissue infec-
tion and non-Hodgkin’s lymphoma for SPECT. Once in-
jected, the gallium binds to apotransferrin and is distributed
via the transferrin receptor pathway and other routes. The
complex mechanism of accumulation of ¢’Ga in tumors is
affected by the blood supply and other iron-binding proteins
as well as transferrin (/7). Several studies have investigated
this mechanism in detail using ’Ga and EMT-6 mouse
mammary carcinoma cells, known to express high levels of
transferrin receptors (18-22). %Ga, a positron emitter with
a 68-min half-life (t;),), is also used in the same formulation
for PET (23,24).

Ti has a ty, of 3.09 h and 85% of its decay occurs by
positron emission. The high positron branching ratio and an
Eg-,.. of 1.04 MeV make *°Ti a suitable candidate for PET.
Ishiwata et al. investigated “Ti as a potential metal for
labeling pharmaceuticals for PET by forming complexes
with diethylenetriaminepentaacetic acid (DTPA), citric
acid, and human serum albumin (25,26). However, these
studies were published >10 y ago and, to our knowledge,
this endeavor has not been pursued any further. The com-
plicated radiochemistry and rapid oxidation of the metal in
air continue to be major challenges to the development of
4Ti compounds.

This article reports the radiochemical labeling strategy,
biodistribution, and microPET of *Ti-transferrin. Outlining
the uptake and transport of **Ti by transferrin will establish
a new paradigm for the investigation of titanium anticancer
drugs using radionuclidic techniques. Future studies may
use this work as a basis for comparison to confirm the
involvement of transferrin as a carrier for titanium from
titanium-containing pharmaceuticals. These results suggest
that titanium transferrin alone may produce effects compa-
rable to the introduction of organometallic titanium com-
plexes; this would implicate such complexes as prodrugs for
delivery of titanium to cells by transferrin. *Ti-Transferrin
could also act as a new imaging agent with better resolution
than %Ga-citrate. ®®Ga has a maximum positron energy of
1.90 MeV, resulting in a less-resolved image using micro-
PET when compared with **Ti (1.04 MeV) and a higher
dose imparted to the subject.

MATERIALS AND METHODS

Unless otherwise stated, all chemicals were purchased from
Aldrich Chemical Co., Inc. All solutions were prepared using
distilled, deionized water (Milli-Q, Millipore Corp.; >18-M()
resistivity). Radioactive samples were analyzed in a radioisotope
calibrator (Capintec, Inc.) for determination of megabecquerels
(millicuries) and a Beckman 8000 y-counter for counts per minute.
Radionuclidic purity was determined by analysis with a Canberra
multichannel analyzing v-spectrometer. Centrifugation was per-
formed on a Sorvall Superspeed RC2-B Centrifuge refrigerated to
4°C. Fast-protein liquid chromatography (FPLC) was performed
on an Amersham Pharmacia FPLC System, using a Superose 12
HR 10/30 size-exclusion column, 20 mmol/L. N-(2-hydroxyeth-
yl)piperazine-N’-(2-ethanesulfonic acid) (HEPES)/150 mmol/L
NaCl, pH 7.3, as the mobile phase and a flow rate of 0.5 mL/min.
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67Ga-Citrate was obtained from PETNet. Small animal PET was
performed on a microPET-R4 scanner (Concorde Microsys-
tems, Inc.).

45T

#Ti was prepared as previously described (27). Briefly, a ™Sc
foil target (thickness = 0.250 mm) was bombarded with ~14.7-
MeV protons on a CS-15 cyclotron (Cyclotron Corp.). The "Sc
(p,n) PTi nuclear reaction produced “Ti with an average decay-
corrected yield of 421.8 MBq/pnAh (11.4 nCi/pwA-h) and 2,109
MBq (57 mCi). The target was then dissolved in 2 mL 6N HCI and
applied to a cation-exchange column containing AG50W-X8 resin
(1.9 X 13 cm, 100—200 mesh). *°Ti was eluted in 6N HCI (Alfa
Aesar; diluted from 12N HCl) with 92.4% recovery. The HCI was
removed by evaporation with heating under a stream of nitrogen,
and the radionuclidic purity was determined to be 99.8% by
analysis with a multichannel analyzing y-spectrometer.

45Ti Plasma Binding

Plasma protein-binding studies of the processed “Ti were per-
formed as a preliminary test of feasibility. A 1.0-mL aliquot of dog
blood was heparinized and centrifuged at 5,000 rpm for 5 min to
separate the plasma from the red blood cells. The 43Ti residue was
dissolved in 0.05N HCI, of which 1.22 MBq (33 wCi) in 10 pL
were added to 250 pL of plasma. Inversion of the vial several
times ensured adequate mixing. The solution was then centrifuged
in an Eppendorf filter (Brinkmann) with a molecular weight cutoff
of 10,000 at 4,000 rpm until 80% of the solution passed through
the filter. The amount of radioactivity in the eluent and on the filter
was determined. An experiment was also performed by adding
5.92 MBq (160 p.Ci) to 1.5 mL of dog plasma and analysis by
radio-FPLC after a 10-min, room temperature incubation.

4Ti-Transferrin

The #Ti residue was dissolved in 25 wmol/L apotransferrin
(murine, 99.8%) and 50 mmol/L HEPES/150 mmol/L NaCl buffer
at 10 pg for each 37 MBq (1 mCi) of activity. All solutions
contained freshly prepared 5 mmol/L bicarbonate as the synergis-
tic anion for effective binding to apotransferrin. After a 5- to
60-min incubation period at room temperature, low-molecular-
weight impurities, including unbound titanium, were removed
using 1 of 2 methods. The #Ti-transferrin solution was either
eluted through a PD-10 column (Amersham Biosciences) follow-
ing the included protocol or centrifuged through a YM-30 Centri-
con tube (Millipore Corp.) at 5,000 rpm for 30 min and collected
in the desired volume for further studies. A control experiment
attempted “*Ti binding to holotransferrin (iron-saturated trans-
ferrin) following the same methods outlined for the apotransferrin.
Radio-FPLC was performed to determine the binding efficiency of
#Ti to transferrin.

Further purification of the purchased protein was pursued before
labeling in an attempt to improve labeling reproducibility. The
apotransferrin was dissolved at 1 mg/mL in 50 mmol/L HEPES/
150 mmol/L NaCl buffer. This solution was centrifuged in a
YM-30 Centricon tube at 5,000 rpm for 30 min. Two milliliters of
buffer were added to the tube and centrifuged at 5,000 rpm for 30
min. Buffer washing was repeated in triplicate, and the protein
solution was collected in 300 pL by inversion of the tube and a
brief (5 min) centrifugation at 5,000 rpm. This procedure would
serve to remove any low-molecular-weight impurities before ra-
diolabeling.
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In vivo incorporation into transferrin was also attempted by the
preparation and injection of “Ti-citrate. The *Ti residue was
dissolved in 25 pmol/L ammonium citrate (100 wL). After a
30-min incubation period at room temperature, radio-FPLC was
performed to determine the binding efficiency of +3Ti to citrate.
The solution was diluted with saline to a concentration of 7.4 MBq
(200 wCi) in 100 pL, which was injected into each of 2 female
BALB/c mice for binding analysis. At 2 h after injection, the mice
were sacrificed and their blood was removed, heparinized, and
centrifuged. The plasma was then analyzed by radio-FPLC to
assess transferrin incorporation.

Biodistribution

All animal experiments were performed in compliance with the
Guidelines for the Care and Use of Research Animals established
by Washington University’s Animal Studies Committee. A normal
biodistribution was performed on male Sprague—Dawley rats
(500-600 g) using **Ti dissolved in 0.05N HCI and diluted in 50
mmol/L. HEPES-buffered saline (n = 3). After anesthetizing with
isoflurane (2%), each animal was injected with 0.37 MBq (10 w.Ci)
in 100 pL administered by bolus injection via the tail vein.
Animals were allowed access to food and water ad libitum. The
animals were sacrificed at selected time points after injection, and
blood, lung, liver, spleen, kidney, muscle, and fat were removed,
weighed, and counted for radioactivity accumulation. The percent-
age injected dose per gram (%ID/g) and percentage injected dose
per organ (%ID/organ) were calculated by comparison to a
weighed, counted standard solution.

In the *5Ti-transferrin biodistribution studies, ’Ga-citrate (6’Ga
ty, = 78 h) was coinjected for comparison since it is known to be
transported by transferrin. The y-emissions of 9’Ga are at lower
energies (94.4, 102.9, 309.8, and 403.2 keV) than the 511-keV
emission of *3Ti; therefore, the activity in each organ could be
counted in a separate window for each isotope as well as allowing
time for decay of *Ti before counting of ¢’Ga.

Ti-Transferrin (1.11 MBq [30 pCi]) was coinjected into
healthy, female Sprague—Dawley rats (500-600 g) with 0.37 MBq
(10 wCi) 9’Ga-citrate. Harvested tissues included blood, lung,
liver, spleen, kidney, muscle, fat, heart, brain, and bone. Organs
were collected at 10 min and 2, 4, and 7 h (n = 4). These tissues
were weighed and counted for ¥Ti and ¢’Ga on the y-counter
along with a standard of the injected doses for comparison. Two
separate windows were used for counting to separate the ¢’Ga
vy-emissions from ¥Ti. Decay-corrected uptakes were calculated as
%ID/g and %ID/organ.

Female BALB/c mice (20-30 g) were implanted in the hind
flank with 6 X 10> EMT-6 murine mammary carcinoma cells in
suspension (100 wL) with >90% viability. The tumors were al-
lowed 7 d of growth before the biodistribution study, at which
point 0.74 MBq (20 wCi) “*Ti-transferrin and 0.37 MBq (10 pn.Ci)
67Ga-citrate were coinjected into each mouse intravenously via the
tail vein. Biodistributions were assessed at 2, 4, and 24 h after
injection. Tissues harvested were blood, lung, liver, spleen, kid-
ney, gallbladder, muscle, fat, heart, brain, bone, and tumor. These
tissues were weighed and counted on the y-counter with a standard
of the injected dose for comparison. Decay-corrected uptakes were
calculated as %ID/g and %ID/organ.

microPET

Single-position, whole-body imaging of #*Ti-transferrin was
performed on 2 tumor models using microPET. Mice were imaged
individually or in pairs in a supine position in a specially designed

bed. The bed was placed near the center of the field of view of the
microPET scanner, where the highest image resolution and sensi-
tivity are available. Imaging was performed in 15-min static ses-
sions, with a collection of 600 frames per second. Isoflurane (2%)
was used as an inhaled anesthetic to induce and maintain anesthe-
sia during imaging.

An individual female BALB/c mouse was implanted in the right
and left flank with 6 X 10° EMT-6 mouse mammary carcinoma
cells in 100 pL with >90% viability. The tumors were allowed
14 d of growth before preliminary imaging with injection of 27.72
MBq (750 wCi) *Ti-transferrin.

After tumors were visualized by the preliminary imaging, 8
female BALB/c mice were implanted at the nape of the neck with
6 X 10° EMT-6 mouse mammary carcinoma cells in 100 pL with
>90% viability. The tumors were used after 14 d of growth before
imaging. Six of the mice with the largest tumors were imaged in
pairs at 2 and 4 h after injection of ~7.4 MBq (200 wCi) *Ti-
transferrin or “*Ti-citrate.

The microPET images were evaluated by analysis of the stan-
dardized uptake value (SUV) of the tumor and nontarget organ
(muscle) using ASIPRO software (Concorde MicroSystems, Inc.).
The average radioactivity concentration within the tumor or tissue
was obtained from the average pixel values reported in becquerels
per milliliter (nCi/mL) within regions of interest (ROIs) drawn
around the entire tumor or tissue on multiple, consecutive trans-
axial image slices. The SUV was calculated by dividing this value,
the decay-corrected activity per unit volume of tissue (Bg/mL
[nCi/mL]), by the injected activity per unit of body weight (Bq/g
[nCi/g]). SUVs were compared with obtain a tumor-to-muscle
ratio.

RESULTS

45Ti Plasma Binding

In the preliminary plasma-binding study, Ti was added
to dog plasma to assess protein-binding capability. Virtually
no activity was found in the eluent fraction, and all (>99%)
of the ¥Ti was associated with the proteins in plasma, above
the 10,000-Da filter.

Plasma-binding capability by **Ti was further analyzed
using size-exclusion radio-FPLC. After a 10-min incubation
period, the ultraviolet (UV) trace shows 3 mass peaks due to
elution of proteins in the plasma. The radioactive trace
shows a single radioactive peak matching the UV retention
volume of a single protein in the plasma sample (Fig. 1) at
12.4 mL. After comparison with an elution profile of trans-
ferrin, this retention volume was determined to be that of
transferrin.

45Ti-Transferrin

Direct labeling of apotransferrin in situ with “Ti was
achieved. Radio-FPLC analysis clearly shows transferrin
with a retention volume of 12.4 mL and the corresponding
radioactive peak (Fig. 2). The small difference in the UV
and radioactive peaks is due to the separation between the
detectors within the FPLC system. It was discovered, and
subsequently reported in the literature (9), that binding was
possible both in the presence and the absence of bicarbonate
as the synergistic anion. This step was omitted without
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FIGURE 1. Radio-FPLC of rat serum 10 min after incubation
with processed #5Ti shows 45Ti bound to a single protein (A) and
FPLC of apotransferrin (B). mAU = milliabsorbance units.

consequence to simplify the procedure and remove any pH
effect that could result from the addition of bicarbonate, a
weak base.

A control experiment attempted “Ti binding to holotrans-
ferrin (iron-saturated transferrin) following the same meth-
ods as outlined for apotransferrin. Radio-FPLC analysis
revealed no radioactive peak coeluting with the UV peak of
transferrin, confirming no binding to the protein.

Removal of low-molecular-weight impurities from the
labeled “Ti-transferrin was initially achieved by elution
through a PD-10 column containing prepacked Sephadex.
This method effectively separated the protein fraction from
any unbound *Ti but resulted in a large final solution
volume of 3.5 mL. Protein separation from unbound *°Ti
and control over the final solution concentration was
achieved through the use of a Centricon YM-30 filter tube.
With a molecular weight cutoff of 30,000, any unbound +Ti
was collected in the eluant fraction and the bound protein
could be collected in a desired volume.

In vivo labeling of apotransferrin with Ti was achieved
by injection of **Ti-citrate. Radio-FPLC analysis of the
4Ti-citrate showed a UV retention volume of 16 mL, concor-
dant with the radioactive peak. Plasma analysis at 2 h after
injection by radio-FPLC demonstrated that all “*Ti was asso-
ciated with transferrin in mouse plasma, with a retention vol-
ume of 12.4 mL and the corresponding radioactive peak.

Biodistribution

Tissue distribution of the processed “*Ti was performed
in normal, male Sprague—Dawley rats. As expected, the
majority of the injected activity flooded the liver almost
immediately (Table 1), accounting for almost 80% of the
injected dose at both 10 min and 1 h. Spleen uptake was also
considerably high and inhibitory for effective imaging of
tumors.

The biodistribution of Ti-transferrin in rats showed high
initial retention in the blood with eventual washout by 24 h
after injection (5.84 = 0.43 %ID/g to 1.59 = 0.37 %ID/g).
Bone uptake increased over time, whereas lung uptake
decreased. A comparison of the biodistribution of *Ti-
transferrin with ’Ga-citrate showed similar trends. The
initial blood uptake was higher for the **Ti-transferrin,
whereas bone uptake increased more for the ®’Ga-citrate
(Tables 2 and 3).

In the rat biodistribution study, a plasma sample was
taken at 4 h after injection and the plasma was analyzed by
radio-FPLC to verify that the **Ti-transferrin remained in-
tact. The radio-FPLC analysis showed a single radioactive
peak with the same retention time as transferrin (Fig. 3).

60
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; 5‘ 40 .
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g5 1 — Radioactivity
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J\i k Spleen 7.274 = 0.250 7.011 = 3.150
0 e e N — .
5 10 15 20 25 30 Kidney 0.049 *= 0.009 0.051 = 0.004
% \ Muscle 0.003 = 0.0004 0.004 = 0.001
) Retention Volume (mL) Fat 0.002 + 0.001 0.003 + 0.0005
FIGURE 2. Radio-FPLC of 4*Ti-transferrin. mAU = milliabsor- . .
. n = 3 for each time point.
bance units.
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TABLE 2
Biodistribution of 45Ti-Transferrin in Normal Rats

%ID/g = SD
Tissue 10 min 2h 4 h 7h
Blood 5.85+0.43 394 +0.66 2.01=*1.03 1.59 *0.37
Lung 2.39 +0.82 1.70 =040 1.17 =0.40 0.87 =0.24
Liver 155 +0.15 152 +0.17 1.35=*+0.37 1.41+0.10
Spleen 1.15+0.18 0.95*+0.18 0.76 =0.23 0.74 = 0.13
Kidney 141025 160=*=021 139*+0.34 1.41*+0.15
Muscle 0.10 =0.08 0.18 =0.01 0.26 = 0.05 0.26 + 0.03
Fat 0.09 =0.02 0.18+=0.09 0.21 +£0.05 0.23 =0.03
Heart 111 +£0.11 1.09 =0.05 0.73*+0.21 0.56 = 0.12
Brain 0.23+0.08 0.17 =0.10 0.08 +0.04 0.10 = 0.03
Bone (whole) 0.52 =0.10 1.09 =0.02 1.50 = 0.20 1.97 = 0.24

n = 4 for each time point.

The biodistribution of +Ti-transferrin in the EMT-6 tu-
mor-bearing BALB/c mice showed initial blood uptake
(37.2 = 2.45 %ID/g) with washout by 24 h after injection
(10.2 = 1.03 %ID/g) (P < 0.001) (Table 4). Tumor uptake
increased initially and was constant at ~15 %ID/g after 4 h.
Tumor-to-muscle ratios were 3.41 = 0.70 and 4.26 * 0.67
at 4 and 24 h, respectively. ¥’Ga (Table 5) cleared faster
from the blood with higher bone uptake, and tumor uptake
for ’Ga was less than “Ti at ~8 %ID/g. However, the
tumor-to-muscle ratio increased for ’Ga from 4 to 24 h
(3.14 = 0.39 to 6.72 = 1.18).

microPET

Two tumor models were imaged using microPET after
intravenous injection of “*Ti-transferrin. The EMT-6 mam-
mary carcinoma tumor model showed distribution of ¥Ti
throughout the heart, liver, kidneys, and tumor (Fig. 4).
ROIs were defined around the 3 tumors in this mouse and
used to calculate the SUVs, taking into account the decay-
corrected injected dose and the animal’s body weight. The
large tumor on the left flank had a calculated SUV of 0.22 =

TABLE 3
Biodistribution of 6’Ga-Citrate in Normal Rats
%ID/g + SD
Tissue 10 min 2h 4 h 7h
Blood 235+122 1.38*+0.51 0.86*+0.74 0.64 =0.17
Lung 110+ 048 0.64 =024 0.46 +=0.28 0.34 =0.12
Liver 0.46 £+ 0.25 0.56 +0.23 0.59 +0.34 0.61 +0.29
Spleen 0.41+0.20 0.38+0.18 0.31 =0.14 0.311 £ 0.16
Kidney 0.70 £ 0.25 0.56 £0.09 0.73 £+ 0.26 0.66 = 0.07
Muscle 0.22 £ 0.004 0.25 +0.03 0.21 £0.07 0.13 +£0.02
Fat 0.13 +£0.05 0.17 £0.01 0.13 +0.02 0.09 + 0.01
Heart 0.79 £ 0.35 0.44 +£0.10 0.27 £ 0.17 0.23 = 0.06
Brain 0.09 £ 0.03 0.06 +0.04 0.04 +0.03 0.04 +0.01
Bone (whole) 0.67 =0.13 1.80 = 0.13 3.02 = 0.51 3.71 = 0.04

n = 4 for each time point.

1200 -

1000 - ——Uuv

— Radioactivity

800 -

600 -

400 -

CPM/5
Absorbance (mAU)

200

0 T T T T T T P fa—]

0 2 4 6 8 10 12 14 16 18 20 22 24
Retention volume (mL)

Tt

FIGURE 3. Radio-FPLC of serum from BALB/c mouse in-
jected with 4Ti-transferrin, 4 h after injection. mAU = milliab-
sorbance units.

0.01. The superior tumor on the right flank had an SUV of
0.21 *= 0.01, whereas the right inferior tumor had an SUV
of 0.28 = 0.01. By averaging all 3 tumor values, the overall
SUV for the tumor was 0.24 = 0.04. The SUV of the muscle
(nontarget tissue) was 0.14 = 0.01, resulting in a tumor-to-
ratio of 1.68 = 0.28.

The EMT-6 tumor model was also imaged in 6 mice after
injection of “Ti-citrate (Fig. 5), which was proven to in-
corporate into transferrin by 2 h after injection. Quantitative
analysis of ROIs drawn around the tumor in 5 of the mice at
2 and 4 h after injection gave average SUVs of 0.55 £ 0.04
and 0.55 = 0.06, respectively. The SUVs for the nontarget
tissue (muscle) were 0.32 £ 0.03 at 2 h and 0.39 = 0.07 at
4 h after injection. Tumor-to-muscle ratios were then cal-
culated to be 1.68 = 0.41 at 2 h and 1.45 = 0.30 at 4 h.

TABLE 4
Biodistribution of 45Ti-Transferrin in BALB/c Mice Bearing
EMT-6 Murine Mammary Carcinoma Tumors

%ID/g = SD
Tissue 2h 4h 24 h
Blood 37.2 + 245 32.3 + 3.34 10.2 = 1.03
Lung 13.2 £2.42 13.4 £ 0.50
Liver 14.5 £1.57 17.3 £1.02 12.8 = 0.58
Spleen 8.65 = 1.71 11.0 = 0.64
Kidney 12.1 £1.61 11.8 = 1.34
Gallbladder 3.43 £ 2.25 3.08 + 2.23
Muscle 3.20 + 0.29 4.28 + 0.70 3.50 = 0.37
Fat 3.93 + 1.89 4.78 = 0.70
Heart 8.99 + 0.84 9.51 = 1.04
Brain 113 £ 0.15 0.75 = 0.04
Bone (whole) 10.5 = 0.63 15.2 = 0.74
Tumor 8.57 = 2.04 14.6 =1.83 149 £1.74

n = 4 for each time point.
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TABLE 5
Biodistribution of 6’Ga-Citrate in BALB/c Mice Bearing
EMT-6 Murine Mammary Carcinoma Tumors

%ID/g = SD
Tissue 2h 4 h 24 h
Blood 15.8 = 0.96 14.4 = 0.68 2.77 + 0.77
Lung 7.22 + 0.50 7.27 + 0.36
Liver 5.71 + 0.47 7.75 = 0.41 7.31 £ 0.55
Spleen 4.77 = 0.82 6.32 = 0.72
Kidney 5.97 + 0.73 7.02 £ 0.75
Gallbladder 2.88 + 1.33 2.31 +£ 0.89
Muscle 2.97 + 047 2.78 + 0.15 1.08 = 0.16
Fat 2.35 + 0.57 2.22 +0.23
Heart 4.25 +0.75 421 £0.34
Brain 0.52 + 0.10 0.47 + 0.08
Bone (whole) 10.3 = 1.69 13.4 = 0.86
Tumor 7.05 +1.40 8.72 + 0.98 7.26 + 0.69

n = 4 for each time point.

DISCUSSION

Transferrin is known to be responsible for the selective
delivery of gallium complexes to tumor cells (/7,28), and
transport of ¥Ti may also follow this pathway. With little
known about the mechanism of action or the uptake path-
way of titanium chemotherapeutics, PET using “Ti pro-
vides a biochemical view of this uptake along with the
ability to quantitate accumulation.

The incorporation of *Ti into serum transferrin was dem-
onstrated through both ex vivo and in vivo binding studies.
The ex vivo labeling, during a brief (10 min) incubation
period, provided proof of principle that titanium was able to
bind transferrin, even when presented in an oxo-chloride
form. Studies showed that after introduction in vivo as
#Ti-transferrin and removal of plasma after 4 h, the com-
plex remained intact. “*Ti showed exclusive binding to
transferrin in vivo, as illustrated by a single radioactive peak
with the same retention volume as the serum transferrin
peak.

MAXIMUM

MINIMUM

FIGURE 4. Two coronal microPET image slices (A and C) and
1 transaxial slice (B) of female BALB/c mouse bearing EMT-6
tumors (denoted by arrows) in both legs (right-hand side: 1 large
tumor; left-hand side: 2 small tumors) injected with 27.72 MBq
(750 wCi) #*Ti-transferrin, 1 h 40 min after injection.
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FIGURE 5. Coronal (A), transaxial (B), and sagittal (C) image
slices of female BALB/c mouse bearing EMT-6 murine mam-
mary carcinoma tumor (denoted by arrow) in nape of the neck
injected with 7.59 MBq (205 p.Ci) “5Ti-citrate, 2 h after injection.

A barrier to reproducible labeling was initially encoun-
tered. Although specific binding of “Ti to apotransferrin
was observed, more than half of the radioactivity often
remained adhered to the reaction vessel. To aid in the
solubility of #Ti, 25 wmol/L. ammonium citrate was added
to the “Ti residue, resulting in ¥Ti-citrate as the injected
imaging agent. Ti(IV)citrate has been shown as an appro-
priate complex for the incorporation of Ti** into apotrans-
ferrin in situ (/3,14). Results demonstrated complete incor-
poration of 3Ti into transferrin in vivo by 2 h after injection.

Several adjustments were made to the binding strategy of
4Ti to apotransferrin. It was determined that efficient bind-
ing was obtained both with and without the presence of the
carbonate anion typically necessary for iron binding. This is
supported by a previous report that showed a delayed, but
strong, binding of Ti(IV) to apotransferrin in the absence of
bicarbonate. However, changes in structural conformation
of the binding pocket were detected in each case (9). Fe(IIl) is
bound in a distorted octahedral geometry with ligands pro-
vided by 4 amino acid side chains (2 tyrosines, 1 histidine,
and 1 aspartic acid) and 2 oxygens from the synergistic
bicarbonate anion. It is possible that the same amino acid
ligands are coordinated to the metal center and the remain-
ing coordination site is occupied by a double-bonded oxy-
gen that most likely will not be removed on binding (Fig. 6).
It is also possible that Ti** could adopt a 7-coordinate
geometry, as demonstrated by complexes of Ti*" with eth-
ylenebis(o-hydroxyphenyl)glycine, a model ligand for the

A .

FIGURE 6. Schematic of iron (A) vs. titanium (B) (postulated)
binding configurations.
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binding site of transferrin (29). In this case, the Ti*" as-
sumes a pentagonal bipyramidal geometry with axial phe-
nolate ligands, 2 amine nitrogens, 2 carboxylate oxygens,
and the equatorial plane occupied by a H,O ligand.

A Centricon purification step was added before labeling
procedures and effectively improved reproducibility and
labeling efficiency by removal of impurities that could
potentially interact with the 43Ti.

Biodistribution of the processed “*TiOCl, was rapid and
occurred by almost exclusive localization in the liver and
spleen. When normalized for %ID/organ, this resulted in
>0% of the injected dose entering the liver by 10 min. As
a result, incorporation of this nuclide into a complex will be
essential for productive imaging due to its high nontarget
tissue uptake.

A comparison of the biodistribution of “Ti-transferrin
with that of ®’Ga-citrate showed similar trends in normal
rats and in the tumor-bearing mouse model. The uptake
values, however, were almost doubled in the ¥ Ti-transferrin
compared with the 9’Ga-citrate. Transchelation of ’Ga into
transferrin would be necessary and could delay uptake,
whereas the “Ti was introduced as the transferrin complex.
Increased levels of liver and bone uptake over time are most
likely due to eventual uptake and trapping of the radionu-
clide by the numerous transferrin receptors in the liver and
bone marrow. Tumor uptake in both cases was relatively
high (14.6 = 1.83 %ID/g for Ti and 8.72 = 0.98 %ID/g
for ©7Ga) and remained elevated even out to 24 h after
injection The tumor-to-muscle ratio of the ®’Ga-citrate
reached 6.7 at 24 h, whereas the #Ti-transferrin ratio in-
creased to 4.3 at this time point. An overall view of the
trends and ratios observed in both biodistributions demon-
strates that ¥Ti-transferrin may have a similar uptake path-
way to %’Ga-citrate, although complexities in the mecha-
nism of uptake make direct comparison difficult.

Uptake of ¥Ti-transferrin was visualized the EMT-6 mu-
rine mammary carcinoma tumor model with microPET.
Although the SUVs were not high (~0.5), in all cases,
the tumor was clearly delineated from the surrounding tis-
sue with tumor-to-muscle ratios on the order of 1.6. Com-
parison of the data suggests that tissue uptake is statistically
similar whether injecting 4 Ti-transferrin directly or as **Ti-
citrate, which transchelates to transferrin before the time of
imaging.

Although this study was designed to aid in the elucidation
of the mode of action of titanium anticancer agents, it also
implicated *Ti-citrate as a possible clinical companion to
%Ga-citrate with higher image resolution. Ga has a max-
imum positron energy of 1.90 MeV, significantly higher
than the 1.04-MeV positrons of 43Ti, which would impart a
lower dose to a patient. This difference in resolution could
be especially beneficial for microPET, where image degra-
dation is more apparent than in clinical scanners due to the
higher intrinsic resolution of the instrument.

#Ti-Transferrin has been established as a basis for com-
parison of the delivery of titanium chemotherapeutic agents.

In the future, radiosynthetic techniques can be used to
incorporate ¥Ti into anticancer drugs, which may actually
be acting as prodrugs for the lethal effects of titanium alone,
for direct comparison with ex vivo association of titanium
into transferrin. The studies reported here clearly demon-
strate the path of transport of titanium to tumor cells but do
not specifically investigate the mechanism of action once
delivered to the cell. Additional studies are currently being
pursued by numerous groups to study the fate of titanium
after entry into the cellular matrix.

CONCLUSION

“Ti forms a complex with apotransferrin that remains
intact in vivo. Results of the biodistribution in mice showed
that the tumor had increased uptake compared with nontar-
get organs (e.g., muscle). Although blood uptake was ini-
tially high at 2 h, the levels dropped significantly at 24 h
(P < 0.001). We also noted that the amount of activity
found in the tumor remained constant between 4 and 24 h,
a desirable property in radiopharmaceuticals for imaging.
Images of tumor-bearing mice clearly delineate the tumors
from the surrounding tissue, although the uptake in the 2
tumor types differed.

Biodistribution and microPET studies of “Ti-transferrin
clearly demonstrate the transport of ¥Ti to tumors with
uptake out to 24 h. This information forms a basis for the
investigation of titanium radiopharmaceuticals and provides
a tool for examining their mode of their transport to tumors.
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