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ABSTRACT The °®Ge/°®Ga generator has high potential for clinical positron emission tomography (PET) imaging. However, because
of the unavailability of a suitable sorbent material, the commercially available *®Ge/**Ga generators are not directly adaptable for the
preparation of ®®Ga-labeled radiopharmaceuticals. In view of this, a new nanoceria-polyacrylonitrile (PAN) composite sorbent has
been synthesized by decomposition of a cerium oxalate precursor to cerium oxide and its subsequent incorporation in PAN matrix
for the development of a clinical grade ®®Ge/*®Ga generator. The X-ray diffraction (XRD) studies and BET nitrogen adsorption technique
revealed that nanocrystalline ceria had an average particle size of ~10 nm, surface area of 72 & 3 m?/g and an average pore size of
3.8 4 0.1 A. Investigation of the distribution ratio (Ky) values for the prepared sorbent in 0.01 N HCI medium revealed the suitability
of the sorbent for the quantitative retention of °®Ge and efficient elution of clinical grade ®®Ga. A 370 MBq (10 mCi) ®*Ge/**Ga
chromatographic generator was developed using this sorbent. ®*Ga could be regularly eluted from this generator with >80 % elution
yield. The eluted ®®Ga possess high radionuclidic purity (<1 x 107°% of ®*Ge impurity), chemical purity (<0.1 ppm of Ce, Fe and Mn
ions) and was amenable for the preparation of ®®Ga-labeled radiopharmaceuticals. The generator gave a consistent performance with

respect to the elution yield and purity of ®®Ga over an extended period of 7 months.
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INTRODUCTION

allium-68 (°®Ga) is an excellent positron emitting

radioisotope suitable for clinical positron emission

tomography (PET) applications in nuclear medicine
(1, 2). The relatively short half-life of %®Ga (,;, = 68 min)
matches the pharmacokinetics of many peptides and other
biomolecules. The cyclotron independent availability of ®*Ga
from a ®8Ge/*®Ga generator at a reasonable cost makes it an
attractive and realistic option for countries with limited or
no cyclotron facilities. Though several ®®Ge/°®Ga generators
have been reported (3-8) in the past, their direct application
in a clinical context could not be accomplished, primarily
because of the unavailability of suitable sorbent materials.
The “8Ga solution eluted from these generators was con-
taminated with residuals of matrix materials (such as TiO,,
SnO,, Ti, and Sn ions) and other cations (such as Fe, Mn,
etc.) (9). The presence of these impurities in the ®Ga solution
was a major obstacle in labeling receptor-specific biomol-
ecules (9). Moreover, ®®Ga was eluted with low specific
volume and contained significant amounts of long-lived ®®Ge
(t1p =279 d) as a radionuclidic impurity (9-11). Therefore,
the primary eluate did not provide sufficiently pure ®®Ga for
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both high labeling yield and high specific activity when
nanomolar amounts of peptide precursors were used (9).
The “®Ga eluate could only be used for radiopharmaceutical
applications after tedious multiple post-elution processing
steps (9-11). Thus, it was observed that conventional first
generation sorbent materials (mainly oxides of Ti and Sn)
were major limiting factors to prepare clinical grade ®®Ge/
%8Ga generators for widespread use in routine nuclear medi-
cine practices (9, 12-14). Hence, there is a need for a
second-generation sorbent material capable of circumvent-
ing these problems so as to make this generator available
for clinical applications (15).

In the quest for a second-generation sorbent material
possessing high sorption capacity and selectivity for ®Ge
with appreciable radiation resistance and chemical stability
in acidic medium, we have made an attempt to use nano-
particle-based sorbent. It is expected that use of such
materials can minimize the number of steps involved in
obtaining clinical grade %®Ga from ®Ge. Several favorable
characteristics, such as high surface area, availability of
reactive surface sites, and pore structure make nanoparticles
excellent sorbent for generator preparation (16-18). In
general, nanocrystalline materials contain a large fraction
of grain boundaries, which can annihilate defects, and hence
such materials are more radiation-tolerant than their bulk
counterparts with larger grain sizes (19, 20).

To utilize the potential of nanomaterials as a sorbent in
the relatively unexplored field, our group successfully dem-
onstrated the use of nanocrystalline titania and zirconia as
prospective sorbent materials for ©Mo/*™Tc and '88W/'#Re

IENAPPLIED MATERIALS

XINTERFACES

2069

-



generators (16-18). Herein, we report a novel nanocrystal-
line ceria-polyacrylonitrile (PAN) composite and its use to
develop a clinical grade ®®Ge/*®Ga generator, for the first
time. The performance of the sorbent as a column matrix
for ®8Ge/*®Ga generator, the yield and purity of the ®%Ga
obtained from the generator for the preparation of radiop-
harmaceuticals, have been investigated.

EXPERIMENTAL SECTION

Synthesis. Cerium oxalate was precipitated by dropwise
addition of 1 N oxalic acid solution (+99.9 %, A.R. grade, B.D.H.,
India) to 0.6 N cerium(IIl) nitrate (+99.9 %, A.R. grade, B.D.H.,
India) solution in 80 % iso-propyl alcohol-20 % deionized water
(from a Millipor Milli-Q system, resistivity ~18 MQ cm) me-
dium. The precipitate was thoroughly washed with deionized
water and dried under an infrared (IR) lamp for 1 h. The residue
obtained was directly introduced in the furnace at 500 °C and
calcined for 30 min in static air.

A weighed amount (1 g) of PAN (+99.9 %, A.R. grade, Aldrich,
England) was dissolved in 25 mL of 10 M HNO5 with mild
heating (~70 °C) and continuous stirring, until a viscous solu-
tion was obtained. An equal amount (1 g) of calcined cerium
oxide (in 1:1 mass ratio) was added to the PAN solution with
vigorous stirring to obtain homogeneous suspension of the
composite. The homogeneous suspension thus formed was
poured into a water bath containing 1 L of deionized water,
resulting in the formation of a lump. The lump obtained was
washed several times with deionized water and dried for 12 h
at 70 °Cin a furnace. The dried lump was crushed mechanically
and sieved to obtain the particles of 50—100 mesh size
(149—297 um).

Structural Characterization of the Sorbent. X-ray
Diffraction. X-ray diffraction data were collected on the powder
sample for the phase identification and crystallite size estima-
tion, using monochromatized Cu—Kat radiation on a PANalytical
X-ray diffractometer (X’pert PRO). The instrument was operated
at 40 kV and 30 mA. Silicon was used as an external standard
for the correction due to instrumental line broadening. The ceria
powder was ground and loaded in the groove of the perspex
sample holder. XRD pattern was recorded in the 26 range of
10—90° for 1 h with a scan step size of 0.02°.

Surface Area Measurement. The surface area and the pore
size analysis were carried out by nitrogen adsorption (BET)
technique (21) at 77 K using Quantachrome, Autosorb-1 ana-
lyzer (Quantachrome Instruments, FL 33426 USA). The nano-
ceria was first preheated in vacuum at 300 °C for 1 h to activate
the sample.

Transmission Electron Microscopy. TEM data were re-
corded using TEM, using a JEOL FX microscope (Jeol Ltd.,
Tokyo, Japan), on the powder sample. The preparation of
samples for TEM analysis involved sonication in ethanol for 5
min and deposition on a carbon-coated copper grid. The ac-
celerating voltage of the electron beam was 200 kV.

Dynamic Light Scattering. The extent and nature of ag-
glomeration were studied by particle size analyzer (Horiba,
model LA-500, Japan) based on laser scattering technique.
Powder sample and nonionic dispersant (Triton X 100) were
initially added to deionized water for facilitating the dispersion.
The suspension thus obtained was sonicated and used for the
laser scattering experiments.

Chemical Stability of Nanoceria-PAN Composite. The chemi-
cal stability of the sorbent was assessed in mineral acids such
as HCI, HNOs, and H,SO4 up to concentration of 2 M. The dried
sorbent (1 g) was immersed in 50 mL of solution in a stoppered
conical flask for 24 h at room temperature, under continuous
shaking using a wrist action shaking machine (Scientific Engi-
neering Corporation, New Delhi, India). Subsequently, the
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solution was filtered and the level of Ce ions in the filtrate was
determined by inductively coupled plasma-atomic emission
spectroscopy (ICP-ES JY-238, Emission Horiba Group, France).
The calibration curve for Ce ions was obtained by using standard
solutions having known concentration of Ce ions.

Sorption Characteristics of Nanoceria-PAN Composite. The
distribution ratios (Kq) of the Ge and Ga, static and dynamic
sorption capacity of the sorbent were determined as per the
reported procedure (16-18). To study the time dependence of
%8Ge sorption on the nanoceria-PAN composite sorbent, we
determined the K4 of °Ge in 0.001 M HCI at different time
intervals. The K4 values were taken as an indication of the
progress of the adsorption process. The attainment of equilib-
rium was indicated by the constant Ky value after a certain
duration of time. The activity of ®*Ge and ®®Ga were determined
using a HPGe detector coupled with a multichannel analyzer
(MCA) (Canberra Eurisys, France) having a 1.5 keV resolution
at 1333 keV and range from 1.8 keV to 2 MeV. The radioisotope
levels were determined by quantification of the 511 and 1077
keV photo peaks. In all the cases, the radioactivity of ®*Ge was
measured after allowing the samples to decay for 2 days,
whereas the radioactivity of ®®Ga was measured immediately
after the experiment.

Development of ®Ge/*®Ga Generator. To fabricate a “®Ge/
®8Ga generator, we packed a borosilicate glass column of
dimension 15 cm x0.4 cm (i.d.) with a sintered disk (G,) at the
bottom with 0.5 g of the sorbent, in a lead shield. It was then
conditioned at pH 3 by passing 100 mL of 0.001 M HCl solution,
at a flow rate of 2 mL/min. The loading solution (20 mL)
containing 370 MBq (10 mCi) of ®®Ge solution maintained at pH
3 was allowed to percolate into the column at a flow rate of 0.25
mL/min. The column was then washed with 10 column volumes
of 0.01 M HCI (pH 2) solution. The generator was regularly
eluted with 0.01 M HCI solution. The generator elution profile
was studied by collecting the eluate as 1 mL aliquots, and the
activity of each fraction was determined by measuring the 1077
keV y-ray peak in a HPGe detector.

Quality Control of ®3Ga for Biomedical Applications. The
radionuclidic purity of ®®Ga was estimated by y-ray spectrom-
etry. To determine the presence of Ce, Fe and Mn ions in the
%8Ga eluate as chemical impurities, the ®®Ga samples were
allowed to decay for 7 days. The trace levels of Ce, Fe, and Mn
ions contamination in the decayed samples were determined
by ICP-AES analysis. The calibration curve for Ce, Fe, and Mn
ions were obtained by using standard solutions having known
concentration of these ions. The presence of trace amounts
organic residue from the polyacrylonitrile binding matrix was
assayed by UV—visible spectrometry (JASCO V-530, UV/vis
Spectrophotometer) using the decayed °®Ga samples.

®Ga-DOTA-TATE (DOTA-D-Phe'-Tyr’-octreotate, DOTA =
1,4,7,10- tetraazacyclododecane-1,4,7,10-tetraacetic acid) was
prepared by the reaction of 25 ug of DOTA-TATE (17.41 nmol)
with ®8Ga solution obtained in 0.01 M HCl medium. For the
preparation of ®*Ga-DOTA-TATE, 25 uL of DOTA-TATE solution
in deionized water (concentration 1 ug/uL) was mixed with 475
uL of 0.1 M ammonium acetate buffer (pH ~5.5). ®3Ga solution
(equivalent to 185 MB(q, 5 mCi) was added to the above solution
and the resulting reaction mixture was incubated at 90 °C for
15 min after carefully adjusting its pH to ~5. The yield of
complexation achieved was determined by reported standard
procedures (22, 23) adopting paper chromatography (PC) tech-
nique as well as by high-performance liquid chromatography
(HPLC). The HPLC instrument (JASCO PU 1580, Japan) was
equipped with a Nal (Tl) detector. For the PC studies, 50 %
acetonitrile in water was used as the eluting solvent. HPLC was
carried out using a dual-pump HPLC unit with a C-18 reversed
phase HiO-Sil (5 um, 25 x 0.46 cm) column. The elution was
monitored by measuring the 511 keV y-ray of ®®Ga using Nal
(TI) detector. The mobile phase consisted of water (A) and
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FIGURE 1. XRD pattern of nanoceria; broadening of the peaks shows
that the material is nanocrystalline.

acetonitrile (B) mixtures with 0.1 % trifluoroacetic acid and
following gradient elution technique was adopted for the sepa-
ration: 0—4 min 95% A, 4—15min 95% to 5% A, 15—20 min
5% A, 2025 min 5% A to 95% A, 25—30 min 95% A. The
flow rate was maintained at 1 mL/min.

RESULTS AND DISCUSSION

Synthesis and Structural Characterization of
the Sorbent. Among the various synthetic strategies
reported for obtaining nanocrystalline ceria (24-27), the
simple precipitation route is facile to obtain CeO, nanopar-
ticles, because of its low-cost, mild synthesis conditions and
amenability for scale-up. We adopted the indirect precipita-
tion technique in which cerium oxalate was precipitated
from cerium(lll) nitrate solution in isopropyl alcohol me-
dium. The cerium oxalate precipitate was decomposed at
500 °C to obtain nanocrystalline CeO,. Thermal decomposi-
tion of the oxalate material accompanied by evolution of
gases increases the porosity of this material. The nanopo-
wders obtained from this method are suitable for column
chromatographic applications because of the presence of
hard agglomerates and high surface area (16-18).

The structural characterization of the material was carried
out using various analytical techniques like XRD, BET surface
area analysis, TEM, etc. The XRD pattern (Figure 1) of the
material revealed that it was nanocrystalline. The average
crystallite size of nanoceria was found to be ~10 nm, which
was calculated from the full width at half-maximum of the
(1 1 1) peak using Scherrer’s equation

_ 094
Bcos 0.,

where D is the average crystallite size in A, A is the charac-
teristic wavelength of X-ray used (1.5406 A), 20 is the
diffraction angle, and B is the angular width in radian at an
intensity equal to half of the maximum peak intensity after
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FIGURE 2. TEM micrograph of nanoceria showing that the material
is nanocrystalline and highly agglomerated.

correcting it for instrumental line broadening. The surface
area of the nanocrystalline ceria was found to be 72 £+ 3 m?/
g. with an average pore size of 3.8 & 0.1 A (for 5 different
batches). The TEM micrograph indicated that the powder
was nanocrystalline and highly agglomerated (Figure 2). The
average particle size of nanocrystalline ceria as determined
from the TEM micrograph (Figure 2) was found to be in the
range of 8—10 nm, which is in good agreement with the
results obtained from XRD.

It was observed that although the ceria in nano form had
high sorption characteristics, it was not amenable for use
as a column matrix because of low permeability to aqueous
liquids. To use nanoceria for column applications, a suitable
binding agent was required, which would improve the
granulometric properties and flow characteristics of the
sorbent material (28-30). PAN was selected for this purpose
because of its favorable features such as strong adhesive
force with inorganic materials, high hydrophilicity, and
excellent chemical stability in acidic and radiation environ-
ments (28-31).

PAN has been shown to effectively immobilize ion-
exchange materials into granular forms, without altering the
sorption behavior of these materials (28-30). The PAN
granules obtained by dispersing PAN solution in water are
highly porous (28-30, 32). The pores of these granules are
mainly (>99.9 %) composed of macropores (pore size >0.05
um) along with a minor portion (<0.1 %) of mesopores (pore
size between 0.002 and 0.05 um) (32). When the ion
exchanger is mixed with the PAN solution and dispersed in
water, the resultant PAN granules obtained can accom-
modate very high loadings of the ion exchange material (up
to 90% by weight) into the PAN matrix (28-32). These
porous PAN granules exhibit numerous advantages over
other sorbents such as improved kinetics, enhanced sorption
capacity due to the increased availability of the sorbent
material, easy modification of physicochemical properties
(hydrophilicity, porosity, mechanical strength), and simpli-
fied production (28-30).

The particle size distribution of the calcined nanoceria
and nanoceria-PAN composite were studied by a particle size
analyzer based on laser scattering. The success of the
technique depends on dispersion of the powder in a solvent.
Because the synthesized powders are essentially agglomer-
ates of primary nanoparticles, it is difficult to disperse them
as individual particles. Moreover, because of instrumental
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FIGURE 3. Particle size distribution for (a) ceria nanopowder and (b) nanoceria-PAN composite. Volume number distribution (in %) versus
particle size (log form) is plotted on the left-hand side of the graph. On right-hand side, U% (percentage of the total number of particles under

the given size) versus particle size (log form) is shown

limitation, this technique is unable to provide the true size
of the primary nanoparticles. However, it is a good tool to
find out the size and nature of the agglomerates. Ultrasoni-
cation was used to make dispersion of the nano powder in
the deionized water. Dynamic light scattering results of
nanoceria powder and nanoceria-PAN composite are shown
in Figure 3. Volume number distribution (in %) versus
particle size (log form) is plotted on the left-hand side of the
graph. On the right-hand side, U% (percentage of the total
number of particles under the given size) versus particle size
(log form) is shown. The mean particle size of the nanoceria
and the nanoceria-PAN composite was found to be 12.24
and 176.9 um, respectively. Thus it can be inferred that the
mean agglomerate size increases after binding nanoceria
with PAN. However, the XRD pattern of nanoceria remains
unchanged on binding with PAN.

Chemical Stability of Nanoceria-PAN Compos-
ite. The chemical stability studies by solubility tests showed
that the composite sorbent was insoluble in water and dilute
mineral acids as negligible amount of Ce ions (<0.1 ppm)
were detected in the filtrate when analyzed by ICP-AES. The
unparalleled chemostability of cerium oxide in these sol-
vents ensures that it does not lead to any added chemical
impurities in the eluate.

Sorption Characteristics of Nanoceria-PAN
Composite. The results (summarized in Table 1) indicated
that the K4 values vary with the concentration of the contact
medium. Ge has significantly high distribution ratio (Ky),
which decreases gradually with an increase in concentration
of HCL. On the other hand, ®®Ga has a remarkably lower
distribution ratio (Kq) and can thus be effectively separated
from parent ®®Ge. In the design of an adsorption column, it
is essential to retain ®®Ge quantitatively on the sorbent
matrix which was the case at 0.001 M HCI owing to high
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Ka

conc. of HCI(M) %8Ge %8Ga
0.001 5233 113
0.01 5152 0.1
0.05 4766 0.2
0.1 3033 0.3
0.5 2109 0.5
1 1654 0.6
2 1636 0.7
3 837 0.6
4 414 0.7
5 342 0.7

distribution ratio (Kq) of °8Ge at this concentration. As
indicated from the results of distribution ratio (Kq) values,
8Ga formed from the decay of ®®Ge was not at all retained
by the sorbent matrix at 0.01 M HCI solution and hence
could be eluted out easily. Nanocrystalline ceria particles can
be considered to consist of isolated cerium oxide clusters
which on interaction with aqueous solution results in the
hydroxylation of surface active sites and in turn a pH-
dependent positive surface charge is imparted, which is
primarily responsible for the uptake of corresponding metal
ions. In acid solutions (pH 1—3) the principal germanium
species (33, 34) are [GeO(OH)s]™, [GeO,(OH),]*~, and
[[Ge(OH)4]g(OH)s]°~, which are negatively charged. The
strong affinity of ®®Ge on the nanoceria sorbent in this pH
range is attributed to the electrostatic interaction of nega-
tively charged germanium species with the positively charged
surface of the sorbent. In the same medium, Ga exists as
Ga’* ions and hence a nearly complete elution could be
achieved because of absence of electrostatic interaction due
to the same type of charges.

Chakravarty et al. Www.acsami.org
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FIGURE 5. Breakthrough profile of nanoceria column when Ge
solution (at pH 3) was passed through the column at a flow rate of
0.25 mL/min.

To determine the time required to attain equilibrium, we
measured the time dependence of the sorption of ®®Ge ions
on the sorbent and the result is depicted in Figure 4. As
inferred from the curve, the equilibrium was attained within
25—30 min and therefore a contact period of ~30 min was
maintained for all the batch experiments. The results of the
capacity determination experiment by batch equilibrium
method indicated that the mean capacity value (in 10
different batches) of the nano composite sorbent for Ge was
40 £ 5 mg/g at pH 3. The sorption capacity of nanoceria-
PAN composite was ~20 times higher than that of the bulk
ceria (~2 mg/g). In order to study the sorption behavior of
®Ge in generator column bed containing the composite
sorbent, the breakthrough profile (Figure 5) was studied at
pH ~3. It was observed that after retention of (20 & 2) mg
of Ge per g of sorbent (n = 10) in the column, the break-
through point was reached. These results reflect that even a
small column containing 200 mg of the sorbent is adequate
for the preparation of a 3.7 GBq (100 mCi) generator. In the
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FIGURE 6. Elution profile of the generator on eluting ®Ga with 0.01
M HCI at a flow rate of 1 mL/min.

nanosized cerium oxide particles, the sorption sites are
predominantly located on the surface and offer high sorption
capacity per unit mass, because of the high surface area-to-
volume ratio.

Development of *®Ge/*®Ga Generator. The separa-
tion process could be demonstrated by developing a 370
MBq (10 mCi) ®®Ge/*®Ga generator. To optimize the mini-
mum volume of eluent required for the elution of ®3Ga with
maximum yield and radioactive concentration, we studied
the elution profile of the generator (Figure 6). It is evident
from the elution curve that >95 % of the ®8Ga activity could
be eluted in an ionic form using a small volume (3 mL) of
0.01 M HCI, with appreciable radioactive concentration,
thereby avoiding the post-elution concentration step. The
present generator has been giving a consistent yield (82 %+
5%) of ¢®Ga for the past 7 months and is still performing well
without any degradation in the performance. The major
advantage of this generator is its consistency, which is far
superior to that of the presently used generators, which show
degrading performance on repeated elution, over a pro-
longed period of time (6, 14, 23, 35).

Quality Control of %Ga for Biomedical
Applications. The eluted *®Ga is intended to be used for
human applications and therefore stringent quality control
measures are required to estimate the level of long-lived ®®Ge
impurity present in it. Because ®®Ge decays solely by electron
capture to °®Ga, the amount of ®8Ge contamination in ®®Ga
eluate could not be directly estimated by y-ray spectrometry.
The %8Ge contamination level in ®®Ga was quantified by
allowing the separated ®*Ga samples to decay for 24 h and
then measuring the 511 keV y-ray peak, corresponding to
emission from ®Ga daughter. This in turn corresponds to
the level of 8Ge contaminant, which exists in secular equi-
librium with ®®Ga. The amount of ®Ge impurity in ®®Ga eluate
was <20 Bq (<107°% of the total ®3Ga activity) in all the
elutions over the period of 7 months. The radionuclidic
purity of ®®Ga obtained from this generator is comparable
to that obtained from commercial generators (9, 14). How-
2073
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ever, the eluate (®®Ga) from commercial generators were
subjected to multiple purification steps (9, 14) to obtain
clinical grade ®®Ga, whereas, the reported method provides
®8Ga of similar purity in a single step. This proves that ®®Ga
is obtained with high radionuclidic purity, which is suitable
for radiopharmaceutical applications. The chemical impuri-
ties present in the ®3Ga eluate in the form of Ce, Fe, and Mn
ions were <0.1 mg/L (0.1 ppm), as ascertained by ICP-AES

analyses of the decayed samples. It is reported that PAN
shows weak absorption at Amax 0f 278 nm in the UV—visible
spectra, which corresponds to the n—s* transition of nitrile-
groups (36). From the UV—visible spectra of the decayed
®8Ga samples, it could be inferred that PAN residue was not
present in the *Ga eluate, as no absorption was observed
at this wavelength.

The suitability of °®Ga eluted from the generator for
biomedical applications could be demonstrated by labeling
DOTA-TATE (in nanomolar concentrations) with °Ga. ®®Ga-
DOTA-TATE is a radiopharmaceutical presently being used
for the PET imaging of in operable neuro endocrine tumors
overexpressing somatostatin receptors. The radiolabeling of
DOTA-TATE with ®®Ga is also an indirect test to ascertain the
chemical purity of °®Ga as very high chemical purity is
essential to achieve a good complexation yield of the radio-
labeled agent. The complexation yield was determined by
paper chromatography (PC) using 50 % acetonitrile in water
as eluent and it was observed that ®®Ga-DOTA-TATE moved
toward the solvent front (R = 0.8—0.9) (Figure 7a), whereas
under identical conditions, unlabeled *®Ga®* remained at the
point of spotting (R = 0) (Figure 7b). The complexation yield
of 8Ga-DOTA-TATE was also validated by HPLC studies. The
typical HPLC pattern of ®®Ga-DOTA-TATE prepared under the
optimized conditions is shown in Figure 8. From PC studies,
it was observed that 25 ug of DOTA-TATE (17.41 nmol) was
sufficient for labeling ~185 MB(q (5 mCi) of ®®Ga with >99 %
complexation yield. The specific activity of ®®Ga-DOTA-TATE
was ~10.6 MBg/nmol and it was obtained with >99 %
radiochemical purity. The high radiochemical purity of *®Ga-
DOTA-TATE was comparable to that of ®®Ga-DOTA-peptides
prepared by the reported methods adopting multiple puri-
fication steps (9, 23, 37, 38). This proves that the ®®Ga eluted
from the generator was suitable for preparing PET imaging
agents, with adequate purity as well as specific activity for
clinical applications.

It has been reported that PAN-based composite ion-
exchangers exhibit excellent radiation stability in aqueous
acidic solutions up to a radiation dose of 1 x 10° Gy, with
no negative effect on sorption properties at this dose
(28-30, 39). Though the consistency of the elution yield
(>80%) and purity of ®®Ga are a good indication of the
radiation stability of the composite sorbent, the effect of
radiation at higher level of activity is yet to be demonstrated.
Further investigations are warranted to establish the useful-
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FIGURE 8. HPLC pattern of ®®Ga-DOTA-TATE.
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ness of this sorbent for the preparation of a clinical size
generator (50—100 mCi or 1.85—3.7 GBq). However, the
present findings suggest that this material holds promise to
be a useful sorbent for the preparation of *3Ge/*Ga genera-
tor. The radiation stability of the sorbent at higher radiation
doses is planned to be studied separately. Although the
radiochemical as well as radionuclidic purity of ®®Ga were
evaluated, the biological purity in terms of sterility and
absence of bacterial endotoxins for formulation of ®Ga
radiopharmaceuticals need to be addressed in the next step.
Several modifications can be incorporated in this new
generator system developed by us. This includes scaling up
to higher activity level (up to 3.7 GBq, 100 mCi), use of
extremely high purity reagents to avoid metal ion contami-
nation, obtaining the ®®Ga eluate in a sterile form by passing
it through 0.22 um sterile filter (23) and automation of the
entire process. It is our goal to carry out all these develop-
ments in the near future to improve this generator into an
easily adaptable system for hospital radiopharmacies.

CONCLUSIONS
In summary, a potential pathway to rationally synthesize a

new composite sorbent nanoceria-PAN suitable for the prepa-
ration of a clinical grade ®®*Ge/*®Ga generator has been estab-
lished. The efficacy of this second-generation advanced sorbent
material could be demonstrated by developing a 370 MBq (10
mCi) ®®Ge/*®Ga generator, which is still giving consistently good
performance after repeated elutions over a period of 7 months.
®8Ga could be regularly eluted from the generator with accept-
able radioactive concentration with substantially high yield and
purity. The efficacy of ®®Ga for the preparation of radiophar-
maceuticals for PET imaging could be confirmed by labeling
DOTA-TATE with very high complexation yield. The results
presented here are promising and the generator system is
amenable for automation. This generator may be very useful
for countries where commercial sources of PET radioisotopes
are not readily available or too expensive. This study has
tremendous potential to open up many new opportunities in
design and studies of novel nanomaterial based composite
sorbents suitable for development of other radionuclide gen-
erators for biomedical applications.
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