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ABSTRACT

As a result of the recent advances in targeted radionuclide therapy (TRT), the demand for the cyclotron-
produced positron-emitting radiometals **Cu, *'Cu, **Y and *'Sc has been gradually increasing in the last two
decades, partly due to the diagnostic complement for treatment planning that they provide to their therapeutic
analogues ®’Cu, *°Y and *’Sc. The positron emitters labeled to a targeting vector directed to a molecular signature of
disease not just allow for noninvasive diagnosis via positron emission tomography (PET), but also for the prediction,
via internal dosimetry calculations, of how effective the targeted agent labeled with the therapeutic analogue would
be in a treatment scenario. Another explanation for the increase in demand for these PET radiometals is their gradual
transition beyond the small animal preclinical environment into clinical applications, where more strict requirements
in the quality of the radiolabel may be delaying their full incorporation into this setting. Hence, novel production
methods that are more amenable to automation, more reproducible in terms of radiochemical separation yields and
effective specific activities are necessary to satisfy this growing market.

In this dissertation, novel radiochemical separation methods for these radiometals that satisfy such requirements
are presented, including a detailed characterization of the separated radionuclide in terms of radionuclidic purity,
radionuclidic identity, reactivity to conventional chelators, trace metal purity and spatial resolution in a small animal
PET scanner.

This dissertation also presents novel targetry and radiochemical separation methods for the production of other
less conventional radiometals that constitute “theranostic” (therapeutic and diagnostic) pairs, namely the Auger
electron emitters *>"Co and "'Ge and their positron emitting complements “Co and “Ge. These separated
radiometals, except "' Ge, are also fully characterized upon radiochemical separation.

The theranostic potential of each one of the radiometals that is covered in this thesis is demonstrated first by
collecting biodistribution and pharmacokinetic data from PET imaging of tumor-bearing mice intravenously injected
with radiolabeled agents, followed by internal dosimetry calculations using the Medical Internal Radiation Dose
(MIRD) formalism, focusing on the therapeutic and radiotoxic implications caused by the radiolabeled agent when
the radiometal is substituted with a therapeutic analogue. Special attention is given to the radionuclides with intrinsic
theranostic properties in themselves: **Cu and the parent-daughter pair **™**Co.

The radiolabeled agents that are employed include the radiometal by itself, that is, weakly bound to a simple

ligand in solution (all radiometals in this thesis), strongly bound to a chelator-conjugated tumor-targeting antibody



called TRC105 (*°Co, **™Co, **Co, **Cu and *Y) or incorporated into the structure of a super paramagnetic iron
oxide nanoparticle (“Ge).

In order to fully exploit the therapeutic potential of **"Co and **Cu for TRT, large amounts of activities and
frequent doses of these radionuclides would have to be administered into a patient to compensate for their relatively
short half life for TRT standards. Hence, large batches of activities and a frequent supply would have to become
available to the scientific community that will be running the TRT studies and clinical trials. The novel production
methods presented in Chapters 3 and 4 address these needs in an economically sustainable fashion, allowing for
almost quantitative recycling of the respective iron and nickel isotopically-enriched target materials within 24 hours
after a production run. Chapter 3 also presents a TRT study to demonstrate the theranostic potential of **™**¢Co. In
this study, **"Co labeled to TRCO15, was injected into a group of tumor-bearing mice. PET images of the treated
animals using the signal from the daugher ***Co were obtained to non-invasively visualize and, more importantly,
quantitate the antibody targeting to the tumor post-therapy and to demonstrate how the quantification from PET can

be used to evaluate the treatment efficacy.
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Chapter 1 Introduction

Molecular imaging with positron emission tomography (PET) is routinely used in the diagnosis of diseases
related to oncology, immunology, cardiology and neurology. The most widely used radionuclide is '*F (¢;,= 110
min, 96.7% B’, Egima = 633 keV) due to its favorable decay properties, established and automated fluorination
chemistry and wide availability from the proton bombardment on isotopically enriched '*O water using small
biomedical cyclotrons scattered across the country. F-18 is suitable for labeling small organic molecules, but has
some disadvantages in labeling biomolecule vectors such as peptides, proteins or nanoparticles, mainly due to the
large difference between its physical half-life and the biological half-life of the vector. Radiometals are more
suitable for these kinds of targeting constructs particularly when they are conjugated to bifunctional chelators
(BFC), which can coordinate these metals, keeping them bound to the targeting moiety. Positron-emitting
radiometals that are increasingly receiving more attention for these applications are “*Ga (¢,,= 68 min, 89.1% B,
Epimar = 1899 keV) and %Cu (t;,=12.7 h; 17.4% ", Epimar = 653 keV; 39.0% B, Egmax = 579 keV), both of them
are Period 4 metals having their valence electrons occupying the 3-d sub-shell as cations when coordinated to
ligands such as BFC. However, there are many other Period 4 and 5 positron-emitting radiometals, ranging from
scandium to yttrium, which hold great potential for PET imaging applications.

Furthermore, many radiometals, namely titanium, copper and gallium, administered in buffered solutions,
weakly bound to ligands such as chloride, acetate, citrate or oxalate, without labeling any targeting vector, have
shown uptakes comparable to targeted agents in tumor and inflammation models [1-11]. This has increased interest
in the application of these weakly bound or “free” radiometals in molecular imaging of disease. These results
mandate for the exploration of the biodistribution in tumor models of other non-conventional radiometals such as
manganese, cobalt, zinc, germanium and yttrium. Results from these experiments will also provide information on
the organ destination of de-chelated radiometals from unstable complexes employed as targeted agents.

Moreover, different from the conventional radionuclides employed in PET, many positron-emitting radiometals
have an isotope pair that emits either beta or low energy Auger and conversion electrons for targeted radiotherapy to
cancer tumors. The existence of these so-called theranostic pairs expands the utility of positron-emitters from
diagnosis of tumor lesions to effective tools for treatment planning via internal dosimetry. Fortunately, there are
some radiometals that have theranostic properties by themselves, that is, that emit therapeutic beta particles or low

energy electrons as well as positrons for PET imaging. Among these, **Cu stands out and this is reflected by the



continuous increase in number of publications in which it is employed as a tracer and, more recently, as a
therapeutic [8-18].

The Cyclotron Research Group at the University of Wisconsin-Madison Medical Physics Department, with its
CTI RDS 112 and GE PETtrace cyclotrons, is one of the few centers in the country that maintains a weekly supply
of ®Cu, in an economically self-sustaining manner, to more than 30 research institutions in the country. This
demonstrates our expertise in target design and radiochemistry, and also the great potential of biomedical cyclotrons
for the production of other radiometals, which could attain a similar mainstream status as **Cu, depending on their
applications but also on a constant supply at a reasonable price.

The objective of this dissertation is to develop novel, economic and automated production methods of the
radiometals *Sc, 3°¥™3%¢Co, “Ge, ©"**Cu and *Y, and to use each one of them in the following studies:

i.  Quantification of spatial resolution in a Siemens Inveon PET/CT for small animals using Derenzo

phantoms.

ii. Biodistribution via PET of weakly bound or “free” radiometals in mice implanted with tumors of murine

breast cancer (4T1) or glioma (U87MG) cell lines.

iii. Chelation to commercially available bifunctional chelators with a specific activity that is sufficient for

practical and economic labeling of chelator-conjugated peptides or antibodies.

a. The murine antibody TRC105 was labeled and administered to tumor-bearing mice to demonstrate
the efficient and economic labeling of the radiometal and its stability in vivo.

b. Biodistribution data in the form of time-activity curves from these studies was fit into mono-
exponential functions to obtain biological half-lives and for dosimetry calculations of both the
positron-emitter radiometal and the beta or low energy electron emitter analog to demonstrate the
theranostic potential of the produced radionuclides.

c. In case of low specific activity or no chelation, a chelator-free labeling protocol for nanoparticles
was developed. The nanoparticle that was employed was super paramagnetic iron oxide (SPION),
which is used as a contrast agent in MRI and in lymph node imaging applications.

iv. In the case of the theranostic set >>Co, **"Co and **Co labeled to TRC105, a therapy study was performed

in order to demonstrate: 1) the treatment planning possibilities pre-therapy with the positrion-emitter >Co;



2) the therapeutic potential of the Auger electron emitter

58m

of **™Co post-therapy by PET imaging of its positron-emitter daughter >*Co.

Co; and 3) the potential to verify the targeting

Table 1.1 below shows the theranostic sets of radiometals with the nuclear decay properties that are relevant for

PET imaging and for targeted therapy. The radionuclides that will be the focus of this dissertation are the ones that

are available from biomedical cyclotrons like the ones that we have in our laboratory. A chapter will be dedicated to

each radiometal.

Table 1.1 Nuclear decay properties and availability from a small cyclotron of theranostic radiometals

Accessible
Average | Accessible - in large
PET energy % from Therapeutic Avera’?’e E of fror yields
nuclide iz ofmain | 2V | biomedical analog 2 conversion electrons o from
+
Bt [keV] B cyclotron? [keV] biomedical
cyclotron?
43¢ 3.97h 632 94 YES 43¢ 335d ;gi gg NO
>Co 17.53 h 649 76 YES 17 73
58m
82co | 70.86 d 201 15 YES Co 9-10h ;‘5‘ 234 YES
%Cu 12.70 h 278 18 YES Cu is theranostic 191 38 YES
121 57
e 3.33h 524 51 YES Cu 2.58d 154 22 NO
189 20
“Ge | 1.63d | 52 | 21 YES "Ge 1144 | OnlyAugerelectrons | ¢, YES
<10 keV
8oy 14.74 h 535 32 YES Ny 2.67d 934 100 NO




Chapter 2 Scandium-44

2.1 Introduction

Due to its favorable nuclear properties, shown in Figure 2.1, and amenable chemistry, #sc (t12 = 3.927 h;
94.3% B', Enw = 1474 keV) has been recently recognized as a radiometal holding great potential for PET
applications. In spite of this, only a handful of small molecules have been radiolabeled with *Sc, and even less have
been tested in a preclinical setting [19-24]. This is a result of the non-optimal current production and separation
methods, which have limited the broad availability of this isotope. Currently, **Sc can be produced from a “‘Ti/**Sc
generator [25] and from biomedical cyclotrons via the **Ca(p,n)**Sc route [23, 26-29]. However, several issues
plague these methodologies. For instance, the difficult production of the parent isotope (*‘Ti) together with the
required extensive post-elution purification of the **Sc eluate, limit the applicability of generator-based **Sc [30]. On
the other hand, cyclotron production provides a more efficient method to produce significantly larger activities of
*Sc¢. Nevertheless, a simple yet efficient separation method to isolate **Sc from the irradiated calcium target remains
nonexistent. In this study, we describe a novel separation method to obtain **Sc from irradiated natural calcium

targets using extraction chromatography.

3.97 h

EC 6%, B+ 94%
E, = 1474 keV

E, 1157 keV, 99.9%
stable

44Cg

Figure 2.1 Simplified decay scheme of *Sc.

Furthermore, besides using **Sc as a label for PET imaging when bound to a chelator conjugated to a targeting
vector, we verified its biodistribution in tumor-bearing mice when administered as scandium citrate based on
evidence that this form of scandium is prone to ligand exchange with transferrin in vivo [31-33] and to challenge the
binding of *’Ga-citrate to plasma proteins in vivo [34-36]. This is important because it has been shown that after
administration of weakly bound radiometals such as ®’Ga and *Ti, these nuclides are bound by transferrin in vivo,
which in turn results in significant accumulation in tissue affected by cancer, infection or inflammation [1-7]. This

discovery has turned “’Ga- and ®Ga-citrate into a useful tracer of malignancy in the clinical setting [37, 38].



Tri-n-butylphosphate (TBP), shown in Figure 2.2(a), is one of the most common organophosphorus extractants,
for which extensive data on distribution coefficients of most metals is available [39]. Based on this data the
separation of Sc(IlT) from bulk calcium can be effectively achieved in a TBP-HCI extraction system, since Sc(III)
and Ca(II) have more than 1000-fold difference in distribution coefficients when the concentration of the acid is > 9
M. Hence, given the striking structural similarities between TBP and dipentyl pentylphosphonate (DP[PP]), shown
in Figure 2.2(b), we hypothesized that separation of radioactive scandium from calcium could be achieved using

UTEVA, a commercially available resin functionalized with DP[PP].

Figure 2.2 (a) Dipentyl pentylphosphonate (DP[PP]), the active extractant in the UTEVA resin and (b) Tri-n-
butylphosphate (TBP)

Herein, we report the successful production and facile UTEV A-based separation of **Sc from proton irradiated
natural calcium targets with excellent yield and effective specific activity towards the chelators DOTA
(tetraazacyclododecane-1,4,7,10-tetraacetic acid) and DTPA (diethylenetriamine-pentaacetic acid). Additionally, we
determined the distribution coefficients of Sc(IIl) and Ca(Il) between UTEVA and HCI to confirm the optimal
conditions for their separation. We compare our improved method to those from the following references [23, 27-
29], which are based on the difference in binding affinity of scandium and calcium to the chelating resin Chelex 100,
the difference in their distribution coefficients in the extraction resin N,N,N',N'-tetra-n-octyldiglycolamide (DGA),
their difference in solubility, and their difference in distribution coefficients in a hydroxamate-functionalized resin,
respectively.

Moreover, we assessed the biodistribution of *Sc-citrate in tumor-bearing mice implanted with murine breast
cancer (4T1) and human glioblastoma cells (U87MGQG) via PET imaging and with this data we estimated the absorbed
doses to normal organs and to the tumor, as well as the whole body effective dose caused by **Sc from proton-
irradiated natural calcium and a hypothetical administration of a therapeutic dose of *’Sc-citrate.

Sc-47, whose simplified decay scheme is shown in Figure 2.3, is an excellent radionuclide for targeted therapy
due to: 1) its 3.35 day half-life that allows for an integration of thousands of cumulated decays in the target lesion if

clearance from it is negligible (cumulated decays per administered activity ~f0°°e_1“ @/tszde ~ ty,,/In (2) =

4.2x10° Bq's/Bq); and 2) its main decay emissions composed of two B’ particles with average energies of 143 and



204 keV and intensities of 68.4% and 31.6%, respectively; as well as a low-energy 156 keV gamma emission with
68.3% intensity [40]. The absorbed dose from the B~ particles is highly localized due to their short mean range in
water of 0.3 and 0.5 mm, respectively [41]; and the low energy gamma emission is potentially useful for in vivo
imaging with single photon emission computed tomography (SPECT), as it is comparable to that of the so-called

“workhorse of nuclear medicine” *™Tc of 140 keV.
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Figure 2.3 Simplified decay scheme of *'Sc.

Finally, we believe that the implementation of our simple purification method promise to greatly simplify the
cyclotron production of radioactive scandium using metallic calcium targets and allow for its automation and
application in preclinical and perhaps even clinical studies.

2.2 Materials and Methods

Optima grade HCl comes from Aristar Ultra, VWR, West Chester, PA. Natural calcium ("'Ca, 99.99%) in
dendritic chunks comes from Sigma Aldrich, St. Louis MO. UTEVA (100-150 pm) resin comes from Eichrom,
Lisle IL. The cyclic chelating ligandl,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA) was
purchased from Macrocyclics, Dallas TX. The acyclic chelating ligand diethylenetriamine pentaacetic acid (DTPA)
was purchased from Acros Organics (Geel, Belgium). Sodium acetate (NaOAc) was purchased from Fisher

Scientific, Pittsburg PA. Both chelating ligands and NaOAc were dissolved in 18 MQ -cm™ water and mixed with

Chelex 100 from Sigma Aldrich for trace metal purification. Scandium foil (99.9%) was purchased from Alfa Aesar,
Ward Hill MA. A 50 ppm multi-element standard for calibration and Agilent’s 4200 Microwave Plasma Atomic
Emission Spectroscopy (MP-AES) system comes from Agilent Technologies, Santa Clara CA.
2.2.1 Cyclotron targetry and irradiations

The target system is very similar to that described by Severin, et al [28]. Briefly, 312 = 19 mg (n = 11) of "Ca
were pressed with a hydraulic press at > 400 kg/cm” into an annular ring of 1.26 ¢cm?, 2.2 mm deep made of

aluminum. A 0.56 mm thick silver disk in direct contact with the pressed calcium separated it from water-jet cooling



applied on the backside. Irradiations were performed on the UW-Madison PETtrace cyclotron using 16 MeV
protons for 1 hour with an average current of 25 pA. A 25 um molybdenum foil was placed over the irradiated face
of the target to protect the cyclotron from sublimed calcium.
2.2.2 Target yields, separation yields and radionuclidic contaminants

*S¢ activities for separation yield quantification were measured with a Capintec CRC-Dual PET (Capintec,
Ramsey NJ) dose calibrator using the calibration setting 938 suggested by the manufacturer. However, the actual
activity from **Sc and other radionuclidic impurities was measured from the gamma intensities of 50 pL samples
placed at distances with known efficiency calibration from a 60 cm® high purity germanium (HPGe) detector
(Canberra C1519) (FWHM = 2.7 keV @ 1333 keV). Gamma-ray spectrum analysis software package, Maestro-32
MCA Emulator (Ortec, Oak Ridge TN), was used to collect and analyze the gamma-ray spectra. The gamma lines
used to determine yields are listed in Table 2.1. The dead time was always kept below 10% and the acquisition time
was set so that the statistical uncertainty from the number of counts per peak was kept below 1%, except for the 373
keV peak from **Sc, for which the statistical uncertainty was 3%. From the accurate activity value of **Sc it was
confirmed that the Capintec measurement was within 10% of the HPGe result, thus this reading was used for the
quantification of the separation yields.

Table 2.1 Gamma emissions from the scandium radioisotopes used for yield quantification

Nuclide Gamma energies [keV] Branching ratio
B3¢ 373 0.23
#sc 1157 0.999
Hmge 271 0.867
Y1S¢ 159 0.683
3¢ 983.5 1.00

Theoretical activity yields at saturation for *Sc, *Sc and **™Sc at EoB were calculated using the cross-section
data from Levkovskij [42]. However, this cross-section data was reduced by 20%, due to incorrect assessment of the
excitation functions of the monitor reactions in the original publication [43]. The stopping power of protons in
calcium was obtained from the SRIM (Stopping and Range of Tons in Matter) software [44].

After separation, the activity from a sample of the separated stock was logged into a spreadsheet every 10
seconds for 9 hours by connecting the dose calibrator (Capintec CRC-Dual PET) to a custom made LabVIEW
program. This data was fit to a mono-exponential function and a decay half-life was quantified and compared to the

accepted value for **Sc, 3.97 h [45].



2.2.3 Radiochemical separation

The ~300 mg calcium target was pushed out of the target holder cavity into a 50 mL centrifuge tube, to which 5
to 15 mL of concentrated HCl were added to dissolve the target and maintain the H' concentration > 9 M. This
solution was then manually transferred to one of the three syringes that act as reservoirs connected to an automated
module similar to the one described by Siikanen et al [46], which contains programmable dual pinch valves that
control the access to the reservoirs. The module also includes two radiation detectors made in-house by
encapsulating PIN photodiodes (HTV S9269, Hamamatsu Photonics, Japan) coupled with a CsI scintillator crystal.
One detector monitors the activity in the syringe with the target solution and the other one the activity in the
chromatography column. Before the activity was transferred onto the module, new syringes were connected and then
filled with several milliliter of DI water to flush the tubing and remove metal impurities left from previous
separations. Then, one of the reservoirs was filled with 5 mL of 10 M HCI for the washing step and another one with
400 pL of deionized water for the *‘Sc release step. A peristaltic pump with a flow rate of 1.1 mL/min sent the
solution to a 5 mm diameter column cartridge (SPE 1.5 mL reservoir, Grace Davison Discovery Sciences, Deerfield
IL) filled with 52 + 2 mg of UTEVA resin. This packed resin is previously equilibrated with 1 mL of 10 M HCI
manually. We selected ~50 mg as the amount of resin for practical reasons such as establishing an appropriate resin
bed in the column that permitted maximum contact with the mobile phase. Additionally, when we reduced the
amount of resin by half (~25 mg, Table 5, row a) a significant drop on the trapping efficiency from 83% to 52% was
observed, possibly due to an inefficient equilibration between the mobile and stationary phases in the column. The
trap and release sequence was as follows:

1. Load the target solution at varying HCI concentrations (9.1, 10.5, 11 M) to trap *‘Sc

2. Wash the column with 5 mL of 10 M HCI

3. Elute *Sc in successive fractions of 200 pL deionized water. The two most concentrated fractions, usually
fractions 2 and 3, were mixed and used as the *Sc stock solution for labeling of DOTA and DTPA and for the
formulation of **Sc-citrate for assessment of biodistribution in tumor-bearing mice. This stock solution had an acid
concentration [H'] of approximately 1 M.

Figure 2.4 shows a schematic of the automated module with the numbered arrows indicating the sequence of

steps used in the separation.
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Figure 2.4 Scheme of the separation process overlaid in a schematic of the automated module

Trace metal analysis was performed on samples from three separation runs dissolving the target in 10 mL of
concentrated HCI for a final solution concentration of ~10.5 M HCI. Table 2.2 describes the samples that were
analyzed using Agilent’s 4200 MP-AES system.

Table 2.2 Samples analyzed by MP-AES

Volume [pL] Sample description
i) 50 Target dissolution in 10 mL
ii) 50 Eluate after trapping Sc
iii) 50 Eluate from 5 mL 10 M HCI wash
iv) 400 First eluted fraction with isolated Sc
v) 200 Second eluted fraction with isolated Sc

2.2.4 Determination of K, values of S¢* and Ca’* in UTEVA and HCI solution at various
concentrations

K, values for Sc** and Ca®" in UTEVA were determined in batch experiments using different concentrations of
HCl similar to the method described by Filosofov et al [25]. **Sc dissolved in ~1 M HCl from one of the separations
was used as a tracer of S¢®’. 26.2 mg of 99.99% "'Ca were dissolved in 6 M HCI, dried down and re-dissolved in
0.05 M HCI in order to have a concentration of 1 mg / 20 pL. Aliquots were prepared in Eppendorf 1.5 mL vials
with 100 mg of UTEVA resin. To all solutions 1 mL of HCI was added, then 20 uL of the **Sc tracer solution (12.1
MBgq), followed by 20 uL of the "Ca solution (1.0 mg). Each of the vials was shaken at room temperature for 4
hour in a shaker set at 500 rpm. 400 uL of the supernatant was taken from every vial and radioactivity A’ was
measured on the Capintec. The mass of calcium m’ in this fraction was assayed using the MP-AES system. The

dimensionless Ky value was calculated by the following equation:

g Activity per gram of resin [A 0 4 mL(1 04 mL)] __ 4A-104A/

v — = = Equation 2.1
Sc Activity per mL of liquid [ (1 04 mL)] S Ar

104mL

Kd=




A being the activity of the whole vial and A" being the activity of a 400 pL sample of the solution after the extraction,
both decay-corrected to the time when the vials were removed from the shaker. In the case of calcium, K; was

calculated from the analogous equation:

m/ 1
K. = Ca mass per gram of resin _ [1'0 mg—g mr(1:04 mL)]'o.1 g _ A—104m/ .
4 ™ Camass per mLofliquid [ ™ _(1.04 mL)]- 1 T Equation 2.2
0.4mL""" 1.04 mL

2.2.5 Reactivity with DOTA and DTPA

The reactivity or effective specific activity (ESA) of a separated radiometal towards a chelating ligand is an
indirect method for quantifying the amount of competing non-radioactive metal impurities in a solution. The
reactivity of the separated *'Sc was assayed using the macrocycle 1,4,7,10-tetraazacyclododecane-1,4,7,10-
tetraacetic acid (DOTA) as well as the acyclic chelating ligand diethylene triamine pentaacetic acid (DTPA)
following the method described by Severin et al [28]. First, a stock solution is made by mixing 100 pL (> 74 MBq)
of the *Sc eluate with 1 mL of deionized water and 1 mL of 0.25 M sodium acetate (NaOAc). Fractions of 100 L
(~3.7 MBq) from this buffered solution are distributed into two sets of ten 1.5 mL Eppendorf vials, each containing
100 pL of an aqueous solution of DOTA or DTPA with a known mass of chelator that ranges from zero to 10 ug.
All reaction vials had a pH of 4.5. The DOTA solutions were incubated at 85-95°C for 1 hour and the DTPA
solutions at room temperature for 30 min. Samples from each vial were then spotted onto aluminum backed silica
gel ITLC plates (EMD Chemicals, Gibbstown NJ) for Thin Layer Chromatography (TLC), using 1:1
MeOH:10%NH,;OAc as the mobile phase. The activity distribution on the plates was assessed by autoradiography
with a Cyclone Phosphor-Plate imaging system (Perkin Elmer).
2.2.6 Image quality of **Sc

A miniature Derenzo phantom [47] was used to evaluate the spatial resolution of **Sc PET images using an
Inveon microPET/CT rodent model scanner (Siemens Medical Solutions USA). The phantom was printed with a 3D
printer (Viper Si2 stereolithography machine, 3D Systems, Rock Hill, SC, USA) with holes of diameters 0.8, 1.0,
1.25, 1.5, 2.0 and 2.5 mm separated by 2 times their diameter [48]. These rods were filled with an aqueous solution
of 40 MBq and data was collected for < 30 min until one billion coincident counts were acquired by the software.
The raw data was collected in a histogram and reconstructed using the two-dimensional filtered back projection

algorithm (FBP2D), without attenuation correction, using a matrix size of 512 x 512 pixels. Image quality was



evaluated by visual inspection of transaxial slices in the middle of the phantom and by profile analysis in the region
in which optimal resolution was observed.
2.2.7 Biodistribution and pharmacokinetics of *Sc-citrate and *ScCl; in PBS in tumor-bearing mice

In order to accurately quantify the *Sc activity concentrations in regions of interest (ROI) of the PET images, a
quantification calibration was performed as indicated in the Inveon microPET/CT scanner manual. Briefly, a
cylinder phantom with 1.4 cm length and 6.0 cm diameter was filled with 40.0 MBq of *Sc diluted in 0.1 M HCI
solution, placed inside the field of view of the scanner parallel to the axis of the bore and then scanned until 1 billion
coincident counts were acquired by the software. The data was reconstructed using the three-dimensional ordered
subset expectation maximization OSEM3D algorithm and then 10 circular ROIs with a single slice thickness were
drawn inside the cylinder image at equally spaced distances along the axis. Three samples of 1 mL were taken from
the phantom and the average **Sc activity concentration, decay-corrected to the start time of the PET scan
acquisition, was quantified using the same efficiency calibrated HPGe detector mentioned in section 2.2.2. A
calibration factor for **Sc was created and saved by the software after the average count density from the 10 ROIs
was converted to Bg/cm® from the measured activity.

Murine breast cancer tumors were established in two groups of three four- to five-week-old female Balb/c mice
purchased from Harlan Sprague-Dawley Inc. by subcutaneous injection of approximately 2x10° murine mammary
carcinoma 4T1 cells, suspended in 100 pL of 1:1 mixture of RPMI 1640 and Matrigel (BD Biosciences), into the
front flank of three mice. Tumor sizes were monitored and mice were used for the imaging experiments when the
axis of the quasi-ellipsoid tumors reached lengths of 6 - 9 and 5 - 8 mm, 10 days after inoculation. The total body
mass of the mice at this time was 18.0 £ 1.0 g. Human glioblastoma (U87MG) cells were used for tumor inoculation
when they reached ~80% confluence. U87MG tumors were established in four- to five-week-old female athymic
nude mice by subcutaneously injecting 5x10° cells, suspended in 100 pL of 1:1 mixture of DMEM medium and
matrigel, into the right upper flank of the mice. The tumor sizes were monitored every alternate day, and in vivo
experiments were carried out when the diameter of the tumors reached 6 — 8 mm (typically, 3 weeks after
inoculation). The total body mass of these mice at this time was 23.2+ 1.9 g.

The *Sc-citrate stock solution for injection was prepared by diluting 20 pL of the separated *Sc stock solution
with 600 pL of 10 mM sodium citrate (Na;C¢HsO,°2H,0 or Na;Cit) (Fisher Scientific) with the pH adjusted to ~7

by adding 10 pL of 1 M Na,COs. A dose of 12.5 + 0.4 MBq of *Sc-citrate in 200 pL was administered to each



mouse of the 4T1 group and static PET scans were performed at 0.5, 4 and 8 hours post-injection (p.i.). A dose of
24.7 + 2.3 MBq *Sc-citrate was injected to each mouse of the U87MG group and scans were carried out at 0.5, 2, 4,
8 and 20 h p.i. Similarly, 100 pL from the separated stock with **ScCl; solution was diluted with 500 pL of
phosphate buffered saline (PBS) and 50 puL of 1 M Na,COj; in order to reach neutral pH. Fractions of 200 puL from
this solution with 22.4 = 0.6 MBq were injected into another group of 4T1 tumor bearing-mice and scans were
completed at 0.5, 4, 8 and 23 h p.i.. This latter agent will be referred to as **ScCl; in PBS to emphasize that the
formulation contains ~9 mM phosphate anions, which could complex with S¢** to form a neutral complex, perhaps a
colloid.

The PET acquisitions were set to collect at least 40 million coincident counts per mouse, which implicated
scanning times of 5 - 15 min. Static images were reconstructed using the OSEM3D algorithm and then analyzed
with the Inveon Research Workplace software. Volumes of interest (VOI) were drawn on the whole volume of the
delineable organs: heart, liver and spleen, as well as the whole tumor volume. Muscle uptake was quantified by
drawing two ellipsoidal VOIs, each of 100 — 200 mm®, flanking the urinary bladder in regions with low activity
uptake where the adductor and biceps femoris muscles are located. The uptake data from each of the VOIs is decay-
corrected to time of injection and expressed as percentage injected dose per gram (%ID/g). Whole body VOIs of
each mouse were drawn and the whole body %ID was obtained by multiplication of the %ID/g by the volume of the
VOI, assuming that 1 cm®= 1 g, which is a good approximation for most physiologic tissue. The %ID of each
delineable organ and tumor was calculated in the same manner.

The %ID versus time plots, also known as time-activity curves, of the whole body and the heart were each fit
into a mono-exponential decay function in order to calculate the whole body biological half-life and circulation half-
life of **Sc-citrate. The time-activity curves of the delineable and remaining organs were used for internal dosimetry
estimations as explained in section 2.2.8.

2.2.8 Internal dosimetry of **Sc-citrate and the therapeutic analog *’Sc-citrate in humans

f **Sc- and “’Sc-citrate was estimated for a standard adult male of 73.7 kg as defined by

The internal dosimetry o
Cristy and Eckerman [49] using the OLINDA/EXM software [50], which is now approved by the Food and Drug
Administration (FDA) for internal dosimetry calculations in clinical trials of radiopharmaceuticals [51]. The organ

%ID/g data from small animals was extrapolated to %ID per organ in human using the mass method by Kirschne

[52], which is summarized by the following formula:
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The %ID versus time data set for the delineable and remaining organs were input into the EXM portion of the
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Equation 2.3

OLINDA/EXM software, which is designed to fit this data into exponential functions to then integrate them, taking
the radionuclide’s physical decay into account, in order to obtain a cumulative amount of disintegrations or decays
(4,) per source organ i. The software automatically feeds this factor into several equations like Equation 2.4 below,
defined by the committee on Medical Internal Radiation Dose (MIRD) [53], to calculate the absorbed dose to each
of the target organs j (51) in the anthropomorphic standard adult male phantom designed by Cristy and Eckerman

[49].
A; .
Dj =— C Zk Ny E, oy Equation 2.4
j

D; is the absorbed dose in a target organ j in Gy units; 4, is the cumulated activity (sum of all nuclear transitions
that occurred) in a source organ 7 in units of MBq-s; n; is the number of radiations with energy E; emitted per
nuclear transition; Ej is expressed in MeV units; ¢, is the absorbed fraction (fraction of radiation energy absorbed in
the target organ), which are intrinsic in the OLINDA software and were derived using Monte Carlo simulation of
radiation transport in models of the body and its internal structures (organs, tissue, et cetera), in our case the
athropomorphic adult male phantom designed by Cristy and Eckerman [49]; k represents each of the different
emissions emitted by the nuclide, either gamma rays, beta particles, conversion electrons or Auger electrons; m; is
the mass of target organ in kg; and C is a constant that equals 1.602x10” Gy-kg/MBg-s-MeV.

It is important to point out that the mono-exponential fit to the time-activity data set of each organ does not take
into account the uptake phase of the radiotracer, and therefore we are assuming that there is an initial maximum
uptake at time zero. This implies that the integration from time zero to the time of the first scan overestimates the
actual number of cumulative decays since the time of maximum uptake was not determined. Nevertheless, the
overestimation is very small since the 30 min p.i. scan time is several times smaller than the biological half-life of
the radiotracer as it will be shown in section 2.3.7.

Besides the absorbed dose to each organ D;, OLINDA also computes the Effective Dose (ED) by adding the
products of the individual absorbed doses to each organ times a corresponding stochastic risk weighting factor, as

defined in Publication 60 of the International Commission on Radiation Protection (ICRP) [54]. The ED is important



because it allows non-uniform internal doses to be expressed as an equivalent whole body dose that is related to
overall radiation risk.

Since cyclotron-produced **Sc from natural calcium targets is not >99% radionuclidically pure, the effective
dose from the other radioactive scandium impurities needs to be taken into account in order to demonstrate the
feasibility of clinical translation of this kind of **Sc. This is easily achieved by simply replacing the type of
scandium radionuclide (*Sc, *™Sc, “’Sc and **Sc) in the original OLINDA file, without modification to the original
#Sc-citrate pharmacokinetic data.

However, the effective dose concept is not appropriate for therapy cases in which acute effects from radiation
are prevalent due to the fact that highly ionizing and non-penetrating radiation are being employed, namely beta,
alpha and low-energy electron emissions; and also due to the administration of excessively high amounts of
radioactivity in the case of beta and low-energy electron emitters. Therefore, in the case of radionuclide therapy, a
more appropriate dosimetric measure is the absorbed dose to each target organ, which we have computed for the
case of a standard adult male by employing the *Sc-citrate pharmacokinetic data and replacing the scandium nuclide
by “'Sc.

2.2.9 Tumor and normal organ dosimetry of *’Sc-citrate and the therapeutic analog *’Sc-citrate in mice

The absorbed dose delivered to the 4T1 and U87MG tumors by accumulated **Sc-citrate and by a hypothetical
administration of therapeutic *’Sc-citrate was estimated using the dose-to-sphere model included in the OLINDA
software. This model assumes a homogeneous distribution of the radiotracer inside a sphere volume and combines
the decay data from the radionuclide with the absorbed fractions for spheres developed by Stabin and Konijnenberg
[55]. In this case, the only input required by OLINDA is the total cumulative decays or disintegrations inside the
tumor (which we will assume to be spherical) per administered activity in units of Bq-h/Bq. This value is obtained
by trapezoidal integration of the non-decay-corrected time-activity curve of the tumor up to the last time point that
was measured (8 hours p.i.) and then by integration from this time point up to infinity assuming that there is only
physical decay of the radiotracer. These integrations were performed in an Excel Spreadsheet for **Sc and *'Sc.

Since the OLINDA version that we posses does not include absorbed fractions (¢;) from small animal
phantoms, in order to estimate the absorbed dose to the normal organs of a mouse after a hypothetical administration
of therapeutic *’Sc-citrate, we employed the absorbed fractions (AF or ¢) for different source-to-target organ

configurations in a 27 g transgenic mouse that were calculated and published by Stabin et al. [56]. The AFs reported



in this publication were calculated by simulating mono-energetic photons and electrons inside a voxel-based, not
mathematically modeled, transgenic mouse using a Monte Carlo particle transport code. The AFs for the three main
emissions of “’Sc (two B particles of average energies of 143 and 204 keV and a y emission of 159 keV) were
interpolated from the published AF values at energies of 100 and 200 keV for both photons and electrons.

Following the MIRD schema [53] for internal dosimetry, the AF values are then input into the equation for the
S-value:

S(rp «1g) = w Equation 2.5

where n;, E;, AF(r; < r;) and m are the number of nuclear transitions per nuclear decay, the energy per radiation, the
absorbed fraction at a target organ (r;) from emissions coming from a source organ (7;) and the mass of the target
organ, respectively. The organ masses of the 27 g transgenic mouse used for the AF calculations are also reported in

the same publication [56]. The mean absorbed dose to a target organ is then calculated by substituting the S-values
in the following equation:
D(rr,Tp) = X Jy Alrs, Sy < 15)dt Equation 2.6
where A(r, ) is the cumulative activity or total number of decays in source organ r, over a dose integration period up
to infinity. As it was explained in section 2.2.8, Ain each of the source organs can be obtained by fitting to
exponential functions and then integrating the time-activity curves of each organ, taking the radionuclide’s physical
decay into account, using the EXM portion of the OLINDA/EXM software.
2.3 Results and discussion
2.3.1 Cyclotron targetry and irradiations

The metallic calcium target is able to withstand a current of 25 pA without any noticeable effect in its integrity.
The 25 pum molybdenum foil degrader drops the 16 MeV proton beam from the PETtrace cyclotron down to 15.56 +
0.04 MeV according to a SRIM simulation [44]. The exit energy after passing through 2.2 mm of calcium is 3.4 +
0.4 MeV also according to a SRIM simulation. This constitutes a thick target since 4.5 MeV is the threshold energy
for the *Ca(p,n)**€Sc reaction.
2.3.2 Target yields, separation yields and radionuclidic contaminants

Table 2.3 lists the experimental activity yields at end of bombardment (EoB) of the scandium isotopes produced

after our irradiation setting of 15.56 MeV protons, at 25 pA for one hour. These experimental yields are in



agreement with the yields calculated from the excitation functions published in [42] after a correction of 20% [57]
and the yields reported by Severin et al [28].

Table 2.3 Radioactive scandium reaction products after proton bombardment of calcium at 15.56 MeV

Instantaneous }?redict.e d .
% measured yield using % of % of yield measured
Target Product ti . corrected predicted by Severin et al. [28]
abundance yield . . 16 MeV
[MBq/nAh] data in [42] yield at
[MBq/pAh]
“Ca 96.941 - - - - -
2Ca 0.647 - - - - -
BCa 0.135 $gcb 3.89h 0.9+0.2 1.3 68% 90%
#Ca 2.086 Hege 3.93h 31.5+4.0 45.4 70% 84%
damg 58.6 h 0.18 £0.02 0.24 76% 88%
4Ca 0.004 43¢ 83.8h unobserved
BCa 0.187 83 43.7h 0.25 +0.04 - - 75%
Y1S¢ 804h  0.010+0.002 - - 129%

® The **Sc produced from *Ca(p,2n) is not distinguished from *Ca(p,n), with an energy threshold of 14.5 MeV, in this study.
From our irradiation setting it is reasonable to expect about 0.79 + 0.08 GBq of **Sc in the target. The
percentage impurities at EoB and 9 hours after EoB are presented in Table 2.4.

Table 2.4 Radionuclidic purity of the separated scandium at EoB and 9 hours after EoB (n = §)

Scandium % of total kBq Qe / MBq % of total activity 1 h % of total activity 9 h
isotope activity at EoB *Sc at EoB after EoB after EoB

Hege 95.7+0.3 - 95.4 90.6°

damg 0.6+0.1 6+1 0.7 23

B3 26+0.3 2743 2.6 23

Y13¢ 0.40 £ 0.05 40+0.5 0.4 1.7

83 0.8+0.1 8+ 1 0.9 3.0

¢ Bateman’s equilibrium equation between *"Sc and **Sc was included in the computation of this value.

Figure 2.5 shows the gamma spectra and a decay logging from a sample of the separated stock of **Sc. The
exponential fit to the logged activity reading from the dose calibrator indicates that the half-life of the separated
product is 4.27 + 0.12 h, or 7.6 + 2.9% greater than the accepted value for **Sc: 3.97 h [45]. This discrepancy is due

to the presence of impurities with longer half-lives: *™Sc, **Sc and *’Sc.
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Figure 2.5. Gamma spectra of the separated stock of *Sc 9 h after EoB (a) and 23 h after EoB (b). Besides the 511
keV gamma from positron annihilation, the most prominent gamma peak in (a) at 1157 keV corresponds to *Sc.
The impurities become more visible in (b) with the gamma peaks at 159 and 271 keV that correspond to *’Sc and
#mSc, respectively; and the ones at 984, 1038 and 1312 keV from **Sc. (c) shows the data from logging the activity
of a sample from the separated stock every 10 seconds for 9 hours and an exponential fit to the data which indicates
that the half-life of the radioactivity in the sample is 4.27 + 0.12 h, or 7.6 £ 2.9% greater than the value from
accepted nuclear data: 3.97 h.

The radioactivity of the product is > 95% **Sc at EoB and the radionuclidic purity will remain above 90% up to
9 hours after EoB. This level of purity is tolerable for preclinical PET studies and perhaps even human studies if
dosimetry estimations with a particular **Sc-labeled radiopharmaceutical demonstrate tolerable doses from the
longer lived impurities *™Sc, *’Sc and **Sc. If this is the case, we believe that *Sc from irradiated natural calcium
targets is suitable for clinical applications. Natural calcium targets are in metallic form with a thermal conductivity
of 200 W/m-K, which is comparable to aluminum, 235 W/m-K. Calcium is inexpensive and readily available so
thick targets for higher yields are economically feasible and target recycling is unnecessary. However, if a higher
radionuclidic purity is needed (> 99%, with the co-produced **"Sc representing the remaining 1%), then isotopically
enriched *Ca targets are mandatory. To our knowledge, five groups have reported the use of these targets [23, 27,
58-60], all of them employing encapsulated enriched calcium carbonate, **CaCOs;.

2.3.3 Radiochemical separation

The activity measured with the Capintec dose calibrator set at the calibration number 938 suggested by the
manufacturer for **Sc was < 10% higher than the **Sc activity measured with the HPGe detector. Thus, this reading
was used for the determination of separation yields. Loading the target at a H™ concentration of ~10.5 M, 80 + 4% (n
= 7) of the original activity (decay corrected) was recovered in 400 pL of deionized water. The **Sc from this
separation setting offered the highest separation yield with a high reactivity with DOTA, as will be shown in section
2.3.5, and is highlighted in bold in Table 2.5. Table 2.5 contains these and other results, together with the parameters

involved in the separation. All activities are decay corrected to EoB.




Table 2.5 Results from separation experiments

[ [ [
Calcium ™  Molarityof  UTEVA Y of Yo of total Y of total
conc. HCI . Do activity activity eluted  activity eluted
n  mass dissolution mass . . ost R . ~nd .
[mg] added for [mol/L] [mg] trappedin  in 1” fraction  in 2" fraction
& dissolution g UTEVA (400 pL) (200 pL)
a) 1 2957 5 ~9.1 24.5 52 43 2.5
b) 3 31314 5-55 ~9.1 5241 83+5 68 £4 4.7+1.6
c) 7 317+22 10 ~10.5 5243 89+3 80+4 51+13
d 6 304+8 15 ~11.1 5241 92 +£2 82+2 5.6+£2.7

°The molarity is estimated by subtracting the amount of moles of hydrogen released as H, gas from the amount of moles of H" ions in solution,
and then diving this by the total volume of the dissolution. The amount of H, that is released is estimated from the reaction equation Ca + 2HCI
= CaCl, + H,

As it was pointed out in Section 2.2.3, ~50 mg of resin was selected for the optimization experiments since we
observed a significant drop in the trapping efficiency, from 83% to 52%, when we reduced the amount of resin by
half (~25 mg, Table 2.5, row a) when loading the target solution in a HCI concentration of ~9.1 M. Combining the
results in Tables 2.5 and 2.7 we can see that there is a trade off between the separation efficiency and the reactivity
of the radioactive scandium. Loading the target solution onto the resin at a concentration of 10.5 M HCI results in
the optimum with both high separation yield and reactivity. The final product from this separation method was
further characterized by analyzing it with MP-AES for trace metal contaminants and by titration with the acyclic
ligand DTPA.

The results from the MP-AES analysis indicated that that the most significant metal impurities in decreasing
order of concentration are: calcium (2.1 mM), iron (93 uM), zinc (72 uM), nickel (29 puM), aluminum (6.4 uM) and
manganese (2.0 uM). These results are summarized in Table 2.6. The concentrations highlighted in bold correspond

to the 400 pL fraction of *Sc employed in the radiolabeling experiments.



Table 2.6 Results from MP-AES analysis on the samples described in Table 2.2.

Sample i) ii) ii) iv) V)

[ppm] 33707 overrange 1242 + 7 63.2+£0.2 50.8+0.5
Ca [mM] 841 overrange 31.0+£0.2 1.58 £ 0.01 1.27 £0.01

Mass in total volume [mg] 310.1 overrange 6.209 +£0.035  0.0253 +£0.0001  0.0102 £ 0.0001

Separation factor 1.2 x 10*

[ppm] 7.5+1.6 23.9+4.2° 19.6 £6.5 65+04 9.0+ 1.1
Zn [uM] 115+25 365+ 64 299 + 99 100+ 6 137+ 17

Mass in total volume [pg] 69.2+£15.0 219 +38.5 97.8+324 2.6+£0.2 1.8+£0.2

Separation factor 27

[ppm] 48+14 <1 <1 3.1+0.1 <0.3
Fe [uM] 86+ 24 <18 <18 55+2 <5

Mass in total volume [pg] 444+ 12.5 <5 <5 1.2+0.1 <0.05

Separation factor 36

[ppm] 3.0+£08 42+1.5° 19+1.2 0.7+0.1 15+0.2
Ni [uM] 52+13 72 +£26 32+£20 12+1 26+ 3

Mass in total volume [pg] 279+7.1 39.1+14.2 9.3+6.0 0.28 £0.02 0.31 +£0.04

Separation factor 98

[ppb] <500 <500 689 + 494 195+5 592 £ 105
Al [uM] <19 <37 2618 7.2+£0.2 22+4

Mass in total volume [pg] <5 <10 34+25 0.08 £0.01 0.12+0.02

Separation factor 59

[ppm] 1.2+0.1 2.1+0.1¢ 1.7+0.2 0.21 £0.02 0.47 £0.04
Mn [uM] 22+ 1 38+2 32+3 3.8+0.3 8+1

Mass in total volume [pg] 11.1+0.5 19.1£1.0 8.7+0.9 0.08 £ 0.01 0.09 £ 0.01

Separation factor 1.3 x 10?

¢The increase in Zn, Ni and Mn content in the eluate after loading the Sc may come from the UTEVA resin or the tubing in the separation
module.

The stability constants (log Kj,;) between metals and ligands, such as DOTA and DTPA, provide a convenient
gauge of the ligand’s relative affinity for a specific metal [61]. The main contaminants in the final product are
calcium, iron, zinc and nickel, the three latter ones being important competitors for DOTA chelation based on the
magnitude of their thermodynamic stability constants when bound to this chelator: 29.4, 20.8 and 20.0, respectively
[62, 63], which are comparable to that of Sc(III), 22.5 [64]. The main impurity calcium, on the other hand, is not a
strong competitor for DOTA chelation, since its log K, value is 17.2 [62]. A typical production run of 25 pA-h
generates 637 MBq of **Sc in 400 pL, which corresponds to an activity concentration of 1593 GBg/L. Dividing this
by the sum of the concentrations, in pmol/L, of the main metallic impurities that behave chemically similar to Sc¢**

2 Fe®', Ni*', A" and Mn®") results in an effective specific activity of 8.2

jons in aqueous solution (Zn**, Fe
GBg/umol, which as we will see in section 2.3.5, has the same order of magnitude of the reactivity between
scandium and DOTA, 18.1 £ 6.7 GBg/umol.

2.3.4 Determination of K, values of S¢’* in UTEVA and HCl solution at various concentrations

Figure 2.6 shows the distribution coefficients expressed as the logarithm of K, between resin and acid for

scandium and calcium in HCIl concentrations ranging from 0 to 12.1 mol/L. Clearly, this plot confirms the
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hypothesis that the UTEVA resin and TBP have similar extraction properties with respect to calcium and scandium

in hydrochloric acid medium.
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Figure 2.6 Distribution coefficients of S¢** and Ca*" in UTEVA resin at different HCI concentrations.

Furthermore, the separation was possible in a “trap-and-release” fashion employing 50 mg of UTEVA packed
in a 5 mm diameter column with the solution flowing at 1.1 mL/min thanks to the > 10-fold difference in the
distribution coefficients between calcium and scandium at a HCI concentration > 9 M.
2.3.5 Reactivity with DOTA and DTPA

Thin layer chromatography of the DOTA and DTPA titrations showed retention factors of 0.4 and 0.7,
respectively, consistent with the production of the Sc complex since these peaks were not present in the control vial
with no chelator. These peaks increased in activity concentration as a greater mass of chelating ligand was added to
the reaction vial. Plotting the percentage of chelated *‘Sc against mass of chelator, a sigmoid curve is obtained from
which the reactivity or effective specific activity is calculated by dividing the activity in each vial over the amount
of mass with which 50% of the radioactive scandium is chelated, and then multiplying this value times two. Figure
2.7 shows the autoradiography of typical plates used for TLC and how the distribution of activity is plotted against

mass of chelator.
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Figure 2.7 Autoradiography and plotted data from the titration of a fixed amount of **Sc activity against increasing
amounts of DOTA (a) and DTPA (b).

When the solution is loaded onto the UTEVA column at a concentration of ~10.5 M, the reactivity was 18.1 +
6.7 GBq/umol, which was enough for radiolabeling with > 90% yield the DOTA conjugated cyclic arginine-glycine-
aspartate (RGD) dimer E[c(RGDyK)], as well as the DTPA derivative cyclohexyl-diethylene-triamine-pentaacetic
acid ligand (CHX-A”-DTPA) conjugated to a Cetuximab antibody fragment, at the nmol or pg scale per 37 MBq of
activity [22, 24]. The rest of the results are presented in Table 2.7.

Table 2.7 Results of the reactivity experiments from the separation runs explained in Table 2.5.

Reactivity of 1° fraction with DOTA Reactivity of 1*' fraction with DTPA
[GBq/pmol] [GBq/pmol]
a) 15.2 -
b) 18.5+3.5 -
c) 18.1 £ 6.7 55+42
d) 38+0.7 -

The Sc-DOTA reactivity is about 3 and 5 times less than that reported in [28, 65], 54 and 100 GBg/umol,
respectively. Nevertheless, it has the same order of magnitude as the one inferred from the pioneer work in [30], 7.0
GBg/pumol, in which the peptide DOTATOC was successfully labeled to **Sc from a **Ti generator with > 98%
yield.

The Sc-DTPA reactivity is more than two times higher than with DOTA, which renders this ligand or its
derivatives as potential labels of targeted agents, such as the FDA-approved *°Y-Ibritumomab tiuxetan, tiuxetan
being the DTPA derivative 1B4M-DTPA [66]. We believe that an explanation for the greater reactivity of our
separated *'Sc towards DTPA compared to DOTA is due to the much lower thermodynamic stability constant of Ca-
DTPA compared to Ca-DOTA, 10.7 and 17.2, respectively. Hence, the remaining bulk calcium in our isolated

product, with ~2.1 mM concentration, offers less competition for DTPA occupation by the **Sc isotopes.



22

Huclier-Markai, et al. [64] measured the in vitro stability of S¢** complexes with DOTA, DTPA, NOTA, TETA
and EDTA in the presence of hydroxyapatite and rat serum and discovered that the most stable one was Sc-DOTA,
followed by Sc-DTPA. However, the same kind of stability has not been determined for scandium complexed with
modified versions of DTPA. For instance CHX-A”-DTPA was proven to have a greater in vivo stability than DTPA
when labeled with *°Y [66].

2.3.6 Image quality

The image quality of *Sc was assessed by visual inspection of the reconstructed microPET images from a
Derenzo phantom. As seen in Figure 2.8(a), clear resolution was observed down to a rod diameter of 1.5 mm. Figure
2.8(b) shows the gray intensity profile from a 2.10 mm (10 pixels) wide region of interest that covers the bottom row
of 1.5 mm diameter rods on the image. Each peak was fitted with a gaussian curve revealing a full width at half
maximum (FWHM) of 4.7 £ 1.3 mm. The average peak to valley ratio in this profile was 1.14 = 0.11. These
measurements will be compared to those from Derenzo phantoms filled with the other radionuclides that will be

covered in this dissertation in Appendix A.
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Figure 2.8 Image of Derenzo phantom filled with **Sc (a). The quantities next to each triangular section indicate the
diameter of each of the rods, which are separated from center to center by twice the diameter distance. As the figure
shows, rods up to 1.5 mm can be easily resolved in PET images of **Sc. Profile distribution of **Sc from the 1.5-mm
rods (b).

The relatively low spatial resolution is the result of the high maximum energy of 1474 keV of the main positron
emitted by *Sc [45], which has a mean and maximum range in water of 2.46 and 7.36 mm, respectively [67].
2.3.7 Biodistribution and pharmacokinetics of **Sc-citrate and *ScCl; in PBS in tumor-bearing mice
PET scans were performed at 0.5, 4 and 8 hours post-injection (p.i.) of *Sc-citrate and **ScCl; in PBS in groups
of three 4T1 tumor-bearing mice. The U87MG tumor-bearing group was scanned at 0.5, 2, 4, 8 and 20 h p.i Figure

2.9 shows the coronal and sagittal maximum intensity projection (MIP) images of one of the mouse from each
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group. In both tumor models, circulation of **Sc-citrate in the blood is prominent within the first 30 minutes after

injection as seen by the high intensity in signal in the heart, abdominal aorta and carotid arteries. Tumor uptake

becomes evident at 4 h p.i.. Quantification of the VOIs covering the whole urinary bladder of each of the 4T1 tumor-

bearing mouse reveals that 7.6 + 0.8 %ID (obtained from 22.6 + 1.1 %ID/g x 0.336 + 0.043 cm’) is about to be

excreted within the first 30 min after injection. In stark contrast to *Sc-citrate, **ScCl; in PBS shows no systemic

circulation at all, with 100% of the activity accumulating in the liver without any indication of excretion over time.

15 %ID/g
0 %ID/g
80 %ID/g
0 %ID/g
Time p.i.: 30 min 4h 8h
(c)
10 %ID/g
0 %ID/g
Time p.i.: 30 min 2h 4h 8h 20 h

Figure 2.9 Coronal and sagittal MIP images from PET scans of mouse #3 from the 4T1 tumor-bearing group at 30
min, 4 h and 8 h injected with *‘Sc-citrate (a) or with **Sc-PBS (b). MIP images of mouse #2 from the US87MG
tumor-bearing group at 30 min, 2, 4, 8 and 20 h p.i of **Sc-citrate. The **Sc uptake level is color coded by the %ID/g
bar shown on the right of each set of images. The PET scans for the other two mice in each group show the same
trend in biodistribution of each **Sc-labeled agent. CA: carotid arteries; H: heart; AA: abdominal aorta; T: tumor; B:

bladder; S: spleen; L: liver.
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Figure 2.10 shows the biodistribution over time and the time-activity curves in terms of %ID/g and %ID,
respectively, from quantifications of VOIs covering the whole body, tumor, adductor and biceps femoris muscles
and the delineable organs: heart, liver and spleen. The %ID plot also shows exponential fits to the whole body and
heart uptake from which biological and circulation half-lives were quantified as 33.0 h and 6.4 h, respectively, in the
4T1 tumor-bearing mice; and 238 h and 16.6 h, respectively in U87MG tumor-bearing mice. From the
biodistribution chart it can be seen that the tumor contrast in terms of tumor-to-muscle ratio is always > 1 and that it
increases over time up to a value of 2.9 £ 0.3 at 8 h p.i. However, the tumor-to-liver contrast is < 1 throughout the

study, which means that *Sc-citrate is not a good tracer for liver metastasis.
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Figure 2.10 Quantitative PET data of **Sc-citrate presented as biodistribution charts in terms of %ID/g and time-
activity curves in terms of %ID in mice bearing 4T1 tumors (a) and US§7MG tumors (b). All data is decay-corrected
to time of injection. Error bars represent standard deviation from quantifications in three mice.
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The reason the administered **Sc-citrate has a relatively long circulation half-life of > 6.4 h in both tumor model
mice has to do with the fact that S¢*” is trans-chelated to serum transferrin in vivo as it was shown by Ford-
Hutchinson and Perkins [31]. In their work, they demonstrate that 25%, 75% and 95% of administered scandium
citrate is bound to transferrin 10 min, 1 h and 24 h, respectively, after i.v. injection into rabbits. Perhaps the amount
of **Sc that shows in the bladder of the 4T1 group and that is about to be excreted in the 30 min scan corresponds to
the fraction of **Sc that did not label to transferrin. From quantification of the images, this bladder content accounts
to 7.6 £ 0.8 %ID. Therefore, the actual tracer that we are looking at in the PET images is *Sc-transferrin. This same
phenomenon of trans-chelation to transferrin of a weakly-bound radiometal has been observed after administration
of ®Ti-citrate into tumor-bearing mice by Vavere and Welch [7] and after injection of *’Ga-citrate into rabbits by
Vallabhajosula et al [1]. The implication of this is that **Sc-citrate turned into **Sc-transferrin in vivo serves as a
tracer for malignancies such as cancer, inflammation and infection. Transferrin is an 80 kDa glycoprotein that serves
for iron transport in blood into cells that express the transferrin receptor. When transferrin is loaded with two Fe**
ions it binds strongly to its receptor, whereupon it is internalized by cells, the iron is released, and the protein is re-
circulated [68]. In humans, about 30% of transferrin in circulation is saturated with iron [69] and therefore there is
potential capacity for binding to other metal ions that are i.v. administered such the weakly-bound *‘Sc employed in
our study. All cells in the body express the transferrin receptor but cancer cells have a very high level of expression
since they require extra amounts of iron to grow [70, 71]. Proliferating cells require iron especially for
ribonucleotide reductase production, which is essential for DNA synthesis and for Fe proteins such as hemoglobin
[68]. Indeed, we observed increasing uptake of **Sc in the 4T1 tumors of 3.4 + 0.1, 4.3 + 0.2 and 5.1 + 0.3 %ID/g at
0.5, 4 and 8 h p.i., respectively (Figure 2.10(a)); as well as in the U§7MG tumors of 1.5 £ 0.2, 2.0 £ 0.2, 2.6 £ 0.7,
34 + 0.9 and 4.3 = 0.6 %ID/g at 0.5, 2, 4, 8 and 20 h p.i., respectively (Figure 2.10(b)). This same trend was
observed in terms of %ID with uptakes in the 4T1 tumors of 2.7 + 0.5, 3.4 = 0.6 and 4.0 £ 1.2 %ID; and in the
U87MG tumors of 1.1 £0.4, 1.6 +£0.6,2.0+0.5,3.3+ 1.4 and 5.1 + 1.9 %ID at the same time points.

A comparison of the biodistribution of **Sc-citrate to two **Sc-labeled targeted agents: **Sc-DOTA-(cRGD),
[22] and **Sc-DTPA-CHX-A"-Cetuximab(Fab) [24], all targeting the same tumor model U87MG, demonstrates the
favorable pharmacokinetic properties of the former tracer. First, **Sc-citrate shows a gradually increasing uptake in
the tumor even at the latest time point that was imaged at 20 h p.i., whereas **Sc-DOTA-(cRGD), shows a gradually

decreasing uptake in the tumor starting at 3.93 + 1.19 %ID/g at 30 min p.i., dropping down to 3.00 + 1.25 %ID/g at
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4 h p.i [22]. In this regard, **Sc-DTPA-CHX-A”-Cetuximab(Fab) shows more favorable tumor targeting properties
on a US7MG xenograft with 7.1 + 0.6 and 12.7 + 0.7 %ID/g at 0.5 and 4 h p.i., respectively [24], which is about a
factor a five larger than those of *Sc-citrate at the same time points. In terms of normal organ uptake, *Sc-citrate
shows almost negligible uptake in the kidneys, whereas the two targeted agents show prominent accumulation in this
organ that reached a peak of 32.7 + 2.8 %ID/g at 2 h p.i., which was maintained at 31.3 £1.5 %ID/g at 4 h p.i. for
#Sc-DTPA-CHX-A”-Cetuximab(Fab); and a peak of 3.53 + 1.36 %ID/g at 30 min p.i. for **Sc-DOTA-(cRGD),.
The uptake in the liver of *Sc-citrate was about five times higher than that of **Sc-DOTA-(cRGD), but significantly
lower than that of **Sc-DTPA-CHX-A”-Cetuximab(Fab), which showed %ID/g of 15.9 + 1.4 and 13.8 + 1.6 at 30
min and 4 h p.i., respectively.

Another implication of the observed tumor targeting is that scandium citrate can be employed as a cancer
therapeutic if the radioactive scandium is substituted by the beta emitter *’Sc (¢, = 3.35 d, 68.4% B, Ep/ par= 441
keV; 31.6% B2, Ep max= 600 keV; 68.3% v, E,= 159 keV) [40]. In the following two sections on internal dosimetry
the therapeutic potential of *’Sc-citrate will be evaluated.

2.3.8 Internal dosimetry of **Sc-citrate and the therapeutic analog *’Sc-citrate in humans

Only the biodistribution data from US7MG tumor-bearing mice was employed for the estimation of human
dosimetry, since more time points post-injection in this tumor model were analyzed. Table 2.8 shows the %ID
uptake values of **Sc-citrate extrapolated to a 73.7 kg standard adult male as defined by Cristy and Eckerman [49],
using the mass extrapolation method by Kirschner [52], with the whole body mass per mouse set to the average
value of 23 g in this study.

Table 2.8 Extrapolation to %ID uptake of **Sc-citrate in standard adult male organs from studies in mice.

Organ mass in Conversion factor %ID/g %ID
Organ human male adult in mouse to %ID in 05h h 4h ’h 20h
[g] [49] human
Heart contents 840 0.265 3.0 2.5 2.0 1.7 1.2
Liver 1910 0.596 4.9 4.7 4.6 4.7 4.9
Spleen 183 0.057 0.3 0.3 0.3 0.3 0.4
Remaining organs Balance Balance 79.8 | 78.7 | 783 | 79.5 | 75.8

After setting these %ID uptake values in the EXM portion of the OLINDA software and fitting them to mono-
exponential functions, the software automatically calculated the cumulative number of decays in each source organ
and then the absorbed dose in every target organ considered by the software as well as the total body effective dose.
The effective dose was estimated as 52.4 uSv/MBq of *Sc-citrate injected. However, these estimates only take into

account the dose from *‘Sc as if it was 100% radionuclidically pure, which is not the case for the cyclotron-produced
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*S¢ employed in this work. After substituting **Sc by other scandium radionuclides, maintaining the original
biodistribution, the effective dose from impurities was estimated as 29.6, 54.4, 125 and 549 uSv/MBq for 43Sc,
#mge, Y7Sc and *Sc, respectively. However, these quantities have to be multiplied by the percentage of impurity per
unit of administered activity of *Sc. For instance, in a worst-case scenario, if the tracer is injected 9 hours after
EoB, the effective dose contribution from each impurity would have to be multiplied by the percentage impurity
shown in the last column in Table 2.4. In this case the actual effective dose contribution from each impurity per
MBq of #Sc would be 0.7, 1.3, 2.1, and 16.5 puSv, for 43Sc, 44mSc, 7S¢ and 4880, respectively. Therefore the total
effective dose from cyclotron-produced **Sc-citrate injected 9 hours after EoB is 72.9 uSv/MBq *Sc. The same kind
of correction was applied for the absorbed dose per target organ and the results are shown in Figure 2.11(a) for
100% **Sc-citrate and cyclotron-produced **Sc-citrate administered 1 and 9 hours after EoB. Figure 2.11(b) shows
the contribution to the absorbed dose to each target organ of **Sc and each scandium impurity if the tracer is injected
9 hours after EoB. Table 2.9 summarizes the contribution to the total effective dose from the measured amount of

radioactive impurities present in the cyclotron-produced *‘Sc obtained from this work.
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Figure 2.11 (a) Absorbed dose to the organs of a standard adult male if **Sc-citrate is administered with 100%
radionuclidic purity or if it is cyclotron-produced from "'Ca as described in previous sections and administered 1 h
and 9 h after EoB. (b) Absorbed dose contribution from each radioactive scandium impurity if the cyclotron-
produced *Sc-citrate is administered 9 h after EoB.
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Table 2.9 Effective dose from each impurity in cyclotron-produced *Sc-citrate

Effective dose contribution [uSv/MBq 44Sc]
Nuclide 1 h after EoB (%) 9 h after EoB (%)
*sc 52.4 (88.8%) 52.4 (71.9%)
#mge 0.4 (0.6%) 1.3 (1.7%)
B¢ 0.8 (1.3%) 0.7 (0.9%)
3¢ 0.5 (0.8%) 2.1 (2.9%)
B3¢ 49 (8.4%) 16.5 (22.6%)

The critical tissues are the heart wall, liver and spleen with absorbed doses of 0.14, 0.13 and 0.10 mGy/MBq of
#Sc-citrate, respectively, administered 9 hours after EoB. Sc-48 will be the main concern for clinical translation of
cyclotron-produced *‘Sc from natural calcium targets. It causes the largest contribution to the effective dose due to
its relatively long physical half-life of 43.7 h and due to the emission of three prominent and penetrating gammas
with energies of 983, 1037 and 1312 keV and intensities of 100, 98 and 100%, respectively [72], which will
inevitably deposit energy throughout every organ of the injected subject as seen in Figure 2.11(b). However, since it
only represents 3.0% of the administered *Sc activity (if injected nine hours after EoB), as seen in Table 2.4, its
contribution to the total effective dose is only 22.6% of the total. This is very impressive, considering that **Sc-
citrate remained accumulated in the liver and spleen with negligible biological clearance throughout our study as
seen in Figures 9 and 10, and hence it irradiated the whole body from these two source organs until it completely
disappeared by nuclear decay with a physical half-life of 43.7 h.

Based on the only clinical application of 100% pure **Sc from a **Ti generator reported in the literature [73, 74],
mere 37 MBq of *Sc-DOTATOC were enough to visualize somatostatin-receptor-positive liver metastasis in
patients even at a late PET scan 18 p.i. If such small amount of activity in the form of *Sc-citrate were to be
administered into a patient, we can expect a very low effective dose of 2.7 mSv and an absorbed dose to the critical
organs: heart wall, liver and spleen, of 5.3, 4.9 and 3.6 mGy, respectively, deposited by the >90% pure cyclotron-
produced **Sc obtained in this work. Therefore, up to 357 MBq of this kind of *‘Sc-citrate could be administered
into a male patient within a year, considering that the FDA regulations have set a maximum annual dose to any
organ or ED of 50 mGy or mSv, respectively, for adult research subjects [75]. Similar internal dosimetry analysis
would have to be performed to determine if > 90% pure cyclotron-produced **Sc is suitable for clinical applications
as a label for tracers such as **Sc-DOTATOC.

As a comparison, the widely used tracers “*Ga-DOTATATE and “*Ga-HBED-CC-PSMA deposit effective
doses of 25.7 uSv/MBq [76] and 15.8 uSv/MBq [77], respectively; and since a minimum of 150 MBq are typically

injected into a patient, the total effective doses are >3.9 and >2.4 mSv, respectively, which are of the same order of
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magnitude as the 2.7 mSv ED caused by 37 MBq of >90% pure cyclotron-produced **Sc-citrate. If imaging is to be
performed up to several hours after injection, it is reasonable to administer much less activity of **Sc compared to
%8Ga due to their more than three-fold difference in half-lives.

The internal dosimetry estimation from **Sc-citrate justifies the clinical application of this economical supply of
*S¢ as an alternative to the expensive options that involve high investments and recycling efforts on expensive
isotopically-enriched targets [23, 27, 58-60], extremely long irradiations in >25 MeV proton accelerator facilities to
create the long lived *Ti generator via **Sc(p,2n) [25] or even expensive alpha cyclotrons to produce the positron
emitter “*Sc via "™Ca(a,n) [78, 79].

Since there is significant tumor uptake of *Sc-citrate in mice, we can explore the possibility of using the
therapeutic analog *’Sc-citrate for targeted radionuclide therapy, although the “targeted” adjective may not be
strictly applicable since there is no targeting vector in this hypothetical agent. As it was mentioned in section 2.2.8,
in the case of radionuclide therapy with “’Sc-citrate, the effective dose concept is not appropriate for therapy cases in
which deterministic effects from radiation are prevalent. Thus, a more appropriate dosimetric measure is the
absorbed dose to each target organ, which we have computed for the case of a standard adult male by employing the

#Sc-citrate pharmacokinetic data and replacing the scandium nuclide by *’Sc. Figure 2.12 shows these results.
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Figure 2.12 Absorbed dose to the organs of a standard adult male after administration of *’Sc-citrate.
Clearly, the critical organ is the liver, which receives an absorbed dose of 0.32 mGy/MBq *’Sc. Since the
maximum amount of absorbed dose that can be tolerated by this organ is 40 Gy, this means that a maximum amount
of 125 GBq of ¥'Sc-citrate can be safely administered into a patient in order to stay below the toxicity level for this

organ.
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The necessary amount of *’Sc-citrate that has to be administered in order to control a tumor in a patient depends
on the tumor uptake and on the size of the tumor. Therefore, this kind of estimation is beyond the scope of this work.
However, from the tumor uptake data in the mice employed in this work we can estimate the absorbed dose to the
implanted tumors for both the diagnostic and therapeutic analog agents and then predict what is the necessary
amount of *’Sc-citrate that would result in tumor regression in our small animal models as a proof of principle of the
therapeutic efficacy of *’Sc-citrate.

2.3.9 Tumor and normal organ dosimetry of *’Sc-citrate and the therapeutic analog *’Sc-citrate in mice

The absorbed dose delivered to the 4T1 or U87MG tumors in mice by *Sc-citrate and by a hypothetical
administration of therapeutic *’Sc-citrate was estimated using the dose-to-sphere model of OLINDA, which only
requires the total cumulative decays or disintegrations inside the tumor per administered activity in units of MBqg-
h/MBq. This value was obtained by trapezoidal integration of the non-decay-corrected time-activity curve of the
tumor up to the last time point that was measured (8 and 20 hours p.i. for the 4T1 and U87MG xenografts,
respectively) and then by integration from this time point up to infinity assuming: 1) that the uptake phase in the
tumor is over, 2) that there is no biological clearance and 3) that there is only physical decay of the radiotracer. The

formula for this latter integration is as follows:
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Equation 2.7

[ %ID

non-decay corrected

in which 7, is the last time point of the PET scans. Thus, after substitution for the physical half-lives, the integrals
for the 4T1 model are 0.35x%ID(t = 8 h) and 101.0x%ID(t = 8 h) for **Sc and *'Sc, respectively; and for the
U87MG model the integrals are 0.005x%ID(t = 20 h) and 82.1x%ID(t = 20 h) for **Sc and *’Sc, respectively.

Figure 2.13(a) show the tumor uptake over time of **Sc-citrate obtained from VOI analysis of the PET images
in units of %ID decay-corrected to the time of injection. Figures 2.13(b) and (c¢) show this same data after
consideration of decay of **Sc and *’Sc, respectively; including the continuation of the time-activity curve after the

last measured time point, assuming that only physical decay occurs up to infinity.
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Figure 2.13 Time-activity curves of tumor uptake of: (a) **Sc-citrate with %ID decay-corrected to time of injection;
(b) *Sc-citrate and (c) *’Sc-citrate with %ID considering physical decay over time.
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The total cumulative decays in the 4T1 tumors for each non-decay corrected curve are 0.15 and 4.27 Bq-h/Bq

for **Sc and *’Sc, respectively; and in the US87MG tumors 0.14 and 4.79 Bg-h/Bq for **Sc and ¥'Sc, respectively.

After logging in these two values in the dose-to-sphere model of OLINDA, the total absorbed dose to spheres of

unit-density material with masses between 10 mg and 6 kg are calculated. Figure 2.14 shows the output from

OLINDA along with a power fit to this data.
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Figure 2.14 Absorbed dose to unit-density spheres homogeneously filled with **Sc or *'Sc after the cumulative
number of decays indicated in the legend, which were obtained from integration of the time-activity curves of the (a)
4T1 and (b) US7MG tumors in mice.

From the plot in Figure 2.14 we can estimate what is the necessary amount of **Sc- or *’Sc-citrate that has to be
administered in order to have a therapeutic effect in 4T1 or U§7MG tumor-bearing mice like the ones employed in
this study. The average volume of the VOIs drawn over the whole tumor (both 4T1 and U887MGQG) in all the PET
images was 863 + 266 mm”, which corresponds to a mass of 0.86 + 0.27 g, assuming that the tumors have a density
of 1 g/em®. Therefore, we can assume that the treated tumor mass would be about 1 g and from the fitted curves in
Figure 2.14 we can predict that each MBq of *Sc-citrate or *’Sc-citrate that is administered into a mouse bearing
4T1 tumors would result in an absorbed dose to the tumor of 42 and 388 mGy, respectively; and each MBq of **Sc-
citrate or *’Sc-citrate that is administered into a mouse bearing U87MG tumors would result in an absorbed dose to
the tumor of 39 and 436 mGy, respectively.

In order to estimate how much absorbed dose in the tumor is required for cancer regression we can explore what
has been reported in peer-reviewed publications. A review article by Strigari et al from 2014 summarized the results
from 48 publications that reported correlations between tumor absorbed dose and response after targeted

radionuclide therapy (TRT) in large patient populations [80]. Table 2.10 shows these relationships.



Table 2.10 Published correlations between absorbed dose and therapeutic effect in patients.

Disease NO.' of Agent Endpoint Threshold Ref.
patients dose
Differentiated thyroid 26 [mI]NaI Response 80 Gy [81]
cancer 23 Ablation 49 Gy [82]
Neuroblastoma 27 BIL.mIBG Partial response 70 Gy [83]
Neuroendocrine tumors 13 %Y _DOTA-octreotide >20% shrinkage 230 Gy [84]
>509 i
Non-Hodgkin’s lymphoma %g BIL_tositumab >§802 :}}:::EEZEZ fSGé/y %Sg}
71 90Y-microspheres (Ivalon) >50% reduction 225 Gy [87]
Liver tumors 36 9OY-microspheres (glass) Partial or complete response 205 Gy [88]
73 %Y _microspheres (resin) 50% TCP 150 Gy [89]
Bone pain palliation 6 153Sm-EDTMP Stable disease 21 Gy [90]

mIBG: metaiodobenzylguanidine
TCP: Tumor Control Probability
EDTMP: ethylenediamine tetra(methylene phosphonic acid)

Alternatively, we can look at the relationship between tumor doses and tumor responses that has been observed
in preclinical studies involving human colon cancer xenografts in small animals. Table 2.11 reproduces such review
from an article by Connett et al [12].

Table 2.11 Published correlations between absorbed dose and therapeutic effect in colon cancer xenografts.

Tumor model | Radionuclide mAb Tumor size [g] Mean tumor dose [Gy] r::p‘:g:e Ref.
o4 0.2 5.86 82%
Cu
A3 0.6 3.30 GI (2]
ey 0.2 12.69 93%
GW39 0.6 7.06 GI
1] <0.2 24.00 55% [91]
NP4 0.3-0.45 72.00 55% [92]
Oy 0.3 16.03 GI [93]
COLO 205 BT 250-30.6 0.27 7.00 Gl [94]
T380 ‘2‘1 35,87,B17 0.5 56.42 GI [95]
By 0.52 9.53 GI
LS174T Oy 17-1A 0.52 17.90 Gl 96]
Oy ZCE 025 <0.5 34.00 GI [97]

mADb: monoclonal Antibody
GI: Growth Inhibition

Therefore, under the conservative assumption that up to 230 Gy are required for tumor response, the amount of
#Sc-citrate or *’Sc-citrate that would have to be administered in order to have observable tumor regression in a
mouse bearing a 1 g 4T1 tumor would be 5524 and 592 MBq, respectively; and in a mouse bearing 1 g US7MG
tumor it would be 5917 and 528 MBgq, respectively. Mouse models with tumors that are < 100 mg (with a diameter <
0.6 cm, assuming that the tumor is spherical), like the ones found in early stages of cancer [98, 99], would require at
least one order of magnitude less administered activity as seen in Figure 2.14, due to the exponential of the fitted
curve that is approximately equal to one. However, this prediction depends upon the assumption that tumors smaller

than the xenografts employed in this study will also display similar %ID uptake values.
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In order to predict toxicities in normal organs of a mouse under such TRT treatment, the absorbed doses were
estimated using the absorbed fraction (AF) data in a 27 g mouse obtained by Stabin et al. [56]. Table 2.12 shows the
S-values for “’Sc obtained after substitution of this data in Equation 2.5. S,and Spare the S-values of the 159 keV
gamma and the sum of the two B~ emissions with average energies of 143 and 204 keV, respectively.

Table 2.12 S-values of *’Sc in a 27.0 g mouse. All values are in units of mGy/MBg-h.

Source organs
Heart Liver Spleen
Sy Sp Sy Sp Sy Sp
Other tissues 0.05 0.27 0.05 0.23 0.05 0.33
Skeleton 0.09 0 0.07 0.04 0.08 0
Lungs 0.43 1.57 0.26 1.95 0.32 0
E Heart 2.80 610.64 0.22 0.08 0.21 0
2 Liver 0.20 0.09 0.82 112.74 0.57 6.49
< | Kidneys 0.05 0 0.14 0.11 0.14 0
80 Stomach 0.10 0 0.25 0.16 0.82 8.41
& | Intestines 0.05 0 0.15 0.09 0.10 0
Spleen 0.04 0 0.12 1.19 1.59 653.04
Testes 0 0 0.04 0 0.03 0
Bladder 0 0 0 0 0 0

For the 4T1 tumor-bearing mice, the cumulative decays per MBq in the heart, liver and spleen, obtained from
the integration of the non-decay corrected time-activity curves, were 0.38, 4.49 and 1.89 MBq-h, respectively. For
the US7MG tumor-bearing mice, the cumulative decays per MBq in these same organs were 0.53, 5.01 and 1.81
MBg-h, respectively. These cumulative decays per source organ can be obtained from the EXM portion of the
OLINDA/EXM software after inputting the %ID values in each source organ or by “manual” integration using
Equation 2.8:

A= [7%ID(t = 0)e~"etdt = %ID(t = 0)/A, Equation 2.8

where %ID(t = 0) is the fitted parameter that multiplies the exponential in the fitted functions to the decay-corrected
time-activity curves; and /4, is the effective decay constant in each source organ, which is equal to the sum of the
biological and physical decay constants, A,and A,. The biological decay constant in each source organ is the fitted
parameter in the exponent of the fitted functions to the time-activity curves and is related to the biological half-life
(t12») by the equation 1, = In(2)/t;,, 5. Likewise, the physical decay constant is related to the more familiar physical
decay half-life by the equation 4, = In(2)/¢,,,. After some algebra on Equation 2.8, the equation from which we can

obtain the cumulative disintegrations that occur in each of the source organs is the following:

z %ID(t=0 t
A== )l( ). 1/11 @ Equation 2.9
b t1/2+
(e22+52)
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The multiplication of the accumulated decays per source organ by the summation of the S-values results in the
absorbed dose per target organ in units of mGy/MBq. The absorbed doses in the target organs of each of the two
animal models are shown in Table 2.13.

Table 2.13 Absorbed doses from *’Sc-citrate in a 27.0 g mouse. All values are in units of mGy/MBq.

Absorbed doses in 4T1 mouse Absorbed doses in US7MG mouse
Source organs Total Source organs
Heart Liver Spleen dose Heart Liver ¢ Spleen Total dose
Other tissues 0.12 1.25 0.72 2.09 0.17 1.40 0.69 2.26
Skeleton 0.03 0.49 0.16 0.68 0.05 0.54 0.15 0.74
Lungs 0.76 9.92 0.61 11.29 1.06 11.07 0.58 12.71
E Heart 233.11 1.34 0.40 234.84 325.12 1.49 0.38 327.00
84 Liver 0.11 509.89 13.33 523.33 0.15 568.94 12.77 581.86
g Kidneys 0.02 1.12 0.27 1.40 0.02 1.24 0.25 1.52
80 Stomach 0.04 1.86 17.43 19.32 0.05 2.07 16.69 18.81
& | Intestines 0.02 1.09 0.20 1.31 0.03 1.22 0.19 1.43
Spleen 0.01 5.89 1237.25 1243.15 0.02 6.57 1184.88 1191.47
Testes 0 0.17 0.06 0.23 0 0.20 0.05 0.25
Bladder 0 0.00 0.00 0.00 0 0 0 0

Clearly, the critical organs are the source organs where most of the radioactivity is accumulated. Hence, a
therapeutic administration of 592 MBq *’Sc-citrate that would deposit 230 Gy on a 1 g 4T1 tumor xenograft will
also imply an absorbed dose of 139, 310 and 736 Gy in the heart, liver and spleen, respectively, which would make
this treatment toxic, due to their maximum tolerated doses of 50, 40 and 50 Gy, respectively [100, 101], assuming
that these limits that were derived from human subjects also apply to rodents. Likewise, a therapeutic administration
of 528 MBq of *’Sc-citrate in a mouse bearing a 1-gram U87MG tumor will imply an absorbed dose of 124, 307 and
629 Gy in the heart, liver and spleen, respectively, which will also be toxic. However, if the tumor in the mouse has
a mass of 100 mg, that is, one order of magnitude lower than the size in our study, then the therapeutic dose of *’Sc-
citrate needed would be 62 MBq and 55 MBq (also one order of magnitude lower than the dose needed to treata 1 g
tumor), for the 4T1 and U87MG animal models, respectively, according to the OLINDA results in Figure 2.14. In
this case the absorbed doses to the critical organs would also be one order of magnitude lower and below the toxicity
threshold, except for the spleen. Again, this prediction depends upon the assumption that tumors smaller than the
ones employed in this study will maintain similar %ID uptake values.

2.3.10 Availability of “’Sc and future work
Even though *“’Sc holds great promise as a therapeutic payload in targeted therapy, its availability for clinical

applications does not seem feasible in the short term.
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In the previous section we have demonstrated that between 50 and 600 MBq of *’Sc-citrate are sufficient to
deliver a therapeutic dose of ~230 Gy to a tumor with a mass between 0.1 and 1 g in a 18 to 23 g mouse with a body
surface area (BSA) between 67 and 75 cm?” [102]. For a standard 73.7 kg adult human with a BSA of 18,000 cm?
[103], the amount of activity that would have to be administered in order deliver the same dose to tumors of the
same size can be estimated to be at least two orders of magnitude higher, that is, between 5 and 60 GBq, based on
the BSA ratio between species. This estimated range per patient agrees with the total amount of activity of the
analogous “soft” beta emitters '""Lu (¢, = 6.65 d; 11.6% B1, Egi max= 177 keV; 79.4% Ba, Epy max = 498 keV; 10.4%
y, E,= 208 keV) and "'T (¢,, = 8.03 d; 89.6% B, Egi max = 606 keV; 7.2% B,, Ep max = 334 keV) that is currently
being administered in clinical trials in the form of '""Lu-DOTATATE [104-111], ""Lu-DOTATOC [112], '""Lu-
PSMA [113-116], ""Lu-DOTA-girentuximab [117], '""Lu-DOTA-pentixather [118], *'I-MIP-1095 (targets PSMA)
and 'I-mIBG [119-124].

Therefore, a constant supply of batches of tens or even hundreds of GBq of *’Sc at a reasonable price would
have to be available if clinical trials with this nuclide are ever to be performed. Based on the production capabilities
that several institutions have recently reported in scientific journals, which are summarized in Table 2.14, none of
them will be able to comply with such necessary demand. The only option that will be able to provide batches of
tens of GBq at saturation will be the Facility for Rare Isotope Beams (FRIB) [125] in the form of *’Ca/*’Sc
generators (*’Ca t;,, = 4.54 d), according to predicted yields from simulations [126].

Table 2.14 Recent publications with production capabilities of *’Sc from potential suppliers.

Nuclear Current Yield Sat. Yield
reaction Target Energy [MeV] [nA] [MBq/pAh] [MBq] Ref.
*Ca(a,p)*’Sc *Ca0 28.1 10 0.78 904 [79]
. "4y foil 22 1000 4.2¢-3 / g target 487/
48 47 g targe g
Ti(y.p)"Se ®Ti0, 2 1000 | 3.3¢-3/ g target 383 /¢ [127]
nat
48 47 CaCl, 39 1000 4.2¢-4 / g target 65/¢g [128]
Ca(y.n)"Ca BCaCl, 39 1000 0.33 / g target 5.1e+4 /g [129]
*TTi(n,p)"Sc Ti0, | >1(1.5¢14 n cm’-s) - - 25/mg target | [130]

Nevertheless, the current production capability of hundreds of MBq of *’Sc per batch is sufficient for preclinical
studies in small animals, which will provide valuable information before therapeutic amounts of *’Sc for human
patients become available. For instance, such preclinical studies will demonstrate whether the predicted amount of
#Sc-citrate for tumor control and the associated toxicities to critical organs are accurate.

There are two production routes accessible with our PETtrace cyclotron. From the excitation function of the

*Ca(d,n)*’Sc reaction modeled by TALYS [131], we can predict that 8.2 MeV deuterons on thick targets of the
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commercially available 4.9% isotopically-enriched **CaCOj; (56 mg/cm?) or *°CaO (60 mg/cm?) yield 0.41 and 0.67
MBg/pAh, respectively. However, the extremely high cost of **CaCOs at $105 per mg', due to the 0.004% natural
abundance of **Ca, makes this option impractical. Alternatively, from the cross section data for the **Ti(p,0)*’Sc
reaction, also from TALYS, we can anticipate that 16 MeV protons on a thick target of commercially available
55.4% isotopically-enriched *°Ti as TiO, anatase powder (273 mg/cm?®) will yield 0.55 MBgq/pAh. A price of $17.50
per mg of *°TiO, makes the second route feasible. The radiochemical separation procedure will be based on the
work of Pietrelli et al. [132] and Kolsky et al. [133], in which TiO,is dissolved in hot H,SO,4 with extra 10:1 molar
ratio sulfate anions to titanium; followed by evaporation to dryness and then re-dissolution in 10 M HCI; to then
trap, wash and release the *’Sc using a TBP-functionalized extraction resin. The separated *’Ti dissolved in the
hydrochloric acid solution would then be precipitated by the addition of excess ammonium carbonate solution as in
the procedure to recover **Sr after the separation of *Y developed by Résch et al [134].

2.3.11 Comparison of our separation method to previous publications

Comparing the separation chemistry of this work with the one by Severin et al. in [28, 65] we found many
improvements. First, the dissolved target is directly loaded onto the column without having to adjust the pH, which
is a process difficult to automate. Second, the **Sc radioactivity is eluted at high concentration in 400 pL of DI water
ready for labeling, instead of eluting in 1 mL of 0.1 M HCI. And third, 80 £ 4 % of the produced radioactive
scandium was separated, compared to the overall separation efficiencies of 53% and 63%, reported in [28, 65],
respectively.

We believe that our separation method based on the UTEVA resin can also be applied with **CaCOs targets in
order to get a highly concentrated radioactive product and also to improve the recycling efficiency of the expensive
target material. This would be recovered by collecting and then processing the eluate with the bulk calcium after
trapping the **Sc just like Krajewski et al. [27] did in his separation method based on Chelex 100, in which they
achieved a 60% *Ca recycling efficiency. They claim to have achieved a separation yield of > 70%, which is
slightly lower than our 80 £ 4 % separation yield. However, they elute in three 0.5 mL fractions of 1 M HCI, which
means that the activity is at a lower concentration and also in a more acidic medium that will be more difficult to
buffer for radiolabeling DOTA or DTPA, compared to the product eluate obtained with our method, 400 pL of

deionized water. Of course, our eluate will also be acidic (~1 M) due to the residual H' ions that remain in the

1 .. . .
Personal communication with sales representative from ISOFLEX.
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UTEVA resin after loading and washing with 10 M HCI. Nevertheless, it is clear that the smaller volume of our
product, 400 pL, is much easier to buffer than 1.5 mL of 1 M HCI.

Muller, et al. [23] achieved a slightly higher separation efficiency of ~85% after using 50-70 mg of DGA resin
and then concentrating the activity using a cation exchange resin DOWEX-50. Their isolated **Sc is in 200-400 pL
of 1 M ammonium acetate. Table 2.15 compares our work with the results from these publications.

Table 2.15 Comparison of separation methods of **Sc from calcium-based targets

+ Act. . Calcium
P Yield S'ep. Act. conc. Matrix conc. in ESA
Method Target Energy [MBq/ yield [MBq/mL] o4f4sep sep Hge (chelator) Ref.
o .
[MeV] wAh] [%] Sc [mM] [GBq/pmol]
. . "'Ca 0.1 M 54+ 14
Filtration (99.99%) 16 38+3  40+18 2527 + 487 HCl 23 (DOTA) [28]
Hydroxa- nat
Ca 0.1 M Not
?:;tle] (99.99%) 16 38+3  63+15 597 + 98 Hel reported S0 (POTA) [29]
Chelex *CaCo;
100 (94.53%) 9.0 8.9 70 103 IMHCI  <0.025 22 (DOTA) [27]
DGA + 44
CaCO; 176 =+ 1M Not
PSSWEX (97.00%) 18 1.7 85 980 NH,0Ac  reported > (POTA) (23]
18.1£6.7
"Ca 15.56 + ~1M 1.58 = (DOTA) This
UTEVA  9999%) 004 323 804 1600£163 HCl 0.01 55+ 42 work
(DTPA)

2.4 Conclusions

In conclusion, we have described a rapid and facile method to recover **Sc from proton-irradiated metallic
calcium targets with excellent yield and high chemical and radiochemical purities. Additionally, the usage of a
single column and minimal washing/elution steps provides a convenient framework for the implementation of
automatic separation modules. Even though the focus of this work was to study the isolation of **Sc¢ from natural
calcium targets, our procedure is readily applicable to the isolation of **Sc from isotopically enriched **CaCO;
targets or even liquid targets employing Ca(NOj;), solutions. This separation system coupled to improved cyclotron
production approaches might be the long waited answer to make **Sc production feasible for translation into the
clinic.

Furthermore, we have demonstrated that the administration of *Sc-citrate into murine breast cancer (4T1) and
human glioblastoma (U87MG) tumor-bearing mice results in high and gradually increasing tumor uptake due to the
long systemic circulation properties of this radiotracer, which are explained by the ligand exchange of *Sc to
transferrin in vivo. Moreover, from internal dosimetry calculations extrapolated to human subjects, we have

demonstrated that the effective dose from > 90% pure cyclotron-produced **Sc from inexpensive natural calcium
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targets administered as Sc-citrate is quite low: 72.9 uSv/MBq, comparable to that of mainstream tracers “Ga-
DOTATATE or ®Ga-HBED-CC-PSMA, which justifies the clinical application of this economical supply of **Sc as
an alternative to other more expensive options that result in 100% pure **Sc. We have also anticipated therapeutic

properties after administration of the therapeutic analog *’Sc-citrate in the 4T1 and US87MG mouse cancer models.
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Chapter 3 Cobalt-55 and Cobalt-58m

3.1 Introduction
3.1.1 Cobalt-55

Cobalt-55 (¢;,=17.53 h, 76% B+, Eox= 1498 keV) is an intermediate-lived positron-emitting radionuclide that
is a useful radiotracer for positron emission tomography (PET) [135-143] and particularly useful for labeling
proteins due to its favorable complexation with established bifunctional chelators [144-148]. Furthermore, when
chelated in oxidation state 3+, the formed complex is considered inert and therefore it is less prone to interact with
ligands in blood plasma and non-targeted organs due to trans-chelation [149-151].

Most of the early applications of *Co for PET in ischemic stroke are based on the assumption that radioactive
cobalt ions behave similar to calcium ions in vivo based on ex vivo results in brain tissue [152]. The main hypothesis
was that radioactive cobalt ions would present the same influx into damaged brain cells that is observed with
calcium ions. This hypothesis, however, was questioned by the work of Stevens et al [135], who observed that the
uptake of P Co after administration of *>CoCl, into 16 patients with a diagnosis of stroke may be better explained by
an inflammatory process. Since this latter work, the use of *Co for PET of ischemic stroke, cobalt being injected as
a weakly bound complex, was abandoned.

A more promising approach for the use of this radiometal is by binding it to a chelator and potentially
conjugating this complex to a targeting vector. So far, only six studies have followed this chelator-based approach
[144-148, 153]. Goethals et al [153] labeled >>Co to ethylene diamine tetraacetic acid (EDTA) and characterized this
complex for the application in the measurement of the glomerular filtration rate in kidneys via PET, a study which is
commonly performed with the perfusion tracer >'Cr-EDTA [154]. Srivastava et al[144], Thisgaard et al[155] and
Mastren et al[146] successfully labeled *Co to bifunctional chelators (BFC) conjugated to targeting peptides or
proteins, although with very low effective specific activities (ESA): 3.7, 0.21, and 2.0 GBg/umol, respectively. Dam
et al [147], has reported the highest ESA of **Co at 30 GBg/umol by labeling a NOTA-conjugated bombesin analog
under microwave heating in order to accelerate the labeling reaction.

Very interesting results were obtained by Heppeler et al [156] after comparing the binding affinities and
internalization rates of the DOTA-conjugated somatostatin analog 4,7,10-tricarboxymethyl-1,4,7,10-
tetraazacyclododecane-1-yl-acetyl-D-Phe-(Cys-Tyr-D-Trp-Lys-Thr-Cys)-threoninol (DOTATOC) radiolabeled with

the long-lived *'Co (¢;,=271.8 d; 122 keV vy, 86%; 136 keV vy, 11%) and radionuclides of gallium and yttrium. It
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was found that Co-DOTATOC exhibited the highest affinity towards somatostatin receptor subtype 2 (sst2) and the
highest internalization rate to cells expressing this receptor. These results call for the comparison of more peptides
labeled with different radiometals in order to find the tracer with the best uptake properties for more target-specific
studies. Thus, by making the positron-emitter >Co available to the scientific community, it will be possible to
translate these comparison studies from the in vitro to the in vivo stage with PET.

An even more interesting application of this radiometal would be as a PET label of cobalamin, also known as
vitamin By, the only cobalt complex that is essential to humans. Due to its importance in the biochemical pathways
that result in methylation reactions, thymidine production and mitochondrial metabolism, all of which are elevated
in proliferating cancer tissue, radiolabeled vitamin B, derivatives have been proven to be excellent targeting agents
for high-grade tumors both in patients [157] and in small animals models [158].

Cobalt-55 can be produced with a small biomedical cyclotron using isotopically enriched target materials via
the **Ni(p,a) [146, 159] or **Fe(d,n) [160-162] nuclear reactions. It has also been produced using more sophisticated
or high-energy cyclotrons using natural iron targets via the "Fe(*He,p+xn) [163] and "Fe(p,xn) [164] reactions.
The **Ni(p,0)) route seems the most practical since isotopically enriched **Ni is relatively inexpensive (natural
abundance = 68.07%) and low-energy proton accelerators are more common than dual-particle (proton and
deuteron) ones. However, the high excitation functions of the **Ni(p,2p), and **Ni(p,p+n) that ultimately result in the
co-production of ’Co make this option less attractive when compared to the **Fe(d,n) route that offers the highest
radionuclidically pure product [160]. Nevertheless, isotopically enriched **Fe is relatively expensive due to its
natural abundance of 5.84% and therefore recycling it after each separation process becomes mandatory.

Of the three publications in which isotopically enriched **Fe targets have been employed [155, 161, 162], only
the one by Zaman et al clearly reports a numerical value of the recycling efficiency of the expensive target material
of 80%. In this publication, the target was made by pressing a mixture of **Fe,O; and aluminum powder onto a
pellet and the maximum deuteron current from a 14 MeV beam that was applied was merely 4 pA [161]. Sharma et
al reduced Fe,05 to metallic iron at 800 °C in a H, atmosphere and then pressed the resulting elemental **Fe powder
into a pellet. Nevertheless, the maximum current that they were able to apply to this target was merely 3 pA using a
12 MeV deuteron beam [162]. Thisgaard et al prepared the **Fe targets by electrodeposition over a silver disk based

on a modified electroplating method described by Zaman and Qaim [160]. In this case the maximum deuteron
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current from an 8.5 MeV beam was 18 pA, although their maximum electroplated thickness was merely 7.0 mg/cm?,
which barely generated 25 MBqg/puAh [155].

Avrigeanu et al [165] performed cross-section measurements by irradiating thin foils of natural iron using the
stacked foil technique with a 19.74 MeV deuteron beam and found that the **Fe(d,n)**Co excitation function (Figure
3.1(a)) reaches a maximum of ~158 mb at 6.71 MeV. The predicted thick target production yield from this
excitation function integrated over the energy on the impinging particles available from our PETtrace, 8.2 MeV (the
measurement of the energy of the deuteron beam is presented in Appendix B), as they are slowed down in the target
material is 23.2 MBq/puAh. Likewise, from the **Ni(p,a) excitation functions that were measured by Khandaker et al
[166] (Figure 3.1(b)) we can predict a thick target yield with our 16 MeV proton beam of 15.6 MBg/pAh. As T will
present in this chapter, the experimental target yields that we measured are between 39 and 51% of these predicted

yields, due to the narrow surface area of the electroplated targets as compared to the total extent of the beam

transverse area (Appendix C).
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Figure 3.1 Experimental excitation functions related to the production of >Co via >*Fe(d,n) (a) [165] and **Ni(p,a)
(b) [166].

The radiochemical separation methods for *>Co that have been published so far involve large ion exchange resin
columns (> 4.0 cm x 1.0 cm ) that result in a final eluate of more than 5 mL volume [146, 159], which necessitates
for a lengthy evaporation step in a large vessel that potentially causes a variable loss of radioactivity in the vessel’s
surface or in the glassware of the evaporator. In order to circumvent this problem, extraction resins with higher
trapping capacity compared to the traditional ion exchange resins have proven to be more practical particularly

because they allow the elution of highly concentrated radiometals in solution with high specific activity [167-169].
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In this chapter, I will present methods for the production of high specific activity *>Co using a biomedical
cyclotron. The methods includes: (1) electrodeposition of thick **Fe or *Ni targets; (2) irradiation at high beam
current using a water jet cooled target holder; (3) *>Co separation and purification involving the extraction resin
N,N,N’,N’-tetrakis-2-ethylhexyldiglycolamide, commercially known as DGA Branched (Eichrom) [14]; and (4)
efficient recycling of the **Fe or **Ni target material. We have successfully electroplated **Fe and **Ni at thicknesses
of 24-65 mg/cm’ and 90-214 mg/cm® respectively, both on silver disk substrates. These targets have been
bombarded with deuteron beams of up to 65 pA and proton beams of up to 40 pA, respectively. Enriched **Fe
targets with thickness > 52.3 mg/cm? yield 10.3 + 0.8 MBg/uAh (n = 7), so batches of up to 670 MBq *°Co are
feasible after 1 hour of irradiation, with measured effective specific activities (ESA) of 27 + 18 GBg/umol of
NOTA. Ni-58 targets > 90.1 mg/cm? thick yield 9.3 + 0.6 MBg/puAh (n = 3) and 1 hour-long irradiations result in
370 MBq of **Co with an ESA of 10.1 + 5.7 GBg/umol NOTA. The ESA or reactivity of >>Co towards the other
mainstream chelators such as DOTA, HBED and TETA was also quantified.

The presented methods for the production of **Co will allow its widespread production for PET imaging at
medical centers throughout the world. Moreover, the production method from iron targets can be easily adapted for

3¥mCo from either proton or deuteron bombardment on isotopically

the preparation of the therapeutic radionuclide
enriched **Fe or *"Fe, respectively.
3.1.2 Cobalt-58m

The internal conversion decay of *"Co (#,,=9.10 h, 100% IC) (Figure 3.2) results in the emission of
characteristic x-ray photons, conversion electrons and Auger electrons. The three main conversion electrons from
the K, L and M orbitals have energies of 17.2, 24.0 and 24.8 keV, respectively, and are emitted with probabilities
per decay of 73.0, 23.5 and 3.4%, respectively [170]. Additionally, about three low energy Auger electrons with
energies < 8 keV are emitted per decay [171]. The linear energy transfer (LET) of these low-energy electrons in
unit-density matter covers a range from 2 to 18 keV/um [172], which is at least one order of magnitude greater than

the LET of energetic beta particles emitted by established therapeutic radionuclides such as '7’Lu and *°Y.
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Figure 3.2 Decay scheme of "Co and **Co.

Furthermore, the range in water of conversion and Auger electrons is less than 10 pum, at least one order of
magnitude lower compared to the range >100 um for the main beta particle emitted by '"’Lu [44]. This short path
length renders Auger and conversion electrons suitable for treatment of minimal disease such as micro-metastasis or
residual tumor after surgical resection of a primary lesion.

However, since the short range of Auger electrons is less than the dimension of a typical cell, it has been
claimed that the emitting radionuclide must be localized in proximity to the cancer cell nucleus in order to affect the
DNA and cause cytotoxicity. Indeed, higher toxicity has been observed experimentally when the radionuclide is
directed to the cell nucleus [173]. Nevertheless, high cytotoxicity has also been observed when a non-internalizing
antibody labeled with the Auger-electron emitter '*°I was directed to the cell membrane and not the nucleus [174].

Besides the cancer cell nucleus and membrane, another potential target for the Auger electrons is the blood
vessels that supply the tumor cells. The hypothesis is that killing tumor capillary endothelial cells will starve the
tumor of oxygen and nutrients. This strategy has been explored with the alpha particle emitter *"*Bi labeled to an
antibody that targets the surface of capillaries and blood vessels in lung cancer [175]. Following this idea, we
decided to target the Auger-emitter 38mCo to the vasculature of murine breast cancer cells, 4T1, in a BALB/c mouse
model using the anti-CD105 antibody TRC105 (TRACON Pharmaceuticals) as the delivery vehicle. The analogous
diagnostic nuclide *>Co was also labeled to TRC105 and injected into the 4T1 tumor-bearing mice in order to verify
the targeting efficiency of the antibody and also to estimate the absorbed dose to the tumor and the normal organs
caused by the therapeutic **™Co. Thus, *>Co and **™Co represent a perfect theranostic pair since exactly the same
element, in this case cobalt, can be bound to a targeting vector and act either as a diagnostic label for treatment
planning and monitoring of disease through PET imaging or as a radiotoxic therapeutic.

CD105 or endoglin, is a protein that is overexpressed on the surface of proliferating endothelial cells that is

essential for angiogenesis, the process of new blood vessel formation. It is particularly overexpressed on tumor-
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associated vascular and lymphatic endothelial cells [176]. For this reason, several anti-CD105 antibodies have been
engineered either for therapy to block its cancer proliferation signaling or for diagnosis. One of such antibodies is
TRC105 (also called c-SN6j) [176]. Even though the antibody by itself has been shown to cause tumor growth delay
and even tumor regression in human breast cancer xenografts [177], it has also been labeled to the Auger electron-
emitter '*’I in order to enhance its antitumor efficacy [178]. Indeed, significant tumor growth suppression was
observed after treatment with two doses of 10 uCi of '*I-SN6j compared to a control group injected with '*I-
labeled IgG [178].

The therapeutic potential of *"Co has been recognized theoretically [179-181] and experimentally [182].

58m

Experimentally, Thisgaard et al demonstrated that >*"Co-DOTATATE was significantly more efficient in cell killing

per cumulated decay than '''In- and '""Lu-DOTATATE after exposing pancreatic tumor cells AR42J in vitro [182].

£38MCo has not been demonstrated in vivo.

However, as far as we know, the therapeutic potential o
Furthermore, *"Co decays to the positron emitter **¢Co (,,=70.86 d, 14.9% B") (Figure 3.2), which carries
benefits and disadvantages. The two main advantages are that ***Co can be employed to quantify the otherwise

“silent” 58m

Co and that it can be imaged and quantified in vivo via Positron Emission Tomography (PET). This
second possibility is particularly important for therapy applications because it allows the quantification of
radionuclide concentration in target and non-target tissue for dosimetry calculations. The main disadvantages are
that **Co has a long half-live and that it emits a prominent 811 keV gamma with a branching ratio of 99.5% [170]
that will inevitably deposit dose in normal tissue and that will have to be controlled after excretion for radiation
safety reasons.

£ ®™Co can be carried out either by proton bombardment on isotopically enriched **Fe as it

The production o
was done by Thisgaard et al [181, 182], or by deuteron bombardment on >'Fe. From the excitation functions of the
¥Fe(p,n) and *’Fe(d,n) reactions published by Sudar and Qaim [183] (Figure 3.3), the thick target yields of **™Co
with the 16 MeV protons and 8.2 MeV deuterons available with our PETtrace cyclotron are 395 and 33 MBq/pAh,
respectively. However, thick targets of **Fe (440 mg/cm”[184]) are prohibitively expensive since they would cost

about $13,300 due to the price of **Fe at US$30/mg’. Much thinner targets can be used instead with acceptable

production yields still attainable. For instance, Thisgaard et al [181], has reported a production yield of 10.7

2 .. . .
Personal communication with sales representative from ISOFLEX.
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MBg/pAh from the bombardment of 7.0 mg/cm® *Fe with 10.1 MeV. Alternatively, thick targets of *’Fe (73

mg/cm” [184]) are economically feasible to make since *’Fe costs US$6/mg’.
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Figure 3.3 Experimental excitation functions related to the production of *™Co via (a) *"Fe(p,n) and (b) >'Fe(d,n)
[185].

In this chapter I will: 1) develop a production method of high-specific activity and high-radionuclidic purity
¥mCo that is efficient and economic; 2) evaluate the therapeutic antitumor effects after application of **"Co labeled
to TRC105 (**™Co-NOTA-TRC105) into 4T1 tumor bearing mice; and 3) demonstrate that **Co can be used to
image and quantify the biodistribution in vivo of the administered agent post-therapy.

In this chapter, I will also present the biodistribution and pharmacokinetics of injected *Co-citrate in murine
breast cancer (4T1) tumor-bearing Balb/c mice and immunosupressed nude mice bearing tumors of human
glioblastoma (U87MG) in order to verify whether unlabeled or weakly bound *>Co has intrinsic targeting properties
as we have shown with unlabeled **Sc, and to characterize the organs in which de-chelated *Co from a targeting

construct could potentially accumulate in case the radiolabel is not stably bound to the vector.

3.2 Materials and Methods

Optima grade hydrochloric acid (32-35% HCI) comes from Aristar Ultra, VWR (West Chester, PA). Ethanol,
200 proof, and L-Ascorbic acid (TraceSELECT, >99.9998%) and 28% ammonium hydroxide solution in H,O
(NH,4OH, > 99.99% trace metals) were purchased from Sigma-Aldrich (St. Louis, MO). The chelators NOTA (1,4,7-
triazacyclononane-1,4,7-triacetic acid), DOTA (1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid) and TETA

(1,4,8,1 1-tetraazacyclotetradecane-1,4,8,11-tetraacetic acid) were purchased from Macrocyclics (Dallas, TX). The
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chelator HBED (N,N'-Di(2-hydroxybenzyl)ethylenediamine-N,N'-diacetic acid) comes from Strem Chemicals
(Newburyport, MA). Isotopically enriched **Fe (99.93% *°Fe, 0.06% *°Fe, 0.005% °"Fe, 0.005% >*Fe), *"Fe (95.06%
STFe, 0.04% **Fe, 3.06% *°Fe, 1.86% **Fe) and **Ni (99.48% **Ni, 0.505% “Ni, 0.005% *'Ni, 0.005% ®*Ni, 0.005%
Ni) were purchased from ISOFLEX (San Francisco, CA). Silver disks (1.90 cm diameter x 0.56 mm thickness)
were obtained from Artisan Jewelers (Sarasota, FL). Platinum wire (99.997%, 0.25 mm diameter) and ammonium
oxalate monohydrate (99.0-101.0%) were purchased from Alfa Aesar (Ward Hill, MA). 99% 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES) was purchased from Acros Organics. Sodium hydroxide (1 M) solution was
prepared from NaOH pellets from Fisher Scientific. Trace metal grade sulfuric acid, sodium citrate
(Na;C¢Hs07:2H,0 or Na;Cit), ammonium acetate, methanol and ethylene diamine triacetic acid (EDTA) were also
purchased from Fisher Scientific (Pittsburg, PA). TLC silica gel 60 plates and iron test strips were bought from
EMD Chemicals (Darmstadt, Germany). Ion exchange resin (AG1-X8) was purchased from Bio-Rad (Hercules,
CA). Extraction chromatography resin DGA, branched (50-100 um) was purchased from Eichrom (Lisle, IL). A 50
ppm multi-element standard for calibration and Agilent’s 4200 Microwave Plasma Atomic Emission Spectroscopy
(MP-AES) system come from Agilent Technologies (Santa Clara, CA). Deionized water (>18 MQ-cm™) was
obtained from a Milli-Q filter, Millipore (Billerica, MA). Phosphate buffer saline (PBS) was purchased from
Thermo Scientific.
3.2.1 Cyclotron targetry, irradiations and target yields

The electroplating procedure for iron was an adaptation of the methodology reported by Vosburgh et al [186].
Briefly, 62.2 + 10.8 mg of **Fe (n = 13) or 81.0 + 7.6 mg of *'Fe (n = 6) metallic powder were dissolved in 5 mL 6
M HCI, the Fe ions were turned to oxidation state 3+ by the addition of 100 pL 30% H,O, and the solution was
evaporated to near dryness (< 1 mL). The residue was diluted with 15 mL of saturated ammounium oxalate
(concentration ~ 44 mg/mL H,0) followed by a pH adjustment to between 2 and 3 with either | M NaOH or 1 M
HCI.

The electroplating procedure for nickel was very similar to the one previously reported for production of *Cu
from *Ni targets [187-189]. Briefly, 100.0 to 196.8 mg of isotopically enriched metallic **Ni powder (n = 4) was
dissolved in 6 M HNO;, dried down and re-dissolved in 2.3 mL of 2.4 M H,SO, followed by adjustment to pH ~9

with 1.5-1.8 mL of 28% NH4OH and the addition of 270-300 mg of (NH,),SO,.
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Each electroplating solution was quantitatively transferred to an electrolytic cell, as the one described in
Appendix D. To prepare the iron deposits, the cell was operated at 7.0 V with an average current at the beginning of
the process of 157 mA for 22 + 3 h. Nickel was electroplated applying 3.0 to 3.6 V and 30 to 116 mA across the
electrodes for 2 to 3 days. The electroplating was ended when the electrolyte solutions were fully clear and the
colorimetric nickel or iron strips indicated that 0 to 0.05 mg of metal remained in solution.

During irradiation, the back of the disks is in direct contact with a water jet stream for cooling, as shown in
Figure 3.4. Irradiations were performed on the UW-Madison PETtrace cyclotron using 8.2 MeV deuterons and 16
MeV protons with maximum currents of 60 pA and 40 pA on the iron and nickel targets, respectively. After
irradiation, the targets were dismounted from the cyclotron and weighted with a balance in order to verify that no

mass was lost during irradiation.
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Figure 3.4 Schematic of how the electroplated iron or nickel targets are mounted into one of the ports of the
cyclotron.

Co-55 activities for separation yield quantification were measured with a Capintec CRC-Dual PET (Capintec,
Ramsey NJ) dose calibrator using the calibration setting 481 suggested by the manufacturer. However, the actual
activity from *>Co and other radionuclidic impurities was measured from the gamma intensities of 10 pL samples
placed at distances with known efficiency calibration from a 60 cm’ high purity germanium (HPGe) detector
(Canberra C1519) (FWHM = 2.7 keV @ 1333 keV). Gamma-ray spectrum analysis software package, Maestro-32
MCA Emulator (Ortec, Oak Ridge TN), was used to collect and analyze the gamma-ray spectra. The gamma lines
used to determine yields are listed in Table 3.1. The dead time was always kept below 10% and the acquisition time
was set so that the statistical uncertainty from the number of counts per peak was kept below 1%. From the accurate
activity value of *Co it was observed that the Capintec measurement with the calibration setting 481 was

overestimating the actual *Co activity from the HPGe measurement by 93 + 11% (n = 9) when the assayed >Co had
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a radionuclidic purity >99.99%, after it was already isolated from the co-produced **Mn or *’Ni from **Fe(d,a) and
*Ni(p,pn), respectively. Hence, the Capintec reading had to be multiplied by 0.52 throughout our studies, including
the quantification of administered doses to small animals and calibration of the PET scanner, in order to have
accurate activity values.

Table 3.1 Gamma emissions used for production yield and separation efficiency quantifications

Nuclide Reaction Gamma energies [keV] Branching ratio
5Co >*Fe(d,n) 477* 0.202
3Ni(p,a) 931 0.75
SCo SFe(d,n) 122 0.8560
“Ni(p.a)
eCo 7Fe(d,n) 811 0.9945
S8mco 7Fe(d,n) 24.9 0.000397
SINi SNi(p,pn) 1378 0.817
*>Mn >*Fe(d,0) 744 0.900
*Mn ¥Fe(d,0) 847 09885
*Na Na(d,n) 1369 0.9999

* The 477 keV gamma peak was used instead of the 931 keV gamma because there is partial overlap with the 936 keV gamma from **Mn, which
has a BR of 94.5%

Production yields of *"Co and **:Co from >'Fe(d,n) were quantified via two methods: 1) indirectly via
quantification of **Co activity over time (E, = 811 keV) using an efficiency-calibrated HPGe detector, fitting the
data points with the Bateman equation that contains the initial activities of the parent and daugher radionuclides, as
it was done by Thisgaard et al. [181]; and 2) via direct quantification of **"Co (E, = 24.9 keV) using an efficiency-
calibrated low-energy HPGe detector as it was done by Sudar and Qaim [183]. The sample employed for this
purpose was the 10 puL aliquot drawn from the 3.1 mL target dissolution.

For method 1), the **Co activity as a function of time after End of Bombardment (EoB), 4 o(t) was fitted with the

following expression to obtain the generated 38mCo and **Co activity at EoB, 4,0 and 4,, respectively:

rA
_ 9 (p=Amt _ p=Agt) 4 p=Agt :
Ay(t) = Ay, . (e7tmt — e=4gt) + ™49 ] Equation 3.1

where, r = A4,,0/440 and A4 and ,, are the decay constants for the ground and metastable states, respectively.
3.2.2 Radiochemical Separations

The radiochemical separation of radio-cobalt from iron was performed in aqueous solution using the partition
properties of the involved elements between HCl, HCI-Ethanol, the anion exchange resin AG1-x8 (Bio-Rad) and the
extraction resin N,N,N’,N -tetrakis-2-ethylhexyldiglycolamide (DGA, branched) [190-192]. First, the electroplated
surface was exposed to 3 mL of 6 M HCI, heating the back side of the disk with a heater set to 90°C. Only the front

face of the electroplated target was exposed to HCI by use of a teflon mask with an inserted O-ring that seals against
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the surface of the substrate disk. After the iron was completely dissolved in approximately 20 minutes, 100 uL of
30% H,0, was added to turn the iron ions to the 3+ oxidation state. In order to quantify the produced radioactivity of
the cobalt and manganese nuclides, a 10 pL. sample from this solution was collected for gamma spectroscopy using a
High Purity Germanium (HPGe) detector (Canberra C1519) and a low-energy HPGe detector with a beryllium
window (Canberra GLO110P), both efficiency-calibrated at fixed distances with NIST-traceable radioactive sources
and connected to the software Maestro (version 6.08, Ortec).

Afterwards, the iron solution was diluted with 57 mL of ethanol (EtOH) (200 proof, Sigma-Aldrich) to a
concentration of ~0.3 M HCI and 95% EtOH. This new target solution was then transferred to a 60 mL syringe
connected to a peristaltic-pump driven automated module similar to the one we have previously described in
Chapter 2 for **Sc production [169], which sent the new solution in steps of 20 mL into an anion exchange column
(AG1-x8, 1.5 cm diameter, 6.3 cm long), pre-equilibrated with 20 mL of 0.3 M HC1 / 95% EtOH solution, with the
flow rate being induced by gravity. The stable iron target material and the cobalt and manganese radionuclides were
quantitatively retained in the column as expected from the distribution coefficients > 10° for these elements in anion
exchange media reported by Pietrzyk [191]. The radioactive cobalt and manganese nuclides were quantitatively
eluted in 10 mL of 4 M HCI, while the expensive target material was quantitatively retained in the column, a
behavior that is explained by the retention properties of the chloro-complexes in anion exchange media reported by
Kraus and Nelson [190]. Next, the 10 mL solution of 4 M HCI containing the radionuclides of interest was diluted to
a concentration of ~8 M HCl by adding 10 mL of concentrated (12.1 M) HCI. This solution was then transferred to
the reservoir of a second peristaltic-driven automated module to which a 300 mg DGA column loaded in a 0.5 cm
diameter column cartridge, pre-equilibrated with 3 mL of 8 M HCIl, was connected. In this case the flow rate at 1.1
mL/min was dictated by the peristaltic pump. In this chromatography setting, the radioactive cobalt was retained in
the resin while radioactive manganese was eluted [192]. In order to quantitatively separate the manganese from the
trapped cobalt, the resin was washed with 10 mL of 8 M HCI. Subsequently, the radioactive cobalt was eluted in
fractions of 200 uL. of 2 M HCI pushed by the peristaltic pump. The two fractions with the largest amount of
radioactivity were mixed together and dried down in ~15 min at 100 °C under a stream of argon. The residue was re-
dissolved in 100 pL of 0.1 M HCI, which constituted the separated stock of **CoCl, (xx = 55 or 58m) ready for
radiolabeling. A 2-5 uL aliquot from the separated stock was assayed with both the high energy and low energy

HPGe to accurately quantify the separation yield. The isotopically enriched **Fe or *’Fe was eluted from the AG1-x8
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column in 20 mL of 0.1 M HCI. This solution was dried to ~1 mL at 125 °C under a flow of N, and the residue was
reconstituted into the 15 mL saturated ammonium oxalate electrolyte for re-electrodeposition. The electroplated iron
mass was compared to the original target mass before irradiation in order to quantify the iron recycling yield. Figure

3.5 shows a schematic of this separation procedure.
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Figure 3.5 Schematic of the radiochemical separation of **Co from **Fe.

Similarly, the irradiated **Ni was dissolved off the silver disk in 7 mL of concentrated HCI at 90 °C in 0.5 to 1
h, followed by a dilution with 2 mL of deionized H,O to a concentration of ~9 M HCI and then by a transfer to a 0.5
cm diameter column filled with 300 mg DGA branched resin at 1.0 mL/min with the peristaltic pump-driven
module. Co-55 is trapped in the resin and the isotopically enriched **Ni that flows through is collected for recycling.
A rinse of 18 mL of 9 M HCl is applied to the resin to remove the remaining bulk nickel target material as well as
traces of other metals, such as copper. The elution of *>Co was carried out by pumping 200 pL fractions of 3 M HCI
through the loaded resin. The two or three most concentrated fractions were combined in a 1.5 mL centrifuge vial,
evaporated to dryness at 100 °C under argon flow, and the residue was re-dissolved in 100 pL of 0.1 M HCI, which
constituted the separated stock of >>CoCl,. The elution profile for the main elements involved in the separation, i.e.
nickel, cobalt and copper, was obtained by collecting fractions from a separation run with volumes of 3 mL in the
loading (9 mL) and washing steps (18 mL), followed by fractions of 200 pL in the elution step. 64 MBq of
radionuclidically pure **Cu in 5 uL of 0.1 M HCI (a novel separation method for this nuclide will be presented in
Chapter 4) was mixed with the target solution to serve as a tracer for copper. The fractions were then analyzed by
gamma ray spectrometry using >>Co and >'Ni (from **Ni(p,pn)) as the other radiotracers. The recovered isotopically-
enriched nickel solution was evaporated to dryness, re-dissolved in 3mL of 6 M HNO; in order to digest possible

organic material from the extraction resin, evaporated to dryness again, and the electroplating solution was
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reconstituted and transferred to an electroplating cell as described before. Figure 3.6 shows the schematic of this

separation procedure.
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Figure 3.6 Schematic of the radiochemical separation of **Co from **Ni.

The radionuclidic purity and identity of *>Co in the separated product was confirmed by gamma spectroscopy
and by half-life verification after logging the decaying signal from a sample placed inside a dose calibrator
(Capintec CRC-Dual PET) that feeds an electrometer (Keithley 6517A) connected to a data acquisition program in
LabVIEW. The total acquisition time was 161 hours and 108 hours on samples from >>Co separated from >*Fe and
*¥Ni, respectively, with a sampling interval of 60 seconds. This data was fit to a mono-exponential function and a
decay half-life was quantified and compared to the accepted value for >Co, 17.53 h [193].

Trace metal analysis was performed on samples from four and three *>Co separation runs using >*Fe and **Ni
targets, respectively. Ten pL samples from the target solutions and 2-20 pL from the *Co separated stock were
analyzed for trace metal quantification with Agilent’s Microwave Plasma Atomic Emission Spectroscopy system
(4200 MP-AES).

3.2.3 Effective Specific Activity of >>Co and **" Co with Mainstream Chelators

The effective specific activity or reactivity of >*Co was evaluated by titrating equal amounts of >*CoCl, solution
(0.25 pL from the separated stock) with increasing amounts (0 to 300 ng) of the chelators NOTA, DOTA, TETA
and HBED at pH 7.5 in 0.25 M HEPES buffer at room temperature for 30 min. The labeling yield in each reaction
vial was assessed by thin layer chromatography (TLC) using silica gel plates (60 F254, EMD Chemicals) and 1:1
MeOH:10%NH;AOc mobile phase, with the activity distribution in the plates quantified by autoradiography using a
Packard Cyclone Phosphor-Plate imaging system (Perkin Elmer). The reactivity is defined as the ratio of activity

decay-corrected to EoB to the amount of chelator in moles that results in 50% labeling yield, multiplied by two.
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3.2.4 Image quality of >’ Co
The same miniature Derenzo phantom employed in Chapter 2, Section 2.2.6 [47] was used to evaluate the

spatial resolution of *>Co PET images using an Inveon microPET/CT rodent model scanner. The phantom was filled
with 0.1 M HCI solution containing 29.5 MBq and data was collected for ~20 min until one billion coincident counts
were acquired by the software. The raw data was collected in a histogram and reconstructed using the two-
dimensional filtered back projection algorithm (FBP2D), without attenuation correction, using a matrix size of 512 x
512 pixels. Image quality was evaluated by visual inspection of transaxial slices in the middle of the phantom and by
profile analysis in the region in which the minimum spatial resolution was observed.
3.2.5 Preparation of Co- and **"Co-NOTA-TRC105

NOTA conjugation to TRC105 was carried out by mixing the NOTA derivative para-isothiocyanato-benzyl-
NOTA (p-SCN-Bn-NOTA) (Macrocyclics) dissolved in dimethyl sulfoxide (DMSO) to a solution containing
TRC105 at pH 8.5 — 9.0 with a 25:1, chelator to antibody molar ratio. After 2 hours of reaction time at room
temperature, the conjugate NOTA-TRC105 was purified by size exclusion chromatography with a PD-10 column
(GE Healthcare) using phosphate-buffered saline (PBS) as the mobile phase. The concentration of the conjugated
protein was measured by analyzing a 1 pL sample with a UV-Vis spectrophotometer Nanodrop One (Thermo
Scientific).

3¥mCo, 20 and 90 pL of each respective separated stock with **CoCl,

For radiolabeling with *Co (from **Fe) or
was buffered to pH ~7.5 by adding 1.0 mL of 0.25 M HEPES and then ~190 or ~860 pg, respectively, of TRC105-
NOTA from the 3.8 pg/uL antibody stock that was eluted from the PD-10 column. One to two hours later, each of
these solutions was purified by size exclusion chromatography with a PD-10 column and PBS mobile phase
collecting five fractions of 400 uL. Each fraction and the PD-10 column were assayed with the dose calibrator in
order to quantify the radiolabeling yield per fraction. The two most concentrated fractions from each radiolabeling
were mixed and used for the animal studies.

3.2.6 Biodistribution and pharmacokinetics of *’Co-citrate and “Co-NOTA-TRC105 in tumor-bearing
mice
The calibration factor for quantification of >>Co activity concentration in volumes of interest (VOI) of the PET

images was obtained following the quantification calibration procedure indicated in the Inveon microPET/CT
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scanner manual, which was explained in Chapter 2, Section 2.2.7, using a 130 mL cylinder phantom filled with *>Co
dissolved in 0.1 M HCI at a concentration of 384 + 2 kBq/mL.

Murine breast cancer (4T1) tumors were established in four- to five-week-old female Balb/c mice by
subcutaneous injection of approximately 2x10° murine mammary carcinoma 4T1 cells, into the upper right flank of
18 mice. Tumor sizes were monitored and mice were used for the imaging and radiotherapy experiments when the
axis of the quasi-ellipsoid tumors reached lengths of 6 - 9 and 5 - 8 mm, 11 days after inoculation. The total body
mass of these mice at this time was 19.5 + 1.0 g. One group of three mice was used for the assessment of >Co-
citrate biodistribution, another group of three mice was used for the study of *>Co-NOTA-TRC105 biodistribution

and 3 groups of 4 mice were used for the targeted radiotherapy study with **"Co-NOTA-TRC105.
Human glioblastoma (U87MGQG) cells were used for tumor inoculation when they reached ~80% confluence.

US87MG tumors were established in four- to five-week-old female athymic nude mice by subcutaneously injecting
5x10° cells, suspended in 100 pL of 1:1 mixture of DMEM medium and matrigel, into the lower flank of three mice.
The tumor sizes were monitored every alternate day, and in vivo experiments were carried out when the diameter of
the tumors reached 6 — 8 mm length in the long axis (typically, 3 weeks after inoculation). The total body mass of
these mice at this time was 23.0 £ 1.2 g.

The **Co-citrate stock solution for injection was prepared by diluting 50 uL of the separated “CoCl, stock
solution with 600 puL of 10 mM sodium citrate (Na;C¢HsO;°2H,0 or Na;Cit) (Fisher Scientific) with the pH
adjusted to ~7 by adding 10 pL of 1 M Na,COj;. Doses of 6.6 = 0.2 MBq of **Co-citrate in 200 pL were
administered to each mouse of groups of three mice bearing either 4T1 or U§7MG tumors and static PET scans were
performed at 0.5, 4 and 24 hours post-injection (p.i.) on the 4T1 group and at 1, 5, 8 and 24 h p.i. on the US7TMG
group.

From the mixture of the two most concentrated fractions of *>Co-NOTA-TRC105 eluted from the PD-10
column (800 puL total), 200 pL fractions with 7.8 + 0.4 MBq *Co were administered into each mouse of another
group of three 4T1 tumor-bearing mice and PET scans were performed at 4, 24 and 48 hours p.i.

PET acquisitions were set to collect at least 40 million coincident counts per mouse, which implicated scanning
times of 1 - 15 min. Static images were reconstructed using the OSEM3D algorithm and then analyzed with the
Inveon Research Workplace software. Volumes of interest were drawn on the whole volume of the delineable

organs: liver, kidneys, bladder and tumor for the images obtained from **Co-citrate; and heart, liver and tumor for
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the ones obtained from *>Co-NOTA-TRC105. For both radiotracers, muscle uptake was quantified by drawing two
ellipsoidal VOISs, each of 100 — 200 mm®, flanking the urinary bladder in regions with low activity uptake where the
adductor and biceps femoris muscles are located. The uptake data from each of the VOIs is decay-corrected to time
of injection and expressed as percentage injected dose per gram (%ID/g). Whole body VOIs of each mouse were
drawn and the whole body %ID was obtained by multiplication of the %ID/g by the volume of the VOI, assuming
that 1 cm®= 1 g. The %ID of each delineable organ and tumor was calculated in the same manner.

The %ID versus time plots of the whole body was fit into mono-exponential decay functions in order to
calculate the whole body biological half-life of each radiotracer. In the case of **Co-NOTA-TRC105, a mono-
exponential fit to the time-activity curve from the ROI covering the heart was used to obtain the circulation half-life
of the radiolabeled antibody. The time-activity curves of the delineable and remaining organs were used for internal
dosimetry estimations as explained in Section 4.2.7.

3.2.7 Internal dosimetry of ” Co-citrate and >>Co-NOTA-TRC105 in humans

The internal dosimetry of *>Co-citrate and >>Co-NOTA-TRC105 was estimated for a standard adult male of 73.7
kg as defined by Cristy and Eckerman [49] using the OLINDA/EXM software [50]. The organ %ID/g data from
small animals was extrapolated to %ID per organ in human using the mass method by Kirschne [52]. Only the
biodistribution data from U87MG tumor-bearing mice was employed in the extrapolation to estimate the absorbed
dose in humans from *Co-citrate. Details about the methodology for internal dosimetry were already explained in
Chapter 2, Section 2.2.8.

3.2.8 Tumor dosimetry of > Co- and **"Co-NOTA-TRC105 in mice

The absorbed dose delivered to the 4T1 tumors by accumulated *Co- and **Co-NOTA-TRC105 was estimated
using the dose-to-sphere model included in the OLINDA software after inputting the total cumulative decays or
disintegrations inside the tumor (which we will assume to be spherical) per administered activity in units of Bg-
h/Bq, as it was done in Chapter 2, Section 2.2.9. This value is obtained by trapezoidal integration of the non-decay-
corrected time-activity curve of the tumor up to the last time point that was measured (48 hours p.i.) and then by
integration from this time point up to infinity assuming that there is only physical decay of the radiotracer.

3.2.9 Tumor Therapy Study and PET Imaging with the theranostic parent-daughter pair **"Co and

Three groups of four mice were created from the 4T1 tumor models that were prepared as explained in Section



56

4.2.6. For testing the therapeutic effect of >*™

Co-NOTA-TRC105, one group was intravenously (i.v.) administered
with two doses of 151+14 MBq (n = 8), one on day zero and the other one on day 5. The control animals consisted
of 1) a non-treated group, in which each mouse was i.v. injected on the same time points as the treated group with
PBS; and 2) a non-radiactive treated group, in which each mouse was i.v. injected on the same time points as the
treated group with 140 pg of TRC105 diluted in 200 pL of PBS. The body weight was indicated as the average of
the individual relative body weight (RBW = W,/W,; W,: weight at day x; W,: weight at day 0). The tumor volume
(V) was determined according to the equation for an ellipsoid volume V=nxLxS$%6, where L is the long axis and S
is the short axis. The values were expressed as the average of the individual relative tumor volumes (RTV = V,/Vy;
Vy: volume at day x; V,: volume at day 0). The study was ended on day 22. The rate of tumor growth in every group
of animals was determined from the slope of the RTV-versus—time curve fitted by linear regression. Statistical
comparisons of slopes were made by use of the F test (P < 0.05).

PET scans were acquired on days 2, 7 (48 h post-injection of each therapeutic dose) and 14 and a PET/CT scan
was performed on day 22. Since the positron annihilation signal came from the ***Co daughter, the % injected dose
per gram (%ID/g) of this radionuclide in the tumor and organs was calculated by volume of interest (VOI) analysis

58m

assuming that all the **"Co activity injected was already converted to **¢Co at the time of injection. Moreover, the

¥¢Co activity co-injected along with the **™

Co therapeutic dose was considered in the %ID/g calculation and
estimated to be 3.6+£0.5 MBq (n = 8). Imaging was performed using an Inveon microPET/CT (Siemens) setting the
acquisition to at least 40 million coincident counts per mouse, which implicated scanning times of 15-20 min per

mouse. Static images were reconstructed using three-dimensional ordered subset expectation maximization. Figure

3.7 shows the timeline of the therapy study.

Inoculation of 4T1 cells PET (*°Co) PET (*°Co) PET ("°Co) PETICT (““Co)
I i I I I I I oo
-1 0 2 5 7 14 22
50m 56m
~148 MBq Co-NOTA-TRC105 ~155 MBg Co-
NOTA- TRC105
140 pg TRC105
(non-radioactive treated group) 140 pg TRC105
200 pL PBS (non-treated group) 200 uL PBS

Figure 3.7 Timeline of the therapy study with **"Co-NOTA-TRC105
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3.3 Results and Discussion
3.3.1 Cyclotron targetry, irradiations and target yields

The iron electroplating efficiency was 93 + 4% (n = 18). The average ~*Fe mass lost after each irradiation was
0.6 £ 0.5 mg (n = 13), that is, < 1% of the initial iron target material. This demonstrates that the presented iron
electroplating method allows the fabrication of high quality targets for high power irradiations of up to 492 W (8.2
MeV x 60 pA, since there was total degradation of the deuteron beam in the target).

The **Ni electroplating efficiency was 94 + 1% (n = 3). The **Ni mass loss after each irradiation was negligible,
that is, within the 0.1 mg error offered by the weighting balance. Hence, the obtained nickel targets electroplated
over silver allow for high power irradiations of up to 640 W (16 MeV x 40 pA, although only ~ 2 - 5 MeV are
degraded in the electroplated “*Ni and the rest in the silver backing). With both methods, high production yields are
attainable after short irradiation times using high deuteron or proton currents.

Table 3.2 lists the experimental activity yields at end of bombardment (EoB) involved in the production of *Co
and how they compare to the predicted yields from published experimental excitation functions. To have a better
perception of this data, yields are plotted versus thickness in Figures 3.8(a) and (b).

Table 3.2 Activity yields related to the production of *Co and comparison to predicted yields from published
excitation functions.

>Co % of % of Mn % of “Ni % of
Target Q AX ) Yield | predicted | predicted | Yield | predicted Yield predicted
[nAh] [mg/cm”] | [MBq/ from from [kBq/ from [MBq/ from
pAh] [165] [166] pAh] [165] pAh] [166]
>Fe 60.0 243 5.5 48% - 63 50% - -
80.0 46.1 8.9 45% - 74 43% - -
50.0 49.0 8.1 39% - 71 41% - -
120.0 47.1 9.9 49% - 80 47% - -
70.0 37.6 7.7 45% - 71 45% - -
120.0 46.3 9.4 47% - 87 51% - -
70.0 453 9.5 48% - 74 44% - -
120.1 65.4 11.3 50% - 87 50% - -
60.0 59.2 11.2 50% - 83 48% - -
120.0 58.1 10.6 48% - 79 45% - -
44.1 52.3 10.0 47% - 84 48% - -
120.0 63.9 8.8 39% - 68 39% - -
87.5 61.2 9.9 44% - 78 45% - -
45.0 58.6 10.4 45% - 78 45% - -
¥Ni 10.0 110.2 8.6 - 89% - - 1 58%
25.0 214.2 9.5 - 65% - - 1.3 64%
20.0 201.5 9.9 - 69% - - 1.0 52%
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Figure 3.8 Experimental and predicted yields of: >>Co and *Mn from 8.2 MeV deuteron irradiation on >'Fe targets
(a); >>Co and *"Ni from 16 MeV proton irradiation on **Ni targets (b); **"Co and **¢Co after deuteron irradiation on
*TFe targets (c). The scale for the *>Co and **™Co yields is on the y-axis on the left side of the plot and the scale for
the other nuclides’ yields is on the y-axis on the right side of the plot.
Clearly, the **Co yields from thick **Fe and **Ni targets are comparable. The average and standard deviation of
the *°Co yields from all the irradiations on **Fe, except for the one on a thin 24.3 mg/cm? target, are 9.7 + 1.1
MBg/pAh; and from the three irradiations on **Ni the *>Co yields are 9.3 + 0.6 MBg/pAh. Thus, using currents of 60
pA deuterons or 40 pA protons in a typical 1 hour long irradiation would generate batches of 582 and 372 MBq
55 .
Co, respectively.
Co-58m and **¢Co yields at EoB were 13.5+3.1 and 0.13+0.02 MBq/pAh, respectively (n = 4). Therefore, a

typical irradiation with 60 pA for 2 h resulted in a **"Co yield of 1.6 GBq. These results from four irradiations on

*"Fe targets are shown in Figure 3.8(c). Figure 3.9 shows the fits to data points of **Co activity measured over time
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that allowed for the quantification of **¢Co and **"Co activity at EoB. Table 3.3 contains the irradiation settings and
resulting yields from each production run. The main radionuclidic impurity in the separated product was *’Co from

%%Fe(d,n), which accounted for a production yield of 0.04+0.01 MBg/pAh.
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Figure 3.9 Bateman’s equation fits to **%Co activity values measured at > 6 time points after EoB. Each column
corresponds to a production run. The data points in red color were obtained from quantitative gamma spectroscopy
on a 10 uL sample from each target dissolution. The data points in blue color come from quantification of a 2-5 pLL
sample from each separated stock.

o

Table 3.3 Activity yields related to the production of >*™

excitation functions.

Co and comparison to predicted yields from published

0, 0,
Target Q Ax BmCo Yield or e/;i‘c’fe 4 | “®CoYield or e/;i‘c’fe 4 | TCoYied
[nAh] [mg/cm?] [MBq/pAh] from [185) [kBq/pAh] from [185) [kBq/pAh]
>Fe 124.0 78.2 11.0 33% 135 27% 38
90.0 70.6 11.5 35% 115 23% 35
120.0 71.6 13.5 41% 118 23% 37
120.0 58.7 17.8 59% 158 28% 52

The **™Co production yields were also quantified using an efficiency-calibrated low energy HPGe detector

looking at the 24.9 keV signature gamma emitted by

58m

Co. The yields obtained with this method agree within + 5%

of the those obtained from the fitted parameter to Bateman’s equation. Figure 3.10 shows one of the gamma spectra

at low energies obtained from one of the separated stocks of **"Co.
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Figure 3.10 Gamma spectrum at low energies with gamma rays at 14.4 and 24.9 keV from >'Co and **"Co,
respectively. The overlapping peaks in the range 6 - 8 keV correspond to the characteristic x-rays from iron.
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All experimental yields are on average 46 £ 12% (n = 42) of predicted yields calculated from experimental
excitation functions either because these are not correct or because the irradiated surface of the electroplated targets
is smaller than the proton and deuteron beam transverse area. The latter is the most probable reason since it is
unlikely that all the referenced excitation functions have the same margin of error. In order to verify this, the proton
and deuteron beam transverse area was measured by autoradiography of proton- or deuteron-irradiated nickel foils
(0.05 mm thick), without the aluminum ring clamp that could potentially collimate the beam and thus hide the
maximum extent of the beam strike. The details of this measurement are explained in Appendix C, but the
conclusion was that even though the proton beam strike from the PETtrace is centered on the solid target support, it
has an elliptical shape with a long and short axis of 1.55 and 1.1 cm respectively, which covers an area that is larger
than the electroplated surface (@ = 0.9 — 1.1 cm), and hence causes a loss of up to 41% and 42% of the proton and
deuteron beam intensity, respectively. The details on how these percentage losses were calculated are explained in
Appendix C.

3.3.2 Radiochemical Separation

The radio-cobalt separation efficiency from iron was 95 + 3% (n = 11) in 50 pL of 0.1 M HCI. The whole
separation process from EoB to the re-dissolution of the separated cobalt took 3 hours 40 minutes. The **Fe and *’Fe
recycling yields after twelve and four production runs on the same target material were 94 + 4% and 94 + 3%,
respectively. This renders the production of *Co and *™Co economical since the replenishment of relatively
expensive target material will only be required at an affordable rate.

The *Co separation efficiency from **Ni was 92 + 5% (n = 3) in 100 pL of 0.1 M HCL. The whole separation
process took 2 hours. The **Ni recycling yield after three production runs on the same target was 94 + 1%.

Both production routes depend on the extraction properties of DGA resin in HCI solution, which were published
by Pourmand and Dauphas [192]. Cobalt in HCI solution is expected to be trapped in the DGA resin when the
mobile phase solution has a concentration > 8 M HCI at which the distribution coefficient (log K,;) for cobalt is > 10,
while the log K, for nickel and manganese is < 10™". Cobalt is expected to release from the column in HCI at a
concentration < 3 M, at which the distribution coefficient towards the resin for this element is < 1. This separation
method was successfully verified when the amount of DGA resin packed in a 0.5 cm diameter column is > 300 mg.

Lower amounts of resin resulted in lower trapping efficiencies (data not shown). Figure 3.11 shows the *>Co elution
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profiles from DGA in terms of the percentage of the total radioactivity produced at EoB eluted in each 200 pL

fraction.
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Figure 3.11 Elution profiles of >>Co separated from **Fe (a) or **Ni (b) dissolved in HCI using a 300 mg DGA
branched resin packed into a 0.5 cm ID column with a flow rate of 1.1 mL/min.

Figure 3.12 shows the complete elution profiles of the main elements involved in the separation of radio-cobalt
using a 300 mg DGA branched column in percentage per fraction and in cumulative percentage of the total

radioactivity produced at EoB.
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Figure 3.12 Complete elution profile of the main elements involved in the separation of >Co from **Ni dissolved in
HCl in terms of percentage per volume (a) and cumulative percentage per total volume (b).

The y-spectra, with a broad energy range of 28-1600 keV, of *Co and **™Co from isotopically enriched iron
targets before and after the purification process are shown in the first two rows of Figure 3.13. The unpurified *Co
and *®™Co target samples contained significant levels of non-cobalt radionuclidic impurities, such as radio-
manganese (*“Mn (744 keV) and **Mn (847 keV), respectively) and **Na (1369 keV), which could be completely

removed after the purification process (Figure 4.13 (a) and (b), second column), resulting in *Co and **"Co with
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radionuclidic purities at EoB of 99.995 + 0.001% (n = 10) and 98.7 £ 0.1% (n = 4), respectively. Likewise, the y-
spectra of *Co from **Ni targets before and after the separation procedure is shown in the last row of Figure 3.13. In
this case the main radionuclidic impurity that was removed in the final product was *’Ni (1378 keV), and final
radionuclidic purity at EoB was 98.8 = 0.3 % (n = 3). Table 3.4 presents the details of the radionuclidic components

of each separated product.
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Figure 3.13 Gamma spectra of the target solutions before separation (first column) and of the separated stocks
(second column). The separated product in rows (a) and (b) show the absence of gamma peaks from the impurities
*Mn (E,=744, 1434 keV) and **Mn (E,=847, 1811 keV) from **Fe(d,a) and **Fe(d,a), respectively, and **Na
(E,=1369 keV) from »Na(d,p). Row (c) shows the absence of the gamma peaks from *'Ni (E,=1378 keV) from
**Ni(p,pn). The gamma peaks at 122 and 811 keV are characteristic of >’Co and **Co, respectively.
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Desired Target % abundance Reaction Product % in separated stock at EoB
product
55 54 55
Co st . Fe(d,n) Co 99.995 £ 0.001%
Fe 99-93% Z:Fe(d,a) 5527Mn 0.0011 = 0.0003%
s6 . Fe(d,n) Co 0.0025 £ 0.0004%
Fe 0.06% *OFe(d,0) *Mn unobserved
3'Fe 0.005% "Fe(d,n) o unobserved
55 58N\ 55
Co 58,1 o Ni(p,a) Co 98.8 +0.3%
Ni 99-48% *Ni(p,pn) >"Ni unobserved
ONi 0.505% Ni(p,o) TCo 1.2+0.3%
SINi 0.005% STNi(p,o) %o 0.003%
58m 58m
Co 57 o 57 Co 98.7+0.1%
Fe 95.06% Fe(d,n) SeCo 0932 0.03%
Fe 3.04% ®Fe(d,n) Co 0.29 + 0.01%
S*Fe 0.04% *Fe(d,n) 5Co 0.19%

Figure 3.14 shows the decay logging from samples of separated stocks of *>Co from **Fe and **Ni targets. The

exponential fit to the logged activity reading from the dose calibrator indicates that the half-life of the separated

product from **Fe and **Ni is 17.645 + 0.005 h and 17.80 + 0.01 h, respectively, which is 0.66 + 0.03% and 1.5 +

0.1% greater, respectively, than the accepted value for >>Co: 17.53 h [193]. The latter measurement is larger due to

the presence of a higher percentage of °’Co impurity as shown in Table 3.4.
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Figure 3.14 Data from logging the activity of a sample from the separated stock from **Fe targets (a) and **Ni targets
(b) every 10 seconds for 161 hours and 108 hours, respectively, and exponential fits to the data which indicates that
the half-life of the radioactivity in the samples is 17.645 + 0.005 h and 17.80 = 0.01 h, respectively.

Ten puL samples from the target solutions as well as 2-20 uL. samples from the separated stocks were analyzed

for trace metal quantification with Agilent’s 4200 MP-AES system. The main metal impurities found in the

separated stock of >>Co from **Fe targets are: cobalt (268 pM), copper (275 pM), nickel (150 uM), silver (95 pM),

iron (55 pM) and zinc (48 pM). The main metal impurities in the separated stock of *Co from **Ni targets are:
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cobalt (2.76 mM), nickel (2.05 mM), silver (148 uM), zinc (125 uM), iron (87 uM) and copper (87 uM). These
results are summarized in Table 3.5, along with the corresponding separation factor for each element.

Table 3.5 Results form trace metal analysis on the separated stock of *>Co used for labeling experiments.

Target Element Mass [pg] Molarity [pM] Separation Factor’

Fe Cobalt 1.6+0.2 268 + 38 -
Copper 1.7+1.0 275+ 153 3.6x10°
Nickel 0.9+0.8 150 + 140 5.2 x 10°
Silver 1.0+0.3 95 + 23 42 %103
Iron 0.3+0.2 55 + 41 4.8 x10°
Zinc 0.3+0.1 48 +23 6.4 x 10°

3®Ni Cobalt 162 +9.1 2755 + 1545 -
Nickel 12.0 + 10.0 2046 + 1705 2.0 x 10*
Silver 1.6 +0.9 148 + 84 8.3 x 10°
Zinc 0.8+0.3 125 + 40 3.8 x 10°
Iron 0.5+0.3 87 + 58 1.2 x 10°
Copper 0.6+0.4 87 £ 55 1.2 x10°

" Calculated by dividing the mass in the target solution over the mass in the separated stock.

As it was mentioned in Section 3.3.1, a typical 60 pAh irradiation on a > 37 mg/cm? thick **Fe target generates
~582 MBq *°Co. 95% of this activity is separated, dried down and re-dissolved in 100 pL of 0.1 M HCI, which
represents ~553 MBq >Co with an activity concentration of 5530 GBg/L. Therefore, the effective specific activity
(ESA) of the separated *’Co from such representative irradiation would be 5530 GBg/L divided by the total molar
concentration of metal impurities shown in Table 3.5, that is, 891 uM, which equals 6.2 GBg/umol of metal
impurities. Likewise, a typical 40 pAh irradiation on a > 110 mg/ecm” thick Ni target would result in a separated
stock of *Co with a concentration of 3420 GBq/L, and the division of this over the total molar concentration of
metal impurities, 5248 uM, results in a ESA of 0.65 GBqg/umol of metal impurities. Both of these ESA are between
2 to 10 times lower than the ESA that are obtained from the titration experiments with mainstream chelators, as it
will be presented in the following section 3.3.3 and the reason is because not all metal impurities have the same
affinity towards the chelator. In other words, not all metal impurities compete for the coordination by the chelator
with the same strength.

3.3.3 Effective Specific Activity of >>Co and **" Co with Mainstream Chelators

The retention factors (Ry) of unlabeled **Co, **Co-NOTA, **Co-DOTA, **Co-HBED and **Co-TETA in the
plates after the TLC method were 0.2, 0.5, 0.3, 0.8 and 0.7, respectively. The effective specific activities of 55Co
from >*Fe targets with NOTA, DOTA, HBED and TETA, decay-corrected at EoB, were 27 + 18,9+ 5, 17 £ 10 and
14 £ 7 GBg/umol, respectively. The ESA of *Co from **Ni with NOTA is 10 £ 6 GBg/umol. These results are

shown in Figure 3.15.
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Figure 3.15 Comparison of effective specific activities with mainstream chelators NOTA, DOTA, HBED and TETA
of isolated **Co from **Fe targets; and of *Co from **Ni targets and **"Co from >'Fe targets when chelated with
NOTA.

The thermodynamic stability constants (log Kj,;) between metals and ligands, such as the chelators employed in
this work, provide a convenient gauge of the ligand’s relative affinity for a specific metal [61]. However, the
differences between the log K);, values of cobalt with the four chelators used to characterize *>Co from **Fe do not
explain by themselves the differences in the measured ESA. For instance, since the stability constants of cobalt
chelated with NOTA, DOTA, TETA and HBED are 17.8, 19.3, 16.6 and 19.4, respectively [63], it would be
expected that the highest ESA should have be measured with HBED followed by DOTA, NOTA and TETA.
However, this was not the case because the amount of other non-radioactive metallic impurities different from cobalt
and the affinity of these impurities towards the chelators (inferred from their log K, values) also need to be taken
into account, since both of these factors define how strong is the competition of the impurities for the chelator
against >>Co. From the results in Table 3.5, the main non-radioactive metal contaminants in the final product are
cobalt and copper and the latter has thermodynamic stability constants when chelated with NOTA, DOTA, TETA
and HBED of 20.1, 22.7, 21.7 and 22.9, respectively [63]. Thus, copper is a weaker competitor for the chelation
with NOTA compared to the other three chelators and a relatively strong competitor for the chelation with DOTA.

This explains in part the order in ESA that was measured in our separated product.
3.3.4 Image quality of >’ Co

The image quality of >>Co was assessed by visual inspection of the reconstructed microPET images from a
Derenzo phantom. As seen in Figure 3.16(a), clear resolution was observed down to a rod diameter of 1.5 mm.

Figure 3.16(b) shows the gray intensity profile from a 2.10 mm (10 pixels) wide region of interest that covers the
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bottom row of 1.5 mm diameter rods on the image. Each peak was fitted with a gaussian curve revealing a full width
at half maximum (FWHM) of 3.7 + 1.2 mm. The average peak to valley ratio in this profile was 1.28 £+ 0.10. These
measurements will be compared to those from Derenzo phantoms filled with the other radionuclides that were

covered in this thesis in Appendix A.
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Figure 3.16 (a) Image of Derenzo phantom filled with *Co. The quantities next to each triangular section indicate
the diameter of each of the rods, which are separated from center to center by twice the diameter distance. As the
figure shows, rods up to 1.5 mm can be easily resolved in PET images of >>Co. (b) Profile distribution of *’Co from
the 1.5-mm rods.

The relatively low spatial resolution is the result of the high maximum energy of 1499 keV of the main positron
emitted by *Co [193], which has a mean and maximum range in water of 2.148 and 7.795 mm, respectively [194].
3.3.5 Preparation of ~Co- and **"Co-NOTA-TRC105

After mixing 20 and 90 pL from each separated stock (0.18 and 1.42 GBq of *Co and **™Co at EoB,
respectively) with ~190 and ~860 ug NOTA-TRC105, respectively, in 230 uL. PBS and waiting for 1 to 2 h, the
purification of *Co- and **"Co-NOTA-TRC105 resulted in a total labeling yield of 74% and 90+2% (n=3),
respectively, in 4 fractions of 400 uL of PBS. However, only the two most concentrated fractions were mixed
together and then employed for the animal studies. These fractions accounted for 43% and 67+4%, respectively, of
the initial activity, which corresponds to 77 MBq *>Co and ~ 990 MBq **™Co at EoB. Taking into account that the
radiochemical separation takes ~3.7 h and that the labeling reaction was allowed to take ~1-2 h, the decay-corrected

*¥mCo must be multiplied by a factor of 0.64 from decay. In the case of >>Co, the labeling was

labeling yield from
done the day after production, specifically 22 hours after EoB, which accounts for a decay factor of 0.41. Therefore,
the actual activity that was administered for PET imaging and targeted radioimmunotherapy was actually 32 MBq

»Co and ~640 MBq *®"Co in 800 uL of PBS, respectively. These formulations were split in 200 pL doses for

administration into the 4T1 tumor bearing mice.
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3.3.6 Biodistribution and pharmacokinetics of *’Co-citrate and > Co-NOTA-TRC105 in tumor-bearing
mice

PET scans were performed after administration of **Co-citrate at 0.5, 4 and 24 hours post-injection (p.i.) on
three 4T 1-tumor bearing mice and at 1, 5, 8 and 24 h p.i. on three US7MG-tumor bearing mice. Figure 3.17(a) and
(b) show the coronal and sagittal maximum intensity projection (MIP) images of one of the mouse from each group.
In both tumor models, no circulation of *>Co-citrate in the blood pool was observed since the %ID/g intensity in the
heart is similar to that found in the muscles or any other background tissue. Both tumor models showed very small
uptake, although in the US7MG xenograft it was sufficient for visible contrast when the intensity scale bar is set to a
maximum of 10 %ID/g as shown in Figure 3.17(a). Constant urinary excretion is visible throughout every time point
as seen by the high intensity in signal in the kidneys and urinary bladder. The last time point, at 24 h p.i., clearly
shows that *Co-citrate has almost cleared from every organ.

On the contrary, PET scans at 4, 24 and 48 h p.i. of Co-NOTA-TRC105 show prominent systemic circulation
of the radiolabeled antibody and gradually increasing concentration of radioactivity in the 4T1 tumor Figure 3.17(c).
High accumulation in the liver and spleen is a common characteristic of full antibodies due to the binding of their Fc
component to receptors found in lymphocytes and macrophages, which eventually accumulate in sinusoid capillaries
found in these organs [195].

Figure 3.18 shows the biodistribution over time and the time-activity curves in terms of %ID/g and %ID,
respectively, from quantifications of VOIs covering the whole body, tumor, adductor and biceps femoris muscles
and the delineable organs: liver, kidneys and urinary bladder in the subjects injected with *Co-citrate; and heart,
liver and spleen in those injected with *>Co-NOTA-TRC105. The %ID plots also include exponential fits to the
whole body VOI from which the biological half-life of *>Co-citrate was quantified as 13.8 h and 13.9 h in the 4T1-
and U87MG-tumor bearing mice, respectively. Similarly, exponential fits to the whole body and heart time-activity
curves from the 4T1 tumor-bearing mice administered with >>Co-NOTA-TRC105 reveal whole body biological and

circulation half-lives of 239.8 h and 56.0 h, respectively.
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Figure 3.17 Coronal and sagittal MIP images from PET scans of mouse #3 from: (a) the U87MG tumor-bearing
group at 1, 5, 8 and 24 h injected with *’Co-citrate; (b) the 4T1 tumor-bearing group at 30 min, 4, and 24 h p.i of
»Co-citrate; and (c) the 4T1 tumor-bearing group at 4, 24 and 48 h p.i of *>Co-NOTA-TRC105. The *Co uptake
level is color coded by the %ID/g bar shown on the right of each set of images. The PET scans for the other two
mice in each group show the same trend in biodistribution of each **Co-labeled agent. T: tumor; L: liver; K:
kidneys; B: bladder; CA: carotid arteries; H: heart; AA: abdominal aorta.

The biodistribution of **Co-citrate is useful to understand the fate of *’Co that de-chelates or exchanges ligand
from the targeting bioconjugate vector to ligands in non-specific tissues. Our results indicate that >>Co has a low
retention in the body, having cleared by more than 70% after 24 h p.i. in both tumor models via the liver, kidneys
and ultimately the urinary bladder (Figures 3.18 (a) and (b)). Furthermore, even though there is a significant tumor
uptake of **Co-citrate in both tumor models (2.2 + 0.9, 2.0 + 0.8, 1.8 £ 0.6 and 1.2 + 0.3 %ID/g at 1, 5, 8 and 24 h
p.i., respectively, in the U87MG tumor and 2.4 £ 0.3, 2.0 £ 0.2 and 1.5 = 0.1 %ID/g at 0.5, 4 and 24 h p.i.,

respectively, in the 4T1 tumor), this gradually clears over time and is more that two times lower of what is typically
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observed with a radiolabeled antibody such as *>Co-NOTA-TRC105, which displayed %ID/g values of 5.3 + 0.6,
12.1 £2.2 and 12.7 £ 1.9 at 4, 24 and 48 h p.i., respectively. Therefore the overestimation of uptake in the tumor due
to inclusion of de-chelated *>Co uptake in the quantification will not affect the measurement significantly. As it will
be shown in Chapter 4, **Cu-citrate shows biodistribution properties opposite to *Co-citrate, namely a long whole
body biological half-life and high uptake and long retention time in several organs and in both 4T1 and U87MG
tumor xenografts.

The biodistribution of *>Co-NOTA-TRC105 in 4T1 tumor-bearing mice shown in Figure 3.18(c) agrees with
that of **Cu-DOTA-TRC105, *Cu-NOTA-TRC105, ¥Zr-DFO-TRC105, “Ga-NOTA-TRC105 and **Mn-DOTA-
TRC105 in the same tumor model [196-200], which is not surprising due to the high thermodynamic stability of all
the metal-chelate pairs involved in these studies. The high tumor uptake is due to the binding of TRC105 to the
CD105 receptors that are overexpressed in vascular endothelial cells undergoing angiogenesis, which seek to satisfy
the demand for vasculature by the proliferating tumor cells [201, 202].

From the biodistribution chart it can be seen that the tumor contrast in terms of tumor-to-muscle (T/M) ratio
does not change significantly over time with *Co-citrate in both tumor models, since both the tumor and muscle
uptake decrease over time almost at the same rate. The average and standard deviation of all the T/M ratios is 3.4 +
0.5 for *Co-citrate in U87MG tumor-bearing mice and 1.8 + 0.4 for *Co-citrate in 4T1 tumor-bearing mice. On the
contrary, the T/M ratio of the uptake of >Co-NOTA-TRC105 rapidly increases over time with values of 2.5 + 0.5,
5.8+ 1.4 and 5.7 £ 1.0 at 4, 24 and 48 h p.i. Likewise, the tumor-to-liver (T/L) contrast gradually increases over
time with T/L ratios of 0.4 = 0.1, 1.2 = 0.2 and 1.5 + 0.3 in the same incremental times post-injection, which means

that for PET scans beyond 48 h p.i. *Co-NOTA-TRC105 is a good radiotracer for liver metastasis.
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Figure 3.18 Quantitative PET data presented as biodistribution charts in terms of %ID/g and time-activity curves in
terms of %ID from: *Co-citrate in mice bearing U§7MG tumors (a) and 4T1 tumors (b); and *’Co-NOTA-TRC105
in mice bearing 4T1 tumors (c). All data is decay-corrected to time of injection. Error bars represent standard
deviation from quantifications in three mice.

An important implication of the observed tumor targeting is that the diagnostic label *Co can be substituted by

the therapeutic emitter of low-energy electrons **™Co in order to deliver these high-LET emissions to the tumor cells
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for cancer treatment. In the following two sections on internal dosimetry the therapeutic potential of **"Co-NOTA-
TRC105 will be evaluated.
3.3.7 Internal dosimetry of > Co-citrate, > Co-NOTA-TRC105 and **"Co-NOTA-TRC105 in humans
Only the biodistribution data from U87MG tumor-bearing mice was employed for the estimation of human
dosimetry after administration of **Co-citrate, since more time points post-injection in this tumor model were
analyzed. Table 3.6 shows the %ID uptake values of *Co-citrate and *>Co-NOTA-TRC105 extrapolated to a 73.7 kg
standard adult male as defined by Cristy and Eckerman [49], using the mass extrapolation method by Kirschne [52],
with the whole body mass per US7MG and 4T1 mouse set to the average values of 23.0 g and 19.5 g, respectively.

Table 3.6 Extrapolation to %ID uptake of *Co in standard adult male organs from studies in mice.

Conversion factors o 55

Organ mass %ID/g in mouse to %ID %ID SCo-citrate %ID “Co-NOTA-

in human . TRC105
Organ in human

male adult Bo0g 195¢g

lg] [49] (U8TME) ) 1h | 5Sh | 8h | 24h | 4h | 24h | 48h

Heart 840 0.265 0.224 - - - - 5.1 3.4 3.0
Spleen 183 0.057 0.048 - - - - 0.5 0.5 0.5
Liver 1910 0.596 0.505 4.6 | 3.1 2.5 1.6 7.1 5.0 4.4
Kidneys 299 0.093 0.079 06 | 03 0.3 0.2 - - -
Urinary
bladder - - - 12.7 | 3.1 0.9 0.5 - - -
Ijreg?:;‘;“mg Balance Balance Balance | 57.2 | 37.2 | 314 | 184 | 646 | 649 | 60.3

After setting these %ID uptake values in the EXM portion of the OLINDA software and fitting them to mono-
exponential functions, the software automatically calculated the cumulative number of decays in each source organ
and then the absorbed dose in every target organ considered by the software as well as the total body effective dose.
The doses deposited by the therapeutic analogue **"Co-NOTA-TRC105 were obtained from OLINDA by keeping

38mCo. The effective doses

the pharmacokinetic data from *>Co-NOTA-TRC105 and replacing the cobalt nuclide by
were estimated as 81.5 uSv/MBq *’Co-citrate, 172 uSv/MBq *Co-NOTA-TRC105 and 1.86 uSv/MBq **™Co-
NOTA-TRC105 injected. Figure 3.19 shows the absorbed dose to each target organ after administration of each one

of these agents.
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Figure 3.19 Absorbed dose to the organs of a standard adult male after administration of *Co-citrate, >>Co-NOTA-

TRC105 or **™Co-NOTA-TRC105. The scale on the left side is for *°Co and the scale on the right side if for **"Co.
Notice that there is one order of magnitude difference between them.

Clearly, the urinary bladder wall is the critical organ after the administration of *>Co-citrate, with an absorbed
dose of 449 nGy/MBq. The heart wall and the liver are the critical organs after administration of *Co-NOTA-
TRC105, with absorbed doses of 570 and 391 uGy/MBq, respectively. These absorbed doses suggest that a typical
activity for a PET scan of between 19 and 74 MBq %Co [135, 136, 138, 139, 142, 203] labeled to either one of these
radiotracers can be safely administered into a patient without reaching the 50 mGy annual limit to any organ
recommended by the FDA [75].

The critical tissue after injection of the therapeutic analogue **"Co-NOTA-TRCI5 is predicted to be the
osteogenic cells with an absorbed dose of 28.6 uGy/MBq. All the other tissues receive < 10 uGy/MBq and most of
them < 2 uGy/MBq. This is not surprising due to the shallow penetration of the low energy emissions of **™Co. The
emitted electrons have energies < 24.8 keV with a range in tissue < 10 um [41]; and the most energetic gamma
emitted has an energy of 24.9 keV with mean free path (the reciprocal of the linear attenuation coefficient) in tissue

that is < 30 mm [41]. Thus, most of the dose caused by **™

Co is absorbed in the source organs where the radiotracer
is accumulated, which in the case of **"Co-NOTA-TRC105 are the heart, liver and spleen. OLINDA indicates that
the osteogenic cells receive the highest dose per administered activity due to the uptake in the remaining organs,
which includes the bones. So the bones as a source organ are the cause of the high dose to the osteogenic cells,
which is a 10 um layer (single cell thickness) that surrounds the trabecular and cortical bone surfaces [204-206].

Thus, all the energy from electrons emitted by **™

Co with < 6 um range are absorbed within this layer, making it the
critical organ. Fortunately, osteogenic cells are not a very radiosensitive tissue [206] and electrons are stopped

before reaching the highly radiosensitive marrow space that is enclosed within bone tissue. Indeed, not just higher
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injected activities of low-energy electron emitters compared to beta emitters are tolerated in small animals [207],
most importantly, higher absorbed doses in the blood are tolerated if the source of the radiation is a low-energy
electron emitter [208].

3.3.8 Tumor dosimetry of > Co- and **"Co-NOTA-TRC105 in mice

The absorbed dose delivered to the 4T1 tumors in mice by ~Co-NOTA-TRC105 and the predicted dose that

3¥mCo-NOTA-TRC105 was estimated using the dose-to-sphere model of

will be delivered by the therapeutic
OLINDA, which only requires the total cumulative decays or disintegrations inside the tumor per administered
activity in units of MBq-h/MBq. This value was obtained by trapezoidal integration of the non-decay-corrected
time-activity curve of the tumor up to the last time point that was measured (48 hours p.i.) and then by integration
from this time point up to infinity assuming: 1) that the uptake phase in the tumor is over, 2) that there is no
biological clearance and 3) that there is only physical decay of the radiotracer. The formula for this latter integration
is Equation 2.7 from Chapter 2 of this dissertation. Thus, after substitution for the physical half-lives, the integrals
are 0.57x%ID(t = 48 h) and 0.01x%ID(t = 48 h) for >Co and **Co, respectively.

Figure 3.20(a) shows the tumor uptake over time of *>Co-NOTA-TRC105 obtained from VOI analysis of the
PET images in units of %ID decay-corrected to the time of injection. Figures 3.20(b) and (c) show this same data

after consideration of decay of *>Co and **™Co, respectively; including the continuation of the time-activity curve

after the last measured time point, assuming that only physical decay occurs up to infinity
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Figure 3.20 Time-activity curves of tumor uptake of: (a) >>Co-NOTA-TRC105 with %ID decay-corrected to time of
injection; (b) *Co-NOTA-TRC105 and (c) **™Co-NOTA-TRC105 with %ID considering physical decay over time.

The total cumulative decays in the 4T1 tumors for each non-decay corrected curve are 0.87 and 0.43 Bg-h/Bq

for >>Co and **™Co, respectively. After logging in these two values in the dose-to-sphere model of OLINDA, the
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total absorbed dose to spheres of unit-density material with masses between 10 mg and 6 kg are calculated. Figure

3.21 shows the output from OLINDA along with a power fit to this data.

¢ 0.87 Bg-h/Bq 55Co

¢ 0.43 Bg-h/Bq 58mCo
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Figure 3.21 Absorbed dose to unit-density spheres homogeneously filled with *>Co or *®™Co after the cumulative

number of decays indicated in the legend, which were obtained from integration of the time-activity curves of *>Co-
NOTA-TRC105 in 4T1 tumors in mouse models.

From the plot in Figure 3.21 we can estimate what is the necessary amount of *’Co- or **"Co-NOTA-TRC105
that has to be administered in order to have a therapeutic effect in 4T1 tumor-bearing mice like the ones employed in
this study. The average volume of the VOIs drawn over the whole tumor in all the PET images was 494 + 201 mm’,
which corresponds to a mass of 0.49 + 0.20 g, assuming that the tumors have a density of 1 g/cm®. Therefore, we can
assume that the treated tumor mass would be about 0.5 g and from the fitted curves in Figure 3.21 we can predict
that each MBq of *>Co- or **™Co-NOTA-TRC105 that is administered into a mouse bearing 4T1 tumors would result
in an absorbed dose to the tumor of 341 and 11 mGy, respectively. Hence, under the conservative assumption that
up to 230 Gy are required for tumor response, as it was explained in section 2.3.9, the amount of *>Co- or **"Co-
NOTA-TRC105 that would have to be administered in order to have observable tumor regression in a mouse bearing
a 0.5 g4T1 tumor would be 0.68 and 20.69 GBq, respectively.

However, the absorbed dose from S8m

Co that was calculated using the sphere model only takes into account the
nominal energy emitted per decay and does not take into account the enhancement in cytotoxicity caused by low
energy electrons when they deposit their energy in the DNA or in the nucleus of cells to which they are targeted.
This enhancement in cytotoxicity could be interpreted as a multiplication on the absorbed dose, similar to the
multiplication by a weighting factor in health physics in order to estimate the equivalent dose caused by high-LET
radiation such as alpha particles [209]. This enhancement in cytotoxicity has been quantified ir vitro in cell cultures

using the relative biological effectiveness (RBE) concept that relates the amount of absorbed dose from low-LET

radiation, such as an external beam of 662 keV gammas from a '*’Cs source, to the absorbed dose from incorporated
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high-LET radiation such as that caused by alpha emitters or by DNA-targeted Auger emitters, when both absorbed
doses result in a cell survival fraction of 37% (Ds;). For instance, '“I-labeld deoxyuridine (a DNA targeting
molecule) and *'°Po (an alpha emitter) have an RBE between 4 and 9 because 0.5 to 1 Gy deposited by these
radiations has the same cell killing effect (D7) as ~4.5 Gy deposited by an external beam of 662 keV gammas [172].
Hence, if the TRC105 antibody delivers the **™Co payload to the vicinity of the endothelial cells nuclei, perhaps up
to 9 times less activity would have to be administered in order to cause tumor regression in small animal xenograft.
3.3.9 Tumor therapy study and PET imaging with the theranostic parent-daughter pair **"Co and ***Co
Figure 3.22 shows the results of the therapy study. The three groups show a constant tumor growth but the
groups treated with **™Co-NOTA-TRC105 and TRC105 show a slower growth rate. By the end of the study on day
22, the RTVs are 8.2 + 3.1, 9.8 + 5.3 and 13.8 £ 3.5 for the **"Co-NOTA-TRC105 treated, the TRC105 non-treated
and the PBS non-treated groups, respectively. However, the RBW plot in Figure 3.22(b) clearly shows a drop in
body mass in the treated group during the first 7 days after injection of the first dose, which indicates that the

radiation dose caused general toxicity.
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Figure 3.22 Relative tumor size (a) of 4T1-bearing mice after treatment with 151+14 MBq (4.1£0.4 mCi) of **"Co-
NOTA-TRC105 on days 0 and 5. Control animals were injected with non-radioactive TRC105 and PBS on the same

days. (b) Relative body weight of the two groups.

Statistical comparisons with the F test of the slopes from each group in the RTV versus time curves reveal that
there is statistically significant differences (P < 0.05) between the group treated with **"Co-NOTA-TRC105 and the
non-treated group injected with PBS and also between the group treated with non-radioactive TRC105 and the non-
treated group. However, there is no statistically significant difference (P > 0.05) between the groups injected with
*¥MCo-NOTA-TRC105 and “naked” TRC105. This is not surprising since it is known that TRC105 by it self has
therapeutic properties due to it’s anti-angiogenic effects [210]. **Co-labeled TRC105 had no significant effect in
the tumor growth most likely because the amount of activity that was administered was too low. From the tumor
dosimetry results obtained in section 3.3.8 using the “macroscopic” MIRD formalism, we estimated that **™Co-
NOTA-TRC105 delivers 11.1 mGy/MBq to a 0.5 g tumor, and since we only administered, on average, a total of
303 MBq into each mouse, the total absorbed dose to the tumor xenograft was merely 3.4 Gy, which is one to two

orders of magnitude lower than the typical amount required for regression of solid tumors [80]. However, we were
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3¥mCo reached

hoping to observe an enhancement effect in case the dose from the low energy electrons emitted by
the sensitive nucleus of the endothelial cells that are the target of the TRC105 antibody.

Figure 3.23(a) shows the coronal MIP images obtained from the PET scans that were performed on days 2, 7, 14
and 22, as it was outlined in the timeline shown in Figure 3.7. Figures 3.23(b) shows the biodistribution of the **Co
activity in the segmentable organs and tumor lesion in %ID/g. Figure 3.23(c) shows the comparison of %ID values
of ¥*Co-NOTA-TRC105 versus ~*Co-NOTA-TRC105, both at 48 h p.i. The agreement of these values justifies the
continuation of the time-activity curve of >Co-NOTA-TRC105 that was shown in Figure 3.18(c), with the data
points of **Co-NOTA-TRC105 at days 14 and 22. Exponential fits to the %ID values in the heart and whole body
reveal circulation and biological half-lives of 5.3 and 6.7 days, respectively, which are 128% higher and 33% lower,
respectively, than the half-lives calculated in section 3.3.6 from the fits to only three data points using >>Co-NOTA-
TRC105. It can be seen that from day 14 on (9 days p.i. of the second dose) the agent has almost cleared from every
organ except the tumor. Quantitatively from the PET data, the %ID remaining in the whole body on days 2, 7, 14
and 22 is 84.8 £ 3.9, 58.1 £ 4.8, 32.0 + 7.3 and 13.9 + 6.7, respectively, while the tumor uptake is 6.0 = 5.3, 5.8 +
3.0, 7.1 £ 2.6 and 6.3 + 3.3 %ID at these time points. The retention of **Co in the tumor is explained by the
residualizing effect of most radiometals, which are retained intracellularly in lysosomes after they are transported

through the cell membrane via receptor-mediate endocytosis of the radiolabeled antibody [211-213].
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Figure 3.23 (a) Coronal MIP images from PET scans of 4T1 tumor-bearing mouse #1 at 48 h, 96 h, 14 d and 22 d
p.i. of the first therapeutic dose of **"Co-NOTA-TRC105. Only the last PET scan was complemented by a x-ray
computed tomography (CT) scan. The **¢Co uptake level is color coded by the %ID/g bar shown on the right. The
PET images of the other three mice show the same trend in biodistribution. (b) Biodistribution chart in terms of
%ID/g from the PET images. (c) Comparison of the %ID values at 48 h p.i. of *>Co-NOTA-TRC105 and **¢Co-
NOTA-TRC105. (d) Time-activity curves in terms of %ID combining the data from *Co-NOTA-TRC105 at 4, 24
and 48 h p.i. with the data from **¢Co-NOTA-TRC105 at 14 and 22 d p.i. of the first therapeutic dose of **™Co-
NOTA-TRC105. All data is decay-corrected to time of injection. Error bars represent standard deviation from
quantifications in all the mice in each group. CA: carotid arteries; H: heart; AA: abdominal aorta; T: tumor; S:
spleen.

For the quantification of the ***Co uptake in the PET images we considered the amount of **¢Co that was co-

3¥mCo plus the **Co that was generated by the decay of it’s parent, **"Co. As a matter of fact, the

injected with the
reasons of why the first scan was performed 48 h p.i. of the therapeutic dose, were: 1) to verify that the uptake at 48
h agreed to that obtained from the PET analogue “>Co-NOTA-TRC105 (section 3.3.6); and 2) because at this time
3¥mCo had almost completely decayed to **2Co. In fact, it has decayed by 97% from the computation 1-exp(-
In(2)*48h/9.1h), which we assumed it was 100% in order to be able to use the simplified Bateman equation that

relates the activity of the daughter nuclide generated by total decay of the parent nuclide:
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Equation 3.2

where Apgen is the activity of S8m

Co at the time of injection. This amount of generated activity of the daughter
(**Co) was decay corrected to the time of injection of each dose using the daughter’s half-life (70.86 h), as if it had
been already present from this time point, and then added to the co-injected activity of **Co that was present at the
time of injection. Table 3.7 presents the average activities that were injected into the group of four mice in each of
the two therapeutic doses and the total amount of **2Co from which the PET images are generated and from which

the uptake values were quantified after making the assumptions that are pointed out in the next paragraph.

Table 3.7 Activities at time of injection of each therapeutic dose.

Dose # Smco [MBq] ¥2Co generated [MBq] ¥2Co co-injected [MBq] Total ***Co [MBq]
First 146.2 + 11.6 1.2£0.1 2.0+0.2 32+0.3
Second 156.3 £16.8 14+0.2 2.5+0.3 39+0.5

Since the %ID/g values from the PET scans are decay corrected to the time of injection of the first therapeutic
dose, the total amount of **Co from the second dose was decay-corrected 5 days to the time of the first injection and
added to the total activity from the first dose. Hence, the total amount of **Co that was input in the PET analysis
software was 3.2 MBq, from the first dose for the analysis of the scan on day 2, plus 3.9*exp(In(2)*5 d / 70.86 d =
4.1 MBq, from the second dose, which is equal to 7.3 MBq total for the analysis of the images from days 5, 19 and
22, even though in reality only 3.2 + 3.9 = 7.1 MBq of **Co had been administered into each mouse as shown in
Table 3.7.

Similar to how it was done in section 3.3.7, the internal dosimetry of **Co-NOTA-TRC105 in a 73.7 kg
standard adult male as defined by Cristy and Eckerman [49], was estimated with OLINDA from the time-activity
curves shown in Figure 3.23(d) after extrapolation to %ID values in human. The effective dose in this case turns out
to be 0.76 mSv/MBq **Co, which even though seems high in a per MBq basis, it is not so when we consider that the
amount of MBq of **¢Co that will be administered is at least two orders of magnitude lower than the amount of MBq

of therapeutic "

Co that would be injected, as we can see in Equation 3.2. Furthermore, the estimated ED
conservatively assumes that all of the *Co generated by **™Co is present right after administration, which is not
true, since it takes ~48 h p.i. to build up to ~100% as we explained before. Hence, the ED is actually lower.

As it was mentioned in section 3.3.2, the separation of **"Co from *’Fe takes ~3.7 hours and the radiolabeling

takes ~1 h. Hence the radiotherapeutic agent would be ready for injection ~5 hours post-EoB. From the results in
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Table 3.4, at this time point the radionuclidic purity of **™Co is as follows: 97.9 + 0.1% >*™Co, 1.58 + 0.04% **Co,
0.43 + 0.01% “’Co and 0.22% >Co. Thus, assuming that a therapeutic dose of 37 GBq **"Co would have to be
administered into a human patient, that would imply that 599 MBq **Co, 161 MBq *’Co and 83 MBq *Co would
also be co-injected. Table 3.8 shows the effective dose contributions from these impurities, which were calculated
with OLINDA after substitution of the cobalt radionuclide in the software, keeping the same time-activity curve for
**Co-NOTA-TRC105 shown in Figure 3.23(d) after extrapolation to %ID values in human. Table 3.8 also includes
other published dosimetry results from clinically established targeted radiotherapy agents for comparison.

Table 3.8 Comparison of typical activities and resulting ED in a standard male patient of established TRT agents and
the **™Co-NOTA-TRC105 presented in this work.

Electron Elel:ic_tron or Targetin Activity Effective Total
Nuclide L, or B~ ave. R;:]veé ve% tor g injected Dose (ED) ED Ref.
E [keV] [mn%] [GBq] | [mSv/MBq] | [mSv]
¥mco | 9.1h 23 0.005 37 0.0019 70
o | 70.9d - - TRC105 0.60 0.76 456 This
Co | 2724 ; ; 0.16 0.14 22 work
¥Co [ 175h - - 0.08 0.17 14
M 2.8d 32 0.009 pentetreotide 3.7 0.073 270 [214]
131 tositumomab 650 —
I 8.0d 190 0.18 (Bexxar) 1.8-5.6 - 250 [215]
1to3 0.037 — 222 -
"Lu | 6.6d 149 0.12 PSMA-617 | cyclesof | 0.083per | 498 per | [216]
6.0 cycle cycle
90 ibritumomab 230 -
Y 27d 934 2.7 (Zevalin) max. 1.2 - 290 [217]

However, as it was pointed out in Chapter 2, section 2.2.8, the effective dose concept is not appropriate for
therapy cases in which acute effects from radiation are prevalent due to the fact that excessively high amounts of
radioactivity are administered. Nevertheless, we believe that the ED is a good metric that allows us to compare the
3¥mCo-labeled radio-immunotherapeutic employed in this work with other established agents such as those
referenced in Table 3.8.

Even though the long half-life of **®Co may seem as an inconvenience, the fact that it can be used as a
diagnostic probe for PET for many days after therapy seems very convenient. For instance, the change in %ID/g
uptake in the tumor can be used as a diagnostic metric to evaluate the efficacy of the treatment caused by **"Co. In
Figure 3.23(b) we can see how the %ID/g values after 48 h p.i. decrease over time even though the %ID values at

these same time points remain almost fixed, as shown by the time-activity curve of the tumor in Figure 3.23(d). The

reason is because the mass of the tumor is increasing over time, indicating that the therapy was not successful.
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Hence, if the therapy had been successful, the trend in %ID/g in the tumor over time would be incremental since a
fixed amount of %ID is being divided over a shrinking mass of tumor.
3.3.10 Future work (increase production yield of >*" Co)

The production capacity of **™Co with our PETtrace dual particle cyclotron can be increased considerably if,
instead of bombarding 8.2 MeV deuterons on thick enriched *’Fe targets, we irradiate < 16 MeV protons on thin
targets of enriched **Fe, as it was reported by Thisgaard et al [181]. From the measured excitation function of the
¥Fe(p,n)**™Co reaction by Sudar and Qaim [183] show in Figure 3.3(a), we can expect the production yields versus

proton energy and target thickness shown in Figure 3.24.
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Figure 3.24 Thin target yields of *"Co from **Fe based on the **Fe(p,n)**"Co cross-section data measured in the
range from 3.54 to 14.12 MeV by Sudar and Qaim [183].

Clearly, the optimum incoming proton energy on the target depends on its thickness and since isotopically
enriched **Fe has a market price of ~US$30/mg’, a thick target for 16 MeV (435 mg/cm® [184]) may not be
economically feasible to make. Thus, assuming that a 100 mg target electroplated over 1 cm? is a practical choice,
we can see from Figure 3.24 that the optimum proton energy for this target would be 13.0 MeV with a resulting thin
target yield of 145 MBgq/puAh, which is more than ten times greater than the yield that we have reported in this
chapter from deuterons on thick *’'Fe targets (13.5+3.1 MBg/uAh). However, since the electroplated surface of ~1.0
cm’ is narrower than the PETtrace proton beam transverse area (See Appendix C), we can expect about ~50% of the

predicted yield or ~72.5 MBq/pAh. Now, assuming that a proton current of up to 50 pA is feasible, batches of ~37

3 L . .
Personal communication with sales representative from ISOFLEX.
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GBq **Co are attainable after a 10 hour long irradiation. Alternatively, irradiations can be performed using the the
11 MeV proton beam from the CTI RDS 112 cyclotron, whose beam transverse area is < 1.0 cm” (data not shown) is
about the same size as the 1.0 cm” electroplated surface with **Fe, and therefore the experimental yields in this case
should closely match the predicted yields shown in Figure 3.24. However, maximum proton currents of 20 pA are
available with the RDS 112 cyclotron, which is less than half of the maximum current that can be delivered with the

PETtrace cyclotron, so the increment in production yield may not be reflected in larger batches of **™

Co per unit-
time of irradiation. For instance, a 100 mg/cm” **Fe target irradiated with 11 MeV protons on the RDS 112 cyclotron
should generate ~120 MBqg/pAh (from Figure 3.24), and therefore a 10 hour-long irradiation with 20 pA would
generate ~24 GBq *®Co, which is lower than the ~37 GBq that are expected after shooting on a similar 100 mg/cm®
¥Fe target with 50 pA for 10 hours using 13.0 MeV protons after degradation of the 16 MeV protons from the
PETtrace.
3.3.11 Comparison of our separation methods to previous publications and clinical perspective
Comparing the separation chemistry methods of this work with previously reported methods [146, 155, 159,
161, 162, 181, 182] we found many improvements. First, more than 99.99% of the co-produced **Mn from **Fe(d,a)
was removed from the separated *°Co; second, more than 95% of the produced *Co in either **Ni or **Fe targets was
isolated at a very high concentration in < 600 pL, which is volume that can be easily evaporated for reconstitution in
any desired volume of any desired acid or buffered solution; and third, we have reported the highest effective

specific activity of >>Co and the second highest of **™

Co toward established chelators. All of these improvements are
due to the chromatographic method that we have discovered using a small column filled with DGA branched resin.

Table 3.9 compares our work with the results from previous publications.
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pord . A 5x Vol. of Nuclidic ESA Targf: ¢
Sep. Target Ener ! Yield Co Sep. | eluted impurities at [GBq/pmol] recycling Ref.
Method & M \ff]y [nA] | [MBg/ | yield [%] | “Co P EoB ( hoit o | efficiency :
€ I,I,Ah] [mL] o chelato [%]
plated
AEC BN 15-9 10 96 | Nor’l ; 15 05%Co | Notreported | Nor’t S| s
(99.87%) eporte eporte
plated
AEC **Ni 15 30 6+ 1 92+3 10 0.2% *’Co 1.96 (DOTA) 95+3 [146]
(99.48%)
SPEC Ni 93+ 1.2+0.3% 10+6 This
(DGA) | (99.48%) | 10-11 | 40 0.6 923 04 Co (NOTA) MEL | ork
Solvent 54pressed 0.06% *"Co
extrac- | TFGOJA L 1h6 5 1 4 13 Not 40 | <001%"Mn | Notreported | >80 | [161]
tion + 1 powder reported <0.02% *Co
AEC (91.6%) e
prﬁssed 57 Not
AEC Fe 12 3 62.9 90 40 0.016% 'Co | Notreported | ' . | [162]
(97.08%) P
plated
AEC Fe 8.5 18 14 >97 8-10 | Not reported (g gﬁ) o ]\2 Orie .| 0ss]
(99.84%) P
plated
AEC e 10.1 18 10.7 >97 8-10 0.85% **Co >4 (DOTA) ; Nor’t i [118515]’
(99.86%) eporte
AEC +
Chroma-
fix 30- « « “ « « 0.2 «“ 84 (DOTA) « [182]
PS-
HCO;
2718
(NOTA)
9+5
AEC + 54 57 .
Fe 103+ 04— | 0.002% Co (DOTA) This
SPEC 1 999305y | 82 60 0.8 943 0.6 | 0.001%“Mn 17+ 10 L ok
(DGA) (HBED)
15+7
(TETA)
37 332 p
« Fe « « 0.93% ""*Co 25+6 This
©5.06%) | 2 13£3 1 962 0.29% *'Co (NOTA) ME3 1 ok

AEC: Anion Exchange Chromatography
SPEC (DGA): Solid Phase Extraction Chromatography with DGA resin

The first highlight of the three production methods reported in this chapter compared to the other ones presented

in Table 3.9, is that we have used the highest bombardment currents without any compromise in target integrity. In

terms of radiochemical separation, our method to isolate *>Co from **Ni is clearly superior to any of the reported

methods shown in Table 3.9, especially with regards to the volume in which **Co is separated and the effective

specific activity. Our method separates >>Co in 400 pL, a volume that can be quickly evaporated even in the original

1.5 mL vial where the separated fractions are collected, which avoids the use of a large vessel (>10 mL) connected

to a rotoevaporator in which a variable loss of radioactivity may be lost in the large surface area of the glassware as

it is difficult to re-dissolve all the activity off the walls of the vessel with a small volume (< 1 mL) of diluted HCI

acid. Similarly, in our separation method of *Co from *'Fe, the use of the DGA branched extraction resin in the
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second part of the separation allows for: 1) the elution of the separated activity in a small volume of 400 to 600 uL.
that is easy to evaporate; 2) the almost complete removal of **Mn impurities; and 3) a separated >Co with the
highest reported effective specific activity. However, the introduction of a post-purification step with a Chromafix
30-PS-HCO; by Thisgaard et al [182], allows for the concentration of the activity in an even smaller volume (200
pL) with an order of magnitude improvement in ESA, although they only applied this extra step in the production of
¥mCo and not in the production of **Co.

Furthermore, we are the first research group that has reported the effective specific activity of >>Co with HBED,
which has recently become very relevant in the field of nuclear medicine since the HBED-PSMA molecule labeled
with ®Ga is increasingly becoming the workhorse for detection and monitoring of prostate cancer [218]. Hence, this

58m

discovery opens the possibility of introducing the Auger and conversion electron emitter *° Co for therapy of

prostate cancer with the HBED-CC-PSMA targeting vehicle.

3¥mCo is that we have demonstrated that there is a more

The main contribution of our production method for
economical alternative to the proton irradiation of expensive **Fe (~US$30/mg). In this work, we have irradiated
isotopically enriched *’Fe (~US$6/mg) with 8.2 MeV deuterons and, as it is shown in Table 3.9, our measured
production yields from thick targets is higher than the production yield obtained by Thisgaard et al [181], after
irradiation of 10.1 MeV protons on a thin **Fe target (7.0 mg/cm?). The reason ° Fe, is much cheaper than **Fe, even
though they both have similar natural abundances of 2.119% and 0.282%, respectively, is because *'Fe already has a
steady demand in the market of Mossbauer spectroscopy [219]. Thus, the availability of the *'Fe target material is
less subject to variations in supply and price, although deuteron accelerators are less common than their proton
counterparts.

From a clinical perspective, the *>Co production yields that were obtained in this work would be able to supply
activities for several patient studies. Co-55 has been administered to human subjects for PET imaging with injected
activities that range from 19 to 74 MBq [135, 136, 138, 139, 142, 203]. These administered activities depend on the
positron branching ratio of the radionuclide (77% for *>Co), the pharmacokinetics of the radiolabeled tracer and the
annual dose constraint of 50 mSv[75] for adult research subjects. This means that 1 hour-long irradiations on either
*Fe or **Ni targets with the specifications and separation yields that were presented in Sections 3.2.1 and 3.3.2,
could provide sufficient *Co activity for between 5 and 32 patients, or one half of these, between 2 and 16 patients,

if the activity needs to be transported overnight, assuming that one half-life has elapsed from EoB.
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3.4 Conclusions

We have developed efficient methods for the production of GBq amounts of the positron emitter “°Co and its

therapeutic pair **™

Co with high specific activities at EoB that allows for quantitative radiolabeling of chelator-
conjugated targeting vectors, such as antibodies, in ratios < 45 MBq >>Co and < 31 MBq **™Co per nmol of NOTA-
conjugated protein.

We have presented a novel electroplating method for iron that allows for the elaboration of thick targets that can
sustain high power irradiations of up to 492 W and that allows for the recovery of expensive isotopically enriched
iron after a “wet” radiochemical separation process.

Compared to previously published methods, the introduction of the extraction resin DGA branched greatly
simplified the radiochemical separation of radio-cobalt from both iron or nickel-based targets, because it allows to
elute the separated nuclide in < 0.6 mL instead of tens of milliliters.

The application of *™Co in a radiotherapy study demonstrates the feasibility to perform targeted
radioimmunotherapy with this radionuclide, and the potential of ***Co-based PET scans to assess the biodistribution
of the **™Co-labeled agent in vivo. The PET analogue °Co radiolabeled to the same targeting construct allows to
predict the targeting efficiency of the radiotherapeutic and for internal dosimetry estimations and treatment planning
before substitution with the therapeutic analogue **"Co.

PET imaging and quantification of the biodistribution over time of *’Co-citrate in tumor-bearing mice
demonstrated that it is rapidly excreted via the urinary system with a biological half-life of 13.8 h, indicating that
this radiometal is not prone to interact with biological ligands in the bloodstream nor in organ or tumor tissues as it

is the case with other radiometals such as **Sc and **Cu.
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Chapter 4 Improvements to production methods of more conventional radiometals:
Copper-61, Copper-64 and Yttrium-86

4.1 Introduction

The majority of current separation methods for emerging positron-emitting radiometals such as ®'Cu, *‘Cu and
%Y involve cumbersome and lengthy manipulations mainly because of the requirements of either: 1) large ion
exchange resin columns (> 4.0 cm x 1.0 cm @), which entail large mobile phase volumes (> 4 mL) [188, 189, 220-
223]; 2) more than one chromatographic step [134, 224, 225]; or 3) precise pH adjustments [226]. However, a
prominent disadvantage of these methods is that the solution with the separated radiometal usually consists of > 4
mL volume, which necessitates for a lengthy evaporation step in a large vessel that potentially causes a variable loss
of radioactivity in the vessel’s surface or in the glassware of the evaporator. Furthermore, these requirements
complicate the automation of the separation process, which mandates frequent intervention by a radiochemist and
increased radiation exposure. In order to circumvent these problems, extraction resins with higher trapping capacity
compared to the traditional ion exchange resins have proven to be more practical particularly because they allow for
the elution of highly concentrated radiometals in solution with high specific activity [167-169]. In this chapter novel
chromatographic methods for the production of high specific activity *'Cu, **Cu and **Y with the extraction resin
N,N,N’,N’-tetrakis-2-ethylhexyldiglycolamide, commercially known as DGA Branched (Eichrom) [192] will be
presented.

As a proof that the obtained specific activities for *Cu and **Y were high enough for practical radiolabeling of
chelator-conjugated targeting vectors, the anti-CD105 antibody TRC105 was conjugated to NOTA and CHX-A"-
DTPA, radiolabeled to *Cu and *®Y, respectively, and administered to 4T1-tumor bearing mice. The biodistribution
data from the organs with highest uptake was used for internal dosimetry estimations extrapolated to humans using
the OLINDA/EXM software and the biodistribution in the tumor was used to predict the feasibility of targeted
radiotherapy with the theranostic nuclide **Cu and its beta emitter analogue *’Cu, as well as the therapeutic analogue
of yttrium, *°Y.

The biodistribution and pharmacokinetics of *Cu-citrate via PET in murine breast cancer (4T1) tumor-bearing
Balb/c mice and human glioblastoma (U87MG) tumor-bearing immunosupressed nude mice will also be presented
in order to elucidate whether this metal shows passive tumor targeting properties, like *‘Sc, and to characterize the

organs in which de-chelated **Cu from a targeting construct could potentially accumulate in case the radiolabel is
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not stably bound to the vector. **Y-citrate was administered into a single mouse bearing a 4T1 tumor, also to verify
whether there is significant passive tumor targeting of weakly bound yttrium, although the bone seeking properties
of these agent are well known [227-230].

Cu-64 (= 12.7 h; 17.4% B, Epimax = 653 keV; 39.0% B, Epnar = 579 keV; E.C. 45%, Figure 4.1(a)) is
important for several reasons: 1) it possesses instrinsic theranostic properties that allows to detect and treat cancer
lesions; 2) the favorable excitation function of the **Ni(p,n) reaction allows to economically produce tens of GBq
after a reasonably short irradiation time in a small biomedical cyclotron; 3) it can be used as a surrogate for
treatment planning for targeted radiotherapy with the beta emitter *’Cu (¢,, = 2.58 d; 57% B, Epi max=377 keV; 22%
B2, Ep2 max= 468 keV; 20% B3, Eps max = 562 keV, Figure 4.1(b)), which is a much better therapeutic radionuclide
compared to **Cu due of its longer half-live and because it emits less energetic, and hence less penetrating, gamma
photons; and 4) its coordination to established chelators such as NOTA, DOTA and TETA is well understood [61].
Furthermore, the intermediate half-life of **Cu is very advantageous because: 1) it allows to monitor, via PET
imaging, molecules with slow pharmacokinetics such as full antibodies; 2) once it is accumulated in a target lesion,
it allows to concentrate a large number of decays that can result in absorbed doses at a therapeutic scale even after
the administration of relatively low amounts of activity; and 3) it allows to ship activity to medical institutions that

are far from a centralized production facility, where the activity can still be used the following day after production.
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Figure 4.1 Decay scheme of **Cu (a) and *’Cu (b).

Cu-61 (¢;,=3.33 h; 61% B+, Epimax = 1215 keV) serves as an alternative to %Cu to radiolabel PET radiotracers
for diagnosis, but is offers limited applicability for treatment planning due to its relatively short half-life. It’s two

main advantages compared to *Cu are that: 1) it can be used to monitor targeting vectors that rapidly accumulate in
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target tissue generating sufficient tumor-to-background contrast, without the need to leave the patient burdened with
an relatively long-lived radionuclide that can affect the patient’s family and the general public following release
from the hospital; 2) if a low energy deuteron accelerator is available, it can be produced from inexpensive target
material (*’Ni or even natural nickel), which makes the target recycling efficiency less critical.

Yttrium-86 is not the best positron emitter for medical imaging due to its emission of more than 97 prompt
gammas with energies that range from 132 to 3877 keV; although only 8 of these have intensities > 15% and
energies between 443 keV and 1921 keV. Nevertheless, it is the best positron emitter for clinical applications that
can be used as a PET surrogate of the widely used therapeutic beta emitter *°Y (¢, = 2.67 d; 99.99% P, Ep max= 2280
keV, Figure 4.2), and therefore it can be used to assess the biodistribution and to predict the absorbed dose that will
be delivered by *"Y-labeled antibodies and microspheres, both of which are already widely used in the clinic [215,

231-233].
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Figure 4.2 Decay scheme of Y.

Copper-64 can be produced with a small biomedical cyclotron after proton irradiation on isotopically enriched
“Ni. Metallic nickel has a reasonably high thermal conductivity of 91 W-m™ K™ that allows for relatively high
proton current irradiations of up to 30 pA (with a corresponding power deposition of ~60 W, assuming a typical
proton beam degradation within the nickel of ~2 MeV, from 11 to 9 MeV) with water-jet cooling on the back of the
target. From the **Ni(p,n)**Cu excitation function measured by Rebeles et al [234], shown in Figure 4.3(a), the thin
target yields shown in Figure 4.3(b) were estimated. Clearly, very high production yield are feasible even on
relatively thin targets that are < 100 mg/cm?, if the incident proton beam has energy in the neighborhood of 10 to 12
MeV. Indeed, thin targets are the most practical and economical option for **Cu production, since isotopically
enriched *Ni is relatively expensive (US$25/mg") due to its natural abundance of 0.9255%. Figure 4.3(a) also

contains the measured excitation function of the *'Ni(p,a)*'Co [235], that generates a short-lived impurity with a

* Quote from ISOFLEX in 2015
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half-life of 1.65 h, which is fully separated from the desired **Cu product using the radiochemical separation method

that will be presented in this chapter.
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Figure 4.3 (a) Experimental excitation functions of the reactions **Ni(p,n)**Cu and **Ni(p,a)°'Co, measured by
Rebeles et al. [234] and Qaim et al. [235], respectively. (b) Predicted thin target yields of **Cu versus incident
proton energy based on the same **Ni(p,n)**Cu cross-section data. Each curve corresponds to a *'Ni target with the
thickness indicated in the legend.

Copper-61 can be produced either by proton irradiation on isotopically enriched °'Ni (with a price of
US$50/mg”) or via deuteron irradiation on “*Ni, which can be accomplished without isotopic enrichment since all
the other nickel components lead to short-lived (¢;,, < 10 min) radio-copper products. However, the use of
isotopically enriched “°Ni (with a price of US$1/mg") allows for a close to four-fold increment in production yield
due to the natural abundance of ®’Ni of 26.223% and also for a significant reduction in the production of **Co (¢,, =
77.2 d) from the **Ni(d,0) reaction on 68.077% abundant **Ni. Anyhow, deuteron bombardment of nickel targets
inevitably leads to the production of radio-cobalt impurities, which have to be radiochemically separated from the
desired ®'Cu product. The separation method that will be presented in this chapter accomplishes this without
compromising the separation efficiency of ®'Cu significantly (86 + 9%). From the measured ™Ni(d,x)*'Cu excitation

function by Takacs et al [236, 237], extrapolated to 100% **Ni (Figure 4.4(a)), the predicted thick target yields of

6!Cu, after bombardment of 8.2 MeV deuterons, is 231 MBg/pAh.

3 Quote from ISOFLEX in 2009
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Figure 4.4 (a) Experimental excitation functions of the reactions “Ni(d,n)*'Cu and “Ni(d,) *8Co extrapolated from
the cross-section measurements after natural nickel irradiation performed by Takacs et al. [236] and Usman et al.
[238], respectively. (b) Predicted thin target yields of *'Cu versus “Ni target thickness after irradiation with 8.2
MeV deuterons based on the same “*Ni(d,n)®' Cu cross-section data.

Yttrium-86 with > 98% radionuclidic purity can be produced by proton irradiation on isotopically enriched *Sr,
which can only be purchased as strontium carbonate (SrCOs), a white powder with a low thermal conductivity < 10
W-m™K! [239] that decomposes to strontium oxide (SrO) and carbon dioxide (CO,) at > 675 °C in vacuum [240].
This latter characteristic constrains 86SrCO3 targets to low power, and hence low current, irradiations since the
release of CO, into the cyclotron’s vacuum chamber raises the pressure, which affects the transmission of the proton
beam due to scattering. As a matter of fact, the PET trace cyclotron control system automatically stops an irradiation
if the cyclotron’s vacuum pressure reaches a threshold value of ~2.0x10” mbar. However, due to the favorable
excitation function of the **Sr(p,n) reaction [241] (Figure 4.5(a)) acceptably high activity production yields are
achievable even after low current bombardment on *°SrCO; targets as seen in Figure 4.5(b). For instance, the
predicted thick target yield from bombardment of 312 mg/cm? **SrCO; with 16 MeV protons is 320 MBq/uAh. The

market price of *°SrCO; at US$9/mg obligates for target recycling, which is easily achievable with high efficiency

following published methods [134, 226].



91

1600 986Sr(p,n)86Y (m+g), Roesch (1993) 350
1400 ‘ oThresFr)]}: B of (p’ﬁ)' | 200 Predicted 86Y Yield
= 1200 | | | = 550 ‘
£ 1000 | | bl [ | 5
15 | 11 { II 4 i B 200
S 800 l 774 = ‘
] ‘ i [ ] | g 150
2 600 L > ‘
5 ‘ | % 100
400 | © ‘
200 ‘ : 50
| , 0
0 e
0 2 4 6 8 10 12 14 16 18 0 100 200 300
Proton Energy [MeV] 86SrCO3 Target Thickness [mg/cm2]
(a) (b)

Figure 4.5 (a) Experimental excitation function of the reaction **Sr(p,n)**Y measured by Résch et al. [241]. (b)
Predicted thin target yields of *Y versus *°SrCO; target thickness after irradiation with 16 MeV protons based on
the same **Sr(p,n)*Y cross-section data.

4.2 Materials and Methods

Optima grade hydrochloric acid (32-35% HCI) and nitric acid (67-70% HNO3) come from Aristar Ultra, VWR
(West Chester, PA). The cyclic chelators NOTA (1,4,7-triazacyclononane-1,4,7-triacetic acid) and DOTA (1,4,7,10-
tetraazacyclododecane-1,4,7,10-tetraacetic acid) were purchased from Macrocyclics (Dallas, TX). The acyclic
chelator DTPA (diethylenetriamine-pentaacetic acid) was obtained from Acros Organics (Geel, Belgium).
Isotopically enriched *Ni (99.32% *Ni, 0.47% ®Ni, 0.13% **Ni, 0.07% “Ni, 0.01% *'Ni), “Ni (99.60% *Ni,
0.32% **Ni, 0.06% °'Ni, 0.02% ®*Ni, <0.01% *Ni) and %°SrCO; (96.40% *°Sr, 2.26% **Sr, 1.33% *'Sr, 0.01% %*Sr)
were purchased from ISOFLEX (San Francisco, CA). Silver and gold disks (1.90 cm diameter x 0.56 mm thickness)
were obtained from Artisan Jewelers (Sarasota, FL). A 1.5” diameter niobium rod was obtained from Eagle Alloys
Corporation (Talbott, TN). Platinum wire (99.997%, 0.25 mm diameter) and 99.999% ammonium sulfate (NH4),SO4
were purchased from Alfa Aesar (Ward Hill, MA). Trace metal grade sulfuric acid, sodium citrate
(Na;C¢Hs07:2H,0 or NazCit), ammonium acetate and methanol were purchased from Fisher Scientific (Pittsburg,
PA). 28% ammonium hydroxide solution in H,O (NH,OH, > 99.99% trace metals) comes from Sigma-Aldrich. TLC
silica gel 60 plates and nickel test strips were bought from EMD Chemicals (Darmstadt, Germany). Extraction
chromatography resin DGA, branched (50-100 um) was purchased from Eichrom (Lisle, IL). A 50 ppm multi-
element standard for calibration and Agilent’s 4200 Microwave Plasma Atomic Emission Spectroscopy (MP-AES)

system come from Agilent Technologies (Santa Clara, CA). Deionized water (>18 M Q -cm™") was obtained from a

Milli-Q filter, Millipore (Billerica, MA). Phosphate buffer saline (PBS) was purchased from Thermo Scientific.
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4.2.1 Cyclotron targetry, irradiations and target yields

Isotopically enriched “°Ni was electroplated over 0.56 mm thick silver disks following the method explained in
Chapter 3 for **Ni targets; while **Ni was plated over 0.56 mm thick gold disks following published methods [187-
189]. Briefly, isotopically enriched metallic nickel powder (55.6 to 70.1 mg of “*Ni or 38.5 to 106.5 mg of **Ni) was
dissolved in 6 M HNO;, dried down and re-dissolved in 2.3 mL of 2.4 M H,SO, followed by pH-adjustment to ~9
with 1.5-1.8 mL of 28% NH4OH and the addition of 270-300 mg of (NH,4),SO,. The solution was then transferred to
a electrolytic cell, like the one described in Appendix D, in which 2.5-3.5 V and 20-200 mA/cm? was applied for 2-3
days using a platinum anode at 1 cm from the cathode disk, where the exposed surface for electrodeposition was a
0.9-1.1 cm?circle (1.1 to 1.2 cm diameter). The electroplating was ended when the electrolyte solution was fully
clear and the colorimetric nickel strip indicated that 0 to 0.05 mg of nickel remained in solution.

Isotopically enriched **SrCO; (125.2 to 173.9 mg) was transferred into a crucible made of niobium (0.41 mm
deep, 1.2 cm O, shown in Figure 4.6), pressed with 4270 psi using a hydraulic press (Dake Corporation, model
972200) and covered with a 0.05 mm niobium foil that seals against a viton O-ring concentric to the depression.

Irradiations were performed on a GE PETtrace that delivers 16 MeV protons or 8.2 MeV deuterons at the beam
port. Targets were mounted in a solid target support, which connects to one of the beam ports and seals the target’s
rear surface against a jet of cooling water for heat dissipation during bombardment, as shown in Figure 4.6. Ni-64
targets were placed behind a 0.25 mm molybdenum foil that degrades the nominal proton energy to ~11.0 MeV
according to a SRIM simulation [184]. Ni-60 targets were irradiated without degradation with the nominal deuteron
energy from the cyclotron. Also from SRIM simulations, the proton energy after the niobium foil covering the
pressed *°SrCO5 is 15.2 MeV and the cavity thickness filled with SrCO; degrades the proton beam energy from 15.2
to 10.8 MeV, covering ~55% of the thick target yield predicted from the **Sr(p,n)*Y excitation function measured

by Rosch et al [241].



93

o \Nbfoil

Pressed

SrCO
Nb crucibfe

\ \Mo foil
Plated
64
Ni

Au disk

(a) (b)
349 (d)
cm /

Groove

d f

| / Clana (©)

Nb foil —>e ' 015)
1.23
oy b
m water-  cavity
cooling
(e) O-ring
Al clamp ring
L
1), 2) or 3) 16MeVp
cooling " or8.2MeVd
water coaling —
inlet water PETtrace
outlet snout
1) | 2) Al plamp 3)
-;' ring

Plated
AN
Ag disk

Figure 4.6 (a) Schematic of the niobium crucible used for targets of **SrCO;. (b) Appearance of pressed “°SrCO;

inside the depression of the Nb crucible. (c) *Ni electroplated over a gold disk. (d) “Ni electroplated over a silver
disk. (e) Schematic of how each target is mounted into one of the ports of the cyclotron.

After irradiation, the targets were dismounted from the cyclotron, dried and weighted in order to quantify
possible mass loss during irradiation. Table 4.1 summarizes the targetry settings.

Table 4.1 Irradiation parameters

Nuclide Target material % enrichment  Reaction "{rl:ll;/lzrrlgzs]s [N]Iii:nV] n[lsz']l Irradl{::;ﬁg time
S4Cu Ni over Au 99.32 %*Ni(p,n) 37-83 11.0 30 60 — 360
Slcu Ni over Ag 99.60 Ni(d,n) 5463 8.2 60 30-120
8y $65rCO; over Nb 96.40 Sr(p,n) 111 - 154 15.2 4 60 — 120

The nickel targets were dismounted and dissolved in 3 mL 12.1 M HCIl at 90 °C for 30 to 60 min. Only the front
face of the electroplated nickel target was exposed to HCI by use of a teflon mask with an inserted O-ring that seals
against the surface of the substrate disk. To dissolve the irradiated **SrCOs, the entire niobium support was exposed

to 6 mL 9 M HCI inside a 50 mL beaker. Ten pL samples were drawn from each target solution for activity
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quantification using a 60 cm® high purity germanium (HPGe) detector (Canberra C1519) (FWHM = 2.7 keV @
1333 keV), efficiency-calibrated at fixed distances with NIST-traceable radioactive sources and connected to the
gamma-ray spectrum analysis software Maestro-32 MCA Emulator (version 6.08, Ortec, Oak Ridge TN); and for
trace metal quantification using Agilent’s Microwave Plasma Atomic Emission Spectroscopy system (4200 MP-
AES). The gamma lines used to determine yields are listed in Table 4.2. The dead time was always kept below 10%
and the acquisition time was set so that the statistical uncertainty from the number of counts per peak was kept
below 1%.

Using radionuclidically pure samples after the radiochemical separation, the actual activity measured with the
HPGe was compared to the activity reading by the Capintec CRC-Dual PET dose calibrator (Capintec, Ramsey NJ)
using the calibration settings for each radionuclide suggested by the manufacturer or in other references [242], in
order to determine their accuracy. The calibration numbers used were #015, #417 and #711+2 for *Cu, *'Cu and
86y, respectively. It was observed that the Capintec measurements were overestimating the actual **Cu, ®'Cu and %Y
activities by 46 = 9% (n=15), 4 £ 2% (n = 5) and 16 + 4% (n = 4), respectively. Hence, the Capintec readings had to
be multiplied by 0.69, 0.96 and 0.87 throughout the PET studies, including the quantification of administered doses
to small animals and calibration of the scanner, in order to have accurate activity values.

Table 4.2 Gamma emissions used for production yield and separation efficiency quantifications

Nuclide Reaction Gamma energies [keV] Branching ratio
$iCu $Ni(p,n) 511 0.176x2
S1co $Ni(p,o) 67 0.847
Sy Ni(d,n) 283 0.122
eCo ONii(d, o) 811 0.995

86y 86Sr(p,n) 1077 0.825

S6my 86Sr(p,n) 208 0.938

8y 7Sr(p,n) 485 0.898
¥Sr(p,n)* ™Y (¢,,,=13.4 h)

8y 88Sr(p,n) 898 0.937

8smgy 86Sr(p,pn) 232 0.839

4.2.2 Radiochemical Separation

The dissolved targets were diluted with H,O to adjust the HCI concentration to a set value shown in Table 4.3
and then manually transferred to a reservoir syringe connected to a peristaltic pump-driven automated module, from
which they were delivered at a flow rate of 1.0 mL/min to a 0.5 cm diameter column filled with DGA branched resin

that trapped the radionuclide of interest.
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Columns were rinsed with HCI to remove remaining bulk target material as well as radionuclidic impurities such
as %'Co, **Co and ¥™Sr. Detailed loading and washing conditions are summarized in Table 4.3. The elution of the
radionuclide of interest was carried out by pumping 200 pL fractions of diluted HCI through the loaded resin. The
two or three most concentrated fractions were combined in a 1.5 mL centrifuge vial, evaporated to dryness at 100 °C
under argon flow, and the residue was re-dissolved in 100 pL of 0.1 M HCI. Table 4.3 summarizes the
chromatographic settings for each of the radiochemical separations.

The loading and washing solutions were collected in order to recover the isotopically-enriched target material as
previously described for nickel in Chapter 3; and for strontium following the precipitation method by Rdosch et al
and Avila-Rodriguez et al [134]. Briefly, recovered isotopically-enriched nickel solutions were evaporated to
dryness, re-dissolved in 3mL of 6 M HNOs; in order to digest possible organic material from the extraction resin,
evaporated to dryness again, and the electroplating solution was reconstituted and transferred to an electroplating
cell as described before. In the case of 86Sr, ~80 mL of saturated ammonium carbonate, (NH,;),CO3, solution was
drop-wise added to the recovered *°Sr solution in HCI until a white precipitate was formed. Two hours later, when
the precipitate had settled to the bottom of the flask, the supernatant was decanted and the precipitate was transferred
to a 2 mL vial, in which it was treated three times with 1.5 mL saturated (NH,4),COj3, with a 14000 rpm % 1 min
centrifugation between washes, in order to have a complete conversion of Sr(OH), to SrCOj;. The resulting pellet
was dried at 100 °C with a flow of argon and the residue was weighted and saved for re-irradiation.

Samples from the separated product and the recycling solution were analyzed with the efficiency-calibrated
HPGe detector for quantification of radionuclidic purity, separation yield and recycling efficiency.

Table 4.3 Radiochemical separation settings

HCI concentration [M] and (mL) of

Nuclide mL of H,O added to target Mass of DGA [mg] . . . .
solution target solution rinse solution eluate solution
818y 3 430 5.5-6.0 (6) 45 (3) 2.0 (0.2x4)
86y 0 100 8.0-9.0 (6) 9.0 (5) 1.0 (0.2x4)

The complete elution profile for the main elements involved in the separation of radio-copper using the DGA
branched resin, i.e. copper, nickel and cobalt, was obtained by collecting fractions with volumes of 2 mL in the
loading step (6 mL total), 1 mL in the 4.5 M HCI washing step (3 mL total), followed by fractions of 200 uL in the
elution step, from a ®'Cu separation run after deuteron bombardment on a electroplated natural nickel target. The
fractions were then analyzed by gamma ray spectrometry using ®'Cu, ®Ni (from **Ni(d,n)) and **Co (from **Ni(d,a))

as radiotracers.
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The radionuclidic purity and identity of ®*Cu and *Y in the separated product was confirmed by gamma
spectroscopy and by half-life verification after logging the decaying signal from a sample placed inside a dose
calibrator (Capintec CRC-Dual PET) that feeds an electrometer (Keithley 6517A) connected to a data acquisition
program in LabVIEW. The total acquisition times were 26.4 hours and 49.8 hours, respectively, with a sampling
interval of 60 seconds. This data was fit to a mono-exponential function and a decay half-life was quantified and
compared to the accepted value for **Cu, 12.701 h [243], and *°Y, 14.74 h [244]. The radionuclidic purity of *'Cu in
the separated product was confirmed only by gamma spectroscopy.

Trace metal analysis was performed on samples from nine, three and three **Cu, ®'Cu and **Y separation runs,
respectively. Ten pL samples from the target solutions and 2-20 pL from the separated stocks were analyzed for
trace metal quantification with Agilent’s Microwave Plasma Atomic Emission Spectroscopy system (4200 MP-
AES).

4.2.3 Effective Specific Activity with Chelators

The effective specific activity (ESA) or reactivity of each of the separated radionuclides was assayed by titrating
a fixed amount of activity against increasing amounts of chelator. 1,4,7-triazacyclononane-1,4,7-triacetic acid
(NOTA) was employed for *'Cu and *Cu; and 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA)
and diethylenetriamine-pentaacetic acid (DTPA) were employed for *°Y. All chelation reactions were performed in
acetate buffer at pH 4.5 in 250 uLL and were allowed to proceed for at least 30 min. A sample from each reaction vial
was analyzed by thin layer chromatography (TLC) using silica gel and 1:1 MeOH:10% NH4OAc mobile phase.
Radio-TLC plates were analyzed by autoradiography using a Packard Cyclone Phosphor-Plate imaging system
(Perkin Elmer). The reactivity is defined as the ratio of activity decay-corrected to EoB to the amount of chelator in
moles that results in 50% labeling yield, multiplied by two.
4.2.4 Image quality of **Cu, " Cu and *°Y

The same miniature Derenzo phantom employed in Chapter 2, Section 2.2.6 [47] was used to evaluate the
spatial resolution of *Cu, *'Cu and **Y PET images using an Inveon microPET/CT rodent model scanner. The
phantom was filled with 0.1 M HCI solution containing 29, 30 and 29 MBq *Cu, ®'Cu and **Y, respectively and
data was collected for 20 - 40 min until one billion coincident counts were acquired by the software. The raw data
was collected in a histogram and reconstructed using the two-dimensional filtered back projection algorithm

(FBP2D), without attenuation correction, using a matrix size of 512 x 512 pixels. Image quality was evaluated by
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visual inspection of transaxial slices in the middle of the phantom and by profile analysis in the region in which the
minimum spatial resolution was observed.
4.2.5 Preparation of *Cu-NOTA-TRC105 and **Y-DTPA-CHX-A”-TRC105

NOTA conjugation to TRC105 was carried out as described in Chapter 3, section 3.2.5. Following a very similar
procedure, the conjugation of DTPA-CHX-A” to TRCI105 was performed by mixing [(R)-2-Amino-3-(4-
isothiocyanatophenyl)propyl]-trans-(S,S)-cyclohexane-1,2-diamine-pentaacetic acid (p-SCN-Bn-CHX-A"-DTPA)
(Macrocyclics) dissolved in dimethyl sulfoxide (DMSO) to a solution containing TRC105 at pH 8.5 — 9.0 with a
25:1, chelator to antibody molar ratio. After 2 hours of reaction time at room temperature, the conjugate DTPA-
CHX-A”-TRC105 was purified by size exclusion chromatography with a PD-10 column (GE Healthcare) using
phosphate-buffered saline (PBS) as the mobile phase. The concentration of the conjugated protein was measured by
analyzing a 1 pL sample with a UV-Vis spectrophotometer Nanodrop One (Thermo Scientific).

For radiolabeling with ®*Cu or *Y, 5 and 25 pL of each respective separated stock with **CuCl, or *YCl; was
buffered to pH ~4.5 by adding 0.9 mL of 0.08 M NaOAc buffer (pH ~ 4.5) and then ~125 pg of NOTA- TRC105 or
~786 pg of DTPA-CHX-A”-TRC105 from the antibody stocks that were eluted from the PD-10 column. One hour
later, each of these solutions was purified by size exclusion chromatography with a PD-10 column and PBS mobile
phase collecting five fractions of 400 pL. Each fraction and the PD-10 column were assayed with the dose calibrator
in order to quantify the radiolabeling yield per fraction. The two most concentrated fractions from each radiolabeling
were mixed and used for the animal studies.

4.2.6 Biodistribution and pharmacokinetics of * Cu-citrate, *CuCl, in PBS, *Cu-NOTA-TRC105, *°Y-

citrate and **Y-DTPA-CHX-A”-TRC105 in tumor-bearing mice

The calibration factor for quantification of *Cu and **Y activity concentration in volumes of interest (VOI) of
the PET images was obtained following the quantification calibration procedure indicated in the Inveon
microPET/CT scanner manual, which was explained in Chapter 2, Section 2.2.7, using a 130 mL cylinder phantom
filled with **Cu and Y dissolved in 0.1 M HCI at a concentration of 482 + 2 kBg/mL and 302 + 14 kBq/mL,
respectively.

Murine breast cancer (4T1) tumors were established in four- to five-week-old female Balb/c mice by
subcutaneous injection of approximately 2x10° murine mammary carcinoma 4T1 cells, into the upper or lower right

flank of 13 mice. Tumor sizes were monitored and mice were used for the imaging and radiotherapy experiments
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when the axis of the quasi-ellipsoid tumors reached lengths of 6 - 9 and 5 - 8 mm, 11 days after inoculation. The
total body mass of these mice at this time was 18.3 + 1.1 g. Groups of three mice were used for the assessment of
biodistribution of each of the four tracers: **Cu-citrate, “*CuCl, in PBS, “*Cu-NOTA-TRC105 and *Y-DTPA-CHX-
A”-TRC105. The biodistribution of *Y-citrate was obtained from a single 4T1 tumor-bearing mouse.

Human glioblastoma (U87MGQG) cells were used for tumor inoculation when they reached ~80% confluence.

US7MG tumors were established in four- to five-week-old female athymic nude mice by subcutaneously injecting
5x10° cells, suspended in 100 pL of 1:1 mixture of DMEM medium and matrigel, into the lower flank of three mice.
The tumor sizes were monitored every alternate day, and in vivo experiments were carried out when the diameter of
the tumors reached 6 — 8 mm length in the long axis (typically, 3 weeks after inoculation). The total body mass of
these mice at this time was 22.5 £ 0.5 g.

The *Cu-citrate and **Y-citrate stock solutions for injection were prepared by diluting 10 pL of the separated
%CuCl, or *YCl; stock solutions with 0.6 mL of 10 mM sodium citrate (Na;C¢HsO7-2H,0 or Na;Cit) (Fisher
Scientific), which automatically resulted in solutions with pH ~7. Doses of 63.4 = 5.2 MBq and 84.3 = 1.6 MBq
84Cu-citrate in 200 pL were administered into each mouse of groups of three mice bearing 4T1 or US87MG tumors,
respectively, and static PET scans were performed at 0.5, 4, 8 24 and 48 hours post-injection (p.i.) on the 4T1 group
and at 1, 5, 8, 24 and 48 h p.i. on the US7MG group. 18.9 MBq of *Y-citrate was injected into a single 4T1 tumor-
bearing mouse and static PET scans were performed at 0.5, 4, 24 and 48 h p.i.

From the mixture of the two most concentrated fractions of *Cu-NOTA-TRC105 and *Y-DTPA-CHX-A"-
TRC105 eluted from the corresponding PD-10 column (800 pL total), 200 uL fractions with 3.7 + 0.1 MBq **Cu or
7.1+ 0.1 MBq *Y were administered into each mouse of the corresponding group of three 4T1 tumor-bearing mice
and PET scans were performed at 4, 24 and 48 hours p.i. in both groups.

PET acquisitions were set to collect at least 40 million coincident counts per mouse, which implicated scanning
times of 1.5 to 22 min, 3 to 40 min, 3 to 16 min and 1 to 8 min for the mice injected with 64Cu—citrate, $4Cu-NOTA-
TRC105, *Y-DTPA-CHX-A”-TRC105 and **Y-citrate, respectively. Static images were reconstructed using the
OSEM3D algorithm and then analyzed with the Inveon Research Workplace software. Volumes of interest were
drawn on the whole volume of the delineable organs: liver, large intestine and tumor for the images obtained from
64Cu-citrate; and heart, liver and tumor for the ones obtained from $4Cu-NOTA-TRC105. For both radiotracers,

muscle uptake was quantified by drawing two ellipsoidal VOIs, each of 100 — 200 mm?, flanking the urinary bladder
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in regions with low activity uptake where the adductor and biceps femoris muscles are located. The uptake data from
each of the VOIs is decay-corrected to time of injection and expressed as percentage injected dose per gram
(%ID/g). Whole body VOIs of each mouse were drawn and the whole body %ID was obtained by multiplication of
the %ID/g by the volume of the VOI, assuming that 1 cm®= 1 g. The %ID of each delineable organ and tumor was
calculated in the same manner.

The %ID versus time plots of the whole body was fit into mono-exponential decay functions in order to
calculate the whole body biological half-life of each radiotracer. In the case of **Cu-NOTA-TRC105 and *°Y-
DTPA-CHX-A”-TRC105, mono-exponential fits to the time-activity curves from the ROIs covering the heart was
used to obtain the circulation half-life of the radiolabeled antibody. The time-activity curves of the delineable and
remaining organs were used for internal dosimetry estimations as explained in Section 4.2.7.

4.2.7 Internal dosimetry of * Cu-citrate,  CuCl, in PBS, *Cu-NOTA-TRC105 and **Y-DTPA-CHX-A"-
TRC105 in humans

The internal dosimetry of *Cu-citrate, *CuCl, in PBS, “*Cu-NOTA-TRC105 and *Y-DTPA-CHX-A"-TRC105
was estimated for a standard adult male of 73.7 kg as defined by Cristy and Eckerman [49] using the
OLINDA/EXM software [50]. The organ %ID/g data from small animals was extrapolated to %ID per organ in
human using the mass method by Kirschne [52]. Only the biodistribution data from 4T1 tumor-bearing mice was
employed in the extrapolation to estimate the absorbed dose in humans from ®‘Cu-citrate. Details about the
methodology for internal dosimetry were already explained in Chapter 2, Section 2.2.8.

4.2.8 Tumor and normal organ dosimetry of *Cu-citrate, *CuCl, in PBS, *Cu-NOTA-TRC105, " Cu-
NOTA-TRC105 and "’Y-DTPA-CHX-A”-TRC105 in mice

The absorbed dose delivered to the 4T1 tumors by accumulated $4Cu-citrate, **CuCl, in PBS, **Cu-NOTA-
TRC105 and *Y-DTPA-CHX-A”-TRC105; and by accumulated *‘Cu-citrate in the U87MG tumor, was estimated
using the dose-to-sphere model included in the OLINDA software after inputting the total cumulative decays or
disintegrations inside the tumor (which we will assume to be spherical) per administered activity in units of Bq-
h/Bq, as it was done in Chapter 2, Section 2.2.9. This value is obtained by trapezoidal integration of the non-decay-
corrected time-activity curve of the tumor up to the last time point that was measured and then by integration from

this time point up to infinity assuming that there is only physical decay of the radiotracer. The same analysis for
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tumor dosimetry was extrapolated to the hypothetical administration of the therapeutic analogues labeled with “’Cu
and *°Y maintaining the same pharmacokinetic data measured with the PET counterparts.

In order to estimate the absorbed dose to the normal organs of a mouse after the administration of the
theranostic tracers: **Cu-citrate, “*CuCl, (in PBS) and *Cu-NOTA-TRC105; and the hypothetical administration of
the therapeutic analogues: ®’Cu-citrate, ’CuCl, (in PBS), “Cu-NOTA-TRC105 and *’Y-DTPA-CHX-A”-TRC105,
we employed the absorbed fractions (AF or ¢;) for different source-to-target organ configurations in a 27 g
transgenic mouse that were calculated and published by Stabin et al. [56], from which the S-values can be calculated
using Equation 2.5. However, in the case of ’Y-DTPA-CHX-A”-TRC105, the S-values for *’Y found in the same
publication were directly employed. The AFs reported by Stabin et al were calculated by simulating mono-energetic
photons (of energies 10, 15, 20, 30, 50, 100, 200, 500, 1000, 2000 and 4000 keV) and electrons (of energies 100,
200, 400, 700, 1000, 2000 and 4000 keV) inside a voxel-based, not mathematically modeled, transgenic mouse
using a Monte Carlo particle transport code. The AFs for the three main emissions of **Cu (one p* particle with Eqye
= 278 keV; one B particle with E,,. = 191 keV and the 511 keV y emissions that result from positron annihilation)
and the seven main emissions of “’Cu (four B particles of mean energies of 51, 121, 154 and 189 keV and three y
emissions of 91, 93 and 185 keV) were interpolated from the published AF values assuming that positrons and and
beta particles behave as mono-energetic electrons.

Following the MIRD schema [53] for internal dosimetry, the mean absorbed dose to a target organ is then
calculated by substituting the S-values and the cumulative activity or total number of decays in each source organ in
Equation 2.6.

4.3 Results and Discussion

4.3.1 Cyclotron targetry, irradiations and target yields

There was no nickel mass loss in targets used for the production of ®'Cu and *‘Cu during irradiation, which
demonstrates that the electroplated targets can sustain high power irradiations of at least up to 492 W (8.2 MeV x 60
HA, since there was total degradation of the deuteron beam on the “°Ni targets). The average **SrCO; mass lost after
each irradiation was 6 £ 3 mg (n = 3), that is, 4% of the initial target material. This is the result the conversion of
some *°SrCO; to *°SrO and gaseous CO, due to the heat deposition by the proton beam and therefore there is no
actual loss of enriched **Sr. The CO, release into the vacuum chamber of the cyclotron was reflected in a slight

increase in pressure from 6.5x10° mbar to 1.1x10™ mbar during the < 5 min beam tuning stage according to the
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cyclotron’s pressure sensor. Afterwards, the pressure dropped back to the baseline value of 7.0-6.0 x10°® mbar. The
change in vacuum pressure was considered acceptable and therefore the presented target setup only allows for low
power irradiations of up to 64 W (16 MeV x 4 pA, although only ~ 4 - 5 MeV are degraded in the SrCO; and the
rest in the niobium backing). Higher currents would be attainable if SrCOj is turned into SrO before irradiation as it
was demonstrated by Yoo J, et al [245]. This change in target composition would not affect the subsequent
separation chemistry procedure presented in this work as SrO is soluble in HCI.

Tables 4.4, 4.5 and 4.6 lists the experimental activity yields at end of bombardment (EoB) involved in the
production of *Cu, *'Cu and **Y, respectively, with the irradiation settings pointed out in Table 4.1, and how they
compare to the predicted yields from published experimental excitation functions. To have a better perception of this
data, the respective yields are plotted versus thickness in Figures 4.7, 4.8 and 4.9.

Table 4.4 Activity yields related to the production of **Cu and comparison to predicted yields from published
excitation functions.

Q AX %Cu Yield % of est. ICo Yield at Saturation % of est.

[nAh] [mg/cmz] [MBgq/pAh] from [234] [MBq/pA] from [235]
125.0 359 50 56% 5 40%
24.8 37.0 54 55% 9 67%
110.0 65.5 95 58% 11 55%
116.7 69.1 73 42% 12 58%
45.0 71.3 96 53% 13 62%
10.0 77.0 127 64% 12 52%
80.0 78.6 84 42% 10 45%
65.0 80.6 109 53% 11 48%
115.0 82.8 107 52% 10 45%
30.8 84.1 142 66% 11 48%
56.0 85.6 111 52% 14 58%
26.0 92.4 109 48% 11 44%
149.7 109.0 113 43% 9 34%
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Figure 4.7 Experimental and predicted yields of **Cu and *'Co from 11.0 MeV proton irradiation on *Ni targets.
The scale on the left side of the plot is for *Cu yield in MBq/uAh and the scale on the right side is for ®'Co yield at
saturation in MBq/pA.

Table 4.5 Activity yields related to the production of ®'Cu and comparison to predicted yields from published
excitation functions.

Q Ax 1Cu Yield % of est. from 2Co Yield % of est.
[nAh] [mg/cmz] [MBq/pAh] [236, 237] [kBq/nAh] from [238]
60.0 51.0 69 39% 26 32%
20.0 51.9 74 41% 43 53%
79.8 64.3 70 35% 30 35%
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Figure 4.8 Experimental and predicted yields of °'Cu and **Co from 8.2 MeV deuteron irradiation on “’Ni targets.
The scale on the left side of the plot is for *'Cu yield in MBq/puAh and the scale on the right side is for **¢Co yield in
kBq/pAh.
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Table 4.6 Activity yields related to the production of **Y and comparison to predicted yields from published
excitation functions.

Q AX %Y Yield (m+g) % of est. ¥my Yield Y Yield
[nAh] [mg/cmz] [MBq/pAh] from [234] [MBq/pAh] [kBq/pAh]
4.0 105.5 86 60% 1.6 13
3.0 122.0 103 64% 1.8 15
4.0 146.5 116 61% 2.1 18
300
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Figure 4.9 Experimental and predicted yields of **Y from 15.2 MeV proton irradiation on *°SrCOj targets. The *¢Y
activity generated by total decay of **™Y (¢;, = 47 min) is included and decay corrected to EoB.

The experimental *‘Cu, ¢'Co, ¢'Cu, **¢Co and **Y yields are 53 + 8%, 51 + 9%, 39 + 3%, 40 + 11% and 61 =+
2%, respectively, of the predicted yields calculated from experimental excitation functions because, even though the
proton beam from the PETtrace is centered on the solid target support, it covers an axial area that is larger than the
electroplated surface (@ = 0.9 — 1.1 cm) and the transverse area of the depression in the niobium crucible (@ = 1.23
cm), that causes a loss of up to 41 and 42% of the proton and deuteron beam intensities, respectively, in the
electroplated targets; and a loss of 15% in the niobium crucible. The details on how these percentage losses were
calculated are explained in Appendix C.

The average and standard deviation of the **Cu yields, except for the two thin targets of 35.9 and 37.0 mg/cm?,
is 106 + 19 MBg/pAh. The average yield of ®'Cu from the three irradiations on “Ni is 71 + 3 MBg/pAh. The %¢Y
yield at EoB (including the contribution from the decay of *™Y) from the three production runs is 102 £ 15
MBg/pAh. Thus, using currents of 30 pA protons on **Ni, 60 pA deuterons on “°Ni or 4 pA protons on **SrCOs;,

with the range in thicknesses shown in Tables 4.4, 4.5 and 4.6, a typical 1 hour long irradiation would generate
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batches of 3.18 GBq **Cu, 4.26 GBq *'Cu and 0.41 GBq *°Y, respectively. The percentage of these batches that is
actually separated with high radionuclidic purity and specific activity will be explained in the next section.
4.3.2 Radiochemical Separation

The radio-copper separation efficiency was 86 + 9% (n = 10, including productions runs for both **Cu and *'Cu)
in 100 pL of 0.1 M HCI. The whole separation process from EoB to the re-dissolution of the separated copper took
1.8 + 0.4 hours, having as the main bottleneck the dissolution of the nickel target in 0.5 — 1.0 hour. The **Ni and *'Ni
recycling yields after production/electroplating runs on the same target material were 94 = 2% and 97 £+ 1%,
respectively. This renders the production of both radio-copper labels economical since the replenishment of
relatively expensive target material will not be required on a regular basis.

The *Y separation efficiency from *°Sr was 93 + 6% (n = 3) in 100 uL of 0.1 M HCI. The whole separation
process took 1.8 £ 0.4 hours (coincidentally the same average and standard deviation as in the radio-copper
separation). The **SrCO; recycling yield after three production runs on the same target was 89 + 1%.

Both production routes depend on the extraction properties of DGA resin in HCI solution, which were published
by Pourmand and Dauphas [192]. Copper in HCI solution reaches a maximum in distribution coefficient (log K;)
with DGA resin of ~10 when the acid concentration is ~6 M HCI , while the log K, for nickel and cobalt is < 10"
and ~10, respectively. Almost quantitative radio-copper trapping (94 £+ 4%) is obtained when the amount of DGA
resin packed in a 0.5 cm diameter column is > 420 mg. Lower amounts of resin resulted in lower trapping
efficiencies (data not shown). The co-trapped radio-cobalt is washed from the resin without significantly eluting the
desired radio-copper at a concentration of 4.5 M HCI, at which the distribution coefficients towards the resin for
copper is still ~10 and that of cobalt has dropped to ~1. However, this HCl wash will also remove radio-copper,
although in a smaller proportion and at a lower rate compared to the amount or radio-cobalt. Fortunately,
quantitative removal of radio-cobalt is achieved after 3 mL of 4.5 M HCI at the expense of merely ~6% of the
desired radio-copper.

Likewise, the distribution coefficients of yttrium and strontium in the DGA/HCI] medium are very favorable for a
separation strategy. The log K, of yttrium is > 10* when the concentration of HCl is > 3 M, while that of strontium is
< 1 under the same conditions, reaching a minimum at ~ 9 M HCI. As seen in Table 4.3, this is the HCI

concentration of the target solution that is aimed for before the transfer to the extraction resin.
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Once the radionuclide of interest (either **Cu, ®'Cu or **Y) is trapped in the DGA resin, the elution is carried out
in 200 pL fractions of HCI. As shown in Table 4.3, the concentration of this eluent is 2 M HCI for radio-copper and
1 M HCI for *Y. Such relatively high concentrations were selected, instead of using plain deionized H,O or 0.1 M
HCI, because at these high concentrations the log K; values for the ubiquitous trace metals iron and zinc remain
above 10% [192], which means that the majority of these metals will remain in the resin while the desired
radionuclide is eluted with a high effective specific activity. Figure 4.10 shows the elution profiles from DGA in

terms of the percentage of the total radioactivity produced at EoB eluted in each 200 pL fraction.
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Figure 4.10 Elution profiles of (a) radio-copper (*'Cu or **Cu) separated from isotopically enriched nickel targets in
HCI solution using a > 420 mg DGA branched resin packed into a 0.5 cm ID column with a flow rate of 1.1
mL/min; and (b) *Y from *Sr dissolved in HCI using a 100 mg DGA branched resin.

Figure 4.11 shows the complete elution profiles of the main elements involved in the separation of radio-copper

using a 420 mg DGA branched column in percentage per fraction and in cumulative percentage of the total

radioactivity produced at EoB.
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Figure 4.11 Complete elution profile of the main elements involved in the separation of radio-copper from nickel-
based targets dissolved in HCI in terms of percentage per volume (a) and cumulative percentage per total volume
(b).

The y-spectra of **Cu, 'Cu and **Y before and after the purification process are shown in Figure 4.12. The
unpurified radio-copper target samples contained significant levels of radio-cobalt radionuclidic impurities, which
were completely removed after the purification process, resulting in ®'Cu with radionuclidic purity at EoB of
99.9998 + 0.0001% (n = 3). The radionuclidic purity of the separated *‘Cu is of a similar value, although it was not
directly quantified because the main impurity ' Co was below the detection limit.

The main non-yttrium radionuclidic impurities generated in the **SrCO; targets were the short-lived ¥™Sr and
7mgr, as well as traces of the long-lived ¥*Rb from **Sr(p,a), all of which are only visible in the solution that flows
through the DGA resin after trapping > 99% of the radio-yttrium. Hence, the main impurities in the desired **Y are
other yttrium radionuclides generated by the stable isotopes of strontium that are not **Sr, which account for 3.6% of
the target material. Furthermore, the *°Sr(p,n) reaction also leads to a short-lived metastable state of *°Y that decays
to the desired **¢Y with a half-live of 48 min. Thus, the radionuclidic purity at EoB is of little value since at this time

86m

the ™Y activity represents a large fraction of the activity and the radionuclidic purity quickly changes over time as

86my decays and turns into the desired **¢Y. Therefore, the radionuclidic purity is reported 8 hours after EoB, when
ten half-lives of *™Y have elapsed, resulting in 98.3 + 0.1 % (n = 3). Table 4.7 presents the details of the
radionuclidic components of each separated product. The *Y impurity is of particular concern due to its long
half=life of 106.6 days and its two prominent gamma emissions of 898 and 1836 keV, both with > 90% BR. From

Table 4.7, we can see that this impurity is minimal, accounting for 0.022% of the total activity. In other words, there

is only 220 Bq *®Y for every MBq of *Y, 8 hours after EoB.
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Figure 4.12 Gamma spectra of samples taken throughout the separation process of **Cu, ®'Cu and *Y. The spectrum
from separated **Cu in row (a) shows the absence of the 67 keV gamma peak from ®'Co from *Ni(p,a). The
spectrum from separated ®'Cu in row (b) shows the absence of the 811 keV gamma peak from **:Co from *°Ni(d, ).
The spectra in (c) display the many gamma lines emitted by **®Y with the impurities *’#Y (generated from *™Y) and
Y only visible after many half-lives of **Y after EoB. The target sample shows a prominent gamma line from *™Y
co-produced via **Sr(p,n), which is absent in the spectrum of the separated stock 9 hours after EoB. The spectrum of
the solution that passed through the DGA resin after loading the **Y only shows the gamma lines from the short-
lived strontium radionuclides that are co-eluted with the bulk **Sr target material, demonstrating the high trapping

efficiency of yttrium.



Table 4.7 Radionuclidic impurities in the separated radionuclides of interest

:))reos(lll;lecdt Target % abundance Reaction Product % in separated stock at EoB
84Cu N 99.32 **Ni(p,n) % Cu >99.999%
64Ni(p,ot) %1Co unobserved
Slcy ONi 99.60 Ni(d,n) SICu 99.9998 + 0.0001%
ONi(d,0) o 0.0002 + 0.0001%
i 0.32 *¥Ni(d,o) %Co unobserved
Soey 865y 96.40 8Sr(p,n) Soey 98.3+0.1% "
8()Sr(p,ot) ®Rb unobserved
gy 2.26 ®Sr(p,n) By 0.022 +0.001%
7Sy 1.33 7Sr(p,n) ¥y 1.7£0.1%°

" After decay correction to EoB of all the **Co, including the one generated from total decay of **"Co.
# Radionuclidic purity 8 h post-EoB in order to have complete decay of **"Y (¢,,=47 min).
YY-87m decays to *’®Y (¢,,=79.8 h), an impurity that is not considered at EoB.
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Figure 4.13 shows the decay logging from samples of separated stocks of **Cu and *Y. The exponential fit to

the logged activity reading from the dose calibrator indicates that the half-life of the separated *‘Cu is 12.71 + 0.06

h, which is 0.1 + 0.5% greater than the accepted value for **Cu: 12.701 h [243]; and that of the separated *Y is

measured as 14.888 £ 0.004 h, or 1.01 = 0.03% higher than the accepted value: 14.74 h [244]. This latter

discrepancy is due to the presence of impurities with longer half-lives: *¢Y and **Y.

100 y = m1*exp(-m2*x) 10000 y = m1 exp(-m2°x)
z | | |2 Tl
m . .
= m; 0 06514233 ) 0006;?13:533 = m2 | 0.046557| 1.3654e-5
g m : : e Chisq 48.406 NA
2 Chisq 3.7229 NA g 1 NA
S rz| 0.99992 NA S
5 5
Q< Q
[0
c =1000 -
=3 )}
c (=
k=] 5
© ®
o o
= =
o o
3 5
O o
10 T T T T T 100 T T T - -
0 5 10 15 20 25 30 0 10 20 30 40 50 60
time [h] time [h]
(a) (b)

Figure 4.13 Data from logging the activity of a sample from the separated stock of **Cu (a) and *°Y (b) every 10
seconds for 26.4 hours and 49.8 hours, respectively, and exponential fits to the data which indicates that the half-life
of the radioactivity in the samples is 12.71 £ 0.06 h and 14.888 + 0.004 h, respectively.

Ten puL samples from the target solutions as well as 2-20 uL. samples from the separated stocks were analyzed

for trace metal quantification with Agilent’s 4200 MP-AES system. The main metal impurities found in the

separated stock of “*Cu were: cobalt (380 uM), nickel (317 pM), copper (144 uM), zinc (55 pM) and iron (68 pM).

In the separated stock of *'Cu, the main metal impurities were: nickel (323 pM), cobalt (241 uM), copper (157 uM),

silver (53 uM), zinc (52 pM) and iron (21 pM). The main impurities in the separated 86y were: zinc (4.2 mM),
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cobalt (2.7 mM), iron (1.9 mM), strontium (462 uM), yttrium (312 uM), nickel (78 pM) and copper (64 uM). These
results are summarized in Table 4.8, along with the corresponding separation factor for each element.

Table 4.8 Results form trace metal analysis on the germanium eluate used for labeling experiments.

Desired product Element Mass [pg] Molarity [pM] Separation Factor’
$4Cu Cobalt 22+0.8 380 + 133 42 %103
Nickel 1.9+15 317 £253 2.5 % 10
Copper 0.9+0.6 144 + 100 -
Zinc 0.4+02 55+35 3.2 % 10°
Iron 0.4+0.3 68 + 58 2.4 x 10°
lcy Nickel 1.9+12 323 + 204 1.3 x 10°
Cobalt 1.4£09 241 £ 159 3.4 x 10°
Copper 1.0+£0.2 157 + 38 -
Silver 0.6+ 0.3 53+ 32 6.7 x 10°
Zinc 03+0.2 52 +23 3.2 x 10°
Tron 0.11+0.10 21+ 18 42 %103
8oy Zinc 275+95 4208 + 1452 6.1 x 10°
Cobalt 162+ 8.9 2743 + 1512 1.3 x 10°
Tron 10.4 +3.4 1854 + 603 62
Strontium 41+2.7 462 + 308 3.6 x 10
Yttrium 28+ 1.4 312+ 159 -
Nickel 0.5+0.2 78 + 27 1.3 x 10°
Copper 0.4+0.1 64 +23 1.6 x 10°

" Calculated by dividing the mass in the target solution over the mass in the separated stock.

As it was mentioned in Section 4.3.1, a typical 30 pAh irradiation on a > 65 mg/cm? thick **Ni target generates
~3.18 GBq *Cu. 86% of this activity is separated, dried down and re-dissolved in 100 pL of 0.1 M HCI, which
represents ~2.73 GBq **Cu with an activity concentration of 27348 GBg/L. Therefore, the effective specific activity
(ESA) of the separated **Cu from such representative irradiation would be 27348 GBq/L divided by the total molar
concentration of metal impurities shown in Table 4.8, that is, 964 puM, which equals 28 GBg/pumol of metal
impurities. This ESA is of the same order of magnitude as the ESA that was obtained from the titration experiments
with mainstream chelators that will be presented in the following section 4.3.3. A similar analysis for *'Cu and *Y,
after irradiations of 60 and 4 pAh, respectively, reveals that the ESA from the trace metal quantification is 43 and
0.39 GBg/umol, respectively, which are in close agreement with the ESA obtained from the titration with NOTA
and DTPA, respectively.

4.3.3 Effective Specific Activity with Chelators

The retention factors (Ry) of unlabeled ®“Cu and **Y in plates after the TLC protocol were 0 in both cases; and
those of ®*Cu-NOTA, *Y-DOTA and **Y-DTPA were 0.5, 0.5 and 1.0, respectively.
The average ESA from all the production runs, decay corrected to EoB, of *Cu-NOTA, *'Cu-NOTA, *Y-DOTA

and *°Y-DTPA are 105 + 37, 64 + 45, 0.5+ 0.2 and 1.4 + 0.5 GBg/umol, respectively.
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The measured ESA of *Cu is between 40 and 60% of the average ESA reported by McCarthy et al [188], Avila-
Rodriguez et al [189] and Thieme et al [246], while that of 'Cu falls within the ESA range reported in the
publications of McCarthy et al [220] and Bradshaw et al [247]. This indicates that the reported radiochemical
separation method results in radio-copper with sufficient quality for labeling macrocyclic chelators such as NOTA,
TETA (1,4,8,11-tetraazacyclotetradecane-tetraacetic acid) and ATSM (diacetylbis(4-N-methyl-3-
thiosemicarbazone)).

The measured ESA of *Y with DTPA is ~40% of that reported by Garmestani et al. [224]. Measured with
DOTA, the ESA obtained in this work is ~60% of that reported by Reischl et al. [248] and one, two and three orders
of magnitude lower than that reported by Park et al. [225], Avila-Rodriguez et al. [226] and Yoo et al. [245],
respectively. In future work, we will try to increase the ESA by dissolving the **SrCO; off the niobium crucible
exposing only the target material by use of a O-ring sealed teflon mask as done with the electroplated nickel targets.
Nevertheless, the ESA obtained so far was sufficiently high for radiolabeling with 82% yield a DTPA-CHX-A"-
conjugated antibody by mixing 786 pg (5.2 nmol) of protein per 37 MBq of *®Y, as it will be explained in section
4.35.

The measured Y-DTPA reactivity is about three times higher than with DOTA even though the thermodynamic
stability constants (log K, ) of these two complexes, 22.05 and 24.0 [63], respectively, would predict the opposite.
The reason is because the three main metal impurities in the separated 8YCls: zinc, cobalt and iron, all have higher
log Ky values when bound to DOTA, compared to DTPA, and hence all are stronger competitors for the
coordination of DOTA. The log K, values of Zn-DOTA, Zn-DTPA, Co-DOTA, Co-DTPA, Fe(II)-DOTA and
Fe(Il)-DTPA are 18.7, 18.2, 19.3, 18.8, 19.8 and 16.2, respectively [63].

In order to have a better idea of what is the required ESA in a clinical setting, we can look at the reported values
in articles in which ®*Cu- or *Y-labeled antibodies or peptides have been administered to patients without any
adverse effect in the biodistribution or pharmacokinetics of the radiotracer. It will be assumed that the molecular
weight of intact antibodies is 150 kDa [249] unless the actual values are explicitly indicated in the referenced
publications. Philpott et al. [250], reports that 5.0 mg (33 nmol) of antibody labeled with 333 to 407 MBq was
injected and that each antibody was conjugated with ~1.8 TETA chelators; therefore, the ESA range in this case was
10.1 — 12.3 GBg/umol antibody or 5.6 — 6.9 GBg/umol chelator. Cutler et al. [251], administered the same antibody

as Philipott, but reports labeling up to four times more antibody, 20 mg (133 nmol), per 370 MBq of *Cu, indicating
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that in this case the ESA for human administration was four times lower, that is, 1.4 — 1.7 GBq/pumol chelator.
Thakur et al. [252] and Tripathi et al. [253] injected a diaminodithiol-conjugated peptide (**Cu-TP3805; MW=3983
Da) with an ESA of 44.4 GBqg/umol. In the study published by Mortimer et al. [254], 5 to 50 mg of DOTA-
conjugated trastuzumab labeled with 364 to 512 MBq were administered to the patients, which implies that the ESA
was between 1.1 and 15.4 GBg/pmol assuming a 1:1 chelator-to-antibody molar ratio. Lockhart et al. [255] reports
the injection of **Cu-DOTA-patritumab with an ESA of 555 — 2220 GBg/umol antibody, although the number of
chelators per antibody was not specified. Férster et al. [256] reports the administration of **Y-DOTATOC (DOTA-
D-Phe'-Tyr’-octreotide; MW=1421 Da) with an ESA of 11 — 24 GBg/umol. Jamar et al. [257] administered the
same *°Y-labeled octreotide analogue with a ESA range of 0.7 to 52.6 GBq/umol. Table 4.9 summarizes these
reported values and whether the ESA of the produced radionuclides presented in this chapter are within the same
order of magnitude.

Table 4.9 Effective Specific Activities employed in the clinic

Nuclide ESA [GBq/pmol] Comparison of ESA in this work References
4Cy 5.6-6.9 > [250]
14-1.7 > [251]

44 4 > [252, 253]
1.1-154 > [254]
555-2220 < [255]
oy 11-24 < [256]
0.7-52.6 > [257]

4.3.4 Image quality of **Cu, " Cu and *°Y

The image quality of **Cu, *'Cu and **Y was assessed by visual inspection of the reconstructed microPET
images from a Derenzo phantom. As seen in the images on the left column of Figure 4.14, clear resolution was
observed down to a rod diameter of 1.25, 1.25 and 1.5 mm, when the phantom was filled with 4Cu, ®'Cu and *y,
respectively. The plots on the right column of Figure 4.14 shows the gray intensity profile from 2.10 mm (10 pixels)
wide regions of interest that covers the bottom row of the 1.5 mm diameter rods on each image. Each peak was fitted
with a gaussian curve revealing full width at half maximum (FWHM) values of 3.0 + 0.6, 3.5 £ 0.8 and 4.0 £ 0.8
mm, respectively. The average peak to valley ratios in each profile were 1.38 = 0.22, 1.35 £ 0.17 and 1.21 + 0.13,
respectively. These measurements will be compared to those from Derenzo phantoms filled with the other

radionuclides that were isolated throughout this work in Appendix A.
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Figure 4.14 PET images of Derenzo phantoms filled with: (a) ®Cu, (b) ®’Cu and (c) *°Y. The quantities next to each
triangular section in (a) indicate the diameter of each of the rods, which are separated from center to center by twice
the diameter distance. Rods up to 1.25 mm can be easily resolved in PET images of **Cu and ®'Cu and rods up to 1.5
mm with **Y. The profile distribution plots from the bottom row of 1.5-mm rods in each image is shown in the right

column.

Cu-64 offers an excellent spatial resolution due to the low maximum energy of its only positron emission with a

maximum energy of 653 keV, which has a mean and maximum range in water of 0.560 and 2.935 mm, respectively

[194]. In fact, the resolution that is visualized with the Derenzo image is lower than the mean range of the positron

due to the intrinsic resolution limit of the Inveon scanner, quantified as 1.62 mm in the radial direction using a **Na

(B" Emax = 546 keV) point source, by Kemp et al [258]. In fact, this explains why the spatial resolution of *'Cu is
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comparable to that of *Cu even though the mean positron range of the main positron emitted by the former, with a
maximum energy of 1216 keV and a branching ratio of 51%, is more than three times higher at 1.805 mm [194].

The relatively low spatial resolution of the *Y image is the result of the high maximum energy of 1221 keV of
the main positron emitted by **Y, with a branching ratio of 11.9%, although this nuclide also emits other positrons
with higher maximum energy but at lower branching ratios, the most energetic one having a maximum energy of
3142 keV and a branching ratio of 2.0% [244]. Le Loirec and Champion have reported a mean and maximum range
in water for this latter positron of 2.511 and 11.126 mm, respectively [194].

4.3.5 Preparation of *Cu-NOTA-TRC105 and **Y-DTPA-CHX-A”-TRC105

After mixing 5 and 25 pL from each separated stock (173 and 71 MBq of **CuCl, and **YCl; at EoB,
respectively) with ~125 png NOTA-TRC105 and ~786 ug DTPA-CHX-A”-TRC105, respectively, in a total volume
of 1 mL NaOAc buffer (pH ~4.5) and waiting for 0.5 - 1 h, the purification of **Cu-NOTA-TRC105 and **Y-DTPA-
CHX-A”-TRCI105 resulted in a total labeling yield of 40% and 82%, respectively, in 4 fractions of 400 puL of PBS.
However, only the two most concentrated fractions were mixed together and then employed for the animal studies.
These fractions accounted for 31% and 54%, respectively, of the initial activity, which corresponded to 14 MBq
%Cu and 29 MBq *Y at the time of the synthesis (the *Cu and **Y labeling was performed 21 and 5 hours after
EoB, respectively). These formulations were split in 200 pL doses for administration into each 4T1 tumor bearing
mice.
4.3.6 Biodistribution and pharmacokinetics of * Cu-citrate, *CuCl, in PBS, *Cu-NOTA-TRC105, *°Y-
citrate and **Y-DTPA-CHX-A"-TRC105 in tumor-bearing mice

PET scans were performed after administration of *‘Cu-citrate at 0.5, 4, 8 24 and 48 hours post-injection (p.i.)
on three 4T 1-tumor bearing mice and at 1, 5, 8, 24 and 48 h p.i. on three U§7MG-tumor bearing mice. PET scans on
the 4T 1-tumor bearing mice injected with “*CuCl, diluted in PBS were performed at 0.5, 4, 16, 24, 48 and 72 h p.i.,
the three latter scans on the Genisys4 PET/x-ray scanner (Sofie Biosciences, Culver City, CA). Figure 4.15(a), (b)

and (c) show the coronal and sagittal maximum intensity projection (MIP) images of one of the mouse from each

group.
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Figure 4.15 Coronal and sagittal MIP images from PET scans of mouse #3 from: (a) the 4T1 tumor-bearing group at
0.5, 4, 8 24 and 48 h injected with “Cu-citrate; (b) the 4T1 tumor-bearing group at 0.5, 4, 16, 24, 48 and 72 h p.i of
4CuCl, in PBS; and (c) the U87MG tumor-bearing group at 1, 5, 8, 24 and 48 h p.i of *Cu-citrate. The **Cu uptake
level is color coded by the %ID/g bar shown on the right of each set of images. The PET scans for the other two
mice in each group show the same trend in biodistribution of each **Cu-labeled agent. T: tumor; L: liver; SI: small
intestine; Th: throat; IBAT: interscapular brown adipose tissue.

Both tumor models showed significant uptake for visible contrast when the intensity scale bar is set to a
maximum of 15 %ID/g. Visually, the biodistribution over time of *CuCl, diluted in PBS in 4T1-tumor bearing mice
looks very similar to that of *Cu-citrate in the same tumor model. This result indicates that weakly bound *Cu to
either citrate, chloride or phosphate, behaves almost identically in vivo, perhaps because it is quickly exchanged to
ligands in the bloodstream or in tissue and because the phosphate anions in PBS, with a concentration of 10 mM, do
not combine with copper forming a precipitate as it was the case with **ScCl; diluted in PBS. If **Cu would form a
precipitate in PBS, 100% of the activity as **Cu-phosphate would accumulate in the liver, as it was the case after
administration into mice of **ScCly diluted in PBS (Figure 2.9, in section 2.3.7). With both tracers, high
accumulation in the intestines and liver is evident, as well as significant accumulation in the throat region in early
time points and in the brown adipose tissue found in the interscapular region in later time points. Furthermore, the

persistence of high %ID/g intensity in the liver and bowel throughout the studies, indicates that weakly bound *Cu

has a very slow clearance rate from these organs. Figure 4.16 shows the biodistribution over time and the time-
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activity curves in terms of %ID/g and %ID, respectively, from quantifications of VOIs covering the whole body,
tumor, adductor and biceps femoris muscles and the delineable organs: liver and intestines. The %ID plots include
exponential fits to the whole body VOIs from which the biological half-life of **Cu-citrate was quantified as 48.1 h
and 55.0 h in the 4T1- and U87MG-tumor bearing mice, respectively. The biological half-life of **CuCl, injected in

PBS solution into 4T 1-tumor bearing mice is 85.5 h.
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Figure 4.16 Quantitative PET data presented as biodistribution charts in terms of %ID/g and time-activity curves in
terms of %ID from: *'Cu-citrate in mice bearing 4T1 tumors (a) and U87MG tumors (c); and **CuCl, diluted in PBS
in mice bearing 4T1 tumors (b). All data is decay-corrected to time of injection. Error bars represent standard
deviation from quantifications in three mice.

PET scans at 4, 24 and 48 h p.i. of ®*Cu-NOTA-TRC105 and **Y-DTPA-CHX-A”-TRC105 show prominent

systemic circulation of the radiolabeled antibody and gradually increasing concentration of radioactivity in the 4T1
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tumor (Figure 4.17). High accumulation in the liver and spleen is a common characteristic of full antibodies due to
the binding of their Fc component to receptors found in lymphocytes and macrophages, which eventually
accumulate in sinusoid capillaries found in these organs [195]. Below the PET scans from *Y-DTPA-CHX-A”-
TRC105, Figure 5.15(c) shows the PET scans of **Y-citrate from a single 4T1 tumor-bearing mouse as a reference

of how unlabeled or de-chelated *°Y accumulates mainly in the skeleton.
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Figure 4.17 Coronal and sagittal MIP images from PET scans of one of the 4T1 tumor-bearing mouse administered
with (a) “Cu-NOTA-TRC105, (b) **Y-DTPA-CHX-A”-TRC105 and (c) **Y-citrate. Uptake level is color coded by
the %ID/g bar shown on the right of each set of images. T: tumor; L: liver; B: bladder; CA: carotid arteries; H: heart;
AA: abdominal aorta.

Figure 4.18 shows the biodistribution over time of the radiolabeled antibodies and the time-activity curves from
quantifications of VOIs covering the whole body, tumor, adductor and biceps femoris muscles and the delineable
organs: heart, liver and spleen. Exponential fits to the whole body and heart time-activity curves reveal whole body

biological and circulation half-lives for *Cu-NOTA-TRC105 of 282.9 h and 52.2 h, respectively; and 362.9 h and

42.1 h, respectively, for *°Y-DTPA-CHX-A”-TRC105.
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Figure 4.18 Quantitative PET data from 4T1-tumor bearing mice injected with: a) **Cu-NOTA-TRC105 or b) *°Y-
DTPA-CHX-A”-TRC105. All data is decay-corrected to time of injection. Error bars represent standard deviation
from quantifications in three mice.

The biodistribution of weakly bound **Cu (**Cu-citrate or **CuCl, diluted in PBS) is useful to understand the
fate of **Cu that decorporates or exchanges ligand from the targeting bioconjugate vector to ligands in non-specific
tissues. Our results indicate that **Cu in vivo has a strong affinity towards many tissues, although particularly
towards the liver and bowel, which reflects into a long retention in the body, having cleared only by 48 + 3%, 45 +
3% and 33 + 3% after 48 h post-injection of *Cu-citrate in 4T 1-tumor bearing mice, **Cu-citrate in U§7MG tumor-
bearing mice and *‘CuCl, in 4T1-tumor bearing mice, respectively. This behavior contrasts with that of weakly
bound *Co (**Co-citrate), which had cleared from the whole body by more than 70% after 24 h p.i. in both tumor
models (Chapter 3, section 3.3.6). Furthermore, there is significant tumor uptake of weakly bound **Cu in both
tumor models, which needs to be considered in the quantification of uptake from **Cu-labeled targeted agents, in

case there is suspicion of decorporation from the radiolabel. Table 4.10 compares the %ID/g uptake in the 4T1
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tumor of the weakly-bound *Cu agents to that of **Cu-NOTA-TRC105 to highlight how de-chelated **Cu could
potentially impact the evaluation of the targeting efficacy of this radiolabeled targeted agent.
Table 4.10 Comparison of **Cu uptake in 4T1 tumors by the targeted agent “*Cu-NOTA-TRC105 and the non-

targeted agents **CuCl, diluted in PBS and *‘Cu-citrate. The uptake of “Cu-citrate in U§87MG xenografts is included
in the table but not compared to any other tracer.

Time p.i. “Cu-NOTA- 64CuClz in ratio vs % Cu-citrate ratio vs %“Cu-citrate
[h] TRC105 in PBS in 4T1 NOTA- in 4T1 NOTA- in US7"MG
4T1 (%ID/g) (%ID/g) TRC105 (%ID/g) TRC105 (%ID/g)
0.5-1 - 6.0+ 0.6 - 32+0.8 - 7.4+0.3
4-5 6.8+0.4 5.6£0.7 83% 43+0.8 64% 73+04
8 - - - 42+0.7 - 6.7+0.3
16 - 49+0.5 - - - -
24 10.8 £0.8 47+04 44% 3.7+0.6 34% 44+03
48 114+1.0 43+04 38% 33+0.5 29% 2.8+0.3
72 - 35+04 - - - -

From the results in Table 4.10, if “‘Cu were to decorporate from the **Cu-NOTA-TRC105 agent, it could
potentially contribute to an overestimation of the tumor uptake by up to 83% in the early time points (4 — 5 hours
p.i.). However, we can rule out his possibility since the PET images from *Cu-NOTA-TRC105 show very small
uptake in the bowel (Figure 4.17(a)), where decorporated **Cu would accumulate besides the liver, indicating that
%4Cu is stably bound to the chelator. This is actually the case based on the high thermodynamic stability of the Cu-
NOTA complex (log Ky, = 20.1)[63].

However, other **Cu-labeled agents make use of chelators that bind **Cu with low strength, causing the
radiometal to de-chelate and confound the targeting properties of the radiolabeled agent. For instance, the
biodistribution of the hypoxia tracer *Cu-ATSM has been compared to that of weakly-bound **Cu (injected as *‘Cu-
acetate) in mice bearing either murine adenocarcinoma (CaNT) or murine mammary carcinoma (EMT6) tumors,
resulting in almost identical tumor uptakes beyond 2 hours post-injection [259], which raised the question of
whether the copper accumulation is mediated by hypoxia or by copper metabolism.

On the other hand, the relatively high tumor targeting properties of weakly-bound **Cu make this agent a useful
probe for diagnostic imaging of cancer lesions. Indeed, many research groups are beginning to use plain **CuCl, to
detect cancer lesions in both preclinical [8, 9, 13-15, 260] and clinical [16, 17] studies. To quantitatively
demonstrate how weakly-bound *Cu is able to generate T/M contrast that is comparable to that from a targeted

agent such as “Cu-NOTA-TRC105, the tumor-to-muscle (T/M) ratios were calculated and plotted in Figure 4.19.
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Figure 4.19 Tumor-to-muscle (T/M) ratios over time of %ID/g uptake values measured from PET images of groups
of three 4T1 tumor-bearing mice injected with *°Y-DTPA-CHX-A"-TRC105, “*Cu-NOTA-TRC105, **CuCl, in PBS
and *Cu-citrate. The T/M ratios from the set of three U87MG tumor-bearing mice injected with “Cu-citrate is also
included.

Clearly, the highest T/M ratio after administration of weakly bound *Cu occurs within the early time points
after injection (< 8 h), particularly in the US7MG tumor model, in which it reaches a T/M ratio of ~ 8 merely 1 h p.i.
These results suggests that if weakly-bound radio-copper were to be used as a radiotracer of cancer lesions, a better
choice for a copper radionuclide that matches its pharmacokinetics is the shorter-lived ®'Cu. In the following section
on internal dosimetry the effective dose caused by weakly-bound *Cu and ¢'Cu will be evaluated and compared
against each other.

Another important implication of the observed intrinsic tumor targeting properties of weakly-chelated *‘Cu is
that it can be potentially used as a therapeutic due to its prominent B~ emissions, or it can be substituted by the radio-
copper therapeutic ®’Cu. In the following two sections on internal dosimetry the therapeutic potential of weakly-
bound **Cu and *’Cu will also be evaluated.

The biodistribution results of **Cu-NOTA-TRC105 in 4T1 tumor-bearing mice shown in Figure 4.18(a) agree
with the results published by Zhang et al [197]. The **Y-labeled analogue, **Y-DTPA-CHX-A”-TRC105, displays a
similar biodistribution in the same time points (Figure 4.18(b)), which indicates that **Y is being transported by the
antibody throughout the timeframe of the study, having minimal decorporation. If this were not the case, high %Y
uptake would be detected in the skeleton as it is the case with **Y-citrate shown in Figure 4.18(c). The high tumor
uptake of the radiolabeled antibodies is due to the binding of TRC105 to the CD105 receptors that are overexpressed
in vascular endothelial cells undergoing angiogenesis, which seek to satisfy the demand for vasculature by the

proliferating tumor cells [201, 202]. This targeting mechanism can be further exploited by delivering highly ionizing
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radiation to the cancer lesion. In the next sections on internal dosimetry, the therapeutic efficiency of the theranostic
%4Cu-NOTA-TRC105 will be evaluated, as well as that of the fully therapeutic analogues “’Cu-NOTA-TRC105 and
*Y-DTPA-CHX-A”-TRC105.
4.3.7 Internal dosimetry of *Cu-citrate,  CuCl, in PBS, *Cu-NOTA-TRC105 and **Y-DTPA-CHX-A"-
TRC105 in humans

Only the biodistribution data from 4T1 tumor-bearing mice was employed for the estimation of human
dosimetry after administration of **Cu-citrate. Table 4.11 shows the %ID uptake values of **Cu-citrate, **CuCl, in
PBS, **Cu-NOTA-TRC105 and *Y-DTPA-CHX-A”-TRC105 extrapolated to a 73.7 kg standard adult male as
defined by Cristy and Eckerman [49], using the mass extrapolation method by Kirschne [52], with the whole body
mass of the 4T1 mouse set to the average value of 18.3 g.

Table 4.11 Extrapolation of **Cu and **Y uptake in 4T 1-tumor bearing mice to standard adult male organs.

Organ mass Conversion %ID *“Cu-citrate %ID *CuCl, in PBS
Organ in human factors %ID/g
g male adult in mouse to 05h | 4h 8h | 24h | 48h | 05h | 4h | 16h | 24h | 48h | 72h
[g] [49] %]ID in human
Liver 1910 0.474 14.1 8.4 7.6 6.1 4.7 109 | 85 72 6.9 6.3 6.2
Small 677 0.168 - 2.1 1.6 1.1 0.8 - 1.9 2.0 1.7 1.0 0.5
intestine
Thyroid 207 0.005 0.028 | 0.030 | 0.029 | 0.019 | 0.016 | 0.037 | 0.034 | 0.023
(throat)
E;Zj;“'“g Balance Balance 892 | 856 | 742 | 560 | 467 | 952 | or1 | 813 | 694 | 597 | 532
Organ mass Conversion %ID “Cu-NOTA-TRC105 | %ID *Y-DTPA-CHX-A”-TRC105
Organ in human factors %ID/g
g male adult in mouse to 4h 24 h 48 h 4h 24 h 48 h
[g] [49] %]ID in human
Heart 840 0.211 4.7 3.1 2.6 37 2.1 18
Liver 1910 0.474 6.3 14 3.9 54 33 3.0
Spleen 183 0.045 0.5 04 04 04 04 0.3
Remaining Balance Balance 87.7 85.4 82.2 90.5 92.4 86.9
organs

After setting these %ID uptake values in the EXM portion of the OLINDA software and fitting them to mono-
exponential functions, the software automatically calculated the cumulative number of decays in each source organ
and then the absorbed dose in every target organ considered by the software as well as the total body effective dose.
The dose deposited by the shorter-lived analogues of weakly bound ¢'Cu was obtained from OLINDA by keeping
the pharmacokinetic data from the **Cu-labeled tracers and replacing the nuclide accordingly. The effective doses
were estimated as 22.6 uSv/MBq *Cu-citrate, 23.2 uSv/MBq ' Cu-citrate, 25.2 pSv/MBq **CuCl,, 24.0 uSv/MBq
S'CuCl,, 25.8 pSv/MBq *Cu-NOTA-TRC105 and 249 uSv/MBq *Y-DTPA-CHX-A”-TRC105 injected. Figure

4.20 shows the absorbed dose to each target organ after administration of each one of these agents.
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Figure 4.20 Absorbed dose to the organs of a standard adult male after administration of 64Cu-citrate, 61Cu-citrate,
%CuCl,, 'CuCl,, “Cu-NOTA-TRC105 or ¥Y-DTPA-CHX-A”-TRC105. The absorbed doses of the °'Cu-labeled
agents were estimated from the biodistribution data obtained with the *‘Cu-labeled analogues. Notice that the scale
is in logarithmic scale.

The first important observation from Figure 4.20, is that the *°Y-labeled antibody deposits about one order of
magnitude more absorbed dose through every organ compared to the **Cu-labeled counterpart. This is the result of
the many penetrating gamma rays that are emitted from the decaying **Y (see gamma spectrum in Figure 4.12(c)),
whereas the only penetrating radiation emitted from **Cu are the 511 keV gammas from positron annihilation and a
1346 keV gamma with a minuscule branching ratio of 0.475%.

Surprisingly, both the effective dose and the absorbed doses per organ of ®'Cu-citrate and *'CuCl, is almost
identical to that caused by the **Cu analogues, even though ®'Cu has a much shorter half-live (3.33 h vs 12.7 h). The
most likely explanation for this is that ®'Cu emits more penetrating gammas per decay compared to **Cu, namely 3.5
times more 511 keV gammas from annihilation and two important gammas of 283 and 656 keV with branching
ratios of 12% and 11%, respectively. Hence, in terms of dose per unit of injected activity, there is no advantage in
using a short-lived copper nuclide against the already commercially available and logistically more accessible *‘Cu.

Evidently, the critical organs after administration of each radiotracer are the organs where most of the activity is
accumulated. For *Cu-citrate and **CuCl, the critical organ is the liver with an absorbed dose per MBq of 71.8 and
74.4 nGy/MBq, respectively. For **Cu-NOTA-TRC105 and **Y-DTPA-CHX-A”-TRC105 the critical organ is the
heart wall with an absorbed dose of 89.8 and 455 pGy/MBgq, respectively. These absorbed doses indicate that
maximum activities of “Cu-citrate, “*CuCl,, “Cu-NOTA-TRC105 and *Y-DTPA-CHX-A"-TRC105 that can be
administered into a human male patient are 696, 672, 556 and 109 MBq, respectively, in order to comply with the

recommended 50 mGy annual limit to any organ recommended by the FDA [75]. Such doses would imply effective
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doses of 15.7, 16.9, 14.3 and 27.1 mSv, respectively, all of them also below the annual ED limit of 50 mSv
recommended by the FDA [75].

The doses deposited in every organ by the therapeutic analogues labeled with “’Cu or *’Y were obtained from
OLINDA by keeping the pharmacokinetic data from the **Cu- or *Y-labeled tracers and replacing the nuclide

accordingly. Figure 4.21 shows these results.
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Figure 4.21 Absorbed dose to the organs of a standard adult male after administration of 67Cu-citrate, 67CuC12, 7Cu-
NOTA-TRC105 and *°Y-DTPA-CHX-A”-TRC105.

Once again, the critical organs are the ones in which most of the activity is accumulated: the liver, which
receives an absorbed dose of 0.175 mGy/MBq ®’Cu-citrate or 0.275 mGy/MBq ®’CuCl,; and the heart wall, which
receives an absorbed dose of 0.313 mGy/MBq ®’Cu-NOTA-TRC105 or 1.340 mGy/MBq "Y-DTPA-CHX-A"-
TRC105. Since the maximum amount of absorbed dose that can be tolerated by these organs, measured as the
probability of 50% complication within 5 years, is 40 Gy and 50 Gy, respectively [100], this means that maximum
amounts of 228 GBq of “’Cu-citrate, 145 GBq ®’CuCl,, 159 GBq “Cu-NOTA-TRC105 and 37 GBq "’Y-DTPA-
CHX-A”TRC105 can be safely administered into a patient. However, the dose limit to other more sensitive organs,
such as the kidneys and red marrow, needs to be taken into account. It is recommended that these organs receive less
than 28 Gy[100] and 3 Gy[217, 261, 262], respectively. Clearly, the red marrow will be the main tissue of concern
due to its low tolerance to radiation and since the absorbed dose to this organ is 43.1 pGy/MBq ¢’Cu-citrate, 59.9
uGy/MBq ’CuCl,, 89.2 nGy/MBq “’Cu-NOTA-TRC105 and 0.399 mGy/MBq *’Y-DTPA-CHX-A"-TRC105, the
maximum activities that can be safely administered are 69 GBq of *'Cu-citrate, 50 GBq *’CuCl,, 33 GBq “’Cu-
NOTA-TRC105 and 7.5 GBq *’Y-DTPA-CHX-A”TRC105.

On the other hand, if *Cu were to be used as a therapeutic, meaning that large amounts of activity of this

nuclide were to be administered, the critical tissues after administration of 64Cu—citrate, %4 CuCl, or *Cu-NOTA-
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TRC105 would constraint the maximum amount of injectable activity to 557, 537 and 556 GBq, respectively.
However, once the again, the red marrow dose limit of 3 Gy, will further constraint the maximum injectable activity
based on the absorbed doses to this tissue shown in Figure 4.20 of 16.9 nGy/MBq *‘Cu-citrate, 19.4 pGy/MBq
%4CuCl, and 21.0 pGy/MBq **Cu-NOTA-TRC105. Thus, the maximum activity that can be safely administered for
radionuclide therapy is actually 177, 154 and 142 GBq, respectively

The necessary amount of either one of the therapeutic agents mentioned in this chapter that has to be
administered in order to control a tumor in a patient depends on the tumor uptake and on the size of the tumor. For
instance, Borjesson et al [263], report that a **Zr-labeled antibody (U36) administered to 20 human patients with
tumors of head and neck squamous cell carcinoma results in tumor uptakes that range from 0.006 to 0.038 %ID/g,
which is two to three orders of magnitude lower than what is typically observed in tumor xenografts in small
animals. Therefore, the estimation of tumor dosimetry in a clinical scenario is beyond the scope of this thesis.
However, from the tumor uptake data in mice that we have obtained we can estimate the absorbed dose to the
implanted tumors and then predict what is the necessary amount of 64Cu, 7Cu or *°Y-labeled agent that would result
in tumor regression in our small animal models. Based on these values and the internal dosimetry in mice obtained
from the biodistribution data, we can also predict the potential toxicity of such a treatment. This will be focus of the
next section.
4.3.8 Tumor and normal organ dosimetry of *Cu-citrate, *CuCl, in PBS, *Cu-NOTA-TRC105, " Cu-
NOTA-TRC105 and "’Y-DTPA-CHX-A”-TRC105 in mice

The absorbed dose delivered to the 4T1 tumors in mice by the theranostic agents **Cu-citrate, **CuCl, and *Cu-
NOTA-TRC105 and the predicted dose that will be delivered by the fully therapeutic analogues ®’Cu-citrate,
CuCl,, *’Cu-NOTA-TRC105 and *°Y-DTPA-CHX-A"-TRC105 was estimated using the dose-to-sphere model of
OLINDA, which only requires the total cumulative decays or disintegrations inside the tumor per administered
activity in units of MBq-h/MBq. This value was obtained by trapezoidal integration of the non-decay-corrected
time-activity curve of the tumor up to the last time point that was measured and then by integration from this time
point up to infinity assuming: 1) that the uptake phase in the tumor is over, 2) that there is no biological clearance
and 3) that there is only physical decay of the radiotracer. The formula for this latter integration is Equation 2.7 from
Chapter 2 of this dissertation. Table 4.12 shows the results of the trapezoidal integration and the analytical

integration after the last imaged time point. The first column of plots in Figure 4.22 shows the tumor uptake over
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time of each of the agents obtained from VOI analysis of the PET images in units of %ID decay-corrected to the
time of injection. The second and third columns shows this same data after consideration of decay of the diagnostic
(**Cu or *Y) or therapeutic (*’Cu or *°Y) nuclides, respectively, including the continuation of the time-activity curve

after the last measured time point, assuming that only physical decay occurs up to infinity.

Table 4.12 Cumulative decays from each agent inside the 4T1 tumor xenograft and predicted absorbed dose based
on the sphere model of the OLINDA software.

Trapezoidal Analytical | Total cumulative mGy / MBq
integral of non- integral decays in tumor MBq in required
. Average
Therapeutic agent decay .corrected from la'st (trapezotdal + tumor mass tumor t'o
%ID in tumor | time point analytical (from fits deliver
curve to infinity integrals) l¢] in Figure 230 Gy
[Bg-h/Bq] (Eq. 2.7) [Bg-h/Bq] 5.21) to tumor
4 Cu-citrate 0.388 0.002 0.390 48 4777
*’Cu-citrate 0.780 0.540 1.321 0.55+0.05 209 1100
$cuCl, 0.436 0.0001 0.436 70 3292
°’cuCl, 0.952 0.218 1.170 0.42+0.20 241 954
%%Cu-NOTA-TRC105 0.464 0.004 0.468 034+ 0.20 92 2501
°’Cu-NOTA-TRC105 1.194 1.298 2.492 ' ' 631 364
*Y-DTPA-CHX-A"-TRC105 4.191 4.977 9.168 1.29 +0.29 2677 86
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Figure 4.22 Time-activity curves of tumor uptake of: (a) **Cu-citrate, (b) **CuCl,, (c) **Cu-NOTA-TRC105 and (d)
%y_DTPA-CHX-A”-TRC105. The first column is in %ID decay-corrected to time of injection; the second and third
columns with %ID considering physical decay over time of the diagnostic and therapeutic radionuclides,
respectively.
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After logging in the total cumulative decays inside each 4T1 tumor in the dose-to-sphere model of OLINDA,
the total absorbed dose to spheres of unit-density material with masses between 10 mg and 6 kg are calculated.
Figure 4.23 shows part of the output from OLINDA, in the range between 10 mg to 10 g, along with a power fit to

each set of data.
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Figure 4.23 Absorbed dose to unit-density spheres homogeneously filled with *‘Cu, ®’Cu or **Y after the cumulative
number of decays indicated in the legend, which were obtained from integration of the non-decay corrected time-
activity curves in 4T1 tumors in mouse models of radio-copper or radio-yttrium labeled agents shown in Figure
4.22.

From the plots in Figure 4.23 we can estimate what is the necessary amount of radiolabeled agent that has
to be administered in order to have a therapeutic effect in 4T1 tumor-bearing mice like the ones employed in this
study. The average volume of the VOIs drawn over the whole tumor in the PET images from the mice injected with
“Cu-citrate, “*CuCl,, *Cu-NOTA-TRC105 and **Y-DTPA-CHX-A”-TRC105 was 554 + 48, 425 + 196, 339 + 198
and 1286 + 290 mms, respectively, which corresponds to tumor masses of 0.55 £+ 0.05, 0.42 = 0.20, 0.34 + 0.20 and
1.29 £ 0.29 g, respectively, assuming that the tumors have a density of 1 g/cm® Thus, from these tumor masses and
the fitted power functions in Figure 4.23 we can predict the absorbed dose delivered to the tumor per administered
MBq of radiolabeled agent. Table 4.12 summarizes these estimates and the activity of each agent that would have to
be administered in order to have observable tumor regression under the conservative assumption that up to 230 Gy

are required for tumor response, an assumption based on the review article by Strigari et al [80] as it was explained

in section 2.3.9. However, in order to be able to compare the predicted therapeutic efficacy between agents, a tumor
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mass of 0.5 g was assumed for every mouse xenograft, resulting in the tumor absorbed doses per MBq shown in
Table 4.13.

Table 4.13 Predicted absorbed dose to a 0.5 g 4T1 tumor xenograft based on the sphere model of the OLINDA
software.

. mGy/ MBq in 0.5 g tumor MBq required to deliver
Therapeutic agent (frzlm ﬁts(iln Figurge 5.21) 23(()l G;lto 0.5 g tumor
4 Cu-citrate 53 4357
'Cu-citrate 230 1002
% CuCl, 59 3894
CuCl, 203 1132
#4Cu-NOTA-TRC105 63 3628
’Cu-NOTA-TRC105 433 532
y_DTPA-CHX-A”-TRC105 5816 40

Clearly, the *°Y-labed antibody delivers the highest dose per MBq accumulated in the tumor, resulting in the
lowest amount of activity required to control, that is to deliver 230 Gy, to a 0.5 g tumor xenograft in a mouse. There
are three main reasons for this: first, *’Y emits beta particles that are 4 to 5 times more energetic than the ones
emitted by either *Cu and “’Cu, therefore it delivers about the same factor more energy per unit mass or absorbed
dose to its surroundings (as long as the radius of the spherical volume of mass is larger than the mean range of the
beta particles from *°Y, that is, 4 mm [41], which is actually the case for a 0.5 g or 0.5 cm’ sphere); second,
compared to *Cu, *°Y has 5 times longer half-life, which means that once it is accumulated and retained in the
tumor it will accumulate decays in this tissue for a longer time resulting in many more total cumulated decays; in
other words, the integral of the time-activity curve in the tumor will result in a larger value as seen in Table 4.12;
and third, compared to the *‘Cu-labeled antibody, the **Y-labeled analogue showed about a factor of 3 better
targeting efficiency as seen in Figures 4.22 (c) and (d). The reason for this is that the average mass of the tumor
xenografts in the mice injected with *Y-DTPA-CHX-A”-TRC105 are 3.8 times larger that the average tumor mass
of the ones injected with the *“/Cu-labeled counterpart, and therefore, even though the %ID/g uptakes in the tumor
are comparable between agents, as seen in Figure 4.18, the %ID values turn out to be higher with the former agent.

The “’Cu analogues are more effective radiotherapeutics compared to the “‘Cu counterparts due to the decay
properties of the former nuclide. Namely, the emission of a beta particle with 100% probability per decay against
38.5% B~ emission by **Cu; and an almost five fold difference in half-live (61.8 h vs 12.7 h), which results in a
larger number of cumulative decays in the target tissue, as explained before. However, ’Cu is as not readily
available as ®*Cu. For instance, with the novel radiochemical separation method presented in section 4.2.2, **Cu can

be produced from a single batch of *Ni target material, after recycling, two or three times within a week, and due to
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the high yields of the **Ni(p,n) reaction, shown in Figure 4.3(b) and Figure 4.7, tens or even hundreds of GBq of
84Cu per run can be produced for a fractionated therapy regimen. Thus, many doses of **Cu-labeled radiotherapeutic
can be injected within a week in order to compensate for the relatively short half-live of *‘Cu.

Another important observation from Table 4.13 is that due to the intrinsic tumor targeting properties of weakly-
bound radio-copper, the *Cu-citrate and ®“CuCl, agents are able to deliver doses per MBq that are comparable to
that of the tumor targeted agent ®*Cu-NOTA-TRC105. However, the high accumulation of the former agents in non-
targeted tissue such as the liver and intestines most likely will result in high absorbed doses to these organs and
therefore in unacceptable toxicity.

In order to predict toxicities in normal organs in a mouse injected with either one of the therapeutic agents
covered in this chapter, the S-values for *Cu and ®’Cu were estimated after interpolation from the absorbed fraction
(AF) data for mono-energetic photons and electrons within the organs of a 27 g mouse obtained by Stabin et al. [56]
and then by substitution of these values in Equation 2.5 from the MIRD schema [53] for internal dosimetry. On the
other hand, the S-values for *°Y found in the same publication by Stabin et al. were directly employed. The beta and
positron emissions from **Cu or ’Cu were assumed to have fixed average energies and only the organs with the
highest uptake, that is, the delineable organs from the PET images, were considered as source organs. Table 4.14
shows the nuclear data of the main emissions from **Cu and *’Cu that were considered in the S-values. Tables 4.15
and 4.16 show the calculated S-values for **Cu and “’Cu, where S,, Sp.and Sp. represent the S-values of the y, B~ and
positron emissions, respectively, in units of mGy/MBg-h. Table 4.17 shows the S-values of *’Y[56] of the main
source organs involved in the biodistribution of *Y-DTPA-CHX-A”-TRCI105, in order to have them as a
comparison to the calculated S-values of **Cu and *’Cu and as a reference to the estimated absorbed doses per organ.

Table 4.14 Nuclear data of **Cu and ®’Cu considered for the calculations of S-values in mouse.

Nuclide Radiations Yield [Bq™'-s™] E'}a‘fragnyd(?f r[ifevfor
*Cu B 0.1760 278.2
y from B" annihilation 0.3520 511.0
Y1 0.0048 1346.0
B 0.3850 190.7
“'Cu B 0.0110 51.0
B 0.5700 121.0
B 0.2200 154.0
B4 0.2000 189.0
Y1 0.0700 913
Y2 0.1610 933
Y3 0.4870 184.6




Table 4.15 S-values of **Cu in a 27.0 g mouse. All values are in units of mGy/MBg-h.

Source organs
Small intestine Liver Heart Spleen
S, Sg. Sp: S, Sg. Sp: S, Sg. Sp. S, Sy S
O.T. 0.10 0.10 0.10 0.09 0.12 0.11 0.10 0.14 0.14 0.09 0.17 0.15
Skeleton 0.08 0 0 0.11 0.02 0.03 0.14 0 0 0.13 0 0
Lungs 0.14 0 0 051 | 1.09 | 125 | 0.84 | 0.89 127 | 0.68 0 0
§ Heart 0.12 0 0 0.31 0.05 0.08 5.09 | 272.64 172.77 | 0.37 0 0
e[ Liver 0.31 0.05 | 0.06 | 1.53 | 50.50 | 32.41 | 0.41 0.05 0.08 | 1.09 | 3.44 3.54
; Kidneys 0.54 0.08 0.13 0.28 0.06 0.08 0.09 0 0 0.28 0 0
80| Stomach 0.25 0.07 0.09 0.50 0.09 0.14 0.20 0 0 1.68 4.49 4.91
SlS. L 1.41 41.99 | 27.11 0.30 0.05 0.07 0.10 0 0 0.21 0 0
Spleen 0.03 0 0 0.21 0.63 0.66 0.09 0 0 242 | 288.09 173.80
Testes 0.24 0 0 0.07 0 0 0 0 0 0.07 0 0
Bladder 0 0 0 0 0 0 0 0 0 0 0 0
Table 4.16 S-values of “’Cu in a 27.0 g mouse. All values are in units of mGy/MBg-h.
Source organs
Small intestine Liver Heart Spleen
S, Se- S, Se- S, Sp. S, Sp.
Other tissues 0.05 0.15 0.05 0.18 0.05 0.21 0.05 0.25
Skeleton 0.06 0 0.07 0.03 0.09 0 0.08 0.001
Lungs 0.06 0 0.25 1.34 0.39 1.06 0.30 0
E Heart 0.04 0 0.16 0.05 2.69 537.45 0.22 0
2 Liver 0.14 0.06 0.80 98.95 0.19 0.06 0.54 4.81
g Kidneys 0.27 0.09 0.14 0.08 0.04 0 0.13 0.00
80 Stomach 0.14 0.08 0.25 0.11 0.09 0.002 0.77 6.18
| Small intestine 0.75 82.04 0.14 0.07 0.05 0 0.09 0.00
Spleen 0.02 0 0.11 0.88 0.04 0 1.49 580.59
Testes 0.12 0 0.04 0 0 0 0.03 0.00
Bladder 0 0 0 0 0 0 0 0.00
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Table 4.17 S-values of *°Y in a 27.0 g mouse published by Stabin et al [56]. All values are in units of mGy/MBg-h.

Source organs

Liver Heart Spleen
Other tissues 12.89 17.24 11.23
Skeleton 8.39 3.24 7.34
Lungs 74.16 162.00 114.12
£| Heart 33.73 1753.20 18.50
84 Liver 399.60 33.95 183.60
g Kidneys 15.95 0.01 4.79
£ Stomach 41.04 2.65 320.04
&| Small intestine 17.21 0.03 4.00
Spleen 186.48 17.24 6228.00
Testes 0 0 0.001
Bladder 0 0 0

Table 4.18 shows the cumulative decays per MBq of injected agent in each of the source organs that is obtained

from the integration of their respective non-decay corrected time-activity curves, which can be done with the EXM

portion of the OLINDA/EXM software or “manually” after some algebra on the parameters of the fitted mono-

exponential functions, as it was explained in section 2.3.9.
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Table 4.18 Cumulative decays in each of the main organs where the therapeutic agent accumulates

Accumulated decays in units of [MBq-h/MBq] in:
Therapeutic agent Small intestine Liver Heart Spleen
4 Cu-citrate 2.11 3.48 - -
'Cu-citrate 430 7.17 - -
% CuCl, 2.64 3.67 - -
CuCl, 6.66 11.5 - -
#4Cu-NOTA-TRC105 - 1.35 0.691 0.337
’Cu-NOTA-TRC105 - 3.86 1.88 0.986
Oy _DTPA-CHX-A”-TRC105 - 3.30 1.39 0.991

The multiplication of the accumulated decays per source organ by the corresponding S-value and their
summation results in the absorbed dose per target organ in units of mGy/MBq. The results from this computation are
shown in Table 4.19.

Table 4.19 Absorbed doses from *Cu, ®’Cu and *’Y-labeled agents in a 27.0 g mouse. All values are in units of

mGy/MBg.
I Agent: *Cu-citrate “’Cu-citrate *CuCl, “’CuCl,
Source organs Total Source organs Total Source organs Total Source organs Total
SI Liver dose SI Liver dose SI Liver dose SI Liver dose
O.T. 0.6 1.1 1.8 0.8 1.6 2.5 0.8 1.2 2.0 1.3 2.6 39
Skeleton 0.2 0.5 0.7 0.2 0.7 0.9 0.2 0.6 0.8 0.4 1.1 1.5
Lungs 0.3 9.9 10.2 0.3 11.4 11.7 0.4 10.4 10.8 0.4 18.3 18.7
§ Heart 0.3 1.5 1.8 0.2 1.5 1.7 0.3 1.6 1.9 0.3 24 2.7
80| Liver 0.9 293.9 294.7 0.9 715.2 716.1 1.1 309.9 311.0 1.3 1147.2 1148.5
; Kidneys 1.6 1.5 3.0 1.6 1.5 3.1 2.0 1.6 3.5 2.4 2.5 4.9
80| Stomach 0.9 2.5 34 0.9 2.6 3.5 1.1 2.7 3.8 1.4 4.1 5.5
& | Intestines 148.8 1.5 150.2 356.0 1.5 357.5 186.1 1.6 187.7 551.3 24 553.7
Spleen 0.1 5.2 5.3 0.1 7.1 7.2 0.1 5.5 5.6 0.1 11.4 11.5
Testes 0.5 0.3 0.8 0.5 0.3 0.8 0.6 0.3 0.9 0.8 0.4 1.2
Bladder 0 0 0 0 0 0 0 0 0 0 0 0
[ Agent: *Cu-NOTA-TRC105 “"Cu-NOTA-TRC105 *’Y-DTPA-CHX-A”-TRC105
Source organs Total Source organs Total Source organs Total
Heart Liver Spleen dose Heart Liver Spleen dose Heart Liver Spleen dose
O.T. 0.3 0.4 0.1 0.8 0.5 0.9 0.3 1.6 34.5 51.6 11.2 97.3
Skeleton 0.1 0.2 0.0 0.4 0.2 0.4 0.1 0.6 6.5 33.6 7.3 474
Lungs 2.1 3.8 0.2 6.1 2.7 6.1 0.3 9.2 324.0 296.6 114.1 734.8
§ Heart 311.3 0.6 0.1 312.0 1015.5 0.8 0.2 1016.5 3506.4 134.9 18.5 3659.8
80| Liver 0.4 114.0 2.7 117.1 0.5 385.0 5.3 390.8 67.9 1598.4 183.6 1849.9
; Kidneys 0.1 0.6 0.1 0.7 0.1 0.8 0.1 1.0 0.0 63.8 4.8 68.6
80| Stomach 0.1 1.0 3.7 4.9 0.2 1.4 6.9 8.4 5.3 164.2 320.0 489.5
& | Intestines 0.1 0.6 0.1 0.7 0.1 0.8 0.1 1.0 0.1 68.8 4.0 72.9
Spleen 0.1 2.0 156.5 158.6 0.1 3.8 573.9 577.8 34.5 745.9 6228.0 7008.4
Testes 0.0 0.1 0.0 0.1 0.0 0.1 0.0 0.2 0.0 0.0 0.0 0.0
Bladder 0 0 0 0 0 0 0 0 0.0 0.0 0.0 0.0

Clearly, the critical organs are the source organs where most of the radioactivity is accumulated, specifically the
liver, for the weakly-chelated radio-copper agents; and the heart, for the radio-labeled antibodies. Thus, the
administration of the necessary amount of activity to have a therapeutic effect in a 0.5 g tumor, shown in Table 4.13,
will also imply absorbed doses that are above the tolerance limits of these organs: 40 and 50 Gy, respectively [100],
assuming that these limits that were derived from human subjects also apply to rodents. The maximum amount of
activity of each agent that can be administered into a tumor-bearing mouse in order to stay right below these limits is
135 MBq *Cu-citrate, 55 MBq “’Cu-citrate, 128 MBq **CuCl,, 34 MBq ©’CuCl,, 160 MBq **Cu-NOTA-TRC105,

59 MBq “Cu-NOTA-TRC105 and 13 MBq *’Y-DTPA-CHX-A”-TRC105. From the fitted power functions in
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Figure 4.23, such activities would only deposit 7.1, 12.6, 7.6, 6.9, 10.1, 25.5 and 75.6 Gy to a 0.5 g tumor xenograft,
respectively. However, if the tumor xenograft had a mass that is one order of magnitude lower than the size in our
study, then these same activities would deposit one order of magnitude higher absorbed dose in the tumor, making
the treatment with *’Cu- and *’Y-labeled TRC105 likely effective, assuming that 230 Gy is the required dose to have
tumor response. On the other hand, even though the absorbed doses to the tumor caused by the **Cu-labeled agents
are quite low, a fractionated regimen that allows the normal tissue to recover between cycles and that accumulates
hundreds of Gy in the tumor over many cycles can still be tested for effectiveness.

Other interesting prediction from the fitted power functions in Figure 4.23 is the mass of the tumor xenograft
that would receive 230 Gy when the maximum activity of each agent, to stay below the toxicity threshold of the
critical organ, is administered. Such analysis reveals that 135 MBq **Cu-citrate, 55 MBq ¢’Cu-citrate, 128 MBq
%CuCl,, 34 MBq ’CuCl,, 160 MBq *Cu-NOTA-TRC105, 59 MBq “’Cu-NOTA-TRC105 and 13 MBq *’Y-DTPA-
CHX-A”-TRC105 would be able to control tumor xenografts that have masses of 14, 26, 14, 14, 20, 53 and 128 mg,
respectively. This prediction depends upon the assumption that such small tumor xenografts will maintain similar
%]ID uptake values as those measured in our studies.

Our predictions agree with published results in which the therapeutic effectiveness of **Cu-labeled agents has
been demonstrated in preclinical studies in mice. In a publication by Qin et al [10], two groups of mice bearing
melanoma tumors (B16F10 and A375M) with diameters of 0.5 — 0.8 cm (65 — 268 mg, assuming that they are
spherical and that p = 1 g/cm’) at the beginning of the therapy showed a slower tumor growth rate compared to
control groups after administration of 74 MBq **CuCl,, as well as negligible toxicity in the liver and kidneys from
histology analysis. The pharmacokinetics of “*CuCl, in both of these tumor models resembled the pharmacokinetics
that was observed in our studies with 4T1 and U87MG xenografts, that is, tumor uptakes between 3 and 6 %ID/g
over 1 to 72 h p.i. and significant uptake in the liver throughout the study between 10 and 30 %ID/g. Therefore, and
since they do not mention any dosimetry analysis in their study, we can estimate that the absorbed dose delivered to
the tumor and liver per administered MBq **CuCl, was similar to the estimations obtained in our work (power fit in
Figure 4.23 and results in Table 4.19). Hence, the 72 MBq **CuCl, in their study probably delivered between 8 and
31 Gy to the tumor and ~23 Gy to the liver. The former quantity was probably sufficient to cause a detectable slower
tumor growth rate, although not tumor remission, and the latter quantity is much lower than the 40 Gy toxicity

threshold [100]. Other studies have demonstrated the therapeutic effectiveness of **Cu-ATSM [18] and **Cu-labeled
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anti-human colorectal cancer monoclonal antibody (1A3) [12] in tumor xenografts in hamsters (whole body mass =
200 g). The experimental results from the latter study can be compared to the predictions from our study that also
involves the *Cu-labeled antibody TRC105, although an extrapolation between animal species is required. In this
study, 87.5% of the hamsters bearing small tumors (0.43 £ 0.25 g) of human colon cancer (GW39) treated with 74
MBq *Cu-1A3 or 14.8 MBq “’Cu-1A3 were disease free 7 months after the treatment. Extrapolating their
experimental setup to a 20 g mice, the average tumor size would be 0.043 g and the required activities for the same
tumor regression would be 7.4 MBq **Cu-1A3 and 1.48 MBq “’Cu-1A3. From our predictions and assuming that the
TRC105 and 1A3 antibodies show similar tumor uptakes, such activities would deliver 5.0 and 7.1 Gy, respectively,
which actually agrees very well with the tumor doses of 5.86 Gy and 1.269 Gy, respectively, that they have reported
in their publication after administering 10 times more activity, on a 10 times heavier rodent that bears a 10 times
larger tumor. This actually demonstrates that our assumption that 230 Gy are required for tumor control is extremely
conservative.
4.3.9 Comparison of our separation methods to previous publications and clinical perspective

The main advantages of the radiochemical separation method for radio-copper presented in this chapter are: 1)
the radionuclide is separated in a small volume (0.4 - 0.6 mL), which can be easily evaporated without having
variable losses of radioactivity in the vessel and without compromising the effective specific activity; 2) the
separated isotopically enriched nickel material is also separated in a small volume (8 - 9 mL), which can be
reconstituted into the electrolyte for re-electrodeposition into a target within the same day of production. This latter
improvement, has allowed us to recycle a target within 24 hours after separation, which we believe will make the
theranostic **Cu more readily available for fractionated targeted radiotherapy regimens that can compensate for its
relatively short half-live compared to established therapeutic radionuclides. And 3) we have achieved the highest
radionuclidic purity for *'Cu of 99.9998% at EoB, which is particularly important for this nuclide due to the
generation of long-lived radio-cobalt impurities. All of these improvements are due to the chromatographic method
that we have developed using a small column (4.4 cm x0.5 cm @) filled with DGA branched resin. Table 4.20

compares our work with the results from previous publications.

The radiochemical separation method for **Y that was presented in this chapter offers similar advantages to those

that were pointed out for the radio-copper separation method. First, the separated nuclide is contained in a small
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volume (0.4 — 0.6 mL); second, the separated isotopically enriched strontium material is also separated in a small
volume (10 - 11 mL) of acid, which can be easily turned alkaline in order to precipitate the strontium carbonate for
re-irradiation. This can also be done within the same day of production, having a target ready for another production

run the following day. Table 4.21 compares our production method with previous publications.



Table 4.20 Comparison of production methods of radio-copper for biomedical applications

6x Vol. of
. Target Energy , . Cu Vol. of Nuclidic ESA eluted Targ.e ¢
Separation Column mass [MeV] i A Yield Sep. eluted impuriti [GBq/umol] iched recycling Ref
Method specs. (hxQ) [mg/cmz] . [nA] [MBq/pAh] yield *Cu purites vumo enriche efficienc et
y
(material) (particle) (%] [mL] at EoB (chelator) Nickel [%]
(1] 0
[mL]
23-69 + 15 - Not 0.01-0.04% 234 -734
AEC (4x1 cm) (*Ni) 155 (") 45 83-185 reported 4 55Co (TETA) 12 90.5+4.0 [188]
(15%1.5 cm) 64n7: + n Not 0.04 27 Not
AEC 17 (""'Ni) 125 (p") 40 389+ 111 93+8 12 reported (ATSM) reported [221]
25-225 + Not 696 = 122 [189]
AEC (5%1.5 cm) (*Ni) 11.4 (p) 30 322 >95 5 reported (TETA) 25 >96
Not + Not
AEC (7%1 cm) reported 16.1(p") 0.1 Not reported 92+3 13 reported Not reported 10 95+4 [222]
122 -213 + Not 70 - 426
AEC Not reported (“Ni) 10 (p) 15 135 >95 1.2 reported (TETA) 4 95 [246]
44 - 89 + Not Not o) 55 56 - 186 Not
AEC (4x1 cm) (**Ni) 12() >0 73 reported reported <1%7Co (ATSM) reported 4 [264]
182+13 + Not 0
CEC (9%1 cm) (*Ni) 12 (p) 10 52112 88 £3 reported <0.01% Not reported 60 94 [223]
SPEC 35.9-109 + o <0.001% 105 +37 o This
(DGA) (4.4%0.5 cm) (*Ni) 11.0 (p") 30 50 - 142 86+ 9% 04-0.6 61Co (NOTA) 8-9 94 + 2% work
« 51-64 « « <0.001% 4+4 « Thi
o 82(d) 60 69 - 74 e (?\IOT AS) o7+1% M
93-107 + Not 0.04% 48 - 189 [188,
AEC (4x1 cm) (Ni) 8.1(d) 20 41-90 reported 4 SteCo (TETA) 12 90.5+4.0 220]

AEC: Anion Exchange Chromatography
CEC: Cation Exchange Chromatography
SPEC (DGA): Solid Phase Extraction Chromatography with DGA resin

vel



Table 4.21 Comparison of production methods of **Y for biomedical applications

+ . Vol. of Target
Separation Column specs. Tzllr:lgge/tcrr:%ss Enlt)zrgy Tl\)l(l;i;;l 8y Sep. seVpg::a(;z d | GBI;:::mol] separated  recycling Ref.
Method (hx@) . [nA] yield [%] g6 enriched efficiency :
(material) [MeV] pAh] Y [mL] (chelator) 86g,. [mL| (%]
Co-preciptitation 166 B o [134]
with La + CEC (4%0.4 cm) (*°SrCOy) 14-10 3-8 155 90 <1 Not reported 10 >90%
Electrolysis 86 Not
- + + -
(x2) 67 (°’SrCO3) 15.1 10 48+ 8 88+ 6 0.1-0.3 0.8 (DOTA) 50 reported [248]
(10x1 cm) & 1 mL 113 ~
SPEC (x 2) bed vol. (*°SrCOy) 13.8 10 39-74 75 - 80 3 3.3 (DTPA) 130 80 - 85 [224]
Not
SPEC (x 2) + (10%x2.5 cm), (5x1 Not Not Not Not
CEC cm) & (5.5%0.5) Not reported reported  reported rep ;rte 80-90 0.6-0.8 3.6 (DOTA) reported reported [223]
. 430 + 281
fxlezc)t“’]ys‘s - 155 (¥Sr0) 14.5 2-6 166 >90 2 (DOTA or ~30 . N ”rtt g [245]
DTPA) eporte
Precipitation + 50-119 55+30
Filtration - (*9$rCO5) 11 10 - 20 35-48 88+3 4 (DOTA) ~30 >90 [226]
05+0.2
111154 102 + (DOTA) This
SPEC (DGA) (%0.5 cm) (*SrCOs) 15.2 4 Is 93+6 04-0.6 14205 10-11 89 + 1 work
(DTPA)

CEC: Cation Exchange Chromatography
SPEC: Solid Phase Extraction Chromatography
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From the irradiation conditions listed in Table 4.1 and the average production yields and separation efficiencies
presented in sections 4.3.1 and 4.3.2, a typical 1 hour irradiation yields 3.18 GBq *Cu, 4.26 GBq ®'Cu and 0.41
GBq *Y. From a clinical perspective, *Cu and *Y have been administered to human subjects for PET imaging with
injected activities that range from 130 to 925 MBq of *Cu [250-255, 265-268] and 100 to 385 MBq of *Y [227,
256, 257, 269, 270]. In the case of 61Cu, there are no published studies in which this nuclide has been administered
to humans. However, 150 to 370 MBq have been administered to 20-25 kg canines [247, 271], from which we can
assume that a 70 kg human patient would require roughly four times more activity, that is, between 600 and 1480
MBgq. These administered activities are chosen based on the half-live of the radionuclide, its positron branching ratio
(17.6%, 61.4% and 31.9% for **Cu[243], *'Cu[272] and ®°Y[244], respectively), the pharmacokinetics of the
radiolabeled tracer and the annual dose constraint of 50 mSv [75] for adult research subjects. This means that the
hypothetical yields following 1 hour long irradiations could potentially provide sufficient activities of **Cu, 'Cu and
86Y for 3 to 24, 2 to 7 and 1 to 4 patient studies, respectively.

4.4 Conclusions

The production methods described herein for 'Cu, **Cu and *Y have provided sufficient yields, purities and
effective specific activities for clinical PET applications. Furthermore, the low variance in separation yields
demonstrates that the DGA branched extraction resin allows for very reproducible results. This is largely due to
small elution volumes, which avoid the use of a rotary evaporator. Moreover, we have demonstrated the facile semi-
automation of these separation methods using a peristaltic pump-driven module under LabVIEW control.

As a proof of the high specific activity of the separated “*Cu and Y, these radiometals were labeled to a
chelator-conjugated antibody (TRC105) with a radiolabeling yield > 40% using < 411 ug of protein per 37 MBq
(decay-corrected to EoB) of radiometal.

Furthermore, based on the existence of therapeutic analogues of copper and yttrium, namely, **Cu itself, ’Cu
and Y, the tumor-targeting properties of the **Cu- and **Y-labeled antibodies was expanded beyond their use as
diagnostic probes to their application as treatment planning probes. Thus, the biodistribution data of these agents in
tumor-bearing mice, obtained via PET, was exploited to predict the amount of **Cu, ®’Cu or *Y activity that is
required to deliver therapeutic amounts of absorbed dose to a tumor xenograft and to determine the maximum

amount of injected activity that can be tolerated by the rodent.



137

PET imaging and quantification of the biodistribution over time of weakly bound **Cu in tumor-bearing mice
demonstrated that this metal has a slow clearance rate from the body being retained mainly in the liver and the small
intestine. Furthermore, it showed significant uptake in 4T1 and U87MG tumor xenografts, with the highest uptake in
early time points (1 - 4 h p.i.) that can be between 64% and 83% of that observed with the **Cu-labeled TRC105,
indicating that the tumor targeting of copper-labeled vectors needs to be carefully analyzed in order to discard
uptake from de-chelated radio-copper; and that weakly-bound radio-copper can be used as a probe to detect the two

kinds of cancer cells used in our studies and perhaps other kinds of cancer.
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Chapter 5 Germanium-69 and Germanium-68

5.1 Introduction
5.1.1 Germanium-69 as a label to SPION and a surrogate of *Ge

Germanium-69 (69Ge, t15=39.05 h, 21% B", Ee =1205 keV) is a novel positron emitting radionuclide whose
potential is yet to be explored for positron emission tomography (PET) imaging [273]. The adequately long half-life
of ®Ge, makes it an ideal choice for immuno-PET imaging using “Ge-labeled antibodies. Also, the production route
of this radioisotope is simple and cost-effective [274]. However, the major limitation in the use of this novel
radioisotope is its complex coordination chemistry in aqueous medium and the unavailability of suitable
radiolabeling techniques for the preparation of “Ge-based radiopharmaceuticals. It has been reported that the
predominant germanium species in aqueous media are Ge(OH),, [GeO(OH);], [GeO,(OH),]*, and
[[Ge(OH),]s(OH)s]> with the distribution of each species depending on the total concentration and the pH of the
medium [275, 276], making it a major challenge for radiolabeling with “’Ge using traditional chelator-based
methods.

Fortunately, the incorporation of another germanium isotope, “Ge (¢, = 279 d, 100% EC)), into metal oxides
such as TiO,, ZrO,, CeO,, Sn0O,, Fe,0s, Fe;04, AlLOs;, et cetera, has long been reported for the preparation of
clinically useful ®*Ge/*®Ga generators [277-279]. In these generators, ®Ge remains selectively adsorbed in a
chromatographic column containing metal oxide sorbent, and the daughter isotope “*Ga (7, = 68 min, 88% B*, Eyar
= 1899 keV)) can be regularly eluted out using a suitable solvent for a prolonged period of time (generally, ca. 1
year). The strong binding affinity of germanium ions to these metal oxides has also been demonstrated by the fact
that the breakthrough of ®Ge from the generator column is less than 0.01% on multiple **Ga-elutions over the
period of 1 year [277, 280].

Inspired by these, we hypothesized that using a suitable water-soluble metal oxide as a platform, “Ge-labeled
metal oxides could be synthesized simply by mixing metal oxide with “Ge ions, forming intrinsically radiolabeled
particles without the assistance of any chelators (Figure 5.1). In this chapter, I will demonstrate how super-
paramagnetic iron oxide nanoparticle (SPION) can be employed for this purpose and also how this nanoplatform can
be applied for simultaneous PET and magnetic resonance imaging (MRI) [281, 282]. The synergistic combination of
PET (with high sensitivity) and MRI (with high resolution and exquisite soft tissue contrast) has attracted

tremendous interest over the last decade, and PET/MRI scanners are now being used in clinical practices [283]. The
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future of PET/MRI scanning will greatly benefit from the use of dual-modality PET/MRI probes, such as the one

presented in this work.

Figure 5.1 Schematic illustration of cheltor-free synthesis of “Ge-metal oxides.

Ideally, no breakthrough of the parent nuclide ®*Ge should be present in the eluate with the daughter nuclide
%Ga in clinical ®*Ge/®®Ga generators. This is very critical due to the long half-life of the parent nuclide, which after
co-administration with the daughter nuclide, could impart a large absorbed dose in case it is retained in the subject’s
body. Ge-69, as a shorter-lived and positron-emitting analogue of **Ge, precisely allows determining the risks
associated with ®Ge breakthrough by using it as a surrogate in biodistribution, pharmacokinetic and internal
dosimetry studies. In this chapter, I will also estimate the absorbed dose per organ and effective dose that result from
the administration of “Ge diluted in phosphate buffer saline (PBS) using the pharmacokinetic data obtained from
murine breast cancer (4T1) tumor-bearing Balb/c mice as an input to the OLINDA software [50]. The internal
dosimetry of ®Ge will be estimated from the same pharmacokinetic data after replacing “Ge by *Ge in the original
OLINDA file. The reason the mice in this study have a tumor xenograft is because we wanted to verify whether
unlabeled or weakly bound *Ge has intrinsic targeting properties as we have shown with unlabeled **Sc and *Cu.
5.1.2 Targetry considerations and predicted yields

Both ®Ge and ®*Ge are produced by proton bombardment on natural gallium targets composed of 60.108% “Ga
and 39.892% "'Ga via the ®Ga(p,n) and “Ga(p,2n) reactions, respectively. The co-produced "'Ge (¢, = 11.43 d)
from the "'Ga(p,n) reaction has no effect on the imaging properties of “Ge since it decays 100% by electron capture
with no gamma emission. However, the decay process of 'Ge will result in a cascade of Auger electrons caused by
the filling of vacancies left by the nuclear-captured electron and the subsequent conversion electrons, which makes
this nuclide a potential candidate for targeted radiotherapy due to the highly localized nature of this kind of emitted
electrons [172].

Due to the importance of ®*Ge production, there has been extensive research in the measurement of the

"Ga(p,x)**Ge excitation function. The International Atomic Energy Agency (IAEA) recommends to use the one
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measured by Takacs et al. [284]. However, this is not the case for the "™Ga(p,n)*Ge and "Ga(p,na)**Zn reactions,
which have to be interpolated from the “Ga(p,n)*Ge and “Ga(p,na)®Zn excitation functions that have been
measured using enriched “Ga targets [42, 285]. Furthermore, these experimental functions have to be decreased by
20%, as suggested by Takacs et al. [43], due to the use of incorrect cross-section data of the monitor reaction
"Mo(p,x)’°Tc by the authors. The relevant excitations functions for ®**Ge production from natural gallium targets
in the energy neighborhood of our 16 MeV proton cyclotron are shown in Figure 5.2. The **Ni(p,a) cross section
data is included in the figure because nickel-gallium (NiGa) alloys were the main targets for production as it will be

explained in later sections.
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== =SEF = _ ®  natGa(p,n)69Ge, Johnson (1964) (-20%)
_ * e 1 = & natGa(p,n)69Ge, Levkovskij (1991) (-20%)
2 100.0 V 4 L ™ - ®  natGa(p,n+a)85Zn, Levkovskij (1991) (-20%)
'E' “;;7 . nz{? natNi(p,a)55Co, Khandaker (2011)
k] o =
B . - ¥
g 100 = =
3 —
[] - =
8 — —
=
ot =
o 1.0
W - :
0.1
0 5 10 15 20

Energy [MeV]

Figure 5.2 Experimental excitation functions related to the production of “Ge and ®*Ge from NiGa targets.

From the experimental "™ Ga(p,n)*’Ge excitation function, with a maximum of ~375 mb at 12 MeV, we can
expect a high production yield of “Ge using 16 MeV protons from our PETtrace cyclotron. However, in order to
avoid the production of ®Ge, the energy of the proton beam has to be degraded to an energy below 11.4 MeV, the
threshold energy for the “Ga(p,2n)®*Ge reaction [286], where the excitation function still has a large cross section
value of ~360 mb. A thick gallium target for this energy, that is, one that would degrade the energy from 11.4 to 3
MeV, the threshold energy for the “Ga(p,n)*Ge reaction, needs to be 420 um or 256 mg/cm® according to the
proton range in gallium obtained from a SRIM (Stopping and Range of Ions in Matter) simulation [44]. The
estimated “Ge thick target yield for such a target is 52.5 MBg/uAh .

The ™Ga(p,2n)**Ge excitation function has a maximum cross-section value of 321.8 mb at 20.5 MeV. At the
maximum energy available from our cyclotron, 16 MeV, the cross section is 216.4 mb or about 2/3 of the maximum.
However, a low production yield is expected since this is inversely proportional to the half-life of the radionuclide

being produced, which in this case is 271 days. The estimated **Ge thick target yield for a 370 um thick natural
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gallium target that degrades the proton enegy from 16 to 11.4 MeV is 127 kBq/uAh.

Gallium targetry is very complicated due to the low melting point of metallic gallium (29.8 °C) and the fact that
this molten metal in contact with other solid metals tends to mix rapidly creating alloys, which many times are
brittle [287]. This is particularly the case when gallium mixes with aluminum [288], a common metal used in solid
target supports due to its excellent thermal conductivity that allows efficient cooling. Niobium, on the other hand,
does not react with liquid gallium at a temperature < 400 °C [289], and this is why large-scale production of ®Ge in
Brookhaven National Laboratory (BNL) [290] and Los Alamos National Laboratory (LANL) [291] is carried out by
irradiating water-cooled targets made of gallium encapsulated in niobium containers with proton beams of 30 MeV
at 85 pA and ~60 MeV at 125 pA, respectively [292], albeit niobium’s low thermal conductivity that is about a
quarter of that of aluminum, 54 vs 235 W/mK, at room temperature.

Other gallium-based compounds that have higher melting points and are less corrosive than metallic gallium are
gallium oxide (Ga,03) [293] and the alloy NiGa, [294], with melting points of 1900 °C and > 800 °C, respectively.
These target materials are employed in the *Ge large-scale production facilities of iThemba Laboratories in South
Africa [295] and Cyclotron Co. in Obninsk, Russia, respectively [292]. Each of these compounds has challenges,
however. For instance, Ga,0; is a dielectric powder that does not allow high current irradiations; and NiGa,
introduces one extra element in bulk quantities, nickel, plus the radionuclidic contaminants **Co and **Cu from the
*Ni(p,a) and **Ni(p,n) reactions, respectively, each of which has to be purified from the final radioactive
germanium product. Another drawback is the lower molar percentage of gallium in the target composition since a
thick target of Ga,0; and NiGay is only 40% and 80% of gallium, respectively, and hence the ®Ge production yields
would be lower compared to those from a thick 100% metallic gallium target.

Inspired by these targetry methods, in this chapter I will present target designs for the irradiation of molten
gallium and electroplated NiGa alloy targets that allow the large-scale production of “’Ge with our 16 MeV proton
PETtrace cyclotron, as well as the production of MBq quantities of ®*Ge that can be used to prepare a small
%Ge/**Ga generator for small animal and micro-PET scanner performance studies.

5.1.3 Separation chemistry considerations

The separation of the produced ®*Ge from irradiated gallium-based targets has been achieved by distillation of

%GeCl4[296, 297], ion exchange chromatography [293] and liquid-liquid extraction using CCly. The latter being the

one employed in large-scale production facilities in BNL, LANL, iThemba and Obnisnk due to the > 90% *Ge
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recovery yield and > 99.9% radionuclidic purity with a gallium separation factor > 1 x 10° [291, 292]. The liquid-
liquid extraction of the nonpolar GeCl, to the organic solvent CCly is carried out from gallium targets dissolved in
either H,SO,4 or HCI, the aqueous phases. Several extractions between these two phases are required for a
quantitative recovery and extreme precautions are necessary to avoid the formation of volatile *GeCl, at room
temperature in HCI solutions > 6 M [273]. The requirement of this multistep chemical process and the manipulation
of large radioactivities of long-lived isotopes such as ®*Ge (¢,, = 270.8 d), ©*Zn (t,,, = 244.26 d, 50.6% v, E, = 1115
keV) from the “Ga(p,an) reaction and *’Co (z;,, = 271.79 d, 85.6% v, E, = 122) from *“Ni(p,a) in case NiGa, alloys
are employed, makes the production of large amounts of **Ge not appropriate for small PET facilities. This,
however, is not the case for the production and isolation of “Ge using a much simpler separation method based on
the extraction resin N,N,N',N'-tetra-n-octyldiglycolamide (DGA) in diluted HNO; medium as it will be explained in
this chapter.
5.2 Materials and Methods
Materials for cyclotron targetry and separation chemistry

Ultra pure grade 67-70% nitric acid (HNO;) comes from Aristar Ultra, VWR (West Chester, PA). 99.9999%
natural gallium pellets, 99.99% gallium(III) oxide, 99% nickel(IT) sulfate hexahydrate (NiSO46H,0) and 28%
ammonium hydroxide solution in H,O (NH4OH, > 99.99% trace metals) come from Sigma Aldrich. Trace metal
grade 93-98% sulfuric acid (H,SO4) and ethylene diamine triacetic acid (EDTA) were purchased from Fisher
Scientific (Pittsburg, PA). 99.999% ammonium sulfate (NH,4),SO,4 was purchased from Alfa Aesar (Ward Hill, MA).
Gold disks (1.90 cm diameter x 0.61 mm thickness) were obtained from Artisan Jewelers (Sarasota, FL). A 1.5”
diameter niobium rod was obtained from Eagle Alloys Corporation (Talbott, TN). Extraction chromatography resin
DGA, branched (50-100 pm) was purchased from Eichrom (Lisle, IL). A 50 ppm multi-element standard for
calibration and Agilent’s 4200 Microwave Plasma Atomic Emission Spectroscopy (MP-AES) system come from
Agilent Technologies (Santa Clara, CA). Deionized water (>18 MQ-cm™) was obtained from a Milli-Q filter,
Millipore (Billerica, MA). Phosphate buffer saline (PBS) was purchased from Thermo Scientific.
Materials for synthesis of nanoparticles

Iron chloride hexahydrate (FeCl;-6H,O, >99%) was purchased from Acros. Oleic acid (NF/FCC),
ethyl(dimethylaminopropyl) carbodiimide / N-hydroxysulfosuccinimide (EDC/S-NHS) and hydrochloric acid (HCI)

were purchased from Fisher Scientific. Poly(acrylic acid), 1-octadece, tetracthylorthosilicate (TEOS),
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Polyoxyethylene (5) nonylphenylether branched (Igepal CO-520 (NP-5)), ammonia (30%), copper chloride
dihydrate (CuCl,-2H,0), sodium citrate dihydrate, sodium sulfide nonahydrate (Na,S-9H,0), germanium (IV) oxide
(99.999%), copper (I) chloride (> 99.995%), sodium tartrate dibasic dihydrate, and cyclohexane (> 99.9%) were
purchased from Sigma-Aldrich (St. Louis, MO). Hydrogen peroxide was purchased from Fluka Analytical.
Diethylene glycol (DEG, 99%) was purchased from Alfa Aesar. PD-10 columns were purchased from GE
Healthcare (Piscataway, NJ). Maleimide polyethylene glycol amine (Mal-PEGs,-NH,) was obtained from Creative
PEGworks. All chemicals were used as received without further purification.

5.2.1 Cyclotron targetry, irradiations and target yields

Germanium-69 was produced by bombarding electroplated nickel-gallium (NiGa) alloy targets with 11.0 MeV
protons, after degradation of the 16.0 MeV proton beam from the cyclotron with a 0.25 mm thick molybdenum foil.
Germanium-68 was produced by two methods: 1) irradiating natural gallium encapsulated in a niobium crucible
with a 0.05 mm thick niobium foil facing the proton beam, degrading it down to 15.2 MeV; and 2) irradiating
electroplated NiGa alloys without a degrader.

Molten gallium was encapsulated on a 0.41 mm deep, 1.23 cm diameter, depression machined on the center of a
2.54 mm thick niobium disk. A concentric groove for a teflon O-ring was machined to seal the molten gallium
against the niobium degrader foil. According to a SRIM simulation [44], the cavity thickness encapsulates a thick
gallium target for *Ge production, which degrades the proton beam energy from 15.2 to 9.5 MeV, below the
threshold energy for the “Ga(p,2n)**Ge reaction, 11.4 MeV [286]. Figure 5.3 shows the schematic of the niobium
crucible (a), the appearance of molten gallium inside it (b) and how it is mounted into one of the ports of the

cyclotron (¢). A maximum proton current of 15 pA was employed in this target arrangement.
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Figure 5.3 (a) Schematic of the niobium crucible. (b) Appearance of molten gallium inside it. (¢) Schematic of how
the crucible is mounted into one of the ports of the cyclotron.

The nickel-gallium mixture with the greatest gallium molar fraction that forms a homogeneous solid phase alloy
is NiGay with a melting point at ~900 °C [298]. Such NiGa alloy can be manufactured by direct melting and mixing
using an induction furnace as described by Loch et al. [294] or by electrodeposition over a gold surface from an
ammonium sulfate electrolyte as described by Adam-Rebeles et al. [299]. Inspired by these publications, we were
able to fabricate NiGa targets using both methods. However, only the electroplated ones were sufficiently stable and
homogenous for high power targetry. The NiGa alloys produced by melting on an induction furnace (EIA Power
Cube 45/900) were used as standards for characterization of the electroplated NiGa targets via x-ray fluorescence
spectroscopy (XRF).

The electroplating solution was made by dissolving 65.9 + 2.7 mg of Ga,O; in 8 mL of H,SO,4 (27%) at 110 °C
and stirring overnight, followed by a pH adjustment to 1.5 using ~ 10 mL of concentrated NH4OH and then adding
43.8 £ 3.7 mg of NiSO,*6H,0, dissolving it at 65 °C and stirring. The solution is then transferred to the electrolytic
cell, as the one described in Appendix D. The optimum electroplating parameters in terms of total mass deposition
efficiency, in the shortest amount of time, and with a smooth, dense and homogenous surface are summarized in

Table 5.1. One of the plated targets was heated at 400 °C for 15 min in an argon atmosphere to verify that the
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melting point of the alloy was higher that this temperature and that no reaction between traces of gallium and the
gold substrate was present. The target did not melt and looked intact after this experiment, even under 10x
magnification on an optical microscope, which indicated that the alloy was indeed able to sustain high power
irradiations. The electroplated NiGa target was mounted on the water-cooled solid target support for irradiation
(Figure 5.4) and was able to sustain currents up to 40 pA.

Table 5.1 Electroplating cell parameters for plating NiGa over a gold surface (n = 8).

Molar Ga®" : Ni’' in solution 4:1

Cell volume 18— 19 mL

pH 1.5

Potential between electrodes 3.8£02V
Current density (DC) 37 + 11 mA/cm’
Electroplated surface 0.9 cm?

Anode Material Platinum
Distance between electrodes 1 cm
Electrodeposition time 3+ 1 days
Deposited mass per run: 342+49 mg/cm2
Deposited thickness: 52 £ 8 um

Up to three electroplating runs over the same gold disk resulted in a maximum cumulated thickness of 98.6
mg/cm? (151 pm). The average and standard deviation of three of such cumulated runs was 85.4 + 12.0 mg/cm’.
However, in order to get thicker targets more efficiently, we have assembled a larger cell with a capacity of 50 mL,
with which, after two electroplating runs over the same gold disk using the same electroplating parameters outlined
in Table 5, except for a plating time of 6 days per run, we have been able to electroplate a target that is 245.3
mg/cm? (375 pum) thick. As it will be shown in section 5.3.1, this represents a thick target for the production of both

%Ge and ®*Ge with our cyclotron.

O-ring .
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Al clamp ring
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Figure 5.4 Schematic of how the electroplated NiGa is mounted into one of the ports of the cyclotron.
The elemental composition of the electroplated NiGa targets was determined by x-ray fluorescence

spectroscopy (XRF) using a '"’Cd excitation source (¢,, = 461 d, 100% EC, Ag Eyqy = 22 keV, 86%) made in-
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house after proton irradiation on a silver disk and a HPGe detector for low-energy gamma spectrometry with a
beryllium window (Canberra GLO110P). The characteristic x-rays used for the identification of gallium and nickel

were 9.26 keV and 7.48 keV, respectively. The setup for this measurement is shown in Figure 5.5.

1

09
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/ excitation

source

" excitation
- source

specimen

()
Figure 5.5 Top view (a) and side view (b) of the experimental setup for XRF spectroscopy of the electroplated NiGa
targets

In order to make this measurement quantitative, a relationship between the ratios of count rates from the Ga and
Ni characteristic x-rays to known Ga:Ni molar ratios from a series of standard GaNi alloys was established.
Standards with Ga:Ni molar ratios of 1.0, 2.0, 2.9, 3.7, 4.0 and 5.2 were fused in an induction furnace (EIA Power
Cube 45/900) and analyzed by XRF spectroscopy with a gold disk placed behind the specimens to replicate the
composition of the electroplating alloys.

As with the electroplated alloys, the fused alloys were heated to 400 °C for ~15 min in an argon atmosphere in
order to verify that their melting point was indeed higher than this temperature and that they were not corrosive in
contact with metallic components of our solid target support, such as aluminum and silver, at this high temperature.
Hence, piece of NiGa, foil was placed on top of a silver disk in this heating experiment. Unfortunately, even though
the foil stayed as a solid, we could detect spots of corrosion over the silver disk, indicating the presence of
heterogeneities in the alloy, in which pure gallium had not fused with nickel. This result demonstrated that even
though the fused alloys have a high melting point, they are not homogenous enough to ensure that the solid target
support components will not be corroded by traces of pure gallium that could potentially come into contact with
them.

The produced activities of “Ge and other radionuclidic impurities were measured using an efficiency calibrated
60 cm’ high purity germanium (HPGe) detector (Canberra C1519) (FWHM = 2.7 keV @ 1333 keV). Gamma-ray
spectrum analysis software package, Maestro-32 MCA Emulator (Ortec, Oak Ridge TN), was used to collect and

analyze the gamma-ray spectra. The gamma lines used to determine yields are listed in Table 5.2. The dead time was
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always kept below 10% and the acquisition time was set so that the statistical uncertainty from the number of counts
per peak was kept below 1%.

Table 5.2 Gamma emissions used for yield and radionuclidic purity quantification

Nuclide Reaction Gamma energy [keV] Branching ratio
Ge Ga(p,n) 1107 0.36
8Ge/®Ga %Ga(p,2n) 1077 0.03
3Co 3BNi(p,a) 931 0.75
SCo ONi(p,a) 122 0.86
197my g 7 Au(p,n) 134 0.33
7n “Ga(p,an) 1115 0.51

5.2.2 Radiochemical separation

After irradiation, the NiGa target was allowed to decay overnight to avoid unnecessary radiation exposure from
the short-lived radiocopper products that originate from the nickel target material. The molten gallium inside the
niobium crucible or the electroplated NiGa were exposed to 5 mL of concentrated nitric acid using a teflon mask
with an inserted O-ring that seals against the surface of the substrate disk in a setup that is very similar to the
electrolytic cell but without any electricity involvement. Nitric acid was chosen for dissolution instead of
hydrochloric acid for two reasons: first, to avoid the formation of the volatile complex GeCl, and second, to take
advantage of the favorable germanium extraction properties of the N,N,N’,N'-tetra-n-octyldiglycolamide (DGA)
extraction resin in HNOj solution published by Pourmand and Dauphas [192]. The gallium-based material was fully
dissolved at room temperature after 1 hour under constant stirring, the solution was then diluted by adding 5 mL of
concentrated HNO; and then transferred with a pipette to the reservoir syringe of the module employed in chapter 2
for **Sc separation [169], but with a set of syringes and tubing exclusively dedicated for “Ge separation to avoid
cross-contamination. From the target solution, a 50 pL sample was taken for gamma spectroscopy and quantification
of radioactivity yields using an energy and efficiency-calibrated HPGe detector.

The separation of “Ge from the bulk target material and other radionuclidic impurities (‘*""Hg and **Co) was
carried out using 200 mg of DGA extraction resin packed in a 5 mm diameter column (length = 1.9 cm). On passing
the target solution through the chromatographic column, “Ge was trapped in the resin, which could subsequently be
rinsed with 5 mL of concentrated HNO; and then eluted in fractions of 200 uL of deionized water (Figure 5.6). The
three most concentrated fractions were mixed together, evaporated to dryness and then reconstituted in 100 pL of
0.1 M HCI, which represented the separated stock for radiolabeling of SPION and for preparation of “Ge diluted in

pH 7 buffered solution for administration into tumor-bearing mice.
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Figure 5.6 Schematic of the radiochemical separation of “Ge.

The radionuclidic purity and identity of ®Ge in the separated product was confirmed by gamma spectroscopy
and by half-life verification after logging the decaying signal from a sample placed inside a dose calibrator
(Capintec CRC-Dual PET) that feeds an electrometer (Keithley 6517A) connected to a data acquisition program in
LabVIEW. The total acquisition time was 147 hours and the sampling was done every 10 seconds. This data was fit
to a mono-exponential function and a decay half-life was quantified and compared to the accepted value for “Ge,
39.05 h [300].

One of the electroplated NiGa, targets with a thickness of 82.7 mg/cm? was processed in a “cold” separation
run, that is, without irradiation, in order to quantify the amount of trace metal contaminants in the separated product
and also to quantify the separation factors for each metal impurity. A 50 uL sample from the target solution as well
as the combination of the 200 pL separated fractions 3 to 5 that are known to contain most of the “’Ge from real
production runs, were analyzed for trace metal quantification with Agilent’s Microwave Plasma Atomic Emission
Spectroscopy system (4200 MP-AES).

5.2.3 Image quality of “Ge

The same miniature Derenzo phantom employed in chapter 2 [47] was used to evaluate the spatial resolution of
%Ge PET images using an Inveon microPET/CT rodent model scanner. The phantom was filled with 0.1 M HCI
solution containing 21 MBq and data was collected for ~30 min until one billion coincident counts were acquired by
the software. The raw data was collected in a histogram and reconstructed using the two-dimensional filtered back
projection algorithm (FBP2D), without attenuation correction, using a matrix size of 512 x 512 pixels. Image quality
was evaluated by visual inspection of transaxial slices in the middle of the phantom and by profile analysis in the

region in which the minimum spatial resolution was observed.
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5.2.4 Synthesis of SPION, radiolabeling with Ge, PEGylation and serum stability
Synthesis of iron-oleate complex

Iron-oleate complex was used as the precursor for the synthesis of SPION. FeCl;-6H,0 (3.243 g, 12 mmol) and
NaOH (1.44 g, 36 mmol) was each dissolved in methanol (40 mL) under magnetic stirring. Oleic acid (12 mL, 36
mmol) was added into the FeCl;-methanol solution, followed by addition of NaOH-methanol solution using a
separatory funnel. The mixture was stirred overnight at room temperature. Reddish-brown product could be
observed at the bottom of the flask in the next morning. The product was washed with methanol twice, and then
washed with deionized water twice before drying at room temperature for 48 h. The final iron-oleate complex was in
a waxy solid form.
Synthesis of SPION

SPION was synthesized following the previously reported procedure with slight modifications [301, 302]. In a
typical experiment for ~10 nm sized SPION, pre-prepared iron oleate (2.9 g, ~3 mmol) was dissolved in 1-octadece
(40 mL). No extra oleic acid was used. The mixture was first heated to 80 °C to accelerate the dissolution of solid
iron-oleate, and then heated to 120 °C and maintained at this temperature for 2 h to remove air and water from the
system. The reaction mixture was then directly heated to 310-320 °C and kept at this temperature for 30 min. The
black-brown mixture was then cooled down to room temperature, washed with hexane and ethanol, and collected by
magnetic separation. The final product could be well-dispersed in cyclohexane.
Poly(acrylic acid) (PAA) modification of SPION

Water soluble poly(acrylic acid) (PAA) modified SPION (SPION@PAA) was first prepared by reacting oleate-
coated SPION with PAA in diethylene glycol (DEG) following the reported procedure by Zhang et al. [303] with
slight modifications [304]. PAA (560 mg) was added in DEG solution (20 mL) and heated to 110 °C with vigorous
stirring. No nitrogen flow was used in our case. A chloroform solution of oleic acid capped SPION (3 mL) was then
injected into the hot solution. The mixture was kept at 110 °C for 2 h. Subsequently, the system was further heated
to 240 °C and kept at this temperature for another 3 h until the solution became clear. As-synthesized SPION@PAA
nanoparticles were washed with ethanol and cyclohexane, and collected by magnetic separation. The final sample

could be well-dispersed in water (pH 7-8).
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Radiolabeling of SPION@PAA with % Ge

In order to label SPION@PAA with “Ge, 40 uL from the separated stock containing 37 MBq (1 mCi) of “Ge
was added to 600 pL of SPION@PAA (3.1 mM Fe, dispersed in 1 mM sodium hydroxide solution, pH 7-8) in an
Eppendorf tube. Then, the pH was carefully adjusted to ~7 by addition of ~2 pL of 1 M Na,COj; solution in order to
achieve the best labeling efficiency since the pH-dependent sorption behavior of germanium ions to iron oxide has
been well documented with the optimum range found to be pH 4-8 [305]. The mixture was kept under constant
shaking at 500 rpm and 37 °C. Radiolabeling yield of “’Ge-SPION@PAA was then determined at different time
intervals using radio-thin layer chromatography (radio-TLC). The radio-TLC protocol employs aluminum backed
silica gel plates as the stationary phase and sodium tartrate/methanol (9:1; 0.01 M) solution as the mobile phase with
the autoradiography done by exposing the developed plates to a phosphor plate that is read with a Cyclone
Phosphor-Plate imaging system (Perkin Elmer). After the radiolabeling procedure, unlabeled free “Ge was
separated from “Ge-SPION@PAA by passing through a PD-10 column, preconditioned with PBS.
PEGylation of ®Ge-SPION

For polyethylene glycol (PEG) modification, 500 pL of “Ge-SPION@PAA in PBS was mixed with a suitable
amount of EDC/S-NHS (62.5 pL, 2 mg/mL) and activated for 15 min at pH 4-5. Two mg of Mal-PEG;,-NH, and
sodium carbonate (Na,CO3) (2 puL, 0.1 M) were then added and reacted at room temperature for 2 h (pH 7-8). To
purify and collect “’Ge-SPION (with either PAA or PEG at the surface) for further studies, PD-10 column was used
to remove the free “Ge from “Ge-SPION as described above. The “Ge-SPION was subsequently concentrated by
using a centrifugal filter (molecular weight cut off: 10 kDa), and re-dispersed in PBS before injection into mice.
Serum stability studies

For serum stability studies, “Ge-SPION@PAA and “Ge-SPION@PEG were incubated in complete mouse
serum at 37 °C for up to 24 h. Portions of the mixture were sampled at different time points and filtered through 100
kDa cut off filters. The filtrates were collected, and the radioactivity was measured. The radiochemical purity of
‘intact” ®Ge-SPION (i.e. SPION@PAA or SPION@PEG retaining “Ge) was calculated using the equation (total
radioactivity - radioactivity in filtrate)/total radioactivity.
5.2.5 In Vivo PET Imaging, Biodistribution Studies and In Vivo MR Imaging

All the animal studies were conducted under a protocol approved by the University of Wisconsin Institutional

Animal Care and Use Committee.



151

The calibration factor for quantification of ®Ge activity concentration in volumes of interest (VOI) of the PET
images was obtained following the quantification calibration procedure indicated in the Inveon microPET/CT
scanner manual, which was explained in chapter 2, section 2.2.7, using a 130 mL cylinder phantom filled with “Ge
dissolved in 0.1 M HCI at a concentration of 155 = 5 kBq/mL.

Tumors were established in four- to five-week-old female Balb/c mice by subcutaneous injection of
approximately 2x10® murine mammary carcinoma 4T1 cells, into the lower flank of three mice. Tumor sizes were
monitored and mice were used for the imaging experiments when the axis of the quasi-ellipsoid tumors reached
lengths of 6 - 9 and 5 - 8 mm, 10 days after inoculation. The total body mass of the mice at this time was 18.0 = 1.0
g.

The “Ge diluted in phosphate buffer stock solution (GeCl, in PBS or simply “Ge-PBS) for injection was
prepared by mixing 10 pL of the separated stock in 0.1 M HCIl with 600 pL of phosphate buffer saline (PBS)
(Thermo Scientific) and 2 pL of 2 M Na,COj; for pH adjustment to ~7. A dose of 3.64 + 0.05 MBq of “Ge-PBS in
200 puL was administered to each mouse and static PET scans were performed at 0.5, 3 and 6 hours post-injection
(p.i.). The acquisition was set to collect at least 40 million coincident counts per mouse, which implicated scanning
times of 5 - 22 min. Static images were reconstructed using the OSEM3D algorithm and then analyzed with the
Inveon Research Workplace software. Volumes of interest were drawn on the whole volume of the delineable
organs: liver, kidneys and bladder, as well as the whole tumor volume. Muscle uptake was quantified by drawing
two ellipsoidal VOISs, each of 100 — 200 mm®, flanking the urinary bladder in regions with low activity uptake where
the adductor and biceps femoris muscles are located. The uptake data from each of the VOIs is decay-corrected to
time of injection and expressed as percentage injected dose per gram (%ID/g). Large prismatic VOIs were drawn to
occupy the whole body of each mouse and the whole body %ID was obtained by multiplication of the %ID/g by the
volume of the VOI, assuming that 1 cm*= 1 g. The %ID of each delineable organ and tumor was calculated in the
same manner.

The %ID versus time plot of the whole body was fit into a mono-exponential decay function in order to
calculate the whole body biological half-life of “Ge-PBS. The time-activity curves of the delineable and remaining
organs were used for internal dosimetry estimations as explained in section 5.2.8.

For in vivo PET imaging and biodistribution studies of SPION, 200 pL of “Ge-SPION@PEG (1.85 + 0.05

MBq) was i.v. injected into normal BALB/c mice (n = 3) and PET scans were performed at different time intervals.
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After the last PET scans at 36 h p.i., biodistribution studies were carried out to confirm that the %ID/g values based
on PET imaging truly represented the radioactivity distribution in mice. For in vivo lymph node mapping with PET,
40 pL of “Ge-SPION@PEG (0.74 MBq + 0.05) was subcutaneously injected into the left footpad of mouse. The
time points of 0.5 h, 2 h and 20 h post-injection were chosen for serial PET scans.

All the MRI experiments were performed using a 4.7 T small-animal scanner (Agilent Technologies, Santa
Clara, CA). In vivo imaging was carried out before contrast agent administration and at several time points post-
injection of 200 pL (or 40 uL) of Ge-SPION@PEG (7.77 mM Fe) in PBS solution for liver imaging or lymph node
mapping. To detect SPION accumulation, in vivo T,*-weighted images were collected using a multi-slice gradient
echo sequence with the following parameters: TR = 500 ms; TE = 12 ms; flip angle = 20°; FOV =40 mm x 40 mm;
matrix 256 x 256; NEX = 8; slice thickness = 1 mm for axial liver images and 0.5 mm for coronal lymph node
mapping.

5.2.6 Sentinel Lymph Node Mapping with * Ge-SPION@PEG

As a proof-of-concept, non-invasive PET/MR dual-modality sentinel lymph nodes (SLNs) mapping using “Ge-
SPION@PEG was also demonstrated. Typically, SLNs are the first sites of primary tumor metastasis and therefore
successful imaging of SLNs has been considered as an important strategy for tracking cancer metastasis in the
clinical context [306]. Upon subcutaneous injection of “Ge-SPION@PEG solution (40 pL, 0.37 + 0.05 MBq) into
the left footpad of normal BALB/c mice, serial PET scans were performed.

5.2.7 Internal dosimetry of 6 GeCl,in PBS, 68GeCl4 in PBS and ¥ Ge-SPION in humans

The internal dosimetry of “Ge-PBS, ®*Ge-PBS and “Ge-SPION was estimated for a standard adult male of 73.7
kg as defined by Cristy and Eckerman [49] using the OLINDA/EXM software [50]. The organ %ID/g data from
small animals was extrapolated to %ID per organ in human using the mass method by Kirschne [52]. Details about
the methodology for internal dosimetry were already explained in chapter 2, section 2.2.8. The internal dosimetry of
%Ge-PBS in 4T1 tumor-bearing mice was obtained by replacing “Ge for *Ge in the original OLINDA file, without
modification to the original “Ge-PBS pharmacokinetic data.

5.3 Results and discussion
5.3.1 Cyclotron targetry, irradiations and target yields

The molten gallium target encapsulated in the niobium crucible was able to sustain up to 15 pA without causing

a peritectic reaction between gallium and the enclosing niobium, which occurs when the temperature is > 400 °C
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[289]. Higher currents were not tested to avoid risk of damage to components of our solid target system and
therefore the maximum current that is attainable, before niobium and gallium react in the target, remains unknown.
Figure 5.7 shows the typical macroscopic and microscopic appearance of the electroplated NiGa alloys,

demonstrating the homogeneity and smoothness of the deposit.

(b)
Figure 5.7 (a) Macroscopic appearance of NiGa electroplated over a gold disk and microscopic appearance from an
optical microscope using (b) 4x and (c) 10x magnification.

From the NiGa standard’s XRF data, a linear relationship with an R* = 0.97 was found, as shown in Figure
5.8(b). After substituting the Ga:Ni count rate ratio from one of the electroplated targets into this fitted linear
equation, the composition was found to be 3 to 1 Ga:Ni, which means that the molecular formula of the alloy is
NiGa;. Figure 5.8(a) shows a typical spectrum from one of the alloys and the linear relationship obtained from

analyzing the standard alloys.
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Figure 5.8 (a) X-ray spectra from a NiGa alloy electroplated over a gold disk and (b) Linear fit to the plot of Ga:Ni
counts under each peak vs the molar Ga:Ni composition in the standards.

Looking at the NiGa phase diagram from Hansen [298], a NiGa; alloy with 75% molar content of gallium has a
melting point of ~ 950 °C, which is between the melting points of gallium (29.8 °C) and nickel (1455 °C). Likewise,
the thermal conductivity is estimated to be between that of nickel and gallium, 91 and 29 W/m-K, respectively,
which in this regard makes this material comparable to niobium, with a thermal conductivity of 54 W/m-K.

A SRIM simulation of protons over NiGas material (with an estimated density of 6.52 g/cm’, obtained from the
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addition of each component’s density times their respective molar fraction, i.e. 0.25*%7.81+0.75%6.10) indicates that a
thick target for “Ge and ®®*Ge production with respective proton entrance energies of 11.0 and 16.0 MeV, has to be
at least 347 pm (226 mg/cm?) and 352 pm (229 mg/cm?) thick, respectively; with respective predicted thick target
yields of 35.3 MBg/pAh (0.96 mCi/pAh) “Ge and 95.1 kBq/uAh (2.57 pCi/uAh) ®Ge from the experimental
excitation functions shown in Figure 5.2.

The maximum current that has been tested on a NiGaj; target was 40 pA without any effect on the appearance of
the target. The mass loss after a 1.5 hour-long irradiation with 40 pA on 55.5 mg NiGas plated over 1.0 cm? of the
gold substrate was 1.8 mg, that is, only 3% of the target mass.

Table 5.3 lists the experimental activity yields at end of bombardment (EoB) and how they compare to the
predicted yields from published experimental excitation functions. To have a better appreciation of this data, yields
of the germanium nuclides from NiGa; targets are plotted versus thickness in Figure 5.9.

Table 5.3 Activity yields related to the production of “Ge and **Ge and comparison to predicted yields from
published excitation functions.

o,
9Ge ;‘;,:_f 55Co ‘;fxr:f BGe ‘;{«;:f 6571 ';for :f
Ei, Ax Yield dicted Yield . Yield . Yield .
Target [MeV] [mg /cmz] [MBg/ from [MBg/ dicted [kBq/ dicted [kBq/ dicted
Ah] [42 Ah] from Ah] from Ah] from
M 285] ® mee] | " 284 | " [42]
Ga 15.2 239.8 314 40% - - 64.0 81% 2.5 57%
16.0 75.9 4.1 34% 0.47 43% 37.5 63% 1.4 27%
) 2453 24.8 43% 1.04 41% 42.9 45% 1.3 20%
35.0 5.5 62% 0.10 80% - - - -
394 8.0 75% 0.14 98% - - - -
NiGay 41.5 5.7 53% 0.08 56% - - - -
11.0 55.5 4.1 29% 0.05 29% - - - -
68.5 8.0 45% 0.04 21% - - - -
98.6 12.6 53% 0.09 41% - - - -
124.9 14.0 49% 0.08 35% - - - -
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Figure 5.9 Experimental and predicted yields of “Ge and “®Ge after proton irradiation on NiGas targets. The y-axis
on the left is for “Ge in units of MBg/pAh and the y-axis on the right if for ®*Ge in units of kBq/puAh.

The yield of *Co (z;,, = 17.53 h), from **Ni(p,a), is reported in Table 5.3 because this is the main radionuclidic
impurity found in the target after letting decay most of the radioactive copper isotopes produced from "Ni(p,n).
Even though the radioactive copper yields were not quantified, it was assumed that the main impurities up until a
few hours after EoB were “°Cu (7,, = 23.7 min), “Cu (¢,, = 9.7 min) and ®'Cu (#,, = 3.33 h) from the proton
reactions on the nickel isotopes 60Ni, 2Ni and ®'Ni with natural abundances of 26.2%, 3.63% and 1.14%,
respectively. For this reason, irradiated targets were left mounted on the cyclotron overnight (~15 h) to let copper
radioactivities decay to minimum levels and avoid unnecessary dose exposure. Mercury-197 (¢;, = 64.14 h) and
¥"MHo (#,,, = 23.8 h) from the '’ Au(p,n) reaction on the gold substrate were also important radionuclidic impurities.
The impurity ©Zn (¢;,, = 243.93 d) from “Ga(p,on) becomes an issue when irradiating with protons > 12.8 MeV
(Figure 5.2), i.e. when producing ®Ge.

The experimental yields for “Ge are on average 48 + 13% of the predicted yields calculated from experimental
excitation functions [42, 285] because the axial profile of the proton beam from the PETtrace covers an area that is
larger than the electroplated surface (@ = 0.9 — 1.1 cm) and the transverse area of the depression in the niobium
crucible (@ = 1.23 c¢m), which causes a loss of up to 41% of the proton beam intensity in the electroplated targets;
and a loss of 15% in the niobium crucible. The details on how these percentage losses were calculated are explained
in Appendix C.

The average “Ge activity yield at the end of bombardment from all the NiGas targets irradiated with 11.0 MeV
was 8.3 + 3.7 MBq pA™" h™' (n = 7). Hence, the overall yield of “Ge was ~166 MBq after a typical 20 pAh
irradiation.

Two large batches of ®Ge were produced: the encapsulated gallium target generated 3.17 MBq after an
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irradiation with 15 pA for 3.3 hours (49.6 pAh); and the 245.3 mg/cm” NiGa; target generated 11.15 MBq after
260.0 pAh with a maximum current of 40 pA. These “*Ge activities were radiochemically separated, as it is
explained in the next section, and then combined to prepare a small ®*Ge/®®*Ga generator following the method
published by Chakravarty et al [278].
5.3.2 Radiochemical separation

Looking at the extraction properties of DGA resin in HNO; solution published by Pourmand and Dauphas
[192], a favorable separation of radioactive germanium from bulk gallium and nickel, as well as radioactive
impurities of cobalt, copper and mercury, is expected when a solution at a concentration > 12 M HNOs; is passed
through a column filled with DGA resin. At 12 M HNOs, germanium, gallium, nickel, cobalt, copper and mercury
have distribution coefficients of the order of 103, 10", 0, 10° and 0, respectively, which means that Ge is expected
to be trapped in the resin while the rest of the elements are eluted with the mobile phase. Germanium is expected to
release from the column in diluted acid mobile phase with a concentration < 3 M, at which the distribution
coefficient towards the resin for this element is between 1 and 0.1. This separation method was successfully verified
with our chromatographic setting having a “Ge trapping efficiency, after the loading and washing steps, of 85 + 9%
and an overall separation efficiency of 60 = 10% (n = 6) of the “’Ge produced, in 600 pL of deionized water. Figure
5.10 shows the ®Ge elution profile in terms of the percentage of the total radioactivity produced at EoB eluted in

each 200 pL fraction.
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Figure 5.10 Elution profile of ®Ge separated from gallium-based targets dissolved in HCI using a 200 mg DGA
branched resin packed into a 0.5 cm ID column with a flow rate of 1.1 mL/min.

The complete elution profile of the main elements involved in the separation, except nickel, was obtained by
collecting fractions from two separation runs with volumes of 1 mL in the loading (10 mL) and washing steps (5
mL), followed by fractions of 200 pL in the elution step. The fractions were then analyzed by gamma ray

spectrometry using “Ge, ®*Ga (from “Ga(p,pn)), *Zn and ¥Co as tracers. Ge-69, ®*Ga and *Zn were quantified



157

after processing the encapsulated gallium target irradiated with 15.2 MeV; and >>Co was quantified after processing

one of the NiGa; targets irradiated with 11.0 MeV protons. Figure 5.11 shows the elution profiles in percentage per

fraction and in cumulative percentage of the total radioactivity produced at EoB.
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Figure 5.11 Complete elution profile of the main elements involved in the separation of “Ge from gallium-based

targets dissolved in HNOj in terms of percentage per volume (a) and cumulative percentage per total volume (b).

The y-spectra of “Ge before and after the purification process are shown in Figure 5.12. The unpurified “Ge

target sample contained significant levels of radionuclidic impurities, such as '*"™Hg (134 keV) and *Co (931 keV),

which could be completely removed after the purification process (Figure 5.12(b)), resulting in ®Ge with a

radionuclidic purity > 99.99%.
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Figure 5.12 Purification of “Ge. (a) y-spectrum of ’Ge sample before the purification process. The spectrum was
recorded after allowing the samples to decay for 20 h after the end of irradiation. Significant levels of '*"™Hg and
»Co were present as radionuclidic impurities. (b) y-spectrum of “Ge sample after purification by extraction
chromatography. The presence of radionuclidic impurities in the purified ®Ge sample was negligible as evidenced
from the absence of y-peaks corresponding to the former impurities.
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Figure 5.13 shows the decay logging from a sample of the separated stock of “’Ge. The exponential fit to the
logged activity reading from the dose calibrator indicates that the half-life of the separated product is 39.17 + 0.04 h,

or 0.3 + 0.1% greater than the accepted value for “Ge: 39.05 h [300].

1000 y = m1*exp(-m2*x)
Value Error
m1 140.09 0.13672
m2 0.017695| 1.6926e-5
100 Chisq 30.507 NA
0.99997 NA

10

Current reading in electrometer [nA]

0 25 50 75 100 125 150
time [h]

Figure 5.13 Data from logging the activity of a sample from the separated stock every 10 seconds for 9 hours and an
exponential fit to the data which indicates that the half-life of the radioactivity in the sample is 39.17 + 0.04 h, or 0.3
+ 0.1% greater than the value from accepted nuclear data: 39.05 h.

A 50 pL sample from the target solution and the combination of 200 pL fractions #3 to #5 that contain the
germanium product (Figure 5.10) were analyzed for trace metal quantification with Agilent’s 4200 MP-AES system.
The main metal impurities found in the separated stock were: gallium (3.5 mM), iron (1.6 mM), zinc (494 uM),
nickel (319 uM), cobalt (24 uM) and copper (2 uM). These results are summarized in Table 5.4, along with the
corresponding separation factor for each element. No stable germanium was detected in any of the samples that were

analyzed.

Table 5.4 Results form trace metal analysis on the germanium eluate used for labeling experiments.

Element Mass [pg] Concentration [ppm]| Molarity [pM] Separation Factor’
Gallium 24.5+0.5 2453+5.5 3519+ 78 2.6 x 10°

Iron 92+1.1 91.6£11.2 1641 + 201 8.0 x 10°
Zinc 32+0.1 323+1.0 494 £ 15 <1

Nickel 1.9+0.1 18.7+1.1 319+ 19 9.7 x10°
Cobalt 0.14+0.04 1.4+ 0.4 24+7 3.3x10°
Copper 0.012+0.001 0.12£0.01 1.9+0.2 3.9x10°

" Calculated by dividing the mass in the target solution over the mass in the separated stock.

As it was mentioned in Section 5.3.1, a typical 20 pAh irradiation on a >35 mg/cm? thick NiGa, target generates
~166 MBq “Ge. 60% of this activity is separated, dried down and re-dissolved in 100 pL of 0.1 M HCI, which
represents ~100 MBq “Ge with an activity concentration of 1000 GBg/L. Therefore, the effective specific activity
(ESA) of the separated “’Ge from such representative irradiation would be 1000 GBg/L divided by the total molar

concentration of metal impurities shown in Table 5.4, that is, 6000 uM, which equals 0.17 GBq/umol of metal
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impurities. This ESA is one order of magnitude higher than the minimum required to radiolabel SPION under the
protocol that was explained in Section 5.2.4, in which 37 MBq of ®Ge are mixed with 1.55 pmol of SPION@PAA
(500 pL from a 3.1 mM stock).

Following the methods of Chakravarty et al [278] with some variations, it was attempted to fabricate a small
%Ge/*®Ga generator after loading the two separated batches of ®*Ge into a 0.5 cm diameter column filled with 245
mg of grinded zirconia (ZrO;). Ge-68 in 0.01 M HNOj solution was quantitatively loaded into the ZrO, column with
~80% of the ®*Ga daughter and 100% of the ®*Zn impurity breaking through the column in this loading solution.
However, upon build up of new ®Ga generated by the ®Ge trapped in the column, no significant elution of *Ga was
achieved after several experiments involving many different kinds of eluents. Even when some elution of ®Ga was
detected, the activity was too diluted and accounted to only ~30% of the total generated **Ga. Figure 5.14 shows a
PET/CT of the ®*Ge/*®Ga trapped in the ZrO, column. New eluents or elution protocols to make this small generator
useful will be attempted in future work. Anyhow, following the reported methods in this chapter, we have shown
that batches of tens of MBq of ®*Ge can be produced in a small biomedical cyclotron and that the activity can be
efficiently separated with a high radionuclidic and chemical purity in a small volume, which is useful for the

development of new designs of small generators or to prepare phantoms filled with ®Ge in equilibrium with ®Ga.

Figure 5.14 PET/CT image of ®*Ge/*Ga trapped in a column filled with 245 mg ZrO, sorbent. The high density of
ZrO, at the bottom of the column is manifested as a dark region due to low transmission of the x-rays from the CT
scanner. The bright white spot inside the ZrO, material demonstrates how ®*Ge/®Ga is mostly trapped in the upper
part of the column.
5.3.3 Image quality of “Ge

The image quality of ®Ge was assessed by visual inspection of the reconstructed microPET images from a
Derenzo phantom. As seen in Figure 5.15(a), clear resolution was observed down to a rod diameter of 1.25 mm.
Figures 5.15(b) and (c) show the gray intensity profile from 1.47 mm (7 pixels) and 2.10 mm (10 pixels) wide

regions of interest that cover the top row of 1.25 mm diameter rods and the bottom row of 1.5 mm diameter rods on

the image, respectively. Each peak from each profile was fitted with gaussian curves revealing full width at half
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maximum (FWHM) values of 3.8 = 1.0 and 4.0 = 1.0 mm, respectively. The average peak to valley ratio in each of
these profiles was 1.20 = 0.04 and 1.23 + 0.07, respectively. The measurements from the 1.5 mm region will be
compared to those from Derenzo phantoms filled with the other radionuclides that are covered in this dissertation in

Appendix A.
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Figure 5.15 (a) Image of Derenzo phantom filled with “Ge. The quantities next to each triangular section indicate
the diameter of each of the rods, which are separated from center to center by twice the diameter distance. As the
figure shows, rods up to 1.25 mm can be easily resolved in PET images of “Ge. Profile distribution of “Ge from the
1.25 mm rods at the top of the triangular region (b) and the 1.5 mm rods at the bottom of their corresponding region.

5.3.4 Synthesis of SPION, radiolabeling with Ge, PEGylation and serum stability

Transmission electron microscopy (TEM) images of SPION before and after PAA modification are shown in
Figure 5.16 (a) and (b), respectively, which showed no obvious change in morphology. Dynamic light scattering
(DLS) analysis of water soluble SPION@PAA in phosphate buffered saline (PBS, pH 7.4) solution indicated a
diameter of ca. 23 nm (Figure 5.17), slightly larger than the core size (ca. 10 nm) observed by TEM, which is
expected due to the PAA coating and hydration layer on SPION surface. Enhanced T,* MR contrast imaging
property of as-synthesized water soluble SPION@PAA has been demonstrated previously [304], which showed the
decrease of T, time (from 484.4 + 95.9 ms to 5.4 = 0.4 ms) with the increase of Fe concentrations (from zero to 1.94
mM, as indicated in Table 5.5). The T, relaxivity (r,) of SPION@PAA was estimated to be 93.8 mM 's™' in the 4.7
T microMRI scanner. As synthesized SPION@PAA was found to be highly stable in many different biological
solutions (e.g., cell culture medium, saline) and mouse serum, with no visible aggregation even after storage for 6

months [304].
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(a) )
Figure 5.16 (a) TEM image of SPION. The inset shows a digital photo of SPION in cyclohexane solution. (b) TEM
image of SPION@PAA. Inset shows a digital photo of SPION@PAA in aqueous solution.
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Figure 5.17 Particle size distribution of SPION@PAA measured by dynamic light scattering (DLS) analysis (peak
size: ~23 nm).

Table 5.5 T, and R, values of SPION@PAA samples with varied Fe concentrations.

Fe concentration [mM] 0 0.24 0.49 0.97 1.94
T, time [ms] 484.4+959 334+1.6 17.7+0.2 9.7+0.1 54+04
R, [1/s] 21+£0.2 30.0£0.5 56.5+0.3 103.0+0.3 186.1 £4.3

The radiolabeling yield of ®Ge-SPION@PAA was determined at different time intervals using radio-TLC),
where ®Ge-SPION (R; = 0) could be easily distinguished from free “Ge (R; = 0.95) (Figure 5.18 (a) and (b)).
Radiolabeling yield of “Ge-SPION@PAA was found to be >75% after 3 h incubation at 37 °C, and gradually
increased to ~90% after 24 h of incubation (specific radioactivity ca. 3.7 MBq/umol of Fe) (Figure 5.18 (a), green
line). Negative control experiment with the mixture of free “Ge and water showed nearly zero labeling yield,

confirming the successful labeling of “Ge to SPION@PAA (Figure 5.18 (a), red line).
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Figure 5.18 (a) Time-dependent ®Ge labeling yield of SPION and other nanoparticles. (b) Autoradiograph of TLC
plates of “Ge-SPION (top) and free “Ge (bottom). (c) Serum stability study of PEGylated (black line) and non-
PEGylated ®Ge-SPION (red line) in whole mouse serum at 37 °C.

The specific labeling of “Ge to SPION was further demonstrated by: i) blocking the SPION surface with a layer
of dense silica (dSi0O,); and ii) using non-metal oxide nanoparticles (e.g., copper sulfide [CuS]) as nanoplatforms.
The details on how these nanoparticles are synthesized are found in Appendix V. As expected, very low
radiolabeling yield (i.e., <15%) was observed when mixing SPION@dSiO, or CuS with free “’Ge under the same
conditions (Figure 5.18 (a), blue and black lines, respectively). In order to rule out the possibility of “Ge uptake by
the PAA, ®Ge labeling of ligand-free SPION (bare SPION without any surface coating) and free PAA were carried
out under similar conditions (Figure 5.19). The synthesis procedure of ligand-free SPION is also described in
Appendix V. The results showed that the “Ge radiolabeling to ligand-free SPION (~2.0 mg/mL) was >95% at the
end of 24 h, which was slightly higher than what was observed in the case of “Ge-SPION@PAA. Moreover, there
was hardly any uptake of “Ge by PAA, clearly indicating the successful labeling of “Ge to SPION@PAA is due to
the specific binding of ®Ge with SPION, and nonspecific absorption of “Ge to PAA is negligible. All these

systematic studies amply illustrate the specific affinity of “Ge to SPION.
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Figure 5.19 Autoradiograph of TLC plates of (a) free “Ge mixed with ligand-free SPION, and (b) free “Ge mixed
with PAA (1 mg/mL) at different incubation times. (c) Time-dependent “Ge labeling yields of ligand-free SPION
and PAA-only (1 mg/mL) samples.

In order to increase the in vivo stability of ®Ge-SPION, PEGylation step was introduced for coating “Ge-
SPION with a layer of poly(ethylene glycol) (PEG). Enhanced in vitro serum stability was also observed when
comparing “Ge-SPION@PEG with non-PEGylated ®Ge-SPION (Figure 5.18 (c)). “Ge-SPION@PEG was found to
be highly stable (intact “Ge ca. 75%) even when incubated in excess volume of whole mouse serum at 37 °C (310
K) for 24 h (Figure 5.18 (c), black line). In contrast, non-PEGylated “Ge-SPION was significantly less stable in
mouse serum with intact ®Ge found to be <60% after 6 h of incubation. Before the in vivo PET imaging, “Ge-
SPION@PEG was purified using PD-10 column with PBS as the mobile phase. The radioactivity fractions (which
typically elute between 3.0 and 4.0 mL) of “Ge-SPION@PEG were collected. Free unlabeled “Ge was eluted out
after 6 mL, which allowed complete and baseline separation of “Ge-SPION from “Ge.

5.3.5 In Vivo PET Imaging, Biodistribution Studies and In Vivo MR Imaging

PET scans were performed at 0.5, 3 and 6 hours post-injection (p.i.) of “’Ge-PBS in three 4T1 tumor-bearing
mice. Figure 5.20 shows the coronal and sagittal maximum intensity projection (MIP) images of mouse #3 with the
scale bar set to a maximum of 10 %ID/g. Rapid urinary excretion is prominent within the first 30 minutes after
injection as seen by the high intensity in signal in the kidneys and urinary bladder. Quantification of the VOIs
covering the whole urinary bladder of each mouse reveals that 62.6 + 3.8 %ID (obtained from 36.6 + 13.1 %ID/g x

1.8 + 0.5 cm’) is about to be excreted within the first 30 min after injection. This observation agrees with that of
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Ando et al [307], in which 61.8 %ID of ®Ge was excreted at 3 h p.i. of ®*GeCl, in rats. Moreover, tumor contrast in
our study is absent as its uptake is comparable to that found in muscles.

10 %ID/g

%ID/g

Figure 5.20 Coronal and sagittal MIP images from PET scans of mouse #3 at 30 min, 3 h and 6 h. The “Ge uptake

level is color coded by the 0 to 10 %ID/g bar shown on the right. The PET scans for the other two mice show the
same trend in biodistribution of “Ge-PBS. L: liver; K: kidneys; T: tumor; B: bladder.

Time p.i.: 30 min

Figure 5.21 shows the biodistribution over time and the time-activity curves in terms of %ID/g and %ID,
respectively, from quantifications of VOIs covering the whole body, tumor, adductor and biceps femoris muscles
and the delineable organs: liver, kidneys and bladder. The %ID plot also shows an exponential fits to the whole
body, liver and kidney uptake curves from which a biological half-life was quantified as 1.6 h, 1.7 h and 1.5 h,
respectively. The effective whole body half-life is 1.5 h, after taking into account the decay half-life of “Ge.

The organs with the highest %ID/g uptake are the kidneys followed by the liver. These results agree with those
reported Mehard and Volcani after the intravenous (i.v.) administration of *Ge(OH), into Sprague-Dawley rats
[308] and with those of Velikyan et al. after i.v. injection of ®*GeCl, diluted in PBS also into Sprague-Dawley rats
[309]. According to the latter publication, the elimination half-life within the first 6 h p.i. is 36 £ 5 min. The reason
this value is shorter than the value in our study is because they obtained this half-life from the decay constant in the
first exponential (o phase) of a bi-exponential fit. Although they do not explicitly show the other parameters in the
fitted function, they report than only 1.8 + 0.3% of the administered activity remains in the whole body of the
animals at 168 h p.i. In our study, analysis of the whole body VOI in the last PET scan (6 h p.i.) indicates that only
9.8 £ 0.8 %ID remains in the animals.

From the biodistribution chart it can be seen that tumor uptake at 30 min p.i. is relatively high with a value of
2.2 £ 0.2 %ID/g if compared against the muscle uptake of 0.8 + 0.1 %ID/g at this same time point. However, this
tumor-to-muscle contrast is basically lost after 4 hours p.i. when the tumor and muscle uptake is 0.8 + 0.1 %ID/g

and 0.5 + 0.1 %ID/g, respectively. These data demonstrate that weakly bound or “free” “Ge is not a good intrinsic
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radiotracer for tumors as 44Sc-citrate, $4Cu-citrate and **CuCl,. Nevertheless, the fast whole body clearance of
unlabeled ®Ge is an advantage if we consider that *Ge breakthrough from **Ge/**Ga generators is of concern due to
its long physical half-live. For instance, from the biological half-life obtained from the fit to the whole body time-
activity curve, the effective whole body half-life of ®*Ge-PBS is barely 1.6 h, which suggests that the effective dose

caused by this longed-lived nuclide as an unlabeled species will be low, as it will be shown in section 5.3.7.
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Figure 5.21 Quantitative PET data presented as biodistribution charts in terms of %ID/g and time-activity curves in
terms of %ID from: “’Ge-PBS in mice bearing 4T1 tumors

The in vivo stability and biodistribution pattern of “’Ge-SPION@PEG was assessed by PET imaging studies in
normal BALB/c mice. Dominant liver uptake of “Ge-SPION@PEG was observed at different time points after
intravenous (i.v.) injection (Figure 5.22 (a)), as expected for most nanoparticles. Mono-exponential fits to the time-
activity curves in the liver and whole body reveal biological half-lives of 2.0 and 6.7 days, respectively. Quantitative
data obtained from region-of-interest (ROI) analysis of the PET images are shown in Figure 5.23. In stark contrast,
%GeClyin PBS (referred to as “free” “*Ge) exhibited rapid renal clearance and nearly no accumulation in the liver
(Figure 5.22 (a) at such late time points. This latter data is from a single mouse and hence it is not included in the
pharmacokinetic analysis of “Ge-PBS. Such difference in biodistribution pattern is a direct evidence of the fact that
%Ge-SPION@PEG could retain its integrity in vivo and thus demonstrates its suitability as a PET imaging probe.
The liver uptake of “’Ge-SPION@PEG was further confirmed by in vivo MRI, which clearly showed the darkening
of the liver and no detectable signal change from the kidney (or bladder) after i.v. injection of Ge-SPION@PEG
(Figure 5.22 (b)). It may be noted that non-radioactive Ge-SPION@PEG was prepared under the similar conditions

for MRI since radioactive materials (e.g., “’Ge-SPION@PEG) are not allowed in the microMRI facility of our
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University. The biodistribution of “Ge-SPION@PEG was also investigated at 36 h post-injection (p.i.) after the
final PET scan by measuring the tissue radioactivity. As shown in Figure 5.23 (b), dominant uptake of “Ge-
SPION@PEG in the liver and spleen was observed, which validated that serial non-invasive PET imaging (Figure
5.22 (a)) accurately reflected the biodistribution pattern of “Ge-SPION@PEG in mice. All these studies

demonstrate the feasibility of Ge-SPION@PEG for dual-modality PET/MR imaging.
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Figure 5.22 (a) Serial in vivo PET images of “Ge-SPION@PEG (top) and “Ge-PBS (bottom) after i.v. injection
into mice. (b) In vivo T,*-weighted MR images of mice before and after i.v. of Ge-SPION@PEG (in PBS).
Transaxial images are presented to show the liver uptake of Ge-SPION@PEG, as well as lack of accumulation or

contrast enhancement in the kidneys.
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Figure 5.23 (a) Quantitative data obtained from region-of-interest (ROI) analysis of PET images from mice injected
with “Ge-SPION@PEG (n = 3). The error bar indicates the standard deviation. (b) Biodistribution pattern of “Ge-
SPION@PEG and free “Ge in mice (n =3) at 36 h p.i. The error bar indicates standard deviation.
5.3.6 Sentinel Lymph Node Mapping with * Ge-SPION@PEG

PET scans upon subcutaneous injection of “Ge-SPION@PEG solution (40 pL, ca. 370 kBq) into the left

footpad of normal BALB/c mice, showed accumulation of “Ge-SPION@PEG in the popliteal lymph node at 0.5 h,
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2 h and 20 h p.i. (Figure 5.24 (a), as pointed by green arrows), with uptake values of 7.5 + 2.5, 12.5 £ 3.1 and 28.0 +
5.2 percentage injected dose per gram of tissue (%ID/g), respectively (n = 3; Figure 5.24 (b)). The accumulation of
Ge-SPION@PEG in one of the lymph nodes (dashed green circle in Figure 5.24 (c)) could also be clearly visualized
by MRI, which showed gradual and prominent darkening of the lymph node after injection of Ge-SPION@PEG (40
puL, 7.77 mM of Fe). As an internal control, the contralateral lymph node (dashed red circle in Figure 5.24 (c))
showed no contrast enhancement at all-time points examined. The accumulation of “Ge-SPION@PEG in lymph
nodes after injection was primarily due to the small size (ca. 23 nm) of these nanoparticles, which is well suited to

uptake by the lymphatics [310-312].
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Figure 5.24 (a) In vivo lymph node imaging with PET after subcutaneous injection of “Ge-SPION@PEG into the
left footpad of the mouse. Lymph nodes and paws were indicated by green and red arrows, respectively. (b)
Quantification of the “Ge-SPION@PEGuptake by the lymph node and the mouse paw (n = 3). (c) In vivo lymph
node mapping with MRI before and after injection of Ge-SPION@PEG into the left footpad of the mouse. Obvious
darkening of the lymph node could be seen (dashed green circle), whereas no contrast enhancement was observed
for the contralateral lymph node (dashed red circle).

Although dual-modality PET/MR imaging could only be achieved separately in our current work due to the lack
of an integrated microPET/microMRI scanner, this work may serve as an important proof-of-concept to establish
%Ge-SPION@PEG as a promising candidate for future simultanecous PET/MR imaging. With the growing interests

in using clinical and preclinical PET/MR scanners for integrated and simultaneous whole-body PET/MR imaging
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worldwide [313], further improvement of both the PET/MR scanners and the development of novel PET/MR
imaging agents (e.g., “Ge-SPION@PEG) would benefit clinical cancer patient management in the future (e.g.,
diagnosis, staging, etc.). The chelator-free strategy reported here could also be effectively utilized for preparation of
multifunctional theranostic agents for integrated imaging and therapy by incorporating therapeutically relevant
isotopes (e.g., "'Ge [t;,=11.3 h,
100% B, Epex = 2.2 MeV][273] or the Auger electron emitter 'Ge) into SPION. With the presence of carboxyl
groups at the surface of ®Ge-SPION, further conjugation of specific targeting ligands, such as proteins, antibodies,
or peptides, [314] could also be readily achieved, which would make this class of agents even more powerful for
future cancer targeted imaging and therapy.
5.3.7 Internal dosimetry of 6 GeCl,in PBS, 68GeCl4 in PBS and ¥ Ge-SPION in humans

Table 5.6 shows the “Ge-PBS and “Ge-SPION@PEG %ID uptake values extrapolated to a 73.7 kg standard
adult male as defined by Cristy and Eckerman [49], using the mass extrapolation method by Kirschne [52], with the
whole body mass per mouse set to the average value of 18.0 g in this study. The uptake in the urinary bladder was
not extrapolated since the % excreted by the animal = % excreted by the human as suggested by Stabin [315].

Table 5.6 Extrapolation to %ID uptake of “Ge in standard adult male organs from studies in mice.

Organ mass in | Conversion factor %ID ¥Ge-PBS %ID ¥Ge-SPION@PEG
Organ human male %ID/g in mouse .

adult [g] [49] | to %ID in human | S0Min | 3h | 6h | Th | 12h | 24h | 36h
Liver 1910 0.466 2.64 0.53 | 0.28 11.7 9.3 8.2 7.0
Kidneys 299 0.073 0.48 0.12 | 0.04 - - - -
Urinary
bladder - - 62.6 70.2 0.8 13.5 7.2 1.8 0.1
Remaining Balance Balance 343 | 210 | 88 | 748 | 772 | 783 | 795
organs

After setting these %ID uptake values in the EXM portion of the OLINDA software and fitting them to mono-
exponential functions (shown in Figure 5.25), the software automatically calculated the cumulative number of
decays in each source organ and then the absorbed dose in every target organ considered by the software as well as
the total body effective dose. Table 5.7 shows the biological half-lives, from the mono-exponential function fits, of
Ge-PBS in the main organs in which it accumulates and the cumulative disintegrations that occur in each of these
source organs, A, in units of Bq-h/Bq. Even though these values were obtained from the EXM portion of the

OLINDA/EXM software, these can also be obtained “manually” using Equation 2.9, presented in Chapter 2.
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Figure 5.25 Fitted mono-exponential functions to the %ID uptake values of the main organs in which “Ge-PBS
accumulates. The %ID values are extrapolated to a standard male human from %ID/g uptake values obtained from
small animal studies.

Table 5.7 Biological half-lives of Ge-PBS in the main organs in which it accumulates and cumulative number of
decays, 4, of %Ge and ®*Ga in each of these source organs.

= 68 5 68
Source organ Ay [h"] t12, [h] A[lf;;;)_'l?/B(ﬁe A[]fsr(;)_rlt:/B(ﬁa Ratio of 4 values
Liver 0.59 1.2 0.060 0.029 2.0
Kidneys 0.53 1.3 0.012 0.005 2.2
Urinary bladder 0.20 34 3.90 0.97 4.0
Remaining organs 0.23 3.1 1.71 0.46 3.7

The effective dose was estimated as 73.2 pSv/MBq and 208 uSv/MBq of administered “Ge-PBS and “Ge-
SPION@PEG, respectively. After substituting “Ge by **Ge, maintaining the original pharmacokinetic data, the
effective dose from *Ge-PBS was estimated as 1.38 pSv/MBq. However, this value is highly underestimated since
OLINDA does not take into account the emissions from the daughter of ®*Ge, i.e. ®*Ga, and ®*Ge by itself does not
emit any penetrating radiation, i.e. high-energy gamma rays. If we substitute “Ge by ®*Ga in the original OLINDA
file, the effective dose is estimated as 64.2 pSv/MBq **Ga, which is also underestimated because the half-life of ®Ga
is much shorter than the physical half-life of ®*Ge. Hence, in order to have a better estimate of the absorbed dose
from the ®Ga that is generated by ®*Ge, we will make two conservative assumptions: first, that *Ga is permanently
in secular equilibrium with its parent; and second, that it follows exactly the same pharmacokinetics as ®*Ge. In

other words, we need to estimate the absorbed dose from a fictitious nuclide that has the half-life of %Ge but that
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emits the same radiation as ®*Ga. In order to do this with OLINDA and still be conservative, we need to multiply the
effective dose that we have obtained using **Ga by the ratio of the cumulative decays in the source organ with the
longest biological half-life (¢, ,) (i.e. the urinary bladder as shown in Figure 5.25) between %Ge and **Ga, using the
pharmacokinetic data obtained with “Ge.

From Table 5.7, 4.0 is the largest ratio of cumulative decays between %Ge and 68Ga, and therefore, a
conservative estimate of the effective dose deposited by **Ge-PBS in equilibrium with its daughter ®*Ga is 4.0 * 64.2
uSv/MBq = 258 uSv/MBq *Ge.

The absorbed doses per target organ obtained from OLINDA are shown in Figure 5.26. As in the computation
of the effective dose from ®*Ge-PBS in constant secular equilibrium with ®*Ga, the absorbed doses per organ for
%Ge-PBS were obtained from OLINDA after feeding the software with the pharmacokinetics of “’Ge-PBS and the
emissions of ®*Ga; and multiplying the output results times 4.0, the highest ratio of cumulative decays in an organ
between *Ge and ®Ga. The critical tissue for both Ge-PBS tracers is the urinary bladder wall with absorbed doses
of 1.05 mGy/MBq “Ge and 1.12 mGy/MBq “Ge. As shown in Figure 5.26, the administration of “Ge-
SPION@PEG into a standard adult of 73.7 kg will cause absorbed doses > 0.1 mGy/MBq in every organ, but the

two critical organs will be the urinary bladder wall and the liver with 0.64 and 0.37 mGy/MBgq, respectively.
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Figure 5.26 Absorbed dose to the organs of a standard adult male after administration of “Ge-PBS, *Ge-PBS
(assuming that the ®*Ga daughter is in permanent equilibrium and that it follows the same pharmacokinetics as it’s
parent ®Ge) and “Ge-SPION@PEG.

The implications of the estimated effective doses and absorbed doses per organ are as follows: up to 234 MBq
of ®Ge-SPION@PEG can be administered into a male patient within a year, considering that the FDA regulations
have set either a maximum annual ED of 50 mSv or a maximum annual absorbed dose to any organ of 150 mGy in
adult research subjects [75]. In this case, 234 MBq of “Ge-SPION@PEG will deposit an absorbed dose of 150 mGy

to the urinary bladder wall and an effective dose of 48.7 mSv, coincidentally the annual dose limit for both a
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particular organ and the whole body effective dose. Under the same constraints, the maximum activity of *Ge-PBS
that can be injected into a male patient within a year is 134 MBq, which is also defined by the annual dose limit to
the urinary bladder wall. This activity will result in an effective dose of 34.6 mSv. To put this in perspective, a
clinical brand new 1850 MBq (50 mCi) ®*Ge/**Ga generator could have a breakthrough of up to 7.2% of “*Ge
activity mixed with the eluted ®*Ga for administration into a male patient and still comply with the dose limits
imposed by the FDA, although the absorbed dose caused by the “*Ga-labeled tracer still needs to be taken into
account and therefore the breakthrough must be < 7.2%. In any case, the order of magnitude of this breakthrough is
three times larger than the current limits (< 0.001%) recommended by the European Pharmacopeia monograph [316,
317], and hence we can conclude that the regulations on **Ge generators are too conservative.

5.4 Conclusions

In this chapter two targetry methods for the production of “Ge and *Ge with a small biomedical cyclotron were
developed, the best one being via high current (40 pA) proton irradiation on electroplated NiGa; on a gold substrate.
A simple column-based “trap-and-release” isolation method based on the extraction resin DGA was also developed,
which offers > 76% radioactive germanium separation yields.

Using SPION as a nanoplatform, we reported the synthesis and in vivo dual-modality PET/MR imaging of
%Ge-SPION@PEG. To the best of our knowledge, this is the first example on the successful utilization of “Ge-
based agent for PET/MR imaging. The key challenge involved in the preparation of “Ge-radiopharmaceuticals has
been circumvented by incorporating “Ge onto SPION via a fast and highly specific chelator-free approach. The
biodistribution pattern and the feasibility of “Ge-SPION@PEG for in vivo dual-modality imaging and lymph-node
mapping have also been investigated.

Moreover, we have shown how “Ge could fill an important niche as a shorter-lived surrogate of ®Ge to
determine its biodistribution via PET and to calculate the internal dosimetry caused by it in situations in which it
could represent an environmental hazard, such as when there is breakthrough from a ®Ge/**Ga generator, in the
cyclotron facilities that produce ®*Ge or in the facilities that fabricate the ®*Ge/**Ga generators. For instance, based
on the high volatility of GeCl, in acidic environments, the internal dosimetry of inhaled **GeCl, could be assessed
with the analogue “GeCly in an experimental setting. In this chapter “GeCl, diluted in PBS was used as a surrogate

of ®GeCl, and it was shown that after intravenous administration, this compound rapidly clears from the whole
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body, which surprisingly resulted in a relatively low effective dose considering that ®*Ge is a longed-lived nuclide

and that it was assumed that it is constantly emitting the penetrating radiations of its daughter **Ga.
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Chapter 6 Conclusions and Future Directions

In conclusion, we have described rapid and facile methods to recover 44Sc, 55C0, 58‘"C0, 61Cu, 64Cu, %y and
%Ge, with yields > 76%, from proton or deuteron irradiated targets with excellent yield and high chemical and
radiochemical purities. In most of the methods, the usage of a single column, minimal washing/elution steps and the
elution of the radionuclide of interest in < 0.6 mL provides a convenient framework for the implementation of
automatic separation modules. Furthermore, these separation methods also allowed to recover > 90% of the
respective target materials, which is an essential requirement in the cases in which isotopically-erriched isotopes
were implemented. This separation systems coupled to improved cyclotron production approaches might be the long
waited answer to facilitate the translation of these radiometals into the clinic.

Moreover, novel targetry solutions were developed for the irradiation of isotopically-enrriched metallic iron
targets for the production of radio-cobalt through deuteron irradiation. This technology can be easily translated to
manganese production if the projectile particle is switched to protons. The theranostic pair, or perhaps it should be
called trio, *>Co and **™**Co, was produced from **Fe and *’Fe targets and then separated with high specific activity
for radiolabeling chelator-conjugated biomolecules. As a proof of the high specific activity, the anti-CD105
antibody TRC105 was radiolabeled with radio-cobalt. To demonstrate the theranostic potential of the set of nuclides,
this construct was injected into murine breast-cancer tumor bearing mice to demonstrate how treatment planning can
be performed before therapy with *Co using conventional internal dosimetry approaches and how **¢Co can be used
to evaluate the effectiveness of the treatment post-therapy via quantitative PET imaging. Further work with this

f %™Co by proton irradiation on **Fe and also on

radiometal will focus in increasing the production capacity o
radiolabeling targeting vectors that accumulate in the tumor at a faster rate compared to a full antibody, such as
peptides or antibody fragments.

Improvements on gallium targetry were also developed, which were mostly based on already published
procedures from facilities that produce ®*Ge at a large-scale. Nevertheless, our methods were adapted to a small
energy biomedical cyclotron, resulting in the production of the novel radio-metalloid “Ge. The significance of this
nuclide hinges on the existence of a therapeutic analogue, the Auger electron emitter 'Ge, which has a suitable half-
life for targeted radionuclide therapy of 11.4 days. The therapeutic potential of this radionuclide will only be

demonstrated as long as a novel radiolabeling method for this element is developed, which will enable to direct its

highly ionizing radiation to cancer lesions. In this regard, we have demonstrated that “’Ge incorporates and remains
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stably bound into the structure of super paramagnetic iron oxide nanoparticles (SPION), which already have a niche
as contrast agents in magnetic resonance imaging. As a proof of principle of how this construct could be used in dual
PET/MRI imaging, we have demonstrated its application lymph node mapping using a small animal model.
Moreover, we have shown how “Ge could fill an important niche as a shorter-lived surrogate of ®Ge to determine
its biodistribution via PET and to calculate the internal dosimetry caused by it in situations in which it could
represent an environmental hazard, such as when there is breakthrough from a **Ge/®Ga generator. Future work
with “Ge, will focus in finding a chelator for this metalloid or a radiolabeling protocol that circumvents hydrolysis.
For instance, chelation of this element with DTPA [318-320] and EDTA [321] has been reported, which indicates
that this metalloid can potentially be radiolabeled like the more established transition radiometals.

Investigations on the biological fate of radiometals administered as simple salts in solution revealed that
weakly-bound radio-copper (CuCl, and Cu-citrate) and radio-scandium (Sc-citrate) both have long biological half-
lives in the body (> 33 h) and intrinsic tumor-targeting properties, with maximum uptakes that are > 4 %ID/g, in the
murine breast cancer (4T1) and human glioblastoma (U87MG) tumor models that were employed in this thesis. On
the contrary, weakly bound radio-cobalt and radio-germanium showed very low interaction in the body and low
accumulation in the murine breast cancer xenografts, having whole body biological half-lives < 14 h and maximum
uptakes in the tumor that are < 2.4 %ID/g. Future work with weakly bound radio-copper and radio-scandium will
focus in quantifying tumor uptakes in other tumor cell lines implanted in rodents; and in the case of the theranostic
64Cu, tumor models with high uptake will be employed in radiotherapy studies similar to the one that has been
performed with *"Co-NOTA-TRC105. These studies would be based on internal dosimetry estimates and, if
toxicity predictions allow it, several cycles of therapeutic quantities of **Cu would be administered. For instance, the
results in Chapter 4, Table 4.13, indicated that ~4 GBq of weakly-bound **Cu injected into a mouse bearing a 0.5 g
4T1 tumor xenograft would deliver the ~230 Gy that we assumed would result in a therapeutic effect on the tumor.
However, from the results in Table 4.19, such large activity would also deposit ~1200 Gy in the liver, which will
definitely have a deleterious effect in the subject. Therefore, a fractionated regimen would have to be designed, for
example by injecting doses of 150 MBq every other day to maintain the absorbed dose to the liver per fraction
below the toxicity threshold for this organ (40 Gy). A more promising study could involve tumor xenografts that are
ten times smaller than the ones employed in our studies, that is, with a mass of the order of tens of milligrams, which

then would require ten times less **Cu activity resulting in lower normal organ toxicity. Other future work would be
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the experimental demonstration of the therapeutic effects of *’Sc-citrate in tumor-bearing mice that have been
predicted in this dissertation using the **Sc analogue. Such project would involve the production of tens of MBq of
'S¢ in the PETtrace cyclotron by proton-bombardment on isotopically enriched *°Ti. However, due to the low
production yields and the high cost of *’Ti, a better approach would be to obtain “’Sc from collaborators such as
Argonne National Lab, where they claim to be able to produce batches of tens or even hundreds of GBq.

Another important conclusion from the analysis of the PET data from **Sc-citrate in mice was that the effective
dose from this agent, extrapolated to a human adult, using > 90% but < 100% radionuclidically pure, cyclotron-
produced, *Sc from natural calcium targets is quite low: 72.9 pSv/MBq and comparable to that of mainstream
tracers such as ®*Ga-DOTATATE or ®*Ga-HBED-CC-PSMA, which we believe justifies the clinical application of
this economical supply of **Sc as an alternative to other more expensive options that result in 100% pure *Sc.
Future work regarding *Y will focus in improvements on the effective specific activity. From the trace metal
analysis results, the metals that need to be removed, perhaps by adding an extra purification step to our current
separation protocol, are zinc, cobalt and iron. Without changing our current separation method, another option to
increase the ESA is to generate more activity in the target, which would be achievable by converting the *°SrCO;
target to *°SrO prior to irradiation. This would allow to increase the current on target by at least a factor of two from
our current setting of 4 pA. Other future projects will involve the experimental verification of the therapeutic
regimens of *’Y-labeled vectors that are based on pharmacokinetic and internal dosimetry estimates obtained with
the **Y-labeled analogues. For instance, from the work that was presented in this dissertation we have predicted that
40 MBq of Y-DTPA-CHX-A”-TRC105 would deliver ~230 Gy to a 0.5 g 4T1 tumor xenograft in a mouse and that
such activity would also deliver ~250 Gy to the spleen, the critical organ, which may or may not make such
treatment toxic. Hence, these predictions require an experimental verification, which can be easily accomplished

since *°Y is relatively inexpensive and widely available.
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Appendix A Derenzo phantoms

The following table shows the images of a miniature Derenzo phantom [47] filled with the positron emitters
presented in this dissertation and others such as 18F, 45Ti, %Ga and **Ga. All were scanned with the Inveon
microPET/CT scanner manufactured by Siemens Medical Solutions. One billion coincident counts were acquired

per scan and the reconstructions were done with the Filtered Back Projection 2D (FBP2D) method with a matrix size

of each slice of 512x512 pixels.
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Appendix B Measurement of the deuteron beam energy from the PETtrace cyclotron

The energy of the deuteron beam that is delivered at the beam port of the GE PETtrace cyclotron was measured
from the activity ratio of *V(z,,= 16.0 d, E, = 983.5 keV, 99.98%) and **Sc (t,,= 83.8 d, Ey = 1120.5 keV,
99.987%) generated in a 0.025 mm thick titanium foil that was irradiated with 10 pA for 10 min. Both generated
activities were measured with an efficiency calibrated high purity germanium detector (Canberra C1519). The
activity ratio was then input on the fitted curve published by Gagnon et al. [322] that relates the natural logarithm of
this ratio to the energy of the deuteron beam:

¥ =0.98386 x" — 6.6491 x” + 16.0224 x — 4.9685 Equation B.1
were y and x are the energy of the deuteron beam and the natural logarithm of the activity ratio of **V and *’Sc,
respectively. This relationship is based on the fact that the ratio of activities is uniquely related to the ratio of cross
section values, "™Ti(d,xn)*V and "™Ti(d,xa)**Sc, and hence to the particular deuteron energy at which the cross-
sections were accurately measured, as shown in the following equation:

—148th
A48V 0’43V 1-e

Equation B.2

Aseg, _A“'Sctb)

where 4, o, A and ¢, represent the EoB activity, cross section, decay constant and bombardment time, respectively for
*V and **Sc. The cross section data for both nuclides has been measured with high accuracy by Takacs et al [323]
and therefore the unique value on the right side of the equation is related to a unique energy value at which the cross
sections were measured.

The activities at EoB measured in the 0.025 mm titanium foil were 63.5 kBq **V and 9.4 kBq “*Sc and the

substitution of the natural logarithm of these values in Equation B.1 resulted in 8.2 MeV.
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Appendix C Measurement of transverse size of the particle beams from the PETtrace

cyclotron

The transverse extent of the proton and deuteron beams from the PETtrace cyclotron was measured via
autoradiography on irradiated 0.05 mm thick nickel foils. For irradiation, the foils were mounted on a cold finger
target support and held in place by four 4-40 bolts that screw to symmetric holes that are equidistant at 11.3 mm
from the center of the target support. The aluminum ring clamp with a central hole of 12.5 mm diameter that is
employed to hold the disks with electroplated material was not used to hold the nickel foils since it might collimate
the beam and occult its true extent. Figure C.1 shows one of the nickel foils mounted in the solid target support

before irradiation.

Figure C. 1 Foil setup in target holder

Irradiations with proton and deuteron beams were performed with 5 pA for 10 min after the beam was centered
automatically by the PETtrace control system. The short-lived radio-copper products were allowed to decay for
several hours, then the foils were dismounted from the target holder and placed on top of a sheet of paper, where
four radioactive fiducial points were created applying ~1 uL with a few kBq of *Zr in solution in each of the four
holes that are equidistant from the geometric center of the target holder (Figure C.2(a)). These fiducial points in the
autoradiography image will be used to locate the center of the solid target holder. Afterwards, the foils were placed
in contact with a phosphor plate for digital autoradiography with the Cyclone Phosphor Plate imaging system
(Perkin Elmer).

As shown in Figure C.2(b), the proton and deuteron beams are centered on the target holder center, but both
have elliptical shapes. Circular regions of interest (ROIs) centered in the center of the solid target holder were drawn
in the autoradiography images to quantify the activity distribution in the foil in digital light units (DLU) (Figure

C.2(c).
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Figure C. 2 (a) Foils after irradiation placed on top of a sheet of paper. ~1 pL of Zr activity was applied in each
one of the holes that are equidistant from the geometric center of the target holder. (b) Digital autoradiography
images that show the elliptical shape of the beam profile and the four fiducial points generated by *Zr. (¢) Circular
ROIs centered at the geometric center of the solid target holder. The diameter of the blue ROI corresponds to the
diameter of the depression in the niobium crucible target and of the aluminum ring clamp: 12.3 mm. The yellow
ROI has a diameter of 10.0 mm, which is the average diameter of the electroplated surface in the targets. ROIs of 9.0
mm and 11.0 mm diameters were also analyzed but are not shown in the figure. (d) Autoradiography in Gafchromic
self-developing films taped on top of the irradiated foils.

The smallest diameter of the ROI that enclosed >99% of all the activity generated by the proton and deuteron
beam was 15.5 mm for both, which defines the maximum extent of both beam’s transverse size. Thus, circular
targets that have smaller diameters that these dimensions, like the electroplated surface in the 64Ni, GON, 58Ni, 54Fe,
*"Fe and NiGay plated targets or the diameter of the depression in the niobium crucible that holds molten gallium or
%SrC0O; powder, will not receive the whole beam intensity. Table III.1 presents the results of the DLU
quantifications in ROIs that have the dimensions of our targets.

Table C. 1 Results of the ROI analysis of the digital autoradiography images of the irradiated foils.

Proton beam Deuteron beam
% of % of
ROI Diameter [mm] DLU whole DLU whole
beam beam
‘Whole beam strike 15.5 375,274,147.7 28,781,136.5
Depression in Nb crucible / Al 12.3 313,100222.9 | 85% | 23,770214.6 |  84%
ring clamp
9.0 218,342,061.0 59% 16,286,560.4 58%
Electroplated surface 10.0 250,041,489.1 68% 18,751,061.2 66%
11.0 279,064,511.9 76% 21,063,441.9 74%

After the autoradiography analysis, a piece of Gafchromic self-developing radiographic film (Manufactured by
Ashland) was taped on top of each one of the nickel foils to visually identify the extent of each beam profiles and to

verify that it matched the autoradiography image (Figures C.2(d)).
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Appendix D Electroplating cell description

The electroplating cell that was used for the preparartion of 64Ni, 6ONi, 54Fe, 'Fe and NiGaj targets consists of a
glass tube (Ace Glass Inc.) (I.D. 1.56 cm) with a polytetrafluoroethylene (PTFE) plugin at one of its ends with a
central perforation of 0.9 — 1.1 cm diameter and an O-ring grove to accommodate a viton O-ring at the bottom to
seal the solution. The cathode is either a gold or silver disk (0.61 mm and 0.56 mm thick, respectively, 1.90 cm
diameter), which is mounted on an aluminum plate. The exposed area of the cathode to the electrolytic solution (0.6
— 0.9 cm?) is delimited by the central perforation of the PTFE plug. A platinum wire (0.25 mm diameter) is used as
the anode, with the tip bent into a spiral shape of ~0.5 cm diameter in order to have a homogeneous electric field
across the cathode. The platinum wire remains in a constant geometry throughout each electrodeposition procedure
by fixing it inside a 13 cm long, 0.016” diameter, teflon tubing with the tip at 1 cm from the silver anode. An

EXTECH power supply model 382200 provides the DC voltage. Figure D.1 shows a schematic and picture of the set

up.
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Figure D. 1 (a) Schematic and (b) picture of the electrolytic cell.
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Appendix E Synthesis of nanoparticles used as negative controls to demonstrate the specific
labeling of ®Ge to SPION

Synthesis of SPION@dSiO,

The synthesis of SPION@dSiO, was carried out by a base-catalyzed silica layer formation from
tetraethylorthosilicate (TEOS) on as-prepared SPION in a water-in-oil reverse microemulsion [301]. Two mL of
polyoxyethylene (5) nonylphenylether branched (Igepal CO-520 (NP-5)) were dispersed in cyclohexane (40 mL) in
a 100 mL three-necked flask and stirred for 30 min. Subsequently, 0.5 mL of oleic acid capped SPION cyclohexane
solution was injected into the cyclohexane/NP-5 mixture. The mixture was stirred at room temperature (22 °C) for 2
h. Afterwards, ammonia (0.28 mL, 30%) was added, and the system was sealed and stirred for another 2 h. TEOS
(250 uL) was delivered into the system at a precisely controlled rate of 200 puL/h using a syringe pump. The mixture
was sealed and kept under magnetic stirring for 17 h at room temperature before addition of methanol to precipitate
the nanoparticles. The as-synthesized SPION@dSiO, nanoparticles were washed with ethanol for more than 3 times
to remove excess NP-5. The resulting SPION@dSiO, could be well-dispersed in water.

Synthesis of citrate capped CuS nanoparticles

The general procedures for the synthesis of citrate capped CuS nanoparticles were similar as that reported by
Zhou et al. [324]. In a typical synthesis of CuS nanoparticles, 10 mL of CuCl, (0.8524 mg/mL) and 10 mL of
sodium citrate (1 mg/mL) were added into 30 mL of HQ water. The mixture was stirred at room temperature for 30
min. Fifty uL of Na,S (1 mmol/mL) was then added into the mixture and stirred for 5 min before reacting at 90 °C in
a water bath for 15 min. Citrate capped CuS with green color could be obtained and directly used for “Ge-labeling.

Figure E.1 shows TEM images of SPION@dSiO; and CusS.

(b)
Figure E. 1 TEM images of (a) SPION@dSiO, and (b) CuS nanoparticles.
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Synthesis of ligand-free SPION

Ligand-free SPION was synthesized by following previously reported procedures with slight modifications [304],
where the oleate-coated SPION nanoparticles were treated with hydrochloric acid (HCI) to protonate the oleate
ligand, resulting in ligand-free SPION after the release of oleic acid from the surface. In a typical synthesis,
deionized water (5 mL) was added in a 25 mL bottle, followed by addition of cyclohexane-dispersed oleate-coated
SPION (5 mL). Subsequently, HC1 (100 pL, 7.4 M) was added and the mixture was shaken for 10-20 min. Then, the
water layer of the mixture was quickly collected using separating funnel and centrifuged (13000 rpm) for 10 min.

The sample was then washed three times with acetone, resulting in ligand-free SPION (dispersed in water).
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