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ABSTRACT 

Three fluorine-18-labelled analogs of sucrose, 6’-deoxy-6’[18F]fluorosucrose, 1’-

deoxy-1’[18F]fluorosucrose, and 6-deoxy-6[18F]fluorosucrose, were prepared to 

investigate sucrose transport in wild-type and sut1 mutant maize by autoradiography.  

The fluorosucrose analogs were prepared using an automated synthesis modular lab.  

Direct fluorination of prepared stable precursors, followed by hydrolysis with K2CO3 in 

methanol and HPLC purification rendered 18F-fluorosucrose in >99% radiochemical 

purity.  The collected product was evaporated to dryness before being reconstituted with 

2 mL of 5.0 mM sucrose.  This solution was applied to wild-type and sut1 mutant maize 

leaves to monitor transport.  After an allotted transport time, the leaves were harvested 

near the stem and imaged on a phosphor plate (Fujifilm imaging plate BAS-MS 2025), 

and the plates were scanned on a GE Typhoon FLA 9000 fast laser scanner.  A number of 

studies also had [U-14C]-sucrose applied with the fluorosucrose to compare the utility of 

the fluorosucrose analogs.  The chemical syntheses of fluorosucrose were achieved in 2 

hours with an average radiochemical yield of 10.7% (decay corrected) at >99% 

radiochemical purity.  A total of 51 production runs have produced 108 mCi of 

fluorosucrose with an average production of 2 mCi/run.   

The wild-type plants demonstrated greater transport down the length of the leaves 

than plants lacking the sut1 gene.  A fully automated, two-pot, two-step synthesis of 

fluorosucrose has been achieved with reasonable yields and high purity.  The role for the 

maize SUT1 gene in phloem loading was verified in vivo.  This indicates the usefulness 

of [18F]-fluorosucrose analogs as a validated tracer for sucrose transport for phloem 
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loading in maize leaves. This reagent will greatly enable visualization of sucrose phloem 

transport in other studies of maize mutants with defects in carbohydrate accumulation, 

and it will allow for real-time imaging studies to be carried out using PET imaging 

systems. 

 The production, separation, purification and specific activity determination of two 

radionuclides were also investigated.  Routine production of copper-64 was implemented 

at the University of Missouri, using an enriched nickel-64 target plated on a gold disk, 

with a (p,n) nuclear reaction from a GE PETtrace cyclotron.  The product was dissolved 

with 6 M HCl and separated on an anion exchange column.  Different concentrations of 

HCl were used to elute the remaining nickel-64 for recycling, the copper-64 product and 

the impurities.  The specific activity of the copper-64 was determined via a TETA 

titration followed by TLC and analysis with a radio-TLC plate reader.  Over 4 Ci of 

copper-64 was produced over a two year period for researchers.  To be more efficient 

with cyclotron beam time, the simultaneous production of zirconium-89 from a yttrium 

foil with a (p,n) reaction was examined.  The experiments confirmed copper-64 and 

zirconium-89 could be co-produced using a small medical cyclotron.  Additionally, the 

amount of copper-64 was not reduced, it was observed thicker yttrium foils enhanced 

copper-64 production due to the beam drop before the nickel-64 target which took better 

advantage of the peak of the excitation function.  The maximum production of zirconium-

89 and copper-64 were found to be 0.821 and 0.861 mCi/µA*h, respectively.  Target 

stability, projected production, maximizing production and specific activity were 

investigated, reported and processes are now in place for routine production of both 

nuclides. 
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Chapter 1: Fluorosucrose 

 

1.1  Introduction  

 
Photosynthesis is one way plants accumulate carbon.1-4 The carbon accumulated 

through photosynthesis is transported to non-photosynthetic sink tissues through a 

process called carbohydrate partitioning, a process controlled by the metabolism of the 

plant, which affects growth and development but is also influenced by outside stresses.  

These stresses include things such as drought, heat, soil salinity, insects and diseases.5-12 

These stressors make it important to study and understand carbohydrate dynamics in 

plants so we are better able to engineer plants to thrive under a variety of conditions.  

Radiotracers provide the opportunity to study these systems with various stresses applied 

to better understand plant growth and development.13-19 

A radiotracer is when a radioactive nuclide is substituted for a stable isotope to 

study a system.  When using radiotracers a number of assumptions must be made for the 

given systems.  First, it is assumed that the radioactive isotope behaves the same as the 

non-radioactive isotope or for a given element.  Secondly, the addition of radioactivity 

into a system does not change the physical or chemical properties.  The third assumption 

is that the addition of radioactivity into a biological system does not change the 

physiology.  The fourth assumption is that the radiolabeled compounds have the same 

chemical and physical properties and behave the same as the unlabeled compounds.  The 

final assumption for radiotracers is that only the labeled radiotracer atoms are being 

detected and traced.  These assumptions were first made and put into use by George de 
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Hevesy who studied radiotracers in a variety of systems and earned the Nobel Prize in 

chemistry for these contributions in 1943.  Radiotracers have been vital in the study of 

chemical processes in plants since the 1940s when another Nobel prize winner, Melvin 

Calvin, determined “The path of carbon in photosynthesis.”13  Many other researchers 

have used radiotracers since that time for uses such as carbon allocation, plant 

metabolism and carbohydrate partitioning.15,20-24 

A number of radioactive isotopes, both long-lived 14C (t1/2 = 5.73x103 yrs) and 

short-lived 11C (t1/2 = 20.33 min), 15O (t1/2 = 2.03 min), 13N (t1/2 = 9.96 min), and 18F (t1/2 = 

109.8 min), have been used to study sugar transport and resource distribution in 

plants.15,20-23,25 While the long half-life of 14C makes it well suited for longer term 

experiments, the low energy beta particles from the decay typically requires destructive 

sampling, such as by liquid scintillation counting, which makes this isotopic analysis 

technique informative to study carbon allocation, but not appropriate to look at short-term 

transport dynamics in an intact plant.22,26,27 The short half-life nuclides permit repeated 

labeling of the same plant, but it also limits the experiment scale to short-term 

experiments and the short half-lives require them to be produced at or extremely close to 

the experiment.14,15,17,20 However, the more moderate half-life of 18F makes it more 

feasible than the other short-lived isotopes for dynamic imaging studies.  

Fluorinated sugar derivatives offer opportunities for application in many areas of 

biology. One of the most widely used is 2-deoxy-2-[18F]fluoro-D-glucose, which is 

commonly used in medical studies for imaging cancer; however, few studies utilizing it 

have been reported in plants.28-30 Since sucrose is the principle end product of 
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photosynthesis and the carbohydrate transported through the phloem to sink tissues, using 

fluorinated sucrose derivatives was selected to study the sucrose transporters or SUTs.  

SUTs are membrane proteins, catalyze the H+-coupled uptake of sucrose for long-

distance transport and have been classified into different types/groups based on their 

protein sequence and affinity for sucrose.1,31-36 Group 1 SUT proteins contain high-

affinity transporters, which function as the major transporters that load sucrose into the 

phloem of monocot plants, such as maize, while Group 2 SUT proteins are unique to 

dicots (i.e., potato and Arabidopsis plants).37-40 Additionally, the biological function of 

SUT1 in maize was demonstrated when a sut1 mutant was isolated.22,41 Compared to the 

wild-type plants, sut1 mutants exhibited a severe reduction in plant growth and fitness, 

and they displayed hyperaccumulation of carbohydrates in the leaves. However, rarely, 

the sut1 mutant plants produced tassels and viable pollen, indicating that some sucrose 

transport from source leaves was achieved to sustain development. Using universally 

labeled [14C]-sucrose, sut1 mutant plants displayed a greatly reduced transport ability 

compared to wild-type plants.22 

Previously, sucrose has been fluorinated at multiple positions.42-48  However, 

these methods were composed of multiple steps and often employed enzymes such as 

lipases, proteases or sucrose synthase.45,47  The choice of which enzyme depends on the 

method of fluorination and the position on the sucrose molecule at which the fluorination 

would take place.  Due to the fact that these methods took several steps and had lengthy 

reaction times they were not valuable for use with 18F labeling.  A numbered scheme of 

sucrose can be found in Figure 1.1.  Recently, at the University of  
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Figure 1.1. A sucrose molecule with numbered carbons.  The work performed in 
this thesis has radiolabeled the sucrose molecule at the 6', 1' and 6 positions with 18F and 
tested the transport of each analog in wild-type and sut1 mutant maize plants.  Only one 

position was fluorinated at a time for these studies. 
 

Missouri, syntheses were developed in the Harmata lab which produced 6'-deoxy-6'-

fluorosucrose, 1'-deoxy-1'-fluorosucrose and 6-deoxy-6-fluorosucrose.49-51  These 

syntheses were developed with the ultimate goal of fluorinating a precursor in a single 

step to produce [18F]-fluorosucrose using an automated chemistry system.  The 

production of  6'-deoxy-6'[18F]-fluorosucrose, 1'-deoxy-1'[18F]-fluorosucrose and 6-

deoxy-6[18F]-fluorosucrose in an automated system as well as determining whether [18F]-

fluorosucrose could be used as a tracer in plant imaging studies to monitor sugar 

dynamics by comparing its transport in maize sut1 mutants to wild-type plants was an 

objective of this dissertation.  The precursors were synthesized and provided by Drs 

Gaddam and Wang who developed the cold sythesis for each analog and were 

collaborating with this work on the radiofluorination and plant studies, as well.52  The 
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structures of the three precursors used are given in Figure 1.2.  
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Figure 1.2. Shown from left to right, 6'-O-trifluoromethanesulfonyl-
2,3,4,6,1',3',4'-hepta-O-benzoylsucrose, 1'-O-trifluoromethanesulfonyl-2,3,4,6,3',4',6'-
hepta-O-benzoylsucrose, and 6-O-trifluoromethanesulfonyl-2,3,4,1',3',4',6'-hepta-O-
benzoylsucrose, which were the precursors used to produce the three analogs of 18F 

labeled fluorosucrose at the respective triflate labeled positions. 
 

1.2  Methods and Materials 

 An Eckert & Zeigler modular automated chemistry system (Eckert & 

Zeigler, Germany) was used for the synthesis of the fluorosucrose analogs.  The 

schematic for the automated system and the display used to manually control the system 

can be found in Figure 1.3.  
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Figure 1.3.   Scheme for the production of fluorosucrose using an automated 
chemical system. 

 
The system contains two temperature controlled reaction vessels, eight liquid reservoirs, 

a vacuum pump, argon gas flow with a pressure flow regulator, five activity detectors 

(including one in each reactor vessel), eighteen switching valves and a dual pump HPLC 

with UV and activity detectors.  The 18F produced for labeling was done via a 18O(p,n)18F 

reaction on a heavy water target, 18OH2, with a GE PETtrace cyclotron at a beam energy 

of 16 MeV. 

 1.2.1  Pre-synthesis drying and cleaning process.  

 Prior to any reaction taking place in the automated system a rigorous cleaning 

regime was employed.  The cleaning process was put in place to maximize purity, yield 

and to keep the system in good working order.  In a system with so many liquid and gas 

lines, along with numerous switch valves and fitted cartridges, there were multiple points 

where a clog or blockage could occur.  To prevent this, the following steps were taken.  

First, the anhydrous acetonitrile and precursor vials were loaded with anhydrous 

acetonitrile and rinsed into the first reactor vessel.  This liquid was then transferred to the 

second reactor vessel.  At this point the liquid was drawn through the HPLC injection 

loop and manually discarded via a syringe.  This rinsing process was completed a second 

time to make sure that all lines were cleaned and liquid was transferring smoothly.  The 

third rinse of the system was slightly different.  The anhydrous acetonitrile and precursor 

vial washes were manually removed from reactor two (R2) and dumped into waste.  The 

first reactor vial (R1) was put under vacuum with argon gas blowing over the top while 

the reactor temperature was set to 110 C.  This condition was kept for 15 minutes or until 

all sign of liquid was removed from the vessel.  The reactor was then cooled to room 
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temperature while maintaining the vacuum and argon flow.  The drying process was 

necessary to remove traces of water which hinder the fluorination of the precursor.  

Research has shown as few as three water molecules could impede the mechanism of an 

SN2 reaction and we found any water present greatly affected our yields.53 

While the first reaction vessel (R1) was drying and cooling to room temperature, 

the second reaction vessel (R2) was rinsed again with acetonitrile from the reservoirs, 

which contain the hydrolysis agent and HPLC solvent.  The second reactor (R2) was then 

removed and emptied before being replaced.  The line to the HPLC and injection loop 

were also manually emptied so they would be ready for the product injection.  This was 

important because a liquid sensor was used to determine when the product had entered 

the injection loop and when the loop was completely filled and the reactor vial (R2) 

empty.  The second reactor and the reactant vials transferring to it were not as water 

sensitive since the fluorination process was already complete.   

 
 1.2.2  Fluorine labeled sucrose via automated system.   

The first reaction vessel, R1, was utilized for completely drying the received 18F 

and fluorinating the precursor.  The fluorinated product was transferred to the second 

reaction vessel where deprotection, dry down and reconstitution with HPLC solvent took 

place.  An attached HPLC with dual pumps, separated the product using activity and 

ultraviolet detectors.  The activity peak was always seen slightly before the small 

ultraviolet peak due to a lag time from the tubing connecting the two detectors.  In the 

automated synthesis, reservoirs 3 and 4 contain 1.0 mL anhydrous acetonitrile.  Reservoir 

2 contains the precursor dissolved in 1.0 mL anhydrous acetonitrile.  Producing three 

different analogs of fluorosucrose meant the precursor changed depending on which 
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position was labeled during each production.  The three precursors used were 6'-O-

trifluoromethanesulfonyl-2,3,4,6,1',3',4'-hepta-O-benzoylsucrose, 1'-O-

trifluoromethanesulfonyl-2,3,4,6,3',4',6'-hepta-O-benzoylsucrose, and 6-O-

trifluoromethanesulfonyl-2,3,4,1',3',4',6'-hepta-O-benzoylsucrose, which were used to 

fluorinate the 6', 1' and 6 positions of the sucrose molecule, respectively.   

The radiosynthesis was performed with an Eckert & Zeigler automated chemistry 

unit.  The unit was contained inside of a 5 inch lead shield isolation box to minimize dose 

to the chemists.  The liquid transfer steps were all performed with vacuum, compressed 

argon gas or both in combination.  The 18F in water was received directly from the 

cyclotron into the hot cell by a line plumbed under the floor and pressurized with He gas.  

The 18F received from the cyclotron was first collected on a QMA cartridge while the 

remaining target water passed through and was collected for recycling to be used in 

future target runs after purification.  The fluorinated QMA cartridge was eluted with 0.5 

mL of anhydrous acetonitrile, 1 mg of potassium carbonate (K2CO3) dissolved in 0.5 mL 

water and 15 mg of Kryptofix (K2.2.2.), which were contained in reservoir 1.  The 

elution carried the 18F to reactor 1 where it went through a drying process.  The drying 

process consisted of a 5 minute evaporation of the elution solution at 115 ºC and two 

azeotrope drying steps.  In each of the final two drying steps, 1 mL of anhydrous 

acetonitrile was added before the reactor was set to dry at 115 ºC for 5 minutes with an 

argon gas flow of 100 mL/min and vacuum pulled on the vessel.  After the 18F was 

completely dry, 5 mg of the sucrose precursor dissolved in 1 mL of anhydrous 

acetonitrile was added to reactor 1 and was sealed under argon gas.  The sealed reaction 

vessel was set to 90 ºC for 30 minutes for fluorination.  The fluorinated product was then 
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transferred to reactor 2 through a neutral alumina cartridge or a C-18 cartridge to purify 

the product.  The product in reactor 2 was evaporated to dryness at a temperature of 90 ºC 

with vacuum and argon flow, 100 mL/min., which took approximately 15 minutes.  After 

the product was dry, 100 μL of 10 mg/mL K2CO3 dissolved in 1 mL methanol was added 

to the reactor for hydrolysis.  The hydrolysis step took 10 minutes at 90 ºC under sealed 

conditions.  A final drying step removed the methanol, 90 ºC for 10 minutes with 100 

mL/min. argon and vacuum, before the product was reconstituted with the mobile phase, 

75:25 ACN:H2O, to ready it for HPLC injection and purification. 

 1.2.3  Purification of fluorosucrose.   

The [18F]-fluorosucrose was separated from the unlabeled sucrose and any side 

products via high performance liquid chromatography (HPLC).  A syringe was used to 

manually pull vacuum on reactor vessel 2 to load the HPLC injection loop.  The injection 

loop was monitored by a liquid sensor on the system which showed when the product 

was flowing from the reactor to the loop.  The loop was considered full when the liquid 

sensor no longer detected liquid flowing to the loop.  At this point, the "Inject Sample" 

button programmed on the software controlling the system was activated to inject the 

sample into the HPLC.   

 A mobile phase of 75:25 acetonitrile and 18.2 MΩ water was used for the 

separation at a flow rate of 2.0 mL/min.  The UV detector was set to 193 nm which was 

appropriate to monitor sucrose related peaks and the radiation detector monitored the 

labeled product for separation.  Once the hot product peak was detected, the "Collect 

Product" button was activated and product was collected for 1 minute.  After one minute, 

the "End Collection" button was activated and the remaining unlabeled sucrose was 
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flushed to waste.  A typical sample chromatogram of the labeled [18F]-fluorosucrose is 

shown in Figure 1.4.   

 

Figure 1.4.  A typical HPLC chromatogram with multiple UV peaks at 193 nm 
and the major labeled product activity peak of [18F]-fluorosucrose separated on the 

column. 
 

 The [18F]-fluorosucrose was measured with a calibrated Capintec, CRC-25R dose 

calibrator to determine the initial product yield before it was subjected to the dry down 

process.  The product was capped with a lid containing a septum so needles providing 

argon gas flow and vacuum could be applied to aid in the evaporation of the mobile 

phase, particularly the acetonitrile which would be harmful to the plant.  The hot plate 

was set to a temperature of 85 ºC and had a heating block to provide even heating to the 

scintillation vials.  The dry down was typically complete within 10 minutes, after which 

the activity was measured again and the final activity was used for calculation of the 

product yield.  Both product activity values were compared to ensure that excessive 

bumping had not occurred during the final drying process.  Bumping was observed as 

loss of activity when higher temperatures were used for the dry down process but was not 

observed at 85 C.  The [18F]-fluorosucrose was then reconstituted with 5.0 mM sucrose in 

water before application to the corn plants. 
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  1.2.4  Maize plant growth and care.   

The maize plants (Zea Mays L.) were grown in either the Sears or botany 

greenhouses at the University of Missouri.  The plants were raised in pots of peat-based 

potting soil (Promix BX, Hummert International, St. Louis, MO.) with natural light.  The 

plants were also watered daily and fertilized twice weekly with Peters 20:20:20 fertilizer.  

These plants were planted, cared for and provided to us by collaborators in the Biological 

Sciences Department at the University of Missouri.  Once transferred to MURR the two 

to three week old plants were watered daily, except on weekends, but were not fertilized.  

The morning of experiments the plants were always watered so photosynthesis was 

actively taking place when the labeled [18F] fluorosucrose product was applied.  A setup 

of one halogen (120W) and two incandescent (65W) flood lights was constructed at 

MURR near the automated synthesis unit to simulate sunlight and provide proper 

growing conditions for the plants while they awaited the experiments.  The plants were 

typically used within two weeks of arriving at MURR but were not used the day of their 

arrival so the plants could recover from the shock of being transported and return to a 

proper photosynthesis cycle.  The lights were controlled with a timer to simulate a day-

night cycle of 12 hours on 12 hours off. 

 1.2.5  Application of fluorosucrose to maize.   

Two different methods were used to apply the labeled fluorosucrose to the leaves 

of the plants.  Both methods used young leaves that were still growing and actively 

performing photosynthesis.  The leaves chosen were inspected on the day the experiment 

was performed from a pool of healthy plants.  To be consistent and maintain the above 

criteria the second or third youngest leaf of the maize plant was always selected.  The age 
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of the leaves is easy to determine as the leaves grow from the center of the plant.  Care 

was taken to make sure the leaf was not damaged before or during the experiment, such 

as breaking the main vein in the leaf, which could bias the transport in the leaves being 

studied.   

 The first method of application was performed to match previous work done by 

our collaborators.22  It involved using a fine grit piece of sandpaper to remove the top few 

layers of the plant tissue 1 inch from the tip leaf.  Ten microliters containing 20 μCi of 6’-

deoxy-6’-[18F]-fluorosucrose in 5 mM sucrose was then applied to the abrasion site.  The 

application site was wrapped with parafilm to prevent evaporation of the solution and 

dehydration of the leaf.  One to 2 hours elapsed for sucrose transport before the leaf was 

harvested from the plant for imaging.  However, using this technique proved difficult 

while trying obtain repeatable results due to the variation of abrasion depth from leaf to 

leaf.   

 Because of the difficulty in reproducing the abrasion method, the studies in this 

work used a cut and dip method.  One inch measuring from the tip of the leaf was 

removed using scissors before the leaf, still attached to the plant, was dipped into a 

scintillation vial containing the product, 150-300 μCi of [18F]-fluorosucrose in 5 mM 

sucrose in 2 mL water, for a set amount of time.  When the leaves were removed from 

solution, excess liquid was wiped from the leaves.  A dry Kimwipe was used first, 

followed by a damp Kimwipe.  This step ensured no activity dripped down the leaf and 

gave false transport results.  After the application of the fluorosucrose to the leaf, a set 

period of time was allowed to pass before the leaf was harvested from the plant.  This 

allotted time was typically 1 to 2 hours to allow for transport of the [18F]-fluorosucrose 
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throughout the leaf.  The removed leaves were cut 9-10 inches measured from the 

application site toward the stem of the plant. 

 A second preparation of the [18F]-fluorosucrose product applied to the maize was 

used in a large number of experiments to compare the fluorosucrose analogs to sucrose 

and previous work using the [U-14C]-sucrose.16,22  The second preparation was used to 

compare the [18F]-fluorosucrose to a universally labeled [U-14C]-sucrose (American 

Radiolabeled Chemicals, Inc.).  The [U-14C]-sucrose solution was prepared by adding 

125 µCi of [14C]-sucrose to an empty scintillation vial followed by 2 mL of 5 mM 

sucrose in water.  The resulting solution was vortexed thoroughly.  Water was added to 

the evaporated fluorosucrose product so the activity concentration was in the range of 

150-200 µCi / 20 µL.   After mixing, a micropipetter was used to transfer 20 µL of [18F]-

fluorosucrose to the [14C]-sucrose solution.  The solutions for all analogues were 

prepared this way, containing 150-200 µCi of [18F]-fluorosucrose and 125 µCi of [14C]-

sucrose in 2 mL, 5 mM sucrose.    

 1.2.6  Imaging and phosphor plate scanning.   

After the leaves were removed from the plant they were taped flat to a board 

wrapped in SaranTM wrap.  Once the leaves were secured to the board another piece of 

plastic wrap was used to cover them to ensure no activity was transferred to the imaging 

plates.  A different method of imaging was used for the two different fluorosucrose 

application methods.  The cut and dip method was the standard method of imaging where 

one phosphor plate was used to image all of the leaves on a given day.  The leaves that 

were abraded for the application of the fluorosucrose required two phosphor plates to 

properly image.  One plate was used to image the application site and the first inch of the 
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leaf while a second plate imaged the remainder.  This was necessary because the 20 μCi 

applied to the leaf oversaturated the application site and the contrast of the small amount 

of activity transporting down the leaf was lost when imaged on the same plate.  The 

application site was imaged for 15 minutes while the remaining leaf was imaged for an 

hour for the abrasion method.  

 All images were obtained using a phosphor imaging plate (Fujifilm imaging plate 

BAS-MS 2025).  In most cases, a mutant and wild-type leaf were imaged side by side for 

comparison purposes.  For all experiments, the phosphor imaging plates were left on the 

leaves from 1-2 hours for 18F imaging and 3-7 days for the 14C images.  The plates were 

covered by cardboard to prevent light from interacting with the plates as the exposure 

was taking place. 

 The phosphor plates were then scanned using a GE Typhoon FLA 9000 fast laser 

scanner with the laser at 635 nm with the pixel size set to 100 microns.  The GE 

ImageQuant TL Toolbox software version 7.0 was used to analyze the resulting images. 

 1.2.7  Liquid scintillation samples.   

In addition to comparing this work to previous studies which used 

autoradiography, we also attempted to replicate the results obtained by liquid 

scintillation.22  To achieve this, two sample preparations were used for the liquid 

scintillation samples.  Initially, two inch sections of leaves that had [U-14C]-sucrose 

applied along with the 6’-deoxy-6’[18F]-fluorosucrose were diced into small pieces with a 

razor blade before sample preparation.  The leaf pieces from each 2 inch section were put 

into individual scintillation vials.  The mid-rib of the sections was removed before the 

dicing to avoid biasing results.  Three milliliters of 100% ethanol was added to each vial 
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and then capped.22 The sealed vials were placed in a glass container filled to a depth of 1 

cm with sand on a hot-plate pre-heated to 65 ºC.  The vials were left for at least 2 hours to 

extract the pigment from the leaves.  After pigment extraction, the leaves were removed 

from the heat and allowed to cool to room temperature.  The vials were then uncapped 

and 3 mL 30% hydrogen peroxide was added to each sample.  The vials were placed back 

in the heated apparatus and left overnight to bleach the sample pigment and evaporate the 

ethanol.  The next day, 250 µL of 1:1 glacial acetic acid and water was added to each 

sample after cooling for acid extraction and to complete sample digestion.  An hour later, 

8 mL of scintillation counting cocktail was added before the samples were counted in the 

liquid scintillation counter calibrated for 14C.22  This method was only used for samples 

containing 2 inch leaf sections as it has larger volumes for pigment extraction, sample 

bleaching and sample digestion. 

 The majority of liquid scintillation leaf samples were smaller than described 

above.  The typical leaf section removed from the leaves was 6 mm2.  The square sections 

were measured with a ruler and marked with a felt tip pen and any section sampled other 

than the application site avoided the main vein.  In most cases the main vein could not be 

avoided at the application site because the tip was too narrow and the vein was too small 

that far down the leaf.  There were multiple samples taken from each leaf which included 

one at the application site, two 8 cm down the leaf and four 16 cm down the leaf.  Equal 

samples were taken from each side of the main vein to maintain even sampling.  Each of 

these 6 mm2 sections were placed in their own scintillation vial.  One milliliter of 100% 

ethanol was added for pigment extraction, 750 µL of 30% H2O2 for sample bleaching, 

and 150 µL of 1:1 glacial acetic acid and water for sample digestion.  All heating 
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temperatures and times remained the same and 8 mL of scintillation cocktail was added 

prior to sample counting.22   

 

1.3  Results and Discussion 

 To date, there have been over 50 productions of fluorosucrose between September 

23, 2013 and June 24, 2014.  The results reported in Table 1.1 do not  

 
Table 1.1.  Production averages and totals of fluorosucrose analogs. 

 
include the initial development productions of the [18F]-fluorosucrose analogs.  The 

development trials are not included due to the fact that the system cleaning and drying 

procedure was still under development and the precursor was not received as a dried 

product.  Once the precursor was stored under argon in single use vials and kept in a 

desiccator until the day of use, production yields greatly increased.  Production synthesis 

totals have an average run time of about 2 hours, an average production of 2.04 mCi, an 

average percent decay corrected yield of 10.7% and a total activity produced of 108 mCi. 

 
 1.3.1  6'-deoxy-6'[18F]-fluorosucrose.   

There have been 25 production runs of 6'-fluorosucrose to date.  The majority of 

early trials only used 6'-fluorosucrose though recent experiments have compared 

fluorosucrose transport to [U-14C]-sucrose transport images.  The leaves experimented on 

were always the second youngest leaf counting from the middle of the plant.  The leaf 

Total Average Average % Average

Position Activity Production Decay Corr. Run

# Runs Labeled Dates Produced per run Yields Time (h)

25 6' 9/23/13 - 4/15/14 52.66 mCi 2.03 mCi 10.69% 1:55

21 1' 8/19/13 - 5/21/14 40.69 mCi 1.85 mCi 10.18% 2:17

5 6 6/4/14 - 6/24/14 14.67 mCi 2.93 mCi 13.22% 2:02
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was always inspected to be sure the main vein and the rest of the leaf was free of tears, 

breaks or dehydration.  The leaves were always harvested from the plant once the 

transport time was complete, which was hypothesized to have stopped the transport of 

sucrose by killing the leaf, so a static image of the sucrose currently in the leaf could be 

taken.     

 1.3.1.1  Radiosynthesis yields.   

The yields of 6'-deoxy-6'[18F]-fluorosucrose can be found in Table 1.2.  The table  

 

Table 1.2.  Synthesis times and process yields of 6'-deoxy-6'[18F]-fluorosucrose from 
September 2013 to April 2014. 

 
includes productions of the 6'-fluorosucrose since September of 2013.  The 25 

productions listed had an average decay corrected product yield of 10.7% with an average 

product yield of 2.0 mCi at the end of synthesis.  The average synthesis time from when 

the precursor was introduced as the dried 18F until the fluorosucrose product was 

Time Time Product Yield

Start Time Prod. Time Lapsed Lapsed Synthesis Product Decay Decay Corrected Decay Corrected % 

Date (hh:mm) (hh:mm) (h:mm) Decimal (h) Starting Activity (μCi) Amount (μCi) Fraction Product (μCi) to Start of Synthesis (mCi)

9/23/2013 10:09 11:56 1:47 1.78 83600 227 0.5089 446.0 0.53

10/2/2014 10:10 12:13 2:03 2.05 100900 8430 0.4600 18325.1 18.16

10/4/2013 10:45 12:34 1:49 1.82 12000 830 0.5025 1651.6 13.76

10/8/2013 9:35 11:30 1:55 1.92 30200 181 0.4839 374.1 1.24

10/10/2013 9:47 12:16 2:29 2.48 43900 3830 0.3904 9810.7 22.35

10/15/2013 10:20 12:02 1:42 1.70 47800 3130 0.5252 5959.2 12.47

10/17/2013 9:52 11:38 1:46 1.77 19900 1330 0.5121 2597.0 13.05

10/30/2013 10:24 13:30 3:06 3.10 38400 2800 0.3091 9059.4 23.59

11/19/2013 9:55 11:52 1:57 1.95 330100 4900 0.4778 10255.7 3.11

11/25/2013 10:35 12:22 1:47 1.78 8100 401 0.5089 787.9 9.73

11/26/2013 10:32 12:17 1:45 1.75 35700 2140 0.5154 4152.3 11.63

12/3/2013 10:13 11:57 1:44 1.73 67800 5950 0.5187 11472.0 16.92

12/5/2013 10:16 12:06 1:50 1.83 5600 238 0.4994 476.6 8.51

12/11/2013 9:54 11:51 1:57 1.95 17200 1148 0.4778 2402.8 13.97

1/23/2014 10:05 12:12 2:07 2.12 39300 1300 0.4486 2898.2 7.37

1/28/2014 10:19 12:29 2:10 2.17 38400 2160 0.4401 4907.6 12.78

1/30/2014 9:44 11:42 1:58 1.97 15000 730 0.4748 1537.6 10.25

2/21/2014 11:21 13:09 1:48 1.80 23800 1720 0.5057 3401.1 14.29

2/25/2014 10:23 12:01 1:38 1.63 47500 3110 0.5387 5773.4 12.15

3/11/2014 9:21 11:21 2:00 2.00 117000 2720 0.4688 5801.8 4.96

3/13/2014 9:23 11:10 1:47 1.78 29600 516 0.5089 1013.9 3.43

4/2/2014 9:45 11:29 1:44 1.73 17500 167 0.5187 322.0 1.84

4/4/2014 9:26 11:13 1:47 1.78 20200 1010 0.5089 1984.6 9.82

4/8/2014 9:08 10:53 1:45 1.75 35100 841 0.5154 1631.8 4.65

4/10/2014 9:03 10:57 1:54 1.90 43600 2140 0.4869 4395.0 10.08

4/15/2014 9:21 11:10 1:49 1.82 19900 711 0.5025 1414.8 7.11

Average Values 1:55 49542 2025 4340.5 10.69
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separated and dried down for reconstitution with 5 mM sucrose averaged 1 hour 55 

minutes.  This included a minimum time of 1 hour 38 minutes when the system ran 

smoothly and a maximum time of 3 hours and 6 minutes when the cooling water 

overheated causing errors during the cooling steps and the synthesis was unable continue 

until all system cooling errors were cleared.  The starting activity varied greatly for 

fluorosucrose production because the activity received from the cyclotron was a wash of 

the remaining 18F activity left in the lines from the daily [18F]FDG production.  The 2.0 

mCi of product at the end of synthesis was more than enough for tracking sucrose 

transport in plants since the solution the leaves were dipped into only contained 150 - 200 

µCi of fluorosucrose.   

 1.3.1.2  Wild-type versus mutant transport.   

The overall goal of the sucrose transport experiments was to determine the utility 

of the 6'-deoxy-6'[18F]-fluorosucrose in wild-type and sut1 mutant maize plants.  Previous 

studies had shown that the sut1 mutant, which lacks the main sucrose transporter, had 

reduced sucrose transport when compared to the wild-type maize using a universally 

labeled [14C]-sucrose.22  The results of the transport in both types of plants as well as 

their comparison to universally labeled [14C]-sucrose are reported and discussed in the 

following text. 

 The initial experiments comparing the wild-type and sut1 mutant maize plants 

used the 6'-deoxy-6'[18F]-fluorosucrose analog applied to the plant using the previously 

described abrasion method.  The first trial imaged was used to confirm the labeled 

fluorosucrose could be imaged and transported in the plants.  These images can be found 

in Figure 1.5.  This initial trial used 1 µCi of fluorosucrose in 5 µL of 5 mM sucrose 
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Figure 1.5.  Left:  A photo of the leaves once harvested from plants with the 
spotted dilution scheme.  Right:  The resulting autoradiograph after a 1 hour exposure 

using a phosphor imaging plate. 
 

solution, which was applied to each wild-type plant.  These leaves were cut from the 

plant after a 1 hour transport, which was immediately followed by a 1 hour exposure.  A 

serial dilution of the labeled fluorosucrose was included to gauge the sensitivity of the 18F 

on phosphor plates.  Only wild-type plants were used in this trial and the application site 

was covered with Parafilm after the activity was applied to the abraded leaf.  

 The serial dilution of the labeled fluorosucrose started at 10 µCi and went at 1:10 

dilutions down to 0.001 µCi.  The autoradiograph showed saturation at the 10 µCi spot 

while the 1 µCi spot showed a medium intensity while the 0.1 µCi and below spots did 

not appear to be imaged at all.  The three leaves imaged all appeared to have transport 

down the leaves toward the stem of the plants and showed some vein definition in the 

leaves as well.  However, the application sites and the first inch of the leaves were 

saturated and the quantitated results were not deemed reliable.  The image contrast was 

also skewed when the image was analyzed with the software.  The intensity at the 
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application site swamped the area and may have “blinded” the rest of the plate to more 

sensitive imaging possibilities. 

 The second trial consisted of three mutant and two wild-type plants.  These plants 

were abraded with a fine grit sand paper and each had 5 µL of 1 µCi of fluorosucrose in 5 

mM sucrose applied to the leaves.  A one hour transport time was allowed before the 

leaves were exposed for one hour.  The leaves were aligned so the tips of the leaves past 

the application site were off of the phosphor plate.  This was done to keep as much of the 

leaf portion to be imaged in the imaging area while at the same time keeping the contrast 

low enough to observe fine details down the length of the leaves toward the stem.  Once 

again, the application site dominated the image and no difference was observed between 

the sut1 mutant and wild-type plants.  A photograph and the resulting phosphor image 

from the second trial can be found in Figure 1.6. 

 

Figure 1.6.  Left: A photograph of the outlined imaging area and the excised 
leaves.  Right: The phosphor image of sucrose transport in the 3 mutant and 2 wild-type 

leaves. 
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  A note on the transport difference between mutant and wild-type plants in early 

experiments is that the plants were only phenotyped and not genotyped before they were 

received for testing.  In these initial trials, we found that phenotyping the plants alone 

was not enough to differentiate the mutants and wild-types.  At times, a phenotyped 

mutant was genotyped as a wild-type plant and vice-versa.  This classification was due 

simply to stunted growth or disease but it would still transport sucrose regularly or 

sometimes a mutant would grow as well as other wild-type plants.  This gave mixed and 

confusing results until the plants were confirmed by genotyping.  Once this issue came to 

light, plants were not used for transport assays until the genotyping results were received 

from our collaborators. 

 A different approach to imaging the sucrose transport was taken during the next 

experiment.  The leaves were abraded for the application of [18F]-fluorosucrose for this 

trial and the solution used contained 150 µCi dissolved in 2 mL of 5 mM sucrose.  One 

microliter of this solution was pipetted onto the abraded area and covered.  One hour was 

allowed to pass before the leaves were exposed.  The imaging in this trial was performed 

using two phosphor plates.  One phosphor plate was placed over the application site and 

the first inch measuring towards the stem and was left on for 15 minutes.  The second 

plate covered the remaining 7 - 10 inches of the leaves to image transport down the leaf 

toward the stem of the plant and was exposed for one hour.  Figure 1.7 depicts the  
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Figure 1.7.  Left:  Picture of the two leaves before phosphor imaging.  Right: 
Two phosphor images of the leaves where one phosphor plate was used for the 

application site and the first inch toward the stem while a second plate was used on the 
remaining parts of the leaves. 

 
transport observed in the mutant and wild-type.    

 Separating the application site from the rest of the leaf for the imaging proved 

successful in this trial.  The application site was not over saturated with the 15 minute 

exposure and the uptake and veins of the leaves could clearly be observed.  The transport 

down the leaves on the second plate was also a much clearer image.  Adjusting the 

contrast with the analysis software did not wash out the image as it had in the past when 

the application site dominated the image.  In this image it was clear that the wild-type 

displayed greater transport toward the stem when compare to the mutant leaf.  The 

quantified results are displayed in Figure 1.8. 
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Figure 1.8.  Quantified results (activity volume) of one mutant and one wild-type 
leaf of transport down the leaves.  The mutant is displayed on the top of the image and 

the wild-type is on the bottom.   
 

 A 3 x 10 grid was used to quantify the area the leaves occupied during imaging.  

The grid was cloned so the results of the two leaves could be directly compared.  The 

resulting number displayed in each cell of Figure 1.8 was the volume, which is the area 

of the cell times the measured intensity.  The volume of the cells overlaid on the wild-

type leaf showed about an order of magnitude difference than that of the mutant when 

comparing the center row.  A direct comparison of the center rows down the leaves can 

be seen in Figure 1.9. 
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Figure 1.9.  A comparison of the volume down the center row of the mutant and 
wild-type leaves.  The mutant displayed reduced transport down the leaf when compared 

to the wild-type leaf. 
 

 This comparison between the wild-type and mutant leaves was the first instance in 

which we were able to distinguish the difference in transport of sucrose using 6'-deoxy-

6'[18F]-fluorosucrose.   

In order to demonstrate that labeled fluorosucrose was responsible for the 

resulting images and not free fluoride.  An experiment was performed where free 18F was 

applied to plants using the cut and dip method.  To produce the free 18F, the activity was 

received from the cyclotron and eluted from the QMA cartridge with all normal solvents 

and reactants.  The resulting solution was then evaporated to dryness and then dried with 

anhydrous acetonitrile two more times.  The program was then stopped at the point where 

the precursor would normally have been added.  The 18F was then taken to the dose 

calibrator and measured.  At this point an amount of water was added so the activity 

concentration was 150 µCi per 20 µL.  Twenty microliters was then added to a 2 mL 5 

mM sucrose solution and the activity was confirmed with the dose calibrator.  The 

resulting free 18F solution with 5 mM sucrose was then applied to two wild-type plants 

and had the leaves removed after two hours.  The 18F image was exposed for one hour 

and Figure 1.10 was obtained.  The figure showed that free 18F did not transport well 
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Figure 1.10. 150 μCi of free F-18 was applied to each WT plant and allowed to 
transport for two hours before a 1 hour image was obtained.  Levels close to background 
were observed in the leaves with very low levels of transport and resulted in the artifact 

on the left of the image. 
 

in maize plants and was close to background levels when it was not bound to sucrose.    

 After the initial success using the 6'-deoxy-6'[18F]-fluorosucrose and abrasion 

method, these results were not successfully repeated despite numerous attempts over 

several months.  The lack of repeatable results was a combination of a number of factors.  

One factor was already addressed; the plants were only being phenotyped prior to 

experiments.  The main factor we found to affect the repeatability of results was the 

abrasion technique.  Using a piece of fine grit sand paper to remove the top few layers of 

cells from leaves by hand was not reproducible.  We had multiple individuals attempt to 

repeat the abrasion width and depth on leaves, but it was still problematic.  At times, the 

abrasion depth of one leaf would be deeper than another, which would result in more 

transport.  Other times, the abrasion depth was too deep and the mid-vein was broken 

near the application site so little to no sucrose was observed transporting past the break.  

For this reason, we decided to employ the cut-and-dip method so that all leaves were 



27 
 

treated exactly the same and the transport could be directly compared and hopefully 

provide much more repeatable results. 

 Before using the cut-and-dip method for all experiments, it was tested to ensure 

the results would be comparable to previous studies using the abrasion method.  To do 

this both methods were used on the same day with the same labeled fluorosucrose 

solution.  In this experiment, there were four leaves used for the abrasion method; two 

mutants and two wild-type.  For the cut-and-dip method for this comparison there was 

one mutant and two wild-types.  In the images of Figure 1.11, the mutants were 

 

Figure 1.11.  Left: A photo of the leaves used for the comparison of activity 
applied via cut-and-dip and abrasion.  Middle: Two wild-type and two mutant leaves 
which had labeled fluorosucrose applied after the leaves were abraded.  The mutant 

leaves were marked with a spot of activity.  Right: One mutant and two wild-type leaves 
imaged after using the cut-and-dip method. 

 

displayed on the right of each set of images and the wild-type were on the left.  As in 

other experiments the application site of the abraded leaves were imaged for 15 minutes 

while the remaining leaf sections towards the stem were imaged for an hour. 

 The resulting images did not show a difference between the mutants or wild-types 

in either [18F]-fluorosucrose application.  In the image of the cut-and-dip method it was 

observed that there was sufficient uptake and transport down the leaves to be compared 
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with previous work.  The abrasion method displayed some sucrose transport but the cut-

and-dip leaves showed more transport that traveled farther down the leaves.  For these 

reasons, the cut-and-dip method was selected to be used as the method of application for 

all remaining experiments. 

 An additional experiment was performed with 6'-deoxy-6'[18F]-fluorosucrose to 

test the hypothesis that all sucrose transport ceased once the leaf was removed from the 

maize plant.  A 150 µCi 6’-deoxy-6’[18F]-fluorosucrose solution spiked in 2 mL of 5 mM 

sucrose was prepared and applied using the cut-and-dip method on 4 wild-type plants.  

However, two of the leaves were cut from the plant before the three minute dip and the 

other two were harvested from the plant immediately after the dip was complete.  The 

leaves were then imaged immediately for 1 hour and then again at 2.5 hours.  The results 

from this experiment are presented in Figure 1.12.  

 

Figure 1.12. A comparison between the amount of activity transported in 
harvested leaves at two time points.  The time point at 2.5 hours displayed increased 

transport down the leaves. This suggests sucrose transport or diffusion occurred after the 
leaves were removed from the plant. * p < 0.05, # p < 0.10 
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 The results from this experiment indicate that there was a significant difference in 

the amount of activity transported that continued after the leaves were removed from the 

plant.  The average intensity of cells were used to quantify the observed transport in each 

of the leaves.  The differences in transport at the two time points was likely due to the 

biological systems and sucrose transporters continuing after the leaves were “killed” and 

also due to diffusion of the applied activity in the leaves over time.  This additional 

transport and diffusion both down the leaves and laterally could account for some of the 

differences between the results of the 18F images which take 1 hour and the 14C images 

which take 5 days.  The resulting diffusion also highlights why real-time imaging would 

be ideal for the sucrose transport experiments. 

 1.3.1.3  6'-deoxy-6'[18F]-fluorosucrose and [U-14C]-sucrose 

comparison.   

Once the production process, application method, and leaf imaging were worked 

out, a comparison of universally labeled [U-14C]-sucrose and 6'-deoxy-6'[18F]-

fluorosucrose was performed to prove the utility of the fluorosucrose as an equivalent to 

previous study using the [U-14C]-sucrose.52  In these trials the [U-14C]-sucrose and 6'-

deoxy-6'[18F]-fluorosucrose were applied to the leaves in the same solution to measure 

the uptake of the sucrose simultaneously.  The 18F was imaged first after the transport 

period and the 14C was imaged 24 hours later for 3 - 7 days after the 18F had completely 

decayed.   

 The initial trials utilizing [U-14C]-sucrose, August 2013 through March 2014, 

proved to have insufficient amounts of 14C to produce an image, even after a 7 day 

exposure.  These samples were also prepared and analyzed by liquid scintillation, which 
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failed to provide usable data.  For this reason, a trial was conducted to determine the 

difference in uptake between a 150 µCi 6'-deoxy-6'[18F]-fluorosucrose solution and a 

solution containing both 150 µCi 6'-deoxy-6'[18F]-fluorosucrose and 250 µCi [U-14C]-

sucrose.  In this comparison study, both sample solutions had a final volume of 2 mL 

using 5 mM sucrose in water.  This proved to be a useful experiment though we did not 

observe what we had expected.  The left phosphor image in Figure 1.13 was of 18F  

 
Figure 1.13. Comparison in the uptake of 14C and 18F solutions.  The sample 

solution applied to the right two leaves contained 250 μCi [14C]-sucrose and 150 μCi 
[18F]-fluorosucrose. The solution applied to the left two leaves was 150 μCi 6'- 

fluorosucrose.  Both solutions were diluted to 2 mL with a 5 mM sucrose solution. 
 

fluorosucrose which was exposed for 1 hour and the right image of the [U-14C]-sucrose 

was exposed for 5 days.    

 The two leaves on the left of the images were both found to be wild-type after 

genotyping.  However, the image clearly shows the reduced uptake in the leaves of the 

solution containing the [U-14C]-sucrose.  We expected the uptake of the solutions to be 

comparable, which would result in similar 18F images across all leaves but that was not 

the case.  The wild-type leaves that were 18F only had much greater uptake and sharper 

transport images than the wild-type leaf that were exposed to the solution containing both 
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14C and 18F.  The level of sucrose in the respective solutions was determined to not be an 

issue because the activity level of sucrose was negligible compared to the 5 mM sucrose 

that was used to normalize all solutions and act as a carrier.   

 Analyzing multiple imaging trials, with several stock solutions provided from the 

manufacturer, found that reliable images were only obtained with 14C for a couple of 

weeks after receipt from the provider.  The prepared [U-14C]-sucrose in 2 mL, 5 mM 

sucrose was stored at room temperature in the top section of the isolation box until the 

labeled fluorosucrose was added on the day of the production.  After application for that 

day's imaging it was replaced in the top of the isolation box where it remained to decay 

and was stored until the next imaging experiment.  During discussions about the storage 

practices and limited success using new solutions it was determined that the [U-14C]-

sucrose solutions were not being stored properly.   

 Once it was determined the 14C samples used were possibly spoiled and not being 

incorporated by the leaves, a new sample of [U-14C]-sucrose was purchased.  The data 

showed initial trials with newly purchased [U-14C]-sucrose provided images and LSC 

results that matched what was observed with [18F]-fluorosucrose images.  However, after 

a couple of weeks the 14C results diminished and eventually showed no uptake or 

transport in plants.  The [U-14C]-sucrose samples stored at room temperature were 

thought to have grown bacteria, which had digested the sucrose.  The digestion would 

have left nothing but metabolic products and little [U-14C]-sucrose in the solution.  The 

previous 14C sucrose solutions were visually inspected and the solutions were not 

colorless and clear, but rather cloudy and off-color.  The newly purchased [U-14C]-
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sucrose sample and all future sucrose sample were stored in a freezer when not in use for 

imaging to prevent bacteria growth and sucrose digestion.  

 Once the storage conditions of the [U-14C]-sucrose solution was changed the 

problems concerning 14C imaging and transport of both [U-14C]-sucrose and [18F]-

fluorosucrose in the same solution ceased to exist.  Images were obtained consistently 

with little problem.  

 Figure 1.14 displays an image (left) of 6'-deoxy-6'[18F]-fluorosucrose using 

 

Figure 1.14.  An example of a typical image of a 1 hour 18F exposure (left) and 
the matching 5 day 14C exposure (right) which successfully showed the difference 

between wild-type and mutant maize.  The fluorosucrose pattern matches the sucrose 
pattern well in this case. 

 
phosphor plates with a 3 minute dip, 1 hour transport and 1 hour exposure time.  The two 

leaves on the right in the images had 6'[18F]-fluorosucrose only and the two leaves on the 

left in the images contained a mixture of [U-14C]-sucrose and [18F]-fluorosucrose.  The 

corresponding [U-14C]-sucrose image was developed over 1 week.  This being the first 

trial with new [U-14C]-sucrose after the previous comparison study it was important to 

observe that the 14C and 18F images showed similar transport in the corresponding leaves. 

Figure 1.14 also displays reduced transport in the sut1 mutant and normal transport of 

sucrose in the wild-type maize in both images.  The comparison showed that the [18F] 6'-
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fluorosucrose could mimic the previous studies conducted with the [U-14C]-sucrose.  

Further comparison studies were performed to ensure the sample size was large enough 

and that this was not an aberration. 

 Comparison studies continued, increasing the sample size until there were at least 

10 wild-type and 10 mutant leaves that had both 6'-deoxy-6'[18F]-fluorosucrose and [U-

14C]-sucrose applied.  Figure 1.15 was developed over one hour after a one hour 

transport time and the 14C image was developed for 5 days.  A comparison of the two 

images again illustrated similar transport patterns on the same leaves in the 18F and 14C 

images.   

However, this comparison study consisted of 3 wild-type and 3 mutant plants and has 

been displayed because it shows the variable results that were obtained during these 

studies.  The resulting images showed little difference between the 18F and 14C images, 

which can be observed in Figure 1.15. 

 

Figure 1.15.  The final 6'-deoxy-6'[18F]-fluorosucrose and [U-14C]-sucrose 
comparison study.  The images do not show much difference in transport in either the 18F 

(right) and 14C (left) images between the wild-type and mutants. 
 

 Though the resulting images of wild-type and mutant maize varied from trial to 

trial, the sample size was now large enough to compare the overall results.  The leaves 

were all analyzed with clones of the same sampling grid for each day of analysis.  The 
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grid used was one cell wide and ten cells long (seen on some of the images in this work 

for reference) which was approximately 2.5 x 2.5 centimeters.  The unit of measure used 

for analysis of how much activity was absorbed in any given cell area was volume.  The 

volume was equal to the area of the cell multiplied by the intensity of the cell.  Since all 

leaves displayed different uptake between days and between wild-type and mutant plants 

it was challenging to directly compare the transport in leaves over the given trials.  The 

method employed for analysis and comparison was to use the average intensity of each 

cell, approximately the same length and width, to quantitate the sucrose transport down 

the leaf.  This method of analysis was selected because the difference in uptake in the 

mutant and wild-type leaves was as telling as the transport down the length of the leaf.  

The average intensity of transport for 6’[18F]-fluorosucrose is displayed in Figure 1.16. 

 

Figure 1.16.  Average intensity (n=11) transport results of wild-type and mutant 
maize down the leaves. The error bars are the standard error of the mean. * p < 0.05 # p < 

0.10.  
 

 The difference in average intensity down the leaf showed the greatest difference 

at 2.5 and 5 cm but was statistically different 20 centimeters down the leaves.  A 
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Student’s T test was performed and the data points denoted with an asterisk have a p 

value < 0.05 while the data points with a pound sign have a p value < 0.1.  The 

statistically significant difference between the mutant and wild-type maize indicates there 

was a clear difference in transport between the two models and the sucrose uptake of 

wild-type was double that of the mutant.  The [U-14C]-sucrose transport was compared 

the same way and the results are given in Figure 1.17. 

 

Figure 1.17. Average intensity comparison of wild-type and mutant maize [U-
14C]-sucrose transport.  The graph represents an average of 10 leaf comparisons on 5 

separate dates.  All leaves used in the [U-14C]-sucrose imaging studies were also imaged 
using the 6’-deoxy-6’-[18F]fluorosucrose to compare the transport between methods. 

 
 The differences between the wild-type and mutant plants was nearly the same 

when 14C images were compiled and analyzed but the [18F]-fluorosucrose displayed two 

more statistically significant data points when comparing the two methods.    Though 14C 

uptake was twice as high in the wild-type, it was not statistically different at the first data 

point from the mutant and only marginally different (p < 0.10) at 5 centimeters.  The data 
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points between 7 and 15 centimeters displayed the greatest difference in this data set 

before the transport down the leaves converged. 

 1.3.1.4  Liquid scintillation data of wild-type and mutant maize.   

 Liquid scintillation data was obtained from all of the previously displayed 14C 

images.  The sampling techniques previously described were used to take multiple 

samples down the leaves at set points.  The application site sample was used as the 

uptake baseline so the activity transported down the leaves could be compared to the 

volume which was obtained from the previous images.  The 8 cm and 16 cm sampling 

sites were chosen so the results could be compared to previously published work.22  The 

liquid scintillation data in Table 1.3 presents the results in counts per minute (CPM) for  

 
Table 1.3.  Liquid scintillation data of 14C samples taken from leaves at multiple sample 

sites down the leaves for comparison to analysis performed via the phosphor imaging 
software. 

 
the wild-type and mutant plants that had 6'[18F]-fluorosucrose and [U-14C]-sucrose 

applied to them.    

 The raw data was compiled into averages at the application site and two sample 

sites, 8 and 16 cm, for the wild-type and mutant plants.  The results of all trials were used 

(CPM) (CPM)

Date Leaf ID App. Site 8 cm ave. 16 cm ave. Leaf ID App. Site 8 cm ave. 16 cm ave.

11-Mar-14 WT1 5549 1447 1324 Mut1 648 72 77

13-Mar-14 WT3 2063 432 951 Mut3 385 32 123

8-Apr-14 WT1 12863 286 294 Mut1 2 2 4

8-Apr-14 WT2 20245 827 432 Mut2 2431 9 41

10-Apr-14 WT3 25390 742 814 Mut3 2799 124 121

10-Apr-14 WT4 15193 180 169 Mut4 6872 94 114

15-Apr-14 WT2 22459 173 300 Mut2 1932 25 96

15-Apr-14 WT3 19533 64 229 Mut3 17356 41 26

15-Apr-14 WT4 26083 52 177 Mut4 2445 87 57

2-Apr-14 WT3 14051 830 964 Mut7 7881 88 383

2-Apr-14 WT2 3107 437 199 Mut6 7033 101 115

Average WT 15140 497 532 Mut 4978 67 115
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except the mutant 1 from the April 8, 2014 sampling.  The results from this measurement 

were an outlier due to the low amount of activity observed at the application site, which 

then provided transport over 100 percent down the remainder of the leaf.  Table 1.4 

displays  

 
Table 1.4.  Average liquid scintillation counter results compared to the average 14C and 

18F results obtained from the phosphor images. 
 
the results in average counts per minute for the liquid scintillation data as well as average 

intensity which was the method used to quantify the phosphor images.  

 The average results obtained from the LSC sampling left a few thoughts about the 

new and old sampling.  First, the results down the leaf did compare reasonably well to the 

data previously reported.22  However, the results from that work used the abrasion 

method to apply their activity.  For this reason, the application site of the activity was 

much larger, as would be expected, than the activity of our application site, which used 

the cut-and-dip method.   

 Next, we have compared the LSC data we obtained to the results of the 14C and 

18F phosphor images.  The wild-type plants in each set of data had greater transport than 

that of the mutant plants but the numbers varied.  This could be attributed to the small 

sampling size of the leaf sections used for LSC compared to using the entire inch in the 

phosphor images.  As observed in images such as Figure 1.14 there was streaking down 

the veins and the activity sometimes spreads to the edges of the leaves in the 14C images.  

This means that there is a greater chance that the LSC data will not take a representative 

sampling of the leaf at that section.  Therefore, we believe that the analysis of the leaf 

n = 10 Wild-type Mutant Wild-type Mutant Wild-type Mutant Wild-type Mutant Wild-type Mutant Wild-type Mutant

App. Site 15140 4978 8590 5123 3413 1614 1420 815 1060 523 837 499

8 cm 497 67 427 38 902 406 497 237 352 49 321 57

16 cm 532 115 406 100 369 144 261 66 226 22 222 23

Standard DeviationLSC CPM Average Phosphor F-18 data Phosphor C-14 dataStandard Deviation Standard Deviation
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using the phosphor plates was more efficient, effective and gave better results than the 

sampling of the LSC data.  Liquid scintillation data was obtained in select future studies 

but the phosphor images paint a clearer picture of the transport that was occurring in the 

plants. 

1.3.2  1'-deoxy-1'[F18]-fluorosucrose. 

 Once there were 10 replicates of wild-type and mutant leaves to compare which 

used the 6'-deoxy-6'[18F]-fluorosucrose the uptake of 1'-deoxy-1'[18F]-fluorosucrose in 

wild-type and mutant maize plants was performed.  The 1'-fluorosucrose analog synthesis 

utilized the same automated synthesis program so the only change needed was the 

precursor.   

 1.3.2.1  Radiosynthesis yields.    

The synthesis of 1'-deoxy-1'[18F]-fluorosucrose was similar to that of the labeled 

6'-fluorosucrose.  The average synthesis time was found to be 2 hours and 17 minutes 

with an average product amount of 1.85 mCi and average decay corrected product yield 

of 10.2%.  These values and each individual production of 1'-deoxy-1'[18F]-fluorosucrose 

can be found in Table 1.5. 
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Table 1.5.  Production data for the synthesis of 1'-deoxy-1'[18F]-fluorosucrose. 

 
The 1'-fluorosucrose was produced on over 20 different dates for transport studies in 

wild-type and mutant plants.  These studies continued to compare the fluorosucrose 

transport to that of the [U-14C]-sucrose and that of the previous fluorosucrose analog.   

 1.3.2.2  Wild-type versus mutant transport.   

There have been a number of trials comparing the wild-type and mutant maize 

plants using 1'-deoxy-1'[18F]-fluorosucrose.  Overall, the experiments did reflect the trend 

of the wild-type having better transport than the mutant plants but the 18F phosphor 

images of the trials did not display as great of a difference when compared to the 6'-

fluorosucrose images.  A comparison of all three labeled fluorosucrose analogs will be 

discussed further in the conclusion of this chapter.  The 1'-deoxy-1'[18F]-fluorosucrose 

images can be found in section 1.3.2.3 so they can be directly compared to 14C images. 

 The data in Figure 1.18 exhibits the trends of transport for the wild-type and  

   

Time Time Product Yield

Start Time Prod. Time Lapsed Lapsed Synthesis Product Decay Decay Corrected Decay Corrected % 

Date (hh:mm) (hh:mm) (hh:mm) Decimal (h) Starting Activity (μCi) Amount (μCi) Fraction Product (μCi) to Start of Synthesis (mCi)

8/19/2013 9:41 12:30 2:49 2.82 7800 246 0.9565 257.2 3.30

8/27/2013 10:03 12:05 2:02 2.03 65400 20 0.9684 20.7 0.03

9/3/2013 10:18 13:15 2:57 2.95 22000 222 0.3271 678.6 3.08

9/6/2013 10:21 12:20 1:59 1.98 5000 279 0.4718 591.4 11.83

10/21/2013 9:21 11:20 1:59 1.98 110000 2520 0.4718 5341.3 4.86

10/23/2013 10:00 12:09 2:09 2.15 24100 1610 0.4429 3634.9 15.08

10/29/2013 10:20 12:08 1:48 1.80 75100 7380 0.5057 14593.2 19.43

11/5/2013 10:29 12:13 1:44 1.73 59000 400 0.5187 771.2 1.31

11/12/2013 9:58 12:07 2:09 2.15 4700 367 0.4429 828.6 17.63

3/21/2014 9:04 11:08 2:04 2.07 43900 2390 0.4571 5228.3 11.91

3/25/2014 9:33 11:35 2:02 2.03 46650 1280 0.4629 2764.9 5.93

3/27/2014 9:45 11:45 2:00 2.00 6200 150 0.4688 320.0 5.16

4/22/2014 9:20 11:18 1:58 1.97 23500 1500 0.4748 3159.4 13.44

4/24/2014 8:43 11:35 2:52 2.87 32300 696 0.3376 2061.4 6.38

4/30/2014 7:47 10:05 2:18 2.30 158600 5660 0.4185 13525.7 8.53

5/2/2014 8:33 10:54 2:21 2.35 9600 521 0.4106 1268.8 13.22

5/5/2014 9:03 11:23 2:20 2.33 27500 2390 0.4132 5783.9 21.03

5/7/2014 9:04 11:37 2:33 2.55 68800 4050 0.3807 10639.5 15.46

5/9/2014 8:28 10:53 2:25 2.42 109400 3570 0.4004 8916.7 8.15

5/12/2014 8:56 11:23 2:27 2.45 47800 2050 0.3953 5185.3 10.85

5/14/2014 9:03 11:20 2:17 2.28 55400 1840 0.4211 4369.4 7.89

5/21/2014 8:59 12:00 3:01 3.02 52700 1550 0.3190 4859.2 9.22

2:17 47975 1850 4309.1 10.18
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Figure 1.18.  Transport comparison of average intensity between wild-type and 
mutant plants using 1'-deoxy-1'[18F]-fluorosucrose by analysis of the resulting phosphor 

images. 
 

mutant plants.  The 2.5 cm segment analyzed showed a disparity in transport between the 

two plant types with a difference of over 50%.  A comparison of the two plant types 

showed statistically significant differences up to 17.8 cm down the leaves and marginal 

statistical differences at all data points analyzed.  The difference in uptake and transport 

of the leaves with the 1’-[18F]-fluorosucrose modeled the difference between wild-type 

and sut1 mutant maize. 

 1.3.2.3  1'-deoxy-1'[18F]-fluorosucrose and [U-14C]-sucrose 

comparison.   

With the majority of the problems regarding production, application and imaging 

worked out during the 6'-deoxy-6'[18F]-fluorosucrose experiments, the 1'-[18F]-

fluorosucrose experiments proceeded much more smoothly.  The comparison 

experiments regarding 1'-deoxy-1'[18F]-fluorosucrose and [U-14C]-sucrose were 

completed in two months.  The results of the labeled 1'-[18F]-fluorosucrose varied 
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between the wild-type and mutant, which comparison in Figure 1.18 illustrated. Figure 

1.19 was a trial that displayed a significant difference between the mutant and wild-type 

 

 
Figure 1.19.  Ideal difference demonstrated between mutant and wild-type plants 

in 18F (left) and 14C (right) phosphor images.   
 

plants in the image.  The 1'-[18F]-fluorosucrose product was combined in the 5 mM 

sucrose solution with 125 µCi of [U-14C]-sucrose.  The images displayed always follow 

the convention of the wild-type being on the left followed by a mutant leaf in the images 

and the pattern repeats across the plate for as many leaves as were experimented on. 

The matching transport pattern observed was important to confirm the uptake 

solution was being distributed evenly and each nuclide was being transported non-

specifically with the sucrose carrier.  The closely matching transport patterns were 

continued in the next experiment as well which Figure 1.20 displays.   

 

Figure 1.20.  Transport patterns between 18F (right) and 14C (left) match closely, 
however, the difference between the wild-type and mutant plants is not obvious. 

This set of plants did not obviously distinguish between the wild-type and mutant plants.  

The genotyping results were checked and reconfirmed for these experiments but the plant 
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labels and identities were found to be correct.  Again, the mixed results with the wild-

type and mutant maize plants continued as observed in the 6’-deoxy-6’-[18F]-

fluorosucrose trials.  

 The compiled results of the 14C images provide a similar picture to what was 

observed with the previous analog.  The difference in average intensity down the leaf was 

not as pronounced but was still different from 7.6 cm onward (Figure 1.21).  The wild-

type leaves exhibited a steady decline in activity approaching the stem while the mutant 

leaves displayed a sharp drop after 5.1 cm where the activity observed leveled off.  The 

14C measured was approximately equivalent by the10th centimeter for the mutant while 

transport of the wild-type was still twice that of the mutant at 25 centimeters.   

 

 

Figure 1.21.  Average intensity difference in transport between the wild-type and 
mutant maize during the 1'-deoxy-1'[18F]-fluorosucrose trials which were analyzed with 

[U-14C]-sucrose. 
 

 Overall, the comparison between the 18F and 14C phosphor plate results were 

consistent in the wild-type and mutant maize as there was significantly more transport in 
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the wild-type.  However, the 18F achieved higher levels of transport toward the stem in 

both leaf types, which are compared in Table 1.6.   

 
Table 1.6.  Average intensity transported in mutant and wild-type leaves of 18F and 14C at 

select positions during the 1' trials. 
 

1.3.3  6-deoxy-6[18F]-fluorosucrose. 

 The final analog of this series tested was 6-deoxy-6[18F]-fluorosucrose.  The 

experiments in this set were performed in under a month.  The images presented in this 

section display mixed results like those observed in the 1'-deoxy-1'[18F]-fluorosucrose 

trials. 

 1.3.3.1  Radiosynthesis yields.   

The radiosynthesis of the 6-fluorosucrose was performed with an average time of 

2 hours and 2 minutes.  The average decay corrected product yield of 5 syntheses used 

for maize labeling was 13.2% with an average product amount of 2.9 mCi.  The data 

from the 6-fluorosucrose syntheses can be found in Table 1.7. 

 
Table 1.7.  Production data from the syntheses used on maize in the 6-fluorosucrose 

trials. 
 

 1.3.3.2  Wild-type versus mutant transport.   

(cm) 2.5 Stdev 7.6 Stdev 15.2 Stdev

F-18 7886 3621 2581 1902 1272 1375

C-14 1808 1533 819 907 565 703

F-18 3408 1742 658 318 326 121

C-14 1150 1236 213 151 155 103

WT

Mutant

1' Trials Average Intensity from Activity Transported

Time Time Product Yield

Start Time Prod. Time Lapsed Lapsed Synthesis Product Decay Decay Corrected Decay Corrected %

Date (hh:mm) (hh:mm) (hh:mm) Decimal (h) Starting Activity (μCi) Amount (μCi) Fraction Product (μCi)  to Start of Synthesis (mCi)

6/4/2014 9:02 11:05 2:03 2.05 81800 1490 0.4600 3239.0 3.96

6/13/2014 8:57 11:07 2:10 2.17 92100 2310 0.4401 5248.4 5.70

6/16/2014 9:03 11:04 2:01 2.02 18100 2330 0.4659 5001.4 27.63

6/20/2014 10:16 12:05 1:49 1.82 70900 4970 0.5025 9889.9 13.95

6/24/2014 11:27 13:34 2:07 2.12 53600 3570 0.4486 7958.9 14.85

Averages 2:02 63300 2934 6267.5 13.22
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The initial trial involving one wild-type and two sut1 mutant plants, which had 

only the [18F]-fluorosucrose analog applied to the leaves, can be found in Figure 1.22.   

 
Figure 1.22.  Initial trial utilizing 6-deoxy-6[18F]-fluorosucrose in maize transport 

studies. 
 

The phosphor plate scan revealed considerable differences between the mutants and wild-

type leaves, which was a promising beginning to the use of this analog.  This trial was not 

used for any comparison or quantitative results.  This production was to ensure the 18F 

was labeling correctly and to determine if 6-fluorosucrose would transport.   

 The studies concerning the 6-fluorosucrose analog were completed after several 

experiments compared the wild-type to sut1 mutants.  Unfortunately, after the success 

with the preliminary experiment, a modest difference was observed in all future 

experiments, which are presented in Figure 1.23.  The activity transported was analyzed  
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Figure 1.23.  Average transport data for the wild-type and sut1 mutants for the 
average intensity of activity in the leaf using phosphor plate imaging. 

 
using the average intensity of the cells as it was with the other analogs.   

The comparison of the transport for 6[18F]-fluorosucrose analog showed no 

significant difference at any of the datapoints between the wild-type and mutant maize.  

When comparing the first quantified segments, the wild-type plants experienced half of 

the 6’ uptake and only one quarter of the 1’ uptake. The mutants displayed uptake and 

transport down the leaves closer to the averages of the other analogs but did not display 

much difference from the wild-type.  The average level of transport was nearly equivalent 

at all comparison points and no statistical difference was observed between the mutant 

and wild-type with this model.  The phosphor images from which this data was obtained 

are in the next section. 

1.3.3.3  6-deoxy-6[18F]-fluorosucrose and [U-14C]-sucrose comparison.   
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The 14C transport closely followed that of the fluorosucrose in this set of 

experiments.  The first comparison experiment performed had 4 wild-type and 4 mutant 

plants which are shown in Figure 1.24.  In the phosphor images, the left 4 leaves in each  

 

Figure 1.24.  Fluorine-18 (left) and 14C (right) images which compare 4 wild-type 
and 4 mutant leaves each but little difference was observed which was representative of 

all trials with this analog. 
 

image were wild-type and the right 4 leaves were mutants.  The 18F and 14C images 

resemble each other, but as previously mentioned no significant difference was observed 

between them or between the mutant and wild-type maize. 

 The compiled results of the three 6-deoxy-6-[18F]-fluorosucrose experiments 

yielded little to no difference with the 18F analysis and the results of the 14C analysis were 

not much better.  The difference in the average (n=8) intensity transported was greatest in 

the 5.1 cm segment but as observed in the 18F trials there were no statistical differences at 

any distances down the leaves between mutant and wild-type maize.  The average 

intensity transport difference quickly declined and the transport levels were equal by the 

twelfth centimeter.  The data from these observations are in Figure 1.25.  
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Figure 1.25.  Comparison of the wild-type and mutant plants using the average 
intensity of transport down the leaves during the 6-deoxy-6[18F]-fluorosucrose trials. 

 

1.4  Conclusions 

 The three fluorosucrose analogs were successfully labeled with 18F using a 

modular automated chemistry system.  The labeling was not completed without obstacles 

but once overcome the production of the three analogs yielded over 100 mCi for transport 

studies in maize.  The transport studies in maize were also not accomplished without 

setbacks but in the end we believe we have successfully employed a repeatable (cut-and-

dip) application of activity, mapped  transport in wild-type and sut1 mutants, and 

compared the utility of labeled [18F]-fluorosucrose to non-specifically labeled [14C]-

sucrose.  Table 1.8 represents compiled data at 3 distances from the application site that  

 

Type 2.5 cm 7.6 cm 15.2 cm 2.5 cm 7.6 cm 15.2 cm 2.5 cm 7.6 cm 15.2 cm 2.5 cm 7.6 cm 15.2 cm

6' WT 3413 902 369 1060 352 226

6' Mut 1614 406 144 523 49 22

1' WT 7886 2581 1272 1808 819 565

1' Mut 3408 658 326 1150 213 155

6 WT 1855 668 169 1572 569 212

6 Mut 1577 545 187 1538 401 213
18.4 -10.9 2.1 29.5 -0.3

86.2 90.1

56.8 74.5 74.4 36.4 74.0

15.0

F-18 Ave. Intensity Transport

72.6

C-14 Ave. Intensity Transport F-18 % Difference of WT & Mut C-14 % Difference of WT & Mut

52.7 54.9 61.0 50.7
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Table 1.8.  Select points down the leaf from the application site in centimeters where the 
average intensity of transport was compared between the three analogs as well as 

between mutant and wild-type maize. 
 

compares the average intensity of transport and the differences at those positions between 

the [18F]-fluorosucrose and [U-14C]-sucrose.  The data indicates that there was a 

significant difference in transport between wild-type and mutant maize using [U-14C]-

sucrose, 6'-deoxy-6'[18F]-fluorosucrose and 1’-dexoy-1’[18F]-fluorosucrose.  The data 

from the 1'-deoxy-1'[18F]-fluorosucrose displayed the largest difference of the 3 

fluorosucrose analogs.  It also was the only analog that arguably displayed a greater 

transport difference than the [U-14C]-sucrose when comparing the overall relative 

averages.  However, all analogs should be considered in future studies when the plants 

undergo PET imaging due to preliminary results observed in continuing studies.  The 

three fluorosucrose analogs provide a means of imaging sucrose transport in plants by 

utilizing non-destructive techniques and in a much shorter time frame than was previous 

performed using [U-14C]-sucrose.   

1.5  Future directions 

 While the phosphor imaging was useful in determining the uptake and gives 

researchers a means of imaging and quantifying the results, it still utilizes a destructive 

sampling technique the way it is currently employed.  The option of not harvesting the 

leaves and phosphor imaging while they are still attached to the plant is possible but 

active transport would still be occurring and therefore it would be even more difficult to 

analyze the data obtained.  The ultimate goal, which hopefully will begin soon, is to dose 

the plants with labeled fluorosucrose and observe the transport in wild-type and sut1 

mutant maize in real time in a PET scanner.  Data recorded in this manner will present us 
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with real-time results instead of a snap-shot at one time point post application.  The plants 

will also undergo less stress as only the cut-and-dip will be used and the leaves will not 

have to be harvested prior to imaging.  As mentioned earlier, the concern of diffusion or 

capillary action up the plant veins after harvest will also be alleviated as the leaves will 

still be performing active transport.  These studies will provide vast amounts of data that 

can only be extrapolated from the phosphor images used in these trials.  
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Chapter 2: Copper-64 Production 

 

2.1  Introduction 

Copper-64 has been a radiometal of interest because of its moderate half-life and 

decay characteristics.  The 12.7 hour half-life allows adequate time for the nuclide to be 

produced, purified and shipped regionally for application.54  Radiopharmaceuticals 

utilizing 64Cu have an advantage over 18F and 11C labeled PET agents due to half-lives of 

110 and 20 minutes, respectively, which require production on site for 11C or regional 

daily production for 18F.  Also, the 64Cu has a long enough half-life for uptake of 

antibodies and clearance of unbound material where the other PET agents would have 

long since decayed more than 10 half-lives and no longer be imageable.  Studies using 

antibodies and peptides can potentially supply additional information, which would not 

be gained with the current gold standard in PET imaging, fluorodeoxyglucose (18F-

FDG).55  The moderate half-life also provides the opportunity for significantly more 

chemistry to be performed with the 64Cu in comparison to the short-lived PET agents, 

which can provide greater flexibility in the types of drugs possible.  Fluorine-18 and 11C 

typically are bound in one of the final steps before purification, which is also typically a 

very fast step.  This is again necessary due to the short half-lives and need to inject the 

dose to the patient as soon as possible post-production. 

The half-life of 64Cu is not the only characteristic that makes it desirable for 

researchers.  The mode of decay for 64Cu is also attractive.  Copper-64 decays via 

positron (17.5%,653.1 keV), electron capture (43.5%) and beta particles (38.5%, 578.7 
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keV) along with associated gamma rays (0.47%, 1345.8keV).  Copper-64’s positron 

decay energy is similar to 18F (635 keV), which makes 64Cu image resolution comparable 

to that of 18F-FDG.55  The electron capture and beta particle along with the positron 

makes it possible for 64Cu to not only provide PET imaging capabilities but also provide 

a therapeutic dose.  The 1345 keV gamma ray is the most abundant emission from 64Cu, 

which is fairly energetic but it is only 0.47 percent abundant.   

Copper-64 typically exists in the plus two oxidation state under acidic conditions, 

and is a borderline hard acid.56  The plus one and three states have also been observed 

naturally in small quantities but the plus two state is overwhelmingly more stable.  

Copper(II) typically forms complexes with coordination numbers from four to six with a 

variety of geometries including square planar, square pyramidal, trigonal bipyramidal and 

octahedral.  The most stable complexes are formed with hard nitrogen, oxygen and sulfur 

donors.  For this reason, many chelators and binding agents have been used for 64Cu 

including DOTA, NOTA, TETA and variations of these macrocycles.56  These complexes 

often were observed to undergo Jahn-Teller distortion where the bonds of one axis are 

slightly longer than the plane of the others to stabilize the complex.57  Once the 

radioactive element has been bound it is then combined with a targeting vector, which 

will deliver the dose to the specific site in the body. 

Copper-64 has been produced regularly for researchers on the University of 

Missouri campus and at MURR for approximately the past 5 years.  A literature search 

for articles related to 64Cu shows a steady increase in publications related to the subject 

over the last couple of decades, which is displayed in Figure 2.1.   



52 
 

 
Figure 2.1.  Publications by year involving the term “copper-64” found in 

Scifinder. 
 

Demand for any radiometal could become even larger if a drug or imaging agent 

gains approval of the FDA and becomes mainstream and not only research based.  

Copper-64 currently has some potential agents undergoing clinical trials such as 64Cu 

labeled trastuzumab (HerceptinTM) in HER2+ metastatic breast cancer, 64Cu Plerixafor 

imaging CXCR4 expression in cancer patients, 64Cu anti-CEA monoclonal antibody 

M5A PET imaging for diagnosing patients with CEA positive cancer and 64Cu ATSM in 

multiple stages of cervical cancer.58-61  The last promising targeting vector on the list, 

diacetyl bis(N4‐methylthiosemicarbazone) or ATSM, is of interest because it has proven 

capable of imaging hypoxic tumors.62  The hypoxic tumors have proven difficult to image 

because there is not much blood flow or metabolism in the oxygen deficient zones of 

which many radioimaging agents take advantage.  The leaky vasculature usually allows 

for great penetration to all areas of tumors but the hypoxic tumors are more solid and 

necrotic.  These tumors were previously only imaged by the lack of uptake of 

radioactivity in the area or negative imaging.  64Cu-ATSM has been researched for 
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tumors of this type with lung and cervical cancers as well as with multi drug resistant 

tumors.  Information on the effectiveness of treatments on hypoxic tumors was also able 

to be measured with 64Cu-ATSM.62-65    Hopefully, this promising imaging technique 

becomes more successful and widely used for tumors, which have otherwise had little 

success being imaged.     

   In effort to meet the growing demand for 64Cu at Missouri University Research 

Reactor (MURR), the University of Missouri, and other institutions, a procedure for 

routine production, separation and specific activity determination was established using 

previously published procedures.54,66-68 The procedure employed the 64Ni(p,n)64Cu 

reaction at a proton bombarding energy of 15.3 MeV. 

2.2  Methods and Materials 

 2.2.1  Copper-64 production. 

  2.2.1.1  Nickel-64 electroplating.    

Two electroplating procedures were employed to produce enriched 64Ni targets.  

The two procedures were quite different as one utilized an acidic solution and the other a 

basic solution for electroplating.  The acidic procedure began by creating a 64Ni solution 

with 99% 64Ni powder (Isoflex) by dissolving it with ultapure 6 M hydrochloric acid 

(Optima, Fisher Scientific).  The solution was evaporated to dryness on a hot plate at 250 

ºC, followed by an addition of 7 mL of concentrated sulfuric acid (Optima, Fisher 

Scientific) for reconstitution and dissolution.  This solution was evaporated to dryness 

and reconstituted two more times to ensure all chloride ions were removed.  The resulting 

copper sulfate solution was diluted to 50 mL with Milli-Q water (18.2 MΩ).  

Concentrated ammonium hydroxide (Optima, Fisher Scientific) was then used to adjust 



54 
 

the pH of the solution to 2.  The 64Ni solution was transferred to a custom-made teflon 

cell with a 1 cm diameter opening for electroplating.  In this process the Au disk was the 

cathode and a coiled Pt wire was used as the anode.  The electroplating was performed at 

a current of 0.1 – 0.2 amperes and a voltage of 4.0 - 4.5 V.  The enriched 64Ni was 

electroplated onto the Au disk over a 24 hour period.   

While plating recovery yields from the acidic conditions were in the 90 - 95 

percent range when successful, often the conversion from copper chloride to copper 

sulfate would be incomplete. The presence of copper chloride in the sulfate plating 

solution would result in poor yields and weak adhesion of the material to the gold disk.  

Plus, the evaporation to dryness with multiple aliquots of concentrated sulfuric acid was 

time consuming and led to significant corrosion in the glove box.  For these reasons, 

electroplating under basic conditions was employed to simplify the process.  The process 

started by dissolving the enriched nickel in 10 mL of 6 M hydrochloric acid heated to 95 

ºC.  The resulting pale green solution was identical to that collected from the 6 M HCl 

wash from the column during the separation process, which was used to recycle the 

enriched nickel.  The pale green nickel solution was adjusted to a pH of 9 using 

concentrated ammonium hydroxide.  The end point of this pH correction was clearly 

evident as the solution changes from light green to midnight blue.  The pH adjustment 

was performed in the custom Teflon plating cell, which reduced the potential of trace-

element contamination from glassware or additional handling. The electroplating was 

performed at a constant voltage of 2.5 - 3.0 V; the current varied during electrodeposition 

from 0.05 - 0.12 amperes.  The plating was allowed to proceed for 24 hours.  The gold 

disk was weighed pre- and post-plating in order to obtain Ni plating yields as well as to 
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determine plating efficiency from plating solutions.  Typically, the plating efficiencies 

were 95% or higher from the basic solution.  No differences were observed in the plated 

material or plating efficiencies between the acidic and basic plating methods. 

  2.2.1.2  Copper-64 separation.   

The 64Ni plated Au disk was irradiated in a GE PETtrace cyclotron for 4-6 hours 

with a current of 40 μA and bombarding energy of 15.3 MeV to produce copper- 64 via 

the 64Ni(p,n)64Cu nuclear reaction.  The back of the Au disk was water cooled during 

bombardment. 

 After bombardment one hour was allowed to pass for short lived nuclides to 

decay before the target was manually removed from the cyclotron.  Once the Au disk was 

retrieved it was placed in a Teflon round bottom flask on a hot plate with 6 mL of 6 M 

HCl which was heated at 250 ºC under a circulating water cooled Teflon reflux condenser 

until all material was dissolved from the gold disk, 20 to 30 minutes.  The round bottom 

flask was removed from heat and cooled on ice for 10 minutes.  The cooled solution was 

pipetted onto an ion exchange column (packed with AG1-X8 analytical grade anion 

exchange resin, chloride form, 8% crosslinkage, 100–200 dry mesh size, Bio-Rad) to 

separate the 64Ni, 64Cu and any other impurities.  The round bottom flask was washed 

three times with a total of fourteen additional milliliters of 6 M HCl.  All liquid was 

added to the anion exchange column.  The eluent of the 6M HCl contained the enriched 

nickel which was collected and recycled in future electroplating procedures.  A 2 mL 

aliquot of 2.5 M HCl was used to condition the column before 5 mL of 2.5 M HCl were 

used to remove the 64Cu from the column.  Each of these solutions were collected and 

measured with the Capintec to ensure excess 64Cu was not lost during conditioning.  The 
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collected 64Cu solution was evaporated to dryness on a hot plate at 250 ºC in a 10 mL 

Alltech V-bottom vial with a stir bar.  The activity was measured again and the product 

was reconstituted with 0.1 M HCl for delivery.  During evaporation the solution color 

was visually inspected.  If the solution appeared yellow or green an impurity such as iron 

was present or break thru of nickel on the column had occurred.  Therefore, if any color 

was observed the solution was re-run through the column.  If no color was observed, the 

0.1M HCl copper solution was ready for dispensing, shipment, and use. 

  2.2.1.3  Copper-64 binding assay.  

The quality of the 64Cu produced was tested utilizing a widely accepted method.54  

The specific activity, or activity per mass unit, of the product was determined using 

solutions of varied concentrations of the TETA macrocycle, 1,4,8,11-

tetraazacyclotetradecane-N, N’,N’’, N’’’-tetraacetic acid.  The samples were spotted on 

TLC plates to separate bound 64Cu from unbound 64Cu and analyzed with a TLC plate 

reader.54 Typically, five samples of varying TETA masses were prepared to create a 

linearity curve of complexed versus uncomplexed 64Cu.  Sample preparation began by 

adding of 50 µL of 0.5 M ammonium acetate buffer with a pH of 5.5 to each of the 

sample vials.  The desired activity for each sample was 50 to 500 µCi in 20 µL so the 

64Cu product was adjusted to meet that criteria with 0.1 M HCl.  The aliquot of product 

was added to the samples, followed by 30 seconds of vortexing.  The activity was then 

recorded with the time.  Known amounts of TETA, typically 0.02 - 2.0 µg, were added to 

the samples followed by another vortex to ensure complete mixing.  The samples were 

then sonicated at 40 ºC for 15 minutes to achieve optimal binding between TETA and the 
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radiometal.  The samples were then spotted on silica gel thin layer chromatography 

(TLC) plates.      

              An autopipetter was used to accurately spot 1 µL of sample on the TLC plates.  

The mobile phase comprised of 50:50 0.7 M ammonium acetate buffer in Milli-Q water 

and anhydrous methanol.  The plates were developed for approximately 20 minutes 

before being removed from the media.  Once dry, the plates were wrapped in parafilm 

and scanned on the TLC plate reader.  Unbound 64Cu has a retention factor (Rf) value of 

0.4 while bound 64Cu has an Rf of 0.75.   

2.3  Results and Discussion 

 2.3.1  Copper-64.  

 The preliminary experiments and production of 64Cu at MURR began in May 

2009.  There were numerous developmental irradiations, target electroplatings, and 

product separations which have been compiled in Table 2.1.  These production runs   
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Table 2.1.  Copper-64 development runs and productions before standardized processes 
were established. 

 
were all performed before my involvement with the project.  During these production 

runs, the conditions for all steps varied greatly.  The irradiations were performed with 

currents from 25 - 41 µA and ranged from 20 minutes to over 5 hours.  Likewise, the 

separation conditions for the production runs ranged varied greatly.  The column loading 

and nickel wash were performed with hydrochloric acid molarities from 4.7 to 8.0 with 

volumes ranging from 7 to 50 milliliters.  The 64Cu was then eluted with 0.1 - 4 M HCl 

with a wide range of volumes as well.  The wash or reconditioning of the column was 

then either not performed or all material was eluted with the desired product.  These 

conditions had a variety of results with contamination of the product being a constant 

problem.  The objective provided for this 64Cu production project was to establish a 

standardized procedure, which consistently delivered a high purity product. 

Date Mass Ni SOB EOB Irradiation Current Cu/Ni/Au Au disk Ni Wash Ni Wash 1st Cut Cu Evap. Cu 0.1 M HCl

(mg) Time (µA) (mCi) (mCi) (mL) (mCi) (mCi) (mCi) (mCi) Rinse

5/20/2009 68.6 11:23 11:43 :20 25 5.3 0.5 0.7 0.1 4.0 3.7

6/1/2009 68.6 9:39 11:09 1:30 30 32.2 3.7 7 16.5 0.8 17.0 16.2 0.1

6/30/2009 52.2 11:12 35 36.0 3.2 23.0 0.2 2.1 20.7

7/28/2009 29.0 9:29 11:10 1:41 30 16.9 4.9 35mL 7M 0.1 9.6 1.6 7.9

8/20/2009 34.3 10:04 11:34 1:30 35 24.4 5.3 35mL >6M 2.0 0.5 14.4

9/3/2009 90.1 10:22 11:52 1:30 35 87.8

9/21/2009 87.5 11:21 12:51 1:30 35 145.2 6.0 13.4 62.7 54.7

11/13/2009 114.5 10:48 12:00 1:12 35 114.5

11/16/2009 same 10:32 12:00 1:28 37 131.1

11/18/2009 same 8:28 11:58 3:30 40 350.0 21.6 55.9 5.2 258.6 235.0

12/3/2009 70.3 6:44 10:31 3:47 41 276.0 19.7 6.3 1.8 233.0 202.0 6.7

12/16/2009 30.0 9:11 12:21 3:10 40 222.0 53.6 13.9 5.2 145.5 136.2

1/7/2010 28.3 8:08 11:48 3:40 40 88.4 17.0 36mL 6M 11.5 5.8 37.7

1/25/2010 119.7 8:03 11:33 3:30 40 392.0 12.0 50mL 8M 0.7 225.0

2/10/2010 131.9 7:45 12:05 4:20 40 13.1

3/17/2010 113.2 8:01 12:04 4:03 40 434.0 14.5 20mL 4.7M 52.4 28.1 370.0 365.0 1.0

4/6/2010 94.9 6:53 12:04 5:11 40

5/18/2010 90.5 8:13 12:15 4:02 40 363.0 16.8 20mL 4.7M 44.4 5.9 286.0 267.0

6/16/2010 55.0 7:44 11:44 4:00 37 227.0 13.7 36.8mL 4.8M 23.0 221.0 215.0

7/14/2010 104.1 7:38 12:08 4:30 40 462.0 18.7 30mL 4.8M 57.3 5.3 366.0 343.0

8/18/2010 157.0 7:27 11:57 4:30 40 651.0 22.4 15mL 6M 41.9 585.0 574.0

10/6/2010 90.0 7:30 12:00 4:30 40 321.0 22.2 16mL 6M 76.1 6.4 217.0 211.0

10/21/2010 38.3 8:13 12:00 3:47 40 99.3 18.1 20mL 6M 19.2 3.9 61.2 52.7

11/3/2010 116.2 7:18 12:00 4:42 40 524.0 20.4 25mL 6M 57.4 14.5 421.0 339.0

12/15/2010 107.6 8:57 11:57 3:00 40 296.0 13.8 25mL 6M 99.6 141.0 194.0 153.0
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  2.3.1.1  Cleaning procedure.   

Due to the fact that contaminant metal levels had been problematic in past 64Cu 

productions at MURR, the first step to standardizing the production was instituting a 

routine cleaning process.  In an attempt to eliminate sources of potential contamination, 

each step from electroplating through dry-down was examined.  Once all glassware, 

instrumentation and locations were identified and viewed as potential contamination 

sources, measures were put in place to combat impurities. 

  First, a proper cleaning procedure was established to ensure that glassware was 

not the primary cause of contamination.  Since 64Cu has been widely used and produced, 

it was easy to find a documented procedure that was effective in removing impurities.69  

Most transition metals will competitively bind to the ligands that are being tested with the 

64Cu, therefore keeping out contamination of any metal is vital.69-72  All glassware and 

vessels were cleaned with 1 M HCl at 90 ºC followed by a room temperature 1 M HCl 

rinse.   

 In addition to implementing a cleaning procedure various other steps were taken 

to prevent contamination.  The column separation was always performed in the same 

metal glove box, which had been lined with lead.  To control any contamination that may 

result from the box, the inside of the box was lined with PEEK adhesive sheets.  This 

kept the rust from items like exposed metal screws from falling into the working area.  

The HEPA filter at the top of the box was also lined with a large Kimwipe to prevent 

residue from falling from the filter or screen.  The metal screws used on clamps inside the 

glove box were switched out for plastic screws to minimize metal corrosion in the 

working area.  Finally, the solid target holder for the cyclotron was cleaned by first 
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scrubbing any stains with a potassium carbonate slurry followed by sonication in an 

acetone, methanol, and water solution.  This however, was a step that could not be 

performed routinely due to the residual activity of the holder and in the cyclotron vault.  

The target holder is now cleaned quarterly.  

A standard column cleaning procedure was also implemented.  Various 

concentrations of hydrochloric acid were used on new columns and after 64Cu 

productions.    The 2.5 grams of AG1-X8 resin resulted in a bed volume of 2 mL.  

Commonly, 10-20 column volumes are recommended to clean and recondition anion 

exchange columns.  To ensure all excess metals were removed we decided to exceed the 

recommended volumes. Therefore, the cleaning procedure used, in order, was 200 mL of 

0.1 M HCl, 200 mL of milli-Q water, 200 mL of 0.1 M HCl, 200 mL of 2.5 M HCl and 

50 mL of 6 M HCl.  Six molar hydrochloric acid was used as the storage solution for the 

column, which also primed the column.  Table 2.2 shows the ICP-MS results of three 1  

 
Table 2.2.  ICP-MS results in nM of select metals from AG1-x8 packed columns after 

being cleaned and conditioned for use. 
 

mL of 6 M HCl samples taken from the column after they were put through the cleaning 

routine.  The samples tested via ICP-MS included a sample from a freshly packed and 

washed column, a sample from a column after a typical copper production run and a 

sample from a column known to be contaminated with various metals all of which were 

put through the cleaning process.  This was done to test viability of using the same 

column from run to run due to the fact that copper could be produced on a weekly basis.     

Sample Description (nM) Mg V Fe Ni Cu Zn Sn Au Pb

New column wash <LOD 10.6 60.5 20.2 <LOD <LOD <LOD <LOD 15.9

Column reconditioning after Cu-run <LOD 14.3 <LOD <LOD <LOD 41.9 <LOD <LOD 11.8

Contaminated column post-cleaning <LOD 12.6 85.9 <LOD <LOD 206 <LOD <LOD 9.16

Limit of detection 302 2.27 22.8 19.6 17.4 21.1 11.1 153 0.75
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 The amount of metals observed in the samples both before and after production 

runs shows adequate steps are being taken to clean and care for the columns.  The results 

also indicate that the column can be reused without fear of cross contaminating samples 

because the metal concentrations remained constant.  Zinc levels were monitored in 

future runs to make sure the level did not keep on building.  The cleaning procedure used 

was found to be effective and was used for all future column preparations. 

  2.3.1.2  Solid Phase Extraction.   

The varied purity results of 64Cu during developmental production indicated a 

standardized column elution essential to minimize other metals in the 64Cu fraction.  The 

first step in standardizing the column extraction involved keeping the amount of anion 

exchange resin used during the separation process constant.  Development production 

runs at MURR used approximately the same amount of resin but it was never tracked or 

measured.  To keep future separations in line with developmental trials the amount of 

resin previously used was set as the baseline.  It was determined previous columns 

contained about 2.5 grams of AG1-X8 resin, which became the standard amount used for 

all future columns.  The amount of resin previously used was found to be reasonable 

because breakthrough of nickel to the subsequent fractions was not observed.   

 After standardizing the resin, fractions during the separation were taken and 

activities tracked, which were used to modified subsequent 64Cu productions to maximize 

64Ni recovery and 64Cu production.  The final volumes determined for the separation were 

20 mL of 6.0 M HCl for the 64Ni recovery, 2 mL of 2.0 M HCl to prime the column 

collected as the 1st cut of Cu (separate from the 64Cu product), 6 mL of 2.0 M HCl to 

elute 64Cu and 10 mL of 0.1 M HCl to elute the remaining metal impurities such as iron 
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and activity from the column.  However, poor separation between the iron and copper 

existed so it was determined the HCl concentrations needed to be adjusted to improve this 

separation. 

 After a literature search, it was found that the 6.0 M and 0.1 M HCl 

concentrations were appropriate for nickel-64 recovery and the final rinse of the column, 

respectively. The copper, however, should be eluted with a higher concentration of HCl 

to achieve better separation from the iron.69,72 

Once the volumes and molarities of the nickel recovery, copper elution and 

column stripping were determined, a database was created and all subsequent productions 

were recorded.  A worksheet was created to track the activities and volumes used for each 

step of the process and the results of the separation process between May 2012 and 

February 2015 can be found in Table 2.3. 
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Table 2.3.  Values of volumes used in the column separation for nickel-64 recovery, 64Cu 
production and column stripping. 

 

Separation Volume Details (mL)

Date 6M HCl 6M HCl 2.5M HCl 2.5M HCl 0.1M HCl

dissolve Ni Wash 1st Cut Cu Prod rinse

5/22/2012 6.0 20.0 2.1 6.0 10.0

6/12/2012 6.5 17.5 3.0 7.5 9.0

6/26/2012 6.5 15.0 2.8 7.8 9.2

7/17/2012 7.0 18.0 3.5 6.0 10.5

7/24/2012 6.5 20.0 2.0 6.0 8.0

7/31/2012 6.5 22.0 4.9 5.0 9.0

8/28/2012 7.0 20.0 2.4 5.0 10.0

9/11/2012 6.5 20.0 2.5 5.0 10.0

11/13/2012 6.5 22.0 2.5 7.0 10.0

12/11/2012 7.0 19.0 2.0 8.0 10.0

12/18/2012 7.0 19.0 2.2 6.5 10.0

1/2/2013 6.5 22.0 2.5 7.5 10.5

1/22/2013 6.0 20.0 2.0 5.0 9.5

2/5/2013 6.0 14.0 2.3 5.5 9.5

2/12/2013 6.0 20.0 2.0

2/14/2013 6.0 20.0 3.0 3.0 10.0

4/30/2013 6.5 20.0 2.0 5.0 10.0

5/14/2013 6.0 20.0 3.0 4.0 13.0

5/21/2013 6.0 20.0 3.0 4.0 13.0

5/28/2013 6.0 18.0 3.5 4.0 11.0

6/11/2013 6.0 17.0 3.0 4.0 9.0

7/9/2013 6.0 15.0

7/10/2013 6.0 17.0 2.5 6.0 12.0

7/23/2013 Could not remove black spot on back, no separation.

7/30/2013 7.0 18.0 2.0 4.5 12.0

9/17/2013 6.0 17.0 2.5 5.0 7.0

9/24/2013 6.0 18.0 2.0 5.0 10.0

10/1/2013 6.0 17.0 2.0 5.0 12.0

10/15/2013 5.5 20.0 2.0 7.5 11.0

10/23/2013 7.0 20.0 4.0 3.0 10.0

11/12/2013 7.0 19.0 3.5 5.0 10.0

12/3/2013 7.0 17.0 2.5 4.5 11.0

12/10/2013 6.0 17.0 2.5 4.0 9.0

3/11/2014 6.0 20.0 3.0 5.0 10.0

3/20/2014 6.0 19.0 3.0 5.5 11.0

5/27/2014 6.0 17.0 2.5 6.0 13.0

6/10/2014 8.0 17.0 2.0 5.0 10.0

7/1/2014 7.0 17.0 3.0 4.0 14.0

8/19/2014 7.0 21.0 3.5 4.0 11.0

9/3/2014 7.0 20.0 1.5 4.0 10.5

12/9/2014 6.5 20.0 2.8 5.4 11.0

2/4/2015 6.0 17.5 2.0 5.0 10.0

Average 6.4 18.7 2.6 5.3 10.4
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  2.3.1.3  Standardized production.   

The standardization of the 64Cu production process was gradual.  A lack of 

previous radiochemical experience and learning the nuances of working with hot 

materials in a glove box with high radiation fields ( >5 R/hr) meant observing while 

learning the current system and thinking about the changes that would be implemented.  I 

observed a number of productions and eventually performed the separation under 

supervision of analysts and health physics officers with my ideas being incorporated.  

The transition period from development to standardization of the process happened 

between January 2011 and April 2012.  The results of these productions can be found in 

Table 2.4.   

 

Table 2.4.  Copper-64 productions between development and standardization which 
includes my initial observation and training. 

 
 The standardized procedure in place and the bulk of the responsibility to produce 

the 64Cu transferred to me a database of copper production was compiled.  Table 2.5  

 

Date Mass Ni SOB EOB Irradiation Current Cu/Ni/Au Au disk Ni Wash Ni Wash 1st Cut Cu Evap. Cu 0.1 M HCl mCi/µA*h*mg

(mg) Time (µA) (mCi) (mCi) (mL) (mCi) (mCi) (mCi) (mCi) Rinse

1/25/2011 101.0 6:16 11:16 5:00 40 414.0 25.1 23mL 6M 80.6 6.7 301.0 0.01490

2/22/2011 100.5 14:01 16:08 2:07 40 na

2/23/2011 100.5 8:08 11:38 3:30 40 382.0 26.9 20mL 6M 76.6 31.6 283.0 194.0 0.02011

4/21/2011 91.0 7:10 12:10 5:00 40 411.0 21.3 68.4 14.0 333.0 324.0 0.01830

5/17/2011 79.2 7:15 12:00 4:45 40 397.0 22.4 18.3mL 6M 69.0 17.2 262.0 255.0 0.01741

5/31/2011 63.9 7:27 12:15 4:48 40 295.0 26.0 17.5mL 6M 43.6 7.2 213.0 191.0 0.01736

6/14/2011 49.5 7:58 12:18 4:20 42 213.0 27.7 16mL 6M 42.6 2.8 126.3 111.0 0.01403

7/5/2011 47.5 8:02 12:02 4:00 40 167.0 22.1 18mL 6M 21.2 3.9 100.8 93.0 0.01326

10/2/2011 7.6 18:10 22:41 4:31 40 29.6 19.5 17mL 6M 0.4 4.8 4.5 4.2 0.00325

1/10/2012 98.5 7:59 11:40 3:41 40 297.0 16.8 10mL 6M 21.3 56.7 210.0 181.0 48.1 0.01448

1/24/2012 59.3

4/10/2012 74.6 7:55 12:09 4:14 40 51.8 5.9 11mL 6M 7.03 1.3 38.0 32.8 1.8 0.00301

Average 72.8 0.4 0.6 4:10 40.2 265.7 21.4 43.1 14.6 187.2 154.0 24.9 0.01535
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Table 2.5.  Compiled data of irradiation parameters and activities from the separation 
steps from 64Cu production after the process was standardized. 

 
includes the 41 64Cu productions from May 2012 to February 2015.  There were 5.26 

curies of 64Cu produced after separation from 8.72 Ci of irradiated material (Au 

disk/Ni/Cu/impurities) and 4.43 Ci 64Cu after evaporation for research purposes.  The 

enriched nickel-64 target averaged 51.2 mg with an average irradiation time of 4 hours 

and 50 minutes.  The copper produced typically displayed excellent binding for the 

clients and the TETA titration results performed in house reflected those results. 

  2.3.1.4  Binding studies.   

Date Mass Ni SOB EOB Irr. Time Current Cu/Ni/Au Au disk HCl dissolve Ni Wash 1st Cut Cu Evap. Cu 0.1 M HCl mCi/µA*h*mg

(mg) (µA) (mCi) (mCi) (mL) (mCi) (mCi) (mCi) (mCi) Rinse (mL)

5/22/2012 83.7 7:06 11:49 4:43 40 305.0 20.8 6.0 105.6 17.7 200.0 180.0 0.2 0.01266

6/12/2012 52.4 5:36 12:05 6:29 40 329.0 33.1 6.5 80.5 24.8 239.0 210.0 0.5 0.01759

6/26/2012 70.8 5:35 12:12 6:37 40 327.0 28.6 6.5 45.2 8.7 258.0 229.0 4.2 0.01376

7/17/2012 54.2 5:33 12:03 6:30 40 241.0 28.3 7.0 45.0 27.7 137.0 83.0 5.5 0.00972

7/24/2012 66.7 5:33 12:03 6:30 40 299.0 32.8 6.5 72.6 10.1 194.0 206.0 4.0 0.01119

7/31/2012 47.3 6:26 12:06 5:40 40 190.0 24.0 6.5 60.4 53.1 31.5 29.8 2.0 0.00294

8/28/2012 0:00 81.8 12.3 7.0 22.5 3.5 33.7 5.2

9/11/2012 8:22 10:39 2:17 40 152.9 8.9 6.5 37.1 3.1 108.5 91.2 16.1

11/13/2012 79.5 6:30 12:00 5:30 40 265.0 20.7 6.5 82.0 16.1 178.0 153.0 4.9 0.01018

12/11/2012 74.1 8:14 12:00 3:46 40 227.0 29.3 7.0 59.6 9.2 152.6 130.0 3.6 0.01366

12/18/2012 63.0 7:53 12:00 4:07 40 274.0 20.4 7.0 52.9 13.6 214.0 186.0 9.9 0.02061

1/2/2013 77.0 10:11 13:33 3:22 40 199.1 17.8 6.5 67.6 12.7 124.1 107.0 2.7 0.01196

1/22/2013 109.0 7:48 11:58 4:10 40 235.0 19.1 6.0 48.5 13.6 149.4 133.0 14.2 0.00822

2/5/2013 82.0 6:25 11:25 5:00 40 222.0 24.3 6.0 37.8 11.9 158.9 119.9 10.0 0.00969

2/12/2013 67.0 10:22 13:02 2:40 40 237.0 40.9 6.0 32.2 6.3 46.5 2.5 0.00650

2/14/2013 27.0 14:00 19:00 5:00 40 186.3 25.2 6.0 52.0 9.9 40.2 35.0 2.6 0.00744

4/30/2013 57.0 0:00 236.0 24.2 6.5 51.5 10.8 149.0 132.9 17.0

5/14/2013 27.0 14:14 20:15 6:01 40 225.0 31.0 6.0 43.9 12.5 137.2 122.6 4.4 0.02110

5/21/2013 41.0 9:08 14:08 5:00 40 237.0 24.0 6.0 40.2 16.3 154.0 138.0 7.3 0.01878

5/28/2013 43.0 7:27 12:13 4:46 40 159.6 21.7 6.0 29.2 25.0 85.0 77.0 5.2 0.01036

6/11/2013 42.0 6:03 12:03 6:00 40 240.0 25.1 6.0 32.6 15.1 168.0 154.1 19.6 0.01667

7/9/2013 20.0 6:15 12:15 6:00 40 52.6 30.0 6.0 2.5

7/10/2013 56.0 13:44 19:40 5:56 40 238.0 27.4 6.0 40.3 10.8 160.3 139.6 13.6 0.01207

7/23/2013 51.0 6:20 12:04 5:44 40

7/30/2013 50.0 6:20 12:07 5:47 40 205.0 34.4 7.0 36.4 8.6 105.6 92.3 2.1 0.00913

9/17/2013 6:47 12:07 5:20 40 235.0 34.6 6.0 42.9 13.6 159.7 135.0 6.2

9/24/2013 35.0 6:31 12:15 5:44 40 238.0 35.9 6.0 41.3 10.4 142.3 123.4 17.0 0.01774

10/1/2013 43.0 6:30 12:15 5:45 40 296.0 30.9 6.0 54.5 11.0 193.0 169.0 15.3 0.01951

10/15/2013 42.2 6:49 12:19 5:30 40 251.0 28.0 5.5 66.3 10.6 155.7 132.0 4.0 0.01677

10/23/2013 35.7 6:03 9:21 3:18 40 201.0 21.3 7.0 67.0 28.2 82.6 0.01753

11/12/2013 35.7 5:59 11:59 6:00 40 260.0 34.4 7.0 53.4 56.0 138.0 124.0 8.1 0.01611

12/3/2013 36.1 6:08 12:08 6:00 40 330.0 25.6 7.0 53.7 13.9 192.0 138.3 14.8 0.02216

12/10/2013 16:43 19:43 3:00 40 147.1 18.9 6.0 30.0 5.4 71.1 62.6 15.7

3/11/2014 6:01 11:52 5:51 40 180.0 29.0 6.0 30.0 9.1 112.5 105.0 10.0

3/20/2014 69.9 6:55 10:35 3:40 40 249.0 20.4 6.0 72.1 17.9 116.6 104.3 39.7 0.01136

5/27/2014 26.8 7:11 12:11 5:00 40 120.9 22.8 6.0 19.9 4.4 64.6 53.5 2.4 0.01205

6/10/2014 39.3 5:39 11:49 6:10 40 193.0 38.9 8.0 19.0 6.0 83.5 76.4 10.6 0.00861

7/1/2014 27.9 6:15 12:15 6:00 40 172.0 35.1 7.0 24.1 7.4 86.0 78.0 8.6 0.01284

8/19/2014 21.3 40 151.0 34.9 7.0 31.2 22.4 64.0 55.3 8.6

9/3/2014 6:22 11:58 5:36 40 33.1 7.0 71.8 7.9 222.0 196.0 18.1

12/9/2014 28.6 40 96.9 7.6 6.5 18.5 2.6 32.5 24.8 2.5

2/4/2015 61.4 8:30 11:30 3:00 40 236.0 17.3 6.0 68.9 12.5 120.6 101.3 46.7 0.01637

Average 51.2 7:43:22 12:48:52 4:50:14 40.0 218.0 26.2 6.4 47.4 14.5 131.5 119.7 9.9 0.01329

Totals 1843.6 193:29:00 8721.2 1073.0 263.0 1942.6 580.0 5261.2 4428.3 385.3
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To monitor the quality of the copper produced a previously developed method 

was utilized.54  The TETA titration used to test binding of 64Cu was successfully 

performed on 9 productions between March 2012 and August 2014, which is presented in 

Table 2.6.  A range of 10.6 – 736.7 mCi/µg was found during these experiments with an 

 
Table 2.6.  Values from TETA titrations performed on the separation 64Cu product. 

 
average of 122.5 mCi/µg.  While having a wider range our values compared reasonably 

well with authors of the method, which published a range of 94 – 310 mCi/µg.54   

2.4  Conclusion 

 The standardization of the production of 64Cu was successfully implemented.  The 

routine cleaning of the glassware and preventative measures at other steps of the process 

have kept excess environmental impurities limited during production runs.  While the 

purity of the 64Cu has been significantly improved by this work it was found to be nearly 

impossible to constantly remove all factors which contribute to hindered binding of 

ligands.  The removal of all excess metal impurities and cold copper are too abundant 

environmentally, above ppb levels, at each step of the process to eliminate.  However, the 

levels of all metals have been significantly reduced compared to the previous 

productions, which was evident in the color of the product during the evaporation step.  

Specific

Date Date Decay Sample Cu-64 Activity

Irradiated Performed Time (h) Activity (mCi) bound (µg) (mCi/µg)

5/1/12 5/3/12 49.7 0.426 0.1541 41.7

10/1/13 10/4/13 53.7 0.135 0.0945 76.6

11/12/13 11/14/13 48.8 0.172 0.0034 736.7

12/3/13 12/5/13 47.3 0.173 0.0651 35.0

12/10/13 12/12/13 42.6 0.124 0.0250 50.7

3/11/14 3/13/14 48.6 0.119 0.1584 10.6

3/20/14 3/21/14 26.2 0.160 0.0166 40.3

5/27/14 5/29/14 47.7 0.124 0.0590 28.4

8/19/14 8/21/14 48.0 0.133 0.0220 82.7

Average Values 45.9 0.174 0.0665 122.5
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The current product is nearly always clear and colorless in appearance while it was clear 

but yellow/green in the past.  The entire procedure is also now tracked on worksheets and 

entered into a database so that trends can be detected and corrections made if it is found 

to be necessary.  Overall, the process has been standardized and a quality radiometal has 

been consistently produced. 

2.5  Future Direction 

 The production of 64Cu for research use at MURR, the University of Missouri and 

other institutions will be an ongoing process and the changes made in the work will 

continue to be used.  Recently, a group of engineering students selected the project of 

fabricating an automated setup to perform the dissolution, separation and evaporation of 

64Cu.  The process has been automated by house built systems by many other institutions 

but implementing it at MURR would surely reduce dose to analysts which perform the 

hands on work.   

 The work to be done after installing the automated system to the glove box will 

include a variety of factors.  First, the purity of the 64Cu will have to be closely monitored 

to make sure the automated system is not introducing any unsuspected metals.  Once the 

system has been properly cleaned and tested, it should limit impurities since it will be a 

more closed system.  Next, the volumes used in the separation process must be monitored  

and the separation tracked given that the fabricated system will be transferring liquid with 

syringes via step motors the column may become pressurized which could affect the 

separation on the column.  The activity levels at each step of the process will have to be 

monitored to be sure complete transfer occurs along the way and excess activity is not 

lost.  Experience from automating the production of fluorosucrose tells me there will 
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undoubtedly be other factors that will need to be addressed since automating a process is 

not as simple as it seems. 

 Future runs will continue to monitor the product using the TETA binding as well 

as collect samples for ICP-MS analysis to determine if a trend can be found when 

comparing specific activities to specific metal levels found using ICP-MS.  A broad range 

of transition metals may be needed to be explored to find a correlation to specific activity 

with TETA and some alkaline earth metals may need to be added to the analysis to see if 

they competitively bind compared to copper.  
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Chapter 3: Zirconium-89 Production 

 

3.1  Introduction 

Zirconium-89 is a nuclide that has received growing interest from researchers in 

recent years.  The trend of publications observed for 64Cu seems to be happening for 89Zr 

as well.  However, with 89Zr it seems the demand is still growing and the peak may not 

have been reached.  Utilizing Scifinder, a search was performed for the term “zirconium-

89” and the number of publications found by year are displayed in Figure 3.1.   

 

 
Figure 3.1.  The number of publications by year found in Scifinder for the term 

“zirconium-89.” 
 

The number of publications related to this nuclide has been increasing since 2000.  This 

bodes well for our production goals because research involving 89Zr has grown steadily 

and seems ready to explode as 64Cu did. 

The interest in 89Zr is due to the advantages of a 22.6 percent positron decay at 

897 keV, and moderate half-life of 78.48 hours, which allows for significant chemistry to 
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be performed as well as a variety targeting agents possible for use.  The half-life makes 

distribution easier and it can be used considerably longer after production than the 

previously mentioned nuclides.  The production of the 89Zr also has the advantage in that 

it is produced from a 100 percent naturally abundant isotope in yttrium, which avoids the 

expensive isotope enrichment process.  This means recycling the target material is not 

necessary which is a constant concern in production schemes that utilize isotopically 

enriched target materials.  The 89Zr does have the disadvantage of a 99.9 percent 

abundant gamma ray at 909 keV, which can result in a sizable dose to scientists, the 

patients or people close to patients once the radiopharmaceutical has been delivered.  

Also, an administered activity of 1 - 2 mCi, which is the typical dose given to patients for 

imaging, will not decay to background levels for over a month.73  This makes the stability 

of zicronium-89 substrates necessary so as to not have accumulation of zirconium in 

healthy tissue, which would increase background or generate false readings if multiple 

imaging scans take place over extended time periods. 

The tetravalent zirconium(IV) cation is an extremely hard acid.  As a result, 

Zr(IV) forms the most stable complexes with hard anionic donors such as oxygen.55,74  

These Zr(IV) complexes have a coordination number up to 8, which is most typical.  The 

most common chelator for 89Zr is desferrioxamine or DFO depicted in Figure 3.2, which  

 
Figure 3.2.  Desferrioxamine (DFO) has been widely used to bind 89Zr.  
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has then been linked to monoclonal antibodies (mAbs) for imaging of specific receptor 

sites.  The stability and binding of Zr(IV) to chelators is still being investigated for a 

better understanding of the coordination and structure.74  The half-life of zirconium 

makes it a good candidate for imaging using mAbs due to the time it takes antibodies to 

target and clear, typically 2 – 4 days, from the body for an image with the greatest 

contrast. 

 Over the last couple of decades a number of advancements have been made using 

89Zr as a PET imaging agent when labeled to proteins and antibodies.  Many early 

attempts labeling proteins and antibodies with 89Zr were performed using DTPA and 

porphyrins as the chelating agents.75,76  More recent studies have turned to DFO as 

mentioned earlier, which has been successfully conjugated to proteins and antibodies 

including HER1-targeted cetuximab, VEGF-targeted bevacizumab and CD-20 targeted 

ibritumomab tiuxetam.77-79  Tumor localization of 89Zr-DFO on mAbs was found to be 

comparable to 111In and 90Y mAbs.79,80  Zirconium-89 labeled mAbs have been studied as 

a PET imaging surrogate for both 90Y and 177Lu therapy studies.55  A comparison study 

with 18F-FDG and 89Zr-DFO-Zevalin found all tumors were identified by both agents in a 

patient with non-Hodgkins lymphoma.79  However, the current 89Zr labeled mAbs do not 

yet match the biodistribution of those labeled with 90Y and 131I and uncomplexed 89Zr has 

been found to accumulate in the bone and delivers a high dose to bone marrow.81  A 

major challenge associated with 89Zr becoming commercially available is that current 

conjugation and radiolabeling techniques using DFO are tedious (6 steps) and time 

consuming.55  The continued advancement by researchers and interest in this nuclide are 

reasons we have pursued the cyclotron production of 89Zr. 
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 The GE PETtrace cyclotron at the Missouri University Research Reactor (MURR) 

has been employed to produce 18F and 64Cu at regular intervals.  Each target is irradiated 

independently of other targets, which is typical of small cyclotrons used for isotope 

production.  While there is a precedent of irradiating multiple targets simultaneously with 

higher energy accelerators at large isotope production facilities, to our knowledge a 

stacked target approach for simultaneous production has not been employed at low-

energy medical cyclotrons. The advantage of stacked targets is that multiple isotopes can 

be produced at the same time.  Under the correct conditions, this approach could 

significantly reduce the cost of the isotope production as accelerator time (typically 

several hundred dollars per hour) is a major factor in the overall cost for the isotope. 

 The production of 64Cu and 89Zr simultaneously has the potential to halve the 

cyclotron cost for the production of each nuclide.  This is possible because the typical 

irradiation parameters used to produce 64Cu, 4 hours with a current 40 µA, can be used 

for 89Zr production, as well.   

   A number of targets with a wide range of irradiation parameters have been 

employed by others to produce 89Zr (t1/2=78.48 h, β+ 0.9 MeV).  They include sputtered 

yttrium metal, yttrium oxide deposition, natural yttrium oxide powder pressed pellets or 

yttrium foils.73,75,82-88  The irradiation parameters for these targets varied widely, with 

initial beam energies from 11 to 16.5 MeV at currents of 10 to 80 µA with irradiation 

times of 2 to 4 hours when using a proton beam.82,88,89  Irradiation parameters for the d,2n 

reaction on yttrium oxide pellets were 3-5 µA for 12 to 20 minutes with a bombarding 

beam energy of 16 MeV.73,90  These methods have reported yields ranging from 0.002 to 

0.069 mCi/μA*h for sputtered targets, 1.88 mCi/µA*h for deposited yttrium oxide, 0.754 
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mCi/μA*h for yttrium oxide pellets and 0.338 to 15 mCi/μA*h using yttrium foil 

targets.73,88   While the experimental irradiation conditions vary greatly, the most 

common method used involves a yttrium foil with irradiations of 2-3 hours with a beam 

energy of 14.5 MeV.73,90  Yttrium foils are often used as targets for the production of 89Zr 

at medical cyclotrons due to the availability, price and purity of the foils.  Yttrium foils 

are cheap and ideal for irradiation because there is only one naturally abundant isotope of 

yttrium.  

 This work investigates the simultaneous production of 89Zr and 64Cu using a 

“stacked foil” approach on a medical grade cyclotron.  A yttrium foil was used as the 

target for 89Zr production, not only because of the commercial availability and low cost, 

but also because this method replaced one of the Havar® windows in the cyclotron 

targetry with the yttrium foil.  Production of the 89Zr with a yttrium foil in place of a 

Havar® foil meant that the solid target holder was still available for production of another 

nuclide in-line, which in this case was 64Cu.  An added benefit of replacing the Havar® 

foil with yttrium was a greater beam energy loss due to a thicker foil which resulted in a 

lower bombardment energy on the enriched 64Ni target.  The lower bombardment energy 

should result in increased production of 64Cu because the resulting beam energy would be 

closer to the peak of the excitation function of the 64Ni(p,n)64Cu reaction.   

 The objective of this project was to demonstrate simultaneous production of 89Zr 

and 64Cu.  Taking into account shipping, separation and quality control tests, an activity 

of 50 mCi at the end of bombardment for the 89Zr product was estimated to be required to 

fill orders for researchers.  To achieve these goals, thin yttrium foils, 0.1 mm, were first 

used at low currents to test the thermal stability of the targets.  This was followed by 
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increased thicknesses of yttrium foils, 0.25 and 0.64 mm, at the desired beam current, 40 

µA, to determine if the foils were stable at the desired current.  The 89Zr produced during 

the final trial was separated on an anion exchange column and the specific activity of the 

isotope was determined.  The activity of 89Zr and 64Cu was monitored in all of the trials 

which replaced the Havar® window with a yttrium foil.  

3.2  Methods and Materials 

  3.2.1  Cyclotron targetry.   

As previously stated, the production of 89Zr has been proposed to be produced 

simultaneously with 64Cu.  The solid target holder contained the gold puck plated with 

the enriched 64Ni as seen in Figure 3.3.  In the standard setup for 64Cu, the incident  

 

Figure 3.3.  Schematic of the cyclotron solid target assembly. 
 

beam passes through two Havar® windows prior to striking the solid target.  These 

windows were 50 and 25 µm thick, respectively, which results in a 0.8 and 0.4 MeV drop 

in beam energy.  For the simultaneous production of 89Zr, the second Havar® foil was 

replaced with a natural yttrium foil.  Yttrium foils were used for a single production of 
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89Zr (not recycled) because yttrium-89 is 100% naturally abundant and the foil material is 

inexpensive compared to enriched target materials.   

  3.2.2  Zirconium-89 production.   

The yttrium foil targets (Alfa-Aesar, 99.9%) had thicknesses of 0.1, 0.25 and 0.64 

mm.  The thinnest foils were used first to test structural integrity at lower beam currents 

and shorter irradiation times.  The beam current was increased from 5 to 10 to 40 µA 

during 15 minute irradiations on a new foil each time.  Once decayed the foils were 

visually inspected for degradation and any holes that may have formed.  The irradiation 

time was raised from 15 minutes to 4 hours for the final trial with a 0.1 mm foil.  The 

0.25 mm yttrium foil was irradiated for 4 hours at 40 µA while the 0.64 mm foil was 

irradiated at 40 µA for 1 hour.  The 0.64 mm yttrium foil was irradiated for only 1 hour to 

keep the activity level from becoming too high.  The 89Zr produced from the yttrium 

targets in these experiments was measured using a Capintec CRC-25R at calibration 

setting #465.91 

  3.2.3  Zirconium-89 dissolution and separation.   

The dissolution and separation of the zirconium-89 was conducted using methods 

previously reported.89 The irradiated yttrium target was dissolved in 2 mL of 

concentrated hydrochloric acid (Fischer, Optima grade) in an acid washed 25 mL Teflon 

round bottom flask. Complete dissolution was accomplished in 10 minutes, at which 

point there were no more pieces of yttrium evident in the round bottom flask. The 

solution was allowed to cool back to room temperature and was then added to a 

conditioned AG1-x8 (20 x 1 cm) glass anion exchange column pretreated with 50 mL of 

9 M HCl (Fisher, Optima) to separate the 89Zr produced from the bulk yttrium and other 
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impurities.  The yttrium was first eluted with 50 mL of 9 M hydrochloric acid.  The 89Zr 

was then eluted using 50 mL of a 2 M HCl solution.89 The 50 mL 89Zr elution was 

divided into five ten milliliter fractions on collection and the activity was monitored in 

each fraction.  The column was then stripped with 50 mL of 0.1 M HCl to remove any 

remaining activity.  The samples and column were analyzed with the Capintec dose 

calibrator.  The first three 89Zr fractions contained 95.6% of the total activity, which were 

combined and evaporated to dryness.  The 89Zr product was then reconstituted in 0.1 M 

HCl for the complexation assay. 

  3.2.4  Zirconium-89 binding assay.  

The 89Zr product was reconstituted with dilute hydrochloric acid, 0.1 M, to a 

concentration of approximately 100 µCi in a volume of 20 µL.92  Each sample had 100 

µL of deferoxamine or DFO (Sigma-Aldrich), in 0.1 M acetate buffer solution; the 

concentration of DFO in the assay solutions ranged from 0.001 - 10 mM for chelation to 

the 89Zr.  After addition of the DFO solution, the samples were vortexed and allowed one 

hour to react at room temperature.  Two microliters of the solution were then spotted onto 

TLC plates and allowed to develop until the solvent front neared the top of the plate.  The 

mobile phase used consisted of cellulose/n-butanol : water : acetic acid at a ratio of 

2:1:1.92  The developed plates were allowed to dry before being analyzed using a Bioscan 

plate scanner.   

3.3  Results and Discussion 

  3.3.1  Zirconium-89.   

The flow of helium gas used for cooling between the target foils and the vacuum 

pressure between the target foil and the solid target holder were both monitored during 
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the irradiations.  The vacuum pressure remained constant and helium gas was not lost at a 

greater rate than normally observed.  These factors indicate that the yttrium foil was 

capable of replacing the Havar® window without affecting the solid target or cyclotron 

integrity.  After the short irradiations, the irradiated foil was allowed to decay for 1 hour 

before removal from the target holder so any excess radiation from short-lived nuclides 

and the meta-stable 89Zr (t1/2 = 4.16 min) would be at minimal levels.  The 0.1 mm foil 

irradiated for 15 minutes at 10 µA was measured 2 days after irradiation and had a 

reading of 250 mRem/hour in the holder and 4 Rem/hour on contact.  The thicker targets 

with longer irradiation times were allowed a week to decay before being removed.  This 

was necessary due to the high radiation field of the foils.  The 0.25 mm foil had a dose 

rate of 2.5 Rem/hour when still in the target holder which rose to over 50 Rem/hour on 

contact when removed 3 days after irradiation.  The dose rate of the 0.64mm irradiated 

foil while mounted remained minimal, 1.5 Rem/hour on contact.  However, once the 0.64 

mm foil was removed from the mounting the dose rate was found to be 35 Rem/hour on 

contact.    For this reason, once the irradiated foils were removed from the holder, they 

were only handled for brief amounts of time with tongs.  Due to high radiation fields at 

higher activity levels the removal of the foil from the holder and the separation of the 89Zr 

from the yttrium will need to be automated if performed routinely to reduce dose to the 

laboratory workers.   

 Once the foils had decayed 10 half-lives or more they were inspected closely for 

pin-holes that may have formed during irradiation.  This was done by holding the foil up 

to a light source and looking for any light coming through the foil.  In all cases the foils 

were void of any visible pin-holes that may have formed during irradiation.  This 
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indicates that the helium gas on one side of the foil with vacuum on the other was cooling 

the system sufficiently.  The foils will continue to be examined in future runs to 

determine if additional cooling is needed.  If additional cooling is needed, the pulled 

vacuum, which exists between the solid target holder and second target foil, as seen in 

Figure 3.3, could be switched to helium gas. 

   3.3.1.1  Specific activity determination.   

The specific activity of the 89Zr product was determined by titration with DFO. 

The 89Zr product bound to DFO had a retention factor (Rf) of 0.34 while the unbound 89Zr 

had an Rf value of 0.24.  The bound activity peak and percent of the total integrated peaks 

was found.  Each sample also had the activity measured and sampling time recorded, 

which was then decay corrected to the end of bombardment. These values were used to 

determine the specific activity of the product, which was 19.6 mCi/µmol or 0.220 

mCi/µg.  These values compared well with previously published specific activities, which 

ranged from 5 – 1195 mCi/µmol.85,88  The values from the specific activity determination 

are displayed in Figure 3.4.   
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Figure 3.4.  Results from TLC binding experiments on separated 89Zr to 
determine specific activity. 

 
3.3.1.2  Projected production values.   

As can be seen in Figure 3.5, the energies for the maximum cross section of the 

p,n reaction on 89Y can be found between 11 and 17 MeV (0.8 barns).  At the lower 

energy, the cross section is constant until about 10 MeV for the proton in, neutron out 

(p,n)  production of 89Zr before declining.  The excitation function for this nuclear 

reaction can be found in  

 

 
Figure 3.5.  Excitation function for the 89Y(p,n)89Zr reaction retrieved from the 

EXFOR database.93 
 

Figure 3.5.93  Using the cross-section values for 10 evenly spaced divisions in the foil 

from a bombarding energy of 15.7 and an exit energy of 13.6 MeV, the expected activity 

was calculated using the production equation.  The calculation was performed for the 0.1, 
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0.25 and 0.64 mm yttrium foils, which have a density of 4.472 g/cm3 taking into account 

the energy loss of the beam as it passes through the material.  The stopping power of the 

material was also adjusted as the beam passed through the foil to account for the increase 

in energy loss as the energy of the proton beam diminished.  The values for total stopping 

power were obtained from the National Institute of Standards and Technology website 

from the PSTAR database.94  The relevant values for total stopping power in Table 3.1 

were calculated for yttrium using the values given for molybdenum and for nickel using 

the values given for copper. The values for yttrium were calculated by multiplying the 

stopping powers for molybdenum by the ratio (𝑁𝑍)𝑌
(𝑁𝑍)𝑀𝑜

  where N is the atom density of the 

element and Z is the atomic number of the element. The corresponding stopping power 

values as a function of beam energy are given in Table 3.1.  The results of the projected 

 

Table 3.1.  Values used for stopping power calculations of the protons passing through 
the yttrium foil and plated nickel. 

 
production totals for the three foil thicknesses tested at two irradiation lengths are 

displayed in Table 3.2. 

Nickel  Yttrium

Kinetic 

Energy

Total 

Stopping 

Power 

Kinetic 

Energy

Total 

Stopping 

Power 

 (MeV) (MeV cm2/g)  (MeV) (MeV cm2/g)

8.5 29.24 9.0 10.39

9.0 28.07 9.5 10.01

9.5 26.99 10.0 9.65

10.0 26.00 12.5 8.24

12.5 22.09 15.0 7.23

15.0 19.29 17.5 6.46

17.5 17.19 20.0 5.86
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Table 3.2.  Irradiation projections for three yttrium foil thicknesses broken down into 10 
equal segments to accurately portray the beam energy and corresponding cross-sections 

for production. 

0.64 mm Y-foil Cross Section Beam Energy 4 hour 6 hour Target 4 hour 6 hour

Depth Profile (mb) (MeV) thickness (g/cm2)

1 491.0 15.7 0.0347 0.0517 0.029 22.6 33.6

2 490.0 15.5 0.0347 0.0517 0.029 22.6 33.6

3 510.0 15.3 0.0347 0.0517 0.029 23.5 34.9

4 560.0 15.1 0.0347 0.0517 0.029 25.8 38.4

5 575.0 14.9 0.0347 0.0517 0.029 26.5 39.4

6 580.0 14.7 0.0347 0.0517 0.029 26.7 39.7

7 590.0 14.4 0.0347 0.0517 0.029 27.2 40.4

8 600.0 14.2 0.0347 0.0517 0.029 27.6 41.1

9 680.0 14.0 0.0347 0.0517 0.029 31.3 46.6

10 700.0 13.8 0.0347 0.0517 0.029 32.2 47.9

Total 0.29 266.1 395.6

Production Rate 1.66 1.648

(1-e^(-ln2/t1/2)*tirr Activity (mCi)

0.25 mm Y-foil Cross Section Beam Energy 4 hour 6 hour Target 4 hour 6 hour

Depth Profile (mb) (MeV) thickness (g/cm2)

1 491.0 15.7 0.0347 0.0517 0.011 8.7 13.0

2 490.0 15.6 0.0347 0.0517 0.011 8.7 12.9

3 490.0 15.5 0.0347 0.0517 0.011 8.7 12.9

4 490.0 15.5 0.0347 0.0517 0.011 8.7 12.9

5 500.0 15.4 0.0347 0.0517 0.011 8.9 13.2

6 510.0 15.3 0.0347 0.0517 0.011 9.1 13.5

7 530.0 15.2 0.0347 0.0517 0.011 9.4 14.0

8 560.0 15.1 0.0347 0.0517 0.011 9.9 14.8

9 560.0 15.1 0.0347 0.0517 0.011 9.9 14.8

10 570.0 15.0 0.0347 0.0517 0.011 10.1 15.1

Total 0.1118 92.2 137.1

Production Rate 0.576 0.571

(1-e^(-ln2/t1/2)*tirr Activity (mCi)

0.1 mm Y-foil Cross Section Beam Energy 4 hour 6 hour Target 4 hour 6 hour

Depth Profile (mb) (MeV) thickness (g/cm2)

1 491.0 15.7 0.0347 0.0517 0.004 3.5 5.2

2 491.0 15.7 0.0347 0.0517 0.004 3.5 5.2

3 490.0 15.6 0.0347 0.0517 0.004 3.5 5.2

4 490.0 15.6 0.0347 0.0517 0.004 3.5 5.2

5 490.0 15.6 0.0347 0.0517 0.004 3.5 5.2

6 490.0 15.5 0.0347 0.0517 0.004 3.5 5.2

7 490.0 15.5 0.0347 0.0517 0.004 3.5 5.2

8 490.0 15.5 0.0347 0.0517 0.004 3.5 5.2

9 500.0 15.4 0.0347 0.0517 0.004 3.6 5.3

10 500.0 15.4 0.0347 0.0517 0.004 3.6 5.3

Total 0.04472 35.0 52.0

Production Rate 0.219 0.217

Activity (mCi)(1-e^(-ln2/t1/2)*tirr
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 The production calculations indicated that the goal of 50 mCi during a 4 hour 

irradiation could nearly be achieved using a 0.1 mm yttrium foil.  The projections also 

suggested that there should be little problem reaching the minimum production totals 

using the thicker foils.  In part, due to the projection results, the irradiation time of the 

0.64 mm foil was adjusted to limit the dose received while the irradiated yttrium was 

handled.  The projected totals were compared to the actual production totals observed in 

the next section. 

   3.3.1.3  Experimental production values.   

The thin foils were used to first test structural integrity at lower beam currents and 

shorter irradiation times which determined if cooling with helium gas flow and vacuum 

was sufficient for longer irradiations with higher currents.  It was essential that the target 

hold up during an irradiation of 40 µA because this current is used in a 64Cu production 

run.  Five irradiations were performed with increasing beam currents and foil thicknesses 

during which a steady production rate for 89Zr was observed.  The final parameters used 

for the yttrium bombardment were that of a typical 64Cu production (Table 3.3).   

 

Table 3.3. Activities and production rates of 89Zr with increasing beam current, time and 
foil thickness to test the structural integrity and production when replacing a Havar® 

window. 

Y-Foil Y-Foil 

Thickness Thickness Irradiation Produced

mm (mg/cm2) Parameters Nuclide mCi mCi/μA*h

0.1 44.7 5 μA, 15 min. Zr-89 0.397 0.317

0.1 44.7 10 μA, 15 min. Zr-89 0.765 0.306

0.1 44.7 40 μA, 15 min. Zr-89 3.103 0.310

0.1 44.7 40 μA, 4 hr Zr-89 48.36 0.302

0.25 111.8 40 μA, 4 hr Zr-89 131.42 0.821

0.64 286.2 40 μA, 1 hr Zr-89 69.7 1.743
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A new foil was used for each bombardment and the structural integrity of the yttrium foil 

held up during each experiment.  The vacuum of the cyclotron was monitored during the 

irradiations to ensure the vacuum was steady throughout the irradiations.  Once 10 half-

lives had passed the yttrium foils were inspected visually.  It was determined no pinholes 

formed in the foils during any of the bombardments upon close inspection. 

 The projected production activities were compared to the measured production 

rates of 89Zr from the yttrium foils.  The 4 hour irradiation of the 0.1 mm-thick yttrium 

foil yielded a production rate of 0.302 mCi/ µA*h with an activity of 48.4 mCi at the end 

of bombardment while the projected values for this irradiation were 0.219 mCi/ µA*h 

and 35.0 mCi at the end of bombardment.  The 0.25 and 0.64 mm foils also had 

experimental results that were in good agreement with the predicted values.  The 0.25 

mm foil had experimental values of 0.821 mCi/ µA*h with a total end of bombardment 

activity of 131.4 mCi; the projected values were 0.572 mCi/ µA*h and 92.2 mCi at the 

end of bombardment.  The 0.64 mm yttrium foil produced 67.7 mCi of 89Zr in a 1 hour 

irradiation with a production rate of 1.743 mCi/ µA*h.  If adjusted to a 4 hour irradiation 

the total would have been 270.8 mCi, which again was close to the projected end of 

bombardment totals of 266.1 mCi with a rate of 1.66 mCi/ µA*h.  The experimental 

totals for the 0.1 and 0.25 mm foils were higher than projected and the result for the 0.64 

mm foil was slightly lower than calculated. Overall, the calculated values were in 

reasonable agreement with the measured activities and helped predict how much activity 

would be produced by each irradiation. 

 Table 3.3 also provides the end of bombardment activities of 89Zr produced 

during irradiation along with the rate of production.  The objective of producing 50 mCi 
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utilizing this method could be achieved with the thinnest foil used in the experiments, 0.1 

mm, with just over a four hour irradiation given the average production rate of 0.309 

mCi/ µA*h.  Thicker foils could achieve 50 mCi with shorter irradiation times, which are 

evident from the production rates of 0.821 and 1.743 mCi/µA*h for 0.25 and 0.64 mm 

yttrium foils, respectively.  Re-examining the production rates of other methods reported 

previously demonstrates that this method was comparable and a valid means of 

production, which is depicted in Table 3.4. 

 
Table 3.4.  Results of recently published 89Zr production methods. 

 
  3.3.2  Simultaneous production. 

   3.3.2.1  Incident beam energies.   

To accurately project production of two nuclides simultaneously, it was important 

to understand the incident beam energy on each material throughout the process.  To 

accurately calculate these energies the entrance and exit energies from each material were 

calculated.  The densities used in these calculations are listed in Table 3.5.   

 

Table 3.5.  Densities of materials the cyclotron beam passed through during irradiations. 
 

Published Published Target Yttrium Bombardment Activity/ % Radionuclidic ESA

By Year Type thickness (mm) Parameters (uA x h) (uA*h) Recovery Purity mCi/umol

Presented data 2015 foil 0.64 40 x 1 = 40 1.74 91.8% 90.6% 19.6

Wooten, et al. 2013 foil 0.64 15 x 4 = 60 3.67 - 15 93% 99.998% 5 - 353

Walther, et al. 2011 foil 0.15 12 x 2 = 24 0.338 97.5% >95% -

Dutta, et al. 2009 foil 0.009 .54 x 2.3 = 1.3 - - - -

Kandil, et al. 2007 Y2O3 pellet 13 daim. 2 x 5 = 10 0.754 97.5% 99.9% -

Holland, et al. 2005 foil 0.10 15 x 5 = 75 1.52 99.5% 99.9% 470 - 1195

Verel, et al. 2003 sputtered 0.035 80 x 3 = 240 0.002 97% 99.9% -

Meijs, et al. 1994 sputtered 0.025 100 x 1 = 100 0.069 98% - -

DeJesus, et al. 1990 foil .127 & 0.6 10 x 2 = 20 43 & 100 95% 87% -

Link, et al. 1986 - - 10 x .66 = 6.7 10.51 25 - 80% 99% -

Material Density (g/cm3)

Havar 8.3

nickel 8.908

yttrium 4.472
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Havar® is composed of Co-42.5%, Cr-19.5%, Ni-12.7%, W-2.8%, Mo-2.6%, Mn-1.6% 

and iron, with a density of 8.3 g/cm3.95  The cyclotron target system previously had two 

Havar® foils, 50 and 25 μm, in the front half of the solid target holder.  The beam energy 

drop for these two Havar® foils was 0.8 and 0.4 MeV, respectively.96  The initial energy 

of the protons produced in the GE PETtrace cyclotron are reported to be 16.5 MeV.  

Therefore, the resulting beam energy after passing through the Havar ® windows was 

approximately 15.3 MeV before irradiating a target in the solid target holder (i.e., plated 

enriched 64Ni ).   

 As stated previously the second Havar® foil was replaced with yttrium in these 

experiments.  The second Havar® foil was selected because it was more accessible and 

would have a lower impact on the cyclotron if the foil ruptured.  The effect of the three 

yttrium foil thicknesses used in the system were calculated and the results are displayed 

in Table 3.6.  The exit energy values were important to determine if the energy of the 

 

Table 3.6.  Calculated beam energy drop and exit energies for three yttrium foil 
thicknesses. 

 
beam would still be sufficient to produce 64Cu on the enriched nickel target.  In each case, 

replacement of the Havar® window with the yttrium foil resulted in a bombarding energy 

on the nickel target closer to the maximum of the 64Ni(p,n)64Cu excitation function which 

is between 11 and 12 MeV.  Next, the incident beam energy for each of the foil 

thicknesses on a 51.2 mg plated enriched nickel target was calculated so we could project 

Incident Energy

15.69 (MeV) 0.1 mm 0.25 mm 0.64 mm

Energy Loss 0.32 0.81 2.07

Exit Energy 15.37 14.88 13.62

Y-foil thickness
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the 64Cu production during these modified runs.  The calculated energies for this step are 

in Table 3.7.  The value of 51.2 mg of plated enriched nickel was used because that was 

 

Table 3.7.  Entrance and exit energies on a nickel target when using various thicknesses 
of yttrium foil in place of a Havar® foil in the cyclotron targetry.  The average enriched 

nickel plated value, 51.2 mg, was used for the energy loss calculations. 
 

the average thickness from standardized 64Cu productions to date.   

 The values found in these calculations were important to understand how the 

system would respond to replacing a Havar® foil with a thicker foil.  It was also 

necessary to make sure that the 64Cu production would be possible.  The values found 

here were used in the next section, which projected the activities that would be produced 

both with and without changes in the entrance foils. 

   3.3.2.2  Copper-64 projections.   

The thicknesses of the yttrium foils were varied not only to increase 89Zr 

production but also to examine the influence of the beam energy incident on the 64Ni 

target.  A secondary objective of the simultaneous production was to enhance the 

production of 64Cu by taking advantage of larger cross-section values at lower energies of 

the excitation function, which is presented in Figure 3.6.93   

Yttrium thickness Incident Energy Beam Drop Exit Energy

0.1 mm 15.37 1.03 14.34

0.25 mm 14.88 1.03 13.85

0.64 mm 13.62 1.18 12.44

Ni target (MeV)
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Figure 3.6. The excitation function of the 64Ni(p,n)64Cu reaction from 0 to 25 
MeV.93 

 
With the standard Havar® foil setup, the production of 64Cu on the 64Ni target took place 

with an entrance energy of 15.3 MeV and an exit energy of 14.3 MeV.  The cross 

sections associated with these energies ranged between 190 and 270 millibarns for a 50 

mg plated nickel target.  The calculated production totals for targets ranging from 30 mg 

to 100 mg have been broken down into ten equal segments as the beam passes through 

the target and are presented in Table 3.8.  
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Table 3.8.  Production projections of 64Cu during a unmodified irradiations for 3 
different plated 64Ni amounts.  

 
The calculated production rates for a 4 hour production ranged from 0.492 to 2.06 

mCi/µA*h as the thickness of the target increased and the cross section rose as the beam 

Unmodified Ni-64 Cross Section Beam Energy 4 hour 6 hour Target 4 hour 6 hour

Production Depth Profile (mb) (MeV) thickness (g/cm2)

100 mg 1 191.5 15.3 0.196 0.279 0.01 23.9 34.0

plated 2 200.0 15.1 0.196 0.279 0.01 24.9 35.5

3 225.0 14.9 0.196 0.279 0.01 28.1 39.9

4 240.0 14.7 0.196 0.279 0.01 29.9 42.6

5 260.0 14.5 0.196 0.279 0.01 32.4 46.2

6 276.0 14.3 0.196 0.279 0.01 34.4 49.0

7 277.0 14.1 0.196 0.279 0.01 34.5 49.2

8 300.0 13.9 0.196 0.279 0.01 37.4 53.3

9 325.0 13.7 0.196 0.279 0.01 40.5 57.7

10 350.0 13.5 0.196 0.279 0.01 43.6 62.1

Total 0.1 329.7 469.5

Production Rate 2.06092 1.956

(1-e^(-ln2/t1/2)*tirr Activity (mCi)

Unmodified Ni-64 Cross Section Beam Energy 4 hour 6 hour Target 4 hour 6 hour

Production Depth Profile (mb) (MeV) thickness (g/cm2)

50 mg 1 191.5 15.3 0.196 0.279 0.005 11.9 17.0

plated 2 190.0 15.2 0.196 0.279 0.005 11.8 16.9

3 200.0 15.1 0.196 0.279 0.005 12.5 17.8

4 215.0 15.0 0.196 0.279 0.005 13.4 19.1

5 225.0 14.9 0.196 0.279 0.005 14.0 20.0

6 235.0 14.8 0.196 0.279 0.005 14.7 20.9

7 240.0 14.7 0.196 0.279 0.005 15.0 21.3

8 250.0 14.6 0.196 0.279 0.005 15.6 22.2

9 260.0 14.5 0.196 0.279 0.005 16.2 23.1

10 270.0 14.4 0.196 0.279 0.005 16.8 24.0

Total 0.05 141.9 202.1

Production Rate 0.887 0.842

Activity (mCi)(1-e^(-ln2/t1/2)*tirr

Unmodified Ni-64 Cross Section Beam Energy 4 hour 6 hour Target 4 hour 6 hour

Production Depth Profile (mb) (MeV) thickness (g/cm2)

30 mg plated 1 191.5 15.3 0.196 0.279 0.003 7.2 10.2

2 190.0 15.2 0.196 0.279 0.003 7.1 10.1

3 190.0 15.2 0.196 0.279 0.003 7.1 10.1

4 200.0 15.1 0.196 0.279 0.003 7.5 10.7

5 200.0 15.1 0.196 0.279 0.003 7.5 10.7

6 215.0 15.0 0.196 0.279 0.003 8.0 11.5

7 225.0 14.9 0.196 0.279 0.003 8.4 12.0

8 225.0 14.9 0.196 0.279 0.003 8.4 12.0

9 235.0 14.8 0.196 0.279 0.003 8.8 12.5

10 235.0 14.8 0.196 0.279 0.003 8.8 12.5

Total 0.03 78.8 112.2

Production Rate 0.492 0.467

Activity (mCi)(1-e^(-ln2/t1/2)*tirr
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lost energy in the yttrium foil target.  When the amount of material was taken into 

consideration, the calculated values for the production rates were 0.0164, 0.0177 and 

0.0206 mCi/ µA*h*mg for the 30, 50 and 100 mg platings, respectively.  The 50 mg 64Ni 

target was examined further and the changes that should occur when replacing the 25 µm 

Havar® foil with a yttrium foil of three different thickness are presented in Table 3.9.   

 

 

w/ Y-foil Ni-64 Cross Section Beam Energy 4 hour 6 hour Target 4 hour 6 hour

0.64 mm Depth Profile (mb) (MeV) thickness (g/cm2)

1 370.0 13.6 0.196 0.279 0.005 23.1 65.7

2 391.8 13.5 0.196 0.279 0.005 24.4 69.6

3 410.0 13.4 0.196 0.279 0.005 25.6 72.8

4 415.0 13.3 0.196 0.279 0.005 25.9 73.7

5 420.0 13.2 0.196 0.279 0.005 26.2 74.6

6 430.0 13.1 0.196 0.279 0.005 26.8 76.3

7 445.0 13.0 0.196 0.279 0.005 27.7 79.0

8 460.0 12.9 0.196 0.279 0.005 28.7 81.7

9 480.0 12.8 0.196 0.279 0.005 29.9 85.2

10 480.0 12.8 0.196 0.279 0.005 29.9 85.2

Total 0.05 268.2 763.8

Production Rate 1.67624 3.182

(1-e^(-ln2/t1/2)*tirr Activity (mCi)

w/ Y-foil Ni-64 Cross Section Beam Energy 4 hour 6 hour Target 4 hour 6 hour

0.25 mm Depth Profile (mb) (MeV) thickness (g/cm2)

1 225.0 14.9 0.196 0.279 0.005 14.0 20.0

2 235.0 14.8 0.196 0.279 0.005 14.7 20.9

3 240.0 14.7 0.196 0.279 0.005 15.0 21.3

4 250.0 14.6 0.196 0.279 0.005 15.6 22.2

5 260.0 14.5 0.196 0.279 0.005 16.2 23.1

6 270.0 14.4 0.196 0.279 0.005 16.8 24.0

7 276.0 14.3 0.196 0.279 0.005 17.2 24.5

8 277.0 14.2 0.196 0.279 0.005 17.3 24.6

9 277.0 14.1 0.196 0.279 0.005 17.3 24.6

10 290.0 14.0 0.196 0.279 0.005 18.1 25.7

Total 0.05 162.1 230.8

Production Rate 1.013 0.962

(1-e^(-ln2/t1/2)*tirr Activity (mCi)
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Table 3.9.  Projected production of 64Cu with the addition of different thicknesses of 
yttrium foils in place of a Havar® foil.  The calculated totals assumed a 50 mg 64Ni target 

was irradiated in conjunction with the yttrium foils. 
 

The projections indicate that the production of 64Cu should increase with the thickness of 

the yttrium foil used.  The estimated production rates calculated were 0.88, 1.01 and 1.68 

mCi/μA*h on a 50 mg plated target for 0.1, 0.25 and 0.64 mm yttrium foils.  The 

production rate per milligram rose as well with values of 0.0176, 0.0202 and 0.0336 

mCi/μA*h*mg for 0.1, 0.25 and 0.64 mm yttrium foils.  These projection estimates 

suggest that the addition of the yttrium foil to the system could increase the rate of 64Cu 

production. 

   3.3.2.3  Copper-64 production values.   

The four productions of 64Cu with 0.1 mm yttrium foils in place of the Havar® had 

an average production rate of 0.814 mCi/μA*h.  The production rates for the trials 

utilizing 0.25 and 0.64 mm yttrium foils were 0.7106 and 0.635 mCi/μA*h.  The 

production rate of these six trials, when accounting for the amount of nickel plated on the 

target, averaged 0.0204 mCi/μA*h*mg.  The irradiation conditions and results for these 

trials can be found in Table 3.10. 

w/ Y-foil Ni-64 Cross Section Beam Energy 4 hour 6 hour Target 4 hour 6 hour

0.1 mm Depth Profile (mb) (MeV) thickness (g/cm2)

1 240.0 15.4 0.196 0.279 0.005 15.0 21.3

2 191.5 15.3 0.196 0.279 0.005 11.9 17.0

3 190.0 15.2 0.196 0.279 0.005 11.8 16.9

4 200.0 15.1 0.196 0.279 0.005 12.5 17.8

5 215.0 15.0 0.196 0.279 0.005 13.4 19.1

6 225.0 14.9 0.196 0.279 0.005 14.0 20.0

7 235.0 14.8 0.196 0.279 0.005 14.7 20.9

8 240.0 14.7 0.196 0.279 0.005 15.0 21.3

9 250.0 14.6 0.196 0.279 0.005 15.6 22.2

10 260.0 14.5 0.196 0.279 0.005 16.2 23.1

Total 0.05 140.1 199.4

Production Rate 0.875 0.831

(1-e^(-ln2/t1/2)*tirr Activity (mCi)
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Table 3.10. Production of 64Cu during irradiations when the second Havar® window had 
been replaced by a yttrium foil.  The measured activity of the 64Cu was taken after the 

copper had been separated on an anion exchange column. 
 

The results indicated that a thin yttrium foil replacing the Havar® foil does not 

inhibit the production of 64Cu.  The same nickel plating solution was used for the six 

trials conducted.  While the average recovery of 64Ni for these solution was 94.8%, the 

decreasing target thickness was reflected in the production rate of 64Cu, which was why it 

was necessary to normalize the results to the amount of nickel plated.  The experimental 

production rates when normalized to the plated target weight were found to be stable.  As 

mentioned in the previous section the projected totals for 64Cu production for the three 

foil thicknesses were 0.0176, 0.0202 and 0.0336 mCi/μA*h*mg 0.1, 0.25 and 0.64 mm 

yttrium foils.  The calculated production rates were not reached during the experimental 

irradiations but the production rates from the two Havar® foil system were surpassed.     

   3.3.2.4  Production comparison.   

The 64Cu production at MURR has been discussed in a previous chapter but a 

recap of those results follows.  Copper-64 production between May 2012 and February 

2015 consisted of 41 productions.  The average irradiation length over this time period 

was 5.83 hours with a current of 40 μA and an average plated enriched 64Ni target weight 

plated

Y-foil Irradiation Ni-64

(mm) Parameters Nuclide (mCi) mCi/μA*h (mg/cm2) mCi/μA*h*mg

0.1 5 μA, 15 min. Cu-64 1.076 0.8611 43.1 0.0200

0.1 10 μA, 15 min. Cu-64 1.954 0.7816 40.6 0.0193

0.1 40 μA, 15 min. Cu-64 8.501 0.8501 38.0 0.0224

0.1 40 μA, 4 hr Cu-64 122.2 0.7637 36.0 0.0212

0.25 40 μA, 4 hr Cu-64 113.7 0.7106 34.8 0.0204

0.64 40 μA, 1 hr Cu-64 25.4 0.6350 33.0 0.0192

Cu-64 Production
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of 51.2 mg.  The decay corrected, separated 64Cu product had a production rate of 0.681 

mCi/μA*h or 0.0133 mCi/ μA*h*mg of plated 64Ni.  The entrance and exit energies for 

these irradiations averaged 15.3 MeV and 14.3 MeV, respectively.  Observing the 

excitation function for the 64Ni(p,n)64Cu reaction obtained from the EXFOR database the 

cross section of the incident energy was between 190 and 270 millibarns.93 

 The experiments conducted with the addition of a yttrium foil during 64Cu 

production saw a favorable increase in the previously mentioned areas.  The production 

rate was increased to 0.767 mCi/μA*h or 0.0204 mCi/μA*h*mg.  The entrance and exit 

energies on the nickel target varied greatly depending on the thickness of the yttrium foil 

utilized but the cross sections of the interactions increased to between 240 and 800 

millibarns.  The enhanced cross sections resulted in over a 50% production rate increase 

when comparing mCi/μA*h*mg.  These results support the hypothesis that the addition 

of a yttrium foil could increase the production rate of 64Cu while simultaneously 

producing 89Zr.  The experimental end of bombardment activity totals approached the 

predicted end of bombardment totals but fell short in each case.  This is most likely due 

to dispersion and scattering of the proton beam from passing through thicker foils.  The 

dispersion would lead to beam loss on the walls of the target holder. 

3.4  Conclusion 

 The objective of producing a minimum of 50 mCi 89Zr by replacing a Havar ® 

window in the cyclotron targetry was achieved during multiple irradiations.  The 

production of 89Zr in this fashion made the solid target holder which would normally be 

occupied by the yttrium target available for an additional target.  The enriched 64Ni plated 

on a gold puck occupied the vacant solid target holder.  The 64Cu produced during these 



93 
 

trials saw an added benefit.  The production rate of the 64Cu increased significantly 

during these trials due to the additional beam-energy drop caused by the yttrium foils.  A 

new and reliable means of producing two nuclides simultaneously on a medical grade 

cyclotron has been confirmed.  

3.5  Future Directions 

 Zirconium-89 was found to have a high radiation field, 30 to over 50 Rem/hour, 

during these experiments.  Due to the radiation dose that analysts would receive during 

processing, a few modifications would be necessary for routine production.  First, the 

holder where the yttrium foil replaced the Havar ® window would need to be modified.  

Currently, four screws hold the two sections of the target assembly together.  The 

placement and removal of the foil has been done by hand, which is a time consuming 

process.  Repeated removal of an activated foil could result in a significant hand dose.  

To remedy this a quick connect and disconnect mechanism, which was air tight would be 

desirable to cut the time handling the activated foil.  The separation of 89Zr from the bulk 

of dissolved yttrium would need to be automated to reduce dose as well. 

 In addition to measures that would reduce dose to analysts, production of 89Zr 

simultaneously with other nuclides could be investigated, such as 18F.  The cyclotron at 

MURR is utilized 1 to 3 hours each day for the production of 18F-FDG.  Modification of 

this process would require further investigation because it is a cGMP process but the 

principle would be the same as that outlined during this chapter.  If a 0.64 mm yttrium 

foil was present during the FDG productions, 70 to 210 mCi of 89Zr could be produced in 

one day.  If the yttrium foil was left on for the entire week a projected total of 243 to 728 
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mCi 89Zr could be possible.  The results from the calculated zirconium production with a 

0.64 mm yttrium foil during daily fluorine-18 production is displayed in Table 3.11.   

 

Table 3.11.  Projected production activities of 89Zr possible if a yttrium foil was added 
during daily 18F-FDG production. 

 
If the foil was left on for a week of irradiations, the yttrium foil would need to undergo 

rigorous testing to ensure the foil does not rupture after repeated irradiations.  The target 

holder for fluorine-18 production would also need to be investigated because the oxygen-

18 water target would be in direct contact with the yttrium foil and the target water would 

need to be tested for radiochemical and metal purity to make sure no leachables were 

present.   

 Finally, to produce a product similar to others referenced, the radionuclidic purity 

requires improvement.  The two impurities observed, 88Zr and 88Y, could be eliminated 

by slightly lowering the entrance bombardment energy.  Figure 3.7 shows that neither  

w/ Y-foil Y-foil Cross Section Beam Energy 1 hour 3 hour Target 1 hour 3 hour 1 h/d 5 3 h/ d 5

0.64 mm Depth Profile (mb) (MeV) thickness (g/cm2)

F-18 Run 1 491.0 16.5 0.0088 0.0262 0.029 5.7 17.0 19.8 59.2

2 520.0 16.3 0.0088 0.0262 0.029 6.1 18.0 21.0 62.7

3 550.0 16.1 0.0088 0.0262 0.029 6.4 19.1 22.2 66.3

4 570.0 15.9 0.0088 0.0262 0.029 6.7 19.8 23.0 68.7

5 580.0 15.7 0.0088 0.0262 0.029 6.8 20.1 23.4 69.9

6 585.0 15.5 0.0088 0.0262 0.029 6.8 20.3 23.6 70.5

7 650.0 15.2 0.0088 0.0262 0.029 7.6 22.6 26.2 78.4

8 690.0 15.0 0.0088 0.0262 0.029 8.1 23.9 27.8 83.2

9 700.0 14.8 0.0088 0.0262 0.029 8.2 24.3 28.2 84.4

10 705.0 14.6 0.0088 0.0262 0.029 8.2 24.5 28.4 85.0

Total 0.29 70.5 209.6 243.4 728.3

(1-e^(-ln2/t1/2)*tirr Activity (mCi) Activity (mCi)
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Figure 3.7.  Cross-section data for the relevant energies for 89Zr as well as its 
competing impurities.90 

 
nuclide would be produced if the energy was below 14 MeV.90 To accomplish this we 

have discussed either using a thicker, 100 μm, Havar® foil at the front target position and 

leaving the yttrium foil at the second position or including a thin aluminum foil in front 

of the Havar® foil are options.  A third possibility would be to redesign the solid target 

holder so it can accommodate two solid targets, such as the enriched nickel target and a 

yttrium foil, while leaving the Havar® foil assembly unaltered.  These options would all 

lower the initial bombardment energy on the yttrium foil and in turn reduce or eliminate 

the radionuclidic impurities. 
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Chapter 4: Dissertation Conclusion 

 

 The 18F labeling of three fluorosucrose analogs with an automated chemistry 

system was successfully completed.  Additionally, a new cut-and-dip method of applying 

labeled sucrose to plants was tested and compared to previous sucrose applications, 

which used abrasion.  The cut-and-dip method was found to be more reproducible and 

reliable when multiple scientists performed the experiments on plants while the abrasion 

method displayed varied results depending on the abrasion depth, which proved difficult 

to reproduce.  The labeled product was separated from sucrose through HPLC 

purification by collecting the activity peak in the chromatogram.  The labeled products 

totaled over 100 mCi, which were used for imaging studies.  Imaging was performed 

using phosphor imaging plates and the objective of observing active transport with the 

labeled sucrose was achieved.  The resulting images for each of the three sucrose analogs 

were quantified and averaged for comparison.  The comparison of the three analogs 

displayed sufficient difference between the wild-type and sut1 mutant maize for the 1' 

and 6' fluorine labeled species but the sucrose labeled at the 6 position did not.  The 

comparison of the fluorine labeled sucrose was also performed against a universally 

labeled [U-14C]-sucrose.  These comparisons showed that fluorosucrose could be used in 

place of or in conjunction with 14C to provide results of sucrose transport in the phloem 

of maize.  The 18F labeled sucrose provides the possibility of PET imaging.  This would 

allow results to be obtained in real-time and multiple data points could be recorded with 

each imaging session.  These advances could lead to a much better understanding of how 

plants transport and store sucrose.       
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 Previously published methods for the production, separation and specific activity 

determination of 64Cu were successfully implemented at the Missouri University 

Research Reactor.  Between December 2010 and February 2015 64Cu was produced over 

50 times for research purposes.  Over forty of these productions used standardized 

processes, which were implemented to limit impurities and maximize specific activity of 

the 64Cu.  Standardizing the separation volumes and pre-measuring the amounts required 

for each step of the process not only aided in providing a consistent product but also 

reduced the time required to perform the separation and therefore the dose to the analyst.  

A TETA titration was also adopted from the literature and utilized to test the quality of 

the product.  The goal of routinely producing a quality radiometal for research purposes 

using literature methods was accomplished. 

  Zirconium-89 has been requested by researchers on multiple occasions during the 

past few years and due to its growing popularity in the research community an effort to 

develop a dual target production was examined.  It was determined that the minimum 

production for 89Zr would be 50 mCi to provide the necessary 1 - 2 mCi for an imaging 

study after dissolution, separation, purification and shipping.  The 50 mCi objective was 

met with the thinnest target foil used for the irradations, 0.1 mm, after a 4 hour 

bombardment.  The thicker foils provided the activity with much shorter irradiations.  

However, the yttrium foil did not occupy the solid target holder as other methods 

detailed.  Instead we replaced a Havar® foil in the cyclotron with the yttrium foil leaving 

the solid target holder open for our secondary target, 64Ni.  As hypothesized, it was found 

that the beam attenuation from the yttrium foil caused an increase in 64Cu production 

when comparing our previous database of productions to the productions with the yttrium 
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foil.  In fact, comparison of mCi/µA*h*mg displayed a 50 percent increase in the 

production of 64Cu when a yttrium foil was added to the targetry.  The objective of 

producing a usable amount of 89Zr while not negatively affecting 64Cu production was 

accomplished and a new, reliable means of producing two nuclides simultaneously on a 

medical grade cyclotron has been confirmed. 
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APPENDIX 

Additional 6’-deoxy-6’-[18F]-fluorosucrose images. 

 

Figure A.1.  Transport comparison images of fluorosucrose (left) and sucrose 
(right) of two wild-type and two mutant plants. 
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Figure A.2.  A great difference between mutant and wild-type transport of the 
tracers was observed in this set of plants.  The wild-type showed great transport down 

most of the leaf while the mutants showed little uptake and transport of the same solution. 
 

Figure A.3.  Wild-type 4 show the greatest transport in both the 18F (left) and 14C (right) 
images but wild-type 3 transport was similar to that of the mutants. 

 

Additional 1'-deoxy-1'[F18]-fluorosucrose images. 

 

 

Figure A.4.  First trial involving 1'[18F]-fluorosucrose (left) and [14C]-sucrose 
(right) phosphor imaging.  The 18F image did not show as pronounced of a difference as 

was previously observed.  However, the 14C image reflected this result. 
 



101 
 

 

Figure A.5.  Fluorine-18 (right) and 14C (left) comparison images which shows 
more transport in wild-type plants than in the mutant in both sets of images which have 

matching transport patterns. 

 
Figure A.6.  Wild-type 1 and mutant 2 which are the left two leaves in the image 

on the left were compared here to the (right) 14C image.   
 

Additional 6-deoxy-6[18F]-fluorosucrose images. 
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Figure A.7.  Transport comparison using 14C (right) and 18F (left) in mutant and 
wild-type maize.  The leaves alternate WT, mut from left to right. 

 

 

Figure A.8.  Final trial performed utilizing the 6-deoxy-6[18F]-fluorosucrose (left) 
while comparing it to a non-specifically labeled [14C]-sucrose (right).   
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