
~IRECT BROMINE-80 OR BROMINE-82 LABELLING OF BIOMOLECULES 

VIA EXCITATION LABELLING METHOD~~ 

PREPARATION OF RADIOPHARMACEUTICALS 

by 

Steven How-Yan~~ong4 

Dissertation submitted to the Graduate Faculty of the 

Virginia Polytechnic Institute and State University 

in partial fulfillment of the requirements for the degree of 

DOCTOR OF PHILOSOPHY 

in 

Chemistry 

APPROVED:-

Hans J. Ache, Chairman 

Harold M. Bell Harold M. McNair 

David G.I. Kingston 

-- '"J _ ~/~/~+--. {;-ri~_..R. --=-)_'~---=c-r-<-~_ 
;> Georii Sanzone 

February, 1977 

Blacksburg, Virginia 



~'b 

;6(055 
\185<0 
t'17'7 
w.~S 
C! • 2. 
S+o~c. 



ACKNOWLEDGEMENT 

The author wishes to thank Professor Dr. Hans J. Ache for his 

guidance, help and encouragement in his research effort. 

Appreciation is also extended to; the committee members, Drs. 

H.M. Bell, H.M. McNair, D.G. Kingston, and G. Sanzone for their 

examination of this manuscript;the staff of the electronic shop and 

glass shop who were helpful in solving some of the problems; the 

secretaries who many times expedited the paper work; Jack Mustaklem, 

fellow graduate student; Drs. P. Sripada and P. Hosain for proof

reading the final draft of this manuscript; and his wife, whose con

stant encouragement and understanding had sustained him through 

the entire graduate career, shared the important task in the completion 

of this work, patiently typing and correcting the first and final 

drafts of this manuscript. 

ii 



This work is dedicated to 

my mother and father, 

my sister, Jacqualine, 

my daughter, Heather, 

my wife, 

Gretta. 

iii 



TABLE OF CONTENTS 

ACKO'WLEDGMENT ................................................ . 
Page 

••• ii 

DEDICATION •••••••••••••••••••••••••••••••••••••••••••••••••••••• iii 

TABLE OF CONTENTS .................................................. i v 

LIST OF TABLES................................................. viii 

LI ST OF FIGURES.................................................. x 

CHAPTER I. INTRODUCTION •••••••••••••••••••••••••••••••••••••••••• 1 

A. Preliminary Remarks ••••••••••••••••••••••••••••••••••••••• 1 

B. Research Objective •••••••••••••••••••••••••••.•••••••••••• 3 

C. Choice of Biomolecules •••••••••••••••••••••••••••••••••••• 5 

D. Nuclear Medical Methods ••••••.••••••••••••••••••••••••••• 10 

E. Characteristics of Radiopharmaceuticals •••••••••••••••••• 14 

F. "Short" and "Long" Half-life Radiopharmaceuticals •••••••• 18 

G. Excitation Labelling Methods and Other Radiochemical 

Consideration ••••••••••••••••••••••••••••••••••••• ~ ••••••• 19 

H. Review of Pertinent Literature •••••.••••••••••••••••••••• 29 

CHAPTER II EXPERIMENT~ ••••••••••••••••••••••••••••••••••••••••• 35 

A. High Pressure Liquid Chromatography •••••••••••••••••••••• 35 

1. Basic Concepts •••••••••••••••••••••••••••••••••••••••• 37 

2. High Pressure Liquid Chromatography Systems ••• ••• 40 

3. High Pressure Liquid Chromatography Pumps ••••••••••••• 44 

4. Solvent Preparation ••••••••••••••.•••••••••••••••••••• 46 

5. Column Pac kings •••••••••••••••••••.••••••••••••••••••• 47 

iv 



TABLE OF CONTENTS (continues) 

Page 
6 .. Column Packing Procedure ••..••..••••.••...••.•••••••. 52 

7. Temperature Control .••••.•••••.••.••••••.••••...••.•• 59 

8. UV Detector .......................................... 59 

9. Column Standardization ••••.••..•••.•••••••••••••••.•. 61 

B. Preparation of 80Br and 82Br Labelling Source and other 

Radiochemical Considerations ..•••.••••••..•••••.•••••.•. 73 

C. Labelling Procedures and Sample Analysis ••••.••••••••.•• 84 

1. Direct CF3
82m (80m)Br Gas Exposure Technique 

_82(BO)Br for Hydrogen and Halogen Exchange .•••.•••.• 84 

2. Modified CF382m(8Om)ar_C12 Gas Exposure •••.••.••••••• B6 

82m (80m) . 3. Modified CF3 Br-KBr03 Gas Exposure .••...•.•.•. 87 

4. Percentage of Radiochemical Yield Versus the Amount 

of KBr03 ••••••••••••••••••••.•••.•••.••••••••••••••••• 88 

5. Percentage of Radiochemical Yield Versus the 

Concentration of the Substrate Solution in Modified 

CF3BOmBr-KBr03-Gas Exposure Method ...••••.••••.•••••. 8B 

6. Percentage of Radiochemical Yield Versus rtLabelling" 

Time in Modified CF3
BOmBr-KBr03-Gas Exposure Method •• B9 

7. Percentage of Radiochemical Yield Versus t1post

Labelling" Time for Modified CF38~r-C12 Gas 

Exposure Method ••••.••••••.••••••.••••.•••.••••••••.• 89 

BO 8. Percentage of Radiochemical Yields of Br-Guanosine 

obtained by using Various Experimental Conditions •••• 90 

v 



TABLE OF CONTENTS (continued) 

Page 
9. Mechanistic Studies Using Aniline as a Model 

Compound ..............................••..........•.. 91 

D. Radioactivity Assay and Data Handling •.•..••••••..•••••• 92 

CHAPTER III RESULTS •••..••••••••••••••••••••.••••••..•••••..•• 100 

A Radiochemical Yields of 80Br- -and 82Br_ Labelled 

Biomolecules obtained by the Excitation Labelling 

and Modified Gas Exposure Methods ••..•••••••.•.•••••.•. 100 

B. The Maximization of Radiochemical Yields of 80Br_ 

Labelled Biomolecules by Changing Labelling Conditions.108 

C. The Stability of the Labelled Compounds Under Various 

Experimental Conditions. Proposed Radiochemical Yield-

Time Index .....•... ., ................................... 118 

D. Mechanistic Studies by Changing Conditions by Using 

Different Reactants and Model Compound Aniline ...•••••• 124 

CHAPTER IV DISCUSSION •.•••••.•..••••.•••.••••••.••.••••••••••• 128 

A. Direct CF3
8Om (82m\r Gas Exposure Labelling •••••••••••• 128 

B. Modified CF
3

8Om (82m)Br-Cl2 Gas Exposure Labelling ••.••• 130 

C CF3 80m(82m'-r-KBro3 GEL b IIi 133 • 'B as xposure a e ng .••••••••••.• 

D. The Maximization of Radiochemical Yields of 80Br_ 

Labelled Biomolecules by Changing Labelling Conditions. 137 

E. The Stability of the Labelled Compounds Under Various 

Experimental Conditions. Proposed Radiochemical Yield-

vi 



TABLE OF CONTENTS (continued) 

Page 
Time Index .............................................. 141 

F. Significance of the Stability of the Labelled Compounds 

for Nuclear Medical Studies ••••••.•••••.•••••.••••••••• 145 

G. Mechanistic Studies by Changing Experimental Conditions 

and by Using Different Reactant •••••••••••.•••••••••••• 147 

H. Mechanistic Studies by Using Aniline as a Model 

Compound ••.••.•••••.......•.•. *' •••••••••••••••••••••••• 149 

I • Sunnna ry ................................................. 152 

LITERA.TIJRE CITED ••••.••.•..•••.•.••.••..••.•.••••••.••••••••••• 154 

VITA ............................................................ 160 

vii 



LIST OF TABLES 

Page 
I. Properties of some Bromine Isotopes ••.•.•••••.•••••••••••••••• 21 

II. Columns and Conditions used for High Pressure Liquid 

Chromatography ........................... ., .................... 74 

III. Columns and Conditions used for High Pressure Liquid 

Chromatography ................................................ 76 

IV. Gas Chromatographic Separations of Neutron-irradiated CF3Br •.• 81 

V. Activity Calculation for 80Br-guanosine Radiochemical Yield 

obtained by CF38OmBr-KBr03-GaS Exposure Method .•.•••..•••.•••• 94 

VI. 80Br_ and 82Br_ Labelling of Biomolecules. Radiochemical 

Yield in % of Total 80Br_ or 82Br-Formed ••.••••••••••..•••••• l02 

VII. Radiochemical Yields of 80Br Biomolecules •.•••.•••••.•.•.•••. l04 

VIII. Radiochemical Yields of 80Br-Biomolecules obtained by the 

Modified Gas Exposure Methods of the Substrate Solution .•..•• l06 

IX. Radiochemical Yield of 80Br-Labelled Biomolecules obtained by 

CF38OmBr-KI03 Gas Exposure Method •••.••••••..••.••••••••••••• 107 

X. Radiochemical Yields of 80Br-guanosineVersus Amount of 

KBr03 Crystals ••...•..••....•.••••..••.•••......•••.••. ~ ••... 114 

XI. Radiochemical Yields of 80Br-Acetic Acid obtained by Modified 

80m CF3 Br-C12 Gas Exposure Method as a Function of the 

Labelling Time ............................................... 115 

XII. Radiochemical Yields of 80Br-deoxyuridine as a Function of 

Deoxyuridine Concentration •••••••••••••••••••.••••••••••••••• 116 

viii 



LIST OF TABLES (continued) 

Page 
XIII. Comparison of the Substrate Concentration Corresponding 

to the Maximum Radiochemical Yield of the 80Br-labelled 

Biomolecules obtained by CF380mBr-KBr03 Gas Exposure 

Method ................................................... 117 

XIV. Proposed Radiochemical Yield-Time Index for 80Br_ 

Labelled Biomolecules."" •••• "" ••••••• " •.••• " •••••••••• ,," 123 

xv. Radiochemical Yields of 80Br-Biomolecules obtained by 

using Various Experimental Conditions ••••••••••••••••••• 125 

XVI. Mechanistic Studies of Model Compound Aniline Radio

chemical Yields of BOBr-Labelled Anilines obtained by 

80m 1 7 Direct and CF3 Br-KBr03 Gas Exposure Methods •••••••••• 2 

ix 



LIST OF FIGURES 

Page 
1. Bio~olecules with Clinical Application ..•........•.....••.... 7 

2. Biomolecules with Clinical Application .....••..•...•......... 9 

3. Cold Node Diagnosis: Suspected Carcinoma .•.•.•.•..•..••.•.•. ll 

4. The Biological Retention of 1311 by Dogs Versus the Number 

of Days After the Injection ......••.•...•........•.........• 12 

5. 79Br(n,y)80~r Nuclear Reaction ........•..........•••.•...•• 23 

6. Schematic of 80mBr and 80Br Decay ..•...•...••.•••.••..••••.• 25 

7. Vacancy Cascade ............. " ................................ 2 7 

8. Conceptual Coulombic Explos ion •...................•.•.••.•.. 28 

9. Typical Growth of Br Activity ...........•..•...•.•.......••. 30 

10. An ISCO High Pressure Liquid Chromatograph .......•...•.•.... 4l 

11. Schematic of the ISCO High Pressure Liquid Chromatograph .... 42 

12. Structure of As-PELLIONE~SAX Strong Anion Exchange Packing.49 

13. Amine~A-25 Strong Anion Exchange Packing .........•......•.. 50 

14. Strong Anion Exchange Capacity Versus pH .•.........•.•...... 5l 

15. "Tap-Fill" Column Packing for AS-PELLIONE@SAX ........•...•. 54 

16. Slurry Packing Schematic •.•••.•..•.•.•...........••....•••.. 56 

17. LiChrosor~SI 60 Silanized Column with Heating Jacket •...... 60 

18. Retention Time Versus Flow Rate at 25°C .......... " .......... 62 

19. Retention Time Versus Flow Rate at 44°C •..•..........•...... 63 

20. Retention Time Versus Flow Rate at 60°C ...•.•......•....••.. 64 

21. Retention Time Versus Flow Rate at 76°C •..•......•....•..... 65 

x 



LIST OF FIGURES (continued) 

Page 
22. Retention Time Versus Temperature at 0.27 ml/min ••....••.•.•. 66 

23. Retention Time Versus Temperature at 0.4 ml/min •••.•.••...••. 67 

24. Retention Time Versus Temperature at 0.53 ml/min .....•.•..••. 68 

25. High Pressure Liquid Chromatogram of Acetic Acid and Bromo-

acetic Acid ................................................... 69 

26. High Pressure Liquid Chromatogram of Deoxyuridine and 

Bromodeoxyu.ridine ......•.....••.•....•••.•.....•.•.•........• 70 

27. High Pressure Liquid Chromatogram of Guanosine, Bromoguanosine 

and Potassium Bromide .....•.•.•....•....•.•...••.•.•...•....• 71 

28. High Pressure Liquid Chromatogram of Aniline and 

Bromo-Anilines .•...•....•••....•••....•.•...•..•.••.•......•. 72 

29. Schematic Presentation of the Direct CF
3

82m (80m)Br and 

80m (82m) CF
3 

Br-C1
2 

Gas Exposure Methods •...•.••...••••.•..•••. 85 

30. High Pressure Liquid Radiochromatogram of 80Br-guanosine 

obtained by CF
3 
80~r-KBro3 Gas Exposure Method .....••••.••.. 97 

31. High Pressure Liquid Radiochromatogram of 80Br-Acetic Acid 

80m Labelled by CF
3 

Br-C1
2 
.•.....•.••....•.•...•••..••.•......• 98 

32. High Pressure Liquid Radiochromatogram of 80Br-deoxyuridine 

Labelled by CF380mBr-KBro3 Method (Iododeoxyuridine as 

Substrate) •......•..•..•.....•.•••.....•.••.....•••••...•...• 99 

33. Radiochemical Yields of 80mBr-guanosine as a Function of the 

80m Amount of Cl2 Additive Present (CF3 Br-C~2 Method) .•••..•. 109 

xi 



LIST OF FIGURES (continued) 

BO 34. Radiochemical Yields of Br-guanosine Versus Amount of 
Page 

Guanosine per ml Solution (CF3BOmBr-KBro3 Method) •••••••••••• 110 

35. BOBr-tyrosine Yields Versus Amount of L-tyrosine 

BOm (CF 3 Br-KBr03 Method) ••••.•••••••••••••••.••.•••••••••••••• 111 

36. BOBr-guanosine Yields Versus Amount of Guanosine in Solution. 112 

37. BOBr-Bromoacetic Acid Yields Versus Amount of Iodoacetic Acid 

in Solution (CF3BOmBr-KBro3 Method} •••••.•.•••••••••••••••••• 113 

3B. Radiochemical Yields Versus 'Labelling' Time (CF3BOmBr-KBr03 

Method) ..•.........•...................................•..... 120 

39. Radiochemical Yield Versus 'Labelling' Time (CF3BOmBr-KBro3 

Method) ............................•......................... 121 

40. Radiochemical Yields of BOBr-Labelled Biomolecules as a 

Function of 'Post-labelling' Time (CF3BOmBr-C12 Method) •••••• 122 

xii 



A. Preliminary Remarks 

Chapter I 

INTRODUCTION 

Organic molecules and biomolecules labelled with radioactive 

halogen have recently found increasing interest in biological and 

nuclear medical studies. I ,2 So far, mostly modified classical 

halogenation methods have been used for incorporating radioactive 

halogen into aromatic systems. 3- 7 These methods worked well when 

the halogen species initiating the labelling were present in large 

amounts. However, on a carrier free scale halogenation is often 

quite difficult to accomplish by these techniques, a fact which 

restricts the applicability of modified classical halogenation 

methods for labelling organic molecules and biomolecules to be used 

as radiopharmaceuticals in nuclear medical studies. 6 ,7 Thus, in 

order to prepare carrier free radiopharmaceuticals, it appears 

more advantageous to use direct excitation labelling methods to 

label biomolecules by utilizing decay induced reactive species. 8- II 

The fast and simple procedure involved in the direct, excit

ation labelling technique which exclude time consuming chemical 

synthesis are especially important if one wants to prepare short 

half-life radiopharmaceuticals. These short half-life radiopharma

ceuticals have found increasing importance in nuclear medicine 

as explained later on page 18 in this dissertation. 

Excitation labelling utilizes a reactive species generated by 

1 



2 

nuclear transformation. The nuclear events and their consequences 

will be presented in a later section on page 22. This species 

initially possesses a high positive charge and immediately under

goes charge transfer with the surrounding molecules. The species 

subsequently exists as a reactive ion or atom in the ground or 10w-

lying excited states and reacts with the available biomo1ecules. 

Radioactive halogen species formed via these processes include 

nuclides such as 125I and 123I , whose reactivity and energy spectrum 

have been extensively studied. The average charge state of I+n was 

found to be +7 with the maximum charge extending to +16. Studies 

have also been carried out to elucidate the nature of the reacting 

species. 8- 13 

Excitation labelling methods have several advantages. II The 

labelling technique is simple even for high molecular weight bio-

molecules. The labelled molecules can be efficiently purified by 

high pressure liquid chromatography and other analytical techniques. 

Furthermore, the molecule can be easily labelled and screened for 

specific biological activities. 

In most cases, a neutron source or particle accelerator is 

required for the preparation of the radioactive species which carry 

out the labelling. Virginia Tech is fortunate to have a neutron 

reactor available on campus for neutron irradiation. Thus, it was 

possible to carry out the excitation labelling and modified labelling 

techniques by generating the source of 80Br or 82Br required for the 
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preparation of 80Rr_ or 82Br-label1ed molecules by irradiating CF
3
Br 

with thermal neutrons from the VPI&SU nuclear reactor. 

B. Research Objective 

The present research project was directed towards the application 

and the understanding of the excitation labelling methods by which 

the radioactive bromines were incorporated into a number of bio-

molecules. Emphasis was put on a simple, fast and direct procedure 

which does not require time consuming chemical synthesis to produce 

carrier-free radiobrominated molecules. The decay induced incorpor-

ation of bromine via a bromine-for-hydrogen exchange was chosen for 

these reasons. Further studies were carried out to evaluate the 

effect of different labelling conditions on the radiochemical yields 

and the chemical stability of the labelled molecules. The mechan-

istic studies included the labelling of model compound aniline. 

The studies can be divided into five series of experiments, 

according to their objective. For convenience in several series of 

experiments, only 80Br sources were used. Although 80Br , being a 

neutron emitter, cannot be satisfactorily applied in nuclear medi-

cal diagnostic studies, its reactions, when formed as a result of 

80mBr (IT)80Br , are basically the same as those of 82Br . This simil-

, 80 
arity is due to the fact that Br is also generated in an isomeric 

transition process which is very similar in its characteristics to 
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The first series of experiments established the analytical 

technique for the labelled product analysis. High pressure liquid 

chromatography was used to separate the radioactive biomolecules 

from the substrate molecules. The separations were achieved by using 

different columns and separation conditions, such as temperature and 

pH of the solvent. Having established the retention times by using 

authentic samples of the substrate molecule, its non-radioactive 

bromo-analogs and other compounds such as KBr and KBr03' the labelling 

experiments were carried out by using different substrates. 

The second series of experiments involved several labelling 

methods. These methods utilized reactive bromine species initially 

produced by nuclear transformation to induce a Br for H exchange, 

and included direct CF38Om{82m)Br gas exposure labelling, 

CF380m(82m)Br-C12 gas exposure labelling and the CF38Om(82)Br-KBr03 

gas exposure labelling. The biomolecules were acetic acid, deoxyuri

dine, guanosine, deoxycytidine, I-tyrosine, phenyl-alanine and hippu-

ric acid. The CF380m(82m)Br-KBro3 gas exposure technique was found 

to be an especially mild brominating procedure in which the substrate 

molecules were exposed only to a negligible amount of radiation. 

However, this latter method failed to achieve a Br for H exchange 

in several of the substrates investigated. Therefore, a deliberate 

effort was made to develop this technique to a more generally applic

able method for 80Br incorporation by exchanging 80Br with a more 
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weakly bound atom than hydrogen in some biomolecules. To this end, 

iodobiomolecules were used as substrate molecules so that the 80Br 

for I exchange could be used for labelling. 

The third series of experiments established the effect of various 

labelling conditions on the radiochemical yields. The labelling 

conditions under investigation included the labelling temperature t 

the amount of Cl2 gas, the substrate concentration and the pH of the 

labelling mixture. These labelling conditions were changed system

atically to maximize the radiochemical yields. 

The fourth series of experiments included an evaluation of the 

effect of labelling conditions and type of reactants on the exchange 

mechanism. The experiments included the study of the Br for H 

exchange by using different radiobromine sources. 

Finally, some studies were carried out on the labelling mechan

ism by using aniline as a model molecule. The distribution of radio

active bromine in the labelled product would aid in understanding the 

nature and the reactivity of the labelling species. 

C. Choice of Biomolecules 

The biomolecules labelled included acetic acid, deoxyuridine, 

deoxycytidine, guanosine, l-tyrosine t phenyl-alanine and hippuric 

acid. The criteria for selection were the possible use of these 

labelled biomolecules as radiopharmaceuticals for nuclear medical 

studies, their potential application in biological studies, and the 
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fact that attempts have previously been made to label some of these 

molecules by conventional chemical synthesis. In order to illustrate 

the molecular similarity between molecules with anti-cancer and other 

clinical activities, and the proposed biomolecules, figures 1 and 2 

show their chemical structures. I4 The following discussion outlines 

the possible applications of these labelled biomolecules. Later on, 

in the section on the review of pertinent literature, the discussion 

will focus on the synthesis of these biomolecules and other similar 

biomolecules used as drugs or radiopharmaceuticals in various medical 

studies. 

Acetic acid labelled with radioactive bromine could be used in 

biological andanti~umor investigations. Bromo-deoxyuridine could 

localize in a breast cancer tumor and thus exert therapeutic effects, 

similar to the application of fluoro-deoxyuridine in the treatment 

of breast cancer. Bromo-deoxycytidine could function as an anti

leukemic agent as in the case of cyclo-deoxycytidine as shown in 

figure 2. Bromo-guanosine has the same basic structure of ~-TGdR 

(fig. 2) which showed anti-cancer activity. The labelled amino acids 

included bromo-l-tyrosine which could be used for liver scanning, 

and bromo-phenyl-alanine for pancreas scanning. Bromo-hippuric acid 

could be used for kidney clearance studies. IS 

The chosen model compound for an evaluation of the exchange 

mechanism was aniline. The functional group effect on the labelling 
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distribution of different positions would aid in the elucidation of 

the labelling mechanism and the labelling intermediate. 

It is important to point out that the labelled biomolecules 

might show different clinical properties in comparison to the non

radioactive compounds due to various factors. 16 Therefore, further 

clinical investigation would be required to show the merit of these 

labelled biomolecules as radiopharmaceuticals for nuclear medical 

studies. 

D. Nuclear Medical Methods 

Radiopharmaceuticals have been applied to solve various medical 

problems by using either the in vivo or the in vitro approach. 17- 20 

By using the in vivo approach, the radiopharmaceuticals can be used 

to carry out diagnostic tests such as localization and function 

diagnosis. 

Radioactive iodine has been used extensively for thyroid gland 

localization diagnosis. Figure 3 shows the diagnosis of suspected . 

carcinoma by 1311 .21 The enlarged right node of the thyroid is evi

dent in the scintigram. The 'blank' area on the left in this scinti

gram signifies the reduced iodine storage in most parts of the thyroid. 

1311 was also used for function diagnosis in thyroid. Figure 4 shows 

the biological retention of 1311 by dogs versus the number of days 

after the injection. 22 For dogs without thyroiditis, the uptake 

after two days was about 2%. Then the radioactivity decreased slowly 
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to a value of about 0.8% after 17 days. However, for dogs with 

thyroiditis, the uptake after two days was about 2%t but the rate of 

loss of radioactivity was about two to three times faster in compari-

son to the previous case. 

Another in vivo approach involves the utilization of radiopharma-

ceuticalsfortherapeutic purposes. Advances in therapeutic uses 

during the past twenty years have been limited. 23 ,24 RecentlYt 

however, emphasis has been directed towards the extention of radio

pharmaceuticals for therapeutic uses. 25 The radiopharmaceuticals 

included 1311 , 32pt the colloids of 128Au , 32p and 90y • 32p was 

successfully used in treating chronic myelogenosis leukemia and other 

blood diseases. 26 The radioactive 32p interrupted the abnormal 

hematic cell multiplication by its deposition and its emitted beta 

particles, causing radiation damage to the cells in bone and bone 

marrow. 32 After receiving P treatment, the chronic myelogenosis 

leukemia patients had a median survival time of forty-seven months. 27 

The advantages of the 32p treatment included the ease of therapy, 

and the absence of extrahematic effects. 

The in vitro medical methods involved the radioimmunoassay of 

the specimens such as blood or other body fluids, urine, faeces or 

biopsy specimens. 28 ,29 The radioactivity assay could be carried out 

by scintillation counters, Geiger-Muller counters and other detectors. 

The T-3 uptake test of thyroid function involved adding 1311 or 

1251 labelled triiodothyroxine to a sample of the patient's serum. 
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The radioimmunoassay would indirectly measure the saturation of thy

roxine primary binding sites, part of the iodine cycle within the 

thyroid gland. The advantages of this test include (1) the ease of 

performance and reproducibility; (2) low cost; (3) not requiring the 

patient's presence; (4) The radiopharmaceuticals were not injected 

into the patients; (5) the procedure could be performed at a later 

date; and (6) the results were not being affected by exogenous iodide. 

In order to carry out these nuclear studies successfully, one 

of the criteria is the effective labelling and use of radiopharma

ceuticals. This research project, as described previously, was par

tially directed toward these goals. 

E. Characteristics of Radiopharmaceuticals 

Radiopharmaceuticals include a large variety of radioactive 

chemicals used in medicine for therapeutic, diagnostic t in vivo and 

in vitro studies,30-32 The following discussion is limited to in 

vivo nuclear medical methods for diagnostic purposes because of the 

ample emphasis on this subject for the past decade. It will be 

discussed from a radiochemist's point of view with reference to such 

considerations as the type and energy of the radiation, the localiz

ation methods, and some other problems associated with radiopharma

ceuticals. 

An ideal radiopharmaceutical used for diagnosis should have the 

following characteristics: the radionuclide should be a ~ or p+ 
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emitter whose photons have enough energy to pass through the body 

barrier. On the other hand, the radiation should not penetrate 

through the shielding of the detection device. Therefore, the energy 

range of the photons emitted should be between 20 and 600 kev. The 

radionuclides should not emit ~- or ~ particles or decay by E.C. 

because of the extensive radiation damage associated with this 

radiation. The biological properties of the radiopharmaceutical should 

include the selective partitioning between neoplastic and normal 

tissue. The radiopharmaceutical should have an adequate effective 

biological half-life and it should be non-toxic to the organ and 

exert minimal radiation damage. The following discussion outlines 

some of the principles of nuclear medicine as related to the biologi

cal properties of the radiopharmaceuticals • 

. The methods of localization diagnostics of radiopharmaceuticals 

are numerous,33 and were recently reviewed by wagner. 34 The thera

peutic 'magic bullet', i.e. using radiopharmaceuticals for therapy 

has, so far, rarely materialized. Rather, the applications included 

active transport, phagocytosis, cell sequestration, capillary block

age, simple or exchange diffusion studies and compartmental locali

zation. Nuclear medical diagnosis and therapy can be carried out by 

using these localization methods. 

Another important characteristic is the effective biological 

half-life. 36 Following the administration of a radiopharmaceutical, 
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the concentration of radioactivity increases fairly rapidly to a 

maximum, as the radiopharmaceutical arrives at the organ. Then, the 

radioactivity falls off gradually as the radionuclide undergoes 

radioactive decay with its characteristic half-life. The radio-

pharmaceutical is also excreted from the body. Thus, the effective 

biological half-life of the radiopharmaceutical depends on two factors, 

the physical half-life of the radionuclide and the biological half-

life of the radiopharmaceutical within the organ. This latter factor 

is governed by the metabolic rate of the patient. If the physical 

and biological half-lives are comparable, the effective biological 

half-life can be calculated by equation (1), 

where tt, t a, and tp are the :effeetive,hiological and physical 

half-lives. It is important to point out that for short half-life 

radiopharmaceuticals, the effective biological half-life depends 

mainly on the physical half-life of the radionuclide. By using the 

short half-life radiopharmaceuticals, the absorbed dosage to the 

patient is reduced, as outlined in the following paragraph. 

From the effective biological half-life, the total absorbed 

dosage can be calculated by equation (2),36 

Total absorbed dose = Initial absorbed dose rate 

X tE x 1.44 (2) -----
where tE x 1.44 = Mean life. The total absorbed dose also depends 
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on the type and the energy of radiation, the size of the tissue, and 

other factors. This requires information which can be obtained from 

literature, handbooks, and, if necessary, by doing experiments using 

phantoms. Thus, it is possible to estimate the total absorbed dosage 

of the patients from different radiopharmaceuticals. 

Other problems associated with using radiopharmaceuticals include 

sterility, pyrogenicity, radionuclidic, and radiochemical purity.37,38 

The first two problems can be solved by testing and careful cleaning 

and handling of the preparation equipment and the labelled products. 

The use of Millipore filters and distilled water is a good example 

of the procedure to get rid of possible contamination from micro

organisms. However, for short half-life radiopharmaceuticals, the 

testing is more difficult to carry out, and is usually performed only 

after the material is given to the patient. Therefore, the emphasis 

on the controls of the latter two problems, the radionuclide and 

radiochemical purities, become more important. The radionuclidic 

purity can be defined as the proportion of the total activity that is 

present as the stated radionuclide. This problem can be controlled 

by the choice of radionuclides and appropriate separation techniques. 

The last problem, that of radiochemical purity, defined as-fraction 

of the radionuclide present in the stated chemical form, can be 

controlled by carrying out product analysis beforehand, such as by 

using paper chromatography, TLC and HPLC techniques. The purity and 

the stability of a given radiopharmaceutical should be studied as a 
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function of time and of other factors. With all this information 

available, a more meaningful application of radiopharmaceuticals is 

possible. By understanding the various characteristics and the 

problems, the preparation and the application of radiopharmaceuticals 

can be better designed and completed by the radiochemist, the physi

cian and other concerned personnel. 

F. "Short" and "Long" Half-life Radiopharmaceuticals 

Radiopharmaceuticals can be characterized by the half-life of 

the incorporated radionuclide into "short" and "long ll half-life 

radiopharmaceuticals. The "short" half-life ranges from minutes to 

a few days. The advantages of these "short" half-life radiopharma ... 

ceuticals include (1) the reduction in dosage to the patient; (2) the 

injection repeatable at different intervals; and (3) the good count

ing statistics. 2 The disadvantages are (1) the difficulty in prepar

ation; (2) the short half-life reSUlting in short shelf-life; and 

(3) the decay during measurement. The advantages and disadvantages 

of the "long" half-life radiopharmaceuticals are exactly the opposite 

of those of the "short" half-life. Thus, no further discussion 

need be included. 

Recently, the number of short half-life radiopharmaceuticals 

increased greatly due ,to the availability of generators, such as 

99mTc generators. 123r(t~=13 hr), a better label than 125r , has 

gradually been applied in nuclear medical studies in the United State~ 
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So far, only 40% of the 1231 productivity potential is utilized for 

nuclear medicine. 38 However, in Europe, there is presently a shortage 

in 1231 supply. It was generally agreed by the panel during the 

"First International Symposium on Radiopharmaceutical Chemistry" 

that the medical profession should be strongly urged toward further 

utilization of 1231 due to its advantages and availability. Other 

nuclides, such as lIe and I3N, have been successfully used for label

ling and in nuclear medical studies. The preparation of these 

positron emitters requires an "in-house" medical cyclotron. 39 

Therefore, their availability is limited to large hospital centers • 

. 77Br(t~=58hr), also a positron emitter, had been successfully in

corporated into a number of biomolecules for nuclear medical studies. 

The proposed project in this dissertation describes an attempt 

to label biomolecules with short half-life bromine nuclides, 80Br 

and 82Br • The labelled 82Br biomolecule could be used as a short 

half-life radiopharmaceutical. This study is intended to establish 

the labelling conditions and the radiochemical purities of these 

labelled biomolecules. 

G. Excitation Labelling Methods and Other Radiochemical Consideration 

The excitation or direct labelling method can be used to in

corporate 80Br and 82Br nuclides into a number of biomolecules. The 

principles and the merit of this method are outlined in an earlier 

section on page I. In order to be able to understand these labelling 
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procedures and the modified labelling methods, a more thorough dis-

cuss ion is presented here on the principles of the excitation label-

ling and the radiochemistry involving the radioactive decay of radio

active bromine and CF382m(80m)Br. 

Table I outlines the properties of some short half-life radio-

active bromine nuclides suitable for nuclear medical applications 

and labelling purposes. 40 77Br has a half-life of about 56 hours, 

and decays 1% by positron emission and 99% by electron capture. 

77 The gamma radiation emitted in the radioactive decay of Br consists 

of photons with energies of 242 kev (30%), 300 kev (6%), 520 kev 

(24%) and 580 kev (7%). The 56 hours half-life and the energy of 

the gamma rays are ideal for long-term nuclear medical study such as 

muscle blood flow and capillary permeability.41 77Br can be pro-

duced by bombarding a 75As target with 0\ particles from a cyclo

tron via the 75As (o{,2n ) 77Br reaction. (This reaction cannot be 

carried out at the,VPI&SU reactor). 

However, the other four short half-life radionuclides could be 

79 81 obtained by neutron bombardment of the natural, stable Br and Br, 

each having a 50% natural abundance. 40 The nuclear reactions were 

as follows: 

79Br (n, Y) 8OmBr , 80Br (3) 

81Br (n, Y) 82mBr, 82Br (4) 

The metastable 80mBr and 82m 
Br nuclides undergo isomeric transition 

to form 80Brn+ and 82Brn+ repectively.42,43 These species were used 
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Table I 

Properties of some Bromine Isotopes 

Isotopes Half-life Decay Modes, Radiation Energies 

77Br 58 hr. :h 
EC; (ft ) ; 0.25, 0.52, 0.58 

etc. 

80Br f1 -17.6 m. 2.02, 1.38; 0.62 

80mBr 4.5 hr. IT, e ('() 0.048 

82Br 35.3 hr. J3 - 0.44; 0.25-1.48 

82mBr 6.1 m. IT, - ( 'I) 0.046 e , 
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for labelling biomolecules as explained later on on page 24. 

BOBr decays with a half-life of 4.5 hours, mainly by negatron 

emission. Only a small fraction of the radioactive decay of BOBr 

results in the emission of 0.62 Mev gamma. Therefore, this cannot 

be considered an ideal radionuclide for nuclear medical diagnostic 

purposes. 82Br , however, decays with a half-life of 35.3 hours, 

emitting negatron and gamma with energy ranging from 0.25 to 1.4B 

Mev, which are more suitable for nuclear medical diagnostic purposes. 

BOmBr was used instead of 82mBr in several series of experiments, 

because the nuclear transformation BOmBr (IT)BOBr is basically the 

same as 82mBr (IT)82Br • Therefore, the following discussion of the 

source of labelling methods and other radiochemical considerations 

are centered around 8OmBr , 80Br and CF3B~r. 

In order to obtain BOmBr for excitation labelling, CF3Br is 

subject to neutron irradiation for 30 to 60 minutes to form 

CF3
80mBr and other products as outlined earlier on page 20. The 

nuclear reaction 79Br (n, ()8OmBr is described in detail in figure 5. 

The natural, stable 79Br , bombarded with a neutron, forms the excited 

8OmBr • This highly excited 80mBr becomes deexcited by the emission 

of one or more photons. The ground state 80mBr receives as a result 

of the photon emission, a recoil energy of about 250 ev (Max). 

The recoil energy, ER, can be calculated as follows: 

ER = E2 = 250 ev(Max) (5) 
2MC2 
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where E = the energy of the emitted gamma, M = the mass of the decay-

ing nuclide, and C = the velocity of light. The available recoil 

energy is large enough to rupture the C-Br bond. The free bromine 

atom speeds off with high kinetic energy and collides with surround-

ing atoms. The temperature equivalence of such an energetic bromine 

atom is about a million degrees, and hence, the term "Hot" bromine 

atom undergoes subsequent "Hot" atom reactions to form CF3
80mBr and 

other products. This product, CF380mBr can be separated from the other 

products by gas chromatography, and transferred to a reaction vessel 

80 to be used as source for Br species later on. 

The excitation labelling process is then initiated by the isomeric 

transition of 80~r as represented by figure 6. 80m Br undergoes 

isomeric transition to a lower excited state by emitting a 49 kev 

gamma with a half-life of about 4.4 hours. 40 A further de-excitation 

to ground state 80Br follows with a half-life of 7.4 nanosecond. 

The nuclear chemical events following these isomeric transitions 

subsequently generate a low energetic bromine species for labelling 

as described on page 26. 

80Br decays mainly by negatron emission with a half-life of 18 

minutes to form 80Kr and partially by positron emission and electron 

capture to form 80Sc • 

The isomeric transition of 8~r to 80Br is largely internally 

converted, creating inner shell vacancies. The inner shell vacancies 
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are subsequently occupied by electrons from outer shells. The energy 

created in this latter process appears as X-rays, which in turn eject 

outer shell electrons via a photo-electric effect. This overall 

process is known as the Auger Effect. 

Such a series of Auger processes, also termed as "Vacancy Cascade" 

(fig. 7) takes place in about lO-15seconds.45 As a result of this 

vacancy cascade, the decaying nuclide aquires a high positive charge, 

L +. This highly charged 80Br L + ion, still attached to the neighbor-

ing carbon undergoes charge delocalization. One or more electrons 

80 Lt-are removed by Br ion from the neighboring carbon, creating 

positive charge on the latter. The likewise charged ions strongly 

repel each other by coulombic repulsion. The molecule explodes, 

creating fragmented charged ions. 46 This process is termed CQulombic 

Explosion, as shown in figure 6. 

As a result of the coulombic explosion of CF3
8OmBr, the predomi-

n+ nant charge of Br is +7, as suggested by charge spectrometric 

measurements. 47 The percentage of bond rupture is as high as 95% 

and 99% for CH3
80rnBr and CF3

80mBr molecules, respectively. In order 

to obtain a larger amount of Brn+ species for labelling, CF380mBr 

was the preferred labelling molecule. in providing the positive 

80Brn+ i on. The 80Brn+ ion undergoes charge transfer with its neigh-

boring atoms and molecules. During these processes, 80Brn+ 

aquires a lower positive charge, and also reaches a lower level of 

translational energy before reacting 0 r "labelling" the substrate 
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biomolecules. Thus, the initiation of the excitation labelling can 

be summarized by the following nuclear process: 

80mBr -IT--~) 80Brn+(Hot) ~80Br+(thermal)----(6) 

The advantages of this excitation labelling process have already been 

discussed in the preliminary remarks on page 1. 

Further discussion involves the theoretical consideration of the 

labelling time. The estimation is based on the assumed transient 

equilibrium between the activity of the longer half-life parent, 

8OmBr(t~ = 4.4 hours) and the short half-life daughter, 80Br (tl = 18m}. 
-~ '2 

The activity of 80Br , A2 , is calculated as follows: 48 

A2 '\ 
A2 = ------.AAi (e-J\lt_e-~2t )---(7) 

~ 2 - Al 
= the decay constant of 80Br and BOmBr respectively, where "'2' A1 

A; = activity of 80mBr at time zero, and t = reaction time in minutes. 

80 Figure 9 shows the typical growth of Br activity versus reaction 

time by arbitrarily choosing an initial activity of 80mBr to be about 

4300 disintegration per minute. The Br activity maximizes at about 

40 minutes. Thus, a reaction time of about 40 minutes will provide 

80 the maximum Br activity of the labelling biomolecules for accurate 

radioactivity determination. Actual experiments have been carried 

out to help to determine the choice of the reaction time. 

H. Review of Pertinent Literature 

This review is mainly concerned wi.th the radioactive halogen 

labelling of the proposed biomolecules .. or. biom.oleeules with similar 
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structure, which have already established antitumor activity. A very 

comprehensive review on the synthesis of the short half-life radio-

pharmaceuticals and labelled compounds has recently been presented 

by Wolf and co-workers. 2 That review was mainly concerned with 

labelling of organic compounds with short half-life nuclides for 

nuclear medical studies. Other sources of labelling procedures 

include proce.edings- published on several symposiums on radiophama

ceuticals. 1 ,2,23,30,49 This review outlines the radiochemical yields, 

the length of the chemical synthesis, the synthetic schemes and the 

labelled products. 
50 

Acetic acid was labelled with 14C and 1311 by Brody and Spencer. 

This investigation was initiated because iodoacetic acid exerted 

antitumor effects and could be applied to patients with a variety of 

neoplasms. The study involved synthesis, distribution and retention 

of this radiopharmaceutical. The synthesis was accomplished by mixing 

1_14c-chloroacetic acid and Na1311 in acetone at room temperature. 

The yield was about 55% of the theoretical. The purity was checked 

by melting point and TLC. Upon standing for several weeks, the 

compound underwent partial decomposition. 

131 Uracil and cytosine were labelled with 1 through an exchange 

reaction. Wheeler and DeBros utilized the iodouracil and iodocytosine 

as the starting materials. 51 The exchange reaction was carried out 

by mixing the iodouracil or iodocytosine with Na131I (in sodium 

sulfite) in water at about 100°C for 30 minutes for iodouracil, and 
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2 hours for iodocytosine. The exchange rate constant of iodouracil 

was greater than that of the iodocytosine. 

Another way of labelling uracil, the 18F recoil labelling, was 

carried out by Lebowitz, ~ichards and Baranosky.52 Upon bombarding 

with deuterons, the neon gas atoms underwent the 20Ne(d,~) 18F recoil 

reaction. In the presence of solid uracil on the reaction vessel 

18 side wall, the highly energetic recoiling F would be incorporated 

into the uracil with yields of only 1%, comparable to those of the 

classical synthetic techniques. The reaction time was about two hours. 

The labelled uracil possessed high specific activity_ 

5-82Br-deoxyuridine and 5-82Br-deoxycytidine were synthesized 

by Kriss and co-workers for in vivo and in vitro studies. 53 ,54 A 

82Br2-CCl4 mixture was used to brominate deoxyuridine/formamide 

solution. The product was obtained by extraction and subsequent 

purification by passing through Dowexl-CI anion exchange resin. The 

purity was confirmed by paper chromatography. 

A simple preparation of 5_ 13 lIodo-deoxyuridine , using iodine 

55 monochloride was carried out by Brownstone. I mg. of deoxyuridine 

was added to the 131Iodine monochloride in acetic acid solution, 

and the mixture was heated in a water bath at 60°C for 1~ hours. 

The labelling yield was about 65%. The purity was confirmed by liquid 

chromatography. 

Wolf and co-workers labelled adenine and purine with fluorine-IS,. 

The labelling procedures were not available in their review article. 2 , 
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The synthesis time was two hours for these two compounds. The specific 

activities for 2_18F-fluoroadenine and 2_18F-fluoropurine were .16 

and .033 mCi/mg respectively. 

Wolf and co-workers prepared 1231-4-iodophenylalanine by the 

exchange labelling method in the melt. 56. The 1231 species was ab

sorbed on the glass surface as a result of the 123Xe decay. Then, 

twelve milligrams of 4-iodo-DL-phenylalanine ethyl ester were injected 

onto the glass surface containing 1231 species within the reaction 

vessel. 
o 

This sealed vessel was heated for one hour at 155 C. After 

the reaction was completed, the labelled product was isolated by 

various procedures. The radiochemical yield was about 43.5%. The 

synthesis time was about two hours. The specific activity was about 

0.014 mCi/mg. 

The preparation of 18F labelled p-fluorophenylalanine was carried 

out by Goulding and Palmer. 57 The 18F exchanged with the fluorine 

in 4-(2',2'-dicarbethoxy -2'-acetamidoethyl)-phenyl diazonium tetra-

fluoroborate in aqueous solution at room temperature. The labelled 

18 product underwent pyrolysis and hydrolysis to give F-p-fluoro-

phenylalanine. The purification process was carried out by column 

chromatography using Amberlite IR4B. The radiochemical yield was 

about 6%. The specific activity was about 10.9 mCi/mg, anf the total 

synthesis time was about 238 minutes. 

Lemmon and co-workers carried out the 131I-iodo-tyrosine micro

scale labelling. 58 The reaction consisted of mixing 1311 solution, 
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KI03 , acetic acid and L-tyrosine for six hours. Paper chromatography 

was used for identification purposes. The specific activity was 

498 pCi/pmole. The yield was 32%. These results indicated that there 

was a complete exchange between inorganic and organically-bound iodine., 

123I-Iabelled hippuran was prepared by Robbins and Fortman. 59 

Hippuran, sodium salt of orthoiodohippuric acid) was added to an 

123 alkaline solution of I. The exchange reaction occurred at pH 

of 5.8 to 6.0. The purification was carried out by ion exchange or 

prepcipitation of orthoiodohippuric acid. The radiochemical purity 

was checked by paper chromatography. The labelling yield and time 

were 50% and three hours, respectively. The activity of the 1231_ 

labelled hippuran was approximately 2mCi/4Omg/ml. This procedure 

was modified by Gillet and co-workers to obtain a much higher 

labelling yield of greater than 98%.60 



CHAPTER II 

EXPERIMENTAL 

The labelling of short half-life 80Br_ and 82Br_ biomolecules 

requires a fast, efficient separation by high pressure liquid chroma-

tography. This discussion of the experimental techniques follows the 

order of the labelling studies. Firstly, the HPLC was set up accord-

ing to the demand of the studies. Appropriate columns were used for 

different compounds with standardized conditions. Secondly, the 

radioactive source used in the labelling reaction was prepared by 

neutron irradiation. Thirdly, the labelling reaction was carried 

out for a given amount of time. Finally, the product analysis was 

carried out by HPLC as established in the first part, and the radio-

activity assay performed to evaluate the radiochemical yields. 

A. High Pressure Liquid Chromatography 

The principles of high pressure liquid chromatography have been 

discussed in detail by Snyder and Kirkland,61 and Hadden and others.
62 

Stocklin, et, al. had used HPLC for the separation of carrier free 

63 64 inorganic compounds.' The efficient separation by HPLC is 

especially important in the preparation of biomolecules labelled with 

radionuclides having a short half-life. The short separation time 

of HPLC, ranging from twenty minutes to forty-five minutes, allows 

for an accurate determination of radiochemical yield of 80Br-labelled 

35 
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biomolecules under various labelling conditions before the radioac-

tivity decays to the point where the accuracy of the measurement is 

being affected. Truly, the advent of HPLC has made the preparation 

of short half-life labelled biomolecules more feasible. 

The development of HPLC was primarily based on the various 

technological advances in equipment, column packings, and theory in 

the late sixties. The advances in equipment includes different kinds 

of high pressure pumps, low dead-volume flow systems and high sensi

tivity detectors. The theory of HPLC is basically the same as in 

GoC. 65 and has been described elsewhere. 6l ,62 In early 1969, the 

potential advantages of HPLC were recognized through a special session 

on liquid chromatography in the Fifth International Symposium on 

Advances in Chromatography.66 Recent instrumental developments include 

fluorescence detection by Schoeffel Instrument Corporation and others 

and the Prep/LC System 500 by Waters Associates. These developments 

undoubtedly enhance the preparation of labelled biomolecules, espe

cially if a large quantity is required within a short time; by uti

lizing the Prep/LC system. This system can separate gram quantities 

in less than thirty minutes. Thus, the labelling procedures developed 

here can be further modified by using the Prep/LC 500 in separating 

a larger quantity of labelled biomolecules. This will enhance the 

possibility of utilizing this procedure in the preparation of the 

labelled biomolecules as radiopharmaceuticals. Thus, the application 

of more recent developments in analytical techniques as well as the 
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further investigation of various labelling techniques have made the 

preparation of short half-life labelled biomolecules more practical. 

1. Basic Concepts 

As the solute molecules migrate down the column, they are separ-

ated into chromatographic zones. The resolution, R, between two 

peaks is defined as 

2At ---(8) 

2 

where tR2 & tRl = retention times of the retained components and 

w2 & wI = widths in units of time measured at the base. The two 

contributing factors to resolution are column efficiency, which 

governs the peak width, and column selectivity, which governs the 

peak separation. 

The column efficiency can be estimated by the number of theor-

etical plates, N. 

= 16 (~ ---(9) 

where 6 = peak standard deviation and w = 46. In comparing columns 

of different lengths, the column efficiency can be expressed as the 

height equivalent to a theoretical plate, HETP or H, 

L 
H = 

N 

where L = length of the column. 

-----(10) 
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The chromatographic separation processes depend on the sample 

compound's zone spreading. There are three main factors contributing 

to zone spreading: (1) multiple paths; (2) molecular diffusion; and 

(3) mass transfer. 

The mUltiple path refers to the different flow velocities through 

a column. By following flow streams, the molecules move rapidly 

down the column. Other molecules move into slower moving streams and 

stay behind. Thus, the different flow velocities result in zone 

dispersion. The contribution of flow inequalities to plate height, 

due to this multiple path effect is designated as A. 

Molecular diffusion of the solute in the mobile phase depends 

on the time, the tortuosity factor of the packing, and the diffusivity 

of the mobile phase. The contribution to the plate height can be 

designated by Blu, where u is the flow velocity. 

The mass transfer refers to the solute molecules passing into 

and out of the packing material. The differing transfer rates of 

different solute molecules cause zone dispersion as some molecules 

would migrate ahead of the others. Since mass transfer depends on 

the phenomenon occurring in both the stationary and mobile phases, 

there are two contributions to the plate height, the stationary phase 

contribution,Cs ' and the mobile phase contribution,Cm • Thus, the 

total plate height, H, can be expressed as 

H = A + Blu + Cs + Cm (11) 

High performance columns have plate heights between 0.03and 1.0 mm. 
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Column selectivity, 0( , is expressed as 

~= = ------f12) 

where t R2 , tR1' and tm = retention times of components 2,1 and solvent, 

and where K2 & K1 = distribution coefficients Jfcomponents 2 & 1 

respectively.. The elution volume, V
R

, of a peak is given by 

----(13) 

where Vm = tm x flow rate and Vs = stationary phase volume.. The 

distribution coefficient, K, depends on the mobile phase, stationary 

phase, nature of the solute and temperature. This temperature variable 

can be used extensively for analysis of labelled products. The advantages 

of high temperature separation include: (1) shorter retention time; 

which is important in separation of short half-life labelled biomole-

cules; (2) improved column efficiency~ and (3) short stabilization 

time, thus avoiding the waiting time involved in solvent and column 

changeovers. It is important to point out that the difference in 

temperature dependence between inorganic ions Br and Br03- , and 

organic substrate and bromo-analogs have made the separations possible 

within a short time. Thus, the column selectivity is improved by 

changing the distribution coefficient K through higher temperatures. 

The capacity factor, k', defined as 

k' = VR - Vm 
Vm 

---(14) 

( VR and Vm are the elution volumes of a peak and solvent)~ ind~cates 
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the retention of the compound by the column packing .. If k' is 

small, the compound is not well retained, leading to poor separation. 

Thus, the resolution is related to efficiency, selectivity and 

capacity factors as follows : 

1,.-::;0{-1 k' 
R = 4~N ~( k'+l) 

ABC 

---------(15) 

where A = column efficiency term; B = selectivity term; and C 

= capacity factor term. The majority of the product analysis 

had been carried out efficiently by changing the column sel-

ectivity factor, 0(. This has been done in terms of higher 

temperature separations,higher ionic strength, and low pH of 

the solvent. In order to retain the resolution, low dead-

volume connections and small I.D. tubing was used in the 

high pressure liquid chromatography. The following paragraphs 

describe the high pressure liquid chromatography and the various 

techniques involved to produce a high efficiency separation. 

2. High Pressure Liquid Chromatography Systems 

The high pressure liquid chromatography equipment used in this 

study was made by Instrument Specialties Company (Lincoln, Nebraska) 

and is shown in figure 10. It consists of a syringe pump, Model 314 

and UV detector, Model UA-4. The schematic, as shown in figure 11 

indicates the layout of the chromatograph modified to carry out the 

separation of labelled compounds. The syringe pump, A, delivers 
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FIGURE 10 AN ISCO HIGH PRESSURE LIQUID CHROMATOGRAPH I 
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solvent through the valve, B, according to the flow rate of the moni

tor. The pressure is monitored by a 3000 psi pressure gauge, C, 

made by Matheson (East Rutherford, N.J.). The connecting tubing is 

stainless steel with 1/8 inch o.d. and two mm i.d. The solvent flow 

is controlled ~y another 3-way valve, D. This valve, D, serves three 

purposes. Firstly, it 'locks in' the pressure upstream during a stop

flow injection downstream. Secondly, it acts as the safety valve for 

the chromatograph in emergencies. Thirdly, it directs the solvent flow 

for slurry packing as discussed later on in another section on page 

55. The solvent, directed by valve D, flows into the injection port 

of either column E or column F. The injection port, made by Varian 

Aerograph (Walnut Creek, California), can withstand pressures up to 

5000 psi. The chromatographic column, connected to the injection 

port, is made of 316 stainless steel from Supelco Inc. (Bellefonte, 

Pennsylvania). A heating "jacket" is wrapped around the column for 

above room temperature separation. The bottom of the column is con

nected to the detector through a low dead volume union, and 1/8 inch 

O.D. and small I.D. polyethylene tubing, provided by ISCO. The 

detector is set at 254 nm for mass peak identification and the solvent 

is collected in a vial for radioactivity assay. The mass peaks are 

recorded by a Heath Schlumberger Strip chart recorder, G, for per

manent record keeping. In order to better illustrate the separation 

processes, a detailed discussion of each part of the chromatograph 

is included in the following sections in the order of the schematic, 
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as shown in figure 11. 

3. High Pressure Liquid Chromatography Pumps 

In high pressure liquid chromatography, the columns are packed 

with small sized particles, which are resistant to solvent flow. 

Therefore, a high pressure pump is needed in order to carry out an 

efficient separation. The requirements of these pumps are as follows: 

(1) the pump is made of material chemically resistant to the solvent; 

(2) the pressure generated by the pump ranges from 500 psi to 6000 psi; 

(3) the pump is to be pulse-free or have a pulse-damper; and (4) diff

erent rate can be used for different analysis. The pumps can be 

classified as follows: 67- 69 

(1) Constant pressure or pneumatic pumps: 

(i) Simple direct pressure pumps-The gas cylinder exerts pres

sure on a collapsible container on a coil of tubing 

filled with solvent. The maximum pressure is about 

1500 psi. 

(ii) Pneumatic amplifier pumps-The gas pressure is amplified 

by using a large-area pneumatic piston and a small-area 

liquid piston. The pump provides pulse-free, constant 

solvent flow. 

(2) Mechanical Pumps: 

(i) Reciprocating pump-The pump plunger pushes the solvent 

into a flow system in one stroke and the solvent is 
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taken into the pump cavity on the return stroke. 

The reciprocating action generates pulsations .. which 

change the solvent flow. The pulsations cause 

baseline noise. Thus, a pulse-damper has to be used 

to minimlze the drift. 

(ii) Syringe pump-The piston is pushed up by a screw, driven 

by a set of gears controlled by a motor. The flow-

rate can be changed by the pump monitor controlling 

the motor. The high pressure pump used for this pro-

ject is a positive displacement syringe pump, manufac-

tured by Instrumental Specialties Company (Lincoln, 

Nebraska). The pump cylinder is made of stainless 

steel, highly resistant ·to oxidation and reduction. 

The total volume is 375 rol., providing enough solvent 

for an average of 5 to 8 analyses of labelled product. 

The piston is surrounded by graphite-filled Teflo~ 
seal, activated by pressure to prevent ,leaking. This 

pump system provides constant, pulse-free solvent flow 

without any damping. The limited solvent volume, 375 

mI., is adequate for analysis of labelled product, hut it 

is not suitable for preparative scale separation. The 

manual crank serves two purposes! (1) to build up press-

ure quickly; and (2) to fill up the cylinder. Conse-

quently, the solvent changeover is slower as compared 
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to other pump systems, such as the reciprocating pump. 

The Varian 8500 High Pressure Liquid Chromatograph, a 

more expensive syringe pump with a higher pressure limit 

up to 8500 psi, has electronic devices for solvent 

changeover. 

4. Solvent Preparation 

The preparation of the different solvents was carried out to get 

rid of:U}·the small sized particles which would clog the column packing; 

(2) the spores and other biological organisms which would grow inside 

the column;and (3) the dissolved gases which form bubbles inside the 

detector cells as a result of the pressure drop_ The four solvent 

systems were:(l) 0.1 N N~N03; (2) 0.01 N Borax 0.005 M NH4N03; 

(3) 0.2 N NaN03 with pH=2; and (4) water with acetic acid(995.5). 

Solvents (1) and (2) were prepared by dissolving the appropriate 

amount of solute in a gallon jar for storage. After stirring the sol

ution for about five minutes, 20 mI. was decanted into a Millipore 

Hydrosal SST (stainless Steel) filter holder with Millipore filter, 

type SS, made by Millipore Corporation (Bedford, Massachusetts). 

This holder was fitted into a 2000 mI. Erlenmeyer Vacuum flask to 

facilitate the filtration process. Then, the flask was rinsed with 

the filtered 20 mI. solvent. The filtration and rinsing were per

formed two more times. The solvent (400 ml) was filtered to elim

inate small particles and biological organisms. In order to further 

sterilize and degas the solvent, the filtered solvent was heated 
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until small streams of air bubbles were generated at the bottom of the 

flask. The flask was then quickly connected to a vacuum pump, and 

placed inside an ice water bath. The degassing procedure was carried 

out until no more bubbles appeared, with the solvent cooled to about 

room temperature. Then the solvent was ready to be transferred to 

the pump cylinder. 

In preparing solvent (3), 0.2 N NaND3 with pH=2, 400 mI. of 

0.2 N NaND3 was filtered, sterilized and degassed as in the previous 

case. Then concentrated RN03 was added dropwise until the pH=2, 

before solvent transfer into the pump cylinder. 

In preparing solvent (4), about 49 mI. of distilled water was 

filtered, sterilized, and distilled, as described previously. Then 

about 0.25 mI. of acetic acid was added to the water and the solvent 

was stirred slightly to get a homogeneous mixture before transferring 

it into the pump. 

5. Column Packing 

Three column packings were used, namely, ion exchange resins 

AS-PELLIONE~SAX, AMINE~ A-25, and an adsorption packing T,iChrosorb™ 

8I 60. These oackings have been used for as long as two years 

without losing much resolution. With proper maintenance, such as 

careful preparation of solvents, periodic regeneration of the columns 

by different solvents, careful injection techniques and proper storage 

procedures, these column packings can be used again for other HPLC 

separations. 
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AS-PELLIONE~SAX is a pellicular strong anion exchange resin, 

made by Whatman Inc. (Clifton, N.J.) The resin is made of cross-

linked polystyrene as the active stationary phase and trimethyl-ben~l-

ammonium as the ionogenic group as shown in figure 12. The resin 

capacity is low, about 10 micro-equivalents per gram of packing 

material. This packing can tolerate a temp~rature up to 85°C and a 

pressure of 3000 psi. The particle sizes range from 37 to 57 micro-

meters. Therefore, dry packing can be easily carried out to provide 

a high efficiency column. 

AMINEiIDA-25 is a porous, strong anion exchange resin, made by 

Bio-Rad Laboratories (Richmond, California). The resin is made up of 

8% cross-linked styrene divinylbenzene, co-polymer resins (shown in 

figure 13), capable of withstanding pressures up to 10,000 psi. 70 

The functional group is a quaternary ion -NR3+. The resin capacity 

is high, about 3.2 milli-equivalents per gram of packing material. 

The particle size is about 17.5±2 micrometers. Therefore, slurry 

packing is required to produce a high efficiency column. The resin 

o can withstand temperatures up to 85 C. 

The capacity of these strong anion exchange resins depends on 

the concentration of functional groups. At high pH, the ionization 

of the anion exchange function is supressed, thereby lowering the resin 

exchange capacity. Figure 14 shows the exchange dependence on pH. 7l 

Therefore, the solvent pH should be kept below 9 in order to utilize 

the maximum exchange capacity of a strong anion exchange resin. 
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Li-Chrosorb™SI60, silanized, is a porous silica gel 

packing, made by E. Merck (Darmstadt, Germany). The packing. composed 

of irregularly shaped silica gel particles, has undergone 

chemical modification to produce a hydrophobic surface, capable of 

withstanding pressure of more than 3000 psi. The hollow, porous 

structure provides a high capacity with pore volume of 0.75 ml/gm of 

packing. This value corresponds to the maximum loading with station

ary phase. The specific surface is 500 m2/g. This high efficiency 

and high capacity packing is particularly suitable for reversed phase 

chromatography with a lipophilic stationary phase and a hydrophilic 

mobile phase. The mean particle size is ten micrometers. Therefore, 

slurry packing is required to pack a high efficiency and high capacity 

column. 

6. Column Packing Procedure 

Two methods were used for packing high efficiency columns. The 

procedures were developed according to the nature and the particle 

size of the packing material. The "Tap-fill" method was used for 

packing AS-PELLION~AX with a relatively large particle size, 

ranging from 37 to 57 micrometers. The "slurry" method was used for 

packing smaller particle size (20 pm)packings, such as AMlNE~-25 
and LiChrosorbT~I60 silanized. These packing procedures had been 

published elsewhere. 72- 74 The following discussion outlines the 

procedures and the various modifications from the published methods. 
@ 

(1) "Tap-fill" method for packing AS-PELLIONEX-SAX The 
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column tubing was one meter long, premium grade, stainless steel 

tubing from Supelco, Inc. (Bellefonte, Pennsylvania). It had a 1/8" 

O.D. and 0.085" I.D. The column preparation involved using a fine 

tooth triangular file to remove burrs and smooth the cut. Then, the 

column tubing was thoroughly cleansed to remove filings, dirt and 

grease by rinSing with the following solvent in sequence: (a)d~tergent 

solution, (b) distilled water, (c) methanol, (d) acetone, (e) chloro-

form, and finally, the tubing was dried with a stream of filtered air. 

The bottom of the cleansed column was fitted with a Teflo~ end plug 

from Chemical Research Service, Inc. (Addison, Illinois). A low dead 

volume reducing union was previously prepared, as shown in figure 15, 

and fitted to the bottom of the column to allow a non-diffused solvent 

flow into the teflon tubing connected to the detection cell. Then 

100-200 mg. of AS-PELLIONE~SAX resin was added to fill three to 

five rom of the column via a medium-sized (3/8" O.D., 1/4" I.D.) trans-

parent tubing coupled to a small size (1/4" O.D. and 1/8" I.D.) tubing 

fitted to the top of the column for easy visual observation, as shown 

in figure 15. The column was firmly tapped on the floor for about 

45 seconds, with gentle rapping on the side of the column at the 

approximate level of the packing. The procedure was repeated until 

the column was filled. This packing procedure required 30 to 40 min-

utes. An additional five minutes of tapping was carried out to in-

sure a consolidated, homogeneous bed structure. About 1/8" of the 

packing was carefully removed from the top, and was replaced by glass 
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wool. Then the column was connected to the Varian injection port. 

The prepared solvent, O.OlliBorax and 0.001 N NH4N03, equilibrated 

with the packing until no bubbles could be seen in the column outlet, 

usually in about 30 minutes. Then a low-dead volume 4" long teflon 

tubing was fitted to the bottom low-dead volume union for column 

standardization. The separation conditions will be discussed in a 

later section on column standardization on page 61;. 

(2) Slurry packing for AMlNE~A-2S and LiChrosorb™SI60 Silanized 

R 
----'!'he .column for slurry packing AMINEX A-25 was 500 nun. long,1/8" I.D. 

andO.OBS I.D. Fitting, filing and cleansing procedures were carried 

out as described in the previous section. The High Pressure Liquid 

Chromatograph connecting tubing system was modified beforehand as 

shown in figure 16. Three-way valve A was connected to a solvent 

by-pass tubing B. The by-pass tubing B was connected to another 

3-way valve, F, downstream. Another outlet of the 3-way valve A was 

connected to reservoir extension C with its 1/8" Swagelock nut loose-

ly connected so that the reservoir D, not connected with the extension 

C, could be coupled after the slurry was introduced inside the reser-

voir. The reservoir tubing, D was a 1/4" O.D. and 3/16" I.D. stain-

less steel tubing for storing the slurry packing. The reservoir 

extension downstream, E, was connected to the reservoir before packing 

and loosely connected to the 3-way valve F. The other outlet of the 

3-way valve F was connected to the prepared column G. The tubing B, 

column G, reservoir extensions C and E would then be filled partially 
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with packing solvent, 0.1 N NaN0
3 

to eliminate any air bubbles. Then 

the prepared slurry could be introduced to reservoir D for packing. 

The preparation of the slurry involved mixing about two grams 

of AMINI~A-25 with two millimliters of 0.1 N NaN03 inside a 10 mI. 

graduated Erlenmeyer flask. The mixture was vigorously stirred for 

one to two minutes to form a homogeneous mixture. Then the slurry 

was quickly poured into the upper, open end of the reservoir D~ 

held at an angle so that the slurry filled up the reservoir without 

trapping any air bubbles inside. After the reservoir was filled~ 

the upper extension C, was quickly tightened so as not to allow the 

packing to settle inside the reservoir. With the valve A open to-

wards the reservoir~ and the valve F closed to any solvent flow, the 

ISCO syringe pump was quickly, manually pressurized first, and then 

electronically up to 1500 psi. at the flow rate of 30 ml/hr. Then, 

the valve F was quickly turned toward the reservoir to allow the 

slurry to quickly pack within column G. The pressure would then drop 

to about 300 psi. The flow rate was then increased up to 48 ml/hr. 

at 1500 psi for 30 minutes to consolidate the bed structure. In order 

to further consolidate the packing, the valves A and F were turned 

toward by-pass tubing B to allow solvent to flow through at 48 ml/hr. 

at about 900 psi for another 30 minutes. Then the packing was repeat-

ed for another 30 minutes as described previously by turning valves 

A and F. The slurry packed AMI~A-25 column was connected to a 

Varian injection port for column standardization. 
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TM 
The chromatographic column for packing with LiChrosorh 8I60 

Silanized was precision-bore stainless steel (1/4" O.D. and 2.1 mm. 

I.D.) with polished walls, especially important for small, five 

micrometer particles. 75 This column was obtained from ISCO (Lincoln, 

Nebraska). The column was 60 cm. long. A five cm. pre-column (1/8 u 

O.D. and 2.1 mm I.D.) was coupled with the upper end of the column 

with a low-dead volume Swagelock union, as shown in figure 9. The 

bottom of the column was fitted with a stainless steel end frit, 

1/4" I.D. and 1/16" thick with two micron pores, made by Mott Met-

allurgical Corporation (Farmington, Connecticut). The prepared column 

was cleansed as described in the earlier section and was connected 

to valve ,as shown in figure 16 for packing. 

TM The LiChrosorb SI60 silanized slurry was prepared by mixing 

about 1.5 gm of the packing with 10 ml of spectro-grade' ace~ 

tone inside a 10 ml graduated Erlenmeyer flask. The mixture was 

stirred vigorously to form a slurry. Then the slurry was quickly 

transferred onto the top of the reservoir D. After the nuts had 

been tightened, and with valve A opened and valve F closed, the 

syringe pump, with solvent of water and acetic acid (498:2.5) inside 

the cylinder was quickly pressurized up to about 2500 psi. Valve F 

was immediately opened to allow the packing to settle inside the 

column G •• The flow rate was then maintained at 14 ml/hr at 2300 psi 

for 30 minutes. Valves A and F were switched toward by-pass tubing 

B for further packing for 30 minutes. These valves were then switched 
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toward the reservoir for another 30 minutes, to insure the column 

packing completion. At this moment, the column was ready to be con

nected to the injection. 

7. Temperature Control 

A heating jacket was wrapped around these columns for higher 

temperature separation, as shown in figure 17. The column was wrapped 

around by a layer of asbestos held in place by copper wire. Then the 

heat-tape coiled around the asbestos. This arrangement would assure 

even heating of the column. For insulation, glass wool, held by 

aluminum foil, was wrapped around the heating tape. The whole column 

was further enclosed by styrofoam, held in place by copper wire. The 

heating tape was connected to a variac as the power source. The 

temperature was checked by placing a thermometer on the top and the 

bottom of the column. 

8. UV Detector 

The UV detector was a dual beam, two wave-length, (254, 280 

nm) Model UA-4, made by ISCO (Lincoln, Nebraska). It consisted of an 

optical system, type 4 and Monitor UA-4. The optical system consisted 

of an exciter lamp for producing 254 nm illumination, a fluorescent 

rod light-wavelength converter to convert 254 nm light to 280 nm 

light. A pair of slides directed either 254 nm light or 280 nm light 

into the measuring and the reference flow cells and subsequently, the 

photocells. The flow cells had a 5 rom path length and a small 25 

pI hold-up volume and illuminated volume. These cells had a Z-shaped 



VARIAN 
INJECTION 
PORT 

60 

THERMOMETER 

11(r--t-tH--+--i-----7't--PR E -C 0 L U M N 

ASBESTOS 

G LA S S WOO L.:-+-----rt-~ 

STYROFOAM 

1. 
UV DETECTOR 

HEATING TAPE 

~--+-- ALUM I NUM F 0 I L 

STAINLESS STEEL 
FRIT 

FIGURE 17:LICHROSORB™ SI 60 SILANIZED COLUMN 

WITH HEATING JACKET. 



61 

flow path and were very efficient, capable of detecting nanogram 

quantity of material. The maximum operating pressure was 200 psi, 

higher if the flow cell outlet was opened to atmosphere. The reference 

cell was left empty. The differences in signal due to the concentra

tion changes in the flow cells were transmitted to the monitor and 

recorded permanently by a Heath-Schlumberger Strip Chart Recorder 

with 0.1 inch per minute chart speed. 

9. Column Standardization 

The separations were carried out at different temperatures, 

flow rates and solvents. A mixture of the standardized substrate 

and bromo-analogs was injected to assure adequate resolution. In

jection was made by using a 10 or 100 pI-Hamilton Microsyringe through 

the Varian injection port, as shown in figure 11. Valve D was closed 

to keep the pressure upstream. The injection was carried out on top 

of the column, being careful not to disturb the bed structure. 

After the injection, the injection port was closed and valve D was 

turned on for solvent flow. In addition to the standardization of 

substrates and bromo-analogs, potassium bromate and potassium bromide 

solutions were also injected for standardization. The separation 

conditions were set in order to carry out the product analysis within 

a short time, between 30 minutes and 50 minutes. The radioactivity 

due to different compounds should be resolved reasonably well. 

Figures 18 to 24 show the dependence of the retention time tR of these 

substrate and bromo-analogs at different flow rates and temperatures. 
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2 

5 

RETENTION TIME IN MINUTES 

FIGURE 26 HIGH PRESSURE LIQUID CHROMATOGRAM OF 

DEOXYURIDINE AND BROMODEOXYURIDINE. 
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AMINE~A-25 
O.lN NAN03 
O~26 ML/MIN AT 460 PSI 

76°C 
0.1 AUFS 

1. GUANOSINE 

2. BROMOGUANOSINE 

3. POTASSIUM BROMIDE 

15 

RETENTION TIME IN MINUTES 

3 

30 

FIGURE 27 HIGH PRESSURE LIQUID CHROMATOGRAM OF 

GUANOSINE) BROMOGUANOSINE AND POTASSIUM 

BROMIDE. 
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1 

2 

10 20 

LrCHROSORB™ Sl 60 
H20/AcETIC ACID 

(498:2) 
0.2 ML/MIN AT 1600PSI 

3 0 

60 C 

0.1 AUFS 

1. ANILINE. 2. P-BR-AN. 

M-BR-ANL,ij. o-DR-AN. 

30 40 50 

RETENTION TIME IN MINUTES 

FIGURE 28 HIGH PRESSURE LIQUID CHROMATOGRAM OF 

ANILINE AND BROMO-ANILINES. 
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The marked independence of the Br and Br03 tR in relation to 

temperature facilitates the separations. Tables II and III show 

the separation conditions for these biomolecules. Figures 25 to 28 

show the High Pressure Liquid Chromatogram of the substrates and their 

bromo-analogs. Thus, having standardized the different substrates, 

the columns would be used to carry out radiochemical separation for 

the labelling studies. 

B. Preparation of 80Br and 82Br Labelling Source and other 
Radiochemical Considerations 

In order to carry out the direct excitation labelling and modi-

fied labelling methods, CF3Br was chosen as the bromine source for 

neutron irradiation, as explained earlier on page 26. The preparation 

of 80Br and 82Br sources are basically the same. The differences 

are the amount of CF3Br t the irradiation time, the "cooling off" 

period, and the subsequent transfer process. Also, entering into the 

consideration is the precaution in handling radioactive material. 

To prepare the 80Br source, about 35 milligrams of CF3Br, ob

tained from Matheson Chemical Company (East Rutherford, N.J.), were 

trapped and sealed in a quartz capillary using a liquid nitrogen trap. 

The quartz capillary was obtained from Amusil Inc. (Sagerville, N.J.), 

and had a one millimeter internal diameter, two mm. outer diameter 

and was three inches long for convenient vacuum line hook-up. The 

sealed CF3Br quartz capillary was about one inch long. Since quartz 

does not contain any sodium, neutron activation would not result in 



Table II 

Columns and Conditions used for High Pressure 

Liquid Chromatography 

Method A B 

Column Packing AminefB>A-25 As-Pellione~Sax 
Anion Exch. Anion Exch. 

Particle Size, )A- 17.5 37 to 57 
......, 

Int. Diameter, rom 1.8 2.0 +:-. 

Void Volume, ml 1 1.3 

Column Length, rom 500 1000 

Pressure, psi 300-1700 250 to 550 

Flow Rate, ml/min 0.26-0.53 0.65 to 1.33 

Typ. Sample Vol, }t.~ 5 to 10 5 to 10 

Counter Ion NO - N03 -3 

Eluent NaN03-sol. Borax 

0 
Temp. , C 20-85 25 



Biomolecules 

Table II (continued) 

Acetic acid, guanosine, 
deoxycytidine, phenyl
alanine, L-tyrosine, and 

their halogenated analogs 

Deoxyuridine and 
bromodeoxyuridine 

-.....J 
U'l 



Table III 

Colum~d Conditions used for High Pressure Liquid Chromatography 

Method 

Column packing 

Particle size, ~ 

Int. diameter, mm 

Void Volume, ml 

Column length, mm 

Pressure, psi 

Flow rate, ml/min 

Typ. sample vol, ;tl 

Counter ion 

Eluent 

A 

Amine£IDA-25 
Anion Exch. 

17.5 

1.8 

1 

500 

1400 

2 

5 to 10 

NO 3 

0.2 N NaN03 
(pH=2) 

B 

LiChrosorb™ SI 60 
Silanized 

10 

2.1 

1 

600 

1600 

0.2 to 0.3 

5 to 20 

H20/Acetic Acid(498:2.5) 

....... 
C'\ 



o Temp. C 

Biomolecule 

Table III (continued) 

80 

Hippuric acid 
and bromo-hippuric acid 

60 

Aniline and 
bromo-anilines 

...., ...., 
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radioactive sodium contamination. The quartz sample capillary was 

inserted and sealed inside a 1~ inch long polyethylene tube, obtained 

from A.H. Thomas (Philadelphia, Pennsylvania), with a 1/4" O.D. and 

3/16" I.D. The purpose of the polyethylene tubing was to contain 

the radioactive CF3Br from escaping in the case of sample capillary 

breakage in the irradiation and transfer process. Therefore, careful 

attention had to be given to the sealing process. 

In order to further safeguard against leakage, the sealed poly-

ethylene sample tube was enclosed and sealed inside a polyethylene 

bag. The sample tube bag was put inside a bigger irradiation poly-

ethylene sample tube to be lowered into the irradiation channel in 

the Virginia Polytechnic Institute and Stat~ University nuclear 

reactor. The neutron flux of this reactor is about 1012 n/cm- 2/sec-1 

at 40°C. The irradiation time ranged from 30 minutes to an hour. 

The radioactivity could be estimated by the following equation: 76 

A = N0b(1-e->.t)------(16) 

where N = the number of atoms of the nuclide in the sample capable 

of forming the radioisotopes in question, 0 = neutron flux, n/cm2 

sec-I, ~ =de4~y:·conatfint ·of the nuclear species produced, and 6 = 

the isotopic thermal neutron cross section, cm2 • 

After 30 minutes.neutron irradiation of 34 mg of CF3Br, the 

activities can be estimated for the isotopes as follows: 

A(80Br) = (1. 15x10-4x6.02x1023) (1.3x1012) (8.Sxl0-24)(1_e-6.6SxO. 18) 
= 37.5 mC!. 



A(80mBr) = 
= 

A(82Br ) = 

A(8OmBr ) = 
= 
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(1.15xI0-4x6.02xl023) (1.3xl012)(2.9xlO-24) (l_e-4 •3x 0.0 18) 
1 mCi. 

(1.15xlO-4x6.02xl023)(l.3xl012)(0.3xl0-24)(1-e-5.45~.0018) 
0.013 mCi 

(1.15xl0-4x6.02xl023)(l.3xl012)(3.3xl0-24}(1-e-l.9xl~8) 
14.52 mCi. 

After the irradiation, which lasted for 30 minutes, the sample 

was stored for a "cooling off" period so that the radioactivity 

decayed to an acceptable limit for· further handling and transfer. 

This "cooling off" period was about two hours and the total radiation 

dose after that time period was usually less than two rems per hour. 

A typical sample, when placed four inches away from the detector, 

would have a total radiation dose of about one rem per hour, and a 

gamma dose of about 400 to 500 millirems per hour. Subsequently, 

this activated sample was put inside a lead "peg" for transfer back 

to the radiochemical laboratory. The total irradiation dose outside 

the lead peg was about 10 to 20 millirems per hour. 

The radioactive CF3Br was purified and transferred for labelling 

reactions. The lead "peg" was placed behind a layer of lead brick 

inside a hood. Next to this layer of lead bricks was a gas chrom-

atograph used for purification purposes. This particular arrange-

ment allowed a quick and safe transfer of the radioactive CF3Br 

sample capillary with a minimum radiation exposure to the researcher. 

The purification process involved firstly, the inspection of the 

capillary. This was done by holding the sample by a pair of pliers 
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against the hood light. Rubber gloves were worn at all times. After 

the inspection~ the polyethylene tubing was held close to the upper 

end, allowing the quartz sample capillary to settle on the lower end. 

Such a holding pattern would minimize the tension on the quartz cap-

illary during the cutting process. Then the polyethylene bag and 

tubing was carefully cut by a pair of scissors. The opened polyethy-

lene tube was quickly turned upside down to allow the quartz 

capillary to drop into an injection device of the gas chromatograph. 

If the capillary should be broken during the cutting processes, the 

polyethylene tubes, the pliers, the scissors and the rubber gloves 

should be quickly disposed of behind the lead brick, and the hood 

door should be closed as quickly as possible to minimize radiation 

leakage. 

,After a successful transfer process of the sample capillary to 

the injection device, the sample capillary was snapped and the radio-

active CF3Br purified by a 10 foot Poropak Q column. The separation 

conditions are included in Table IV. 

The CF
3
Br fraction containing 80mBr_, 80Br_, and 82Br-labelled 

CF3Br formed during the irradiation, was trapped and transferred 

through the vacuum line into a reaction vessel. The other radio-

isotopes of bromine produced did not impose any problems, since they 

decayed to stable daughters. 

82 To prepare Br source, a larger amount of CF 3Br, about 60 

milligrams (corresponding to 100 torr inside the reaction vessel), 



Table IV 

Gas Chromatographic Separations of Neutron-irradiated CF3Br 

Column Packing Porapak Q 

Particle Size 80-100 mesh 

Column diameter (o.d.) ~" glass tubing 

Column Length 10 feet 

Flow Rate 40 c.c./min 

Effluent Helium 

Column Temperature 100°C 

Detector Temperature 110°C 

co ..... 
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was irradiated for about 1 minute under the same activation conditions. 

A larger amount of CF3Br was needed for bombardment to produce suffi

cient activity for labelling biomolecules. Since 82Br has a longer 

half-life of 35 hours, the decay rate, compared to 80Br (t~=18 min.)) 

would be smaller. Thus) the larger amount of CF3Br would provide 

an adequate amount of 82Br labelling source, and 82Br activity for 

more accurate radiochemical yield determination. 

In order to facilitate the transfer process after irradiation, 

a sample bulb was used to trap the CF3Br for activation. These 

quartz bulbs have two inch stems and could easily be hooked up to 

the vacuum line for trapping and sealing purposes. The bulb was 

sealed with a 5 rom stem for holding and breakage later on. Then, the 

bulb was wrapped in cotton wool, sealed in a polyethylene bag, and 

placed inside a polyethylene rabbit. These precautions were taken 

to prevent breakage during its transfer through the rabbit line. 

The rabbit was put into another bigger polyethylene tubing and was 

ready to be shot through the rabbit line for 1 minute irradiation. 

The shorter irradiation time of one minute was chosen because 

of radiochemical and safety requirements. The radioactivity can be 

evaluated as follows: 
-4 

A(80Br) =(1.15xlO-4~6.02xl023)(1.3xl012)(8.5xl0-24)(1-e-6.6Sxl° x60) 

=(8.97xl031 ) (8.SxlO-24) (1_e-6.65xlO-4X60) 

=0.694 mCi 
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=0.0018 mCi 
-6 

A(82Br ) =(8.97xl031)(0.3x10-24)(1_e-S.4Sx10 x60) 

<O.Ol,lLCi 

A(82rnBr )=(8.97xl031 ) (3.3xlO- 24) (1_e-l.9xlO-3x60) 

=0.076mCi 

This one minute irradiation produces sufficient amount· of 

radioactivity necessary for labelling and at a radiation dose which 

is within acceptable safety limits for immediate transfer. 

The total radiation dose after the irradiation was about 800 

millirems per hour and the gamma dose was about 200 millirems per 

hour. In order to utilize the short half-life 82mBr isomeric tran-

sition (t~=6.1m) and the resultant charged species formed as follows: 

82Br I.T . ., 82Br n+, (17) 

the irradiated sample had to be immediately transferred back to the 

radiochemical laboratory for reaction. 

The immediate transfer would allow the maximum number of 82mBr 

to be utilized for labelling. Therefore, the CF3
82mBr irradiation 

and transfer process had to be well co-ordinated with radiation 

personnel and the radiochemist concerned. The time elapsed between 

the commencement of irradiation and the transfer to the laboratory 

was usually less than five minutes, slightly less than one half-life 

f 82mB o r. 

The irradiated sample bulb was then carefully taken out from the 
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rabbit and the wrapping materials. The bulb was quickly cooled to 

-198°C. With a trap already cooled down to the same temperature, 

the stem of the sample bulb was broken and the bulb dropped into 

the trap. Subsequently, the trap was closed, cooled down, degassed 

and ready for immediate transfer of the CF382mBr for labelling purposes. 

Compared to the CF380mBr transfer, this was a more difficult process 

and required practice, patience and cooperation from the personnel 

involved 

C. Labelling Procedures and Sample Analysis 

82m(8Om) 1. Direct CF3 Br Gas Exposure Technique 

_82(80)Br for Hydrogen and Halogen Exchange 

A schematic representation of the direct and modified radioactive 

CF B t h i i h . fi 29 The CF382m(8Om)Br, 3 r gas exposure ec n que s s own 1n gure . 

purified as previously described, was introduced by vacuum line 

techniques into an evacuated pyrex flask~ about 50 cm3 in volume. The 

radioactive CF)Br was frozen inside the reaction vessel. 

The inner surface of this flask had been previously coated with 

a thin layer of the solid substrate. The coating process involved 

dissolving the substrate in a suitable solvent, such as spectroana-

lized grade methanol. This volatile solvent was subsequently 

evaporated by using a rotary-evaporator. After this coating process, 

the reaction vessel was connected to the vacuum line for degassing, 

assuring a thoroughly dry substrate surface for labelling. When 

liquid acetic acid was the substrate, this method was modified slight-
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CF3
82M (80M)BR AND CF382M(80M)BR-CL2 

GAS EXPOSURE METHODS. 
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1y by shaking the reaction vessel. This procedure established a 

good mixing of radioactive CF
3

Br gas with the liquid substrate. 

After the exposure time of about 40 minutes in the case of 

BOmBr and about 20 minutes in the case of 82mBr, the residual radio

active CF3Br was removed into a storage vessel for complete decay_ 

The contents of the reaction vessel were dissolved in a suitable 

solvent. An aliquot of this solution was subject to product analysis 

hy high pressure liquid chromatography and radioactivity by either 

liquid scintillation or Nal counter. 

Temperature studies were carried out by storing the reaction 

vessel in a temperature bath. Deoxyuridine, 1-tyrosine, guanosine, 

deoxycytidine, hippuric acid, phenylalanine and their halogenated 

analogs were purchased from lCN Life Science (Cleveland, Ohio). 

Acetic acid, bromoacetic acid, aniline and bromo-aniline were Fisher 

Scientific reagent grade. 

2. Modified CF382m(8Om)Br-C12 Gas Exposure 

The experimental procedure was similar to those described in the 

previous section, and outlined in figure 29. Before the radioactive 

CF3Br was introduced, chlorine gas from a lecture bottle (obtained 

from Matheson Chemical Company, greater than 99% purity), was intro

duced into the reaction vessel. This procedure was carried out inside 

a hood. Rubber gloves were worn at all times during the chlorine 

transfer. When different amounts of chlorine were needed, the chlor

ine was trapped in a bulb of appropriate volume and a1iquots trans-
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ferred later on. After the Cl2 gas introduction. the reaction vessel 

was connected to the vacuum line. Then the Cl
2 

gas was frozen onto 

the surface of the bulb, and degassing was carried out. The radio; 

active CF3Br was then introduced for labelling for about 40 minutes. 

The degassing and product analysis were similar to the previous 

procedure. Experiments with gaseous HCI were carried out in a similar 

manner. 

3. Modified CF 82m(8Orn)Br KBrO Gas Exposure -----3 - 3 -

In these experiments, crystalline KBr03 was placed in a 50 cm3 

pyrex reaction bulb. Radioactive CF3Br was introduced for exposure 

times between 20 and 40 minutes. The reactive bromine was immediately 

"trapped" by the KBr03 crystal lattice, and was subsequently used for 

labelling. Then, the radioactive CF3Br was removed for complete de

cay inside another bulb. The exposed KBr03 crystals were transferred 

to another reaction vessel. About 0.15 mI. of the substrate saturated 

0.1 N Hel solution was added to these exposed KBr03 crystals with 

radioactive reactive bromide. The resulting mixture was allowed to 

stand for about a minute for labelling. An aliquot of this solution 

was then taken for product analysis by HPLC. 

In a variation of this method, the procedure was modified so 

that the "trapped" reactive bromine could be utilized right away for 

labelling purposes. An aqueous slurry consisting of 10 mg of KBr03 

and 10 mg of a given substrate, such as guanosine, in 0.1 N Hel was 

prepared in the vessel. Then radioactive CF3Br was introduced into 
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the vessel. As a result of the decay, the radioactive reactive 

bromide would have the opportunity to "label" the substrate dissolved 

in 0.1 N HCI immediately. 

4. Percentage of Radioehemical Yield Versus the Amount of KBr03 

The effect of the amount of the KBr03 crystals on the radio-

chemical yield was evaluated. As explained earlier on page t this 

series and the subsequent series of experiments would utilize the 

80m CF3 Br nuclear transformation for labelling purposes. Various 

amounts of KBr03 were exposed to radioactive CF3Br for 40 minutes. 

The exposed crystals were allowed to react with 0.15 mI. of guanosine 

saturated/a. I N Hel solution for one minute. Product analysis was 

carried out as described in the previous sections. 

5. Percentage of Radiochemical Yield Versus the Concentration of 

the Substrate Solution in Modified CF380mBr-KBr03-Gas Exposure 

Method 

The effect of the concentration of the substrate solutions of 

iodoacetic acid t guanosine and l-tyrosine t on the % radiochemical 

yield was studied in order to establish the concentration correspond-

ing to the maximum percentage of radiochemical yield. The substrates 

were chosen because of their high radiochemical yield obtained by the 

standard procedures established in previous studies. The experiments 

were carried out by mixing 10 mg of exposed KBr03 crystals with sub-

strate solutions of varying concentration for one minute, followed 

by product analysis. 
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6. Percentage of Radiochemical Yield Versus "Labelling" Time in 

80111-Modified CF
3 

tlr-KBr03-Gas Exposure Method 

The dependence of the yields on "labelling" time was studied to 

further define the optimum labelling conditions for different sub-

strates. The "labelling" time was defined as the time elapsed between 

the mixing of the exposed KBr03 crystal with substrate solution and 

the beginning of product analysis by HPLC. The exposure procedure 

was the same as that described in the previous section. The labelled 

biomolecules, 80Br acetic acid, 80Br-deoxyuridine, 80Br-guanosine 

and 80Br-l-tyrosine were chosen because of their high radiochemical 

yield already established in the standard procedure. The IILabelling" 

time studies ranged from 3 to 60 minutes, about 3 half-lives of 

80Br (t~ = 18 minutes). 

7. Percentage of Radiochemical Yield Versus "Post-Labelling" Time 

for Modified CF380mBr-C12 Gas Exposure Method 

These experiments were similar to those in the previous section 

to evaluate radiochemical purity. The labelled biomolecules, ob

tained via the modified CF3
8OmBr-C12 gas exposure method were allowed 

to stand after 40 minutes labelling reaction, in vacuum or under 

atmosphere for a given amount of "post-labelling" time before product 

analysis. The labelled biomolecules, bromo-guanosine and I-tyrosine 

were chosen because of their high radiochemical yield obtained by the 

standard procedures. 
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B. Percentage of Radiochemical Yields of BOBr-Guanosine Obtained 

by using Various Experimental Conditions 

Several series of labelling experiments were carried out to 

further establish the role of different reactants and conditions in 

the modified CF3
BOmBr-CI2 gas exposure and CF3

BOmBr-KBr03 gas exposure 

methods. For most studies, guanosine was chosen as the substrate 

because of the high radiochemical yields obtainable from both of 

these methods. 

In the first study of the CF3
8OmBr-CI2 - gas exposure method, 

Cl2 gas was replaced by HCI gas. This study could establish the role 

of Cl2 in the formation of the reactive labelling bromine intermediate. 

The second study involved the radioactive CF 3Br-CI2 gas exposure of 

10 mg of guanosine mixed with 0.15 ml of filtered distilled water. 

This study was done to evaluate the formation and the reactivity of 

the reactive labelling bromine intermediate in aqueous medium, and 

the stability of the labelled 80Br-guanosine. 

The next series of experiments was concerned with the role of 

different compounds and conditions in the KBr03-gas exposure method. 

Three different crystalline compounds, KID3t KCI03 and NaCl were 

exposed individually for 40 minutes, and subsequently mixed with the 

substrate solution. The next two experiments involved the mixing of 

the exposed KBr03 crystal with either aqueous or basic solution of 

the substrate. These two studies were done to establish the d,6pandence 

of radiochemical yield on the pH of the solution. To estahlish 
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the possibility of exchange labelling, 20 mg each of KBr and KBr03 

were neutron-irradiated individually to 10 minutes. Subsequently, 

the irradiated crystals were dissolved in 0.15 ml of the substrate 

solution. The last series of experiments involved the gas exposure of 

guanosine slurry with or without KBr03. 10 mg of guanosine was 

added to 0.15 ml of 0.1 N HCI with or without KBr03 to form a slurry 

inside the reaction vessel. Then CF 3
80mBr was introduced for labelling 

for 40 minutes. Aliquots of this slurry were taken for HPLC product 

analysis. 

9. Mechanistic Studies Using Aniline as a Model Compound 

Aniline was chosen as the model compound in the elucidation of 

labelling mechanisms of the direct CF
3

80mBr gas and CF38OmBr-KBr03-

gas exposure methods. Due to the rapid chlorination of aniline, the 

80m CF3 Br-CI2-gas exposure method was not studied by using this app-

roach. 

In the direct gas exposure studies t about 30 mg of freshly 

purified liquid aniline, obtained from Fisher Scientific Company, 

was placed inside the reaction vessel and exposed to the radioactive 

CF3Br for 40 minutes. The reaction bulb was shaken to establish 

good mixing. Upon completion of the reaction, the radioactive CF3Br 

was removed for storage for complete decay. The exposed aniline was 

carefully transferred by a syringe to a small test tube, 6 mm. O.D., 

4 mm. I.D. and 4 cm. long. Then, about 0.25 ml ·of NaHS03 solution was 

mixed with the~organic layer and the inorganic bromine was extracted 
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by removing the inorganic aqueous layer by a syringe. This extraction 

procedure was repeated twice to remove almost all of the inorganic 

bromine. About 30 ~l of the aniline layer, containing labelling 

aniline, was subject to product analysis by HPLC and radioactivity 

assay by liquid scintillation spectrometry. 

80m In the CF3 Br-KBr03-gas exposure studies, 10 mg of KBr03 was 

exposed to radioactive CF3Br for 40 minutes. After the exposure, 

the crystals were transferred to a small reaction vessel. About 

0.15 ml of the acidic aniline solution of various concentration was 

added to the vessel for one minute reaction. A total of 20 mg of 

aniline was introduced in this way. Subsequently, the aniline layer 

was removed to a small test tube, and subject to inorganic radioactive 

bromide extraction as described previously on page 92. An aliquot 

of the extracted aniline layer was used for product analysis. 

D. Radioactivity Assay and Data Handling 

80 The Br labelled products, separated by high pressure liquid 

chromatography, were collected from the effluent from the HPLC column 

discontinuously in vials containing scintillation cocktails. The 

cocktail was made up of one liter of dioxane solution containing 100 

grams of naphthalene 7 grams of PPO(2,5-diphenyloxazole) and 0.3 

grams of POPOP(1,4-bis-2-(5-phenyloxazole)-benzene),the scintillation 

f1 77,78 uors. The 80Br counting was done by liquid scintillation 
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spectrometry, with the appropriate energy discrimination applied. 

The collection of the effluent was initiated at the same time 

as the HPLC separation, at one minute intervals. As soon as the 

radioactivity peaks of interest were collected, the separation was 

terminated. The counting was started at about 3.5 minutes after the 

beginning of the separation. This elapsed time would allow ample 

time for the safe disposal of the syringe, reaction vessel, and other 

"contaminated" equipment. The automatic counting mode of the scint-

illation counter required about 1.14 minutes for sample vial change, 

counting and changeover. Since the counting time of each individual 

vial could thus be estimated accurately beforehand, the decay 

correction factors were tabulated for fast and accurate activity 

calculation according to equation (18), 

Ao = Ae"t (18) 

where Ao = activity at the beginning of product analysis, A = activity 

at the time of counting, A = decay constant of BOBr, a~d t = time of 

counting in minutes. 

80 
Table V shows the activity calculation for Br-guanosine as 

80m obtained via the CF3 Br-KBr03-gas exposure method. The calculated 

activities were plotted against retention time to identify the radio-

activity peaks. By comparing the measured activities with the re-

tention time of the HPLC chromatograph of bromo-guanosine, it was 

possible to assign the radioactivity peaks to 80Br-guanosine and hence, 

calculate the radiochemical yield of the labelled biomolecules. 
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Table V 

Activity Calculation for 80Br--guanosine Radiochemical Yield 

obtained by CF38OmBr-KBr03-gas Exposure Method 

Vial No. Time eJ\t A Ao 

1 3.52 1.149 22 25 
2 4.66 1.201 889 1067 
3 5.80 1.257 9438 11863 
4 6.94 1.314 8432 11079 
5 8.18 1.375 7369 10132 
6 9.32 1.438 13374 19231 
7 10.46 1.504 4193 6306 
8 11.60 1.573 11546 18161 
9 12.74 1.645 16816 27662 
10 13.88 1.721 17167 29544 

11 15.02 1.800 27326 49186 
12 16.16 1.882 49442 93049 
13 17.30 1.969 74504 146698 
14 18.44 2.059 86045 177166 
15 19.58 2.154 88236 190060 
16 20.72 2.252 70834 159518 
17 21.86 2.356 62869 148119 
18 23.00 2.464 47510 117064 
19 24.14 2.577 37891 97645 
20 25.28 2.696 29903 80618 

21 26.42 2.819 22735 64089 
22 27.56 2.949 14574 42978 
23 28.70 3.084 10198 32450 
24 29.84 3.226 9289 29966 
25 30.98 3.373 9417 31763 
26 31.12 3.529 16555 58422 
27 32.26 3.691 33657 124227 
28 33.40 3.860 52230 201607 
29 34.54 4.038 40792 164718 
30 35.68 4.223 22874 96596 

31 36.82 4.417 12566 55504 
32 37.96 4.620 8783 40577 
33 38.10 4.831 6207 29986 
34 39.24 5.054 4354 22005 
35 40.38 5.286 3528 18649 
36 41.52 5.528 2801 15486 
37 42.66 5.782 2287 13223 
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Figure 30 shows .l'adioactivity versus retention time as obtained 

80 80m with labelling of Br-guanosine via the CF3 Br-KBr03-gas exposure 

method. The radio-chromatogram consisted of three peaks: (1) un

identified organic 80Br compound, (2) 80Br-guanosine, and (3) inor-

ganic bromide. 

The radiochemical yield of the labelled biomolecules was defined 

as the ratio of 80Br or 82Br activity present at the end of the reac

tion in each individual product to the total 80Br or 82Br activity 

(at the end of the reaction), computed by using the well known equa-

tions for radioactive decay and growth. 

Another alternative which was found ~o be n quite satisfactory 

approximation was to evaluate the radiochemical yield of thebromi~ated 

substrate by setting the sum of the activities of all products separ-

ated by HPLC including the activity appearing as Br equal to 100%. 

. 80 8 
The amount of Br or 2Br activity incorporated in the bromine 

labelled substrate depends on exposure time, the activity of CF3
80mBr 

and the nature of the compound and ranged in typical experiments to 

up to 10 )LCi for 80Br and 1 ftCi for 82Br • These activities are 

directly related to the activity of the bromine source and can be 

drastically increased by using more active sources. 

82 
In the case of labelled biomolecules, the effluent from HPLC 

was collected in a small 5 ml vial at one minute intervals. The 

counting was carried out on the following day by using a well-type 

NaI detector. The overnight "waiting" period would allow the complete 
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80 . 80m d Br or Br ecay, thus, the activity counted was solely due to 

82Br decay. 82 Because of the longer half-life of Br, the radioac-

tivity would remain relatively constant during the entire counting 

period. Thus, no activity correction was necessary as compared to 

80B d' r ra 10assay. The radiochromatograms of the labelled biomolecules 

are shown in figures 30 to 32. 
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CHAPTER III 

RESULTS 

A. Radiochemical Yields of 80Br_ and 82Br_ Labelled Biomolecules 

Obtained by the Excitation Labelling and Modified Gas Exposure 

Methods 

As shown in Table VI, the radiochemical yields obtained by the 

82m(8Om) direct CF3 Br gas exposure of the non-halogenated substrate 

are relatively small. 80 The yields range from less than 1% for Br-

and 82Br-deoxyuridine to a moderately high 11% for 80Br-acetic acid. 

The CF382m(8Om)Br-KBr03-gas exposure technique drastically improved 

the labelling of several biomolecules such as guanosine and I-tyrosine. 

The radiochemical yields of these two 80Br-labelled compounds are 51% 

and 80% respectively. Comparable yields are obtained for the two 

B2 82m(BOm) Br-labelled biomolecules. The CF 3 Br-C12-gas exposure method 

improved the efficiency of the labelling of most of the biomolecules. 

The yields ranged from 6.7% for 80Br-phenyl-alanine to a much higher 

80 
yield of 85% for Br-tyrosine. 

By switching to an iodinated substrate as the starting material, 

the incorporation of radioactive bromine is further enhanced by the 

(80m) 
CF

3 
Br-KBr03-gas exposure methods in most cases, e.g. the yields 

of 80Br-acetic acid and BOBr-deoxyuridine by using iodo-substrates 

are 41% and 75% respectively(Table VII). The yields of 80Br-acetic 

BOm 80m acid also increase when the CF3 Br-C12 or CF3 Br-KBr03 methods 

are used. However, if halogenated deoxyuridines are the substrates 

100 
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80m 80 in the CF
3 

Br-CI2-gas exposure method, the yields of Br-deoxy-

uridine are surprisingly low. In the case of iodo-hippuric 

acid or phenyl-alanine, no improvement of the radiochemical yields 

can be observed by either of these two methods. Table VIII shows 

the radiochemical yields obtained by using different substrate 

solutions. 
80 

The Br-guanosine yield is about 82% by using the 

CF
3

8Om
Br-KBro

3
-substrate solution/slurry procedure. By replacing 

KBr0
3 

with KI03, the yields are relatively small as shown in Table 

IX. 



Product 

80Br-Acetic Acid 

82Br-Acetic Acid 

80Br-Deoxyuridine 

82Br-Deoxyuridine 

80Br-Guanosine 

82Br-Guanosine 

80Br-Deoxycytidine 

82Br-Deoxycytidine 

80Br-Phenyl-Alanine 

80Br-L-Tyrosine 

82Br"':L-Tyrosine 

80Br-Hippuric Acid 

Table VI 

80Br_ and 82Br_ Labelling of Biomolecules 

Radiochemical Yield in % of Total 80Br_ or 82Br-Forrned 

Direct CF382m(8Om) Br-KBr03 CF382rn(SOm) Br-Cl? 
Gas Exposure Gas Exposure Gas Exposure 

11.0 ± 0.3 4.4 + 0.4 13.1 + 0.7 

3.4 ± 0.5 9.9 + 0.9 20.1 ± 1.7 -
< 1.0 5.4 + 0.8 27.6 + 4.5 -
<. 1.0 9.8 + 0.6 27.3 + 1.2 

.( 1.0 51.4 ± 1.3 52.5 + 1.6 

2.0 + 0.5 33.1 + 5.2 26.4 + 1. 4 -
.( 1. ° .{ 1.0 24.4 + 1.2 

1.5 ± 0.7 1.2 + 0.1 34.0 + 3.8 -
2.7 ± 0.5 < 1.0 6.7 + 0.8 -

<. 1.0 80.2 + 0.9 85.3 + 4.8 -
.( 1.0 87.6 + 2.0 86.3 + 8.3 

<. 1.0 <- 1.0 .( 1.0 

...... 
o 
r-..> 



Table VI (continued) 

Exposure times ranged from 20 to 80 minutes. 

Experiments were carried out at room temperature, except in the case of acetic 
acid, where T = OoC. 

The results listed are the average percentages obtained in 3-5 individual runs. 

...... 
o 
w 



Product 

SOBr-Acetic Acid 

SOBr-Acetic Acid 

SOBr-Deoxyuridine 

SOBr-Deoxyuridine 

80Br-Deoxyuridine 

SOBr-Deoxyuridine 

SOBr-Phenyl-Alanine 

SOBr-Hippuric Acid 

Table VII 

Radiochemical Yields of SOBr Biomolecules 

Substrate 
Direct CF3sOmBr 

Gas Exposure* 

Acetic Acid 11.0 ± 0.3 

lodo-Acetic Acid 42.3 + 4.5 -
Deoxyuridine < 1.0 

Fluoro-deoxyuridine < 1.0 

Bromo-deoxyuridine .{ 1.0 

lodo-deoxyuridine <. 1.0 

p-l-phenyl-alanine <. 1.0 

O-Iodo-Hippuric Acid (1.0 

CF3sOmBr-KBr03 
Gas Exposure** 

4.4 + 0.4 -
40.6 + 4.2 

5.4 + O.S 

< 1.0 

-1.0 

74.6 + 5.5 -
2.4 + 0.4 

< 1.0 

CF38OmBr-C12 
Gas Exposure* 

13.1 + 0.7 -
79.4 ± 1.2*** 

27.6 ± 4.5 

.( 1.0 

2.6 + 0.3 

7.2 + 0.5 

I.. 1.0 

<. 1.0 

*Total amount of substrate exposed to CF3sOmBr or CF3
80mBr was about 10 mg in each case. 

(Exposure time: 20 min; CF380mBr: 60 torr; C12: 200 torr) 

**Total amount of substrate in solution used to dissolve the KBr03 crystals after exposure 
was about 10 mg (in 0.15 ml solution). "Labelling" time was 1 min. 

***Yield corresponds to labelling with reduced C12 pressure at 440 torr. 

..... 
0 
+:--



Table VII (continued) 

*** Pressure of C12 Yields 

210 70.3 + 6.6 
440 79.4± 1.2 
710 31.3 ± 3.3 

All 'experiments were carried out at room temperature. 

I-' 
o 
VI 



Product 

80Br-Deoxyuridine 

80Br-Guanosine 

80Br-Acetic Acid 

80Br-Hippuric Acid 

80Br-Deoxyuridine 

Table VIII 

Radiochemical Yields of 80Br-Biomolecules 

Obtained by the Modified Gas Exposure Methods 

of the Substrate Solution 

% Radiochemical Yields 

Substrate 

Deoxyuridine 

Guanosine 

lodo-Acetic Acid 

lodo-Hippuric Acid 

Bromo-deoxyuridine 

CF380mBr-KBr03 
Substrate Solution 

Gas Exposure 

7.3 + 0.4 

81.6 + 1.0 

62.8 ± 3.4 

<. 1.0 

,..., 1.0 

80m CF3 Br-C12/ 
Substrate Solution 

Gas Exposure 

13.9 + 1.0 

< 1.0 

< 1.0 

...... 
0 
0'\ 



Product 

80Br-Guanosine 

80Br-Deoxyuridine 

80Br-L-Tyrosine 

Table IX 

Radiochemical Yield of 

80Br-Labelled Biomolecules Obtained by 

CF38OmBr-KI03 Gas Exposure Method 

Substrate Radiochemical Yields 

Guanosine < 1% 

Deoxyuridine < 1% 

L-Tyrosine 8.2% 

I--' 
0 
"'-J 
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80 
B. The Maximization of Radiochemical Yields of Br-Labelled 

Biomolecules by Changing Labelling Conditions 

As mentioned in the introduction section on page 22, 80rnBr 

82m 80 n+ 
and Br both undergo similar isomeric transition to form Br 

82 n+' 
and Br respectively. Therefore, the following studies were 

80 
carried out with Br-labelling procedures only. The dependence 

B2 of Br-labelled yields on various labelling conditions can be 

80 considered similar to that of Br-Iabelling yields. The conditions 

under investigation for maxim.izing the radiochemical yields include 

the amount of Cl2 additive, the amount of KBr03 exposed, the labelling 

time, and the concentration of different substrates as shown in 

figures 33 to 37 and Tables X to XIII. A comparison of the sub-

strate concentration corresponding to the maximum radiochemical 

BOrn yield· obtained by the CF3 Br-KBr03 gas exposure method was shown 

BO 
in Table XIII. A high yield of 90% of Br-I-tyrosine was obtained 

by using the substrate solution with a concentration of only 75fg/ml. 



109 

70 

60 
(I) 

~ 
w ->-
-.J 
< 
U 

~ 
W 
::t: 
U 
0 -0 
< 
0::: 

~ 

o 10 20 30 40 50 60 

FIGURE 33 RAD10CHEMICAL YIELDS OF BOBR-GUANOSINE AS 

A FUNCTION OF THE AMOUNT OF CL2 ADDITIVE 

PRESENT. ( CF380MBR-CL2 METHOD) 



80 

60 

(/) 

:i 
UJ ->-
...J 40 « 
u -L 
UJ 
:I: 
U 
0 

20 1 - ~ 
0 « 

t-' 
t-' 

0 

a:: 
~ 

a 500 1000 1500 2000 2500 

FIGURE 34 
~G GUANOSINE/Mh 0.1 N AQ. HCl 

RADIOCHEMICAL YIELDS OF °BR-GUANOSINE VERSUS AMOUNT OF 

GUANOSINE PER ML SOLUTION. (CF380MBR-KBR03 METHOD) 



111 

100 

o o 

80 

(f) 

~ 
lJJ 

60 ->-
..J 
<: 
u -::: 
w 
::I: 
U 40 0 -0 
<: 
0:: 

~ 

20 

a 
100 200 400 600 800 

~G L-TYROSINE/O.15 ML SOLUTION 

FIGURE 35 80BR-TYROSINE YIELDS VS AMOUNT OF 

L-TYROSINE IN SOLUTION, (CF380MBR-KBR03 

METHOD) , 



112 

~ 
0 

~ ~ 

0 ~ ~ 
~ 
~ 
0 
U} 

2: 
~ 

UJ 
~ 

U) 
0 
~ 
~ 

2: ~ 
0 ~ 
~ 

~ LL 
~ ~ 0 

0 ~ ~ 
0 ~ 
U) 2: 

~ 
~ 0 
~ ~ 

~ 
~ 
~ U) 

> 
~ 

" U) 
LU 5 ~ 
~ LU 
U} ~ 

0 ~ 
2: 
~ LU 
~ ~ 

~ ~ ~ 

U} 
~ 0 
~ z 

~ 
~ 
~ 
I 
~ 

PO 
~ 
00 

~ 
~ 

LU 
~ 
~ 
~ 
~ 

~ ~ Cj Cj UL 
00 Uj ~ ~ 

SG13IA 1VJIW3HJOIaV~ % 



60 
(/) 

:l 50 
UJ ->-
-J 40 
<C 
u -ffi 30 
::I: 
U 
a 
Ci 20 
< 
~ 

N 10 

113 

o 

10 20 30 40 50 60 70 

MG CH2ICOOH/O.15 ML SOLUTION 

FIGURE 37 80BR-BROMOACETIC ACID YIELDS VERSUS 

AMOUNT OF IODOACETIC ACID IN SOLUTION. 

( CF380MBR-KBR03 METHOD ) 



114 

Table X 

Radiochemical Yields of 80Br-Guanosine vs Amount of KBr03 Crystals* 

% Radiochemical Yield of 

BOBr-Guanosine 

43 ± 5 

38 ± 5 

50 ± 3 

54 ± 3 

50 ± 3 

Amount of KBr03 

exposed to CF3
80mBr 

(mg) 

1 

5 

10 

20 

30 

*Various Amounts of KBr0
3 

were exposed to 60 Torr of CF38~r in a 

50 cc Pyrex bulb and subsequently dissolved in 0.15 ml of 0.1 N 

aq. HCl containing 10 mg of guanosine. 



Table XI 

Radiochemical Yields of 80Br-acetic Acid Obtained by 

Modified CF38OmBr-C 12 Gas' Exposure Method 

as a Function of the Labelling Time 

% Radiochemical Yield of Labelling Time 

80Br-acetic Acid in Minutes 

13.3 ± 0.4 20 

...... 

...... 
14.1 +0.7 40 \J'l 

12.8 ± 0.4 60 

12.1 + 0.3 80 



Table XII 

Radiochemical Yields of 80Br-deoxyuridine 

as a Function of Deoxyuridine Concentration* 

% Radiochemical Yields Milligrams of deoxyuridine in 

0.15 ml of solution 

2.5 10 

7.0 15 

9.4 20 

7.3 30 

1.0** 10 

*Mixtures of KBr03 with various amounts of deoxyuridine in 0.1 N RCI solution 
were exposed to CF38OmBr. 

**This solution contained 10 mg each of bromo-deoxyuridine and KBr03. 

..... ..... 
0'\ 



Table XIII 

Comparison of the Substrate Concentration Corresponding to the 

Maximum Radiochemical Yield of the 80Br-labelled Biomolecules Obtained by 

~8OmBr-KBr03 Gas Exposure Method 

Maximum 
Radiochemical Concentration 

Product Substrate Yield i~/ml 

80Br-L-Tyrosine L-Tyrosine 90% 75 

80Br-Acetic Acid Iodo-acetic Acid 57% 130 

80Br-Guanosine Guanosine 75% 2500 

80Br-Guanosine Guanosine/KBr03 75% 4000 
~olution or slurry 

..... ..... 
......s 
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C. 'The Stability of the Labelled Compounds Under Various Experimental 

Conditions. Proposed Radiochemical Yield-Time Index. 

The radiochemical yield of BOBr-labelled compounds was studied 

as a function of time under various experimental conditions. Figures 

3B and 39 show the radiochemical yields of 80Br-Iabelled biomolecules 

80m versus "labelling" time of the CF 3 Br-KBr03-gas exposure method. 

The "labelling" time is defined here as the time elapsed between the 

mixing of the exposed KBr03 crystals with the substrate solution, 

and the beginning of the product analysis. The observed time depen-

dence of the radiochemical yield is indicative of the time for a 

labelling reaction to reach completion, and the stability of the 

labelled compounds in the reaction medium. 

80 
Similar studies were carried out for Br-Iabelled biomolecules 

using the CF
3

8OmBr-cI2-gas exposure method. Since the el
2 

and re

Sidual CF3
BOmBr are withdrawn at the end of the reaction time, the 

radiochemical yields are studied as a function of the "post-labelling" 

time as shown in figure 40. The "post-labelling" time is defined 

here as the elapsed time between the evacuation of the Cl
2 

and CF 3 BOmEr 

gaseous mixture, and the beginning of the product analysis. The 

observed time dependence of the radiochemical yield is indicative 

of the stability of the labelled compound in the reaction medium 

after the labelling process. In order to summarize these studies 

and to provide information on the stability of these labelled com-

pounds, a radiochemical-yield-time index is proposed and outlined 
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80 
in Table XIV. The radiochemical-yield-time-index of Br-guanosine 

80m obtained by CF3 Br-KBr03-gas exposure method is shown as: 

51 2 
10m 

where 51 and 2 are the initial and final yield percentage at the 

end of the "labelling" time and 10m is the "labelling" time in 

minutes. The index for time independent radiochemical yields 

would show the initial and final yields to be the same, and the 

"labelling" time would arbitrarily be assigned a value of 00 as 

80 80 80 in the case of Br-tyrosine, oa • 
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Table XIV 

Proposed Radiochemical Yield-Time Index for 80Br-Labelled Biomolecules 

Product Substrate 

80Br-Guanosine Guanosine 

80Br-L-Tyrosine L-Tyrosine 

80Br-Deoxyuridine Iodo-Deoxyuridine 

80Br-Acetic Acid lodo-Acetic Acid 

Radiochemical Yield-Time Index 

CF38~r-KBro3 

Gas Exposure 

51 2 
10m 

80 t:>O 80 

75 55 
15m 

41 90 
10m 

80m CF 3 Br-C1 2 

Gas Exposure 

47 47 
00 

87 87 
e>O 

I-' 
N 
W 
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D. Mechanistic Studies by Changing Experimental Conditions by using 

Different Reactants and Model Compound Aniline 

Three categories of mechanistic studies were carried out. 

Figures 3B and 39 show the radiochemical yields of BOBr-labelled 

biomolecules versus "labelling" time of the CF3B~r-KBr03-gas 

exposure method. The observed time dependence of the radiochemical 

yield is indicative of the time for a labelling reaction to reach 

completion. Table XV shows the radiochemical yields of these studies 

which involved the labelling of biomolecules using different 

reactants, such as KID3 , NaCl and HCI. By using these reactants, 

useful information can be obtained to help to elucidate the labelling 

mechanisms. Another approach in mechanistic studies would involve 

using aniline as a model compound. The functional group, -NH2 , 

effect on the distribution of the bromo-labelled aniline would 

indicate the nature of the labelling species and the mechanisms. 

The results are summarized in Table XVI. 



Table XV 

Radiochemical Yields of 80Br-Biomolecules obtained by 

using Various Experimental Conditions 

Method 

CF380mBr (gas) + HCI (760 Torr, gas) + 10 mg guanosine 
subsequently dissolved in H20 

CF38OmBr(gas) + KI03(solid) subsequently dissolved in acidic L-Tyrosine 

CF38OmBr(gas) + K103(solid) } 

CF38OmBr(gas) + KC103(solid) 

CF38OmBr(gas) + NaCI(solid) 

exposed crystals were subsequently 
dissolved in an acidic guanosine 
solution 

CF3
8OmBr(gas) + KBr03(solidli) subsequently dissolved in aq. Guanosine 

ii)" "n O.IM H S04 
(iii) " "" O.IN N~OH 

Neutron irradiated KBr03 (solid)subsequently dissolved in acidic 
. guanosine solution 

Neutron i~radiated KBr (soI1d) 

CF38OmBr(gas) + KBr03 (solid) exposed KBr03 crystals were transferred 
(in air) to another reaction vessel and 
subsequently dissolved in acidic 
guanosine solution 

Radiochemical 
Yields 

2.0 ± 0.5 

8.2 

< 1 

< 1 

< 1 

.( 1 
56.0 
o 

o 

50 

I-' 
N 
U1 



Table XV (continued) 

CF38OmBr(gas) + C12 (760 Torr, gas) + aq. guanosine slurry 

CF380mBr + 0.1 N HCl solution of guanosine (slurry) 

CF380mBr + 0.1 N HCI slurry of KBr03 and guanosine 

CF3
8OmBr(gas) + KBr03/0.1NRCl (solid) subsequently, 1Omg. of 

guanosine was added 

CF3
8OmBr(gas) + aq. slurry of KBr03 and Guanosine 

13.9 j: 1.0 

(I 

81.6 ± 1.0 

32.4 j: 1.0 

< 1 

...... 
r-..> 
0\ 



Table XVI 

Mechanistic Studies of Model Compound Aniline 

Radiochemical Yields of 80Br-Labelled Anilines obtained by Direct 

8~ 
and CF3 Br-KBr03 Gas Exposure Methods 

Radiochemical Yield 

Method Substrate Major Product 

8~ Aniline 80B "1" 10% Direct CF3 Br 0-
80 

r-anl. l.ne 
gas exposure p- Br-aniline 90% 

80m 80 
CF3 Br-KBr03 Aniline 0- Br-aniline 40% 
gas exposure p_80Br-aniline 60% 
( 0.1 N Hel solution, 
H+: aniline = 1 : 1 ) 

Proposed 

Mechanism 

Electrophilic 
...... 
N 
....... 

Electrophilic 



CHAPTER IV 

DISCUSSION 

A. 
80m 82m 

Direct CF
3 

Br (or CF3 Br) Gas Exposure Labelling 

As shown in Table VI, the radiochemical yields of the mono-

brominated substrate molecules are relatively small, ranging from 

a low value of less than 1% when crystalline deoxyuridine, L-

tyrosine or deoxycytidine are the substrates up to 2.7% for phenyl-

alanine. A ,variation of temperature seems to have very little effect 

on the yields. Freezing the CF 3 8~r, the bromine source on 

the substrate molecules did not significantly improve the labelling 

process either. 

Changes in coating procedures leading to different grain 'sizes 

of the substrate crystals deposited on the surface of the pyrex 

reaction vessel have generally no significant effect on the yields, 

nor is the amount of substrate used of any great consequence as 

long as a certain minimum amount of substrate is present (vide 

infra). 

This procedure was further modified by exposing a 0.1 N HCI 

80m 
solution of guanosine to CF Br. It was hoped that in the presence 

3 

of Cl ions, the reactive species, Brn+ would form the 80BrCl or 

80BrC12- intermediates which would immediately undergo electrophilic 

attack on the uracil carbon. However, the yield was not improved, , 

as shown in Table X. 

128 
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By substituting the substrates with their halogenated analogs, 

the radiochemical yields are low, less than 1%, as shown in Table XV 

However, when iodoacetic acid was used, the radiochemical yield of 

80Br-acetic acid was about 42%. This higher yield is probably due 

to the iodide ion being a good leaving group, facilitating the ex-

change "labelling" process. 

In agreement with previous results observed with the xenon 

gas exposure technique, leading to iodinated compounds,63,64 it can 

be concluded that the direct gas exposure labelling is applicable 

only for liquid systems. For solid substrates, the yields are too 

small to be of any practical value. These small yields, not un-

expected, are considered as one of the disadvantages of this 

excitation labelling. 

The direct, excitation labelling can be summarized by the 

following reaction: 

Substrate + 80Brc+ ______ ~~ 80Br-substrate + X +-19 

The 80Brn+, formed as a result of 8~r(IT)80Br ,undergoes charge 

80 c+ transfer to form a low-lying reactive, Br species. 

species then carries out an electrophilic attack on the substrate 

molecules. Further studies on the labelling mechanisms and the 

evidence for electrophilic attack will be presented in a later 

section on page 149. 
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B. Modified CF8Om (82m) Br-CI Gas Exposure Labelling -----------3 2~----~---------~--~~-

The bromine incorporation observed in the direct gas exposure 

technique is probably the result of an electrophilic attack of a 
c+ 

Br ion at a carbon atom of the substrate molecule. The low yields, 

c+ however, seem to indicate that Br is not a powerful brominating 

agent for solid substrates. This may be due to deactivation possibly 

by charge transfer etc. of the Brc+ before it can sufficiently 

diffuse into the solid. 

Thus, in order to improve the labelling process, the above 

gas exposure method was modified by adding C12 to the reaction 

mixture. It was hoped that the interaction between the decay produced 

bromine species and the Cl2 would lead to the formation of inter-

80 80-mediates of the BrCI or BrCl2 type which may prove to be a 

+ more· superior brominating agent than the Br • 

The following proposed reactions summarize the labelling processes 

charge ) 80Br c+ __ _ 
transfer 

(20) 

80 80 - 80 Substrate + BreI or BrCl
2 
~Substrate- Br+HC1--(22) 

80m 
As a result of isomeric transition t Br undergoes the Auger 

80 n+ 
process to form a highly charged species Br . This highly charged 

80 n+ 
Br species would undergo charge transfer to form a lower charge, 

80 c+ reactive species Br as shown in equation (20). In the presence 

80 c+ 80 of Cl
2 

gas, Br might form reactive intermediates such as BrCI 
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or 80BrCl2-' And these intermediates could attack the substrate 

80 
molecules to form Br-labelled substrate as shown in equation (22). 

As can be seen from the data in Table VI, the addition of Cl2 gas 

results indeed in most cases in substantially improved radiochemical 

yields of the monobrominated substrate molecules, e.g.) 80Br-guanosine 

from ca. 1% without Cl2 present up to 52.5% with Cl2 present. 

The relative radiochemical yields are fairly independent of 

exposure time. No significant change in the radiochemical yield of 

80 
Br labelled acetic acid was observed when the exposure time was 

extended from 20 to 80 minutes (Table XI),nor. was there any signifi-

o 
cant temperature dependence observed between 20 and 80 C. 

This procedure was modified by replacing the substrates with 

their halogenated analogs. It is important to note that the labelling 

yields of these halogenated analogs are low. The yields range from 

80 
less than 1% for Br-hippuric acid (O-iodo-hippuric acid as substrate) 

80 
to only 7% for Br-deoxyuridine (iodo-deoxyuridine as substrate) as 

shown in Table VII. This latter decrease from 27% (deoxyuridine as 

80 
substrate) for Br-deoxyuridine was especially drastic. This de-

6+ 0-crease in yield can be explained in terms of the polarized C -I bond 

of the iododeoxyuridine molecules. The carbon processing a partial 

80 &+ positive charge, tends to supress an electrophilic attack by the Br 

of the reactive intermediate 80SrCI or 80 BrCIZ' thus resulting in 

a low radiochemical yield. However) a higher yield of 79% is obtained 

for 80Br-acetic acid when iodo-acetic acid was the substrate. This 
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increase can be explained by the fact that the iodide ion, weakly 

bound to an aliphatic carbon, is a good leaving group. 

The effect of increasing amounts of chlorine gas added on the 

efficiency of the incorporation process can be seen from figure 33 

and Table VII. The experiments were carried out under standard con-

ditions with 10 mg guanosine coated on the surface of a 50 ml pyrex 

bulb and 60 torr CF
3

sOmBr present in each case. Various amounts of CIZ 
SO gas were added. The highest yields of Br-guanosine were obtained 

with 5-25 x 10-4 moles of C12 present, which corresponds roughly to 

ZOO-1000 torr C12• A further increase of Cl 2 pressure reduces the 

yields, probably due to interfering secondary reactions of the brom-

inating agent with CIZ• SO The radiochemical yield of Br-acetic acid 

maximized at 440 torr of Cl
2 

inside the reaction vessel, as shown in 

table VII. 

To enhance our understanding of the labelling mechanism, CF3
sOmBr 

80 
was mixed with gaseous HCI to form possibly intermediates BrCI or 

80 -BrC12 • In the presence of the solid substrate, such as guanosine, 

some labelling can be achieved. However, as shown inT~ble XV, the 

h ld f SO I 2% d h SO c+ dl.·d t e yie 0 Br-guanosine was on y 0, in icating t et Br 

not replace successfully the hydrogen of the gaseous HCI molecule to 

8080 -
form the reactive intermediate BrCI or BrCIZ ' and hence the low 

labelling yield. 

In order to carry out a more efficient labelling, a substrate 

molecule, such as guanosine was dissolved in water to facilitate the 
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exchange by the reactive species. However, the yield was only 14%, 

as shown in Table XV. This low yield can be explained as a conse-

80 quence of the hydrolysis of the labelled product Br-guanosine, as 

is evident in a more detailed study of the labelling condition later 

80 80 
on page 141. The yields of Br-acetic acid and Br-hippuric acid 

are also low, less than 1% when aqueous substrate solutions of iodo

acetic acid amd hippuric acid were exposed to a mixture of CF3
82mBr 

and C1
2 

gases, as shown in Table VIII. 

In agreement with the results obtained by direct CF38~r gas 

exposure, it was found that the amount of substrate has very little 

effect on the obtained yields as long as it exceeds a certain minimum 

which is under our experimental conditions 10 mg coated on the surface 

of a 50 ml pyrex reaction vessel. 

C. CF
3

8Om (82m)Br - KBr03 Gas Exposure Labelling 

In another series of experiments crystalline KBr03 was exposed 

to CF380mBr CF 82ffi- f 11 i dId b or 3 tlr 0 ow .ng a proce ure recent y reporte y 
42 

Stocklin et al. for iodine labelling. It is assumed that in this 

case reactive halogen species are trapped on the surface of the crys-

tals which upon the solution in 0.1 N HCl, containing the substrate 

molecules, form reactive intermediates, which can carry out the ex-

change reactions. 

The yields obtained via this procedure are shown in Table VI and 

indicate a drastic improvement over those obtained by the direct gas 
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exposure technique if guanosine and L-tyrosine are the substrate, 

where the yields are better or comparable to those achieved by the 

modified CF
3

Br-C1
2 

method. 

In all other systems under investigation the results are the same 

or show only a slight improvement. (It should be pointed out that 

the bromination of deoxyuridine by this method yields about 6-10%, 

whereas the iodination of the same compound via the comparable Xe-

KI03 technique gives yields of about 90%.) 

Since this technique is an especially mild brominating procedure 

exposing the substrate molecules only to a negligible amount of rad-

iation,a deliberate effort was made to develop this technique to a 

80 
more generally applicable method for Br incorporation. 

80 
Although the mechanism by which the Br exchange is facilitated 

is still unknown it appeared that more efficient exchange could poss-

ibly be induced if the atom to be replaced in the biomolecule is only 

weakly bound, such as iodine. 

80 Table VII lists the radiochemical yields (in % of total Br 

80 80 
present) of Br-5-bromodeoxyuridine and Br-bromoacetic acid obtained 

via 80Br for I exchange induced by the "CF
3

8OmBr-KBro3" gas exposure 

technique with 5-iododeoxyuridine and iodoacetic acid as substrates. 

For comparison the yields obtained via the "direct CF3
8OmBr" and 

80m modified CF3 Br-C12" gas exposure are included. Also listed are 

80 the radiochemical yields derived from Br for H, F, Cl or Br exchange 

induced by the three labelling procedures in deoxyuridine and the 
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corresponding 5-halogen derivatives of deoxyuridine. 

The data in Table VII clearly demonstrate the drastic improve-

80m ment of the yields in the case of the "CF3 Br-KBro
3

" exposure tech-

nique if deoxyuridine is replaced by 5-iododeoxyuridine as substrate. 

The yield of 80Br-5-bromodeoxyuridine increases sharply from about 5% 

to about 74%. It seems interesting to point out that no improvement 

could be observed if any of the other 5-halogen derivatives (fluoro-

chloro-or bromo-) of deoxyuridine were subject to this procedure. It 

seems also important to note that the "modified CF 80mBr Cl II exposure 3 - 2 

method which gave rather satisfactory results with deoxyuridine,radio-

chemical exchange yields up to 27%, proved to be ineffect1.ve if 

replaced by any of the halogenated deoxyuridine including 5-iodo-

deoxyuridine. 

These results again confirm the rather subtle dependence of the 

exchange mechanism on the nature of the substrate and the experimental 

conditions employed. 

As shown in Table VII, another compound whose radiochemical yield 

could be greatly improved by using the iodo derivative was bromo-

acetic acid. 

In this case, the previously observed yield of 4.4% obtained 

80m by labelling acetic acid via the "CF3 Br-KBr03" technique increased 

significantly to about 40% if iodoacetic acid was used as substrate. 

The replacement of KBr0
3 

by KCl03 completely supresses the ex

change process. By using KI03 in this gas exposure method, the radio-
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SO SO SO 
chemical yields of Br-guanosine, Br-deoxyuridine and Br-L-tyro-

sine are {1%, ( 1% and B.2% respectively, as shown in Table IX. 

BOIIL These yields are clearly lower than those obtained byCF3~r-KBr03 

gas exposure method, indicating that KBr0
3 

forms a more reactive 

species with the BOBrn+ ion. This species, KBro3-BOBr is capable 

BO n+ of retaining the reactivity of Br for labelling later on. The 

KI03 crystal obviously does not possess the same property as KBr03 

for the formation of this reactive species, hence the low labelling 

yields. 

The proposed labelling mechanisms can be summarized by the 

following equations: 

80Brn+ + KBr0
3 

---""",> KBr0
3 

- BOBr--(23) 

Substrate 
80 

~!rg:~ N B~Cl) Substrate - SOBr'---(24) 

More mechanistic studies will be discussed in a later section on page 

147 • 

The KBr03-gas exposure technique was further modified by the 

CF
3

80ruBr gas exposure of the substrate and KBr03 in 0.1 N Hel solutions. 

This technique was developed to enhance the immedi.ate labelling of 

the "trapped" reactive 80Br in KBr03 crystals. Indeed, relatively 

high yields of 82% and 63% were obtained for BOBr-guanosine and SOBr_ 

acetic acid when guanosine and iodo-acetic acid were the substrates, 

as shown in Table VIII.However, the yields of SOBr-deoxyuridine and 

SO Br-hippuric acid were not improved by using this technique. 
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Another parameter which was considered in this study was the 

amount of KBr0
3 

crystals used in the labelling process. Here again 

the possibility existed that if small amounts of KBr03 were used 

competing reactions might interfere with the labelling process. Table 

X shows the results obtained under standard conditions, 40 minutes 

80m CF3 Br gas exposure, "labelling time" 1 minute (guanosine) dissolved 

in 0.15 ml 0.1 N aq. HCl solution contalning 10 mg guanosine. Only 

slight variations can be observed which indicate that the amount of 

KBr03 used is not very critical. It is important to emphasize that 

the presence of KBr03 is essential for the labelling process which 

does not proceed if KBr0
3 

is replaced by KI0
3

, KCI0
3

, KBr or KCl. 

D. 80 The Maximization of Radiochemical Yields of Br-labelled 

Biomolecules by Changing Labelling Conditions 

The conditions under investigation included the amount of C12 

additlve, the amount of KBr0
3 

exposed, the labelling time, and in the 

80m 
case of the CF3 Br-KBr03-gas exposure method, the concentration of 

the different substrates in solution. As explained earlier on page 

80 22 , these studies were carried out with Br-labelling procedures 

80llL 82UL only, because of the similarity between fir and fir isomeric 

transitions. 

The dependence of percentage of radiochemical yield on the amount 

of C1
2 

additive, the amount of KBr0
3 

exposed and the labelling time 

have been discussed in the previous sections, for the CF3
8OmBr- and 
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80m CF
3 

Br-C1
2 

gas exposure methods. The following discussion therefor~ 

concentrates on the effect of substrate concentration and labelling time 

BOrn 
on the percentage of radiochemical yields for the CF

3 
Br-KBr03 gas 

exposure method. 

80 As shown in figures 38 and 39, the yields of Br-guanosine and 

80 
Br-deoxyuridine decrease with respect to "labelling" time. The 

labelling time is defined as the time elapsed between the mixing of the 

exposed KBr03 crystal with the substrate solution, and the product 

analysis by HPLC. The significance of these studi.es will be discussed 

in a later section on page 145 • The fact that the BOnr-guanosine 

yields can he drastically reduced from 53% to 3% in about 10 minutes 

of "labelling" time, indicates the existence of the possible secondary 

processes, such as hydrolysis after the labelling reaction. Thus, 

the presence of a relatively large amount of substrate could supress, 

at least to a certain extent this secondary process t and in this way, 

avoid the decomposition of the labelled product. 

80 This behavior is indeed borne out i.n figure 34 where the Br-

guanosine yields are plotted as a functi.on of the amount of guanosine 

present in the 0.1 N aq. HCl solution. The yields increase slowly 

to up to 75% at substrate concentration of 2500 pg guanosine per ml 

0.1 N aq. HCI. 

On the other hand, the results in figure 35 provide very little 

evidence for secondary decomposition of the 80Br labelled L-tyrosine 

under these experimental conditions. 
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Thus, one would expect in the latter case a much less pronounced 

effect of the amount of substrate present in the solutton on the ob-

tained yields. 

80 As shown in figure 37 where the yields of Br-L-tyrosine are 

plotted as a function of substrate concentration this seems to be 

indeed the case. The yields increase drastically at substrate concen-

trations of 50 }lg L-tyrosine per ml 0.1 N aq. HCI solution from about 

2% to their maximum of 90%. The fact that below a threshold concentra-

tion of about 50 Jlg/ml very little labelling occurs seems to indicate 

that a certain minimum amount of substrate is required in order to 

supress competing reactions between the reactive bromine species and 

impurities unavoidably present in the solution. 

It should be emphasized in this context that the use of larger 

amounts of substrate does not interfere in the present case with ,the 

carrier free formation of the radiobrominated molecules, which being 

chemically different from the substrate, e.g. bromoguanosine vs. 

guanosine, can be easily separated and purified by HPLC. 

80m Figure 37, where the radiochemical yields of Br-bromoaceti.c 

acid are plotted versus the amount of iodoacetic acid in the solution, 

shows that the yields increase from about 35% at 2 mg iodoacetic acid 

in 0.15 ml solution to about 57% at 20 mg iodoacetic acid per 0.15 ml 

solution at which concentration the yields level off. 

Figure 36 shows the results of an attempt to combine the two 

steps required in the CF380mBr-KBro3 technique, exposure of KBr03 to 
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80m CF3 Br and subsequent dissolution of the KBr03 in acidic substrate 

solution, to a one step procedure, namely to the simultaneous exposure 

of a solution or slurry of KBr03 and substrate, in this case guanosine, 

in 0.1 N aq. HCI, to CF3
8OmBr. By comparing the results plotted in 

figure 34 and 36, it can be seen that the Itsoluti.on/slurry" labelling 

requires a greater amount of substrate in order to achieve the same 

yields as in the previously used two steps procedure if all the other 

experimental conditions are kept constant. While in the solution/ 

slurry labelling the maximum yield is reached at about 4000 ~g sub-

strate/ml solution (figure 36) the optimum yields in the two step 

process are obtained at considerably smaller substrate concentration, 

i.e. 2500 pg substrate per ml solution (figure 34). From these results 

one might want to conclude that the solution/slurry technique does 

not offer any significant advantage, except a slightly simpler handling 

procedure, over the original CF38OmBr-KBro3 method. 

This conclusion becomes further evident from the radiochemical 

yields of 80Br-deoxyuridine obtained by using the solution/slurry 

technique as shown in Table XII. In all cases, the yields are less 

than 10%, with substrate concentrations as high as 30 mg in 0.15 ml 

0.1 N Hel. By using Br-deoxyuridine in the substrate solution, the 

yield is still low, less than 1%. 

Table XIII summarizes the substrate concentration corresponding 

to the maximum radiochemical yields, indicating the relative "Labelling 

efficiency". The most "efficient" labelling was that of I-tyrosine, 
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90% yield with substrate concentration at only 75 pg/m1. The least 

"effici.ent" labelling was that of guanosine, 75% at 2500 pg/mlsubstrate· 

concentration, 30 times higher than that of I-tyrosine. The solution/ 

slurry technique did not improve the "efficiency" of guanosine 75% 

at 4000pg/m1 substrate concentration. Iodoacetic acid can be labelled 

moderately "efficiently" to form 80Br-acetic acid, 57% at 130 pg/ml. 

Thus, these studies also established the optimum substrate 

concentration in obtaining the maximum radiochemi.ca1 yield. It is 

important to point out that the investigation of the concentration 

corresponding to the maximum radiochemical yield is especially desir-

able in the radiopharmaceutical preparation of macromolecules, where 

it is important to label a minimum amount of substrate because in 

these cases, separation of labelled product from unlabelled substrate 

is extremely difficult, if not impossible. A good example is the 

preparation of labelled macromolecules such as 123I-insulin. Insulin 

and 123r-1nsulin .are eluted from the liquid chromatograph at approxi-

ately the same time. 64 In this case, it is important to start 

with an amount of insulin which will give the maximum radiochemical 

yield in order to prepare 123I-insulin with the least amount of 1n-

sulin present. 

E. The Stabili~y of the Labelled Compounds Under Various Experimental 

ConditionE. Proposed Radiochemical. Yield-Time Index. 

80m The yield dependence on "labelling" time in the CF3 Br-KBr03-
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80m gas exposure technique and "post-labelling It time in the CF3 Br-

Cl2-gas exposure technique was studied to establish the stability 

of the labelled biomolecules, and to further define the optimum 

labelling conditions. 

As shown in figures 38 and 39, the percentage of radiochemical 

yields were plotted against "labelling" time in minutes for the CF 3
80mBr 

- KBr03 .-gas exposure technique. The "labelling" time VIas defined 

as the time elapsed between the dissolvi.ng of the KBr03 crystals 

(previously exposed to CF38OmBr) in the acidic solution containing 

the substrate and the start of the HPLC separation. The maximum 

radiochemical yields of both 80Br-tyrosine and BOBr-guanosine, as shown 

in figure 39, are reached :I.n both systems within less than one minute. 

The yield of 80Br-tyrosine remains almost constant over the total time 

range of 60 minutes investigated in this study, while the yield of 

BOar-guanosine dramatically drops from initially(after 1 minute) 

52% to less than 3% after a labelling time of 10 minutes. 

The apparent explanation for this drastically different behavior 

displayed by these two model compounds seems to be that in the former 

case the radiobromine becomes incorporated into a stable posit jon, 

whereas in the latter case the initially formed BOBr-guanosine under-

goes under these experimental conditions rapid hydrolysis leading to 

the loss of the radiobrominc. Quantitative studies show that bromide 

is released as a 'result of hydrolysis in the reaction mixture. 

Figure 38 shows the radiochemical yields of 80Br-acetic acid and 
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80 Br-deoxyuridine, plotted as a function of "labelling time'. It is 

obvious that the two compounds under study also display a significant

ly different behavior. The yield of 80Br-bromoacetic acid increased 

from 42% at one minute "labelling time" to 82% after three minutest 

levelling off at 90% after about 10 minutes. This behavior seems to 

indicate that the exchange 80Br for I in iodoacetic acid is a relative-

ly slow process t which requires under these experimental conditions 

approximately 10 minutes to be completed. In contrast to these results 

the Br for I exchange with 5-iododeoxyuridine seems to reach completion 

much faster t in less than one minute. An increase in "labelling time" 

results in a reduction of the yields to about 57% after 20 minutes at 

which point the yields seem to level off. The explanation for this 

80 latter behavior is probably due to a slow hydrolysis of the Br-deoxy-

80 uridine, not as rapid as the hydrolysis of Br-guanosine. Thus, 

these four labelled biomolecules exhibit different behavior on the 

yield dependence of "labelling time.' In order to obtain the maximum 

labelling yields, the optimum "labelling" time can be deduced from 

these studies. A radiochemical yield-time index is proposed later on 

page 145 to summarize these results for labelling purposes. 

Figure 40 shows the radiochemical yields versus "post-labelling" 

for 80Br-guanosine and 80Br-deoxyuridine. The "post-labelling" is 

defined as the time elapsed between the removal of the residual Cl 2 

and CF3
80mBr gaseous mixture from the reaction vessel (and hence ter

minating the labelling process), and the beginning of the HPLC product 
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analysis. 

80 80 
The radiochemical yields of Br-tyrosine and Br-guanosine 

are relatively independent of "post-labelling" time. The yields of 

80 Br-tyrosine remain essentially the same under vacuum or atmosphere. 

80 
Thus, these studies indicate that the labelled Br-guanosine and 

80 Br-tyrosine are fairly stable. It is important to note that the 

labelled biomolecule can be kept in the reaction vessel and separated 

by HPLC about 15 minutes before clinical or animal studies. Thus, 

the HPLC separation can function as a quality control operation t 

in purifying or separating the labelled biomolecules from other by

products. 81 

By comparing these studies with the "labelling" time studies of 

80m CF
3 

Br-KBr0
3
-gas exposure, further understanding can be achieved 

80 
on the stability of the labelled product. For Br-tyrosine, the 

80Br was probably incorporated into a stable position of the tyrosine 

80 
molecules. This stability is evident even when the Br-tyrosine 

was kept in an acidic solution with a strong oxidizing agent KBr0
3

• 

80Br-guanosine is as stable as 80Br-tyrosine when compared by Cl2-

gas exposure technique and can be kept inside the reaction vessel for 

"post-labelling" times up to 50 minutes. However, 80Br-guanosine 

completely decomposes in the presence of 0.1 N HCl and KBr03" The 

decomposition is due to hydrolysis as in the aqueous solution. Thus, 

in choosing a labelling procedure, the yield dependence on various 

conditions would have to be considered in detail. 
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In order to summarize these results and provide the relevant 

information concerning labelled products, a radiochemical yield-time-

80m index is proposed for labelled biomolecules obtained by the CF3 Br-

80rn KBr03-gas and CF
3 

Br-C12-gas exposure as shown in Table XIV. The 

80 80m 
radiochemical yield-time index of Br-guanosine obtained by CF

3 
Br-

KBr0
3
-gas exposure method is 5110m2• This index signifies that the 

radiochemical yield decreases from 51% to 2% in about 10 minutes. Due 

to the decrease in yield, this radiochemical yield-time can be de-

41 90 
scribed as a "decreasing" index. An "increasing" index, 10m for 

80 Br-acetic acid signifies that an increase in "labelling" time might 

be preferable. For the cases when the radiochemical yields are inde-

80 pendent of "labelling" time, or "post-labelling" time, such as Br-

80 80 . L-tyrosine, the index is 00 ,where the t1me is given a value of 

infinity. It is hoped that these indexes can be useful in making an 

a priori judgement on the applicability of these labelled biomole-

cules for clinical animal and human studies. 

F. Significance of the Stability of the Labelled Compounds for 

Nuclear Medical Applications 

The studies of the stability of the labelled compounds discussed 

on page 141 can provide information on the various labelling conditions 

affecting the radiochemical purity of the labelled biomolecules. The 

radiochemical purity of a substance is defined as the amount of radio-

nuclide present in this particular compound. As shown in figure 39, 
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80 80m the maximum radiochemical yield of Br-guanosine using the CF
3 

Br-

KBr03-gas exposure method is reached within less than one minute. 

80 However, the yield of Br-guanosine dramatically drops from initially 

after 1 minute 52% to less than 3% after a "labelling" time of 10 

minutes due to rapid hydrolysis of the radiobromine in the reaction 

mixture. In order to obtain the maximum amount of 80Br-guanosine, 

HPLC separation should be carried out immediately after 1 minute of 

80m reaction between the CF
3 

Br exposed KBr03 crystal and 0.1 N Hel 

solution of guanosine. The separated, or purified 80Br-guanosine 

should be stored in a non-acidic, "mild" solution before further 

nuclear medical studies are carried out. This procedure would supress 

the hydrolysis of the 80Br-guanosine, thus ensuring the radiochemical 

purity of the labelled compounds. 

As shown in figure 40, the stability of 80Br-guanosine inside 

the reaction vessel (CF380mBr-Cl2-gas exposure method) is much higher 

than in the previous case. The yields of 80Br-guanosine remain un-

changed at about 50% for Hpost-Iabelling" times up to 50 minutes. 

Therefore, in this case, HPLC separation is not required right after 

the labelling process. 80 Thus, Br-guanosine can be safely stored in 

the reaction vessel with the length of the "post-labelling" time de-

pending on the amount of radioactivity required, without decreasing 

the radiochemical purity s'ignificantly. These studies are important 

in assessing the stability of the labelled compounds, and hence in 

developing procedures in maintaining the radiochemical purity of the 
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labelled biomolecules. 

G. Mechanistic Studies by Changing Experimental Conditions and by 

Using Different_ Reactant 

Several series of labelling experiments were carried out to 

further establish the role of different reactants, and the conditions 

in the modified CF3
8OmBr-Cl2-gas exposure and CF380mBr-KBro3-gas ex

posure methods. The yield dependence on "labelling" time of the 

CF380mBr-KBro3-gas exposure was discussed earlier on page 138, and the 

significance of these studies was also noted in helping to understand 

the labelling mechanism. The following discussion concentrates on 

the dependence of radiochemical yields on various experimental con-

ditions and on different reactants in understanding the labelling 

mechanisms as shown in Table XV. 

As shown in figure 29 on the schematic of the labelling pro-

80 80-cedures, BrCI or BrC12 have been postulated as the reactive inter-

mediate in the CF3
8OmBr-C12-gas exposure method. By replacing C12 

80 gas with HCl gas, the yield of Br-guanosine was lowered to only 2%. 

Direct gas exposure of 0.1 N Hel of guanosine also lowered the yield 

comparably, to less than 1%. From these two studies, the replacement 

of the Cl2 gas by HCl did not lead to the formation of a reactive 

intermediate for labelling. 

In the CF3
8OmBr-KBr03 gas exposure technique, the reactive species 

for this labelling process has not been identified. The following 
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experiments using guanosine as an example may, however, provide some 

additional information about the mechanisms involved and perhaps, 

exclude certain intermediates. 

The replacement of KBr03 by other oxidizing agents, such as KI03 

supresses the exchange process in the cases of I-tyrosine and guano-

sine. The same effect is observed if NaCI or KCI03 is exposed to 

CF3
80mBr, and subsequently dissolved in the acidic solution of the 

substrate. This is surprising, due to the fact that the classical 

bromination of ketones by using KCI03 and Br2 was carried out success-

80 fully by Catch el al~ The reaction is as follows: 

6CH3COCH3 + 3Br2 + KCI03------+. 6CH3COCH2Br + KCI + 3H20------(25) 

The present investigation suggests a different bromination 

mechanism. The exchange process requires an acidic medium. When 

0.1 N aqueous HCI or H2S04 solutions of guanosine are used to dissolve 

the exposed KBr0
3 

crystals. the yields are quite high, > 50%. If the 

KBr0
3 

crystals are dissolved in H20 or 0.1 N aq. NaOH containing the 

substrate, no labelling (~1.0%) occurs (Table XV). An aqueous slurry 

8~ mixture of KBr0
3 

and guanosine exposed to CF
3 

Br also results in 

practically no labelling. 

By exposing the KBr03 crystals to air the bromine species pre-

sumably trapped on the surface of the crystals do not lose their 

reactivity_ Thus, the crystals can be transferred from one vessel to 

the other. Subsequent dissolution of the crystals in (acidic) sub-

strate solutions still yields a more than 50% bromine incorporation in 
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the guanosine. 

As can be seen from Table XV, the simultaneous exposure of a 

80m KBr03 slurry containing an acidic solution of guanosine to CF
3 

Br 

does not affect the yields, which still remain in the 50% range. In 

this connection it seems important to point out that the dissolution 

of neutron irradiated KBr03 or KBr crystals in 0.1 N aq. HCI contain

ing guanosine does not result in radiobromine labelled guanosine 

(Table XV), This seems to indicate that the bromine recoil species 

commonly observed in Hot atom chemistry are not responsible for the 

labelling process. 

By using a slightly modified procedure in which the KBr03 was 

first dissolved in a solution of 0.1 N Hel and subsequently exposed 

to CF3
8OmBr, followed by the addition of a small amount of guanosine, 

the yield was lowered to 32%. This might suggest that in the presence 

of aqueous 0.1 N HCl, the formation of the reactive intermediate was 

partially inhibited by the phase change. 

80 80-The above experiments also exclude BrCl or BrCl2 as inter-

mediates and seem to point in the direction of species like BrO , etc. 

Moreover, the fact that other oxidizing compounds such as KID3 or 

KeI0
3 

do not enhance the labelling emphasizes the importance of the 

presence of KBr0
3 

and suggests that a rather subtle mechanism is in

volved in the exchange. 

H. Mechanistic Studies by Using Aniline as a Model Compound 

Preliminary studies of the labelling mechanisms were carried 
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out by using aniline as a model compound. Further studies can be 

carried out by using other model compounds, such as benzoic acid and 

phenol. In all these studies t the effect of the functional group on 

the distribution of the radioactive bromine in different positions 

of the aromatic ring would provide information on the nature of the 

reactive intermediate and the labelling mechanism. In Table XVI, 

80 
the distribution of Br and the proposed mechanism were outlined for 

80m 80m the direct CF3 Br gas exposure and the CF3 Br-KBr03-gas exposure 

method. Due to the rapid chlorination of aniline, the mechanistic 

studies of the CF3
BOmBr-c12-gas exposure were not carried out by using 

this method. 

By exposing aniline to CF
3

8OmBr, about 90% of the 80Br became 

incorporated in the para position and 10% in the ortho position. 

This distribution suggests that the labelling mechanism is an electro-

philic process. Wolf and Lambrecht had already suggested the involve-

+ 123 11 
ment of I or 1- in the excitation labelling of I products. By 

following the isomeric transition of 8OmBr , the excitation labelling 

is indicated by the following nuclear process: 

80m
Br 

I.T. 80 n+ --------..)r Br -----(26) 

The BOBrn+ undergoes charge transfer with its neighboring atoms and 

80 n+ 
molecules. Subsequently, Br acquires a lower positive charge, 

forming the reactive 80Br c+, before "labelling" the substrate aniline. 

The exact charge and the energy level of this bromine labelling 

species is, however, unknown. Loberg and Welch suggested that as a 
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result of the Auger process of 123Xe , the average charge state of the 

daughter ion, 123In+, was +7, with maximum extending to +16. They' 

also proposed molecular ion complexes for the reactivity of 1231 in 

123 
simple .hydrocarbon. Thus, the studies on I excitation 

11-13 labelling by other workers and this preliminary study on model 

compound aniline suggest that excitation labelling by 80Brn+ species 

can be explained by an electrophilic mechanism as follows 
80Brc+ 80 

Substrate ) Substrate- Br (27) 

Similar preliminary studies on the labelling mechanism of the 

8~ CF3 Br-KBr03 -gas exposure method were carried out by using the 

same model compound, aniline. Table XVI shows the radiochemical yields 

of radiobrominated aniline. By mixing the exposed KBrO~ crystals with 

O.IM aniline in 0.1 N He1 solution, the radiochemical yields are 40% 

80 
and 60% for the 0- and p- Br-ani1ine respectively. This indicates 

that the labelling mechanism is electrophilic. The electrophilic 

80 80m 80 . species, Br, formed as a result of the Br(IT) Br, reta1ns 

its reactivity through complex formation with KBrO crystals. Upon 
3 

mixing the KBr03- BOBr with the aniline solution, the 80Br species 

carries out an e1ectrophi1ic attach on the ortho and para positions 

of the aniline molecules. 

I. Summary 

The present research project establishes the merit of the 

excitation and modified gas exposure labelling techniques for the 
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the incorporation of 80Br or 82Br into biomo1ecu1es. The radio-

chemical yields obtained by the direct excitation labelling are 

generally low, and the procedure is not recommended for labelling 

biomo1ecu1es. On the other hand, the CF380m(82m)Br_C12' gas ex-

posure technique in combination with HPLC purification provides a 

simple and efficient tool of incorporating radioactive bromine 

to form (carrier-free) radioactive molecules of biochemical interest. 

It seems to be the most generally applicable method of all three tech-

8Om·(82m) niques in this investigation. The CF3' . Br-KBr0
3 

technique is 

an extremely rapid and especially mild brominating method, since 

it exposes the substrate only to a minimum of radiation. The range of 

application of this labelling technique can be significantly extend-

ed by choosing as substrates the corresponding iodinated molecules. 

It should be applied whenever possible. 

The carrier free radiobrominated molecules obtained by these 

techniques can be readily separated from the unlabelled starting 

material and purified by HPLC and used for medical purposes. In 

comparison to the labelling methods by other workers as summarized 

in the review of pertinent literature, these gas exposure techniques 

are much more effecient for labelling short half-life radiopharmaceu-

ticals. 

The labelling conditions such labelling time, pH, concentrat-

ion have been established to obtain maximum radiochemical yields. The 

chemical stability of these labelled biomolecules was determined by 
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studying the radiochemical yields as a function of It labelling " 

and II post-labelling" times. To summarize this information, a 

radiochemical yield-time index is proposed to make possible a 

priori decisions on the stability of these labelled biomolecules. 

Some mechanistic studies were carried out by using different 

reactants and the model compound aniline. The exact nature of the 

labelling species is still unknown. The proposed mechanism for both 

the direct excitation labelling and the CF3
80m Br-KBr03 gas exposure 

labelling is electrophilic. 
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DIRECT BROMINE-80 OR BROMINE-82 LABELLING OF BIOMOLECULES 

VIA EXCITATION LABELLING METHODS: 

PREPARATION OF RADIOPHARMACEUTICALS 

by 

Steven How-Yan Wong 

(ABSTRACT) 

The direct decay induced 82Br (or 80Br) labelling by exposing 

the solid substrate molecules, such as deoxyuridine, L-tyrosine, 

guanosine, deoxycytodine, phenylalanine and acetic acid, to gaseous 

CF382mBr (or CF3
8OmBr) was studied. The radiochemical yields of 

the brominated products are relatively small and range from 1% in 

the case of bromo-deoxyuridine to 11% for bromoacetic acid. The 

modification of this technique by adding Cl2 gas to the reaction 

mixture improves the yields in several cases drastically (up to 80% 

for bromo-guanosine and bromo-L-tyrosine). Similar improvement can 

be achieved by exposing crystalline KBr03 for some time to CF3
82mBr 

(or CF38OmBr) and dissolving subsequently the KBr03 in an acidic 

solution of the substrate. 

The radiochemical yields of 80Br-5-bromodeoxyuridine and 

80Br-bromoacetic acid obtained by employing various modifications of 

the direct decay induced 80Br labelling method which exposes 



substrate molecules to gaseous CF~OmBr are reported. The results in-

dicate a drastic improvement of the amount of Br incorporated into 

these products if the labelling is accomplished by applying the 

It CF 3 B~r-KBrO 3 It gas exposure technique to induce a BOar for I 

exchange in the correspondi.ng ( inactive) iodo derivatives. 

The effect of several experi.mental conditions, such as the 

labelling timet the pH of the labelling medium, and the concentration 

of the substrate solutions, on the efficiency of theBOBr incorpor-

II 80m . ation via the CF3Br-KBr03 n gas exposure method resulting in 

carrier free radiobrominated compounds was investigated by using two 

model compounds, L-tyrosine and guanosine. 

BO 
The Br labelling proceeds very rapidly in the case of the 

L-tyrosine and is fairly independent of If labelling time " and subs-

trate concentration as long as a certain minimum amount of L-tyrosine 

is used. This is in contrast to the guanosine system where rapid 

secondary reactions reduce the initially high yields of 80Br-guanosine 

at extended " labelling times rr and where larger amounts of substrate 

are needed to produce optium yields. 

The chemical stability of 80 Br-guanosine and 80 Br-tyrosine was 

established by studying the dependence of the radiochemical yield on 

ff labelling time It ( CF
3 

80m Br-KBr~ gas exposure method ) and " post

labelling time tI ( CF
3 

BOm Br-C~ gas exposure method ). A radiochemical 

yield-time index is proposed to summarize the radiochemical yield 

dependence on II labelling II and " post-labelling II times in these 



two modified gas exposure labellings. It is hoped that this index 

will be helpful in making a priori judgements on the applicability 

of these labelled biomolecules for nuclear medical studies. 

Some preliminary mechanistic studies were carried out by 

using different reactants and model compound aniline. The proposed 

mechanism for both the direct excitation labelling and the CF38Gm Br

KBr03 gas exposure method is electrophilic. 




