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’ Abstract '
Vinous parametcrs which could influence the radiolabeling of human flbrmOgen with
~*'Ga were studied. Sm' it is difficult to directly complex radxometals such as “'Ga with
protems a bifunctional chelaung agent, deferoxamine, was coupled to ﬁbnnogen vid' a
two-step glutaraldehyde coupling method. Specif:; reaction conditions, such as protein
concentration, and the ratio of chelating agent to protein, were var_ied to determine the .
optimum conditior}s needed for maximum *’Ga-fibrinogen yield with minimal loss of protein
-clottability, Upon complctioh of » the coupling reactior, the prdlein compl/ex was purified by
'éel f iltraiidn and radiolabeled with ¢’Ga. At a mean .c_onju’gation l;:vel of 7.1 moles of defer-
oxa‘mine 'per mole of fibrinogen, the radiolabeling efficiency averaged 42.3%, with a mean
protein clottabiiity of 62.6% anci an isotdpic clottability of 70.2%. Decreasing the molar ratio
"ihcreéged. both the isotopic clottability and protein clot{ability; however the radiolabeling
' efficiency was markedly decreased. In contrast, increasingv the moiar ratio resulted in a
nouceable increase in the radlolabelmg yield at the expense of protem clottabllny Increasmg
the pxotem concentration, while mamtammg a constant def eroxamme -fibrinogen molar ratio,
produced a marked decrease in all three parameters. Polymemauon of the protein complcx
was observed when emplo;mg high concentrations of protein and deferoxamine- glutaralde
hyde. This may have ‘been due to inter- and intramolecular crosslinkmg caused by free glutar-
aldehyde in the solution, and may account for the decrease obsgrvcd in protein clottability.
”Ah increase in the amount of. ’Ga-citrate added to deferoxamine-fibrinogén did not
increase~ ific activity of ¢’Ga-fibrinogen. The_speéif ic activity remained between 2 and
3 MBq/mg which was\cbnsidere_d to be t00 19w for clinical application as a diagnosiic agent
for deep‘ vein t_hrom\bosis. Neutron ”activatiqn analysis was performed on aliquots of several
decayed “’Ga-citrate samples to determine if the samples were contaminated with trace metals.
Significant levels of zinc metal were detected in all the samples. Thus, zinc metal

contamination may have contributed to the observed low 'yields of “'Ga-fibrinogen by

 competing with "Ga binding sites on the defemxamianfibr)inG'g"én complex.

e
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1. INTRODUCTION

’ Deep vein thrombosis (DVT) is a common, largely preveotaole disorder which may
‘lead to serious and sometimes lethal pulmonary emboh although it often is remarkably subtle
" in its clinical manifestations. Indeed, cllmcal symptoms are evident in only approximately 50%

of rhe cases (1). Particularly aL risk are pauems with myo.cardxal infarction, cerebrovascular
disease: hip fracture, and many per‘sons following major surgery. Sirrcc th?vdiagnoslic
- accuracy of VDVT on the basis of the physical examination and history is poor (2-6), a

p@ora of objective diagnostic tests have emerged in order to assist the phys‘féian_ when
thrombophlebitis s suspected.

Contrast venography is generally recognized as. the reference diagnostic test“f_or the
presence of DVT (7,8). However, the test may cause discomfort in an acutely ill patient and
is not surtable for repeated examinations (9). Comphcauons include pain, dislodgement of |
thrombr extravasation of the chemicals, induced thrombosrs and allergic and adverse ef fects
of the contrast material (10-14). ln addition, the \i\merpretation of the radrographs/may be

. /
~ difficult and inconclusive (15) with 10 to 30 perce& of the ‘venograms failing }o visualize
. X \ /

some segmeni of the venous system (16). Therefore\efforts have been mg,df: to develop

//"’
. //
The noninvasive . tests, Doppler ultrasound, termography/ and ‘impedance

‘alternatives to venography.

plethysmography\. all requrre skilled persormel in order to obtain. relrable results. To' date,
-1mpedance plethysmography is the' only noninvasive procedure whr has been vigorously.

\\
—

‘evalua_ted (17). In addition, there is no . concensus whether these rechniqde%' should be
‘empv]oyed either singly or in combination although none" have proved as }eliable.as the
verrogram when used alone (9,18). | |

A variety of radiopharmaceuticals have been investigated as alternatives to the above
" 'procedures for the diagnosis of deep: vein thrombosis, some of which remained limited to
animal experiments while others were ex;nuned in humans. Among these methods were:
““In-.labeled platelets (19-23), -**"Tc-plasmin (24-26), radrolabelﬂi streptokinase and ~

'urokinase ‘(27-30), »MTc.labeled red celrs (15 31,32), ”"‘Tc-maeroaggregated albumin

—



(I33-35) »9™Tc.heparin  (36,37), radiolabeled fibrinogen (38-42), radioiodinated f ibrin
fragments (43), radioiodinated plasminogen (44), and radrolabeled monoclonal antibodies to
fibrinogen, frbnn or platelets (45-47). However, following the prelrmmary evaluauon of
these radiopharmaceuticals in both experimental and clinical semngs few have become
established in routine dragnostrc practice. This is largelv due to lengthy pre-imaging
radiolabeling procedures, and a lack of sensitivity and/or specificity of the diagnostic
1ech‘niques. ' . ,

The *¥1-f ibrinogen uptake test (FUT) (48) is one of the few diagnostioprocedures
whrch has been used extensively in clinical practice. Unf ortunately, due to the emission of low
energy gamma radralron the FUT :s unable to detect venous thrombosrs f orrmng in-the pelvis
and upper thigh Fibrinogen has also been labeled with ”‘I--andv-”’l however the ‘radiation
dose f rom 1, and the cost of I have precluded their wrdeSpread use o

»MTc- human fibrinogen has been prepared and studled by several mvesugators
(49.50). Due to instability of the techneuum protem complex (51) and the lack of its
sensitivity and specificity in clinical studies (18), 9"mTc Jabeled f rbrmogen is also not an ideal
radiopharmacéutica! for diagnosing deep vein thrombosis. | o

»In_general, ‘direct’ labellng of fibrinogen and other 'pr.o‘teins with various radiometals
such as ”"‘LTC.' 6lGa. and '"'In does not result in radiopharmaceuticals v«lith adequate stability

either in vitro or in vivo: One approach to att&pt to improve the stability of a protein

radiometal complex. is to employ bifunctional chelating agents. This q@g’ept was first

introduced into radlopharmaceuucal studies by Sundberg et a/ (52). Various coupling methods
Vet
and chelating agents have been mveSUgated many of which led to compounds which produced

2 high labeling yield and superior in vivo stability when compared wrth.drreclly labeled proteins
(53-55).

Among potentially applicable bifunctional chelating agents, deferoxamine, a
well known iron chelaung agent, has been studied. Deferoxamine forms a 1:1 oomplex with
tnvalent metal i 1ons (56,57) such as Fe**, Ga, and In**, and has a free amino group which is

“not involved in metal binding (58). With ferric jons, deferoxamine forms complexes of high



stability (log K=30.6) (59). The relative stability of Ga-deferoxatning appears to be:" even
higher than that of 'ferrioxamineb (60). These features make deferoxamine an attractive agent
in the preparation of radiobhﬁrrnaceulicals. / |

Therefore, the ainr of this project was 10 establish a procedure for the routine
preparation of "Ga-labeled’ fibrinogen .by initially preparing a deferoxamine-fibrinogen
conjugate which could subsequently be radlolabeled w1 1Ga. TWo ‘purification methods,

\\‘

namely dialysis and gel filtration; were compared tq study the eff ecuvcncss of each in the

removal of unreadted reagents from the deferoxamine- protem complex. The inf lucncc of

several preparatory* parameters on the clottability of deferoxamme fibrinogen and
radiolabeling efflcrency of 4Ga- flbrmogen were also examincd in order 1o determine thc
optimum conjugation level and protemJ concentration of the product. To ascertain whether

A |

87Ga-fibrinogen could be useful for cl{nical purposes, the amount of radiogallium added to
L .

deﬁgpo’xamine-fibrinogcn was increased in an attempt to increase the product’s specific

activity. Finally, aliquots of decayed 7Ga-citrate were analyzed by neutron activation analysis

1o determine whether extraneous metal jons were present in the radiogallium solutions, these

metals possibly affecting the rédiolabeling yield of ¢’Ga-fibrinogen.

B



. IL LITERATURE SURVEY

A variety of radioisotopes and techniques have been utilized in the past-20 to 30 years
to »assist with the diagrrosis of venous thrombosis. Thes‘e radioisotopic procedures generally fall
into two broad categories (61):

1. those methods which identify the rhrombus by being incorporated into the
thrombus during elot formation or dissolution, and
2. those methods whxch entail dynamic xmagmg of tracer drsmbutroér

Table 1 illustrates the many different radlopharmaceuucals which have been
‘investigated and the method of localization or détection of the thrombi. A survey of several of
these radiopharmaceuticals has beeb‘ prepared by Knight (118). To date, there has been no
product which can detect’ .thrombi during .t‘heir entire cycle of thrombogenesis, stabilization,
and fibrinolysis. For example, radiolabeled fibrinogen is incorpora;ed during the dynamic
process of thrombus formation, whereas plaéminogen and urokinase are useful in detecting
old, lysing thrombi (119). Platelets are also mcorporated during thrombogenesis; however,
labeled platel ts may be more useful in delectmg arterral thrombus formauon since fhese
thrombi are composed predominantly of platelets, .as opposed to venous thrombi which mainly
consist ‘of fibrinogen/fibrin (1).

Very few of ‘the‘ radiopharmaceuticals- tabulated_in Table 1 have been used clinically.
Radioisotope venography employing »™MTc.macroaggregated albumin (MAA), blood pool
imaging using **"Tc-red blood cells (RBC), and ‘“irr-labele‘d plgtelets (61) have all been used
successfu_lly for the diagnosis of deep vein thrombosis. However, either the sensitivity or
specif icity of these products usually requires another diagnostrc technique to be employed,
such as lmpedance plethysmography or contrast venography.

Radiolabeled fibrinogen, especially '**I-fibrinogen, has been used extensively in order
to 1denufy those patients at nsk for developmg venous thrombosis (61). It is also useful in
following the natural history of this condition, and to determme the effectiveness of a vanety

of prophylactic measures (48,120-122).
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A. Fibrinogen / B X

Fibrinogen has been defined as '

"that protein in blood and tissue: extract which in the presence of thrombin is
v translormed into an insoluble product which is called fibrin" (123).
This protein .occurs in blood plasma of most vertebrates at concentrations in the range of two
to four -g'ram.s per litré (124) and, with a molecular weight of 340,000 £ 20.000 daltons
(125), is considered to be one of the larger macromolecules in plasma. The generally accepted
values &f other physicochemical parameters as determined for human fibrinogen arc listed in
Table 2 (123,124,126,127).

Amino acid analysis of fibrinogen performed by Cartwright and Kekwick (128)
revealed that more than 90% of the protein consisled of amino acids. Only 4.5% of the weight
is composed of tovalently bound carbohydrates which in turn are lmade up of ncotr_al hexoses,
glucosamine, and sialic acid (1‘29) The molecule also comainsjmall amounts of phosphate
“and sulphate esters (123). Fibrinogen has no free sulphydryl groups. all of its cysteine being
. mvolved in dxsulphlde bridges (124).

Following sulphitolysis of the disulphide bridges, Henschen (130) was able to isolate
the "composite polypeptide chairls of fibrinogen Since the intact molecule was shown to
contain six chains, and as’ only three types of chains could be demonstrated it appears that

the molecule is composed of three polypepudc chains in a palred dimer held 1ogether by three

symmetrical disulphide bonds (131). Molecular weight values for the chams suggest a’

minimum molecular weight of 170,000 daltons for a fibrinogen unit. Consequently, the
molecular weight of 340,000 daltons attributed to the lhtacz fibrinogen is satisfied by the
formula (Aa,BB.¥):. |

The fibrinogen-fibrin transformation takes place after oremoval of two acidic peptides
from the NH,-terminal portion of the Aa- and BB-chains (123). Thrombin, a tryggin-like
enzyme, cleaves the arginyl-glycyl bonds thus forming two peptides, namely fibrinopeptides A

and B. These pepudes then rearrange themselves exposing a structure which is active in '

polymerization. Fibrinogen is a very labxle protem being denatured at tcmperatures as low as -



Table 2

Physicochemical Parameters of Human Fibrinogen (123,124,126,127)

Molecular weight

Sedimentation coefficient (S;o,W)

Translational diffusion coefficient (D;o,w)

Rotary) diffusion coefficient (8;0,W) -
Intrinsic _viscosity [n]
Partial specific volume ({P1)

Frictionall ratio (/7 1)

.

Molecular volume

Electrophoretic mobility ()

1%

lem’ 280 nm)

¢

Exlinct'kon quf ficient (E

Isoelectric’ point (IEP)

Percent «a -helix

340,000 + 20,000 daltons
79 S :

20 - 107 cm’ §°

40,000 st

0.25 dL/g

0.71 - 0.72 mL/g

2.34 .

3.7 - 100 nm’®
2.1 - 10 cm? st V!
15 - 16

5.5
33




C/
4TC. In addition, pH extremes, isolation, radiolabeling and storage procedures readily

: s
denature this protein (126,132). e

AN

B,‘Radioiodinated Fibrinogen

1. Fibrinogen Uptake Test (FUT) | \ -

The concept of using radioiodinated fibrinogen was first intr luced in 1957 by

Ambrus et a/ (133) who produced radioactive thrombi in animals by in J§§d‘ g 1*']-labeled-fib-

rinogen followed by thrombin into occluded vessel segments. Hobbs an Ravies {134) also

'\\(l

observed that radioiodinated fibrinogen accumulated in areas %f venod {»\hnqmbosxs and
st

"r, :

suggested that this approach could form ‘the basis of a chmxal‘ » #ﬁm %.dctccuon of
s SN
venous thrombi. Palko et a/ (135) confirmed the results of Hobbs and’ Dav:eé u%mg M- fib-

rinogen in experimental animals and in man; however, it was Atkins and Hawkins (136) who,
in 1965, successfully used ”’l-labeled";fibrinogen in patiems witﬁ deep vein th.rdmbosis.

Flanc et al (1'37), and Negus and coworkers. (138) refined the method used by Atkins,
and employed venographic confirmation to establish the value of FUT for the detection of
clinically silent thrombosis in post-operative patients and patients with suspccted DVT. Théy
showed that 90% of thrombi found by phlebography could be detected by thc; FUT test.
Kakkar et al (38.62) simplified the test so that it could be adapted to screen a large number
of patients and be performed at the patient's bedside.

The procedure consists of marking points alqng the leg from the groin down along the
femoral vein in the tﬁigh,‘ and -also down the posteriormedial aspect of the calf. Twenty -four
hours prior to injection the patient's thyroid gland is blocked by sodium iodide (100 mg)
given orally té prevent uptake of the tracer. **I-fibrinogen (100 xCi) is first injected into an
arm vein. Radioactivity is then measured using a hand-helq Nal(T1) scintillation system, the

“output of which is fed into a scalar and timer, or to a raté'inctcr. The crystal probe is placed -
over the heart, the radioactivity measured, and the instrument adjusted to a reading of 100%.

The legs are then scanned with this probé over each niarking. To determine whether an
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increase in radioactivity has occurred at any point on the leg, results may be compared either
to an adjacent point on the same leg, to a corresponding point on the opposite leg, or to
earlier measurements oi' the point itself. A relative inpfease of 20% in any value suggests the
formation of a thrombus. Radioactivity is measured a} daily intervals up to six da . er the
initial injcctipn (48). /

Since the development of the scintillzitiqt( probe monitors, the '*I-FUT. test has been
demonstrated to be an excellent epidemiologic tool in patients at risk of venous thrombosis,
and to be generally accurate in patients with suspected _thrombosis when compared with
contrast venography (139,140). The '*I-FUT test has both high sensitivity (94%) and high
specificity (93%) for thrombi that form in the distal half of the thigh, the popliteal fossa, or
calf (62). Unfgrtunalely. it is unable to detect venous thrombi forming in the pelvis or upper
_Ehigh du?to accumulation o‘f radioactive iodine- in' the bladder, and attenuation by the tissue
of the weak 27 and 35 keV photon emissions of '’I. This would explain why .some
inv;stigalors found substantial discrepancies between contrast venography and the ***I-fibrin-
ogen uptake test, particularly in those patients where thrombi were predominantly located in
the pelvic area (141,142).

Since fibrinogen is only accumulated in biochemically active thrombi, 134]-fibrinogen
would be of little use in detecting those thrombi which have stabilized or are being lysed. Thus
only rarely can ttirombi be identified in patients \;vho have had symptoms for more than one
week (17).

Another limitation is that the scintillation probe does not provide images of the spatial
distribution of radioactivity: thus, sources of increased uptake cannot be differentiated. This
could lead to false positive studies in those patients with ruptured muscle fibres, hematomas,
arthritis in the knee, fractures, ulcers, gross edema, surgical sites, and infections in the calf
(143), i.e. areas where fibrinogen and fibrin may accumulate.

Two other disadvantages of the fibrinogen uptake test are del9,140):

1. reliable interpretations can be made no sooner than 24 hours post-injection, and

the study may last up to one week before a definitve diagnosis can be made, and

/
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2. the possibility of the patient acquiring a hepatitis virus (when non -autologous fib-
rinogén preparations are employed).
Even with these limitations, when combined with impedance plethysmography '**l-fibrinogen
can be as accurate as contrast venography (143). \
2. "]-Fibrinogen

Due to the auenualioh of the low energy photons of 'l by overlying tissues
(144,145), several investigators have labeled fibrinogen with '*'I for its use in the detection of
tnrombi (64,146). Charkes et al (65) investigated the use of scintiscanning with homologous
13:1-fibrinogen usicg a portable rectilinear scahner in 37 patients following surgery. Scans werc
performed up to 7 days after injection with 350 uCi of ''I-fibrinogen. Compared with
phlebography an accuracy of 93%, sensitivity of 70%, and specificity of 95% was obtained.
They found that the ability to visualize deep-seated thrombi using:éx scanner was an advantage
over the scintillation probe employed in '¥I-FUT. However the prolonged scanning time of
1.5 hours per study and the inability to distinguish betwegn blood pooling in varicosities and
transient DVT were limila}ions of 1'I-fibrifiogen.

Prescott et al (40) also studied '**I-fibrinogen usinUutologous fibrinogen in 20
patients. When venography was used as the reference diagnostic standard, scanning had a
sensitivit.yy'of 67%, and a specificity of 95%. They failed to demonstrate the ability of '*'I-fib-
rinogen to detect thrombi in the pelvic veins and speculated that this was likely due to
background radioactivity in the bladder. Thus they concluded that there was no advantage in
using 1*'I-fibrinogen over '**I-fibrinogen in detecting deep vein thrombosis.

There are several other disadvantages of “1-fibrinogen which preclude its utilization
as‘a thrombus imaging agent (39). Beta emission from 3] decay results in a substantial
radiation burden to the patient when combined wuh a protein such as fibrinogen which has a
long biological half -life. Therefore the dose administcred must be liﬁlited which results in a
prolonged xfnagmg procedure. {Also multiple energy photons of '*'I degrade the spaual

resolution. In fibrinogen scmngmphy, tms is a critical factor since small 1csnons such as
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thrombi, which have a low target to non-target ratio, must be discriminated.

3. 'V'I-Fibrinogen

DeNardo er al (66,147) have demonstrated the potential usefuiness of '*’I-fibrinogen
in association with imaging as a method for detection of deep vein thrombosis. The desirable
characteristics of '*'l (i.c. a single photon emission of 159 keV, 13 hour half-life, and a low
absorbed radiation dose) make it well suited for nuclear medicine imaging.

More than 350 '"'I-fibrinogen scintigraphic studies were evaluated by DeNardo er al
(39). Patients were injected, 6 to-24 hours prior to scintigraphy., with 1.5 to 4.0 mCi (55.5 to
148 MBq) of "’I-}’ibrinogcn containing 1 to 2 mg protein. Anterior scintigraphy was

performed with a scintillation camera and total body scanning table. lodine-123-fibrinogen

scintigraphy was found to be more sensitive than 1B].FUT or radiapaque venography. Total’

body scintigraphy provided the opportunity to assess the en}ire venous system and imaging
could be completed within 30 minutes. Furthermore, the spaﬁal resolution allowed hematomas
and other conditions which lead to fibrinogen-fibrin deposition to be be readily dif ferentiated
from thrombophlebitis. These investigators were able to_ ﬂdﬁtw thrombophlebitis within 4 t0 6
hours after injection although the slow blood clearance of '**I-fibrinogen frequently caused 16
to 24 hour scintigraphs to be more readify interpreted. This was considered to be a
disadvantage in view of the physical half-life of '*’I and the desite for an early diagnosis.
DeNardo and associates (67) also compared '’I-fibrinogen bioscimigraghy with the
'$1-FUT and contrast venography and found that bioscintigraphy appeared to be an accu}ate
and effective procedure. The accuracy, sensitivity, and specificity were 90%. 92%, and 87%
respectively. Yet these results were not significantly different from either venography or FUT.
13]-fibrinogen bioscintigraphy does offer considerable promise as a noninvasive
method for the detection of venous thrombosis. However, protein-iodination grade 'l is
costly due to its method of production requiring large cyclotrons (148). Also, in the case of
epidemiologic studies, multiple injections of '#*I-fibrinogen would be required becauz;e of the

short physical half-life of '*I thus increasing the radiation dose to the patients (67).
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4. Highly lodinated Fibrinogen

The usual pz&cdurc for iodiqation of fibrinogen involves electrophilic substitution of
an average of 0.5 "1 iodine atoms per molecule of fibrinogen (119). AU this level of
iodination, labeled fibrinogen retains its biological characteristics and will behave (n vivo most
like authentic fibr‘i,nogcn. However, due to the long biologic half -life of radioiodinated librin-
ogen, high background radioactivity in patients shortly after injection reduces the likelihood
of detecting thrombi in areas such as the pelvis.

Thus Harwig e a/ (149-151) prepared highly iodinated fibrinogen, 1.¢. fibrinogen
labeled with both 'l and stable iodine, to an extent of 25 to 100 iodine atoms per molecule.
Labeling was performed by electrolysis with the resultant product being indistinguishable from
that of unlabeled fibrinogen with respect to its molecular weight profile and clottability. The
high levels of iodination resulted in faster clearance of 'V1-fibrinogen, both initially and after
24 hours. and thrombus to blood ratios of 50:1 were obtained (approximately twice as high as
regularly iodinated preparations). Visualization of an 8 bp‘ur old thrombus was achieved with
133]-]abeled highly iodinated fibrinogen’as early as 4 hours after injection despite high blood
background radioactivity. The bladder did not appear 1o interfere ‘with visualization of the
thrombus. >

“In 1976. Colombetti (152) reported the preparation of high specific activity '*'1-fib-
rinogen using the electrolytic method developed by Harwig et al (149). When injected into
dogs. thrombi were clearly shown in the legs. Pelvic thrombi were also delincated 4 hdurs
after injection although the high blood background generally led to insufficient dif ferentiation

between the thrombus and soft tissue.

5. Dlsadvantages of Radioiodination of Fibrinogen

Several agents have been employed for the radxolodmauon of fibrinogen. Thesc
include Chloramine-T, lactoperoxidase, electrolysis, iodine monochloride, and lodogen™
(127,153-155). All involve oxidation of radioiodide to an electropositive state; electrophilic

aromatic substitution then occurs introducing the iodine atom mainly into tyrosine residues,
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although histidine and. Lryplophan residues may also become labeled (156). Each of these

radrolabelmg methods has rts advantages and drsadvantages.\,,these being related to the

complexity of the labefng procedure yield, specrfrc activity, radlq,chemrcal stabrhty and degree

~ of protein denaturation durmg radiolabeling. o

Although the mcorporauon of iodine into protems can be easily achreved

radioiodination has several drawbacks_(156'):

]

| 1. the presence of oxidizing and reducing agents can’ cause significant damage to the
protein and cause a loss of its biologic actrviry, |
2. radioiodinated proteins are subject '-to radiarion damage causing graduaﬂ
decomposition o} denatu-ration of the biologic molecule, thus resulting in a limited
- shelf-life.of the compound, and ¢ | |
3 due to the bnologlc hazard of workmg with radrorodme a suitably equrpped

’ laboratory is absolutely essentlal Proper handling techniques, personnel monitoring,

4

and shneldmg are necessary.
Due to the limitations\de/§;ibed above, various other radionuclides were investigated for the
radiolabeling of fibrinogen.
L% 4

C. Radiolabeling Fibrinogen with Radionuclides other than lodine , RT3 SR

LY

1. "Br-Fibrinogen : } , "

Y \J

As a tracer "Br has seVeral advantages over 1odme For instance, bromine f orms a

’stronger bond with carbons than does rodme (157). Also, while free radrorodrde released by

L4

: drolysrs from a compound, concentrates in the thyroid free bromxde 1s not concentrated by
afy organ (158). Bromine-77 decays 99% by electron capture (159) with major gamma

emnssxons at 242 keV (30%) 7300 keV (6%), 520 keV (24%), and 580 keV (7%) The 57 hour

half -life of ""Br makes it suitable for certain nuclear medicine procedures such as fibrinogen _

turnover studies (160). When used as a plasma tracer the radiation dose from "Br would only

82 about one-tenth the dose delivered by either I o 1 (161). * " -

1N

-
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Thus, in order to provide a chemically more Stable alternative to ra&Gioiodinated fibrin-
7 lbgen -and to decrease the radiation d.‘(_‘gséf“;‘i’ssoci,ated with the use of I and '*'l, Knight ef al
(68) labeled fiBrinogen with "Br byxan “indirect halogenation technique. The two-step
radiolabeling proogdure, similar to the Bolton-Hunter iodination method (162), involved
bromination of an acylating ageni, N-guccfni.mi;iyl-,3;{'(%hydroxyphen&i)propionate (SHPP)
followed by conjugation of the purified ”Bf—SHPP with fibrinogen Lnder mild conditions.
With this method, conjugation yields ranged f}om 35% to 50%. with higher yields when more
concentrated fibrinogen solutions were employed. An isotopic clottability of greater than 90%
. \'avas nattained and the compound was completely stable with respect to in vitro dehélogcnation
for over seven days at room . perature iﬁ neutral buffer. Unfortunately, indirect
| brommatlon of fibrinogen was more difficult than when a direct method was employed.

- Therefore, McElvany et al (69) introduced a new brominating enzyme,
bromoperoxidase which appeared to catalyze brominétion at a f)HGoptimum near neutrality.
In vitro clotlabxhty of "’Br-fibrinogen was reported to be greater than 95%, these results being
consmem with those - reported by other workers for ‘the! radioiodination of fibrinogen
(153,155). ""Br- flbrmogen cleared from plasma at a much slower rate compared 1o 1 1b~
rmogen with a blologlc half -life approxxmately 3.5 times that of iodinated fibrinogen.
Although in vitro stability studxes indicated that the product {vas stable, the radiolabeling

efficiencies obtamed under opumum conditions remained low, ranging belwecn 50 10 60%.
2. l"’Hg-Labeled Fibrinogen , ' 1

Radxolabelmg of fibrinogen with merc\ry 197 has also been aucmpted by Saha and
coworl;ers (70). Optimum yields of 90 to 95 percent were obtained by incubating 10 mg of
fibrinogen at roém tempera'ture with 2 uCi of 1"’HgCl; for 30 minutes at physiologic pH.
Yields mcreased with an increase in pH temperature, and protem concentrauon However,
the radlolabehng efficierdicy ' dropped dramatically when attempting to increase the specific
activity of ”’Hg—fibrinogen which\, the authors speculated, was due to.an increase of

oL

non-radioactive mercury atoms present in 19"HgCl,. Assessment of clottability also revealed
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that only 50 to 60 percent of the radiolabeled protein remained biologically intact.

3. " n-Oxine-Fibrinogen
Ramberg-Laskaris et al (71) reported that fibrinogen could be successfully labeled

" with '"1In-oxine. Labeling efficiencies ranged from 28.8% at a pH of 5, to 55.5% at pH 10.
. Increasing the temperatwic from 4'C to 37C caused a decrease in the protein's clottability

" from 47.7% to 32.1%. The percent clottability was found to increase with increaseqi“‘ln-oxine

3

concentration: 28.9% at 0.8 4Ci/mL 1o 50.2% at 25 xCi/mL. In vitro stability studies were not
reported; however, biodistribution of ''!In-oxine-fibrinogen m baboons, "using a gamma
camera, showed circulaiing activity with uptake by both the livé;\agfj spleen. No thrombus
localization studies were performed to demonstrate the effectiveness of \this radiopharmaceuti-

i

cal in localizing in active thrombi.

4. *™Tc-Fibrinogen “
Technetium-99m would be a very desirable label for fibrinogen thrombus scintigraphy
due to its availability, its abundant photon emission of 140 keV, half-life of . 6 hours, and

absence of primary beta emission (163,164). These potential advantages have led several

”

laboratories to attempt labeling fibrinogen with **"'Tc.

In 1975, ‘'Wong and Mishkin (165) réported that exogenous fibrinogen had_ been
successfully labeled with 99™Tc using a modified electrolytic methi;d using zirconium electrodes
in an acidic medium. Although an average binding effic;ency of 76.4% was achieved, the
protein was only 25% clottable. This, the authors proposéd, was due to manipulation of the
protein during purification of the product by ammonium sulfate precipitation, or extraction.
with glycine. In addition, the low. pH of 2 to 4 employed, as. well as the -presence of
”"‘Tc:zirconiufn species formed after' hydrolysis may have cbmributed to the denaturation
process. Denaturation z{lso occurred during VpH aé}ustment with buf fering agents. |

“In an attempt to improve the radiolabeling befficiency using electrolysis, Harwig and

researchers (74) prepared **™Tc-fibrinogen at a pH of 6. The method employed tin electrodes

s
A}
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with in .;itu production of the stannous ion as an intermediate reducing ageht for *™TcO,".
The final *™Tc-fibrinogen radiolabeling efficiency was 70 to 80% with an isotopic clottability
of 50 to 65%. The in vivo Sehaviour of this product was, however, more disappointing with
only 25% of the injected dose remaining in the cxrculauon after 10 minutes (166). The
ne ble labeled protein cleared more rapidly than the biologically intact radlolabelcd
pro.. .. Hence, the fraction of clottable material increased with time, and the thrombus : blood
ratios were higher than those f or radioiodinated f ibrinogen under the conditions tested.

Jeghers et a/ (50) proposed a éhemical method of labeling fibrinogen. Briefly, T
was reduced by stannous chlofide and the labeling was allowed to take place in an alkaline
medium, the optimal pH beiilg~10..4 10 10.5. After an incubation period of one hour, the pH
was brought down to neutrality by the addition of citrate buffer. When correctly executed the
radiolabeling yield achieved was 92 w 95% and both the in-vitro and in vivo clottability was
approximately 72%. Tw;my-four hours post-injection, approx:malely 28% of the radioactivity
| was recovered in th‘e clotiTen percent of the radioactivity in the radiolabeled product was not
protein bound and contributed to the poor quality of the scinlig;apmc images in human
subjects. .

Other investigators (167,168) have also used a similar chemical method for labeling

fibrinogen with *™Tc. The radiolabeling yield and clotability values generally agreed - with

those obtained by Jeghers and coworkers (50). Yet due to the high blood background,

. scintigraphic images ‘Weie only. of value é4 hours after injection. In addition, increased
radioactivity accumulating at venous junctions, varices in the calf, and, in general, any
enhanced venous network caused dxagnoiﬁg; problems leading o false- posilive results.
Jonckheer et a1 (169) speculated that since only a small portion of the thrombus is in confact
with‘circulating blood and acuvcly involved in the dynamic process of fibrin f ormauon se
negauve results could also occur. Spicher and assoaates (51) demonstrated that rapid
dissociation of the radiolabel from the protem took place in plasma. Thus th:s could also

contribute to poor quality schgraphxc images.
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Finally, Sandler et a/ (18) found that »9MTe.f ibrinogdri“#scans were 80% accurate when
compared with contrast venography ;and only 68% of the scans could be reported as
unequivocal with respect 10 thrombus detection. Therefore, »they‘ suggested that *™Tc-fibrino-

gen was not a suitable method for the definitive-diagnosis of deep vein thrombosis.

P \

D. Bifunctional Chelating Agents
All the radiolabeled fibrinogen preparations discussed to this point were labeléd in one
of two manners: by covalent sub’sti}tution \'#ith elements such as iodine or bromine, or by
chelation with radiometals. However, direct labeling of a protein such as fibrinogen with a
metallic radionuciide suffers from several weaknes'ses (170,171): '
1. the radionuclide may bind to the protein with insufficient affinity to prod;ce a
stable bond, - . A
2. the radiolabel may bind to the native f ujﬁ')aiona’l groups of the protein needed to
re.tain its bi_blogical activity. Should the radionuclide interfere with this, the normal
behaviour of the molecule would be altered, and , a
3. the specific activity atmingmo high' enough to achieve a' high target to
; non-target ratio. For example\,\ high thrombus to blood ratios are necess-ar; to be able
to detect thrombi in areas of hi vénous flow such as in the pelvic areas.

An alternate approach may go\:‘nk metal-chelating groups to the protein which
1.

may then bind the desired radiometa ethod sucﬁ as this would add flexibility in the

chemical reactions involved, the choice of radioisotope, and the time of addition of the
radionuclide (172). | |

The first approach to covalently couple chelat%ng groﬁbs to macromolecules was
reported by Benisek and Richards (173) who reacted lysozyme with methyl picolinimidate to
- produce a bidentate chelating site. In 1974, Sundberg et al (52,174) utilized a bifuncﬁoPal
analoguc of ethylenediamine‘tgtraacetic acid (EDTA) to cre;ite specific metal chelating sites on
biological molecules. The synthesis was later elaborated by Yeh and coworkers (175) using

a-amino acids as tﬁe starting materials. The metal chelators are most often derived from
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polyaminocarboxylic acids such as EDTA, or diethylenetriaminepentaacetic aﬁd (DTPA) (55)
_because of their large formation constants with a large variety of metal ions and their relative
ease for synthetic manipulation. -
In general, bifunctional chelating agents all contain two types of functional groups.
One group is always a multidentate metal chelating ligand, The other f un/ctional group can be
of various types (176): J
" 1. a reactive moiety capable of forming covalent bo.nds with biological molecules,
2. a hydrophobic aliphatic chain which is likely to incorporate itself into a biological
meimbrane, | |
* 3. a haptenic molecule with affinity fof an antibody, or
4. a substrate or inhibitor molecule preferentially bound to a specific enzyme.
Thus the role of the second functional group is to dire;t the chelating agent to a&ggion of

interest in a biological system.

1. Advantages of Chelate-Tagged Molecules For Imaging

One of the tﬁain adva‘nt,ages for the development of this form of radiolabeling is the
availability of isotopes with convenient half -lives and useful radiation for imaging, such as
nifp, *™T¢, and ‘f’Ga. Another reason for using this technique is that the synthetic chemistry
is separate from the radiochemistry (172). Proteins may be chemically modified, purified, and
stored: in noﬁradioaclive form. The radioactive metal ion may then be added. In this way a
high specific ac.ti;ity may- possibly be achieved, since radiolabeling can be performed
immediately before utilization of the radiopharmaceutical. In addition, the radiation absorbed
dose 1o personnél may be reduced when employing this n?ethod, as opposed to the
radioiodination of protein.

Protein-metal conjugates prepared usin'g bif unc}io\nal ‘chelating ggcn'ts are quite stable
(177). Chelated metal ions from metabolized proteins are often rapidly excreted by the
kidneys (172) thus, in theory, reducing the radiation dose to the patient. When labeled

properly, the proteins may have biological half -lives comparable to the radioiodinated proteins

—

-,
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or their native counterparts (178).

An attractive feature of bifunctional chelating agents is the versatility of the chemlstry
involved in the modification of _proteins (175,176). With an increased choice in the type of "
chemical reaction empl;)yed, it is possible to formulate a compound with high specific activity

and minimum loss of the macromolecule's biologic activity.

2. Desnrable Properties of Bifunctional Chelating Agents and Metal lons
Two general requirements are essential for bifunctional chelatmg agents to be ef fective
in biological applications (176):
1. the chelatmg agent must be attached to the protein in such a way that the product
retains the original biological properties of the protem and also the orlgmal
metal -binding properities of the chelating agent, and .

2. the metal ion must bind with the chelating agent such that dissociation will occur
very slowly or not at all under in vivo and in vitro conditions. | ‘
The serum protein transferrin is well known for its rapid removal of some coordinated metal
jons from chelates in vivo (179,180). Radioactive metals bound to transferrin subsequently
localize in the liver and bone marrow pfoducing undesirable background activity.
Consequently, if radiépl;armaceuticals prepared with bifunctional chelating agents are to be
: ' &

used for clinical studies, the metal chelate must-prove to be kinetically inert and stable in vivo

(172).

E. Types of Bifunctional Chelating Agents A
1. Diethylenetriaminepentaacetic Acid (DTPA) Derivatives

Original work with DTPA derivatives involved ‘formation of the mixed
carboxycarbonic anhydride by reaction with triethylamine and isobutylchloroformate (55').
This chelating agent was then added to human serum albumin (HSA), which was purified by

exhaustive dialysis and gel chromatography to remove excess DTPA, and subsequently labeled

————
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with l“’"“In. The resultant radiolabcling yield was found to be greater than 98% and the’
product behaved similarly to '»I-HSA in mice. The drawback to this procedure is that six .
individual steps are required to prepare the final réc;i[blléﬁéled protein complex. Also,
hydrolysis of the anhydride prior to protein conjugatiop could significantly reduce the
radiolabeling efficiency. This procedure has been reported to be successful in radiolabeliné
monoclonal antibodies for myocardial“ infarct imaging (181), radiolabeling al‘bumin
micirospheres for lung imaging (54), and f or tumour imaging (182).

Khaw and coworkers (75) have described a three-step process for the preparation of
sMTc.DTPA -fibrinogen. Fibrinogen was first modified using DTPA anhydride prepared by
t‘;me above method (55). The technetium was reduced with sodium dilhi‘_c_inale and then added
to the buffered protein. /n vitro coagﬁlability of the inal\’producl apbroximated 86% and
biodistribution studies showed that 67% of the radioactivity rémained in the blood after 15

minutes, this value decreasing to 11.5% after 24 hours. Less than one percent of the dose

localized in the thyroid indicating that the product was stable in vivo over the 24 hour period

* studied.

Alfﬁough this particular radiopharmaceutical was reported 1o have a higher
coagulability and a slower whole blood clearance than the **™Tc-fibrinogen prepared by
Harwig (166) the preparation 9f 99MT¢ - fibrinogen was rather labour intensive, requiring four
purification steps after radiolabeling to remove contaminating colloids, thus reducing the
percent yield to 31.9%. Also, Khaw (75) reported that excessive amounts of DTPA anhydride
c_aused varying\ degrees of denaturation of the derived { ib;inogen. A

Hnatowich et a/ (183) have prepared bicyclic DTPA anhydride by heating DTPA and
exc\éss ‘acetic anhydride in- pyridine. ‘The anhydride was added to ﬁrotein as a solid or in a

chloryform solution. Using this method, Hnatowich and associates (184,185) have labeled

‘albumin microspheres and a monoclonal antibody to carcinoembryonic antigen successfully

-
-

with ’Ga and '''In respectively_;i‘;‘, \
. [ .4
Layne et al (42) have also prepared 1]y -DTPA-fibrinogen utilizing the cyclic |

anhydride of DTPA and found the clotting time of the radiolabeled fibrinogen to be identical
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1o that of native fibrinogen regardless of whether an anhydride to protein ralio_gf 1:1or5:1
. was employed. Blood clearance studies and thrombus td blood ratios of radioﬁctivity using
11jn-DTPA-fibrinogen in canine models yielded similar data as that obt;ined with ***]-fibrin-
ogen. Unfortunately, the labeling of fibrinogen with ''In, by first modifying the proteiﬁ with
derivatized DTPA dissolved in& chloroform, led to a low radiolabeling efficiency of 13%.

This prompted Lavie et al (72) to modify Layne's procedure, by dissolving DTPA
anhydride in dimethy! sulfoxide and then attaching it to the protein. The modif ied .protein was :
labeled with ‘”In-acetatAe producing an average yield of 90% at a molar ratio of 0.1:1
DTPA:fibrinogen. At a reagent-protein ratio greater than 1:1, the radiolabeling efficiency
dropped to 70%. The final product obtained’ was highly clottable and stable ih vitro (72).

$7Ga-DTPA-fibrinogen has been prepared by‘ Saha and Halbleib (76) and its
biodistribution studied in Balb/c mice. Again, DTPA anhydride powder was employed ‘by
niixing the chelating agent with lyophilized fibrinogen at a molar ratio of 5:1, and‘then
dissolving the mixture in 0.05SM Hepes buffer at pH 7. The DTPA-f ibrinogen complex was
then purified by column chromatography, labeled with "’Ga.. rand further purified by gel
f 1ltrauon The radnolabelmg efficiency obtamed ranged from 60 to 85%, and the clottability
remained consumt at 61% for 24 hours. Only 6% of the radioactivity was found in the blood
16 hours after injection, with the majority of the radioactivity localizing in the kldneys and
liver.‘ ‘ .

ﬁécently, the use of a succinimide ester of DTPA has been introduced as an
alternatgve to the anhydride (186,187). However as yet, this deri\;atized chelating agent has

not been investigated lgé’ a method for labeling fibrinogen.

2. Ethylenediaminetetraacetic Acid (EDTA) Derivatives

In the original work by Sundberg and associates (52) an EDTA denvatwe was chosen
over DTPA because of its less complicated synthesis in spite of the fact that DTPA possessed
highér binding constants for metals. These researchers synthesized the intermediate compound
1-( p-aminoﬁhenyl)~EDTA, which could sub;equently be acylated, alkylated, or otherwise

EN
Y
/
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modified to fofm either biologically active derivatives or covalent labeling Teagents (52). For
instance, the above intermediate compound could be derivatized to produce a bromacetamido
group, an isothiocyanate group, or a diazonium salt (172).

Diazonium salts‘coup;Le readily with lysyl, tyrosyl, and histidyl residues (188), the
predominamyamino acid modified being dependant ufaon pH (189). Thus non-selective
binding of the diazotized conjugate with proteins will occur. Isothiocyanate -EDTA derivatives
also label proteins randomly producing hig'hcr yields under milder conditions as comparcd 10
the diazonium complexes (172). In contrast, bromacetamido-benzyl-EDTA specifically labels
sulphydry‘; groups (178). Thus if a protein contams a single sulphydryl group that is not
essential for activity a theoretical yield of’ one chelate per protein molecule can be achieved.
All of these complexes have been found to form stable conjugates wit_h proteins in vitro (172).

Fibrinogen has also been labeled with EDTA derivatives. Sundberg and associates (52)
conjugated 'fibrinogen with 1-(p-benzenediazonium)EDTA and then labeled the complex wiath
"'1p. Their in vitro studies of indium binding by perturbed angular correlation demonstrated
" that indium bound quantitatively and rapidly to f ibrinogen. They did not, however, report the
evaluation of this compound as a potential thrombus imaging agent.

~Goodwin et al (73) also reported a method for labeling fibrinogen with '!'In via the
azophenyl-EDTA complex. Radioindium was f irsg complexed with the EDTA portion of the
molecule and then linked to the protein by means of the diazo group. With a conjugation level
of th}ee equivalents “»‘ln-azoph;yl-EDTA per mole fibrinogen, the resultant complex

obtaided an in vitro clottability of 80%. Again, no thrombus images were reported using this

radiopharmaceutical.

F. Deferoxamine

Although EDTA and DTPA derivatives produce stable protein conjugates, they ;re, in
general, characterized by complicated syx;ltheses and gurification procedures. In the gcase of
conj'ugated. fibrinogen, the labeling yield is often quite low. Thc’reforc, another type of
chelating agent, deferoxamine, has been extensively investigated for the preparation of

L
3
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radiometal labeled macromolecules.

Deferoxamine B is a naturally. occuring iron-chelating hydroxamic acid which is
synthesized and secreted by many prokaryotes (57 )~. _This sideramine possesses
growth-promoting properties (58) and appears to exert an important function in the iron
metabolism of microorganisms due to its ability to solubilize extracellular iron metal and iron
oxides (190), with subsequent incorlporation of iron into the pprphyrin systems k58). Defer -
oxamine B is produced when the complex-bound trivalent iron contained in ferrioxamine is

removed by chemical means. ] »

1. Physicochemical Properties of Deferoxamine
Deferoxamine is sofuble in water and alcohol, and practically insoluble in organic
solvents such as chloroform and - her (191). It strongly absorbs ultraviolet light at

approximately 220 nm, and when complexed Wwith iron, absorption at 430 nm (Ellqgm

=39) is
observed due to the formation of a red-brown colur (192). Deferoxamine contains one
amino group which accounts for the basic character of the compound, and enables it to form
salts with organic and inorganic acids (58). The molecular weight of deferoxamine base has

been calculated to be 569:7 daltons.

2. Chemistry

Deferoxamine is composed of one unit of acetic acid, two units of succinic acid and
H’xrcc units of 1-amino-S-hydroxylaminopentane (Figure 1) (58). The three organic groups
are interlinked to fprm a chain in which there are three hydroxamic acid moieties inside, and
the free amino group at the end. Reaction of the desferricompound with a ferric ion involves
the displacement of three protons from the hydroxamic acid g}oups. These groux;s then
rearrange themselves in such a way that their six oxygen atoms form the apioe; of an
octahedron with the iron atom at the centre (Figure 2) (58,193). In this state, the molecule
has no net charge and all six coordination valencies of the metal ion are satisfied (193). This

shell of organic material thus results in an iron complex of very great stability. The stability
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Figure 1: Structure of Deferoxamine (58)
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Figure 2: Structure of Ferrioxamine (358)
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constants for various deferoxamine-metal compques cypared with other chelating agents are
listed in Table 3 (59.60.194,195). As is illustrated in the table. ferric-deferoxamine is one of ,:
the more stable complexes with a formation constant of ldg K =30.6. lq contrast, deferoxa-
mine shows significantly less affinity for ferrous ions.

Keberle (58) reported that deferoxamine was able to extract iron from proteins such
as ferritin and. hemosiderin  viro o its maximum theoretical binding capacity. However,
only 10 to 15 percent of iron was removed from totally saturated transferrin. Yet there was

no demonstrable exchange of iron from ferrioxaminé to transferrin. /n vivo studies in dogs



Table 3

»

Stability Constants (log K) (59.60,194,195)

Metal lon

Deferoxamine

EDTA

DTPA

Citrate

26

Transferrin

. Fel’
Ga"
In’

Alr

30‘.6
>30.6
<30.6

21.5

14.1

10.7

10.3
10.1

1.2

10.9

1.9

4.3

2.6

2.2

25.1
20.3
25.0
16.3
18.8

18.0

6.3

16.5

14.3

- 18.6

16.5
8.8
10.7

8.7

18.8
193
18.4
16.5
203
19.2
9.3
108

9.8

5.9

4.4

5.0

4.9

4.4

5.4
3.8
3.4
3.5

3.0
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indicated ‘that ferrioxamine was rapidly excreted by the kidneys via glorncr}uar filtration and
partial tubular secretion with 94% of the dose removed after § hours. Deferoxamine, however,
is metabolized and then excreted mainly in the bile with a metabolic half-life of one hour

(58).

3. Uses of Deferoxamine

Duc to its great affinity for ferric ions and its subsequent rapid elimination by the
kidneys, deferoxamine has been utilized in those conditions associated with excessive iron
storage in the tissues such as haemochromatosis (196) and haemosiderosis (191). and in iron
overload following repeated transfusions as in thalassacmia (197). It has also been used for

the treatment of acute iron poisoning (198).

4. Potential Use in Radiolabéling of Proteins
Interest in deferoxamine as a potential radiometal chelator stems from the fact that it
not only facilitates uptake of ferric jons but also the Group [11 elements such A", Ga’*, and
In’". The data by Emery (56) support the concept that *Ga behaves physiologically, in part,
as a non-redusible iron analogue. Prelirhinary investigations by Goodman et al (60)
demonstrated the relative stability of deferoxamine (I)FR)J complexes:
GaDF>P’eDF>InDF>CuDF at pH 7.1 and 22°C. Weiner and associates (57) also showed
that deferoxamine was more compelitive than serum transferfin in the binding of
radiogallium, but not radioindium.
Deferoxamine also fUlfillS)hC characteristics needed for a bifunctional chelating agent
in several ways (199): |
1. deferoxamine contains a free amino group of comparatively high reactivity, which
may act as a functional group for coupling reactions with proteins,
2. when complexed tc /protcin it forms an uncharged chelate of compact structure,
“hence its influence on th parent molecule is minimized,

3. compared to EDTA and DTPA derivatives, deferoxa}ninc exhibits a low chelate

-~
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atability With“caxions such as Ca?* and Mg?*, which are essenual for many bnologxcal

reactions, ' , ’ ‘ -
. ‘
4, it possesses a higher affinity for gallium than iron-binding macromolecules such as

lactoferrin and transferrin, and
5. it also satisfies the general requirements as a diagnostic agent due to its* low

toxicity and easy procurement.

L
. | ~
. G Con)ugatlon of Deferoxamme wnth ‘Proteins /

Several methods have been employed 10 couplé prosthetic groups to macromolecules

(200 202). Selection of the proper couplmg reagent mpsn.be determined in order to prodﬂceg

the desired product. In addmon the choice of reagent will depend on the stability range .of

both the protein and reagent. The reacnon conditions need to be extenswely studied for each
protein, and all the parameters such as temperature, pH, reactlon ume and concemratmn
elucidated .to optimize the yield of the modified protein with minimal loss of its biologic

activity (203). - - | {, ¥
v Al

1. Water-Soluble Carbodiimides

Water soluble carbodumldes ha®e become common reagems for -the attachmem of

prosthénc groups to protein carboxyl groups because ‘of the relatively" mild conditions used'\‘

(204). According to Carraway and Koshland (205), the mechanism of the carbodumxde

reaction - with carboxylic acid group{ proceeds as shown in Figure 3. Khorana (206) has:

postulated that the teaction sequence is initiated by the addition of a carboxyl across one of

-

the double bonds of the diimide system to give an O -acylisourea (equation 1, Figure 3). The -

: actlvaled carboxyl group may then react in several ways. If a nucleophlle is present, an

acyl nucleophlle product will be produwd plus urea derived from the’ carbodxmxde (equation

4xh

2a Figure 3). The O-acylisourea could “Yearrange itself to form an N-acylurea via an

' . . ‘
“hydrolysis occurs with subsequent regeneration of the carboxyl group (equation 2c, Figure 3) |

intramolecular acyl transfer (equation 2b,. Figure 3 .‘Whe‘re the nucleophile is water, -

o
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Figure 3: Mechanism . of Carbodiimude -Reaction with Carboxylic Acids (205)
2

shown that if the concentration of both the carbodiimide and nucleophile is sufficiently high,
rearrangement of the O-acylisou 1l be minimized, and the codpling reaction berween the
protein carboxyi groups and ‘nucleophile will be driven to completion.

The carbodiimide promoted amxde formation between‘protcm and chelaung agent
offers the advantages of a mild, quick. and sxmple reaction (204). Although'any waer -soluble
carbodiimide may be employed, 1'-ethyl-3-(3—dimelhylammopropyl)ca?bodiimide HCl (EDC)

is commonly used, sincé it is commercially available and relatively stable for long periods of

time (204).



Janbki and associates (171) have utilized EDC in the preparation of deferoxa-

mine-human serum albumin (DF-HSA). They mvesugated the effect of selected combinations

of molar ratios of the reagents, pH and_ reacuon time on the yleld of DF- HSA and found

that use of more than a 100-fold excess of EDC led to a significant loss of protem. Similar
results were observed when a reaction time of greater than 60 minutes or a, pH above 7 was
employed. They rationalized these results by postulating that too greal an excess of
carbodiimide wou'ld activate carbonyl moieties‘wﬁic.h would favour inter- and imrarﬁolec‘ular
couphng with nucleophilic groups on the protem itself. According to Riehms and Scheraga
(207) some of the crosslinking between a protem 's carboxyl and lysine mmeues can be
reduced by performing the reaction under acidic conditions (pH 4.75). Unfortunately, certain
proteins such as fibrinogen are too labile to react under such z{;l gcidic clirﬁape.

¢ ‘Another limitation of . utilizing carbodiimides is that these reagenits are not
site-specific, thus éc_u'vating a number of q;ganic functional groups. In aqueous solutions: at

acidic pH values, the predominant groups on a protein reacting ‘with ‘carbodiimides are

carboxyls, sulphydryls (208), and tyrosines (209) The rates of reaction of model sulphydryl,

and carboxyl compounds with EDC are approxlmately equal while tyrestae-gets more slowly

(205).

Recently, Motta-Hennessy et al (210) reg)orted that DF-IgG conjugates prepared via

the carbodiimide method of Janoki and coworkérs '(,171) were unstable after 'storage for more
than one week, thus leading to a low- radiolabeling yield with ¢’Ga. In addition, an identity

reaction on immunoclectrophoresis was not observed.

2. Glutaraldehydey %
_In contrast to water-soluble carbodiimides, giutaraldehyde is a bifunctional coupling
reagent which mayf'be utilized at neutral pH (211) to couple protein amino groups with an

amino moiety of a prosthetic group ke

Ee
b

protein - N = CHCH,CH,CH,CH = N - prosthetic group.
, tg\x\ S
/
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Glutaraldehyde is well known for its ability to rcacl with proteins, and the literature on the
‘reacuon of glutaraldehyde with biological systems has been extensive. Hopwood (212, 213) has
reviewed its application in fixation: Several authors have described its use for the preparation
of protein-enzyme conjugates (214) and for coupling proteins o various matrices >(215,216). s
Other soluble protein derivatives have also beén described (217,218). Glutaraldehyde has been
utilized for coupling in two ways (203):

1. a procedure in whxch the prosthetic group, protein, and glutaraldehyde are rcaclcd

m a single step. Conjugates prepared by this method are generally of high molectlar

weight and are assumed to be heterogenous (i.e. both aggregates and monomeric

»proteins are _f ormed), and

2.2 t\;/o-step procedure in which the- prosthetic mbiely and glutaraldehyde are first

reacted, after which the protein is added.

The rationale behind the two-step procedure. is that those pr(:slhctic groups containing

a low number of. free amino moieties are able to bind with glutaraldehyde with minimum

crosslinking*"(il9). The free aldehyde group of the glutaraldehyde should then be available for

% ™

" combination with the amino groups of a protein add'sequemly, providing that the
d

groups approach closely enough. &lsiig this method, vrameas and Ternynck (219) -

successfully coupled horée-radish peroxidﬁé&n—shccpmﬁ‘rabbit 1gG antibody with little loss

of biologic activity.
An excess of glutaraidehyde-conjugate is necessary (0 allow reaction with the protein

to be driven to completion (172). High prplein concentrations also enable the glutaraldehyde

. ¢
conjugates 1o react .with protein molecules due to their close ;/icinity (172). According to*

Payne (220), c high glntaré.ldehyde and protein concentrations produce extensive derivative ’
formation but not necessarily extensive 1ntemolecula;éf;ssnnk1ng In contrast, low glutaral-
dehyde concentrations together with large amounts of protcin facilitates ;mtermolecular
feaction (220). As with all coupling techniques, the exact condmons necessary to obtain the

desired extent of conjugation must be determmed experimentally for each specxfxc case (172).
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As \:i(tycarbodiimides, glutaraldehyde is not considered a site-specific coupling agent.
Although the<Teactivity of certain groups varies depending on the protein studied, Habeeb and
Hiramoto (221) found that whén reactihg proteins with glutaraldehyde, extensive reaction
with N-terminal amino groups occurred: The sulphydryl group of éysteine was also very
reactive, whereas tht imidazole and tyrosine groups were ‘only slightly reactive. Thesp results
~were confirmed by Payne (220). Therefore, in proteins wfmich contain no free sulphydryl
groups, coupling of g_lutaraldehyde with protein will occur primarily with the e-amino group.
of lysine. ‘

The covalent binding of deferoxamine to HSA was reported by Yokoyama et al (199)
to be easily achievecf under mild conditions using the glutaraldehyde two-step method. Using
an initial 12 molar excess of deferoxamiiiie-glutaraldehyde conjugate, a final deferoxa-
mine-protein conjugation level of 0.8 moles deferoxamine per mole HSA was obtained. At
this molar ratio a 99.8% radiolabeling _yield was produced when 0.1 to 5.0 mCi (3.7 1o 185 '
MBq) of ¢’Ga was added. In v;i'o stability studies in rats showed that "Gaf-deferox:-
mine-HSA behaved similarly to '»'1-HSA. They a'lso found that when ¢'Ga-deferoxa-
mine-HSA wasﬁ"injected in humans, neither free “Ga nor *’Ga bound to transferrin was
observed over the period of the study. “

"Janoki and associates (\222) also labeled DF-HSA witah *'Ga ahd _found that the
purified conjugate was able to bind more than-95% of the added ¢’Ga, 90% of which was still
retained aftcr‘one week of storage. The blood clearance of ¢’Ga-DF-HSA in rabbits was much
slov;er than that observed with ¢’Ga-citrate, ¢’Ga-deferoxamine, and 99MTc.HSA, but faster
than '**I-HSA, with a high amount of radioactivity observed in the liver.

Pritchard et al :(223) have utilized deferoxamine-glutaraldehyde in the labeling of I_gG
with *'In. In vitro studies show’ed that the lgG. molecule was still able to participate in the
antigen-antibody reaction ilndicating that IgG retained its biologic activity. H‘Swever. they did
find that transferrin was able to remove '**In from deferoxamine when these compounds were
incubated in whole serum, suggesting that another radionuclide with stronger affinity for def-

eroxamine over transferrin be used.
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, Motta-Hennessy et al (210) also cmploy_ed the gluuiraldehyde two-step method to link
roxamine with human IgG and its Fab fragments. With a conjugation level of 0.9 moles
deferoxamine per IgG molecule, achieved by using a 40-fold molar excess of def eroxa-
thine -glutaraldehyde, the mc;dified protéin was found to be highly stable in vitro and‘ in vivo
when labeled with ¢’Ga. The radiogallium remalned firmly assoclated with the protein and
therla was no slgnificanl interaction with blood constituents. In addition, biodistribution
studies in mice showéd that ¢’Ga-deferoxamine-1gG closely resembléd "’"l-HSA with respect
" to the blood half-life and organ distribution, suggésting that conjugation and radiolabeling did
not alter the physiologic propemes of the protein. Conjugation also did not interfere with the
anngen anubody Teaction, netermlncd by immunoelectrophoresis with antihuman 1gG, and by
" the cell binding assay.

thmomo et 'lzl (77) investigated the possibility of labéling fibrinogen with *’Ga via
deferoxamine-glutaraldehyde. Beginning with a 50-fold excess of deferoxamine, a final defer- '
oxamine-fibrinogen conjllgation level of, three to six moles of deferoxamine per mole of fib-
rinogen was obtained. One mCi (37 MBq) of 'GaCl, was added to 2.0 mL of the defcroxa-
mine -fibrinogen solution (2 Ong/mL protein), incubated for 15 minutes, and then sterilized
by passing the radlolabeled protein solution through a 0.22 um millipore filter. “Using this
method, a labelmg efficiency of 90.3% and isotopic clottability of 85.3% was obtained. The
detachment :)f $?Ga or liberation of "’Ga deferoxamine from the *’Ga-deferoxamine- fibrino-
gen molecule was not detected over the period of the bxodnstrxbuuqn study in mice. The rabbit B
blood clearance studies of *'Ga-deferoxamine-fibrinogen showed alslightly higher blood level
for a longer period of time as compared 1o 1m]-fibrinogen. Also, venous .Lvhrombus
scintigraphy in rabbits indicated that both "’Ga-cleferoxamine-f ibrinogen and '’*'1-fibrinogen
were taken up by the thrombus to a similar extent and could be visualized 3 and 17 hours
post-injection. This same group of researchers have also successfully labeled fibrinogen

fragment E(1,2) with *’Ga after conjugation with deferoxamine (89). The thrombus to blood

ratios achieved in rabbits were 6.3 and 9.1, at 6 and 20 hours respectively, post-injection. ¢



34

Recently, several research groups in-Japan have been developing a novel approach to
protein labeling, employing water-soluble polymers containing deferoxamine. By introducing
'spacer’ molecules such as “dialdehyde starch (DAS) or polyacrolein (PA) which contain
many aldehyde groups, a large number of deferoxamine molecules may be linked to labile
'proteins without loss of the protein's physiologic actiyity. Using this technique flbrmo-'
gen-DAS -def erb)lamine was prepared and labeled with “'Ga (78). A specific activity of 0.4 |
mCi/mg (14.8 MBq/mg) was achieved, and a thrombus 15 blood ratio of 8.6 was observed in

| rabbits 24 hours after administratien. Both f res‘h and one day old arterial and\}\lenous thrombi
could be detected by “Ga-fibrinogen- DAS-deferoxamine 6 hours after injection (224). In
contrast, scintigréphic imaging of thrombi uslng~ “’ln-oxine-pl;telets showed accumulation in
arterlal and venous thrombi 24 hours post-injection. However when employing this radiophar-
maceullcel in humans, the best séintigraphic imaging of new lhroml:us formation was
obtained 48 to 72 hours after radiolabeled fibrinogen administration (225) due to intense

accumulation of radiolabeled fibrinogen in tlle liver and kidney (226).



[1l. MATERIALS AND METHODS
*

I

A. Preliminary Work

1. Preparation of Heavy-Metal-Freé Buffers and Solutions

When utilizing. bifunctional chelating agents in radiolabeling procedures, the
purification of buffers and. ionic reagents is essential since heavy rnetal‘co_mamina‘(ion' ﬂs;ill
influence the labeling .effi;ciéncy of the protein-chelate complex 7(227). The procedur¢ for '
preparing heavy-metal-free buffers involves the lise of Chelex-100™ (Bio-Rad Lab. Lid‘. :
Mississauga, Ont.), a carboxylic acid cation exchange resin. Chelex-100™ has a very strong
attraction for transition metals and hence is able to scavenge ‘metal contaminants eﬂ\ccuvely
from solutions (228) |

The Chelex- 100™ resin was initially suspended in 6M sodiuth hydroxnde for 1 hour,
then washed 10 times with 200 mL of double distilled/deionized water (ddH,0) on a sintered
glass funnel "the waler being removed by filtration with sucuon The resin was resuspended in
0.IM HCI, 300 mL. for one hour after which the acid was removed by again washing with
ddH,0. The exchanger was then packed into an acid-washed 2.5 x 40 cm glass column and
washed thoroughly with acetate buffered saline (A‘BS). 0.1M, pH 7.4 until the pH of “the
éfﬂuent and influent was similar. All buffers and solutions were passed through the
equilibrated column, collected in acid-washed containers, and stored at 4°C.

Remtroducuon of significant metal’ comammauo-n must be prevented once all the
solutions have been purified. Therefore all glassware was acid- washcd in a 1:1 mixture of
concentrated HNO;:H,SO,. In addition, syrmges and other -plastic materials used were soaked

in 0.01M~éthylenediaminetetraacetic acid '(EDTA) (Fisher Scientific, Ottawa, Ont.) for 24

hours and then thoroughly rinsed with ddH,0..

35
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1. Effect of Buffer Systems on ‘’Ga-Deferoxamine Formation Using “'GaCl, and “’Ga-Citrate
- To determine whether a particular solvent system would affect the labeling of defer-

oxamine with gallium, 10.0 ﬁ]g of deferoxamine mesylate, (Ciba-Geigy Canada Ltd,
Mississauga, Ont,) was dissolved in 1.0 mL of each of the following: |
'l. citrate buffered saliﬁe (CBS')

(0.1M citrate buffer in 0.15M sodium chioride, pH 7.4),
2. phosphate buffered saline (PBS)

(0.1M phosphate buffer in 0.15M NaCl, pH 7.4), and
3. acetate buffered saline (ABS)
(0.1 acetate buffer in0.15M NaCl, pH 7.4).
All the buffers were prepared using ddH,O purified with the Nanopure I1 system
(Sybron/Bamstead ) and passed through a Chelex-100™ column.

To each of the above deferoxamine 'soluytions,S MBq of either ¢’GaCl, (Merck-Frosst,
Kirkland, Que.) or *'Ga-citrate '(Merck-Frosst) was ‘added. The ¢’GaCl,-deferoxamine
solutions were allowed to incubate.for 15 minutes, whereas 'Ga-citrate-deferoxamine
preﬁaralions were incubated for 1 'hour.-‘Aliquots of the “Ga-defero;(amine solutions were
removed, spotted on Whatmgn #1 cﬁroniatography paper, and dried. Thé chromatograms
were developed' in 85% methanol and were: allowed to run approximatély 20 cm. The stﬁps
were cut into 1 ¢cm segments and assayed for radidactivity in a Picker Spectroscalar 4R gamma
spectrometer ( Picker Nuclear, White Plains, ﬁew York). All chromatography was performed

L s
in duplicate.

3. Availability of Deferoxamine for Binding Metals

In olrderv to dafcrmine whether all the deferoxamine in solution was available for
binding withua metal, 100 uL (10 pmoles) of a 0.1M solution of ~ferric perchlorate (Alfa
Inorganics, Danvefs, Mass:) in ddH,0 was added to 10 umoles of deferoxamine mesylate.
After 15 minutes incubatioh. the resultant ferrioxamine complex was diluted to 3.0 mL with

water and the pH measured with a ‘PHM 62 Standard pH meter (Radiometer, Copenhagen,
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Denmark). At this point the absorbance of the golden coloured solution was measured at 430
nm against an appropriate blank (2.9 mL ddH,O plus 100 xL iron perchlorale 0.1M) using a

Gilford 250 Spectrophotometer (Gilford Instruments Lab. Inc., Oberlin, Ohio). The

solution's absorbance was again measured at 1 hour and 3 hours after mmal cnmplcxauon of

iron with deferoxamme The exper\memal millimolar extinction eoefficient was calculated

using the formula:
o A = ect

where A is the absorbance of the solution, e is the millimolar extinction coefficient, ¢ is equal
to the concentration in mmoles/L, and t is the pathlength of the u.v. cell (1 cm).

The availability of deferoxamine was determined as follows: -

. . _ exgrimemal €
% deferoxamine available Dublished € 100

where tﬁepublished millimolar extinction coefficient equals 7 510190). u
A

The” rate and extent of metal-deferoxamine formation at physiologic. pH was aiso

examined. A soluuon of 0.01M ferric perchlorate in 0. 1M nitrilptriacetic acid (NTA) was

prepared and the pH adjusted to 7.4 with IN NaOH and ABS 0.IM pH 7 4, /* 2.3 mM stock

solution of deferoxamine was zjlso prepared in 1 mL of ABS. Aliquots of the stock solulmn.

were removed to prepare a series of deferoxamine solutions ranging from 57 to 343
nmoles/mL. ferric-NTA (100 L, 1000 nmoles) was then added to 2.9 mL ;)r the deferoxa-
mine solutions and allowed to ingubate for time periods from 15 minutes to 4.5 hours. The
absorbance of the femoxamme complexcs was read at 430' nm agamst a blank containing
fernc NTA in ABS The mllhmolar extinction coefficient was again calculated and the percent

of deferoxamine available determmed.

4.'Stability of Native Fibrinogen -

To study the stabxhty of a concentrated fibrinogen solution (i.c. a conccntratxon which

'exmds that found in the blood), 2 6.8 mg/mL solution of human fibrinogen (Type 1v,

Sigma Chemical Co St. Louis, Mo.) was prepared in 0.15M NaCl, pH 7.4. The fibrinogen

was incubated in a water bath at 37°C, and .0.25 mL aliquots were chromatographed on a
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Bio-Gel A-1.5m™ (Bio-Rad Lab. Ltd, Mississauga, Ont.) column at the following intervals:
15 minutes, 1,2, 4, 6md 19 hours. The elution profile, monitored at 280 nm, was recorded
and compared to a profile .ob'tained by chromatographing a 1 mg/mL fibrinogen solution

(0.25 mL) applied 15 minutes and 2 hours after dissolution.

B. General Procedure for the Preparation of “’Ga-Fibrinogen

Utilizing a glutaraldehyde two-step procedure (77), deferoxamine-fibrinogen was
prepared by reacting deferoxamine - glutaraldehyde with human fibrinogen. The reaction was
terminated by the addition of sodium borohydride. The mixture was subsequently purified by
either dialysis or gel filtration. The purified product was then labeled with ¢’Ga and the yield

)
of ¢’Ga-fibrinogen determined.

1. Preparation of Deferoxamine-Fibrinogen

Deferoxamine mesylate solutions ranging in concentration from 0.02M to 0.:27M were
| prepared in ABS buffer (0.1M acetate, 0.15M NaCl, pH 7.4). Next, an appropriate volume of
a 10% glutaraldehyde solution (Al&‘fich Chemical Co., Milwaukee, Wis.) was added such that
the molar ratio of glutaraldehyde to deferoxamine was maintained at 0.83 moles glutaralde-
hyde:l mole deferoxamine’. After stirring this reaction mixture for 3 minutes' at room
temperature, 45 uL was added to 4.5 n;L of a2 0.02 mM or 0.03 mM solution of human
fibrinogen previousfi\prepared in ABS and incubated at BTé for 1 to 4 hours. The resultant
mixture was stirred for 45 minut¢s at room t%npergture. Sodium borohydride in water (45 ;;L
of -é?,’l.Smg to 20 mg/mL soluﬁon) was prepared and im;nediately added to the deferoxasy
mine-glutaraldehyde-fibrinogen complex. A constant ratio of 2.9 moles NaBH, per mole glut-
araldehyde was maintained throughout the series' of experiments. The!,mixture was then
allowed to react for 10 minutes at room temperature after which time a purification step was.

initiated..



39

2. Purification of Deferoxamine-Fibrinogen
a. Dialysis ’

The entire protein-conjugate mixture was dialyzed either at 4C or at room
temperature for 24 hours against 2 L of ABS using Spectrapor™ dialysis membrane (Spectrum
Medical Industries, Inc.. Los Angeles, Ca). This particular membranc retained molecules
greater than 12,000 to 14,000 daltons. Therefore, any unreacted deferoxamine-glutaraldehyde
(approximate molecular weight of 660 daltons) would be removed from the deferoxa-

mine - protein complex.

b. Gel Filtration

Bio-Gel P.-'6DG"" (Bio-Rad Lab. Ltd, Missisgauga. Ont.) is a polyacrylamide gel with
an exclusion limit of 6,000 daltons. Thus, modified fibrinogen molecules will be eluted in the
void volume, with the unreacted reagents being retained by the gel.

Bio-Gel P-6DG Column Preparation: -

The gel was allowgd to hydrate for 30 minutes at room temperature in acetate
buffered saline containing 0.02% sodium azide (MCB Reagents, Darmstadt, Germany) and
0.0lM EDTA. The fine particles were removed by suctioning of f the top ljayer of buffer. The
volume was then readjusted to twice the expected packed. bed volume (8 mL/gram Bio-Gel
P-6DG) and degassed at reduced pressure for several hours. Two column léngths were
prepared:
1.a15x23cm g‘lass column containing a packe  ced volume of approximately 40
mL, and |
2.2 1.5 x 37 cm column, with a 65 mL bed volume.

The above columns were then equilibrated with ABS buffer.

Separation Procedure:

To prevent non-specific adsorption, 0.5 mL of a 1 mg/mL human fibrinogen solution

in ABS was passed through the columns prior to purification of the protein-conjugate
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mixture. The protein complex (4.4 mL) was then carefully layered onto the bed surface and
allowed to drain into the bed. The flow rate was adjusted to 35 mL per hour using an L.LKB
(Bromma, Sweden) 2232 Microperpex S Peristaltic Pump. An LKB 2238 Uvicord S 1l
photometer was sct al 226 nm to detect the presence of both the fibrinogen complex and
unreacted deferoxamine - glutaraldehyde and their optical densities were recorded using an LKB

2210 Two-Channel Recorder. The cluate was collected in 4.6 mL aliquots for further analysis.

3. Radiolabeling Procedure

Either 20 MBq or 40 MBq of .*'Ga-citrate, supplicd‘ by the Atomic Energy of Canada
Ltd.. Ottawa, Ont. (AECL), was added to 1.0 mL of the purified deferoxamine-fibrinogen
fraction. The radioactive mixture was then allowed (o incubate for 1 hour at room

temperature before further analyses were performed.
C. Methods of Analysis of Deferoxamine-Fibrinogen
1. Determination of Deferoxamine-Fibrinogen Molar Ratio

a. Determination of Protein Concentration
The protein concentration of fibrinogen was determined by diluting 100 uL aliquots of
the protein solution to 4.0 mL with acetate buffered saline 0.1M, pH 6.4. The optical density

of the solution was measured at 280 nm (blank = ABS 0.1IM, pH 6.4). An absorbance

1%
lem

A
* Protein concentration was determined prior to, and after the reaction with deferoxamine-glut-

coefficient of E = 1.55 (229) was used to convert absorbance readings to concentration.

araldehyde. Protein concentration was also determined for all fractions collected from the

column during which a protein peak was observed.
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b. Determination of Deferoxamine Concentration

A 100 uL aliquot of the original reaction mixture was diluted to 2.9 ml. with ABS
0.IM, pH 7.4 and the deferoxamine concentration determined. In addition, of each fraction
collected during gel filtration, 2.9 ml. was tested for the presence of deferoxamine.

A series of 2.9 ml deferoxamine standards in ABS ranging from 57 to 343 nmoles/ml
were prepared. To both the standards and the above samples, 100 ul. of 0.0IM
ferric-nitrilotriacetic acid (Fe-NTA), prepared as described previously, was added, and the
ferrioxamine complexes were allowed to incubate for 20 minutes. The absorbance of these
solutions was measured at 430 nm against a blank containing buffer and Fe-NTA. A standard
curve of optical density versus concentration was used to determine the concentration of def -
eroxamine in cach fraction. The minimal detectable concentration of deferoxamine was also
calculated by a mcth\od described by Currie (230). Knowing the concentrations of both defer-

?
oxarnine and proteir in the samples, the deferoxaminc-fibrinogen molar ratio was calculated:

m ¥ = nmoles/mL deferoxamine
N ~ " nmoles/ml. fibrinogen

2. In Vitro Properties of De ‘ e-Fibrinogen

a. Clottability N

To examine the effect of linking fibrinogen with a bifunctional chelaling agent, the
clottability was measured according to a method described by Endres and Scherega (231).

The following solutions. were prepared in advance and stored at 4C: a 40% urca
solution in 0.2N sodium hydroxide, and a 1.0M sodium bromide/0.05M sodium acetate
solution, pH = S5.3. Thrombin (1000 NIH units per vial, Parke-Davis Canada Inc.,
Edmonton. Alta.) was reconstituted immediately prior to use with 4.0 mL water to give a
final concentration of 250 units/mL.

The procedure for determining the clottability of fibrizogen was as follows: to each of

the protein solutions prepared previously for the determination of fibrinogen concentration,

10 units (40 uxL) of thrombin @as added. The solution was allowed to clot at room
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temperature for at least 2 hours and then vortexed vigorously. The solution was then

centrlfuged at 3 500 rpm for 10 minuteé to aggregate the clots. These clots Were careflrlly
removed with a glass pipette and transferred to 5 mL polystyrene culture tubes. One mL of
the 40% urea solution was added to each ‘tube and the clots were incubated in 1 37'C water
bath. Immediately after the clots had redissolved (approximately 5 minutes),, 3.0 mL of the
sodium bromide/sodium acetate solution was added, and these mixtures were allowed 1o

incubate 10 minutes. The absorbance at 280 nm was measured ,against a blank containing urea

and sodium bromide. The percent clottability was then determined by comparing the’

absorbances of the redissolved clots to the absorbances of the soiut:ns priv: to clotiing:

Absorbance of redissolved clot
% clottability = Absorbancrof\nro;em solutian before clotting x 100

\ - 6

\

b SDS-Disc-Polyacrylamide Gel Electrophoresrs (SDS- PAGE) k
SDS PAGE allows biological molecules o be,separated on the basis of size alone if
the proteins are first solubijized with the detergent sodium dodecy]sulf ate (SDS) (232). Their

molecular weights can be determined by gomparing the proteins' electrophoretic mobility (R)
‘ . ; - B ‘ , . 3

to standard proteins of known molecular weights.

. R \&

!
v

Reangs and Equrpment

The Protean™ Slab Cell (Bio-Rad Lab Ltd., Mississauga, Om) is a vertrcal slab

' electrophoresis instrument suitable for - most electrophoretic techmques including

SDS- Elect,rophoresrs The cell accepts enher one or two gel slabs (16 x 14 cm) per run and

accommodates up 1o 15 samples per slab. An ABN Bronuclear EPS -4000 power supply

" (American BioNuclear, Emeryville,.Ca. ) was connected ‘to the slab cell and could be set to a
- g |

constant current or ‘constant voltage. -
.

All the reagents needed for the preparation of electrophoresis buffers and gels were .

obtained from. Bio-Rad Lab. v
: | _
Preparat:on and Casting of Discontinuous Gels W ﬁ&

The gels were prepared accordmg to the method described by Laemmli (233). Bneﬂy;

a separatmg gel was prepared first by pourmg a 7.5% acrylamrde brs soluﬁon into a slab and
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allowing it to harden ovemight at 4°C. A 4% acrylamide-bis stacking gel solution was then

layered on top. A-'comb’ was placed into the stacking solution prror o its polymerrzauon $O
. that once "polymerized, and the comb removed a series of wells were available for s*ample
application. ‘ o

Sample Preparation:

'

An- aliquot of purified deferoxamine-fibrinogen fraction was diluted with ABS such
that the final protein concentration was 1~ mg/mL. Seventy-five uL of samplc buffer
(contammg glycerol, 10% SDS, and 0. 05% w/v bromophenol blue) was then added' toa 25 ul.
aliquot of the 1 mg/mL protein solunon and 25 ul of this preparanon was caref ully layered

L]

onte-the discontinuous gel.
Molecular weight markers were also prepared in the followmg manner: 95 ul of
sample buf{er was added to 5 p.L of Molecular Weight Protein Standard for SDS-PAGE
(Bio-Rad Lab. Ltd, Mississauga, On;,g, of wluch 25 uL was applied to the gel. A 6.25 ug
sarnple (25 uL) of native fibrinogen in sample buffer was also applied to the gel for direct
" comparison with the fibrinogen conjugate. |

Electrophoresis:

Two slabs were placed in the electrophorésis tank and a tris-glycine-SDS electrode

buffer was added to both the upper and lower reservoirs. The lower clectrode buffer was kept
T

cool by passing water through the heat exchanger ports. In addmon the buf fer was stirred
constantly to keep the_tempe“ratnre uniform. A current of 50 mA was applied: for 1 hour after
which constant voltage was ai’iplied‘ for 2.5 hours, or until lhe bromophenol blue tracking dyc
| had mrgrated approxrmately 10 cm down the gel. |

Tk

The gels were removed from the cell and stamed with Coomassie Brilliant Blue R Stain
for 1 hour and destained in 7% acetic acid/5% methanol. The Rf values were determined by
comparing the migration distances of the blue protein bands and the bromopheno! blue

tracking dye:

R. = migration distance (mm) protein bands
f ~ “migration distance (nim) tracking dye

Using the- Rf values obtained from the molecular weight markers, a standard curve of )

)
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rholecular weight (log) versus relative mobility was then prepared to determine the molecul;r
\ weight of the deferoxamine-fibrinogen complex. - \

N

5 '

D. Methods of Analysis of “’Ga-Deferoxamine-Fibrinogen

~1Yield of ’Ga-Deferoxamine-Fibrinogen and Analysis of Non-Protein Bound Radioactivity
' v R /
a. Gel Filtration
The Bio-Gel P-6Dd cglumns and equipment previousiy described for purification of
deferoxamine-fibrinogen were also utilized to determine the radiolabeling efficiency of th‘e
“def eroxamine-f ibrinbgee complex. |
Approximately 1 mL of $'Ga-fibrinogen was applied to Lhe column and the flow rate
adjusted to 35 mL/h. A 226 nm u.v. filter was used to detect protein, deferoxamme and
cntrate (from ¢’Ga-citrate). The polyethylene tubing carrying the eluate was also passed across
the face of a shielded 3 x 3 inch Nal(Tl) crystal detector attached to a smgle channel analyzgr
(Canberra lndusmes Inc., Meridan, Conn.) calibrated for the photopeaks of 67Ga
/ Slmultaneous detecuon of radioactivity and optacal densxty was recorded wnh an LKB dual
pen recorder. .
The radioactivity elution profile provided information on the relative distribution of
radioactivity betweén "’Ga-’f ibrinogen and non-protein bound radioaclivity (és ¢7Ga-deferoxa-
mine or "Ga cmate) The amount of radioactivity in each fraction was determmed using a

, CRC“‘ IOR BC dose cahbrator (Omo Nuclear Ltd Downsvnew 'Ont.) These values were then

expressed as a percemage of Lhe total radioactivity initially applied to the column (after decay

o c@ﬁmons were” performed)
2 &*

o

b. Paper Chromategraphy ‘
An aliquot of *'Ga- fxbrmogen pnor to column- chromatography, was spotted on

Whatman #1 Chromatographxc paper strips. (@ 20 c¢m). In addition, the radlolabeled
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protein fraction eluted from the Bio-Gel column, and a fraction containing non-protein
bound activity were also applied onto chromatographic paper. The strips were dried and then

developed in the following solvent systems:

1. n-butanol:n-propanol :water - 9:6:5 (57)

2. pyridine :95% ethanol : water - 1:2:4 ( 234) »
With the 'butanol:propanol:water system, ‘’Ga-citrate retnains at the origin along with
“Ga- fnbrmoggn whereas the Rf of *'Ga- deferoxamme approxxmates 0.5. In the

‘,(\3*

pyridine:ethanpl: wal; ysﬁc;mw #Ga-fibrinogen again remains at the ongm while thc other

>
"’e‘

¢Ga-complexes ‘travel 10 the soh,tcnt front,

After the solvents were allowed to ascend for 15 cm, the paper was removed, air

dried, cut into 1 cm sections, and counted in a Beckman Gamma-8000 automatic .gamma

well-counter (Beckman Instruments Inc., Irvine, Ca.). The percentage of radioactivity in cach

peak was determined by dividing the sum of the radtoacttvny in the particular sections by the
oy \

radioactivity on the entire strip.

¢. Trichloracetic Acid (TCA) Precipitation

. TCA 20% (1. 0 mL) was added to a 100 4L aliquot of labeled protein which contained
10 uL of 25% HSA. The suspens:on of denatured protein was vortexed lo ensure complete
mixing of TCA with fibrinogen and then centrtfuged at 2,000 rpm for 10 minutes. The total
radioactivity was assayed before the supernatant was removed. The supernatant and

precipitate ‘were then assayed separately using the TN-7200 multichannel analyzer (Tracor

Northern, Middleton, Wis.) linked to a Nal(Tl) crystal. o T

d. Paper Electrophoresis

One 4L aliquots of “'Ga-fibrinogen, ‘’Ga-citrate, and freshly prepared “"Ga-deferox -
amine were spotted onto the centre of 2 cm X 30 cm strips of Whatman 3MM paper,
previously sgtufated with. 0.025M txis/0.0SiM barbital buffer pH 8.8. The strips were placed in

an electr'ophoresis‘chamber (Gelman Sciences Inc, Montreal, Que.) connected to a power
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supply, and constant voltage of 250V was applied for 3 hours. The paper strips were then, . .

removed, air dried, and cut into 1 cm segments for counting in a Beckman Gamma-8000
gamma spectrometer. One cm sections of Whatman 3MM papér were spottgdwith equivalent
volumes of the safnples and counted as standards o ensure that all radioactivity had rema}nm
on the strips. . | | .

In this system, ‘’Ga-fibrinogen remains at the origin, ¢’Ga-deferoxamine moves
approximately 6 cm toward ':\Lhe cathode, and *'Ga-citrate travels about 3 cm ioward. the

anode. The percentage of activity in each peak was determined by dividing the radioactivity in

the peaks by the radioactivity in the standard.

\ »

SDS-polyacrylamide gel electrophoresis was employed to determine the yield of

e. SDS-PAGE

$1Ga-fibrinogen and to determine,“if possi\;i"e, the radiochemical nature of the free
N p

radioactivity in the- labeled product. The methodology described earlier was used for both _gel

and sample preparaa.ti_oné. Twenty-five uL aliquots of the following were layered onto a
discontinous gel: *'Ga-fibrinogen, ¢’Ga-citrate, and $7Ga-deferoxamine « (assays of 20

MBq/mL). NG . .

The radloacuve gel slab was run along%:de the gel containing non -radiolabeled - defer-
oxamine-f 1brmogen Pnor to apphcauon of a current to the cell, 1.0 mLﬁahquots of electrode
buf fer were removed from the upper and lower reservoirs. After a total running time of 3.5
hours, the gels were removed and 1.0 mL aliquots of the electrode buffer were again taken.
The slab contammg radloacuvny was cut into 1 ¢cm segments and assayed for radioactivity in a
Beckman Gamma-8000 counter. The electrode buffer samples were also counted along with 25
uL aliquots of those samples applied to the gel (to ensure that all the radioactivity had
remained on the gel). M

Since both the radioactive and non”-radioactive gels were run together, the Rf values

of both the stained protein and radioldbeled protein would be equal. Therefore the percent
labeling efficiency of *’Ga-fibrinogen was calculated by dividing the activity of the
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i . . "
radiolabeled protein peak by the amount of “Ga-fibrinogen radioactivity applied. Other peaks

t .
found in the lane containing ¢’Ga-fibrinogen were compared to the Rr values obtained for

$7Ga-citrate and ¢’Ga-deferoxamine.
2. Properties of *’Ga-Fibrinogen

a. Gel Permeation Chromatography
Bio-Gel A-1.5m™ (Bio-Rad Lab. Ltd.};Mississauga. Ont.) is an agarose gel which is

, %
suitable for separating aggregates, proteins and polypeptides since its fractionation range lies

between 10,000 and 1,500,000 daltdns. The procedure for the preparation of a column ’with a
bed volume of 78 mL was essentially the same as for Bio-Gel }’-6DG except that hydration
was not necessary, i.e. Bio-Gel A-1.5m is supplied f ull;-hydréled.

"Ga-fibriﬁogen (0.25 mL) was layered onto the bed followed by ABS buffer. The
flow r.ate was adjusted to 10 mL/h and the radioactivity and absorbance elution profiles were
recorded using an LKB Two-Channel Recorder. The column. was allowed to flow until all the
radioactivity applied (approximately 2 MBq) was retrieved. The u.v. elution profile was then

compared to profiles obtained from passing 0.25 mg of native fibrinogen through the column.

b. Fraction of Radlogalhum in the Clot (Isotopic Clot(ablhty)

To 1.0 mL of radiolabeled fibrinogen, 3.0 mL of ABS 0.I1M, pH 6.4 was added. The
total radioactivity in the tube was assayed in a dose_calibrator. The solution was then clotted,
vortexed, and centrifuged as described for determining ihe clottability of non-;radiolébeled
deferoxamine-fibrinogen. Thg clot was quantitatively transferred onto a Whatman glass
microfibre filter pfeviously placed on a Millipore fritted glass filter support (Millipore L.,
Mississauga, Ont.) Excess supernatant within the clot was removed by suction and thcA ;
dehydrated clot transferred to a polystyrene culturc’ tube. The radioactivity in the ‘clol.

supernatant and filter paper was then measured. The percent isotopic clottability was

determined by dividing the radioactivity remaining in the clot by the total radioactivity prior



to clotting.
c. Stability of the Label

To establxsh whether ¢’Ga remained complexed with deferoxamme -fibrinogen, a 1.0
mL sample of the radiolabeled fibrinogen f_racuon was reapplied to the Bio- Gel P- 6DG
column 6 and 24 hours after initial prepara'i;ic')n of *’Ga-fibrinogen. fraétions were again
collected and each fraction was éséayed for activity and compared to the amount of
radioactivity applied to the column. Radioactivity and u.v. elution profiles were recorded as

well.

E. Determination of Metal Contamination in ¢’Ga-Citrate - ”%

Since metal contamination could seriously affect the ability of deferoxamine to
complcx radiogallium (183), four samples of *'Ga-citrate (Merck -Frosst and Q%CL) were
analyzed by neutron activation analysxs for the presence of zinc and iron.

Standards of 5, 10, 25, 50, and 100 ug of zinc (0.998 ug/ul, Aldrich Cherﬁical Co..
Milwaukee, WIS) and 10, 25, 50, 75, and 100 pg of iron (1.004 ug/ul, Aldrich) were
spotted on Whatman #1 filter paper discs. The following decayed *’Ga-citrate samples were
similarly prepared: .

1. Sample A - Lot 79220-1, Merck -Frosst, 425 uL, -

2. Sample B - Lot 79266-1, Merck - Frosst, 650 uL,

3. Sample C - Lot BGal26; AECL, 450 uL{ and ‘
4. Sample D - Lot 80772-5, Merck-l?:(fs/st. 800 uL.

The standards and samplcsov)ere sealed in polyethylene envelopes and _spbjec&d toa L 4
hour irradiation, at a flux of  x 10*? ncm™s* along with blank filter paper dis;s, in the
University of Alberta Slowpoke Facility Reactor. To reduce background radioacti\}ity caui_’ed
by the irradiation of sodiugl an( wh’;'ﬁnc‘, the samples were allowed to de;ay for a 3 week -
period aioug with the standards. “©+ ..mples were then counted in a lead cave for 9v hours

using a 413R closed end coaxial Ge!'  Spectrometer coupled to a Series'-80 Multichannel
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Analyzer (Canberra Industries Inc., Meridan, Conn.). Tht; gamma spectra of the *'Fe and

¢s7n standards were then compared with the sample spectra and quamimcd.



IV. RESULTS AND DISCUSSION
A. Preliminary Work

1. Eﬁect of Buffer Systems on "Ga Deferoxamine Formanon Using ¢’GaCl, and *’Ga-Citrate

It is known that the: galhc ion is capable of forming a variety of 1omc species in
aqueous media, the formaugn of these species being dependant on pH, the solvent system
used, and ‘the presence of complexing or chelating agents (195.234). Therefore it was
. necessary to ascertain which buffer system would provide the best medium for the
compl\aation of radiogallium with deferoxamine using either “'GaCl, or ’Ga-citrate.

A paper ch;omatography 'systein employing 85% methanol was used o determine the
formation .of ¢’Ga-deferoxamine. In methanol, "Ga-dgferoxgimine migrated to the solvent
front, and ”Ga:-citrate achieveéi an. Rf of approximately 0.5. Radioactivity remaining at the
origin was due to the formation of *insoluble hydroxide (234). The results of. paper
chromatography are presented in Table 4.

: Approiimatcly 83% of the total radioactivity added as “’GaCl, resulted in a ¢’Ga-def -
eroxamine complex in citrate buffered saline (CBSj, coinpared to 86% ¢’Ga-deferoxamine
f ;)rmalion in phosphate buffered saline (PBS), and>70% in acetate buffered saline (ABS). In
contrast, 75% of the total radioactivity occurred as ¢’Ga-deferoxamine when ‘'Ga-citrate and
CBS were:employed. versus 84% for ¢’Ga-deferoxamine in PBS, and 89% in ABS.

- In the case of deferoxaming-dissoived in CBS, the unreacted radioactivity was observed
- to. behave as *'Ga-citrate, r:égardless ;)f whether ¢’GaCl, or ¢’Ga-citrate was used. A‘ltipough
“"Ga-deferoxamine has a formation constant greater than ferrioxamine (60) (log K>31)
versus a. log stability constant of 10.02 for “’Ga-citrate (59), the excessive amount of citrate
from the buffer, and from *’Ga-citrate (when employed as the radxolabehng agent) could
effectively compete with deferoxamine for the radiogallium. Also, the transfer of ¢’Ga from

citrate to dcferoxamme would be retarded, which may account for the lower *’Ga-deferoxa-

mine yield observed when ¢’Ga-citrate, rather than ¢’GaCl,, was used.

50 )
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Table 4

Effect of Various Buffer Systems on *’Ga-Deferoxamine Formation' Using $1GaCl,
and ¢“Ga-Citrate’ —

'
\

Percent Activity as *’Ga-Deferoxamine’

Sample

T vGaCl,* . *'Ga-Citrate®

Deferoxamine in CBS 82.6 75.2
- (82.5-82.7) (73.6-76.8)

Deferoyamine in PBS 858 S
- (85.1-86.5) (83.3-84.9)

Deferoxamine in ABS 69.6 88.9
- X (67.3-71.9) (88.5-89.3)

S

,A‘_‘v:va;lues ekpressed as the meén perceni and (range) of duplicate determinations
;5 MBq of radiogallium added to deferoxamine |

‘remaining radioactivity as *'Ga-citrate or 7Ga(OH),

‘incubation time with deferoxamine: 15 minutes

Sincubation time with deferoxamine: 1 hour
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When deferoxamine was dissolved in PBS, 84 - 86% of *'Ga-deferoxamine was
formed. In this case, the remaining radioactivity was spread between the origin and Rr 0.7.

The unbound radioactivity was likely a galllum hydroxide species (radioactivity at the origin),

. .or another gallium species such as Ga(OH);* which tends to form in an aqueous environment

at neutral pH (234). In addition, phosphate anions are also cz}pable of complexing with
gallium (59). Thus this may account for the streaking observed in paper chromatography.
With deferoxamine dissolved in ABS, only 70% of the total radioactivity was in the form of
s7Ga-deferoxamine when ¢’GaCl, was utilized. The remaining radioactivity stayed at the
origin. In contrast, when using $7Ga-citrate, 89% of the radioactivity was bound to deferoxa-
mine with the remaining 10% bellaving as “’Ga-citrate. Acetate anion is a ml?ch weaker
complexing agent than citrate (184) and would not likelyl form a "Ga-acetate complex easily,
especlally when other stronger complexing agents are avallable for binding. Therefore, smc:

1. a physiologic pH should be employed when 'working' with biological molecules

- such as fibrinogen,

2. there is an increased tisk of forming insoluble hydroxides and other éallium species

when using *’GaCl, to prepare a radiogallium-deferoxamine complex at neutral pH,

3. excess citrate could compete with deferoxamine for “Ga , and

4. "Ga may have a higher affinity for phosphate ions than for acetate ions,
¢’Ga-cjtrate was chosen as the radiolabeling agent, and acetate buffered saline 0.1M, pH 7.4
was employed as the medium for *’Ga-f ibrino.gen. . '

‘ L
2. Availability of Deferoxamine For Binding Metals
Durmg the course of their studies comparing. uptake of gallium with iron in

_sxderophore transport systems, Emery and Hoffer developed a spectrophotomemc assay for
the quantitation of deferoxamine in solution (190). When deferoxamine and iron are mixed
together, iron 1s rapidly complexed with deferoxamine to form ferrioxamine (58), a

golden-brown coloured solution with "an absorbance maximum at 430 nm (millimolar

extinction of 2.5) (190).
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This assay was applied to determine whether the total amount of def crémminc added
to fibrinogen was actually availablc.fbr binding with gallium (i.c. was commercial deferoxa-
mine frec of'coh’taminating metals such as iron and zinc?). When 10 umoles of iron as fﬁrric
perchlorate was édded to 10 umoles of deferaxamine in waltér (pH less tham 3.5), an average
of 88.7% (range==86.9% to 90.5%, n=13) of the deferoxamine was available for binding with
iron within 15 minutes. However when an excess of iron (1000 nmoles), in the form of ferric
nitrilotriacetic acid at neutral pH, was added to jncrcasing concentrations of deferoxamine (57
10 343 nmoles), 111.8% (range=9%0.6% to 129.5%, n=12) of the dcfcroxamiri& Aff.ormcd a
ferrioxamine complex within 20 minutes. The gbsorbance values measured at 430 nm for tih,c
detection of ferripxamine did not change between 20 minutes and 4.5 hours indicating that tﬁc
wransfer of iron from nitrilotriacetic acid to deferoxamine was complete within 20 minutes.

It is possible that extraneous metal contaminants do exist in the deferoxamine
product, since oftly 88.7% of the deferoxamine was complexed when equimolar amounts of
iron and deferoxamine were used, and that at high iron concentrations these metals would be
displaced from the deferoxamine molecules to form fer~ . -ne. However, taking into
accodm errors in weighing, pipetting; absorbance measurer and.the possibility of metal

A

contaminants in the iron perchlorate solution itself, the amount of deferoxamine availablﬁ\;
binding metals appears to be essentially equal to the total amount of deferoxamine LN

T

solution.

3. Stability of Native Fibrinogen

Fibrinogen is an unusually delicate, easily denatured molecule (124). Its concentration
ranges from 2 - 4 g/L in plasma. At this concentration lyophilized fibrinogen will dissolve in
buffer within 1 hour. However at higher concentrations, such as those employed for the '
preparation of deferoxamine-fibrinogen (6.8 - 10.2 mg/mL), the ﬁme for complete
dissolution ranged from 1 to 4 hours. Therefore, an experiment was performed to determine
whether any changes to the protein occurfed over tiril{e. Aliquois of a 6.8 mg/mL fibrinogen

solution were abplied 1o a Bio-Gel A-1.5m column at specific intervals after dissolution, and
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optical density was monitored at 280 nm. The u.v. clution profiles were then compared to
_ profiles of a 1 mg/mlL solution of fibrinogen. aliquots of which were applied 15 minutes and
2 hours after dissolution. ’

The difference in the elution profiles between a 1| mg/ml. fibrinogen solution (Figure
4) and a 6.8 mg/mL »s‘olutio_n (Figure S) is well illustrated. At a low fibrinogen concentration
only a small aggregate peak (elution volume of 30 mL) was%bservcd after 15 minutes;.of
incubation, as seen in Figure 4A. After a 2 hour incubation interval a much higher, aggregate
peak was observed (Figure 4B), however a fibrinogen peak remained evident. In contrast, the
profiles of a 6.8 mg/mL fibrinogen solgdion indicated that a large amount of aggregation was
present even 15 rﬁinutes after dissolution of the protein (Figurc SA). The profile did not
change significantly between 15 minutes and 2 hours. However, between 4 and 19 hours the
fibrinogen ptofile changed dramatically (Figures 5B, 5C, and SD) with several shouldcfs in
the elution profile becoming evident.

Therefore, it is apparent that when concentrated fibrinogen solutions were prepared,
aggregate formation and perhaps polymerization of f ibrinlogen oocurred‘af ter extended periods
of time. Thus il was necessary 10 prepa;re deferoxamine-fibrinogen, label this complex with

©'Ga and analyze the radiolabeled product as quickly as possible to reduce the risk of

denaturation inherent with fibrinogen itself.

B. Preparation of Deferoxamme—Flbnnogen

=5
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Figure 4: Elution Profiles of Human Fibrinogen (1mg/mL) after Incubation Time of
(A) 15 minutes and (B) 2 hours
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e
concentrauon pH, readtion time, and temperature (203).

When workmg with a fragnle prote:’ﬁ such as fnbrmogen the pH of the reaction is
_already ‘predetermined since an acidic or bésll‘c pH could seriously compromise the protein's
 biological integrity (132). Theref ore a phys:ologlc pH of 7.4 was mamtamed throughout the
reaclibn betweenﬂ deferoxamme-glutaraldehyde and fibrinogen, and during purifi ication of def-
eroxammc fxbrmogen |

Keeping the lemperature low (approx. 4C) should reduce the rate of protem
denaturauon. However at low temperatures, the solubility of fibrinogen decreases and
precipitation occurs (235)-. Preliminary experiments, where the temperature was maintained at
4'C throughout the time of reaction, verified this fact; therefore, furthef experiments were
performed at room temperature.. : o ,

Wensel and Meares (17%)) have sugggSted that both the reagent and protein should be
as concentrated q§ possible Iin order to drive the conjugation reac’tion "to completion.
Therefore, Ohmoipd‘et al (7P prepared a 4.0 x 10-*M solution of fibrinogen to compllex yyith
deferoxargine. However, diff icultiés were encountered in ]’Jreparingnkuch a concent_rated f ibrin- o
ogcxi-sdlutibn; thus a protein concentration of only 6.8 mg/mL (or 2 x 10-*M) ‘was used. Even
at this lower concentration, up to 4 hours were often required for complete dissolution of .the

protein.

s ,‘such‘ as the amount of deferoxamine- glularalde-
i

fiyde reacting with fibrinogen, and the total reaction tlme were sxmllar to the work perf ormed

The rgmammg reaction condmo

by Ohmomo (77) although other deferoxamine-fibrinogen ratios were also attempted to
deterrriine if the ratio émployed by the Japanese researchers.was, in fact, the optimum level of
conjugation.

To corﬁplete the reaction, sodium borohydride was added to deferoxamipe-giutaralde-
| hyde- fibrinogen At the concentrations used, sodium bérohydride only reduces the iming
bonds formed betwcen deferoxamme and glutaxaldehyde and also between glutaraldehyde and *

-

fibrinogen leavmg the important dlsulflde bonds intact (236)

/
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A

C. Comparison of Dialysis and del Filtration Techgiques for Purification of Conjugated
. Fibrinogen | |

Both dialysis and gel filtration are commonly employed methods in ‘which materials

are separated primarily on thé\basi‘s of differences in molecﬁlar size and shape (223,237).

Therefore both techmques weré; utilized in. the punﬁcauon of deferoxamine-glutaralde-

/

hyde-fibrinogen to evaluate }hé effecuveness of each technique in the removal of unreacted
. 4

deferoxamine, gluLaraldehyée and deferoxamme-glutaraldehyde from the protein complex.
Fxgure 7 illustrates the réactlon conditions used to prepare deferoxamme ﬁbrmogen the
punﬁcatlon steps, and the analyses carried out for each punf ied product The results
comparing purifi ication by dialysis and ge! filtration are given in Table 3.
1. Protein and Deferoxamme Concentrations

" When comparing the techmques of dialysis versus gel filtration wuh respect to protem
and deferoxamme concemratlons dlalysxs consnstenﬂy produced hngher values. For example,
Lhe protein and_deferoxamme concentrations averaged 15,7 nmoles/mL and 99.5 nmoles/ml
respectively when dialysiiwas employed;_ln contrast, with gel filtration, only 10.3 nmoles/mlL
and 60.8 nmoles/mL were found. for fibiinogefr and deferoxamihe respectively. This was duc
to dilution of the protein complex and must be expected even, when large sample volumes are

g

- used during gel filtration.

2. Deferoxamine: Flbnnegen Molar Ratio
Although protem and deferoxamme concentranons were higher- with dlalysxs lhan for

gel filtration, the final molar rauos i.e. c\ncentratnon of deferoxamxﬁe'dmded by prolcm
cdncentratxon were not statlstmally d1f f erem With dialysis the average ratio obtained was 6.3

moles deferoxamine per mole fib ‘: en ﬁ%hereas the rauo after gel f 1lLrauon was calculated

to be 6.1:1. These ratios coincide“ with those values reported by Ohmomo et a/ (77) who
determined the conjugation level to range from 3.t0 6 molecules of deferoxamine per molecule

' of fibrinogen.

Any
bl



Fibrinogen (6.8 mg/mL) in
45 mL NaCl 0.15M, pH
7.4

" Deferoxamine 0.12M in 0.5
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' React 45 minutes at room
temperature /
Add 45 uL NaBH, (10
mg/mL); react 10 minutes
SRR : 1 ‘
o/ f q
Dialyze 24 hours in 2 L Gel filtration
ABS (Bio-Gel P-6DG)
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Figurc 7: Flow ~Chart Comparihg Dialysis and Gel Filtration Techniqgeé in the
: Purification of Deferoxamine-Fibrinogen o
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Table 5 , o

Comparison of Dialysis and Gel Filtration Techniques in the Purification of Defer-
’ oxgmine-Fibrinogen‘ _.

" Dialysis? Gel Filtration’
~ Protein Concentration 157 . 10.3
(nmoles/mL) (13.6-1676) . (8.1-142)
Deferoxamine concentration 995 l60.8
(nmoles/mL) (91.5-103.8) - (43.0-74.5)
Deferoxamine: fibrinogen 6.3:1 6.1:1
molar ratio (6.1-6.7:1) (4.5-8.6:1)
Clottability (%) 74.4 | 75.6
_ (69.7-77.1) (62.4-88.7)
" ¢ - .
fsotopic clottability (%) 17.5 18.8 .
(12.5-23.8) | (13.6-23.5) i
Radiolabeling efficiency
(%) . ‘ L
(a) SDS-PAGE o 13.6 27.4
_» (9.6-19.6) i (9.4-53.4)
(b)Bio-Gel P-6DG 28.3 . 309
3 (25.8-31.1) (25.8-36.2)
Molecular weight® (daltons) 275,016 279.792
: (273.588-277,103) (270,283-281,222)

.;

ldeferoxamine -glutaraldehyde -ratio constant al 0.83 moles glutaraldehyde per mole
deferoxamine for the preparation of deferoxamiAne-fibrinogen . .

'mean and (range) of three determinations

"rﬁolecular weight of native fibrinogen estimated to be .284.637 daltons using ~
SDS-PAGE -



3. Percent Clottability and Isotopic Clottability

Using the unpaired l-test, no statistical differences were obscn@d in either the
clottability of fibrinogen, nor in the relative amount of radiogqllium contained within the clot
(isotopic clottability) when the two_purification methods were compared. The mean values for
percent clottability were 14.4% with dialysis versus 75.6% with gel filtration. These values
compare well with the clottability achieved by clotting native fibrinogen under similar
cond.itions (79.8 + 1.5%, n=17). Therefore, the reaction conditions to which fibrinogen was
exposed did not éeverely affect the protein's biological activity (asﬁmeasured by clottability).

Isotopic clottability of ¢’Ga-fibrinogen was quite low with an average of 17.5% (by
dialysis) and 18.8% (with column chromatography) of the total radioactivity added becoming
incorporated into the clot itself. However, the Japanese researchers (77) achieved an isotopic
clottability of 85.3 + 2.4%, (n=10). Ohmomo employed a method which measured the
radioactivity of clottable ¢’Ga-fibrinogen along with any radioactive supernatant trapped
within the clot. In contrast, the procedure utilized 'in the present research project for?:5
determining isotopic clottability measured only the radioactivity in the dehydrated clot. Thus
the different -methodologies. employed ‘may have contributed to the variations observgd

between the values of isotopic clottability reported.

" 4. Percent Radnolabeling Efficiency

No difference in the percent radiolabeling efficiency as determmed by column °
chromatography was observed between the products purified by dxalysxs (28.3%) or by gel
filtration (30 9%). These values were, however, generally higher "than those obtained wuh
SDS-polyacrylamlde gel electrophoresxs (SDS-PAGE): 13.6% with dialysis and 27.4% with gel
chromatography It has been suggested by Ogsten (238) that complexes of fonic species (in
y:ascs where the mobilities of the complexes and the components are’ dxfferent from one -
another) will dissociate during an electrophoretic separation to an extent propomonal to the
square of the volm}@adxent Cousequently gallium which forms a coordmate oovalcnt bond .

thh deferoxamifie, ~may bc pulled from the deferoxamine- fxbnnogen
o .
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. electrophoresns ‘
!
" Column chromatography.ecuvely separated $'Ga-fibrinogen (cluuon volumc Ve of
" 16 mL) from both *’Ga-citrate and ©'Ga-deferoxamine (Ve of 31 mL) as depicted in Figure
8, ‘but eould not separate the latter two products. However in SDS-PAGE, the remaining
non-protein bound radioactivity behaved similarly to ¢’Ga-citrate, travelling toward the anode
along with the tracking dye. Theref ore., the free radioactivity is most probably *'Ga-citrate or
’ ‘4;some ather unidentified ¢’Ga'species behavmg like “’Ga-citrate in SDS-PAGE. It is interesting
to note that Ohmomo el al (77) also observed a second radioactive peak which displayed
charactensucs of neithet labeled protein nor "Ga -deferoxamine chelates but of some other
unidentified 67Ga-complc_x of low molecular weight.
—
5. Molecular Weight Estimation

SDS-PAGE was also employed to determine whether manipulation of, fibrinogen by
the addition of deferoxamlne~glutara}ldehyde bwould alter the protein's natural eonf ormation in
such a way that large polymer formation or perhaps deleriorulive pfoducls of .fibrinogen

would be produced (239). Thus deferoxamine-fibrinogén was run on a 7. 5% dlscommuous gel

‘along with an aliquot of native fibrinogen and molecular weight markers. The molccular

- weights llsted in Table 5 are very similar for the compounds purified by both dla])’SlS and

column chromawgraphy (=275,000 and 280,000 daltom respectively), and compare well with
the experimental value for native fibrinogen (285,000 daltons). Although these values were
slightly lower than the generally accepted value of 340,000 £ 20,000 daltons (126), one may
conclude tl;élt no major alterations ocrred with fibrinogen when def eroxamine was added,
since the electrophoretic mobility of deferoxamine-fibrinogen compared well with its native

counterpart.

6. Charactenzation of ¢’Ga-Fibrinogen : -
As wlth SDS-PAGE, Bio-Gel A-1.5m was used to determine, qualltatlvely if the fib-

rinogen structure had been altered due to the addition of def eroxamine. The resultant u.v. and
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radioaciivity elution profiles, as illustrated in Figure 9, mimic that profile of native fibrinost;n
which had been allowe'd to stand 2 to 4 hours after dissolution. Since approximately 4 hours
are Tequired to elute the protein f;action from the Bio-Gel A 1.5m column, polymerization of
. the protein may be occurring as the f ibfinogcn complex is passing.through the column. Thus
Bio-Gel ;\-LSm gel filtration was not found to be useful in the qualitative analysis of
radiolabe}_%d deferoxamine-fibrinogen,’ due to the length of time required t0 elute the complex

and the non-protein bound radioactivity from the column.
n-p ! g |

7. Paper Electrophoresis

o Thf;; technique, adapted from the @érk of Schukla et al (240), was intended to
.dete;mine {he nature of the compounds present in the product. Preliminary experiments
indicated th:at‘ fibrinogen Temained at‘the origin, *’Ga-citrate moved approximately 3 cm
toward the anode, and *’Ga-deferoxamine :\‘l'travelled 6 cm toward the cathode. However,
during analysis of “G“é;f ibrinogen streaking ‘;Vas frequently observed between the origin and
the anode. Although ¢’Ga-deferoxamine was not observed, unequivocal information as to the
nature of the compound running toward the anode could not be.ascertained even when

“'Ga-fibrinogen was compared with a ¢’Ga-citrate control. Hence pape! electrophoresis was

not utilized for further analysis of ¢’Ga-fibrinogen preparations.

8. Trichioracetic Acid (TCA) Precipitation

TCA precipitation is a method often employed to determine lhe‘ radiolabeling
efficiency of iodinated proteins. Therefore, an attempt was made 10 use this analytical method
_to determine the radiolabeling efficiency of several ¢’Ga-fibrinogen preparations. The amount
of radioactivity precipitating along ;avith the protein complex was consistently less than 1%.
These results contrasted sharply with radiolabeling efficiency results obtained by éel filtration.
Harwig et al (74) also found that precipitation with TCA gave ermatic, unreliable results wheth

determining the radiolabeling efficiency of 99™Tc-fibrinogen.

Y
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l.t may be possible that the coordinate-covalent bond linking radiogallium with defer-
oxamine.becomes weakened due to the strong acidic nature of TCA. Therefore $Ga would be
released from the deferoxamine-fibrinogen complex, indicating extremely IO\; vields of
“'Ga-fibrinogen. Because the TCA precipitation -method yielded results which were
inconsistent with those of gel filtration, TCA precipitation was not employed in laicr
experiments.

To summarize the above, no statistical difference was observed in the ¢’Ga-fibrinogen
preparation when emploving either dialysis or gl filtration as a purification step. Dialysis had
some advantages in that the concemration‘of the pyo(‘eih complex was not altered during
purification. Also, less variation occurred between results. For example, although the average
clottability between the two purification mghods differed by less than two percent, a range of
v62.4% to 88.7% was found with gel chromatography versu; a range of only 69.7% to 77.1%
with dialysis. One disadvantage of using dialysis is the amount of time required to complete
the purification step. At least twenty-four hours are necessary lo remove the unreacted
materials as compared to gel filtration which requires only 45 minutes. Although biological
properties Such as clottability did not seem to be greatly affected over a 24 hour period, the
risk of aggregate formation exists, as was demonstrated when employing a Bio-Gel A-1.5m
chromatography column.

Although sample dilution occurs during gel filtration, Bio-Gel P-6DG provides rapid

results with quantitative sample recovery, and therefore was employed as a means of

~ purification for further experiments.

D. Influence of Several Parameters on Biological Properties :nd Radioiabeling Efficiency of
Deferoxamine-Fibrinogen ‘

Since the yield of ’Ga-fibrinogen obtained in the experiments comparing dialysis with
gél filtration was consistently low (less than 30%), altering parameters such as level of
conjugation of deferoxamine with fibrinogen, -and protéin concentration were investigated to
determine whether an increasc in radi91abeling efficiency could be obtained with minimal

3
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impact on fibrinogen's biological activity. The analyscs pcrformed thrdughoul thﬁ‘squy gm e

w ‘,'" .

k)

e
v

illustrated in Figure 10, o o \ - ﬁ : ~;
Several analyses such as the determination of protem conc@htratiﬁn and pcrcem IR
clottability were performed repeatedly to evaluate whether any changcs to the protein occurrcd ¢
during the reaction with deferoxamine-glutaraldehyde and also durmg purification of"ghe " 'W“ .
protein complex. Deferoxamine concentration of the reaction product was deler;;\nncd along%fn '
with each fraction collected during purification of deferoxamine-{ibrinogen to cnsure\thal all
the deferoxaminc was recovered from column chromatography. The measurement of deferox-
amine concentration was also necessary Lo calculate the initial molar ratio (the ratio of defer-
ox:mine to fibrinogen prior to purification of the reaction produc;), and final molar ratio
(the lcvél of conjugation of deferoxamine-fibrinogen after excess deferoxamine-glutaralde-
hyde Was removed).
Upbn.completion of the radioﬁbeling'procedure, paper chromatography involving two
separatc chroinatography systems was utilized along with column chromatography to evaluate
the yield of “’Ga-fibrinogen and the nature of any free, non-protein bound radioactivity in
e ¢’Ga-fibrinogen soiution. Paper chromatography was employed since Bio-Gel P-6DG
alone could not separate ¢'Ga-deferoxamine’ from $7Ga-citrate. Paper chromatography,
however, clearly §eparaied ¢'Ga-deferoxamine from “’Ga-citrate  when using the
butanol: propanol: water solvent, while the pyridine:ethanol: water system separated *’Ga-fib-
rinogen f rom the above Eompounds." SDS-PAGI.E'J: and paper electrophoresis produced
questionable res;xlts as to the nature of the compounds present and hence were not employed.
Isotopic clottability of the purified ¢’Ga-fibrinogen fraction was included to study the
refationship between protein clottability and the amount of radiogallium retained in the clot
itself. Finally, the stability of the purified radiolabeled conjugate was measured by reapplying
an aliquot of purified *’Ga-fibrinogen to the Bio-Gel P-6DG column 6 hours and 24 hours
after thc radxolabehng procedure. Fractions were then collected and a u.v./radioactivity

‘ eluuon profile obtained in order to determine whether any activity c(as lost from the protein.
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. Figure 10: ‘Flow Chart lllusu‘ating Analyses Employed Throughout the Preparation

and Analysis of
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1 Molar Ratio

It is known that the level of conjugatron 1.e. the molar ratio of coupled chelating .
group to protein, affects both the biological properues and the specific activity of the
radrolabeled prOtem (199) Althouglr Ohmomo et al (77) utilized a molar ratio of three to six
molecules of deferoxamine per molecule of f xbrmogen no data were reported to prove that'
the above ratio was actually” the optrmum con]ugatron level. Theref ore, four different defer-
oxamine- fxbrrrtogen products were prepared, these products varymg only in the number of
deferoxarnme lholecules linked to the protein via glutaraldehyde (The deferoxarmne glutaral-
dehyde ratio was kept constant at 0 83 moles glutaraldchyde per‘mole def eroxamme ) -
* " The rnmal concentrauons of def eroxamine added to a 0.02 mM fibrinogen solutron are

.'\_grven in Table 6. The def eroxam,rne concentratlon ranged from 191 .0 anles/mL to 2,138.6
' _'nnroles\ of deferoxamme per mL of reaction mrxture Once punfred the mican frf\aTmolar
|  ratios obtained ranged betweenr; 4 molecules of deferoxamrne per molecule of $1brmogen
‘(range 1.8: 1 to 2.9:1, n=2) to 26.8:1 deferoxamme frbrmogen (range=18.4:1 to 40. 5 1,
\;dhzsy. b_ . 4 '
' ‘. The spectrophotometrrc assay developed by Emery and Hoffer (190) was used -to
- determrne the. concentratron of deferoxamrne in the reacuon mrxture and in the purrfred
. vproduct The concentratron of ‘deferoxamrne in solutron could be quantrtated wrth 95%
- *_confrdence at 4evels greater fhan 26 4 nmoles/mL (the hmrt of deteclron) At concentratrons * [

LS s

a between 13 2 and 26.4 nmoles/m"L deferoxamme could be detected but not quanutated w1th
. K 3 3

the same degree J, confrdence ‘When preparing deferoxamme frbrmogen employrng 2 defer«- |

& oztammg concentrauon of 191.0 nmoles/mL the final concentratron of‘ the chelate afte;, K .‘
‘punfrcatron “of . the' protem cornp'lex ,averaged 16 8 nmo[es/mL (range = 1'713 o0 19 4«
nmoles/mL) It rs realrzed t‘nat «these valr‘l@s are not completely accurate however-; far the .
‘purpose of mvestr effects of a low defeggxamme frbnnogen molar rauo on protem -

_ ‘clottabrhty and radrolabehng yreld these results’ were tncluded in the study.

“v . N . o . . . ~
§ i . .. . ] v

A ; i s -~
. . .
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Initial Deferoxamme Corxcentrauons Employed Durmg Couplmg Reacuon and Final

" Table 6

ConJugauon Levels Obtained

e

Initial Deferoxamine
Concentration®
(nmoles/mL)

1,568.7 .

Deferoxamine -Fib-

rinogen Molar Ratio

Prior to
Purification?

13.1:1
(12.4-13.8:1)

61.6:1 -«
(55.8-66.3:1)

w 109.2:1
(100.7-117.8:1) .

125.3:1"
(19.1-151 8:1)

. Final Deferoxamine

Concentration®
(nmoles/mL.)’

Final Defcroxa'-‘ ,
. mine-Fibrinogen
Molar Ratio?

C168ety A $241
(1_4.3'19- ‘6_g ‘L @18'2‘-9‘1)
. 5338 7.1:1
(35.0-89.4) (33-13.9:1)
610 a2l
© (66.3-67.6) (12.0-12.4:1)
1716 26.8:1
(124.3-295.4) (18.4-40.5:1)

o "&cfefmamme

e

N L

ir-g%%j

' A
’?Slues ex es& @S‘—ﬁhe mean anﬂ (rangéﬁ"

‘Lﬂml

'Crmcal Level of Detecuon L‘C = 13.2. nmoles/mL

Delecuon LD — 26.4 nmoles/mL

L}

‘deferoxamme glutaraldehyde ratio constant at 083 moles glutaraldehyde per mole
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Table 7

Effect of Deferoxamine Conjugation on Clottability of Fibrinogen

Initial Deferoxamine Concentration’ ~ Clottability of Deferoxamine - Fibrinogen

(nmoles/mL) : - Prior to Purification’
e " %
o - _ 5.4 ¢ -
(n = 2) : (73.2-71.7)
1,069.3 9.0
(n = 95) ‘a (66.0-71.2) \
1,568.7 - ; 2 | 62.0, /
(n'= 2) - (56.9-67.0)
. 21386 O sg.3e
(n = 5) » (49.1-70.5)

‘deferoxzﬁnine-.glutaraldehyde ratio constant at 0.83 moles glutaraldehyde per mole
deferoxamine ) Q. :

'

tvalues expressed as the mean .percent clottability and (range)
ed 23 ‘, |

*P<0.05
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2. Effect of Conjugation on Percent Clottabillry of Fibrinogen,
i : . o
The incorporation of any foreign substance onto fibrinogen could seriously hamper its

ability to form thrombi in vivo. Therefore, clottability is a sensitive in vitro indicator of fib-

»

rmogen lability .

In Table 7, the effecl of conjugation levels on the clottability of ﬁbrmogcn is
illustrated. When only 191 0 nmoles/mL of deferoxamme were added 1he clottability of fib-
rinogen in the reaction mixture remamed falrly high, with the clouabrlrly averaging 75.4%"
(range‘ = 713.2% to 77.7% for n=2). As the amount of deferoxamme-glularaldehydc‘
increased, the clottabrlrty gradually c‘f.ecreased and finally reached an average of 58.3% (rangc

= 49.1% to 70. 5%‘» n= 5) when a maximum of 2,138.6 nmoles deferoxamme per mL was
added Altkough no stausucal drf ference was observed between each consecuuve level of def-

r
!

eroxamine -glutarsldelyde addition, a, élgnlficant diffetence was seen between values obtained
’ {30 ‘ . . B

In Figure 1/a trend is also illustrated between the final mdlar ratio of deferoxa- |

\
[l . .
mine -§ibrino

after purification with gel filtration, and the resultant clottability of deferox-
" a'mine-f ibrir(dgeq, the clottability gradually decreasing with increasing deferoxamine-fibrino-

gen molar rauos If the line were extrapolated back to the y-axis, a *&mtlabrlny of 81.1%
would be achreved this correspondmg to the clouabrhly of native fibrinogen (average
clotability of 79.8%, s.d.=1.5%, n= 17) o RN

9 Wensel and Meares (172) have suggested that if a specrfrc conjugauon takes ptete,

N
one clgelatmg equwalem per mole .of prolem is desirable. However if lhe con Jugauon is totally

" random, the desired extent of con]ugauon is approxrmately one chelating equrvalem for cvery

tl;ree to four rrloles of protein. . The lower, conjugauon levelfor the random case is necea’s\ary.

due to the statrsués of random conjugation (176) The stausucs dictate that if an average of
; _one mole of chelate w-added per mole of pxotem many of the protetn molecules will actually
“ contaﬁl more than one chelating group. These moleciles are more likely to be mactrvated or

* have different physrcal and chemical properties from their natwc countcrparts
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Complexing fibrinogen wrth deferoxamine- glutaraldehyde can be considered as random
con]ugatron Glutaraldehyde wrll react extens:/ely with a- and e-amino groups, “and
sulphydryl gr oyps (221), while the phenolic group of tyrosine and the rmrdazol@mg of
histiding tend to exhrbrt only moderate reactivity towards glutaraldehyde However, since fib-
rinogen contains approxrmately 221 moles of lysine per mole of fibrinogen (123) and sincc
fibrinogen has no free suiphydryl groups (124), the major reaction is wrth ammo restdues

such as lysine. At hrgher deferoxamrne frbrrnogen conjugation levels it is probable that a

“portion of the fibrinogen molecules would be so heavily prodrf red that their brologrcal activity

f‘r“ R

would be affected. In addrtron, these distorted molec o unfold, aggregate, and"

thus f orm"'&;precipitate ( 241).

* The appearance of mcreasmg amounts of RADENET - like material was observed

during the reacuon bet amrne~glutaraldehyde and f rbrmogen the rate and extent

of insoluble material ing mcreasrng maolar ratios. In fact when more than 2,138

¢

nmoles/mL of deferoxam added a very dense gel l”ormed within 45 mmutes Thus, thrs i
indicates that some denaturatlon of the protem is occurrrng due”to the reactron of deferoxa-
mine - glutaraldehyde with f rbrrnogen ’

The add:tron of sodrum borohydnde necessary for red'uc‘rng the rmme bonds between

the protem and the couplmg ag“'enr gluta*yde and between glutaraldehyde and deferoxa-

‘ mine, could also be- rmplrcated in the det¥ease in clottab;lrty and the precipitate I(fauon .
observed. Sodrum borohydrrde_ps the abrlrty to cleave the drsulf rde bonds within f 1br|nogen
these bonds being tial for retarmng the ter.trary structure of vflbrmogen. Howcver

A Wordmg to Means and Feeney (236) low concent ‘atrons ‘of sodrum borohydnde should have
no effect on’ -disulfide bonds These mv\es‘ilgators studied the effect - of reductlve alkylauon of

, ammo groups, usmg formaldehyde and sodrum borohydnde upon the enzymanc acnv;ty of

g "‘rrbonuclease A. '{ggy l‘ound that sodium borahydnde alone (at a conoentrauon of 0.5 - ‘1.0

jmg/ prowm solutron) ‘had no effect on nbonuclease s enzymauc acuvrty Smce thc- |
' manm amount of sodrum borohydndc added to frbrmogen during a reacuon with dcfcrox

-amine- glutaraldehyde was less than 0.2 mg/mL the decrease tn clotlabrhty was not hk@ly due

o 1 ] . 1
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toa reaction of the protcin with sodium borohydride. |
Another plausrble explanation for the formauon of a precxpllate an‘d a de,crease m
ClOlLablllty may be due to the presence of free glutaraldehyde As menuoned prevrously glut -
araldehyde was employed to couple deferoxamme with flbrmogen vra a two-step procedure
(219). The formatwn of deferoxamine- glutaraldehyde however is most probably not
quantitative, i.c. four possible species may exrst free glutaraldehyde freqdeferoxamme def- ‘
eroxamme glutaraldehyde-deferoxamine and the desired deferoxamme glutaraldehy (see - B
anure 12). THus, whefPan aqudot of deferoxamine- glutaraldehyde is added to f’lbﬁnogt@

both glutaraldehyde anll deferoxamme glutaraldehyde will be competmg for the 1ysme T g\,

\ reSidues Once glutaraldehyde is linked wnh one protein molecule, protem-protem couplmg

could easrly occur, possibly forming a mghly cross-linked frbrmogen polymer (237). This in"" "
turn coum cause precnprtauon of t ‘)’?ﬂer Smce the ratio of glutaraldehyde to deferoxa

mine was kept constant mcreaSmt:E molar ratio of deferoxamine to fibrinogen actually
increased the total amount of gluraraldehydl? added to the protem Therefore, when high

molar vrauos were employed, the large amount of ‘msolu’bnllzed material observed may be due
twotem protein couplmg ) . . a

The reaction of glutaraldehyde with dderoxa% and ﬁbrirlogen may actually be
.more complex than described above. Aqueous solutions of glutaraldehyde have been found to
consrst of free glutaraldehyde (1), the cyclic hemnacelal of its hydrate (2) and oligomers of
this (3) in equlhbrlum with each other (Figure 13) (242). ” of these samples react ?s freem
gluLaraldehyde ynder acidic and neutral condmons of . pH. TRus. the reaction of the reagent
wuh the amino grotip of deferoxamme and subsequently, with lysme moieties of protems is
comphcated in nature, yleldlng g mnxture of several products It may, therefore, ‘be these &
undesnred produtts Lhat cause the decrease in ctouabrlxty and the polymeruauon of Lhe ﬁ

K4

- protein. SRR o w0 i

The problem of protein polymenzauon has been omerved by several mvmugalors
Korzumr apd cowofkers (243) found thar couphng mgent’s greaty al‘fected Lhe in vitro’

propemes aﬁd in vivo drsmbuuon of a labeled - mduoclonal .antibody to human chorionic
' /

-
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M)

CHO CHO o H
HO . oH
. n F
(1) (2)' ’ (3 .
P v
. o _
o Figure 13: Nature of the Reagent Glutaraldehyde in Aqueous Solution (242)

e gonadotrophm althOugh the immunoreactivity, radxochemlcal purity atﬂ in vurp ‘stability were
) ‘“»“ e
' sausfaeq%ry Polymenzauon of the antibody was particularly a problem when glunaraldehyde

LS

P h s Was employed. Furthermorc Pritchard et al (223) found the formation of - transferrm

. wm.
«* L j{olymcrs when attempting to prepare 1gG-transferrin using glutaraldehyde.

‘.,‘" ‘.5, : Certain mvgsugators_.(214.237) have stated that glutaraldehyde reacts/ yﬁh amino

1",:‘.’ ‘ . groups not actively .participating in the catalytic or immunological activity of proteins thus

. . preserving the biological activity of in;{aivi(iual proteins. Yet it is likely that a combination of
factors, such as: i \

P 1. the presence of free giumrald yde in the protein solution, ‘

!’&4 f”s ? 2 the presence of lmpunu

O

10 the glutaraldeliyde solution, and
msp _&' 3 the hngh dcfcroxaxmne -fibh ogen conjugation levels employed,

are. cqusmg 3, decrcasc m the clottability of Lhe protem

s 5 .
3
9

3 (Fﬂect of Conjugation on lsotoplc Clottability Mter Purification of *'Ga-Fibrinogen

P , For *'Ga- ﬁbnnogen 0 be an effective thrombus xmagmg agenl wn vivo, the-amount of
radmgalhum retained in the clot should be sufﬁcnem to allow .the (hrombl 1o be casny-
vasuahwd usmg a gamma camera. Thus 0. dctcrmme whcthcr a pamcular molar ratio yielded
maxumum mcorporauon of vGa i a clot, or whethcr a trend between molar. fatio and

isotopic clouabxluy cxuslcd isotopic: clotiability cxpcnmcnts were performed with ahquors of

v;%s -

ey
&3
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purified *’Ga-fibrinogen. The results of Vafying the dcferoxamine-fibrinogen conjugation
level on isotopic clottability are given in Table 8.

As the final molar ratio iucreased from 2.4 to 26.8 moles of deferoxamine pc‘ mole of
fibrinogen, the mean isotopic clottability decreased from 79.2% to 61.5% respectively. Using
the unpaired t-test, no statistical significance between the averaged results was observed.
However, when individual final molar ratios were plotted a’g‘ainst their respective. isotopic
,;clotlabililies' a uénd could be visualized (see Figure 11). As the molar ratio increased. the
_number of f xbrmogen molecules which lost their ability tp form a clot also increased. Yet
these “inactivated molecules are oflen still capable”of binding gallium. Therefore when a
sample of $’Ga-fibrinogen was clotted, only those radiolabeled molecules which remamcd
blologlcally active formed a clot leaving the heavily modified, radiolabeled macromolecule‘sf' in
the supernatant.

If “'Ga distributed itself evenly between active and non-clottable deferoxamine-fibrin- -
ogen, one woulb expect to observe the lines in Figure 11 to run parallel with each other ie.
; 1sotop1c clottability should decrease at the same rate as protem clottability with mcreasmg‘
molar ralios However, this was not the case, the lSOlOplC clottability falling at a lower ratc
than. protem clouabllny Since the number of deferoxamine molecules far exceeds that number
of galllum molecules added to deferoxamine- flbrmogen (20 MBq of ’Ga bemg cquivalent to §k :
0.014 nmoles ¢’Ga), gallium appears to pref erentially bind with those deferoxamine moleculcs
- that are lik.cly more accessible 1o the radiometal. Therefore if a fibrinogen mol;cule 1s hcavil§
laden with deferoxamine, steric hindrance and/or a decrease in deleroxaminc metal binding

capasity may prevent *’'Ga from chelating ‘?,{,“h denatured deferoxamine-fibrinogen (241,244).

Thus. preferential binding of ’Ga with the clottable protein complex would be observed.

" 4. Effect of Conjugation on Radiolabeling Efficiency
In contrast with the technique used for determining isotopic clottability, gel filtration

does mot differenuate between clottable and non-clottable radiolabeled protein. However, .

cvaluau"ng the yield of »Ga-fibnnogen 15 an important step in determining fts specific activity

e .
»
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Table 8

Effect of Deferoxamine Conjugation on Isotopic Clottability®

"
Final Molar Ratio’ | Isotopic Clottability®
: (%)
2.4:1 79.2
(n = 2) , (68.8-89.7)
701 - 702
(n = 5) (55.2-77.4)
12.2:1 665
(n = 2) (66.2-67.4)
- 26.8:1 . ' 61.5

O = 95) (48.1-72.3)

lvalues expressed as the mean percent isotopic clottability, after purification of
“Ga-fibrinogen by gel filtration, and (range) !

‘moles of deferoxamine per mole of fi ter purification of the protein
complex ‘ o ,

*no statistically significanly'jé'ﬁfferencc observéd (unpafred t-test) ﬂ;



Table 9

Effect of Deferoxamine Conjugation on

¥

Radiolabeling Efficiency

Final Molar Ratio’

12.2:1
(n = 2)
26.8
(n = 5)

Percent Labeling

Efficiency’

42.3
(27.2-63.4)

34.6
(33.7-35.4)

223
(2.8-45.0)

Percent’ of Toial -
Radioactivity’ as Unbound
©’Ga- Deferoxamine!,

16 R
(0:0-5.0)

13.2
(12.1-14.4)

444
(25.3-69.6)

‘moles of deferoxamine per mole of fibrinogen after purification of the protein

complex

tvalues expressed as the mean percent and (range)

Jaddition of 20 MBq of ¢’Ga-citrate

‘as determined by paper chromatography; remainder of non-protein bound -

radioactivity as °'Ga-citrate

*none detected
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i.e. the amount of radioactivity bound per unit weight of protem As mentioned prcvnously it “
is desirable to maximize the specnf ic activit, of *’Ga-fibrinogen. Theoretically, on¢ ap.proach
may be to increase the level of conjugation of fibrinogen with deferoxamine. B;' increasing the
molar ratio, the amount of deferoxamine linked to fibrinogen and h-véilaﬁlc for chalating YGa

should increase, resulting in a higher yield of *’Ga-fibrinogen. ‘However BCCM to the

results in Table 9, radiolabeling efficiency actually decreased at higher mo, Al a‘ =

c§e protein.

C m -fibrinogen

At ‘a deferoxamine-fibrinogen conjugation level of 7.1:1, the yield o

molar ratio of 2.4:1 deferoxamine:protein, only 2.5% of “'Ga was compl

. . L
increased to 42.3%. However, further increases in molar ratio resulted in the nfan

radiolabeling efficiency decreasing to 34.6% and 22.3% for deferoxamixf?i rinogen ratios of

‘-i2.2:l and 26.8:1 respectively. .

As sh‘own in Figure 14, it appears that the separation of deferoxamine-fibrinogen
from unreacted deferoxamine on column chromatography was adequate. ngever. paper
chromatography of aliquots of “’Ga-fibrinogen, prior o purification, revealed i'néreasing
amounts of non-protein bound "Ga deferoxamine in the "Ga fibrinogen solution. Up to
44 4% of lhe total radioactivity was actually bound to unreacted deferoxamine at high molar
ratios with only 22.3% chelated with g;feroxamxne fibrinogen. The r?malnxng radxoa‘ctwn)
was identified as *’Ga-citrate. These results would indicate that: '

" 1. separation using the 40 mL column was mcomplete and/Or
2. non-covalently-bound "Ga-deferoxamme was slowly being released from fibrino-
- gen (171). .
4 If non-covalently bound deferoxamine-was slowly being leached from the protein complex, the
( appearance of $'Ga-deferoxamine should also *have been observed at low molar ratios.
Q,g/evcr ata con]ugauon level of 2.4 moles of deferoxamine per mole of fxbrmogen no free
$’Ga- defcroxammi; was detected with_paper cMomatoPaphy le:mse only 1.6% of the total
radioactivity existed as non- prptem bound “'Ga- dcferoxamme when a molar ratio of 7.1:1

4

, f . was employed 'Therﬂm. xg d;tenmne whcther mcémplete separatxon of dcferoxamme -fib-

#‘5; 3 R O

. rmogenﬁf fom’ f;ce‘ deferotarmne was the’ {eason for the radxola%elmg effxcxenmcs ob%crved a
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longer Bio:éel P-6DG column was nrepared for purification of ldeferqxamine‘-fibrinogen. :
5 Effect\of ‘Increasing Column Length for Purification of Deferoxamine:Fibrinogen

' N Increasing the colu‘mnklength tncreases the HETP (height equivalent theoretical plate)
value a}d thuswses resolution (2_45). However sarmple dilution will _also incre‘ase as will
transit iifi¢ of the sample through the column. The results of lengthening the Bio-Gel P-6DG
column front 40 mL to 65 mL are given in Table 10. o

Three different concentrations " of deferoxamine vvere ddded 1o fibrinogen: l91 .0 :

nmoles/mL, 1,069. 3 nmoles\XmL and 2,138.6 nmoles of deferoxemine per mL of fibrinogen
| solution. A 2.0%, 33 2% and 60 1% radrolabehng efficiency, correspondmg with the above def -
eroxamine concentratwns was observed These results differ from those values obtained when
employmg a 40 mL column where at 1069 3\and 2, 138 6 nmoles of deferoxamme per-mL,
the yield of ”Ga-ftbnnogen attained was 42. 3% and 22. 3% respecnvely (Table 9). In addition,
the amount of free radioactivity occurrlng as “’Ga- deferoxamme decreased from 44.4% (with
the short column) to only 3.1% (65 mL column) at high deferoxamme concentrations.
Non-protem bound “’Ga-deferoxamine was not detected when lower conceritrations of defer-
oxamine were used. Therefore it is evideént that the 40 mL Bio-Gel column was not adequate
in effectively separating the. unboutrd chelating agent from the protein-chelate complex when
employrng hrgh amounts of deferoxamme thereby decreasmg the observed percent yxeld of
¢7Ga -fibrinogen. Yeth;t still remained difficult to completely separate unreactecL deferoxamme'
from deferoxamine - fibrinogen at high defcroxamme concentrauons even when a longer gel
ftltrauon column was used. It is interesting. to note that Layne et al (42) had dxfftculty
purifying DTPA -fi ibrinogen, and found it necessary to perform two purification steps in order
to remove the excess DTPA from the proteirr complex. |
‘, The final “deferoxnmine-fibrinogen molar ratios obtained with the two Bio-Gel.
columns varied .oonsiderablyﬂ when the same initial concentrations of deferoiemine were
reacted with fibrinogen. For instance, at an initial deferoxamine concentration of 2,138.6
nmoles/mL, a final molar ratio obtained with a- 65 mL column avgaged 7.2. moles

A
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Table 10
Results of Various Parameters After Increasing the Colimn- Length for Purification
of Deferoxamme Flbnnogen’
Initial Defer- Final Molar Percent _Percéiii of - Percent Percent
oxamine Ratio® - Labeling Total Clottability* Isotopic
- Concentra- Efficiency- - Radioactivity L " Clottability®
tion? _ as “’Ga-Def-

(nmoles/mL) , : - eroxamine* = _
PN A S
191.0 2.6:1 20 - NDs © 614 723

(2.0-3.3:1) (0.1-4.0) . (64.3-70.4)  (72.0-72.6)
1,069.3 421 332 ND* | 520 728
' ) (3.6-4.8:1) (25.3‘-541.%) o (46.2-57.7) (70.8-74.7)
21386 721 601 31 82 71
(7.1-7.2:1) (52.5-67.7) (2.6-3.6) (40.6-55.7) (67.8-74.4)

r

'mean and (range) of dupucate determinations

‘deferoxamme -glutaraldehyde ratio constant at 0.83 moles glutaraldehyde per mole
deferoxamine ' ’ ,

1 -

\

‘moles of deferoxamine per mole of flbnnogen after punfxcauon of the protem _
complex ) ‘

‘as determined by paper chromatography; remaining non-protein bound
radioactivity as *'Ga- cxtrale )
‘after purification of deferoxaminc:fibrinogen by column éhromatdgraphy

‘after purification- of ¢’Ga-fibrinogen by column chromatography

*none detected

[
¢
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deferoxamine per mole fibrinogen versus a final molar Tatio of 26.8:1 with a 40 mL colurfin,
Likewise, a 7.1:1 versus a 4.2:1 deferoxamine-fibrinogen molar ratio was attained with 2740
mL and 65 mL column_respectively when. the initial deferoxamine concentration was 1.069.3_ :

nrrioles/mL.l At low deferoxamine concentrations (191.0-nmoles/mL) very little difference

between the fina) mglar ratios was discernible (2.4:1 and 2.6:1 for the: shorter and longer

~

colufnns). { - o
The above results would suggest that when thé 40- mL gel filtration column was

utilized, ﬁnbound defeeramine‘ was 1ot complétely removed ffom the ‘deferoxa;nine-protcin

complex (at i;itial defe‘roxamine concentrations greater than 191.0 nmolcs/rPL). ‘Howcvcr. if-——?

this was the casé, at an lintermediate molar ratio of 7.1:1 (40 mL column), a ‘l\arger
 percentage "of non-protein bound radioactivity in the ¢’Ga-fibrinogen product- should™~be
present as "_Ga-defer‘ox.amine. Y;t out of five exp_eriﬁiems performed, producing an average Ny -
conjugationvlevel of 7.1:1, only once was free “’Ga-deferoxamine observed t;y I;apcr
chromatography, and its presence ;onstitutc& only 5% of the & radioaciivily. Furfﬁermore.
when\ co‘mparifxg, the radiolabeling ef;ficiencies between s'imilarly prepared "Gé-fibrino'gen
products purified by two different columns, it was found that the radiolabeling'eff iciency was.‘
higher for the product p/urifie(:)by the!stibrter columﬁ (molar ra;io = 7.1:1, efficiency = ‘
4©2.3% v.s. molar ratio 4.2:1, efficiency of 33.2%). If. this was due to weak non-specific
binding of deferoxaminé to fibrinbgen then the n_on-covalemly bound chelate would be
revealed as “'Ga-deferoxamine in the 24 hour stga'bility stu;:lies performed. However, no free
radioactivity was detected afte':‘r’ 24 hours. Therefore a small fraction of def erox;mine must be

véry tightly adsofbcd tof ibrinogen'. >

o This is consistent with the work of Janoki et a/ (171) who found that 75-97% of free
deferoxamine cbuld be removed from deferoxamine-HSA by extensive purification (i.e.
dialys'i;‘ for 48 h.ours, gelﬁfiltration. then dialysis again with hollow fibre bundles). Still, 1-3%
of the defcroxm#fmurcmained tightly adsorbed to the protein and could’ only be removed
ﬂonoizing urea treatment. (Wagner and Welch (54) had also observed similar problems in

tLeir attempts to purify an HSA-DTPA complex.) Janoki also observed that the stability of

;o - : <
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the radiolabeled conjugate remained greafer than '90% after one week storage at 4C The
radioactivxty lost from the protein wasJall present as "Ga deferoxamme whxch the author '
speculated may have corresponded with a very slow Jclease of non-covalently*gound deferox-
amine from the protein complex. ‘ o

The stability studxes performed on all punfled ¢’Ga-fibrinogen products thh varying
molar ratios agree~with Janoki's studies and indicate that no free radioactivity was lost from
the pro}ein complex. 'l:he u.v./radioactivity elution profiles of puﬁfied "_Ga-fibrinogen,‘

reappliéd to a Bio-Gel column 6 hours and .24 hours after deferoxamine-fibrinogen

'preparation, consistently showed all the radioactivity rcmaining with the protein (see Figure

15).
- Thqge waé'no statistical difference between the ‘products obtained from purification by =

the two oolumns with respect to percent clottability, isotopic clottability, and radiolabeling
efficioncy of deferoxaniine-ﬁbrinogen. when low to intermediate concentrations of deferoxa-
mine were employed. In addition, tﬁe(pnotein concentration of ihe eluted product was on!y—
marginally lower when a 65 mL column was used. However there are two main disndvantages
in utilizing®a longer column:

1. the time required for purification is doubled: 96 minutes v.s. 45 minutes for the

40 mL column, and |

2. polymerization is observed during the purification process. | |

. When the column bed wm:no ‘was :7a<é from 40 mL to 65 mL, a viscous solution
was observed as the deferoxamine-fibrinogén complex- was eluted. This gel formation was
evident in all deferoxamine-fibrinogen preparations purified with a longer column but was
more pronounced when high concentrations of deferoxamine-glutaraldehyde were reacted with
fibrinogcn. Occasionally the viscosity was so great as to block the flow cell in the u.v.
tnoni;or. The formation of a gel when eniploying & 40 mL colurnn for purification was only
evident when ;l;ej;fibrinogcn solution was allowed to incubate for 3 to 4 hours to allow
complete fli(solﬁtion of the protein prior to the reaction with deferoxamine-glutaraldehyde.

Tpus it appears that the rate of polymerization of deferoxami_ne,—fibrinogen' is enhanced by an ~
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lncreased transit time dunng column chromatography
In summary, the least amount of manipulauon of fibrinogen posslble is necessary in
order for the protein’to reta’iq/i clottah'iht);;;.”yet. increasing the number of chelating
molecules linked to a protein’ mtié‘shle results in a desirable- increase in radiolabeling
efficiency. Consequently, a conjugation\‘lerel of approximately 7.1 moles of deferoxamine per
mole of fibrinogen was cfjosen as the t;pﬁmum molar ratio fer preparing the deferoxa-
mine-fibrinogen complex (using a 40 mL Bio-Gel P-6DG column for purification of deferox-
amine-ffbrinogen). Although 'great care was taken to obtain reproducible deferoxamine-fibrin-
ogen molar raties ‘the final conjugation levels attained varied considerably. Thus, individual
deferoxamine - fibrinogen conjugation lcvels obtained experimentally were 6. 9 5.9, 13.9, 5.6, .

and 3.3:1. Except for one unusuallyg hrgh molar ratio, the remaining conjugatmn levels

: —'generally fell-within- the -Tange quoted by Ohmomo et al (77) (conJugatron level of 3 to 6:1

def eroxamme fibrinogen).

6. Effect of Increasing Protein Concentration
Having deterrnined an opt‘imal molar ratio fot bindirrg deferoxamine with fibrinogen,
an attempt to increase the radiolabeli:ng efficiency was made by increasing the protein

concentration from 6.8 mg/mL to'10.2 :‘mg/mL. Increasing the protein vcdncent’ration-while

maintaining \the_" molar ratio should, in theory, increase the total number of chelate molecules

available for complexation, resulting in an increase in radiola_beling' efficiency ’
As depicted in Table 11, the radiolabeling efficiency did not improvmsing the

protein concentratron Rather the yield of "Ga -fibrinogen decreased dramatically to 7.7%

from 42. 3% (P<0 .01) when 10.2 mg of fl rinogen per-mlL was employed. Since all the

. non-protein bound radioactivity behaved as “'Ga-citrate rather than “’Ga- deferoxaxmne

incomplete separation of- deferoxamine- fibrinosen from unreacted deferoq(umine does not

" explain the reason for a decrease in radiolabeling effidency. Both Janoki et af (171) and

Leung et al (189) proposed that chelating molecuies became 'buried’ within-a protein complex

due to inter- and intramolecular crosslinking. These molecules would not be available to bind



Table 11 v

_ Effect of Increasing Protein Concentration on Clottability!, Isotopic Clottability?, and
Yield of ¢’Ga-Fibrinogen

o~

Initial Protein Final Protein - Final Molar  Clottability® 'Isdtopic Radiolabeling

Concentration Concentration ~ Ratio*** (%) Clottability’  Efficiency’
(mg/mL) after : (%) (%)
Purification®* : :
- (mg/mL) -
6.8 2.75¢ 7.1:1 62.6° 70.2 42.3%°

(n = 5) (2.11-3.60)  (3.3-13.9:1)  (56.5-71.0)  (55.2-77.4) (27.2-63:4)

10.2 1.82° 11.3:1 43.0° 58.9 1.7
(n = 3) (1.63-2.11)  (3.7-17.9:1)  (29.5-55.4) (47.8-60.8) (2.8-12.8)

4

'after purification of deferoxamine-fibrinogen by column chromatography
*after purification of ¢’Ga-fibrinogen by column chromatography

values expressed as the mean and (range)

‘moles of deferoxamine per mole of fibrinogen after"puri}'ication of the protein
_complex ’ . ,

*P<0.05 ' 0

\:‘P<0.0l | | N
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radiometals agd thut a low radiolabeling efficiency would result. When increasing the protein

cotcentration to 10.2 mg/mL, an increased amount of free glutaraldehyde was also added
(since the inlual deferoxamine- fibrinogcn molar ratio of 6l. 6 1 was mamtamed) 'I'he rate
and extcnt ‘of protein-protein coupling would then likely increase. Tbg w $ deferoxa-
mine to become trapped wn.hm the polymer,thus preventmg the chelating; a*genf)from binding
with *’Ga, and causing a decrease in *’Ga-fibrinogen yield. '

Glazer (244) has suggested that functional groups are not necessarily 'buried’ within a
molecule; rather, functional groups on the extcnor of a macromolecule are often sterically
hindj‘ed. With-an increase in protein concentration, the close vicinity of fibrinogen molecules
may prevent the coupled deféroxamine molecules from binding radiogalliumi

With respect to the final",proieinA concentration, a significant decrease in protein
concentration was observed after purification (1.82 v.s.-2..75 mg/mL, P<0;05),! although a
more concentrated .f‘ibrinogen solution was originally used. This decreose in flinal protein
concentration was unexpected since an increase would be antxcnpated when purifying a more
concentrated solution. However, during the reaction with deferoxamine-fibrinogen and also
during purifi 1cat10n. varying amounts of insolublized material were observed. The precipitatlon.
of fibrinogen viould, it turn, deciease the pi'otein c'fonc\entration;

Clottability of fibrinogen was also significantly /gffected. the peroent' clottability
decreasing to 43.0% (range = 29.5% to 55.4%) from 62.6% (range = 56.5% to 71.0%)
(P<0.05). Due to higher concentrations of protein and free glutaraldehyde in solution, the
increased risk of protein-protein eop-pling could result. ir_i‘polymerization and a decrease in
protein clottability. |

Isotopic clottability was also found to decrease from 0. 2% (6 8 mg/mL f 1bnnogen) to
58.9% (10.2 mg/mL fibnnogen) although the differegce was not statistically sxgmfmnt at the
P<0.05 level, With a molar ratio of 11.3 :1, many ﬁbmoggo molecules likely carried a greater
number of deferoxamine molecules than the avora_ge' nuiﬂper calculated, due to random
conjugation. Even if these modified . protein molecules retained their ability to clot, the

possibility of steric hindrance may have prevented the attached deferoxamine molecules from



binding *’Ga; thus, a decrease in isotopic clottability would be observed.
Although increasing the protein concentration while maintaining an initial molar ‘ratio
of 61.6:1 should, in theory, increase radiolabeling efficiency, the results indicated that this in

fact adversely affected not only the yield of *’Ga-fibrinogen but also the isotopic clottability,

e -

3
7

LY

protein clottability, and the ﬁial protein concentration as well.

E. Preparation of High Spe/cific._::\c‘tivity ¢’Ga-Fibrinogen
”Ga-fibrinogen’;la's the potential to become a useful thrombus-imaging agent if its
specific activity (the amdunt of radiogallium linked per unit weight of prdtcin) could be
~increased. In theory, it would be desirable to label 1 to 2 mg of fibrindgen with 40 to 160
MBq of ¢Ga for clinical use. To determine " whether the derivatized protein could
accommadate larger quantities of radioactivity, the amount of radioactivity added to 1.0 mL
of deferoxamine-fibrinogen (2 to 3 mg of protein) was increased from 20 MBq to 40 MBq of
$’Ga-citrate. The results are shown in Table 12. l
v Although the radiolabeling efficiency was greater when 20 MBq of radigactivity was
added to deferoxamme -fibrinogen Lhan when 40 MBq ¢’Ga-citrate was added (42.3% and
12.2% respectively), no statistical difference between the radiolabeling efficiencies  nor the
specific activities was observed (2.08 MBq/rdg with 40 MBq radioactivity versus 3.02 MBq/mg
“with 20 MBg “Ga-citrate). Frdfn these results, it appears that under the reaction. condi_tidns
used, there is a limit to the amount of "G'A that maylbe linked with deferoxamine-fibrinogen,
-this limit ranging f.rom 2t03 MBq per mg of protein,
Ata molar”ratio in the range of 7.1:1 deferoxamine:protein, 1 mg of protein complex
should thedrencally be able to chelate approximately 31 GBq of “’Ga from ¢'Ga-citrate
~(10,000-15,000 times more than was found experimentally). lncomplctc transfer of “’Ga from
'its citrate complex. to deferoxamine could be one possible explanation fér the low_ specific
. actmty obtamed However, Weiner et al (57) found that ¢’Ga-deferoxamine was rapidly and
almost pompletely formed within 15 minutes (at room temperature and regaxdless of pH

employed). Since deferoxamine-fibrinogen was allowed to incubate with *’Ga-citrate for 1
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“Table 12

Effect of Increasing the Amount of Radioactivity Added to Defemxamme Fibrinogen
on the Yield of “’Ga-Fibrinogen

-

Amount of = Protein Radiolabeling . Specific Activity’
’Ga-Citrate Added Concentration’ Efficiency’ (MBq/mg protein)
1o 1.0 mL Defer- (mg/mL) (%) ~ .
oxamine-Fibrinogen

(MBq)

20 ' 2.75 42.3* ~ 3.02*
(n = 5) . (2.11-3.60) - (27.2-63.4) (1.72-3.52)
40 2.29 1220 2.08*

(n =

2) (2.11-2.48) (8.4.-15.9) d (1.55-2.56)

lvalues expressed as the mean and (range)

*no statistically- significant difference observed (unpaired t-test)

vy
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hour, incomplete exchange of *’Ga between citiate and deferoxamine was not likely the cause .
of the low radiolabeling efficiency obtained.

Janoki's (171) and Leung's (189) proposal of the deferoxamine molecule becoming
buried within™ polymeric complex wag also not likely the sole reason for the low specific
activity observed. Since deferoxamine conct'emration and molar ratio were both determined by
complexing iron with an aliquot bf deferoxamine-fibrinogen ;olution, and since the formation
constant is supposedly higher for ¢’Ga-deferoxamine than for ferrioxamine (60), there was no

reason to believe that this same number of deferoxamine molecules was not capable of

chelating gallium. However, if other metal ions were present in the “’Ga-citrate solution,

' these ions may have competed with radiogallium for deferoxamine. Therefore an experiment -
was performed to determine whether metal contamination could be the reason for the low

" radiolabeling efficiencies (and low specific activities) observed.

F. Determination of Metal Contamination of ‘’Ga-Citrate ,

Hnatowich et a/ (183) have suggested that trace metal contamination of ‘’GaCl, and
“’Ga-citrate solutions hinder the formation of *’Ga-DTPA complexes even when high
concentrations of DTPA are used. Turner et al/ (227) have shown that iron and zinc metals
were the major comaminany in ¢’GaCl, and '**InCl, thus hampering the chelation of “Ga
and 'In to an IgG-EDTA éomplea; In fact, only 13.3% of the *’GaCl, could be incorporated
when a large amount of chelate (663 nmoles EDTA) was complexed with IgG. Although the
formation constant of ‘Pa-deferoxamine is much higher than that &' Zn-deféroxamine (log
K>31 versus log K=10.1 respectively) (59,60), large amounts of zinc metal present in
*’Ga-citrate could effectively compete with gallium for deferoxamine. Likewise iron, with a
stability constant of log K=30.6 (59), would also vie with radiogallium for complexation with
deferoxamine. Therefore, neutron activation ax;alysis (NAA) was employed to ascertain
whether significant amounts of zinc and/or iron were contained in’ “'Ga-citrate solutions.

Using NAA, zinc-and iron metal will form radioactive **Zn and *’Fe respectively. The

major y-ray energies proc}uwd after a 4 hour irradiation at a flux of 1 x 10*? nem-%! and a
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cool time of 3 weeks are (159):

1. 4Zn - 511 keV; abundance 3%,

2. %Zn - 1116 keV; abundance 51%,

3. "Fe - 1099 keV; abundance 56%, and

4. ¥Fe - 1292 keV; abundance 44%.
Comparing an irradiated sample of “'Ga-citrate (Figure, 16B), with a standard containing
both radioactive zinc and iron (Figure 16A), two photopeaks are evident; that is, a 511 keV
peak and a 1116 keV peak are present, indicating that zinc exists in the “’Ga-citrate solutions.
The photopeaks of **Fe were not detected m any of the ¢’Ga-citrate samples analyzed.

As shown in Table 13, the amount of zinc in “Ga-citrate ranged from 18.9‘ to 3,110
nmoles/mL.. Consid‘e_{ing that the average concentration of deferoxamine 15 53.8 nmoles/mL in
the purified protein complex, and that 20 MBq of ¢'Ga-citrate, equivalent to only 0.014
nmoles of *'Ga, contained 5.1 to 764.0 nmoles of zinc (on the day of calibration), the
possibility of competition between *’Ga and zinc for chelation with deferoxamine does exist.
Depending on the day of the week radiolabeling of deferoxamine-filirinogen was performed,
the amount of zinc added would vary, i.e. the volumé containing 20 MBq ‘’Ga -citrate would
change due to decay of *’Ga. Therefore, quantitative radiolabeling of deferoxamine-fibrinogen
was possibly inhibited by the presence of zinc metal in the “Ga-citrate solution. Since the
amount of zinc varied from -baich to batch of ’Ga-citrate, metal contamination could also

account for the variability in radiolabeling efficiencies observed.
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' Table 13
Zinc Metal Contamination in “'Ga-Citfate Samples \%
Sample - Zinc  Percent Error Lp' Amount of
' Concentration ‘(10) -+ Zinc Present in
4 (nmoles/mL) . (nmoles/mL) 20 MBq )
- ‘ “'Ga-Citrate?
‘ (nmolgs)
A 236 9.2 . 6.9 57.9
Lot 79220-1 | |
B 137 9.2 42 " 338
Lot 79266-1 T |
C : 18.9 : 17.8 34 . 5.1
Lot BGal26 . - ‘ | "
D -, 3110 87 9.4 . 7640

Lot 8Q772-5. °

'Limit of Detection

‘on day of éalibration



V. SUMMARY AND CONCLUS()NS '

*’Ga-fibrinogen was prepared, utilizing a thi'ee-step procedure cohsisting of (i) coupling
the chelating agéqt. deferoxamine, to fibrinogen via glutaraldeilydc, (‘ii) purifying the
- protein- complex, and (ilii) subsequently radiolabevling ~the deferoxamine‘fibrihogen‘
complex with *’Ga. ‘ .

The effects i several buffer systems and radiolabeling agents on the formation of

¢'Ga-deferoxamine were investigated. Acetate buffered saline, 0.1M, p‘H 7.4, was found

to be the best medium when compared to phosphate buffered saline or citrate buffered
saline. Gallium-67 chloride formed insoluble hydroxides and other gallium species if:
various - buffer systems at physiolbgic pH; therefor’e,i “Ga-citrate was chogen as ‘Qxc
radiolabeling agent for the preparation of “'Ga-f ibrinogen. }

A spectrophotometric assay was employed to determine if the observed binding capacity

1evealed that essentially all the deferoxamine was available for binding of metal cations:

Increasing aggre:gate formation of native fibrinogen with time was observed when /‘é/
concentrated fibrinogen solution (6.8 mg/mL) was prepared and allowed to stand at ;6:)m
temperature. 6v’er a 24 hour period. Therefore, tﬁe preparation, purificatio/x{,/ and
radiolabeling of deferoxamine-fibrinogen must be performed as quickly as pd;sib,le to
reduce protein denaturation. The coupling of deferoxamine to.f ibrinogen was performed

~within 1 hour after initial dissolution of fibrinogen in order to minimize denaturation of
the protein.
Dialysis and gel filtration techniques were compared for their ability to remove unreacted

def croXéniiﬁe and deferoxamine-glutaraldehyde f ro;n the desired deferoxamine-fibrinogen

product. No statistically significant diffcrencé in final molar ratio, clottability, iso‘éopic

clottability, radiolabeling efficiency, and molecular weight was observed between the def -

eroxamine-fibrinogen products or between the radiolabeled préparations obtained with

either of these two techniques. This indicates that both purification methods were similar

98 N ’

e

K
/

of deferoxamine was equivalent to the theoretical binding capacity. Results of this assay . /
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% ability to remove unreacted reagents from' deferoxamine-qfibrinogen. 'However,
:;lue to the risk of aggregate formation. of fibrinogen with time, as observed with Bio-Gel
A-1. 5m column chromatography, gel frluauan “using Bio-Gel P-6DG was considered to
be superior to dialysis because of its speed in punf ying the chelate - protein complex
6. The influence of lv*;rymg deferoxamine-fibrinogen molar ratio on the clottability of defer-
oxamine-fibrinogen b'and orr _theé radiolabeling efficiency of , "Ga-fibrinogen was
investigated. A mean protein clot:ability of 75:4%» and méan isotopic clottability of 79.2%
were obtained with a mean final Hdeferoxamine-f ibrlnoééh\molar ratio of 2.4:1 )However
at this level of conjugatlon a radxolabelmg efflcrency of only 2. 5% was attamed
Increasing the number of deferoxamme molecules linked thh frbnnogen to 71 1
‘lncreased the yield of ¢'Ga-fibrinogen to 42 3% at the expense of reduwd protein
| clottability and isotopic clottability. At higher molar ratxos an mcreased amount of
protein polymerization was observed. The presence of free glutaraldehyde may have -
~~ contributed to such polymenmtxon. In addmon, at higher molar ratios a 40 mL bed
"volume Bio-Gel P-6DG column was unsatisfactory in removing ﬁnreactedj 'deferorz’unine'
from the protein complcx resulting in a decline in radlolabeling efficiency. Iricreesing the

column bed volume to 65 mL allowed these complexes to be bequately purified although

N | e
(i) it remained difficult to completely separate free deferoxamine from deferoxamine-fi

rinogen and (ix’)‘ a marked increase in protein. polymerization was observed.
7. A mean final conjugation level of 7.1 moles of deferoxamme per mole of fibrinogen was
~ considered to be the optimum molar ratio for the preparauon of ¢’Ga-fibrinogen. At this
ratio, protein clottability averaged 62.6%, with an isotopic clottability of 70.2%, and a
'radiolabelihg efficiency of 42.3%. Also, very little polymerization/aggregation of fibrino-
| gen was observed at this level of deferoxamine-t-‘igrﬁinogen conjugation.
| 8 Increasing the fibrinogen concentration from 6.8 mg/mL to 10.2 mg/ml. during the
- reaction, while maintaining a constant deferoxamine-fibrinogen ratio;y significantly |
decreased radiolabeling efficiency and protein clottability. The final protein oonoerxtration,
‘aljter puriﬁcotion of the complex, was also noticeably lower due to precipitation of
: L

-
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fibrinogen aggregates. Isotopic clbttability was also found to decrease although this
decrease was not statistically significant. The decrease. in “'Ga-f ibrinogen yield and iri
isotopic clottability may be due to the unavailability of deferoxamine for binding
radiogallium because of steric hmdranoe mused by the surroundmg large number of fib-
rinogen molecules. Altemately protein- protcm couplmg caused by an increased amount

of glutaraldehyde in the reaction mixture may result in the deferoxamme molecule

‘ becoming buried within the cross-linked ;nolecule. again making it inaccessible for binding

. -
with “’Ga. Intermolecular cross-linking would also ‘result in aggregation and precipitation

o

of the fibrinogen polymer thus lowering the protein concentration.
Twenty -four hour stability studies of purified “Ga-fibrinqgen (2 103 MBg/mg)

indicated that no free radioactivity could be detected in the *’Ga-fibrinogen product.

. No statistically significant difference between the specific activities of ¢’Ga-fibrinogen

was observed when the amount of ¢’Ga-citrate, incubated with a constant amount of def -

eroxamine-fibrinogen, was doubled. A mean specific activity of 2.08 MBq/mg of

*’Ga-fibrinogen was achieved with 40 MBq of radioactivity versus 3.02 MBq/mg with 20
MBq ¢’Ga-citrate. Due to the low specific activity attained, t& two-step glutaraldehyde
method was not considered to be practical for the development of "Ga-fibrinogen" as a
diagnostic agent‘ of deep vein thrombosis.

Zinc metal contamination, ranging from approximately 19 nmoles/mL to greater than 3

" umoles/mL, was detected in all “’Ga-citrate samples analyzed by neutron activation

analysis. High specific activity radiolabeling of deferoxamine-fibrinogen with such

solutions of “’Ga may not be possible due to competition of zinc ions with ¢’Ga for

-binding sites. Thus, trace metal contamination may contribute to the low radiolabeling

efficiencies and specific activities observed. ’
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