
Technetium labeling of albumin in dilute HC1
solution in the zirconium electrolytic cell is
accompanied by the reduction of pertechnetate
by the zirconium anode. This is shown by the
action of HF on zirconium metal which pro
duces labeled albumin or labeled DTPA without
the passage of an electric current. The action

of the current in the presence of HC1 is due to
the disruption of a protective oxide layer on
the metal. HF strips the oxide more readily by
Iormingstablefluoridecomplexes,whichex
poses the metal; the latter is a powerful re
ducing agent. Electrolysis of HC1 without
technetium produces a solution with reducing
properties shown by the reduction of met hylene
blue. Aluminum in the presence of HF behaves
like zirconium towards pertechnetate. The exist

ence of a zirconyl pertechnetate inner complex
is shown to be extremely unlikely.

Carrier-free 99@Tc has been incorporated into a!
bumin and into other hosts of radiopharmaceutical
interest by a variety of methods. One of these is the
electrochemical cell devised by Benjamin (1,2). A
zirconium crucible serves as anode and container.
The cathode is a platinum wire, the electrolyte is
dilute (0. 1 M) HCI, and 9ftrnTc is added as the per
technetate. An externally applied voltage of up to
10 volts, a constant current of 100 mA, and a period
of about 40 sec of electrolysis suffice to put the tech
netium into such a condition that it is reported to
bind quite effectively (90â€”95% ) to human serum
albumin. One of the more striking features of this
preparation is that the pertechnetate need not be in
the solution during the actual electrolysis. If the HC1
alone is subjected to electrolysis and the pertechne
tate is added after the current has been cut off, the
same albumin-labeling efficiency as before is ob
tamed. It is also possible to form the chelates of
technetium with HEDTA, NTA, and similar chelons
by using Benjamin's procedure (3).

Benjamin has argued that chlorine atoms are pro
duced at the zirconium anode by electrolysis, that
these react with the anode to produce zirconium
(4+ ) cations, and that the latter (in the forms
ZrOOH @orZrO2+ ) react with TcO ,â€”to form a
stable inner-sphere complex. Following this stage,
a coordinate covalent bond forms between albumin
and the zirconium portion of the inner-sphere corn
plex.

The present paper supports the view (4) that per
technetate is reduced by the passage of current
through the HC1 solution contained in the zirconium
crucible and that all the phenomena reported by Ben
jamin are readily explained in terms of the known
electrochemistry of zirconium and the known chem
istry of zirconium compounds in aqueous solution.
The relevant chemical facts and the experiments
suggested by them are set forth in the following
paragraphs.

There are a number of metals which are poten
tially extremely reactive as reducing agents, which
have very negative reduction potentials, but which
are apparently stable against air oxidation or water
corrosion. They include zirconium, hafnium, nio
bium, tantalum, titanium, and aluminum. Table 1
shows the standard reduction potentials at 25 0 of
a number of these and other redox couples.

All the metals below technetium in the table are
capable of reducing the pertechnetate ion to the
quadrivalent state, and the more negative the poten
tial, the greater is the reducing power of the metal.
It is particularly obvious that zirconium and alumi
num are much more powerful reducing agents than
zinc and the others. Their apparent stability to air
oxidation is due to the presence of a very thin pro
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(3) . One electrolysis was performed under the same
conditions given by Benjamin (2) : 0. 1 M HC1 con
taming 0.4% HSA and carrier-free pertechnetate
(DftmTcO4_ ), an applied potential of 2â€”3volts, and a
current of 0. 1 A passed for 42 sec. A zirconium
crucible served as an anode and a platinum wire as
the cathode; both were dipping into the HCI solu
tion. All other electrolyses were carried out in an
apparatus in which the zirconium crucible and the
platinum cathode were isolated from one another
by a thirsty-glass tube (3). The high resistance of
the tube meant that approximately I 0 volts had to be
applied across the HC1 solution in order to introduce
an appreciable current into it. The effective potential
applied to the HC1 is smaller. In these electrolyses
30 coulombs of electricity were passed. This is much
more than the quantity usually used by Benjamin.
It was necessary to pass more current because our
zirconium crucible gave much smaller yields than
Benjamin's. In this connection, an acid cleaning
treatment suggested by him did not improve the
yields of labeled DTPA significantly (11).

The analysis of reaction products was carried out
by gel chromatography using Sephadex G-25M and
eluting with a 0.15 M saline-0.9% benzyl alcohol
aqueous solution. A 0.5-mI aliquot of the electrolyzed
or reacted solution was put at the top of the column
after adjustment to pH 6, and elution was carried
out under nitrogen. The albumin solutions showed
three fractions: a void volume portion containing
the labeled albumin, a pertechnetate portion, and
an adsorbed fraction removable by dilute H202.
Chromatography of the DTPA solutions also showed
three fractions : a complex-containing portion, per
technetate, and an adsorbed component removable
by H202.

In the experiments with zirconium powder, I00
mg of the metal were treated under nitrogen for 2
mm with a small volume (usually 4 ml) of the test
solution, the supernatant was decanted, and either
albumin or DTPA was added. The pH was then
raised to 4 with solid KHCO:@ in the DTPA sample,
and to 7 with 3 M NaOH in the albumin case, and
a 0.5-ml aliquot was chromatographed. A similar
series (limited to DTPA) was run using aluminum
foil (Reynolds Wrap) in place of zirconium.

In the methylene blue experiments (performed on
the Fisher Scientific Company product) 10 ml of
0. 1 M HC1 was electrolyzed in the zirconium crucible
with cathode isolation by a thirsty-glass tube. The
current was usually maintained at I5 mA, and the
time of electrolysis ranged from 666 to 5,400 sec.
A 4-rn! aliquot of each electrolyzed solution was
mixed with 4 ml of 3.0 x 10@ M methylene blue
in water, 1 ml of 1 M HF was added, and the mix

TABLE 1. STANDARD REDUCTION POTENTIALS
OF SOME REDOX COUPLESAT 25Â° (5)

Cl C12+ 2e@Â±2Cl

Tc Tc04 + 4W + 3e@ Tc02
+ 2H20

Methylene Methylene blue + 2H@+ 2e @Â±
blue methylene wht.

+1.36
+0.74

+0.53

((W] 1 M)
(6)

Cu Cu'@+2e@Â±CuÂ°

H 2H@+2e@Â±Hs

Nb Nb,Os+ 10H@+ 10e@Â±2Nb

Zn Zn'@+2e@Â±ZnÂ°

Ti TiO*+4W+4e@Â±TiÂ°

Zr ZrO,+4H@+4e@Â±ZrÂ°

Al Al20, + 6H@+ 6e@Â±2AlÂ°

+0.337

0.00

â€”0.65

â€”0J63

â€”0.86

â€”1.43

â€”1.66

tective layer of oxide, which is quite adherent and
is self-repairing. Extensive studies of these oxide
coatings have shown that they are affected differently
by different anions in acid solution. Thus they are
penetrated and pitted by chlorides, an effect accel
erated by ferric and cupric salts, stripped away by
fluorides, and unaffected by sulfates (7â€”9). In the
zirconium electrolyte cell in which hydrochloric acid
is the electrolyte, we hypothesize that the externally
applied potential coupled with pitting by chloride
disrupts the protective oxide layer, enabling the
zirconium metal to react further and exposing any
reducible species like pertechnetate to its action.
Attack of the metal under these conditions can be
so vigorous that the crucible itself may become pitted
with the appearance in the solution of very finely
divided unoxidized particles (10). These particles
of zirconium are the possible active agents in the
reduction of pertechnetate when the latter is added
after the electrolysis of the hydrochloric acid solution

in the zirconium crucible.

If our hypotheses are correct, one should be able
to produce the same chemical effects on technetium
by means of zirconium by activating the latter with
hydrofluoric acid without the passage of current or
by activating it in HC1 solution by means of an elec
trolysis. In addition, one should find reducing sub
stances in an HCI solution which is electrolyzed in a
zirconium crucible. Finally, aluminum and a number
of other metals should behave (at least qualitatively)
like zirconium in these technetium solutions. These
experiments, among others, are described below.

MATERIALS AND METHODS

The methods and most of the materials used in
the present research have already been described
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ture was diluted to 10 ml. The absorbance of each
solution was read on a Cary Model 14 spectropho
tometer at 663 nm. Suitable controls are described
below.

HSA was a 25% solution in saline. Diethylenetri
aminepentaacetic acid (DTPA) was an Aldrich
Chemical Company product. KHCO:, was a Baker
analyzed reagent. Hydrofluoric acid was the Baker
and Adamson concentrated solution. Na,AIF,; was
obtained from K & K and Na2ZrF; from the Research
Organic/Inorganic Chemical Corporation.

RESULTS

Table 2 shows the results obtained when HSA was
labeled by electrolysis according to Benjamin's pro
cedure and by the action of hydrofluoric acid on zir
conium powder. In the latter procedure, 100 mg of
200-mesh reactor-grade zirconium powder (3 ) was
added to a solution consisting of 1 @.of 9omTcO4_,
2 ml of 2 M HCI, 0.55 ml of concentrated HF, 1.5
ml of H20, and 0.1 ml of 25% HSA in saline. The
remainder of the procedure is described in the pre
ceding section.

Table 3 shows the complexation of uomTc with
DTPA because of the action of HF on the zirconium
metal powder. In these experiments about 100 mg
of the metal were added (under nitrogen) to 2-mi

volumes of solutions which contained carrier-free
9@'TcO4 , acids, or acids and salts. After decanta
tion, 1 ml of 0.4 M DTPA was added to the super
natant, and the solutions were subsequently treated
according to the procedure described in the methods
section.

The effect of substituting aluminum for zirconium
as the reducing agent for pertechnetate in HF solu
tions is shown in Table 4.

Table 5 shows the effect of adding I)9mTcO4_and
DTPA to a solution of 0. 1 M HCI which had been
electrolyzed in a zirconium crucible, passing 25 mA
at 9 voltsfor 25 mm.An aliquotof the electrolyzed
solution was mixed with carrier-free Â°9â€•TcO., and
1.0 ml of 0.4 M DTPA, the pH was raised to 7 with
solid KHCO:,, and a portion of the resulting solution
was chromatographed on Sephadex. A duplicate por
tion was heated to 90 Â°Cunder nitrogen for 20 mm,
cooled, and fractionated. Another aliquot (2 ml) of
the electrolyzed solution was mixed with o9mTcO4
1 ml of 0.4 M DTPA, and 0.2 ml of 0.5 M HF,
allowed to stand for 5 mm, treated with solid KHCO3
to pH 4, and fractionated.

The following qualitative experiment showed the
presence of some reducing substance in an HC1 solu
tion electrolyzed in a zirconium crucible with a plati
num cathode. Ten milliliters of 0. 1 M HC1 were
electrolyzed in a zirconium crucible, an aliquot was

TABLE 2. SEPHADEX CHROMATOGRAPHY OF
Tc-LABELED HSA PREPARED BY TWO METHODS

TABLE 4. SEPHADEX CHROMATOGRAPHY OF
DTPA-COMPLEXEDTECHNETIUM REDUCED

WITH ALUMINUM

Electrolysis(2)62.424.09.896.2Electrolysis
(2)58.929.58.098.4Zr-HCI-HF62.6

9.5 8.215.796.0

TABLE 3. SEPHADEX CHROMATOGRAPHY
OF DTPA-COMPLEXEDTECHNETIUM REDUCED

WITH ZIRCONIUM

Zr1MHCIâ€”1MHF72.627.483.2Zr1MHCI8911100Na,ZrF,1MHCIâ€”1MHF295198(0.01

6M)(Control)1MHCIâ€”1MHF195â€”97

30 Room 0.1 M HCI
30 90Â° 0.1 M HCI
10 Room 0.1MHCI+

0.1 M HF

10 23 44
30 30 28
30 9 37
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removed, and a dilute solution of methylene blue i51
water was added. The entire operation was conducted

under nitrogen. The solution color intensity did not
change perceptibly (i.e., visually). When the sample
was heated in a boiling water bath, the methylene
blue was decolorized, almost certainly by reduction
to its colorless leuco form (6) (methylene white). On
standing in air at room temperature, the blue color
returned. The re-oxidation is due to oxygen from
the air. This qualitative observation led to the quan
titative experiments which are described below. Since
the necessity for heating in the absencÃ§ of air could
give rise to troublesome experimental arrangements
and since HF appeared to activate zirconium, elec
trolyses of 0. 1 M HCI were carried out for different
periods of time, a known quantity of HF and a defi
nite volume of a known concentration of methylene
blue were added to an aliquot of the electrolyzed
solution, and the absorbance was measured at 663
nm. The details are given in the methods section.

Figure 1 shows the absorbances at 663 nm of
known concentrations of methylene blue in water
plotted against the concentration of the dye. Figure
2 shows a plot of the absorbances at the same wave
length of 1.20 X I0@ M methylene blue solutions
mixed with HF and added to aliquots of 0. 1 M HC1

Absorbance Of Methytene BLue SoLutions After
Mixing With Etectrotyzed HCL In The Presence

Of Added HF
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FIG.2. Absorbancesof methylenebluesolutionsaftermixing
with electrolyzed HCI in the presence of added HF.

solutions electrolyzed in a zirconium crucible for
different periods of time. The ordinate is the meas
ured absorbance, and the abscissa shows the number
of coulombs passed through the HC1 solution. Suit
able controls were run which showed that zirconyl
chloride (from 4.5 X 10@ to 1.35 X 10_2 M) had
no significant effect on the absorbance of 1.2 x
I 0â€”sM rnethylene blue in 0.5 M HF-0.04 M HC1
solution.

DISCUSSION

From Table 2 it can be concluded that albumin
can be labeled with technetium either by electrolysis
of a hydrochloric acid solution in a zirconium cru
cible or by the chemical action of HF (in HCI) on
zirconium metal powder. The common feature of the
two methods of preparation of the labeled protein
is the activation of zirconium metal which, once freed
of its protective oxide coating, is an extremely pow
erful reducing agent. Similarly, Table 3 shows that
a DTPA complex of technetium can be prepared by
the action of HF on zirconium; a similar complex
that with HEDTA or NTAâ€”had previously been

U,
U
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.0

0
U)

.0
4

[MethyteneBLue]x106(MoLes/Liter)

FIG. 1. Methylenebluestandardcurve.
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prepared by electrolysis in a zirconium crucible (3).
We have omitted the electrolytic preparation of the
DTPA complex for brevity's sake but the results
are comparable with those of the other complexes
(3). Table 4 shows that aluminum can be substituted

for zirconium insofar as the action of HF is con
cerned in the preparation of a DTPA complex of
technetium. These resultsâ€”both electrolytic and
chemicalâ€”are consistent with the thesis that zir
conium is reducing pertechnetate in solution to a
lower valent form which can complex with either
albumin or with DTPA and other chelons. If it is
said that the albumin case is exceptional and that an
inner complex of pertechnetate and zirconium (4+)
is formed and attaches itself to albumin, it is difficult
to sustain this argument in the case of the HF solu
tions. The albumin labeling is reasonably efficient
but the reason that the oxide coating on the zirconium
metal is stripped by HF is that in concentrated HF
solution an extremely stable soluble fluoride corn
plex of zirconium is formed: ZrF;2 (12). It is un
likely that the extremely dilute pertechnetate anions
will displace the firmly bound fluoride ligands from
zirconium in a solution with a high total fluoride con
tent. This argument is developed in more detail in
connection with chloride solutions. (It should be
borne in mind that chloride is bound to zirconium
much more weakly than fluoride.)

The curious effect reported by Benjaminâ€”that the
electrolysis of HCI alone in a zirconium crucible
produces a solution which is capable of producing
a labeled albuminâ€”or a complex with DTPAâ€”is
due, from Fig. 2, to the presence of a reducing agent
in the solution. Methylene blue, as Table 1 shows,
is relatively easily reduced. The reducing agent could
be either very small particles of metallic zirconium
produced by the pitting of the electrode or lower
valent zirconium cations. The need for either heat
or HF to bring about the reduction of methylene
blue suggests that there is a hydrous oxide coating
surrounding the reducing particles but the latter
could be either colloidal metal or lower-valent
cations.

For reasons which remain unclear, the possibility
of reduction of Â°9@'TcO., by zirconium metal has
been ignored (2 ) . The mechanism which was ad
vancedâ€”the formation of atomic chlorine, followed
by its oxidation of zirconium metal, followed by
ionic addition of TcO, (presumably before any
hydration reaction with H20 or complexation with
C1 can take place) , etc.â€”cannot explain the re
ported observation that â€œminutetraces of oxidizing
agents such as H202 and HC1O almost completely
inhibit the reactionâ€• (2 ) . If the zirconium enters
the HC1 solution because of oxidation by atomic

chlorine, the presence of another oxidizing agent
especially one like HCIO which is in equilibrium
with Cl2 in water ( 13)â€”cannot inhibit the oxida
tion of zirconium metal and cannot inhibit the reac
tion of ZrOOH + with TcO ,â€”â€”inshort, cannot
interfere. It is, however, entirely consistent with
well-founded chemical ideas to assert that a labeling
reaction which depends on the reduction of pertech
netate will not work in the presence of an oxidizing
agent. Beyond this, there is no indication that atomic
chlorine is formed at the zirconium anode. We have
electrolyzed 0. 1 M HCI between platinum elec
trodes and produced Cl2 and found that the
electrolyzed solution immediately and irreversibly
decolorized methylene blue. This is certainly an irre
versible oxidation. However, when HC1 is electro
lyzed between a zirconium anode and a platinum
cathode, methylene blue is temporarily reduced (the
entry of air into the solution re-oxidizes it). If cur
rent actually passes between the electrodes, it re
quires far less work thermodynamically to oxidize
zirconium than to oxidize Cl as Table I shows.

Even if one grants the formation and subsequent
reaction of atomic chlorine at the zirconium anode,
the alleged pertechnetate complex of zirconium must
be formed very quickly before complete hydration
and competing complexation can occur. The kinetics
which are required here are impossible to achieve.
The concentration of zirconium cations is (very ap
proximately) millimolar; that of H20 is 55.5 M,
that of Cl is 0. 1 M or more, and that of ftftmTcO,â€”
is about 10 Â°M. Water is more concentrated than
chloride by a factor of hundreds, and chloride is more
concentrated than pertechnetate by a factor of one
hundred million or so. This means that collisions
between zirconium cations and pertechnetate anions
will take place long after the cations have reached
their equilibrium condition with respect to hydration
and chloride complexation. If there is indeed any
pertechnetate complex formation, the pertechnetate
will have to displace both water and chloride ligands
which are already bonded, and (in view of the enor
mous disparities in concentration) this requires a
very high order of stability for the zirconyl pertech
netate inner complex. Nothing is known at present
about the properties of pertechnetate complexes of
metal cations. We think, however, that there are two
reasons for doubting that they have the required sta
bility. In the first place, we have mixed together zir
conyl chloride, DTPA, and 99mTcO ,_ in 0. 1 M HO,
later raising the pH to 7, and found no evidence of
interaction. Benjamin has reported a similar lack
of reaction between Zr02 and TcO., at pH 7, with
or without albumin. Secondly, in view of the close
resemblance between perrhenate and pertechnetate,
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it is interesting to note that some perrhenate corn
plexes of a number of transition metals have been
prepared, and these are reported to be stronger
than perchlorate or tetrafluoroborate complexes but
weaker than bromide and chloride complexes (14).
In addition, electrophoretic studies of Zr4+ salts have
shown that chloride ion complexes Zr' +, even in the
presence of a very large excess of perchiorate (15).

We conclude that pertechnetate is reduced by
electrolysis in the zirconium electrolytic cell because
(A ) it is possible to substitute HF for the electrolytic

current and observe the same effect with both albu
mm and DTPA, (B) aluminum behaves like zir
conium in the presence of HF, and (c) electrolysis
of HC1 solutions introduces a reductant into the so
lution which reduces methylene blue.
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