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SOIL-TO-PLANT TRANSFER OF WmTc:
HOW TO DETERMINE Tc-SPECIES IN UPTAKE AND TRANSPORT PROCESSES?

G. C. KRIJGER, D. A. VAN ELSWIJK and H. Th. WOLTERBEEK
Interfaculty Reactor Instit., Delft Univ. of Technol., Mekelweg 15, 2629 JB Delft, The Netherlands.
SUMMARY: Selective extraction, filtration and capillary electrophoresis were used to
recognize problems dealing with complexation, oxidation and ligand-exchange processes
during collection and analysis of Tc-species in xylem exudates, while "Tc-citrate was
used as a marker complex. Relatively unstable Tc-species were synthesized in xylem
exudates. Oxidation of relative unstable Tc-species during the collection of xylem exuda-
tes was suggested, requiring new, better procedures to recognize Tc-species representive
for the plant interior.

INTRODUCTION:

Technetium is an artificial element and almost exclusively produced as a fission

product in nuclear reactors. As a result of its high fission yield (6%, Till 1986)

and long half-life time (2.1 x 105 years) "Tc is one of the limiting radionuclides

in the nuclear fuel cycle.

Due to the the large soil-to-plant transfer factors (up to 3.4 x 103, IUR

1989), plants are considered generally as an important pathway of Tc-transfer to

man. To understand Tc-behaviour, insight in the underlying mechanisms of Tc-

accumulation and Tc-speciation in plants is necessary.

Chemically, Tc (transition metal, group 7) can exist in all valence states

from VII to -I, however, the VII, IV, and 0 states are reported as the most

stable. Pertechnetate (Tc(VII)O4 ) is the most stable and mobile Tc-species in

aerobic environment, but is subjected to chemical changes leading to gradual

immobilization and decrease in bioavailability (Van Loon 1986). Reduction of

soil-Tc (VII to V or IV state) depends on pH, Eh, organic matter, sulphides,

oxides and microflora.

In soils, pertechnetate is suggested as the most relevant Tc-species for Tc-

uptake by plants (Sparkes and Long 1988, Van Loon 1986). TcO4" transport

across the plasmalemma has been implied by the occurrence of this form within

the cells of spinach leaves (Lembrechts et al. 1985). Metabolic studies supported

the idea of an active transport process (Woodard-Blankenship et al. 1995) and

analogue, carrier-mediated uptake mechanisms for TcO4" and nutrient ions have



172

been suggested (Cataldo et al. 1983).

Very little is known of important aspects of the studies discussed above;

the fundamental research of the Tc-species in the xylem and the relevant

parameters for Tc-transport into the accumulating leaves. To be able to

recognize problems related to e.g. oxidation during collection of xylem exudates,

relatively labile Tc-species must be used as markers. The Tc(V)-citrate chelate is

relatively unstable, which makes it suitable as a marker complex for Tc-

speciation in plants. Since citrate is a known metal translocator in the xylem

(Streit and Stumm 1993), Tc-citrate might be an important Tc-species in plants.

MATERIALS AND METHODS:

Reduced, hydrolized 99mTc and 99mTc-citrate complex synthesis

T c C V (tV2= 6.0 h)was obtained as NaTcO4 from a commercial generator

(Malinckrod, The Netherlands), by direct elution using 0.09 % NaCl. Stock

solutions of stannous chloride were prepared freshly before each experiment by

dissolving 20 mg SnCl2 in 100 ml deminerized water that had been purged with

N2 for 30 min. Reduced, hydrolized Tc and Tc-citrate complex were prepared by

adding SnCl2 solution to an aqueous solution free of ligands and a citrate

containing one respectively, in the presence of "raTcO4\ Final concentrations

were 1 x 10u M T c C V , 1.0 x lO^M citrate (pH 5) and 1.0 x W6 M SnCl2.

Selective extraction of 99mTc04' by tetraphenylarsonium (TPA) in chloroform

Equal volumes of "mTc-containing aqueous solutions and of 10 mM TPA in

chloroform were shaken for 0.5 min. After removing the chloroform phase the

extraction was repeated. The radioactivities in the three phases were measured

in a well-type Nal(Tl) scintillation counter. The chloroform phases represented

the percentage "mTcO4\

Determination of reduced, hydrolyzed 99mTc by filtration

Three polycarbonate membranes (Milipore, 0.2 /xm) were loaded into plastic

filter holders. A vacuum system was used to press samples of 1.0 ml through the

filter unit. Thereafter, 1.0 ml washing solution with the same composition as the
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sample but in abscence of Tc was passed. The radioactivities in the filters and

sample plus washing solutions were measured.

Plants and collection of xylem fluid

Tomato plants (Lycopersicon esculentum Mill, cv. Tiny Tim) were cultivated in

hydroculture using a modified 0.25 Hoagland solution and a climate chamber (25

°C, 70 % RH and 16 hours 300 /xmol s"1 m"2). For collection of xylem exudate, 4-

5 weeks old plants were decapitated 5 cm above the shoot base. A silicon tube

was fixed over the stump. The exudate of the first hour was discarded.

Thereafter, exudate was collected for 5 hours.

Capillary electrophoresis for the analysis of Tc-species

Figure 1 shows a diagram of the used experimental system, as applied earlier by

(Altri et al. 1990). The power suply was a reversible polarity 0-30 kV.

Polyacrylamide coated 75fj.m x 60 cm fused silica capillaries were self-made as

described elsewhere (Hjerten 1985). Samples were introduced by hydrostatic

pressure (6 s at 50 mBar, which corresponds to an average sample size of 30

nL). A collimated Nal-detector (slit width 0.5 cm) was used on line for

radioactivity counting at an efficiency of 6 %.

RESULTS AND DISCUSSION:

The pH and the citrate concentration of the standard solutions were 5 and 100

/LtM respectively, corresponding to values in the xylem of tomato (White et al.

1981). To check whether Tc-citrate is not too unstable for transport processes to

the shoot it was synthesized and tested in sorption experiments in isolated xylem

cell walls, prepared as described elsewere (Senden et al. 1994). Little sorption

was ascertained (< 10%) using quantities conform in vivo circumstances.

The selectivity of the TPA-extraction method was tested using solutions of

TcO4\ Tc-citrate, Tc-species synthesized in xylem exudates and reduced,

hydrolyzed Tc. After 1 hour incubation and addition of a known quantity of new

TcO4, the percentage TcO4" in the Tc-citrate solution was determined directly

using the TPA-extraction method (fig. 2). The filtration method was used to
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distinguish reduced, hydrolysed Tc from TcO4\ Tc-citrate and Tc-species

synthesized in xylem exudates, because only reduced Tc in the abscence of

ligands showed retention on the polycarbonate membranes. However, reduction

of the newly added TcO4' to a reduced, hydrolyzed Tc solution was too fast for

the filtering method. This might be caused by the lack of Sn-citrate chelate

formation, because filtration is a faster method as selective extraction. Therefore

1 day incubation in stead of 1 hour was used to ensure a declined reducing

capacity of remaining Sn2+ (oxidation by O2). Data are shown in figure 2.
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Figure I (left). Apparatus used for Tc-species analysis.

Figure 2 (right). The usefulness of the filtering and the TPA-extraction method (n=4). The

standard deviation is stated between brackets.

The organic phase in the TPA-extraction method removed the TcO4" very

efficiently, leaving reduced species in the solution as reported earlier (Meyer et

al. 1991). Although this method is reported as very selective, caution during

analysis of in vivo synthesized Tc-species is necessary. Some hydrophobic species

might show affinity to chloroform or negative Tc-species, in contrast to Tc-

citrate, to the TPA-cation.

The hypothesis of a decline of free stannous concentration in the

presence of citrate was confirmed by experiments adding Sn2+ prior to TcO4' to

different citrate solutions; the higher the citrate concentration, the lower the Tc-

reduction. Sn-citrate formation seems to be the reason for the reported lack of
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Tc-citrate chelation at lower citrate concentrations (3.5 x 10"4 M, Kothari and

Pillai 1993).

However, to be sure the characteristics of Tc-citrate are administered,

absence of ligand-exchange must be determined. Tc-citrate was reported being

vary labile at pH > 6 (Volkert et al. 1982). Analysis (gel electrophoresis and

Sephadex column chromatography) was performed in the presence of relatively

high citrate concentrations in the Tc-citrate solution and mostly a high citrate

and/or buffer concentration in the eluens (Ercan et al.1993, Horiuchi et al. 1990,

Miinze et al. 1983). Buffer complexation was not examined by the authors, while

the used phosphate and acetate buffer components were able to complex

reduced Tc (data not shown). The yield of separation was not reported, being

low in our replication experiments and the resolution showed to be very poor.

Therefore we aimed at an other, less destructive method with a higher

performance and finally selected capillary electrophoresis.

A variety of operating conditions, electrolytes and capillary wall coatings

were investigated. Contrary to uncoated and polyvinylalcohol or

cetyltrimethylammonium coated fused silica capillaries, the polyacrylamide

coating resulted in high recoveries (80-100%) of the Tc-citrate chelate in 25 mM

MES-buffer. MES-buffer componets or Cl" or did not complex reduced Tc as

determined using the filtering method and capillary electrophoresis. The

electrophoretic mobilities of the use Tc-species in the different electrolyte

buffers are shown in tabel 1. The electro osmotic flow was zero, as measured

using the neutral methyloxide at 258 nm. With a carrier electrolyte containing

0.025 M MES, 0.09 % NaCl, pH 5.1, a total capillary length of 70 cm, a capillary

length until the y-detector of 45 cm and -10 kV applied potential, a signal for

""Tc-citrate was obtained after 12.3 minutes, indicating that the complex was

anionic under these conditions. No signal was obtained when reduced,

hydrolyzed Tc was analyzed, indicating affinity with the capillary. The

electrophoretic velocities in citrate- and MES-buffers were equal.

The electrophoretic mobility of Tc-citrate was almost pH-indepent,

indicating an anionic Tc-complex at pH 2 and therefore a low pK-value. This

means a pK shift of citrate (pK-values 3.08, 4.39, 5.49) when it is complexed in a

Tc-citrate chelate. This agrees with the reported pK-value of 0.48 (Munze et al.
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1983), but the second pK-value being 3.0 indicates a charge difference between

Tc-citrate at pH 2 and 5. The latter is in contradiction to our data, because

migration in an electric field is charge dependent. However the values in

literature are obtained at different concentration levels and chemical Tc-species

were dependent on concentration levels (Miinze et al. 1983).

Synthesis of Tc-species in a 20% xylem exudate solution was detected, but

no signal was obtained using an electric field. This seems to be caused by either

the high lability of the complexes or the interaction with the hydrophilic coating.

Tc-citrate was likely to be formed in xylem after adding citrate, and after 6 hours

no ligand exchange to other Tc-species was determined. Thus the relatively labile

Tc-citrate might be more stable than the synthesized Tc-species in the xylem

exudate. No oxidation was detected, but this may be due to the remaining

reducing capacity of stannous.

Tabel 1. Electrophoretic mobility (cm.kV'.min1) of
Tc-species using different buffer solutions (25 mM)
at -10 kV. The standard deviation is stated between
brackets (n=4).

Tabel 2. Tc-accumulation factors determined in
different plant organs and xylem exudates in
tomato plants using different TcO4* or Tc-citrate
in the nutrient solution. Moreover Tc-species in
the xylem exudate and nutrient solution were
determined (SD, n=4).

citrate
pH2.3

citrate
pH5.1

MES
pH5.1

TcO/

34.9 (0.3)

33.2 (0.6)

31.9 (0.1)

Tc-citr.

22.4(0.4)

25.4(0.2)

25.5(0.4)

Tc-cit.
xyleem

-

-

26.2(0.6)

root

stem

leaf

xylem

%TcO4" xylem

%TcO4" after 1 day

TcCV

5.4(1.1)

1.1(0.4)

6.0(1.4)

5.9(1.5)

101(2)

100

Tc-cit.

35(0.4)

0.2(0.1)

25(0.6)

3.4(2.0)

99(5)

19

As a preliminary study, uptake, distribution and form in the xylem of Tc-

citrate was determined. Plants were grown for 4-5 weeks and contaminated with

eighter TcO4" or Tc-citrate during 24 hours. Oxidation of Tc-citrate in the

nutrient solution was monitored during the incubation period (Tabel 2).

Tc-uptake out of a Tc-citrate containing nutrient solution was less then from a
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TcO4" containing one, but much higher than predicted by Van Loon (1986). The

Tc-species in the xylem was TcO4" under both conditions, suggesting oxidation of

Tc-citrate in the roots (like Fe) or oxidation of reduced Tc-species during the

collection of xylem exudate. Therefore, 48 hours after Tc-citrate synthesis

oxidation during xylem exudate collection was examined, while no remaining

reducing capacity of Sn2+ was determined. Tc-citrate oxidised in the xylem

exudate for 50 % during the 5 collection hours, equal to the oxidation in water.

This suggests oxidation of relativly unstable Tc-species during the collection of

xylem exudates. Thus new, better procedures are necessary to obtain data

representive for the plant interior.
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