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Abstract

Microprobe X-ray absorption near edge structure (μ-XANES) measurements were used to

determine directly, for the first time, the oxidation state of intracellular plutonium in individual 0.1

μm2 areas within single rat pheochromocytoma cells (PC12). The living cells were incubated in

vitro for 3 hours in the presence of Pu added to the media in different oxidation states (Pu(III),

Pu(IV), and Pu(VI)) and in different chemical forms. Regardless of the initial oxidation state or

chemical form of Pu presented to the cells, the XANES spectra of the intracellular Pu deposits was

always consistent with tetravalent Pu even though the intracellular milieu is generally reducing.

INTRODUCTION

The oxidation state of a metallic element establishes its chemical behavior. It defines a given

metal ion’s coordination preferences and reactivity, which in biological systems determine

the toxicity and specific utility of the metal ion as well as its bioavailability, biochemical

trafficking pathways, and mechanisms for accumulation or excretion. As a consequence,

organisms work to control the oxidation states of metal ions. Knowing the oxidation state

speciation of metallic elements in particular environments is central to understanding and

manipulating the behavior of both essential and toxic metals in biological systems.

The radioactive metal plutonium is a non-essential, highly toxic, anthropogenic element with

a redox chemistry that is among the most complex in the periodic table. Pu is commonly

encountered in four oxidation states (+3, +4, +5, and +6) under environmentally relevant

conditions, and the standard reduction potentials that link them are similar.1 Consequently, it

is possible to have a single solution containing significant amounts of Pu(III), Pu(IV), Pu(V)

and Pu(VI).2 In addition, the individual redox potentials suggest that multiple Pu oxidation

states are likely accessible at biologically relevant reduction potentials (Eh) and pH values.3

For example, Pu(IV), Pu(V), and Pu(VI) all are involved in the sorption of Pu on the surface
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of B. sphaericus bacteria,4 and soluble complexes of Pu(IV) can be rapidly reduced to

Pu(III) by metal-reducing bacteria.5

Despite the facts that Pu is incorporated into living cells6 and that the oxidation state is

critical to determining the chemistry and reactivity of plutonium, its redox speciation has

never been directly measured in mammalian cells. Nevertheless, it is generally thought that

Pu exists as Pu(IV) in vivo.7,8 This belief is founded on the general stability of tetravalent

Pu in solutions near neutral pH under laboratory conditions7,9 and the indirect evidence of

the biodistribution and uptake biokinetics of plutonium administered to animals in different

oxidation states as compared to other elements.6,10 These studies assumed, however, that Pu

reaches essentially a single, thermodynamically-controlled oxidation state in vivo, that redox

cycling of Pu does not impact its biodistribution, and that naturally occurring ligands do not

significantly stabilize the other oxidation states of Pu relative to Pu(IV) in vivo.

The well-established redox activity of Pu and the pH and Eh of various cellular

compartments suggest that other oxidation states, particularly Pu(III), could be important to

the cellular uptake and retention. In contrast to blood plasma or fluids in the lungs, the

intracellular milieu encountered by Pu in mammalian cells is generally reducing due to the

presence of millimolar concentrations of glutathione as well as lesser concentrations of

NADPH, ascorbic acid, and uric acid.11,12 The concentrations of these cell components and

the ratio of their reduced and oxidized forms vary between cell compartments, which gives

different cell compartments different redox environments. Effective reducing potentials12 of

approximately −316 mV are expected in the mitochondria where the glutathione and

NADPH concentrations and pH all are high.13–15 In the cytosol of proliferating cells the

effective reducing potential averages approximately −240 mV,11 while in the endoplasmic

reticulum it is approximately −160 mV16 (under the approximation that the glutathione

disulfide/glutathione couple principally determines the potential in these cellular

compartments), and in the endosomes and lysosomes it is approximately −200 to −240

mV.15 In the absence of ligands that stabilize other oxidation states, such potentials are

sufficient to make Pu(III) the thermodynamically stable oxidation state (Figure 1) in more

acidic cell compartments such as the endosomes (pH = 5.5 – 6.5) and lysosomes (pH ~

4.8).17,18

To better understand the molecular-level chemistry of plutonium and how its oxidation state

influences interactions with biomolecules and the associated cellular uptake and distribution,

we studied mammalian cells incubated in growth media supplemented with 242Pu in one of

three different oxidation states. The cellular accumulation and intracellular distribution of

plutonium was quantified by synchrotron X-ray fluorescence microscopy (SXFM). In

addition, the X-ray absorption near edge structure of Pu measured by X-ray fluorescence

microspectroscopy (μ-XANES), a powerful technique for studying actinide speciation,19

was used to determine the oxidation state of Pu in 0.1 μm2 intracellular deposits inside

individual cells. Although synchrotron-based micro-spectroscopy has been used in the past

to study Pu in inorganic environmental matrices,20 this report represents its first use of μ-

XANES to study the speciation of transuranic elements in individual cells. We find that

whereas the initial oxidation state of the plutonium affects the amount of Pu taken in by the

cells, only tetravalent Pu is present inside the cells.

EXPERIMENTAL

Caution! Neptunium-237 and plutonium-242 are α-emitting radionuclides that must be

handled in facilities designed to safely handle transuranic elements. Many perchlorates are

potentially explosive. Contamination with organic material, dehydration of the perchloric

acid, and isolation of perchlorate salts were strenuously avoided in this procedure.
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A solution of 242Pu(IV) (t1/2 = 3.76 × 105 years) in HNO3 was obtained from laboratory

stocks. The stock solution was purified by anion exchange chromatography, selectively

sorbing the Pu from 7.5 M HNO3 and eluting with 0.1 M HNO3. Oxidation of the purified

Pu to the hexavalent oxidation state was accomplished by evaporating the purified, organic-

free, Pu solution to incipient dryness followed by dissolution in hot perchloric acid. Cooling

and dilution with water gave solutions containing Pu(VI) in 0.1 – 1 M HClO4. Solutions of

PuO2(CO3)3
4− were prepared by addition of the Pu stock to solutions of Na2CO3. Solutions

of Pu(III) were prepared by reduction of the acidic Pu(VI) solution with ascorbic acid, or by

electrolytic reduction at a Pt electrode (0 V vs. Ag/AgCl). Pu(IV) solutions were prepared

by electrochemical oxidation of the Pu(III) solution at a Pt electrode (+1 V vs. Ag/AgCl).

The oxidation state purity of each preparation was verified by optical spectroscopy21 in 1 cm

cells using a Cary-14 spectrometer modified for computer control by OLIS, Inc., and was at

least 98%. Complexes of Pu(IV)-citrate and the mixed Pu(IV)-Fe(III)-transferrin complex,

PuCFeNTf, were prepared from the oxidation state adjusted Pu solutions as previously

described.22

A solution of 237Np obtained from laboratory stocks was adjusted to the petnavalent

oxidation state and purified as previously described.23 The NpO2
+ was precipitated by the

addition of NaOH, washed with water, and redissolved in the minimal amount of 0.2 M

HClO4. The resulting solution was diluted 15-fold with a solution of 0.01 M trisodium

citrate/0.1 M NaCl and neutralized with NaOH to give a 0.005 M Np(V) stock solution.

Pheochromocytoma cells from rat adrenal glands (PC12) obtained from ATCC were grown

in F12K medium supplemented with 12.5 % horse serum, 2.5% fetal calf serum, antibiotics,

and antimycotics in a humidified 5% CO2 environment at 37°C. Cells were plated in serum

free media at approximately 70% confluency the day before Pu exposure and serum-starved

overnight. The following day, cells were exposed to 12.5 – 100 μM 242Pu in different

oxidation states (Table 1) or 50 μM 237Np(V)-citrate for 3 hours at 25 °C (or at 37 °C in the

case of PuCFeNTf) in complete F12K growth medium with serum (pH = 7.4, Eh = +0.36 V

vs. N.H.E. at 25 °C). Cell viability in the presence of 100 μM 242Pu was checked by trypan

blue exclusion after the 3 hour incubation. Viability was typically 80 – 90 % and did not

differ from Pu-free controls. At the end of the incubations, the media was removed and the

cells were washed three times with a 0.01 M solution of the extracellular chelating agent

EGTA (ethyleneglycol bis(2-aminoethyl ether)-NN,,N ′,N′-tetraacetic acid) in 0.1 M NaCl.

The cells were then suspended in 0.1 M NaCl/0.01 M EGTA and a portion was taken to

determine the Pu content of the cells using liquid scintillation counting. Samples of the

washed cells were prepared for SXFM measurements by depositing aliquots of the cell

suspension on Formvar-coated copper electron microscopy grids and allowing them to air

dry. The grids were then mounted on aluminum holders before being encapsulated between

two 500 nm silicon nitride windows and sealed beneath a layer of 6 μm polypropylene or 8

μm Kapton for protection from plutonium’s α-emissions.

The intracellular distributions of the elements from P though Pu were measured

simultaneously by SXFM on the Advanced Photon Source 2-ID-D hard X-ray microprobe

beamline.24 The incident 18100 eV X-ray beam was focused to a 200 nm × 500 nm spot and

detailed elemental maps of selected cells were obtained by raster scanning the samples in

500 nm steps with a 2 – 4 second dwell time. The fluorescence signal for each element at

each spatial pixel was converted to elemental content in μg/cm2 after calibration with

elemental standards as previously described.25 In the absence of a traceable concentration

standard, Pu was quantified by extrapolation of the calibration curve obtained from the X-

ray fluorescence signals of the multi-element thin film standards, taking into account the

differing photo-electric absorption of incident photons, absorption in the Be detector

window, and the fluorescence yield. The estimated absolute accuracy is better than 40% and
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the relative accuracy is better than 10%. The resulting elemental maps were visualized and

analyzed using the program MAPS.26

After mapping the elemental distributions in the cells, μ-XANES fluorescence spectra from

the Pu L3 absorption edge (18057 eV) were collected at various 200 nm × 500 nm regions of

interest within the cells. Conventional X-ray absorption spectra at the Pu L3-edge also were

collected on a macroscopic sample of an EGTA-washed cell pellet containing approximately

106 cells at Advanced Photon Source beamline 12-BM using fluorescent detection. This

sample was encapsulated in 6 mm thick holders with Kel-F windows. In all cases, the

monochromator energy at the Pu L3-edge was calibrated relative to the energy of the first

inflection point of the K-edge of a Zr foil at 17998 eV. The spectra were background

corrected and normalized using standard methods27 with the programs Athena28 and

IFEFFIT.29

RESULTS

Although plutonium is a synthetic element with no natural biological purpose, serum-starved

PC12 cells from the rat adrenal gland readily take in 242Pu from growth media initially

containing Pu(III), Pu(IV), or Pu(VI) over the course of 3 hours. In parallel experiments

examining the intracellular distribution of neptunium presented to the cells as

pentavalent 237NpO2
+, a more difficult to reduce chemical analogue of pentavalent PuO2

+,

we observed no measurable Np uptake in detailed SXFM scans of 4 cells, suggesting that

NpO2
+ is not reduced to Np(IV) over the time frame of our experiments and that uptake of

pentavalent actinides by PC12 cells is limited. Consequently, experiments with Pu(V) were

not pursued. In contrast, rapid low resolution (2 – 4 μm) SXFM surveys of individual cells

exposed to 242Pu as Pu(III), Pu(IV), or Pu(VI) indicate that the majority of cells likely

contain Pu. For cells incubated in media initially supplemented with Pu(III), the preliminary

surveys indicated that 4 of 7 cells (57%) likely contained Pu. When the Pu was added to the

media as Pu(IV), 18 of the 30 cells (60%) surveyed contained Pu. For the hexavalent

PuO2
2+ system, the survey maps of 18 of 21 cells (86%) indicated Pu was present.

Detailed elemental maps of 24 of these cells were then measured with 500 nm resolution

(Figures 2 and 3), from which the Pu content of the cells was quantified. They demonstrate

that the Pu is truly incorporated into the cells and is not merely bound to the cell surface,

revealing Pu associated with specific intracellular structures. Cell-associated Pu is found in

the cytoplasm of the cells, where we also find the highest concentrations of Fe,30 and not the

nucleus (Figure 3), which is marked by the cells’ highest P and Zn concentrations.31

The detailed elemental maps also show that measurable Pu is associated with the cells

regardless of the initial form of Pu added to the media. The average Pu content per unit area

of the individual cells examined was quantified from the intensity of the Pu Lα fluorescence

after correction for the X-ray fluorescence background measured in representative cell-free

areas near each cell. The average Pu content of the individual cells ranged between 0.6 and

43 ng/cm2, which corresponds to a total cellular content of 1 – 70 fg Pu per cell; however

the amount associated with the cells varied with the initial Pu oxidation state (Figure 4). By

quantifying the Pu present in the elemental maps, we find that the average uptake from

growth media initially containing tetravalent Pu was 8 times greater than for media

supplemented with Pu(III) or Pu(VI). The content determined by SXFM is also in agreement

with the results of radioactive counting of pellets of 106 cells, which give an average

cellular 242Pu content of 16 ± 5 fg per cell for incubation with 100 μM Pu(IV).

After locating intracellular Pu deposits in the elemental maps of the individual cells, μ-

XANES spectra at the Pu L3-edge were collected from 11 unique 200 nm × 500 nm spots in
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7 different individual cells in order to identify the oxidation state of the intracellular Pu.

Because the Pu deposits in the cells exposed to Pu(III) proved to be too diffuse for effective

μ-XANES measurements on individual cells, conventional XANES spectra were collected

on a pellet containing approximately 106 cells that had been exposed to media initially

containing Pu(III). This XANES spectrum is depicted in Figure 5. Regardless of the mode of

XANES data collection, the position, intensity, and shape of the X-ray absorption white line

did not change when repeated XANES scans were collected on the same area (supplemental

material), indicating that X-ray induced changes in the oxidation state32 were negligible in

these systems.

The edge energies of the resulting XANES spectra were determined from the first inflection

point of each spectrum. The normalized XANES spectra were simulated as previously

described33 with a combination of an arc tangent centered at the edge energy, representing

the edge step; a Lorentzian function, representing the white line peak; and, if needed, one or

two Gaussian peaks, which account for the first EXAFS oscillation and also multiple

scattering from the “-yl” oxygens for samples containing the linear dioxo PuO2
m+ (m = 1 or

2) moiety. The energy and line shape of the XANES spectra given in Figure 5 and Table 1

are similar for all of the samples studied regardless of the initial oxidation state or chemical

form of the Pu. When these spectra are compared to the XANES of Pu standards in known

oxidation states (Figure 5a), the spectra of the intracellular Pu clearly match those of the

Pu(IV) standard in every case. This is completely consistent with the parametric analysis of

the XANES. As summarized in Table 1, the absorption edge energies and the position of the

peak maxima both are consistent with the intracellular Pu being present as either Pu(IV) or

Pu(VI). However, the normalized peak intensities reported in Table 1 are substantially

higher than those reported for plutonyl(VI) species34 or for our Pu(VI) standard, and the

XANES spectra of all our samples lack the multiple scattering shoulder from O=Pu=O

approximately 15 eV above the peak maximum that is a characteristic feature of actinyl(V)

and actinyl(VI) XANES.35 This is true even when Pu is deposited in the cells from media

containing PuO2
2+ (Figure 5b). Therefore, we find that all detectable intracellular Pu is

present as Pu(IV).

The generally strong optical absorbance of the PuO2
2+ complexes also made it possible to

examine the oxidation state stability of the hexavalent PuO2
2+ complexes after addition to

the media. When 100 μM PuO2(CO3)3
4− was added to the complete serum-containing F12K

media, Pu(VI) absorption bands were observed at 808 nm and 850 nm. The 808 nm band

arises from PuO2(CO3)3
4−,36 the Pu(VI) complex added to the media, while the 850 nm

band is consistent with the presence of another PuO2
2+ complex. (PuO2)2(OH)4 is reported

to possess a sharp absorption band at 850 nm,37 but the peak may be due to PuO2
2+

complexation by other ligands in the media. These two peaks persist over the entire course

of the incubation, slowly decreasing in intensity to ca. 80% of the initial value in 3 hours

(supplemental material). The Pu(VI) complexes are not stable indefinitely, however. All

absorption bands attributable to PuO2
2+ complexes in the growth media disappear within 24

hours.

DISCUSSION

Regardless of the initial oxidation state, all of the intracellular Pu examined was found to be

Pu(IV) even though the reported Eh and pH ranges of the endosomes and lysosomes, which

are the eventual Pu deposition sites in liver cells,38 would favor the formation of Pu(III) in

aqueous solution. One explanation for this observation could be perturbation of the expected

oxidation state of Pu by the ionizing radiation from the Pu or the synchrotron.
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The relatively long half life of 242Pu, the small amount and high-isotopic purity of the Pu

used in these experiments (99.96 atom% 242Pu, 0.035 atom% 239Pu, < 4 × 10−4

atom% 241Pu), and the limited time frame of these experiments make radiolytically induced

changes in the Pu oxidation state speciation39 irrelevant during the Pu uptake experiments

and the subsequent X-ray measurements in these systems. The measured range of

intracellular 242Pu contents represent truly low levels of radioactivity, corresponding to only

0.01 – 0.9 disintegrations per day per cell, and the 242Pu concentration in the media never

exceeded 100 μM. Such low levels of radioactivity are incapable of significantly perturbing

the Pu oxidation state over the course of our experiments. The very low radioactivity of our

samples has an additional advantage, as it also minimizes radiation effects on the cells

themselves, allowing examination of the chemical behavior of Pu in these systems without

substantial radiological perturbation of their intrinsic behavior.

External ionizing radiation from the X-rays used to examine the cells also has the potential

to perturb the oxidation states of Pu, and radiation induced redox of actinides from intense

beams of synchrotron X-rays has been observed in some instances.32 We observe no

evidence of this in our samples. The XANES spectra recorded from repeated scans of the

same area do not change, and the individual near edge spectra always were only consistent

with Pu(IV). This was true for both focused μ-XANES scans of individual intracellular

spots and conventional XANES measurements on a collection of pelletized cells.

Consequently, neither the intrinsic radioactivity of the Pu nor the X-rays from the

synchrotron appear to affect the oxidation state in our samples.

Because the XANES measurements find only Pu(IV) associated with cells, and because

substantially more Pu is taken into the cells when it is presented as Pu(IV), it is tempting to

postulate that only tetravalent Pu is efficiently taken in by PC12 cells and that reduction of

Pu(VI) or oxidation of Pu(III) must occur in the media or at the cell surface4 before uptake.

This would be entirely consistent with the body of in vivo biokinetic studies of Pu uptake.6

In the absence of ligands that stabilize Pu(III) or Pu(VI) relative to Pu(IV), the Eh and pH of

the media used for our in vitro studies imply that Pu(IV) will be the stable oxidation state in

the growth media. Moreover, the 8-fold lower uptake of Pu from media initially containing

Pu(III) or Pu(VI) (Figure 4) is consistent with this hypothesis, as is rate of Pu(VI) reduction

implied by the spectrophotometric measurements. Although we could not monitor it directly,

it is also possible that a substantial fraction of the original Pu(III) remains in the media at the

end of the incubation since Pu(III) is able to persist for 2 hours or more in neutral solutions

under certain conditions.40 Unfortunately, the effect of such redox reactions prior to Pu

uptake by the cells cannot easily be decoupled from other mechanisms for retarding uptake,

such as complexation by ligands in the growth media that render the Pu(III) or Pu(VI) less

bioavailable than Pu(IV). Given the limited molecular-level knowledge of the biological

chemistry of Pu and the presence of serum in the cell medium, we cannot exclude this

possibility. However, if complexation of Pu(III) or Pu(VI) were to be an important

mechanism in regulating Pu uptake in this system, it would require especially abundant

ligands because the plutonium concentration in the growth media of the Pu(III) and Pu(VI)

experiments was 100 μM.

While the actual mechanisms of Pu uptake are of practical importance and the initial

oxidation state of the Pu introduced to the media affects the amount of Pu taken up by the

cells, we detect only Pu(IV) inside the cells. This is true for the 11 individual deposits

studied by μ-XANES and also for the average of the millions of intracellular deposits

probed together in the conventional XANES experiment with the pelletized cells. The

exclusive presence of Pu(IV) inside the cells implies that the Pu is sequestered in a form that

insulates it from the average pH or Eh encountered in the endosomes/lysosomes, or that the
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Pu complexes formed inside the cell, for example Pu-ferritin complexes,41 substantially

stabilize Pu(IV) relative to Pu(III).

Along similar lines, Durbin and coworkers have used conventional XANES spectroscopy to

examine the oxidation state speciation of the transuranium element neptunium in bulk

samples of mouse femora after in vivo exposure to Np(V) injected as NpO2Cl.42 They found

the Np to be principally present as Np(IV), with an upper limit of 20% Np(V) content, and

suggested that Np(IV) was stabilized by formation of strong citrate or phosphate complexes

in the bone. Unlike Pu in the lysosomes, however, the trivalent oxidation state of Np(III) is

not expected to be accessible at the bone surfaces because the Eh and pH (7.3 ± 0.2)43 of the

bone fluid is only sufficient to drive reduction of Np(V) to Np(IV) even in the absence of

citrate or phosphate ligands.44

As direct measurements of the oxidation state of Pu in mammalian cells, our experiments

augment the existing body of biokinetic data for plutonium distribution, which demonstrate

that Pu(IV) dominates the rate determining step(s) in the uptake and distribution of Pu in

mammals.6 Our study highlights, for the first time, what form of Pu is present intracellularly

in a model cell line after the processes that are readily probed by metal uptake and

partitioning kinetics have run their course. It demonstrates that the chemistry of Pu(IV) not

only determines the rate of uptake and the organs or cells where Pu accumulates, but that

Pu(IV) also dominates the intracellular chemistry, even though Pu(III) could, in theory, exist

in the cell compartments that are the major route of entry for most materials taken up by the

cells. Such information is essential to understanding how synthetic elements such as Pu

interact with individual molecules in living systems and how biological mechanisms to

control the oxidation states of essential and toxic metal ions operate.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Pourbaix diagram for 10−5 M plutonium using critically evaluated values of the relevant

equilibrium constants9,45 to calculate the plutonium speciation in the absence of any added

ligands. Ranges of reported Eh and pH values for the blood and various cellular

compartments11–13,15–17,46 are indicated by black boxes.
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Figure 2.
False-color SXFM images and optical micrograph of a 25 μm × 25 μm area containing an

isolated PC12 cell incubated in complete F12K media supplemented with Pu(IV). Replicate

XANES measurements at the Pu L3-edge depicted in Figure 5a were made on the 200 nm ×

500 nm spot centered in the white circle.
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Figure 3.
Three element colocalization maps of isolated PC12 cells incubated with Pu initially present

as Pu(III) or Pu(VI) show Pu principally localizing in the cytoplasm and avoiding the

nucleus, which is marked by the highest Zn concentrations. The outline of the cells appears

in the Cl channel.
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Figure 4.
Average plutonium content of individual cells incubated for 3 hours in complete media with

serum containing 100 μM Pu added as Pu(III), Pu(IV), or Pu(VI). The corresponding

average total Pu contents are Pu(III), 1.7 ± 0.2 fg per cell; Pu(IV), 15.8 ± 3.2 fg per cell; and

Pu(VI), 2.1 ± 0.5 fg per cell. Uncertainties are given as the standard error of the mean for

measurement of n cells.
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Figure 5.
XANES spectra of intracellular Pu demonstrate the presence of only Pu(IV) in the PC12

cells. (a) The energy, intensity, and peak shape of the normalized XANES spectra of an

individual intracellular Pu deposit in a PC12 cell (——), match the reference XANES

spectrum of Pu(IV) (– – –), not the reference spectra of Pu(III) (–..–) or Pu(VI) (- - - -).47

Elemental maps of the cell examined are depicted in Figure 2. (b) The XANES spectra of

the intracellular Pu are all that of Pu(IV) whether the Pu is added to the media as Pu(III)

(–..–, conventional XANES), Pu(IV) (——, μ-XANES), or Pu(VI) (- - - -, μ-XANES).
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