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Abstract Purpose:We present preclinical data showing the in vitro intranuclear uptake of motexafin
gadoliniumbyglioblastomamultiforme cells,which could serve as aprelude to the future develop-
ment of radiosensitizing techniques, such as gadolinium synchrotron stereotactic radiotherapy
(GdSSR), a new putative treatment for glioblastomamultiforme.
Experimental Design: In this approach, administration of a tumor-seeking Gd-containing
compound would be followed by stereotactic external beam radiotherapy with 51-keV photons
from a synchrotron source. At least two criteria must be satisfied before this therapy can be
established: Gdmust accumulate in cancer cells and spare the normal tissue; Gdmust be present
in almost all the cancer cell nuclei.We address the in vitro intranuclear uptake of motexafin
gadolinium in this article.We analyzed theGddistributionwith subcellular resolution in fourhuman
glioblastoma cell lines, using three independent methods: two novel synchrotron spectromicro-
scopic techniques and one confocalmicroscopy.We present in vitro evidence that the majority of
the cellnuclei takeupmotexafingadolinium, a drug that is known to selectively reachglioblastoma
multiforme.
Results:With all three methods, we found Gd in at least 90% of the cell nuclei. The results are
highly reproducible across different cell lines. The present data provide evidence for further
studies, with the goal of developing GdSSR, a process that will require further in vivo animal and
future clinical studies.

Glioblastoma multiforme, the most common primary intra-
cranial malignancy in the United States, has an annual
incidence of f12,000 cases; the incidence and mortality are
equal, highlighting the almost uniformly fatal outcome of this
disease and the need for new therapeutic approaches. The vast

majority of glioblastoma multiforme patients succumb within
1 year of diagnosis. Current therapy consists of maximal
resection followed by postoperative radiotherapy to f60 Gy
with temozolomide chemotherapy, with a median survival of
just under 15 months (1). The brachytherapy and radiosurgery
experience with this tumor suggests that the effective tumor
control dose may possibly be in excess of 100 Gy, which is
clinically not achievable in most patients today without
inordinate morbidity. Although molecular biology-based ther-
apy and chemotherapy are the major focus of current clinical
research efforts, a more immediate effect could potentially be
achieved by developing radiotherapy methods aiming to
enhance dose delivery to cancer cells while sparing surrounding
healthy tissues. Synchrotron stereotactic radiotherapy with
gadolinium (GdSSR) could be one such novel approach.
GdSSR consists of administering a tumor-specific Gd com-
pound and subsequent stereotactic irradiation with monochro-
matic X-rays, at 51-keV photon energy from a synchrotron
beamline. This energy is just above the Gd K-edge and therefore
extracts electrons from the K-shell by photoelectric effect. The
vacancy left behind by electron excitation and ejection is
rapidly filled by fluorescence decay and by the Auger electron
cascade from other shells. A similar idea, without the
synchrotron monochromatic beam, has been described as
photon activation therapy. In both cases, the emitted Auger
electrons have high linear energy transfer and induce non-
repairable double-strand DNA breaks. However, the effective
path length of the Auger electrons is extremely short; therefore,
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such double-strand DNA breaks are possible only if Gd is
localized in close proximity to DNA, which effectively requires
either intranuclear or intramitochondrial localization.
Recent experiments with iodinated contrast agents and

synchrotron radiation show that it is possible to enhance
radiation lethality. This is due to the use of a synchrotron
photon beam tunable to the optimal absorption energy of
34 keV (2, 3). Platinum compounds were also tested for SSR
at 78.8 keV, resulting in a dramatic increase in DNA damage
(4, 5). In vivo experiments in rats bearing F98 brain glioma
showed the effectiveness of SSR using either iodine or plati-
num, both in stereotactic irradiation mode (6–8). In particular,
outstanding results were obtained using intracranial infusion
of cis-platinum 1 day before exposure to 78.8-keV photons (15
Gy single dose delivery) with a 34% survival rate at 1 year,
which, to put things in context, is the best survival ever obtained
in the F98 model (4). These data provide proof-of-principle
evidence for SSR, using Pt or I, which have their absorption
K-edges above and below the Gd K-edge, respectively. It is
therefore expected that Gd will be equally effective as an SSR
agent.
The advantage of GdSSR is principally the availability of

newer Gd-containing experimental agents (such as motexafin
gadolinium) that are administered i.v., and in early human
clinical trials have shown tumor specificity and penetration
with intratumor localization, corroborated with post-infusion
resection, as well as imaging during a course of multiple
administrations. In previous studies, we have shown that a
Gd-containing compound can penetrate the plasma membrane
of glioblastoma multiforme cells, in vitro and in vivo, and we
have also shown higher Gd accumulation in the cell nucleus
(relative to the cytoplasm) in vitro. These in vitro experiments
were done on human glioblastoma multiforme cells in culture
(TB10) exposed to Gd-diethylenetriaminepentaacetic acid
(Gd-DTPA, Magnevist). Three independent techniques, Micro-
scope à Emission de Photoélectrons par Illumination Synchro-
tronique de Type Onduleur (an instrument built by us which
provides 20-nm optimum resolution), inductively coupled
plasma-mass spectrometry (ICP-MS), and time of flight
secondary ion mass spectrometry, all showed intracellular
localization (9). We also tested the in vivo biodistribution of
Gd-DTPA in six glioblastoma multiforme patients injected with
Gd-DTPA before tumor excision. The tumor was frozen and
sectioned for ICP-MS and Microscope à Emission de Photo-
électrons par Illumination Synchrotronique de Type Onduleur
analysis. We found evidence for Gd intracellular localization
within the tumor in all six cases. However, Gd localized in
only 6.1% of the cell nuclei analyzed. These data conclusively
showed intracellular localization of Gd-DTPA, an observation
not previously made, but also ruled out Gd-DTPA as a suitable
sensitizer due to the limited number of cells in which it
was taken up. However, those data did show (for the first
time, to the best of our knowledge), that Gd, injected in the
blood stream in the form of Gd-DTPA, not only reaches areas
of blood-brain barrier breakdown but also a proportion of
glioblastoma multiforme cells, penetrating the cell membrane
and localizing within the nucleus (10). These observations were
made possible because of the spatial resolution and chemical
sensitivity of synchrotron spectromicroscopy, which enabled
Gd evaluation at subcellular resolution, an approach not
previously studied; we believe that the lack of such detailed

analysis is the basis for the conventional wisdom that Gd-
containing imaging agents do not penetrate intracellularly into
glioblastoma multiforme.

To move the field forward, however, we needed a Gd-
containing agent with greater likelihood of localization in the
majority of tumor cells. A new experimental agent, motexafin
gadolinium, is one such candidate (11–14). Motexafin
gadolinium, a tripyrrolic pentadentate aromatic metallotexa-
phyrin, is a redox mediator that selectively reaches tumor cells
and produces reactive oxygen species (15). Our group and
others have previously published data showing the tumor-
specific and prolonged retention of motexafin gadolinium in
brain metastases and glioblastoma multiforme (16, 17). Pro-
longed and preferential accumulation and retention of motex-
afin gadolinium has now also been shown in the phase I and II
trials of this agent as a radiosensitizer for glioblastoma multi-
forme (18).

The fraction of cancer cells taking up intranuclear Gd remains
the major variable limiting the success of GdSSR, and this will
be a function of the tumor specificity of various Gd-containing
compounds. An assessment of this variable is therefore a
prerequisite to the clinical testing of any Gd compound for use
in GdSSR, and the current article reports our first experiments
with motexafin gadolinium to determine this localization
variable in vitro. We analyzed the intranuclear distribution of
Gd in four human glioblastoma multiforme cell lines after
exposure to motexafin gadolinium. The results are reproduced
and corroborated with three different microscopy techniques:
X-ray photoelectron emission spectromicroscopy (X-PEEM),
scanning transmission X-ray microscopy (STXM), and confocal
fluorescence microscopy. Intranuclear localization was used as
an end point because of the short path length of the emitted
Auger electrons. The best energy for GdSSR is calculated to be
51 keV (6). Auger electrons emitted by Gd atoms, under X-ray
illumination at 51 keV, range in energy between 0 and 41 keV
with an average of 7.63 keV (19) and average linear energy
transfer of 0.3 MeV/Am (10). The radiation length (or mean
inelastic path) of Auger electrons is limited to less than 150 nm
(15 nm for the average energy of 7.63 keV; refs. 19, 20). Due to
this rather short path length of Auger electrons, it is necessary
for Gd atoms to be localized in the immediate proximity of DNA
(i.e., within the nucleus or in the mitochondria; refs. 9, 10).
When an Auger electron is emitted, it most likely will interact
with water molecules within a radius of a few nanometers,
producing hydroxyl radicals, which in turn locally propagate
the oxidative damage (21). Lethal double-strand DNA breaks
occur in proportion to the extent of the radiation-induced
oxidative damage. Hence, determining how many cell nuclei
contain Gd in a tumor is fundamental for the success of GdSSR.

Materials andMethods

Cell culture and exposure to motexafin gadolinium. We used four
well-established human glioblastoma multiforme cell lines: T98G (22),
U87 (23), MO59K (24), and TB10 (9, 25). Cells were grown on precut
10 mm � 10 mm silicon wafers (Silson, Northhampton, United
Kingdom) for X-PEEM spectromicroscopy; on 1 mm � 1 mm Si3N4

windows, 100 nm thick (Silson) for STXM spectromicroscopy; on tissue
culture-treated polystyrene slides for confocal microscopy; and in Petri
dishes for ICP-MS analysis. Subconfluent cultures were exposed to
motexafin gadolinium (Pharmacyclics, Sunnyvale, CA), formulated at
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2.3 mg/mL in 5% aqueous mannitol, and added to the culture medium
to a final concentration of 100 Amol/L. Six different exposure times
ranging from 0 to 72 hours were used for the ICP-MS time course
measurements. For all microscopy experiments exposure times were
kept constant at 72 hours. The cell appearance was not altered by
motexafin gadolinium exposure.

During the culture and exposure periods, all cell lines were
maintained in a humidified incubator at 37jC and grown in DMEM/
F12 medium containing 10% fetal bovine serum, 1% penicillin and
streptomycin, and 1% nonessential amino acids (all from Mediatech,
Herndon, VA).

After exposure to motexafin gadolinium, the cell cultures on Si

substrates for X-PEEM analysis were washed thrice with PBS solution to
remove free Gd, fixed in 4% paraformaldehyde in PBS for 20 minutes,

double-washed in Milli-Q-water, and air dried. At this point, some

cell cultures were sputtered with 3-kV argon ions at 10�5 Torr for
10 minutes; others were not. Sputtering removes the topmost portion

of the cell to reveal the inner nuclear compartment of fixed cells (26).
Sputtered and unsputtered cells were then ashed in UV/O3 for 140

hours (27). Parallel cultures were run and treated identically for ICP-MS

measurements of the bulk Gd concentration. Cell cultures for STXM
analysis on Si3N4 windows, after motexafin gadolinium exposure, were

washed, fixed, washed, and air-dried. Cell cultures for confocal micros-
copy were grown on a slide flask (Nunc, Rochester, NY) containing

a tissue culture– treated polystyrene slide. They were allowed to adhere

for 24 hours and then exposed to 100 Amol/L motexafin gadolinium
for 72 hours. The upper flask structure was then snapped away, and

the cells were washed, fixed with 4% paraformaldehyde in PBS,
washed, and air-dried. The slides were mounted with ProLong

Antifade (Molecular Probes, Eugene, OR) and imaged with confocal

microscopy. Each sample was prepared in duplicate, triplicate, or
quadruplicate.

ICP-MS analysis. Cell cultures for ICP-MS bulk [Gd] analysis, after

exposure, were washed, digested in 1 mL of 1 N HNO3, and scraped
from the Petri dishes with a plastic spatula. The number of cells in each

culture, typically 2 to 20 � 105 per sample, was measured from a small
aliquot. The total cell volume was then calculated, knowing the average

volume of cells for each cell line. These were measured across six

separate samples for each cell line, giving the following mean results:
62,400 TB10 cells/AL, 74,400 T98G cells/AL, 15,000 MO59K cells/AL,
and 9,200 U87 cells/AL. Once the accurate cell volume in each
motexafin gadolinium-exposed sample was obtained using these

numbers, the ICP-MS results could be normalized (typical volume of

cells, 10-40 AL/sample). This strategy gave reproducible results across
two repeated cultures, with errors usually within 25% (Fig. 1).

Tissue samples from three glioblastomamultiforme patients were also
analyzed with ICP-MS (Table 1). These were collected from glioblastoma

multiforme tissue and plasma for patients 1 and 2, and from tumor
necrotic and uninvolved brain areas for the postmortem patient 3.
All [Gd] were normalized to the measured tissue weight and volume.

X-PEEM spectromicroscopy analysis. X-PEEM spectromicroscopy
analysis was done using the Spectromicroscope for PHotoelectron
Imaging of Nanostructures with X-rays (SPHINX) instrument (Elmitec
GmbH, Clausthal, Germany), installed on the HERMON beamline at
the Synchrotron Radiation Center (Madison, WI). SPHINX has an
optimum lateral resolution of 10 nm (28) and acquires X-ray
absorption spectra with a resolving power up to 15,000 (E/DE) in the
60 to 1,300 eV energy range. Phosphorus distribution maps were
acquired to localize the nucleus in each cell. These were obtained by
digital ratio of images at 139 and 132 eV, on-peak and pre-peak of the
P2p edge (29). For trace concentration Gd analysis, we extracted Gd
location maps as described previously (10, 28, 29), at the Gd3d edge
(also known as M-edge at f1,183 eV). In such Gd maps (Fig. 2),
binned 4 � 4, the resolution is four times lower than in the images, and
the Gd pixel size = 1.4 � 1.4 = 2 Am2. In these maps, Gd pixel color
corresponds to Gd concentration (peak area). Because an absolute
calibration is not yet available, only information about relative

concentrations is obtained. From the ICP-MS results of Fig. 1 and many
other reference standards, we estimate that this spectromicroscopy trace
element analysis has a minimum detection limit of <1,000 ppm. Cell
and tissue ashing increases [Gd] by a factor of 10; therefore, the
detection limit was on the order of V100 ppm in all cells analyzed here.
In our analysis, we accepted one Gd-containing pixel per cell nucleus as
sufficient to count that cell as one with a Gd-containing nucleus (29).

Ashing in UV/O3 selectively removes carbon, a major element in cells
and tissues, and consequently enhances the relative concentration of the
other elements. Ashing takes place at air pressure and temperature and
slowly (100-200 hours) ‘‘flattens’’ the cell morphology. It is particularly
useful when the element to be localized by spectromicroscopy is present
in trace concentrations; otherwise, it is undetectable (27).

In the SPHINX experiments reported here, we identified the cell
nuclei from the P distribution map in 180 TB10 cells and counted the
number of cell nuclei containing at least 1 Gd pixel, evaluated the
effectiveness of motexafin gadolinium in reaching glioblastoma multi-
forme nuclei.

STXM spectromicroscopy analysis. The STXM instrument on beam-
line 11.0.2 at the Advanced Light Source in Berkeley uses an undulator
source and is optimized for the Gd3d absorption energy. This spectro-
microscope (30, 31) is both faster and more sensitive than X-PEEM
for Gd detection. Ashing of the cell cultures for STXM analysis, there-
fore, was not required. We analyzed three cell cultures, containing 34
T98G cells, 27 MO59K cells, and 139 TB10 cells, respectively. For Gd
detection in cells, we acquired images on-peak and off-peak, at 1,183
and 1,178 eV; the ratio of these two images provided a Gd distribution
map. Although this instrument does not allow the detection of P for
identification of nuclei, cell nuclei seem thicker and denser in
transmitted X-rays, and their outline can easily be visualized, allowing
adequate scoring of Gd uptake.

Confocal microscopy. Three of the four cell lines (TB10, MO59K, and
T98G) were analyzed using a Bio-Rad (Richmond, CA) MRC 1024ES
confocal microscope. This instrument can simultaneously measure the
fluorescence from three channels, with excitation wavelengths from
the three lines of a krypton/argon laser and emission through three
independent barrier filters. These are 568 and 585 nm (rhodamine
channel); 488 and 522 nm (FITC channel), and 488 and 680 nm (Cy 5
channel). The most intense fluorescence signal from motexafin
gadolinium–treated cells was observed in the rhodamine channel;
therefore, all images were recorded only with the 568 to 585 nm settings.

Fig. 1. Time dependence of Gduptake inTB10 (.), U87 (n),T98G (!), and
MO59K (E) human glioblastoma multiforme cell lines.Two independent cell
culturesper cell linewere exposed to100 Amol/Lmotexafingadolinium (16ppmGd)
for 0 to 72 hours, and the [Gd] in cells was measured by ICP-MS.
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The aperture was set for minimal optical section thickness, and laser
power and photodetector gain were set to optimally image cell
fluorescence within the 8-bit grayscale range of the photodetector. Five
consecutive optical sections were obtained vertically through the cells
to verify that motexafin gadolinium fluorescence originated from the
nucleus and not only from the cytoplasm above or below the nucleus.

Magnetic resonance imaging. Magnetic resonance images (MRI)
from one glioblastoma multiforme patient participating in a clinical
trial of motexafin gadolinium and conventional radiotherapy at the
University of California at Los Angeles (Protocol ‘‘A phase I dose
escalating study of the safety and tolerability of gadolinium texaphyrin
as a radiation sensitizer in patients with primary Glioblastoma
Multiforme,’’ University of California at Los Angeles Institutional
Review Board approval no. 97-09-042). The patient was injected with
4 mg/kg motexafin gadolinium five times per week, then thrice per
week, up to 13 doses. T1-weighed MRIs were obtained immediately after
1, 5, and 13 doses. We also collected images 7 days after the last dose,
to prove the long-term, intracellular retention of this drug.

Results

In Fig. 1, we report the ICP-MS results obtained on the four
human glioblastoma cell lines. These results show total up-
take of Gd in cells, irrespective of Gd location within the cell.
The concentration of Gd after a 72-hour exposure to motexafin
gadolinium varies slightly across the cell lines. Using the
Student t test, [Gd] in TB10 cells is revealed to be significantly
greater than in MO59K and T98G cells; [Gd] in T98G is also
significantly greater than in MO59K; the other differences are
not significant. The molecular mechanistic explanation for
this phenomenon is currently not known, but the unifying
observation across the four cell lines is that they all take up
motexafin gadolinium intracellularly and concentrate it with
respect to the exposure solution. The 100 Amol/L motexafin
gadolinium exposure solution, in fact, contained 16 ppm Gd,
whereas the concentration in cells varies between f40 and
f120 ppm after a 72-hour exposure to motexafin gadolinium.
The intracellular [Gd], therefore, is 2.5 to 7.5 times greater than
the extracellular [Gd].
An additional uniform observation across all four cell lines is

that the concentration of Gd increases with duration of exposure
to motexafin gadolinium and exceeds the exposure solution

concentration after the first 6 hours. Although the intracellular
[Gd] continues to increase beyond 6 hours, the rate of increase
diminishes after 12 hours, as shown by the decrease in slope for
all four cell lines. Figure 1 summarizes these results.

The absolute concentration of Gd in cells, however, does not
provide sufficient evidence that Gd is present intranuclearly.
The subcellular localization of Gd cannot be assessed by
ICP-MS but can be resolved by spectromicroscopic methods.
We analyzed 180 randomly selected TB10 cells from three
separate samples with the SPHINX spectromicroscope and
found that 90% of them (162) contained at least one Gd pixel
in the nucleus. In Fig. 2, we show a Gd location map repre-
sentative of this analysis.

Table1. Intratumor (GBM)Gdmeasurements

Patient1 Patient 2 Patient 3 (autopsy)

Time Source [Gd] ppm time Source [Gd] ppm Source [Gd] ppm

Pre Plasma 0.0003 pre Plasma 0.0021 Tumor 8.542
5min Plasma 12.973 5min Plasma 14.043 Tumor 8.022
45 min Plasma 7.349 45 min Plasma 8.143 Necrosis within tumor 2.144
2:30 hrs Plasma 3.415 45 min Tumor 22.589 Uninvolved brain area 0.216
2:30 hrs Tumor 7.266 1:11hrs Tumor 29.728 Uninvolved brain area 0.126
3 hrs Plasma 4.079 1:14 hrs Plasma 6.536 Uninvolved brain area 0.068
3 hrs Tumor 2.475 1:18 hrs Tumor 19.580 Uninvolved brain area 0.143
24 hrs Plasma 1.700 1:30 hrs Plasma 6.309 Uninvolved brain area 0.109

3 hrs Plasma 5.109 Uninvolved brain area 0.064
24 hrs Plasma 1.770

NOTE: Gd concentrations measured with ICP-MS. GBM patients1and 2were injected with a single dose of MGd (10 mg/kg), before tumor resection. Patient 3 died 57
days after the last of multiple MGd doses, and the autopsy data are also reported.

Fig. 2. SPHINXGd locationmap inTB10 cells exposed to100 Amol/L motexafin
gadolinium for 72 hours and ashed. Each Gd pixel is 2 Am2 and displayed in
spectrum colors.The color bar indicates maximum [Gd] inmagenta andminimum in
red.TheGd locationmap is superimposed on a SPHINX grayscale image of the cells
acquired at144 eV. In this map, orange, yellow, and green Gd pixels are present in
the cells, indicating medium or low Gd concentrations. No pixel indicates
undetectable Gd. Several Gd pixels are present on the substrate. Bar, 20 Am.
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We also noticed that some Gd pixels appear on the silicon
substrate, where no cellular structures are visible. This result is
peculiar to motexafin gadolinium and was not observed with
other Gd compounds (e.g., Gd-DTPA or Gd-1,4,7,10-tetra-
azacylododecane-N,N[NV,NVV,NVVV-tetraacetic [Gd-DOTA]; see
ref. 10). Motexafin gadolinium was observed on the substrate
with all three microscopies used in the present experiments.
Of the 180 TB10 cells analyzed, 72 were sputtered and 108

were unsputtered. Of these, 63 and 99 cells, respectively,
contained Gd. The change in percentage of Gd-containing
nuclei with sputtering, from 92% before sputtering to 88% after
sputtering, is not significant, indicating that Gd detected in
the nucleus was mostly intranuclear and not deposited on the
cell surfaces and removed by sputtering. In all cell cultures, Gd
pixels also appear in the cytoplasm at higher densities than in
the nuclei. Some of the cells in Fig. 2 indicate this behavior as
well. It is possible that more cells contain Gd at a concentration
below the SPHINX detection limit. We therefore analyzed other
motexafin gadolinium–exposed cell cultures with the more
sensitive STXM spectromicroscope. Figure 3 shows representa-
tive STXM results.
In the STXM Gd maps, we observe that Gd is distributed

inhomogeneously in cells. It seems most intense in spots on the
order of 1 Am in size, and these are denser around the nuclei
than in the nuclei. These spots are very similar in size, density,
and distribution to the Gd pixels observed with SPHINX. They
are also denser around the nuclei than in the nuclei.
Overall, we analyzed 34 randomly selected T98G cells, 27

MO59K cells, and 139 TB10 cells with STXM. Thirty-one (90%)
of the T98G cells contained Gd; 26 of the MO59K (96%), and
122 of the TB10 cells (88%) contained Gd in their nuclei.
Although ICP-MS had indicated that motexafin gadolinium
uptake in TB10 cells is significantly greater than in T98G or

MO59K, we now know that the percentage of nuclei taking
up Gd is not significantly different between these cell lines
(see confocal results below). We, therefore, combined the
results and found that, overall, 90% of the cells analyzed with
STXM (including T98G and TB10) had at least one Gd pixel in
their nuclei. This result confirms and verifies with higher sen-
sitivity the intranuclear presence of Gd already observed with
SPHINX.
Although the results from the two spectromicroscopic

techniques very strongly suggest intranuclear localization of
Gd from motexafin gadolinium, there is one possible
confounding variable. If Gd were present in high concentration
in the cytoplasm and absent from the nuclei, the small portion
of cytoplasm above and below the nucleus could be mistaken
for the nucleus in the transmission STXM experiment.
Similarly, in the SPHINX experiment, Gd above the nucleus
before ashing could seem to be localized in the nucleus after
ashing and flattening of the cells. The sputtering of cells
removes this as a source of error, and our results on sputtered
cells analyzed with SPHINX indicate that Gd was truly intra-
nuclear in location.
To further validate intranuclear localization using techniques

that require less manipulation of cells, we analyzed motexafin
gadolinium–exposed cells with confocal microscopy. The
motexafin gadolinium molecule is fluorescent due to the
extended texaphyrin aromatic system surrounding the Gd atom
(32). Motexafin gadolinium–treated cells emit fluorescence
photons in both the FITC and the rhodamine spectral regions,
as shown in Fig. 4. However, because the emission intensity in
the rhodamine region is higher and does not interfere with
autofluorescence, we analyzed all cells in this spectral range
(Fig. 5). The motexafin gadolinium–related fluorescence
intensity observed with confocal microscopy is always higher

Fig. 3. STXMresults onT98G (A and B)
andTB10 cells (C andD) exposed to100
Amol/L motexafin gadolinium for 72 hours.
Images acquired at1,183 eV (A and C)
and Gd distributionmaps (B andD)
obtained by ratio of two images, at1,178
and1,183 eV.The spectrum colors
correspond to Gd planar concentration,
estimated by comparisonwith absorbance
of known Gd thicknesses. Bars, 20 Am
(A and B) and 5 Am (C andD).
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from the cytoplasm than from the nucleus. This result confirms
the same observation previously made with SPHINX and
STXM. All control cell cultures not exposed to motexafin
gadolinium were imaged using the same wavelengths and
showed no fluorescence or autofluorescence. In all motexafin
gadolinium–exposed cells imaged with confocal fluorescence
microscopy, as with SPHINX and STXM, we observed higher
intensity from perinuclear spots, V1 Am in size, which could
be interpreted as subcellular organelles preferentially taking
up motexafin gadolinium, as suggested by Woodburn (32), or
simply aggregates of motexafin gadolinium.
Most importantly, optical slicing across the cell thickness

unequivocally shows that motexafin gadolinium fluorescence
originates from within the cell nuclei. We analyzed a total of
481 motexafin gadolinium–treated cells with confocal micros-
copy and found that 100% of them exhibited motexafin
gadolinium–related fluorescence in cytoplasm and nuclei.
None of the 143 control cells revealed fluorescence.
In Table 1, we report the raw data acquired by ICP-MS of

[Gd] in glioblastoma multiforme patients injected with a single
dose of motexafin gadolinium at 10 mg/kg.
Patients 1 and 2 had minimal MRI enhancement with this

single dose of motexafin gadolinium. Much greater MRI
enhancement in glioblastoma multiforme is achieved with
repeated daily dosing. Repeating motexafin gadolinium doses
may therefore be the best strategy for future clinical trials. The

autopsy data on patient 3 indicate that the average tumor/
normal tissue ratio is on average 70:1 (varying between 37
and 133), almost 2 months after treatment with multiple doses.
This observation speaks to the tumor specific uptake and
prolonged retention of Gd within glioblastoma multiforme
using motexafin gadolinium as a delivery vehicle. Necrotic
tumor shows 10- to 33-fold greater [Gd] compared with un-
involved normal brain.

Prolonged and preferential accumulation and retention of
motexafin gadolinium in glioblastoma multiforme, as well as
enhancement with repeated administration was also shown in
the phase I and II trials of this agent as a radiosensitizer for
glioblastoma multiforme (33). Figure 6 shows enhancement
in MRI and retention after multiple injections of motexafin
gadolinium.

Discussion

Goorley and Nikjoo calculated and compared the theoretical
effectiveness of three different cancer therapy approaches based
on gadolinium: neutron capture, radioisotope decay, and
photon activation therapy. Their results indicate that of the
three cases, the photoelectric event has the highest Auger
electron yield and the highest amount of energy deposited in a
10 Am sphere, making it more effective at killing the cell in
which the reaction takes place (19). Theoretically, tremendous
improvement could be achieved if, as addressed here, Gd atoms
and photoelectric events occur within the nuclei of cancer cells.

Fig. 6. T1-weighedMRIs obtained after a first dose of 4 mg/kg motexafin
gadolinium (top left) with no conventional contrast, after completing a1-week,
5-dose loading course (top right), after completion of all13 doses, given over a total
of 3 weeks (bottom left) and 7 days after the13thmotexafin gadolinium injection
(bottom right).The tumor (glioblastoma multiforme) is clearly visualized on all four
noncontrast post-motexafin gadolinium images. Notice tumor specificity without
normalbrainparenchymaenhancement and the increase in tumor enhancementwith
increasing doses of motexafin gadolinium. Four external reference tubes, used for
calibration, are also imaged.These contained 0.01, 0.05, 0.1, and 0.2 mg/mL
motexafin gadolinium, respectively.

Fig. 4. Confocal fluorescencemicrographs of aTB10 cell exposed to100 Amol/L
motexafin gadolinium for 72 hours. A, motexafin gadolinium ^ associated
fluorescence imaged using 488-nm excitation and a 522-nm barrier filter (as for
FITC fluorescence). B, motexafin gadolinium ^ associated fluorescence imaged
using568-nmexcitationanda585-nmbarrier filter (as for rhodamine fluorescence).
Bar, 20 Am.

Fig. 5. Confocalmicroscopic images of motexafin gadolinium ^ related
fluorescence fromTB10(A),T98G(B), andMO59Kcells (C), exposed to100Amol/L
motexafin gadolinium for 72 hours. All images are optical sections at thehalf-height
of the cells. Bar, 20 Am.
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How much Gd in the nucleus is necessary for GdSSR? To
address this question some calculations are necessary. We note
that a single Gd photoabsorption event and consequent
emission of Auger electrons close to DNA would kill a cell by
inducing nonrepairable double-strand DNA breaks. However,
sufficient Gd must be present in the nucleus of the majority of
malignant cells in the tumor. The number of Gd photo-
absorption events per cell nucleus (N) is obtained from the
following formula:

N ¼ nAA

in which n = number of Gd atoms per nucleus; A = photon
fluence = 108 photons/mm2 s � 5 minutes = 3 � 1010 photons/
mm2, which is clinically acceptable, and corresponds to a dose
of f20 Gy (4); and A = absorption coefficient for gadolinium
at 51 keV = 4.5 � 103 barn = 4.5 � 10�19 mm2. For reference,
the A for carbon at the same energy is 0.19 barn (34). We add
that at 51 keV photoabsorption from a K-shell electron occurs
with 82% probability, and 18% from L-shell (19), generating
8.05 Auger electrons, with an average energy of 7.63 keV.
The same photoabsorptions also generate the emission of two
fluorescence photons, with average energy 34.9 keV (19). The
Auger electrons, therefore, are the most abundant and also the
most radiobiologically relevant particles, having the highest
linear energy transfer (0.3 MeV/Am). Using the above formula,
we calculate that one photoabsorption per nucleus can be
achieved if 108 Gd atoms/nucleus are present, which corre-
sponds to a [Gd] on the order of 10 ppm.
For GdSSR in vivo, assuming a Gaussian distribution of Gd

molecules in cell nuclei as a result of uptake from the
vasculature, Poisson statistics dictates that there must be an
average of at least 24 Gd photoabsorption events per nucleus
([Gd] on the order of 100 ppm), to be sure that <1 in 1010

cells has zero events. That is, less than one cell per tumor
must have zero photoabsorptions. This calculated [Gd] in
nuclei is comparable, within one order of magnitude, with
the detection limit of spectromicroscopy and with the
measured Gd concentrations reported in vitro (Fig. 1) and
in vivo (Table 1).
The observation of a 70:1 tumor/normal tissue ratio almost

2 months after treatment shows the tumor-specific uptake and
prolonged retention of Gd within glioblastoma multiforme
using motexafin gadolinium as a delivery vehicle. These data
are particularly valuable as they show almost negligible Gd
uptake in normal brain, an observation that is key to the
success of GdSSR, as only a large differential in [Gd] between
tumor and normal brain would make this therapeutic approach
feasible. Significantly, even necrotic tumor shows 10- to 33-fold
higher [Gd] compared with uninvolved brain areas.
Figure 6 shows the finding that much greater MRI enhance-

ment in glioblastoma multiforme is achieved with repeated
daily dosing with motexafin gadolinium than with a single
dose, suggesting that repetitive motexafin gadolinium dosing
may perhaps be the best strategy for future clinical trials.
If the concentration and/or distribution of Gd or the

photon flux at 51 keV are lower, or Gd is inhomogeneously
distributed across nuclei, tumor recurrence will not be avoided
but may be slowed down. Consequently, the larger the number
of nuclei a candidate Gd compound reaches, the greater its
potential for GdSSR to slow down or cure glioblastoma. We
recently analyzed glioblastoma multiforme cells in vitro exposed

to two MRI contrast agents, Gd-DTPA and Gd-DOTA, as well as
glioblastoma multiforme tissues from rat and human patients,
after injection of the same two Gd compounds. We found
that both of these compounds reach 84% and 56% of the nuclei
in vitro and much less in vivo (down to 6.1% of 2,217 nuclei
from human glioblastoma multiforme tissue sections; ref. 10).
In our quest for appropriate GdSSR agents, we have now

analyzed the ability of motexafin gadolinium to localize
intranuclearly in glioblastoma multiforme cells. We used three
different experimental approaches (Figs. 2–5) to directly
observe motexafin gadolinium in the nuclei of glioblastoma
multiforme cells. With SPHINX, we found that the percentage
of nuclei containing Gd is 90% (n = 180), with STXM it is
90% (n = 200), whereas with confocal microscopy, it is 100%
(n = 481). STXM is more sensitive than SPHINX but did not
yield Gd in a greater percentage of nuclei. Because with
confocal microscopy we found 100% of the nuclei exhibiting
motexafin gadolinium-related fluorescence, we conclude that
this is the most sensitive probe among the three used.
Fluorescence microscopy techniques cannot be used for the
majority of Gd compounds, because these are not fluorescent.
However, for motexafin gadolinium, fluorescence detection is
a feasible approach.
Spectromicroscopic analysis, although slightly less sensitive

than confocal fluorescence microscopy, is still necessary to
provide definitive evidence of intranuclear Gd presence, because
fluorescence emission originates from the aromatic, expanded
porphyrin component of the motexafin gadolinium molecule
and not from the Gd atom itself (32). It is conceivable that if the
molecule is metabolized by the cell after uptake, the texaphyrin
is still present, whereas the Gd3+ ion is actively eliminated
from the intracellular and/or intranuclear compartments. The
motexafin gadolinium molecule was designed to be extremely
stable in solution. In contrast to the gadolinium chelates (e.g.,
Gd-DTPA, Gd-DOTA, etc.) previously described in the literature,
in motexafin gadolinium, the gadolinium is held within its
texaphyrin macrocyclic core by coordinate covalent bonds
(11, 12, 32). It is therefore unlikely that motexafin gadolinium
would be denatured in solution but could be actively
metabolized by the cell. That is why we always referred to
‘‘motexafin gadolinium–related fluorescence,’’ and not ‘‘motex-
afin gadolinium fluorescence’’ when describing the confocal
data. It is possible that intracellularly, a motexafin gadolinium
metabolite generates the detected fluorescence signal. Definitive
proof of Gd presence, therefore, must be obtained with a direct
elemental Gd probe. SPHINX and STXM analyses provide direct
evidence and confirm intranuclear Gd presence in at least 90%
of glioblastoma multiforme cells from four different cell lines
exposed to motexafin gadolinium for 72 hours.
Our results are consistent with Woodburn’s observations

(32): she finds that extending exposure times to motexafin
gadolinium results in increasing the number of nuclei
taking up motexafin gadolinium. Although in her experiments
the maximum number of nuclei reached was only 15%, the
difference can be explained by shorter exposure times (<48
hours), much lower exposure concentrations (25 Ag/mL �
17 Amol/L motexafin gadolinium compared with our 100
Amol/L), and possibly the use of a non–glioblastoma multi-
forme (murine sarcoma) cell line, although neither we nor
others have adequately studied cell line variability regarding
motexafin gadolinium uptake.
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Tumor from motexafin gadolinium–treated animals has
not yet been analyzed with subcellular resolution, and we
cannot at this stage extrapolate that this drug reaches >90%
cell nuclei in vivo . The previously analyzed compounds,
Gd-DTPA and Gd-DOTA, did not reach the 90% uptake level
either in vitro or in vivo (10). As reported in the same reference,
if a compound does not reach 90% of the nuclei in vitro, it
is unlikely to reach as many in vivo . It is also possible that in
the in vivo situation, repetitive motexafin gadolinium adminis-
tration will be necessary.
The present observation that motexafin gadolinium reaches

>90% of the nuclei in vitro provides a basis for in vivo studies,

which are currently under way. For the first GdSSR testing,
orthotopic rodent models will be injected with motexafin
gadolinium and then stereotactically irradiated at the European
Synchrotron Radiation Facility in Grenoble. Because enhance-
ment of double strand breaks with SSR and I or Pt has
already been shown, we plan to proceed from the in vitro
Gd localization directly to the in vivo GdSSR irradiation
experiments.
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