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Abstract

p-Boronophenylalanine (BPA) is a clinically approved boron neutron capture therapy (BNCT) agent currently being used in clinical trials
of glioblastoma multiforme, melanoma and liver metastases. Secondary ion mass spectrometry (SIMS) observations from the Cornell SIMS
Laboratory provided support for using a 6 h infusion of BPA, instead of a 2 h infusion, for achieving higher levels of boron in brain tumor cells.
These observations were clinically implemented in Phase II experimental trials of glioblastoma multiforme in Sweden. However, the mechanisms
for higher BPA accumulation with longer infusions have remained unknown. In this work, by using 13C15N-labeled phenylalanine and T98G human
glioblastoma cells, comparisons between the 10B-delivery of BPA and the accumulation of labeled phenylalanine after 2 and 6 h treatments were
made with a Cameca IMS-3f SIMS ion microscope at 500 nm spatial resolution in fast frozen, freeze-fractured, freeze-dried cells. Due to the
presence of the Na–K-ATPase in the plasma membrane of most mammalian cells, the cells maintain an approximately 10/1 ratio of K/Na in the
intracellular milieu. Therefore, the quantitative imaging of these highly diffusible species in the identical cell in which the boron or labeled amino
acid was imaged provides a rule-of-thumb criterion for validation of SIMS observations and the reliability of the cryogenic sampling. The labeled
phenylalanine was detected at mass 28, as the 28(13C15N)− molecular ion. Correlative analysis with optical and confocal laser scanning microscopy
revealed that fractured freeze-dried glioblastoma cells contained well-preserved ultrastructural details with three discernible subcellular regions: a
nucleus or multiple nuclei, a mitochondria-rich perinuclear cytoplasmic region and the remaining cytoplasm. SIMS analysis revealed that the overall
cellular signals of both 10B from BPA and 28CN− from labeled phenylalanine increased approximately 1.6-fold between the 2 and 6 h exposures.
However, the subcellular distribution of 10B was different than the 28CN in the mitochondria-rich perinuclear cytoplasmic region: 10B was reduced
in this region, but 28CN was not. These observations indicate that: (i) a comparable higher accumulation of BPA and phenylalanine at 6 h versus 2 h
plausibly represents a similar time-dependent entry mechanism through the plasma membrane in response to cellular requirements for the amino
acid in glioblastoma cells and (ii) intracellular processes, especially those implicated with mitochondria, can plausibly recognize BPA as a different
molecule than phenylalanine and may significantly differ in its sequestration and metabolism. For further understanding cell cycle influence on
BPA accumulation, DNA-synthesizing S-phase cells were compared with non-S-phase cells. SIMS observations revealed that after 1 h exposure to
BPA, S-phase cells contained elevated levels of 10B in their nucleus in comparison to the nucleus of non-S-phase cells. Consequently, one reason
that longer BPA exposures would increase its accumulation in most tumor cells will be the movement of the cell cycle through the S-phase. These
observations suggest further cell cycle research in BPA-mediated BNCT and may have special significance for brain tumors since tumor cells are
primarily the only cells in the brain with active proliferation characteristics. This study also shows the need for cryogenic sampling for subcellular

measurements in BNCT, as even a brief thaw of frozen samples can result in gross redistribution of boron in subcellular compartments.
© 2006 Elsevier B.V. All rights reserved.
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. Introduction
Thousands of people around the globe each year are diag-
osed with the malignant brain tumor glioblastoma multiforme.
nce diagnosed, the patient may live less than 1 year. Glioblas-
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Fig. 1. Schematic of the boron neutron capture fission reaction. BNCT is based
on the neutron capture reaction, 10B(n,�)7Li, where a 10B atom captures a low-
energy thermal neutron (Eth < 0.4 eV) and spontaneously decays to produce the
linear recoiling particles 4He (� particle) and 7Li. In tissues, these particles have
short penetration ranges, approximately the width of a single cell (5 �m for 7Li
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nd 9 �m for 4He). The average linear energy transfer is high (7Li, 162 keV/�m;
He, 196 keV/�m), which results in densely ionizing radiation restricted to the
rack of each particle.

oma multiforme is uniformly fatal and has no satisfactory
reatment. Conventional surgical removal, generally limited to
he main tumor mass, cannot remove the microscopic clusters
f neoplastic cells that invade the surrounding normal brain far
way from the main tumor mass. These infiltrating glioblastoma
ultiforme cells are responsible for the regrowth of the tumor

1]. Conventional radiotherapy cannot ablate these infiltrating
ells in the normal brain [2], because the high radiation doses
equired to kill these cells would induce unacceptable levels of
amage in the normal brain tissue [3].

Boron neutron capture therapy (BNCT) is a binary modal-
ty that has the potential for the treatment of many forms of
ancers, such as glioblastoma multiforme brain tumors and
elanomas [4–6]. The main requirements for this therapy are
selective targeting of tumor cells with sufficient quantities

f 10B atoms (15–30 �g/g or more) and their irradiation with
ow-energy thermal neutrons. BNCT is based on the neutron
apture reaction, 10B(n,�)7Li, where a 10B atom captures a low-
nergy thermal neutron (Eth < 0.4 eV) and spontaneously decays
o produce the linear recoiling particles 4He (� particle) and
Li (see Fig. 1). In tissues, these particles have short penetra-
ion ranges, approximately the width of a single cell (5 �m for
Li and 9 �m for 4He). The average linear energy transfer is
igh (7Li, 162 keV/�m; 4He, 196 keV/�m), which results in
ensely ionizing radiation restricted to the track of each par-
icle [7,8]. Cell killing is enhanced by intranuclear localization
f 10B, where radiation has a greater probability of damaging the
NA [9].
In theory, BNCT is potentially capable of killing individual

ancer cells while sparing the healthy ones in the normal tissue.

onsequently, knowledge of the microdistribution of 10B from
oronated drugs in cells of cancerous and normal tissues is of
ritical importance in BNCT [9]. An ideal drug would provide
oron selectively to tumor cells and would not be toxic to cells

2

k

of Mass Spectrometry 260 (2007) 90–101 91

n the normal tissue. Cell culture tumor models are ideally
uited for understanding the mechanisms of boron delivery
y BNCT agents [10,11]. Techniques capable of providing
ubcellular scale boron measurements are critically needed in
NCT [12–16]. The subcellular scale measurements require

he use of reliable cryogenic sample preparations so that the
ative distribution of boron in subcellular compartments can be
aintained during sampling. Ion microscopy, based on dynamic

econdary ion mass spectrometry (SIMS), is ideally suited to
NCT due its high sensitivity and capabilities of: (i) subcellular

patially resolved 3D isotopic imaging with 500 nm spatial
esolution, (ii) imaging of isotopically labeled molecules via the
etection of the label and (iii) imaging of intracellular 39K and
3Na in the same cell for the validation of sample preparation
nd subcellular drug localization observations [12]. With over
wo decades of methodological developments at Cornell, SIMS
on microscopy has now become a versatile tool in BNCT
or the evaluation of clinically approved and new BNCT
gents [12].

The present study focuses on subcellular scale characteriza-
ion of l-p-boronophenylalanine (BPA), a clinically approved
NCT agent, which is currently being used in clinical trials of
arious cancers including glioblastoma multiforme, melanomas
nd liver metastases [17]. Recent observations from our Cornell
IMS Ion Microscopy Laboratory provided support for a longer
h infusion of BPA for achieving higher levels of boron in tumor
ells, as compared to a 2 h infusion, in both cell culture and
nimal models of glioblastoma multiforme [18–20]. The longer
h BPA infusion time supported by our SIMS observations
as clinically implemented in Phase II experimental trials of
lioblastoma multiforme in Sweden [17,21]. Longer BPA infu-
ion protocols have now become an area of active research in
PA-mediated BNCT [17]. However, the mechanisms for higher
oron accumulation in tumor cells with longer BPA infusions
ave largely remained unknown, and it is generally assumed that
he amino acids are preferentially taken up by growing tumor
ells. BPA may enter the cell via passive diffusion, l-amino acid
ransporter, or other method, and it may be taken up in malig-
ant cells in larger amounts due to their increased metabolism
10,22]. Attempts have also been made for understanding
he cell cycle dependence of BPA’s accumulation in tumor
ells [23,24].

In this work, by using 13C15N-labeled phenylalanine and
98G human glioblastoma cells, a comparison between the 10B-
elivery by BPA and the accumulation of labeled phenylalanine
as made with SIMS ion microscopy for understanding if the
ptake characteristics of the boron analogue of the amino acid
henylalanine parallels those of phenylalanine itself. Further-
ore, SIMS was also used for imaging the cell cycle associated

ifferences in 10B-delivery from BPA to glioblastoma cells.

. Materials and methods
.1. Materials

T98G human glioblastoma and LLC-PK1 renal epithelial pig
idney cell lines were obtained from the American Type Cul-
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ure Collection (Manassas, VA, USA). 10BPA (>95 at.% 10B,
-isomer) was used as the fructose complex to increase its sol-
bility in all experiments [25]. The 13C, 15N double-labeled
henylalanine amino acid (approximately 98% isotopic enrich-
ent) was purchased from Cambridge Isotope Laboratories

nc. (Andover, MA, USA). Rhodamine 123 and 5-bromo-2′-
eoxyuridine (BrdU) were purchased from Sigma (St. Louis,
O, USA). Latex beads (11 �m diameter) were purchased from
uke Scientific (Palo Alto, CA, USA). Polished high purity N-

ype semiconductor grade silicon wafers and germanium wafers
ere purchased from Silicon Quest International (Santa Clara,
A, USA).

.2. Cell growth, drug treatments, cryogenic sample
reparation

Cells from the T98G human glioblastoma cell line were prop-
gated in Eagle’s MEM with non-essential amino acids, 1.0 mM
odium pyruvate, Earle’s BSS and 10% fetal bovine serum. The
98G cells were grown on the polished surface of high purity
-type semiconductor grade silicon pieces. An electrically

onducting cell growth substrate is required for ion microscopy
easurements since the sample is held at 4500 V in the sample

hamber of the ion microscope. The silicon substrate is non-
oxic to cells and has been used for SIMS studies of ion transport
nd drug localization. The silicon pieces (random shapes of
bout 1 cm2 surface area) were sterilized prior to cell seeding.
ach 60 mm plastic Petri dish used for cell growth contained

our to six silicon substrates. The cells were seeded at a density
f 250,000 cells per dish. Approximately 30,000 latex beads
11 �m diameter) were added to each Petri dish on the third day
fter cell seeding. These beads act as spacers in the cryogenic
andwich-fracture method described below for sample prepara-
ion. After the cells reached about 80% confluency on the silicon
ubstrate, sister cells growing on different silicon substrates
nder identical conditions were divided and subjected to various
reatments. The various treatments included: (i) exposure of
ells to nutrient medium containing 110 �g/ml boron equivalent
oncentrations of BPA for 1, 2, 6, 8 and 16 h, (ii) 2 and 6 h
xposures of cells to 13C15N-labeled phenylalanine in the same
henylalanine concentration as present in the 110 �g/ml boron
quivalent of BPA (the cells for these treatments were grown on
igh purity germanium substrates because the silicon substrate
nterferes with mass 28(13C15N)− detection) and (iii) exposure
f cells to 50 �M BrdU and 110 �g/ml boron equivalent of
PA for 1 h. In an additional treatments the T98G cells grown
n silicon substrates were treated with rhodamine 123 for local-
zation of mitochondria [26]. After the designated treatments,
he cells were cryogenically prepared with a sandwich-fracture

ethod [27]. The cells fractured at the apical membrane,
roduced by this method, are essentially the whole cells without
he ectoplasmic face-leaflet of the plasma membrane [27,28].
he relatively large surface area of the silicon (or germanium)

ubstrate generally contains multiple areas of fractured cells
uitable for ion microscopy analysis. The cells were then
reeze-dried at −90 ◦C overnight in a Tis-U-Dry Freeze-drier
FTS Systems Inc., Stone Ridge, NY, USA). The temperature
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f the sample stage of the freeze-drier was gradually increased
o 40 ◦C to avoid any rehydration. The freeze-drier was vented
o dry nitrogen, and the samples were quickly transferred to

desiccator. The samples were stored in the desiccator until
ptical and confocal microscopy and SIMS measurements
ere made.

.3. Reflected light microscopy and confocal laser
canning microscopy measurements

The silicon (or germanium) substrates containing freeze-
ried cells were transferred to an air-tight Teflon chamber with
n optical window to avoid any rehydration during optical
easurements [29]. An Olympus microscope with reflected

ight Nomarski optics was used for photographing the fractured
reeze-dried cells. A Bio-Rad MRC 600/Zeiss Axiovert 10
onfocal microscope was used for imaging of rhodamine 123
pecific fluorescence in fractured freeze-dried T98G cells
or mitochondrial localization. The freeze-dried cell matrix
oes not hinder fluorescence measurements with a confocal
icroscope [30] and allows one to evaluate the preservation of

mall organelles in individual cells for validation of cryogenic
ampling and correlative drug localization.

.4. Subcellular isotopic imaging with SIMS ion
icroscopy

A dynamic SIMS CAMECA IMS-3f ion microscope
nstrument (Paris, France) which provides a nominal spatial
esolution of 500 nm was used for subcellular isotopic imaging
tudies [31]. Over its lifetime, the instrument has been upgraded
nd equipped with a primary beam mass filter, a 5f Hall Probe
ontrol chassis, and a Charles Evans and Associates model
C-1CS computer interface system for control of instrument
peration. A 5.5 keV mass filtered primary ion beam of O2

+

ith a nominal beam current of 100 nA was focused to a spot
ize of about 60 �m in diameter when viewed at the surface
f the sample. The primary ion beam was raster scanned over
250 �m × 250 �m square region. A 60 �m contrast aperture
as employed in the imaging mode throughout the study. The

ow-mass resolution SIMS ion microscopy imaging was done at
mass resolution of approximately 700. Prior to SIMS imaging,
ells were coated with a thin layer of Au/Pd alloy to enhance
heir electrical conductivity, to minimize pre-sputtering time for
ignal stabilization, and to maintain an even electrical potential
n the cell surface, especially for the initial analysis of the
ell surface. In the positive secondary ion detection mode,
mages of isotopes with masses 10, 12, 23, 39 and 40 revealed
he subcellular distribution of 10B, 12C, 23Na, 39K and 40Ca,
espectively. In the negative secondary detection mode, images
f 12C, 28CN and 81Br (or 79Br) were recorded. In fractured
reeze-dried cells, SIMS matrix effects (such as the practical ion
ield variations and differential sputtering between the nucleus

nd the cytoplasm of individual cells) were not significant,
nd the secondary ion signals studied here did not reveal any
ignificant mass interferences from polyatomic or hydrocarbon
pecies [32]. Furthermore, analyses of fractured freeze-dried
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Fig. 2. Correlative reflected light microscopy and CLSM fluorescence imaging
of rhodamine 123 in the same fractured freeze-dried T98G human glioblastoma
cells. The optical image (a) shows several cells with irregular shaped nucleus
also containing multiple nucleoli (dotted lines) and a perinuclear organelle-rich
region (arrows) in each cell. The CLSM rhodamine 123 fluorescence image
(b) revealing the distribution of mitochondria from the same cells shown in
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98G cells not treated with BPA did not show detectable 10B
ignals.

.5. High mass resolution SIMS analyses

High mass resolution analyses were performed for confirm-
ng the purity of 28CN− signals in control cells and treatments
ith 13C15N-labeled phenylalanine. The instrumental condi-

ions for such analyses have been described previously [33].
igh mass resolution spectra of mass 28 were recorded by a
igital slit imaging approach at a mass resolution of 4000. This
esolution was sufficient for resolving three components in mass
8 negative secondary ion signals and unequivocally revealed
he enhancement of the 28CN− peak in cells treated with the
3C15N-labeled phenylalanine.

.6. SIMS image quantification

Isotope images were digitized directly from the microchan-
el plate/phosphor screen assembly of the ion microscope using
slow scan charge-coupled device (CCD) camera (Photomet-

ics; Tucson, AZ; Model CH220 CCD liquid-cooled camera
ead equipped with a Thomson-CSF TH7882 CDA CCD) and
igitized to 14 bits per pixel with a Photometrics camera con-
roller. Isotope image integration times varied according to their
ntensities. In general, in the positive secondaries the 39K and
3Na images were recorded for 0.4 s each. The 10B, 12C and
0Ca images were recorded for 2 min. In the negative sec-
ndaries, the 12C images were recorded for 10 s and 28CN
nd 81Br (or 79Br) images were recorded for 2 min. A 2 min
rimary ion beam bombardment, under the experimental con-
itions, resulted in the erosion of an approximately 0.2 �m
hick slice of the cell for integrating a desired SIMS image
n the CCD camera. Within a single field of isotopic imag-
ng, the variations in time of exposure for the isotope images
ere compensated for quantification in relation to the time
f exposure of the 12C image. Computer image processing
as performed using DIP Station (Hayden Image Processing
roup). Isotope images were quantified using relative sensi-

ivity factors (RSF) to the cell matrix element 12C+ signals
n the same spatial registration [34]. The absolute dry weight
oncentrations obtained by this method were converted into
et weight concentrations by assuming 85% cell water con-

ent. Analysis of variance (ANOVA) was used for testing the
tatistical significance of observations between different treat-
ents.

. Results and discussion

.1. Morphological characterization of subcellular features
n fractured freeze-dried T98G human glioblastoma cells by
orrelative optical and confocal laser scanning microscopy
CLSM) observations
T98G human glioblastoma cells are frequently multinucle-
ted with irregularly shaped nuclei occupying a significant
olume in the cell. A majority of these cells contain a well-

n
t
g
s

a). The organelle-rich perinuclear region shows high density of mitochondria
ocalization (arrows).

efined characteristic organelle-rich perinuclear cytoplasmic
egion. This region is primarily occupied by mitochondria as is
evealed by the correlative optical microscopy and CLSM anal-
sis of the same fractured freeze-dried cells shown in Fig. 2.
ig. 2a shows a reflected light image of several multinucleated
ryogenically prepared, apically fractured freeze-dried T98G
ells. The boundaries of two representative nuclei have been out-
ined with dark dotted lines. The small rounded structures visible
ithin each nucleus are nucleoli. Arrows in Fig. 2a indicate the
iscernible organelle-rich perinuclear region in each cell. As the
ive T98G cells were stained with rhodamine 123 for 30 min prior
o cryogenic sampling, CLSM imaging of rhodamine 123 fluo-
escence from the identical fractured freeze-dried cells revealed
he distribution of mitochondria in individual cells (Fig. 2b).
he cell nuclei appear dark in the rhodamine 123 fluorescence

mage, while the brightly labeled mitochondria are distributed
n the cytoplasm of each cell but with a much higher density
n the organelle-rich perinuclear region identified in the opti-
al image (compare the identical regions indicated by arrows
n Fig. 2a and b). It should be noted that this is not a typi-
al distribution of mitochondria in normal cell lines. In order
o make sure that these observations are not some sort of arti-
act associated with the degradation of rhodamine 123 in the
utrient medium of T98G cells, co-cultures of T98G glioblas-

oma cells and a normal cell line, LLC-PK1 kidney cells, were
rown together in the T98G nutrient medium on the silicon
ubstrates. The co-cultures were treated with rhodamine 123
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Fig. 3. Correlative reflected light microscopy (a) and CLSM fluorescence imag-
ing of rhodamine 123 (b) in the same fractured freeze-dried co-cultures of
LLC-PK1 pig kidney cells and T98G human glioblastoma cells. A dotted line
shows the interface between the T98G cells mainly to right side and the LLC-
PK1 cells to the left. The rhodamine 123 fluorescence distribution shows that
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itochondria clusters in higher density in a perinuclear cytoplasmic region in
98G cells.

rior to cryogenic sampling. Fig. 3a and b show a correlative
eflected light microscopy and CLSM imaging of rhodamine
23 fluorescence in fractured freeze-dried cells. A dotted line in
hese images shows the interface between the LLC-PK1 kidney
ells and the T98G glioblastoma cells within the same field of
iew of fractured cells in this co-culture. The LLC-PK1 normal
ell line lacks the characteristic perinuclear clustering of mito-
hondria and shows typical thread-like fluorescent structures
hroughout the cytoplasm. In contrast, the T98G cells reveal
erinuclear clustering of mitochondria in the cytoplasm (Fig. 3a
nd b). These observations indicate a distinctive cell line char-
cteristic of mitochondrial clustering in the perinuclear region
f T98G glioblastoma cells. These observations are also con-
istent with a transmission electron microscopy study of T98G
ells where clusters of mitochondria were observed in perinu-
lear regions [35]. A proper identification of these subcellular
egions is important since they can be resolved with the spatial

esolution of SIMS ion microscopy. Furthermore, these obser-
ations also indicate that the fractured freeze-dried cells contain
ell-preserved organelle level structural features for their SIMS

nalysis.
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.2. Quantitative subcellular SIMS imaging of
ime-dependent 10B-accumulation from BPA in T98G
uman glioblastoma cells

For studying subcellular time-dependent 10B-accumulation
rom BPA, T98G human glioblastoma cells were treated with
10 �g/ml boron equivalent of 10BPA for 1, 2, 6, 8 and 16 h
reatments and then cryogenically prepared for SIMS analy-
is. Fig. 4 shows an example of SIMS analysis of fractured
reeze-dried T98G human glioblastoma cells after a 2 h treat-
ent. The composite image shows a reflected light Nomarski

hotograph of several cells (Fig. 4a). The nucleus (or multi-
le nuclei) in each cell are discernible, and the smaller rounded
tructures inside the nuclear regions are nucleoli. The nuclear
oundary in one cell is identified with a dotted line in Fig. 4a. The
ell cytoplasm also shows a distinct perinuclear mitochondria-
ich region which is identified by the arrow in the same cell
n Fig. 4a. The other cells in the field of view also show these
hree subcellular compartments: the nucleus, mitochondria-rich
erinuclear cytoplasm and the remaining cytoplasm. SIMS anal-
sis of the same cells for 39K, 23Na, 40Ca, 10B and 12C isotopic
istributions are shown in Fig. 4b–f, respectively. Within an indi-
idual SIMS image, the level of brightness indicates the relative
sotopic concentration. SIMS images represent the distribution
f the total concentration of the analyte (both bound and free
orms). Intracellular 39K is distributed throughout the cells with
o noticeable difference between nuclear and cytoplasmic com-
artments within a single cell. The 23Na image of the same cells
ecorded for the same amount of time (0.4 s) as the potassium
mage reveals dim intensities and minor cell-to-cell differences.
he cell peripheries show higher sodium signals due to adher-

ng of the nutrient medium to the very edges of the cells and are
gnored for quantitative calculations. The 40Ca image from the
ame cells reveals the distribution of total calcium. The perinu-
lear cytoplasm (arrow) shows a higher calcium concentration
han the nucleus in each cell. Indeed, the dim intensity nuclei
n the calcium image correlate with the location of nuclei in the
ptical image (compare nuclear outlines in Fig. 4a and d). The
0B image from the same cells reveals its subcellular distribu-
ion after 2 h exposure of T98G cells to 10BPA (Fig. 4e). The

itochondria-rich perinuclear cytoplasmic region, indicated by
he arrow in one cell, shows lower 10B signals than the remaining
ytoplasm or the nucleus. Overall, the 10B is distributed through-
ut the cell with slight heterogeneity and in about comparable
oncentrations in the nucleus and the remaining cytoplasm (see
uclear boundary of the same cell identified in the boron image;
ig. 4e). The 12C image shows nearly homogeneous carbon dis-

ribution in each cell (Fig. 4f).
Quantitative observations in the three discernible subcellular

ompartments of 10B from BPA in all treatments are listed in
able 1. Intracellular concentrations of potassium and sodium
re also listed for each treatment. Physiologically relevant levels
f intracellular potassium and sodium provide confidence in the

nalysis of cryogenically prepared well-preserved healthy cells
ith K/Na ratios of approximately 10 (Table 1). The subcellular
oron concentrations indicate that the perinuclear mitochondria-
ich cytoplasmic region shows a consistent pattern of having
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Fig. 4. SIMS isotope images of T98G human glioblastoma cells treated with 110 �g/ml boron equivalent of 10BPA for 2 h. In the reflected light image (a) several
fractured freeze-dried cells are shown with discernible nuclei (nucleus of one cell is shown with a dotted line) and a perinuclear mitochondria-rich cytoplasmic region
( tions
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arrow). SIMS analysis of the same cells revealing subcellular isotopic distribu
he dotted lines show the position of the nucleus and arrows indicate the mitoch
n the CCD camera for 39K and 23Na images were 0.4 s each and 120 s each fo

lower concentration of boron from BPA than the remaining
ytoplasm or the nucleus in each treatment. The cell-to-cell dif-
erence in boron concentrations is also reflected in the standard
eviation within each treatment. From the 10B concentrations,
t is also clear that a 6 h or longer BPA exposure significantly

10
ncreases the intracellular accumulation of B in all cellular
egions of T98G human glioblastoma cells as compared to 1
nd 2 h treatments (Table 1). For example, in 6 h versus 2 h BPA
reatments, the boron accumulation was increased over 1.5-fold

(
r
i
s

able 1
ime-dependent boron uptake in T98G human glioblastoma cells after treatment with

ime of BPA
xposure (h)

Cellular potassium
(mM)

Cellular sodium (mM)

1 171 ± 20 14 ± 3
2 163 ± 25 17 ± 4
6 159 ± 19 15 ± 4
8 179 ± 27 19 ± 6
6 153 ± 23 17 ± 5

oncentrations of potassium and sodium are expressed as mean ± S.D. on a cellular s
ompartments: nucleus, mitochondria-rich cytoplasm and the remaining cytoplasm. SI
atterns of boron accumulation were observed in 2 or more experiments. The absolu
reeze-dried cells were converted into wet weight concentrations by assuming 85% c

a Statistical significance calculated from ANOVA indicated that all subcellular co
ncreasing time of BPA exposure. The cells from the 1 and 2 h treatments were not sig
n the 6, 8 and 16 h treatments showed significantly (P < 0.05) higher boron accumula
of 39K (b), 23Na (c), 40Ca (d), 10B (e) and 12C (f) are shown. The areas within
-rich perinuclear cytoplasmic region in SIMS images. Image integration times
, 12C and 10B images.

n cells (Table 1). The statistical analysis of the data indicates an
nitial period of boron accumulation which is not significantly
ifferent between 1 and 2 h of BPA exposure, and this BPA
ccumulation may represent both active and passive uptake
echanisms in glioblastoma cells. The significant increase
P < 0.05) in boron accumulation observed at 6 h and beyond
eveals a plausible increase in the bound form of BPA, which
s indicative of a cellular need for the amino acid. The higher
tandard deviation observed at 6 h further indicates a cell cycle-

110 �g/ml boron equivalent of 10BPA

10Borona (wet weight, �g/g)

Nucleus Mitochondria-rich
perinuclear cytoplasm

Remaining cytoplasm

136 ± 55 109 ± 15 176 ± 57
191 ± 68 105 ± 21 141 ± 37
295 ± 120 185 ± 77 297 ± 140
295 ± 38 194 ± 38 341 ± 86
324 ± 73 202 ± 53 258 ± 92

cale. Concentrations of boron are expressed as mean ± S.D. in three subcellular
MS observations were made in more than 20 cells in each treatment and similar

te dry weight concentrations obtained by SIMS measurements from individual
ell water content.
mpartments revealed a similar pattern of change in boron accumulation upon
nificantly different from each other in boron accumulation. However, the cells
tion in all compartments as compared to the cells in the 1 and 2 h treatments.
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ependent component of increased uptake of BPA in individual
ells. This is further confirmed by the narrowing of the standard
eviation at 8 and 16 h exposures due to movement of the cells
hrough the cell cycle. Taken together, these observations indi-
ate that the optimal accumulation time of boron from BPA is
ocated between the 6 and 8 h time points for glioblastoma cells.

.3. Subcellular SIMS imaging of 13C15N-labeled
henylalanine accumulation in T98G human glioblastoma
ells after 2 and 6 h exposures

Due to the clinical importance of the 2 h short exposure versus
he 6 h long exposure of BPA for plausibly raising the boron con-
ent of tumor cells, 13C, 15N-labeled phenylalanine was used for
nderstanding the similarities and differences in cellular uptake
haracteristics of labeled phenylalanine amino acid versus BPA
fter 2 and 6 h exposures in T98G cells. Fig. 5 shows chemical
tructures of boronophenylalanine and 98% enriched 13C, 15N
niformly labeled phenylalanine.

Mass 28 in the negative secondaries was chosen as a marker of
he label due to its highly emissive nature for SIMS detection as
he 28(13C15N)− molecular ion species. In 2 and 6 h treatments,

concentration of labeled phenylalanine identical to the concen-

ration of phenylalanine present in 110 �g/ml boron equivalent
f BPA was used. Fig. 6 shows SIMS imaging of the negative
econdary ion signals of 12C and 28CN in fractured freeze-dried

t
n
o
1

ig. 6. SIMS imaging of 12C− and 28(13C15N)− signals in control T98G cells (a and
8(13C15N)− signals in control T98G cells originate mainly from the combination of
as integrated for 10 s and 28(13C15N)− for 120 s on the CCD camera.
ig. 5. Chemical structures of p-boronophenylalanine and 13C15N-labeled
henylalanine.

98G cells. The top panels are from control cells not treated
ith the labeled amino acid (Fig. 6a and b), and the bottom pan-

ls are after a 2 h labeled phenylalanine treatment (Fig. 6c and
). The high sensitivity of dynamic SIMS can be appreciated in

hese measurements as the technique is capable of imaging the
aturally abundant 28CN− signals even in control cells, which
riginate mainly from the combination of naturally abundant
% 13C isotope and 0.367% 15N isotope. A direct comparison

b) and cells treated with 13C15N-labeled phenylalanine for 2 h (c and d). The
naturally abundant 1% 13C isotope and 0.367% 15N isotope. The 12C− image
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Fig. 7. SIMS high mass resolution spectra of mass 28 and the corresponding line scan from control T98G human glioblastoma cells (a and b) and cells treated with
13C15N-labeled phenylalanine for 2 h (c and d). These observations represent a typical high mass resolution analysis (chosen from triplicate measurements). The
three components in the cells represent 28(13C15N)− as the major component and, plausibly, 28(12C16O)− and 28(12C H )− interfering components. The high mass
r trated
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esolution analysis conditions were able to separate all three components as illus
caled to the same extent in order to illustrate the enhancement of the componen
omponents.

f the control cells with cells treated for 2 h with the labeled
henylalanine shows enhancement of the 28CN− signals (com-
are Fig. 6b–d). This qualitative analysis shows the feasibility of
maging labeled phenylalanine with SIMS ion microscopy if the

ajority of the mass 28 signal originates from the 28(13C15N)−
pecies and not from other interfering masses.

Fig. 7 shows a high mass resolution (m/�m ≈ 4000) analysis
or a direct comparison of the various components in the mass 28
egative secondary ion signals in the control cells (Fig. 7a and b)
nd the cells treated for 2 h with labeled phenylalanine (Fig. 7c
nd d). The three component in the control cells potentially rep-
esent the 28(13C15N)−, 28(12C16O)− and 28(12C2H4) species
36] and a representative line scan shows their relative frac-
ions in the mass 28 image (Fig. 7a and b). The cells treated with
3C15N-labeled phenylalanine for 2 h clearly show enhancement
f the major component 28(13C15N)− in the cell matrix (Fig. 7c
nd d). These observations indicate that the labeled amino acid
an be studied at mass 28 with SIMS ion microscopy in the
outine low-mass resolution ion microscopy imaging mode of
nalysis.
Fig. 8 shows SIMS ion microscopy imaging of the labeled
mino acid in glioblastoma cells after a 6 h exposure to
3C15N-labeled phenylalanine. Individual fractured freeze-dried
ells can be recognized with characteristic morphology in the

o
T
l
f

2 4

in the figure. The 28(13C15N)− component of the line scans (b and d) has been
ributed by the labeled amino acid via the decrease of intensity of the interfering

eflected light Nomarski image (Fig. 8a). SIMS imaging of these
ells for 40Ca+, 28(13C15N)−, 12C−, 39K+ and 23Na+ distribu-
ions are shown in Fig. 8b–f, respectively. The cells show high
–low Na signals and concentrations indicative of healthy cells

Table 2). The 40Ca+ image shows darker low-intensity nuclei
n each cell. The mass 28(13C15N)− image reveals the distri-
ution of the labeled amino acid (or its metabolite), which is
istributed rather homogeneously throughout the cell and with
o discernible difference in the mitochondria-rich perinuclear
ytoplasmic region (Fig. 8c). These SIMS observations indicate
lausible differences in the processing of phenylalanine from
PA, especially in mitochondria. It should be noted that SIMS

maging of the labeled phenylalanine this way cannot discrim-
nate between its free pool or the mass 28 signals originating
rom the insertion of the labeled phenylalanine into proteins,
eptides, etc.

A quantitative comparison of the ratio of 28(13C15N)−/12C−
ignals from individual T98G human glioblastoma cells between
he 6 and 2 h treatments revealed a net increase of the label by
early 1.6-fold (Table 2), which is almost the same increase as

bserved for boron from BPA between these time points (see
able 1). This remarkable SIMS observation indicates that both

abeled phenylalanine and BPA may share common pathway(s)
or entering the cell and shows the feasibility of using labeled
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Fig. 8. SIMS isotope images of T98G human glioblastoma cells treated with 13C15N-labeled phenylalanine for 6 h in the same concentration as the phenylalanine
present in 110 �g/ml boron equivalent of 10BPA. In the reflected light image (a) several fractured freeze-dried cells are shown with discernible nuclei and a perinuclear
mitochondria-rich cytoplasmic region. SIMS analysis of the same cells revealing subcellular isotopic distributions of 40Ca (b), 28(13C15N)− (c), 12C (d), 39K (e) and
23Na (f) are shown. Image integration times on the CCD camera for the 40Ca and 28(13C15N)− images were 120 s each. The 12C− image was integrated on the CCD
camera for 10 s and 39K and 23Na images for 0.4 s each.

Table 2
SIMS imaging and quantitative comparison of the net accumulation of 28(13C15N)− label in T98G human glioblastoma cells treated with 13C15N-labeled phenylalanine
for 2 and 6 h treatments

Time of exposure to labeled
phenylalanine (h)

Cellular potassium (mM) Cellular sodium (mM) Ratio of 28(13C15N)−/12C− SIMS
signals from individual cells

2 168 ± 20 18 ± 6 0.0412 ± 0.0093
6 152 ± 23 16 ± 4 0.0696 ± 0.0173

The labeled amino acid was used in the same molar concentration of phenylalanine as present in 110 �g/ml boron equivalent of BPA. Concentrations of intracellular
potassium and sodium are listed as mean ± S.D. The relative concentrations of the label are expressed as ratios of mass 28 (13C15N)− signals of individual cells to the
corresponding 12C− signals within a treatment (mean ± S.D.). The data represent SIMS analysis of more than 35 cells in multiple imaging fields in each treatment
from 2 experiments.
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Fig. 9. Correlation of DNA-synthesizing S-phase cells with boron concentrations from BPA in asynchronously growing T98G human glioblastoma cells. The cells
were treated with 50 �M BrdU and 110 �g/ml 10B equivalent 10BPA together for 1 h prior to cryogenic sample preparation. A reflected light Nomarski image shows
s r and
s h cell
n 1Br, 1
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everal fractured freeze-dried cells (a). SIMS images of 39K, 23Na, 40Ca, 81B
how bright 81Br signals in the nuclei of three cells (e, arrow indicates one suc
on-S-phase cells in the field of view. Exposure times on the CCD camera for 8

or 0.4 s each.

ompounds for unraveling the mechanistic aspects of BNCT
gents.

.4. Direct imaging of BPA accumulation in
NA-synthesizing S-phase cells with SIMS

Since many tumor cells may be actively involved in repli-
ating their DNA, the evaluation of the targeting of the DNA-
ynthesizing S-phase versus the non-S-phase cells by BPA has
emained an open question in BNCT, and only a few attempts
ave been made for observing the effect of cell cycle on BPA
ccumulation in tumor cells [23,24]. Fig. 9 shows an exam-
le that such measurements are directly amenable to SIMS
nalysis in cryogenically prepared cells. Bromodeoxyuridine
BrdU), being a thymidine analogue, provides a unique selec-
ivity for targeting the nucleus of DNA replicating cells. This
rovides a novel strategy for correlation of S-phase cells with
oronated drug accumulation in asynchronously growing cul-

ures. Fig. 9 shows a direct SIMS ion microscopy approach for
valuating the efficiency of BPA for targeting S-phase cells. The
ells were treated with 110 �g/ml boron equivalent of BPA and
0 �M BrdU for 1 h prior to cryogenic sampling. Fig. 9a shows

v
i

10B from the same cells are shown in (b–f), respectively. The S-phase cells
) which also contain slightly elevated levels of 10B (f, arrow) compared to the
0B and 40Ca images were 120 s each. The 39K and 23Na images were recorded

he optical image of six fractured freeze-dried T98G human
lioblastoma cells. SIMS analysis of the same cells for 39K,
3Na, 40Ca, 81Br and 10B distributions are shown in Fig. 9b–f,
espectively. Three cells on the left side are actively replicating
heir DNA, as indicated by the labeling of their nuclei by BrdU,
s revealed in the 81Br ion microscopy image (Fig. 9e). Remark-
bly, the 10B signals from BPA in the S-phase glioblastoma cells
re slightly elevated in their nuclei as compared to the nuclei of
on-S-phase cells (Fig. 9f). Consequently, one reason that the
onger BPA exposures would increase its accumulation in most
umor cells will be the movement of the cell cycle through the
-phase. These observations suggest further cell cycle research

n BPA-mediated BNCT and may have special significance for
rain tumors since tumor cells are primarily the only cells in the
rain with active proliferation characteristics.

.5. The need for cryogenic sampling with validation of
esults for subcellular boron measurements in BNCT
Throughout this work, the need for cryogenic sampling with
alidation of results is emphasized for subcellular measurements
n BNCT. An example is shown here to show that gross redistri-
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ution of intracellular chemical composition and drug relocation
ay occur if frozen samples are thawed even briefly. In con-

rast to the SIMS observations shown above, if the silicon chips
rom the BPA-treated cells are taken out of the liquid nitrogen,
hawed for a brief period of only 60 s at room temperature, and
hen put back in the liquid nitrogen for further cryogenic pro-

essing followed by freeze-drying, gross redistribution of not
nly intracellular K and Na, but also the 10B subcellular signals
rom BPA is observed (Fig. 10). Fig. 10a shows a reflected light
icrograph of such a briefly thawed specimen revealing nuclei

b
i
T
s

ig. 10. An example of the effect of a brief thaw on frozen samples. SIMS isotope ima
quivalent of 10BPA and after a thaw of frozen samples for 60 s at room temperature a
uclei of individual cells are discernible (a). SIMS analysis of the same cells revealin
hown in designated panels (b–e). The thawing of samples has resulted in the gross r
0Ca, 39K and 23Na SIMS images but also the 10B distribution from BPA. The 10B a
3Na were recorded for 0.4 s each.
l of Mass Spectrometry 260 (2007) 90–101

f several T98G glioblastoma cells in the field of view. SIMS
nalysis of these cells for 40Ca, 39K, 23Na and 10B from BPA is
hown in designated panels in Fig. 10b–e, respectively. It is clear
hat the cells now contain higher intracellular 23Na than 39K, and
hey no longer show the dim 40Ca gradients in the nuclei. The
0B from BPA has diffused throughout the cells because of the

rief thaw, and the discernible low 10B concentrations in the per-
nuclear mitochondria-rich region can no longer be recognized.
his simple example conveys the message that subcellular mea-
urements of boronated compounds in BNCT cannot be taken

ges of T98G human glioblastoma cells after a 1 h exposure of 110 �g/ml boron
re shown. In the reflected light Nomarski image of fractured, freeze-dried cells,
g subcellular isotopic distributions of 40Ca, 39K, 23Na and 10B from 10BPA are
edistribution of not only the intracellular chemical composition as reflected in
nd 40Ca images were integrated on the CCD camera for 120 s and the 39K and
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ightly and must be validated by known markers of intracellular
hemical composition or other suitable methods to prove their
eliability.

. Conclusions

Subcellular boron measurements are critically needed for
nderstanding the mechanistic aspects of BNCT agents for
oron delivery. SIMS ion microscopy studies of BPA and
3C15N-labeled phenylalanine in cryogenically prepared cells
howed a remarkable similarity of their increased accumula-
ion in longer 6 h versus shorter 2 h exposures in T98G human
lioblastoma cells. These observations indicate that BPA may
nter the cell via pathways common to the amino acid pheny-
alanine. However, the processing of BPA may be quite different
han phenylalanine, especially in the mitochondria of T98G
ells. These observations are highly relevant to BNCT of brain
umors, where longer exposures of BPA can potentially enhance
he boron partitioning of tumor cells to normal cells in the brain.
his study also shows a direct approach for comparing boron

argeting of S-phase cells with SIMS imaging after pulsing the
ells with BrdU along with the boronated agent in question.
hese approaches will open new avenues of research in BNCT

or the use of labeled molecules and the evaluation of the effi-
acy of new BNCT agents specifically designed to target the
NA-synthesizing cells. Finally, the study emphasizes the need

nd value of cryogenic sample preparation for subcellular boron
easurements in BNCT.
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